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ABSTRACT

Drinking water disinfection is considered one of the greatest scientific
achievements of the 20" Century because it significantly reduced the number of deaths
related to waterborne diseases. However, in 1974 J.J. Rook discovered that chlorine, a
commonly used disinfectant, can react with natural organic matter to form disinfection
byproducts (DBPs). Since then, more than 700 DBPs have been identified, with several
epidemiological and toxicological studies linking DBPs to several adverse health effects
such as bladder and colorectal cancer, adverse birth outcomes, and asthma. Due to their
ubiquity in disinfected water and their adverse health effects, studying the formation and
identifying new DBPs is critical to identifying the drivers of toxicity in disinfected water
and ultimately improving water quality. The studies presented here utilized highly
sensitive analytical methods and instruments to quantify DBPs in a variety of matrices,
including wastewater treatment plant effluent and swimming pools. Further, the third
study utilizes high-resolution mass spectrometry to identify unknown haloaromatic DBPs

in tea.

Comprehensive DBP analysis of chlorinated wastewater treatment plant effluent
and upstream/downstream river samples revealed that a variety of DBPs are formed
during the disinfection step at wastewater treatment plants. Interestingly, in vitro studies
reveal that nitrogenous DBPs (haloacetonitriles and haloacetamides) and haloketones are
important drivers of cytotoxicity and genotoxicity, respectively, in samples collected
downstream from wastewater treatment plants.

\



Extensive DBP analysis of conventional chlorine and salt water pool samples
revealed that haloacetonitriles, haloacetic acids, and haloacetaldehydes were the primary
drivers of calculated cytotoxicity, while haloacetic acids were the primary drivers of
calculated genotoxicity. This study also provides an important comparison between
conventional chlorine (liquid bleach) and electrochemically generated chlorine (salt water
pool), two common disinfection techniques used in swimming pools. Results reveal the
importance of maintaining a low residual of chlorine and ensuring proper ventilation to

reduce swimmers’ exposure to DBPs.

Unknowns analysis using high-resolution mass spectrometry revealed six newly
identified DBPs in brewed tea, including two monochloro-hydroxyphenols, two
monochloro-trihydroxybenzenes, and two dichloro-trihydroxybenznenes. The
identification of haloaromatic DBPs is significant due to recent studies noting that they

can be more toxic than aliphatic DBPs.

Overall, results from these studies reveal that nitrogenous DBPs are important
drivers of toxicity in both river samples receiving wastewater treatment plant effluent and
swimming pools. Additionally, unknowns analysis of tea emphasizes the importance of

continuing to identify new DBPs due to their potential for elevated toxicity.

Vi
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CHAPTER 1
INTRODUCTION

Chapter 1 investigates the formation and presence of disinfection byproducts
(DBPs) in chlorinated wastewater treatment plant (WWTP) effluent and in
upstream/downstream receiving bodies of water across the state of Minnesota. While
DBPs have been extensively studied in drinking water, few studies have focused on the
formation of DBPs in chlorinated WWTP effluent and their impact on the aquatic
ecosystem. This chapter presents the most extensive study of DBPs in chlorinated
effluent as well as the quantification of iopamidol, an anthropogenic contaminant that can
serve as a precursor for the formation of toxic iodinated DBPs (I-DBPs). Overall, this
study combines sensitive analytical techniques and in vitro cytotoxicity and genotoxicity
assays to determine the drivers of toxicity in chlorinated effluent and downstream bodies
of water. Results from Chapter 1 show that nitrogenous DBPs (N-DBPs) and iodinated
DBPs (I-DBPs) are important drivers of toxicity in chlorinated WWTP effluent and that
monitoring their formation is a critical step in improving the overall water quality of

aquatic ecosystems.

Chapter 2 is a case study on the formation of DBPs at an indoor community pool
in South Carolina while the pool was disinfecting with conventional liquid chlorine
(sodium hypochlorite) and then after the implementation of electrochemically generated
chlorine technology (salt water pool). In this study, the same indoor community pool was

sampled and presented a unique opportunity for us to make a more direct comparison



between two different disinfection techniques. Results from this study show that although
on average the overall level of DBPs increases in a salt water pool, the calculated
cytotoxicity and genotoxicity decreases by 45% and 15%, respectively. Additionally,
results reveal that even a small bromide impurity increases the formation of brominated

DBPs (Br-DBPs).

