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Abstract

Seasonal algal blooms in freshwater and marinerwate increase the input of algal organic
matter (AOM) to the pool of dissolved organic mathe impact of bromide (Brand iodide (I

) on the formation of regulated and unregulatedntéistion byproducts (DBPs) were studied
from chlorination of AOM solutions extracted fronhrée species of cultured isolates of
freshwater and marine algadifrocystis aeruginosa (MA), Synechococcus (SYN), and
Alexandrium tamarense (AT)). Comparable concentrations of DBPs were fainfim three
types of AOM. In the absence of Btrihalomethanes (THMSs), haloacetic acids (HAA=)d
haloacetaldehydes (HALs) were the main groups oP D&med, and haloacetonitriles (HANS)
were formed at lower concentrations. In contrdst,formation of iodinated THMs was < 8 nM
(1.7 pg/L) since most of initial Twas oxidized to iodate. Increasing initial Boncentrations
increased the formation of THMs and HANSs, while camrations of total organic halogen and
HAA remained stable. On the contrary, total HAL centrations decreased due to the instability
of bromated HALs. Decreasing the specific UV abaode (SUVA) value of AOM favours
bromine substitution since bromine more preferdgtr@acts with low reactivity organic matter
than chlorine. Increasing the pH enhanced the foboma HMs but decreased the formation of
HANs. Concentrations of HAN and HAL decreased ghhpH (e.g., 9.0), high initial chlorine
concentration and long reaction time due to theodgwsition. Based on the cytotoxicity
calculations, unregulated HANs and HALs were thenntantributors for the total toxicity of
DBP measured, even though based on the weightateguTlHM and HAA predominated.
Keywords: disinfection byproducts, algal organic matter,rbide, iodide, total organic halogen,

bromine substitution
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1. Introduction

The frequent occurrence of algal blooms in fresewand marine water worldwide poses a
challenge to water supply (Chapra et al. 2017, |Raer Huisman 2008). In an algal bloom event,
the addition of oxidants (e.g., ozone, chlorined @ermanganate) to untreated water prior to
coagulation has been shown to increase the renmafvalgae since these oxidants alter the
surface charge of algae thus improving their rerhduang coagulation (Henderson et al. 2008a,
Qi et al. 2016b). However, the oxidants can alsoatge or lyse the algae cells, resulting in the
release of bulk algal organic matter (AOM) (Corgbk 2013, Daly et al. 2007, Qi et al. 20164,
Xie et al. 2013). AOM is comprised of a wide vapatof proteins, carbohydrates, lipids, nucleic

acids and other dissolved organic substances (Hemet al. 2008b, Her et al. 2004). Thus,
AOM exhibits a more hydrophilic character and lassmatic carbon content, as evidenced by
much lower specific UV absorbance (SUVA) values.(</(mg m)) and higher heterogeneity

(Fang et al. 2010b, Li et al. 2012, Nguyen et @03), in contrast with terrestrial natural organic
matter (NOM) which is derived from lignin and comtaa high aromatic content (Leenheer and
Croué 2003). The hydrophilic organic carbon fractis less prone to coagulation and is
recalcitrant to conventional treatment process (aee Westerhoff 2006, Widrig et al. 1996).

Therefore, the fraction of AOM over the bulk disssd organic matter (DOM) might increase

after a conventional treatment train.

Chlorine disinfection after conventional treatmentommonly used to provide hygienically
safe drinking water. However, chlorine reacts willf©OM to produce toxic halogenated
disinfection byproducts (DBPs) (Liu et al. 2017 cRardson and Postigo 2015, Wagner and
Plewa 2017). In addition to four trihalomethane$li#4) and five haloacetic acids (HAAS),

which are currently regulated by the United St&asironmental Protection Agency (US EPA)
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(U.S. Environmental Protection Agency 2001), untetd DBPs including haloacetaldehydes
(HALSs), haloketones (HKs), haloacetonitriles (HANaphd halonitromethanes (HNMs) were of
particular concern due to their much higher toyi@ven though their concentrations are much
lower than regulated DBPs (Plewa et al. 2017).

Bromide (Br) and iodide () levels in fresh surface waters which are highdyiable range
from <10 to >100Qug/L and 0.5 to 2Qug/L, respectively (Liu et al. 2014, Liu et al. 2012
However, the median concentrations of 8nd total iodine (including land iodate) are much
higher in sea water (e.g., ca. 66 mg/L anduglL, respectively) (Heeb et al. 2014, Liu et al.
2014). In addition, anthropogenic activities susrhgdraulic fracturing, coal-fired power plants,
and wastewater effluent discharge may lead to tlesated halide concentrations in the
downstream surface waters (Good and VanBriesen,2dafkness et al. 2015, Vidic et al.
2013). For example, discharge from hydraulic frentphas high concentrations of Bup to 1.9
g/L) and I (up to 54 mg/L) (Harkness et al. 2015), leadingridncrease in Bconcentrations in
surface waters in Pennsylvania, USA (Vidic et &12). In the algal bloom event and source
water impacted by high concentration of Bnd I, the blending/introduction of bromide and
iodide-enriched water to algal-impacted surfaceevgaiay bring elevated levels of Bnd I
and AOM to potable water.

