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Abstract

The removal of organic precursors of disinfectigrpiboducts (DBPs),.e. natural organic
matter (NOM), prior to disinfection and distributitss considered as the most effective
approach to minimise the formation of DBPs. Thiglgtinvestigated the impact of the
addition of powdered activated carbon (PAC) to mimamced coagulation treatment process at
an existing water treatment plant on the efficieatidOM removal, the disinfection
behaviour of the treated water, and the water tyumlithe distribution system. This is the
first comprehensive assessment of the efficacyasftgscale application of PAC combined
with enhanced coagulation on an Australian souraemwAs a result of the PAC addition, the
removal of NOM improved by 70%, which led to a siigant reduction (80 — 95%) in the
formation of DBPs. The water quality in the distilon system also improved, indicated by
lower concentrations of DBPs in the distributiosteyn and better maintenance of
disinfectant residual at the extremities of therthstion system. The efficacy of the PAC
treatment for NOM removal was shown to be a fumctbthe characteristics of the NOM

and the quality of the source water, as well as?th€ dose. PAC treatment did not have the
capacity to remove bromide ion, resulting in therfation of more brominated DBPs. Since
brominated DBPs have been found to be more toxic their chlorinated analogues, their
preferential formation upon PAC addition must basidered, especially in source waters

containing high concentrations of bromide.

Keywords. Powdered activated carbon; enhanced coagulatiemfection by-products;

natural organic matter; trihalomethanes; haloagetids
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1. Introduction

Since the beginning of the ®@entury, disinfection has been an integral padrisfking

water treatment due to its crucial role in prevegtihe spread of waterborne diseases. While
disinfectants are effective in inactivating harmfucroorganisms, as powerful oxidants, they
also react with organic and inorganic materialseated waters, leading to the formation of
disinfection by-products (DBPs). Through epidemgital studies, some DBPs have been
associated with a number of adverse human hedébteé.g. cancers of the urinary and
digestive tracts, bladder and colon cancers, loth bveight, intrauterine growth retardation,
and spontaneous abortion (Richardsbal., 2007), although some of these effects are still
somewhat controversial and require further studdes to the potential adverse health effects
associated with DBPs, in many countries the comagohs of DBPs in drinking waters are
regulated. For example, the maximum contaminarl I@CL) of THMs (the total
concentrations of four species of THMs: chlorofobmgmodichloroacetic acid,
chlorodibromoacetic acid, and bromoform) in theis/8urrently 8Qug L™, while the
Australian Drinking Water Guidelines (ADWG) set tip@ideline value for the concentration
of total THMs at 25Qug L. Water utilities are therefore required to enghet drinking

water treatment processes are in place and adeguatethat the concentrations of DBPs in

the distributed drinking water do not exceed thecded regulations and guidelines.

The formation of DBPs can be controlled and minedisising one, or a combination of, the
following approach: removal of DBP precursors ptmdisinfection, change of disinfectant,
and removal of DBPs following disinfection (Kardrdi al., 2008). The removal of organic
precursors of DBPsse. natural organic matter (NOM) prior to disinfectiand distribution is
considered to be the most effective approach tommse the formation of DBPs. Due to the

increasingly stringent DBP regulations, advancextywmsor removal technologies are being
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used to maximise NOM removal. These include menefiémation (microfiltration,
nanofiltration, reverse osmosis), activated carfgoanular activated carbon (GAC),

powdered activated carbon (PAC)), and ion exchgREX ® resin).

