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Abstract

Ozonation is known to generate biodegradable ocgamatter, which is typically reduced by
biological filtration to avoid bacterial regrowth distribution systems. Post-chlorination generates
halogenated disinfection byproducts (DBPs) bulelis known about the biodegradability of their
precursors. This study determined the effect ofnason and biofiltration conditions, specifically
ozone exposure and empty bed contact time (EBGW)he control of DBP formation potentials in
drinking water. Ozone exposure was varied througtitemn of HO, during ozonation at 1
mgOs/mgDOCfollowed by biological filtration using either actited carbon (BAC) or anthracite.
Ozonation led to a 10% decrease in dissolved ocgaarbon (DOC), without further improvement
from HO, addition. Raising kD, concentrations from 0 to 2 mmol/mmagl€sulted in increased
DBP formation potentials during post-chlorinatiohtlee ozonated water (target,Gesidual after
24 h =1 -2 mg/L) as follows: 4 trihalomethaneBli14, 37%), 8 haloacetic acids (HAAS, 44%),
chloral hydrate (CH, 107%), 2 haloketones (HK2, 97% haloacetonitriles (HAN4, 33%),
trichloroacetamide (TCAM, 43%), and adsorbable pigaalogen (AOX, 27%), but a decrease in
the concentrations of 2 trihalonitromethanes (THNKI2%). Coupling ozonation with biofiltration
prior to chlorination effectively lowered the fortian potentials of all DBPs including CH, HK2,
and THNM2, all of which increased after ozonatidihe dynamics of DBP formation potentials
during BAC filtration at different EBCTs followedré$t-order reaction kinetics. Minimum steady-
state concentrations were attained at an EBCT aifitat0 — 20 min, depending on the DBP species.
The rate of reduction in DBP formation potentiadsigd among individual species before reaching
their minimum concentrations. CH, HK2, and THNM2dh&e highest rate constants of between
0.5 and 0.6 min followed by HAN4 (0.4 mift), THM4 (0.3 mirY), HAA8 (0.2 mir%), and AOX
(0.1 minY). At an EBCT of 15 min, the reduction in formatipotential for most DBPs was less
than 50% but was higher than 70% for CH, HK2, aitHNM2. The formation of bromine-

containing DBPs increased with increasing EBCT, tnikksly due to an increase in BDOC ratio.
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Overall, this study demonstrated that the combamatif ozonation and biofiltration is an effective

approach to mitigate DBP formation during drinkimgter treatment.

Keywords: biofiltration, disinfection byproducts, empty bed contact time, ozonation
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1. Introduction

Ozonation has been widely used as an intermedraiteegs to reduce disinfection byproduct
(DBP) formation associated with drinking water chiation (Hua and Reckhow 2013, Sedlak and
von Gunten 2011). Ozonation can significantly attex structure and reactivity of natural organic
matter (NOM) (Wenk et al. 2013) resulting in thenh@tion of a mixture of compounds with lower
molecular weight and aromaticity, and higher castioxacid functionality (Carlson and Amy 1998,
Urfer et al. 1997). This oxidative treatment in@esthe assimilable organic carbon (AOC) content
(Hammes et al. 2006, Ramseier et al. 2011) whidf great concern for water utilities because of
increased bacterial regrowth potential in distidutsystems. On the other hand, biofiltration can
take advantage of this process as a means of ragnadditional DBP precursors from the water
prior to final disinfection, while at the same timezlucing AOC.

Several studies have shown that biofiltration camave some DBP precursors and the
associated chlorine demand as well as biodegradaigienic carbon which includes products
formed by ozonation in water such as aldehydescandoxylic acids, among others (Chu et al.
2012, Gagnon et al. 1997, Krasner 2009, Speital.et993, Weinberg et al. 1993). This can be
achieved because of the presence of biofiim (heterotrophic bacteria attached to a media) that
utilizes biodegradable NOM as a carbon source fargy production (Urfer et al. 1997). The
degree of NOM removal is affected by the charasties of both the influent ozonated water and
the biofilter. The ozonated water quality variepel®ding on whether ozonation conditions promote
Os over hydroxyl radical ' OH) reactions or vice versa. However, informatitwowt the effects of
these conditions on biofiltration is currently mings in the literature. Moreover, filter media,
biomass, and operational parameters such as engatycontact time (EBCT) can impact the
biofilter performance. For example, Melin and Odaga(2000) evaluated the removal rate of
influent ozonation byproducts aldehydes and alaal lkeeto-acids as a function of EBCT. Several

modelling studies attempted to gain a mechanistaetstanding of the biodegradation kinetics of



81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

NOM (Gagnon and Huck 2001, Huck and Sozanski 2088k et al. (1994) reported a linear
relationship between the removal rate and filtduent concentrations (i.e., a first-order procexfs)
the following: biodegradable and assimilable orgasarbon, chlorine demand, and precursors of
trihalomethanes (THMs) and adsorbable organic leadd@OX). There are, however, no published
kinetic studies in the literature describing tmepact of combined ozone/biofiltration on the
formation potentials of chloral hydrate (CH), hattdnes (HKs) and the more toxic nitrogen-
containing DBPs (Plewa et al. 2008) such as hatemithanes (HNM) which are the organic DBPs
most commonly elevated when treating ozonated watgth chlorine. If a first-order kinetics
would hold true for these DBPs as well, water tigi might be able to predict and set biofiltration
conditions that could control DBP formation durihgnking water treatment.

This study, therefore, evaluated (1) the effecOgfand OH reactions on the biodegradability
of ozonated waters and (2) the reduction in foramagpotentials of different families of DBPs
including THMs, haloacetic acids (HAAs), CH, HKsalbacetonitriles (HANs), HNMs, and
trichloroacetamide (TCAM) by ozone-biofiltratioreatment with varying EBCT. These objectives
were achieved by conducting ozone dosing expersn&itowed by batch biodegradation and
once-through column experiments using anthracitelaological activated carbon (BAC) as media
and subsequent chlorination. As little is known wthimodegradation of DBP precursors and most
biofiltration studies have only focused on remoefibiodegradable organic carbon and ozonation
by-products, this study provides important novesights on the impact of ozonation and

biofiltration on DBP precursors and subsequentdagpct formation in chlorinated drinking water.
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2. Materialsand methods
2.1. Water sample and bioactive media

The water and bioactive media used in this studsevebtained from drinking water treatment
plants in Southeast Queensland, Australia (SEQ) Types of bioactive media were used: (i)
anthracite (AN) with an effective size of 1.2-1.8nnand apparent density of 650 kd/taken from
the top layer of a primary filter (i.e., after ppeonation, coagulation, and sedimentation) whiah ha
been used for more than 5 years and (ii) granulalodical activated carbon (BAC) with an
effective size of 0.7-0.9 mm and apparent densi#B5 kg/n? (ACTICARB GA1000N, Activated
Carbon Technologies Pty Ltd, Australia) taken fritv@ top layer of the postsQilter that had been
in operation for more than two years. Adsorptioruldonot, therefore, be expected to play a major
role on NOM removal in either of these media. Asal#ed in Text S1, the bioactive media were
from the advanced water treatment plant depictddgnS1 (Supplementary Material).
2.2. Batch ozonation

