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a b s t r a c t
An Mn oxide supported on a novel type of copper-containing silica gel (Mn-CuSG) has been fabri-
cated by an impregnation-calcination method and tested in the catalytic ozonation of tricyclazole 
(TC). An inductively coupled plasma optical emission spectrometer and scanning electron micros-
copy equipped with an energy dispersive spectrometer were used to reveal that the Mn element was 
successfully loaded and uniformly distributed on the CuSG. The catalytic activity was systemati-
cally assessed by monitoring the TC and total organic carbon (TOC) removal efficiencies at differ-
ent operational parameters including catalyst dosage, initial solution pH, and ozone concentration. 
The O3/Mn-CuSG system performed higher activity than ozone alone and O3/Mn-γ-Al2O3 system, 
improving the TC removal efficiencies by 28% and 9%, respectively and TOC removal efficiencies by 
24% and 6%, respectively. The Mn-CuSG catalytic activity was only a slight loss after five consecutive 
cyclic treatments, showing good stability. The addition of t-butanol as hydroxyl radicals scavengers 
proved that the catalytic ozonation mechanism was the enhancement of molecular ozone attacks and 
•OH generation by the Mn-CuSG. TC degradation pathway in the O3/Mn-CuSG system was that 
the attacks of the 1,2,4-triazole ring resulting in the formation of N-oxides and hydroxylated inter-
mediates. The above results render the Mn-CuSG an industrially promising candidate for catalytic 
ozonation of TC containing wastewater.
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1. Introduction

Heterocyclic compounds are often present in the pro-
duction wastewater of pharmaceuticals, dyes, herbicides, 
insecticides, etc. [1]. Their cyclic structure consists of carbon 
atoms with nitrogen, oxygen, or sulfur atoms, and a closed 
conjugate system is constructed with different degrees of 

aromaticity [2]. Most heterocyclic compounds are toxic, muta-
genic and carcinogenic, and can be stably present in soils and 
water bodies for a long time [3]. Therefore, they are difficult 
to completely biodegrade in the environment, which poses a 
great threat to the ecological environment and human health. 
tricyclazole (5-methyl-1,2,4-triazole-(3,4-beta)-benzothiazole, 
TC in short), an N, S-heterocyclic compound, is mainly used 
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for controlling rice blast disease caused by Pyricularia oryzae 
[4]. TC becomes commonly detected in soil and water due 
to its wide application and strong persistence in the environ-
ment [3,5]. Because of the high toxicity and refractory of TC, 
the low cost and environmentally friendly biological waste-
water treatment are limited. Though the removal efficiency was 
significantly enhanced by bioaugmentation of specific micro-
organisms, the removal of 100 mg/ L TC needed as long as 102 h 
[4]. As a consequence, robust and environmentally friendly 
technologies are needed to deal with the sites contaminated 
by TC.

Presently, treatment methods for TC contaminated sites 
are mainly focused on adsorption and extraction methods. 
Azarkan et al. [6] investigated TC removal from the soil 
slurry through adsorption by natural clay, with TC removal 
efficiency as high as 96% achieved. Krieger et al. [7] used 
the subcritical water to extract TC from soils and sediments. 
The extraction of TC could be essentially completed within 
20 min at 150°C, with TC removal efficiency as high as 96% 
achieved. However, the used adsorbents and extractants still 
need further treatment, causing serious secondary pollution 
to the environment.

Nowadays, advanced oxidation processes (AOPs) are 
widely used for the treatment of wastewater containing 
various toxic and refractory pollutants [8]. Hydroxyl radi-
cal (•OH) generated in AOPs can non-selectively mineralize 
most organics into carbon dioxide, water, and inorganic ions, 
due to its standard electrode potentials as high as 2.8 eV. 
Xu et al. [9] studied the electrochemical oxidation of TC 
in a tubular membrane electrode reactor, and TC removal 
efficiency as high as 79% could be achieved within 20 min. 
Zhong et al. [10] investigated the electrochemical degra-
dation of TC in wastewater using Ti/SnO2-Sb/PbO2 anode. 
TC removal efficiency as high as 93% could be achieved 
within 150 min at an initial pH of 5.0 and a current density 
of 25 mA cm–2 [10]. The electrochemical degradation of TC 
using TiO2-NTs/SnO2-Sb/PbO2 anode was investigated by 
Han et al. [11], where the acute toxicity of TC could be sig-
nificantly decreased after treatment by electrochemical oxi-
dation. However, electricity consumption was estimated to 
be higher than 250 kWh for each ton of wastewater, which 
was unacceptable for actual engineering applications [10]. 
When TC subjected to sunlight irradiation, 95% of TC in the 
influent could be removed through photodegradation, how-
ever, the reaction time required was as long as 14 d [12].

