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• A method was developed to calculate the pathway fraction of bromate formation.
• 68.9% of bromate was formed through direct-indirect pathway during surface water ozonation.
• Fraction of indirect-direct pathway increased as [H2O2]/[O3] molar ratio increased.
• The optimum [H2O2]/[O3] molar ratio for inhibiting bromate formation was 1.5 in surface water.
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a b s t r a c t

Ozone process has been widely used for drinking water treatment recently. In the oxidation process, bro-

mate is formed by three pathways, i.e., the direct pathway, the direct-indirect pathway and the indirect-

direct pathway. This study developed a method to calculate the percentage of these three pathways for

bromate formation during O3 process and O3/H2O2 process. Two kinds of water, distilled water contain-

ing bromide (DW) and surface water from the Yellow River (SW) were selected as raw rater. The result

showed that in natural water systems, the direct-indirect pathway was dominant for bromate formation

during the oxidation process. When 3 mg L−1 O3 was used as the only oxidant, nearly 26% of bromide ion

was transferred into bromate in two kinds of water after 80 min. The dominant pathway in DW was the

direct pathway (48.5%) and the direct-indirect pathway (46.5%), while that was the direct-indirect path-

way (68.9%) in SW. When O3/H2O2 were used as oxidants, as the H2O2 dosage increased, the fractions

of bromate formation by direct pathway and direct-indirect pathway decreased, while that by indirect-

direct pathway increased. The conversion ratio from bromide to bromate first kept stable or increased,

then decreased and reached its minimum when [H2O2]/[O3] ratio was 1.0 in DW and 1.5 in SW. Under

this condition the indirect-direct pathway took the largest fraction of 70.7% in DW and 64.0% in SW,

respectively.

© 2015 Published by Elsevier Ltd.
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1. Introduction

Ozonation and advanced oxidation processes have been widely

applied in water treatment plants to control tastes and odors

(Peter and von Gunten, 2007), and to remove micropollutants and

pathogenic organisms such as Giardia and Cryptosporidium (Burns

et al., 2008). In China, the ozonation combined with biological ac-

tivated carbon process plants had a total drinking water treatment
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apacity at approximately 20 million m3 d−1 by 2013 (Hong et al.,

013).

However, the use of ozone can lead to a series of bromine-

ontaining disinfection byproducts, such as bromate, bromoform,

ibromoacetonitrile, monobromoacetic acid, dibromoacetic acid

nd many aldehydes when it is applied to water containing bro-

ide (Guerrieri, 2000; Zhang et al., 2000; Zhang et al., 2005;

chigo et al., 2009). Among various reaction by-products, bromate

as been considered as one of the major concerned productions as

t is classified to be potentially carcinogenic by IARC (International

gency for the Research on Cancer). Therefore, the maximum con-
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aminant level for bromate ion in drinking water has been regu-

ated at 10 μg L−1 in many countries (U.S.EPA, 1998; China, 2006;

HO, 2011). Bromide ion has a concentration from ∼10 μg L−1 to

1000 μg L−1 in natural fresh water (Yang et al., 2014). In many

oastal areas, bromide concentration is higher due to salt-water

ntrusion (Heeb et al., 2014). In China, the concentration of bro-

ide ion in the Yellow River is ranged from 100 to 200 μg L−1,

hile that in the downstream of Yangtze River is as high as 200–

00 μg L−1 (Wang et al., 2013, 2014). It has a high risk of bro-

ate formation when ozone is used in these areas. Therefore, it

s essential to control bromate formation by appropriate treatment

rocesses.