Ozone stock solutions were prepared fresh dailiilhQ water by sparging gaseous ozone
generated from pure oxygen (99.995%; Coregas, Alistrusing an Anseros COM-AD-04 ozone
generator (Anseros, Germany). Concentrations of #teck solutions were determined
spectrophotometrically using the absorbance atr288&=3000 M'cm™) (Elovitz and von Gunten
1999). Appropriate volumes of the ozone stock smhuivere spiked into water samples (pH = 7) to
obtain the desired transferred ozone dose, assub®@¢ transfer efficiency. Ozone was allowed
to fully decay prior to biological treatment.
2.3. Experiments carried out

Three sets of experiments were performed to ingat&ithe biodegradability of DBP precursors
at different ozonation and biodegradation condgiofhe first set involved water samples treated
with different @ doses and subsequently exposed to bioactive aitthrBioactivity in these batch

tests was confirmed by measuring consumption ofidgoadable organic carbon. A control
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experiment with 0.3 mM sodium acetate (DOC = 7.2lng99%, Ajax Finechem, Australia)
showed an 84% DOC removal after 8 days of expositlethe bioactive anthracite (Fig. S2a). The
second set involved column experiments using BAC l@nactive anthracite media fed with water
ozonated with and without J@,. These two sets of experiments evaluated optimizadf the
ozonation process for better NOM biodegradabilityie third set of experiments focused on
studying biofiltration performance by varying th8E&T of the BAC columns. For these column
experiments, bioactivity was confirmed by constanthonitoring dissolved oxygen (DO)
consumption by the bioactive media and removahtiiéent DOC. Similar to other studies (Evans
et al. 2013, Liao et al. 2016, Persson et al. 2@p@e-Martin 2008, Rattier et al. 2014), DO
measurements served as the indicator of oxygenuawets by microorganisms during respiration
and an indirect proof of aerobic biological actnin the filters.
2.3.1. Batch biodegradation and column filtration

Prior to biodegradation, ozonation experiments {Phvere performed on the water sample by
adding ozone to create ozone to DOC ratios (mgfamging from 0.4 to 1. These samples were not
buffered since preliminary results revealed thahl¥ phosphate (NaPOy-2H,0, >99%, Ajax
Finechem, Australia and MN4PO,-2H0O, >99.5%, Merck, Germany) and 4-9 mM NaH£O
(>99.5%, Sigma-Aldrich, USA) inhibited biodegradetiof NOM (Fig. S2a and S2b). Instead, the
pH of the ozonated aqueous samples was readjusteld ¥ using small quantities of 0.5 M HCI
(Merck, Germany) prior to contact with the bioaetanthracite in order to mimic the actual influent
pH during biofiltration in a full-scale plant. 500L of ozonated water sample was mixed with 170
g of bioactive anthracite with contact time of ¥slat ambient temperature.

Column experiments (Fig. S3) were also performeghgubioactive anthracite and BAC.
Filtration was carried out upflow to avoid bed caupon, clogging, and to obtain a more uniform
distribution of organic matter through the filteedia. The biofiltration system was comprised of 4

glass columns (two each for columns for non-ozahated ozonated feed lines; internal diameter: 1
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cm; length: 12 cm; manufactured at University ofe@usland Glassblowing Services) containing
the bioactive media (bed volume = 6.5 mL), a mciannel peristaltic pump (Sci-Q 323, Watson
Marlow, USA), a dissolved oxygen (DO) probe (WTWer@any), ozonated water as feed, and
effluent collection bottles. The ozone dose empldige these experiments was 1.2 migagDOC.
Each biofiltration line was connected to the colsnusing Norprene tubing (Cole-Palmer, USA).
Biofiltration experiments were performed at roomnperature (22 +°C), influent water DO of 9.0

+ 0.8 mg/L and an EBCT of 11 minutes. To condititre media and equilibrate influent
concentrations through the filter, 100 bed voluoethe ozonated water sample were pumped at a
rate of 0.6 mL/min prior to sampling. The effludat this conditioning step was discarded.

2.3.2. Bidfiltration of samples treated with Os/H,0;

Ozone decomposition was varied by adding increabisf@, concentrations. Ozonation was
conducted at a dose of 1 mg@gDOC with HO, concentrations ranging from 0 to 2 mmol
H,O./mmol G;. Stock solutions of kD, (30%, Merck, Germany) were previously standardized
spectrophotometrically at 240 nm% 40 M'cm?) (Bader et al. 1988) while the,8, concentration
in samples was determined using the method desichigeNogueira et al. (2005). Prior to DBP
formation potential tests and/or biofiltration,® was quenched by adding 1.4 g of Mn@ 99%,
Sigma-Aldrich, Australia) to 1 L ozonated samplargghy 2004). Mn@was chosen as an adequate
H,O, quencher since it has been reported to not affacterial growth. For example, MpO
guenching of HO, did not interfere with AOC measurements, unlikeeotcommon quenchers such
as catalase and sodium thiosulfate (Sarathy 2@&dg).S4 illustrates the removal of,®, after
addition of MnQ. Bioactive anthracite and BAC were used separatslpiofiltration media each
with a 7 mL bed volume and 11 min EBCT.

2.3.3. Biofiltration at different EBCT values
Each biofiltration line was connected to two BAGQuwuons with a total bed volume of 12 mL.

Three parallel lines were used for replicate measents. Although the biomass concentration in
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the biofilters was not measured, bioactivity wasfomed through measurements of DO
consumption and N© evolution (Fig. S5) due to the presence of nérdi as observed in a
preliminary study. Effluent collection was perfordnat the lowest flow rate first (0.22 mL/min) and
increased successively to the highest flow rat® (ML/min) which corresponds to filtration at
decreasing EBCT (ratio of bed volume to influerdwfl rate). Samples were collected before
biological filtration and at the following EBCTs; 8, 8, 11, 15, 19, 30, 39, and 55 min. In between
sampling at the different EBCTs, mild backwashingsvdone using a sample-containing syringe
connected online. After this step, at least 3 bellimes of the ozonated sample were pumped
through the columns and discarded. This volumeasasmed sufficient to flush the sample used in
a previous condition out of the columns.

Biofiltered samples (250 mL) were collected in asi@shed amber-colored glass bottles and
stored at 4°C prior to subsequent analyses. Sample collectimngl column experiments was
performed within a week to avoid possible changesiomass and biofilm characteristics that may
be a significant variable on NOM removal. A constaiological activity in the media was desired
to be able to compare the reactivity of differergqursors with changes in EBCT.

