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This study investigated the speciation of halogen-specific total organic halogen and
disinfection byproducts (DBPs) upon chlorination of natural organic matter (NOM) in the
presence of iopamidol and bromide (Br~). Experiments were conducted with low bromide
source waters with different NOM characteristics from Northeast Ohio, USA and varied
spiked levels of bromide (2—30 umol/L) and iopamidol (1-5 pmol/L). Iopamidol was found to
be a direct precursor to trihalomethane (THM) and haloacetic acid formation, and in the
presence of Br~ favored brominated analogs. The concentration and speciation of DBPs
formed were impacted by iopamidol and bromide concentrations, as well as the presence
of NOM. As iopamidol increased the concentration of iodinated DBPs (iodo-DBPs) and THMs
increased. However, as Br~ concentrations increased, the concentrations of non-
brominated iodo- and chloro-DBPs decreased while brominated-DBPs increased. Regard-
less of the concentration of either iopamidol or bromide, bromochloroiodomethane
(CHBrCII) was the most predominant iodo-DBP formed except at the lowest bromide con-
centration studied. At relevant concentrations of iopamidol (1 pmol/L) and bromide
(2 pmol/L), significant quantities of highly toxic iodinated and brominated DBPs were
formed. However, the rapid oxidation and incorporation of bromide appear to inhibit iodo-
DBP formation under conditions relevant to drinking water treatment.
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Introduction

The formation and speciation of disinfection byproducts
(DBPs) is highly dependent on source water characteristics
and in-plant treatment processes. Source water characteris-
tics mostly found to influence DBP formation are concentra-
tion of DBP precursors, type and concentration of disinfectant,
and aqueous conditions like pH (Hu et al., 2010). Natural
organic matter (NOM) has been studied extensively as a DBP
precursor since chlorination of water containing NOM results
in the formation of chlorinated DBPs (chloro-DBPs) like chlo-
roform (CHCl;) and trichloroacetic acid (TCAA) (Duirk and
Valentine, 2007; Hua et al., 2015). However, if the source
water contains bromide (Br~), aqueous chlorine oxidizes the
bromide to hypobromous acid (HOBr), which is in equilibrium
(i.e., pKy = 8.8) with hypobromite ion (OBr~) (Kumar and
Margerum, 1987). HOBr incorporates more readily than HOCI
into NOM to form brominated DBPs (bromo-DBPs) (Hua et al.,
2006; Criquet et al., 2015). Increasing concentrations of Br-
produces mixed halogenated DBPs to fully brominated DBPs
(Cowman and Singer, 1996; Hua et al., 2006).

The presence of iodide (I") in source water also affects DBP
speciation during disinfection. Aqueous chlorine oxidizesI” to
hypoiodous acid (HOI) (Nagy et al., 1988). HOI, just like HOBr,
incorporates more readily into NOM to form iodinated DBPs
(iodo-DBPs) or can further be oxidized to iodate (IO3) in the
presence of excess chlorine (Bichsel and von Gunten, 1999).
Iodo-DBPs have attracted attention because they are more
genotoxic and cytotoxic than the other halogenated analogs
(Plewa et al., 2004, 2010; Richardson et al., 2008; Wagner and
Plewa, 2017). Studies revealed that iodoform (CHI;) and iodo-
acetic acid (IAA) illicit higher cytotoxicity and genotoxicity
than their brominated/chlorinated analogs (Duirk et al., 2011;
Wagner and Plewa, 2017). Iodoacetic acid (IAA) is also
tumorigenic in mice (Wei et al., 2013) and the mechanism for
IAA genotoxicity was determined (Attene-Ramos et al., 2010;
Dad et al., 2013; Pals et al., 2013). Iodide in source water can
be from seawater intrusion, seawater desalination, or fossil-
ized seawater (Hua et al., 2006; Agus et al., 2009). Also, studies
demonstrated that some iodinated X-ray contrast media (ICM)
(Ackerson et al., 2018; Wendel et al., 2014; Duirk et al., 2011,
Postigo et al., 2018) and thyroxine (Duan et al., 2016) are pre-
cursors to iodo-DBP formation.

ICM are pharmaceuticals used to enhance visualization of
internal organs and other soft tissue (Christiansen, 2005).
Their structures consist of iodine substituted at the 2, 4, and 6
positions of a benzene ring as the base structure, with side
chains comprised of amide and hydroxyl moieties, which
make ICM extremely soluble in water (Krause and Schneider,
2002). ICM have been detected in wastewater effluents, creeks,
rivers, and source waters at ng/L to high ug/L concentrations
(Ternes and Hirsch, 2000; Seitz et al., 2006; Duirk et al., 2011,
Watanabe et al.,, 2016). Based on a 2011 study of 10 U.S.
drinking water treatment plants, the most commonly detec-
ted ICM in source waters was iopamidol (found in 6/10 plants
sampled), with iohexol (3/10 plants), iopromide (3/10 plants),
and diatrizoate (1/10 plants) also detected (Duirk et al., 2011).
These ICM are not toxic, but when released into drinking
water sources, can be transformed during disinfection

processes to produce iodine-containing DBPs (Wendel et al.,
2014; Zhao et al., 2014; Matsushita et al., 2015; Tian et al.,
2017). Advanced oxidation processes can also transform
ICM. For example, titanium dioxide (TiO,) photolytic oxidation
of iomeprol showed a fast transformation of iomeprol and
simultaneous increase in iodide (Doll and Frimmel, 2005).
Furthermore, Zhao et al. (2014) found that iopamidol was
transformed in Fe(lll)-oxalate/H,0, photochemical system
using ultraviolet (UV) and visible light irradiation to form
different high molecular weight iopamidol DBPs. Also,
enhanced transformation of diatrizoate with UV/S,05~ was
found in a photochemical process (Duan et al., 2016). Using
H,0, and S,03%™ activated with zero valent aluminum to treat
iopamidol, Arslan-Alaton et al. (2016) achieved up to 41%
iopamidol removal in surface water and treated sewage.
However, iopamidol is the only commonly detected ICM
known to exhibit significant reactivity with aqueous chlorine
to form both high- and low-molecular weight DBPs (Duirk et
al., 2011; Wendel et al.,, 2014; Matsushita et al., 2015). In a
different chlorination study, Ye et al. (2014) observed that
iopamidol produced exceedingly higher yields of iodo-THMs
than other ICM (histodenz, iodixanol, diatrizoate, and iopro-
mide) in the presence of NOM.

