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Bromate formation in ozone-based advanced oxidation
processes (AOPs) was investigated by laboratory experiments
in combination with kinetic modeling. Oxidant concentra-
tions were monitored during the experiments, which
allows us to account for the relative contributions of ozone
and OH radical pathways. It has been shown by γ-ir-
radiation of bromide-containing solutions in the pH range
6-8 that bromate can be formed by a pure OH radical
mechanism and that hypobromous acid/hypobromite (HOBr/
OBr-) is a requisite intermediate in bromate formation.
The presence of hydrogen peroxide (H2O2), as in H2O2-based
AOPs, leads to a reduction of HOBr/OBr- and therefore
becomes a key reaction for the control of bromate formation.
The steady-state concentration of OH radicals in AOPs
is usually not high enough to compensate for this reduction
reaction. Therefore, in γ-irradiation experiments, no bro-
mate was formed in the presence of H2O2 because OH
radicals were the only possible oxidants to further oxidize
HOBr/OBr-. However, in ozone-based AOPs at pH 7,
where ozone is present in combination with H2O2, bromate
was still formed. This was attributed to the oxidation
of Br• by O3, which was investigated at pH 7. Our experimental
findings could be best explained by a corresponding
second-order rate constant k ) 1.5 × 108 M-1 s-1.

Introduction
Bromate formation during oxidative treatment of bromide-
containing drinking water has been of great concern ever
since bromate was classified as potentially carcinogenic by
the IARC (International Agency for the Research on Cancer)
in 1990 (1). In both the United States and the European
Community, maximum contaminant levels of 10 µg/L have
been set (2, 3). It has been found that these regulations can
only be fulfilled in standard ozonation if the processes are
carefully optimized (4-6). For the application of advanced
oxidation processes (AOP) such as the combination of O3

and H2O2, the extent of bromate formation is still controversial
(7-11). Some of the studies show that there is more bromate
formed in the AOP with respect to conventional ozonation,
whereas other investigations find smaller quantities of
bromate formed if H2O2 is combined with O3. These
differences are largely due to different modes of AOP
application. It has been shown that AOPs when compared
with a conventional ozonation process lead to higher bromate
concentrations, if for both processes the same ozone residual
is maintained (6). Lower bromate formations result if the

amount of dosed ozone is kept constant while increasing the
addition of hydrogen peroxide. The findings in full-scale
experiments could be explained semi-quantitatively by this
classification of the processes. However, it was impossible
to quantitate bromate formation on a mechanistic level by
only applying the earlier proposed mechanisms that include
direct reactions with molecular ozone and reactions with
secondary oxidants such OH radicals (OH•) and carbonate
radicals (12-14).

The objective of the present study was to delineate O3

and OH• reaction pathways by performing experiments either
in combined O3/H2O2 systems or with γ-irradiation where
only OH radicals are present as oxidants.

Experimental Section
All experiments were performed in deionized, redistilled
water. The pH was buffered with 2 mM phosphate. Titrisol
buffers (Merck) were used to calibrate the pH electrode.
Hydrogen peroxide-containing solutions were prepared from
approximately 30% stock solutions (Perhydrol, Merck, p.a.).
No carbonate was added to scavenge OH radicals; the
scavenging contribution of carbonate from the atmosphere
is only in the order of 1%.

Approach. (1) Ozonation Experiments. To compare the
experiments with computer-based kinetic simulations, the
oxidant concentrations (ozone and OH radicals) and hy-
drogen peroxide were measured during the experiments. Like
this, the overall oxidant concentrations were experimentally
fixed and could not be used as fitting parameters. Whereas
the concentration of O3 could be measured directly by its UV
absorbance, transient OH radical steady-state concentrations
had to be determined indirectly by the decrease of a probe
compound, which reacts negligibly with molecular ozone,
and thus its disappearance is due to reaction with OH•.
Atrazine was chosen for this purpose (kOH,atr ) 3.3× 109 M-1

s-1; 15) because of its ease of measurement and its relevance
as a micropollutant in drinking water (6). Bromide was used
as the main OH radical scavenger (to control the lifetime of
OH•). The OH radical scavenging by hydrogen peroxide was
always in the order of <3%.