During chlorination process, naturally occurring Bind | can be oxidized to hypobromous
and hypoiodous acids (HOBr and HOI, respectiveljjey can react with terrestrial NOM to
form brominated and iodinated DBPs (Br-DBPs andBIFB), respectively, which are more
cytotoxic and genotoxic, as a group, than theioghbated analogues (Liu and Croue 2016,
Plewa et al. 2004, Richardson et al. 2008, WagndrRlewa 2017). Previous studies indicated

that AOM could serve as important precursors of BBIRder formation potential conditions
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(Fang et al. 2010a, Fang et al. 2010b, Hoehn &80, Hong et al. 2008, Huang et al. 2009, Li
et al. 2012, Nguyen et al. 2005, Plummer and Edxw®ab1, Tomlinson et al. 2016, Wert and
Rosario-Ortiz 2013). Among these, a few have stlithe formation and speciation of THM and
HAA at single initial Bi concentration (10Qg/L (Wert and Rosario-Ortiz 2013) and 480/L
(Huang et al. 2009)). However, high initial concatibns of chlorine employed in these studies
result in a low [B{j/[Cl;] ratio. There is limited information regarding tbe formation and
speciation of DBPs from AOM under various initial Boncentrations, especially corresponding
to high [Br]/[Cl] ratios. Due to the distinct nature of AOM with NDit is unclear how Brand

I” will affect formation and speciation of regulatadd unregulated DBPs from AOM. An
understanding of how the halogen competes for tBdMAo produce halogenated DBPs still
lacks.

The objectives of this study were to investigak efffect of Brand [ on the formation and
speciation of regulated THMs and HAAs, unregulatetinated THMs (I-THMs), HALs, HANSs,
HKs, and HNMs, and total organic halogen (TOX) dgrichlorination of AOM derived from
three freshwater and marine algae. Furthermoregtteet of AOM type, pH, initial chlorine
concentration, and reaction time on the formatidnDBPs was studied. Based on the
information of measured DBP, the theoretical cytatity assessment was performed to evaluate

the significance of DBPs with respect to their ptigd contribution to toxicity.

2. Materialsand methods

2.1. Reagents
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All chemical solutions were prepared from reagerstdg chemicals or stock solutions using
deionized Milli-Q (MQ) water (18.2 I2-cm, Millipore). The descriptions of all other stands
and reagents used in this study are provided it $&of the supplementary material.

2.2.  Sdection and Culturing of Algae and Preparation of AOM Solutions

Three algae speciedjicrocystis aeruginosa (MA, freshwater cyanobacteriajynechococcus
(SYN, seawater cyanobacteria) afléxandrium tamarense (AT, seawater dinoflagellate) were
selected in this study based on their occurrenadengy to produce algal bloom and
environmental importance. MA is one of the mostyapand problematic algae species in fresh
water (Li et al. 2012). SYN is among the most comrtype of picoplankton existing in the open
sea (Wang et al. 2011), and AT which can causetidedis one of the most studied marine
dinoflagellate groups (John et al. 2014). MA (StrdiB 2061) and SYN (Strain: LB 2380) were
purchased from Culture Collection of Algae at th@wvdrsity of Texas, Austin, TX, USA, while
AT (Strain: CCAP 1119/32) was provided by Culturell€ction of Algae and Protozoa,
Scotland, UK. They were cultured in lab conditiemsimulate the algal bloom in freshwater and
marine water. Additional information regarding takgae, culturing conditions, and extraction
and characteristics of AOM can be found in the seippntary material (Text S2, and Tables S1-
2).

2.3. Analytical methods

The analytical methods of residual oxidants, totghanic carbon, total dissolved nitrogen, AOM
characterization, concentrations of anions,(8F, and I, etc), TOX (specifically, chlorine,
bromine, and iodine, i.e., TOCI, TOBr, and TOIl,pestively), and DBPs can be found in detalil
in Text S3 of the supplementary material. Four THMghloroform (TCM),

bromodichloromethane (BDCM), dibromochlorometha@BCM), and bromoform (TBM)),
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nine HAAs (monochloro-, dichloro-, trichloro-, madm@mo-, dibromo-, bromochloro-,
bromodichloro-, dibromochloro-, and tribromo-aceticids (MCAA, DCAA, TCAA, MBAA,
DBAA, BCAA, BDCAA, DBCAA, and TBAA, respectively)), six I|-THMs
(dichloroiodomethane (DCIM), bromochloroiodomethan@®CIM), dibromoiodomethane
(DBIM), chlorodiiodomethane (CDIM), bromodiiodomatie (BDIM), and iodoform (TIM)),
six HANs (monochloro-, dichloro-, trichloro-, monmimo-, dibromo-, and bromochloro-
acetonitrile (CAN, DCAN, TCAN, BAN, DBAN, and BCANyrespectively), four HALs
(trichloro-, bromodichloro-, dibromochloro-, andibmomo-acetaldehyde (TCAL, BDCAL,
DBCAL, and TBAL, respectively)), two HKs (1,1-didrb-2-propanone (1,1-DCP), and 1,1,1-
trichloroacetone (1,1,1-TCP)), and one HNMs (tmcbhitromethane, TCNM) were quantified.
24. Experimental Setup and Procedures

The role of AOM type, initial chlorine and Biconcentrations, pH and reaction time on the
formation of DBPs from various AOM (dissolved orgararbon (DOC) = 2 mg/L) in the
presence of 0.4M I~ was investigated. Initial concentrations of cherand Brranged from 14

to 224uM (i.e., 1.0-16.0 mg/L as @land 0 to 1QuM (i.e., 0-800ug/L), respectively. The pH
was adjusted to 6.0, 7.5 and 9.0 with HN@® NaOH solutions in the presence of a 10.0 mM
tetraborate or phosphate buffer.

All experiments were conducted in the dark in 250 af capped amber bottles under
headspace-free conditions at room temperature (281 Reactions were initiated by the
injection of an aliquot of chlorine stock solutidw, the buffered solutions containing AOM in
the presence or absence of Bnd I. Samples were withdrawn at preselected time points

(ranging from 0.5 to 72 h), and then samples waedyaed for residual oxidant (i.e., sum of free
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chlorine, bromine or iodine) concentrations. Aniegplar ascorbic acid was added immediately
to quench the residual for DBP measurements. Bguérienent was performed in duplicate.