The overall objective of this study was to investigate the
formation and speciation of halogen-specific total organic
halogen (TOX) and DBPs as a function of iopamidol and bro-
mide concentrations. Since iodo-DBP formation is slow due to
iopamidol transformation into products that participate in
iodide exchange (Wendel et al., 2014), rapid oxidation and
incorporation of bromide into DBP precursors may inhibit
iodo-DBP formation. Two source waters with different NOM
characteristics were chlorinated in the presence of varying
concentrations of iopamidol and bromide. Halogen specific
TOX and DBPs were measured after 48 hr to investigate how
iopamidol/bromide DBP precursors either enhance or sup-
press the formation of cytotoxic and genotoxic DBPs, as pre-
cursor transformation and NOM incorporation rate could
impact the resulting toxicity of finished water disinfected with
aqueous chlorine.

1. Materials and methods
1.1. Standards and reagents

Reagents of highest available purity were used for all analyses.
Additional information on standards used are described in
Appendix A. All stock solutions were prepared with purified
water (18.2 MQ/cm) from Barnstead ROPure Infinity/NANO-
Pure system (Barnstead-Thermolyne Corp. Dubuque, IA, USA).

1.2. Source water characterization

Two source waters (SWs) from the Barberton drinking water
treatment plant (WTP) (Barberton, OH, USA), and Garret Mor-
gan WTP (Cleveland, OH, USA), were used in this study. These
SWs were selected due to their different NOM characteristics
and concentrations. The differences in NOM characteristics
have been observed to influence their reactivity with chlori-
nated oxidants (Ackerson et al., 2018). The characteristics of
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the SWs (Appendix A; Table S1) and the fluorescence spectra
were described previously (Ackerson et al., 2018).

1.3. Experimental procedures

Aqueous chlorine was prepared monthly from 5.8% to 6%
sodium hypochlorite (Thermo Fisher Scientific, Pittsburgh,
PA), which contained equimolar amounts of OCl~ and Cl~. The
molar concentrations of OCl™ and Cl~ were verified using
method described by Duirk et al. (2006). Prior to each experi-
ment, the concentration of aqueous chlorine was determined
with ferrous ammonium sulfate (FAS)/N, N’-diphenyl-p-phe-
nylenediamine (DPD) titration (APHA et al., 2005). All glass-
ware and polytetrafluoroethylene (PTFE) were soaked in a
chlorine bath for 24 hr, rinsed with copious amount of purified
water, and dried before use. The pH for each experiment was
monitored with an Orion 5-star pH meter equipped with Ross
ultra-combination electrode (Thermo Fisher Scientific, Pitts-
burgh, PA). Both phosphate (for pH 6.5 and 7.5) and borate (for
pH 8.5 and 9.0) buffer solutions were used to maintain pH
while 1 N H,SO, and 1 N NaOH were used to adjust pH in each
reactor. The concentrations of the buffer solutions for TOX
and DBP experiments were 1.0 and 4.0 mM respectively. Lower
buffer concentration was used in TOX studies to mitigate the
excessively large peaks interferences in the ion
chromatogram.

Experiments were conducted using either purified water or
SW. Chlorination experiments in purified water were spiked
with iopamidol and bromide resulting in concentrations of
5.0 ymol/L and 15 umol/L, respectively. Experiments were
either conducted in 250 mL or 1000 mL Erlenmeyer flasks at pH
6.5—-9.0. The 250-mL reactors were used for TOX, iodate,
bromate, and halide experiments while the 1000-mL reactors
were used for DBP quantification. About 100 pmol/L aqueous
chlorine was added to the reaction mixture under rapid mix
conditions. Aliquots of the samples were transferred into
128 mL amber bottles and 40 mL amber vials capped head-
space free with PTFE-lined caps and incubated in the dark at
25 + 1°C for 0—72 hr. At the end of the reaction time, the re-
sidual chlorine in the amber bottles was quenched with a
sulfite solution, 20% molar excess of the initial oxidant con-
centration and extracted immediately for DBP analysis. Sam-
ples in 40 mL amber vials were split into aliquots of 5 mL for
iodate and halide analysis and 30 mL for TOX analysis. Re-
sidual chlorine in samples for iodate and TOX/halide was
quenched with 120 pmol/L resorcinol and sulfite solutions,
respectively, as described previously (Ackerson et al., 2018).
Resorcinol was used for iodate samples because sulfite can
reduce IO3 to I” (Rabai et al., 1987).

Chlorination experiments using Barberton source water
(BSW) and Cleveland source water (CSW) were conducted to
address the impact of bromide and iopamidol, separately, on
DBP formation. First, batch reactors (1000 mL or 250 mL
Erlenmeyer flasks) were filled with SWs dosed with 5 pmol/L
iopamidol and Br~ concentrations were varied from 2.0 to
30 pmol/L at pH 6.5-9.0. Aqueous chlorine (100 pmol/L) was
added to the rapidly mixed sample. Using the same protocol
above aliquots of the samples were stored headspace free at
25 + 1°C for 0—48 hr, after which residual chlorine was
quenched. Secondly, using the same experimental protocol,

bromide concentration was maintained at 15 pmol/L, while
iopamidol concentrations were varied at 1.0—5.0 pumol/L. After
quenching residual chlorine, samples were prepared for TOX,
iodate, halide, and DBP analysis. All chlorination experiments
in SWs were performed in duplicates or triplicates and the
average data were presented. However single experiments
were performed for chlorination of purified water.

