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Abstract 

Zinc oxide has been shown to be a potential photocatalyst under UV light but its catalytic activity is limited under 

visible light due to its wide bandgap energy and rapid recombination of electrons and holes. Besides the catalytic 

recovery is a challenging issue because of its dispersion in solution. Previous work has shown that the interaction 

of gold nanoparticles with ZnO can reduce the band gap energy (Eg) and plasmon resonance (SPR) as well as the 

formation of the Schottky barrier in Au/ZnO composite can reduce the recombination of electrons and holes. In this 

study, Au/ZnO/Fe3O4 (AZF) composites were prepared by a simple mixing method using polyvinyl alcohol (PVA) as 

a binder. As-prepared composites were characterized by Scanning Electron Microscope (SEM), Energy Dispersive 

X-ray Spectroscopy (EDS), X-ray Diffraction (XRD), UV-Vis Diffuse Reflectance (UV-Vis-DR), and Fourier Trans-

form Infra Red (FT-IR). The catalytic efficiency of as-prepared samples was evaluated through the decomposition 

of tartrazine (TA), a colorant that is difficult to decompose in wastewater and has harmful effects on human 

health. The effects of reaction parameters such as the content of PVA, solution pH, and oxidizing agents (O2 and 

H2O2) on the catalytic efficiency were studied. The AZF at PVA of 0.0125 g showed the highest performance among 

as-prepared samples. With the presence of 12 mM H2O2 in the catalyst system, the degradation efficiency and re-

action rate of TA in composite increased to 81.5% and 0.020 min−1, respectively. At this condition, photocatalysis 

and Fenton system catalysis occurred together. The catalytic mechanism of Tartrazine (TA) on composite was pro-

posed and the reaction of TA was studied by the first-order kinetic model. 
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1. Introduction 

In light of rapid industrialization along with 

population growth, water pollution is becoming 

a hot issue in all countries in the world. Accord-

ingly, industrial wastes discharge into water of-

ten containing organic and inorganic matter in-

cluding heavy metals, synthetic organic dyes, 

pesticides, and petroleum hydrocarbons not only 

cause serious effects on health humans or or-
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ganisms but also pose a serious threat to envi-

ronmental sustainability [1]. This is going to be 

a challenge for the development of a country's 

industry and economy. Therefore, global re-

searchers have focused on developing methods 

to treat pollution. In this context, various pro-

cesses and technologies based on adsorption, bi-

ological, and oxidation methods have been de-

signed. Among these methods, the oxidation 

process for the degradation of organic com-

pounds by oxygen and hydroperoxide in hetero-

geneous nanomaterials using sunlight has been 

widely researched, developed, and applied. Un-
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der the irradiation of light, photoexcited charge 

carriers are turned into reactive oxygen species 

(ROS), for instance, superoxide radical anions 

(•O2−) and hydroxyl radicals (•OH), to mineral-

ize poisonous organic compounds yielding CO2 

and H2O species during the photodegradation 

process [1,2].  

ZnO is one of the semiconductor oxides that 

has attracted the attention of scientists be-

cause of its popularity, low cost, and environ-

mental friendliness. It can be used as an adsor-

bent, paint, and cosmetics [3–6]. However, in 

the field of photocatalysis, ZnO encounters lim-

itations such as poor adsorption of sunlight due 

to high band gap energy and rapid recombina-

tion of electrons and holes. Therefore, it is nec-

essary to look for methods to solve these prob-

lems to expand the application of ZnO [7]. 

There are several types of research on doping 

precious metals into ZnO to reduce band gap 

energy, increase visible light absorption, and 

lower electron and hole recombination. To solve 

this problem, the proposed solution is to dope 

an appropriate amount of precious metals such 

as Au, Ag, Pt, and Pb, which enhances sunlight 

absorption and reduces electron-hole recombi-

nation, resulting in increased decomposition of 

organic substances [7–15]. 

Commonly, ZnO-based composites are mi-

cro-materials and have very low density. Thus, 

it is challenging to remove composites from the 

solution after the catalytic process. This is a 

significant limitation for the reuse of catalysts. 

Fe3O4 magnetic nanomaterials as an alterna-

tive, differentiate other materials from aqueous 

solutions by external magnets. This separation 

helps to avoid the loss of solid catalysts in the 

process and is not time-consuming. It also en-

hances product purity and optimizes operating 

costs [16–19]. To combine composites with 

Fe3O4, a natural polymer or synthetic polymer 

can be used as a binder. Polyvinyl alcohol 

(PVA) is widely used in the adsorption process 

because of its nontoxicity, low cost, chemical 

stability, and many hydroxyl groups [20,21]. 

