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a b s t r a c t 

A survey was conducted at eight U.S. drinking water plants, that spanned a wide range of wa- 

ter qualities and treatment/disinfection practices. Plants that treated heavily-wastewater- 

impacted source waters had lower trihalomethane to dihaloacetonitrile ratios due to the 

presence of more organic nitrogen and HAN precursors. As the bromide to total organic 

carbon ratio increased, there was more bromine incorporation into DBPs. This has been 

shown in other studies for THMs and selected emerging DBPs (HANs), whereas this study 

examined bromine incorporation for a wider group of emerging DBPs (haloacetaldehydes, 

halonitromethanes). Moreover, bromine incorporation into the emerging DBPs was, in gen- 

eral, similar to that of the THMs. Epidemiology studies that show an association between 

adverse health effects and brominated THMs may be due to the formation of brominated 

emerging DBPs of heath concern. Plants with higher free chlorine contact times before am- 

monia addition to form chloramines had less iodinated DBP formation in chloraminated 

distribution systems, where there was more oxidation of the iodide to iodate (a sink for the 

iodide) by the chlorine. This has been shown in many bench-scale studies (primarily for iod- 

inated THMs), but seldom in full-scale studies (where this study also showed the impact on 

total organic iodine. Collectively, the THMs, haloacetic acids, and emerging DBPs accounted 

for a significant portion of the TOCl, TOBr, and TOI; however, ∼50% of the TOCl and TOBr is 

still unknown. The correlation of the sum of detected DBPs with the TOCl and TOBr suggests 

that they can be used as reliable surrogates. 
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rihalomethanes (THMs) and haloacetic acids (HAAs) are 
he major classes of disinfection by-products (DBPs) unin- 
entionally formed during the chlorination/disinfection pro- 
ess ( Krasner et al., 2006 ). THMs and HAAs are associated 

ith various adverse outcomes in epidemiology studies (e.g.,
ancer and adverse pregnancy outcomes) ( Villanueva et al.,
004 ; Villanueva et al., 2021 ; Wright et al., 2017 ) . However,
hese studies do not confirm a cause and effect relationship 

ith THMs specifically. Nonetheless, most countries have reg- 
lations for THMs ( Karanfil et al., 2008 ; Richardson, 2021 ),
hereas in the U.S., both THMs and HAAs are regulated ( U. S.

nvironmental Protection Agency, 2006 ) . However, the occur- 
ence of THMs and HAAs do not account for the number of 
ladder cancer cases reported ( Bull et al., 2011 ). Recent toxico- 
ogical studies indicate that certain emerging DBPs are orders 
f magnitude more cyto- and genotoxic than the THMs and 

AAs ( Richardson and Plewa, 2020 ; Wagner and Plewa, 2017 ).
hese include certain nitrogenous (N)-DBPs ( Plewa et al.,
008b ) (i.e., haloacetonitriles (HANs) ( Muellner et al., 2007 ; 
ei et al., 2020 ), haloacetamides (HAMs) ( Plewa et al., 2008a ),

alonitromethanes (HNMs)) ( Plewa et al., 2004a ) and cer- 
ain carbonaceous (C)-DBPs (i.e., haloacetaldehydes (HALs) 
 Jeong et al., 2015 )). The regulation of THMs (and HAAs) are 
onsidered by many as chemical surrogates for emerging 
known and unknown) DBPs of health concern, however, this 
otion was recently discounted ( Furst et al., 2021 ). The belief 

s that the control of regulated DBPs can result in the con- 
rol of emerging (and unknown) DBPs as well. Also of con- 
ern is the speciation of each class of DBPs. The regulated 

BPs include chlorinated (Cl) and brominated (Br) species,
here iodinated (I)-DBPs (which are not regulated) are more 

oxic than the Br species, which are more toxic than the Cl 
nalogues ( Richardson et al., 2007 ; Wagner and Plewa, 2017 ; 
ang et al., 2014 ). One of these I-DBPs, iodoacetic acid, is 
he most genotoxic DBP studied to-date ( Plewa et al., 2004b ; 
ichardson et al., 2008 ; Wagner and Plewa, 2017 ), it is tu- 
origenic in mice ( Wei et al., 2013 ) as well as a rodent ter-

togen ( Gonsioroski et al., 2022 ; Gonsioroski et al., 2020a ; 
onsioroski et al., 2021 ; Gonsioroski et al., 2020b ; Jeong et al.,
016 ). 

Historically, organic precursors to DBPs focused on natu- 
al organic matter (NOM) ( Reckhow et al., 1990 Subsequently,
ertain watersheds were found to also be impacted by more N- 
ich organic matter, i.e., algal organic matter (AOM) ( Liu et al.,
018 , 2019 , 2020 , 2022 ; Oliver, 1983 ) and treated wastewater ef-
uent organic matter (EfOM) ( Dong et al., 2019 ; Dong et al.,
016 ; Dong et al., 2017 , 2018 ; Dong et al., 2021 ; Krasner et al.,
009a ; Page et al., 2020 ). Historically, inorganic precursors to 
BPs focused on bromide ( Symons et al., 1993 ) and subse- 
uently on iodide ( Bichsel and von Gunten, 2000 ; Plewa et al.,
004b ; Richardson et al., 2008 ). More recently, another source 
f iodide was found to be iodine-containing X-ray contrast 
gents ( Duirk et al., 2011 ), which can be found in treated 

astewater. 
The nature of these precursors and their amounts in the 

ource waters impact the quality and quantity of DBPs formed.
otal or dissolved organic carbon (TOC, DOC) provides a quan- 
t
itative measure of the NOM, AOM or EfOM present. More TOC 

esults in the formation of more DBPs in general. Ultraviolet 
bsorbance at 254 nm (UVA 254 ) provides a qualitative mea- 
ure of the NOM. Specific UVA (SUVA) provides an indication 

f the humic substance content and SUVA < 2.0 L/mg-m cor- 
esponds to low in humic substances, whereas > 4.0 L/mg-m 

orresponds to high in humic content) ( Krasner et al., 1996 ).
igh humic substances content indicates high THM and HAA 

recursor levels ( Reckhow et al., 1990 ). Thus, both the quantity 
TOC) and quality (SUVA) impact how much humic-derived 

