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Abstract

A pilot-scale study of the ozonation of surface waters containing moderate
levels of bromide (Br~) was conducted in order to collect kinetic parameters
suitable for modeling the production of bromate. Operating in a pre-
ozonation mode, the two surface waters were dosed under conditions
designed to theoretically provide greater than 0.5 log,, inactivation levels for
Giardia. Key results from the experimental study and kinetic analysis of
bromate formation in these two waters are:

1) Bromate production results from rapid free radical processes. The slower,
recursive reactions involving the direct oxidation of bromide and
hypobromite by ozone are insignificant.

2) Ozone residual is the controlling factor in the rate and extent of bromate
formation.

3) Hypobromite and hypobromous acid are formed primarily as minor
byproducts of oxybromine radical decay, and do not play a significant
role as precursors at pHs less than 9.0.

4) Naturally occurring organic matter plays a complex role in production and
consumption of both oxygen radicals and possibly oxybromine radicals.

5) Gas-liquid contactor hydrodynamics play a critical role in bromate
formation, influencing mass transfer rates, peak ozone residuals,
spatial-temporal concentration gradients, and liquid backmixing
phenomena.

INTRODUCTION

Oral feeding studies involving rodents have shown that the ingestion of
bromate (BrO,) via drinking water can promote the formation of renal
tumors (Kurokawa et al, 1987). Given this data, the United States
Environmental Protection Agency (USEPA) has classified BrO3 as a possible
human carcinogen, and is likely to propose a maximum contaminant level in
the range of 5 - 10 ug/L..

Initial mechanistic studies on the toxicity of BrO; have focused on the
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formation of 8-hydroxy-deoxyguanosine (8-OHdG), an oxidation byproduct
of the DNA base guanosine, as a possible cause for the production of renal
tumors (Kasai, 1987). As guanosine has the lowest oxidation potential, E* =
0.71 V, of the DNA bases, guanosine acts preferentially as an electron source
for the reduction of radical adducts of other DNA bases, as well as most
other organic and inorganic radicals (Jovanovic and Simic, 1986).

At acidic pHs, as may occur under physiologic conditions, Brog is a
moderately strong oxidant, E =1.15 V, with reaction rates generally
proportional to [H +)2 (Figure 1) (Noyes, 1980; Jwo and Chang, 1989). Under
these conditions, BrO, is known to react directly with a number of aromatic
compounds, particularly hydroxy-aromatic and amino-aromatic compounds,
generating aromatic radicals (Orban and Koroés, 1978; Herbine and Field,
1980). Furthermore, the decay of BrO, under strongly acidic conditions
exhibits complex autocatalytic behavior (Field et al., 1972). As a result, a
number of other oxidants, such as bromine dioxide (BrO,), bromite (BrOi),
and bromine (Br,), which are capable of generating organic radicals and
brominated organic species, may be cyclically regenerated during the
reduction of BrO; (Noyes, 1980). In particular, BrO, (E°=1.33 V) is known
to rapidly oxidize a variety of organic compounds, and is likely to play a key
role in the formation of organic radicals under physiologic conditions (Neta
et al. 1988).

Base_d on the lack of reaction during in vitro studies of the interaction of
BrO; with guanosine, Kasai et al. (1987) concluded that the oxidation of the
guanosine base resulted from indirect radical reactions, possibly involving the
hydrogen peroxide (H,0,) induced formation of oxygen radicals. However,
the details of this study were not noted, particularly the pH ranges over which
this reaction was studied, and whether any substances were added to induce
the decomposition of Br03—. Based on the previous discussion, it would
appear that it is not the simple presence of BrO,, but the rate and extent of
BrO, decay which control the formation of organic radicals.

A number of kinetic models are available for modeling the decay of Brog at
acidic pHs in the presence of aliphatic and aromatic compounds (Edelson et
al., 1979; Field and Boyd, 1985; Gyérgyi et al., 1985; Gyorgyi and Field, 1991;
Turényi et al., 1993). While these models may prove to be simplistic in
comparison to human physiology, they may be of some use in modeling the
decay of BrO; within the human gut.

Previous Studi
Recent studies of the formation of bromate during the ozonation of bromide-
containing surface waters have focused primarily on the direct oxidation
pathway, as described in the extensive study of the oxidation of Br~to BrO;
in distilled water by Haag and Hoigné (1983).
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O, + Br—=> BrO~ + O, )
3 -1 -1
k, = 160 M
Oy + BrO~— - Br~ + 20, (2)
ky = 330 M1s!
O, + BrO~ BrO% + 0, 3)
ky = 100 M5!
05 + BrO, -> BrO; + Oy (4)

kg = > 1x 10O MTs?

In this model, the oxidation of hypobromite (BrO~) to bromite (BrOé) is t.he
rate controlling step in the formation of BrO;. As a n.:sult,‘ control strategies
for minimizing BrO, formation have been based primarily on minimizing
hypobromite (BrO~) concentrations, either through pH reduction

HOBr= H* + BrO- (5.6)
pK, = 88

or reactions with ammonia (NH;) (Haag and Hoigné, 1983; Wajon and
Morris, 1982; Pastina Christina, et al., 1984).

HOBr + NH; # NH,Br + H,0 (7.8)
k, = 74 x 107 M5!
kg = 0357

In a previous pilot-scale study, the formation of bromate (Br.03) was found
to increase under conditions designed to optimize the producnoq of hydroxyl
radicals (OH) (Metropolitan Water District of Southern California and James
M. Montgomery, Consulting Engineers, Inc., 1991) The PEROXONE process,
which involves the optimized pre-addition of H,0, to the 05 contactor
influent, was found to significantly increase BrO; formation.