Therefore, an interesting proposal is to combine 

composites with Fe3O4 utilizing PVA.  

According to our previous study, Au/ZnO 

composite at 5 wt% of Au had the best photo-

catalytic performance compared to other Au 

contents, the degradation efficiency for tartra-

zine approached 99.2% in 60 min [13]. Howev-

er, Au/ZnO is very low density, it is difficult to 

recover Au/ZnO from the solution after the ca-

talysis process. Besides, at the high cost of Au, 

the increase in Au content may lead to limita-

tions in the practical application of the catalyst. 

Therefore, the idea is the combination of 

Au/ZnO and Fe3O4 magnetic materials with 

PVA binders to improve the recovery of contact 

by magnets after the reaction. Besides, Fe3O4 

is also shown to be a Fenton catalyst in the 

presence of H2O2. Furthermore, photocatalysis 

and Fenton occur simultaneously and the ef-

fects of reaction conditions also need to be suf-

ficiently studied.  In this study, Au/ZnO/Fe3O4 

composites were synthesized by simple mixing 

method. The catalytic efficiency of the as-

prepared materials was evaluated by the de-

composition of TA. The effects of material 

structure and PVA content on the degradation 

of TA were studied. In addition, the effects of 

the reaction conditions of the Fenton process 

and the oxidants (H2O2 and O2) were evaluated 

under visible light. The recovery efficiency of 

nanocomposite materials was also of great in-

terest through the reusability of the catalyst. 

Furthermore, the kinetics of the catalytic pro-

cess was modeled according to the first-order 

kinetics equation. 

 

2. Materials and Methods 

2.1 Materials 

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O, 

99.5%), urea (NH2)2CO, 99.5%), gold (III) chlo-

ride tetrahydrate (HAuCl4.4H2O, 99%), sodium 

citrate (Na3C6H5O7, 99%), iron (II) sulfate hep-

tahydrate (FeSO4.7H2O, 99%), iron (III) chlo-

ride hexahydrate (FeCl3.6H2O, 99%), sodium 

hydroxide (NaOH, 96%), Polyvinyl alcohol 

(99.8%) were purchased from China, Tartra-

zine (99%) were obtained from Sigma-Aldrich. 

 

2.2 Preparation of ZnO 

The hydrothermal method was doped for 

the synthesis of the flower-like ZnO. Ordinari-

ly, 4.4623 g of Zn(NO3)2.6H2O and 1.8018 g of 

urea were poured into 100 mL of distilled wa-

ter under stirring for 30 min to form a trans-

parent mixed solution. This solution mixture 

was transferred into Teflon-lined sealed stain-

less-steel autoclaves and kept in a hydrother-

mal oven at a temperature of 90 °C for 24 h. 

Then the beaker was taken outside and al-

lowed to cool naturally to room temperature. 

The precipitate was filtered, washed with dis-

tilled water and ethanol a few times, and dried 

at 90°C for 24 h. Finally, the ZnO nanoflowers 

were obtained after calcinating the precipitate 

at 400 °C for 2 h with a heating rate of 2 

°C/min. The formation of ZnO was described by 

the following Equations (1)-(5) [13]: 
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(NH2)2CO + 3H2O → 2NH3.H2O + CO2 (1) 

NH3.H2O → NH4⁺ + OH⁻  (2) 

CO2 + OH⁻ → CO32⁻ + H2O (3) 

4Zn2⁺ + CO32⁻ + 6OH⁻ + H2O → 

 Zn4(CO3)(OH)6.H2O (4) 

Zn4(CO3)(OH)6.H2O → 

 4ZnO + CO2 + 4H2O (5) 

 

2.3 Synthesis of Au/ZnO Composite 

Au/ZnO composites were facially fabricated 

by the reduction of acid chloroauric by sodium 

citrate, the synthesis procedure is shown in 

Figure 1. In the previous report, Au/ZnO com-

posite at 5 wt% of Au had the best photocata-

lytic performance in the degradation of tartra-

zine compared to other Au contents [13]. Be-

sides, at the high cost of Au, the increase in Au 

content may lead to limitations in the practical 

application of the catalyst. Therefore, in this 

study, 5 wt% Au was selected to prepare 

Au/ZnO. First, the desired volume of 0.005 M 

HAuCl4 (at 5 wt% Au) and Na3C6H5O7 1% solu-

tions were stirred together for 5 min. An  

amount of 0.1 g of ZnO was added into the so-

lution and sonicated for 5 min and then stirred 

for 1 h to obtain a purple precipitate. It was fil-

tered and washed with distilled water and eth-

anol to remove impurity ions, and then dried at 

80 °C in the air for 12 h to obtain Au/ZnO com-

posite. 

