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Abstract

When ozonation is employed in advanced water treatnplants to produce drinking water,
dissolved organic matter reacts with ozoneg) @nd/or hydroxyl radicals@QH) affecting disinfection
byproduct (DBP) formation with subsequently usebtbiche-based disinfectants. This study presents
the effects of varying exposures of @&1d"OH on DBP concentrations and their associated itgxic
generated after subsequent chlorination. DBP faomgbotential tests anth vitro bioassays were
conducted after batch ozonation experiments of Waéed surface water with and without addition of
tertiary butanol (t-BuOH, 10 mM) and hydrogen pedex(H,O,, 1 mg/mg Q), and at different pH (6
— 8) and transferred ozone doses (0 — 1 mg/mg TOC).

Although ozonation led to a 24 — 37% decrease im&tion of total trihalomethanes, haloacetic
acids, haloacetonitriles, and trihaloacetamidegnarease in formation of total trihalonitromethane
chloral hydrate, and haloketones was observed. &ffest however was less pronounced for samples
ozonated at conditions favoring molecular ozong.(@H 6 and in the presence of t-BuOH) o\@
reactions (e.g., pH 8 and in the presence gD Compared to ozonation only, addition 04
consistently enhanced formation of all DBP group8 ¢ 61%) except trihalonitromethanes. This
proves that ‘OH-transformed organic matter is more susceptilide halogen incorporation.
Analogously, adsorbable organic halogen (AOX) cotragions increased under conditions that favor
‘OH reactions. The ratio of unknown to known AOXwawer, was greater at conditions that promote
direct G reactions. Although significant correlation wasirfid between AOX and genotoxicity with
the p53 bioassay, toxicity tests usingndvitro bioassays showed relatively low absolute difference
between various ozonation conditions.

Keywords: ozonation, hydroxyl radicals, disinfection byproducts, adsorbable organic halogens, in

vitro bioassays
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1. Introduction

Ozonation is used in many drinking water treatnpants because of its efficiency for disinfection
as well as oxidation of micropollutants and natweganic matter (NOM) (Lee et al. 2013, von
Gunten 2003a, Westerhoff et al. 1999). It has ghiadditional attention due to its potential to
minimize formation of organic disinfection byprodsi¢DBPs) from subsequent chlorine disinfection.
However, like other oxidants ozone has its owneswt DBPs including bromate in bromide-
containing waters and other organic DBPs from ahdxidation of NOM (von Gunten 2003a). The
latter is expected as typical ozonation conditidnang drinking water treatment are insufficient fo
complete NOM mineralization (N6the et al. 2009, gré&di et al. 2010, Zhang and Jian 2006). Since
ozone is not used as a final disinfectant duestshbrt lifetime, it is commonly followed by chloa
or chloramines which can react with the remaining atructurally altered NOM to form additional
byproducts.

Oxidation during ozonation involves reactions ofl@ecalar ozone (¢) and/or hydroxyl radicals
('OH), the latter of which can be formed from ozoeeamposition and reaction with NOM (Elovitz
and von Gunten 1999) and is known to predominatoatlitions that favor ozone decay (e.g., high
pH or in presence of #,). Ozone decay, however, is slowed down at low pkhdhe presence of
"OH reaction inhibitors such as tertiary butanol éAcand von Gunten 2001, Elovitz et al. 2000). To
describe the decay kinetics of ozone, the term &xm@o or its time-integrated concentration is
commonly used, i.e., slower ozone decay corresptmldgher exposure and vice versa. Variations in
concentrations of @and’OH may then result in different transformationsD&8P precursors and are
known to contribute to formation of bromate duringulti-stage oxidation processes involving
bromide, hypobromite, and oxybromine intermedigtes Gunten and Hoigné 1994). The presence
of bromide can also affect the speciation of orgddBPs. Molecular ozone reacts via electrophilic
addition directly and selectively with electronkritunctional groups such as unsaturated hydrocarbon

bonds, activated aromatic systems, and non-pradnamines (Lee and von Gunten 2010, von
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Gunten 2003b)'OH reactions involve more unselective and diffustontrolled OH-addition and H-
abstraction (von Gunten 2003b, von Sonntag 2008).

Apart from bromate, most studies in the literatheve investigated the overall impact of the
ozonation process on DBP formation without takimig iconsideration the influence ‘@H reactions.
Limited studies differentiated the effects of chiaggO; and'OH exposures especially on organic
DBP formation. Singer et al. (1999) demonstrated there was no consistent trend for the effect of
ozonation pH on chlorination DBPs such as trihaliivaees (THMs), haloacetic acids (HAAS),
dichloroacetonitrile (DCAN), trichloronitromethari@ CNM), and chloral hydrate (CH). However,
Shan et al. (2012) showed an increase in halondtibames (HNMs) and THM formation at an
ozonation pH of 8 compared to pH 6. Kleiser ananiarel (2000) showed a less effective removal of
THMs and adsorbable organic halogen (AOX) formatmtentials in théOH-dominant HO,/UV
process compared to ozonation. In addition, whear@ Q/H,0, processes were compared, Yang et
al. (2012a) showed only a 5% variation in THM fotima and an inconsistent trend in HAA and
TCNM formation. The authors also observed an engdufarmation of haloacetonitriles (HANs), CH,
and haloketones (HK) with 4MH,0, treatment followed by chlorination.

Despite these studies, it still remains ambiguobsther ozonation at conditions of higher @
‘OH exposures would improve removal of DBP precwsAdditional evidence is needed to confirm
which oxidation pathway will assist water treatmefr@nt operators in improving their control over
regulated and emerging DBPs. Moreover, there istdomknowledge about the effect of oxidant
dynamics during ozonation on formation of nitrogemdBPs (N-DBPs) even though they are
identified to be more toxic than their carbon-ba8#P (C-DBPs) analogues (Plewa et al. 2008).
Additionally, although ozonation before chlorinatidlhas been shown to reduce formation of the
regulated THMs and HAAs (Hua and Reckhow 2013aty potentially transform NOM into forms
that render them capable of producing more toxi®BBStalter et al. 2010) after chlorination. These
effects may not be easily determined using conweaati analytical techniques. For this purpose,

recent studies have shown that chemical analysi3B®s can be complemented with bioanalytical
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tools such asn vitro bioassays to gain a better understanding of Hrestormations and toxicity that
may occur after treatment (Farre et al. 2013, Lgoal. 2014, Neale et al. 2012). These tools msy al
be useful in determining the effects of varying maion conditions on the quality of the final
disinfected water.

This paper shows the effects of changinga®d'OH exposures prior to chlorination on formation
potentials of AOX, N-DBPs such as HANs, HNMs, araloacetamides (HAMs) and the C-DBPs
THMs, HAAs, CH, and HKsIn vitro bioassays were used to assess cytotoxicity, geiedio and
oxidative stress of the treated water. Thus, asticlapproach was applied to determine the overall
impact of ozone an®H oxidation on the quality of water post-disinfattwith chlorine in terms of

known DBPs, AOX, and associated biological effects.

2. Experimental methods

2.1. Water sample

The settled water used in this study was represeataf 9 sources with similar character treated at
drinking water plants throughout South East Queens(SEQ), Australia (Lyon et al. 2013) and was
collected after coagulation and sedimentation filmme of the plants. The treatment plant’s source
water originates from a catchment area (88)kmhich introduces organic matter comprised mostly
allochthonous, plant- and soil-derived materialr@ss the 9 sources, total organic carbon (TOC) and
specific UV absorbance (SUVA) were 3.9 £+ 0.5 mgtdal.6 £ 0.1 L/mg-C-m, respectively.
Differences in DBP formation potentials were alsmimal (e.g., THMs and HANs had relative
standard deviations of 22 and 30%, respectivelydhasvn in Figure S1. Thus, it is likely that the
findings from study of this water would be applitabcross the SEQ region.