Several treatment options have been tested to reduce bromate

ormation, primarily including pH depression, ammonia (NH4
+)

ddition and hydrogen peroxide (H2O2) addition (Song et al., 1996).

owever, pH depression may not be economical or practical for

ater with high alkalinity, and will cause an increase in organic

romine compounds formation (Glaze et al., 1993). Adding am-

onia was unstable and the released bromide can react with O3

r •OH again to form bromate (Xie and Shang, 2006). Many re-

earches have reported that the addition of H2O2 would inhibit

romate formation (Song et al., 1996; Phattarapattamawong et al.,

011; Arvai et al., 2012). For example, it has been reported that

n O3/H2O2 (g/g) ratio of over 0.8 is required to control the

romate concentration below 10 μg L−1 (Mizuno et al., 2011).

owever, some other studies give the opposite conclusion (Wang

t al., 2014). The discrepancy may be caused by different exper-

mental conditions, including pH, natural organic matter (NOM),

emperature, alkalinity, initial bromide concentration and opera-

ional conditions. Thus, it is essential to explore the transforma-

ion mechanism from bromide to bromate in order to apply these

pproaches.

Previous studies have showed that only bromide and hypobro-

ous acid/hypobromite ion (HOBr/OBr−) can be oxidized both by

olecular ozone (O3) and hydroxyl radical (•OH) (von Gunten and

liveras, 1998; von Gunten, 2003). In this paper, direct reaction

s used to describe the reaction when O3 acts as an oxidant dur-

ng bromate formation, and indirect reaction is used when •OH is

esponsible for the process. As shown in Fig. 1, the bromate for-

ation through the interaction of O3 and •OH can be summa-

ized in three pathways, i.e., direct pathway, direct-indirect path-

ay and indirect-direct pathway (Song et al., 1996; von Gunten,

003). Some models have been formulated to predict the forma-

ion of bromate ion and each pathway fraction. Westerhoff et al.

1998) formulated a model to predict the bromine and bromate

oncentration. While the model was quite complex, the fraction

f bromide and HOBr/OBr− oxidized by O3 or •OH was unclear.

inkernell and von Gunten (2001) developed a model to calcu-

ate the fraction of bromide and HOBr/OBr− oxidized by O3 or

OH based on the Rct concept, which was defined as the ratio of

OH exposure to O3 exposure, as shown in Eq. (5). However, the

otal bromate formation route from bromide to bromate was not

ounded. Mizuno et al. (2007) developed a model to calculate the

romate formation concentration, while only indirect pathway was

onsidered. An integrated method to calculate each pathway frac-
ig. 1. Schematic representation of bromate formation by molecular ozone and hy-

roxyl radical (Song et al., 1996; von Gunten, 2003).
ion for bromate formation is necessary to control bromate forma-

ion through inhibiting the most important pathway.

The objective of this study is to develop a method to determine

he percentage of each pathway in bromate formation through O3

rocess and O3/H2O2 process. Some oxidation products such as

ypobromous acid (HOBr), hypobromite ion (BrO−) and bromine

xide radical (BrO•) were intermediate bromine species in the

ethod. Two different kinds of source water, distilled water con-

aining bromide ion and surface water from the Yellow River, were

elected to analyze the fraction of each pathway and to evaluate

he effect of NOM on bromate formation. The effects of H2O2 ad-

ition on the fraction of each pathway and the total bromate for-

ation were also investigated.

. Experiment methods

.1. Water samples and reagents

Distilled water spiked with 1000 μg L−1 bromide ion (DW) and

urface water collected from the Yellow River (SW) were investi-

ated in this study. The pH of both waters was adjusted to 8.0–

.1 by adding hydrochloric acid or sodium hydroxide solution. The

romide solution added in the distilled water was purchased from

he Fluka Company (USA). The surface water was the influent of

large drinking water treatment plant at Ji’nan City in Shandong

rovince, China. It was filtered with 0.45 μm Millipore membrane

o eliminate the particles before use. The monitoring of the water

uality showed that the surface water had a relatively high bro-

ide concentration (140 μg L−1) (Table 1).