 

2.4 Synthesis of Fe3O4 Magnetic Nanoparticles 

Fe3O4 magnetic nanoparticles (MNPs) were 

synthesized by a co-precipitation method. Nor-

mally, 1.078 g of FeSO4.7H2O and 2.098 g of 

FeCl3.6H2O were poured into 50 mL of distilled 

water under stirring to form a mixed solution. 

Next, NaOH 2M solution was added to the 

above solution using a peristaltic pump under 

constant magnetic stirring, and the final pH 

was 11. The above solution was heated at 60 °C 

and then stirred for 3 h. The resulting particles 

were magnetically separated and washed re-

peatedly with distilled water and ethanol until 

pH approached 7. Then dried at 80 °C in the 

air for 12 h. Finally, the Fe3O4 material was 

finely ground to obtain the black precipitate. 

The synthesis procedure of Fe3O4 and its mag-

netic properties are presented in Figure 2. 

 

Fe2+ + 2Fe3+ + 8OH−  → Fe3O4 + 4 H2O (6) 

 

2.5 Preparation of AZF Nnanocomposite 

0.1 g of Fe3O4 was ultrasonicated in 15 mL 

of distilled water until complete dispersion. 

And, a certain amount of PVA needed to be dis-

solved in 15 mL of distilled water at 90 °C for 

Figure 1. The synthesis procedure of Au/ZnO 

composite. 

Figure 2. (a) The synthesis procedure of Fe3O4 

and (b) Test the magnetism of Fe3O4 with a 

magnet. 
Figure 3. The synthesis procedure of AZF 

nanocomposites. 
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10 min. Then the Fe3O4 was added to PVA, and 

the suspension was mixed with 0.05 g Au/ZnO 

and sonicated for 5 min at 40 °C, heated at 60 

°C, then stirred for 3 h. The precipitate was fil-

tered, washed with distilled water several 

times, and finally dried in an oven at 60 °C for 

1 day to obtain Au/ZnO/Fe3O4 nanocomposite, 

which was named AZF. The synthesis proce-

dure is shown in Figure 3. To study the effect of 

the PVA content in composite on catalytic per-

formance, the mass ratio of Fe3O4 and PVA 

were carried out at 1:2, 2:3, 1:1, 2:1, 4:1, and 

5:1 corresponding to the PVA contents of 0.1, 

0.075, 0.05, 0.025, 0.0125, and 0.01 g, respec-

tively, at the same mass of Fe3O4 of 0.05 g. 

 

2.6 Characterizations 

The XRD pattern was analyzed by a Bruker 

D8 Advance diffractometer (Germany) with Cu 

Kα irradiation (40 kV, 40 mA) to investigate 

the crystalline phase of samples. The morphol-

Figure 4. SEM images of (a-b) ZnO, (c-d) Au/ZnO, (e-f) AZF with different resolutions. 
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ogy and size of the samples were observed by 

transmission electron microscopy (TEM, JEM-

2010), emission scanning electron microscopy 

(FE-SEM, JEOL-7600F) and energy dispersive 

X-ray spectroscopy (EDS, JEOL-7600F). The 

Fourier transform infrared spectra (FT-IR) 

were measured by infrared spectrometer (FT-

IR, Madison, WI, USA). 

 

2.7 Photocatalytic Test 

The experiments were conducted by the 

batch reactor. A 250 mL glass beaker contain-

ing the concentration of TA of 5 mg/L, the cata-

lyst dosage of 0.25 g/L was added into the beak-

er and sonicated for 5 min. The mixture was 

left in the dark for 30 min to achieve the ad-

sorption/desorption equilibrium and then 

placed under the Hg lamp 250 W. At intervals, 

a little of the mixture from the beaker was fil-

tered by a syringe filter (0.45 m PTFE mem-

brane) to extrude the catalyst. The concentra-

tion of dye was determined by the spectropho-

tometry method (UV-Vis, Agilent 8453 instru-

ment). The important parameters of the cataly-

sis process are calculated using the following 

equations: 

 

(7) 

 

 

(8) 
 

 

(9) 

 

where, k is the pseudo-first-order rate con-

stant, the k value was calculated from the 

slope of the ln (C0/Ct) − t plots; C0 and Ct are 

the concentrations of dye at initial (t = 0) and 

time t (min), respectively; V is the volume of 

dye solution (L) and m is the mass of the adsor-

bent (g). 

