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a b s t r a c t

The composite mesoporous sieve Ce-MCM-48 (cerium incorporated MCM-48) with different Si/Ce molar
ratios were synthesized hydrothermally and characterized with X-ray diffraction, X-ray photoelectron
spectroscopy, BET surface area, and pHpzc. Results indicate that Ce-MCM-48, especially with a Si/Ce molar
ratio of 66 (i.e., Ce66-MCM-48), could significantly inhibit bromate (BrO3

�) formation during ozonation of
Br�-containing water, achieving 91% of inhibition efficiency at pH 7.6 and 25 �C. An acidic or alkaline pH
decreased the inhibition efficiency of Ce66-MCM-48 to some extent, but reaction temperature ranging
from 15 to 30 �C had no significant impact. By comparing the bromine mass balance, aqueous O3

decomposition, and newly formed H2O2 between O3 and O3/Ce66-MCM-48 processes, the inhibition
mechanism was proposed: Ce66-MCM-48 promoted aqueous O3 decomposition to generate hydroxyl
radicals (�OH) that could merge into H2O2, so the oxidative transformation of Br� and HOBr/OBr� by O3

and �OH was primarily suppressed. The catalytic ability of Ce66-MCM-48 was continuously regenerated
through the circulating reactions between Ce(III) and Ce(IV) occurring on the catalyst surface. Besides its
inhibition on BrO3

� formation, Ce66-MCM-48 could also enhance the degradation of refractory organic
micropollutants. Because of these distinct merits, Ce66-MCM-48 has potential applications to water
treatment by ozone.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Ozone (O3) is commonly used for bacteria disinfection and
organic pollutant oxidation in drinking water treatment. Bromide
(Br�) is commonly present in water sources with concentrations
ranging from about 10 to >1000 mg L�1 in fresh waters and about
67 mg L�1 in seawater (Heeb et al., 2014). When water containing
Br� is treated by ozone, a harmful disinfection byproduct (DBP),
bromate (BrO3

�), is formed through a combination of ozone and
hydroxyl radical (�OH) reactions (von Gunten and Hoigne, 1994).
Because of its carcinogenicity and nephrotoxicity (Kurokawa et al.,
1990), the control of BrO3

� formation during ozonation of drinking
water has become an urgent topic. The maximum contaminant
level for BrO3

� in drinking water has been set as 10 mg L�1 in many
countries including China (Standards for Drinking Water Quality of
China, GB 5749-2006).
To inhibit BrO3
� formation during ozonation, a number of

methods have been investigated such as ammonia addition, pH
adjustment, �OH scavenging, and scavenging or reduction of HOBr
(a critical intermediate leading to BrO3

� formation) (Song et al.,
1996; von Gunten, 2003; Hofmann and Andrews, 2006). It was
reported that the final BrO3

� concentration could be reduced by 50%
after addition of 200 mg L�1 NH4

þ at an initial Br� concentration of
55 mg L�1, while further addition of NH4

þ could no longer reduce the
BrO3

� formation (Pinkernell and von Gunten, 2001). One pH unit
decrease could lead to an average of 50% decrease in BrO3

� forma-
tion; however, decreasing pH is usually uneconomical or imprac-
tical for waters with a high alkalinity (Song et al., 1996). Many
organic compounds are effective �OH scavengers with second-order
reaction rate constants in the range of 108e1010 M�1 s�1 (Haag and
Yao, 1992; Ashton et al., 1995; Buxton et al., 1988; Acero et al.,
2000). However, addition of organics increases the concentration
of total organic carbon, which is unfavorable for water treatment.
Organics can also react with HOBr (acting as HOBr scavengers), but
which tends to enhance the production of toxic brominated DBPs.
As a result, novel and practical methods without introducing other
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undesired materials are urgently needed to inhibit BrO3
� formation

during ozonation of Br�-containing waters.
Heterogeneous catalytic ozonation could improve the removal

of refractory organic micropollutants by promoting �OH genera-
tion during ozonation (Legube and Leitner, 1999). Pure, composite,
and doped metal oxides are commonly used catalysts, among
which cerium dioxide (CeO2) and zeolite were reported to be able
to reduce BrO3