To obtain a stock solution of organic matter thauld be used for a series of ozonation
experiments, the settled water was concentrateé\®rse osmosis (RO) as described in Text S1. The
characteristics of the source settled water and deficentrate are shown in Table S1. The RO

concentrate contained 181 £ 3 mg/L TOC, 6.0 mghalterganic nitrogen, and 3.2 £+ 0.1 mg/L
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bromide. lodide was below the reporting limit of @g/L. To show that the concentration process did
not significantly alter the characteristics of DBRecursors in the source settled water, volatild?PDB
formation potentials (immol/mmol C) of a reconstituted RO concentrate wemapared to those in
the settled water sample (Table S2).

2.2. Batch ozonation experiments

Experiments were performed as batch experimenttngik.2um GF/C (Whatman, UK) filtered
reconstituted RO concentrate with ozone stock mwist Reconstituted water was prepared by mixing
deionized water (MilliQ A10 Advantage, Millipore, ustralia) with RO concentrate to a TOC
concentration of 17 + 2 mg/L, a level that helpedirhprove detection of all targeted DBPs. The
samples were buffered with 1 mM phosphate to ensmlatively constant pH (x 0.2 pH units) during
ozonation. All ozonation experiments were carriatlio triplicate and results are reported as mean *
standard deviation. For this study, the followiraséline conditions were defined: transferred ozone
dose = 0.75 mg/mg TOC, inorganic carbon conceptiati 0 mg/mg TOC, pH = 7, temperature =
22'C and bromide concentration = 2§ Br/mg TOC. Details on preparation of ozone stock timhs
(1 - 1.5 mM Q) are discussed in Text S2.

The first set of batch ozonation experiments usedpdes with and without added tertiary butanol
(t-BuOH; 10 mM; Sigma-Aldrich, 99.6%, St. Louis, MOSA) and hydrogen peroxide {8b; 15 mg
Os/L; Merck, 30%, Darmstadt, Germany) to distinguikk effects of direct ©and’OH reactions on
DBP formation. To confirm these results, the seceetdstudied the effect of varying pH levels (6, 7,
8) on ozonation using samples buffered with 1 mMogpihate (NakPO,-2HO (>99%, Ajax
Finechem, NSW, Australia) and p#PO,- 2H,0 (>99.5%, Merck, Darmstadt, Germany)). The third
set varied transferred ozone dose (0, 0.4, 0.18g/ing TOC) to determine the impact of having both
Os; and’OH reactions on DBP formation. Ozone doses werasgatj in each experiment to simulate
actual Q/TOC ratios of water utilities in SEQ. After alldlozone had reacted, samples were stored
headspace free af@ for no more than 24 hours until conducting DBPnfation potential tests.

Characterization methods for TOC, absorbance, dékmence, aldehyde, and inorganic nitrogen
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content are discussed in Text S3. Experiments witbaone addition were also conducted with the
same TOC, inorganic carbon, bromide, and pH asb#seline conditions. Samples for bromate
analysis were collected before DBP formation pasdiests.
2.3. Formation potential tests

Formation potential tests were carried out in 230headspace-free samples buffered at pH 7 with
10 mM phosphate. The buffer was prepared from durexof KH,PO, (99%) and NaOH (98%) both
purchased from Chem-Supply, SA, Australia. The eotration of sodium hypochlorite (reagent
grade, available chlorine 4 - 4.99%, Sigma-Aldri&t, Louis, MO, USA) added was based on
chlorine demand tests with the same water and aimbdve a residual of 1 — 2 mg/L as &fter 24 h
to simulate realistic conditions. Prior to thissidualH,O, for samples treated with z,0, was
qguenched using either equimolar concentrationsodfusn sulfite(298%, Sigma-Aldrich, Japan) or
excess sodium hypochlorite (Liu et al. 2003). Tdtéel was used simultaneously for quenchin®H
and the excess for DBP formation potential teskdofthe residual in samples was measured using the
N,N-diethyl{p-phenylenediamine (DPD) free chlorine colorimetnethod (Hach, Loveland, CO,
USA). After one day of contact time, samples warergched of chlorine depending on the subsequent
analytical fraction (i.e. L-ascorbic acid (>99%g®ia-Aldrich, China), sodium sulfite (>98%, Sigma-
Aldrich, Japan), and ammonium chloride (99.5%, Sightdrich, Japan) prior to extraction of neutral-
extractable DBPs, AOX, and haloacetic acids, respdyg). DBP formation potentials were
normalized to the measured TOC of the water saniése ozonation and reportedimol/mmol
TOC to account for possible variability in preparireconstituted water samples. For bioassays, 500
mL of ozonated samples were also subjected to Bhation potential tests with chlorine. The
residual chlorine was quenched with equimolar cotrations of sodium thiosulfate (b#0O3-5H,0;
99.5%, Sigma-Aldrich, USA) as described by Farréle2013 and Yeh et al. 2014.

2.4. Analysis of disinfection by-products

The neutral extractable volatile DBPs analyzed dirsamples included four trihalomethanes

(THM4; trichloromethane (TCM), tribromomethane (TBMiromodichloromethane (BDCM), and
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dibromochloromethane (DBCM)), chloral hydrate (Ct)o haloketones (HK; 1,1-dichloropropanone
(1,2-DCP) and 1,1,1-trichloropropanone (1,1,1-TCP)¥our haloacetonitriles (HAN4;
trichloroacetonitrile (TCAN), dichloroacetonitril€@CAN), bromochloroacetonitrile (BCAN), and
dibromoacetonitrile (DBAN)), two trihalonitromethes (THNM; trichloronitromethane (TCNM) and
tribromonitromethane (TBNM)), and three trihaloareides (THAM; trichloroacetamide (TCAM),
bromodichloroacetamide (BDCAM), and dibromochlomtamide (DBCAM)). Other HAMs and
iodinated DBPs were also measured but their coratgomnis were below their method reporting limits.
The standards were purchased from different suigpdie specified in Text S4. As described by Farré
et al. (2013), each sample was extracted in duplivath methyl tert-butyl ether (MtBE; 99.9%,
Sigma-Aldrich, St. Louis, MO, USA) and analyzedngsan Agilent 7890A gas chromatograph with
electron capture detector (GC/ECD) (Agilent, ShamgiChina) that has a dual injection (two
injectors/columns/detectors on the same GC/ECDg. mbthod reporting limit for volatile DBPs was
0.1 ug/L with recoveries normally ranging from 70% to0%2.

The haloacetic acids (HAAs) were classified infot(ihaloacetic acids (THAAS) which included
trichloroacetic acid (TCAA), bromodichloroaceticidd BDCAA), and chlorodibromoacetic acid
(CDBAA), and (ii) dihaloacetic acids (DHAAs) whicincluded dichloroacetic acid (DCAA),
bromochloroacetic acid (BCAA), and dibromoaceticidacqDBAA). These together with
monochloroacetic acid (MCAA) and monobromoacetic §MBAA) were measured at Queensland
Health Scientific and Forensic Services (QHFSSetam EPA Method 552.3 (Domino et al. 2003)
using an acidic, salted microextraction followeddwsyivatization with acidic methanol and GC/ECD
analysis (Xie et al. 2002). The method reportingtlifor all HAA species was hg/L. Tribromoacetic
acid was not analyzed because of its low stahilitgng extraction with MtBE.