 

3. Results and Discussion 

3.1 Physicochemical Characterization 

The morphology of the samples is presented 

in Figure 4. The ZnO was a hierarchical struc-

ture like a uniform flower with a size of ap-

Figure 5. (a-b) EDS mapping images and (c-d) EDS spectra of Au/ZnO and AZF, respectively. 
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proximately 10-15 m (Figure 4(a)). The ZnO 

microstructure was composed of many thin pet-

als made of oxide particles, built from many 

holes of 20 nm (Figure 4(b)). The size and 

shape of the Au/ZnO composite were similar to 

bare ZnO, but the petals became denser due to 

the deposition of Au in composite, in Figure 

4(c)-(d). The TEM results in the previous study 

showed that the size of ZnO particles was about 

30-50 nm and that of Au particles was about 3-

5 nm [13]. Meanwhile, Figure 4(e)-(f) showed 

that the structure of the AZF material had sig-

nificantly changed from Au/ZnO, showing the 

appearance of spherical particles that tend to 

gather together into a cluster of particles. 

These particles were coupled and densely dis-

tributed on the surface of the material, making 

it more difficult to observe Fe3O4 composites. 

However, it played the role of creating mag-

netism to recover the material after the catalyt-

ic process using magnets. 

Although Fe was not recognized in the SEM, 

the results of the EDS mapping image (Figure 

5(a)-(b)) demonstrated the uniform dispersion 

of Au and Fe in the composite. It was further 

proven by EDS results, showing the element 

contents of 51.3, 48.6 and 0.1% for Zn, O, and 

Au, respectively, in Figure 5(c). And, the con-

tents were 51.5, 43.5, 4.9 and 0.1 for Zn, O, Fe, 

and Au, respectively, in Figure 5(d). 

The hexagonal wurtzite structure of ZnO 

was proved by the XRD results, in Figure 6. In 

which, the intense peaks at 2θ of 31.50, 34.12, 

35.97, 47.28, 56.38, 62.62, 67.74, and 68.90° 

were assigned to the characteristic planes of 

(100), (002), (101), (102), (110), (103), (112) and 

(201), respectively, of ZnO crystallites [13]. The 

low intense peaks at 30.21, 37.13, 43.37, 53.81, 

57.05, and 63.44° corresponding to (220), (222), 

(400), (422), (511), and (440) plans could be as-

signed to Fe3O4 crystallites [22]. The signal of 

Au was not detected in Au/ZnO composite, alt-

hough it was recognized by EDS mapping and 

spectra (Figure 5). This was possibly assigned 

Figure 7. (a) FT-IR spectra of ZnO, Au/ZnO and 

AZF composite, (b) and (c) UV-Vis-DR and 

Tauc curve of the AZF sample, respectively. 
Figure 6. XRD patterns of ZnO, Fe3O4, Au/ZnO 

and AZF. 
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to Au at a low content and small particle size 

[13]. Also, the XRD intensity of ZnO was no-

ticeably reduced by adding Au into the compo-

site. For the AZF composite, all the signals of 

ZnO, Au, and Fe3O4 appeared together with low 

intensity. Furthermore, no impurity peaks 

were detected, indicating the high purity of the 

composite.  

The FT-IR spectra of samples are shown in 

Figure 7. The strong bands at 3152, 3156, and 

3398 cm−1 in all samples were related to the 

presence of hydroxyl groups and attributed to 

O−H stretching vibration of absorbed water 

(H−O−H) [23]. The band observed at 2932 cm−1 

might be attributed to valence oscillations of 

the C−H, and the band at 1100 cm−1 was at-

tributed to valence vibration of the C−O bond of 

PVA in the AZF composite. The bands at 1574, 

1568, and 1573 cm−1 of ZnO, Au/ZnO, and AZF 

might be attributed to the C=O bond [24]. The 

small band at 1713, 1383, and 910 cm−1 were 

associated with the vibration of the O−H bond 

of Zn−O−H [2]. When Au was added to the 

Au/ZnO composite, the adsorption was lowered, 

whereas the band at 1574 cm−1 was more in-

tense. The characteristic absorption of the 

Fe−O bond of the crystalline lattice of Fe3O4 in 

the AZF composite was recognized at 541 and 

631 cm−1 [25], while the strong bands at 567 

and 565 cm−1 of ZnO and Au/ZnO composite 

were attributed to the Zn−O vibration in both 

samples [13]. 

The UV-Vis-DR analysis results shown in 

Figure 7(b) indicate that the AZF material had 

a strong ability to absorb radiation in the wave-

length range of 250-400 nm. Besides, a 500 nm 

convex curve demonstrated the absorption ca-

pacity of AZF in the visible light region. Ac-

cording to calculation from Tauc method, Eg of 

AZF material was 2.98 eV. It was smaller than 

that of ZnO and Au/ZnO of 3.15 and 3.12 eV, 

respectively, in our previous study [13]. 