In Australia, many source waters contain partidulaigh concentrations of NOM by
international standards (up to 40 md &s dissolved organic carbon (DOC)), and sources in
coastal locations may contain elevated levels ofrtide ion (up to 2 mg't). This poses
challenges to Australian water utilities to proddcmking water which meets the ADWG.
An important source water that presents a partilyuthfficult treatment process challenge is
a reservoir in the southwest of Western AustraN&\f (referred to here as SW reservoir).
The water from this reservoir contains elevatecceatrations of DOC (ranging from 20 — 40
mg L) and the bromide ion concentration is also higf0(3 600ug L™). Water from this
reservoir is treated at a nearby water treatmemtgs5W WTP) for the removal of DOC.
Historically, the treatment process has used emthogcagulation (alum) and flocculation,
followed by sedimentation and sand filtration, a@nglnfection with chlorine. This
conventional treatment removed 80 — 90% of DOC ftherraw water. However, since the
initial DOC concentration was so high, the residD@IC in the treated water was still
typically around 4-5 mg £, which led to excessive chlorine consumption dredgroduction
of elevated concentrations of DBPs in the disirddavater. Occasionally, when disinfection
levels needed to be increased to ensure residwalghout the distribution system, the
concentrations of total THMs in the distributiorsegm exceeded the ADWG value of 35§
LY. In such cases, aeration was employed to vokatitis THMs formed, in order to reduce
the concentrations of THMs in the distribution gyst However, it was found that some of

the chlorine residual was also lost during the temrgrocess.
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After consideration of the best available techn@sgo manage the formation of THMs at the
treatment plant and in the distribution system, RAg@tment was selected by the local water
utility as the preferred technology to enhance Nf@koval, and thus reduce the formation of
THMs, at this particular treatment plant. In drimgiwater treatment, PAC is traditionally
used for the removal of organic compounds thatesaste and odour (Najebal., 1991).
However, PAC has also been reported to be an eigeatisorbent for organic precursors of
DBPs,i.e. NOM (e.g. Najmet al., 1990; Amyet al., 1991; Jacangelg al., 1995; Najmet al.,
1998; Fabrist al., 2004). The extent of NOM removal by PAC has bieemd to largely
depend on the type of PAC, as well as the qualfithe® source water which determines the
dose of PAC required to achieve the desired NONMbrexh(Najmet al., 1991; Jacangelet

al., 1995). PAC treatment has also been used in cotjumwith coagulation, enhanced
coagulation, or ultrafiltration to improve the revwabof NOM (e.g. Jacangelet al., 1995;
Najmet al., 1998; Uyaket al., 2007). In a pilot-scale study, Jacangstlal. (1995) reported

12 to 80% removal of NOM from a US river water, eeging on PAC dose, when PAC is
added as a pre-treatment to ultrafiltration. Bamedthe results from a series of laboratory-
scale jar test experiments, Nagiral. (1998) claimed that the combination of enhanced
coagulation and PAC provides a more cost-effedte@tment process than enhanced
coagulation only, in order to produce drinking wdteat meets US water quality regulations.
In another laboratory-scale study, Uyatlal. (2007) demonstrated that supplementing
enhanced coagulation with PAC in the treatment Diikish lake water resulted in an
increased DOC removal from 45 to 76% at an optinf®Ag dose of 40 mg L Recently, in

a laboratory-scale study on the effect of PAC adiion the removal of NOM, Alvarez-
Uriarteet al. (2010) reported that the addition of small amogapsto 50 mg [) of PAC

during coagulation increased the removal of THMcprsors from 40 to 70%. However,

Carriéreet al. (2009) found that the application of PAC (11 md) tombined with enhanced
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coagulation at a WTP in Canada only resulted imallsincrease (7%) in the reduction of

DOC and did not improve the removal of THM precusso

Preliminary laboratory-scale experiments using vayyYAC types (Acticarb PS1000 and
Acticarb PS1300), PAC dose rates and contact tiwees conducted by the local water utility
to evaluate the effectiveness of PAC added inteetti@nced coagulation step for
enhancement of the removal of THM precursors irsthece water from the SW reservoir.
The laboratory-scale trials showed that Acticari ¥® performed better than Acticarb
PS1000 for removal of THM precursors. Using ActicRS1300, a dose of 150 mg was
sufficient to reduce the concentration of THMshe treated water to well below the
guideline value. Following successful plant tri&#C treatment was added to the existing
WTP through addition of PAC into the enhanced atwagulation step. The SW WTP is the
only WTP in Australia that uses the combinatiofP®iC and enhanced coagulation for the

removal of NOM.