1.4.  Analytical procedures

Water samples (30 mL) for TOX analysis were acidified with
70% nitric acid to < pH 2, concentrated on pre-packed granular
activated carbons, inorganic halides rinsed with 15 mL KNO3
solution, combusted in a TOX-100 analyzer (Cosa In-
struments/Mitsubishi, Horseblock Road, NY), and the off-gas
(hydrogen halides) was absorbed into a 20 mL phosphate so-
lution (100 pmol/L). Thus, total organic bromine (TOBr), total
organic chlorine (TOCI) and total organic iodine (TOI) were
detected respectively as Br~, Cl-, and I using ion chroma-
tography (Dionex ICS-3000, Dionex Corporation, Sunnyvale,
CA, with a conductivity detector and an ASRS®300 4 mm
anion self-regenerating suppressor). The limit of detection for
each TOX was 0.5 pmol/L. Quenched samples for iodate and
halide analysis were analyzed in treated waters and source
waters, respectively, without further treatment, using ion
chromatography. Iodate was detected with an AS18 analytical
column, while detection of halides was achieved with an AS20
analytical column (4 x 250 mm) and guard column (Dionex
Corporation, Sunnyvale, CA) with 10 mmol/L. KOH eluent
(1 mL/min).

Trihalomethanes (THMs), haloacetic acids (HAAs), and
haloacetonitriles (HANs) were the classes of DBPs analyzed.
The list of THMs, HANs, and HAAs analyzed are shown in
Appendix A Table S2. Samples for DBPs were acidified to pH 1
using concentrated sulfuric acid and extracted using methyl
tert-butyl ether (MtBE). 1,2-Dibromopropane was used as the
internal standard. The organic extract was split into two ali-
quots: 1.5 mL was used for THM and HAN analysis, while
0.5 mL was derivatized with diazomethane for HAA analysis.
The extraction and derivatization procedures are found in
Ackerson et al. (2018). THMs, HANs, and HAAs (except iodo-
HAAs) were analyzed with a 7890A gas chromatography (GC)
system equipped with ®*Ni microelectron capture detector
(LECD) (Agilent Technologies, Santa Clara, CA). Samples were
injected onto an Rxi-5Sil MS (30 m x 0.25 mm i.d., 0.25 pm film
thickness, Restek Corporation, Bellefonte, PA) GC column
using splitless injection. The make-up and carrier gases were
ultrahigh purity nitrogen and helium gases respectively. The
HECD temperature was 250°C. The temperature program for
THM and HAN detection is described by Ackerson et al. (2018).
The temperature program for the separation of HAAs was
50°C initial temperature for 10 min, 0.35°C/min to 66°C and
held for 5 min, 6°C/min to 150°C and held for 5 min, 20°C/min
to 210°C and held for 3 min and finally 35°C/min to 280°C.
Iodo-HAAs were analyzed using GC-MS/MS with a Thermo-
Scientific Quantum GC- triple quadrupole mass spectrometer
coupled to a TRACE GC Ultra gas chromatograph (Thermo-
Scientific, Waltham, MA). Detailed analytical procedures are
described in previous studies (Allen et al., 2017; Ackerson
et al., 2018; Postigo et al., 2018).
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2. Results and discussion

2.1. TOX and DBP formation in the absence of NOM
Previous work has shown that chlorination of iopamidol
without NOM present results in an array of DBPs. The trans-
formation of iopamidol by aqueous chlorine results in the
formation of TOCI, TOI, iodate, CHCl;, dichloroiodomethane
(CHCL,I), and TCAA (Wendel et al., 2014; Ackerson et al., 2018).
Therefore, the addition of bromide was expected to result in
the formation of brominated DBPs, as well as other mixed
bromo/chloro/iodo-DBPs. To understand the potential impact
of bromide, an experiment was conducted at pH 6.5, 7.5, 8.5,
and 9 in purified water dosed with 5.0 pmol/L iopamidol (i.e.,
[TOI], = 15 umol/L), 15 pmol/L Br~, and 100 pmol/L aqueous
chlorine. At the end of 72 hr, approximately 45%—55% and
44%—53% of the iodine species were TOI and iodate, respec-
tively. Iodine mass balance was achieved through TOI and
iodate measurements, as the summed concentration of TOI
and iodate accounted for 99.7%—104.8% of the [TOI],, except at
PH 8.5. At pH 8.5, 10% of the [TOI], was unaccounted for by TOI
and iodate measurements, which could be attributed to
incomplete recovery (adsorption) on the activated carbon
used in the TOX method. In Br~ spiked reactors, TOI loss and
subsequent iodate formation were lower than in reactors
without Br~ (Ackerson et al., 2018). Since HOBr reacts/in-
corporates faster than HOCl and HOJ, it may have reacted with
iopamidol DBPs on the amide side chain (Heeb et al., 2014)
increasing steric hinderance. This may have decreased deio-
dination which limited iodate formation and TOI loss. Neither
TOI nor iodate exhibited any discernible pH pattern.

TOCI formation was between 7 and 9 pmol/L over the
entire pH range, while 63%—84% of bromide was incorporated
to produce TOBr (9.3—12.6 pmol/L). Generally, the formation
of TOBr and TOCI increased with increasing pH. In sample
aliquots quenched with resorcinol for inorganic halogen an-
alyses, Br~ was detected at 1.6—4.7 pmol/L, while bromate
was below the limit of detection (0.5 umol/L). Total bromine
mass balances based on the sum of TOBr and Br~ concen-
trations compared to the initial spiked concentration of Br-
(15 pmol/L) were 94%, 96%, 99%, and 95% at pH 6.5, 7.5, 8.5,
and 9.0, respectively.