BPs form. 
AOM and EfOM have more nitrogenous organic matter than 

OM ( Krasner et al., 2012 ; Krasner et al., 2009b ). Thus, there
re more N-DBP precursors in AOM or EfOM than in NOM. For 
xample, in drinking water, the median ratio of THMs to the 
ihalogenated HANs (DHANs) was ∼10:1 ( Oliver, 1983 How- 
ver, this ratio was often < 10:1 in AOM- and/or EfOM-impacted 

aters ( Krasner et al., 2012 ). An indicator of wastewater im- 
act is the artificial sweetener sucralose ( Prescott et al., 2017 ; 
u et al., 2014 ). In a study conducted in the U.S., the me-

ian occurrence of sucralose in treated wastewater effluent 
as 27 μg/L ( Oppenheimer et al., 2011 ). Waters that have more
astewater-derived precursors form more N-DBPs, some of 
hich are of higher health concern than some of the humic- 
erived C-DBPs. 

Sources of bromide and iodide include saltwater intru- 
ion ( Krasner et al., 1994 ; Luther et al., 1988 ), connate wa-
er ( Braitsch, 1971 ; Richardson et al., 2008 ), oil-field brines 
 Hildenbrand et al., 2016 ), and certain anthropogenic wastes,
ncluding hydraulic fracturing wastewaters ( Good and Van- 
riesen, 2016 ; Harkness et al., 2015 ; Liberatore et al., 2017 ;
iberatore et al., 2020 ) . In two major surveys in the U.S.
my et al., 1994 ; Krasner et al., 1989 ), the median occurrence
f bromide was 56 and 110 μg/L and the 90th percentile was 
66 and 548 μg/L. In a recent study ( Westerhoff et al., 2021 ),
he median, 75th, and 95th percentile for iodide was < 1, 5,
nd 26 μg/L, respectively. In some surveys in the U.S., the ra- 
io of bromide to iodide was ∼5:1 to ∼10:1 ( Richardson et al.,
008 ). Note, the level of bromide in water can vary signifi- 
antly between wet years and during droughts ( Krasner et al.,
994 ). Measurement of bromide and iodide in the source wa- 
ers provides an indicator of how much bromine- and iodine- 
ontaining DBPs–which are of higher health concern than the 
hlorine-containing DBPs–can form. 

DBP control includes the removal of TOC via enhanced 

oagulation (Krasner and Amy, 1995) or softening, granu- 
ar activated carbon (GAC) adsorption ( Chiu et al., 2012 ; 
uthbertson et al., 2019 ), and biologically active carbon (BAC) 
r biologically active filtration (BAF) ( Cuthbertson et al.,
020 ; Farré et al., 2011 ) and/or the use of alternative dis- 
nfectants (i.e., ozone (O 3 ) ( Bichsel and von Gunten, 2000 ; 
acangelo et al., 1989 ), chlorine dioxide (ClO 2 ) ( Aieta and 

erg, 1986 ), chloramines (NH 2 Cl) ( Diehl et al., 2000 ), or UV ir-
adiation ( Plewa et al., 2012 ; Reckhow et al., 2010 ). However,
here can be tradeoffs with the use of these control measures.
AC removes TOC, but neither bromide nor iodide. Thus, the 
AC effluent will have a higher bromide to TOC ratio and can 

esult in the formation of more Br-DBPs ( Allen et al., 2022 ;
uthbertson et al., 2019 ; Krasner et al., 2016 ). Based on the po-

ency of the HANs and HNMs, in particular that of the bromi- 
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nated species, these nitrogen-containing DBPs were the driv-
ing agents of the predicted genotoxicity in one GAC study
( Krasner et al., 2016 ). For example, the bromine-containing
DHANs are substantially more geno- and cytotoxic, have suf-
ficient concentration and bromine incorporation, and their
formation was not controlled by GAC treatment, which re-
sulted in their accounting for much of the predicted geno-
and cytotoxicity of the sum of the measured halogenated DBPs
( Krasner et al., 2016 ). 

Ozone can form bromate (a regulated DBP in the U.S. and
elsewhere), but recent studies using the chlorine or ammo-
nia process and/or pH suppression have minimized bromate
formation ( Buffle et al., 2004 ). Chlorine dioxide forms chlorite
(a regulated DBP in the U.S.), which can be controlled by lim-
iting the chlorine dioxide dose ( Aieta and Berg, 1986 ). Chlo-
ramines can form N-nitrosodimethylamine (NDMA) (which is
being considered for regulation in the U.S.) and I-DBPs (which
are highly toxic but are currently not regulated). However, pre-
oxidation with chlorine or ozone can destroy NDMA precur-
sors ( McCurry et al., 2015 ) and can oxidize iodide to iodate,
a sink for the iodide ( Bichsel and von Gunten, 1999 ). Thus,
controlling the formation of regulated and emerging DBPs re-
quires careful balancing. 