2.4. DBP formation potential tests

DBP formation potential tests were as describegravious studies (De Vera et al. 2015,
Doederer et al. 2014, Farré et al. 2013). Briefigdium hypochlorite (reagent grade, available
chlorine 4 - 4.99%, Sigma-Aldrich, USA) was addedsamples buffered at pH 7 with 10 mM
phosphate. For every experiment, the concentraifosodium hypochlorite added was based on
prior chlorine demand tests with the same wateraametd to have a residual of 1 — 2 mg/L ag Cl
after a 24 h reaction. Chlorine residual in samphss measured using thé,N-diethylp-
phenylenediamine free chlorine colorimetric metliddch, USA). After one day of contact time,
residual chlorine was quenched with either L-asicordicid £99%, Sigma-Aldrich, China),

ammonium chloride (99.5%, Sigma-Aldrich, Japan),sodium sulfite X98%, Sigma-Aldrich,
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Japan) depending on the subsequent extractionseiatral-extractable DBPs, HAAs, or AOX,
respectively.
2.5. Analytical methods
2.5.1. Dissolved oxygen and inorganic nitrogen

Influent and effluent DO concentrations were meedwn-line in a gas tight flow through cell
using a WTW Multi 3420 meter equipped with DO préti2gO 925 (DO measuring range specified
by manufacturer = 0 — 20 mg/L, WTW, Germany). Ammomitrite and total NQ(i.e., sum of
NO, and NQ’) were measured on samples collected before aed hifiltration by a Lachat
QuikChem8500 Flow Injection Analyzer (Hach Compad$A) using Lachat methods 31-107-06-
1-B (NH4"), 31-107-04-1-A (NQ), and 31-107-05-1-A (N©). The method reporting limits (MRL;
3 x method detection limit (MDL) (NATA 2013); MDL = ahdard deviation of at least 7 replicate
analyses of the lowest laboratory standard in eefdplank x Student’s t-statistic for a 99%
confidence level and n-1 degrees of freedom (USBB0)) were 4 pg/L for Ni-N (measuring
range = 4 — 900 ug/L), 0.6 pug/L for NEN (measuring range = 0.6 — 72 ug/L), and 4 poiL f
NOy-N (measuring range = 4 — 900 pg/L).
2.5.2. Dissolved organic carbon and UV absorbance

The DOC of 1.2 um GF/C filtered samples was measwi¢h a Shimadzu TOC-L analyzer
that was also equipped with a TNM-L total nitroganalyzer unit and ASI-L autosampler
(Shimadzu, Japan). The MRL for DOC was 0.3 mg/Ldsueing range = 0.3 to 25 mg/L). UV
absorbance at 254 nm () was measured with a Varian Cary 50 Bio UV-Visible
spectrophotometer (Varian, Australia).
2.5.3. Sze exclusion chromatography (SEC)

The molecular weight distribution of NOM in eachterasample (untreated, ozonated, and
biofiltered) was evaluated using a Shimadzu promseeLC-20AT high performance liquid

chromatograph (HPLC, Shimadzu, Japan) equipped wit8IL-20A HT autosampler and a

-10 -
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Toyopearl HW-50S SEC column (250 mm x 20 mm packnagerial; Tosoh, Japan). The unit was
connected to a SPD-M20A diode array detector (U¥BJ a GE Sievers 900 portable online total
organic carbon analyzer (OCD) with an inorganidoarremover (GE, USA). The retention times
of eluted volumes were calibrated against polyethglglycol standards (Agilent, UK) in order to
convert to molecular weight. The analyses used an®5 phosphate mobile phase (pH 6.85), 1
mL/min flow rate, 110QiL injection volume, 38C oven temperature, and 100 min analysis time.
2.5.4. Volatile neutral extractable DBPs

The following volatiie DBPs were analyzed in aqueaamples at pH 7 after duplicate
extractions with methyl tert-butyl ether (MtBE; 9%, Sigma-Aldrich, USA): (a) four
trinalomethanes  (THM4: trichloromethane (TCM), dimochloromethane (DBCM),
bromodichloromethane (BDCM), tribromomethane (TBM)jpur haloacetonitriles (HANA4:
trichloroacetonitrile (TCAN), dichloroacetonitrilgDCAN), bromochloroacetonitriie (BCAN),
dibromoacetonitrile (DBAN)), two haloketones (HKZ,1-dichloropropanone (DCP), 1,1,1-
trichloropropanone (TCP)), two trihalonitromethan@HNM2: trichloronitromethane (TCNM),
triboromonitromethane (TBNM)), chloral hydrate (Ck)nd trichloroacetamide (TCAM). lodinated
DBPs (e.g., dichloroiodomethane, bromochloroioddraet, dibromoiodomethane,
chlorodiiodomethane, bromodiiodomethane, triioddrare, chloroiodoacetamide,
bromoiodoacetamide, and diiodoacetamide), and magher haloacetamides (e.g.,
dichloroacetamide, = bromochloroacetamide,  dibromiaciele,  bromodichloroacetamide,
dibromochloroacetamide, and tribromoacetamide) va¢se measured but not detected in samples
chlorinated after ozonation. Text S2 and Table ®iigde more details on the DBPs and standards
used. MtBE extracts containing the volatile DBPd #me internal standard (1,2-dibromopropane)
were injected into an Agilent 7890A gas chromatpgraquipped with two independent electron-
capture detector (GC/ECD) (Agilent, China) conndcdie a separate DB-5 and a DB-1 Agilent

column (30 m length x 0.25 mm inner diameter x U@ film thickness each) and two injectors.

-11-
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Pulsed splitless injection was used at 180The oven temperature program started aC3fr 25
min, followed by three ramps to have a total arialgisme of 81 min: (1) 108C at 2°C/min (2 min
holding time), (2) 206C at 5°C/min, and (3) 288C at 50°C/min. The ECD temperature was set at
300 °C. The MRL for all volatile DBPs was 0yig/L (measuring range = 0.1 — 2Q@/L) with
recoveries normally ranging from 80% to 120%.

2.5.5. Adsorbable organic halogen (AOX)

The analysis of AOX was based on previously regonethodologies (De Vera et al. 2015,
Farré et al. 2013, Stalter et al. 2016, Yeh e2@14). In this method, 10 mL of quenched aqueous
sample was first acidified with 1@ of concentrated HN¢X70%, Sigma-Aldrich, Australia). The
acidified sample was then passed through two comisecactivated carbon cartridges (50 mg C in
3 mm ID Euroglass, CPI International, USA) usindl@ mL gas-tight Hamilton syringe. The
cartridges were washed with 8.2 g/L potassium t&it¢e09%, Sigma-Aldrich, Australia) at a rate of
about 5 mL/min to remove inorganic halides. Thevateéd carbon was next transferred to sample
boats for pyrolysis at 100 (in the presence of oxygen) using a MitsubishFAZ100 Automated
Quick Furnace unit connected to a Dionex ICS-210alhannel lon Chromatograph (IC) system
(Thermo Fisher Scientific, Australia). Using argas a carrier gas, the halogens produced from
pyrolysis were then reduced to halide ions in arflOabsorption solution (0.003%.,8, with 1
mg/L phosphate). Chloride, bromide, and iodide iwese then quantified by IC with MRLs of 12,
6, and 15 pg/L, respectively. The commonly useddinrange was up to 800 pg/L for bromide,
2000 pg/L for chloride, and 400 pg/L for iodide OX is reported as a Cl equivalent concentration
(uM as CI), which refers to the sum of the equival®ncentrations of adsorbable organic chlorine,
bromine, and iodine multiplied by the atomic mas€lo
2.5.6.Haloacetic acids (HAAS)