20
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Formations of TOI and iodate were due to the degradation
of iopamidol initiated by the nucleophilic attack of OCl~ on
one of the amide side chains of iopamidol to form DBPs (Duirk
et al., 2011). Subsequent electrophilic oxidation reactions
resulted in the release of iodine from iopamidol DBPs to form
of HOI (Nagy et al., 1988; Troy et al., 1991), which is further
oxidized to iodate by chlorine/bromine oxidants (Bichsel and
von Gunten, 1999; Criquet et al, 2012). With iopamidol
degradation occurring relatively quickly (i.e., less than 24 hr),
iopamidol DBPs still contributed to TOI quantities (Wendel
et al., 2014; Matsushita et al., 2015) with small contributions
to TOI from lower molecular weight iodo-DBPs (e.g., iodo-
THMs and IAAs). TOBr formation can be attributed to the
non-selective incorporation of bromine into iopamidol and
lower molecular weight DBPs.

Under the experimental conditions, identifiable bromo/
chloro/iodo-DBPs were formed as well. The only THMs
formed at the end of 72 hr were CHCls, bromodichloro-
methane (CHBrCl,), dibromochloromethane (CHBr,Cl), bro-
moform (CHBr3), and bromochloroiodomethane (CHBrClI)
(Fig. 1b). In comparison to a previous study (Ackerson et al.,
2018), CHCl; quantities were suppressed (97%—99%) by the
presence of Br-, which was due to the formation of bromo-
THMs. CHCl; and CHBr3 increased with pH except at pH 9.0
where there was a marginal drop in the concentration of
CHCl;. CHBrCII was the predominant THM formed, and there
was no observation of CHCLI. The only HAA detected was
TCAA (Fig. 1b). Also, the TCAA concentration in the presence
of Br~ relative to its concentration in the absence of Br~
decreased by 99%. TCAA concentrations decreased with
increasing pH. The presence of Br~ inhibited the formation of
CHCIL,I which was detected in the absence of Br~. However, as
expected, the presence of Br~ significantly shifted the speci-
ation of DBPs and TOX, as well as observed molar concentra-
tions compared to the absence of bromide.

2.2. Formation of TOX and DBP at different iopamidol
concentration in the presence of NOM

TOX and DBP formation was then examined in chlorinated
source waters where both bromide and iopamidol were added.
The two source waters, BSW and CSW, were dosed with bro-
mide (15 pmol/L) and iopamidol (1.0—5.0 umol/L) prior to the
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Fig. 1 — Formation of TOX, iodate and DBPs at 72 hr in chlorinated reaction mixture containing iopamidol and bromide as a
function of pH. [Cl;]x = 100 umol/L, [Br ] = 15 pmol/L, [lopamidol] = 5.0 pmol/L, [Buffer]rox = 1.0 mmol/L,

[Buffer]pgr = 4.0 mmol/L, and temperature = 25°C.
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Fig. 2 — CHCl;, CHBrs, and CHBrCl, formation in chlorinated Barberton (B) and Cleveland (C) source waters as a function of
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Temp = 25C, DOCgarberton = 4.47 mg/L-C, DOCcevelana = 2.51 mg/L-C. Error bars represent 95% confidence interval for two

replicates.

addition of aqueous chlorine (100 pmol/L). Appendix A Fig. S1
shows that the percentage of TOI loss was between 15% and
30% in the SWs at the end of 48-hr chlorine exposure regard-
less of iopamidol concentration, and the residual TOI con-
centration in BSW was higher than CSW. This could be due to
the higher DOC concentration and SUVA,s, in BSW and higher
reactivity with aqueous chlorine than CSW. Therefore, alower
reactivity of aqueous chlorine with CSW allowed greater re-
actions with iopamidol, increasing transformation to iopa-
midol DBPs and enhanced HOI formation. However, no
inorganic iodine species (I or 103) were detected from the
reaction of HOI with active oxidants present. This could be
due to incomplete recovery during adsorption on the activated
carbon during the TOX extraction. Most of the bromide was
incorporated into either NOM or iopamidol DBPs to form TOBr
in BSW. Nonetheless, between 75 and 93% bromine incorpo-
ration was detected in CSW as TOBr (Appendix A Fig. S1). TOBr

formation showed no dependence on iopamidol concentra-
tions, which could be a result of the rapid oxidation of bro-
mide to HOBr and incorporation into either NOM (Westerhoff
et al., 2004) or iopamidol DBPs. In addition, at pH 6.5 to 9.0,
about 8%—12% of chlorine was incorporated, resulting in TOCl
formation (Appendix A Fig. S1). The higher concentrations of
TOCI detected in CSW versus BSW could be due to aqueous
chlorine preferentially reacting with iopamidol DBPs because
of the low reactivity of CSW NOM.