Chapter 3 identifies unknown DBPs formed during the brewing process of
making tea. The residual chlorine in tap water may react with ingredients like
polyphenols present in tea to form high molecular weight DBPs. In this study, six
unknown DBPs were identified for the first time in tea using GC-high-resolution mass
spectrometry. Previous studies indicate that haloaromatic DBPs can be more toxic than
aliphatic DBPs, showcasing the importance of continuing to identify new DBPs in a

variety of matrices.



CHAPTER 2
NITROGENOUS DBPS AND IODO-ACIDS ARE IMPORTANT TOXICITY

DRIVERS IN CHLORINATED WASTEWATER

1 Granger, C.0.; Aziz, T.; Liberatore, H.K.; Ferrey, M.L.; Richardson, S.D. Nitrogenous
DBPs and lodo-acids are Important Toxicity Drivers in Chlorinated Wastewater. To be
submitted to Environ. Sci. Technol.



ABSTRACT
While disinfection byproducts (DBPs) have been extensively studied in drinking

water, few studies have investigated their formation in disinfected wastewater or in
receiving rivers. Thus, the impact of DBPs on aquatic ecosystems is largely unknown. In
this study, we report the most comprehensive investigation of DBPs to-date for
wastewater treatment plants (WWTPs), with 60 DBPs quantified in chlorinated WWTP
effluents and also upstream/downstream in receiving rivers across the state of Minnesota.
Total DBPs (average) quantified for upstream, downstream, and effluent samples were
0.3, 4.2, and 9.6 pg/L, respectively, with the most dominant classes being haloacetic
acids, trinalomethanes, and haloketones. We also report levels of iopamidol (up to 29,900
ng/L in WWTP effluent), an X-ray contrast media that may be an important precursor in
the formation of 1-DBPs observed (up to 100 ng/L) in the chlorinated effluents, as well as
mammalian cell cytotoxicity and genotoxicity. In vitro toxicity assays reveal that three of
the downstream samples were statistically (P < 0.001) more cytotoxic than their
corresponding upstream samples while four of the downstream samples were statistically
(P < 0.001) more genotoxic than their corresponding upstream samples. Interestingly, in
vitro toxicity assays reveal that two of the upstream samples were statistically (P < 0.001)
more cytotoxic and genotoxic than their corresponding downstream samples. In vitro
cytotoxicity and genotoxicity assays also reveal that the toxicity of chlorinated WWTP
effluent was primarily driven by haloacetonitriles and haloketones, while calculated

toxicity revealed that iodoacetic acid plays an important role.



INTRODUCTION

Every day, wastewater treatment plants (WWTPs) across the United States treat
approximately 34 billion gallons of industrial and household wastewater to remove
contaminants and kill harmful pathogens before being discharged into the environment.*
The effluent of these plants are treated with chemical disinfectants, which can react with
natural organic matter and/or anthropogenic contaminants present in wastewater to form
disinfection byproducts (DBPs) 2°, which have been linked to several adverse health

effects including colorectal cancer, bladder cancer, miscarriage, and birth defects.>*®

Removal of anthropogenic contaminants during wastewater treatment is a priority
due to the impact they may have on aquatic ecosystems and drinking water quality
downstream. Unfortunately, many contaminants (i.e., pharmaceuticals, pesticides,
personal care products) are incompletely removed during conventional wastewater
treatment and have been detected in rivers and lakes at ng/L to pg/L levels. 61738 Of the
pharmaceuticals detected in the environment, iodinated X-ray contrast media (ICM) are
of particular interest because they undergo little to no removal during wastewater
treatment and are detected in rivers and lakes across the world at levels > 1 pg/L (with
levels as high as 100 pg/L).'8-2338 Further, previous studies reveal that ICM, specifically
iopamidol, can serve as a source of iodine for the formation of iodinated disinfection
byproducts (I-DBPs) in the presence of natural organic matter (NOM) upon chlorination
under drinking water treatment conditions.?*?° 1-DBPs are important to study due to their
elevated levels of toxicity when compared to their brominated and chlorinated