Eight haloacetic acids (trichloroloacetic acid (TA)A bromodichloroacetic acid (BDCAA),

chlorodibromoacetic acid (CDBAA), dichloroacetic ichc(DCAA), bromochloroacetic acid

-12-
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(BCAA), dibromoacetic acid (DBAA), monochloroace#icid (MCAA), and monobromoacetic acid
(MBAA)) were measured at Queensland Health Foremstt Scientific Services (QHFSS) using an
acidic, salted microextraction followed by derivation with acidic methanol and GC/ECD
analysis (US EPA Method 552.3 (Domino et al. 2008Bjjoromoacetic acid was not analyzed due
to its low stability. The MRL for all HAA speciesas 5ug/L.
2.5.7.Bromide and bromate

Bromide and bromate were measured at QHFSS witletolim 861 Advanced Compact lon
Chromatograph (Metrohm, Switzerland) equipped \&itGQ suppressor, a Thermo AS23 column,
Thermo AG23 guard column and a fQ sample loop. The eluent was a carbonate (4.5 mM
NaCQOs)/bicarbonate (0.8 mM NaHGP mixture with a 1 mL/min flow rate. The MRLs for

bromide and bromate of QHFSS were 5 an@dd/, respectively.
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3. Resultsand Discussions
3.1. Effect of ozonation and biodegradation on formation potentials of halogenated DBPs
produced by subsequent chlorination

3.1.1. Ozonation

Ozone is known to significantly alter NOM charatdtcs because of its reaction towards their
electron-rich moieties which include activated aatim systems, olefins, and non-protonated
amines. These reactions favor the effectivenedsiasiltration if it follows ozone treatment and
impact DBP formation by post-chlorination. The té@ts of ozone with such moieties have been
extensively studied in the literature (von Gunt®2 von Sonntag and von Gunten 2012). Briefly,
ozone reacts with phenolic compounds (Fig. la)aiabozone adduct which proceeds primarily to
ring cleavage, formation of muconic-type compoundad eventually resulting in aliphatic
aldehydes and ketones (Hammes et al. 2006, Ramaetervon Gunten 2009). In our study,
ozonation of the water sample (1 m@g®gDOC) caused an 11% decrease in DOC and a 56%
decrease in SUVA (Fig. S6). These results wereistamt with the typical degree of mineralization
of NOM (~10% at 1 mgedmgDOC) (Nothe et al. 2009) resulting from decasdation reactions
that occur during further oxidation of substantiabixidized NOM (von Sonntag and von Gunten
2012). The high decrease in SUVA supports theilikeld that the ring-opening mechanism shown
in Fig. 1a for phenolic compounds occurred in @actions. These observations were in agreement
with the SEC images that show significant remo¥a@l©®M (humics and building block region) by
ozone with the UYs, detector (Fig. S7a) but barely any with the orgara@rbon detector (Fig. S7b;
OCD). The results indicate that certain UV absayhimits of NOM were partially oxidized and
transformed to lower molecular weight compoundleathan being mineralized since the overall
DOC was mostly unchanged. Minor pathways could g#ee products such as catechol,
hydroquinone, and quinones (Ramseier and von GLZ68) especially at lowers@loses (Chon

et al. 2015). For olefins (Fig. 1b), the ozone tieacoccurs via a Criegee mechanism that involves
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cleavage of the C=C double bond and formation ebaayl compounds (Criegee 1975). For
amines (Fig. 1c), an ozone adduct on the nitrogem deads to formation df-oxide for tertiary
amines and hydroxylamine for primary and secondanynes (von Gunten 2003). A recent study
also reported formation of nitromethane from ozmmabf methylamine (McCurry et al. 2016).
Amine radical cations can also be formed leadingdalkylated amines and ketones or aldehydes
(von Sonntag and von Gunten 2012). These ozonatamsformation products could be formed
along with products froniOH reactions since ozonation conditions at treatnmants do not
scavenge for these radicals. Addition reactionsvarg common fofOH since the radicals readily
add to C-C and C-N bonds (von Sonntag and von Guz(é2).

These transformation products can affect the sulesg#dBP formation potentials during post-
chlorination, as shown in this study. Consisteahdis were observed for all the DBPs presented in
Figs. 2-5. Results are presented as relative raksmhncentrations (CgFto show the extent of the
change in concentrations with respect o€ the concentration resulting from chlorinatidore
(i.e., without prior ozonation and biodegradatio)alyte concentrations are summarized in Tables
S2-S6.

The mechanisms of Figs. 1la and 1b show exampleus@s for aliphatic aldehydes and
ketones formed from ozone. In this study CH and HM&e found to more than double in
concentration at 1 mg@ngDOC that could have resulted from ring-openih@ttenolic groups in
NOM (see decrease in SUVA in Fig. S6). THM4 and HAdecreased by about 30% and 10%,
respectively, after ozonation at the sameal@se (Table S6) because reaction sites for cld@uch
as those in activated aromatic systefisliketones and3-diketoacids will have already been
oxidized by Q. HAN4 and TCAM (Table S2, 1 mg@ngDOC) also decreased in concentration
(HAN4 =0.13t0 0.11 pM; TCAM = 0.014 to 0.006 pMpst likely because of the oxidation of the
precursor amino groups (Fig. 1c), leading to prawed formation of THNM2 especially with

increasing @ dose (0.007 to 0.068 uM). Lower AOX (19.7 to 1aM CI, Table S3) was also
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observed which suggests the benefit of ozonatiotenreasing formation potentials of other non-
volatile DBPs that were not measured. AftefHIDCI treatment, bromine-containing DBPs namely
trioromomethane (TBM), dibromochloromethane (DBCMyjibromoacetic acid (DBAA),
dibromoacetonitrile (DBAN), and tribromonitrometleaiiTBNM) also increased (Tables S2 and
S3) because of the production of more hydrophill©NMN during ozonation which are more
amenable to HOBr than HOCI reactions (Hua and ReekP013, Westerhoff et al. 2004). HOBI,
produced from oxidation of bromide during chlorinatand ozonation, can react with NOM to
form the previously mentioned bromo-organic DBPsu@lik et al. 2014). Under the conditions
used, no bromate was observed above the MRIugll) probably because of the high reactivity of
NOM that competes with bromide in reactions witha@d OH.
3.1.2. Biodegradation

The impact of ozonation on biodegradability of theter samples was evaluated using (1)
batch experiments with bioactive anthracite and KR)filtration columns containing either
anthracite or BAC. The results of batch biodegragaexperiments using bioactive anthracite
(contact time = 7 days) are shown in Fig. 2 whililbration experiments (EBCT = 11 min) are
shown in Fig. 3.
3.1.2.1. Biodegradation before ozonation