The presence of iopamidol and bromide showed significant
differences in DBP formation and speciation compared to the
absence of bromide. Generally, the formation of the DBPs may
have been influenced by both iopamidol and NOM. However,
as expected substantial contributions may come from NOM
due to its reactive sites with the oxidants (hypohalous acids
(HOX)) (Christman et al, 1983). CHCl; increased with
increasing  iopamidol  concentration, with  higher
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concentrations detected in BSW than CSW (Fig. 2). With
respect to each pH, CHBr; increased with increasing iopamidol
concentration (Fig. 2). From 1.0 to 2.5 pmol/L iopamidol, CHBr3
increased by <10% in BSW and 8%—25% in CSW. However, a
significant increase was observed in BSW when iopamidol
increased from 2.5 to 5.0 umol/L. Both CHCl; and CHBr;
increased with iopamidol because iopamidol contributed to
the formation of these species without NOM, and this may
have contributed to the levels observed in addition to the
possible substantial contribution from NOM. Almost equal
concentrations of CHBrCl, (570—690 nmol/L) were formed at
iopamidol concentrations of 1.0 and 2.5 pmol/L, but decreased
to almost 450 nmol/L at 5.0 pmol/L in BSW (Fig. 2). Nearly equal
concentrations of CHBrCl, (20—31 nmol/L) were formed in
CSW at all iopamidol concentrations. While more CHBr,Cl was
formed in the BSW (850-1300 nmol/L) than CSW, neither SW

displayed any recognizable DBP formation trends under these
experimental conditions (Appendix A Fig. S2). In the presence
of bromide, chloroform formation decreased by 82—-95%
compared to previous studies (Ackerson et al., 2018).
Iodo-THM formation and speciation changed substantially
as iopamidol concentrations increased. The most predomi-
nant iodo-THM formed in the chlorinated SWs at different
iopamidol concentrations was CHBrClI, accounting for 90% of
the iodo-THMs formed (Fig. 3). CHBrClI formation increased as
iopamidol concentration increased in both SWs, especially in
BSW, and appears to be dependent on iopamidol and bromide
concentrations. Also, CHCL,I increased with increasing iopa-
midol concentrations and pH (Fig. 3). BSW showed an increase
of 1.2—2.3-fold in CHCI,I formation as iopamidol increased
from 1.0 to 2.5 umol/L and 1.2—3.0-fold from 2.5 to 5.0 pmol/L.
CHCl,I formation in CSW exhibited a marginal increase from 1
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to 2.5 umol/L and increased approximately 2.5-fold when
iopamidol concentrations increased from 2.5 to 5.0 umol/L.
The addition of Br~ to the SWs at all iopamidol concentrations
resulted in a 35%—90% decrease in CHCl,I formation
(Ackerson et al., 2018). While CHCII, formation was observed,
it was less than 5 nmol/L, regardless of pH, SW, or iopamidol
concentration (Appendix A Fig. S2). CHBr,I was below detec-
tion limits at iopamidol concentrations of 1 and 2.5 umol/L,
but significant concentrations were detected at higher iopa-
midol concentrations in BSW (Fig. 3) while CHBr,I formation in
CSW did not appear to vary significantly as a function of
iopamidol concentration. Generally, most of the iodo-THMs
increased with increasing iopamidol due to a greater poten-
tial for HOI formation (Duirk et al., 2011). Deiodination of
iopamidol DBPs contributed to iodo-THM formation. DBAN
formation was observed but showed little dependence on
iopamidol concentration (Appendix A Fig. S3). The presence of
Br~ resulted in decreases in CHCl; and CHCI,I formation but
favored CHBrCII formation.

Chlorinated HAAs also showed a significant shift in con-
centrations and speciation due to the presence of bromide.
DCAA formation in BSW and CSW was in the range of 34—-114
and 25—-53 nmol/L, respectively at all iopamidol concentra-
tions (Appendix A Fig. S4). Generally, DCAA concentrations
decreased with increasing iopamidol concentration, but the
decreases were not substantial. Almost equal concentrations
of TCAA (37—139 nmol/L) were formed at 1.0 and 2.5 umol/L
iopamidol but decreased by 42%—57% at 5.0 pmol/L in BSW. In
CSW, approximately equal formation of TCAA (16—26 nmol/L)
was detected at 1.0 and 5.0 pmol/L but increased to
22—-28 nmol/L at iopamidol concentration of 2.5 pmol/L
(Appendix A Fig. S4). At all iopamidol concentrations, TCAA
concentrations decreased by 60%—95% when the SWs were
spiked with Br~, compared to the same SWs without Br~
(Ackerson et al., 2018).

About 15—28 nmol/L and 59—110 nmol/L of BAA and DBAA
were formed, respectively, in BSW, whereas 5-13 nmol/L and
31-66 nmol/L were produced, respectively, in CSW (Appendix
AFig. S5). The highest concentrations of TBAA formed at all pH
levels and at iopamidol concentration of 2.5 and 5.0 umol/L,
respectively in BSW (82—254 nmol/L) and CSW (25—77 nmol/L)
except at pH 6.5 in BSW (Appendix A Fig. S5). The quantity of
BCAA increased by 3%—36% from iopamidol concentration of
1.0-2.5 umol/L and decreased by 31%—72% from 2.5 to
5.0 ymol/L in BSW (Appendix A Fig. S6). In CSW, BCAA
increased by less than two-fold with increasing iopamidol
concentration. Approximately the same amount of DBCAA
(50—257 nmol/L) was formed in BSW at all pHs, while equal
concentrations (36—40 nmol/L) were formed in CSW at lower
pH at iopamidol concentrations of 2.5 and 5.0 pmol/L
(Appendix A Fig. S6). The formation of BDCAA in BSW and CSW
was respectively between 14 and 82 nmol/L and 2—21 nmol/L
(Appendix A Fig. S6). Trace concentrations of iodo-HAAs
(except DIAA) were detected in BSW at all iopamidol concen-
trations but were below the limit of quantification. Only BIAA
was detected in CSW at iopamidol concentration of 5 pmol/L;
the other iodo-HAA species were below the limit of detection.
The presence of Br~ appears to inhibit iodo-HAA formation in

these SWs when iopamidol is the iodine source compared to
studies without Br~ (Ackerson et al., 2018).

