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1. Introduction
Nowadays, water source pollution by antibiotic residuals 

has become a global environmental problem. Owing to the 
difficult-to-degrade property of pharmaceutical residues, 
conventional methods can only partially treat these residues 
with high cost from industrial effluents [1-3]. As a result, 
there have been huge amounts of antibiotics discharged into 
receiving bodies leading to serious effects on human health 
and ecosystems, even at a low concentration [3, 4]. Among 
antibiotics, amoxicillin (AMX) is widely used to treat 
diseases and infections in almost all countries [5]. However, 
only 10-20% of amoxicillin is ingested by the human body 
and other organisms [5]. Indeed, AMX has been detected 
in almost every media such as surface water, domestic 
and industrial wastewater [6, 7], hospital waste [8], and 
secondary treated effluent with concentrations ranging from 
several ng/l to mg/l [9]. Thus, it is necessary to remove AMX 
residues from these media to conserve water resources for 
sustainable development.

Advanced oxidation processes (AOPs) are one of the 
most effective methods for the removal of antibiotic residuals 

because they possess several advantages such as high 
oxidation rate, no-secondary pollution, and non-selective 
oxidation of POPs through the continuous generation of 
hydroxyl radicals  [2, 5, 10-12]. Among AOPs, ozonation- 
and photocatalysis-based AOPs have been proven effective 
at the removal of various persistent organic pharmaceutical 
contaminants [13-18]. However, using ozonation and 
photocatalysis processes separately meets some drawbacks 
such as high cost, low stability, low solubility in water, 
and slow oxidation rates. Thus, in order to overcome these 
disadvantages, ozonation has recently been combined with 
various heterogeneous photocatalysis processes to promote 
overall treatment efficiency [19, 20]. 

Titanium dioxide (TiO2) and zinc oxide (ZnO) are 
photocatalysts that have been applied the most widely to 
photocatalytic oxidation processes [21, 22]. However, the 
application of TiO2 alone in photocatalytic reactions has 
several limitations. The most conspicuous drawback of TiO2 
is its electron-hole recombination ability after excitation 
due to a high rate in recombination of photoinduced 
charge carriers [20-22]. This type of disadvantage leads 
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to difficulties in its practical application to wastewater 
treatment [13, 19]. Therefore, to overcome the disadvantages 
of TiO2, a composite of TiO2 with other semiconductors 
has been formed to improve its photolytic activity. In this 
study, ZnO nanoparticles were chosen to composite with 
TiO2 thanks to its similarity in band gap energy (3.34 eV 
and 3.12 eV, respectively, for ZnO and TiO2) [23]. Besides, 
ZnO also has photolytic catalytic activity and a reactive 
ability that is similar to TiO2 under irradiation conditions. 
Especially, there are oxygen vacancies in ZnO NPs when 
they are fabricated using sol-gel. These oxygen vacancies 
in ZnO NPs indicate enhanced visible light activity for 
photocatalytic reactions [23]. The oxygen vacancy defects 
are also a main defect in TiO2 materials, which could also 
play role as the photogenerated electron trapped sites. 
Thus, ZnO@TiO2 can also be active under the visible light 
region [24-26]. For these reasons, ZnO is selected to couple 
with TiO2 to form a composite photocatalyst that promotes 
synergistic effects of heterogeneous photocatalysis perozone 
to treat AMX in this study.

The aim of this study, therefore, is to develop ZnO@TiO2 
nanocomposites from ZnO nanoparticles and commercial 
TiO2 with various modification ratios. Besides, the physical-
chemical characteristics of the fabricated materials were 
described. Initial investigations about photocatalytic ability 
of obtained catalytic materials in degradation of AMX were 
also studied. 

2. Materials and methods
2.1. Chemicals and materials
All chemicals with analytical grade, including commercial 

TiO2, zinc acetate dihydrate (Zn(CH3COO)2.2H2O, 99.9%), 
ethanol (C2H5OH, 99.0%), sodium hydroxide (NaOH, 
99.9%), sulfuric acid (H2SO4, 98.0%), and hydrogen 
peroxide (H2O2, 30%) were purchased from Merck, 
Germany. Meanwhile, amoxicillin (AMX) was provided 
by Sigma Aldrich, Germany. Deionized water was used to 
prepare all chemical solutions.