The fact that BrO:; formation increased under these treatment cqnditions is
particularly interesting in that H,O, has long been known to rapidly reduce
HOBr and BrO~ to Br~ (Young, 1950; Buxton and Dainton, 1968).
HOBr + H,0, = Br™ + H* + H,0+ O, C)]
ko = 58x 100 M1 7

BrO~ + H,0, = Br~ + H%O + 0, (10)
kyg = 5 x 100 M1 s (assumed rate)
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leeq thét the rate of HOBr reduction by H,0, is much greater than the rate
of oxidation of BrO™ by Oy, particularly at a pH of 8.0, the high levels of
Br.()3 t_’ormed during these experiments could not have fbeen a result of the
oxidation of .BrO' or HOBr by O;, OH, or other oxidizing radicals
Furthermore, it would appear that the oxidation of Br=by OH, not 0, .

OH + Br~# BrOH- 1
1,12
kyy = L1x 1010 M1 5 (i
N ki = 33x107 5!
is the initial reaction in the formation of BrO. under th iti
(Zehavi and Rabani, 1972). 3 r these condiions

The§§ conclusions are supported by the results of testing involving the pre-
addition of NH; to O contactor influent. At concentrations up to 0.5 mg-
N/L, NH; was found to have little impact on the formation of BrO;, (Krasner
et al., 1993). As the rate of reaction of NH; with HOBr is extrergely rapid
even at low pHs, the lack of any significant impact on BrOS productior;

indicates that Br03 formation results from reactions not involving the HOBr
and BrO~ species.

Bascd on this analysis, further pilot scale tests were conducted to examine the
impact of contactor operations on the kinetics of BrO; formation by a
presumed free radical mechanism.

METHODS
(0)

Oy resndpal_s were measured by a gravimetric adaptation of the standard
volun}c.mc_md.lgo technique. The volume of ozonated water added to a flask
containing mdlgo was determined by weighing the flask prior to sampling and
aft?r sampling, with the difference being equal to the sample volume. O

residual were calculated from the formula s

O3 (mg/L) = * - *
0.42 * SV * |
where ABS = sample absorbance at 600 nm
TV = total volume = SV + indigo aliquot (mL)
SV = sample volume (mL)
1 = absorbance pathlength (cm
042 =¢/MW = (20,000 M cm™/48,000 mg/mole)

Fron? this formula it can be seen that the standard formula is a specific case
of this more general equation.

In a comparison of the gravimetric method and the standard volumetric
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method using ozonated surface water, the gravimetric method samples were
found to have higher O residuals, 0.453 vs. 0.392, with equal precision for
both methods (n=20). The apparent difference between the two methods
appears to be due to a negative bias of the volumetric method with Oy losses
resulting from offgassing during turbulent thin layer flow down the neck of
the volumetric glassware, as well as Oy decay prior to bulk mixing during the
neck filling portion of sampling.

Hydrogen peroxide was analyzed by the enzymatic fluorescence method with
modifications as suggested by Zika and Saltzman (1982) and Zepp et al.
(1988). O, was stripped from solution using a oil-free compressor with the
gas passing through a one-inch diameter spherical diffuser at the bottom of
the graduated cylinder. The stripping procedure was followed to eliminate
Oj residuals and the consequent artifact formation of H,O, resulting from
the reaction between O, and p-hydroxyphenylacetic acid during sample
addition. The fluorescence reagent was prepared as described by Kok et al.
(1986) with the exception that 50 mg/L of horseradish peroxidase was used
in the preparation of 100 mL of fluorescence reagent (Zepp et al., 1988).

Bromate

Bromate was analyzed by ion chromatography using bicarbonate-carbonate
eluent and a 200 uL injection loop (Krasner et al., 1993). During the period
over which these experiments were conducted, the minimum reporting level
for Brog concentration was lowered from 5 ug/L to 3 pg/L. Unless
otherwise noted, Oy residuals were allowed to decay within the sample
bottles. Sample quenching was accomplished by the addition of sufficient
diethylamine to produce a 100 ppm solution upon bottle filling.

. . rban
Bromide, and total organic carbon were measured in accordance to method
description in Standard Methods. UV absorbance was measured ina 1 cm cell
at 260 nm.

W'
Two surface which are imported to the Southern California region were
studied. State Project Water (SPW), taken from the East Branch aqueduct,
was used in the majority of the experiments. SPW is impacted by saline water
prior to transport to Southern California reservoirs. As a resuit, Br~ levels
have varied over the past several in the range of 0.15-0.45 mg/L.

Colorado River Water (CRW) was used in a number of experiments to
compare BrO; formation in different source waters. CRW typically contains
less than 0.08 mg/L of Br~. For the experiments with CRW, Br~ was added
as the NaBr salt. Further descriptions of the two surface waters can be found
the report by MWDSC and JMM (1991)
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Contactors

Two contactors, 50 L and 100 L, were constructed of PVC, with portions near
the diffusers constructed of clear PVC. Both were constructed and operated
intermittently for a year prior to the onset of this study. Both were equipped
with approximately 25 sample taps with the majority placed near the
diffusers. The sample taps were 1/4" O.D. teflon tubing with the flow
controlled during sampling by a 1/4" stainless steel ball valve.

The 50 L contactor was constructed with 3" O.D. pipe and was approximately
1050 cm in total length. The downflow, gas-liquid contacting portion of the
contactor was 525 cm in length, with the 1" diameter spherical diffuser placed
20 cm above the bottom. The horizontal flow portion, 75 cm in length, was
the intermediate portion between the downflow leg and the 475 cm upflow
portion. The 100 L contactor, constructed of 6.4" O.D pipe, was 550 cm in
length, with the diffuser placed at the mid-portion of the contactor. Both
contactors were operated at water flow rates ranging from 5 to 20 gpm.

O; was generated from hospital-grade oxygen using laboratory scale O,
generators. Gas concentrations in most experiments were typically 2.0%
(w/w), as measured by UV absorbance.

Kinetic M

The radical reactions were modeled using the RIS@ model to account for
oxyradical behavior; the various bromine and oxybromine species were
modeled using the NDRC-NIST inorganic radical database as the primary
reference source and guide (Bjergbakke et al., 1984; Bjergbakke et al., 1989;
Neta et al., 1988). Organic radicals were modeled primarily on reaction sets
described in the database compiled by Neta et al., (1990). Reaction sets
describing key reactions of HCO3-CO§' system as well as impact of NH;
were included in the BRDOM model as well.

