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a b s t r a c t
Pesticide production wastewater has complex water quality, many types of pollutants, and large 
biological toxicity, and can cause a serious impact on the ecological environment when it is inef-
fectively treated. In this study, catalytic ozone oxidation was used to treat the actual production 
wastewater from a pesticide company, and the concept of ammonia nitrogen conversion rate was 
introduced to investigate the actual treatment performance of catalytic ozone oxidation on waste-
water. The effects of ozone dosage, hydrogen peroxide dosage, catalyst dosage, reaction time, and 
reaction pH on chemical oxygen demand (COD) removal rate and ammonia nitrogen conversion 
rate in wastewater were analyzed. Results showed that the catalytic ozonation significantly reduced 
the chromaticity of wastewater, and the maximum COD removal and ammonia nitrogen conver-
sion rates were 38.4% and 47.1%, respectively, at reaction pH 8, 3,000 mg/L ozone dosage, 3 mg/L 
hydrogen peroxide dosage, 50 g/L catalyst dosage, and 120 min reaction time.

Keywords:  Catalytic oxidation; Ozone; Pesticide wastewater treatment; COD removal rate; 
Ammonia nitrogen conversion rate

1. Introduction

Wastewater generated by pesticide enterprises during 
pesticide production and processing mainly includes the 
wastewater from the synthesis of pesticides, wastewater 
purification, and wastewater generated when washing 
the washing plant and equipment. Pesticide wastewater 
affected by the type of pesticides and the production and 
processing processes has the following characteristics: (1) 
the produced wastewater is large with highly volatile water 
quality and water volume. As a large agricultural country, 
incomplete statistics show that the annual discharge of pes-
ticide wastewater by pesticide companies is approximately 
150 million tons. The quality and quantity of pesticide 
wastewater are different because of the stability of pesticide 
production and the different operating conditions in differ-
ent enterprises, (2) wastewater has complex water quality 
and high organic matter concentration. Pesticide production 

wastewater contains various organic pollutants, such as 
sulfides, organic phosphorus, phenolic compounds, and 
organic nitrogen compounds, because of the wide variety 
of pesticides, complex raw materials, and complex interme-
diates produced during production [1]. The concentration 
of chemical oxygen demand (COD) can reach up to tens of 
thousands of mg/L, (3) the wastewater is biotoxic and has 
poor biodegradability. The high concentration of organic 
substances contained in pesticide wastewater is difficult to 
be degraded by microorganisms and have a strong inhib-
itory effect on microorganisms [2], (4) the volatile organic 
pollutants contained in pesticide wastewater cause it to 
have a pungent odor, which can damage the respiratory 
tract and cause poisoning when breathed by humans or 
other organisms [3]. The harm of pesticide wastewater to the 
ecological environment is not only manifested in the toxic 
effect of the irritating odor contained in pesticides [4]. At the 
same time, most of the organic matter contained in pesticide 
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wastewater have neurological and biological toxicity and 
potential carcinogenic effects on the human body. Random 
emissions cause serious damage to the ecological environ-
ment [5,6]. Therefore, pesticide wastewater treatment has 
been constantly investigated by environmentalists at home 
and abroad [7]. However, the condition of pesticide waste-
water treatment remains unclear. Relevant data have shown 
that only 7% of pesticide wastewater discharged from China 
is treated, and approximately 1% of the treatment stan-
dards is met [8]. Therefore, pesticide wastewater treatment 
technology should be developed.

The methods of pesticide wastewater treatment mainly 
include physical, chemical, and biological methods. Physical 
methods mainly include coagulation, sedimentation [9], 
extraction [10–12], adsorption [13–15], and membrane sep-
aration [16]. Chemical methods mainly include Fenton oxi-
dation [17], photocatalytic oxidation [18,19], electrocatalytic 
oxidation [20], and ozone oxidation [21,22]. Biological meth-
ods mainly include biofilm [23] and activated sludge [24]. 
Pesticide wastewater has poor biodegradability and can-
not be directly treated using traditional biological methods 
[25]. Therefore, this problem can be effectively solved when 
effective pretreatment measures are used to degrade the 
chemically stable refractory organic matter in wastewater and 
improve the biodegradability of wastewater. Conventional 
physicochemical pretreatment cannot reduce the biological 
toxicity of wastewater and cannot meet the actual biochem-
ical treatment needs, and certain defects or deficiencies are 
observed in the actual application. Commonly used physical 
methods produce waste gas and waste residues in treating 
pesticide wastewater. For secondary pollution, Fenton oxi-
dation produces iron-containing sludge that is difficult to 
handle, and photocatalytic and electrocatalytic oxidations 
are expensive [26]. Ozone oxidation can degrade toxic sub-
stances and improve the biodegradability of wastewater, 
and has been widely investigated at home and abroad [27].

