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ABSTRACT

In this study, antipyrine was selected as the typical pharmaceutical and personal care products
(PPCPs) and the abatement of antipyrine was investigated by the catalytic ozonation with a magnetic
Fe,0,@Si0,@CeO, catalyst. Focusing on the kinetics of the antipyrine degradation at different initial
concentrations of antipyrine, the ozone dosages, initial pH values, the antipyrine degradation mech-
anism, and catalytic mechanism was explored. The results showed that the core/shell Fe,0,@SiO,@
CeQ, catalyst exhibited high activity in the degradation of antipyrine. Types of intermediates, such
as anisole, nitrobenzene, n-phenylpropinamide, and aniline were detected by gas chromatography—
mass spectrometry and high performance liquid chromatography techniques during the cata-
lytic ozonation process. The presence of the radical scavenger fert-butyl alcohol during catalytic
ozonation promoted the degradation of antipyrine unexpectedly instead of inhibiting the gener-
ation of hydroxyl radicals from ozone decomposition. The results implied that the high removal
efficiency was mainly attributed to the interfacial effect of Fe,0,@5i0,@CeO, catalyst. The energy
consumption was also analyzed and discussed. This paper could provide basic data and technique

reference of catalytic ozonation for the PPCPs wastewater treatment.
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1. Introduction

The pollution control of pharmaceutical and personal
care products (PPCPs) has been one of the hottest research
topics over the past decades [1-4]. Although low concen-
trations of PPCPs in the aquatic environment have been
detected, potential risk on human health still needs to be
considered because of widely varying types and certain
chemically and biochemically-persistent properties [5,6].
The inappropriate usage or disposal of PPCPs has become
an emerging worldwide problem. Antipyrine, a typical
PPCP, is widely used as an antipyretic and analgesic drug
(poly pill) to treat cold and headache [7]. Now, the anti-
pyrine production is growing annually because contempo-
rary people weaker and more likely to get ill than before
due to irregular and unhealthy lifestyle. China has become
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the largest producer of antipyretic analgesics in the world.
However, the study of pollution control of antipyrine
is still limited in China.

Advanced oxidation processes, such as Fenton, and
electrochemical oxidation, have been proposed to deal with
aqueous solution containing PPCPs [8,9], but the available
methods to treat antipyrine (AP) are still limited. At pres-
ent, UV and ozonation for the AP degradation have been
mentioned [10,11], so it is still a long way away from our
expectation to transform it into less toxic and more biode-
gradable intermediates. Here’s how our idea compares to
other people’s approaches. Advanced oxidation processes
for the treatment of refractory compounds are effective and
have been commonly utilized [12,13], especially catalytic
ozonation due to high destructive ability [14]. Although
the separation of the catalysts and the utilization of ozone
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are the remaining issues, a lot of researches still pay much
attention for catalytic ozonation [15]. In heterogeneous cat-
alytic ozonation, supported and unsupported metal oxides
are one kind of the most common catalysts to treat with
these compounds [16,17], especially the magnetic particle
catalysts which have been prepared and studied in recent
years because of their magnetic, electric, and dielectric
properties [18]. It has been reported about the application
of Fe,O,, Fe,O,, and some supported iron oxides in the cata-
lytic ozonation process, but it was found little effect on the
removal rate of organic matters. The core/shell composite
microspheres which were integrated by the combination
of mesoporous silica and magnetic particles were of great
interest for their unique magnetic responsivity and chem-
ically modifiable surface [19]. Besides, CeO, was often
employed on kinds of catalysts, exhibiting favorable activ-
ity because of its ability to absorb and release oxygen, and
has been applied in catalysis, sensing, and fuel cells [20].
Therefore, we decided to combine the structure of core/shell
microspheres with other materials and finally made it with
a synthesis of the Fe,O,@S5i0,@CeQ, catalyst. The detailed
preparation system has been established previously and
the performance of Fe,O,@Si0,@CeQ, catalyst for the
removal of acetylsalicylic acid was tested with promising
results [21].