2.3. Formation of TOX and DBPs at different bromide
levels in the presence of NOM

Formation and speciation of TOX and DBPs were determined
in both chlorinated BSW and CSW at Br~ concentrations of 2,
15, and 30 pmol/L while maintaining iopamidol concentration
(5 pmol/L) constant. The experiments were conducted for
48 hr to ensure adequate oxidant was present since high
concentrations of bromide accelerate chlorine loss. TOI loss in
BSW and CSW (Appendix A Fig. S7) was less than 30%,
regardless of SW. TOI loss was approximately equal to TOI loss
in the same SWs without Br~, and inorganic iodine species
were not detected as previously reported (Ackerson et al,,
2018).

Substantial concentrations of TOBr formation were
observed due to bromide oxidation by aqueous chlorine. Bro-
mide oxidation results in the formation of HOBr, which less
selectively than HOCI, reacts/incorporates into the NOM
structure (Criquet et al., 2015), as well as iopamidol DBPs. TOBr
formation in BSW and CSW increased with increasing Br~
concentration and pH. In Appendix A Fig. S7, bromide was
completely incorporated at low (2 pmol/L) and medium
(15 pmol/L) Br~ concentrations in BSW. However, 77—87%
incorporation was observed at the high Br~ (30 pmol/L) con-
centration in BSW and appeared to increase as function of pH.
At a Br~ concentration of 2 umol/L in CSW, 100% of the added
bromide was incorporated to form TOBr. At a Br~ concentra-
tion of 15 pM in CSW, 76% and 82% bromide were incorporated
at the end of 48 hr at pH 6.5 and 7.5 respectively, while
approximately 100% incorporation was seen at pH 8.5 and 9.0.
Less than 66% of 30 pmol/L Br~ formed TOBr in CSW regardless
of pH due to the low DOC concentration. At 48 hr, the amount
of bromide detected at high bromide concentration ranged
from 5.2 to 11.3 pmol/L in BSW and 2.2—11.0 pmol/L in CSW.
Higher concentrations of bromide were detected at lower pH.
All the bromide in BSW was accounted for in the sum of the
TOBr and residual bromide concentrations; however, for CSW,
only 80% was recovered and no bromate was detected. This
mass balance discrepancy could be due in part to less
adsorbable TOBr formation in CSW.

As bromide concentrations increased, TOCI concentrations
decreased, because of increased initial chlorine demand and
rapid reaction with Br~ to form HOBr (Kumar and Margerum,
1987; Margerum and Hartz, 2002). Therefore, the limited re-
sidual chlorine, also in competition with other halogens,
incorporated into NOM structure and iopamidol DBPs. TOCI
decreased by 40%—48% and further by 12%—33% as Br~ con-
centration increased from 2 to 15 and 30 umol/L, respectively,
with no discernible pH dependency (Appendix A Fig. S7). The
higher concentrations of TOCI formed in BSW than CSW can
be attributed to BSW having higher SUVA,s, (Appendix A
Table S1).

All regulated THMs, as well as iodo-THMs, were detected
regardless of the bromide concentration initially present.
THM formation usually increased with increasing pH, as
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observed in other studies (Hua and Reckhow, 2012, 2008).
CHCl; decreased with increasing bromide concentrations
(Appendix A Fig. S8). In CSW, CHCl; decreased by approxi-
mately 50% as Br~ levels increased from 2.0 to 15 pmol/L and
continued as bromide concentrations increased to 30 pmol/L.
Also, CHCl; quantities at Br~ concentration of 2 umol/L drop-
ped by 2—-3 fold when compared with studies without Br~
(Ackerson et al., 2018). In BSW, greater than a 90% drop in
CHCIl; concentration was observed when bromide increased
from 2 to 30 pmol/L and there was an approximately 30%
decrease from no Br~ to 2 pmol/L Br~. CHBrCl, and CHBr,Cl did
not exhibit any discernible formation trends with Br~ con-
centrations in both SWs (Appendix A Fig. S8). CHBr; showed
substantial increases with increasing Br~ concentrations, as
well as pH, in BSW and CSW (Appendix A Fig. S9). Almost
equal quantities of CHBr; were formed at low Br~ concentra-
tion in both BSW and CSW. However, up to two orders of
magnitude greater concentrations of CHBr; were detected in

BSW at increasing Br~ concentrations compared to CSW. At
the highest bromide concentrations, more CHBr3 formed than
CHCl; at the lowest bromide concentrations (Ackerson et al.,
2018). This could be due to HOBr incorporating better into
reactive sites than aqueous chlorine (Westerhoff et al., 2004).

The iodo-THMs formed were mainly mixed halogenated
species. The predominant iodo-THM was CHCl,I at low Br~
dose (especially in BSW). CHCL,I levels decreased by 65%—87%
from low to medium Br~ concentration and 26%—86% from
medium to high levels in BSW (Fig. 4). In CSW a decrease of
37%—80% was recorded as Br~ concentrations increased from
2 to 30 umol/L. CHBrClI was the most predominant iodo-THM
as bromide concentrations increased in the SWs (Fig. 4). The
formation of CHBrCII in BSW showed a substantial increase
(12—37 times) as Br~ increased from 2 to 15 pmol/L but reduced
by 22%—62% at Br~ dosage of 30 umol/L at all pH levels. It
appears that the increasing formation of CHBr3 at higher Br~
concentration suppressed the formation of CHBrCII, as well as
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other DBPs previously discussed. CHCII, was detected at all
Br~ concentrations in BSW but at medium and high concen-
tration in CSW and was generally less than 10 nmol/L
(Appendix A Fig. S9). CHCII, generally decreased as pH
increased in BSW, while no discernible DBP formation pattern
as a function of Br~ concentration and pH was established for
the CSW. Substantial quantities of CHBr,I were detected at
medium and high Br~ concentrations in the SWs (Fig. 4).
CHBr,l increased with Br~ concentrations but did not exhibit a
discernible pH trend. CHBr,I was not detected at low Br~
concentrations in both SWs. Relatively low quantities of
CHBrl, were found in BSW (Appendix A Fig. S9) at medium and
high concentrations of Br—, but it was below the limit of
quantitation in CSW. The only HAN identified in both chlori-
nated SWs was DBAN. DBAN increased with increasing Br~
concentration but decreased with increasing pH in both BSW
and CSW (Appendix A Fig. S10). However, DBAN was detected
only at pH 6.5 and 7.5 at all levels of Br~ in CSW.