The stiff, coupled, nonlinear differential equations, comprised of 65 species
and 190 reactions, were integrated using a reaction kinetics modeling program
utilizing a variable-step adaption of Gear’s method and a sparse Jacobian
matrix (Braun et al., 1988).

Direct Oxidation Madel

The direct oxidation model, as proposed by Haag and Hoigné (1983), was
altered so that the oxidation of BrO, by O; would be analogous to the
reversible oxidation reaction of chlorite (Haag and Hoigné, 1983; Klining et
al, 1985; Klining et al,, 1984).
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0, + BrO, # 05 + BrO, (22,23)
ky = 1x10° M5!
ky; = Sx 108 M1 st

Furthermore, the acid dissociation constant for bromous acid (HBrO,) was

HBrO, = H* + BrO, (24,25)
pK, = 49

was assume to be equal to 4.9, rather than the value of 2 expected using.the
Pauling relationship for oxoacids. This value is based on recent reevaluations
of the kinetics and thermodynamics for the decay of BrO, (Massagali et al,
1970; Field and Fosterling, 1986).

These decay initiating reactions, along with the following reaction,

O + Bry > 0, + Br, (26)
kys =5x 10% M! 51 (assumed rate)

which is analogous to the oxidation of Br, by HO,, wou{d also explain the
results of Sayato et al. (1990) that in solutions with very high Br~levels, OH
radicals were responsible for the conversion of Br~ to HOBr (Sutton and
Downes, 1972). A similar reaction involving the oxidation of Cl, by O has
recently been reported (Bielski, 1993).

INITIAL RESULTS

The formation of BrO; in the two waters is a rapid process {Table 1).
Furthermore, it is scaled to the rate and extent which the O, re§ldual decgys,
and not to the lifetime of O; as would be expected from the direct reaction
model. A comparison of the actual BrO, formation to the predxcteq B.rO3
formation, based on the direct reaction model is included to further highlight
the deficiencies of the direct reaction model. The concept tl}al .Br013
formation is dependent on O residual decay and not O, residual lifetime is
further illustrated in Table 2 which compares the production of BrOs in two
different waters. As shown, the two water had similar levels of BrO;
formation despite pronounced differences in O; decay rates.

OH Radical S . .
Radical scavenging experiments, using isopropyl alcohol (IPA) as the primary
OH scavenger, show that the rapid oxidation of Br~ by OH to be the.key
reaction in initiating the formation of BrO; (Tabl_e 3). The mlmm?l
scavenging effect found at the lowest IPA concentration, 0.3 mg/L, again
suggests that the oxidation of HOBr and BrO~, in this case by
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OH + HOBr - BrO + H,0 (13)
ki3 =20 x 10° M1

OH + BrO- - BrO + OH- (14)
kig =42x10° M1 5t

OH radicals, plays little, if an i N ion i
i \ y, role in BrO; production in these wat
(Klaning and Wolff, 1985; Buxton and Dainton, 1968). Had these rcacti;r::

layed a signifi i i 3 i
Eavye resuli%lclil. icant part in the formation of BrO,, a 50% reduction should

Further analysis of the impact of IPA addition on BrO_ f i

actual .rf:duct_ions are less than the theoretical ieg:‘:;?::sn Stl::s‘:fi ﬂ:fx:
competition kinetics between IPA and Br~ for OH radicals. This is due to
the scavenging of OH radicals primarily by naturally occurring dissolved
organic matter (DOM) (Hoigné et al., 1987, Haag and Yao, 1991).

OH + DOM - *DOM + OH~- (15)
kis = 2 x 10* L/mg 5!, [DOM] = TOC (mg/L)

At higher O, doses, similar results are found, with BrO; f i

bf:low the detection limit, when sufficient IPA was addgd (z'rrn;zﬂzog)‘rii:l :;f:l
higher O, doses, the actual reductions in BrO; formation agreed fairly well
with the predicted reductions, based on the kinetic competition for OH
between Br-and IPA (Wolfenden et al., 1982).

OH + CHOH(CH,), - *COH(CH,), + H,0
16
ki = L9x 109 M1 st e e

In similar experiments using ethanol as a radical scav

different results were found. While ethanol reacts with Ol: g%‘:lrl’e Z(;m:“rl':?:
as IPA, ethanol was much more effective in lowering BrO; production, even
when compared on a molar basis (Table 4) (Wolfenden et al., 1982)., This
appears to be due primarily to the enhanced decay rate of Oj; in the presence
of ethanpl (Staehelin and Hoigné, 1985). Alternately, this phenomena ma
be explained by the fact that the primary oxidation byproduct of ethanol thc):’
hydrated form of acetaldehyde, reacts more quickly with OH than (,ioes
ethanol (Schuchmann and von Sonntag, 1988; Wolfenden et al., 1982). In

contrast, acetone reacts much more slowly wi
(Wolfenden et al,, 1982). owly with OH than does IPA

o) -
To further explore the relationshi i X
ip betw
formation, o Plore the re hip between O; dose, 05 rgsndual, and BrO;
o , r of expeniments were conducted with the contactor
operated in a recycle mode. In these experiments, O, was applied in small
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sequential increments over an extended period of time. Table 5 compares the
BrO, formation in these experiments to the results of the experiments where
O; was applied in a single dose. As shown, BrO; formation shows little
dependence on accumulated O dose, but is highly dependent on O residual.

The results of these recycle experiments are similar to the results of bench-
scale experiments conducted where extended Oz doses are required to
produce measurable quantities of BrO; in surface waters containing moderate
levels of Br— (Krasner et al,, 1991; Siddiqui and Amy, 1993; Glaze et al,
1993). To better mimic both BrO, formation and the mass transfer and
decay of O; residuals within pilot-scale and full-scale O, contactors, future
bench-scale experiments should revert back to using concentrated aliquots of
aqueous O for dosing experiments. Alternately, to lower BrO; production
in full-scale facilities, future O contactors should be designed to maintain
low Oj residuals throughout the contactor.