analogues.®0-3



ICM are triiodinated benzene derivatives used to help image soft tissue (e.g.,
lungs, bladder, kidneys, etc.) in the human body. Approximately 200 g of ICM (100 g
iodine) can be administered in one dose, which is then excreted from the human body
95% unmetabolized within 24 h of application.>*” ICM contain hydroxyl, carboxyl, and
amide moieties to increase their solubility and polarity, thus increasing their stability in
the human body and allowing them to be safe to use.*® Global usage of ICM is

approximately 3.5 x 10° kg/year.®’

In a previous survey by the Minnesota Pollution Control Agency (MPCA),
samples from 50 river and stream locations in Minnesota were analyzed for 146
pharmaceuticals and personal care products (PPCPs). lopamidol was the most frequently
detected PPCP, with a detection frequency of 78% and occurring at concentrations up to
1650 ng/L. Statistical evaluation of that data indicated that iopamidol was likely present
in 82% of Minnesota’s river miles, the highest of all the chemicals measured in that
study.*! Because of the tendency of iopamidol to react with chlorine to form I-DBPs, we
hypothesized that I-DBPs might also form in chlorinated WWTP effluents when high
levels of iopamidol are present. Preliminary data (unpublished) collected from a small
pilot study of chlorinated WWTPs in Minnesota supported this hypothesis, with high
levels of I-THMs (dichloroiodomethane and dibromoiodomethane) at one location when

high levels of iopamidol were also present.

Our current study expanded on that effort by quantifying 60 DBPs and iopamidol
in WWTP effluents and upstream/downstream samples of receiving rivers across the state
of Minnesota. Nine WWTPs were sampled over three years for a total of 16 sampling

events. In addition to six I-THMs, four iodoacetic acids (IAAs), four THMs, nine



haloacetic acids (HAAS), nine haloketones (HKSs), four haloacetaldehydes (HALS), four
halonitromethanes (HNMs), seven haloacetonitriles (HANSs), and 13 haloacetamides
(HAMs) were also measured, making this the most comprehensive study of DBPs in
WWTP effluents to-date and one of the first to address downstream cytotoxicity and
genotoxicity impacts. While DBPs have been extensively studied in drinking water, few
studies have investigated their formation in WWTPs. Previous studies reported THMs

and HAAs as dominant classes present in chlorinated wastewater effluent.?4?

Among the 60 DBPs included in this study are nitrogenous DBPs (N-DBPs) and
iodinated DBPs (I-DBPs), which are much more toxic than carbonaceous DBPs (C-
DBPs).*3 Regulated THMs and HAAs were also measured. In addition, in vitro
cytotoxicity and genotoxicity were measured in these waters. Our results provide
important insights into the toxicity drivers of chlorinated WWTP effluents and also
consider DBPs together with iopamidol, a pharmaceutical that can serve as a precursor to

DBPs.
MATERIALS AND METHODS

Chemicals and Reagents. Methanol (>99.9%), methyl tert-butyl ether (99.9%),
acetonitrile (>99.9%), and ethyl acetate (>99.9%) were of the highest purity and were
purchased from VWR International (Radnor, PA), Sigma-Aldrich (St. Louis, MO), or
Fisher Scientific (Waltham, MA). DBP standards were purchased from Sigma-Aldrich,
CanSyn Chem. Corp. (Toronto, ON), and TCI America (Waltham, MA). Specific vendor
information can be found in Table A.1. Diazald (99%) and CARBITOL (99%), used to
derivatize iodoacetic acids and haloacetic acids, along with the internal standard (1,2-

dibromopropane, 97%), were purchased from Sigma-Aldrich (St. Louis, MO).