� formation during ozonation (Sagehashi et al.,
2005; Zhang et al., 2008, 2011). MCM-48 is a well-defined meso-
porous adsorbent in the M41S family, which has a high surface
area, a large pore volume, and a strong thermal stability
(Schumacher et al., 1999). Moreover, the catalytic ability of MCM-
48 can be adjusted by incorporating different transition metals
(e.g., Fe, Mn) into its framework, which makes it an attractive
material for development of new water treatment technologies
(Gomez et al., 2005; Zhao et al., 2001). Our previous pilot-scale
study found that Ce incorporated MCM-48 (Ce-MCM-48) could
obviously inhibit the formation of BrO3

� under simulated practical
conditions for water treatment (Qiang et al., 2013). However, the
catalyst surface characteristics, optimal molar ratio of Si/Ce,
removal of organic micropollutants, and inhibition mechanism
were not yet investigated.

In this study, Ce-MCM-48 was synthesized hydrothermally by
incorporating Ce into MCM-48 at different molar ratios of Si to Ce
(Si/Ce). The prepared Ce-MCM-48 catalysts were characterized and
then examined for their inhibition efficiency on BrO3

� formation
during ozonation of Br�-containing water under varying experi-
mental conditions. In addition, the enhanced removal of refractory
organic micropollutants by the catalytic ozonation (i.e., O3/Ce-
MCM-48) process was also examined, as exemplified by atrazine
and omethoate which are frequently detected in natural waters.
Based on the bromine mass balance, aqueous O3 decomposition,
and newly formed H2O2, the potential mechanism of Ce-MCM-48
inhibiting BrO3

� formation was proposed.

2. Materials and methods

2.1. Chemicals

Hexadecyl trimethyl ammonium chloride (CH3(CH2)15N
(Cl)(CH3)3, CTAC), sodium hydroxide, sodium laurylsulfonate
(C11H23NaO3S, SL), tetraethyl silicate (C8H20O4Si, TEOS) and cerium
nitrate (Ce(NO3)3$6H2O), all of analytical grade,were purchased from
Sino-chem Technical Co. (Shanghai, China). Potassium bromide
(guarantee grade) and hypochlorous acid (analytical grade) were
supplied by Beijing Chemical Co. (Beijing, China). Atrazine and ome-
thoate (analytical standard) were obtained from SigmaeAldrich (St.
Louis,MO, US). Ultrapurewaterwith a resistivity of>18.2MU cmwas
produced by a Milli-Q system (Advantage A10, Millipore, Billerica,
MA).

2.2. Preparation of Ce-MCM-48

Ce-MCM-48 molecular sieve catalysts were synthesized hydro-
thermally (Chen et al., 1999). In brief, solutions with different Si/Ce
molar ratios were prepared by stirring a mixture of CTAC, NaOH, SL,
TEOS, and Ce(NO3)3$6H2O for 5 h at 40 �C. Afterward, the gelatin
solutions were heated at 100 �C for 24 h in a sealed stainless vessel
with a Teflon liner. After cooling down to ambient temperature and
adjusting pH to 10.0 with acetic acid, the mixture was heated again
at 100 �C for another 48 h. After filtration and repeated washings
with ultrapure water, the precipitate was dried at 120 �C and
calcined in air at 550 �C for 10 h. MCM-48 was prepared in the same
way but without addition of Ce(NO3)3$6H2O. The synthesized
powder-form catalysts were designated as Cex-MCM-48, where x
represents themolar ratio of Si/Ce (x¼ 200,100, 66 and 30). Cerium
nitrate was also calcined at 550 �C for 4 h to prepare CeO2 for
control experiments.
2.3. Catalyst characterization

