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ABSTRACT

The pathways of bromate formation during ozonatdrbromide-containing lake water were investigatétie
results showed that bromate formation was inhibiffitiently by adding t-butanol which is an -Othgenger, or
promoting (bi)carbonate alkalinity. It was also giggted that addition of J@, yielded different results. Bromte
formation was restricted when,8,/O; mole ratio was 0.5:1, while increase of bromatenfation occurred when
H,0,/Osmole ratio was more than 1:1. Any@ose of 4.5mg/L was applied during such lake watenation. It was
suggested that the main pathway of bromate formatias indirect pathway, the direct pathway, in cast, was
recognized as a less important pathway due to thenate formed in this pathway accounted for only &#otal
production.
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INTRODUCTION

Ozonation considered as the most available strateggmove micropollutants is commonly applied dgririnking
water treatment, concern over bromate ion formatioring ozonation of bromide-containing water hesea for
bromate is a suspected carcinogen[1].As a reseltptoposed maximum contaminant level (MChr bromate was
set at 1Qg/L by the United States Environmental ProtectiogeAcy (USEPA)[2]. Many researchers have
investigated the characteristics and mechanisnrarhate formation, it is claimed that bromate forimatthrough
four major pathways [3-5], which are called dirgthway, indirect pathway, direct/indirect  pathwand
indirect/direct pathway. In the direct pathway, ibaky, ozone oxidized bromide ion to bromate sbgpstep:
Br—OBr—BrO, —BrO;.The indirect pathway is forming bromate by onlydrgxyl radical(-OH) through the
reaction (1) to (7)[6]. In the direct/indirect patiy, bromide ion is first oxidized by ozone moleauto form
hypobromous acid/hypobromite (HOBr/OBr. HOBr/OBr then react with - OH to form BgQhrough the reaction
(3) to (7). The last pathway is indirect/direct Ipa&y which is described that -OH first oxidize brdenion to
HOBI/OBr through the reaction (1) to (2), further oxidipeBrOs;” by ozone molecular.

Br+-OH — Br- , k=1.1x1M1s? (1)
Br-+ Br - HOBr/OBr , k=10°M1!s? (2)
HOBr/OBr +-OH—>BrO- +0OH |, K o, =4.5x10°M 's? (3)
2BrO- +H20-0OBr + BrO, +2H" , k=5x10°M *s?! (4)
BrO, +-OH—>BrO,-+0OH , k=1.9x10M 's?! (5)
BrO,-+ BrO,-—»Br,0, , k=1.4x10M 's? (6)
Br,0,+OH —»BrO; +BrO, +H"* , k=7x10M 's? (7
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In order to minimize bromate formation, based opriswved mechanistic and kinetic understanding, ttesgtegies
have been applied to drinking water ozonation: mprdssion, ammonia addition and hydrogen peroxiga{H
addition[7]. pH depression displays the HOBr/OBquilibrium further to HOBr, slowing down the oaiibn by
ozone[8]. Ammonia can react with HOBr to form bramiae, inhibiting the bromate formation by directipaay[9].
The addition of HO, may inhibit bromte formation through depressingB#@6]. H,O, reacts with ozone to form
hydroxyl radical (- OH) , however, promoting theinedt pathways and enhancing bromate formation. e@react
bromide to form bromate ion rapidly through indirgathway. Tadao Mizuno et al. [10]. appliebutanol and
decreased bromate formation by 90% All in all, sfuppression effects of bromate formation could \among
source waters because of disparities in paramstefs as bromide, ammonia, natural organic matefi&@M) and
temperature [11].

Nan Si Lake which is a source of drinking watemiorth of China presents typical particularitiesctsas high
bromide, high ammonia and high NOM. Ozonating théger may have the risk of forming bromate. Thesobpf
this paper was investigating the pathways of brermf@tmation during ozonation of Nan Si Lake wageldlitionally,
providing the strategy of bromate inhibition undach water quality.