Recently, heterogeneous catalytic ozonation, a type of 
promising AOPs, has received increasing attention in toxic 
and refractory pollutants removal due to its merits such as 
environmental friendliness and high oxidation efficiency 
[13,14]. Application of different heterogeneous catalysts such 
as metal oxides (e.g. MnO2, TiO2, Al2O3, and FeOOH) and 
metals (Cu, Ru, Pt, Co) on various supports (e.g. Al2O3, SiO2 
and activated carbon) for the enhancement of ozone reaction 
rate has been widely studied [15]. Among the catalysts, the 
supported oxide of transition metals such as MnO2 is the 
most widely studied as a catalyst of the ozonation process. 
The mechanism of MnO2 is still controversial, depending on 
the different preparation methods, target organic pollutants, 
and experimental conditions. Generally, it is believed that the 
organic molecules were first adsorbed on the surface of MnO2 
and subsequently attacked by the ozone molecule [16,17]. 

To increase the catalytic activity of MnO2, other metal oxides 
were incorporated as a promoter. Recently, evidence had 
been obtained that the dispersed active species on the surface 
of the support could have a synergistic catalytic effect with 
ozone [18]. Mixed oxides containing Cu and Mn as the main 
metal element have been reported to be very active for the 
mineralization of benzotriazole, as compared to Cu or Mn 
alone [19]. Different from MnO2, the process of ozonation 
catalyzed by copper oxide was proposed as followed: firstly, 
the simultaneous adsorption of ozone and organic molecules 
on copper oxide surface, then the decomposition of ozone on 
the metallic sites and production of surface-bound hydroxyl 
radicals, and lastly the oxidation of adsorbed organic mole-
cules by the adjacent hydroxyl radicals [20]. Though the cop-
per-manganese mixed metal oxides as efficient catalysts in 
the air pollutant control have been studied by some inves-
tigators, the effectiveness and mechanism of the bimetallic 
catalyst in heterogeneous catalytic ozonation have not been 
explored adequately.

Therefore, manganese oxide was loaded on a novel 
type of Cu-containing silica gel (CuSG) to confirm whether 
the synergistic catalytic effects happen. Compared with the 
widely used carriers, e.g. Al2O3 [21] and activated carbon 
[22], CuSG has a higher specific surface. Taken TC as a model 
toxic and refractory organic matter, the effects of key oper-
ating para meters such as initial pH, amount of catalyst, the 
applied ozone dose on the degradation efficiency and miner-
alization degree were studied. To the best of our knowledge, 
there is no study on the catalytic ozonation of TC previously. 
The oxidation intermediates were identified and followed 
by mass spectrometry (MS). Finally, the TC mineralization 
pathway in the bimetallic catalytic ozonation system was 
proposed.

2. Materials and methods

2.1. Materials and reagents

The CuSG was manufactured by Jiangxi Jiujiang Huaxing 
Chemical Co. Ltd., China, with a diameter of 0.2–0.5 mm, the 
pore volume of 1.0 mL/g, and specific surface 400~500 m2/g. 
The copper was added during the synthesis of silica gel, 
significantly increasing the pore diameters and the loading 
amount of active metal. The model wastewater was prepared 
by dissolving TC (Adamas Reagent Co. Ltd., Switzerland) 
into ultra-pure water containing 10 mM phosphate buffer.