Here, we report the first study of the efficacyptdnt-scale PAC combined with enhanced
coagulation for DBP minimisation from the humickrisurface waters of South Western
Australia. South Western Australia has been undeggong-term drought since the 1970s
and waters of more marginal quality have becomentapt drinking water sources. This
study investigated the efficiency of NOM removak thanges in the disinfection behaviour
of the treated water, and the variations in distidn system water quality, as a result of the
addition of PAC treatment at the WTP. The efficen€ NOM removal before and after the
use of PAC at the WTP was evaluated by comparistimacharacteristics of NOM in the
treated waters. The disinfection behaviour of watexated with and without PAC was

studied through bench-scale evaluation of the D@métion potential of the treated waters.
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The variations in distribution system water qualityre assessed by analyses of selected
water quality parameters in samples collectedlatts sampling sites, before and after the
application of PAC treatment at the WTP. To ourwlealge, there has only been one other
published report on the plant-scale applicatioRAC combined with enhanced coagulation
to improve the removal of NOM. This is the firstaprehensive assessment of the impact of
plant-scale application of PAC combined with enlehcoagulation on the removal of NOM

and the formation potential of DBPs from an Ausairalsource water.

2. Materialsand Methods

2.1 Sample Collection

Two sampling events were carried out, before atet #ie application of PAC treatment at
the WTP treating water from the SW reservoir. Atreaampling event, raw and treated (after
filtration and prior to disinfection) water samplesid samples from distribution system
sampling points were collected. Disinfectant realdn the samples from the distribution

system was quenched with either sodium sulfitesooebic acid solution.

2.2 Chemicals and Reagents
All chemicals, reagents, and organic solvents usélis study were of analytical grade

purity (AR grade> 99% pure) or better, and were used without furphuification.

2.3 Water Quality Analysis

Water samples were filtered through a Q. glass membrane filter prior to DOC and 4V
measurements. The W34 absorbance of the water samples was determinad adiP
8452A Diode Array Spectrophotometer with a 5 cmrgueell. The DOC concentration of

the water samples was determined by the UV/petsuifeidation method, using a Shimadzu
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TOC Analyser. The concentration of bromide ionghie water samples was determined using

ion chromatography with conductivity detection.

2.4 Chlorination Experiments

The treated water samples were subjected to chakiwmusing aqueous sodium hypochlorite
solution. The target chlorine residual was deteemito be 0.5 — 1 mg'1, to represent

residual concentrations in distribution systemse Thlorination experiments were carried out
at 22C, for 168 hours, at pH 7 (buffered using phospbaféer). At various time intervals up
to 168 hours, the residual chlorine in a subsamptle reaction solution was quenched with
aqueous sodium sulfite or ascorbic acid solution, the sample was then analysed for DBPs.
The residual chlorine concentration at the endhefexperimental period in each sample was

measured using the DPD colorimetric method.

2.5 Analysis of DBPs

Water samples were analysed for THMs (four spexfid$iMs: chloroform,
bromodichloromethane, chlorodibromomethane, anthbform), HAAs (nine species of
HAAs: monochloroacetic acid, dichloroacetic acri;Hloroacetic acid, monobromoacetic
acid, dibromoacetic acid, tribromoacetic acid, bostrioroacetic acid, bromodichloroacetic
acid, chlorodibromoacetic acid), and HANs (six speof HANs: monochloracetonitrilre,
dichloroacetonitrile, trichloroacetonitrile, monolbnoacetonitrile, diboromoacetonitrile,
bromochloroacetonitrile). THMs and HANs were exteacfrom the samples using solid-
phase microextraction in the headspace mode, adgsaa using gas chromatography with
mass spectrometric detection (HS SPME/GC-MS). Hakse analysed using a modified
EPA Method 552.3, which involves liquid-liquid exttion of the acids with methigrt-butyl

ether (MTBE) as solvent, followed by derivatisatmiithe acids into their corresponding
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methyl esters using acidic methanol, and subseguatysis of the HAA methyl esters by
GC-MS. The GC-MS system used for the analysis es¢fDBPs was a Hewlett Packard
6980N GC interfaced to Hewett Packard 5973Netwods$/Selective Detector, equipped

with a 60 m x 0.25 mm ID ZB-5 (Phenomenex) columthwa film thickness of Jum.

