
journal of the Taiwan Institute of Chemical Engineers 74 (2017) 196-204 

Contents lists available at ScienceDirect 

journal of the Taiwan Institute of Chemical Engineers 

ELSEVIER journal homepage: www.elsevier.com/locate/jtice 

Photocatalytic ozonation of metronidazole by synthesized zinc oxide 
nanoparticles immobilized on montmorillonite 

Cross Mark 

Alireza Khataee a,b,*, Murat Kiran~an c, Semra Karaca C,**, Mohsen Sheydaei d 

a Research Laboratory of Advanced Water and Wastewater Treatment Processes, Department of Applied Chemistry, Faculty of Chemistry, University of Tabriz, 
51666-14766 Tabriz, Iran 
h Department of Materials Science and Nanotechnology Engineering, Near East University, 99138 Nicosia, North Cyprus, Mersin 10, Turkey 
'Department of Chemistry, Faculty of Science, Atatiirk University, 25240 Erzurum, Turkey 
d Faculty of Chemistry, Kharazmi University, 15719-14911 Tehran, Iran 

ARTICLE INFO ABSTRACT 

Article history: 
Received 6 July 2016 
Revised 28 November 2016 
Accepted 16 February 2017 
Available online 6 March 2017 

Keywords: 
Metronidazole 
ZnO/MMT nanocomposite 
Ozone 
Hydroxyl radical 

Released antibiotics in the aquatic environment have undesirable biological and ecotoxicological effects. 
In this work, photocatalytic ozonation process was used for removal of metronidazole (MET) as commonly 
used antibiotic from aqueous media. ZnO nanoparticles as an effective photocatalyst were immobilized 
on the surface of montmorillonite (MMT). The ZnO/MMT catalyst was characterized by X-ray diffraction 
(XRD), N2 adsorption/desorption, Fourier transform infrared (FT-IR), scanning electron microscope (SEM), 
and high resolution transmission electron microscope (HR-TEM). The ZnO/MMT activity was examined 
in the degradation of metronidazole under ozone bubbling and UV-A irradiation through photocatalytic 
ozonation process. The main influence factors on the photocatalytic ozonation activity such as ZnO/MMT 
dosage, pH, metronidazole initial concentration and ozone flow rate were studied. The results indicated 
that the MET removal efficiency was increased with increasing all the investigated factors except initial 
MMT concentration. The effect of organic and inorganic radical scavengers on the photocatalytic ozona
tion of MET was studied. Finally, several by products were identified by GC-MS analysis, which allowed 
to depict a possible mechanism for the MET degradation. 

© 2017 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 

1. Introduction 

In the past decade production and consumption of pharmaceu
tical compounds have been increased across the developed world. 
Antibiotics are a large family of pharmaceutical compounds con
sumed in human and veterinary for therapeutic purposes [1]. An
tibiotics are released in the aquatic environment mostly from hu
man excretion, veterinary clinics and runoff from agricultural ap
plications [2]. This kind of pharmaceutical compounds have an
tibacterial nature. Therefore, the presence of the antibiotics in wa
ter resources even at very low concentrations leads to enhance
ment of the bacterial resistance against antibiotics [3]. Accordingly, 
their presence in the aquatic environment is undesirable. 

Due to antibacterial nature of antibiotics, oxidation potential of 
conventional biological treatments is not enough to oxidize and 
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degrade these pharmaceutical products [2]. For example, metron
idazole as one of the most frequently used compounds that en
compass most gram-positive and gram-negative anaerobic bac
teria and protozoans. Furthermore, this antibiotic is very stable 
even under UV light irradiation [4]. Accordingly, various treatment 
techniques and processes have been developed and used to re
move these compounds from polluted sources. Among these tech
niques, advanced oxidation processes (AOPs) have been recognized 
as promising approach for complementary degradation of organic 
pollutants from contaminated water resources [5]. AOPs are based 
on the generation of highly reactive and nonselective radicals espe
cially hydroxyl radicals, which are effective oxidant toward organic 
compounds. 