2.2. Catalyst preparation

The catalyst of MnOx loaded on CuSG (Mn-CuSG) was 
prepared using an impregnation-calcination method, accord-
ing to Zhang et al. [23]. Briefly, 10 g CuSG was immersed 
in a 400 mL solution containing 6.97 g manganese acetate. 
The mixture was stirred on a shaker at room temperature 
for 30 min and then ultrasonic vibrated for 3 h. After rins-
ing three times by deionized water, the composite was dried 
at 328 K in the air for 6 h, and calcined in a tube furnace in 
the air from room temperature to 723 K at a ramping rate of 
283 K/min and finally kept at 723 K for 10 h. The commercial 
catalyst support γ-Al2O3 was selected for comparison and 
MnOx loaded on γ-Al2O3 (Mn-γ-Al2O3) was prepared like-
wise except for the carrier namely used.
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2.3. Catalytic oxidation with ozone

The experimental setup is shown in Fig. 1. Ozone was 
generated from pure oxygen using an ozone generator 
(CF-G-3-10g, Qingdao Guolin Environmental Technology 
Co. Ltd., China). The generated ozone was injected into a 
2.5 L batch reactor containing 2 L TC containing model waste-
water through a sintered porous diffuser fixed at the bottom 
of the reactor. The experiments were performed at a constant 
gas flow rate of 0.5 L/min and O3 concentration in inlet gas 
was controlled through an online O3 concentration monitor. 
The solution was mixed by a mechanical stirrer at 500 rpm 
during the reaction, which was placed at the bottom of the 
reactor to ensure an adequate mixture between contami-
nants, catalysts, and ozone. The remaining ozone after the 
reaction was ejected by another silicone tube and absorbed 
by the KI solution.

To investigate the effect of O3 concentration on TC 
removal, the experiments were performed at initial TC con-
centration of 100 mg/L, initial pH of 7.0 and catalyst dosage 
of 13 g/L, with O3 concentration varied from 5 to 20 mg/L. 
To reveal the effect of catalyst dosage on TC removal, 7–16 g 
of Mn-γ-Al2O3 or Mn-CuSG were dosed but with initial TC 
concentration, initial pH and O3 concentration controlled at 
100, 7.0, and 15 mg/L. To study the effect of initial pH on TC 
removal, the initial pH was varied from 6.0 to 9.0 through 
adjusting the proportion of Na2HPO4 and KH2PO4, but with 
initial TC concentration, initial catalyst dosage and O3 con-
centration controlled at 100, 13, and 15 mg/L, respectively. 
The reuse experiment was conducted five times to evaluate 
the catalytic activity and stability of Mn-CuSG. The catalyst 
was regenerated by rinsing thoroughly using ultra-pure 
water. The initial TC concentration, the ozone dose, and the 
catalyst dose were 100, 15, and 13 g/L, respectively. The ini-
tial pH of the solution was 7.0.

2.4. Analytical methods

The specific surface and pore volume of the catalyst were 
measured using a micromeritics instrument (ASAP 3020, 
USA). Scanning electron microscopy (SEM, JFC-1600, JEOL, 
Japan) equipped with an energy dispersive spectrometer 

(EDS) was used to characterize the surface morphology of the 
catalyst. The actual metal loading was determined by using 
an inductively coupled plasma optical emission spectrometer 
(ICP-OES) (Optima 7000DV, PerkinElmer, USA). Before 
ICP analysis, Mn-γ-Al2O3 and Mn-CuSG catalysts before 
and after use were solubilized using HCl/HNO3/HF mixed 
acid (8:4:3, v:v:v) in a microwave digester. The leaching of 
Cu and Mn ions into the TC wastewater during catalytic 
ozonation was also assessed by ICP-OES.

The ozone concentration in the gas phase was analyzed 
using an ozone monitor (LT-200B, Lontec, China). TC was 
quantified by high-performance liquid chromatography 
(HPLC, 20AT, Shimadzu, Japan) equipped with an ODS-SP 
C18 column (5 μm, 4.6 mm × 250 mm) and a 2998 PDA 
detector. 10 μL water samples were injected after filtering 
by a 0.22 μm syringe filter. The mobile phase consisted of 
methanol/water (50/50, v/v) at a flow rate of 1.0 mL/min. 
Total organic carbon (TOC) concentration was determined 
on a TOC analyzer (VARIO TOC, Elementar, German). 
To elucidate TC biodegradation pathways, the samples were 
analyzed through HPLC-MS. HPLC-MS analysis was per-
formed on the HPLC system (U3000, Dionex, USA) coupled 
with an ion trap mass spectrometer (maXis 4G, Bruker, USA) 
and an electrospray ionization source. The mobile phase con-
sisted of methanol/water (30/70, v/v) pumped at a flow rate 
of 0.3 mL/min. The operation condition was as follows: ion 
source temperature, 250°C; collision energy, 10.0 eV; insource 
collision-induced dissociation energy and ion energy, 5.0 eV; 
dry gas, 7 L/min; dry temperature, 250°C; gas pressure, 
1.5 bar; positive capillary voltage, 4.0 kV; negative capillary 
voltage, 3.5 kV.

