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� Bromide oxidation pathways were presented during ozonation of three natural waters.
� Bromate control by H2O2 addition varied with water characteristic changes.
� Humic acid and tyrosine could depress the bromate formation as H2O2 was applied.
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a b s t r a c t

Minimizing bromate formation by adding H2O2 is one major option for bromide-containing source water
when applying ozone in drinking water. However, difference in background water quality can have a
significant influence on bromate depression. In this study, three bromide-bearing source waters (YZ, HR
and HP) were selected to investigate bromate depression during the H2O2-ozonation process. The results
showed that there was strong correlation between bromate formation and molecular ozone consump-
tion during ozonation process for the three waters. Compared to YZ and HR, ozone was consumed quickly
within about 10 min for HP water, inducing lower bromate formation during ozonation process. In the
initial step of bromide oxidation, molecular ozone oxidation was responsible for more than 80% of
oxidation, much higher than that by hydroxyl radicals. Specifically, 94% of the oxidation of bromide
occurred with ozone for YZ water, which might be attributed to the low concentration of organic matter
in the water. The residual molecular ozone would be a restrictive factor and affect the bromate formation
significantly. For YZ and HP water, as H2O2/O3 (g/g) increased to 0.5, the ozone decomposition rate
increased 61 times and 7.2 times respectively, which resulted in difference in bromate depression per-
formance when applying H2O2. Humic acid and tyrosine in water were confirmed to have effects on
bromate formation and depression after H2O2 addition. This study could elucidate the different bromate
depression effects occurring in different source waters when adding H2O2, which will provide an
informative guide for bromate control in drinking water treatment.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Bromate ion (BrO3
�) is one of the major ozonation by-products in

drinking water containing bromide ion (Br�) (Yang et al., 2018). It
has raised great concerns due to its carcinogenic potency in
humans, the maximum contaminant level (MCL) of which is
regulated at 10 mg/L by many countries (Ling et al., 2018). Many
efforts thus have been devoted to the control of bromate formation
during ozonation (Soltermann et al., 2017).
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Table 1
The characteristics of the three source waters.

Source water YZ water HR water HP water

Alkalinity (mg/L, as CaCO3) 96.38 163.26 106.92
DOC (mg/L) 1.55 2.37 6.39
NH4

þ-N (mg/L) 0.04 0.15 0.22
pH 8.08 7.89 7.96
Bromide (mg/L) 57.6 75.2 205.2
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Even though some technologies have been reported for BrO3
�

decomposition, minimizing BrO3
� formation during ozonation is

recommended as a first priority in drinking water treatment
application (Antoniou et al., 2017; Wen et al., 2018). Several ap-
proaches such as pH depression, ammonia or hydrogen peroxide
(H2O2) addition have been proposed. Depressing the pHwould shift
the HOBr/OBr� equilibrium to HOBr and slow down the molecular
ozone decomposition, which would influence the bromate forma-
tion. Ammonia addition could react with HOBr leading to lower
bromate formation (Pinkernell and von Gunten, 2001). Specifically,
H2O2 addition at certain ratios has been proved to be effective in
reducing bromate formation by decomposing molecular ozone and
consuming HOBr/OBr� (Mizuno et al., 2011; Wang et al., 2013). At
the same time, the combination of O3 and H2O2 is a well-known
advanced oxidation process for micropollutant removal for the
generation of hydroxyl radicals (von Gunten and Oliveras, 1998;
Kepa and Stanczyk-MazanekStepniak, 2008) (Wen et al., 2017;
Chen and ChenLin, 2018).

The bromate depression brought about by H2O2 addition mainly
involves the process of HOBr/OBr� consumption and molecular
ozone decomposition (Von Gunten and Oliveras, 1997). When
adding H2O2 prior to ozonation, H2O2 reacts with hypobromous
acid (HOBr) directly with high reaction rate constant, thus lowering
the formation of bromate significantly. Moreover, the decomposi-
tion of molecular ozone and the formation of OH radicals would be
accelerated with H2O2 addition, which would also influence the
oxidation of bromide into bromate (von Gunten and Oliveras,1998).
That is why bromate formation might vary at different ratios of
H2O2/O3, and can even be higher than when only ozone is applied
(Wang et al., 2013). For instance, von Gunten et al. found that the
bromate concentration increased from 300 mg/L to 430 mg/L as the
H2O2/O3 (g/g) ratio increased from 0 to 0.5 at 2.0 mg/L ozone, while
bromate formation depression could be achieved when adding
higher amounts of H2O2 (Von Gunten and Hoigne, 1994). Different
from those results,Wang reported that bromate could be effectively
decreased from 11 mg/L to 2 mg/L as the H2O2/O3 (g/g) ratio
increased from 0 to 0.5 (Wang et al., 2014). This might be related to
the natural background water characteristics, such as natural
organic matter (NOM), bromide and ammonia concentration etc.
For different raw waters, the molecular ozone exposure and OH
radical formation would vary, which would necessarily have an
effect on bromate formation (Qi et al., 2016). However, the effect of
adding H2O2 was actually not well explored in previous studies. It
would be significant to elucidate this effect for further application
of bromate control by H2O2 addition in drinking water treatment.