Biodegradation experiments without pre-ozonatiddo('O;” in Figs. 2 and 3) yielded notably
different results for anthracite batch and colunfination experiments, likely due to differences in
contact time (i.e., 7 day exposure with anthrafotebatch biodegradation and 11 min for column
experiment). This longer contact time may expldia higher DOC removals (38%) and better
reduction of formation potentials of THM4 (51%), GQB2%), and HK2 (76%) in Figs. 2b — 2d
(batch biodegradation) compared to their equivalesing the biofilter columns (Figs. 3a — 3d; %
removal: DOC = 12%, THM4 = 30%, CH = 34%, HK2 = 3R%fter batch biodegradation, higher

HAN4 formation potentials were observed which cobll’e been caused by release of soluble
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microbial products (SMPs) (e.g., nucleic acidgtg@ns, amino acids) (Rittman et al. 1987) during
long contact times. THNM2 precursors (Figs. 2f &f) which were present at very low
concentrations (~0.01 uM) before ozonation, hadremvovals of less than 6% which suggests that
non-ozonated THNM precursors were not readily bgodéable. This result was in agreement with
the observations by Wadhawan et al. (2014) who detrated the importance of ozonation in
increasing the concentrations of biodegradable DBibfiltration of non-ozonated samples did not
change the resultant TCAM levels (Fig. 3g) whereasthe longer contact times in batch
biodegradation tests (Fig. 2g), removals of 50%ewarhieved indicating the presence of TCAM
precursors that may biodegrade slowly. The relbtitaggh error bars for TCAM are a result of its
concentrations near the MRL. Because of the cammpeffects of TCAM and HAN4 in Figs. 2e
and 2qg, it is likely that TCAM precursors are indegent from HAN4 precursors in the
biodegraded water sample. The SMP released duratghbbiodegradation could be a major
contributor to HAN4 formation, while TCAM could pteminantly come from humic substances of
the water sample (Huang et al. 2012). For AOX, iltrafion of non-ozonated precursors only
resulted in a 2 — 13% decrease in formation paiémti
3.1.2.2. Biodegradation after ozonation

Combining ozonation (1 mg@ngDOC) with batch anthracite biodegradation resliin an
overall reduction of 54% of DOC (Fig. 2a, Table 8& O; = 9.8 mg/L DOC; No @+ AN = 6.0
mg/L DOC; G only = 8.7 mg/L DOC; combineds& AN = 4.5 mg/L DOC). The observed better
DOC removal (@ + AN versus @ only) is most likely due to the formation of sneall more
hydrophilic, and readily biodegradable compound®yang ozonation such as aldehydes, ketones,
and carboxylic acids (Fig. 1) (Hammes et al. 200@jnberg et al. 1993). For aromatic compounds,
ring cleavage products have been estimated to lre modegradable compared to their parent
compounds (Hubner et al. 2015). These productsep@ted to be biodegraded via a pathway that

leads to carboxylate as shown in the Universityiainesota biocatalysis/biodegradation database
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(Gao et al. 2010) (refer to Table S7 for a listifferent biotransformation (bt) rules relevanthds
study). No significant change in biodegradabilityasv associated for possible aromatic
hydroxylation products such as catechols (Hubnealef015). These observations support the
increase in SUVA after biodegradation (Fig. S6)sirompounds with low UV absorbance are
consumed, decreasing the DOC and leaving behiretr &tk absorbing aromatic compounds (Fig.
S7b). The improved biodegradability of NOM alsansiated to a decrease in THM4, CH, and HK2
formation during post chlorination (shown in Figd, 2c, and 2d respectively) with the most
notable effects on CH and HK2 because of the rgddibdegradable aldehyde and ketone
precursors.

Aerobic biodegradation of amine compounds is exgukdb form aldehydes and ketones
through oxidative removal of an alkyl substituerdni an amine using dehydrogenase enzymes
(Gao et al. 2010). In this biodegradation pathwdyot(ansformation rule bt0O063 of the
biodegradation database shown in Table S7), ald=hwiid ketones are produced if the leaving
substituent is attached to a primary or secondarpan, respectively. Other N-DBP precursors,
formed by ozone, containiniy-oxide, hydroxylamine, and nitromethane moietiea edso be
biodegraded accordingly (biotransformation rule@4b68, bt0035, bt0086). These transformations
resulted in decreased HAN4, THNM2, and TCAM concians as shown in Figs. 2e, 2f, and 2g,
respectively. Precursors of THNM2 were observedédovery biodegradable with a decrease in
formation potentials of up to 98%. This decreases waostly caused by the removal of
trichloronitromethane precursors. Although formediav concentrations, triboromonitromethane
was found to increase because of higher brominstisutoon with subsequent chlorination of
biodegraded water samples. This was also observedther brominated THMs and HANs
confirming the known influence of the bromide tolman ratio in DBP speciation (Fig. S8). Since
bromide was not consumed as DOC decreased dummigdpiadation, the bromide to carbon ratio

increased leading to the formation of more avadaBIOBr in relation to the reduced NOM
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concentration. Due to the higher electrophilicifyHOBr compared to HOCI (Heeb et al. 2014,
Symons et al. 1993, Westerhoff et al. 2004), halagen by HOBr is favored resulting in
formation of more brominated DBPs. The apparem cahstants of bromine reactions (pH 7) were
reported to be up to 3 orders of magnitude highan tthose of chlorine reactions (Heeb et al.
2014). In addition, better bromine substitution wsc especially for ozonated waters since
hydrophilic organic materials (e.g., aliphatic puots of ozone) were found to be more reactive to
HOBr compared to hydrophobic fractions (Hua andidRew 2007a, Liang and Singer 2003).

To simulate conditions commonly encountered in @otwater treatment conditions, the results
of the batch biodegradation experiments were cmfit using bench-scale columns with anthracite
and BAC (Fig. 3, Table S3). The extent of DOC realawsing both biofilters was similar (33-34
%) after an EBCT of 11 min. The results of SEC veitiher a UV or organic carbon detector (Fig.
S7) showed that this DOC decrease was a resu#tnobval of low molecular weight compounds
(ca. 10° g/mol) consistent with their transport across ce#mbranes and attack by metabolic
enzymes during biodegradation (Nishijima and Sp@id®4). Similar trends were observed for the
DBP formation potentials suggesting that compararizymatic functions were responsible for
biodegradation in both media. All DBPs, includirmpse that increased after ozonation (e.g., CH,
HK2, and THNM2), decreased compared to their ihDBP formation potential after biofiltration.
For AOX, a reduction of about 45% compared to neorated and non-biofiltered conditions was
observed for samples treated with combined ozomatnal biofiltration (Fig. 3h).