3. Result and discussion

3.1. Catalyst properties

Figs. 2a and b show SEM images of the CuSG before 
and after MnOx loading. The morphology of the CuSG 
were regular spherical particles while most of the particles 
of Mn-CuSG were irregular. SEM-EDS data showed the 
presence of Mn and Cu in the catalysts of Mn-CuSG on the 
surface of the supports (Figs. 2c and d). The Cu element was 

 
Fig. 1. Schematic representation of ozonation experimental setup in this study.
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derived from the Cu metal mixed in the preparation process 
of the catalyst carrier. It could be inferred from Fig. 2d that 
MnOx was well distributed on the surface of the CuSG. The 
N2 adsorption-desorption curves and the pore sizes distribu-
tion of Mn-CuSG are shown in Fig. 3. As shown in Table 1, 
the surface area of CuSG is 478 m2/g, and the pore volume 
is 0.8 cm3/g, which is much larger than that of commercial 
γ-Al2O3. Due to the uniform large pore diameter and high 
specific surface area of the CuSG, the active metal Mn load-
ing on the CuSG was 3.7%, about 3.5 times higher than on 
γ-Al2O3. The amount of Cu in the prepared Mn-CuSG cat-
alyst was about 12.6%, which was also significantly higher 
than that of γ-Al2O3 (shown in Table 2).

3.2. Degradation efficiency of TC in different processes

The experiments were performed in different processes 
to investigate the degradation efficiency of TC, including O3 
alone, O3/CuSG, O3/Mn-CuSG, and O3/Mn-γ-Al2O3, under 

the condition of the ozone dose of 15 mg/L, pH = 7.0, and 
TC concentration of 100 mg/L. As represented in Fig. 4, the 
concentration of TC decreased with the increasing reaction 
time in all the mentioned processes. Comparing O3/CuSG 
with the O3 alone, an increment of approximately 7% of TC 
degradation at the same applied ozone dose was observed. 
It might be caused by the existence of CuOx in the silica gel 
catalyzing the decay of ozone to form reactive species of 
radicals, which were able to react with TC faster than ozone 
molecule [15]. The γ-Al2O3 supported MnOx had shown 
good catalytic activity on the ozonation of TC. The existence 
of active material MnOx and Al2O3 might be both responsible 
for catalytic activity [24]. The highest degradation efficiency 
of TC was observed for the O3/Mn-CuSG system. Under the 
same experimental conditions, the O3/Mn-CuSG system led 
to about 96% TC degradation after 60 min treatment and the 
adsorption contributed less than 5%. There was an incre-
ment of 28% comparing O3/Mn-CuSG with the cumulative 
effect of O3 alone. For one reason, due to the porous structure 
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Fig. 2. SEM images of CuSG (a), Mn-CuSG (b) and EDS elemental maps of Mn-CuSG (c) Cu, (d) Mn, (e) O, and (f) Si.
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Fig. 3. N2 adsorption–desorption isotherms and pore size distribution profiles of the Mn-CuSG catalyst.



Y. Zhou et al. / Desalination and Water Treatment 171 (2019) 196–204200

and high specific surface of CuSG, the loading amount of Mn 
is significantly higher than commercial γ-Al2O3. Besides, the 
catalytic activity of the Mn-CuSG catalyst might result from 
the synergistic catalytic action of manganese oxides and 
copper oxides existed [25].