In addition to controlling regulated and emerging DBPs,
there is concern over unknown DBPs. Total organic halogen
(TOX) is a measure of the known and unknown halogenated
DBPs. THMs and HAAs account for the highest percentage of
the TOX in chlorinated or chlorinated/chloraminated waters
( Zhang et al., 2000 ; Krasner et al., 2006 ). The emerging DBPs
account for a small portion of the TOX ( Zhang et al., 2000 ;
Krasner et al., 2006 ). Typically, the regulated and emerging
DBPs that are detected account for ∼50% of the TOX. Although
ozone or chloramines form less TOX than chlorine, more of
the TOX from ozone or chloramines is unknown ( Zhang et al.,
2000 ). TOX measurements can be broken down to total or-
ganic chlorine (TOCl), total organic bromine (TOBr), and total
organic iodine (TOI) ( Cuthbertson et al., 2019 ; Hua and Reck-
how, 2006 ). This allows for a better assessment of the more
toxic Br- and I-DBPs. Another way in which Br-DBPs are ex-
amined is via the bromine incorporation factor (BIF), which
represents the molar amount of bromine in a class of DBPs di-
vided by the molar amount of that class of DBPs ( Symons et al.,
1993 ). For THMs, BIF ranges from 0 (all chloroform) to 3 (all
bromoform) (where 1 corresponds to bromodichloromethane
on average). For DHANs, BIF ranges from 0 (all dichloroace-
tonitrile) to 2 (all dibromoacetonitrile) (where 1 corresponds
to bromochloroacetonitrile on average). Alternatively, BIF di-
vided by the number of halogens (X) (BIF/X or the normal-
ized bromine incorporation factor) ranges from 0 to 1 for all
classes of DBPs, which allows easier comparisons between dif-
ferent DBP classes. In some studies, there was more bromine
incorporation into DHANs than into THMs ( Obolensky and
Singer, 2005 ). As the BIF for THMs increases, there is more for-
mation of known and unknown Br-DBPs, which are of higher
health concern. 

As the sum of the four regulated THMs (THM4) is typically
used in regulations and epidemiology studies, it is important
to determine if this and/or other parameters can best guide
regulators, epidemiologists, researchers, and utilities. The ob-
jectives of this paper include determining what percentage of
the TOCl, TOBr, and TOI are accounted for by the measured
(regulated and emerging) DBPs and to what extent each class
of DBPs accounts for this percentage. Is bromine incorpora-
tion into emerging DBPs similar to that of the THMs? Does
the presence of wastewater impact the THM/DHAN ratio? How
does pre-oxidation impact I-DBP formation? These questions
were examined using data from a group of U.S. utilities that
represent a range of water quality issues, as well as different
treatment options to control DBP formation. 

1. Materials and methods 

1.1. Survey 

Eight representative utilities in the U.S. were studied (two from
the Pacific west, two from the Rocky Mountain region, one
from the south-central region, two from the Midwest, and one
from the Southeast). Appendix A Table S1 summarizes the
treatment processes and water quality of each plant. Note,
plant 6 had 2 parallel trains (plants 6A and 6B), which had very
different source waters and treatment processes. The DBPs
formed in the distribution system were derived from the 2
trains. The 8 plants show how different treatment and disin-
fection processes can be used for source waters with different
water qualities. There are no group classifications per se . Plants
1 and 2 used GAC, with chlorine as the secondary disinfectant.
All other plants used chloramines as the secondary disinfec-
tant. Plant 3, which used ozone for pre-oxidation, treated wa-
ter from the same source as plant 2 (which had a moderate
amount of bromide). Plant 4 (which also treated water with a
moderate amount of bromide) used chlorine for pre-oxidation
with a very short free chlorine contact time. Plants 5 and 6A
treated water from the same watershed, which was signifi-
cantly impacted by wastewater. Plant 6A used riverbank fil-
tration (RBF) and soil aquifer treatment (SAT), which are often
used to treat wastewater ( Karakurt et al., 2019 ). Plant 6B was
from a reservoir that was much less wastewater impacted.
Plant 7 went to a chlorine “burn” once per year (used chlorine
as the secondary disinfectant instead of chloramines) to con-
trol nitrifying bacteria that may develop in a chloraminated
distribution system ( Alfredo, 2021 ; Seidel al., 2005 ). The chlo-
rine burn is a common practice by many public water sys-
tems throughout the U.S. to reduce the number of the bacteria
so that a satisfactory disinfectant residual can be maintained
throughout the distribution system. Chlorine conversions can
be used as a preventative strategy to stop nitrification. Plant
8 used several different source waters, which included seawa-
ter that was desalinated, groundwater, and a high-TOC surface
water. This plant also underwent a chlorine burn once a year.

Each plant was sampled two to three times in each of
three years. Samples were collected on a seasonal basis (e.g., a
cold/wet season, a warm/dry season). Plants 7 and 8 were sam-
pled with chloramines and with a chlorine burn. The plant in-
fluents were sampled for TOC, UV 254 , bromide, iodide, and su-
cralose (Appendix A Table S1). The plant effluents were sam-
pled for TOC and UV 254 to determine how much organic mat-
ter was removed (Appendix A Table S1). The treated water in
the distribution system was sampled at an average detention
time (which was usually of the order of several days or more).
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he treated water was sampled for THM4, the nine HAAs 
HAA9) (two monohalogenated, three dihalogenated (DXAAs),
nd four trihalogenated (TXAAs)), the nine bromochloro HANs 
lus iodoacetonitrile (IAN), the nine bromochloro HAMs plus 

odo HAM (IAM), chloroiodo HAM (CIAM), bromoiodo HAM 

BIAM), and diiodo HAM (DIAM), the three dihalo HNMs and 

he four trihalo HNMs (THNMs), the nine HALs and iodo HAL 
IAL), nine haloketones (HKs), the six I-THMs, four iodo acetic 
cids (IAAs), TOCl, TOBr, and TOI. 

.2. Analytical methods 

OC and UV 254 were analyzed with standard methods 
 American Public Health Association, 2005 ). Bromide and io- 
ide were measured using ion chromatography (IC) with a 
onductivity detector Allen et al., 2022 ). Sucralose was deter- 
ined using direct injection liquid chromatography (LC)-mass 

pectrometry (MS)/MS ( Prescott et al., 2017 ). THMs ( Munch and 

autman, 1995 ) and HAAs ( Munch et al., 1995 ) were ana- 
yzed with liquid-liquid extraction (LLE), derivatization with 

cidic methanol for the HAAs, and gas chromatography 
GC)-electron capture detection (ECD). HANs, HAMs, HNMs,
ALs, HKs, and I-THMs were measured using LLE and GC- 
S (and o-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine (PF- 

HA) derivatization for mono- and di-HALs) ( Allen et al., 2022 ; 
uthbertson et al., 2020 ). IAAs were determined by LLE, dia- 
omethane derivatization, and GC-MS/MS ( Allen et al., 2022 ; 
uthbertson et al., 2020 ). TOCl, TOBr, and TOI were analyzed 

ith GAC sorption, combustion, measurement of Cl −, Br −, and 

 

− with IC and a conductivity detector or an inductively cou- 
led plasma (ICP)-MS ( Allen et al., 2022 ). 