(2) γ-Irradiation Experiments. The same concept was
applied as in ozonation experiments. To calculate the steady-
state concentration of OH radicals p-chlorobenzoic acid
(PCBA) was used as probe compound (kOH,PCBA ) 6× 109 M-1

s-1; 15).
Ozonation and γ-Irradiation. All ozonation experiments

were performed directly in a 5-cm quartz cuvette (thermo-
stated at 20 °C) by adding concentrated stock solutions of
ozone to the bromide-containing solution with a syringe (12,
17). Hydrogen peroxide was added before the addition of
ozone. The initial conditions of the ozonation experiments
were [Br-]0 ) 0.1-1 mM, [O3]0 ) 40 µM, [H2O2]0 ) 0.02-0.5
mM, [atrazine]0 ) 0.5 µM, pH ) 7.

All γ-irradiation experiments were performed in a 60Co
γ-radiation source with lead shielding (type GAMMACELL,
Atomic Energy of Canada; dose rate for water ) 2.1 kGy h-1

( 20% in the center of source with lead shielding). The initial
conditions of the γ-irradiation experiments were [Br-]0 )
0.05-2 mM, [H2O2]0 ) 0.01-0.05 mM, [PCBA]0 ) 0.5 µM, pH
) 6-8, room temperature. The ionizing radiation resulted
in the radiolysis of water to produce H2O2, OH•, H•, and e-

aq.
All experiments were performed in N2O-saturated solutions
with a N2O concentration of approximately 0.026 M (O2 <
3 × 10-6 M). N2O was added to transform H• and e-

aq into
OH radicals as shown in Table 1. The rate constants for the
reactions of H• and e-

aq with other selected solutes and the
* Author for correspondence: telephone: +41-1-823-5270; fax:

+41-1-823-5028; e-mail: vongunten@eawag.ch.

Environ. Sci. Technol. 1998, 32, 63-70

S0013-936X(97)00477-X CCC: $14.00  1997 American Chemical Society VOL. 32, NO. 1, 1998 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 63
Published on Web 01/01/1998



calculated first-order rate constants, k′, for the competitive
consumption of H• and e-

aq are also given in this table. This
estimate shows clearly that the main pathway of reactions
of H• and e-

aq is controlled by N2O at the beginning of the
irradiation. However, in the course of the irradiation of
solutions containing bromide and hydrogen peroxide, the
produced oxygen becomes the dominant scavenger of H•.
Only a fraction of 4% of H• reacts with H2O2. Even at long
irradiation times, only about 0.4% of the e-

aq would react
with oxygen, 0.5% with OBr-, and 0.1% with bromate if we
assume the maximum measured concentrations of these
reactants. The direct radiolysis of the solutes is negligible.

Radical production rates were calculated from the rate of
accumulation of H2O2 in irradiated air-saturated solutions
containing 1 mM and 5 mM sodium formate (pH 6.5). Under
these conditions OH•, H•, and e-

aq yield stoichiometric
amounts of O2

-, which disproportionates to H2O2. Account-
ing for the stoichiometric factor (2 O2

- f 1H2O2), the resulting
total H2O2 flux (f(H2O2)tot) is composed of 1/2f(OH•) + 1/2f(H•)
+ 1/2f(e-

aq) + f(H2O2) and was 0.17 µM/s with G values (H•

) 0.65; e-
aq ) 2.65; OH• ) 2.75; H2O2 ) 0.7) according to ref

23, which stand for the relative proportion of the primary
radiolytic formation. The total OH radical flux for N2O-
saturated solutions corresponds to the sum of the fluxes of
OH radicals (0.13 µM/s), electrons (0.12 µM/s), and H atoms
(0.03 µM/s) and could be calculated to be 0.28 µM/s. The
flux of H2O2 through direct formation of H2O2 in the spur was
0.032 µM/s.