.2. Experimental setup

Semi-batch experiments were performed in a thermostat reac-

or (1.14 L) in a water bath kept at 20 °C. The saturated ozone solu-

ion (about 30 mg L−1) was prepared freshly by continuously bub-

ling ozone-containing oxygen gas from an ozone generator (New-

and, Model NLO-20, China) into cold distilled water (about 4 °C).

he respective volumes of the raw water and saturated ozone so-

ution were determined by the required ozone dosage (3 mg L−1).

he raw water was added into the reactor firstly followed by the

ddition of H2O2, and then precalculated volume of the saturated

zone solution was injected into the solution using a syringe. The

etailed information about the reactor was shown in an early

tudy (Yang et al., 2014). H2O2 was dosed by pipetting a volume of

ommercial 30% H2O2 solution to reach a given [H2O2]/[O3] molar

atio from 0 to 1.5. As parachlorobenzoic acid (pCBA) has a very

ow reactivity with O3 (kpCBA-O3 ≤ 0.15 M−1 s−1) and a high re-

ctivity with •OH (kpCBA-OH = 5 × 109 M−1 s−1) (Elovitz and von

unten, 1999), a small aliquot of pCBA solution (1 μM) chosen as

he probe compound for •OH determination was added in the raw

ater in advance. After the reaction, three aliquots of sample fil-

ered with a 0.45 μm membrane was taken for measuring the con-

entrations of aqueous ozone, bromate ion, bromide ion, and pCBA,

espectively.
Table 1

Water qualities for the surface water from the Yellow River.

Parameter Value

Br− (μg L−1) 140

DOC (mg L−1) 3.4

UV254 (cm−1) 0.04

Electric conductivity (μS cm−1) 746

Cl− (mg L−1) 98

Hardness (mg L−1, as CaCO3) 240

Alkalinity (mg L−1, as CaCO3) 125.3
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2.3. Analytical methods

Aqueous ozone concentration was determined at 610 nm with

the Indigo method (Bader and Hoigne, 1981). The concentra-

tions of bromate and bromide ion were measured by an ion

chromatograph (Metrohm 761, Switzerland), which had a supp5

250/4.0 mm anion column, a 100 μL loop and a conductivity

detector. The mobile phase was an aqueous solution contain-

ing 3.2 mM Na2CO3 and 1.0 mM NaHCO3 with the flow rate

at 0.7 mL min−1. DOC and NPOC were determined by a total

organic carbon analyzer (Shimadzu TOC-VCPH, Japan). The con-

centration of pCBA was measured by a high-performance liquid

chromatography (HPLC), which was equipped with a symmetry

C18 column (4.6 mm × 150 mm × 5 μm, PerkinElmer, USA)

with a UV detection at 234 nm. The HPLC mobile phase was 1%

acetic acid/methanol (30/70) buffer eluent with the flow rate at

1 mL min−1.

3. Calculation method of the ratio of three pathways for

bromate formation

Bromate was formed only when the initial bromide was oxi-

dized by either O3 or •OH as the pathway in Fig. 1. The radical

reaction sequence and rate constant of each reaction have been re-

ported previously (Table 2) (von Gunten and Oliveras, 1998). As the

reaction rate of each pathway could be calculated, the fraction of

bromate formed by each pathway could be eventually determined.

Based on Fig. 1 and Table 2, the instantaneous oxidation rate of

hypobromous acid (HOBr) and hypobromite ion (BrO−) by •OH and

O3 can be calculated by Eqs. (1) and (2):

vHOBr−•OH = k8[•OH][HOBr] + k7[•OH]
[
OBr−]

= [•OH](k8CTα0 + k7CTα1) = [•OH]CT (k8α0 + k7α1)
(1)

vHOBr−•O3
= k3[O3][HOBr] + k2[O3]

[
OBr−]

= [O3](k3CTα0 + k2CTα1) = [O3]CT (k3α0 + k2α1)
(2)

where

CT: CT = [HOBr] + [OBr−] (mM), which is assumed as a con-

stant during the reaction process.

α0, α1: distribution fractions of HOBr and OBr− respectively,

which can be calculated by Ka and pH.

The percentage of HOBr/OBr− which is oxidized by OH• and O3

over a period of time can be calculated by Eqs. (3) and (4):

fHOBr−•OH =

∫ t

0

vHOBr−•OHdt

∫ t

0

(
vHOBr−•OH + vHOBr−O3

)
dt

=

∫ t

0
([•OH](k8α0 + k7α1))dt

∫ t
([•OH](k8α0 + k7α1) + [O3](k3α0 + k2α1))dt

(3)
0

Table 2

Reaction rate constants for bromate formation.