In a number of experiments, the impact of the gas-liquid mixing zone above
the O, diffuser on BrO, formation was studied. In the first experiment, the
possibility that the formation of BrO; is influenced by gas-liquid interfacial
reactions was investigated. This was checked by comparing the production
of BrO; in a low Br~ (0.08 mg/L) surface water where additional Br~(0.25
mg/L) was added to the water flow at two different locations. In the first
run, Br— was added to the contactor influent. In the second run, Br~ was
added just downstream of the O, diffuser in the gas free reaction zone. Both
runs were found to have similar BrO; levels, with the second run having a
slightly higher level of BrO; formation. These two runs confirm that BrO;
forms primarily as the result of the decay of O;.

In the second experiment, the impact of gas-liquid hydrodynamics on BrO;
formation was investigated. In a number of runs, the formation of BrO; in
the 3" (7.7 cm) diameter - 50 L contactor used in the majority of experiments
was compared to a 6.4" (16.2 cm) diameter - 100 L contactor. The primary
difference between the two contactors was the impact of different superficial
water velocities on the mass transfer zone when operated at similar
volumetric flow rates. In the 3" - 50 L contactor, the high superficial water
velocities led to well defined hydrodynamics, with the water flow dominating
the hydrodynamics of the gas-liquid mixing zone, resulting in a compressed
O, mass transfer zone. As a result, Oy residuals measured just downstream
of the Oj diffuser were similar to the applied dose. Furthermore, litle BrO;
formation occurred within the gas-liquid mixing zone.

In contrast, the operation of the 6.4" - 100 L at superficial velocities similar
to those likely to be found in full scale contactors resulted in poorly defined
hydrodynamics within the gas-liquid mixing zone immediately above the
diffuser. In general, the hydrodynamics were governed by the rise and
coalescence of gas bubbles, resulting in the formation of convection cells
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directly above the diffuser. The reaction zone within this region could be
furthered defined by extensive backmixing within this relatively high 0,4
residual zone. As a result, the effluent from the 6.4" - 100 L contactor was
found to have higher levels of BrO; than the 3" - 50 L even when operated
at similar O; doses and volumetric flow rates (Table 6). Furthermore, the
initial downstream Oj residual measurements were far less than the applied
O; dose. This indicates that a significant portion of the O; dosed into the
6.4"- 100 L contactor decays within the gas-liquid mixing zone. As a result,
the majority of BrO, formation in the 6.4" - 100 L contactor occurred within
the gas-liquid mixing zone, and not downstream of the diffuser. Furthermore,
the disparity between initial O residuals in the two contactors, even when
treating the same water, indicates that the concept of "O; demand", when
applied to full-scale contactors is an unwitting ad hoc description of the
impact of contactor hydrodynamics on dispersion and subsequent decay, not
an indicator of general water quality, nor a measure of easily oxidized
constituents.

A decrease in the influent pH from the initial value of 8.0 to 7.0 prior to
ozonation resulted in decreases in BrOj formation of 45% - 60% when
sulfuric acid was used to lower the pH. Alternately, when the coagulant
FeCly was added to the contactor influent and the pH reduced from 8.0 to
7.0, essentially no change in BrO, formation was found. While the decrease
in BrO; formation on the addition of acid is often assumed to result from a
equilibrium-based reduction in BrO~ available for reaction, the decrease in
BrOj; formation appears to be due to the reductions in the efficiency of OH
radical generation at lower pHs. This conclusion is supported by the lack of
change in BrOj formation in the Fe3* - Oj system.

The oxidation of DOM results in the formation of peroxyorganic radicals.
The rate of peroxyorganic radical decay is pH dependent, typically increasing
as the pH of the water is raised (Bothe et al., 1977). However at low pHs,
the rate of peroxyorganic radical decay may be slow enough to allow for the
direct reaction of O, with some of the slower decaying radicals. As a result,
O, is consumed without generating OH radicals. At the high doses of FeCly
(~100 £M) used in this run, Fe3* may impinge on these reactions by either
complexing with DOM, prior to oxidation or possibly, by outcompeting O, for
the oxidation of peroxyorganic radicals (Brault and Neta, 1984). Either case
would allow for the radical decay of O, resulting in the formation of OH
radicals,

An attempt was made to reduce Br0; formation by raising the pH so that
OH + Br-2 BrOH~ 2 Br + OH™

ky7 = 33x 100 57!
kg = 13 x 1010 M1 51

(11,12,17,18)
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the OH- induced decay of the bromide radical (Br) back to .OH f’“d Br-
would be the dominant reaction. The pH of the water was raised from 78
t0 9.0 and then to 9.7. As shown in Table 7, the pH ipcreasc {esuhe_d ina
reduction of BrO; of only 30% - 41%. Further kinetic modeling with the
BRDOM model showed that while reaction (18) would control the fate of the
Br radical, the conversion of bicarbonate (HCO;) to carbonate (CO5’} at
these pHs resulted in the significant production of BrOj.

At the pHs typically found in this study, 7.0 - 8.0, the slow oxidation of
bicarbonate (HCO;)

OH + HCO; = CO; + H,0 (19)
k19=4'8x106M- S“l

played a minor role (Buxton et al3 1988; Holcn]an et al, 1987). However at
higher pHs, where carbonate (CO3’) concentrations l?ecome ?pprCCIable, the
faster reaction OH with CO%' plays a critical role in forming an alternate
reaction involving the carbonate radical (CO;) (Buxton et al., 1988).

OH + CO}" -~ CO; + OH~ (20)
kyo = 4 x 10° M 57

At these higher pHs, the main reaction pathway for BrO~ shifled.from
reduction by H,0O,, reaction (10), to oxidation by CO; (Buxton and Dainton,
1968).

CO; + BrO- - cog; + BrO (21)
ky = 43x 10" Mg

Given these modeling results, there would appear to be at least two Ifey pH
dependent pathways for the formation of BrO;. Furthermore, !.hlS high pH
pathway in which BrO~ is now the key precursor maybe minimized through
the addition of NH; and formation of bromamine.