25.  Calculations of bromine substitution factor

Bromine substitution factor (BSF, between 0 andisl)efined as the ratio of the molar
concentration of bromine incorporated into a givelass of DBP to the total molar

concentrations of chlorine and bromine in thatslg$ua et al. 2006), as shown in Equation 1.

Z BrDBP
Z BrDBP+Z CIDBP

BSF=

1
When THM was used as an example, molar concentgtdd bromine and chlorine could be

calculated by Equations 2 and 3, respectively.

> Bl =[BDCM]+2[DBCM]+3[TBM]

> Clyyy =3[TCM]+2[BDCM]+[DBCM]

2.6. Calculationsof theoretical cytotoxicity

The theoretical cytotoxicity assessment was perormby dividing measured molar
concentrations of each group of DBPs by conceptrati(i.e., LC 50 value) determined in
toxicological assays and assuming that toxicitgdditive (Yeatts et al. 2010). The LC 50 value
is the concentration of each individual DBP indgcan50% reduction in the density of Chinese
Hamster Ovary cells for 72h (Wagner and Plewa 20TIfg LC 50 values of individual DBPs
(THMs, HAAs, HANs, HAL, I-THMs, and HNM) were avaible in the literature (Wagner and
Plewa 2017), which are also presented in the TaBlef supplementary material. This approach

has been used to assess toxicity of measured DBPs\aluate the contribution of individual



172 DBPs to the total DBP-associated toxicity (Chuand ®litch 2017, Krasner et al. 2016b, Smith
173 etal. 2010).

174

175 3. Resultsand discussion

176 3.1. Effect of AOM typeon DBP formation

177 3.1.1. THMs

178 Figure 1 shows the concentrations of DBP formedanfr@OM extracted from three types of
179 algae species in the presence of various initi@dBicentrations, and Figure S1 of supplementary
180 material presents the residual oxidant after 2édction. Residual oxidant concentrations were
181 in the ranges of 8.0-22\MM (i.e., 0.6 — 1.6 mg/L G}, indicating that there is enough oxidant to
182 allow the reaction to produce DBPs. Generally, @asing initial Br concentration led to an
183 enhanced chlorine demand since bromine reacts rfasthr than chlorine (Westerhoff et al.
184 2004). The concentrations of THMs in the presenteMd AOM solution, ranging from
185 74.1@¢1.1) to 174.8£6.9) nM (i.e., from 8.840.2) to 36.3 £1.4) pg/L), are slightly lower than
186 those produced from two seawater algae, i.e., SYMN3.((1.0)-202.0£40.8) nM) and AT
187 (111.8(1.8)-192.9£3.6) nM). This can be ascribed to more THM prectgsvailable in AOM
188 extracted from SYN and AT.

189 Increasing the initial Brconcentration increased the formation of total T8$H{\#Figure 1a),
190 which is similar to previous studies on the THMnf@ation from natural waters (Hu et al. 2010,
191 Hua et al. 2006). For example, increasing theahiir concentration from 0 to 1QM, the
192 formation of total THMs from MA AOM increased fro.1£1.1 nM (i.e., 8.8t0.2 ug/L) to
193 174.86.9 nM (i.e., 36.3t1.4 pg/L), respectively. In the absence of Ronly for MA) only

194 TCM was formed from the chlorination of AOM. Ince#ag initial Br concentration led to less
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TCM formation but enhanced the formation of bron#edaTHMSs. At an initial Br concentration
of 2.5 uM, chlorine concentration ([HOGH 55 uM) was 20 times higher than the formed
bromine. However, the formed BDCM was close to tbfDBCM (16.1 nM vs 17.6 nM),
indicating that the ability of bromine to producé&lNis from AOM is at least 20 times higher

than chlorine.

3.1.2. HAAs

MA AOM produced higher concentrations of total HA&sn the two seawater algae (Figure
1b). For example, total HAA concentrations in thegence of MA AOM ranged from 112353
nM to 118.&5.5 nM, corresponding to concentrations rangingffic.8+0.5 to 22.6:0.9 pg/L,
while those for SYN and AT were 7443(4) - 87.1£8.0) and 75.7#7.4)- 85.4£5.5) nM,
respectively. It was reported that increasing tteematicity of NOM (i.e., SUVA) enhanced the
formation of THMs and HAAs (Liu and Croue 2016). Wwiver, the similar trend was not
observed for AOM. For example, MA has the highdd¥/& among the three AOM solutions,
produced higher HAAs, but lower THMs. It was regorthat THM and HAA can be formed
from different precursors (Hua and Reckhow 200Her&fore, more HAA precursors in MA
AOM led to the higher formation of HAAs. In term$ DOC, NOM comprised of > 50% of
humics which contain aromatic/phenolic and carbaygup contents and are the THM/HAA
precursors (Leenheer and Croué 2003, Liu and C26d&). However, humic substances only
account for 14%-22% of the total DOC in AOM (Figu82, supplementary material). Therefore,
no relationship was observed between SUVA and D@Bduced for AOM. Considering also
the narrow SUVA range of AOM, SUVA does not appeabe a good surrogate to characterize

the DBP formation.
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When the initial Br concentration increased total HAA concentratiomsained stable for
any algae species, but the formation of HAAs waftexzhfrom chlorinated species to brominated
analogues. All nine HAA species were measured,theil concentrations vary according to the
initial Br- concentration. Nine species of HAAs were groupedha mono- (MXAA, including
MCAA and MBAA), di- (DXAA, including DCAA, DBAA, ard BCAA), and tri-halogenated
acetic acids (TXAA, including TCAA, BDCAA, DBCAA,rad TBAA) since each group of HAA
may be formed through similar chemical pathwayserkstingly, the ratios of MXAA, DXAA
and TXAA over total HAAs were relatively stableraspective of initial Brconcentrations, as
shown in Figure S3 of supplementary material, ineament with a previous study on HAA
formation from NOM (Cowman and Singer 1995). Getlgrd XAA accounted for comparable
fraction (ranging from 40% to 50%) to total HAA powith DXAA, while MXAA only
accounted for c.a. 20% of total HAAs. This indicateat TXAA and DXAA were the main
species, while MXAA is the minor species.