3.2. Process optimization
3.2.1. Ozonation: Use of Os/H,0; before biofiltration

Since DBP formation potentials can be affectededdifitly by ozone an®H reactions (De
Vera et al. 2015), the effect of ozone exposureth@nbiodegradability of DBP precursors was
investigated. This was achieved through batch éxmers involving ozone with and without

addition of HO, to the water samples. Although i@H concentration measurements were made in
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this study, it has been well-established that tresgnce of KD, accelerates Odecay through
formation of'OH and superoxide radical £Q which further reacts with £{von Gunten 2003, von
Sonntag and von Gunten 2012). Thus, at conditiomis lgher HO, concentrations, 9would
decay faster and be transformed more quick{te.

Fig. 4 shows the changes in DOC resulting frogHaD, and biofiltration treatment and the
impact of these treatments on DBPs formed by sulesgcchlorination. At all KD, doses, source
DOC decreased by no more than 10% after ozonationlar to the values obtained in Figs. 2 and
3. After biofiltration of the ozonated waters wginoth anthracite and BAC, a ~30% DOC removal
was achieved. The remaining ~6 mg/L DOC (Tablessd S5) represents the non-biodegradable
fraction of NOM as classified by Yavich et al. (200 While the DOC remained relatively
unchanged at all #D, concentrations, a different behaviour was obsefee®BPs (Figs. 4b — 4i;
Tables S4 and S5). Addition of,8, during ozonation confirmed our previously publdhgork
showing thatOH reactions increased the DBP formation potent&l$HM4, HAA8, CH, HK2,
HAN4, TCAM, and AOX (De Vera et al. 2015). For THNMMan opposite trend (i.e., lower
formation potentials at higher B, concentrations) was observed which shows that TENM
precursors are predominantly formed through f@actions (McCurry et al. 2016). When
biofiltration was employed after the oxidation pess, a dramatic drop in DBP formation potentials
was observed in the column effluent especially @st, HK2, and THNM2 suggesting the high
biodegradability of their precursors. The slightigtter removal of formation potentials of DBPs
with BAC over AN may be attributed possibly to thé&erent surface area and biological activity of
each filter media.

3.2.2. Bicfiltration: Variation of empty bed contact time (EBCT)

To optimize biofiltration, column experiments usiBC were performed at different EBCTs

(3 — 55 min). Bioactivity of the columns was confed from the increase in oxygen consumption

and nitrate concentration with increasing EBCT (F3&). BAC filtration resulted in about 30%
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decrease in DOC as shown in Fig. 5a, which is withe range of removal efficiencies reported in
the literature (Juhna and Melin 2006). This deaaasstly happened within the first 20 min, with
the largest decrease happening within the firgethminutes. Such observation supports previous
studies (Black and Berube 2014, Carlson and Am315@vich et al. 2004) where a characteristic
initial period of fast DOC decrease followed by eripd of slow decrease was observed. The
remaining DOC corresponds to the slowly biodegrilab non-biodegradable DOC. A similar
trend was also observed for the formation potentélall the DBPs studied (Figs. 5b — 5i). These
results followed first-order reaction kinetics (Bkaand Berube 2014, Huck et al. 1994, Melin and
Odegaard 2000) and can be modelled using equdt)on (

Py = Pyipgege ™™ + Pf (1)
wheret is the EBCT (min)k is the specific first-order rate constant (fHinP; is the concentration
at timet (uM), Puiodeg IS the biodegradable concentratipivi), andPsis the minimum contaminant
concentration or DBP formation potentialM) after a certain EBCT. The model fit for DOC and
DBP formation potentials was carried out using suodftware SigmaPlot, version 13.0 (Systat
Software, Inc.) and resulted in the kinetic pararsesummarized in Table 1. Residuals from the
model fit show a normal distribution (P values 85).Shapiro-Wilk test). All measured formation
potentials at different EBCTs are presented in &@ab6. Further discussion on the first-order
dependence of pollutant removal on EBCT is providetlext S3 and Fig. S9.

Following ozonation, THM4 formation potential wasluced by 46% after a BAC EBCT of 15
min (i.e., 2.70uM down to 1.47uM) and remained at almost the same level up to B% Trhis
indicates that THM precursors, mostly for TCM and@®M, were not completely degraded even at
extended EBCTSs. In terms of speciation, the deerea3CM and BDCM was also accompanied
by an increase in the more brominated THM speciagjely DBCM and TBM. TBM formation
potentials increased from 0.003 + 0.001 to 0.0Z2R0O2uM in 15 min and continued to increase to

0.031 £ 0.00IuM in 55 min, while DBCM started to slightly incremat 15 min (i.e., 0.20 = 0.02
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uM to 0.24 = 0.01uM in 55 min). These observations can be underst®od result of increased
HOBr availability relative to DOC during chlorinati since the bromide to DOC ratio increases
with increasing EBCT (Fig. S10a). The increaseroniinated DBPs (between 0 to 55 min EBCT)
was also observed with other DBP groups such asNDBA010 to 0.018&M), TBNM (0.010 to
0.016 uM) and CDBAA (0.028 to 0.05QM). Hence, an increase in the levels of bromine-
containing DBPs with @BAC treatment may occur, especially in source vgat®ntaining high
bromide concentrations.

The concentrations of other non-bromine-contaiidPs such as HK2 and CH were reduced
significantly after biofiltration at 10 min EBCT. hue their formation potentials increased after
Oy/HOCI treatment (i.e., by 73% for HK2 and 111% fGH), their BAC effluent formation
potentials of about 0.06M for both CH and HK2 appeared to be the lowesidible during
biofiltration. These concentrations were lower thlose obtained without ozonation (i.e., HK2 =
0.14 uM and CH = 0.17uM) which confirms the benefit of combineds/BAC in reducing
formation potentials of these DBPs. The calculatate constants for these C-DBPs (after
ozone/BAC treatment) were 0.50 + 0.07 thiior HK2 and 0.58 + 0.07 mihfor CH, which were
highest among the rate constants determined foerofdBP groups suggesting the high
biodegradability of CH and HK2 precursors.

In terms of the HAA species, dihaloacetic acid (DAJAprecursors were removed faster (k =
0.18 + 0.05 mift) than those of trihaloacetic acids (THAA) (k = ®.8 0.02 mift) (Fig. S11). At
the highest EBCT (55 min) there was a reductiorb&¥ in DHAA and 47% in THAA in the
chlorinated column effluent. The slightly bettenroval of DHAA than THAA may suggest having
more biodegradable precursors (i.e., hydrophitie; inolecular weight) consistent with the findings
of Hua and Reckhow (2007a).

Similar features to those presented for other DB&® observed for HAN4, with DCAN being

the most dominant HAN produced during chlorinatibaw TCAN concentrations were observed
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due to this compound’'s low stability (Glezer et 2899). Despite HAN4 having the lowest
reduction in formation potential (24%, comparedfoéomation potentials after ozonation) after
biofiltration at 55 min EBCT, they had a higher&uwe (0.40 + 0.14 mifj than THM4 which had a
higher removal (47%) at the same EBCT. This suggestt the biodegradable HAN4 precursors
(e.q., aliphatic dissolved organic nitrogen) candraoved faster than their THM4 counterparts.