EXPERIMENTAL SECTION

2.1 Characteristics of sour ce water
The water sample was taken from Nan Si Lake. Thia pgrameters of the water sample are shown ag Tabl

Table 1 Water quality parameters

TOC(mg/L)  UVss(cm™) pH NH,"(mg/L)  Alkalinity(mg/L)  Br(mg/L)
2.40-255 0.026-0.034 8.16-8.23 0.20-0.30 114-130 .23-0.24

2.2 Bench scale experiments and analytical methods

Bench scale ozonation was conducted in an ozoneaotower with water samples. The reactor wasliadsr of

which the dimensions were of 50mm in OD, 200mmeight. Cylinder bottom was loaded with the titaniatoy

microporous aerator. Pure oxygen was applied tozane generator (Triogen, UK), which provided a #fnm gas

flow rate ozone into the batch reactor. Ozone arftuvas then introduced into the reactor througleration at the
bottom to start the reactor. The effluent gas wesoebed through an absorption bottle at the topea€tor. Water
samples were withdrawn at desired time which wamfh. To stop ozone reaction, water samples wergepluwith

nitrogen gas.

2.3 Analytical methods

Bromide and bromte concentrations were determiyeasing an ion chromatographer (Metrohm 883 BaSiplus,
with column Supp-7, Switzerland) with a detectiomii of 2ug/L for both bromide and bromate. Carbonate
alkalinity and bicarbonate alkalinity was deternirtey pH indicator titration. Dissolved organic caniate (DOC)
concentrations were determined by high-temperatatalytic oxidation with a Shimadzu TOGC:Y, analyzer.
Ozone concentrations in gas were analyzed by usda@metry.

RESULTSAND DISCUSSION

3.1 Effect of Hydroxyl radical scavenger (t-butanol) on bromate for mation

To investigate the pathways of bromate formatibe, ydroxyl radical scavenger was applied to inlilie indirect
pathway under the condition of;@osage of 4.5mg/L, reaction time of 9.5min and @ttug of 8.2. Result of this
experiment is shown in Fig. 1.

Fig.1 shows that the amount of bromate ion formedreéased with increasing amounttdfutanol added. When
t-butanol was added at 20mg/L, the concentratiobrofnate ion formed decreased by 64% (fromdiB in the
absence of-butanol to 14g/L). When the amount dfbutanol applied achieved 100mg/L, the concentnatib
bromate ion formed decreased by 90%. The - OH ot véth bromide to form bromate ion through theateon (1)

to (7)[6], and these reaction are quite rapid. T@&l scavenget;butanol, can deplete -OH and has very slow rate
of reaction with ozone[12]. Therefore, addition tdbutanol blocks the indirect pathway of bromatenfation
efficiently. The experiment results suggest thaemwkhe indirect pathway was blocked, bromate foionathrough

the direct pathway accounted for only 8% of totadduction. That is to say, the reaction with -OHHe main
pathway to form bromate ion under the water qugasameters of Nan Si Lake.
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Fig.1 Effect of t-butanol on bromate formation

3.2 Effect of (bi)carbonate alkalinity on bromate for mation
To study the roll of (bi)carbonate which can reaith - OH in bromate formation, a 4.5mg/L; @as applied at the

reaction time of 9.5min, adjust pH of 8.2 by phaaehbuffer. The alkalinity was adjusted to 170md/80mg/L,
220mg/L as CaC® Result of this experiment is shown in Fig. 2.
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Fig.2 Effect of alkalinity on bromate formation

As it can be seen from Fig.2, bromate formatiorrel@sed with increasing amount of alkalinity. A de&se of 55%
bromate formation was achieved when alkalinity waseased from 114mg/L as Cag® 190mg/L. When the
alkalinity increased to 220mg/L as Cag Ghere was a decrease of 92% bromate formatiocarBonate and
carbonate are - OH scavengers due to they canwéhctOH through the reaction (8) and (9) [3]. Réofman et al.
[13] indicated that during ozonation of raw watentaining ammonia, ammonia blocks the direct/iratipathway
while (bi)carbonate should scavenge the -OH thatdmired by the indirect/direct pathways. Thespeeixnent

results also suggest that it is efficient rising)q@rbonate alkalinity during ozonation of Nan Sike water to
control bromate formation.