3.1.3. HANs

AOM extracted from three algae produced compartdild HANsS (ranging from 25 to 27 nM)
at lower initial Br concentrations (Figure 1c). When [Br= 10uM, however, concentrations of
total HANs from MA (e.g., 4281.7 nM) were higher than SYN (e.g., 38377 nM) and AT
(e.g., 31.%2.2 nM), likely due to more precursor for bromircatd ANs available from MA
AOM. Based on a DBP survey in Europe, the weightibraf DCAN to TCM was ~10% on a
median basis (Krasner et al. 2016a). In this stthdg, ratio ranged from 22%-28%, which could
be attributed to the presence of more N-contaimrganics (e.g., amino acids) in AOM than

NOM.

11
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Increasing the initial Brconcentration increased the formation of total HARor example,
increasing the initial Brconcentration from 0 to 1J0M, the formation of total HANs from MA
AOM increased from 25£0.3 nM (i.e., 2.7£0.1 pug/L) to 42.%1.7 nM (i.e., 6.4+0.3 pg/L).
This indicates that bromine favours the formatioh HHANS, as compared to chlorine.
Dihalogenated acetonitrile (DHAN) was the majorgege of HANs, while mono-halogenated
acetonitrile (MHAN) was the minor species, andhiwogenated acetonitrile was not even
detected.

3.1.4. HALs

HALs were reported to be third largest group of BBfased on weight, following THMs and
HAAs (Krasner et al. 2006). However, AOM produceaimparable molar concentrations of
HALs with total THMs in this study at lower initid@r concentrations (Figure 1d). At ambient
Br concentration, SYN produced higher concentratmhnblALs (92.A8.7 nM, i.e., 14.51.4
Mg/L) than MA and AT did (74486.7 and 57.43.3 nM, respectively), probably because SYN
has the highest dissolved organic nitrogen amorg ttiree types of AOM (Table S2,
supplementary material). It was reported that anaicids can serve as the precursors of TCAL
(Trehy et al. 1986). Again, there is no trend bemv8UVA and HAL formation.

Different from other groups of DBPs (THM, HAA, artdAN). Increasing the initial Br
concentration decreased the concentration of tetALs, due to the decomposition of
brominated HALSs. The stability of HALs at neutradd follows the sequence: TCAL> BDCAL >
DBCAL> TBAL (Koudjonou and LeBel 2006, Xie 2016).HM was the corresponding
hydrolysis product (Barrott 2004). Due to its ifslidy, concentrations of TBAL were < 3 nM
(i.e., 0.8ug/L) in this study.

3.1.5. I-THMs, HKs, and HNMs

12



263 It was seen from Figure le that concentrations fiMs were relatively low (< 8 nM, i.e., 1.7
264 pug/L), and only DCIM and CDIM were measured. Reacttietween HOI and DOM to form I-
265 THMs is in competition with the oxidation of HOI lghlorine or bromine (Bichsel and von
266 Gunten 1999, Criquet et al. 2012). However, in ghidion system (in the presence of)Bthe
267 latter pathway is much faster. Based on kinetic ehazhlculations (Liu et al. 2014), the
268 calculated times for the transformation of 90%ruofial 1" to IO;™ are 24, 14, 6, 4, and 2 min for
269 [Br]o =0, 0.5, 2.5, 5.0, and 1@V, respectively. This time range was certainly anbugh for
270 HOI reactions with AOM to produce a significant amb of I-DBPs, and therefore iodate was
271 the main sink. lodate is non-toxic, and is thereftbre desired sink for iodine in drinking waters
272  (Burgi et al. 2001).

273 Concentrations of HKs (e.g., 1,1,1-TCP and 1,1-D@RJ HNMs (e.g., TCNM) in the
274  presence of any AOM were below 5 nM (data not showherefore, the formation of HKs and
275 HNMs was relatively negligible for the AOM testedthis study, and the brominated analogues
276  were not measured.

277 3.1.6. TOX

278  Figure 1f shows the formation of TOX, TOCI and TQRring chlorination of AOM from three
279 species of algae. MA produced the highest TOX 2841M) among the three AOM, followed
280 by SYN (2.2-2.7uM) and AT (2.1-2.4uM). For any algae species, TOX formation is gereral
281 stable irrespective of initial Brconcentrations due to the constant concentratbmsecursors.
282 However, increasing initial Brconcentrations shifted the formation of TOX fromarinated
283 species to brominated analogues. It was notedTi®atvas below 0.07@M (i.e., 10ug/L as 1)
284 and iodate was the main sink of total iodine, whagihees with the insignificant formation of I-

285 THMs shown in Figure 1e.
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Figure S4 of supplementary material shows the ivactf each group of DBP of total TOCI
and TOBr. At lower initial Br concentration, THM, HAL and HAA are the main greupf
DBPs in the total TOCI, while at higher initial Broncentrations, THM are the main groups of
DBPs. For the TOBr pool, the main group of DBPsrfed is THM. Unknown TOCI/TOBr was
calculated from the difference between the TOCI/TGRd the sum of halogen-equivalent
concentrations of measured specific DBPs. Unkno@&IITOBr accounted for > 60% of total
TOCI/TOBr due to the hydrophilic nature of AOM. Geally increasing the initial Br
concentration decreased the percentage of unkno®@@r,Tindicating that the formation of
known brominated DBPs (e.g., THM, HAN, etc) wasdared in bromination process.
3.1.7.BSF
Figure 2 presents the comparison of BSF among TBINAN, DHAA, THAA, HAL, and TOX.