In recent years attention has been focused on heterogeneous 
photocatalysis as one of the most promising AOPs. In this pro
cess, semiconductors with high photocatalytic activity such as Ti02 
and ZnO particles are irradiated by UV or visible light as en
ergy source. This energy leads to the excitation of electrons ( e-) 
from valence band of semiconductor into the conduction band 
and development of holes (h+) in the valence band. Reaction 
of h+ with H20 or OH- leads to reactive radicals development 
[6]. 

1876-1070/© 2017 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 
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Although different works have been reported to date for the 
use of ZnO photocatalysis for photodegradation of organic pollu
tants, some limitations have been recognized for this including: 
separation of semiconductor powders from batch slurry photore
actor and higher tendency of photo-generated e-/h+ to recombine 
rather than contribution in the formation of reactive radicals which 
imposes low efficiency of photocatalytic degradation (7]. 

Application of ozone assisted photocatalytic degradation is one 
of the effective methods to overcome the mentioned limitations. 
03 molecules as a strong inorganic oxidative species can trap the 
photo-generated electrons and increase h+ contribution in the for
mation of reactive radicals. Furthermore, 03/UV process is one of 
the successful AOPs for degradation of various organic pollutants in 
water. In recent decades, investigation of photocatalytic ozonation 
process ability in degradation of organic pollutants has been made 
in several works for instance, photocatalytic ozonation of oxalic 
acid by g-C3N4 /graphene composites by Yin et al., 18], phenazopy
ridine by Ti02 nanoparticles thin film by Fathinia et al., (9], urban 
wastewater and surface water using immobilized Ti02 by Moreira 
et al., (101 and amoxicillin and diclofenac using Ti02 by Moreira 
et al., (11]. 

The scope of this study was to immobilize ZnO nanoparticles on 
the surface of montmorillonite (MMT) and evaluate the application 
of ozone assisted photocatalytic degradation to overcome the ZnO 
photocatalysis limitations to use for photocatalytic degradation of 
the MET as organic pollutant 

2. Materials and methods 

2.1. Materials and reagents 

Montmorillonite KlO was purchased from Sigma-Aldrich Co., 
USA. This solid consists of Si02, AI203, Fe203, MgO, Cao, Na20 and 
K20 with wt. % of 66.9, 13.8, 2.75, 1.58, 0.29, 0.15 and 1.65, respec
tively. cation exchange capacity (CEC) of the MMT was 120 meq/ 
100 g. Metronidazole {C6H9N30 3 ) was purchased (Sigma-Aldrich, 
St Louis, MO, USA) and dissolved in distilled water. Table 1 shows 
the structure and properties of MET in this study. All other uti
lized reagents were of analytical grade (Sigma-Aldrich, St Louis, 
MO, USA) and were used as received without further purification. 
Distilled water was used throughout the experiments. 

2.2. Preparation of ZnO/MMf nanocomposite 

The ZnO/MMT nanocomposite was prepared using the fol
lowing method including: Step one-development of MMT sus
pension by dispersion of 1 g of MMT in 100 ml distilled water. 
Step two-dropwise addition of cetyltrimethylammonium bromide 
(CTAB) with the concentration of 1 CEC to the MMT suspension. 
Step three-dissolving 1 g of zinc chloride in 20 ml of distilled 
water and adjustment of solution pH to 12.5 using sodium hy
droxide solution. Step four- mixing the prepared suspensions in 
steps two and three for 6 h Step five-separation of suspended 

171.15 317 Antibiotic 

ZnO/MMT particles from the aqueous solution by centrifugal sep
arator. Step six-washing with distilled water and centrifuging 
to remove any non-adhesive impurities from ZnO/MMT particles. 
Step seven-drying ZnO/MMT particles at 90 °C for 3 h to remove 
moisture. ZnO nanoparticles were synthesized using the meth
ods described in steps three to five of ZnO/MMT preparation 
method. 