2.2. Preparation of catalyst materials
In this study, the synthesis procedure of the TiO2@ZnO 

composite nanomaterial consists of the following main 
steps. Firstly, TiO2 and ZnO nanomaterials were separately 
synthesized by hydrothermal and sol-gel methods, 
respectively. For the synthesis of TiO2 nanoparticles, a 
micrometre-sized commercial TiO2 powder was mixed with 
10 M NaOH solution and transferred into a sealed Teflon 
flask. The flask was then placed in an oven set to a constant 
temperature of 135oC and calcinated for 24 h. Afterward, 
the Teflon flask was cooled to room temperature (25±2oC), 
and the mixture in the Teflon flask was filtered and washed 
several times with hydrochloric acid and distilled water 
until a constant pH was reached. Finally, the obtained 

product was dried and calcinated at 300oC for 2 h to form 
TiO2 nanoparticles. For the synthesis of ZnO nanoparticles, 
Zn(CH3COO)2.2H2O 99.9% was firstly mixed with citric acid 
at a molar ratio of 1:3. The mixture was then continuously 
magnetically stirred for 1 h at 80°C to achieve the sol-gel 
state. Next, this sol gel solution was kept at 135oC for 3 h 
to form xero-gel before calcination at 400oC for 5 h to form 
ZnO nanoparticles.

From the two synthesized TiO2 and ZnO nanomaterials, 
the ZnO@TiO2 composite nanomaterials were fabricated 
using ball milling for 2 h with varying ZnO contents of 
10, 20, 30, 40 and 50% to form homogenous ZnO@TiO2 
nanocomposite. The synthesis process of ZnO@TiO2 
composite is illustrated in Fig. 1.

Fig. 1. Schematic description of the synthesis of ZnO@TiO2 
nanocomposites.

2.3. Experiment design
All experiments were performed on simulated wastewater 

samples with amoxicillin in the laboratory. The experimental 
set up of perozone degradation of amoxicillin is shown in 
Fig. 2. The experimental system is designed and installed 
to conduct research on the treatment of the antibiotic AMX 
with ozone using ZnO@TiO2 at different composite ratios 
as photocatalysts.

AMX degradation was performed in batch experiments. 
Ozone was generated by an ozone generator (NextOzone 
20P, Sinh Phu Joint Stock Company, Vietnam). The 
maximum capacity and input O3 capacity at a flow of 15 ml/
min were 5.0 g/h and 3.038 g/h, respectively. The oxygen 
source for the O3 generator was taken from a pure oxygen 
tank. O3 was continuously generated and distributed into a 
tubular borosilicate glass reactor with a height of 450 mm 
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and a diameter of 60 mm through a bubble air stone located 
at the bottom of the tank. The photocatalysts including ZnO, 
TiO2 only, 10%ZnO@TiO2, 20%ZnO@TiO2, 30%ZnO@
TiO2, 40%ZnO@TiO2, and 50%ZnO@TiO2 were separately 
introduced into the reactors containing 500 ml of 100 
mg/l AMX with a catalyst dose of 0.1 g/l at pH of 11 and 
H2O2 of 100 mg/l. Ozone aeration time was 10 min out of 
the 70 min of each cycle. The residual ozone in the outlet 
was absorbed by 1500 ml of 2% KI solution contained in a 
2000-ml volumetric flask. The perozone reactions for AMX 
degradation were illuminated by two 35-W UV-Vis lamps 
at 320 nm. All heterogeneous catalytic perozone reactions 
were performed in parallel.

Fig. 2. Scheme of heterogeneous perozone degradation of AMX.

2.4. Analysis method
The N2 adsorption-desorption isotherms at 77K were 

applied to analyse the textural properties of the catalysts 
including BET area, pore size, and pore diameter using 
Quantachrome Instruments version 11.0-NOVA. The 
morphology of the photocatalysts was observed by FESEM 
images using a Hitachi S-4800, Japan. The EDX data and 
mapping data were obtained by X-ray energy-dispersive 
spectroscopy analysis using a JSM-IT200 (InTouchScop). 
The phase composition and crystal structure of the 
nanomaterials before and after the catalytic process were 
determined by X-ray diffraction with a scanning speed of 
1.25o/min at 2θ values between 20 and 80o using a Bruker 
D8 with Cu Kα emission (λ=0.1540 nm).

The degree of AMX degradation was assessed through 
COD measurement according to Standard Method 5220 
[27]. pH was measured with a pH meter (Hach).