As expected, increasing the initial 'Bioncentrations increased the BSF of any classBRD
Also, increasing the SUVA generally decreased tB& Bf any class of DBPs. This indicates
that bromine preferentially reacts with organic t@amoiety with low reactivity, which can be
explained by the difference in the reactivity ofarine and bromine toward AOM. Bromine is a
much stronger substuting halogen than chlorine (gviesff et al. 2004). AOM with a low
reactivity (i.e., SUVA) enriched in electron witlaving groups, e.g., amino acid, would lead to
a higher degree of bromination than chlorinatiorheWw the BSF values of THM formed from
AOM were compared with those obtained from chldioraof surface water with higher SUVA
(from 2.1 to 5.1) at similar conditions (Ersan et2918), AOM exhibits higher BSF (especially
when [Bf]p £ 5.0 uM) than NOM does (Figure S5, supplementary maferighis further
confirms that bromine preferentially reacts with BQvith lower SUVA, leading to a higher

BSF.
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Three trihalogenated DBP classes exhibited dis&&F patterns with increasing initial Br
concentrations. The BSFs of THM was higher thars¢haf THAA and HAL for three types of
AOM (Figure S6, supplementary material). It indesathat bromine substitution into THM is
more effective than into THAA and HAL. Also, thei® a high linearity (R=0.976) between
BSFs of THM and BSFs of HAL, probably because THMhe decomposition product of HAL

(Barrott 2004).

3.2.  Effect of pH under variousinitial bromide concentrations

3.2.1. THM

Considering that three types of AOM showed comgdar&BP formation pattern and MA was
one of the most popular and problematic algae spdai fresh water, leading to harmful algae
bloom in many large lakes worldwide (Paerl and RP212), AOM from MA was selected to
investigate the effect of pH (6-9) on the formatend speciation of DBPs (Figure 3). Figure S7
of supplementary material presents the concentratad residual oxidants after 24 h reaction.
Residual oxidant concentrations ranged from 9.82d yM, with the highest chlorine demand
at pH 9. Increasing the pH increased the total eommations of THMs at any initial Br
concentration. For example, at initial 'Bioncentration of 1uM, THM4 concentrations were
89.8t1.3, 174.86.9, and 28864.1 nM for pH 6.0, 7.5, and 9.0, respectively. Emelization of
the carbonyl moiety of AOM or the hydrolysis of eninediate (e.g., trihalocarbonyl) to THM
may be catalysed by hydroxide ion (Liu and Croud&)0These reactions may play more
important roles in determining pH effects on THMrf@tion.

3.2.2. HAA
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Total HAA concentrations increased as the pH irsedafrom 6.0 to 7.5 and then decreased
within pH range of 7.5-9.0 (Figure 3b). Among theenspecies of HAA, DHAA increased from
pH 6.0 to 9.0, while the optimum formation of THA®as at pH 7.5. For example, DCAA
formation in the absence of Bwvas 28.6+0.5, 44.0+£3.4, and 53.4+0.5 nM, in cattta the
TCAA concentrations of 25.7+1.1, 51.6+2.0, and 1.8 nM at pH 6.0, 7.5 and 9.0,
respectively. This can be ascribed to the fact tDBIAA formation was also hydroxide
catalysed, even though the catalytic effect was pronounced as that for THM. However,
formation of THAA in the higher pH rangeq.0) was inhibited, therefore, lower pH will favour
the oxidation of THAA precursor (such as R-CO4{X0 produce THAA if the R group is a
readily oxidizable functional group capable of damg an electron pair to the rest of the
molecule (Liang and Singer 2003). In addition, THA®Ry undergo the decomposition to THM
at higher pH (Zhang and Minear 2002).

3.2.3. HAN

For HAN, the effect of pH is complex (Figure 3c)t lawer initial Bf concentrations, in which
DCAN was the major species of HAN, HAN concentmasicsignificantly decreased with the
increasing pH. In contrast, at higher initial " Broncentrations, HAN concentrations only
decreased slightly with the increasing pH (e.g.34%.1, 42.9+1.7, and 41.8+0.5 nM for pH 6.0,
7.5 and 9.0, respectively at [B= 10 uM). It was noted that at [Hp= 10 uM, DBAN
concentrations increased significantly from 11.4+iM at pH 7.5 to 31.7 nM at pH 9.0, which
compensated the loss of total HANs. DCAN and DBA#&revformed from the same precursors
and reaction pathway. Their distinct concentratiahkigher pH can be attributed to the stability
in chlorinated solutions. HAN can undergo the remst with chlorine or hydrolysis to its

respective haloacetamide and further to HAA and e constants follow the sequence:
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TCAN> DCAN > BCAN> DBAN> MCAN> MBAN (Yu and Reckhow2015). The fact that
TCAN was not detected in this study is in line witis sequence.

3.2.4. HAL

Figure 3d shows the effect of pH on the formatiod apeciation of HALs. Increasing the pH
from 6.0 to 7.5 increased the formation of HALsg anfurther increase in pH from 7.5 to 9.0 led
to a decreasing HAL formation. At pH 9.0, bromirthtéALs were not detected owning to the
decomposition of brominated HALs at alkaline coiadhis (Xie 2016).

3.2.5. TOX

The concentrations of TOCI, TOBr and TOX from pH 6 9.0 are presented in Figure S8 of
supplementary material. The highest TOX formati8rb{3.9uM) was observed at pH 6.0, and
there was no significant difference between pHah8 9.0. This may be ascribed to the higher
reactivity of halogens in their molecular form. Agiaincreasing the initial Brconcentration did
not change the total TOX formation, only shiftirige tftormation from TOCI to TOBr. TOI was
below 0.079uM (i.e., 10ug/L as I) from pH 6.0 to 9.0. UTOX decreased asitleeeasing pH
(Figure S9, supplementary material), due to theapobd formation of known species, i.e.,
THM, which is the major class of DBP identifiedregher pH.