2.3. ZnO/MMf nanocomposite characterization 

The ZnO nanoparticles, MMT particles and ZnO/MMT nanocom
posite were characterized using powder X-ray diffraction (XRD), 
scanning electron microscopy (SEM), Fourier transform infrared 
{FT-IR) and N2 adsorption/desorption apparatuses. XRD was 
done by the PANalytical X'Pert PRO apparatus (Germany) with 
monochromatic CuKa X-radiation ( 45 kV, 40 mA, 0.15406 nm). The 
surface morphology of the material was studied by SEM model 
Mira3 FEG-SEM (Tescan, Czech) and HR-TEM model JEOl JEM-
2100F Qapan) operated at 200kV. FT-IR spectra were recorded by 
Tensor 27, Bruker spectrometer (Germany). Textural properties of 
the ZnO and ZnO/MMT samples were detennined from N2 ad
sorption/desorption isotherms at 77 K on a Gemini 2385 nitrogen 
adsorption apparatus (Micromeritics Instruments, USA) and their 
pore structure analyzed using Brunauer-Emmett-Teller (BIT), and 
Barrett-joyner-Halenda (BJH) equations. The generated reaction 
intermediates during the photocatalytic ozonation process at opti
mum conditions were identified using a gas chromatograph (6890, 
Agilent Technologies, CA) coupled with a mass spectrometer (5973, 
Agilent Technologies, Canada). 

2.4. Metronidazole removal experiment 

All experiments were conducted in a batch cylindrical quartz 
tube with total capacity of 900 mL In a typical procedure, the 
degradation reactions were initiated by continuously UV-A illumi
nation (nominal power of 8 W) and ozone bubbling into the quartz 
tube contains ZnO/MMT nanocomposite and MET solution with de
sired concentrations and pH. All the experiments were carried out 
at room temperature. To detennine the variation of MET concen
tration during the photocatalytic ozonation process at pre-selected 
time intervals, samples were withdrawn from the tube and an
alyzed spectrophotometrically at 317 nm using a UV spectropho
tometer (Varian Cary 100 UV-vis Spectrophotometer, Australia). 

The removal efficiency (%) for each sample was equal to 
(Co - Ct)/Co where Co and Ct (mg/l) are the initial and the final 
concentrations of MIT in the solution, respectively. In the case 
of photocatalytic degradation experiments, the similar process to 

photocatalytic ozonation was used except ozone bubbling into the 
quartz tube. Dissolved ozone concentration for different processes 
was determined by the procedure proposed by Bader and Hoigne 
(12]. 
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Fig. 1. XRD patterns of pure MMT, ZnO nanoparticles and ZnO/MMT 
nanocomposite. 

2.5. Analysis of degradation products 

GC-MS analysis was done to identify the intermediates of MET 
degradation through the photocatalytic ozonation process. 1 L of 
MET solution was treated for 10 min and the organic intermedi
ates were extracted with 30 ml of diethyl ether three times. The 
obtained organic solution was held to evaporate the organic sol
vent and the remaining solid was dissolved in 100 µ,L of N,0-bis
(trimethylsilyl)acetamide under heating at 60 °C and stirring for 
10 min. The obtained products were analyzed by GC-MS appara
tus (Agilent 6890 gas chromatography and 5973 mass spectrome
ter, Palo Alto, Canada). 

3. Results and discussion 

3.1. Characterization of the nanocomposite 

In order to investigate the effect of ZnO nanoparticles immo
bilization on theirs crystallographic structures, XRD patterns of 
pure MMT, ZnO nanoparticles and ZnO/MMT nanocomposite were 
taken as shown in Fig. 1. The peak at 2() = 26.1 in XRD pattern of 
MMT and ZnO/MMT corresponds to MMT interlayer spacing [13]. 
Moreover, in the XRD pattern of ZnO and ZnO/MMT, the peaks at 
W = 31.37, 34.03, 35.86, 47.16, 56.26, 62.54, 67.64 and 68.80 are 
corresponding to the 100, 002, 101, 102, 110, 103, 200 and 112 
crystal plate of ZnO crystal, respectively [14]. The average crystal 
size of ZnO is 25 nm in pure ZnO and ZnO/MMT samples according 
to Scherrer equation. Comparison with ZnO nanoparticles, the peak 
locations of ZnO/MMT are the same except the peak at 20=26.l 
which is attributed to MMT. Comparison of the ZnO and ZnO/MMT 
patterns clearly indicates that the ZnO nanoparticles in both pure 
and immobilized form have a same structure with all major peaks 
matching well with the standard pattern of bulk ZnO UCPDS 36-
1451) (14]. 