Reaction Rate constant k+ , k− or K

Br− + O3 → OBr− + O2 k1 160 M−1 s−1

OBr− + O3 → BrO2
− + O2 k2 100 M−1 s−1

HOBr + O3 → BrO2
− + O2 + H+ k3 0.01 M−1 s−1

BrO2
− + O3 → BrO3

− + O2 k4 > 105 M−1 s−1

Br• + O3 → BrO• + O2 k5 1.5 × 108 M−1 s−1

Br− + •OH → Br• + OH− k6 1.1 × 109M−1 s−1

OBr− + •OH → BrO• + OH− k7 4.5 × 109 M−1 s−1

HOBr + •OH → BrO• + H2O k8 2 × 109 M−1 s−1

2BrO• + H2O → OBr− + BrO2
− + 2H+ k9 5 × 109 M−1 s−1

HOBr ↔ H+ + OBr− Ka 1.58 × 10−9 Ma

a This is the equilibrium constant of hypobromous acid.
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fHOBr−O3
=

∫ t

0

vHOBr−O3
dt

∫ t

0

(
vHOBr−•OH + vHOBr−O3

)
dt

=

∫ t

0
[O3](k3α0 + k2α1)dt

∫ t

0 ([•OH](k8α0 + k7α1) + [O3](k3α0 + k2α1))dt

(4)

In a given temperature and pH, all the distribution fractions in

qs. (3) and (4) are constants, thus the ratio of •OH exposure to O3

xposure is the only variable that needs to be determined, which

as defined as Rct proposed by Elovitz and von Gunten (1999) in

q. (5). As the concentration of O3 could be measured directly by

he Indigo method, the ozone exposure was calculated from the in-

egral of the “ozone concentration versus time” data. On the other

and, the •OH exposure was determined by the relative decrease

or the concentration of pCBA. For the reaction period from the

nitial time to the reaction time, the •OH exposure was calculated

hrough Eq. (6).

ct =
∫ t

0
[•OH]dt/

∫ t

0
[O3]dt (5)

t

0
[•OH]dt = 1

kpCBA−•OH

ln
[pCBA]0

[pCBA]t

(6)

By substituting Eq. (5) into Eqs. (3) and (4), the following equa-

ions were obtained, which indicated that the different molar frac-

ions of HOBr/OBr− oxidized by •OH and O3 are only a function of

ct and distribution fractions.

fHOBr−•OH = Rct(k8α0 + k7α1)

Rct(k8α0 + k7α1) + (k3α0 + k2α1)
(7)

fHOBr−•O3
= k3α0 + k2α1

Rct(k8α0 + k7α1) + (k3α0 + k2α1)
(8)

On the other hand, the fractions of bromide oxidized by •OH

nd O3 can be formulated in an analogous form as follows:

fBr−−•OH = RCtk6

RCtk6 + k1

(9)

fBr−−•O3
= k1

Rctk6 + k1

(10)

Based on Eqs. 7–10, if we know a certain Rct value, then the

olar fractions of bromide ion and HOBr/OBr− oxidized by •OH

nd O3 can be respectively calculated at a given pH. These cal-

ulated data at different Rct values when pH was 8 constituted

ig. 2. From that the proportions of Br− and HOBr/OBr− oxidized

y •OH increased with the increase of the Rct value. During the

reatment of natural water containing simple organic compounds,

he Rct value ranging from 6 × 10−9 to 2 × 10−8 (i.e. the “water

reatment” part in Fig. 2) is typically applied (Pinkernell and von

unten, 2001). Under these conditions, 88–96% of bromide ion in

romate formation was oxidized by molecular ozone, while 51–77%

f the HOBr/OBr− was oxidized by hydroxyl radical, which meant

hat the direct-indirect pathway took the dominant fraction in wa-

er treatment process.