TCNM formation potentials were found to decreaseraBAC filtration confirming results
from previous studies (Krasner 2009, Lyon et all4)0 Lowest total concentrations were already
achieved at 12 min EBCT and were almost equal ¢olekiels before ozonation. At this EBCT,
about 90% of the TCNM formation potential preseftéraozonation was removed. While good
TCNM removals were observed, an increase in TBNivh&dion potentials became apparent after 5
min EBCT. A similar increase in TBNM formation pat&ls was observed by Lyon et al. (2014) in
full-scale plants in SEQ that utilizedsBAC. At the highest EBCT tested in the currentdgtu
TBNM increased by 52% (Fig. S10b) relative to @snfiation potential before biofiltration. Despite
the contrasting trends of TCNM and TBNM, the sunthdir concentrations (THNM2) could still
be modelled with a k = 0.48 + 0.01 ritinrvhere TBNM accounted for 77% of the remaining P

TCAM formation potentials also decreased with fostler kinetics (k = 0.16 + 0.03 mith
although at a rate that was lower than for HAN4 aftdNM2, suggesting differences in
biodegradability of their precursors. Based ondaleulated rate constant, THNM2 precursors were
more readily biodegradable than those of HAN4 a@dW. This supports the results of Mitch et
al. (2009) who showed a higher removal of TCNM canegd to DHANS after sequential ozonation,
biofiltration, and chlorination. In their study,e&hmedian reduction of TCNM formation potentials
was 48% while for DHAN it was only 3%.

The change in effluent AOX formation potential acllorine demand followed the trends
discussed above. Their first-order reaction kirsetiere relatively close (between 0.11 and 0.13

min? (Table 1)). This similarity confirms the intuitiveirect relationship of AOX and chlorine

-23-



543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

demand (slope = 0.17 mg AOX/mg,@lemand, R = 0.99, P=1.2x10as shown in Fig. S12a. AOX
formation was also found to correlate well with DQ&EQ. S12a, slope = 0.15 mg AOX/mg DOC,
R = 0.98, P=3.7xI0 which was in agreement with previous studies ré~at al. 2016). The x-

intercept of the AOX versus DOC plot gives a DOCL(fhg/L) which is equivalent to 42% of the
DOC before ozonation and represents the non-realiiYM fraction of the water sample.

Following biofiltration, AOX in the chlorinated wat decreased from 21.7 uM (3 min EBCT)
to 12.5 uM (55 min EBCT). At all conditions (i.ebefore and after ©addition, and after
biofiltration from 3 — 55 min EBCTS), the percergagf known and unknown AOX remained
relatively constant as depicted in Fig. S13a. Umkm®OX was calculated by subtracting AOX
equivalents accounted for by the individually meaduDBPs from the measured AOX. In this
study, while AOX formation potentials decreasedhwidzonation and increasing biofiltration
EBCTs, the percentage of known AOX remained at 4B8aand the unknown AOX at 52 * 4 %.
These results were comparable to many other sttlid¢seported unknown AOX concentrations of
about 50% during chlorination (Reckhow and Sing@84] Richardson 2003, Singer et al. 1995).
As shown in Fig. S13b, the measured AOX in theantrstudy was largely attributed to THM4 (30
+ 3%) and HAAS8 (13 + 0.8%) at all applied experirtarconditions. These findings are similar to
those in a study by Hua and Reckhow (2007b) whesg tound 25.2% of the total AOX attributed
to THMs and 14.4% attributed to HAAs after ozonatiGlmgQ/mgDOC) and subsequent
chlorination of a raw water sample. Other DBP gsooply had minor contribution. In the current
study, THNM2, HAN4, HK2, CH, and TCAM could only ptain 0.4%, 0.9%, 1.5%, 2.1%, and
0.1%, respectively, of the measured AOX. As the A@fxibuted to both THM4 and HAAS8
remained relatively constant despite differenceshan measured AOX concentrations, formation
potentials of these two DBP groups were in a limesationship (i.e., R = 0.98, P <1.5x%)0with
AOX formation potentials (Fig. S12b). In addition THM4 and HAAS8, the AOX values were also

strongly correlated with HAN4 (R=0.92, P=6.2x)0and TCAM (R=0.98, P=3.7x10. The
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relation of CH and HK2 with AOX was not markedlygsificant (R=0.65-0.71, P = 0.01 — 0.03)

since their formation potentials increased afteynation. THNM2 had no significant relationship

(R=0.21, P = 0.541) with AOX which is also a resatft its increase after ozonation. Such

correlations might be useful predictors of AOX fation in chlorinated biofilter effluents of water

treatment plants.

3. Conclusions

Coupling ozonation with biological treatment wasirid to be beneficial for DBP control. In

this study, we investigated the biodegradabilityBBP precursors using batch biodegradation

experiments with bioactive anthracite and columpegxnents with bioactive anthracite and BAC.

The following conclusions from this study confirmepiously published literature:

Ozonation decreased the formation potentials of BHMAAS8, HAN4, TCAM and
increased formation potentials of THNM2, CH, and2HKith subsequent chlorination.
Compared to conditions that fav@H reactions (i.e., high 40, concentrations), direct{O
reactions resulting from the lowest®b concentrations led to lower formation potentidls o
the following DBPs: THM4, HAA8, CH, HK2, HAN4, TCAMand AOX. The opposite was

observed for THNM2.

The following novel conclusions can be drawn frdms study:

For the water sample tested, the increase in foom@btentials of CH, HK2, and THNM2
after ozonation was effectively offset by biodegtdah at typical contact times regardless
of the initial concentration of precursors in théuent.

The dynamics of removal of DOC and DBP formatioteptials by biofiltration at different
EBCTs followed first-order reaction kinetics with @ateau of residual biorecalcitrant
concentration attained after approximately 10-2@ ofi EBCT. This study highlighted the

importance of EBCT as a key design parameter fofiltvation. The experimentally
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determined rate constants may be useful in predicif DBP formation potential reductions
and determine the EBCT required to attain a taf@BP concentration in the treated
drinking water.

* The reduction in DBP formation potentials variedhmespect to species, indicating the
influence of DBP precursor structure and reactieitybiodegradability. The measured rate
constants of DBP formation potential before reaghihe steady-state concentration
followed this order: CH > HK2Z THNM2 > HAN4 > THM4> TCAM > HAAS.