 

3.2 Degradation of Dyes 

3.2.1 Effect of PVA content 

Figure 8 shows the TA degradation efficien-

cy of AZF composites with different PVA con-

tents. Bare ZnO had DE and rate constant of 

95.1% and 0.037 min−1, respectively. With the 

addition of Au into ZnO, the rate of reaction 

and DE become higher, showing 98.6% and 

0.057 min−1, respectively. The DE and rate con-

stant were 60.4% and 0.011 min−1 for the AZF-

0.01. These achieved 71.9% and 0.014 min−1, 

respectively, for the AZF-0.0125. However, at 

higher PVA content than 0.0125 g, the DEs 

and rate constants were 67.4, 60.1, 47.2, and 

43.3 and 0.012, 0.005, 0.009, and 0.007 min−1 

for AZF-0.025, AZF- 0.05, AZF-0.075, and AZF-

0.1, respectively. PVA with fusible properties 

can dissolve well in solution at a temperature 

of 90 ºC. Although PVA acts as the binder be-

tween Au/ZnO and Fe3O4, PVA can form a pol-

ymeric film, which is shown by the smooth sur-

face in the FE-SEM results (Figure 4(e)-(f)), it 

prevents contact of the AZF catalyst with the 

solution. Besides, PVA can damage the flower-

like structure of the Au/ZnO composite. These 

lead to a decrease in the catalytic decomposi-

tion of organic matter. 

 

3.2.2 Fenton system catalyst 

Hydroperoxide is a strong oxidizing agent, it 

can directly decompose persistent organic sub-

Figure 8. (a) Photocatalytic degradation of TA in ZnO, Au/ZnO, and AZF composites at the different 

PVA contents and (b) the kinetic curves. The reaction conditions: TA concentration of 10 mg/L, catalyst 

dosage of 0.5 g/L, and Hg lamp 250 W. 
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stances, but its reaction rate is relatively low 

without the initiator of the reaction. The Fen-

ton catalyst system is possible with H2O2 and 

iron. In the presence of Fe2+ and Fe3+ ions, the 

generation of free radicals (•OH and •O2−) 

takes place rapidly, leading to an increase in 

the decomposition rate of organic matter in the 

solution. However, the Fenton process is 

strongly dependent on the pH of the solution, it 

is mainly due to the formation factors between 

iron and H2O2. The optimal pH for the conven-

tional Fenton system was found to be around 

3.0, regardless of the target substrate [26–29]. 

The AZF and Fe3O4 samples were used to 

conduct experiments at fixed reaction condi-

tions (catalyst dosage of 0.5 g/L, TA concentra-

tion of 10 mg/L, pH of 3.0, H2O2 concentration 

of 12 mM). The results are presented in Figure 

9. With the AZF sample without H2O2, the re-

moval efficiency of TA was 42.0%, which could 

be attributed to the adsorption of TA on the 

material. With the presence of H2O2, the DE of 

the Fenton catalyst with AZF was only 30.3%, 

meanwhile, the reaction in the dark gave the 

DE of 19.6%. The catalyst performance was 

highest for Fe3O4 showing a DE of 97.1 % in the 

initial 10 min. The low degradation efficiency of 

AZF–H2O2 could be explained because as fol-

lowing reasons: (1) The PVA is completely dis-

solved and dispersed on the Fe3O4 particles, 

which carry the Au/ZnO, however, this pre-

vents the contact of the catalyst with the solu-

tion, leading to a decrease in the efficiency of 

the Fenton process. (2) In addition, at a rela-

tively acidic pH = 3, ZnO can react with acids 

to produce the corresponding salt in Equation 

(10). As a result, the catalytic efficiency is re-

duced. 

 

ZnO(s) + 2H+(aq) → Zn2+(aq) + H2O (10) 

 

3.2.3 Effect of the pH on the degradation of TA  

Experiments were carried out at the pH 

range of 3.0 – 11.0 at fixed conditions (catalyst 

dosage of 0.5 g/L, H2O2 concentration of 12 

mM, TA concentration of 10 mg/L, and light ir-

radiation of Hg lamp 250 W). The results are 

shown in Figure 10. The degradation of TA was 

different with solution pH. The reaction of TA 

in AZF - H2O2 composite at the pH of 3.0 was 

relatively low. When the pH value increased to 

5.0, the degradation efficiency and reaction 

rate sharply increased, these approached 81.5 

% and 0.020 min−1, respectively. At higher pH, 

Figure 10. (a) Effect of solution pH on photo-

degradation TA of AZF – H2O2, (b) the kinetic 

curves. The reaction conditions: Catalyst dos-

age of 0.5 g/L, TA concentration of 10 mg/L, 

H2O2 concentration of 12 mM, pH of 5.0, and 

Hg lamp 250 W. 

