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ABSTRACT

The paper discussed the effects of ozonation on the trihalomethane formation potential (THMFP) and
trihalomethane species in bromide-containing water, with humic acid as precursor of disinfection byproducts. The
results demonstrated that higher concentration of bromide ions in raw water is favorable to increase of proportion
of THMFP and brominated trihalomethanes (THMs-Br). However, once bromide-containing water was oxidized by
ozone, part of bormide ions would be oxidized into bromate, and the incorporation of bromide to THM reduces
thusly. The intermediate products of humic acid formed during oxidation are quite complex, which perhaps increases
the yield of precursors of disinfection byproducts (DBPs) on the contrary. Only with higher ozone dosage, reduction
of the total THMFP can be achieved. However, the bromate byproducts produced during oxidation were considered
to be potential human carcinogens, which restricted the application of ozone in drinking water. The yield of bromate
and THMFP would be reduced significantly as long as ammonia nitrogen is present in bromide-containing water
during ozonation.
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INTRODUCTION

Chlorine, a traditional disinfectant, has found evidpplication in drinking water disinfection prosesue to its
lower cost, higher oxidizing effect, and its capipiof providing additional chlorine to prevent cércontrol
regrowth of microorganism in the water distributiepstem. However, the chlorine can also react witural
organic matter (NOM) and halides (e.g., @hd BF) to form chlorinated disinfection by-products (DEPAlong
with the innovation of disinfection methods and iherease of disinfectant varieties, more than @&@rent DBPs
have been identified including trihalomethanes (T$JMhaloacetic acids (HAAs), haloketones (HKs) and
haloacetonitriles (HANS).

The precursors of THMs are categorized into macteauar organic compounds like humic acid and fulacid
and small organic molecules including phenolic cooms, aniline, benzene, ketone, |, 3-cyclohexamediand
amino acids. Among those, humic acid and fulvidare the most common organics in water, accouiting0%
of the soluble organics in water, and they areldneé of precursors leading to mutagenesis of drigkivater [1]. In
the bromide-containing water, bromide ions wouldctewith hydrochlorous acid (HOCI) to form the hippomous
acid (HOBr) or hypobromite, which could then reauth organic matters to form the brominated DBFhds been
reported that THMs are easy to cause liver andesidtamage and give rise to renal, bowel, and athecers and
reproductive disorders; worse still, brominatedhd@tomethanes (THMs-Br) are suspected to be a muwohger
carcinogen and mutagen than their chloride-comgiminalogues. Therefore, it is necessary to darelseon the
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formation of the total trihalomethanes (TTHMs) ahd distribution of the individual species in broleicontaining
water.

As an excellent disinfectant, ozone shows goodatkgion effect on persistent organic pollutantsuidiag drugs
and endocrine disrupting chemicals harmful to thevirenment and it can even be used to inactivate
microorganisms (e.g. protozoa) that are difficalirtactivate by ordinary chloric disinfectants,ishas found wide
applications in water treatment. However, humidaas the representative of NOM is difficult to bé&nemalized
completely by ozone in water, instead, the stracamd properties of it would be changed in theceféé ozone,
imposing influence on morphology of disinfection-faoducts precursors. Bromate is an undesirablprbguct
formed during ozonation in bromide-containing watehich has been declared a potential carcinogensavstill, it
would be difficult to remove bromate from water erformed in conventional treatment process. Howes@me
studies have shown that addition of ammonia tdotleeide-containing water could reduce the yieldhaf bromate
effectively and inhibit the formation of CBDPs.

Trihalomethanes (THMs) byproducts by drinking watest fall into four categories: chloroform (CHEI
dichlorobromomethane (CHBrg] dibromochloromethane (CHEEI) and bromoform (CHB). In the experiments,
humic acid (HA) is used to provide the source & pinecursors of DBPs. In combination with pH vatarge of
local drinking water, this paper with humic acidmecursor studies the effect of ozonation on thmalbmethane
formation potential (THMFP) and trihalomethane spgén bromide-containing water.

EXPERIMENTAL SECTION

2.1 Detecting instruments and analytical methods

The ozonation experiments were performed in a thteeglass reactor with an ozone generator (LF-Zlzone
dosage was adjusted by changing ozone flux fedtheareactor. To make ozone dissolved quickly, taesawith
sand cores were arranged at the bottom inlet ofdhetor. The tail gas was exhausted into thefar absorption
by 2% KI solution.