FT-IR studies of the pure MMT, ZnO and ZnO/MMT samples are 
carried out in the region 4000-400 cm-1 to find out the changes 
in the MMT and ZnO structures after immobilization. The charac
teristic bands of obtained FT-IR spectra as well as assigned func
tional groups are summarized in Table 2. Comparison of the ob
tained results consolidates the presence of both ZnO nanoparticles 
and MMT in the prepared nanocomposite samples. 

In order to support the results indicating the immobilization of 
fine ZnO particles on the surface of MMT particles, SEM and HR
TEM images of MMT and ZnO/MMT samples were taken (Figs. 2 
and 3). The comparison of SEM and HR-TEM image of ZnO/MMT 

sample with that of MMT sample approves the effective im
mobilization of ZnO particles. HR-TEM images display that the 
ZnO/MMT particles are within the nanoscale (:::: 100 nm), support
ing the results of SEM analysis which are shown in Fig. 3b. 

Ni adsorption/desorption isotherm of pure MMT, ZnO and 
ZnO/MMT samples were obtained (Fig. 4) to identify the porous 
structure of pure and immobilized ZnO nanoparticles. The N2 ad
sorption/desorption on the MMT sample matches well the type II 
isotherm for mesoporous materials. Hysteresis loops of the Ni ad
sorption/desorption on the MMT indicating the multi-layer physi
cal adsorption on the surface of this adsorbent (19]. The ZnO and 
ZnO/MMT samples exhibit type IV nitrogen sorption isotherm ac
cording to the Brunauer-Deming -Deming-Teller (BDDT) classifi
cation with a capillary condensation step in the relative pressure 
(P/Po) higher than 0.4. This approved a mesoporosity of both sam
ples. The obtained results were analyzed using BET and BJH equa
tion. Specific surface area and mesopore surface area of ZnO were 
38.22 and 32.45 m2 /g, respectively while those of ZnO/MMT were 
enhanced to 70.54 and 84.97, respectively. The incorporation of 
ZnO and MMT caused to increase in available surface area for ad
sorption and photocatalytic ozonation of pollutant on the surface 
of ZnO nanoparticles. 

3.2. Degradation of MET in different systems 

Seven MET removal processes, namely adsorption, photolysis, 
photocatalysis, ozonation, photolytic ozonation, catalytic ozonation 
and, photocatalytic ozonation processes were conducted to evalu
ate the removal efficiency. Fig. 5 illustrates removal efficiency of all 
investigated processes under the same operational conditions. As 
shown in Fig. 5, when MET solution was subjected to ZnO/MMT, 
removal efficiency of 7.5% was achieved after 30 min which indi
cates low ability of ZnO/MMT as MET adsorbent. The MET hardly 
degraded when UV-A irradiation was applied to the polluted so
lution alone as photolysis process. It is due to the fact that very 
small amount of •oH is formed in the presence of UV-A radiation 
alone and/or the MET is relatively resistant to UV-A light (20]. In 
the presence of ZnO/MMT and UV-A light, more than two times 
increase in removal efficiency occurs which approved the effec
tive role of the used catalyst in the photodegradation process. The 
ozonation removed 77.2% of the initial MET, which was due to the 
direct oxidation and/or generation of hydroxyl radicals (Eqs. (1 - 3)) 
(21]. 

(1) 

(2) 

(3) 

Simultaneously using UV-A irradiation and ozone in photolytic 
ozonation process improved the removal efficiency (81.28%) as a 
result of the fact that reactive radicals could be generated via fol
lowing reactions (Eqs. (4 and 5)) [21]. 

(4) 

(5) 

Combination of ZnO/MMT nanocomposite and the ozone had a 
beneficial effect on enhancing the MET removal efficiency. This en
hancement in the MET removal efficiency can be attributed to si
multaneous adsorption of ozone and pollutants molecules to effi
cient degradation reactions. A synergy value of 97% removal effi
ciency was obtained for the MET photocatalytic ozonation indicat
ing that the combination of photolysis, photocatalysis, ozonation, 
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Table 2 
FT-IR spectra information for the pure MMf, ZnO nanopartides and ZnO/MMf nanocomposite. 