Ozone oxidation mainly relies on the direct oxidation 
of ozone molecules and indirect oxidation of hydroxyl radi-
cals to degrade pollutants [28]. This process has high oxida-
tion efficiency and no secondary pollution. Catalytic ozone 
oxidation can overcome the low ozone utilization and low 
oxidation efficiency of traditional ozone oxidation. Most 
studies on catalytic ozone oxidation treatment of pesticide 
wastewater have focused on the nature of catalyst and the 
effect on the removal rate of single pollutant components 
[29]. Few studies have been conducted on the change of 
nitrogen form in wastewater [30,31]. The problem of organic 
nitrogen in pesticide wastewater has been constantly the 
major problem in pesticide wastewater treatment [32]. High 
concentration of organic nitrogen in wastewater directly 
affects the effective residence time of the anaerobic process, 
thereby affecting the cost of wastewater treatment. Under 
the premise that the total nitrogen concentration of waste-
water is constant, the higher the concentration of ammonia 
nitrogen is, the lower the concentration of organic nitro-
gen will be, which is conducive to the actual biochemical 
treatment of wastewater.

In this study, a self-made metal catalyst with Al2O3 as 
carrier was used to act as catalyst for ozone catalytic oxi-
dation, and the factors affecting the degradation of COD 
in an actual pesticide wastewater through catalytic oxygen 

oxidation were investigated. The effects of ozone dosage, 
hydrogen peroxide catalyst dosage, reaction time, and pH 
on COD removal and ammonia nitrogen conversion rates 
were assessed. The concept of ammonia nitrogen conversion 
rate was introduced to evaluate the ability of catalytic ozone 
oxidation from another perspective to convert the organic 
nitrogen in wastewater into ammonia nitrogen for provid-
ing technical reference for better biochemical treatment of 
actual wastewater.

2. Materials and methods

2.1. Materials

Concentrated sulfuric acid, hydrochloric acid, silver sul-
fate, mercury sulfate, ammonium ferrous sulfate, ferrous 
sulfate heptahydrate, potassium hydrogen phthalate, potas-
sium dichromate, absolute ethanol, ammonium chloride, 
potassium sulfate, sodium thiosulfate, sodium hydroxide, 
and anhydrous sodium carbonate were of analytical grade 
and purchased from Sinopharm Shanghai Chemical Reagent 
Company (China). The ozone catalyst was self-made in the 
laboratory. Other chemical reagents were purchased and 
used without purification.

The experimental water sample was taken from waste-
water of a pesticide company in Jiangsu Province. The 
obtained sample was the comprehensive production 
wastewater of the enterprise. The water quality parameters 
are shown in Table 1.

2.2. Preparation methodology of ozone catalyst

A certain molar mass ratio of ferric nitrate and man-
ganese nitrate were weighed out for preparing 100 mL of 
catalyst active factor precursor solution, and the precursor 
solution was transferred to 250 mL wide-mouth conical 
flask. A certain amount of pre-treated activated alumina was 
transferred into an Erlenmeyer flask, and placed in a water 
bath shaker with shaking for a certain time. The water bath 
temperature was set to 35°C. The activated alumina after 
impregnation was put it in an oven to dry for 12 h, and set 
the temperature to 105°C. The dried catalytic ceramsite was 
placed in a muffle furnace and calcined at 450°C–750°C for a 
period of time for the preparation of the final ozone catalyst.

2.3. Experimental methodology

A self-made ozone catalytic oxidation reactor unit 
was used in the experiment. O3 dosage in the reactor was 
jointly determined in terms of oxygen (purity ≥ 99%) inlet 

Table 1
Water quality parameters of pesticide wastewater

Water quality index Value

pH 6.0–9.0
COD (mg/L) 23,752.0
Ammonia nitrogen (mg/L) 385.0
Total nitrogen (mg/L) 1,182.0
Kjeldahl nitrogen (mg/L) 824.0
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pressure using an ozone generator (ozone generator, CF-G-
3-010g, Qingdao Guolin Company, China) and its cur-
rent size using a rotor flowmeter. The model of the ozone 
generator is CF-G-3-10G, the ozone generation amount 
is 10 g/h. The gas flow rate is 0.07–0.08 Nm3/h. The ozone 
concentration is 120–150 g/m3. A porous plate at the bot-
tom of the reactor unit was used to ensure that O3 enters 
the reactor uniformly, and the O3 tail gas was absorbed and 
eliminated using activated carbon.