The analysis of adsorbable organic halogen (AOX)s weased on previously reported
methodologies (Farré et al. 2013, Yeh et al. 20T#)s involves carbon adsorption and pyrolysis
measurement on a Mitsubishi AQF-2100 Automated KQE&iernace unit followed by a Dionex ICS-

2100 dual channel ion chromatograph system (Théfisiter Scientific, Australia).
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Bromide, iodide, and bromate were measured at QHESS8g a Metrohnm 861 (Herisau,
Switzerland) Advanced Compact ion chromatographpgea with Thermo AS23 and AG23 columns
and a 5QuL sample loop. The eluent (0.477 g/L sodium carb®@ad 0.067 g/L sodium bicarbonate
in MilliQ water) flow rate was 1 mL/min and its cductivity suppressed using Metrohm’s chemical
(100 mM HSOy) and CQ suppression modules. The reporting limits for kidemn iodide, and
bromate were 0.005, 0.1, and 0.01, mg/L, respdgtive

2.5. Sample preparation for bioassays

The quenched chlorinated 500 mL samples weredaislified to pH 1.5 using sulfuric acid (98%,
Merck, Darmstadt, Germany) followed by a solid ghasgtraction (SPE) using TELOS ENV 1g/6ml
cartridges (Kinesis, QLD, Australia). It should beted that samples used here (TOC = 19 mg/L)
were already enriched 4 times compared to TOC wfahevater samples (4.8 mg/L). The cartridges
were conditioned with 20 mL each of MtBE, metha(x99.8%, Merck, Darmstadt, Germany), and
MilliQ water adjusted to pH 1.5 with sulfuric acidispectively. After sample loading, cartridgesaver
dried with >99.998% nitrogen gas. The retained comps were eluted with 20 mL methanol
followed by 20 mL MtBE. The eluates were blown dowm 200 uL, which generates a 2,500
concentration factor for those DBPs completely veced through the process. This extraction
procedure enriched only non-volatile DBPs while tingre volatile compounds were likely lost during
the blow-down step (Neale et al. 2012). With thi#iah~4-fold enrichment of TOC, the effects of
treatment on the original settled water were highbgnified to the point of making any differences i
biological effect more discernible. Extracts wet@ed at -80C and analyzed within 4 weeks.

2.6. Bioassays

Four types ofin vitro bioassays were used to target nonspecific andiveaendpoints. These
together with the relevant reference compounds whee bacterial cytotoxicity (Microtox) or
bioluminescence inhibition assay with fischeri using phenol (Tang et al. 2013), the umuC bacterial
reporter gene assay for genotoxicity using 4-nitingline-1-oxide (Reifferscheid et al. 1991), the

AREc32 MCF7 human cell reporter gene assay foraiiid stress using t-butylhydroquinone (tBHQ)
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(Escher et al. 2012), and the p53RE-bla HCT-116 druiell reporter gene assay for genotoxicity
using benzo(a)pyrene (Yeh et al. 2014). 1% metharad used as negative control in the assay
medium. Relative enrichment factors (REF) were dated from the ratio of a 10,000 enrichment
factor of sample (representing the combination -6bld TOC enrichment and 2,500 concentration
factor by SPE) to the bioassay dilution factor.(idilution of SPE extracts with assay medium by
factor of 100). Each sample was analyzed in aniB8t@erial dilution. For Microtox, the 50%fect
concentration (E€g) was derived from a log-logistic concentratidifieet curve and corresponds to an
REF which induces 50% of the maximum effect. Fdreotbioassays, effect concentration (EC) is
defined as induction ratio (IR) of 1.5 (lr&s) which corresponds to the REF needed to elicitiings
induction of effect (e.g., production of luciferake the AREc32 assay) compared to the negative
control. Thus, water samples that have lower E@snaore toxic. The contribution of t-BuOH to
toxicity was not measured since it is expectedaweehbeen lost during SPE. Further details on the

bioassays were reported previously (Farré et dl32Neale et al. 2012, Yeh et al. 2014).

3. Resultsand Discussion

3.1. Effect of ozonation conditions on formation of known DBPs

Figure 1 compares DBP formation potential of sampglellected for three replicate experiments
with and without previous ozonation at a dose @60ng Q/mg TOC and pH 7 (columns labelled as
“O3” and “No O"). As expected, ozone increased the formationmi@ks of CH, HKs, and THNMs
(Bond et al. 2011, Krasner 2009, Singer et al. 192hg et al. 2012a) by 192%, 133%, and 1079%,
respectively. The average concentration of otheP®Becreased in the following order: HAN4 (37%)
~ THAA (37%) > THAMSs (28%)~ THM4 (25%) > DHAAs (11%). lodinated DBPs (I-DBPskgre
all below detection limits which is in agreementhwihe study of Allard et al. (2013) which showed
ozonation of iodide to iodate preventing I-DBP fation.

Differences in DBP formation are dependent on paucharacteristics and their reactivity

towards Q. When ozone reacts with nitrogen-containing megeiuch as amines, R-B@oducts are

10
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formed which are THNM precursors (Bond et al. 20b4j these remove the nitrogen source for
HAN4 and THAM formation explaining the observednis in these experiments. Moreover, an
increase in in N@-N concentrations (7.6 — 44ufy/L) was observed, indicating direct attack of czon
on the nitrogen atom yielding a mixture of produatduding nitroalkanes and nitrate, among others.
Ozonation of C-DBP precursors (e.g., phenol-typities), on the other hand, occurs via a Criegee-
type reaction where aromatic rings are cleaved ifggrmuconic-type and aliphatic products (Wenk et
al. 2013) including precursors of CH and HKs. Tisigeflected in a measured decrease in SUVA
from 1.88 L/mg-C-m in the source water down to 0.88g-C-m after ozonation at 0.75 mg/Qg
TOC (Figure S2a). At this same ozone dose, an 8&8tedse in fluorescence intensities of humic and
fulvic acid-like peaks was also observed (Figur®)SBPuring this process, electron-rich constituents
of NOM are oxidized leading to fewer halogenatidess(Westerhoff et al. 2004) that are necessary
for THM and HAA precursors. The oxidized NOM alsecbmes more hydrophilic resulting in a large
decrease in THAAs whose precursors are known todre hydrophobic compared to those of THMs
and DHAAs (Hua and Reckhow 2007). This increaséyidrophilicity also enhanced formation of
bromine-containing DBPs such as DBCM, TBM, DBAA, BBA, DBAN, TBNM, and DBCM
(Table S3) from oxidation by boths@nd'OH. The influence of each oxidant on DBP formatias
then distinguished by addition of t-BuOH andQd to represent @and ‘OH-dominant conditions,
respectively.

3.1.1. Addition of tertiary butanol and H,O,

Figure 1 shows that ozonation of water sampleblerpresence of t-BuOH decreased the formation
potentials of both C- and N-DBPs compared towith H,O, and Q alone, the latter containing a
mixture of molecular ozone ari®H. The results confirm that reactions of molecolzone decreased
nucleophilic centers of NOM available for chlorieebstitution (Westerhoff et al. 2004). They also
support the observations of Wenk et al. (2013) thact Q reactions resulted in NOM with lower

electron-donating capacity compared to non-seleciridation withOH.

11
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The average formation potentials of each DBP speaie presented in Table S3. It should be noted
that in the presence of NOM, t-BuOH is less likelyreact with molecular ozone (k = 3x1M™'s™)
(Reisz et al. 2014). This was apparent from lowBPOormation potentials produced from samples
treated with @t-BuOH compared to 9Yonly and Q/H,O,. Control experiments using ozonated t-
BuOH in pure water were performed to investigatePCfBrmation related to t-BuOH. In pure water,
TCM and AOX concentrations produced from ozonat&#L®H were only about 15% of the
formation potentials observed for water sampleatée with Q/t-BuOH. In the presence of NOM,
this percentage is expected to be much lower. Qmmaf t-BuOH alone, however, may form
acetone and butan-2-one (Reisz et al. 2014)@Hdscavenging may form formaldehyde (Néthe et al.
2009). These compounds can possibly act as presusddiKs including 1,1,1-TCP and 1,1-DCP
whose respective concentrations after ozonatiarBafOH in pure water were 72% and 21% higher
than the formation potentials of water samplestéeavith Q/t-BuOH. As can be seen from Figure 1,
this possible increase in DBP formation potentveds not apparent in the actual water sample due to
competing reactions with more reactive NOM, prodgdess HKs compared to;©nly and Q/H,0-
conditions. This strongly suggests that t-BuOH doetscontribute to further DBP formation in our
water sample.