Bromide Levels
Increasing the initial Br- levels from 0.22 mg/. L to0 0.39 mg/L and 0.79 mg/ L
was found to increase BrO, formation. The increases result fl':Om mcreaseq
probabilites of reaction between OH and Br~. Furthermore, mqeased Br
levels will act to stabilize the Br radicals which through the reactions

Br + Br~ = Br, (22,23)
ky = L1x 1000 M1 5!
k3 = 5x 104 !

- which may allow for more reactions with other oxidants (Mamou et al. 1977).
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DISCUSSION

From these experiments it can be shown that BrO; formation is a fairly rapid
process. Furthermore, the formation of BrO, was shown to be initiated by the
OH radical oxidation of of Br~, and is highly sensitive to residual O,
concentrations and relatively insensitive to total O; doses. |

A skeleton model describing the key reactions (Flgure 2) in the BRDOM
model can be described by the following reactions.

O3+ 0; > 03+ O, (24)
0; 20"+ 0, (25)
O~ + H,0 = OH + OH- (26)
OH + Br~# BrOH~ + Br + OH~ (11,12,18,19)
Br + O3 > BrO + O, 27
2BrO + H,0 - BrO, + HOBr + H* (28)
O, + BrO, - O; + BrO, (29)
2BrO, + H,0 - BrO; + BrO, + 2H* (30)

With the exception of reaction (27), all the reactions in this skeleton model
are gqnerally accepted reactions. Without reaction (27), the BRDOM defaults
to .bemg an extended version ofthe Richardson model, which like the direct
oxidation model, underpredicts BrO, formation, but to a lesser degree than
the direct oxidation model.

In the gas phase, O; is known to react with Br radicals, resulting in the
formation of bromine monoxide (BrO) (Michael et al., 1978).

Br + O; - BrO + O, @7

8 9sii;m)ilar aqueous phase reaction was postulated by Haruta and Takeyama
1).

In an attempt to further elucidate Br radical chemistry an excess of H,O, was '

added to the contactor influent in one experiment in an attempt to scavenge
Br radicals through the reaction

Br + H,0, » Br'; H* + HO, 3n
ky, = 5x 109 M5l

(Sutton et al., 1965). Assuming an aqueous phase reaction between Br and
05, with rate constant similar to that found in the gas phase, 6 x 108 M1 s,
the excess of H,O, would still have quenched Br and eliminated BrO,.
However, BrO; production was reduced only 47%. Given the reaction
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conditions, it is apparent that the reaction rate between Br and Oy is
extremely fast, kyg ~ 1 x 1019 M1 5"}, However, given the methods used to
determine this rate constant, this rate estimate can hardly be considered 10
be a reliable value.

CONCLUSIONS

In surface waters containing moderate levels of Br~ and DOM it can be
expected that the formation of OH will lead to the oxidation of Br~and the
possible formation of Brog. A number of conditions can be imposed on the
operation of a full scale contactor in order to minimize BrO; formation.
These operating conditions may include contactor operation at low Oy
concentrations, and with minimal backmixing. However, as O3 serves may
purposes, the impact of low O; concentration operation on other process
criteria is uncertain, particularly with respect to disinfection.

Further work in this area should be conducted with filtered water, operating
in a post-ozonation mode. It is likely that the removal of some of the more
easily oxidized constituents during the sedimentation and filtration process
may improve process predictability and stability.

The authors would like to thank the management and staff of the Water
Quality Division of the Metropolitan Water District of Southern California
for their material support and analytical assistance during the course of this
study. While a number of people provided invaluable assistance, the authors
would like to single out Ching Kuo, Mike Sclimenti, and Laurie Yeager for
their contributions.

487



Bielski, B;l.{..l. (1993) A pulse radiolysis study of the reaction of ozone with
B Cl, in aqueous solutions. Radiat. Phys. Chem. 41:527-531.
jergbakke, E.., K. Sehested, O.L..Rasmussen, and H. Christensen. (1984)
. ( iolysis, RIS@-M-
B 2430 Risp National La.t;oratory, DK-4000 Roskilde, Denmark
Jergbakket E.,. Z.D. Drag_amc, K. Sehested, and 1.G. Draganic. (1989)
Rat.iloly.uc products in waters. Part I: Computer simulation of some
radiolytic processes in the laboratory. Radiochim. Acta. 48:65-71.
Bothe, fl?.., G. Behrens, and D. Schulte-Frohlinde. (1977) Mechanism of the
irst on:der.decay of 2-hydroxy-propyl-2-peroxyl radicals and of O,
5 formation in aqueous solution. Z. Naturforsch. 32(B):886-889. 2
rault, plc)r;) ax;d l; N;:tz. (1984) Reactions of iron (III) porphyrins with
xyl radicals derived from haloth d h
e ot deriv ane and halomethanes. J. Phys.
Braun, W., J.T. Herron, apd DK. Kahaner. (1988) Acuchem: a computer
g(r)osglr:nzl for modeling complex reaction systems. Int. J. Chem. Kinet.
Buxton, tQ.V., and FS Dainton. (1968) The radiolysis of aqueous solutions
o qubromme compounds; the spectra and reactions of BrO and
BrO,. Proc. Roy. Soc. A. 304:427-439
Edclsoré,ellz.l,] :;MZ lflggeg zll(nd R.J. Field. (1979) Mechanistic details ofthe
v-Zhabotinsky oscillations. II. Th i i
~Int.J. Chem. Kin. 11:155-164. © OTRATIC feaclion subset
Field, lil(;J.. band P.M: Boyd. l( 1985) Bromine-hydrolysis control in the cerium
n-bromate ion-oxalic acid-acetone Belousov-Zh inskii osci
] ). Phys Chens sorsutycid- sov-Zhabotinskii oscillator,
ield, R.J., and H.:D. F(")ster.ling.. (1986) On the oxybromine chemistry rate
constants with the cerium ions in the Field-Koros-Noyes mechanism of
the Be_:lousoz-Zhabotinskii reaction: The equilibrium HBrO, +
Field llilfro3 + H # 2BrO, + H,0. J. Phys. Chem. 90:5400-5407.
ield, S « E. Kérés, and R.M. Noyes. (1972) Oscillations in Chemical
ystems. Il.. Thorough Analysis of Temporal Oscillation in the
Gl Bromate-Cenulp-Malom'c Acid. J. Amer. Chem. Soc. 94:8649-8664
aze, W.H., HS Wemb-crg, and J.E. Cavanaugh. (1993) Evaluating th.e
fl(());manon of brominated DBPs during ozonation. J. AWWA. 85:1:96-
Gyﬁrgyi,' L, M Varga, E.- l(_(")rﬁs, RJ. Field, and P. Ruoff. (1989)
Slmulauon.s of -t.he iodide ion perturbed uncatalyzed Belousov-
Zhabotllnskn oscillator with 1-hydroxy-4-(2-
s (_methylanuno)p{opyl)benzene. J. Phys. Chem. 93:2836-2843,
ybrgyi, L., and R.J. Field. .(1991) Simple models of deterministic chaos in
the Belousov-Zhabotinsky reaction. J. Phys. Chem. 95:6594-7002.