Analysis. Ozone was directly measured by its UV ab-
sorbance at 258 nm with a molar extinction coefficient ε )
3200 M-1cm-1 (15). Hydrogen peroxide concentrations were
determined by the peroxidase-DPD method (16). Hypo-
bromous acid was determined by a DPD method using iodine
as an intermediate oxidant. Atrazine was determined by
HPLC (Hypersil ODS, 5 µm column (Florio)) with an eluent
containing 50% H2O, 25% methanol, and 25% acetonitrile
and detected by its UV absorbance at 221 nm. p-Chlo-
robenzoic acid was determined by HPLC (column: Merck
Lichrospher 100-105 µm) with an eluent containing 45% 10
mM H3PO4 and 55% methanol and detected at 234 nm. The
initial concentrations of atrazine and PCBA were 0.5 µM,
and their decrease could be measured down to the detection
limit of 0.025 µM. Bromate was determined by ion chro-
matography with conductivity after suppression. An AG9-
SC guard and an AS9-SC analytical column (Dionex) were
used for the separation. The detection limit was 2 µg/L with
a 500-µL loop (6). For the chromatographic methods,
calibration curves were measured before and after a series
of 30-50 samples. Every fifth sample injected was a control
standard.

Computer Simulations. Computer simulations of reac-
tion kinetics were performed using the program ACUCHEM,
which allows someone to simultaneously solve complicated
reaction systems (24).

To simulate the ozone decrease, there are two possible
approaches: (i) using a complete set of elementary reactions
to do an a priori calculation of the ozone depletion and (ii)
approach the ozone curves by an empirical model. Even
though the ozonation curves could be approached reasonably
well by an a priori model, the observed decrease in atrazine
representing the simulation of the OH radical concentration
could not be predicted. Therefore, the second approach was
chosen where a first-order rate constant for ozone was
introduced for each experiment to yield a good overlap of
experiment and model calculation. The decrease of atrazine
was then optimized by the net yield of OH radicals per
decomposed ozone. Best results were obtained by an OH
radical net yield of 25%, which includes the OH radical yield
from ozone decomposition and all the OH• scavenging not
accounted for by the a priori kinetic model. This net yield
seems relatively low but under the experimental conditions
in this study ozone acts as an important OH radical scavenger.

Results and Discussion
Bromate Formation by OH Radicals: Role of H2O2. So far,
there has been no experimental evidence in the literature for
bromate formation by oxidation of Br- by OH radicals only.
In the following we use γ-radiolysis to investigate the OH•

mechanism separately from any O3 involvement. Figure 1
shows bromate formation and hydrogen peroxide decrease
in bromide-containing solutions (50 µM) at pH 6 (a), pH 7
(b), and pH 8 (c) for γ-irradiation experiments. For both
concentrations of hydrogen peroxide (triangles 50 µM,
squares 10 µM) and all three pH values, it decreases linearly
with irradiation (OH radical scavenging of H2O2 < 3%). The
comparison of two different H2O2 concentrations at a single
pH shows that bromate formation (corresponding open
symbols) only starts as soon as hydrogen peroxide approaches
zero. The same behavior of H2O2 and bromate can be
observed over the pH range 6-8, which shows that the system
is not limited by pH-dependent reactions.

These experimental findings can be interpreted by the
radical reaction sequence for bromate formation in Table 2,
which has in part been postulated before (12-14). For acid-
base and hydration equilibria, diffusion-controlled reaction
kinetics are assumed. The postulated reaction sequence in
Table 2 shows that hypobromous acid (HOBr)/hypobromite
(OBr-) is a requisite intermediate in bromate formation, i.e.,
there is no bromate formation through the radical pathway
without a previous oxidation of bromide to HOBr/OBr-. In
addition to the oxidation processes, HOBr/OBr- is rapidly
reduced by hydrogen peroxide (eq 35) to bromide (36) with
a second-order rate constant that has been determined
recently (37). Our experiments show that the rate of the
HOBr-HO2

- reaction is high enough in the pH range 6-8 for
complete reduction of HOBr, thus hindering bromate
formation in γ-irradiation experiments as long as hydrogen
peroxide is in solution. In the pH range of drinking water,