The device was continuously operated during the 
experiment. O3 was preoxidized for 3 min to remove the 
organic matter on the surface of the reactor and the catalyst 
(self-made). After a certain time period, the water sample 
in the reactor was sampled to detect its COD and ammonia 
nitrogen. Kjeldahl nitrogen and total nitrogen concentra-
tions were evaluated in terms of COD removal and ammonia 
nitrogen conversion rates. Single-factor optimization was 
used to investigate the effects of ozone dosage, hydrogen 
peroxide dosage, catalyst dosage, reaction time, reaction 
pH, and catalytic oxidation reaction. The ammonia nitro-
gen concentration of the wastewater sample was measured 
through Nessler reagent spectrophotometry. Kjeldahl nitro-
gen concentration detection was conducted by converting 
the organic nitrogen in water samples to ammonia nitrogen 
via Nessler spectrophotometry (UV spectrophotometer, 
New Century T6, Beijing Pu Analysis General Instrument 
Co., Ltd., China). Analysis of total nitrogen concentration 
was conducted to ensure no reduction in ammonia nitrogen 
caused by spillover effects during the reaction. Potassium 
dichromate was used to detect the COD concentration in 
wastewater samples.

• Calculation formula of COD removal rate is shown 
in Eq. (1):

RCOD

COD COD
COD

%=
−

×0

0

100  (1)

where RCOD is the COD removal rate in the water sample, 
COD is the COD concentration in the water sample at the 
end of the reaction, mg/L, and COD0 is the initial COD con-
centration of water sample, mg/L.

• Calculation formula of NH3–N conversion rate is shown 
in Eq. (2):

R
N

N =
−

×
KN

KN
0

0

100%  (2)

where RN is the conversion rate of ammonia nitrogen in the 
water sample, N is the concentration of ammonia nitrogen 
in the water sample at the end of the reaction, mg/L, and 
KN0 is the initial Kjeldahl nitrogen concentration of water 
sample, mg/L.

3. Results and discussion

3.1. Effect of ozone dosage on ozone catalytic oxidation efficiency

Fig. 1 shows the COD removal and ammonia nitrogen 
conversion rates at ozone dosages of 0; 500; 1,000; 1,500; 

2,000; 2,500; 3,000; 4,000; and 4,500 mg/L and reaction time 
of 60 min. The COD and ammonia nitrogen concentrations 
in the wastewater continuously increased with the increase 
in ozone dosage from 0 to 4,500 mg/L during the reaction. 
The COD removal rate increased from 5.1% to 35.3%, and 
the ammonia nitrogen conversion rate increased from 
8.9% to 55.5%. Ozone was used as an oxidizing agent for 
ozone oxidation. The amount of ozone added determined 
the amount of ozone molecules that can be oxidized in the 
reaction system and the amount of OH formed. The increase 
in the amount of ozone in the reaction system increased 
the total mass transfer and concentration of ozone in the 
solution, thereby increasing the probability of ozone mol-
ecules attacking organic pollutants [33]. The increase in 
ozone concentration in wastewater indicated the increase 
in •OH concentration in the solution, thereby enhancing the 
ability of ozone oxidation to remove organic matter from 
the wastewater and increasing the removal rate of COD 
and organic nitrogen in the wastewater [34].

3.2. Effect of H2O2 dosage on ozone catalytic oxidation efficiency

Fig. 2 shows the COD removal rate and ammonia nitro-
gen conversion rate of wastewater at 3,000 mg/L ozone 

Fig. 1. Effect of ozone dosage on ozone catalytic oxidation 
efficiency.
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dosage, 60 min reaction time, and 0, 0.5, 1, 2, 3, 4, 5, and 
6 mg/L hydrogen peroxide dosages. The COD removal rate 
first increased and decreased, whereas the ammonia nitro-
gen conversion rate gradually increased when the dosage of 
hydrogen peroxide was 0–6 mg/L. The COD removal rate in 
the wastewater reached the highest, which was 32.79%, and 
the ammonia nitrogen conversion rate was 53.4% when the 
dosage of hydrogen peroxide was 3 mg. The addition of a 
certain amount of hydrogen peroxide to the ozone oxida-
tion system triggered ozonolysis to produce •OH, whereas 
the high hydrogen peroxide concentration inhibited the 
ozone decomposition [35]. The excess hydrogen peroxide in 
the reaction system consumed ozone, thereby affecting the 
removal of COD. The data of ammonia nitrogen conversion 
rate indicated that the introduction of hydrogen peroxide 
into the system was beneficial to the conversion of organic 
nitrogen to ammonia nitrogen because of the degradation of 
partial organic nitrogen into ammonia nitrogen caused by 
the degradation of COD [36].