X-ray powder diffraction (XRD) analysis was carried out using a
D8 Advance X-diffractometer (Bruker, Germany) (Cu Ka, l¼ 1.54 Å).
X-ray photoelectron spectroscopy (XPS) analysis was performed on
a PHI Quantera Scanning ESCA Microprobe equipped with a
monochromatic Al Ka X-ray source (Ulvac-Phi, Japan), and XPS data
corresponding to Ce3d spectrawere fittedwith the Peakfit software
(V4.12). The pHpzc of each catalyst was measured following a
powder addition method (Stumm, 1992). The BET surface area and
average pore size of each catalyst were determined by adsorption
and desorption of N2 on a Micromeritics ASAP2000 analyzer
(Micromeritics, US).
2.4. Experimental procedures

Experiments were mainly conducted in batch mode. Ultrapure
water was continuously bubbled with O3 gas generated from an
ozone generator (3S-A5, Tonglin Technology, Beijing) for about
10 min to prepare the stock ozone solution. A desired volume of
the stock ozone solution was then quickly spiked into a glass
reactor (500 mL) holding Br�-containing water to initiate the re-
action. In the O3/Cex-MCM-48 process, the catalyst was instantly
added into the reactor just before the stock ozone solution was
spiked. Afterward, the reactor was sealed and magnetically stirred
with temperature controlled by a water bath. Phosphate buffer
(5.0 mM) was used in the pH range from 6.0 to 8.0, and borate
buffer (5.0 mM) from 8.5 to 10.0. For the degradation of refractory
organic micropollutants (atrazine and omethoate), O3 gas was
continuously bubbled into the reactor while other reactants and
the catalyst were instantly added at the beginning of the reaction
(i.e., semi-continuous mode). Samples were withdrawn at pre-
selected time intervals, purged off the residual O3 with N2 gas,
and filtered through 0.45 mm glass microfiber filters. Our pre-
liminary experiment had shown that the filter had negligible
adsorption of HOBr/OBr�, Br�, BrO3

�, atrazine, and omethoate
present in the samples. All experiments were conducted in
duplicate with the relative percent difference (RPD) calculated for
statistical analysis.
2.5. Analysis

Aqueous ozone concentration was determined by a Hach
DR5000 UVeVis spectrophotometer (Loveland, OH, US) with the
indigo method (Bader and Hoigne, 1981). H2O2 concentration was
determined according to Bader et al. (1988). The concentrations of
Br� and BrO3

� were measured by ion chromatography (ICS-2000,
Dionex, US) with their limits of quantification (LOQs) being 1 and
2 mg L�1, respectively. The stock solution of HOBr/OBr� was pre-
pared through oxidation of KBr by free chlorine (Bousher et al.,
1990). HOBr/OBr� concentration was determined after reaction
with phenol by using a high-performance liquid chromatograph
(HPLC, 1200, Agilent, US) equipped with a Symmetry C18 column
and a UV detector at 225 nm, achieving an LOQ of 2 mg L�1 (Zhang
et al., 2008). The concentrations of atrazine and omethoate were
analyzed by HPLC equipped with an Atlantics dC18 column at
210 nm, with their LOQs being 10 and 17 mg L�1, respectively. The
mobile phase used was a mixture of acetonitrile and ultrapure
water (5:5, v/v) at a flow rate of 1 mL min�1.



Table 1
Structural characteristics of MCM-48 and Cex-MCM-48 (x ¼ 30e200).

Si/Ce molar ratio (x) pHpzc BET surface area (m2 g�1) Pore size (nm)

MCM-48 7.1 918 3.8
200 7.1 956 3.8
100 6.6 900 3.0
66 6.3 896 2.7
30 6.3 397 ea

a The mesoporous structure of Ce30-MCM-48 was destroyed.