CO%+-OH— OH-+ CQy, R=3.7x16M's? (8)
HCO;+-OH— H,0+ CQy, K=8x1PM7s* 9)
3.3 Effect of H,O, on bromate formation
In order to investigate the effect of® on bromate formation, 4, was applied and adjust,8,/O; mole ratio of

0.5:1, 1:1, 1.5:1, 2:1. The experiment was conduateder the condition of {losage of 4.5mg/L, reaction time of
9.5min, alkalinity of 114mg/L as CaGCand pH value of 8.2. The result is shown in Big.

HOBI+H@ — Br+05+H0, K=7.6x10M"s*  (10)

From Fig. 3 it is observed that effects ofQd4 addition on bromate formation were mixed. Compaite applying
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ozone alone, there was a decrease of 70% bromaation was at 5D,/O; mole ratio of 0.5:1 while the bromate
formation rose up at #0,/O; mole ratio of more than 1:1. 8. When®4/O; mole ratio was 0.5:1, HOBr/OBmight
be reduced by $D, through reaction (10) [5] inhibiting bromate fornest However, HO, may enhance the

bromate formation due to high concentration of @ried by catalyzing Pwith H,O,, and that promote the
indirect pathway.

60 1

BrOs (ug/L

0 0.5 1 1.5 2
H,0O,/O3 mole ratio
Fig.3 Effect of H,O,/Os;mole ratio on bromate formation
To demonstrate the theory that high concentratfdi,®, enhances indirect pathway of bromate formatiootlzar
two experiments were conducted named group A aodpgB respectively. An 100mgitbutanol was applied 6min

after the start of group B while group A was cortddcwithout addition of-butanol. Both groups were conducted

under the condition of £dosage of 4.5mg/L, reaction time of 9.5min, alki&ji of 114mg/L as CaC{) H,0,/O3
mole ratio of 1.5:1, and pH value of 8.2.The resuthown in Fig. 4.

—— Group A—=—Group B

Time (min)

Fig.4 Effect of t-butanol on bromate for mation with H,O,/O3 moleratio of 1.5:1

Results from these experiments are shown in Figté that in the first 5 min a total of aboutpf®. bromate
formed in both groups. After addition tbutanol the bromate formation of group B increaslegvly around 7min,
and at last was maintained atu®? .. While the bromate formation of group A incredsto 4Qug/L. The results
suggest that addition a#fbutanol inhibited bromate formation through indirpathways efficiently. That is to say
excess KO, may catalyze gtoform high concentration of - OH enhancing bromatenétion.

CONCLUSION

Experiment to study the pathway of bromate fornmatiaring ozonation of Nan Si Lake water was coneldicand
several conclusions can be drawn from this worl. Tlie direct pathway may be inhibited efficiently the
condition of this raw water due to bromate formedhis pathway accounted for only about 8% of tptalduction.
(2) The indirect pathway may be a dominated pathafayromate formation due to there is a certainrezse by
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90% of bromate formation after addition of 100mgithutanol. Moreover, increasing (bi)carbonate aikitifrom
114mg/L to 220mg/L (as CaGreduced bromate formation by 92% which suppditstheory. (3) Effects of D,
addition on bromate formation are mixed and strpnigipend on the water quality parameters. Duriranation of
Nan Si Lake water, ¥D, may inhibit bromate formation through reducing H@BBr at HO,/O; mole ratio of
1.5:1. However, excess,8, may catalyze @toform high concentration of -OH enhancing bromatenétion.
Therefore, when kD,/O; process is applied to control bromate formation Hy®,/O; mole ratio should be
considered.
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