TABLE 1. Relevant Reactions of e-
aq and H•

no. reaction rate constant (M-1 s-1) max concn (M) k′ (s-1) source

1 e-
aq + N2O 98

H+

N2 + •OH 9.1 × 109 N2O/0.026 2.4 × 108 18
2 e-

aq + O2 f O2
- 1.9 × 1010 O2/5 × 10-5 9.5 × 105 18

3 e-
aq + OBr- 98

H+

Br- + •OH 2.3 × 1010 HOBr/5 × 10-5 1.2 × 106 19

4 e-
aq + BrO3

- 98
H2O

BrO2 + O2
- 4 × 109 BrO3

-/5 × 10-5 2 × 105 19
5 H•+ N2O f N2 + •OH 2.1 × 106 N2O/0.026 5.5 × 104 20
6 H• + O2 f HO2 2.1 × 1010 O2/5 × 10-5 1.1 × 106 18
7 H• + H2O2 f H2O + •OH 5 × 107/9 × 107 H2O2/5 × 10-5 2.5-5 × 103 21/22

64 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 32, NO. 1, 1998



the two species H2O2 and HOBr react very slowly with a rate
constant ,103 M-1 s-1. This reaction can therefore be
neglected. Our findings allow the conclusion that bromate
can indeed be formed through a pure OH radical mechanism
and that HOBr is a requisite intermediate.

To get a quantitative interpretation of the γ-irradiation
results, a series of experiments was performed with high initial
bromide concentrations (2 mM) to assure complete scav-
enging of OH radicals via a known reaction pathway. Figure
2 shows experimental results (symbols) and kinetic simula-
tions (lines, calculated by ACUCHEM) for the species H2O2,
HOBr, BrO3

-, and •OH. Again, hydrogen peroxide decreases
linearly with the irradiation time (dose), and as soon as it is
completely depleted, HOBr starts to build up, followed by
bromate formation.

Knowing the fluxes of reactive species, some species
shown in Figure 2 can be quantitatively interpreted. Such
calculations are performed for the concentration of OH
radicals, H2O2, and HOBr, and compared with direct mea-
surements.

(1) Steady-State Concentration of OH Radicals. The
steady-state concentration of OH radicals for the experiments

shown in Figure 2 can either be measured directly by the
decrease of a probe compound (PCBA), or it can be calculated
by the difference in the rate of formation of OH radicals
(f(OH•)) and the rate of its scavenging by bromide:

f(OH•) in M s-1 is the flux of OH• into the system, determined
experimentally (see above); k′′ is the apparent rate constant
for reaction of OH• with Br-, including reactions 8-10; and
k′′ ) 1.2 × 109 M-1 s-1, for derivation see ref 38. A steady-
state concentration of OH radicals of (1.06 ( 0.1) × 10-13 M
was determined from the decrease of PCBA under the same
experimental conditions. The calculated and experimentally
determined [OH•]ss are not significantly different and confirm
the experimental intention to use bromide as the major
scavenger of OH radicals in this system.

(2) Hydrogen Peroxide. The consumption of dosed H2O2

is controlled by its reaction with HOBr (eq 35). From
reactions 8-16 in Table 2, it can be seen that stoichiomet-
rically two OH radicals are required to produce one HOBr
molecule. Therefore, the change in the H2O2 concentration
can be formulated as the difference between H2O2 dosed,
the rate of H2O2 formation, and the production of HOBr:

where f signifies flux and t is the irradiation time.
The irradiation time for which the H2O2 is depleted can

be calculated if the initial dosage of H2O2 ([H2O2]0) is known
and the additional radiolytical production is taken from the
G values and the calibration above. The theoretical irradia-
tion time calculated (by eq 38) for the complete depletion
of 21 µM dosed hydrogen peroxide is 196 s (114 Gy). This
time span matches perfectly with the experimental finding
of 195 s (113.7 Gy) shown in Figure 2. This stoichiometric
check based on the H2O2-HOBr reaction is another confir-
mation of the proposed mechanism involving HOBr as a
requisite reaction intermediate.