3.2.6. BSF

Figure S10 of supplementary material depicts tlieceof pH and initial Brconcentration on
chlorination DBP BSFs. For THM and DHAN, no sigo#dnt difference was observed for the
BSFs between pH 6.0 and 7.5. However, a significacrease of BSF from pH 7.5 and 9.0
indicated that bromine substitution was favouredigher pH. In addition, the lesser stability of

DCAN than DBAN would contribute to the higher BSE @H 9.0. Increasing the pH also

17



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

increased BSFs of DHAA, THAA and HAL. This indicdtéhat bromine outcompetes chlorine

at higher pH.

3.3.  Effect of initial chlorine concentration

Figure 4 shows concentrations of formed DBPs abwuarinitial chlorine concentrations (14-224
MM, i.e., 1.0-16.0 mg GIL). Residual oxidant after 24 h is presented iguFé S11 of
supplementary material. No residual was observednftal chlorine concentrations of 14 and
28 uM, while at higher initial chlorine concentratiomssidual oxidant concentrations are > 19.3
MM. Increasing the initial chlorine concentratiomsm 14 to 112uM increased THM4 from
194.946.5 to 379.9486.4 nM (i.e., 47.6£1.6 to 9Q@O5b pg/L), but further increasing chlorine
concentrations from 112 to 224M did not increase THM4 due to the limited precurso
available. Increasing the initial chlorine concatibns also increased the formation of
chlorinated THMs where TCM and BDCM were the majbiM species.

Total HAA concentrations increased (5.5+0.2 to 32%5.9 nM, i.e., 0.6 to 43.6£32g/L)
with increasing initial chlorine concentrationsrrd 4 to 224uM (Figure 4b). Again, increasing
the initial chlorine concentrations also increasbd formation of chlorinated HAAs where
MCAA, DCAA and TCAA were the major HAA species basa high concentrations of chlorine
facilitates the chlorination of AOM moieties/inteediates.

Total HANs increased from 0 to 56.0+1.0 nM (i.e.9#0.2 pg/L) when initial chlorine
concentrations increased from 14 to 14M (Figure 4c). However, increasing initial chlorine
concentration from 112 to 234M decreased the HAN formation to 35.8+1.1 nM (i43+0.2
Mg/L), due to the reaction between HAN and chlororethe hydrolysis of HAN (Yu and

Reckhow 2015). Again, increasing the initial chhari concentrations also increased the
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formation of chlorinated HANs. Therefore, CAN, DCAadhd BCAN were the major HAN
species, while BAN and DBAN were the minor species.

Increasing initial chlorine concentration from 1136 uM increased the formation of HAL
which afterwards remained stable for initial chhariconcentration from 56 to 22éM, probably
due to the limited HAL precursor available (Figute). The formation of chlorination HALs
increased when total HAL remained stable due tortbeeased ratio of [G[Br].

The concentrations of TOCI, TOBr and TOX are présgémn Figure S12 of supplementary
material. Increasing the initial chlorine concetitnas from 14 to 224M (i.e., 1 to 16 mg/L G)
increased the formation of TOCI. In contrast, tharfation of TOBr remained relatively stable
(ranging from 0.6 to 0.8M) owing to the constant initial Bconcentration. TOI at [Glo = 14
MM was 0.13uM (i.e., 16.6ug/L as I). Increasing initial @lconcentrations from 28 to 22
decreased the TOI to < 0.0{®, since high Gl exposure facilitated the transformation ofo
03 (Liu et al. 2014).

Figure S13 of supplementary material shows thecefé initial chlorine concentration on
the BSFs of chlorination DBPs. Increasing the ahithlorine concentrations from 14 to g&/
(i.,e., 1 to 2 mg/L G) significantly increased the BSFs of DBPs. Forrepke, BSF of THM
increased from 0.23 to 0.57, and BSF of other DBeseased from 0 to >0.5. When applied
chlorine dose was below 28V, AOM concentration was in excess of oxidant (asidual after
24 h). HOCI or HOBr reacts with DOM via oxidationeleasing Cl or Br) and halogen
substitution (forming DBPS) (Liu and Croue 2016heTrecycling of Brto HOBr in the presence
of chlorine would increase the bromination of AOM( BSF). However, when oxidant was in

excess of organic matter ([f> 56 uM), further increase in the initial chlorine cont@tions
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gradually decreased BSF. This can be related tantreasing ratio of chlorine over formed

bromine.

3.4. Effect of reaction time

Figure 5 shows the concentrations of DBPs at differeaction times. Residual oxidants were
available from 0.5 to 72 h (residual oxidant at "2 4.2 uM, 0.3 mg C}/L) (Figure S14,
supplementary material). Increasing the reactior tgradually increased the formation of THM,
HAA, and HAN. In contrast, HAL concertation decredfrom 24 to 72 h of reaction time. The
concentration of DBPs depends on their formatior atability (i.e., decomposition or
oxidation). THMs and HAAs which were relatively Bla were the final products during
chlorination of organic matter (Reckhow et al. 199heir concentrations, therefore, gradually
increased as a function of reaction time. Even H®&N undergo decomposition or degradation
(Yu and Reckhow 2015), concentrations of total HANsreased from 24 to 72 h, primarily
owning to the increase in BCAN and DBAN which atabse at neutral pH and low chlorine
concentration in a short reaction time. Howevemaemtrations of BDCAL and DBCAL
decreased significantly due to the hydrolysis (X@.6), leading to a decrease in total HAL

concentration from 24 to 72 h (Figure 5d).