.3. Box-and-whisker plots 

he box represents the 25th and 75th percentile values, and 

he two whiskers represent the minimum and maximum (ex- 
luding outlier values). The line running horizontally through 

he box is the median value. Potential outliers are marked as 
o” (values > 1.5 times but < 3 times the length of the box) and 

xtreme values are marked as “∗” (values > 3 times the length 

f the box (e.g., Fig. 5 ). Box-and-whisker plots were generated 

ith IBM SPSS Statistics software. 

.4. Pearson product moment correlation 

earson product moment correlation ( r ) analyzes was con- 
ucted on the data to determine the strength of association 

etween pairs of variables. A strong, medium and low corre- 
ation are associated with r -values of ±0.50 and ±1.0, ±0.30 
nd 0.49, and below ±0.29, respectively. The P value for the 
orrelation analyzes is the probability from t -tests run on the 
ull hypothesis that the two variables are not linearly related 

 Box et al., 1978 ). 

. Results and discussion 

.1. Overview 

he interquartile range (25th to 75th percentile) THM4 for the 
 plants was 20 to 42 μg/L (Appendix A Fig. S1). The 10th to 
0th percentile range was 14 to 74 μg/L. The minimum, me- 
ian, and maximum values were 11, 32, and 248 μg/L, respec- 
ively. These concentrations provide some perspective to that 
ound in other studies and surveys (e.g., most of the THM4 re- 
ults in this study were less than the U.S. regulatory level of 
0 μg/L). 

GAC plants 1 and 2 removed 69%–77% of the TOC, except 
or one sample event at plant 1. In that instance, they removed 

8% of the TOC (lowered the TOC from 1.96 to 1.01 mg/L). Note,
he treatment goal at plant 1 was to lower the TOC down 

o 1.0 mg/L, which was achieved. Plant 1 had THM4 of 12–
0 μg/L, whereas plant 2 had THM4 of 39–64 μg/L (both plants 
sed chlorine). Plant 2 had higher THMs, in part, because the 
romide levels were much higher in plant 2’s source water.
ote, hypobromous acid/hypobromite ion (formed during the 

hlorination of bromide-containing water) forms halogenated 

BPs more strongly than chlorine ( Krasner et al., 1994 ). More- 
ver, bromine-containing DBPs weigh more than chlorine- 
ontaining DBPs. 

Plant 3, which treated water from the same watershed as 
lant 2, used ozone and chloramines and had THM4 of 11–
4 μg/L. Removal of TOC or the use of alternative disinfec- 
ants can control THM formation. In this case, the use of 
zone/chloramines reduced THM formation more than GAC 

with chlorine). 
Plant 7 had THM4 of 15–26 μg/L with chloramines and 

HM4 of 248 μg/L during the chlorine burn. The effluent TOC 

as 4.8 mg/L, which is moderately high. Plant 8 had THM4 of 
6 μg/L with chloramines and THM4 of 75–79 μg/L during the 
hlorine burn. The treatment plant effluent and groundwater 
OC was 1.2–3.9 mg/L. 

Plant 4 had THM4 of 29–43 μg/L. Although the plant 
ad moderate levels of TOC and bromide, the free chlo- 
ine contact time before choramine addition was very short 
0.5–4.8 min). 

Plants 5 and 6A treated water high in wastewater im- 
act. Plant 5 used ultrafiltration (UF) with chlorine and chlo- 
amines. They had 39%–49% TOC removal and THM4 was 34–
5 μg/L. Plants 6A and 6B had miscellaneous treatment pro- 
esses (e.g., BAC), where TOC removal at plant 6B was 41%–
4%. They used chlorine and chloramines and THM4 was 
0–24 μg/L. 

The eight plants in this study treated waters with a range 
f water qualities (many moderately high in TOC and/or bro- 
ide) with a range of precursor removal processes and/or al- 

ernative disinfectants. They all complied with the U.S. THM 

egulatory limit, except for during the chlorine burn at plant 7; 
owever, the U.S. standard is based on a running annual aver- 
ge (it is not based on a maximum allowable concentration).
Moreover, the current standard is based on sampling during 
 representative time period in each quarter, where the chlo- 
ine burn is not sampled.) Bladder cancer has a long latency 
eriod (long-term exposure) and is not due to short-term 

xposure, thus, individual excursions are not regulated in 

he U.S. 
As N-, Br-, and I-DBPs are more toxic, the rest of the results

ection will focus on these types of DBPs. Moreover, unknown 

BPs are of concern, as they likely include unknown DBPs of 
ealth concern (the emerging DBPs account for some of the 
oxicity, but likely not all). 
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Fig. 1 – Impact of the presence of wastewater on the relative 
formation of an N-DBP (i.e., DHANs) to a C-DBP (i.e., THMs). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 – Linear regressions and Pearson’s product mo- 
ment correlation analyzes of bromine incorporation fac- 
tors (BIFs). 