The percentage of each pathway in bromate formation could be

btained by Eqs. 11–13, and the three pathway fractions for bro-

ate formation as a function of Rct were shown in Fig. 3. As Rct

ncreased, the direct pathway fraction decreased, and the indirect-

irect pathway fraction increased, while the direct-indirect path-

ay fraction first increased and then decreased with its maxi-

um value at 69.4% (Rct = 3 × 10−8). In a natural water sys-

em (Rct = 6 × 10−9∼2 × 10−8), the direct-indirect pathway took
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Fig. 2. Molar fraction of HOBr/OBr− and Br− oxidized by •OH and O3 versus Rct

(pH = 8).
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he dominant fraction (49–68%), while the indirect-direct pathway

ook the least fraction (4–12%) for bromate formation.

fdirect = fBr−−O3
× fHOBr−O3

(11)

fdirect−indirect = fBr−−O3
× fHOBr−•OH (12)

findirect−direct = fBr−−•OH (13)

. Results and discussion

.1. Pathway fractions of bromate formation during O3 process

Fig. 4a presents the molar concentration of molecular ozone

uring O3 process in DW and SW. The results showed that there

as an initial rapid ozone consumption followed by a slower ki-

etic stage in both kinds of water. The ozone reaction rate was af-

ected by ozone self-decomposition and reaction between molecu-

ar ozone and bromide as well as brominated intermediates (Croue

t al., 1996). When organic matter existed in raw water, it would

onsume O3 at a relatively high rate (Elovitz et al., 2000). There-

ore, the ozone consumption was complex and could not be gener-

lized as a first-order process. Though the bromide concentration

n DW was very high, the O3 depletion rate in SW was slightly

igher than that in DW due to the existence of NOM. About 72%

f •OH exposure was achieved in the first 5 min in SW, while it
Fig. 3. Three pathway fractions of bromate formation versus Rct (pH = 8).

F

O

as only 50% in DW (Fig. 4b), indicating that the •OH depletion

ate in SW was higher. A high reaction rate between organic matter

ith •OH (2.5 × 104 L (mg DOC)−1 s−1) may be the cause (Elovitz

nd von Gunten, 1999). However, •OH exposure in two kinds of

ater was similar after 80 min reaction. As shown in Fig. 4c, Rct

as very high in the first 0.5 min, while it decreased significantly

nd reached its stable value after 10 min in both kinds of water.

revious studies have showed that in distilled water without bro-

ide, Rct was constant at about 1.4 × 10−8 over the entire reaction

Elovitz and von Gunten, 1999). However, for water containing high

oncentration of bromide ion, a decreased Rct in the initial phase

nd a lower Rct value after stabilization could be reached, because

romide had a higher reaction rate with •OH (1010 M−1 s−1) com-

ared with O3 (160 M−1 s−1) (von Gunten and Holgne, 1994). As

rganic matter would consume •OH quite fast, Rct was much lower

n SW than that in DW, which was in accordance with previous re-

ults (Elovitz et al., 2000; Mizuno et al., 2004).

The effects of Rct profiles on bromate formation in two kinds

f water were illustrated in Fig. 5. The results showed that the

onversion ratios from bromide to bromate were close for about

6% in both water sources. In DW the direct-indirect pathway was

n majority in the initial phase, while the direct pathway took

early the same fraction with the direct-indirect pathway after

0 min. In 80 min, the bromate formation percentage by direct

athway, direct-indirect pathway and indirect-direct pathway

as 48.5%, 46.5% and 5.0%, respectively. In SW, however, the

irect-indirect and indirect-direct pathway took nearly the same

raction in the initial phase, while the direct-indirect pathway

ecame the dominant pathway after 40 min, which took 68.9% in
ig. 4. O3 concentration, •OH exposure and Rct as a function of reaction time during

3 process (T = 20 °C, pH = 8.0–8.1, [O3]0 = 3 mg L−1).
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Fig. 5. Bromine distribution percentage during O3 process (T = 20 °C, pH = 8.0–8.1, [O3]0 = 3 mg L−1 a: DW, b: SW).