3.3. Effect of catalyst dosage on ozone catalytic oxidation efficiency

Fig. 3 shows the effect of catalyst dosage on ozone cata-
lytic oxidation efficiency. The COD removal and ammonia 
nitrogen conversion rates in the wastewater first increased 
and gradually changed with the increase in catalyst dos-
age. The catalyst dosage increased from 0 to 500 g/L, and 
the corresponding COD removal rate increased from 33.3% 
to 40.2%. The ammonia nitrogen conversion rate increased 
from 52.1% to 61.3%. Compared with the unadded catalyst, 
The addition of catalyst significantly increased the COD 
removal and ammonia nitrogen conversion rates of waste-
water compared without the addition of catalyst, indicating 
that the self-made catalyst triggered ozonolysis to produce 
•OH. The COD removal and ammonia nitrogen conversion 
rates were basically balanced, which were 41.2% and 59.8%, 
respectively, when 66.6 g/L of catalyst was added to the 
system. The surface area of the catalyst in the reaction system 
accordingly increased, and the effective contact area between 
the catalyst and O3 molecule increased with the increase in 
amount of catalyst. On the one hand, the dissolution of O3 

molecules in the wastewater was promoted, thereby increas-
ing the effectiveness of O3 in the wastewater. The concentra-
tion ultimately affected the amount of ozone molecules and 
the amount of •OH formed. On the other hand, the adsorp-
tion and decomposition of O3 on the catalyst surface were 
promoted [37].

3.4. Effect of reaction time on ozone catalytic oxidation efficiency

Fig. 4 shows the effect of reaction time on ozone catalytic 
oxidation efficiency. The COD removal and ammonia nitro-
gen conversion rates in the wastewater were basically con-
sistent with the change of reaction time. In the early stage 
of reaction, the COD removal and nitrogen conversion rates 
increased with the extension of reaction time and remained 
basically unchanged after the reaction period. After 90 min 
of COD reaction, the concentration reached equilibrium, 
and the corresponding COD removal rate was 38.4%. The 
ammonia nitrogen concentration reached equilibrium 
after 120 min of reaction, and the corresponding ammo-
nia nitrogen conversion rate was 44.9%. With the gradual 
extension of reaction time, the dissolved O3 concentration 
in the wastewater and the amount of •OH produced by the 
decomposition continuously increased. On the one hand, 
the increase in reaction time increased the effective contact 
time of the pollutants and the oxidizing O3 and OH [38]. 
On the other hand, the increasing concentration of O3 and 
•OH in wastewater increased the oxidative degradation of 
pollutants. The reaction time continued to increase, and the 
degraded pollutants in the wastewater gradually reached 
equilibrium [39]. The difference between COD removal and 
ammonia nitrogen conversion rates may be because of the 
continuous conversion of small molecular organic nitro-
gen compounds that contributed to COD less than that of 
ammonia nitrogen after 90 min.

3.5. Effect of water pH value on ozone catalytic oxidation 
efficiency

Fig. 5 shows the effect of water pH value on ozone cat-
alytic oxidation efficiency. The COD removal and ammonia 

Fig. 2. Effect of H2O2 dosage on ozone catalytic oxidation 
efficiency.

Fig. 3. Effect of catalyst dosage on ozone catalytic oxidation 
efficiency.
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nitrogen conversion rates in the wastewater first increased 
and decreased with the increase in reaction pH from 2.0 
to 11.0. The COD removal and ammonia nitrogen conver-
sion rates increased when the reaction increased from 2.0 
to 8.0. At pH 8, the COD removal and ammonia nitrogen 
conversion rates were the highest, which were 38.4% and 
47.1%, respectively. But the rate of COD and TOC removal 
efficiencies in the optimum nano-MgO/CNT/Graphite/
O3 process were 12.73 (13.24/1.04 mg COD/L min) and 7.11 
(1.44/0.2 mg TOC/L min) times as high as those in the sin-
gle ozonation (SOP), respectively [40]. The COD removal 
and ammonia nitrogen conversion rates decrease when 
the reaction pH was >8.0. Studies have shown that OH– in 
wastewater is beneficial to initiate the organic chain reac-
tion of •OH, thereby promoting the formation of •OH in 
wastewater and strengthens the degradation of pollutants 
in wastewater [41]. The high concentration of OH generated 
in a short time period will interact and be quenched when 
the decomposition rate of ozone in the wastewater is fast 
[42]. The COD removal and ammonia nitrogen conversion 
rates decrease when the pH of the wastewater is high.