2.6 Size Exclusion Chromatography

High performance size exclusion chromatography E®Swvas carried out using a TSK
G3000SW; column and a Hewlett-Packard 1090 Series || HRisBrument with filter
photometric UV detection at= 254 nm (HPSEC-U),), following the method described by
Allpike et al. (2005). The samples were filtered through a Quabglass membrane filter prior

to SEC analysis.

3 Resultsand Discussion

3.1 Water Treatment Plant Process

Water from the SW reservoir is treated at the SWPWNA provide drinking water to
approximately 5000 local residents, as well as@®dourists. Initially, the process
consisted of conventional water treatment utilisgngpanced coagulation and sand filtration
for the removal of organic matter in the water.|&wing successful laboratory-scale and
plant-scale trials, PAC treatment was added t@tmyentional treatment process to
maximise the removal of NOM, thus minimising thenfation of DBPs. Figure 1 shows the
current treatment train at the SW WTP. PAC is dagetb0 mg [* and is added to the water
at the same time as alum. Laboratory-scale testsesththat this dosing regime resulted in
higher removal of DOC from the water than othelimesg (.e. prior to alum addition and post
coagulation-flocculation). This translated to addAC at the same point of application as

alum in the plant, which was fortuitously the siegilmodification option at the plant.
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3.2 Characteristics of the Source Water

Before (sampling event #1) and after (sampling e¥@ythe introduction of PAC treatment
at the WTP, samples of the raw and treated (butimlotinated) water were collected, as well
as a series of samples from the distribution sysidma raw water samples from the SW
reservoir had very high DOC concentrations (appnately 20 mg [), as well as high UM,
and SUVAs, values, on both sampling occasions (Table 1). @&owater from this reservoir
is known to be highly coloured and to contain tighast DOC concentrations in this region,
due to the influence of the runoff from the higlkiBgetated catchment area surrounding the
reservoir. The raw water samples also had relgtivigihh concentrations of bromide ion. The
water samples collected at sampling event #2 coadasignificantly higher concentrations of
bromide ion than those collected in sampling ewdntThis indicates an increased input of
bromide ion into the reservoir, possibly throughati from saline areas at the extremities of
the catchment (Garbigt al., 2010); or an increased concentration of bronoaen the

reservoir due to reduced rainfall experienced leyrdgion prior to sampling event #2.

The treatment process at the SW WTP was able nifisently reduce the DOC
concentration of the source water. The reductiathenDOC concentration upon treatment at
the SW WTP was accompanied by significant decreadd¥,s, and SUVAs5, values,
indicating that the treatment process had prefeigntemoved the fraction of NOM that
contributed to UV absorbance at 254 nm, NOM whgchanerally associated with DBP
formation (Crouéet al., 2000). Using the conventional enhanced coaguld&) treatment
process (sampling event #1), the SW WTP removed g13D€C in the raw water and
decreased the UV, absorbance of the water by 90%. With the addibbRAC (sampling

event #2), these % removals increased to 93% atd @&%pectively, demonstrating the

10
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effectiveness of PAC treatment in enhancing theokahof NOM. There was little difference
between bromide ion concentrations in raw andérbatater samples, demonstrating that

bromide ion concentration was unaffected by thatinent processes at the SW WTP.

The characteristics of the NOM in the water samplese also evaluated using HPSEC with
UV 54 detection. Figure 2 shows the HPSEC-k\¢hromatograms of the raw waters from
SW reservoir (SW Raw #1 and SW Raw #2) and theetdeaaters from SW WTP (SW-EC:
conventional enhanced coagulation treatment; SW-:RABGanced coagulation with PAC
treatment). The retention times in these chromatogrrelate to the apparent molecular
weight (AMW) of the U\4ssactive organic matter, with the higher AMW compdsreluting
prior to the lower AMW compounds, since smaller pounds are retained more in the pores
of the SEC column (Pelekaetial., 1999). The chromatograms in Fig. 2 demonstratethe
treatment processes at the SW WTP preferentiatipved high AMW U\ss-active NOM,

giving treated waters that contained mostly low&\&X NOM.