Y -axis X -axis Slope R 2 c r d P e 

DXAAs THMs 1.24 0.92 0.96 P ≤ 0.001 
TXAAs THMs 1.11 0.87 0.93 P ≤ 0.001 
DHANs THMs 0.99 0.76 0.87 P ≤ 0.001 
THANs a THMs 1.10 0.60 0.78 P ≤ 0.05 
THAs THMs 0.86 0.71 0.84 P ≤ 0.001 
DHAMs THMs 0.86 0.44 0.66 P ≤ 0.002 
THAMs THMs 0.80 (1.42 b ) 0.38 (0.91 b ) 0.62 P ≤ 0.05 
THNMs THMs 0.86 0.57 0.76 P ≤ 0.001 
TXAAs DXAAs 1.01 0.90 0.95 P ≤ 0.001 
DHANs DXAAs 0.81 0.78 0.88 P ≤ 0.001 
THANs a DHANs 0.83 0.68 0.82 P ≤ 0.03 
THAMs DHAMs 0.37 (0.56 b ) 0.09 (0.20 b ) 0.30 P = 0.36 

a Limited data. b Removed a significant outlier. c R 2 , the coefficient 
of determination, expressing the proportion of the variance in the 
response variable that can be explained by the predictor variables 
in the regression model. d r The coefficient of correlation. e P is the 
probability from t -tests run on the null hypothesis that the two vari- 
ables are not linearly related. 

Fig. 2 – Correlation of BIF/X with that of the Br/TOC ratio for 
THMs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2. Impact of wastewater on DHAN formation 

Fig. 1 shows the impact of the presence of wastewater (su-
cralose as an indicator) on the relative formation of a group of
N-DBPs (i.e., DHANs) to a C-DBP group (i.e., THMs). Plants with
low sucralose (0.1–1.4 (median = 0.5) μg/L) had THM4/DHAN
ratios of 4.7 to 72 (median = 13). Excluding 2 outliers from
plant 4, the THM/DHAN ratio ranged from 4.7 to 26. As noted,
typically the THM/DHAN ratio in drinking water samples in
the U.S. is ∼10:1 on average ( Oliver, 1983 ). Note, most of the
THM/DHAN ratios for the low-sucralose group was < 20:1.
Plants 5 and 6 with high sucralose (4.6–10 (median = 6.9) μg/L)
(results for plant 6 based on the flow-weighted amounts in
plants 6A and 6B) had THM4/DHAN ratios of 5.7 to 11 (me-
dian = 6.8). High wastewater impact means more organic
nitrogen, which means more DHAN precursors (and lower
THM4/DHAN ratio (e.g., < 10]) ( Krasner et al., 2012 ). Note, based
on a median occurrence of sucralose in wastewater effluent
(i.e., 27 μg/L) ( Oppenheimer et al., 2011 ), plant 6A was 44% to
78% wastewater impacted. This watershed is known to be ef-
fluent dominated in certain times of the year (e.g., low river
flow). One of the samples from plant 5 had an intermedi-
ate value of sucralose (2.8 μg/L) and was not included in the
high sucralose group. Its THM4/DHAN ratio (22:1) was higher
than the other plant 5 sample (THM4/DHAN = 11:1) because it
had less sucralose in this event (2.8 versus 8.0 μg/L). There was
a small overlap between the interquartile ranges for the high
and low wastewater-impacted groups (THM4/DHAN ratios of
6–9 versus 8–17, respectively), but the general trend was that
low wastewater-impacted waters had a higher THM4/DHAN
ratio. 

3.3. BIFs of the different classes of DBPs 

Table 1 summarizes the linear regressions and the correlation
analyzes of the different classes of DBPs. Appendix A Fig. S2
shows selected correlation analyzes of the BIFs of the THMs
with that of DXAAs ( r = 0.96; P ≤ 0.001), TXAAs ( r = 0.93;
P ≤ 0.001) and DHANs ( r = 0.87; P ≤ 0.001). Most of the linear
regressions between the THMs and the other classes of DBPs
had slopes ≤1.2 or ≥0.8. Thus, the degree of bromine incorpo-
ration into the other classes of DBPs was similar to that of the
THMs (slope > 1.0 means more bromine incorporation into the
other class of DBPs, whereas slope < 1.0 means more bromine
incorporation into the THMs). For example, the slope for the
linear regression between the DHANs and THMs was 0.99 and
a strong significant correlation of r = 0.87 (Appendix A Fig.
S2), which means bromine incorporation into each of these
classes of DBPs was essentially the same (which is in contrast
to some other studies) ( Obolensky and Singer, 2005 ). What is
important is that as bromine incorporation in the THMs (or
HAAs) increases, it also increases for the emerging DBPs. Thus,
epidemiology studies that suggest an association between the occur-
rence of brominated THMs and an adverse health effect also sug-
gest an association with brominated emerging DBPs . This is im-
portant, as many toxicology studies indicate that brominated
emerging DBPs are of higher health concern than the THMs
or HAAs ( Richardson and Plewa, 2020 ; Richardson et al., 2007 ;
Wagner and Plewa, 2017 ). 

Fig. 2 shows a strong correlation ( r = 0.63; P ≤ 0.002) of the
normalized bromine incorporation factor (BIF/X) and that of
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Fig. 3 – Impact of free chlorine contact time on TOI 
formation. 

a
a
p  

O
D
t
i
w  

0
c  

i
t
l
c
t
t  

t
I

r
f
i
i  

t
t
F
r
5
(
U  

w  

d
s  

c
t  

s
t
s

2

I
3

he bromide to TOC (Br/TOC) ratio for the THMs. As the Br/TOC 

atio increased, there was more bromine incorporation. Note,
n this study, TOC was measured at the plant influent and 

lant effluent. An important question is which TOC to use in 

he Br/TOC ratio. If a plant used pre-chlorination and post- 
hloramination (e.g., plant 5), most of the DBPs were formed 

uring pre-chlorination, so the raw water TOC was used in the 
r/TOC ratio. If chlorine (and chloramines) was added to the 
reated water (e.g., plants 1, 3, 6), the treated water TOC was 
sed, as the raw water was not chlorinated. Plant 2 was re- 
oved from this analysis, as it had very high bromide (e.g.,