488

Haag, W.R., and J. Hoigné. (1983) Ozonation of bromide-containing waters:
kinetics of formation of hypobromous acid and bromate. Environ. Sci.

Tech. 17:261-267.

Haag, WR., and C.D. Yao. (1991) Behavior of Regulated Organic
Chemicals During Ozonation Processes, Project Summary SRI
Project 7506 SRI International Menlo Park CA

Haruta, K., and T. Takeyama. (1981) Kinetics of oxidation of aqueous
bromide ion by ozone. J. Phys. Chem. 85:2383-2388.

Herbine, P., and R.J. Field. (1980) Simulation on the basis of a plausible
skeleton mechanism of the chemical oscillation during the uncatalyzed
reaction of aromatic compounds with bromate. J. Phys. Chem.
84:1330-1333.

Hoigné, J., H. Bader, W.R. Haag, and J. Stachelin. (1985) Rate constants of
reactions of ozone with organic and inorganic compounds in water -
3. Inorganic compounds and radicals. Water Res. 19:993-1004.

Hoigné, J., H. Bader, and L.H. Nowell. (1987) Rate constants for OH
radical scavenging by humic substances: role in ozonation and in a few
photochemical processes for the elimination of micropollutants. In
*Prepri " Environmental Chemistry Division,
American Chemical Society, Denver, Colorado, April 5 - 10, 1987.

Holcman, J., E. Bjergbakke, K. Sehested. (1987) The importance of radical-

radical reactions HI\ pulse radiolysis of aqueous carbonate/bicarbonate.

In ihe i adiati i PP
149-153. P. Hedvig, L. Nyikos, and R. Schiller, eds., H. Stillman
Publishers, Boca Raton, Florida

Jovanovic, S.L., and M.G. Simic. (1986) One-electron redox potentials of
_purines and pyrimidines. J. Phys. Chem. 90:974-978.

Jwo, J.-J., and E.-F. Chang. (1989) Kinetic study of the initial phase of the
uncatalyzed oscillatory reaction of potassium bromate and gallic acid.
J. Phys. Chem. 93:2388-2392.

Kasai, H., S. Nishimura, Y. Kurokawa, and Y. Hayashi. (1987) Oral
administration of the renal carcinogen, potassium bromate, specifically
produces 8-hydroxydeoxyguanosine in rat target organ DNA.
Carcinogen. 8:1959-1961.

Klaning, UK., and K. Sehested. (1984) Ozone formation in laser flash
photolysis of oxoacids and oxoanions of chlorine and bromine. J.
Chem. Soc. Faraday Trans. 80:2969-2979. _

Klining, UK., and T. Wolff. (1985) Laser flash photolysis of HCIO, CIO ,
HBrO, and BrO" in aqueous solution. Reactions Cl and Br atoms. Ber.
Bunsenges Phys. Chem. §9:243-245.

Kok, G.L., K. Thompson, and A.L. Lazrus. (1986) Derivitization technique
for the determination of peroxides in precipitation. Anal. Chem.

58:1192-1194.