Fig. 2. BrO3
� formation in ozonation alone and catalytic ozonation. Experimental

conditions: [O3]o ¼ 2.0 ± 0.1 mg L�1, [Br�]o ¼ 1.0 mg L�1, catalyst dose ¼ 0.5 g L�1,
pH ¼ 7.5, T ¼ 25 ± 1 �C. The RPDs of all data points are below 5% (n ¼ 2).
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3. Results and discussion

3.1. Catalyst characterization

The XRD patterns of various Cex-MCM-48 catalysts were shown
in Fig. 1. The basal peaks (211) and (220), indicating the Ia3d cubic
structure commonly reported for MCM-48 (Schmidt et al., 1995),
were observed for Cex-MCM-48 with x ¼ 66e200. Hence, Ce ten-
ded to be well dispersed in MCM-48 for these catalysts. However,
Ce30-MCM-48 did not show the same diffraction peaks at small
angles, probably because the high Ce dose led to the formation of
CeO2 clusters which blocked or even destroyed the mesoporous
structure of MCM-48. This is substantiated by the large angle XRD
pattern of Ce30-MCM-48, which exhibited the characteristic peaks
of CeO2 while other catalysts did not (Fig. S1).

The intensity of the (211) diffraction peak decreased with an
increase in Ce content, implying that the structure order degree of
Cex-MCM-48 gradually decreased. This probably arose from the
increasing defect sites and bond strains in Cex-MCM-48 when the
Ce content increased, as also evidenced by the decreasing intensity
of the larger angle peaks. For Cex-MCM-48 (x ¼ 66e200), the
occurrence of secondary peaks in the 2q range of 3e6� confirmed
the long-range structure orderings (Kim et al., 2000), and their BET
surface areas and average pore sizes were in the ranges of
896e956 m2 g�1 and 2.7e3.8 nm, respectively (Table 1). For Ce30-
MCM-48, the pore size was not measured because its mesoporous
structure was destroyed at a high Ce content. The pHpzc of Cex-
MCM-48 gradually decreased with an increasing Ce content. This is
reasonable because Ce is a hard Lewis acid with a strong affinity for
water and OH� to form surface hydroxyl groups (Ayers, 2005).

The Cex-MCM-48 catalysts were also characterized with XPS to
examine the valence states of Ce on the surface. According to Faria
et al. (2008), the Ce3d spectrum can be deconvoluted to 10 peaks,
that is, 6 for Ce(IV) and 4 for Ce(III). The measured and fitted Ce3d
XPS spectra indicated the presence of mixed valence states of Ce (III
and IV) on the catalyst surface (Fig. S2).
3.2. Inhibition efficacy of Ce-MCM-48 on bromate formation during
ozonation

3.2.1. Optimal molar ratio of Si/Ce
The formation of BrO3

� during ozonation in the presence of
different catalysts was shown in Fig. 2. Results indicate that all
catalysts could obviously inhibit BrO3

� formation. The inhibition
efficiencies of MCM-48 and CeO2were 78.6% and 63.9% after 30min
Fig. 1. Small angle XRD patterns of Cex-MCM-48 (x ¼ 30e200).
reaction. Doping of Ce could significantly improve the inhibition
efficiency of MCM-48 on BrO3

� formation at x ¼ 30e100; while at
x ¼ 200, the low Ce content caused the inhibition efficiency of
Ce200-MCM-48 to approach that of MCM-48. As the Ce content
increased (i.e., x from 200 to 66), the inhibition efficiency of Cex-
MCM-48 was also enhanced; however, a further increase in the Ce
content (x ¼ 30) led to a decreased inhibition efficiency. As dis-
cussed above, doping of Ce favored the formation of surface hy-
droxyl groups, which subsequently improved the catalytic
performance of MCM-48 on O3 decomposition. However, an
excessive doping of Ce could block the active sites and destroy the
mesoporous structure of MCM-48, thus leading to a weakened
catalytic ability. Hence, the optimal Si/Ce ratio of Cex-MCM-48 was
determined to be 66, at which the maximum inhibition efficiency
(i.e., 91%) on BrO3

� formation could be achieved after 30 min
reaction.
3.2.2. Effects of pH and temperature
The formation of BrO3

� during ozonation under different pH
conditions in the presence or absence of Ce66-MCM-48 was shown
in Fig. 3. Results indicate that the BrO3