In the study, we selected the antipyrine as the model
PPCP and explore catalytic ozonation with Fe,O,@SiO,@
CeO, catalyst for the treatment of the pharmaceutical sub-
stance wastewater. The effects of the operational factors were
optimized and the antipyrine degradation mechanism was
explored with the analysis of a kind of intermediates. The
catalytic ozonation mechanism with Fe,0,@SiO,@CeQ, cata-
lyst was also investigated and the energy consumption was
discussed. This paper could give basic data and technique
references for PPCP wastewater pollution control.

2. Experimental
2.1. Chemicals and catalysts

The model pollutant antipyrine (AP) was obtained from
Aladdin Reagent (China) Co., Ltd., tert-butyl alcohol (TBA)
was purchased from Shanghai Lingfeng Chemical Reagent
(China) Co., Ltd. All other chemicals which were of ana-
lytical grade were supplied by Huadong Medicine (China)
Co., Ltd., and used without further purification. Ultrapure
water was utilized for the preparation of solutions. The
initial pH of solutions was adjusted by a pH meter (PB-21,
Sartorius, China).

The Fe,0,@S5i0,@CeO, nanoparticles applied in the
experiments were synthesized by hydrolysis precipita-
tion method, which involved the preparation of magnetic
Fe,O, nanoparticles by the titration hydrolyzation method,
coating with a SiO, layer through a sol-gel approach, a
mesoporous CeO, shell subsequently loaded on the out-
ermost layer by chemical precipitation and final calcina-
tion in the tube furnace. The detailed preparation of the
Fe,0,@Si0,@CeO, nanoparticles, the morphology, struc-
tural analysis, and the stability of the catalyst were elabo-
rated in our previous work [21]. The characteristic of the
Fe,0,@Si0,@CeO, nanoparticles was tested and the S,
value was 195 m? g7, the average pore size was 2.6 nm and

point of zero charge was 3.46 [22]. The saturation magne-
tization values of Fe,O,, Fe,0,@SiO,, and Fe,0,@Si0,@CeO,
were 62.8, 46.0, and 47.7 emu g, respectively [23].

2.2. Experiments

Catalytic ozonation experiments were conducted at
room temperature to observe the performance of the mag-
netic nanoparticles for AP removal in a cylindrical Pyrex
glass reactor. The reaction volume is 1.5 L. Different concen-
tration aqueous solution of AP (initial concentrations from
100 to 1,000 mg L, mostly is 1,000 mg L) was introduced
into the reactor and bubbled with oxygen continuously in
favor of well-diffusion of catalysts. The catalysts (mostly at
an approximate dose of 666 mg L™ unless specified) were
added instantly into the reaction solution with the start-
ing of the ozone generator (CFY-3, Hangzhou Rongxin
Electronic Equipment Co., Ltd., China) simultaneously.
The ozone dosage was controlled by adjusting the rota-
meter. Samples were withdrawn at each time-point and
then filtered through 0.22 um pore size membrane filters
after the quenching of the residual ozone by adding 0.1 M
Na,S,0,. Mechanism study was conducted at an initial
pH in the presence of Fe,0,@Si0,@CeO, catalyst for 2 h.

2.3. Analytical methods

The concentration of antipyrine was measured by
high performance liquid chromatography (HPLC) (Model
1200, Agilent Technologies, USA) that consisted of a C18
reversed-phase column (250 mm x 4.6 mm x 5 um, Agilent
Technologies) and a UV detector. The mobile phase was
composed of methanol and water at 40:60 (v/v) (room tem-
perature). The flow rate was set at 1 mL min™ and the absorp-
tion wavelength was measured at 241 nm. Chemical oxygen
demand (COD) was determined via the spectrophotomet-
ric method at 610 nm using a HACH chromometer (HACH
DRB200, USA) based on rapid-digestion method. The inter-
mediates produced in catalytic ozonation process were ana-
lyzed by a gas chromatography-mass spectrometry (GC-MS)
with DB-5MS capillary column (30 m x 0.32 mm x 0.25 um).
The procedure was programmed at initial tempera-
ture 50°C for 1 min, then increased to 250°C at the rate of
10°C min™ and kept for 5 min. The split rate was 5:1.