» Due to the increase in bromide to DOC ratio afteomation and biofiltration, the
concentrations of bromine-containing DBPs (e.g. MTBDBAN, TBNM) increased after
these sequential treatments followed by chlorimatidhus, conditions promoting strong
DOC removal such as longer EBCTs (e.g., > 20 mem) promote the formation of
bromine-containing DBPs in bromide-containing watéfreatment engineers should take

this risk into account on a case-by-case basis.
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Figure Captions:

Fig. 1. Impact of chlorination, ozonation, and biodegramtaion DBP precursors: (a) phenolates,
(b) olefins, and (c) amines. Biotransformation suleere taken from the University of Minnesota

Biocatalysis/Biodegradation Database (https://umdtbd.ch/) (Gao et al. 2010). THMs =

trihalomethanes, HAAs = haloacetic acids, CH = dldwydrate, HK = haloketones, HANs =

haloacetonitriles, TCAM = trichloroacetamide, THN# trihalonitromethanes. Reactions were
based on the following references: Deborde andGunten (2008), Hubner et al. (2015), McCurry
et al. (2016), Wenk et al. (2013), Ramseier and @onten (2009), von Sonntag and von Gunten

(2012).

Fig. 2. Effect of batch biodegradation §AN) on water samples ozonatedsj@t different doses
on (a) dissolved organic carbon (DOC) and formapotentials of (b) trihalomethanes (THM4),
(c) chloral hydrate (CH), (d) haloketones (HK2),) (éhaloacetonitrilies (HAN4), (f)
trinalonitromethanes (THNM2), and (g) trichloroaaeide (TCAM). Conditions: Sample/bioactive
anthracite (volume/mass) = 500 mL/170g; contacetini7 days; pH = 7; temperature = 22 %C1
chlorine residual = 3.4 £ 0.9 mg/L as,CiNo O3” represents formation potentials of normwoated
samples. Error bars depict mean absolute deviatiained from experiment (n=1) with 2 DBP
extractions per sample,& contaminant concentration before ozonation anddgradation, C =

contaminant concentration after treatment.

Fig. 3. Effect of ozonation and biofiltration with anthigc(AN) and activated carbon (BAC) media
on (a) dissolved organic carbon (DOC) and formagiotentials of (b) trihalomethanes (THM4), (c)
chloral hydrate (CH), (d) haloketones (HK2), (eldaaetonitriles (HAN4), (f) trihalonitromethanes
(THNM2), (g) trichloroacetamide (TCAM), and (h) adbsable organic halogen (AOX).

Conditions: transferred {lose = 1.2 mg&mgDOC; bed volume = 7 mL; empty bed contact time



= 11 min, pH = 7; temperature = 22 #@; chlorine residual = 1.5 + 0.6 mg/L as,CError bars
depict mean absolute deviation of experiments (m#y 2 DBP extractions per sample; for AOX,
n=1). G = contaminant concentration before ozonation amdldgradation, C = contaminant

concentration after treatment.

Fig. 4. Changes in (a) dissolved organic carbon (DOC)fanuation potentials post-chlorination
of (b) trihalomethanes (THM4), (c) haloacetic aci#4AA8), (d) chloral hydrate (CH), (e)
haloketones (HK2), (f) haloacetonitriles (HAN4), ) (grihalonitromethanes (THNM), (h)
trichloroacetamide (TCAM), and (i) adsorbable oigahmalogen (AOX) as a result of 3,0,
treatment and subsequent column biofiltration \artthracite (AN), and biological activated carbon
(BAC). Conditions: transferred ozone dose = 1 mgD@C mg/L; bed volume = 7 mL; empty bed
contact time = 11 min, pH = 7; influent DO = 11.50# mg/L; effluent DO = 6.6 £ 0.2 mg/L;
temperature = 22 + iC; chlorine residual = 1 — 2.7 mg/L as,CNo Os” at x-axis are formation
potentials of non-ozonated samples. Error barsctiapean absolute deviation of experiments
(BAC: n=2, AN: n=1, with 2 DBP extractions per sdeygor HAA, n=1). n.a. = no test done at the

specific experimental condition.

Fig. 5. Effect of biofiltration EBCT on changes in (a) DO&hd formation potentials of (b)
trihnalomethanes (THM4), (c) haloacetic acids (HAAQ)) chloral hydrate (CH), (e) haloketones
(HK2), (f) haloacetonitriles (HAN4), (g) trihalontmethanes (THNM2), (h) trichloroacetamide
(TCAM), and (i) adsorbable organic halogen (AOX) afonated water sample. Conditions:
transferred ozone dose = 1 mg/mg DOC, DOC = 15 mgmide = 30Qug/L, bed volume = 12
mL, media = BAC, pH = 6.9, temperature = 22 ¥Cl chlorine residual = 3.1 + 0.8 mg/L as.Cl
The symbols are the experimental data, broken lmeesespond to formation potentials measured
without ozonation, and solid lines present mode (single exponential decay tg).PResiduals

from the model fit shows a normal distribution (&ues > 0.05, Shapiro-Wilk test, last point for



THNM2 and HAN4 not included). Error bars depictrstard deviation of 3 replicate experiments

(with 2 DBP extractions per sample).



Table 1. Model parameters for reduction in DBP fation potentials after BAC filtration of ozonated
water samplés

DBP R, uM Poiodeg, UM k%, min™® R* Syx ne
THM4 1.45 £ 0.04 1.22 +£0.09 0.28 +0.05 0.9657  8aM 10
HAA8 0.69 + 0.06 0.93+0.10 0.15 + 0.04 0.9688 860 6

CH 0.074 + 0.004 0.284 +0.012 0.58 +0.07 0.9877 .0113 10

HK2 0.068 + 0.003 0.176 + 0.009 0.50 + 0.07 0.9808 0.0087 10
HAN4 0.068 + 0.001 0.037 + 0.002 0.33 + 0.04 0.9844 0.0018 9

THNM2 0.0171+0.0002  0.0597 + 0.0006 0.48 £0.01 .9903 0.0006 9
TCAM 0.0050 + 0.0002  0.0046 + 0.0004 0.16 +0.03 9561 0.0004 10
AOX 12.86 + 0.34 13.03 £ 0.46 0.11+0.01 0.9904 5103 11

DOC 10.14 +0.17 3.57 +0.38 0.26 + 0.06 0.9268 0.3646 10

Cl, demand 3.77£0.18 3.03+0.28 0.13 £0.02 0.9621 0.2272 10

®obtained from non-linear regression (SigmaPlot 3M = final steady state concentration (EBCT >
20 min); “Phiogeg DBP formation potential from influent 1Pk = specific first-order rate constafig?

= coefficient of determinatiorS (standard error of the estimate) = (SS/8fyhere SS is the sum-
of-squares of the distance of the linear regres@mn the data points and df is the degrees ofifvee
(i.e. n-2);% = number of data points (each data point is teeame of 3 replicate experiment¥)nits

= mg/L as C for DOC and as3br chlorine demand.



biodegradation rules: bt0086, bt0035, bt0063, bt0408
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R R Criegee
mechanism ¢ i biodegradation H biodegradation
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Highlights

Biofiltration reduces DBP FP with 1st-order dependence on filter contact time.

NOM removal by biofiltration increases Br substitution in subsequent disinfection.
Combined O3 + hiofiltration (EBCT: 10-20 min) effectively controlled DBP formation.
DBP precursor removal by BAC was highest for CH, THNM2, and HK2.

Biofiltration attenuates effects of varying O3 exposures on DBP formation.