Spectrum Wave number (cm-1 ) 

MMf and ZnO/MMf 793 
1050 
2854 
2928 
3437 
3622 

ZnO and ZnO/MMT 424 

45 

40 (c) 
35 

~ 30 
> u 25 c 
QI 
::I 

20 g" 

I!! ... 15 

10 

5 

0 
<30 30-45 

Group name 

Al-0 stretching vibration 
Si-0-Si in-plane stretching vibration 
C-H symmetric vibration 
C-H asymmetric vibration 
0-H stretching vibration 
Al-OH or Si-OH stretching vibration 
Zn-0 stretching vibration 

56-60 >60 

Size (nm) 

Reference 

[15] 
[16] 
[17] 
[17] 
[18] 
[16] 
[16] 

Fig. 2. SEM images of (a) raw MMf and (b) ZnO/MMf nanocomposite and (c) size distribution of ZnO/MMf nanocomposite. 

Fig. 3. HRTEM images of (a) raw MMT and (b) ZnO/MMf nanocomposite. 

199 
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Fig. 4. N2 adsorption/desorption isotherms curves for pure MMT, ZnO nanoparticles 
and ZnO/MMT nanocomposite. 
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Fig. 5. MET removal efficiency (%) during various experiments. Experimental con
ditions: [MET]0 : 40mg/L. ozone gas flow rate: 4L/h, [Zn0/MMT]o=40mg/L. and 
pH=6. 

photolytic ozonation and catalytic ozonation processes favors pol
lutant degradation which may be attributed to the additional gen
eration of hydroxyl radicals through mentioned reactions. 

On the other hand, the dissolved ozone concentrations in differ
ent oxidation processes depending on the time were determined 
and evaluated. Fig. 6 illustrates the dissolved ozone concentration 
along with time for the ozonation, catalytic ozonation and photo
catalytic ozonation processes in the presence and absence of MET. 
As can be seen from Fig. 6, the highest dissolved ozone concen
tration measured in the ozonation system. Its concentration in
creased up to 20 min, and then remained constant upon reaching 
an equilibrium accumulation of ozone in the aqueous phase. The 
reason for this phenomena is probably low ozone solubility and 
slow ozone gas-liquid reactions which cause to the hydroxyl radi
cal generation [14]. The value of dissolved ozone amount dropped 
with the addition of MET, implying MET degradation through 
ozone molecules by direct pathway and/or hydroxyl radicals pro
duced by indirect pathway. The dissolved ozone concentration in 
catalytic ozonation was considerably reduced in accordance with 
Fig. 5. This result can be attributed to that total effect of the ad
sorption of ozone molecules via the weak hydrogen bonds to the 
ZnO/MMT surface (absence of MET), and the improvement role of 
catalyst in MET degradation (presence of MET) by providing the in
crease in the number of reactive oxygen species (ROS) generated. 
The lowest dissolved ozone concentration for photocatalytic ozona-
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Fig. 6. Time evolution of dissolved ozone concentration during different oxidation 
processes. Experimental conditions: [MET]o: 40 mg/L, ozone gas flow rate: 4 L/h, 
[Zn0/MMT]o=40rng/L. and pH=6. 

tion clearly revealed the higher number of reactions of ozone con
sumption such as the following reactions [14]. 

(6) 

Zn0-03-• + H+ ~ ZnO + H03 • (7) 

(8) 

Accordingly, these results approve the contribution of synergis
tic effect between photocatalysis and ozonation processes for the 
improved removal of MET in the photocatalytic ozonation process. 
With the addition of MET, in both catalytic ozonation and photo
catalytic ozonation processes, the decrease in dissolved ozone con
centration shows the MET degradation by using radicals. 