3.6. Discussion on degradation process

Fig. 6 shows the UV-vis spectra and the color change 
of wastewater before and after catalytic ozone oxida-
tion. The catalytic ozone oxidation reaction conditions are 
described as follows: reaction pH of 8, 3,000 mg/L ozone 
dosage, 3 mg/L hydrogen peroxide dosage, 50 g/L catalyst 
dosage, and 120 min reaction time. As shown in Fig. 7, the 
absorption peaks of raw water and wastewater after cata-
lytic ozonation were mainly concentrated at 190–500 nm 
because of the absorption peak interval of the aromatic 
compound and the raw water of pesticide wastewater 
contained a certain amount of aromatic compound. The 
absorption peak at the range of 190–500 containing a cer-
tain amount of hetero peak was caused by the chromophore 
of other heterocyclic organic compounds [43]. At the same 
time, the UV absorption peak of wastewater after catalytic 
ozonation significantly reduced, indicating that catalytic 
ozonation reduced the concentration of organic matter in 
pesticide wastewater [44]. The biodegradability of wastewa-
ter was immensely reduced by the oxidative degradation of 
organic substances, such as benzene ring, in the wastewa-
ter [45]. The color change of the water sample before and 
after catalytic oxidation of ozone was observed in Fig. 7. 
After catalytic ozonation, the color of wastewater signifi-
cantly reduced, which was beneficial to the discharge of tail 
water in actual wastewater treatment [46]. In addition, the 
catalytic oxidation experiments were conducted over 150 h 
with 5.0% reduction of COD removal efficiency.

4. Conclusion

The experimental results of catalytic ozone oxidation 
treatment of actual wastewater from pesticide enterprises 
showed that the use of self-made catalyst and the addition of 
hydrogen peroxide in the ozone reaction system transformed 
the nitrogen in the wastewater into ammonia nitrogen and 
improved the COD removal rate in wastewater. The destruc-
tion of organic nitrogen during pesticide wastewater treat-
ment ensured the biochemical treatment and discharge of 
wastewater. The single-factor experiment results showed 

Fig. 4. Effect of reaction time on ozone catalytic oxidation 
efficiency. Fig. 6. Ultraviolet-visible (UV-vis) spectrum of wastewater 

before and after catalytic ozone oxidation treatment.

Fig. 5. Effect of water pH value on ozone catalytic oxidation 
efficiency.
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that catalytic ozonation significantly reduced the color of 
wastewater. The wastewater COD removal and ammonia 
nitrogen conversion rates were the best, which were 38.4% 
and 47.1%, respectively, at reaction pH of 8, 3,000 mg/L 
ozone dosage, 3 mg/L hydrogen peroxide dosage, 50 g/L 
catalyst dosage, and 120 min reaction time.

Acknowledgments

This research was supported by National Key Research 
and Development Program of China (2017YFB0602500) and 
2018 Six Talent Peaks Project of Jiangsu Province (JNHB-038).

References
[1] G.P. Black, T. Anumol, T. Young, Analyzing a broader spectrum 

of endocrine active organic contaminants in sewage sludge with 
high resolution LC-QTOF-MS suspect screening and QSAR 
toxicity prediction, Environ. Sci. Processes Impacts, 21 (2019) 
1099–1114.

[2] A. Ferino-Perez, J.J. Gamboa-Carballo, Z.J. Li, L.C. Campos, 
U. Jauregui-Haza, Explaining the interactions between 
metaldehyde and acidic surface groups of activated carbon 
under different pH conditions, J. Mol. Graphics Model., 
90 (2019) 94–103.

[3] A. Mollahosseini, A. Abdelrasoul, Recent advances in thin film 
composites membranes for brackish groundwater treatment 
with critical focus on Saskatchewan water sources, J. Environ. 
Sci., 81 (2019) 181–194.

[4] A.L. Tasca, M. Puccini, Leather tanning: life cycle assessment of 
retanning, fatliquoring and dyeing, J. Cleaner Prod., 226 (2019) 
720–729.

[5] G. Briceno, M.S. Fuentes, J.M. Saez, M.C. Diez, C.S. Benimeli, 
A.C.S.B. Mar Ia Cristina Dieza, Streptomyces genus as 
biotechnological tool for pesticide degradation in polluted 
systems, Environ. Sci. Technol., 48 (2018) 773–805.

[6] T. Ahmad, M. Rafatullah, A. Ghazali, O. Sulaiman, R. Hashim, 
A. Ahmad, Removal of pesticides from water and wastewater 

by different adsorbents: a review, J. Environ. Sci. Health., Part 
C, 28 (2010) 231–271.

[7] M. Starling, C.C. Amorim, M. Leao, Occurrence, control and 
fate of contaminants of emerging concern in environmental 
compartments in Brazil, J. Hazard. Mater., 372 (2019) 17–36.

[8] S. Aydin, M.E. Aydin, F. Beduk, A. Ulvi, Removal of antibiotics 
from aqueous solution by using magnetic Fe3O4/red mud-
nanoparticles, Sci. Total Environ., 670 (2019) 539–546.

[9] R. Saini, P. Kumar, Simultaneous removal of methyl parathion 
and chlorpyrifos pesticides from model wastewater using 
coagulation/flocculation: central composite design, J. Environ. 
Chem. Eng., 4 (2016) 673–680.