34 μg/L) and very low TOC after GAC usage (e.g., 1.0 mg/L), re- 
ulting in a much higher Br/TOC ratio (e.g., 0.33 mg/mg) than 

ny other plants in the study (i.e., Br/TOC < 0.10 mg/mg). Ap- 
endix A Table S2 summarizes the linear regressions and the 
orrelations for the other DBPs classes. Except for the DXAAs 
slope = 9.2), the slopes were quite similar (i.e., 7.0–7.7). For 
xample, for a Br/TOC ratio of 0.06 mg/mg, the normalized 

romine incorporation factors for the THMs and TXAAs were 
.45 and 0.40 (based on the linear regression slope and inter- 
ept, respectively (e.g., for the THMs, y = 7.6 x – 0.009 (Fig. 2) ).
he latter normalized bromine incorporation factors indicate 

hat the average species was a mixed bromochloro DBP (e.g.,
ormalized bromine incorporation factor is 0.33 and 0.67 for 

he average DBP being a bromodichloro and dibromochloro 
pecies, respectively). Thus, these relationships show how the 
r/TOC ratio impacted bromine incorporation in the same way 
or each of the different DBP classes (where there was more 
romine incorporation in the DXAAs in this data set). Note, the 

inear regressions were ( R 

2 = 0.72–0.91), except for the THNMs 
nd DHAMs, ( R 

2 = 0.48–0.56). Note, the coefficient of determi- 
ation ( R 

2 ) measures the percent of variation in the y vari- 
ble that can be attributed to variation in the x variable. An R 

2 

alue of 0.9, for example, means that 90% of the variation in 

he y data is due to variation in the x data. The correlation 

oefficients for the BIF/X with Br/TOC had significant r val- 
es, ranging from 0.80 to 0.63 for most of the DBPs, indicating 
trong correlations. The r values for the THNMs and DHAMs 
xpressed a medium strength of correlation, with both having 
 = 0.48; P ≤ 0.05. 

In addition, brominated DBPs that are not measured can be 
redicted. This was first done to predict the concentrations of 
he brominated analogues of trichloroacetic acid (TCAA) based 

n the concentration of TCAA and that of each of the four 
HM species (e.g., bromodichloroacetic acid = TCAA 

∗ bro- 
odichloromethane/chloroform (based on molar concentra- 

ions)) ( Singer, 2002 ). To this day, the vast majority of HAA data 
rom U.S. utilities does not include the brominated analogues 
f TCAA, as these brominated HAAs are not regulated and not 
idely measured. 

.4. Impact of pre-oxidation on TOI formation 

ig. 3 shows a strong, significant correlation ( r = 0.97; P ≤ 0.001) 
f the impact of free chlorine contact time (before ammonia 
ddition to form chloramines for the chloramine plants) on 

OI formation. For plants with very short contact times (0.5–
.8 min), 14%–16% of the iodide was transformed into I-DBPs 
as TOI) in the chloraminated distribution systems. Higher 
ontact times (143–187 min) resulted in 6%–11% of the iodide 
s TOI. The remaining plant (plant 2) used chlorine for primary 
nd secondary disinfection. So, the impact of chlorine in this 
lant was compared to TOI formation in the plant effluent.
nly 3% of the iodide was transformed to TOI. Thus, some I- 
BPs can form from chlorine (not all the iodide was converted 

o iodate). In a previous study, in which only IAAs were exam- 
ned, 0.2% of the iodine was transformed to IAAs when there 
as a long free chlorine contact time (20 min to 1.3 hr) and

.7%–1.6% of the iodine as IAAs were detected with a short 
ontact time (1–5 min) ( Krasner, 2012 ). Jones et al. (2011) stud-
ed the impact of free chlorine contact time on I-THM forma- 
ion. For two samples with 80 μg/L of iodide, the iodide uti- 
ization factors were 9.6%–18% and 1.5%–5.0% for free chlorine 
ontact times of 5 and 20 min, respectively. The iodide utiliza- 
ion for the I-THMs was of the same order of magnitude as 
hat of the TOI, whereas that of the IAAs was much lower, as
he I-THMs make up a larger percentage of the TOI than the 
AAs ( Fig. 6 ). 

Because there were limited iodide results at or above the 
eporting level (10 μg/L) in the current study, the impact of 
ree chlorine contact time could only be evaluated for a lim- 
ted number of samples. As the 75th percentile occurrence of 
odide in a previous survey was 5 μg/L ( Westerhoff et al., 2021 )
his shows that a reporting level of 10 μg/L would preclude 
he detection of iodide in a number of samples. Appendix A 

ig. S3 shows the relationship of iodide to bromide in the cur- 
ent study. The surface waters had a bromide to iodide ratio of 
:1 to 10:1, which is consistent with that reported previously 
 Richardson et al., 2008 ). Groundwaters from one region in the 
.S. had a bromide to iodide ratio less than 5:1. For the samples
ith iodide < 10 μg/L, it was assumed that the bromide to io-
ide ratio was 10:1. This suggested that the missing iodide re- 
ults ranged from 2.0 to 33 μg/L with a median of 6.6 μg/L. This
onfirms that iodide was not detected in several samples, as 
heir likely occurrence was < 10 μg/L. Note, in this study, 6 of 22
amples had 22–32 μg/L of iodide ( ≥73rd percentile), whereas 
he 95th percentile occurrence in U.S. waters in a nationwide 
tudy was 26 μg/L ( Westerhoff et al., 2021 ). 

.5. Percentage of TOCl, TOBr, and TOI accounted for 

n a previous study, halogenated DBPs accounted for 12%–
3% (median = 24%) of the TOCl and 6%–58% (median = 39%) 
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Fig. 4 – Percentage of TOBr accounted for by THMs, HAAs, 
and emerging DBPs. 

Fig. 5 – Percentage of TOBr accounted for by emerging DBPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 – Percentage of TOI accounted for by emerging DBPs. 