In terms of THM4, addition of t-BuOH caused a fentt34% decrease in their formation potential
compared to ozonation without t-BuOH. This impligmt t-BuOH improved the reaction of;O
towards THM precursors which are often correlatéith Wwydrophobic fractions containing aromatic
carbon and this is reflected in decreased fluoreseat the humic and fulvic acid-like regions (Feyu
S3). When @H,0, was used, THM4 formation potentials after subsetjablorination increased by
50% relative to @only and were almost equal to those in sampleBontt Q. Such an increase is
consistent with the increased SUVA and fluorescestzgerved in @H,0, treatments compared to
ozone alone (Figures S2a and b).

The results for HAAs were similar to those obseried THM4. Relative to ozonated samples

without H,O,, THAA and DHAA formation potentials were higher apout 50% after €H,0,
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treatment. On the other hand, addition of t-BuOHirdy ozonation lowered THAA and DHAA
formation potentials by 50% and 35%, respectiv@lyese findings are reflected in the decrease for
chlorine demand when QOreactions were favored ové®H reactions (Figure S2c). For example,
ozonated samples without t-BuOH had a chlorine ahehmd 12.3 mg/L while this value was reduced
to 10.1 mg/L in those ozonated samples to whicah®B was added.

Although the levels of CH and HKs after chlorinationcreased with ozonation as a result of
increased aldehyde and methyl ketone species, firairation potentials were still lower withs®
BuOH (CH=0.09; HK=0.17umol/mmol C) than those treated withy/B,0, (CH=0.64; HK=0.36
umol/mmol C). In the presence of t-BuOH, CH decrdalsg 79% and HKs by 35% compared to
samples ozonated without t-BuOH. These findinggesgthatOH radicals are able to react with-O
refractory moieties of NOM leading to formation ofiore CH and HK precursors. This is
demonstrated in lower acetaldehyde concentratioeasared after ozonation in the presence of t-
BuOH than with HO, (Figure S4).

The observed trends for THM4, HAAs, CH, and HKsabscurred for N-DBPs pertaining to the
groups of HAN4 and THAMs. The formation potentias HAN4 were reduced by 53% in the
presence of t-BuOH while in presence gfJi the reduction was 29% lower. The results showe he
were consistent with the findings of Molnar et (@012a) who showed thdH reactions generated
from TiO,-catalyzed ozonation resulted in an increase inrdpfulic NOM fractions, which are
known to contain HAN precursors. In terms of THAMehich can be formed from hydrolysis of
HANs (Glezer et al. 1999) or from other HAN-indedent reactions (Huang et al. 2012), addition of
t-BuOH tends to improve reduction of THAM formatigotentials relative to ozonation without t-
BuOH. With GQ/H,0,, the formation potentials were even higher congbdce samples not treated
with ozone. The differences between these treasnéoivever, showed weak statistical significance
due to large deviations arising from relatively [®WAM concentrations.

The differences between THNM formation potentigdsnt of TCNM and TBNM) in samples

treated with and without t-BuOH and.®, were not markedly significant (p=0.06) due to casting
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changes in concentrations of TCNM and TBNM (Tab8.3CNM concentrations were lower in
ozonated samples with either t-BuOH ofG4 At these conditions, a rupture of the C — N bémd
form inorganic nitrogen is likely such that HNM foation is minimized regardless of whether the
reaction proceeds via thes@r ‘OH pathways. This mechanism is supported by previstudies
where reactions of £and"OH with organic nitrogen were observed to yieldaté and ammonia as
end products, respectively (Berger et al. 1999 Laeheur and Glaze 1996). The results here also
demonstrate that not onlyz;Mut also’OH may form nitroalkane groups (Shah and Mitch 3012
through formation of more oxidizing radical spediesn ozone decompasition (e.g.;)aas proposed
by Shan et al. (2012). Significant differences weleserved for TBNM (p<0.05). Compared to
ozonation alone and in the presence el TBNM formation potential was higher for ozonated
samples containing t-BuOH. This is a result of aoreased HOBr/OBrconcentration, which
enhances bromine substitution into nitroalkane gsod'he changes in percent bromine substitution
factors after ozonation are illustrated in Figute Bhese values were calculated from the ratidef t
molar concentration of bromine incorporated in @®P group to the total molar concentration of
chlorine and bromine in that group (Hua and Reckl2®43). Less TBNM was found in samples
containing HO, most likely due to the reduction of HOBr/ORo Br by HO; as reported by von
Gunten and Oliveras (1998). Similar trends wereepkd for other bromine-containing DBPs
including DBCM, TBM, DBAN, TBNM, DBCAM, DBAA, and ©BAA.

3.1.2. Ozonation pH

The changes in formation potentials with varyingrez andOH exposures were confirmed using
ozonation conditions at different pH. Consistenthwour earlier results, formation potentials of C-
DBPs were found to be lower at pH 6 where the miégmzone pathway predominates compared to
pH 8 (Figure 2).

Compared to chlorination of non-ozonated sampleBviZ formation potentials decreased by 35%
when samples ozonated at pH 6 were subsequentlyirditied to achieve the same target residual.

When ozonation was carried out at pH 8, THM4 foiorapotential was 20% higher than at pH 6.
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This could be the result of increas€H reaction with aromatic structures in NOM makihgnore
susceptible to halogenation with chlorine (Kleiaad Frimmel 2000, von Gunten 2003a). Kleiser and
Frimmel (2000) also proposed thaH attack on NOM via H-abstraction of aliphaticustures and
reactions with oxygen and peroxyl radicals may poadalcohol or keto-groups which react with
chlorine to form THMs (Kleiser and Frimmel 2000).

A similar trend was observed for HAAs but with almer increase at pH 8 for DHAAs (31%)
compared to THAAs (21%). This difference could blated to the change in content and structure of
HAA precursors. At higher ozonation pH, more hydntip NOM fractions could form which are
known precursors of DHAA. In a study by Molnar €t(@012b), 3 mg @mg DOC ozonation of a
raw water sample at pH 10 compared to pH 6 incoeése hydrophilic NOM fraction to 90%. This
fraction may contaif-dicarbonyl acid species which are important in Dxfsrmation (Bond et al.
2009).

The degradation products @H reactions with NOM (e.g., saturated compounkis &ldehydes
and ketones) are also important for formation of &tdl HK as shown in the previous section. The
formation potentials of these groups increased aftenation with this increase being stronger at pH
8 compared to lower pH. This provides further emiciethat a shift from ©to ‘OH radical pathways
promotes formation of precursors of halogenatedraldes (Figure S4) and ketones.

After ozonation, HAN4 and THAM formation potentiatkecreased with concurrent increase in
THNM formation potential. However, across the oZzarapH levels used in this study, no significant
differences were observed for the N-DBPs analyZéds could mean that at these conditionga@d
‘OH, despite their having different concentratiom® able to react with organic nitrogen leading to
similar N-DBP precursor concentrations before dhbtion. The results may also imply that the
change in @ and'OH exposures at the pH used may be insufficientaiese dramatic change in
precursor concentrations as compared to exposbtasied through addition of t-BuOH and®3, as
demonstrated in the previous section. This may hsee an implication on the nature of organic

nitrogen present in the sample. Shan et al. (2G&Rgxample, showed that most amino acids (except
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glycine and lysine) and amino sugars did not camsapparent increase in the yield of HNMs when
ozonation pH was increased from pH 6 to 8.