[10] M. Zhang, J. Yang, X. Geng, Y. Li, Z. Zha, S. Cui, J. Yang, 
Magnetic adsorbent based on mesoporous silica nanoparticles 
for magnetic solid phase extraction of pyrethroid pesticides in 
water samples, J. Chromatogr. A, 1598 (2019) 20–29.

[11] S. Gorji, P. Biparva, M. Bahram, G. Nematzadeh, Stir bar 
sorptive extraction kit for determination of pesticides in 
water samples with chemometric data processing, Microchem. 
J., 148 (2019) 313–321.

[12] J. Đorđević, G.T. Vladisavljević, T. Trtić-Petrović, Liquid-phase 
membrane extraction of targeted pesticides from manufacturing 
wastewaters in a hollow fibre contactor with feed-stream 
recycle, Environ. Technol., 38 (2017) 78–84.

[13] A. Derylo-Marczewska, M. Blachnio, A.W. Marczewski, 
M. Seczkowska, B. Tarasiuk, M. Seczkowska, B. Tarasiuk, 
Phenoxyacid pesticide adsorption on activated carbon e 
Equilibrium and kinetics, Chemosphere, 214 (2019) 349–360.

[14] F. Suo, X. Liu, C. Li, M. Yuan, B. Zhang, J. Wang, Y. Ma, Z. Lai, 
M. Ji, Z. Lai, M. Ji, Mesoporous activated carbon from starch 
for superior rapid pesticides removal, Int. J. Biol. Macromol., 
121 (2019) 806–813.

[15] M.H. Dehghani, S. Kamalian, M. Shayeghi, M. Yousef, 
Z. Heidarinejad, S. Agarwal, V.K. Gupta, High-performance 
removal of diazinon pesticide from water using multiwalled 
carbon nanotubes, Microchem. J., 145 (2019) 486–491.

[16] M.N. Fini, H.T. Madsen, J. Muff, The effect of water matrix, 
feed concentration and recovery on the rejection of pesticides 
using NF/RO membranes in water treatment, Sep. Purif. 
Technol., 215 (2019) 521–527.

[17] C.F.Z. Lacson, M.D.G. de Luna, C. Dong, S. Garcia-Segura, 
M. Lu, Fluidized-bed Fenton treatment of imidacloprid: 
optimization and degradation pathway, Sustainable Environ. 
Res., 28 (2018) 309–314.

[18] R. Fiorenza, A. Di Mauro, M. Cantarella, V. Privitera, G. Impel-
lizzeri, Selective photodegradation of 2,4-D pesticide from 
water by molecularly imprinted TiO2, J. Photochem. Photobiol., 
A, 380 (2019) 111872, doi: 10.1016/j.jphotochem.2019.111872.

[19] W.S. Kuo, Photocatalytic oxidation of pesticide rinsate, 
J. Environ. Sci. Health., Part B, 37 (2002) 65–74.

[20] Y. Sun, S. Zhu, W. Sun, H. Zheng, Degradation of high-chemical 
oxygen demand concentration pesticide wastewater by 3D 
electrocatalytic oxidation, J. Environ. Chem. Eng., 7 (2019) 
103276, doi: 10.1016/j.jece.2019.103276.

[21] L. Li, J.K.C. Kwan, J.K.C. Kwan, An investigation of the 
transformation, kinetics and bioactivity of ozone treatment of 
DEET in water, Chem. Eng. J., 368 (2019) 10–17.

[22] A. Cruz-Alcalde, S.E.C. Sans, Priority pesticides abatement by 
advanced water technologies: the case of acetamiprid removal 
by ozonation, Sci. Total Environ., 599–600 (2017) 1454–1461.

[23] H.B. Pinto, B.M. de Souza, M. Dezotti, Treatment of a pesticide 
industry wastewater mixture in a moving bed biofilm reactor 
followed by conventional and membrane processes for water 
reuse, J. Cleaner Prod., 201 (2018) 1061–1070.

[24] Z. Jin, Z. Pan, S. Yu, C. Lin, Experimental study on pressurized 
activated sludge process for high concentration pesticide 
wastewater, J. Environ. Sci. China, 22 (2010) 1342–1347.

[25] N. Morin-Crini, M. Fourmentin, S. Fourmentin, G. Torri, 
G. Crini, Synthesis of silica materials containing cyclodextrin 
and their applications in wastewater treatment, Environ. 
Chem. Lett., 17 (2019) 683–696.

[26] S. Tang, X. Li, C. Zhang, Y. Liu, W. Zhang, D. Yuan, Strengthening 
decomposition of oxytetracycline in DBD plasma coupling 

Fig. 7. Color change of wastewater (a) before and (b) after 
catalytic ozone oxidation treatment.



L. Chen, Y. Sun / Desalination and Water Treatment 208 (2020) 330–336336

with Fe-Mn oxide-loaded granular activated carbon, Plasma 
Sci. Technol., 21 (2019) 025504, doi: 10.1088/2058-6272/aaeba6.