Figure 2 confirms that there was a higher remo¥&l\é,s4-active organic matter in the
treatment process during the second sampling ewinth reflects the modification in the
treatment process (PAC addition) applied at the\SWP between the two sampling events.
As a result of the PAC addition, DOC removal waprioved by 70%, as demonstrated by the
lower DOC concentration in the treated water, dindtrated by the lower responses of the
chromatogram of SW-PAC compared to that of SW-H& APSEC-UYs, chromatograms
(Fig. 2) also show that the addition of PAC ints throcess did not seem to result in

preferential removal of a specific AMW fraction @V ;s,active NOM.

11
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3.3 The Effect of PAC Addition on the Disinfection Behaviour of the Treated Waters

The treated water samples were chlorinated at pAdahe residual chlorine equivalent
concentration and disinfection by-product concditung were measured at various times over
a 7 day period. The chlorine demand and the coratéstis of THMs, HAAs, and HANS in

the chlorinated samples after 7 days are showraibiel2. The concentrations of THMs,

HAAs, and HANSs presented in Table 2 are the sunmbetoncentrations of the individual
species, with the exclusion of species that weesgnt at concentrations below their detection
limits. As expected, the sample with the higher D&@Gcentration, SW-EC, had a higher
chlorine demand than that with the lower DOC cotregion. However, both water samples
had similar specific chlorine demands, indicatingttthe chlorine demand in these waters
was largely due to NOM. As a consequence of itedndOC concentration, SW-EC also

produced significantly higher concentrations of BBRan SW-PAC.

Significantly lower concentrations of DBPs were swe@&d in the chlorinated samples of SW-
PAC, demonstrating the effectiveness of PAC foraeah of DBP precursors, thus
minimising the formation of DBPs. In this studyetproduction of THMs, HAAs, and HANs
decreased by 80%, 85%, and 95%, respectivelyyesudt of the addition of PAC treatment
at the SW WTP. This compares well with some presiypreported studies. Jacangelal.
(1995) reported a reduction of 97% in the formatdidHMs when PAC was used at a high
dose (90 mg ). Najmet al. (1991) reported a 50% reduction in THM formatianential
(THMFP) when using a PAC dose of 100 nigih a pilot scale study in the US. In a bench
scale study, a 90% reduction in THMFP was achievieen a PAC dose of 500 mg‘lwas
used (Najnet al., 1991). Interestingly, other studies have repoldgger reductions in the
formation of DBPs at similarly high doses of PA€( Amy et al., 1991; Fabrigt al., 2004),

as well as at lower doses of PA€g( Uyaket al., 2007; Alvarez-Uriartet al., 2010). This

12
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demonstrates that the removal efficiency of DBRpreors does not correlate with PAC
dose, but rather depends on other factors sudieagpe of PAC and the quality of the source

water.

As reported in Section 3.2, the removal of DOC wasroved by 70% with the addition of
PAC, and this corresponds to reductions in theyethion of THMs, HAAs, and HANSs of
80%, 85%, and 95%, respectively. The higher redandgt DBP formation compared to DOC
removal suggests that, in this case, PAC prefaiyntemoved DBP precursors from the
water. Najmet al. (1991) also reported a substantially greater réolu@en THMFP than DOC
with the addition of PAC for some US source watklewever, a reduction in DOC
concentration with an insignificant reduction i ttoncentration of THMs upon the
application of PAC was also observed in other sewaters (Fabrist al., 2004; Najmet al.,
1991). This demonstrates that the characteristittseosource water play an important role in
the effectiveness of PAC treatment for DOC remawal DBP control. In this study, the
results showed that the characteristics of thewater from the SW reservoir allowed for an

effective removal of DBP precursors by PAC adsorpti

Among the three groups of DBPs measured in theidalied samples, THMs were formed at
highest mass concentration, followed by HAAs and\NSAOn a mass basis, the
concentrations of HANs were only 1 — 10% of theaamirations of THMs. Similar
observations have been reported by other researchidMs and HAAs have often been
reported to be the two largest classes of DBPsti#tdon a mass concentration basis) in
chlorinated waterse(g. Karanfil et al., 2008; Obolensky and Singer, 2005). HAN precursors
have been reported to be associated with orgatragen compounds contained in

proteinaceous materials and other nitrogen-comtgispecies (Reckhow al., 2001). The