3.3. Effect of parameters on degradation efficiency 

3.3.1. Effect of ozone flow rate 
It is found that ozone flow rate is very important factor that 

controls ozonation process. To determine the optimum ozone flow 
rate, a number of MET degradation experiments have been made 
at pH of 6 and initial MET concentration of 40 mg/L while ozone 
flow rate was 1-6 L/h. Time profiles of MET degradation in the 
presence of different of inlet ozone flow rate is shown in Fig. 7. 
The ozone flow rates have a positive effect on the MET degrada
tion through ozonation process. Enhancing the applied flow rate 
of ozone stream leads to increase in ozone mass transfer rate 
from gas to liquid phases. This causes an increased ozone and ac
cordingly reactive radical concentration in the liquid phase which 
lead to increase in MET degradation efficiency. Similar phenomena 
have also been reported by M. Fathinia and Al. Khataee for pho
tocatalytic ozonation of phenazopyridine using Ti02 nanoparticles 
coated on ceramic plates [22]. 

3.3.2. Effect of pH 
To determine the optimum pH of photocatalytic ozonation pro

cess, pH of MET degradation suspension was changed between 2 
and 10 while initial MET concentration was 40 mg/L, ozone gas 
flow rate was 4 L/h and ZnO/MMT dosage was 40 mg/L as illus
trated in Fig. 8. The removal efficiency increases with increasing 
pH up to 10. It can be explained based on the MET speciation 
diagrams and ZnO/MMT surface charge. At pH less than 4, MET 
is present as protonated specie while at pH higher than 12 it is 
present as anionic specie [23]. However, it is present as neutral 
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fjg. 8. Effect of initial pH value on the photocatalytic ozonation of MET. 
Experimental conditions: IMET]o: 40 mg/I., ozone gas flow rate: 4 L/h. and 
IZnO/MMTlo =40 mg/I., 

specie at pH between 4 and 12 [23]. On the other hand, the pH 
of zero point charge (PHZPC) of ZnO/MMT nanopartides was deter
mined using the salt addition method [24]. pHZPC of the ZnO/MMT 
nanocomposite was approximately 8.4. Thus, in suspensions with 
pH of lower than 8.4 where pH is below ZnO/MMT nanoparti
cles pHZPC, it exhibits a positive net charge on its surface. Thus 
at pHs of 2 and 4, tendency of protonated MET to come closer to 
positively charged ZnO/MMT surface to react with developed reac
tive radicals was low. However, under natural and alkaline condi
tions the MET which mainly in the neutral form can come closer 
to the ZnO/MMT nanoparticles surface, resulting in its degradation 
via developed reactive species on the catalyst surface. Furthermore, 
the ozone is stable at acidic, while with increasing pH, efficiency of 
its decomposition to hydroxyl radicals was increased according to 
the Eq. (1 ). Accordingly, increase in suspension pH up to 10 leads 
to increase in MET removal efficiency. 

3.3.3. Effect of ZnOfMMI nanocomposite dosage 
The effect of ZnO/MMT nanocomposite dosage on the removal 

efficiency of MET was investigated while initial MET concentra
tion was 40 mg/L and ozone gas flow rate was 4 L/h at pH of 
6. The results are shown in Fig. 9. It was found that ZnO/MMT 
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Fig. 9. Effect of the ZnO/MMT nanocompwite dosage on the photoc:atalytic ozona
tlon of MET. Experimental conditions: IMET]o =40 mg/I., ozone gas How rate: 4 L/h, 
and pH=6. 
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Fig. 10. Effect of initial MET concentration on the photocatalytic ozonation of MET. 
Experimental conditions: (ZnO/MMTlo =40 mg/!., ozone gas flow rate: 4 L/h, and 
pH = 6. 

nanocomposite dosage of 50 mg/L gave the best results in the 
range of 5-50 mg/L MET removal efficiency was enhanced with 
ZnO/MMf nanocomposite concentration at all investigated reaction 
times. It is reasonable because as ZnO/MMT nanocomposite dosage 
increases, the number of reactive catalytic sites increases. 

3.3.4. Effect of initial metronidazole concentration 
The efficiency of degradation through advanced oxidation pro

cess is a function of the initial pollutant concentration. Fig. 10 
shows that the ability of the photocatalytic ozonation process in 
the MET removal with a ZnO/MMf loading of 40 mg/L and ozone 
gas flow rate of 4 Lfh decreased with the increasing initial concen
tration of pollutant from 25 to 50 mg/L. There are two most proba
ble reasons for the experimental observation. Firstly, concentrated 
pollutant solution may prohibit ZnO/MMT particles from absorbing 
eradiated lN-A waves. Furthermore, in the presence of high initial 
pollutant concentration, more degradation should be taken place 
to achieve the same value of degradation efficiency. 