3. Results and discussion
3.1. Effectiveness

In this study, the effect of Fe,O0,@SiO,@CeO, nanopar-
ticle catalyst was evaluated for the catalytic ozonation
of antipyrine (AP) and COD removal shown in Fig. 1.
The results showed that the AP removal rate in the cata-
lytic ozonation with magnetic catalysts was superior to
ozonation alone. Among these, the maximum removal rate
of 88% could be achieved by Fe,0,@S5i0,@CeO,. However,
when Fe,0,@5i0,@CeO, was used alone, only around 4%
of AP was removed (not shown), suggesting its negligible
AP adsorption capacity. The COD removal was observed
under the same conditions and followed the same trend.
The addition of magnetic catalysts enhanced the COD
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and (b) COD removal. Experimental conditions: C;=1,000 mg L™, Q, =8 mg min™, and catalytic dosage ~ 666 mg L™".

removal rate, 14.2% with Fe,O, 14.8% with Fe,O,@SiO,,
and 22.7% with Fe,0,@5i0,@CeO,, only 13.1% by ozona-
tion alone after 120 min. This indicated that Fe,O,@SiO,@
CeO, nanoparticle catalyst seemed to be a good catalyst for
the AP degradation. In comparison, the COD removal rate
was much less than the AP removal rate, which explained
that amounts of intermediates were produced in the con-
version process of AP.

3.2. Optimization of operational factors

To investigate the influence of various parameters on
the degradation of antipyrine (AP) and the removal of COD,
batch catalytic ozonation tests were carried out under dif-
ferent conditions with Fe,0,@5i0,@CeO,. The degradation
kinetics of antipyrine (AP) was also investigated. It was
found that kinetics discoloration of antipyrine (AP) during
catalytic ozonation corresponded to the pseudo-first-order
model. We can have a clear understanding of the influence
of variables and the optimization of operational param-
eters from kinetic constants of ozone oxidation reaction.
Therefore, the pseudo-first-order kinetic Egs. (1)-(3) were
used to fit the experimental data [24]:

=k, [eT[0,]- k[T 0H] ®
A (i, 0]k, oM @
ln% =kt ®)

where [O,], [*OH], and [C] are the concentrations of ozone,
*OH and AP in the solution, respectively. The k03 and k,,, are
the kinetic reaction constants of AP with O, and *OH. C, and
C are the concentrations of AP at reaction time (0) and (#), k is
pseudo-first-order rate constant (min™), ¢ is the reaction time.

3.2.1. Influence of initial AP concentration

Fig. 2 shows the influence of different initial AP con-
centrations on AP degradation in O,/Fe,0,@SiO,@CeO,
system. The results showed that the increase of initial AP
concentrations from 100 to 1,000 mg L™ reduced the AP
removal rate, after 30 min of reaction, 99.24% removal of
AP decreased to 26.48%. On condition of 100 mg L7, the
AP removal rate could reach 100% after 40 min. Kinetics
investigation of AP degradation with the initial concentra-
tion in this range was performed and the results indicated
that the AP degradation followed the pseudo-first-order
model with good correlation coefficients over 0.99. The
relevant apparent rate constant decreased from 6.85 x 102
t01.19 x 10?2 min™! with the initial AP concentration.

3.2.2. Influence of the ozone dosage

Over half of AP removal always occurred within 60 min
of reaction in O,/Fe,0,@Si0,@CeO, system as shown in Fig. 3.
The positive effect of the ozone dosage on the AP degrada-
tion was observed from the beginning of the experiment.
When the ozone dosage increased from 8 to 40 mg min™,
the AP removal rate after 30 min was 26.48%, 56.84%, 75.4%,
85.23%, and 99.05%, respectively, as aqueous ozone con-
centration increased with the increase of the ozone dosage.
As shown in Fig. 3, the AP removal got a good fitting and
the pseudo-first-order rate constants of catalytic ozonation
of AP increased obviously with the variation of the ozone
dosage which ranged from 1.19 x 102 to 9.76 x 102 min™".