Fig. 7 – Correlation between the sum of the detected DBPs 
as chlorine and that of TOCl. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of the TOBr ( Krasner et al., 2006 ). (Note, TOI was not mea-
sured in the latter study.) In the current study, 9%–82% (me-
dian = 39%) of the TOCl (Appendix A Fig. S4) and 19%–83%
(median = 56%) of the TOBr ( Fig. 4 ) was accounted for by the
halogenated DBPs. In addition, the sum of the halogenated
DBPs accounted for 0–72% (median = 17%) of the TOI ( Fig. 6 ).
In both studies, THM4 and HAA9 accounted for most of the
TOBr and TOCl. Although the emerging DBPs accounted for
less of the TOX, it represents a more toxic portion. I-DBPs are
more toxic than Br-DBPs, which are more toxic than Cl-DBPs,
and N-DBPs are more toxic than C-DBPs ( Plewa et al., 2008b ;
Wagner and Plewa, 2017 ). In terms of TOBr, HANs and HAMs
had the highest medians of the emerging DBPs, followed by
HNMs and HALs ( Fig. 5 ). These are the DBPs (HANs, HNMs,
HAMs, HALs) that have been found to be more toxic than the
THMs and HAAs ( Wagner and Plewa, 2017 ). Appendix A Fig.
S5 shows the percentage of TOCl accounted for by the emerg-
ing DBPs. In terms of TOI, I-THMs accounted for a larger per-
centage than the IAAs ( Fig. 6 ), however, IAAs are much more
toxic ( Plewa et al., 2008a ; Richardson et al., 2008 ; Wagner and
Plewa, 2017 ; Wei et al., 2013 ). Therefore, both the toxicity and the
mass of each DBP must be considered . 

Fig. 7 shows the strong correlation ( r = 0.96; P ≤ 0.001) be-
tween the sum of the detected DBPs as chlorine and that of
TOCl. Fig. S6 illustrates the correlation between the sum of the
detected DBPs as bromine and that of TOBr ( r = 0.85; P ≤ 0.001).
Note, the point for plant 7 during the chlorine burn was re-
moved from Fig. 7 , as its value (16 μM as chlorine) was sig-
nificantly higher than all the other data ( ≤3 μM as chlorine).
When there is one data point beyond the rest of the data, the
outlier greatly impacts the linear regression line. In addition,
the point for plant 6 during the third sample event was also
removed, as it was a significant outlier from the linear regres-
sion line. Significant and very high correlations between the
Cl-DBPs and TOCl, and between the Br-DBPs and TOBr were
calculated. These strong correlations indicate that TOCl and
TOBr are good surrogates for the detected Cl- and Br-DBPs. Al-
though the correlation for the I-DBPs was lower, the associa-
tion was statistically significant ( r = 0.64; P ≤ 0.001) and sug-
gests that TOI was a good surrogate for the detected I-DBPs.
Most of the TOI values were quite low ( < 0.02 μmol/L, whereas
most of the TOBr values were > 0.4 μmol/L). The linear regres-
sion of the detected DBPs as I versus TOI as I expressed a coef-
ficient of determination ( R 

2 = 0.40) that indicated a degree of
scatter for the I-DBPs that probably reflects, the low level of oc-
currence of TOI in this dataset. Nonetheless, the combination
of measuring I-THMs, IAAs, and TOI present useful informa-
tion ( Fig. 6 ) on the occurrence of I-DBPs. 

In addition to evaluating the correlation between the sum
of the detected DBPs as chlorine and that of TOCl, the correla-
tions between THM4 and TOCl, HAA9 and TOCl, and emerging
DBPs and TOCl were examined. The coefficients of determina-



168 journal of environmental sciences 117 (2022) 161–172 

Table 2 – Impact of chlorine burn on THM, HAA, emerging 
DBP, and TOX formation at plant 7. 

3/14/2018 9/6/2018 6/18/2019 

Disimfectant Chloramines Chlorine Chloramines 
TOC (mg/L) 6.3 5.8 5.4 
Bromide (μg/L) 45 27 27 
Iodide (μg/L) < 10 < 10 < 10 
THM4 (μg/L) 15 248 26 
HAA9 (μg/L) 36 271 27 
TOCl as Cl − (μg/L) 110 570 117 
TOBr as Br − (μg/L) 16 35 9.8 
TOI as I − (μg/L) 0.9 1.0 1.1 
Percentage of TOCl accounted for as 

THM4 11% 37% 18% 

HAA9 17% 28% 12% 

Emerging DBPs 4% 18% 9% 

All DBPs 33% 82% 40% 

Percentage of TOBr accounted for as 
THM4 7% 40% 13% 

HAA9 7% 24% 12% 

Emerging DBPs 5% 19% 31% 

All DBPs 19% 83% 56% 

Percentage of TOI accounted for as 
Emerging DBPs 6% 18% 20% 
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ion for linear regression ( R 

2 ) were 0.79, 0.93, and 0.86, respec- 
ively. The slopes were 0.25, 0.18, and 0.12, respectively. The 
um of the slopes (i.e., 0.55) matched that of the linear regres- 
ion with the sum of the detected DBPs (i.e., 0.55), demonstrat- 
ng how each of these subclasses of DBPs contributed to the 
um. 