� concentration increased
considerably as the pH rose from 6.3 to 9.5, especially in the O3

process. This can be explained by two facts: 1) the contribution of
�OH to BrO3

� formation was enhanced at an elevated pH; 2) OH�

could shift the acidebase equilibrium of hypobromous acid (HOBr,
pKa ¼ 8.8) towards the more reactive OBr�. It was reported that
OBr� can react with both O3 and �OH, while HOBr can only react
with �OH (von Gunten, 2003). The formation of BrO3

� in the O3/Ce66-
MCM-48 process also depended on pH but was obviously inhibited
as compared to that in the O3 process. In the pH range of 7.6e8.6, a
high inhibition efficiency of 87e91%was achieved by Ce66-MCM-48
after 10 min reaction. As the pH decreased to 6.3, the inhibition
efficiency of Ce66-MCM-48 decreased to 76%; however, it is noted



Fig. 3. Effect of pH on BrO3
� formation in O3 and O3/Ce66-MCM-48 processes. Experi-

mental conditions: [O3]o ¼ 2.0 ± 0.1 mg L�1, [Br�]o ¼ 1.0 mg L�1, catalyst
dose ¼ 0.5 g L�1, T ¼ 25 ± 1 �C, reaction time ¼ 10 min. Error bars denote the RPDs
(n ¼ 2).

Fig. 4. Degradation of refractory organic micropollutants in O3 and O3/Ce66-MCM-48
processes: (a) atrazine; and (b) omethoate. Experimental conditions: semi-continuous
mode, [O3] ¼ 1.0 ± 0.1 mg L�1, [atrazine]o ¼ [omethoate]o ¼ 500 mg L�1, catalyst
dose ¼ 0.5 g L�1, pH ¼ 7.5, T ¼ 20 ± 1 �C. Error bars denote the RPDs (n ¼ 2).
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that only a low level of BrO3
� (18.4 mg L�1) was formed even in the

O3 process under this weakly acidic pH condition. As the pH
increased to 9.5, the inhibition efficiency of Ce66-MCM-48
decreased to 82%, probably because OBr� became the predominant
species that could react with both O3 and �OH to eventually form
BrO3

�.
It was reported that when CeO2 was used as a catalyst, its in-

hibition efficiency on BrO3
� formation reached the maximum (87%)

at pH 6.2, and then dropped quickly as the pH increased (Zhang
et al., 2008). The inhibition efficiency of HZSM-5 on BrO3

� forma-
tion increased as the pH rose from 6.6 to 9.3, but the maximum
efficiency was only 65% (Zhang et al., 2011). By contrast, Ce66-MCM-
48 exhibited a high efficiency over the pH range of 6.3e9.5, indi-
cating its good applicability to water treatment.

The effect of reaction temperature on the inhibition efficiency of
Ce66-MCM-48 was also examined. Results indicate that in the
temperature range of 15�30 �C which was typical for water treat-
ment, Ce66-MCM-48 exhibited nearly the same inhibition efficiency
on BrO3

� formation (Fig. S3). It implies that a change in temperature
had similar impacts on the O3 and O3/Ce66-MCM-48 processes, thus
hardly affecting the catalytic performance of Ce66-MCM-48. This
temperature-independent feature of Ce66-MCM-48 also favors its
potential application to water treatment.
3.3. Ozonation of refractory organic micropollutants in the presence
of Ce66-MCM-48

Atrazine and omethoate are commonly used pesticides and
frequently detected in natural waters as well (Gao et al., 2009;
Lazorko-Connon and Achari, 2009), thus were selected as typical
refractory organic micropollutants to examine their removal in the
catalytic ozonation process. The two organic micropollutants were
individually degraded in the semi-continuous O3 and O3/Ce66-
MCM-48 processes. Fig. 4a shows that after 20 min reaction, 45% of
atrazine was degraded by ozonation alone, while in the presence of
Ce-MCM-48, the removal of atrazine was increased to 67%. Ome-
thoate was more resistant to ozonation than atrazine, achieving
only 20% removal after 20 min reaction, while the addition of Ce66-
MCM-48 could raise its removal efficiency to 41% (Fig. 4b). It was
reported that the second-order reaction rate constants of atrazine
towards O3 and �OH were 7.9 and 3 � 109 M�1 s�1, respectively
(Acero et al., 2000), while those of omethoate towards O3 and �OH
were <0.06 and 5.3 � 108 M�1 s�1, respectively (Ling et al., 2011).
Because the adsorption by the catalyst was negligible (Fig. 4), the
enhanced removal of atrazine or omethoate in the O3/Ce66-MCM-
48 process could be ascribed to the accelerated production of �OH
from O3 decomposition. In addition, the co-existence of Br� had
negligible impact on the degradation of atrazine and omethoate
(Fig. S5). Hence, Ce66-MCM-48 can also promote the degradation of
refractory organic micropollutants though indirect oxidation by
�OH during ozone treatment, which is another benefit of this
catalyst when applied to water treatment.
3.4. Inhibition mechanism of Ce66-MCM-48