(3) HOBr and BrO3
-. Figure 2 also shows the evolution

of hypobromous acid and bromate. A buildup of HOBr was
only observed after H2O2 had approached zero. The buildup
of HOBr is controlled by its formation through reactions 8-16
and its reduction through reactions 34 and 35. Superoxide
radicals are formed through reaction of H• with oxygen, which
is produced from the reduction of HOBr with H2O2 (eq (35).
According to Table 1, all H• reacts with oxygen at this stage
of the reaction ([O2] g 2 × 10-5 M, t g 200 s). Hence, the
initial rate of HOBr formation can be formulated resulting
from oxidizing (OH radicals and electrons) and reducing (H
atoms and hydrogen peroxide) processes:

This calculated initial rate matches well with the rate derived
from the initial slope of the HOBr curve in Figure 2, which
is 6.7× 10-8 M s-1. After the initial linear increase of HOBr,

FIGURE 1. γ-Radiolysis: Bromate formation (open symbols) and
decrease of hydrogen peroxide (closed symbols) as a function of
the irradiation time (dose rate 0.583 Gy/s) at pH 6 (a), pH 7 (b); and
pH 8 (c) for two hydrogen peroxide concentrations (closed triangles
50 µM, closed squares 10 µM). Initial conditions: [Br-] ) 0.05 mM,
2 mM phosphate, N2O-saturated solutions.

d[OH•]
dt

) f(OH•) - k′′[OH•]ss[Br-] ) 0 (36)

[OH•]ss )
f(OH•)

k′′[Br-]
)

0.28 × 10-6 M s-1

(1.2 × 109 M-1 s-1) × (2 × 10-3 M)
) 1.2 × 10-13 M

(37)

[H2O2](t) ) [H2O2]0 + f(H2O2)t - 1
2

{f(OH•) + f(H•) +

f(e-
aq)}t (38)

d[HOBr]
dt

) 1
2

{f(OH•) + f(e-
aq)} - f(H•) - f(H2O2) )

6.5 × 10-8 M s-1 (39)
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it reaches a steady-state concentration of approximately 55
µM, which cannot be explained by a simple approximation.

The concentrations of hydrogen peroxide, hypobromous
acid, and bromate shown in Figure 2 were calculated by
kinetic simulations including the radical fluxes and the
equations given in Table 2. Kinetic modeling (lines) of all
species showed good agreement with the measured data
(symbols). Model calculations yield an OH radical steady-
state concentration of 1.2 × 10-13 M (Figure 2, top curve),
which is also within the experimental error of the data shown
above (1.2× 10-13 M based on flux calculations, 1.06× 10-13

M based on the decrease of PCBA). Some deviations between
experiments and kinetic calculations may result from the

experimental variations due to positioning of the sample in
the 60Co source.

Bromate formation has a lag-phase with respect to HOBr
formation. This is plausible since bromate has HOBr as a
requisite intermediate and a measurable buildup of bromate
can only start when the concentration of hypobromous acid
reaches a certain level. The comparison of the experimental
data with model calculations show again an almost perfect
agreement (Figure 2). It could be shown by kinetic modeling
that bromate is formed predominantly by the reaction
sequence 22, 25, 27, and 28 and only to a fraction of 10% by
the sequence 22, 25, and 26.

TABLE 2. Reactions Occurring during γ-Irradiation of Bromide- and Hydrogen Peroxide-Containing Solutionsa

no. reaction k+, k-, or K source

8 Br- + •OH a BrOH- 1010 M-1 s-1, 3.3 × 107 s-1 25
9 BrOH- f Br• + OH- 4 × 106 s-1 25

10 Br• + OH- f BrOH- 1.3 × 1010 M-1 s-1 26
11 BrOH- + H+ f Br• + H2O 4.4 × 1010 M-1 s-1 27
12 BrOH- + Br- f Br2

- + OH- 2 × 108 M-1 s-1 27
13 Br• + Br- a Br2

- 1010 M-1 s-1, 105 s-1 25
14 Br2

- + Br2
- f Br3

- + Br- 2 × 109 M-1 s-1 28
15 Br3

- a Br2 + Br- 8.3 × 108 s-1, 1010 M-1 s-1 29
16 Br2 + H2O a HOBr + H+ + Br- 5.8 × 10-9 M2 29
17 HOBr a OBr• + H+ 1.58 × 10-9 M 30

(18 Br2
- + OBr- f BrO• + 2Br-) 8 × 107 M-1 s-1 ? 18

19 Br• + OBr- f BrO• + Br- 4 × 109 M-1 s-1 26
20 •OH + OBr- f BrO• + OH- 4.5 × 109 M-1 s-1 18
21 •OH + HOBr f BrO• + H2O 2 × 109 M-1 s-1 18
22 2BrO• + H2O f OBr- + BrO2