DOC was measured with a total organic carbon aeralyZOC-VCPH, Shimadzu) and UV-absorbance was
measured with a spectrophotometer (TU-1800). THMs weasured through gas chromatography (GC-2014C,
Shimadzu) equipped with an ECD detector. Chromafugc column: HP-5(30m*0.32mm*0.g2&), sample size:
1uL, carrier flowe 1mL/min, temperature of injection port: 200 and temperature of detector: 280splitless.
Temperature rising procedure of the column:

35C [0 [T —, 35C O ¥Fmr _, 145C 0 # -, 145C

Method for cultivation of THMFP: place 200mL watample into a ground-glass bottle that has begur@eessed,
adjust pH value of the water sample with hydrodhlacid to 7.0, and then take analytical pure Nag®H1.7g and
KH,PQO, of 68.1g to dissolve into high purity water. Figalbuffer solution is formed to maintain the pHlua
constant. Add the solution of 4mL to 200mL watempée, and add NaClO solution to water sample toarthlke
chlorine dosage in water sample up to 20mg/L. Reitwater sample in a biochemical incubator 6€20d saveit
in dark for 72 hours. Its own residual chlorinenater sample shall be maintained at 3-5mg/L, amallff terminate
the reaction with sodium thiosulfate solution.

Method for water sample pretreatment: place 25mltewasample into a brown glass bottle with a
polytetrafluoroethylene gasket, add 3mL MTBE andj Bxtracted N#50O,, and then shake fiercely for 3min to
make NaSQ, unblocked. Then put it in a motionless state f&ndn, and finally take upper organic solvent af 1
with a syringe for gas chromatograph analysis.

2.2 Water quality parameters

The humic acid stock solution (1mg/L): Take 1g humddd and dissolve it into 1L distilled water, ateén shake
the mixture for 2h and then filtrate with 08 microfiltration. The solution after filtration the humic acid stock
solution of 1mg/L.

The water for the experiment; Maintain the concidn of humic acid solution to be 7mg/L by addmgnic acid

stock solution of 1mg/L to the distilled water, athén sodium hydroxide (NaOH) was used to adjustpiH value
of humic acid solution to 7.5, finally, measure tiater quality parameters listed in Table 1.
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Table 1 Water quality parameters

TOC/mg-I*  CODw/mg-L* UVys, pH  Br/mg-L?
2.01 3.72 0238 75 0.1

This paper investigated four kinds of THMs, andythee CHCJ, CHBrCl, CHBLCI and CHBg. The incorporation
of bromine to THMs is represented by incorporafextor n (Br), as shown in Formula 1.

CCHBrCIZ + 2CCHClBrZ + 3CCHBr3

n(Br) = 0<n<3 1)

C'I'I'H M

Cergral,» Concier, andCe,yg, are the molar concentrationsnfol/L) of CHBrCh, CHBr,Cl and CHBg. Cryyy, is
the total molar concentrationrfiol/L) of THMs.

RESULTS AND DISCUSSION

3.1 Effect of bromide ions on the THMFP before ozaation

Five 250mL water samples were prepared for the raxgat. The TOC in the water sample is 2.01mg/&,pH

value is 7.5, and the available chlorine dosingOmg/L. Firstly, adjust the concentrations of broenions in water
samples to 0.04mg/L, 0.1mg/L, 0.3mg/L, 0.6mg/L,nBgBL with KBr respectively. Then, sodium hypochterivas
added to the five water samples to maintain thdahla chlorine at 20mg/L. After incubated in a kiamcubator at
20.0°C for 72h, terminate the reaction with sodium thitete solution and measure the yield of THMs.
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Fig. 1 Effect of bromide ions concentration on the THMFP

Fig.1 illustrates that TTHFP and n(Br) of bromid@s to THMs increase as bromide concentration &sa®, which
was because the presence of bromide ions in watemake rapidly bromide oxidized into HOBr by HO&hd the
residual HOCI, along with HOBrr, reacted with huraiid to produce THMs, as shown in the following &tpns:

HOCI + Br — HOBr

HOCI + DOM— CI-THMs

HOBr + DOM— Br-THMs

From the study conducted by Symons [2], we cartlsebromine reacts faster than chlorine with reltiyOM and
HOBr is a stronger oxidant and is 20 times of HORis was why the water with high concentratiorbodmide
ions tended to have higher level of TTHMFP. Whenthbncentration of bromide ions was 0.03mg/L, theant of

HOCI in water is much higher than that of HOBr, dhd formation of THMs-Cl was dominant. Howeverthwihe
increase of bromide ion concentration, almostfalhe bromide ions were oxidized into HOBr, and fitnenation of
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THMs-Br was thusly inhibited and gradually shiftexbrominated species including mixed chlorobromecges
during chlorination. The proportion of brominateithdlomethanes was increased.

3.2 Effect of ozonation on the THMFP

In the process of ozonation of humic acid, the piylaand hydrophilic of humic acid was improvedetdouble
bonds and aromatic were damaged, and the molewdaht was decreased, which effected the formatibn
hydroxyl, carbonyl, and carbonyl group of humicdacrhe possible reaction of ozonation for humicdaegere as
follows: free or complex form of metal ions wereidixed to produce radical anion that further cdanttéd to the
ozone decomposition. Hydroxyl radical reacted waitbmatic group of humic to produce hydroxy compotivat is
easy to react with £ O; reacted with carbon-carbon double bonds of humid # produce peroxide intermediate
initially, and then HO, and carbonylation.

When bromide-containing water was oxidized by ozdoBe and the intermediate oxidation states of Bgre
oxidized simultaneously or sequentially by bothrez@and hydroxyl radical (- OH)[3]. Firstly, Bwas oxidized into
BrO’, which was conducive to the generation of the THiMsHowever, as the £dosage increases continually,
BrO” was further oxidized to BrQ) which was difficult to produce more Br-THMs. Tkére, the morphology and
yield of bromate produced during oxidation of &ith O; has imposed influence on formation of Br-THMs ¢ong
degree.

3.2.1 Effect of ozonation time on the THMFP

3L water sample with bromide ion concentration dfn@g/L was added to the glass reactor, and therppon®;
with ozone dosage of 4mg'Lto the reactor. The exposure time to ozone is 5rabmin, 15min, 25min,
respectively. After that, 250ml water sample oxadizby Q was added to sodium hypochlorite to maintain the
available chlorine at 20mg/L. After incubate inklat 20.0C for 72 h. after that, terminate the reaction veitidium
thiosulfate solution and measure the yield of THMw/ater.
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Fig. 2 Effect of reaction time on the THMFP Fig. 3 Variation of TOC and SUVA with exposure time

with ozone dosage of 4mg-t with ozone dosage of 4mg-t.

When water contains bromide ions, the yield of Bi®in proportion to C Xt value gained from 0zone exposure
reaction [4]. It is found that the yield of BsOncreases with exposure time extended, the rareases rapidly in
early period of continuous ozonation, and then setmdstay stable after 15min. The formation of Br@as not
conducive to the formation of Br-THMs, matching lwihe trend of n(Br) of bromine to THMs, as showrFig.2.
Some authors attributed this primary productiorbmate to the stronger oxidizing -OH pathway Bjth the
attenuation of ozone concentration and the wealgeninthe- OH oxidation in later stage, the ratebodmate
formation slowed down, and the oxidation reactiendied to stay balanced. Ozekin [6] showed that n@ide a
70% contribution to the formation of BgQwhile O; was only 30% in ultra-pure water system. As casden, - OH
plays a dominant role in the formation of BrO
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As shown in Fig. 3, TOC concentration stays baljidhle same with oxidation time extended. Jin Pamgk|[7]
found that the purpose of ozonation was to chahgecharacters and structures of the organic madtetsreduce
UV.s, instead of reducing the total organic compoundsvitter. The specific UV absorbance (SUVA) of HA
significantly decreased after oxidation of ozonk,0é which was because the carbon-carbon doubledgothe
aromatic ring structure as well as the portionhef inetal ion were attacked by zone, shifting theaturated bond to
saturated bond[8].