3.1.3. Transferred ozone dose

Figure 3 shows the effect of increasing ozone aws&rmation potentials of C- and N-DBPs. It
should be noted, however, that increasing ozone dwsy not completely differentiate the effects of
ozone andOH because, as shown in Figure S6, the exposurbstbfoxidants increase with dose.
Thus, this section demonstrates the combined sffecbzone andOH on formation potentials of
DBPs.

Ozonation at an initial low transferred dose of i@mg TOC led to 20 — 40% lower formation of
THM4, THAAs, DHAAs, HAN4, and THAMs after chlorin@n compared to non-ozonated samples
that were chlorinated to achieve the same targatiwal. When the ozone dose was increased, no
statistically significant effect was observed fdiMI4. This could be a result of competing effects of
Os; and ‘OH reactions, (i.e., molecularz@eactions minimize THM formation whilé®DH reactions
form more precursors). Although bromine-containifigMs increased after ozonation, only slight
variations in their formation potentials were olser when ozone dose was increased (Table S3).

HAA precursor concentrations were also reducedndumitial low dose ozonation. However, at
higher ozone doses, THAA and DHAA formation potalstiappeared to increase slightly. From 0.4 to
1 mg Q/mg TOC, concentrations of THAASs increased by 15%6levthose of DHAAS increased by
22%. Between the two groups and at all ozone dddd8A formation potentials were lower than
those of DHAAs because of the more hydrophobic neatd the former (Hua and Reckhow 2007).
The same rationale applies for higher reductiodldAA formation potentials at the same 0.75 mg
Os/mg TOC ozone dose (37%) compared to THM4 (25%).

The formation potentials of CH and HK were showrnicrease at higher ozone doses. Compared
to samples without ozone, CH and HK increased by t©3209% and 64 to 190% from 0.4 to 1 mg
Os/mg TOC, respectively. These results demonstrade despite having high ozone exposure, the

strong contribution ofOH in the formation of aldehydes and methyl ketprexursors resulted in an
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increase in CH and HK formation. The increasesldielayde concentrations are presented in Figure
S7. These results, together with those observatiffarent ozonation pH, show that ozonation at
lower doses and pH may be necessary for betterad@itC-DBP formation.

Ozonation of dissolved organic nitrogen with ingiag dose may result in a mixture of oxidized
amines, nitriles, and amides. The formation potdésof HAN4 and THAMs decreased 30 to 41% and
20 to 32%, respectively, when ozone dose incre&eed 0.4 to 1 mg @mg TOC. Although the
differences in concentrations after ozonation dat reach statistical significance (p>0.05), the
decreasing trend in formation potentials at highwwne dose suggests favorable oxidation of HAN4
and THAM precursors to nitroalkane groups whiclium promotes THNM formation (Huang et al.
2012, Yang et al. 2012b). These reactions may expie significant increase in THNM formation
potentials from 0.005 to 0.00nol/mmol C when ozone dose was increased.

Since bromate, formed during ozonation, is amorg EBPs of most interest, it was also
measured after ozonation at different conditionsthBdirect Q and *OH radical reaction pathways
were reported to significantly affect bromate fotima through mechanisms involving oxidation of
bromide and bromite by moleculag @nd oxidation of intermediate oxybromine specigs@H (von
Gunten and Hoigné 1994). Figure S8 shows bromateertrations during ozonation at various
transferred ozone doses, bromide and inorganiooacbncentrations, and in the presence of t-BuOH
and HO,. Bromate increased with increasing ozone dose lamnide concentrations. When
inorganic carbon was increased from 0 to 6 mg/m@ EDthe same ozone dose (0.75 mg/mg TOC)
and bromide concentration (2/mg TOC), bromate increased from 0.01 to 0.05 mdyle to
reactions of bromide and hypobromite with molecwaone,”OH, and carbonate radicals formed
from "OH scavenging by HCEICO;* (von Gunten and Hoigné 1994). In natural waterkjgher
inorganic carbon can elevate pH which might favamtate formation by théOH pathway. In the
presence of t-BuOH and.B, at 0.75 mg @mg TOC and the same bromide concentrationu@tng
TOC), no bromate was formed which is similar to tiservations of Gillogly et al. (2001).,6:

reduces HOBr to Bwhile t-BuOH can scavenge availabi@H. Since no bromate was found after
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ozonation with t-BuOH, th&OH pathway, therefore, played an important rolbriomate formation in
our water samples. It should be noted that therte@gdoromate concentrations in our study came from
reconstituted water samples (TOC = 18 mg/L) whiehabout 4 to 10 times more concentrated than
commonly encountered in water treatment plants a/iee resulting bromate concentrations would
typically be much lower.

3.2. Effect of ozonation conditions on formation of unknown byproducts

One of the concerns during ozonation is the foromabf unknown transformation products that
may be associated with certain toxic effects. Tdraesk this, AOX andn vitro bioassayswvere
conducted after the ozonated water had been chtednn the formation potential tests.

Figure 4a shows the changes in AOX at differentnaton conditions which could be partially
attributed to the largest constituents (THM4 at-282% and total HAAs at 16 — 22% across all
experimental conditions in this study). The reswiese generally consistent with those observed for
the sum of the measured DBPs, i.e., conditionsfthatr molecular ozone ové®H reactions led to
lower AOX formation potentials. Figure S9 showsamples of changes in AOX distributions as a
function of different oxidant exposure. After chiwtion of Q/t-BuOH treated water, the AOX
concentration (12.1umol/mmol C) was found to be lower than AOX from pation at ambient
conditions (20.5umol/mmol C). Higher AOX was found for 1,0, treatment (25.@mol/mmol C)
which was 11% higher than AOX from samples not te@éawith ozone. AOX at pH 8 (21.4
umol/mmol C) was also higher than AOX at pH 6 (18rol/mmol C). AOX formation potentials
also had an initial decrease of 30% at 0.4 rggn@ TOC followed by an increase in concentrations i
the range of 15.7 — 23@nol/mmol C with increasing ozone dose. This sugpottr hypothesis that
the increase in DBP formation potentials with ozdoee is due t@OH induced formation of halogen
reactive organic matter fractions. This can be $emn a linear relation of AOX formation potentials
with chlorine demand of samples ozonated at diffiecenditions (Figure S10).

Another notable outcome of ozonation at different éposures is the change in unknown to

known AOX ratio (UAOX/AOX) (Figure 4b). UAOX refert the difference between the measured
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AOX and the organic halogen content of the measD#s. It was clearly shown that conditions that
promote molecular ozone reactions have higher UAKD¥ values compared to conditions that
promote’OH reactions. For example, samples ozonated wigbh@QH had a UAOX/AOX value of
50% while those treated withz®1,0, only had 27%. Ozonation at pH 6 resulted in a UAS3X
value of 60% while at pH 8, this ratio decrease8286. The gap between the total AOX and known
AOX became closer when the %A0X accounted for leyrtteasured THMs and HAAs was higher
(Figure S11).