As can be seen from Fig. 4, comparing O3/Mn-CuSG with 
the O3 alone, the TOC removal efficiencies increased from 
50% to 74% within 60 min. The TOC removal efficiency was 
lower than that of TC at the same ozonation time, which 
could be explained by that part of TC was degraded to other 
organic intermediates.

3.3. Effect of operating conditions on Mn-CuSG performance 
in batch reactor

3.3.1. Effect of pH on Mn-CuSG performance

The effect of pH on the degradation of TC in the 
O3/Mn-CuSG system was investigated by conducting 
experi ments at different pH depicted in Fig. 5.

The removal efficiency of TC in the O3/Mn-CuSG sys-
tem increased with pH range from 6.0 to 9.0. As presented, 
91% of TC degradation was obtained after 60 min’s reac-
tion at pH 6.0, and the TC degradation efficiency was up to 
95% when the initial pH increased to 7.0. However, only a 
slight improvement in TC degradation was achieved when 
the initial pH further increased to 9.0. It has been reported 
that the catalytic activity of MnO2 in the aqueous medium 
increases with a decrease of pH [17,26]. However, Udrea et 
al. [27] reported that the increase of pH from 6.97 to 9.27 
caused a rise of 2-nitrophenol removal efficiency by ozone 
over a CuO-Al2O3 catalyst. The different effects of pH on 
manganese oxides and copper oxides might be caused by 
their different point of zero charge (pHpzc). The highest 
activity of the many metal oxides catalyst was observed at 
pH of the solution close to pHpzc. Since the pHpzc of MnO2 
and CuO was around 2.25 [28] and 9.5 [29], respectively, 
they might show contradictory pH response in the range 
of pH 6.0–9.0. Simultaneously, the result also showed that 

the catalyst has good catalytic performance in the pH range 
from 6.0 to 9.0 due to the combined effect of active mate-
rial MnO2 and CuO. Therefore, the Mn-CuSG catalyst has 
a strong adaptability to pH and can be applied to pH from 
6.0–9.0.

As can be seen from Fig. 5, the mineralization rate of TC 
under acidic conditions was slightly lower than that of alka-
line reaction conditions; however, there was no significant 
difference for TOC removal at different pH values from 6.0 
to 9.0.

3.3.2. Effect of ozone dose on Mn-CuSG performance

As the source of oxidant in the catalytic ozonation sys-
tem, the concentration of ozone affects the decomposition 
of ozone and the amount of •OH produced, which results in 
differences in the effectiveness of degrading TC. The degra-
dation performance of the O3/Mn-CuSG system on TC at dif-
ferent ozone concentrations (5, 10, 15, and 20 mg/L) as shown 
in Fig. 6.

It was noted that in Fig. 6, as the ozone concentration 
increased from 5 to 20 mg/L, the degradation efficiencies of 
TC after 60 min catalytic ozonation were 84%, 89%, 95%, and 
97%, respectively. Corresponding TOC removal efficiencies 
were 66%, 71%, 73%, and 76%, respectively. It indicated that 
with the increase of ozone concentration in gas, the removal 
effect of TC gradually increased. It was induced that the 
increasing ozone dosage increased the equilibrium ozone 
concentration in the aqueous phase and improved the mass 
transfer driving force accordingly. The attack of TC adsorbed 
on manganese oxides by adjacent molecular ozone was 
thereupon increased. Besides, the increased molecular ozone 
adsorbed on the CuOx surface resulted in the increase of •OH 
generated and the probability of contact with TC per unit 
volume [30]. Therefore, the degradation and mineralization 
efficiencies of TC increased.

3.3.3. Effect of catalyst dose on Mn-CuSG performance

Heterogeneous catalytic ozonation of TC in aqueous 
solution is a reaction system of gas-liquid-solid three phases, 

Table 1
Structure parameters of catalyst carriers

Catalyst 
carriers

Pore volume 
(cm3/g)

Specific surface 
area (m2/g)

Pore diameter 
(nm)

CuSG 0.8 478 7.2
γ-Al2O3 0.4 262 5.7

Table 2
Active component content of catalysts

Catalysts
Concentration 

(mg/L)
Percentage 

(%)

Mn Cu Mn Cu

Mn-γ-Al2O3 21.1 0.06 1.1 0.003
Mn-CuSG (Before) 75.3 251.2 3.7 12.6
Mn-CuSG (After) 74.9 249.0 3.7 12.5
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in which the solid catalyst is a crucial factor affecting the 
degradation efficiency. Therefore, it is necessary to assess the 
influence of catalyst dose.