The concentrations of TOCI, TOBr and TOX are présegémn Figure S15 of supplementary
material. Increasing the reaction time from 0.5 #h increased the formation of TOCI (1.1 to
2.8 uM), TOBr (0.6 to 1.3uM), and TOX (1.7 to 4.uM). TOI was below 0.079M (i.e., 10
Ho/L as 1). Figure S16 of supplementary materialveghthe BSFs of chlorination DBPs under

different reaction times. The BSFs of DBPs (exdeptHALS) slightly increased with reaction
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time. Owning to the decomposition of brominated HAlrom 24 to 72 h of reaction, the

corresponding BSF decreased significantly.

3.5. Evaluation of theoretical cytotoxicity of measured DBPs

3.5.1. Effect of initial bromide concentration in the presence of three AOM

The influence of initial Br concentrations in the presence of three AOM ororeétecal
cytotoxicity based on the measured DBPs is showrFigure 6a. Increasing initial Br
concentration increased the calculated cytotoxioftypBP measured. HAN and HAL are the
major contributors (>90%) to the cytotoxicity. Ieasing the initial Brconcentration increased
the formation of total HANs and led to the formatiof brominated species. Therefore, total
cytotoxicity increased significantly. Even THM cadbutes to the similar or even higher fraction
of total DBPs formed based on molar concentratimecause of its low cytotoxicity index
(Wagner and Plewa 2017), there was no significantribution from THM. HAA is another
important class DBP formed based on molar conceor,abut HAA only constituted < 10% of
cytotoxicity. Among the three types of AOM, MA aB¥'N present slightly higher toxicity than
AT at higher initial Br concentration. Since HAN and HAL are the contngliagent for the
calculated cytotoxicity, no relationship betweeritdy and SUVA was found. AOM produced
less THM and HAA than terrestrial NOM due to thedtgphilic nature of AOM. However,
AOM may form higher or comparable unregulated DBIRAN and HALs) which controls the
toxicity of DBPs produced. Currently only THM andhH are regulated, these findings indicate
the necessity to quantify and control the unregadlaDBPs, especially in the seasonal algal

bloom.
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The formation of TOI (<1Qug/L) and I-THMs (<1.7ug/L) was low (Figure 1), and KO
which is non-toxic was expected to be the main smkhis study. Therefore, even iodinated
DBPs are more cytotoxic than their chlorinated adnoiminated analogues (Plewa et al. 2004,
Richardson et al. 2008, Wagner and Plewa 2017)1NA3 did not contribute to the total toxicity.
When source water is threatened by high conceotratf Br and I during algal bloom events,
to mitigate the formation of highly toxic 1-DBPse chlorine exposure should be optimized to
allow the full conversion of Ito 105 meanwhile minimize the formation of chlorinateddan
brominated DBPs, thereby reducing the total toxioft DBP formed.

3.5.2. Effect of pH

Figure 6b presents the influence of pH on totabtétcal cytotoxicity from DBPs measured. In
the absence of Brchlorinated HAN controls the total toxicity. Imasing the pH decreased the
concentrations of HAN due to the decompositioniglhér pH, thereby decreasing the calculated
toxicity. At lower initial Bf concentration (0.5 -2.AM), the maximum toxicity was at pH 7.5
due to the enhanced formation of brominated HALewElver, due to the decomposition of
brominated HALs at pH 9.0, the cytotoxicity deceshérom pH 7.5 to 9.0. At higher initial Br
concentrations HAN is the controlling agent for ttyotoxicity. Brominated HAN such as
DBAN, which is relatively stable, dominates theitity. Increasing formation of DBAN led to
the increased calculated cytotoxicity.

3.5.3. Effect of initial chlorine concentration

The influence of initial chlorine concentrations calculated cytotoxicity of DBP measured is
shown in Figure 6c. When applied chlorine dose wa28 uM (AOM concentration was in
excess of oxidant), increasing the initial chlorinencentration significantly increased the

calculated toxicity where HAN is the controllingead. Further increasing the initial chlorine
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concentration from 56 to 224M decreased the calculated toxicity due to the ¢es¥ribution
from HAL. Increasing the initial chlorine concerntom shifted the formation of HAL from
brominated species to TCAL. The LC 50 of brominatitls was 2 orders of magnitude lower
than TCAL (Table S3, supplementary material). Thiay indicate that excess amount of
chlorine may favour the reduction of toxicity sind8P speciation was shifted from brominated
species to chlorinated analogues and toxic HANsH#ds can be degraded by chlorine.
3.5.4. Effect of reaction time
Figure 6d shows that the calculated cytotoxicitynidasured DBPs increased as a function of
reaction time. Again, HAN is the controlling agdat the calculated toxicity due to its low LC
50 (Plewa et al. 2017). The increase in toxicitynir HAN led to an increasing toxicity of
measured DBPs as a function of reaction time. F2dnto 72 h, even the contribution for the
toxicity from HAL decreased owning to the decomgiosi of HALs, the significant increase
from HAN compensates the loss of toxicity from HAL.

It should be noted that the theoretical cytotoyisitas calculated based on the measured
DBPs, which however only accounts for partial TODherefore, it is of great importance to
consider the toxicity of all formed DBPs. Experirtadnevaluations of cyto-toxicity and geno-

toxicity of DBP mixture for selected water sampheay be addressed in future studies.