13
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low concentration of HANs was consistent with tieenparatively low proportion of organic
nitrogen in aquatic NOM (1 — 5%), significantly lemthan that of organic carbon (~ 50%)
(Crouéet al., 2000). In fact, the nitrogers. organic carbon content in water from the SW
reservoir was previously reported to be extremaly in comparison to other WA surface
waters €.9. C/N = 32 for SW reservoaf. C/N = 6.7 for a reservoir in the north-west of

Western Australia (Allpiket al., 2008)).

The species distribution of DBPs and the halogearporation in the chlorinated SW-EC and
SW-PAC water samples were found to be differentrafldcted the concentration of bromide
ion in the respective water samples. In chlorimgttbe ratio of DOC:BICI; influences the
species distribution of DBPs (Angyal., 1991). As shown in Table 1, the bromide ion
concentrations in the water samples collectedersttond sampling event were significantly
higher. Consequently, in the chlorinated SW-PACawaample, the most abundant THMs
and HAAs were bromoform and dibromoacetic acidpeetively, while the corresponding
species in the chlorinated SW-EC water were brootddiomethane and dichloroacetic acid.
Table 2 presents the ratios of the number of mailédsomine to the number of moles
chlorine incorporated into the overall measured BBRHMs, HAAs, and HANS) in the
chlorinated samples. As a result of the higherahiiromide ion concentration in the SW-
PAC sample, a significantly higher Br/Cl ratio wastained for SW-PAC compared to SW-
EC. Moreover, the total number of moles of chloiimeorporated into DBPs in the
chlorinated SW-PAC sample was less than that ahbre, indicating a preferential
incorporation of bromine into DBP precursors irstiMater sample. In the presence of
chlorine, bromide ion is readily oxidised to bromifHOBY). In reactions with NOM,

bromine is more reactive than chlorine, and kinsticlies have demonstrated that chlorine

acts preferentially as an oxidant, whereas bronsiemore effective substituting agent

14
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(Westerhoffet al., 2004). In the case of the SW-PAC water sampkhtgh concentration of
bromide ion in the sample led to an abundanceahbre in the sample through the oxidation
of bromide by chlorine. The generated bromine eshtaster with DBP precursors than
chlorine to form brominated DBPs, resulting in ght@r incorporation of bromine than

chlorine into DBP precursors.

Further evaluation of the incorporation of bromin® NOM can be made using the
‘Bromine Incorporation Factor’ (BIF) parameter. TBE- was introduced by Obolensky and
Singer (2005) and is a measure of the extent ahlwe substitution in a DBP class,
characterised by the bromine fraction of the totalar halogen in the class. Figure 3 shows
the BIF (THMSs) with respect to that of dihaloacetaids (BIF (%AAS)) after 7-day
chlorination of the treated waters. The resultsnfidl sampling times in each chlorination
experiment were included. The solid line in theifgcorresponds to the theoretical 1:1 line
(i.e. x =y line), if bromine incorporation was the safoeboth DBP classes. Figure 3 shows
that the BIF (THMSs) correlated relatively well withe BIF (0%AAS), indicated by the
majority of data points lying close to the x =§di suggesting that bromine substitutes into
THMs and %AAs to similar extents. A cluster of data pointsigthlie below the x =y line
correspond to data points from the SW-PAC watemdanin this sample, slightly greater
bromine substitution in THMs than,XAs was observed, likely to be related to the high
initial bromide ion concentration in this water gaen In addition, HOBr has been reported to
be more reactive towards aliphatic precursors hadydrophilic fraction of NOM than
aromatic precursors and the hydrophobic fractioar(g and Singer, 2003). Previous studies
have also reported that aliphatic precursors planpee important role in THM formation than
in HAA formation; and that THM precursors tend tore from the hydrophilic fraction of

NOM (Kanokkantapongt al., 2006; Liang and Singer, 2003). The greater bremin

15
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substitution into THMs than HAAs observed for th&-$AC water sample may indicate that
the NOM remaining in this particular water sampdatained a higher proportion of aliphatic

precursors and hydrophilic NOM than the other watenples.