[27] R.A. de Brito, H.J. Izario Filho, L.G. Aguiar, M.A. Kondracki 
De Alcantara, A.F. Siqueira, P.C. Molgero Da Ros, Degradation 
kinetics of landfill leachate by continuous-flow catalytic 
ozonation, Ind. Eng. Chem. Res., 58 (2019) 9855–9863.

[28] S. Maddila, V.D.B.C. Dasireddy, S.B. Jonnalagadda, Dechlori-
nation of tetrachloro-o-benzoquinone by ozonation catalyzed 
by cesium loaded metal oxides, Appl. Catal., B, 138–139 (2013) 
149–160.

[29] A. Ikhlaq, D.R. Browna, B. Kasprzyk-Hordern, Catalytic 
ozonation for the removal of organic contaminants in water on 
ZSM-5 zeolites, Appl. Catal., B, 154–155 (2014) 110–122.

[30] Z. Rajah, M. Guiza, R.R. Solís, F.J. Rivas, A. Ouederni, 
Catalytic and photocatalytic ozonation with activated carbon 
as technologies in the removal of aqueous micropollutants, 
J. Photochem. Photobiol., A, 382 (2019), doi: 10.1016/j.
jphotochem.2019.111961.

[31] E.M. Rodríguez, A. Rey, E. Mena, F.J. Beltrán, Application 
of solar photocatalytic ozonation in water treatment using 
supported TiO2, Appl. Catal., B, 254 (2019) 237–245.

[32] D. Xu, S. Wang, J. Zhang, X. Tang, Y. Guo, C. Huang, 
Supercritical water oxidation of a pesticide wastewater, Chem. 
Eng. Res. Des., 94 (2015) 396–406.

[33] C.O. Guimaraes, A.B. Franca, G.R. Lamas Samanamud, 
E.P. Baston, R.C. Zanetti Lofrano, C.C. Almeida Loures, 
L.L. Rezende Naves, F.L. Naves, Optimization of treating 
phenol from wastewater through the TiO2-catalyzed advanced 
oxidation process and response surface methodology, Environ. 
Monit. Assess., 191 (2019) 349, doi: 10.1007/s10661-019-7452-x.

[34] K.M. Macounova, R. Nebel, M. Klusackova, M. Klementova, 
P. Krtil, Selectivity control of the photo-catalytic water oxida-
tion on SrTiO3 nanocubes via surface dimensionality, ACS 
Appl. Mater. Interface, 11 (2019) 16506–16516.

[35] H.W. Ryu, M.Y. Song, J.S. Park, J.M. Kim, S. Jung, J. Song, B. Kim, 
Y. Park, Removal of toluene using ozone at room temperature 
over mesoporous Mn/Al2O3 catalysts, Environ. Res., 172 (2019) 
649–657.

[36] Y. Zhang, M. Chen, Z. Zhang, Z. Jiang, W. Shangguan, H. Einaga, 
Simultaneously catalytic decomposition of formaldehyde and 
ozone over manganese cerium oxides at room temperature: 
promotional effect of relative humidity on the MnCeOx solid 
solution, Catal. Today, 327 (2019) 323–333.

[37] D. Yu, M. Wu, Q. Hu, L. Wang, C. Lv, L. Zhang, Iron-based 
metal-organic frameworks as novel platforms for catalytic 
ozonation of organic pollutant: Efficiency and mechanism, 
J. Hazard. Mater., 367 (2019) 456–464.

[38] Y. Huang, M. Luo, Z. Xu, D. Zhang, L. Li, Catalytic ozonation of 
organic contaminants in petrochemical wastewater with iron-
nickel foam as catalyst, Sep. Purif. Technol., 211 (2019) 269–278.

[39] S.P. Ghuge, A.K. Saroha, Catalytic ozonation for the treatment 
of synthetic and industrial effluents - application of mesoporous 
materials: a review, J. Environ. Manage., 211 (2018) 83–102.

[40] G. Asgari, A. Seidmohammadi, J. Faradmal, A. Esrafili, 
M. N. Sepehr, M. Jafarinia, Optimization of synthesis a new 
composite of nano-MgO, CNT and graphite as a catalyst 
in heterogeneous catalytic ozonation for the treatment of 
pesticide-laden wastewater, J. Water Process Eng., 33 (2020) 
101082, doi: 10.1016/j.jwpe.2019.101082.

[41] S. Nélieu, L. Kerhoas, J. Einhorn, Degradation of atrazine into 
ammeline by combined ozone/hydrogen peroxide treatment in 
water, Environ. Sci. Technol., 34 (2000) 430–437.