Figure 9. Fenton process on samples, the reac-

tion conditions (catalyst dosage of 0.5 g/L, TA 

concentration of 10 mg/L, pH of 3.0, H2O2 con-

centration of 12 mM). 
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the reaction was decreased with pH. The DE 

and reaction constant were 76.0% and 0.017 

min−1, respectively, at the pH of 7.0. These 

were decreased to 37.9% and 0.007 min−1, re-

spectively, at the pH of 11.0, in Figure 10. 

The low reaction rates at a strong acidic or 

strongly alkaline medium can be assigned to 

the dissolution of ZnO [30], since ZnO is am-

photeric oxide. At low pH, ZnO can react with 

acids to produce the corresponding salt. At high 

pH, ZnO can react with bases to form complex-

es [Zn(OH)4]2−. Moreover, at high pH, the for-

mation of relatively inactive iron oxyhydroxides 

and ferric hydroxide precipitate [31] leads the 

fewer •OH radicals being generated. Therefore, 

the oxidizing capacity of the catalyst is de-

creased with increasing pH. In addition, the ox-

idation potential of the redox pair •OH/H2O 

was reduced with an increase in pH, which is 

2.59V versus normal hydrogen electrode (NHE) 

at the pH of 0 and 1.64 V at the pH of 14 [32]. 

Furthermore, at high pH, the decomposition of 

H2O2 increased, in Equation (11) [33]. As a re-

sult, the reaction efficiency of the AZF–H2O2 for 

degrading organic compounds is reduced at 

both high and low pH. In this study, the pH of 

5.0 was found to be the most efficient condition 

for the AZF-0.0125 catalyst in the presence of 

H2O2. This could be due to at the right pH envi-

ronment, the addition of H2O2 not only stimu-

lates the Fenton reaction but also can acceler-

ate the generation of •OH radicals from either 

scavenging eCB
− on surface AZF catalyst or ab-

sorbing the photon energy, leading to an en-

hanced degradation process of organic matters 

[13]. 

 

2H2O2 → O2 + 2H2O (11) 

3.2.4 Effect of oxidizing agents 

To study the effects of oxidizing agents on 

the photocatalytic performance of AZF compo-

site, the H2O2 and O2 were used while other 

conditions were fixed at catalyst dosage of 0.5 

g/L, TA concentration of 10 mg/L, H2O2 concen-

tration of 12 mM, O2 bubble of 5 mL/min, pH of 

5.0, and Hg lamp 250 W. The results are pre-

sented in Figure 11. Photocatalysis mainly oc-

curred with AZF in the presence of visible light 

irradiation. However, the reaction of AZF 

slightly increased with the presence of H2O2, 

showing the DE, rate constant, and degrada-

tion capacity of 74.5%, 0.016 min−1, and 14.9 

mg/g, respectively. Since hydrogen peroxide 

acts as an electron acceptor, it can promote 

charge separation and production of •OH radi-

cals according to Equations (12)–(14). And, 

these reactions can enhance the catalytic abil-

ity of the composite because of the formation of 

additional oxidizing species and prevent elec-

tron-hole recombination. 

 

eCB
− + H2O2 → •OH + OH−  (12) 

H2O2 + •O2 → •OH + OH− + O2 (13) 

H2O2 + hv → 2•OH (14) 

 

According to previous research, the pres-

ence of O2 improved the catalytic ability of the  

Au/ZnO composite [13]. However, in this study, 

when O2 was added to the AZF composite, the 

red-brown Fe(OH)3 precipitate appeared at the 

high pH the solution, in Equation (15), which is 

insoluble in solution. It reduces the concentra-

tion of Fe3+ ions and also reduces the light 

transmission in the solution due to an increase 

in the density of precipitated particles. As a re-

Figure 11. (a) Effect of oxidizing agent on degradation of TA and (b) the kinetic curves. The reaction 

conditions: Catalyst dosage of 0.5 g/L, TA concentration of 10 mg/L, pH of 5.0, H2O2 concentration of 12 

mM, O2 bubble of 5 mL/min, and Hg lamp 250 W. 
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sult, the catalytic activity of the AZF with add-

ing O2 was lower than that of adding H2O2. The 

performance of the catalyst was reduced, show-

ing the DE and reaction constant, and degrada-

tion capacity of 58.6%, 0.011 min−1, and 11.7 

mg/g, respectively. 