3.2.3. Influence of the catalyst dosage

To effectively verify the catalytic activity, the catalyst
dosage from 0 to 1.0 g on the AP degradation was discussed.
Fig. 4 shows the variation of AP and COD removal rate in
0,/Fe,0,@5i0,@Ce0O, system. The result showed that the
increase of the catalyst dosage obviously improved the
AP removal and the AP removal rate in catalytic ozona-
tion was 9% higher than that in ozonation alone (Fig. 4a).
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Fig. 2. Influence of initial concentration of AP in catalytic ozo-
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This phenomenon was because higher Fe,O,@SiO,@CeO,
dosage provided more active sites that leading to an increase
in the possibility of collision among ozone, AP and Fe,O,@
Si0,@CeQ, catalyst, and accelerated O, conversion into ROS
for destructing organic pollutants. Thus, the AP removal rate
was improved. The advantage of Fe,0,@5i0,@CeO, catalyst
was also well reflected in the removal of COD. As shown in
Fig. 4b, the final removal rate of COD over the mentioned
range reached 13%, 15.51%, 18.03%, and 22.69%, respectively.

3.2.4. Influence of cerium oxide loading

Cerium oxide loading onto magnetic Fe,0,@SiO, changed
the surface properties of the support material. Compared
to ozonation alone, the cerium oxide loading exerted a
positive influence on the AP removal (Fig. 5a), which was
possibly due to the loaded rare metal. From the elemen-
tary composition, it was noticed that the proportion of Ce
from Fe,O,@S5i0,@Ce0O, catalyst increased as the cerium

oxide loading increased from 1 to 3 mmol by EDX analysis,
with the minimum and maximum proportion of 1.69% and
14.72%. Certainly, the influence of the cerium oxide loading
on COD removal was investigated which could be seen in
Fig. 5b. It was found that the COD removal rate gradually
increased. Because higher Ce loading could provide more
active sites to accelerate O, conversion into active radicals.
Therefore, Ce played an important role in the catalytic
ozonation process.

3.3. Mechanism
3.3.1. Mechanism of AP degradation

GC-MS, HPLC, and IC were used to analyze the inter-
mediates generated in the catalytic ozonation AP sys-
tem. The result showed that during the AP degrada-
tion, various intermediates were detected, as shown in
Table 1. These intermediates included anisole, nitrobenzene,
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Fig. 5. Influence of the cerium oxide loading content in catalytic ozonation process: (a) AP removal and (b) COD removal.
Experimental conditions: C;=1,000 mg L™, Q,, =8 mg min™, pH =7.2, catalytic dosage ~ 666 mg L.

Table 1

Intermediate products in catalytic ozonation process

Symbol Products Structural formula Retention time (min)
NO,

P1 Nitrobenzene @ 8.28
OH

P2 Phenol © 9.02

© :NH
P3 N-phenylpropinamide 10.61
P4 / /N‘< 11.62
NH (0]

NH,

P5 Aniline 14.12

Vs

n-phenylpropinamide, aniline, and some small molecular
acids. Similar results were also achieved in the reference [10,25].

During the AP degradation, ozone or free radicals would
attack the C-N bond (in position one) in the branched chain

of pyrazole, phenol appeared. Nitrobenzene formed because
of the attack on the N-N bond and C-N bond of pyrazole
(in position two and three) and the direct oxidation of ozone
or free radicals. The attack on position four leaded to the
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opening of pentacyclic ring, thus two new substances pro-
duced. With the reaction progressing, kinds of other interme-
diates were formed and the proposed degradation pathway
is shown in Fig. 6.

3.3.2. Mechanism of Fe,0,@5i0,@CeQ, catalyst

Catalytic ozonation with metal oxides is a potential
process to improve the degradation of recalcitrant organ-
ics [26,27]. In general, there exist two reaction mechanisms
including the generation of hydroxyl radicals from ozone
decomposition and direct ozone oxidation of surface met-
al-organic complexes [28]. In order to verify whether the cat-
alytic ozonation of AP belongs to hydroxyl radical reaction
mechanism, the experiment was carried out in the presence
of tert-butyl alcohol (TBA). In most cases, as a hydroxyl
radical scavenger, the addition of TBA inhibits the ozone
decomposition and reduces the removal of organic matters
[29]. To clearly investigate the contribution of ‘OH to the
mineralization of AP during the O,/Fe 0,@Si0,@CeO, sys-
tem, radical quenching experiments were carried out. TBA
was selected as a *OH scavenger because the consump-
tion of TBA by *OH is much faster than O,. The presence
of 0.1 mol L TBA remarkably hindered AP degradation
efficiency during the O,/Fe,0,@S5i0,@CeO, process. After
60 min of reaction, the AP removal efficiency was 82% in
the absence of TBA, but severely reduced to 52% in the
presence of TBA (in Fig. 7). This result revealed that *OH
was the main ROS during the O,/Fe,0,@Si0,@CeO, system.