It is important to note that the treatment proad983AC combined with enhanced coagulation
did not affect the bromide ion concentration inwater (Table 1). This is consistent with the
reported observation that PAC removes NOM ‘intagtadsorption and has little effect on
any bromide ions that are present in the water (&nay., 1991). The inability of PAC and
enhanced coagulation to remove bromide ion leads acreased ratio of bromide to DOC

in the treated water, which in turn results in @eréase in the proportion of brominated DBPs
upon chlorination. This may be of a concern andinede evaluated, since a number of
studies have demonstrated that brominated DBPsigméicantly more toxic and

carcinogenic than their chlorinated analogues.

3.4 Water Quality and DBP Concentration in Distribution System

On the same day as the samples were collectedth@®@W reservoir and WTP, four samples
were also collected from the distribution systefimede sampling points were located at
increasing distances from the SW WTP: post-chldionasampling point at the SW treatment
plant (SW-A), a reservoir outlet (SW-B), a mid poat the distribution system (SW-C), and a
sampling point at the extremity of the distribut®ystem (SW-D). Some water quality
parameters (DOC concentration, kd¥absorbance, and bromide ion concentration (after
guenching of the disinfectant residual)) of themmsles are presented in Table 3. The use of
PAC in the treatment process at the SW WTP sigmtly reduced the DOC concentration in
the distribution system in the second sampling evemere was little difference in the Wy

absorbance and the DOC and bromide ion concenigagilong the distribution system at

16
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each sampling event. Significant decreases wereredd in the disinfectant residual
concentrations along the distribution system, gmeted. During the first sampling event,
maintenance of disinfectant residual at the extigofithe system was clearly an operational
issue, with the free chlorine equivalent residwalaentration of sample SW-D being less than
0.1 mg L*. During the second sampling event, however, thaterance of disinfectant
residual was significantly improved, with the frefdorine equivalent residual concentration
greater than 0.6 mg™Lat the extremity of the distribution system (saenpW-D). This
demonstrates that the addition of the PAC treatmpetess at the SW WTP has produced
treated water with significantly lower DOC conceitvn and chlorine demand, allowing

improved maintenance of water quality in the dosttion system.

The distribution system samples were also anali@etHMs, HAAs, and HANS, after
qguenching of the disinfectant residual. Figure dvghthe variations in the concentrations of
THMs, HAAs, and HANs in the SW distribution systatthe two sampling events. In the
second sampling event, the concentrations of THMSHAAS were clearly lower, however,
higher concentrations of HANs were measured. Algotlhe concentrations of DBPs
measured in the two sampling events could not bgpeoed directly due to differences in
WTP conditions and the quality of the source watirsse changes can be attributed to the
addition of PAC treatment at the SW WTP which digantly reduced the DOC
concentration in the treated water. Interestintjlg, DOC concentration was improved by
70%, however, the corresponding improvement irctireeentrations of THMs was only 15 —
40%, while a higher reduction in the formation A4k was observed (65 — 90%) and higher
concentrations of HANs were observed in the sesamapling event. These trends were

found to be different than those observed in thedatory scale experiments, and were likely

17



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

due to differences in the WTP conditions includidprine dose, which could not be kept

constant, unlike experimental conditions in a |albany.