DCAA and TCAA were the only two chloro-HAAs detected
in both chlorinated SWs. As expected, DCAA and TCAA con-
centrations decreased as Br~ concentrations increased from
zero to 30 pmol/L (Appendix A Fig. S11). On the other hand,
bromo-HAA formation increased with increasing bromide
concentrations. Formation of BAA in CSW (2—22 nmol/L) was
relatively low compared to BSW (7—67 nmol/L) at all pH
(Appendix A Fig. 512). Also, DBAA formation increased with
increasing Br~ concentrations in both SWs (Appendix A
Fig. S12). From low to medium Br~ dosage, a two-fold and up
to three-fold increase in DBAA concentrations was observed
for BSW and CSW. Increasing bromide concentration from 15
to 30 umol/L, observed DBAA formation increased but was not
substantial for both SWs. At low Br~ concentrations, TBAA
formation in the SWs was 12—23 nmol/L (Appendix A Fig. S12).
As the amount of Br~ increased, TBAA formation was greater
in BSW (up to 515 nmol/L) than CSW (up to 94 nmol/L). The
higher increase in BSW could be attributed to the higher
SUVA3s4.

Under these experimental conditions, mixed bromo-
chloro-HAAs species identified were BCAA, BDCAA, and
DBCAA (Appendix A Fig. S13). Generally, BCAA decreased
(20%—52%) from low to intermediate Br~ concentration but
increased by 2—7 times at high Br~ concentration in BSW.
Nevertheless, BCAA quantities increased by two-fold from low
to medium and 6—61% from medium to high Br~ concentra-
tions in CSW. In addition, the formation of BDCAA in BSW and
CSW was between 14 and 82 nmol/L. and 2—21 nmol/L,
respectively and, generally decreased with increasing
Brconcentrations. Further, the concentration of DBCAA
formed in BSW and CSW were 15—258 nmol/L and 2—40 nmol/
L, respectively. Generally, the highest DBCAA quantities in
BSW and CSW occurred at Br~ concentrations of 15 and
30 umol/L, respectively.

Formation of iodo-HAAs was observed, but the concen-
trations were extremely low. While less than 10 nmol/L of
iodo-HAAs — IAA, CIAA, BIAA, and DIAA — were formed in the
SWs at the end of 48 hr, there were no discernible trends with
respect to either bromide concentration or pH (Appendix A
Fig. S14). Generally, the highest formation of each iodo-HAA
species occurred at low Br~ concentration except for BIAA

quantities in BSW. CIAA was the predominant iodo-HAA in
the SWs, but was not detected at all bromide concentrations in
CSW. IAA and CIAA were observed at all bromide concentra-
tions in BSW, but only at bromide concentration of 2 uM in
CSW. Trace quantities of BIAA were detected in the chlori-
nated SWs containing iopamidol at different Br~ concentra-
tions. DIAA was only observed in BSW at low Br-
concentration.

In effect, increasing Br~ concentration shifted HAAs from
chlorinated species to mixed halogenated species to fully
brominated species. This agrees with other studies that
investigated the impact of bromide on NOM reactions with
chlorine (Cowman and Singer, 1996; Hua et al., 2006). In the
presence of bromide, Br~ outcompeted iopamidol and sup-
pressed iodo-DBP formation, especially chloro-iodo-DBPs.
This is likely due to the faster incorporation of Br™ into reac-
tive sites (Westerhoff et al., 2004) and the slow degradation of
iopamidol (Wendel et al., 2014). This result is different from
chlorination of the same SWs in the absence of Br~, where
higher concentrations of iodo-DBPs were observed (Ackerson
et al.,, 2018). Except for DBAA, HAAs generally increased with
decreasing pH. The inverse pH trend exhibited by these HAAs
can be attributed to a general acid-catalyzed reaction (Hua
and Reckhow, 2012).

2.4. Distribution of TOX in source waters

2.4.1. Varying iopamidol concentration
At all concentrations of iopamidol in the SWs, bromo-chloro-
iodo-THMs was the highest fraction (4%—52%) of TOI repre-
senting the known DBPs (Table 1). Less than 1% of the TOI
accounted for chloro-iodo-THMs (i.e. CHCI,I and CHCII,) and
bromo-iodo-THMs (i.e. CHBrpI and CHBrl,). Unknown TOI
(UTOI) in BSW and CSW was the highest percentage (46%—97%)
of TOI at all iopamidol concentrations. The high proportion of
UTOI may be from iopamidol DBPs. UTOI decreased from pH
6.5 to 7.5 and then increased from pH 7.5 to 9.0. This observa-
tion may have resulted from the participation of both HOCl and
OCl™ in the degradation of iopamidol to form iopamidol DBPs
(Wendel et al., 2014). In BSW, bromo-chloro-THMs represented
the highest percentage (18%—27%) of TOCI representing the
known DBPs at low and mid-range iopamidol concentrations,
while bromo-chloro-iodo-THMs (CHBrCll) were the most
predominant fraction (17%—38%) at high concentration
(Appendix A Table S3). On the contrary, bromo-chloro-iodo-
THMs dominated the fractions (1%—15%) of known DBPs in
CSW at all iopamidol concentrations (Appendix A Table S3).
UTOCI fractions were <60% in BSW, but >88% in CSW.
Bromo-chloro-THMs recorded the highest percentage
(14%—18%) of TOBr of the known classes of DBPs at low and
medium iopamidol concentrations, but bromo-chloro-iodo-
THMs dominated (8%—25%) at high concentration in BSW,
except at pH 9.0 (Appendix A Table S4). Other known classes of
DBPs that formed significant proportions of TOBr in BSW were
bromo-THMs (CHBr3) (3%—16%) and bromo-HAAs (BAA, DBAA,
and TBAA) (2%—11%). In CSW, the highest percentage of TOBr
in the known DBP classes were bromo-chloro-iodo-THMs
(1%—10%) and bromo-THMs (3%—6%) at low and high pH,
respectively (Appendix A Table S4). The proportions of
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Table 1 — Proportions (%) of TOI in chlorinated Barberton and Cleveland source waters as a function of iopamidol