 

4Fe3O4 + 18H2O + O2 → 12Fe(OH)3 (15) 

 

3.3 Reusability of Catalyst  

The reusability test of the AZF 0.0125M 

sample was evaluated in consecutive cycles. Af-

ter an experiment, the catalyst was collected 

with a magnet, in Figure 12(a), then filtered 

and washed with distilled water and ethanol 

several times, dried at 60 °C for 24 h, and then 

re-used for the next experiment. The results 

are presented in Figure 12(b), the DE of tartra-

zine under Hg lamp 250W in the first experi-

ment was 81.5%, The catalytic efficiency was 

relatively decreased in the 2nd cyclic experi-

ment, exhibiting the DE of 61.1%. The element 

analysis results showed that the contents of Zn, 

Fe, and Au of the AZF sample before the reac-

tion were 50.4, 6.1, and 0.12%, respectively, 

and those of the sample after 2 cycles were 

47.2, 6.1, and 0.12%, respectively. This implied 

a slight release of ZnO after the catalytic pro-

cesses. The SEM result of the AZF after 2 cy-

cles indicated that the particles tend to aggre-

gate after the regenerations, in Figure 12(c). 

Besides, the intensity of XRD peaks of the AZF 

sample after 2 cycles gradually decreased, indi-

cating that the crystallinity of the composite 

was reduced after the reaction processes. All of 

these caused a slight decrease in the efficiency 

of the AZF catalyst after the reuse processes. 

However, the catalytic efficiency also tended to 

be stable after the first regeneration, and the 

material included both photocatalytic and the 

Fenton catalytic processes, the catalyst had a 

good physical stability. Therefore, AZF compo-

site can be a considerable choice to treat pollu-

tants in wastewater and have the potential for 

practical applications in industries. 

 

3.4 Proposed Reaction Mechanism  

Figure 13 shows the photocatalytic and Fen-

ton mechanism of degradation of dye on AZF. 

When ZnO is photo-induced by visible light 

with photonic energy equal to or greater than 

the excitation energy (Eg), e− from the valence 

Figure 12. (a) The recover the catalyst by magnet, (b) reusability test of AZF, (c) SEM image of AZF 

after 2 cycles, and (d) XRD patterns of AZF before reaction and after 2 cycles. 
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band (VB) is promoted to an empty conduction 

band (CB) [34]. This photo-induced process pro-

duces electron-hole pairs (e− and h+) and carries 

an electrical charge, which can interact with 

oxygen and water at the surface of ZnO to pro-

duce oxidizing agents including H2O2, •O2−, 

and •OH. Two agents are formed •O2−, •OH 

will interact with organic substances and de-

compose them into CO2 and H2O. However, the 

rapid recombination rate of electrons and holes 

causes a decrease in the photodegradation reac-

tion. Additionally, it has also been noted that 

the solar energy conversion performance of 

ZnO is affected by its optical absorption ability, 

which has been associated with its large band 

gap energy. Therefore, intense efforts have 

been made to improve the optical properties of 

ZnO by minimizing the band gap energy and 

inhibiting the recombination of electrons and 

holes [34].  

If Au nanoparticles are presented in the 

composite, an energy barrier, the Schottky bar-

rier, is formed between Au and ZnO, which pre-

vents the direct transition of electrons from the 

conduction band to holes of ZnO. While elec-

trons will be transferred from the conduction 

band of ZnO to the Au nanoparticles depicted 

by the red arrow. As a result, the electrons on 

Au can interact with O2 to generate •O2− radi-

cals, and the holes in ZnO can interact with 

H2O2/H2O2/OH− to generate •OH radicals [13]. 

The main role of Fe3O4 is as a magnet to recov-

er the material after catalysis. These processes 

are described by the following Equations (16)–

(25). 

 

ZnO + hν → ZnO (e⁻ + h⁺) (16) 

e⁻ + O2  → •O2⁻  (17) 

•O2⁻ + H+   → HO2 (18) 

HO2• + HO2• → H2O2 + O2 (19) 

H2O2 + hv → 2 •OH (20) 

ZnO (e⁻) + Au  → ZnO + Au (e⁻) (21) 

Au (e⁻) + O2 → •O2⁻ + Au (22) 

ZnO (h+) + H2O → ZnO + H+ + •OH (23) 

(•O2− + •OH) + organic dyes → 

 Intermediate products (24) 

(•O2− + •OH) + Intermediate products → 

 CO2 + H2O (25) 

    

When H2O2 is added into catalyst system, it 

forms a Fenton catalyst system, in Figure 

13(b). The traditionally accepted Fenton mech-

anism is represented by Equations (26)–(34): 

 

Fe2+ + H2O2 → Fe3+ + OH− + •OH (26) 

Fe3+ + H2O2 → Fe2+ +  HO2• + H+ (27) 