Spatial and temporal variations in the concentratiof DBPs have been reported to occur in
distribution systems, influenced by factors sucthasemperature and the hydraulics of the
system, disinfectant residual concentrations, ezgid time, and the presence of biofilms
(Karanfil et al., 2008; LeBekt al., 1997). The concentrations of THMs in the SW distion
system increased as the residence time of the wateased for both sampling events. The
concentration of THMs was higher by 50 — 60% atekieemity of the distribution system
(SW-D sampling point) relative to the first samplipoint nearest to the WTP. This shows
that THMs continued to be formed along the distitiusystem, which is in agreement with
other studiesgg. Baribeauet al., 2005; LeBekt al., 1997). THMs will apparently continue
to form in the distribution system as long as NOM disinfectant (chlorine equivalent)
residual are present in the distributed water. &eas no clear trend in the concentrations of
HAAs and HANs along the distribution system in betmpling times. Some studies have
reported that HAAs and HANs are more susceptibldefgradation than THMs.
Biodegradation of some HAA species, caused by mrganisms present in distribution
system pipes, has been observed in the absenbéoahe residual and in waters with low
levels of chlorine residual, with dichloroaceticcaasually being more affected than
trichloroacetic acid (Baribeaast al., 2005). With regards to HANs, several studies have
shown that HANs are chemically unstable, readilgirblysing into haloacetamides or
trihaloacetic acids depending on the pH of theggystand that their degradation is
accelerated by the presence of free chlorine (Reeldhal., 2001; Glezeet al., 1999). These
processes may have caused the observed variabilitftAs and HANs concentrations in the

present study.
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The bromine incorporation factors (BIF) for THMsdaxX,AA formed in the field samples
were also calculated. Figure 3 shows the BIF (THW#) respect to the BIF (QAAS) in the
field samples. As in the case of water samples tiweriaboratory-scale study, the data points
lie relatively close to the x =y line, indicatitigat bromine substituted into THMs and

X2AAs to similar extents. Comparing the BIF (THMsYaBIF (X;AAs) for the samples
collected in the first sampling event to thoseaxtid in the second sampling event, a similar
trend to that observed in the laboratory-scaleystuas noted. There was also a slight
tendency for bromine to be incorporated more irtiMTprecursors than HAA precursors in
samples collected in the second sampling evens dérmonstrates that disinfection by-
product formation from the laboratory-scale studgnpared well to the formation found in

the field system, despite the fact that distributsgstem variables, such as biofilms, pipewall

deposits, and hydraulics, were not taken into caration in the laboratory-scale study.

4 Conclusions

The characteristics of the source water from ther8%¥érvoir allowed PAC combined with
enhanced coagulation to effectively remove the N@tch was not removed through
enhanced coagulation alone. As a result of thetiadddf PAC to the treatment process,

NOM removal was improved by 70%, which led to angigant reduction (80 — 95%) in the
formation of DBPs upon laboratory chlorination loé treated, unchlorinated water. The
water quality in the distribution system was alsproved, indicated by the lower
concentrations of DBPs in the distribution systerd a better maintenance of disinfectant
residual at the extremity of the distribution syst&’he concentrations of DBPs in samples
collected from the distribution system showed thatconcentrations of THMs increased with

increasing residence time in the distribution systerhile those of HAAs and HANs were

19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

found to be variable, with increasing residenceetiifhe behaviour of DBP species in
distribution systems is of significant importanoethie selection of sampling points for
regulatory measurements of DBPs, and for the manegeof the distribution system to
minimise further DBP formation. Recommendationsfrihis study include that THM

species should not only be measured at the treajpheart outlet, but also at the extremities of
the distribution system, and that HAAs and HANswtidoe measured at a number of
locations in the distribution system, in order toypde a better indication of the
concentrations of DBPs for exposure assessment.d@Atbined with enhanced coagulation
has been shown to be very effective for NOM remgavalvever, this process does not have
the capacity to remove bromide ion, which is alsanaportant precursor to DBPs. Following
addition of PAC to an enhanced coagulation procas#)crease in the ratio of bromide ion to
DOC is expected, which will lead to the formatidmmore brominated DBPs. When the
concentration of bromide in the source water isihige increased health risk associated with
brominated DBPs should be considered alongsidarthevements in water quality

associated with this treatment process.
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