The formation of BrO3
� from Br� in the ozonation process is the

result of a multi-step complex reaction process which comprises
both direct oxidation by O3 and indirect oxidation by �OH (Fig. S4).
von Gunten and Hoigne (1994) found that O3 controls the initial
oxidation of Br� to HOBr/OBr� and the final oxidation of BrO2

� to
BrO3

�; while �OH controls the formation of intermediate radicals
(i.e., Br� and BrO�). In the reaction scheme, HOBr/OBr� is a critical
intermediate affecting BrO3

� formation. In this section, bromine
mass balance, aqueous O3 decomposition, and newly formed H2O2
were comparatively investigated in the O3 and O3/Ce66-MCM-48
processes to explore the inhibition mechanism of the catalyst.
3.4.1. Bromine mass balance
The change of the concentrations of various bromine-containing

species with reaction time in the O3 and O3/Ce66-MCM-48 pro-
cesses is shown in Fig. 5. Results indicate that Br�, HOBr/OBr�, and



Fig. 5. Change of the concentrations of various bromine-containing species with reaction time in O3 and O3/Ce66-MCM-48 processes: (a) total Br; (b) Br�; (c) HOBr/OBr�; and (d)
BrO3

�. Experimental conditions: [O3]o ¼ 2.0 ± 0.1 mg L�1, [Br�]o ¼ 1.0 mg L�1, catalyst dose ¼ 0.5 g L�1, pH ¼ 7.5, T ¼ 25 ± 1 �C. Error bars denote the RPDs (n ¼ 2).

Fig. 6. Change of chemical concentrations with reaction time in O3 and O3/Ce66-MCM-
48 processes: (a) aqueous O3 (batch mode); and (b) BrO3

� and H2O2 (semi-continuous
mode, [O3] ¼ 1.1 ± 0.1 mg L�1, [Br�]o ¼ 1.0 mg L�1). Experimental conditions: catalyst
dose ¼ 0.5 g L�1, pH ¼ 7.5, T ¼ 25 ± 1 �C. Error bars denote the RPDs (n ¼ 2).
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BrO3
� are three major bromine-containing species present in the

reaction solution, and based onwhich, a goodmass balance on total
bromine was observed throughout the reaction course in both
oxidation processes. None of these bromine-containing species was
adsorbed by Ce66-MCM-48 (Fig. S6). The concentrations of both
HOBr/OBr� and BrO3

� in the O3/Ce66-MCM-48 process were
considerably lower than those in the O3 process, while Br� con-
centrationwas significantly higher in the O3/Ce66-MCM-48 process.
Since the oxidation of Br� is mainly controlled by O3, Ce66-MCM-48
tended to inhibit BrO3

� formation by reducing the contribution of
direct O3 oxidation.