4. Conclusions

Comparable DBP formation was observed from chldiomaof AOM extracted from three
species of freshwater and marine algae. THMs, HA®SL.s, and HANs were the main groups
of DBPs formed, even though HANs were formed aatredly lower concentrations than the

former three groups in the absence of. Bn contrast, the formation of other DBPs (e.g., |
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THMs, HKs and HNMs) was low (<8 nM). Increasing théial Br' concentration decreased the
formation of HAL but increased HAN and THM. Unregtdd HANs and HALs were relatively
less stable than regulated THMs and HAAs. Therefitvar concentrations decreased at higher
pH and chlorine residual and longer reaction tikMien measured DBPs were weighed against
their toxicity index, regulated THMs and HAAs on&ccount for < 10% of total calculated
toxicity, and unregulated HANs and HALs were thentcolling agents for the calculated

toxicity.
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Figure 1. Formation of (a) THMs, (b) HAASs, (c) HANGI) HALs, (e) I-THMs, and (f) TOX
during chlorination of AOM derived from three spesiof algae in the presence of various initial
bromide concentrations. Experimental conditioM#s, SYN and AT AOM. [DOC] = 2.0 mg
C/L, [HOCl]p = 56 uM, [Br7]o = 0-10uM, [I']o = 0.4uM, pH= 7.5, T =21+1°C, reaction time =

24 h. TOIl was below 0.079M (i.e., 10ug/L as I).

250 180
I TBM () I 7BAA [ TCAA I DCAA (b)
[z pBCcm 1504 DBCAA [N DBAA [EEEEH MBAA
2004 K% BDCM DCAA [ BCAA MCAA
CJTcm SYN
AT
= 150 MA
£
2
2 1004
|_
504
O T T LINLA L L B
()
60-{ [ TCAN [_1DCAN
2 bBAN B BAN
B3 BCAN [ CAN
< 40
é AT
[%2]
pd
<
T
204
254
0_" KT TNt 0 T LIS L L L BN B A B Il'g'
XY TOBr [6)
9- . T = ToC!
Bz BDIM 3 MA SYN
B CDIM
C—oem  SYN AT % AT
S ENN BCIM % @
c 6- CDbCciM =
P 3 29
% MA <
i ‘ =
- 5] .
0'I'I'I'I'I'I'I'I T T

L A B B
0 05255 10 030525 5 10

UL
040525 5 10

Initial bromide concentratiorui/)

s
005255 10 0305255 10 0405255 10
Initial bromide concentratioruiyl)



21+T°C,

56UM, [Bro = 0-10uM, [I]o = 0.4uM, pH= 7.5, T

24 h. Ambient Beoncentrations were 0, 0.3, and QM for MA, SYN and AT,

10

Figure 2. Effect of AOM type on the BSF of (a) THKb) DHAN, (c) DHAA, (d) THAA, (e)
HAL, and (f) TOX during chlorination. Experimentabnditions: MA, SYN and AT AOM.

[DOC] = 2.0 mg C/L, [HOC}

reaction time
respectively.

x
Z o 2
L T
7 . N7 N7 .
= i £
@©
T T T T T T T T .L_ T T T nnU.
: 3 ] E
3
n
V. T e
N7 - N7 N7
g
&
T & I & 3 € $ I & 3 & 9
o o o o o o o o o o o o
4S9 4S9

Initial bromide concentrationsu{)

Initial bromide concentrationgiil)



Figure 3. Effect of pH on formation of (a) THMs,) (HAAs, (c) HANs, and (d) HALs during
chlorination of MA AOM. Left, middle, and right aainn of each initial bromide concentration
stands for pH 6.0, 7.5, and 9.0, respectively. Erpental conditions: [DOC] = 2.0 mg CI/L,
[HOCI]o = 56uM, [Br]o = 0-10uM, [I']o = 0.4uM, pH= 6-9, T =21+1°C, reaction time = 24 h.
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Figure 4. Effect of initial chlorine concentratiom the formation and speciation of (a) THMs,
(b) HAAs, (c) HANSs, and (d) HALs during chlorinatiaof MA AOM. Experimental conditions:
[DOC] = 2.0 mg C/L, [HOCY = 14-224uM (i.e., 1.0-16.0 mg/L), [Bto = 2.5uM, [I']o = 0.4
MM, pH= 7.5, T =21+T°C, reaction time = 24 h.
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Figure 5. Effect of reaction time on the formatiamd speciation of (a) THMs, (b) HAAs, (c)
HANSs, and (d) HALs during chlorination of MA AOM.Xperimental conditions: [DOC] = 2.0
mg C/L, [HOCIp = 56 uM, [Brlo = 2.5uM, [I']o = 0.4uM, pH= 7.5, T =21+1°C, reaction time
=0.5-72 h.
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Figure 6. Effect of (a) AOM type under various igaitbromide concentrations, (b) pH under
various initial bromide concentrations (left, middiand right column of each initial bromide
concentration stands for pH 6.0, 7.5, and 9.0,eesely), (c) initial chlorine concentrations,
and (d) reaction time on calculated toxicity ofisgas DBPs measured. Experimental conditions:

[DOC] = 2.0 mg C/L, [Mo = 0.4uM, T =21£1°C. (a) MA, SYN and AT AOM, [HOC| = 56
MM, [Bri]p = 0-10uM, pH= 7.5, reaction time = 24 h; (b) MA AOM, [HOlgE 56 uM, [Br]o =

0-10 puM, pH= 6-9, reaction time = 24 h; (c) MA AOM, [HOI= 14-224uM (i.e., 1.0-16.0
mg/L), [Br]o = 2.5uM, pH= 7.5, reaction time = 24 h; and (d) MA AOM{QCl], = 56 uM,

[Bri]o=2.5uM, pH= 7.5, reaction time = 0.5-72 h.
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Highlights

High levels of Br™ enhanced formation of THM and HAN, not for HAA, HAL and TOX
Three types of algal organic matter exhibited comparable DBP formation

Lower SUVA of agal organic matter showed higher bromine substitution

Br-HAN is more stable than CI-HAN, but the oppositeis true for HAL

Unregulated HAN and HAL were primary contributors to cal culated cytotoxicity
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