In the present study, three typical bromide-bearing source wa-
ters were selected to explore the background water quality effect
on bromate depression during the H2O2-ozonation process.
Compared to previous studies, the present work has the following
differences: firstly, the bromate formation and depression by H2O2
were characterized under different actual source water conditions;
secondly, possible mechanisms for bromate depression by H2O2
under actual water conditions were explored. The results of this
study will provide an informative guide for bromate control when
applying ozonation technology in drinking water treatment.

2. Materials and methods

2.1. Reagents and source waters

All chemicals were purchased from commercial sources. Among
these, methanol (Fisher Scientific) and para-chlorobenzoic acid (p-
CBA) (J&K chemical LTD.) were reagent grade. Indigo trisulfonate
potassium was purchased from Sigma (USA), and hydrogen
peroxide solution was prepared from approximately 30% stock
solutions. Humic acid and tyrosine standards were obtained from
J&K chemical Ltd with 98% and 99% purity, respectively. All stock
solutions were prepared with ultrapure deionized water
(18 MU*cm), which was produced with a Milli-Q purification
system.

Ozone was produced by a Mitsubishi ozone generator (OSe1N,
Mitsubishi Electric Co. Japan), with O2 fed directly from an oxygen
generator (FY3, Beijing North Star Yaao Co., Ltd, China). Ozone stock
solutions of approximately 1 mM were produced by passing O3-
containing oxygen through 0.5 L of ice-cooled ultrapure water
(Bader and Hoign�e, 1981). The concentrations of the ozone stock
solutions were determined via UV absorbance at 258 nm
(ε258 ¼ 3000 M�1cm�1) (Pinkernell and von Gunten, 2001).

Three source waters adopted for ozonation experiments were
collected from the Yangzi River (YZ), Huang River (HR) and
Huangpu River (HP), which are three major source waters of many
metropolitan cities along this watershed in China. The water was
filtered with 0.45 mm filters and stored at 4 �C in glass containers
before use. The typical water quality is listed in Table 1.
2.2. Experimental procedure

Ozonation experiments were performed by injecting small
volumes of the ozone stock solutions into 250 mL of the rawwaters
in a closed bottle equipped with a dispenser system. The initial
concentration of ozone was 2.5 mg/L. For H2O2 addition, it was
spiked into the reactor with the H2O2/O3 (g/g) ratios of 0, 0.1, 0.2,
0.5 and 1.0 before ozone was added. P-CBA was used as an OH
radical probe compound to determine the Rct value (Pinkernell and
von Gunten, 2001), and was spiked at the level of 0.1 mg/L of p-CBA
before the ozonation experiment.

During the experiment, 8 mL samples were taken at pre-
determined times for corresponding analysis of ozone, bromate, p-
CBA and H2O2. For bromate and p-CBA analysis, indigo was used to
quench the residual ozone in each sample. For residual H2O2
determination, N2 was bubbled into the sample for 5min to remove
the dissolved ozone.
2.3. Analytical methods

Bromate and bromide were analyzed by ion chromatography
(Dionex 3000) using an AC9-SC analytical column (Dionex) with a
detection limit of 2.0 mg/L and 10.0 mg/L, respectively. The indigo
method was employed to measure the aqueous ozone concentra-
tions (Bader and Hoign�e, 1981). Hydrogen peroxide was deter-
mined by the peroxidase-DPD method (Bader and
SturzeneggerHoign�e, 1988). DOC was determined using a Shi-
madzu TOC analyzer (TOC-Vcph). Three-dimensional fluorescence
spectrum analysis was employed to characterize the NOM using
Fluorescence Spectrophotometer F-7000 (HITACHI, Japan). The
ammonia and alkalinity were analyzed based on the method
described in the Standard Method of Water and Waste Water
Monitoring of China. The NOM of water samples was classified
using macroporous resins DAX-8 and XAD-4 (Supelco Co., USA) to
divide the samples into five fractions, hydrophobic bases (HoB), the
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hydrophobic neutral fraction (HoN), hydrophobic acids (HoA),
weakly hydrophobic acids (WHoA) and hydrophilic matter (HiM)
(Wei et al., 2008).