3. Results and discussion
3.1. Characteristics of catalysts
The effect of composite ratios between ZnO and TiO2 on 

the textural properties of ZnO@TiO2 was evaluated through 
nitrogen adsorption-desorption isotherms. The resulting 
data is indicated in Table 1. From this data, it can be seen 

that compositing ZnO with TiO2 led to a slight decrease in 
the surface area and pore volume. Indeed, 10%ZnO@TiO2 
had an SBET of 11.36 m2/g, which is lower than that of TiO2 
and ZnO. This result was due to an aggregation of ZnO 
nanoparticles on the surface of TiO2 [13]. The data in Table 
1 also demonstrates that all photocatalysts are classified 
as a non-porous material because of their poor textural 
characteristics with low BET specific surface areas of 50.5, 
20.6, and 11.36 m2/g, total pore volume of 0.56, 0.089, and 
0.044 cm3/g and average pore diameters of 2.3, 0.102, and 
0.123 nm, respectively, for ZnO, TiO2, and 10%ZnO@
TiO2. The results suggest that the 10%ZnO@TiO2 had no 
well-developed pore size to enhance its surface area. Thus, 
the contribution to the adsorption mechanism of AMX 
by 10%ZnO@TiO2 was negligible in this study (data not 
shown).
Table 1. Nitrogen adsorption-desorption isotherm data of 
photocatalytic materials.

Unit ZnO TiO2 10%ZnO@TiO2

SBET m²/g 50.5 20.6 11.36

Vpore cm³/g 0.56 0.089 0.044

Dpore nm 2.3 0.102 0.123

The morphological observation of 10%ZnO@TiO2 
through SEM data are presented in Fig. 3, which depicts 
10%ZnO@TiO2 before and after the perozone degradation 
of AMX. The surface morphology of 10%ZnO@TiO2 
was rough, heterogenous, and non-spherical with ZnO 
nanoparticles. The particles ranged from 100 to 200 nm in 
size and their shapes widely varied. Several pores have been 
narrowed due to surface aggregation of nanoparticles after 
the catalytic reaction. 

Fig. 3. SEM images of (A) TiO2, (B) ZnO, and (C, D) 10%ZnO@TiO2 
before and after reaction, respectively.

The EDX spectrum of photocatalysts ZnO, TiO2, and 
10%ZnO@TiO2 are shown in Fig. 4. The peak position 
indicates the existence of Zn and O on the EDX of ZnO 
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nanoparticles and Ti and O on the EDX of TiO2. There was 
an appearance of Zn atoms in the composite constituent 
of about 10% w.t. in 10%ZnO@TiO2. The data in Fig. 4E 
confirmed again the presence of Zn, Ti, and O atoms in the 
sample. In addition, the EDX spectrum of photocatalysts 
ZnO, TiO2, and 10%ZnO@TiO2 showed that there was a 
negligible change in the content of Ti compared to Zn after 
the catalytic reaction (Fig. 4F). Similarly, the amount of 

Zn and Ti atoms in the ZnO and TiO2 photocatalysts had 
an insignificant change, which affirmed the stability of the 
fabricated photocatalysts.

Figure 5 indicates the crystal structure of ZnO, TiO2 and 
the 10%ZnO@TiO2 composite before and after perozone 
degradation of AMX. The results are insignificantly changed 
after the photocatalytic process. As can be seen from the 
data in Fig. 5, in the XRD pattern of wurtzite ZnO, all the 

Fig. 4.  EDX spectra of photocatalysts before and after reaction: (A, B) ZnO, (C, D) TiO2, and (E, F) 10%ZnO@TiO2.
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typical peaks appeared at 2θ=31.94, 34.55, 36.42, 47.71, 
56.8, 63.01, and 68.09⁰, corresponding to the (100), (002), 
(101), (102), (110), (103), and (112) planes of wurtzite 
ZnO, respectively (JCPDS card No. 36-1451). Besides, the 
peaks at 25.45, 37.92, 48.16, 53.97, 55.15, and 62.78⁰ can 
be respectively ascribed to the (101), (004), (200), (105), 
(211), and (204) planes of the anatase phase of TiO2 (JCPDS 
Card No. 21-1276). Similarly, the other peaks at 2θ = 27.54 
and 36.16⁰ correspond to (110) and (101) planes of the 
rutile phase of TiO2 (JCPDS Card No. 21-1272) [28]. In 
the case of 10%ZnO@TiO2, all typical diffraction peaks of 
both ZnO and TiO2 appear in the XRD patterns of ZnO@
TiO2 composite [13]. This result elucidated the co-existence 
of both ZnO and TiO2 in the nanocomposite. However, 

the peak intensity of ZnO is lower than TiO2, which may 
explain the smaller content of ZnO compared with TiO2 in 
the nanocomposite’s composition.