[42] A.S. Fajardo, R.C. Martins, R.M. Quinta-Ferreira, Treatment 
of a simulated phenolic effluent by heterogeneous catalytic 
ozonation using Pt/Al2O3, Environ. Technol., 34 (2013) 301–311.

[43] E. Li, R. Wang, X. Jin, S. Lu, Z. Qiu, X. Zhang, Investigation into 
the nitrate removal efficiency and microbial communities in a 
sequencing batch reactor treating reverse osmosis concentrate 
produced by a coking wastewater treatment plant, Environ. 
Technol., 39 (2018) 2203–2214.

[44] A. Ikhlaq, D.R. Brown, B. Kasprzyk-Hordern, Catalytic 
ozonation for the removal of organic contaminants in water on 
alumina, Appl. Catal., B, 165 (2015) 408–418.

[45] E. Raper, R. Fisher, D.R. Anderson, T. Stephenson, A. Soares, 
Alkalinity and external carbon requirements for denitrification-
nitrification of coke wastewater, Environ. Technol., 39 (2018) 
2266–2277.

[46] A. Aghaeinejad-Meybodi, A. Ebadi, S. Shafiei, A. Khataee, 
A.D. Kiadehi, Degradation of fluoxetine using catalytic 
ozonation in aqueous media in the presence of nano-γ-alumina 
catalyst: experimental, modeling and optimization study 
Abbas, Sep. Purif. Technol., 211 (2019) 551–563.


	OLE_LINK70
	OLE_LINK71
	_neb64EB3F78_DE0C_4D37_90D6_FD9EE959280B
	_neb4BBADBFA_686C_455B_AD4B_9741DE0F6D3E
	_nebF417DC15_5BA3_45D3_AF64_C03752EDAA72
	_neb30B3F53C_2EB4_46B2_8AC3_C3F9B82ACEDE
	_neb655EC53F_88E8_454E_A6F1_551141E7986C
	_neb9E212DB5_7F2F_4E84_B030_9D9ED8FE9FD7
	_neb03B4B38C_B538_400C_8FFB_B85649A39FB5
	_neb227176DE_B79F_41AA_8D3D_BED7A31EB665
	_neb2F56D111_B324_449C_BDB1_F6622C2E2495
	_nebE0C4BE68_B76C_4151_B216_DE2650FCA085
	_neb84DB3C5B_9408_47C5_9E06_9389FC4068E6
	_neb1FB31570_3045_4A24_92CA_175D15CDE01F
	_neb8115C2DD_3E8E_40BA_B234_344AD89F946C
	_nebD927FCE2_41AC_41F4_8F5D_DE7D88EB5092
	_neb37B59007_475F_4FAA_BA48_35F2F00695BB
	_neb446E5DAD_C5D2_438C_90A0_196EB12FA81B
	_neb77760B3F_91D5_4E5B_A9B6_748F5B15ECC2
	_neb365BC8E7_6D58_4D7E_A7D7_9E67FF8649D5
	_neb11172D85_A7DF_4C61_BDFA_081C4B9E795A
	_nebF7523940_4312_4581_950F_AAA31320D034
	_nebFF320477_AE1B_489A_A8DA_102EFB2BEFAA
	_neb41CD3BF8_A0FC_4805_87B4_4994AA404706
	_nebEF7DE2F3_8DA9_49FE_A32E_4A91CF9346D3
	_neb466680D9_B6CD_4B10_9AB5_2EB93F45E159
	_nebAFE11E32_540D_41CD_93CE_A1E40E6ABBEF
	_neb38D11331_5738_4DF7_9A70_7E7B0AEBCC21
	_neb8764072B_4CDB_4945_9744_E4C9591BCB71
	_neb17021EA4_B347_4DA6_AAA9_0E5FD0B31855
	_nebFC00C239_C741_4CC1_8760_BDAA4BE4035D
	_nebB0E4EF32_906B_4218_8B6B_473B11758A95
	_nebE169EFC8_63C2_425E_8258_29CD97C4BB1E
	_nebBBCCFC18_1EBC_4777_BF03_63E4EF628475
	_nebAE3F1577_957B_4BC3_8913_19ACD231418E
	_neb808A3159_12F2_4FEE_85BC_3B87E36DE839
	_nebF1987276_43EB_46F6_B0E0_D54B1BF2BD22
	_neb92B0FC88_6CC4_46B4_87BD_FA9797A77026
	_nebC7A5918E_101B_4601_91EF_D4271D2F39AA
	_neb3B216BCB_4F45_4CFA_A79B_794E6C219847
	_neb07EBD810_9376_44FE_9EE5_E66DF585EA38
	_neb34003F98_7322_4B4A_8BB3_FEB54CF7BA46
	_neb07F65F31_DF40_4341_912C_E1816DAA5152
	_neb5A8C03CA_DF44_4683_9508_EC3BF830EF0E