2.4. Rct determination

The Rct value was defined as the ratio of $OH exposure to O3
exposure, which could be calculated from Eq-1 (Elovitz and von
Gunten, 1999).

In
� ½pCAB�
½pCAB�2

�
¼ �Rct , kOH;pCAB,

ð
03dt 1

p-CBA was measured by HPLC (Waters, America) using a C18
analytical columnODS 4.6*250mm5 mm (Zorbax). Based on the Rct
value, the bromide fraction oxidized by OH radicals and molecular
ozone could be further calculated (Qi et al., 2016). The fraction of
bromide oxidized by OH radicals (fBr-,HO$) could be defined by
Eq �2:

fBr�;,OH ¼ kBr�;,OH � ½Br��½,OH�
kBr�;,OH � ½Br��½,OH� þ kBr�;O3

� ½Br��½O3�
2

The values of kBr�;,OHand kBr�;O3
could be obtained according to

previous reports (von Gunten and Oliveras, 1998). Then,
substituting [$OH] by Rct � [O3] led to

fBr�;,OH ¼ 1:1� 109 � Rct
160þ 1:1� 109 � Rct

3

fBr�;O3
¼1� fBr�;,OH 4

3. Results and discussion

3.1. Bromate formation during ozonation process

The bromate formation during the ozonation process for the
three source waters is shown in Fig. 1, and the dissolved ozone
Fig. 1. Bromate formation during the ozonation of YZ water, HR water and HP water.
(YZ water: [DOC] ¼ 1.55 mg/L, [NH4

þ-N] ¼ 0.04 mg/L, [Br�] ¼ 57.6 mg/L, pH ¼ 8.08; HR
water: [DOC] ¼ 2.37 mg/L, [NH4

þ-N] ¼ 0.15 mg/L, [Br�] ¼ 75.2 mg/L, pH ¼ 7.89; HP
water: [DOC] ¼ 6.39 mg/L, [NH4

þ-N] ¼ 0.22 mg/L, [Br�] ¼ 205.2 mg/L, pH ¼ 7.96.)
variations are also given. As shown, bromate formation increased
and dissolved ozone decreased as reaction time increased. At the
same ozone dose of 2.5 mg/L, even though there was the lowest
initial bromide concentration of 57.6 mg/L in YZ water, the highest
bromate concentration of 21.2 mg/L was produced. The values were
6.9 mg/L and 4.1 mg/L for HR and HP water, respectively. Moreover,
the bromate formation reached the highest level for HR and HP
water after about 15 min and 5 min reaction time, while it
continued to increase even at 40 min for YZ water. This could be
understood according to the dissolved ozone results, because mo-
lecular ozone was the essential oxidant during the bromate for-
mation processes, where bromide, HOBr/OBr� and BrO2

� would be
further oxidized to bromate by ozone (Von Gunten, 2003a, 2003b).
As indicated, for HP water, ozone was quickly consumed within
about 10 min, while residual ozone still existed in YZ water even
after 40 min. The higher ammonia concentration of HP water could
also interfere bromate formation resulting from the reactions of
ammonia and HOBr, which was a requisite intermediate in bromate
formation (Von Gunten and Oliveras, 1997).

As shown in Fig. 2, the concentration of each NOM fraction of HP
water was significantly higher than that of YZ and HR water; in
particular, the HoA concentration was much higher than in the
other two waters. HoA was the most abundant hydrophobic frac-
tion, rich in aromatic structures and carbon-carbon double bonds,
which are prone to being attacked by O3, producing carboxyl and
carbonyl organic matter with low molecular weight and few hy-
drophobic compounds (Westerhoff et al., 1999a; 1999b). Moreover,
the high concentration of NOM in HP water would lead to its high
ozone decomposition rate constant, as shown in Fig. S1 (Gümüs and
Akbal, 2017). This further led to residual ozone being consumed
quickly, inducing lower bromate formation for HP water.