[

b

H

H

H

k

(

b

p

r

b

p

i

n

t

i

p

O

o

t

H

m

t

c

b

0

w

d

t

c

i

w

c

5

t

c

t

d

bromate formation after 80 min. It was consistent with the litera-

ture that more than 50% of the bromate was formed through the

direct-indirect pathway in River Seine water at pH 8 (Pinkernell

and von Gunten, 2001). It indicated that when no organic matter

existed in water, ozone molecule was consumed at a relatively

low rate, and the direct pathway was more important (Fig. 5a).

However, bromate was formed more rapidly at the initial stage in

SW due to a high production rate of hydroxyl radical by NOM, and

the direct-indirect pathway took the largest fraction (68.9%) after

80 min (Fig. 5b). It was concluded that the direct pathway and

direct-indirect pathway was dominant in DW, while that was the

direct-indirect pathway in SW, which indicated that hypobromous

acid/hypobromite ion was the most important intermediate prod-

uct in both kinds of water. As ammonia would react with HOBr

or OBr− to form bromamines (Ozekin et al., 1998), the addition of

ammonia would be an effective way to control bromate formation.

The effect of pH depression would also be significant, because at

lower pH more HOBr was formed. As •OH would more rapidly re-

act with OBr− (4.5 × 109 M−1 s−1) than HOBr (2 × 109 M−1 s−1),

the bromate formation by direct-indirect pathway was

limited.

4.2. Pathway fractions of bromate formation during O3/H2O2 process

With the increase of [H2O2]/[O3] molar ratio, the ozone con-

sumption rate increased (Fig. 6a, d). When no H2O2 was added

into the solution, O3 was consumed slowly and a high value of

O3 exposure could be reached after 20 min. The addition of H2O2

would cause instantaneous ozone consumption in both kinds of

water. Molecular ozone was soon depleted after 5 min when the

[H2O2]/[O3] molar ratio was higher than 0.2 in SW, while the con-

sumption rate in DW was much slower. In addition, at a low H2O2

dosage ([H2O2]/[O3] ≤ 0.1), a lower but more lasting •OH pro-

duction could be detected (Fig. 6b, e). On the contrary, the •OH

exposure approached a steady state within the first 0.5 min at

a relatively large H2O2 dosage ([H2O2]/[O3] > 0.1). In DW the
•OH exposure reached its maximum of 14.8 × 10−12 M min

when [H2O2]/[O3] was 0.2, while the maximum value was

13.0 × 10−12 M min when the ratio was 1.0 in SW. Although •OH

could be produced by the addition of H2O2, it could also be con-

sumed to reduce HOBr to bromide by residual H2O2. The reactions

were shown as Eqs. 15 and 16 (Wang et al., 2014). Therefore, the

addition of H2O2 had a dual effect on bromate formation (Kosaka

et al., 2001). It could also be deduced that a lower bromate forma-

tion and a larger bromide residual should be observed at a larger

[H2O2]/[O3] molar ratio, which was proved by analyzing the mass

balance of bromine distribution (Fig. 7). Similar results was also

obtained by other researchers (Phattarapattamawong et al., 2011),

which showed that the •OH exposure got its maximum when the
H2O2]/[O3] molar ratio was 0.5 for water containing lower initial

romide concentration (38 μg L−1).

2O2+2O3 → 2 • OH + 2O2 (14)

2O2 + •OH + HOBr → O2 + Br • +2H2O (15)

2O2+OBr− → Br−+H2O + O2 (16)

As shown in Fig. 7, in DW the bromate formation first

ept stable ([H2O2]/[O3] ≤ 0.5), and then decreased significantly

[H2O2]/[O3] ≥ 1). When no H2O2 was added into the solution, the

romate formation percentages by direct pathway, direct-indirect

athway and indirect-direct pathway were 23.7%, 66.2% and 10.1%,

espectively. As the [H2O2]/[O3] molar ratio increased to 1.0, the

romate formation fractions by direct pathway and direct-indirect

athway gradually decreased to 0.3% and 29.0%, while that by

ndirect-direct pathway increased to 70.7%. It suggested that when

o H2O2 was added, the direct-indirect pathway was dominant in

he bromate formation. The addition of H2O2 would promote the

ndirect-direct pathway and inhibit the direct and direct-indirect

athway, which was mainly caused by a high consumption rate of

3 as well as a high production rate of •OH (Eq. (14)). On the

ther hand, as the H2O2 dosage increased, it could be inferred

hat BrO• became a more important intermediate compared with

OBr/OBr−, which suggested that depressing pH and adding am-

onia would be less effective to control bromate.