3.2. Degradation of AMX by heterogeneous 
photocatalytic perozone

Effect of various modification ratios between ZnO-NPs 
and TiO2 on AMX removal by heterogeneous photocatalytic 
perozone (O3/H2O2/catalyst/UV) was carried out in batch 
reactors. The experiments were conducted at different ratios 
(w/w) of 10, 20, 30, 40, and 50% of ZnO-NPs with an initial 
AMX concentration of 100 mg/l, H2O2 concentration of 100 
mg/l, and catalyst dosage of 0.1 g/l at pH 11 during 70 min 
of contact time. The obtained results are given in Fig. 6. 

Fig. 5. XRD of the photocatalysts before and after reaction: (A, B) ZnO, (C, D) TiO2, and (E, F) 10%ZnO@TiO2.
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Fig. 6. Time dependence of AMX degradation by O3/ZnO@TiO2/
H2O2/UV at various modification ratios between ZnO and TiO2.

What stands out from the data in Fig. 6 is that there 
was a significant difference trend in AMX degradation 
between perozone systems. Specifically, the AMX perozone 
degradation by the system using only a TiO2 catalyst was the 
lowest with 20.58%. The AMX removal efficiency achieved 
by O3/H2O2/ZnO/UV was 41.12%, which was higher than 
that of O3/H2O2/TiO2/UV by double. However, when ZnO 
was composited with TiO2, the AMX removal efficiency 
of perozone systems improved noticeably. Also, the AMX 
mineralization strongly depended on the composite ratio 
between ZnO and TiO2. Specifically, the AMX removal 
reached a peak of 81.34% at a modification ratio of 10%, 
which was higher than that of O3/H2O2/TiO2/UV by four 
times and O3/H2O2/ZnO/UV by double. Clearly, the ZnO@
TiO2 nanocomposite expressed excellent photocatalytic 
activity in comparison with TiO2 particles and ZnO particles 
alone. However, when ZnO-NPs/TiO2 composite ratios were 
further increased, the catalytic activity of the degradation 
of AMX by nanocomposite began a downward trend. The 
degradation of AMX was 62.85%, 59.67%, 60.87%, and 
38.91%, respectively, at ZnO-NPs/TiO2 ratios of 20, 30, 40, 
and 50% for 70 min of reaction time. An analogous result 
was reported by T. Yang, et al. (2018) [13]   with an optimum 
modification ratio of 7% between ZnO and TiO2 for salicylic 
acid (SA) removal by photocatalytic ozonation due to 
enriched surface hydroxyl groups of the modified catalyst. 
The degradation of SA decreased by 10% at a modification 
ratio of 10%. The degradation rate of ciprofloxacin by 
photocatalytic ozonation using a TiO2/carbon dots catalyst 
dropped with an increase in doping ratio (k=0.320/min for 6 
wt% TiO2/CDs and k=0.247/min for 8 wt% TiO2/CDs) [4]. 
In this study, an optimal result was obtained by loading 10% 
ZnO-NPs on TiO2. This demonstrated that the combination 
of ZnO and TiO2 has significantly enhanced the perozone 
degradation reaction under UV irradiation of pure TiO2. 

The mineralization kinetics of AMX in aqueous solution 
were investigated using heterogeneous catalytic perozone 
processes with photocatalysts at various modification 
ratios under the most suitable conditions determined by 
our previous study, which consisted of a pH of 11, catalyst 
dosage of 0.1 g/l, H2O2 concentration of 100 mg/l, and initial 
AMX of 100 mg/l. The general equation that describes the 
oxidation reaction of AMX can be written as follows:

AMX + .OH → nCO
2 + mH

2
O + intermediates       (1)

The reaction rate in Eq. 1 can be described by following 
kinetic equation:

r = k.[C]a.[OH*]b                                                 (2)                 

where r is reaction rate (h-1), k is reaction rate constant, 
and a and b are the reaction orders. However, the advanced 
oxidation reactions for the degradation of persistent organic 
compounds is mainly based on the continuous production 
of hydroxyl radicals with extremely short existence times. 
Thus, it can assumed that the amount of hydroxyl radicals 
would reach an equilibrium (i.e., [*OH] = constant). Then, 
Eq. 2 can be rewritten:

r = k’. [C]a                 (3)

Under the assumption that a perozone reaction follows 
both pseudo-first-order and pseudo-second-order kinetics, 
the integral of both sides of Eq. 3 (with a=1 for pseudo-first-
order and a=2 for pseudo-second-order kinetics): 
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Fig. 7. Degradation kinetics of AMX by O3/ZnO@TiO2/H2O2/UV.