During ozonation based processes, the $OH and molecular O3
reaction can be expressed by the Rct value, which is the value of the
ratio [$OH]/[O3] (Elovitz and von Gunten, 1999). Natural water
characteristics such as dissolved organic matter characteristics, pH,
and alkalinity can influence the Rct values, then influencing the
formation of bromate (Elovitz et al., 2000; Pinkernell and von
Gunten, 2001). Based on Rct values, the fraction of bromide
transformed to bromate by ozone and OH radicals could be calcu-
lated according to Eqs (1)e(4) (Qi et al., 2016). Fig. 3 (a) shows the
Fig. 2. The NOM fraction of the investigated three waters (YZ, HR and HP water).



Fig. 3. The Rct values (a) and the proportion of bromide oxidation by $OH and O3 (b) during the ozonation of the investigated YZ, HR and HP water. (Water quality conditions: YZ
water: [DOC] ¼ 1.55 mg/L, [NH4

þ-N] ¼ 0.04 mg/L, [Br�] ¼ 57.6 mg/L, pH ¼ 8.08; HR water: [DOC] ¼ 2.37 mg/L, [NH4
þ-N] ¼ 0.15 mg/L, [Br�] ¼ 75.2 mg/L, pH ¼ 7.89; HP water:

[DOC] ¼ 6.39 mg/L, [NH4
þ-N] ¼ 0.22 mg/L, [Br�] ¼ 205.2 mg/L, pH ¼ 7.96.).
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Rct values of the YZ, HR, and HP waters. Similar to the previous
studies, two phases could be observed for Rct variation during the
ozonation process: an initial phase during which the Rct decreased
rapidly, and a second phase during which the Rct remained fairly
constant (Elovitz et al., 2000). As Fig. 3 (a) indicates, a higher Rct
value was obtained for HP water compared to the other twowaters.
This might result from the higher concentration of NOM, which
could increase the consumption of molecular O3 and enhance the
Rct value. In particular, a high hydrophobic acid (HoA) fraction
could promote ozone decomposition inducing the increase of Rct
(Wang et al., 2013; Qi et al., 2018).

Fig. 3 (b) further shows the calculated fraction of bromide
transformed to bromate by ozone and OH radicals, respectively. As
indicated, for the three waters, bromide oxidized by molecular
ozone accounted for more than 80% in the initial phase, which is
related to the high exposure concentration. With extended time,
the fraction of bromide oxidation by molecular ozone increased.
Similar results were also reported in previous studies (Qi et al.,
2016). At reaction time of 25e30 min, for YZ water, 94% of the
oxidation of bromide occurred with molecular ozone, while for HP
water it was about 89%. In the subsequent reactions after the
oxidation of bromide, molecular ozone would be important for the
formation of bromate, such as the reaction between O3 and HOBr/
OBr� to form BrO2

�. Thus, the residual ozone concentration would
affect the bromate formation significantly (Pinkernell and von
Gunten, 2001).
3.2. Bromate depression by H2O2 addition

Fig. 4 gives the bromate formation for application of different
H2O2/O3 (g/g) ratios. As shown, for the three waters, the bromate
formation would be initially accelerated after H2O2 addition. This
might be related to more OH radicals being produced after H2O2
addition (Chen and ChenLin, 2018; Mansouri et al., 2019). The effect
of H2O2 addition on bromate formation was quite different for the
three waters. For YZ water (Fig. 4 (a)), the bromate concentration
decreased from 18.9 mg/L to 7.5 mg/L when the H2O2/O3 (g/g) ratio
increased from 0 to 1.0. For HR water (Fig. 4 (b)), at the three H2O2/
O3 (g/g) ratios of 0.1, 0.2 and 0.5, the final bromate concentration
was higher than that produced by ozonation alone. At the H2O2/O3
(g/g) ratio of 1.0, the bromate would be depressed to 6.0 mg/L,
indicating that there was an optimal H2O2/O3 ratio for bromate
depression. Similar results were also found in our previous studies
via a continuous pilot experiment, that bromate could be depressed
to 4.5e9.8 mg/L for YZ water at a H2O2/O3 ratio less than 1.0, while
for HR water, bromate formation first increased with H2O2/O3
increasing from 0.1 to 0.5, and then decreased to below 10 mg/L at
H2O2/O3 of 1.0 (Wang et al., 2013). Mizuno et al. reported that the
bromate concentration could be controlled below 10.0 mg/L with a
H2O2/O3 of 0.5e0.8 for treatment of bromide-containing source
water (200 mg/L) under an ozone dose of 2.0 mg/L (Mizuno et al.,
2011).