3.4.2. Aqueous ozone decomposition
As described above, the direct oxidation by O3 was substantially

affected by the addition of Ce66-MCM-48. Fig. 6a compares the
residual O3 concentrations as a function of reaction time in the O3

and O3/Ce66-MCM-48 processes. It is seen that O3 was decomposed
more quickly in the presence of Ce66-MCM-48, with 82% decom-
position in the initial 5 min, as compared to 53% decomposition in
the O3 process. Hence, addition of Ce66-MCM-48 accelerated
aqueous O3 decomposition to producemore �OH (particularly in the
beginning of the reaction process), which is consistent with the
enhanced degradation of atrazine and omethoate as mentioned
above. Because less aqueous O3 existed in the O3/Ce66-MCM-48
process, the sequential oxidation reactions from Br� to HOBr/OBr�,
BrO2

�, and BrO3
� were all inhibited, as confirmed in Fig. 5. The

produced secondary oxidant, �OH, could react with some bromine-
containing species (e.g., Br� and HOBr/OBr�), co-existing organic
micropollutants, or merge together to form H2O2. In water ozona-
tion, although �OH also makes a certain contribution to BrO3

� for-
mation, aqueous O3 usually plays a predominant role.

3.4.3. H2O2 formation
As H2O2 is usually formed at trace concentrations during

ozonation, O3 was continuously bubbled into the reactor to
enhance its production. Fig. 6b shows that the H2O2 concentration
gradually increased in the O3 process, reaching 0.6 mM at the end of
reaction, while in the O3/Ce66-MCM-48 process, a much higher
H2O2 concentration was detected and remained nearly stable
(1.5e1.7 mM) throughout the reaction course. As discussed above,
Ce66-MCM-48 accelerated O3 decomposition to produce more �OH,
and then part of which could merge together to form H2O2. Once
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formed, H2O2 could further react with �OH and O3. As a result, the
relatively stable H2O2 concentration in the O3/Ce66-MCM-48 pro-
cess reflected a balance between the production and consumption
of H2O2.

It was reported that Ce(III) can be oxidized by Br� and BrO� to
form Ce(IV) (Pelle et al., 2004):

Ce(III) þ BrO� þ Hþ / Ce(IV) þ HOBr (1)

Ce(III) þ Br� / Ce(IV) þ Br� (2)

In addition, Ce(III) can also react with H2O2 to form Ce(IV)
(Heckert et al., 2008):

Ce(III) þ H2O2 þ Hþ / Ce(IV) þ �OH þ H2O (3)

Meanwhile, H2O2 is produced from aqueous O3 decomposition:

O3 þ OH�/HO2
� þ O2 (4)

O3 þ HO2
�/OHþ O2

�� þ O2 (5)

�OH þ �OH / H2O2 (6)

H2O2/HO2
� þHþ (7)

Then, the produced HO2
� can convert Ce(IV) back to Ce(III)

(Heckert et al., 2008):

CeðIVÞ þ HO2
�/O2 þ CeðIIIÞ þ Hþ (8)

Therefore, through the circulating reactions between Ce(III) and
Ce(IV), the oxidation of Br� and HOBr/OBr� was inhibited, which
eventually led to a lower BrO3

� formation. Furthermore, the cata-
lytic ability of Ce66-MCM-48 could be continuously regenerated.

4. Conclusions

In this study, a series of mesoporous catalysts (Cex-MCM-48,
with x denoting the Si/Ce molar ratio ranging from 30 to 200) was
synthesized, characterized, and examined for their inhibition effi-
ciency on BrO3

� formation during ozonation of Br�-containing wa-
ter. Based on the experimental results, we can reach the following
conclusions:

� The optimal Si/Ce ratio was 66 for the synthesized Ce-MCM-48.
The inhibition efficiency of Ce66-MCM-48 on BrO3

� formation
reached 76e91% in the pH range of 6.3e9.5, and reaction tem-
perature ranging from 15 to 30 �C had an insignificant impact.

� Ce66-MCM-48 promoted the degradation of refractory organic
micropollutants though indirect oxidation by �OH during
ozonation.

� Ce66-MCM-48 promoted aqueous O3 decomposition to generate
�OH and thus primarily suppressed the oxidative transformation
of Br� and HOBr/OBr�. The catalytic ability of Ce66-MCM-48 was
continuously regenerated through the circulating reactions be-
tween Ce(III) and Ce(IV) occurring on the catalyst surface.

� Because of its more distinct merits than previously reported
catalysts, Ce66-MCM-48 has potential applications to water
treatment by ozone.
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