The effects of catalyst dose on the TC degradation were 
investigated during ozonation with Mn-CuSG. As observed 
in Fig. 7, the removal efficiency of TC increased gradually 
by 23%, positively, with the increasing amount of catalysts 
from 7 to 16 g/L after 60 min catalytic ozonation. The ulti-
mate TOC removal values were 69%, 74%, 76% and 76% at 
Mn-CuSG dosage of 7, 10, 13, and 16 g/L, respectively. It was 
on a rise of TC degradation efficiency, which was possible 
that the increase of catalyst amount enhanced the heteroge-
neous catalytic surface and effective active sites. As illumi-
nated by the results, the increase of the catalyst amount from 
7 to 13 g/L yielded a further increase of the removal efficiency 
of TC in the process. However, the TC removal efficiencies 
were almost the same when the catalyst dose increased from 
13 to 16 g/L.

Therefore, taking the cost and disposal of used catalyst 
into consideration, it was suggested that the suitable catalyst 
dose was 13 g/L according to this experiment.

3.3.4. Catalyst stability

The stability of the catalyst was investigated by reusing 
it in five successive catalytic ozonation experiments. Fig. 8 
showed the TC degradation decreased gradually with the 
increase of using times, but the declining trend was becom-
ing less pronounced with the prolonging of Mn-CuSG reuse 
during ozonation. The TC removal efficiency at 60 min 
decreased from 95% to 90% after the fifth run. In compari-
son to the treatment effect of the first run, the TC removal 
levels decreased only by 4%, 5%, 6%, and 8%, respectively. 
A similar phenomenon was observed for the TOC removal, 
and the TOC removal efficiencies were 76%, 74%, 72%, 71%, 
and 71% for the first, second, third, fourth and fifth using 
time of Mn-CuSG catalyst, respectively. It was found that 
after five times reuse, the Mn-CuSG catalyst still had good 
catalytic activity on TC degradation. It was consistent with 
that the active ingredient Mn and Cu supported remained 
almost unchanged after repeated use for five times as shown 
in Table 2. Also, the concentrations of Mn and Cu ions in the 
ozonated tricyclazole wastewater were 0.001 and 0.02 mg/L, 
respectively, after catalytic ozonation for five cycles, which 
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was safe for the ecosystem. Compared with the excellent 
ozone catalyst, the Mn-CuSG catalyst had high stability and 
remarkable reusability [31]. Moreover, the Mn-CuSG catalyst 
can be easily separated from the treated effluent, so they are 
suitable for both the successive batch process and continuous 
process.

3.4. Reaction mechanism

3.4.1. Influence of the presence of free radical scavengers

To preliminarily reveal the reaction mechanism of TC 
degradation in the process of O3/Mn-CuSG, the experiments 
were carried out to compare the degradation efficiency of TC 
obtained in the presence of t-butanol (TBA) with that in the 
case of its absence. Being a stronger radical scavenger, TBA 
reacts with •OH and generates inert intermediates, which 
do not predominantly produce the HO2

• and O2
• radicals, 

thus causing the termination of the radical chain reaction. 
Therefore, TBA is believed to be a relatively suitable indicator 
for radical type reaction produced in the present oxidative 
systems. As indicated in Fig. 9, the presence of TBA in aque-
ous solution had a remarkable influence on the degradation 
efficiency of TC in the processes of O3 alone and O3/Mn-CuSG, 
leading to a significant reduction of degradation efficiency. 
With the increasing additional concentration of TBA from 0 
to 0.1 M, the degradation efficiency of TC after 60 min ozo-
nation decreased by 24% in the process of O3/Mn-CuSG, 
but still 13% higher than the process of O3 alone with 0.1 M 
TBA. Therefore, both of the molecular ozone and free radi-
cals, e.g. •OH were responsible for the degradation of TC in 
the O3/Mn-CuSG system. As mentioned before, the catalytic 
mechanism of manganese oxides was increasing the attack of 
the molecular zone by the formation of surface MnOx/organic 
complex. The generated free radicals were mainly catalyzed 
by the decomposition of ozone on the active sites of CuO. 
Therefore, the higher degradation efficiency of TC in the O3/
Mn-CuSG adding TBA system than that in O3 alone adding 
the TBA system was mainly contributed by MnOx loaded. 
Besides, the degradation of TC was only enhanced by 1%–6% 
in the process of O3/CuSG catalyzed only by CuSG com-
pared with O3 alone as shown in Fig. 4. As a consequence, the 