For HP water, at ozone concentration of 2.5 mg/L, 3.8 mg/L of
bromate was produced (Fig. 4 (c)). However, after H2O2 addition,
the bromate formationwas accelerated to 7.9 mg/L at H2O2/O3 of 1.0.
This might be due to more OH radicals being formed after H2O2
addition, further promoting the production of bromate. Besides, it
also might be related to the background water qualities such as
NOM, bromide concentration etc., making the bromate formation
pathway different after H2O2 addition (Elovitz et al., 2000).
3.3. Explanation for the bromate depression in three waters

As well known, three pathways have been reported for bromate
formation during the oxidation process of bromide (Pinkernell and
von Gunten, 2001). Pathway I involves bromide being oxidized
directly by molecular O3 to HOBr/OBr�. In Pathway II, bromide is
oxidized by OH radicals to form Br$, and then reacts with Br� to
form HOBr/OBr�. Pathway III involves Br$ reacting with molecular
O3 to produce BrO$.

In pathway I, which makes up a large fraction of the total bro-
mide oxidation in forming HOBr/OBr� as shown in Fig. 3 in this
study. As H2O2 is added, molecular ozone could be accelerated and
producing more OH radicals, the intermediate HOBr/OBr� could
react with OH radicals to form BrO$ and with molecular ozone to
form BrO2

� which were all the intermediate in producing bromate
(Pinkernell and von Gunten, 2001). In addition, it was founded by
previous studies that during the HOBr/OBr� oxidation, OH radicals



Fig. 4. The effect of H2O2 addition on bromate control for YZ water (a), HR water (b) and HP water (c) (Water quality conditions: YZ water: [DOC] ¼ 1.55 mg/L, [NH4
þ-N] ¼ 0.04 mg/L,

[Br�] ¼ 57.6 mg/L, pH ¼ 8.08; HR water: [DOC] ¼ 2.37 mg/L, [NH4
þ-N] ¼ 0.15 mg/L, [Br�] ¼ 75.2 mg/L, pH ¼ 7.89; HP water: [DOC] ¼ 6.39 mg/L, [NH4

þ-N] ¼ 0.22 mg/L, [Br�] ¼ 205.2 mg/
L, pH ¼ 7.96).
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oxidation accounted for about 70% at pH 8.0 for Rct of 10�8, and the
fraction oxidized by molecular ozone increased as reaction time
prolonged (Pinkernell and von Gunten, 2001; Qi et al., 2016).
Conversely, only a small portion of bromide was oxidized by OH
radicals, indicating that the pathways II and III with OH radicals
plays less important role in bromate formation. Specially in
pathway II, Br$ reacts with Br� to form HOBr (Von Gunten and
Hoigne, 1994; von Gunten and Oliveras, 1998). It has been proved
that once the H2O2 residual was excessive in the system, HOBr/OBr�

could not be produced because it would react with H2O2 to form
bromide immediately if OH radicals was the unique oxidant (von
Gunten and Oliveras, 1998). As shown in Fig. S2, more than more
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than 20% of H2O2 remained in all the three waters, indicating that
pathway II would be inhibited. In pathway III molecular ozone was
needed with which Br$ would react to form BrO$ (von Gunten and
Oliveras, 1998).

As H2O2 was added, much more OH radicals could be produced
for YZ, HR and HP waters. Bromate would be formed at a fast pace
through pathway I in producing HOBr/OBr� and then reacted with
OH radicals and ozone. In the bromate formation processes, mo-
lecular ozone was always the requisite oxidant. Fig. 1 indicates that
bromate formation was positively correlated with residual ozone
concentration. Thus, the different effects on molecular ozone
decomposition after H2O2 addition would result in different
bromate depression performance, which was related to the
different water qualities.

Fig. 5 further displays the ozone decomposition rate constant
variations for YZ and HP water after H2O2 addition. As indicated,
while the H2O2/O3 (g/g) ratio increased from 0 to 0.1, the ozone
decomposition rate constant increased from 0.0229 min�1 to
0.1905 min�1 for YZ water, which was 8.3 times the initial level. For
HP water, it was 4.4 times. A higher reaction rate constant would be
obtained as more H2O2 was added. As the H2O2/O3 (g/g) ratio
increased to 0.5, the ozone decomposition rate constant increased
61 times and 7.2 times for YZ and HP waters respectively. The
higher constant may result from the much lower NOM concentra-
tion in YZ water, where much more ozone reacted with H2O2,
which was consumed rapidly, as shown in Fig. S2. Both H2O2 and
organic matter could reduce the ozone concentration, and high
doses of H2O2 could consume OH radicals (von Gunten and
Oliveras, 1998). Thus, the high doses of H2O2 could depress
bromate effectively, while when the H2O2 dose was lower, bromate
formation might increase compared to ozonation alone (Mizuno
et al., 2011; Wang et al., 2013).