489



KrasneR .S.W., J.T. Gramith, E.G. Means, N.L. Patania, LN, Najm, and E.M
: rlg(litcts(lfg’gl) Formation and control of brominated ozone by
o 1991.. res. at AWWA Annual Conf. Philadelphia, PA. June 23-
Krasnclr:: S.W., WH. Glaze, H.S. Weinberg, P.A. Daniel, LN. Najm. (1993)
ormation and control of bromate during ozonation of waters
K containing bromide. J. AWWA, 85:1:73-81. ®
uroka\;/;zé‘lY., Y. Mqtsush.ima, N. takamura, T. Imazawa, and Y. Hayashi
g ' ) Relationship between the duration of treatment and the:
mcxdex_lce of renal cell tumors in male F344 rats administered
Ma po}\assxum bm{nate. Jap. J. Cancer. Res. (Gann):78:358-364.
mou, d'" Jl Rabapl, and D, Behar. (1977) On the oxidation of Br- by OH
Mas r:r icals, studied .by pulse radiolysis. J. Phys. Chem. 81:1447-1448
sagali, A., A. Indelli, and F. Pergola. (1970) Kinetic investigation of the
\ de?ompos1t|on of bromite. Inorg. Chim. Acta. 4:593-596
etropﬁhtan Water District of Southern California and 'James M
onth{nery, Consulting Engineers, Inc.  (1991) Rxl_QLS_ga]_g
- -« N A -
Mich Association. Denver, Colorado merican Water Works
ic aetl},\ ;l.\r/e.,a i:én L;:;:,bW.A.' Payne, and LJ. Stief. (1978) Absolute rate of
romine atoms with ozone from 2
Ny, e Phys. 68:4093-4097. m A0 10 30K
eta, i;::éf;ﬁ?g:ii::]d AB Ross. (1988). Rate constants of reactions of
organic $ in aqueous solution. J. Phys. Chem. Ref. Data.
Neta, P;;;ﬁgl Hrl::jel,c :lnd ABfl R;)ss. ]( 1990) Rate constants for reactions of
é s in fluid solutions. J.
) Py utions. J. Phys. Chem. Ref. Data,
oyes, R..M. (1980) A generalized mechanism for the bromate-driven
Orbs o::nllators cogtr"olled by bromide. J. Phys. Chem. 102:4644-4649
an, L, a}nd E. Koros. .(1978) Chemical oscillations during the uncalal'zcd
reaction of aromatic compounds with bromate. 1. Search for chemical
' oscn'lla'tors. J. Phys. Chem. 82:1672-1674.
PastmaDCrlstma, S, M.T. Azure, H.J. Workman, and E.T. Gray, Jr. (1984)
ofetc}(])m;‘)josmon of.b.roma.min'es in aqueous solution: preliminary report
o € ecor'npo.smf)n kmepcs and (‘i,{sproponionatio? of NH,Br. In
Effects, Vol. 5., pp. 763-774. R.L. Jol i i
| Chetsen Mishizay .L. Jolley, et al., eds. Lewis Publishers
lear(};oq, LB, DT Burton, G.R. Helz, and J.C. Rhoderick. (1981)
esidual oxidant decay and bromate formation in chlorinated and
s ozonated sea-water. Water Res. 15:1067-1074.
ayato, Y.', K. Nakarpuro, M. Hayashi, and H. Sano. (1990) Formation of
active bromine from bromide ion by aqueous ozonation
Chemosphere 20:309-315. .

490

Schuchmann, M.N., and C. von Sonntag. (1988) The rapid hydration of the
acetyl radical. A pulse radiolysis study of acetaldehyde in aqueous
solution. J. Amer. Chem, Soc. 110:5698-5701.

Siddigui, M.S., and G.L. Amy. (1993) Factors affecting DBP formation
during ozone-bromide reactions. J. AWWA. 85:1:63-72.

Staehelin, J., and J. Hoigné. (1985) Decomposition of ozone in water in the
presence of organic solutes acting as promoters and inhibitors of
radical chain reactions. Environ. Sci. Tech. 19:1206-1213.

Sutton, H.C., G.E. Adams, J.W. Boag, and B.D. Michael. (1965) Radiolysis
yields and kinetics in the pulse radiolysis of potassium bromide
solutions. In Pulse Radiolysis. pp. 61-81. M. Ebert, J.P. Keene, AJ.
Swallow, and J.H. Baxendale, eds. Academic Press London

Sutton, H.C,, and M.T. Downes. (1972) Reactions of the HO, radical in
aqueous solution with bromine and related compounds. J. Chem. Soc.
Faraday Trans. I. 68:1498-1507.

Turanyi, T., L. Gybrgyi, and RJ. Field. (1993) Analysis and simplification
of the GTF model of the Belousov-Zhabotinsky reaction. J. Phys.
Chem. 97:1931-1941.

von Sonntag, C., and H.-P. Schuchmann. (1991) The elucidation of peroxyl
radicals in aqueous solution with the help of radiation-chemical
methods. Angew. Chem. Int. Ed. Engl. 30:1229-1253.

Wolfenden, B.S., and R.L. Willson. (1982) Radical-cations as reference
chromagens in kinetic studies of one-electron transfer reactions: pulse
radiolysis studies of 2,2-azinobis-(3-ethylbenzthiazoline-6-sulphonate).
1. Chem. Soc. Perkin Trans. Il (1982) 805-812

Young, H.A. (1950) The reduction of bromic acid by hydrobromic acid in
the presence of hydrogen peroxide. J. Amer. Chem. Soc. 72:3310-
3312.

Zehavi, D., and J. Rabani. (1972) The oxidation of aqueous bromide ions
by hydroxyl radicals. A pulse radiolytic invesigation. J. Phys. Chem.
76:312-319.

Zepp, R.G., Y.L Skurlatov, L.F. Rittmiller. (1988) Effects of aquatic humic
substances on analysis for hydrogen peroxide using peroxidase-
catalyzed oxidations of triarylamines or p-hydroxyphenylacetic acid.

Envir. Tech. Lett. 9:287-298.

Zika, R.G., and E.S. Saltzmann. (1982) Interaction of ozone and hydrogen
peroxide in water: implications for the analysis of H,O, in air.
Geophys. Res. Lett. 9:231-234.

491



€2 08l  000L < 22t 6L°€ 110 o'y
wvaa g e oL 22t 6L°¢ L0 ov
Wv3a 1 €2 62 zeL 6L°€ 110 ov
wv3a 0 8l gl 22 6L°€ 110 oY
wWv3aa 9000 8 1 z2L 6L'€ 110 oY

4 €€ 000l < ve 98l 820 02
ding iy I 9¢ t44 ¥e 98’1 820 ¢
wvaa b z2 2 e 98’} 820 02

1’0 6 000} < ie S8°0 820 ot
Wv3a 1’0 8 2 12 S8°0 82°0 ol

1GebY (i/6r) (1/60) (s) 5) /6wy (/6w)  (/bw)
guigousnp  SUXHJIA  €0)8  poued  eji-jieH [enpised  -ig esoq
uonoesy €0.9 Aeoaq |enpisey €0 €0
peilpeld €0 €0 feniu

+5

BI'O3 + 6H+ + 6e”

T

1.15v

MdS NI NOILVINHOJ £0489 40 31VH A3AH3SE0 'L 31gvl

+4

lBrO2 + 4H* + H,O + 5¢-

r -L15V
1.33v

3 e
+ +
>

' ' S ﬁ\’ll.lm
¥ ~ S g &
+ & +
ol 2 %
H m H .e .e
+ > n.u_. + +
e S iz X
" — I H2 -1 )
+ > » N o ,ﬂ [2g]
~f R ™ 12 + +| >