- + 2H+ 5 × 109 M-1 s-1 18
23 BrO• + BrO2

- f OBr- + BrO2 3.4 × 108 M-1 s-1 18
24 Br2

- + BrO2
- f OBr- + BrO• + Br- 8 × 107 M-1 s-1 18

25 •OH + BrO2
- f BrO2 + OH- 1.9 × 109 M-1 s-1 18

26 •OH + BrO2 f BrO3
- + H+ 2 × 109 M-1 s-1 31

27 BrO2 + BrO2 a Br2O4 1.4 × 109 M-1 s-1, 7 × 107 s-1 18
28 Br2O4 + OH- f BrO3

- + BrO2
- + H+ 7 × 108 s-1 18

29 H2O2 + •OH f HO2 + H2O 2.7 × 107 M-1 s-1 18
30 HO2

- + •OH f O2
- + H2O 7.5 × 109 M-1 s-1 32

31 H2O2 a HO2
- + H+ 2.5 × 10-12 M 33

32 HO2 a O2
- + H+ 1.6 × 10-5 M 34

33 •OH + •OH f H2O2 5.5 × 109 M-1 s-1 32
34 O2

- + HOBr f O2 + Br• + OH- 3.5 × 109 M-1 s-1 35
35 HO2

- + HOBr f Br- + O2 + H2O 7.6 × 108 M-1 s-1 37
a k+, forward reaction; k-, backward reaction; K, equilibrium constant.

FIGURE 2. γ-Radiolysis: Hypobromous acid, bromate formation, decrease of hydrogen peroxide, and calculated OH radical concentration
as a function of the irradiation time (dose rate 0.583 Gy/s) at pH 7 for N2O-saturated solutions. Symbols represent experimental data, and
curves represent the kinetic simulations. Initial conditions: [Br-] ) 2 mM, [H2O2] ) 0.021 mM, 2 mM phosphate.
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In the kinetic simulations, a good agreement could only
be achieved when neglecting reaction 18. If this reaction is
included, the concentration of HOBr is underestimated
approximately a factor of 4, and bromate is overpredicted by
a factor of 2 when compared with measured values. The
rate constant for reaction 18 was measured from pulse-
radiolysis experiments of bromide-containing solutions at
pH 12 by following the decrease of Br2

- in presence of OBr-

(18). However, in the original work the authors did not
evaluate the postulated reaction carefully enough and just
proposed one possibility. From our results it appears that
reaction (18) is not occuring as it was proposed by ref 18.
Therefore, we do not include the reaction in our kinetic
simulation model.

Bromate Formation in an Advanced Oxidation Process
(O3/H2O2). If a combination of ozone and hydrogen peroxide
is applied, both the reactions shown in Table 2 and the
additional reactions involving molecular ozone (Table 3) are
important for bromate formation. This combined mecha-
nism also leads to HOBr/OBr- as a requisite intermediate
that is subject to rapid reduction to Br- by H2O2 (37). For
an ozone concentration of 2 mg/L (50 µM), the first-order
rate constant for the oxidation of HOBr/OBr- by ozone is 4
× 10-5 s-1. For a typically applied w/w ratio of O3/H2O2 of
3, the first-order rate constant for HOBr/OBr- reduction by
H2O2 (20 µM) is 0.38 s-1 at pH 7. This estimate of the

competition kinetics shows that in combined processes O3/
H2O2 undetectable amounts of bromate should be produced
for the range of bromide concentrations typically found in
water treatment. However, under such treatment conditions
in full-scale experiments, high bromate concentrations can
still be formed (6). To further clarify this paradox between
experimental findings and model predictions, we performed
experiments with varying hydrogen peroxide and bromide
concentrations.

(1) Influence of Hydrogen Peroxide. Ozone depletion
curves for varying H2O2 (0.02-0.5 mM) and constant bromide
concentrations (0.1 mM) are shown in Figure 3 for a pH of
7. The corresponding results for atrazine and H2O2 are shown
in Figure 4a; bromate formation after complete depletion of
ozone is depicted in Figure 4b. The measured ozone
depletion as shown in Figure 3 (lines) gets faster with
increasing H2O2 concentration. This can be well modeled
(symbols) by the combination of the reactions shown in
Tables 2 and 3 and an additional empirical first-order reaction
for ozone depletion.