In addition to examining the percentage of TOX accounted 

or by detected DBPs, another issue is identification of the un- 
nown TOX. Although many new DBPs have been identified 

nd measured, the unknown portion still is of the order of 
0%. One possibility is the unknown TOX includes high molec- 
lar weight NOM that has been halogenated, but not broken 

own to masses that can be detected with a GC-mass spec- 
rometer (700 Da or less) ( Khiari et al., 1996 ). Another possi- 
ility is the switch to alternative disinfectants. It was shown 

hat ozone and chloramines produce less TOX than free chlo- 
ine, but a larger percentage of the ozone- and chloramine- 
enerated TOX is unknown ( Zhang et al., 2000 ). Table 2 shows 
he impact of the chlorine burn on THM, HAA, emerging DBP,
nd TOX formation at plant 7. Chloramines not only produced 

uch less THMs and HAAs than chlorine, but also produced 

ess TOCl and TOBr. (TOI was low in all cases, as this low- 
romide water had no detectable iodide.) When chlorine was 
sed, 82% of the TOCl and 83% of the TOBr was accounted 

or. When chloramines were used, 33%–40% of the TOCl and 

9%–56% of the TOBr was accounted for. Nonetheless, when 

hloramines were used, 9.8–16 μg/L of TOBr was produced,
hereas when chlorine was used, 35 μg/L of TOBr was pro- 
uced. Therefore, on an absolute basis, chloramines produced 

ess TOBr than chlorine. Allen et al. (2022) also examined the 
mpact of the chlorine burn at plant 8 on TOX (detected and 

nidentified DBPs), as well as the impact of the chlorine burn 

n cytotoxicity at both plants. 
. Discussion, summary, and conclusions 

he occurrence of a wide range of regulated and emerging 
BPs in drinking waters from eight plants in the U.S. were 
valuated. These plants treated source waters with a wide 
ange of water qualities (e.g., TOC = 0.8–10 mg/L; < 1% to 
8% wastewater impacted; bromide = 20–344 μg/L and iodide 
 10–32 μg/L (not counting the seawater)). The plants used a 
ide variety of treatment processes (e.g., conventional, GAC,
zonation, biofiltration, membranes) and disinfectants (chlo- 
ine, chloramines [including a periodic chlorine burn], ClO 2 ,
zone, UV). 

Plants that treated high-wastewater-impacted waters 
ormed lower THM to DHAN ratios (e.g., median = 6.8) than 

aters much less impacted (e.g., median = 13) due to the pres- 
nce of more organic nitrogen and DHAN precursors. Waters 
ith higher bromide to TOC ratios had more bromine incor- 
oration into the different classes of DBPs. The bromine in- 
orporation factors for the regulated and emerging DBPs were 
imilar, suggesting that epidemiology studies that propose an 

ssociation between brominated THMs and adverse health 

ffects may be due to the presence of brominated emerging 
BPs of higher health concern. For plants with very short free 
hlorine contact times before ammonia addition to form chlo- 
amines (e.g., ≤5 min), 15% of the iodide was transformed 

nto I-DBPs (as TOI) in the chloraminated distribution systems.
igher contact times (e.g., 143–187 min) resulted in 6%–11% of 

he iodide as TOI, where there was more oxidation of iodide 
o iodate, a sink for the iodide. 

On a median basis, 39% of the TOCl, 56% of the TOBr, and
7% of the TOI was accounted for by the measured halo- 
enated DBPs. THMs and HAAs accounted for most of the 
OBr and TOCl. Although the emerging DBPs accounted for 

ess of the TOCl and TOBr, it represents a more toxic portion.
-THMs accounted for a larger percentage of the TOI than the 
AAs, however, IAAs are much more toxic. Therefore, both the 
oxicity and the mass of each DBP must be considered. TOCl,
OBr and TOI were found to be good surrogates for the de- 
ected Cl-, Br- and I-DBPs. Although many new DBPs have been 

dentified and measured, the unknown portion still is of the 
rder of 50%. One possibility is the unknown TOX includes 
igh molecular weight DBPs. Another possibility is the switch 

o alternative disinfectants has produced different DBPs. 
In addition to the study of emerging DBPs of health 

oncern, the overall study included the determination of 
hronic mammalian cell (Chinese hamster ovary) cytotoxic- 
ty ( Allen et al., 2022 ). Results revealed that unregulated HANs,
articularly DHANs, are important toxicity drivers. The toxic- 

ty testing found the same forcing factors as that determined 

y calculated toxicity ( Krasner et al., 2016 ). In bromide/iodide- 
mpacted water treated with chloramines, toxicity was driven 

y I-DBPs, particularly IAAs. IAAs were particularly higher in 

lant 4 (which had a very short free chlorine contact time),
here samples also had the highest cytotoxicity. Calculated 

oxicity was not evaluated in this paper, as the companion pa- 
er ( Allen et al., 2022 ) involved actual toxicity testing. 

This paper showed important relationships and correla- 
ions between the formation of the regulated and emerging 
BPs and surrogates such as TOCl, TOBr, and TOI. The emerg- 
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ing DBPs include Br-, I-, and N-DBPs of health concern. Al-
though the emerging DBPs are not regulated at this time, some
of them have been under scientific and regulatory considera-
tion. This and other studies indicate that certain changes in
operations could be conducted in order to balance the control
of regulated and emerging DBPs. For example, plant 4 could
increase the free chlorine contact time to minimize I-DBP for-
mation, while still keeping the level of THMs and HAAs within
regulatory limits. Plant 4 had THM4 of 29–43 μg/L, which is
well below the THM4 regulatory limit of 80 μg/L. Plant 7 had
THM4 of 15–26 μg/L with chloramines and THM4 of 248 μg/L
during the chlorine burn. Currently, the U.S. THM regulation
is based on a running annual average, based on representa-
tive quarterly sample events. If the regulatory construct were
to change, plants that utilize a chlorine burn might need to
utilize other options to control nitrification. Plant 8 had THM4
of 75–79 μg/L during the chlorine burn, so a minor revision
in operations might be needed to reliably stay below the reg-
ulatory limit during a chlorine burn. Alternatively, plant 7
might need some major revision in operations. For example,
another improvement in the practice of nitrification control
is the use and maintenance of a slightly higher chloramine
residual level throughout the distribution system for effective
nitrification detection and preventive monitoring and control
( American Water Works Association, 2013 ). Plant 1 treats a
low-bromide water with GAC, whereas plant 2 treats a high-
bromide water with GAC. Br-DBPs of health concern likely
drove the toxicity at the latter plant. One control option is to
increase the carbon usage rate to remove more TOC to com-
pensate for the lack of removal of bromide. The suggestions
above provide examples of how treatment processes can be
changed or modified to control the formation of both regu-
lated and emerging DBPs. 
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