~ ] "l - ~ R
m ) B L) Sy .
3 > o+ = alw
T | % oo <

1.09v

1 Br + 3H,0

-8.62v

Fia. |

493

492



ION IN TWO DIFFERENT

Predicted

03
Residual

Initial

BrO3
Dir Rxns

03
Residual

BrO3

(ng/)

Half-life

Br-

(mg/l)

(ug/)

(s)

(mafl)

0.1

0.85 21

0.28

0.9

0.75 50 13

0.34

TABLE 3. THE iIMPACT OF OH RADICAL SCAVENGING ON THE
PRODUCTION OF B8rO3

Initial 03 Predicted
03 IPA 03 Residuat BrO3
Dose Dose Br- Residual Half-Life B8rO3 Dir Rxns
(mgf) _ (mgf) (mgh) __(mghY) (s) (vaft) wal)
1.0 0 0.28 0.91 19 15 0.1
1.0 0.3 0.28 0.88 17 13 01
1.0 3.0 0.28 0.80 10 8 0.02
1.0 6.0 0.28 0.71 9 <5 0.01
2.0 0 0.28 1.86 34 a3 2
20 18 0.28 1.07 24 <5 03
4.0 0 0.29 3.31 80 122 17
4.0 24 0.29 3.00 29 12 3
4.0 0 0.17 3.79 122 180 23
40 150 0.17 6.28* 20 <3 3
7.0 0 0.29 6.26 118 303 69
7.0 12 0.29 5.82 78 61 38
7.0 24 0.28 6.64 40 50 33

* Gas Entrainment

TABLE 4. THE {MPACT OF DIFFERENT ALCOHOLS ON BrO3

(mg/)

03
Dose
1.0
1.0

TABLE 2. COMPARISON OF BrO3 FORMAT

SURFACE WATERS

WATER
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SPw

CRw

FORMATION
Initial (0X]
o3 Alcohot Alcohol o3 Residual
Dose Dose Dose Residual Half-Life BrO3
(mg/h) (mg/)) (uM) (mafl) (s) (uall)
Ethanol Ethanol
1.0 0 0 0.85 18 15
1.0 1 22 0.78 11 3
1.0 2 43 0.62 10 <3
1.0 4 87 0.59 7 <3
1.0 6 130 0.56 6 <3
i 1.0 8 174 0.52 5 <3
! IPA IPA
' 1.0 0 0 0.91 19 15
' 1.0 0.3 5 0.88 17 13
: 1.0 3 50 0.80 10 8
! 1.0 6 100 0.71 9 <5
1.0 12 200 0.80 8 <5
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TABLE 5. IMPACT OF O3 RESIDUAL & O3 DOSE
ON BrO3 FORMATION

SINGLE DOSE
Initial Initial 03
03 03 H202 Residual

Dose Residual Residual Half-Life BrO3

(mgf) (mgh) _ (mg/) (s) (/I
1.0 0.91 - 19 15
2.0 1.86 0.087 34 33
4.0 3.31 0.070 80 122
7.0 6.26 - 117 303
RECYCLE OPERATION (0.4 mg/l per pass)
Accumul. Initial Initial 03
03 03 H202 Residual

Dose Residual Residual Half-Life BrO3

(mg/) (mgM)  (mgh) ()  (ugh)
0.4 0.13 — 0.4 <5
1.4 0.23 — 2 <5
24 0.33 — 6 6
33 0.37 - 10 12
4.4 0.36 - 18 16
5.4 0.34 - 23 19
6.4 0.35 e 24 25

RECYCLE OPERATION (0.2 mg/l per pass)

Accumul.  Initial Initial 03
03 03 H202 Residual

Dose Residual Residual Hal-Life BrO3

(mgM) _ (mgh) _ (mgh) (8)  (uon)
0.20 - 0.033 - <3
0.67 0.04 0.038 2 <3
1.34 0.13 - 2 <3
2.00 017  0.061 2 <3
267 022  0.060 6 <3
4.00 019 0.035 7 8

* SPW, pH 8.0, 24-26 deg C, Br- from 0.28 to 0.28 mg/,
velocities from 7.5 to 17.5 cmy/s
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TABLE 6. IMPACT OF CONTACTOR HYDRODYNAMICS ON

BrO3 FORMATION *

03
Residual

Half-Life

Initial

O3
Velocity Residual

Contactor Superficial

03
Dose

BrO3

Diameter

(inches)  (cm/s) (mg/l) (s) (ugh)

(mg/l)

497

15
24

15 0.91 19
0.41 17

4.6

1.0
1.0

6.4

1.86 34 33
45

1.12

12.5

20
2.0

39

34

6.4

* Br- = 0.28 mg/I



TABLE 7. pH EFFECTS ON BrO3 FORMATION *

03
Residual

Half-Life

Initial

03
Residual

(OX ]

BrO3

Dose

pH Additive (mg/l) (s) (ug/

(mg/l)

1.0 8.0 - 0.91 19 15
H2S04 25

1.0
1.0

0.87
1.04

7.0
7.0

14

33

FeCl3

498

49 71

81

1.49
1.63

8.0
H2S04

2.0
2.0

38

7.0

17
10
12

47
21

1.63
1.23
1.07

NaOH
NaOH

7.8

9.0

2.0
.20

14

9.7

2.0

* Br- ranges from 0.22 to 0.29 mg/i

TABLE 8.

IMPACT OF Br- LEVELS ON
BROMATE FORMATION

O3 + Br
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Initial 03
03 Residual
Br- Residual Half-Life BrO3
—' - < —=
0.22 0.83 22 5
0.39 0.86 23 12
0.79 0.88 25 28
Fie
. pom’+ OH
Br
NS
B’
B.B% OH O3 n DOM
12
0 Br-O
4 [ 3]\&0. .
Brp Hzo\exo
Yo on OH/ Bro;
3
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HOBr + Br == BrO o NG
H0, 3 BrO2g
m &Bri +oé\\8r0§
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