In SW, the conversion ratio from bromide to bromate was lower

han that in DW, and the bromate yield increased and then de-

reased as H2O2 dose increased, which was caused by the reaction

etween O3/•OH and NOM. As the [H2O2]/[O3] ratio increased from

to 1.5, the bromate formation fraction by direct-indirect path-

ay decreased from 67.2% to 35.1%, while the fraction of indirect-

irect pathway gradually increased from 15.7% to 64.0%. The varia-

ion tendency was similar with that in DW.

The optimal ratio of [H2O2]/[O3] in DW and SW for bromate

ontrol should be 1.0 and 1.5, which might be larger for exper-

mental limitation. On this condition the indirect-direct pathway

as the most important pathway for bromate formation, which

ould be mainly controlled by adding •OH scavengers.

. Conclusions

Bromate formation by the ozonation of bromide-containing wa-

ers could be described by a limited set of chemical equations in-

luding direct reactions with molecular ozone and indirect reac-

ions with hydroxyl radical. In this study, a simple method to pre-

ict the distribution of three pathways (i.e., the direct pathway, the
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Fig. 6. O3 concentration, •OH exposure and Rct as a function of reaction time at different [H2O2]/[O3] ratios (T = 20 °C, pH = 8.0–8.1, [O3]0 = 3 mg L−1).

Fig. 7. Bromine distribution percentage after 20-min reaction at different [H2O2]/[O3] molar ratios (T = 20 °C, pH = 8.0–8.1, [O3]0 = 3 mg L−1 a: DW; b: SW).
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5

irect-indirect pathway and the indirect-direct pathway) for bro-

ate formation was developed. Distilled water containing bromide

DW) and surface water from the Yellow River (SW) were used to

nvestigate the fractions of three pathways during O3 and O3/H2O2

rocess. The main conclusions obtained were as follows.

(1) In natural water systems (Rct = 6 × 10−9∼2 × 10−8), the

bromide for bromate formation was mainly oxidized by

molecular ozone, while the intermediates such as hypobro-

mous acid or hypobromite ion oxidized by hydroxyl radical

took the percentage of 51%∼77%. The direct-indirect path-

way took the largest fraction for bromate formation during

the main ozonation phase.

(2) When ozone was only used as an oxidant, nearly 26% of

initial bromide was transferred to bromate after 80 min in

two kinds of water. Among this the direct pathway and the

direct-indirect pathway was dominant for bromate forma-

tion in DW, which took the fractions of 48.5% and 46.5% af-

ter 80 min, respectively. However, the direct-indirect path-

way took the largest fraction for bromate formation in SW

(68.9%). As hypobromous acid and hypobromite ion were
the intermediate products both in direct and direct-indirect

pathway, ammonia addition and pH depression would be ef-

fective ways to control bromate formation.

(3) When H2O2 and O3 was combined used as oxidants, with

the increase of [H2O2]/[O3] ratios, the bromate formation

fractions by direct pathway and direct-indirect pathway de-

creased, while the fraction by indirect-direct pathway in-

creased. The conversion ratio from bromide to bromate first

kept stable or increased, then decreased and reached its

minimum of 17.7% and 5.1% when [H2O2]/[O3] was 1.0 in

DW and 1.5 in SW. Under this condition the indirect-direct

pathway took the largest fraction for bromate formation

(70.7% in DW and 64.0% in SW), which indicated that the ad-

dition of •OH scavengers would be effective to control bro-

mate formation.
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