The changes in reactivity of the organic matterawms chlorine after ozonation may also influence
the overall toxicity of the treated water samplesuinmary of the bioassay responses are presented in
Figure 5. Symbols E1 — E6 correspond to the toxiaitd AOX data of 6 ozonation experiments at
different pH (6 and 8) and ozone dose (0, 0.4, @nth1l mg/mg TOC). The points fog/©BUuOH and
O4s/H,0, were not included in the linear regression soodsave responses from water samples with
relatively constant characteristics. Among the &sags, the p53 assay was the only test to show a
significant correlation between AOX and genotoxidip = 0.006; R = 0.87), i.e., the higher the
AOX, the more genotoxic the water becomes. Singe AOX was produced when conditions favored
direct ozone reactions, it also follows that gerimiity could be lower at similar conditions. Other
than non-volatile DBPs, genotoxicants causing ésponse may also include other oxidation products
such as aldehydes and aldehyde-containing moietlish may potentially damage DNA and
enzymes (Magdeburg et al. 2014, Petala et al. 2008)

Despite the correlation found for the p53 assag, differences in toxic response from the other
bioassays were generally less pronounced. Theitpx€ all Os/HOCI treated waters in our study
remained relatively constant and within the commacountered precision of bioassay responses
despite observed changes of AOX concentration watlying oxidant exposures. This suggests that
the toxicological impact of AOX generated by a camation of ozone and chlorine compared to
chlorine alone is insignificant. This is in contra® studies evaluating other water treatment

combinations (Farré et al. 2013, Reungoat et dl0R0rhe study of Farré et al. (2013), for example,
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showed less variability in toxicity between samplesated with HOCI and N4€Il. When source
waters with different organic matter characterssénd concentrations were used (e.g., samples from
conventional drinking water treatment plant andesatination plant), large differences in effect
concentrations were observed. Hence, neither argawaitter changes nor DBP formation brought
about by different ozone exposures is sufficiengltoit a statistically significant trend in toxigior

the toxicity assays used in this study are notesssiive as AOX measurements when it comes to

evaluating ozonation effects on organic matterdi@mation.

4. Conclusions

This study evaluated the effects of ozonation doomak on formation potentials of C-DBPs, N-
DBPs, AOX, and associated toxicity after chloringirdection. From this study, the following
conclusions can be drawn:

« Ozonation at conditions favoring molecular ozonerahe'’OH pathway promotes reduction
of halogenated DBP formation potentials with suleeq chlorination. This observation also
applies to DBPs that are known to form as a resfltpre-ozonation and subsequent
chlorination such as CH and HKs. Table S4 provalesmmary of percent removals of DBP
formation potentials during ozonation under dirmbdne- andOH-dominant conditions.

* Increasing ozone dose without changing other cmmdit(e.g., pH, no addition of t-BuOH or
H.O,) resulted in a mixture of effects brought aboutadgitional Q and"OH reactions. DBP
formation potentials first decreased at the ini@aldose but increased at higher doses due to
the contribution ofOH in organic matter oxidation once it was no langiesceptible to direct
reactions with ozone.

e The results for AOX followed the trend for known B8 analyzed. Subjecting samples to
conditions favoring ozone reaction pathway resuiteldwer AOX formation potentials but a

higher percentage of UAOX.
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* Invitro bioassay results for p53 showed significant catr@h with AOX formation. Although
the toxic effects were not very prominent in thisdy, the observed differences imply that the
degree of oxidation prior to chlorine disinfectioauld influence the overall toxicity of the
treated water. No significant changes in toxicitgrev observed using Microtox, umuC and

ARECc32 bioassays.
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Figure Captions:

Figure 1. Formation potentials (FP) of (a) C-DBPs and (bPBPs in the presence and absence of t-
BuOH and HO,. Conditions: TOC = 17.2 £ 2.0 mg/L, transferrese dose = 0.75 mg/mg TOC,
pH = 7 (1 mM phosphate), t-BUOH = 10 mM,® = 1 mg/mg @, temperature = 22+C. HOCI
DBP 24 h formation potentials tests at pH 7 wergdied to have a 1 — 2 mg/L.Cksidual. Error

bars depict standard deviation of 3 replicate erpants.

Figure 2. Formation potentials of (a) C-DBPs and (b) N-DB&s different ozonation pH.
Conditions: TOC = 17.2 + 2.0 mg/L, transferred czaose = 0.75 mg/mg TOC, buffer = 1 mM
phosphate, temperature = 22 %0 HOCI DBP 24 h formation potentials tests at piiefe targeted

to have a 1 — 2 mg/L gtesidual. Error bars depict standard deviatioB mdplicate experiments.

Figure 3. Formation potentials of (a) C-DBPs and (b) N-DB®slifferent transferred ozone doses.
Conditions: TOC = 17.2 + 2.0 mg/L, pH =7 (1 mM phbate), temperature = 22 #C1 HOC| DBP
24 h formation potentials tests at pH 7 were tade¢d have a 1 — 2 mg/L Olesidual. Error bars

depict standard deviation of 3 replicate experiment

Figure 4. Changes in (a) AOX and (b) unknown/known AOX afteonation and subsequent
chlorination (n=2). TOC = 16.4 + 2.0 mg/L; firsttsef bars in each plot correspond to samples
ozonated with and without t-BuOH angd®}; the second set were treated at different ozomatit
values (buffered with 1 mM phosphate); the thirdvgere ozonated with increasing ozone dose (0.4

— 1 mg/mg TOC). Error bars depict the absolutesdiffice.

Figure 5. Relationship of AOX formation potentials to bioagsesults (Microtox, umuC, AREc32,
p53) of samples ozonated at different conditionsrgo chlorination (n=2). Bioassay results show

the range of effect concentrations gg@nd EGr15) in units of relative enrichment factor (REF).
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Numbered symbols (E) correspond to the results etp@riments, namely ozonation at different O
doses (0, 0.4, 0.75 (also for pH 7), 1 mgn@y TOC) and pH (6, 8). Circle and inverted triangl
symbols correspond to samples treated wigh-BuOH and Q/H,0,, respectively. Error bars depict

the absolute difference.
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Figure 5:
(a) Microtox (cytotoxicity) (b) umuC (genotoxicity) (c) AREC32 (oxidative stress) (d) p53 (genotoxicity)
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Highlights
e O3/'OH ratios were modified to investigate DBP formatin drinking water
e Compared toOH, oxidation by @led to less C-DBPs and AOX formation potential
* HAN4 and THAMs showed opposite trends to THNM fotima when modifying
O3/'OH ratio

» 4 bioassays showed low differences in toxicity e different @'OH exposures
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Appendix A. Supplementary Data for
Towardsreducing DBP formation potential of drinking water by
favouring direct ozone over hydroxyl radical reactionsduring

ozonation

Glen Andrew De Vera Daniel Staltef, Wolfgang GernjaR, Howard S. WeinbefgJurg Keller,

Maria José Farrg

“The University of Queensland, Advanced Water Manseye Centre, Queensland 4072, Australia

*The University of Queensland, National Researcht@efor Environmental Toxicology (Entox),
Brisbane, Queensland 4108, Australia

SICRA, Catalan Institute for Water Research, Scfienéind Technological Park of the University of
Girona, HO Building, Emili Grahit 101, 17003 Girona, Spain

*University of North Carolina at Chapel Hill, Depagnt of Environmental Sciences and
Engineering, 146A Rosenau Hall, Chapel Hill, Nd@#rolina 27599, United States

'Swiss Federal Institute of Aquatic Science and Teldgy (EAWAG), Uberlandstrasse 133,

Diubendorf 8600, Switzerland.

TCorresponding author: Maria José Farré: phone:)(932 18 33 80, email: mjfarre@icra.cat

Submitted to Water Research

Thisfileincludes:

4 texts, 4 tables, and 11 figures addressing exjatial procedure and additional data



25

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

42

43
44
45
46
47
48
49
50

51

52
53
54

Text S1. Reverse osmosis system for sample comtemtr

The reverse osmosis (RO) system (Biopure 962, QAistralia) included two polyamide spiral
wound membranes (RE-2521BE, Biopure, QLD, Austyatlaree polyspun sediment filters (0.5, 1, 5
um) (Hydrotwist, Australia) and two cation exchamgsin cartridges containing Tulsion T-42 strong
cation exchange resin in Nand H form (Thermax, India). Prior to use of the systesation
exchange resins were rinsed with deionized waterafimut one week until no impurities were
detected in the filtered water by absorbance aundrdélscence measurements. The 1000 L settled
water was first passed through the sediment filbexse and collected in 200 L reservoirs. The RO
system was operated until 20 L of concentrate wéeated. The concentrate was then stored in high
density polyethylene bottles (QHFSS, QLD, Austiabad frozen until use. Characteristics of the
original water sample and RO concentrate are shiowiable S1. Because of the decrease in pH
with use of cation exchange resins iftfidrm, no inorganic carbon was detected in the entate.