significant decrease of TC removal efficiency, about 2%–29%, 
caused by adding TBA into the O3/Mn-CuSG system was not 
only catalyzed by CuOx but also by the synergistic effect of 
the two active species.

3.4.2. Infer the degradation pathway by HPLC-MS analysis 
of intermediate products

As shown in Table 3, the intermediates in the catalytic 
ozonation of TC were identified by LC/MS analysis. There 
were obvious protonated molecular ion peaks at m/z = 228 
[M + Na+], and the intermediate could be identified as 
5-methylbenzo[4,5]thiazolo[2,3-c][1,2,4] triazole 2-oxide 
(intermediate I). A relatively protonated molecular ion peak 
was present at m/z = 244 [M + Na+], and the intermediate 
5-methylbenzo[4,5]thiazolo[2,3-c][1,2,4] trizole 1,2-dioxide 
(intermediate II) could be determined. Based on the molec-
ular ion peak at m/z = 206 [M-H+], another intermediate, 
5-methylbenzo[4,5]thiazolo[2,3-c][1,2,4] trizole-2(3H)-ol (III), 
could also be detected.

Up to now, only a few mechanistic studies evaluated the 
reaction of ozone with nitrogen-containing heterocyclic com-
pounds. Molecular ozone reacts with amines by adduct for-
mation at the lone electron pair and the ozone adducts then 
lose 1O2 to form N-oxides [32]. Based on the identified inter-
mediates, a possible route to degrade TC in the O3/Mn-CuSG 
system is therefore proposed and summarized in Fig. 10. 
The molecular ozone attacks the tertiary amine groups in 
1,2,4-triazole ring of tricyclazole to form the N-oxides (inter-
mediate I and II). The attacks of hydroxyl radicals with the 
electron-rich 1,2,4-triazole ring of TC result in the hydroxyl-
ation of TC and the intermediate III is formed. The continuous 
degradation pathway ultimately results in the direct conver-
sion of these intermediates to small molecular compounds 
such as oxalic acid, formic acid, and acetic acid according to 
a previous study [10]. The final small molecular compounds 
are converted to carbon dioxide and water during mineral-
ization inferred from the removal of TOC.

4. Conclusions

Mn-CuSG, a novel type of ozonation catalyst was suc-
cessfully synthesized and applied to remove the heterocyclic 
compound, tricyclazole. It appeared clearly that the bimetal-
lic catalyst allowed increasing the removal efficiency of TC 
in comparison to single ozonation and MnOx supported on 
commercial carrier γ-Al2O3. The significant positive influ-
ences of catalyst dosage, initial solution pH, and ozone con-
centration on TC removal efficiencies were observed, show-
ing that the Mn-CuSG had strong adaptability to pH. After 
five reused times of the Mn-CuSG, a minor decrease in cata-
lyst activity was found, indicating that the catalyst exhibited 
good catalytic activity and stability. Both of the molecular 
ozone and •OH were responsible for the degradation of TC 
in the O3/Mn-CuSG system demonstrated by the experiments 
adding free radical scavengers. The synergistic effect of 
manganese oxides and copper oxides significantly increased 
the TC removal efficiency besides the catalytic effect of man-
ganese oxides and copper oxides alone. The possible mech-
anism to degrade TC in the O3/Mn-CuSG system is that the 
molecular ozone attacks the tertiary amine to form N-oxides 
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and hydroxyl radicals attacks the electron-rich 1,2,4-triazole 
ring to achieve hydroxylation. The catalytic ozonation of the 
Mn-CuSG reported herein is a hopeful technology for the 
removal of TC.
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