As expected, all computed kd values had good agreement 
with the discussed results of mineralization of AMX at 
various modification ratios between ZnO and TiO2. At various 
modification ratio values, it is clear from Fig. 7 that in all 
perozone systems for the degradation of AMX, the kd values 
followed descending order as follows: O3/H2O2/10%ZnO@
TiO2/UV>O3/H2O2/ZnO/UV>O3/H2O2/TiO2/UV. The kd 
values were the highest at a modification ratio of 10%ZnO@
TiO2/UV with 0.025/min. The results showed that in 
coupled heterogeneous photocatalytic ozonation process, the 
synergetic effect of perozone (O3/H2O2) and photocatalysis 
(10%ZnO@TiO2/UV) participating in the ozonation 
reaction proved to enhance the reaction rate, which led to 
an improvement of the overall treatment efficiency of the 
contaminants [4, 13, 19, 29]. Also, it is clearly there was a 
remarkable effect in composite ratio of ZnO-NPs on catalytic 
activity of materials in perozone degradation of AMX. 

3.3. Mechanism of degradation perozone of AMX
In this work, from literature analysis and the discussion 

of the above results,  it is apparent that the maximum AMX 
mineralization efficiency of 81.0% was obtained by perozone 
using 10%ZnO@TiO2 under pH of 11, which proves the main 
mechanism of AMX degradation by photocatalytic perozone 
was through *OH radicals. The doping of ZnO-NPs and TiO2 
overcame the drawback of recombination of electron-hole 
pairs (h+, e-). Specifically, XRD data (Fig. 4), SEM, TEM, 
EDX and mapping data (Fig. 5) indicated the existence of 
ZnO NPs and TiO2 mainly in the form of anatase in the 
nanocomposite catalyst. Furthemore, the SBET of 10%ZnO@
TiO2 was 11.36 m2/g, which confirms that ZnO@TiO2 can 
act as both an adsorbent and catalyst. This nanocomposite 
catalyst enhanced the adsorbance of AMX on the ZnO@
TiO2’s surface, decomposed O3, and reacted with H2O2 in 
the O3/H2O2/10%ZnO@TiO2/UV system to increase the 
production of more *OH radicals. Apparently, composition 
of TiO2 with ZnO rose the electron-hole separation thanks 
to ZnO@TiO2 acting as electron trap, and modified the 
surface characteristics of the photocatalyst [13, 28, 30]. 
The production of more *OH was due to O3’s electrophilic 

property towards photogenerated electrons generated by 
photoexcitation of the ZnO@TiO2 catalyst. In this work, the 
AMX degradation by O3 can occur through two major routes, 
which consist of direct and indirect decomposition of ozone 
in solution and interfacial interaction reactions between the 
absorbed AMX on the catalyst’s surface and the free radicals 
formed during photocatalytic perozone. These reactions for 
perozone degradation of AMX can be described by:

ZnO@TiO2-e
-
CB + O2 → ZnO@TiO2-

*O2
-            (7)

2ZnO@TiO2-e
-
CB + 2O3 → O2 + 2 ZnO@TiO2-

*O2
-      (8)

2ZnO@TiO2-
*O2

- + H2O → H2O2 +2OH- + O2          (9)
ZnO@TiO2- e-

CB + H2O2 → *OH + OH-           (10)
ZnO@TiO2-AMX + h+

VB (*OH or *O2
-) 

→ CO2 + H2O + intermediates                                   (11)

In conclusion, the joint application of photocatalysis and 
perozone could give a much higher .OH radical yield than the 
photocatalysis alone, which explains the synergistic effect 
between ozone and the role of the photocatalyst in inhibiting 
recombination of the photogenerated electrons and holes. 
Based on above results and discussion, it is clear that the 
composite of ZnO nanoparticles considerably enhanced the 
mineralization efficiency of AMX thanks to its multiple roles 
when modified with TiO2. The functions of ZnO doped with 
TiO2 include increasing electron transfer, electron storage, 
and enriching –OH groups on the photocatalyst’s surface.

4. Conclusions
In this study, ZnO-NPs with various contents were 

composited with commercial TiO2 to fabricate ZnO@TiO2 
composites that exhibited a high photocatalytic activity of 
heterogeneous perozone degradation of AMX. Data about 
the characteristics of synthesized composite materials 
showed benefits for catalytic reactions due to inhibiting 
the recombination of photogenerated electrons and holes, 
which led to the enhancement of *OH content in order to 
mineralize AMX. The degradation efficiency of AMX was 
shown to depend strongly on the modification ratio of ZnO. 
A modification ratio of 10%ZnO produced the highest 
removal efficiency of AMX with 81%. Also, data about the 
properties of the photocatalyst indicated a high stability after 
reaction suggesting its feasibility in practical application to 
remove persistent organic compounds from wastewater. 
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