It can also be noted that concentration factordisgolved organic carbon and nitrogen are 37 and
20, respectively. The lower concentration factar dayanic nitrogen is possibly due to loss of low
molecular-size organics during NOM isolation (Gjegset al. 1999, Sun et al. 1995). The lost
organic nitrogen fractions could also be precursdtdANs as observed in the lower DBP formation

potential compared to the actual sample (Table S2).

Text S2. Preparation of ozone stock solution

Ozone stock solutions (1 — 1.5 mM)Qvere prepared by sparging gaseous ozone thra@@imb of
deionized water (obtained from a MilliQ Advantagestem, Millipore, Australia) that was cooled in
an ice bath to a temperature neat.0Gaseous ozone was generated from pure oxyge99&%:
Coregas, QLD, Australia) using an Anseros COM-ADdxbne generator (Tubingen, Germany).
The stock solutions were standardized spectrophettocally using the absorbance at 258 nm
(=3000 M*cm?) (Elovitz and von Gunten 1999) measured with aidraCary 50 Bio UV-Visible
spectrophotometer (Mulgrave, VIC, Australia). Appriate volumes of the ozone stock solution

were spiked into samples to reach the desired ozomeentration.

Text S3. Characterization of ozonated samples

Total organic carbon (TOC): The TOC was measured with a Shimadzu TOC-L tawgdmic carbon
analyser with a TNM-L total nitrogen analyzer uaid ASI-L autosampler (Shimadzu, Kyoto,

Japan).
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UV-Visible absorbance: UV-visible absorbance was measured from 600-200manquartz cuvette
with a Varian Cary 50 Bio UV-Visible spectrophotaere SUVAys, was calculated by multiplying
the UV absorbance at 254 nm (&nby 100 and then dividing by the TOC (mg-C/L) totain units
of L/mg-C-m.

Excitation Emission Matrix (EEM) fluorescence: Fluorescence measurements were performed in a
guartz cuvette using a PerkinElmer LS-55 lumineseespectrometer (Perkin Elmer, Australia).
EEM measurements were made from 20800 nm excitation wavelengths and 2800 nm
emission wavelengths. Regional integration of flnerescence spectra using R statistical software
(R Foundation for Statistical Computing, Viennasiia) was used to classify components of NOM
according to the regions of Chen et al. (2003).

Aldehyde analysis: Formaldehyde, acetaldehyde, glyoxal and methyhglwere extracted within 1
week after ozonation of the sample. These aldehyees extracted using EPA Method 556 (Munch
et al. 1998). The following standards were usednéddehyde (36.5 — 38% in water, Sigma-Aldrich,
St. Louis, MO, USA), acetaldehyde99.5%, Sigma-Aldrich, Switzerland), glyoxal (40% water,
Sigma-Aldrich, Germany), methylglyoxal (40% in wat&igma, Germany), 4-fluorobenzaldehyde
(surrogate standard, 98%, Aldrich, Hong Kong), aridibromopropane (internal standard, 97%,
Aldrich, USA). In this method, the analytes wereridktized in aqueous solution to their
corresponding pentafluorobenzyl oximes usi@y(2,3,4,5,6-pentafluorobenzyl hydroxylamine
hydrochloride £99.0%, Fluka, Switzerland) and were extracted ukimgne (B&J G& Honeywell,
Muskegon, MI, USA). The extracts were analyzed b@/EXD. The reporting limit for the 4
aldehydes was 02y/L with recoveries ranging from 80120%.

Inorganic nitrogen: Ammonia, nitrite and total NOwere measured on a Lachat QuikChem8500
Flow Injection Analyzer (Hach Company, CO, USA)ngsiLachat QuickChem method 31-107-06-
1-A. The detection limit for both ions is 2.Q/L.

Text S4. DBP standards

The following DBP standards were purchased fromfétlewing suppliers: THM4 calibration mix
(TCM, DBCM, BDCM, and TBM; 200Qug/mL each in methanol, Supelco, Bellefonte, PA, YSA
EPA 551B halogenated volatiles mix (BCAN, DBAN, DNA1,1-DCP, 1,1,1-TCP, TCAN, and
TCNM; 2000ug/mL each in acetone, Supelco, Bellefonte, PA, USH) (>99.5%, Sigma-Aldrich
15307, Belgium), and TCAM (99%, Aldrich 217344, &erland). The standards for TBNM and



85 other THAMs were purchased with >99% purity from ckdd Cellmark, Canada. 1,2-

dibromopropane (97%, Aldrich, USA) was used adrternal standard.

86
87 Table S1. Settled water and RO concentrate chaistats
Parameter (units) Original settled water sampledfe RO concentrate
TOC (mg C/L) 4.810.1 181+3
TON (mg N/L) 0.3 6.0
SUVA 254 (L/mg-C-m) 1.7 1.9+0.1
Inorganic carbon (mg C/L) 2.5+0.1 <0.5
Bromide (mg/L) 0.1 3.2+0.1
lodide (mg/L) <0.1 <0.1
88
89 Table S2. Comparison of volatile DBP formation moieds (:mol/mmol Cx18) of original settled
90 water (4.8 mg/L TOC) and reconstituted water samfil8.5 mg/L TOC)
DBPs Original settled water sample Reconstitutecpda
Trihalomethanes (THM4) 295 280
Trichloromethane (TCM) 206 201
Bromodichloromethane (BDCM) 74 68
Dibromochloromethane (DBCM) 15 11
Tribromomethane (TBM) 0.8 0.4
Haloacetonitriles (HAN4) 30 17
Trichloroacetonitrile (TCAN) 0.8 0.3
Dichloroacetonitrile (DCAN) 23 13
Bromochloroacetonitrile (BCAN) 5.0 3.7
Dibromoacetonitrile (DBAN) 1.0 0.5
Chloral hydrate (CH) 16 16
Halonitromethanes (THNM) 1.4 0.7
Trichloronitromethane (TCNM) 0.9 0.5
Tribromonitromethane (TBNM) <0.02 0.2
Haloketones (HK) 16 11
1,1-dichloropropanone (11DCP) 1.0 0.8
1,1,1,-trichloropropanone (111TCP) 15 11
Trihaloacetamides (THAM) 6.6 7.1
Trichloroacetamide (TCAM) 3.5 3.6
Bromodichloroacetamide (BDCAM) 3.1 2.0
Dibromochloroacetamide (DBCAM) <0.1 15
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Table S3. Average formation potentials of DBRs¢//mmolCx18) during ozonation at different conditions*. Numbén parentheses are the standard

deviation (n=3) and absolute difference (n%2).