3.3.5. Stability and reusability of the ZnO/MMI nanocomposite 
catalyst 

Considering that the stability of a typical catalyst is princi
pal factor in its practical application, stability of the ZnO/MMT 
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Fig. 12- The changes in the absorption spectra of MET during 30 min of photocat
alytic ozonation process. Experimental conditions: [MET]o: 40 mg/L, ozone gas flow 
rate: 4L/h, [Zn0/MMT]o=40mg/L, and pH=6. 

nanocomposite catalyst in five subsequent photocatalytic ozonation 
of MET cycles under identical conditions was investigated. Each 
cycle consists of photocatalytic ozonation and then recovering by 
centrifugation, washing and drying of applied ZnO/MMT catalyst 
to use in next experiment. Obtained results (Fig. 11 ) indicate that 
about 97% removal efficiency takes place at 60 min in the first run. 
Fifth run gave 93% removal efficiency. This shows a negligible de
crease in the removal efficiency even after using one ZnO/MMT 
sample in five successive photocatalytic ozonation run. Obtained 
result approves good mechanical and chemical stability of the ap
plied ZnO/MMT catalyst to be used as a promising catalyst for the 
degradation of organic pollutants. 

3.3.6. Spectral changes of MET during photocatalytic ozonation 
Fig. 12 illustrates the changes in the absorption spectra of the 

MET solution during photocatalytic ozonation process in the pres
ence of initial 40 mg/L MET at 40 mg/L ZnO/MMT at pH of 6 under 
ozone gas flow rate of 4 L/h and UV-A irradiation. The absorption 
peak of MET is located at 317 nm. The decrease in the absorption 
peak intensity and finally its disappearance with increase of the 
reaction time actually indicates the MET degradation during pho
tocatalytic ozonation process. 

3.3. 7. Effect of organic and inorganic radical scavengers 
To specify the most effective MET degradation mechanisms 

through the photocatalytic ozonation process, several degradation 
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Fig. 13. Effect of the organic radical scavengers on the photocatalytic ozonation re
moval of MET. Experimental conditions: [MET]o: 40 mg/L, ozone gas flow rate: 4 L/h, 
[Zn0/MMT]o=40mg/L, [Radical scavenger]=40mg/L, and pH=6. 
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Fig. 14. Effect of the inorganic radical scavengers on the photocatalytic ozonation 
removal of MET. Experimental conditions: [MET]o: 40 mg/L, ozone gas flow rate: 
4L/h, [Zn0/MMT]o=40mg/L, [Radical scavenger]=40mg/L, and pH=6. 

tests were run in the presence of various organic and inorganic 
radical quenchers. Fig. 13 shows that the photocatalytic ozonation 
removal of MET was inhibited by the addition of benzoquinone, 
chloroform, t-butanol and EDTA as organic radical quenchers. In 
the presence of these quenchers, the decreased MET removal ef
ficiency with the order of significance following benzoquinone > 
EDTA > t-butanol > chloroform. Benzoquinone and chloroform as 
effective 0 2-• quencher exhibited higher and lower effect on pho
tocatalytic ozonation removal of MET, respectively [25,26] . On the 
contrary, EDTA and t-butanol as hydroxyl radical scavengers ex
erted moderated decreasing effect on the MET removal efficiency 
[27,28]. These results demonstrates that both •oH and 0 2-• are 
produced and participated in degradation of MET through photo
catalytic ozonation process and presence of both kind of scavenger 
reduce the process efficiency. 

Furthermore, effect of common inorganic anions in natural wa
ter and wastewater including sulfate, chloride, fluoride, bicarbon
ate, phosphate and iodide on performance of photocatalytic ozona
tion process was conducted (Fig. 14). Among investigated inorganic 
radical scavenger, the iodide and sulfate anions show higher de
creasing effect on the process. Iodide effects on MET degradation 
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Table 3 
Identified by-products during the photocatalytic ozonation of 40 rng/L MET. 