concentration and pH.

Species pH Barberton Cleveland
Iopamidol concentration (umol/L) Iopamidol concentration (umol/L)
1.0 2.5 5.0 1.0 2.5 5.0
Chloro-iodo-THM 6.5 0.47 0.26 0.18 0.53 0.23 0.09
7.5 0.43 0.22 0.27 0.46 0.19 0.05
8.5 0.43 0.28 0.34 0.49 0.19 0.08
9.0 0.48 0.54 0.38 0.45 0.22 0.08
Bromo-chloro-iodo-THM 6.5 33.61 17.48 25.99 11.83 10.83 12.00
7.5 52.17 23.64 26.46 14.14 19.83 16.17
8.5 41.37 16.32 32.57 13.47 9.49 5.92
9.0 10.52 4.70 9.92 6.73 4.64 2.51
Bromo-iodo-THM 6.5 ND ND 0.02 0.21 0.10 0.05
7.5 ND ND 0.03 0.07 0.03 0.03
8.5 ND ND 0.03 0.04 0.02 0.01
9.0 ND ND 0.03 0.04 0.01 0.01
UTOI 6.5 65.92 82.26 73.80 87.43 88.84 87.86
7.5 47.41 76.14 73.24 85.33 79.95 83.75
8.5 58.21 83.40 67.05 85.99 90.30 94.00
9.0 88.99 94.76 89.67 92.79 95.13 97.39
[CL]r = 100 pumol/L, [lopamidol] = 1-5 pmol/L, [Br| = 15 pmol/L, [Buffer]r = 4 mmol/L, Temp = 25°C, DOCgarberton = 4.47 mg/L-C,

DOCcleveland = 2.51 mg/L-C. UTOIL: Unknown TOI. ND: Not detected.

unknown TOBr (UTOBr) in CSW decreased with increasing

amount of iopamidol, but the reductions were not substantial. 3. Conclusions

This study investigated the inhibition of iodo-DBP formation in

2.4.2. Varying bromide concentration i ; On ot S
the presence of bromide when iopamidol is the iodinated DBP

Regardless of bromide concentration, the predominant frac- ) ) -
tion of TOI in these SWs were UTOI (>89%) (Appendix A Table precursor. In the absence of NOM, the degradation of iopamidol

S5), and, it generally decreased with Br~ concentration. In in the presence of Br” and aqueous chlorine formed CHCI,
both BSW and CSW, the highest fraction of known DBPs was CHBICl,, CHBr,Cl, CHBr3, CHBIClI, and TCAA as well as halogen

chloro-iodo-THMs (0.3%—3.1%). However, as bromide con- specific TOX and iodate. In the presence of NOM, incorporation
of bromine and chlorine into NOM increased the observed

centrations increased, bromo-chloro-iodo-THMs formed the - €
concentrations of TOBr and TOCI by approximately 5-61% and

most predominant percentage of DBPs. : o

UTOCI was the predominant (41%—69%) TOCI percentage 2-50%, respectively. In addition, less than 30% TOI loss was
at low and medium Br~ concentrations in BSW except at pH observed under varying bromide and iopamidol concentra-
8.5 at medium concentration (Appendix A Table S6). At high tions. The presence of bromide substantially inhibited iodo-DBP
Br~ concentration, the highest percentages of TOCl were formation, especially non-brominated iodo-DBPs. In the pres-
bromo-chloro-THMs (CHBr,Cl and CHBICl,) (32%-37%) and ence of Br-, CHCL,I decreased by 35%—90%, regardless of iopa-
UTOCI (33%—52%) at low and high pH, respectively. The midol concentrations. At both 1 pmol/L iopamidol/15 pmol/L
highest percentage of TOCI in CSW (67%—93%), regardless of bromide and 2 pmol/L bromide/5 pmol/L iopamidol, significant

bromide concentration and pH, was UTOCI (Appendix A Table quantities of highly genotoxic iodo-DBPs were formed. How-
s6) ever, the presence of bromide may mitigate the formation of

Generally, the predominant fractions of the DBP classes in iodo-DBPs resulting at environmentally relevant conditions.

BSW were bromo-chloro-THMs (30%—41%), bromo-chloro-
iodo-THMs (20%—25%), and bromo-THMs (28%—56%) at low,
medium (except at pH 9.0), and high Br~ concentrations
(Appendix A Table S6). In CSW, bromo-chloro-THMs recorded
the greatest proportion (6%) of TOBr in the known classes of
DBPs at low Br~ concentration (Appendix A Table S7). How-
ever, bromo-chloro-iodo-THMs (9%—12%) and bromo-THMs appeared to influence the work reported in this paper.
(4%—8%) were the highest percentages of TOBr among the
known DBPs at increasing Br~ concentrations at low (pH 6.5
and 7.5) and high pH (8.5 and 9.0) respectively in CSW. An  Acknowledgments
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