3.2.2 Effect of ozone dosage on the THMFP

3L water sample with bromide ion concentration dfn@g/L was added to the glass reactor, and therppon®,
with ozone dosages of 2mg/L, 3mg/L, 4mg/L, 5mg/ld &mg/L to the reactor. Exposure time to ozone5isia.
After that, 250ml water sample oxidized bywas added to sodium hypochlorite to maintain thelakle chlorine
at 20mg/L. After incubate in dark at 20.0for 72h, terminate the reaction with sodium thiéste solution and
measure the yield of THMs in water.

According to Fig. 4, with the increase of ozoneatgs THMFP is tending down. When ozone dosage i/l6m
THMFP is lower than that of raw water. As can bersen(Br) fluctuates slightly when ozone dosagkess than
5mg/L, and a significant increase in n(Br) can éerswith the ozone dosage of 6mg/L, which presestedpposite
trend to that of SUVA as shown in Fig.5. Becausdahef high SUVA experimental water, the amount ofraz
consumed directly increases. What's more, the maitesaction of @ with Br and with HOBr/OBrare lower than
those of @ with NOM and HOBr/OBwith NOM [9], causing competition of ozone betweenmic acid and
bromide ions for ozone. The trend lines of n(Brl &JVA are opposite.
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Fig. 4 Effect of ozone dose on the THMFP Fig. 5 Variation of TOC and SUVA with exposure time

Although ozone is an attractive disinfectant witfosg oxidization capability, it is difficult to meralize humic acid
completely. Studies have found that the small mdércaldehydes formed by oxidation of ozone werzprsors of
THMs-Br [10]. Although the unsaturated bond-conit@dnprecursors of DBPs could be oxidized by ozapdly,
newly formed precursors of DBPs like aldehyde cotddise a higher level of THMFP with the increaseOpf
dosage. Thus, the ozonation intermediate prodddtsimic acid are quite complicated. Only in thelyatage of
formation of intermediate products or in the stageere the organic matters treated by ozonation Hmeen
decomposed to final products, they could inhibét ibrmation of THMs.

3.3 Effect of ammonia nitrogen on the THMFP and bronate

In the presence of ammonia, HOCI would react witinenia to produce monochloramine, and its rate faster
than that of oxidation of bromide ions. The forroatiof monochloramine consumes a large quantity GiCH
leading to a lower yield of the THMs. Owing to tbempetition between ammonia and bromide ions failable
chlorine during chlorination, the bromine incorpya changed. On the one hand, the reaction of amangtrogen
with chlorine could reduce THMs products; on thkesthand, the reaction of bromide ions with chlerincreases
the proportion of THMs-Br. Therefore, with the irase of ammonia concentration, the proportion oMECI
would reduce while proportion of THMs-Br increasksaddition, inorganic bromochloramine can be fednirom
reaction of monochloramine with bromide ions. Besidt is also known that it can react with orgagmecursors to
form THMs-Br, which further increases the yieldTdfiMs-Br.
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Adding ammonia to bromide-containing water, HOBrulgbreact very quickly with ammonia to produce J#i
and then, NEBr was oxidized to N@and Bf. When most of the ammonia is reacted, the resid@Br/BrO was
further oxidized to Br@ by Os. Therefore, ammonia could delay or partially inhibromate formation [11].
Another study suggested that ammonia could rem®te, and NH can react with -OH rapidly, which controls
formation of BrQ'. However, the reaction that NHeacts with HOBr to produce NBr is reversible, leading to a
higher NH; concentration to meet demands [12]. Adding ammami&romide-containing water also favors the
formation of nitrogenous disinfection byproductdiieh was supposed to be a stronger toxicity thabareaceous
DBPs according to a newly launched study [13].

CONCLUSION

The total THMFP and the proportion of THMs-Br ingse significantly with the increase in concentratif

bromide ions in bromide-containing water. Howewmrce bromide-containing water is treated with otiona the

incorporation of bromide ions to formation of THMduces. Humic acid was difficult to be mineralizeanpletely
with ozonation, instead, the structure and proesrtf it can be changed, and its intermediate mtsdare very
complicated. Only higher ozone dosage can reduz¢otial THMFP. Although bromide ions could be reem\by

oxidation to further reduce the formation of broated disinfection byproducts, the yield of bromatereases,
which could reduces the safety of drinking wateowdver, the addition of ammonia to the bromide-aomibg

water during ozonation could lower the THMFP arel yteld of bromate significantly.
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