No Compound name Cl!emical structure 

H 

N-Methyl-formamide 
O~N" 

0 

2 2-Hexanone ~N 
3 l-Methaxy-2-methyl-2-

~OH /0 
propanol 

4 Piperidine, 1,2,6-ttimethyl Cx 
0 
II 

cc;~ N 
~'OH 

5 0-Nitroacetophenone 
oxime 

process through following most probable reasons including fast re
action with ozone to form the hypoiodite ion (Eq. 9) and scaveng
ing hydroxyl radicals produced through photocatalytic ozonation 
process (Eqs. 10 and 11 ). [29,30] 

(9) 

1-+•0H~1· +OH (10) 

(11) 

In the presence of 40 mg/L sodium sulfate, more than 26% de
crease in the MET removal efficiency was observed after 30 min re
action time. This can be attributed to considerable h+ and hydroxyl 
radical quenching ability of this anion which cause to production 
of less reactive so4•- radicals [31]. 

Presence of 40 mg/L NaF, led to more than 21% decrease in MET 
removal efficiency. The most probable reason for the photocatalytic 
ozonation efficiency decrease is ZnO/MMf surface sites blocking 
by r ions due to strong adsorption ability of the fluoride ions 
on the surface of the nanocomposite and accordingly inhibition of 
ozone and MET adsorption and decomposition on the surface of 
ZnO/MMf [321. Furthermore, fluoride ions exhibit scavenging ef
fect on the photo-generated h+ of ZnO/MMf photocatalyst [33]. 

Bicarbonate ions can act as hydroxyl radical scavenger forming 
less reactive carbonate radicals as well as exhibit scavenging effect 
on the photo-generated h+. thus decrease the MET removal effi
ciency from 97% to 90.6% [34]. 

Obtained results indicate that effect of phosphate anion was 
lower than that of other anions. Phosphate anions not only are 
considered as weak scavengers of reactive radicals but also may 
quench photo-generated e- of ZnO/MMf photocatalyst and accord
ingly enhance contribution of photo-generated h+ in reactive radi
cals production process [35,36]. 

Retention time (min) 

2.629 

2.784 

3.439 

3.572 

31391 

Main fragments 

59.00 (100.00%); 75.00 (3.98%); 60.00 
(2.73%); 86.10 (2.33%); 91.00 (1.28%) 

59.00 (100.00%); 75.00 (7.35%); 86.10 
(3.88%); 60.00 (2.70%); 146.90 (1.34%) 

59.00 (100.00%); 75.00 (38.22%); 62.90 
(2439%); 207.00 (20.08%); 86.10 (17.22%) 

59.00 (100.00%); 112.00 (75.88%); 75.00 
(54.78%); 77.00 (43.47%); 113.90 (24.66%) 

148.90 (100.00%); 207.00 (75.97%); 55.00 
(36.21%); 166.90 (33.53%); 57.10 (28.36%) 

3.3.8. Analysis of degradation int.ermediates of MET during 
photocatalytic ozonation 

To identify the degradation intermediates of MET during photo
catalytic ozonation process, the generated by products after 15 min 
are analyzed three times by GC-MS [371. The obtained general 
peaks for three analyses was selected and evaluated. 

The formed by-products were assessed by comparing the 
recorded spectra in the mass spectra library. The obtained results 
were given in Table 3. 

4. Conclusions 

Stabilizing of ZnO nanoparticles and its application in pho
tocatalytic ozonation is one of the effective ways to improve 
the ZnO photocatalytic efficiency. The results showed that pho
tocatalytic ozonation activity depends on the ozone flow rate, 
ZnO/MMf dosage, metronidazole initial concentration and pH. The 
determined dissolved ozone concentration confirmed synergetic ef
fects of the photocatalytic ozonation process on MET degradation. 
ZnO/MMf nanocomposite has good mechanical and chemical sta
bility. Furthermore, the organic and inorganic free radical scav
engers have a decreasing effect on the photocatalytic ozonation of 
metronidazole. 
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