As shown in Figure 4a, the maximum decrease of atrazine
is reached at an initial H2O2 concentration of about 0.3 mM;
further increases in H2O2 concentration do not lead to
significantly better removal. The model reflects this behavior
quite well, within the experimental error of the rate constant
kOH,atr. This means that the assumed net OH radical yield,
and therefore the exposure to OH radicals (∫[OH•]dt), is well
reflected by the model. The final H2O2 concentrations as a
function of the initial H2O2 concentrations are also shown
in Figure 4a. In general, the H2O2 concentration decreases
by about 75% of the added ozone concentration due to the
reaction between H2O2 and formed HOBr/OBr- (i.e., reaction
35). The agreement between experiments (symbols) and
kinetic modeling (line) is reasonable considering the sim-
plifications in the model (no direct reaction of HO2

- and O3

included in the model). Therefore, measured and modeled
ozone and atrazine concentrations allow the assumption that

FIGURE 3. Combined O3/H2O2 experiments for varying [H2O2]0 concentrations: Decrease of the concentration of ozone as a function of
the reaction time at pH 7. Curves, experimental data; symbols, kinetic simulations. [O3]0 ) 4 × 10-5 M (2 mg/L), [Br-]0 ) 0.1 mM, [H2O2]0

varying as indicated on the curves.

TABLE 3. Molecular Ozone Reactions for Bromate Formation

no. reaction rate constant (M-1 s-1) source

40 Br- + O3 f OBr- + O2 160 30
41 OBr- + O3 f Br- + O2 330 30
42 OBr- + O3 f BrO2

- + O2 100 30
43 BrO2

- + O3 f BrO3
- + O2 .1 × 105a 30

a Bromate formation is not sensitive to rate of this reaction; 1 × 105

M-1 s-1 was assumed for kinetic modeling.
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we know the overall oxidant concentration in our experi-
ments. This knowledge enables us to model bromate
formation under controlled conditions.

In Figure 4b, bromate formation is shown for duplicate
experiments (open and closed circles). With an increasing
hydrogen peroxide concentration, we observe an increase in
bromate that eventually decreases slowly again. Modeling
of the data by the combination of the reactions shown in
Tables 2 and 3 yields bromate as shown by the solid line in
the lower part of Figure 4b. For small H2O2 concentrations
(e0.02 mM), the experiments are well represented by the
model. However, when the H2O2 concentration is increased,
the model completely underestimates the experimental
findings. Since we have shown in our γ-irradiation experi-
ments that in the presence of H2O2 all HOBr/OBr- is reduced
to Br-, there has to be a direct mechanism for bromate
formation not involving HOBr/OBr- as a requisite reaction
intermediate. However, again from the γ-radiolysis experi-
ments, we know that HOBr/OBr- is a requisite reaction
intermediate if OH radicals are the only oxidants. Therefore,
in the presence of molecular ozone a further reaction has to
be postulated:

This reaction (44) is well known from gas phase chemistry
where it is reported to be very fast (39). By an iterative
process, we optimized the rate constant for reaction 44 by
including reaction 44 and the reactions in Tables 2 and 3 and
obtained the best agreement for the bromate concentration
in Figure 4b with a rate constant of k44 ) 1.5 × 108 M-1 s-1.
The result of model calculations including reaction 44 is
shown in Figure 4b by the upper bromate formation curve.
The model calculations for bromate now are in good
agreement with the experimental data, with some deviations
at high H2O2 concentrations. Our model does not predict
the slight decrease in bromate formation for initial H2O2

concentrations above 0.5 mM. The discrepancy might be
due to the fact that for high hydrogen peroxide concentrations
small differences in the ozone profiles (experiment vs model)
are more critical in terms of the overall oxidant budget of the
reaction system.

FIGURE 4. Combined O3/H2O2 experiments at pH 7 for varying [H2O2]0:
Symbols represent experimental data; curves represent the kinetic
simulations. (a) Final concentrations of atrazine (circles) and
hydrogen peroxide (triangles) as a function of the hydrogen peroxide
dose. (b) Bromate concentrations after depletion of ozone for
duplicate experiments. Two kinetic simulations are shown including
or excluding the reaction between Br• and O3. [O3]0 ) 4 × 10-5 M
(2 mg/L), [Br-]0 ) 0.1 mM, [atrazine]0 ) 0.5 µM, [H2O2]0 varying as
indicated.