According to Fig. 1, the three magnetic catalysts showed
different activities, which decreased gradually in the fol-
lowing order: Fe,0,@SiO,@CeO, > Fe,0,@SiO, > Fe,O,. The
coexistence of Fe** and Fe* in Fe O, increases the decompo-
sition of ozone [30]. While Fe,O, and Fe,0,@SiO, catalysts
only had a slight effect on AP degradation, the high effi-
ciency should be considered to be related to the loading of
Ce or the synergistic effect of metal irons. This was ascribed
to the fact that the activation of O, conversion into *OH on
cerium-based catalysts was along with the oxidation of Ce**
by O,. The abundant -7 electrons on Fe,O,@SiO, surfaces
could promote the electron transfer during catalytic reac-
tion, which thereafter resulted in the facilitated reduction of
Ce* from Ce*. Through release and storage of oxygen, CeO,

O A

OH

Pyrazole chain loss

> Mineralization

Oxidation

Fig. 6. Degradation of AP.
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can change oxidation state of lattice Ce between Ce® and
Ce*" and also stabilized surface metal ions with the increase
content of the lattice Ce* [31]. It was considered that the
mechanism of catalytic ozonation mainly consisted of the
redox reaction between Ce and antipyrine, which agreed
with the opinion of Delanoé et al. [32].

Ce™ +0,+H" - Ce'" +HO; )
HO: - *OH +0, 5)
Ce' +e - Ce* (6)
‘OH + antipyrine — CO,+H,O (7)

3.4. Electrical energy consumption

The economics is an important fraction for selecting any
water/wastewater treatment process. The electrical energy
per order (EE/O), defined as the number of kW h of electri-
cal energy required to reduce the concentration of a pollut-
ant by 1 order of magnitude (90%) in 1 m? of contaminated
water, was employed to assess the economics in different
systems [33,34].

Pxtx1,000

RAAT log([c], /[c])

(8)

where P is the power input (kW) of the ozonation system
for the ozone generator (0.15 kW), t is the reaction time
(min), V is the volume of the simulated water in the reactor,
[C], and [C] are the initial and final concentrations of AP.
The EE/O was estimated from kinetic rate constants.
According to the above data, the kinetic rate constants
were 1.05 x 10?2 and 1.19 x 102 min™! in ozonation and
catalytic ozonation processes. Compared the energy con-
sumption, the final result indicated that the addition of
Fe,0,@Si0,@CeO, catalyst reduced 11.7%. In conclusion,
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Fig. 7. Effect of TBA on the catalytic ozonation of AP.
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the catalytic ozonation system was more energy saving
than the ozonation system. Thus, catalytic ozonation using
Fe,0,@5i0,@CeQ, catalyst was considered as an economic
and practical technology.

4. Conclusions

This study explored the effect of catalytic ozonation
AP with magnetic Fe,0,@5i0,@CeO, catalyst. The oper-
ating parameters such as initial pH, ozone dosage, initial
concentration of AP, the catalyst dosage and the cerium
oxide loading could greatly influence the effects of AP
degradation and the optimized condition was achieved.
The reaction kinetics was analyzed and the results were
found to follow the pseudo-first-order kinetic model. The
degradation mechanism was discussed and with the help
of kinds of intermediates detected. The mechanism of cat-
alytic ozonation mainly attributed to surface reaction of
Fe,0,@5i0,@CeO, catalyst. EE/O was employed to assess
the energy consumption, indicating the catalytic ozonation
was more energy saving than ozonation alone. Fe,0,@SiO,@
CeO, catalyst could have a prospective application in cat-
alytic ozonation for the degradation of PPCPs, especially
the refractory pharmaceutical wastewater.
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