Fe2+ + •OH → Fe3+ + OH− (28) 

Fe2+ + HO2• → Fe3+ + HO2−  (29) 

Fe3+ +  HO2• → Fe2+ + O2 + H+ (30) 

•OH  + •OH → H2O2 (31) 

•OH  + H2O2 → HO2• + H2O (32) 

HO2• + HO2• → H2O2 + O2 (33) 

•OH + HO2• → O2 + H2O (34) 

 

Equation (26) is recognized as the Fenton 

reaction and implies the oxidation of ferrous to 

ferric ions to decompose H2O2 into hydroxyl 

radicals. It is usually considered the core of 

Fenton chemistry. The generated ferric ions 

can be reduced by reaction with excess hydro-

gen peroxide to form again ferrous ions and 

more radicals as shown in Equation (27). This 

reaction is called a Fenton-like reaction and 

slower than Fenton reaction, and allows Fe2+ 

regeneration in an effective cyclic mechanism. 

In a Fenton-like reaction, apart from ferrous 

ion regeneration, hydroperoxyl radicals (HO2•) 

are produced. Hydroperoxyl radicals may also 

Figure 13. Schematic model for the photocatalytic mechanism of (a) Au/ZnO/Fe3O4 composite, (b) 

Au/ZnO/Fe3O4 composite with H2O2. 
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attack organic contaminants, but they are less 

sensitive than hydroxyl radicals. Equations 

(32)–(34) also reported to occur during the Fen-

ton process and they are radical–radical reac-

tions or hydrogen peroxide–radical reactions 

[34]. Hydroxyl radicals may attack organic rad-

icals produced by organics present in 

wastewater. Those radicals form dimmers or 

react with ferrous and ferric ions, as shown in 

Equations (35)–(37) [35,36]. Thus, when adding 

H2O2 to the AZF catalyst, Fe3O4 not only plays 

the role of catalytic recovery but also contrib-

utes to the generation of •OH radicals that de-

grade organic dyes. However, the Fenton cata-

lyst system at a pH of 6 is an optimal condition, 

near neutral pH will give the best photocatalyt-

ic efficiency and Fenton reaction.  

 

2R• → RR (35) 

R• + Fe2+ → R– + Fe3+ (36) 

R + Fe3+ → R+ + Fe2+ (37) 

 

4. Conclusion 

ZnO based-composites were successfully 

prepared via a simple mixing method. The ZnO 

microstructure was composed of many thin pet-

als made of oxide nanoparticles with sizes of 

30-50 nm, building many holes of 20 nm. The 

size and shape of the Au/ZnO composite were 

similar to bare ZnO, but the petals became 

denser due to the deposition of Au in the com-

posite. The structure of the AZF composite had 

significantly changed from Au/ZnO, showing 

the appearance of spherical particles that tend 

to gather together into a cluster of particles. 

The AZF-0.0125 sample exhibited the high-

est performance among samples with the PVA 

contents from 0.01 to 0.1 g, showing the DE 

and rate constant were 71.9% 0.014 min−1, re-

spectively. The reduction of catalytic activity of 

the AZF composite compared to ZnO and 

Au/ZnO could be explained by the formation of 

a film that prevents contact of the catalyst with 

the solution of PVA. At the pH of 3.0, in the 

presence of H2O2, Fe3O4 exhibited a strong Fen-

ton system for the degradation of TA. However, 

when Fe3O4 was mixed with Au/ZnO by a bind-

er PVA to form Au/ZnO/Fe3O4 composite, the 

optimal pH for the catalytic reaction was 5.0, 

showing the DE and rate constant of 81.5% and 

0.020 min−1, respectively. The presence of H2O2 

accelerated the generation of •OH radicals, 

leading to improve degradation of TA. Howev-

er, in this study, when O2 was added to the 

AZF composite, the red-brown Fe(OH)3 precipi-

tate appeared in the high pH solution, which is 

insoluble in solution. It reduces the concentra-

tion of Fe3+ ions and also reduces the light 

transmission in the solution due to an increase 

in the density of precipitated particle.  Alt-

hough the catalytic efficiency of the composite 

was decreased significantly after 2 cycles, it 

was stable in subsequent cycles. Besides, at the 

reaction conditions of pH = 5.0, catalyst dosage 

= 0.5 g/L, H2O2 concentration = 12 mM, and 

under Hg, the composite still gave relatively 

high photocatalytic efficiency. Furthermore, 

the composites had mechanical and chemical 

stabilities. Therefore, the AZF composite can 

be a considerable choice to treat pollutants in 

wastewater and will have the potential for 

practical applications in industries. 
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