DBP No G O4/pH 7/0.75 Q O4/t-BUCH O/H,0, pH 6 pH 8 040Q 106
Trichloromethane (TCM) 225 (13) 156 (23) 77 (8) 256) 128 (19) 163(6) 140 (21) 152 (24)
Bromodichloromethane (BDCM) 59 (8) 52 (3) 54 (3) (83 49 (2) 52 (6) 50 (3) 51 (2)
Dibromochloromethane (DBCM) 9.0 (2.3) 12 (3) 14 (1) 12 (2) 13 (2) 13 (2) 14 (3) 12 (2)
Tribromomethane (TBM) 0.3(0.1) 1.0(0.4) 1.6 (1.0) 0.7 (0.2) 1.0 (0.4) 1.0 (0.3) 1.3(0.5) 0.9 (0.4)
Monochloroacetic acid (MCAR) 9.2 (6.7) <3.7 17 (3) 19 (2) 13 (4) 15 (6) 11 (4) 16 (6)
Monobromoacetic acid (MBAA) <2.5 3.3(0.8) 4.6 (0.1) <2.5 5.6 (0.3) <2.5 <2.5 5.1(0.2)
Dichloroacetic acid (DCAA} 70 (26) 60 (1) 34 (0) 101 (53) 52 (6) 73 (21) 81 ( 64 (8)
Trichloroacetic acid (TCAA} 66 (15) 36 (4.) 16 (4) 61 (41) 33 (6) 40 (3) 32 (8 38 (9)
Bromochloroacetic acid (BCAR) 17 (3) 16 (0.0) 11 (0) 16 (2) 14 (0) 17 (1) 15 (1) 15 (0)
Bromodichloroacetic acid (BDCAK) 19 (4) 16 (1) 8.7 (4.4) 19 (10) 14 (1) 16 (4) 03 ( 16 (0)
Dibromoacetic acid (DBAA§ 2.9 (0.6) 4.3 (0.1) 7.1(0.4) 3.2(0.1) 6.2 (0.2) 4.0 (0.7) 4.0 (0.0) 4.9 (0.2)
Chlorodibromoacetic acid (CDBARK) 3.4(1.7) 4.3 (2.3) 3.5(2.0) 5.5 (6.0) 3.8(1.9) 4.7 (3.7) 4.0 (1.6) 4.3 (2.3)
Trichloroacetonitrile (TCAN) 0.2 (0.1) 0.2 (0.0) 200.2) 0.2 (0.1) 0.2 (0.0) 0.2 (0.1) 0.2 (0.0) D)
Dichloroacetonitrile (DCAN) 12 (2) 6.5 (0.9) 421} 8.3(1.2) 6.5 (1.0) 6.5 (1.7) 6.9 (1.0) 6.38J0.
Bromochloroacetonitrile (BCAN) 3.1(0.9) 2.1(0.4) 1.8 (0.5) 2.6 (0.7) 2.0(0.4) 2.3(0.6) 2.8 (0.8) .9 0.4)
Dibromoacetonitrile (DBAN) 0.4 (0.0) 0.6 (0.1) q®1) 0.6 (0.1) 0.7 (0.1) 0.7 (0.1) 0.8 (0.1) QeLf
Chloral hydrate (CH) 14 (1) 43 (3) 8.7 (2.4) 64 (2) 27 (2) 44 (4) 33(2) 43 (3)
Trichloronitromethane (TCNM) 0.4 (0.1) 5.1 (0.3) 630.2) 3.4 (0.6) 4.6 (0.4) 4.2 (0.6) 3.5(0.3) @%)
Tribromonitromethane (TBNM) 0.04 (0.07) 0.3(0.1) .010.2) 0.1(0.1) 0.4 (0.1) 0.3(0.1) 0.2 (0.1) 3®.1)
1,1-dichloropropanone (11DCP) 1.0 (0.6) 1.8(1.4) .8 (0.3) 1.9 (0.5) 1.4 (0.7) 2.2(1.0) 1.0 (0.4) 9U.4)
1,1,1,-trichloropropanone (111TCP) 10 (1) 28 (3) (Ap 35 (2) 20 (2) 24 (3) 18 (1) 31 (4)
Trichloroacetamide (TCAM) 2.1(1.0) 1.2 (0.8) 0B3) 1.8 (1.0) 0.9 (0.5) 1.3(0.8) 1.1 (0.6) 1.6§0
Bromodichloroacetamide (BDCAM) 1.1(0.1) 0.9 (0.3) 0.9 (0.0) 1.8 (0.8) 0.8 (0.3) 1.0 (0.4) 1.0(0.2) 0.9 (0.4)
Dibromochloroacetamide (DBCAM) 0.5(0.2) 1.0 (0.8) 1.6 (1.9) 1.3(0.7) 1.0 (0.9) 1.1 (0.6) 1.4(1.2) 1.1 (0.6)
Adsorbable organic halogen (AOX) 2250 (1) 2050 (50) 1210 (234) 2500 (467) 1800133 2140 (89) 1570 (522) 2330 (436)

"average values from experiments (n=3; n=2 for HAAs, BDCAM, DBCAM, and AOX) with two extractions per sample and TOC = 17+2mg/L; Chlorine residuals normally ranged

from1to 2mg Cl,/L.
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95 Table S4. Average percent removal of DBP formagiotentials under ozone- and OH-dominant

96 conditions

DBP Os pathway Control (ozonated, pH 7, "OH pathway
pH6  Qyft-BuOH no t-BuOH and KO,) pH 8 Q/H0,
THM4 35 50 25 22 -13
HAN4 39 53 37 37 25
CH -94 37 -192 -215 -361
THNM  -1028 -945 -1079 -915 -706
HK -91 -51 -133 -131 -219
THAM 37 35 28 18 -16
THAA 43 68 37 32 4
DHAA 20 42 11 -4 -34
AOX 20 46 9 5 -11
97 “calculated from DBP formation potentials of non-ozonated water sample
3.5
Hl Sample in this study
30 - Awerage from 9 WTPs
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S 25 A
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£
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- %
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i
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/ %
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99 Figure S1. Comparison between DBP formation paaéntf settled water sample used in this study
100 and of samples taken from 9 different drinking wateatment plants (WTPs) in South East

101 Queensland, Australia.
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103 Figure S2. Changes in (a) SUVA, (b) fluorescencdubfic acid- (FA) and humic acid (HA)-like

104 EEM regions, and (c) chlorine demand of samplesr afzonation for different oxidant exposures.
105 Error bars depict the standard deviation of 3 oeypdi experimental results. Reported fluorescence

106 measurements (R.U. = Raman Units) were taken faonpkes diluted 4-fold.
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109 Figure S3. Example fluorescence EEM plots showimg influence of @ and "OH on NOM

110 characteristics.
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112 Figure S4. Correlation between acetaldehyde foonatafter ozonation and chloral hydrate
113 formation after subsequent chlorination of the saamaple. Conditions: TOC = 18 mg/L; transferred

114 ozone dose = 0.75 mgfing TOC.
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116 Figure S5. Effect of molecular ozone ai@H pathways on percent bromine substitution of i a

117 N-DBPs following subsequent chlorination.
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119 Figure S6. Increase in@nd OH exposures during ozonation of reconstituted deficentrate with
120 increase in transferred ozone dose. Conditions: FO€0 mg/L, TON = 0.7 mg/L, pH = 7,
121 temperature = 22 + @; Ozone exposures were measured using the indigihomh while *OH
122 exposures were indirectly determined through detgara-chlorobenzoic acid (uM) (Elovitz and

123 von Gunten 1999).
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125 Figure S7. Aldehyde formation as a function of czdose.
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Figure S8. Bromate concentrations at different dfemed ozone dose (0 — 1.3 mg/mg TOCQC),
bromide concentrations (20 — @/mg TOC), inorganic carbon (IC) concentrations-(6 mg/mg
TOC), and in the presence of t-BuOH (10 mM) an®H1 mg/mg Q). Baseline conditions: TOC =
18 mg/L as C, pH = 7 (1 mM phosphate), temperatu2€+1°C, bromide = 2qug/mg TOC, IC = 0
mg/mg TOC, transferred ozone dose = 0.75 mg/mg TBxGmide and IC concentrations were

varied by spiking NaBr and NaHGQOespectivelyMRL = method reporting limit.
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