3.4. Effect of organic matter on bromate depression by H2O2

As discussed above, background water quality characteristics
would have significant effects on bromate formation or depression
with H2O2 addition. In particular, the organic matter characteristics
played a major role in the formation or depression of bromate
Fig. 5. Ozone decomposition reaction in the H2O2eO3 reaction system for YZ River (a) a
N] ¼ 0.04 mg/L, [Br�] ¼ 57.6 mg/L, pH ¼ 8.08; HP water: [DOC] ¼ 6.39 mg/L, [NH4

þ-N] ¼ 0.
during ozonation or the O3/H2O2-process (Von Gunten, 2003a,
2003b; Moslemi et al., 2014). Organic matter in water could
accelerate the decomposition of molecular ozone, and could act as
an OH radical inhibitor, such as tert-butyl alcohol, or promoter, such
as tartaric acid (Elovitz and von Gunten, 1999; Elovitz et al., 2000).
As shown in Table 1, the DOC of YZ and HRwater was 1.55 mg/L and
2.37 mg/L respectively, much lower than that of HP water (6.39 mg/
L). Fig. S3 gives the three-dimensional fluorescence spectrum
analysis results to characterize the NOM for the three waters. As
indicated, for YZ and HR water, humic or fulvic like-acid and
tryptophan-like materials made up the majority of organic matter.
For HP water, the tyrosine-like and tryptophan-like materials were
the main components of organic matter, both of which are rich in
aromatic functional groups.

Humic acid (HA) and tyrosine (Tr) were further chosen as
representative organic matters to elucidate the effect, and were
spiked into YZ water. Fig. 6 shows the bromate depression perfor-
mance due to H2O2 addition at different DOC concentrations. The
results show that the bromate formation significantly decreased as
different concentrations of HA were added. With no HA addition
(YZ raw water), bromate formation decreased from 18.9 mg/L to
7.5 mg/L with H2O2/O3 increasing from 0 to 1.0. By adding HA to
increase DOC by 1.0 mg/L, bromate formation decreased from
15.1 mg/L to 5.1 mg/L, which decreased from 9.8 mg/L to 4.1 mg/L on
addition of HA to increase DOC to 2.0 mg/L. Compared to HA, the
extent of bromate depression was lower when adding tyrosine to
increase DOC. This might be due to the fact that tyrosine has many
aromatic groups, which could be attacked by ozone and react as OH
radical promoters (Papageorgiou et al., 2017), inducing a higher
value of the ratio [$OH]/[O3] (Rct). In Fig. 3, the Rct value of HP
water was higher than that of YZ and HR water. However, bromate
would not be formed when molecular ozone was exhausted,
resulting in a lower bromate concentration for HP water.

4. Conclusions

By applying three bromide-bearing source waters, this study
investigated the bromate formation and depression effects during
ozonation and the O3eH2O2 process. The results showed that
nd HP River (b) water treatment. (Conditions: YZ water: [DOC] ¼ 1.55 mg/L, [NH4
þ-

22 mg/L, [Br�] ¼ 205.2 mg/L, pH ¼ 7.96.)



Fig. 6. The effect of HA and Tr on bromate control by H2O2 addition. (Conditions: YZ
water: [DOC] ¼ 1.55 mg/L, [NH4

þ-N] ¼ 0.04 mg/L, [Br�] ¼ 57.6 mg/L, pH ¼ 8.08).
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bromate formation has strong correlation with residual molecular
ozone. Bromide oxidation by molecular ozone was responsible for
more than 80% of oxidation during the initial ozonation process for
the three investigated waters. The residual molecular ozone in
water was a major restrictive factor in the following bromate for-
mation reaction, which was mainly correlated to the organic matter
characteristics in background water. NOM such as humic acid and
tyrosine in typical water could affect the bromate formation and
control. The different effects on molecular ozone decomposition
after H2O2 addition would result in different bromate depression
performance for the three source waters. H2O2 addition should be
optimized for bromate control when applying the ozonation pro-
cess in drinking water treatment.
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