FIGURE 5. Combined O3/H2O2 experiments at pH 7 for varying [Br-]0: Decrease of ozone concentration as a function of reaction time. Curves,
experimental data; symbols, kinetic simulations. [O3]0 ) 4 × 10-5 M (2 mg/L), [H2O2]0 ) 0.1 mM, [Br-]0 varying as indicated on the curves.

O3 + Br• f BrO• + O2 (44)
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(2) Influence of Bromide. To further test the mechanism
including reaction 44, a series of experiments was performed
at pH 7 where the initial H2O2 concentration was kept
constant at 0.1 mM while the bromide concentration was
varied between 0.1 and 1 mM. The ozone depletion curves
for these experiments are shown in Figure 5, while the
corresponding data for atrazine, H2O2, and bromate are
presented in Figure 6a,b.

With increasing initial concentrations of bromide, a faster
depletion of ozone is observed (Figure 5). This is a result of
the direct reaction of ozone with bromide. The model
calculations for ozone depletion were obtained using an
empirical first-order rate equation as described earlier. There
is again good agreement between experimental (lines) and
modeled data (symbols). Therefore, the oxidation processes
by molecular ozone are well defined for further modeling.

In Figure 6a, the measured concentrations (symbols) of
atrazine and hydrogen peroxide for complete depletion of
ozone are shown as a function of the initial bromide
concentration. For bromide concentrations >0.2 mM, almost
no decrease of atrazine has been measured, reflecting very
low concentrations of OH radicals. For lower bromide
concentrations, an atrazine decrease of up to 30% of the
initial concentration of 0.5 µM was observed. The model
calculations (line) were obtained as above by fitting an
empirical net yield of OH• per ozone consumed to the
experimental data. The good agreement with the measured
atrazine data indicates that the model is reasonably well
calibrated with respect to the exposure to OH radicals, i.e.,
∫[OH•]dt.

In all four experiments shown in Figure 6a, the measured
H2O2 concentration (symbols) decreases by approximately
the equivalent of the ozone added. This is due to the
formation of HOBr/OBr- and its subsequent reduction by

H2O2. Kinetic calculations (line) predict the same behavior
within certain limits (ozone-hydrogen peroxide reactions
are not included). Figure 6b shows the corresponding
bromate formation data. The measured bromate formation
(circles) decreases as the initial bromide concentration
increases. This is due to the enhancement of the direct
reaction of bromide with ozone-forming HOBr/OBr-, which
is rapidly reduced by H2O2. As all the O3 is consumed in the
oxidation of Br- to HOBr/OBr-, there is no residual O3 to
further oxidize Br•.

Model calculations (lines) for the data shown in Figure
6b were again performed using the equations shown in Tables
2 and 3 (solid line) and accounting for reaction 44 (dashed
line). The simulation for the reaction system without eq 44
shows that the direct reactions of bromide with ozone cannot
account for the measured bromate formation. However,
including reaction 44, a decent agreement between experi-
mental data and model calculations can be observed.

In conclusion, a simplified version of the reaction mech-
anism based on the experimental findings is depicted in
Figure 7. The conventional mechanism including oxidation
of bromide to HOBr/OBr- by ozone and/or OH radicals and
its further oxidation by ozone and OH radicals is shown in
the middle of Figure 7. This mechanism including HOBr/
OBr- as a requisite intermediate is affected by H2O2, which
forms bromide by a fast reduction process. If both ozone
and hydrogen peroxide are present in an AOP, an additional
oxidation process has to be included in order to explain the
measured bromate formation. It involves the oxidation of
the Br radical with O3 to BrO•, which is an important precursor
for bromate formation (compare to Table 2). From this study,
it can also be concluded that the addition of H2O2 as a control
option to minimize bromate formation does not apply to
ozonation processes because the direct reaction of the Br
radical with ozone has to be considered. In regard to the
different application modes of the O3/H2O2, this reaction
might explain the differences in bromate formation that have
been reported in the literature.
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