Sample Collection. Grab samples were collected from the effluent outfall and upstream
and downstream locations of nine WWTPs that chlorinate effluent in Minnesota. Samples
were collected over three years (2019, 2020, and 2021) and WWTPs were selected based
on a variety of factors, including population served, receiving body of water, presence
and size of hospitals in the area, and average total volume of wastewater treated daily.
Samples collected for the quantitative analysis of 60 DBPs were collected headspace-free
in amber glass bottles with PTFE-lined polyethylene caps and shipped overnight on ice to
the University of South Carolina and extracted immediately upon arrival. Due to the
dechlorination step required at WWTPs (Table A.2), no quencher was added to the
samples. Upstream and downstream samples (15 L) for mammalian cell cytotoxicity and
genotoxicity measurements were collected headspace-free in amber glass bottles with
PTFE-lined polyethylene caps and shipped overnight on ice to the University of South
Carolina. Samples were extracted immediately, stored in amber vials at -20 °C until
shipment to the University of Illinois for toxicity analysis. Samples for iopamidol
analysis were collected in 500 mL amber glass bottles, filled headspace-free, and shipped

on ice to SGS AXYS Analytical Services in Vancouver, BC for analysis.

Analytical Method for the Quantification of 60 DBPs. For each sample, four
trihalomethanes (THMS), nine haloacetic acids (HAAS), nine haloketones (HKs), four
haloacetaldehyde (HALS), four halonitromethanes (HNMs), seven haloacetonitriles
(HANS), 13 haloacetamides (HAMS), six iodinated trihalomethanes (I-THMs), and four
iodoacetic acids (IAAs) were quantified. Quantification was performed via standard
addition due to the complexity of the wastewater sample matrices. To perform standard

addition, at each site (upstream, downstream, and effluent) seven amber glass bottles with



PTFE-lined polyethylene caps were filled with 100 mL of sample. Of the seven bottles,
two were set aside as non-spiked samples, while the remaining five were spiked with a
mixture of DBPs. I-THMs, HKs, HNMs, HANs, HALs, HAMs, and THMs were spiked
at 0.75, 1.5, 2.25, 3.0, and 6.0 pg/L using a 10 mg/L mixture, while IAAs/HAAS were
spiked at 0.125/0.25, 0.25/0.5, 0.375/0.75, 0.5/1.0, and 1.0/2.0 pg/L using a 1.0/2.0 mg/L
mixture, respectively. Samples were then extracted as described previously.*¢° In brief,
each sample was adjusted to pH < 1 by adding 1 mL of concentrated H.SOa4. A liquid-
liquid extraction (LLE) was performed by adding 30 grams of NaSO4 and 5 mL of
methy| tert-butyl ether (per extraction) as the extraction solvent. Samples were then
shaken for 15 min and allowed to settle for 10 min, after which the top organic layer was
removed and placed into a glass test tube. The extraction procedure was repeated twice
(for a total extraction solvent volume of 15 mL), and the sample extract was dried by
passing the sample though a column containing anhydrous Na>SO4. Once dried, the
extracts were concentrated to 200 pL under a gentle stream of nitrogen, spiked with 4 pL
of internal standard (1,2-dibromopropane), and split into two separate aliquots of 100 uL
each. The first aliquot was used to quantify I-THMs, HKs, HNMs, HANs, HALs, HAMs,
and THMs, while the second aliquot was used to quantify HAAs and IAAs. HAAs and
IAAs were derivatized using freshly prepared diazomethane to convert carboxylic acids
to methyl esters. Diazomethane was prepared according to a U.S. EPA Standard
Operating Procedure.® In brief, 0.367 g of Diazald and 1.0 mL of CARBITOL were
placed inside the inner tube of an Aldrich diazomethane generator. Then, 3.0 mL of
methyl tert-butyl ether was placed in the outside portion of the diazomethane generator,

and the entire generator was placed on ice. Next, 1.5 mL of 37% KOH was added



dropwise to the inner tube and allowed to react for 1 hr. After 1 hr, 50 pL of
diazomethane (dissolved in the methyl tert-butyl ether in the outer portion of the
generator) was added to 100 pL of sample extract and allowed to react for 30 min. After
30 min, excess diazomethane was quenched by adding 10 mg silica gel, and the samples

were transferred into new amber vials before instrumental analysis.

Instrumental Analysis of 60 DBPs. The quantification of I-THMs, HKs, HNMs, HANS,
HALs, HAMs, and THMs was conducted using an Agilent 7890 gas chromatograph-
5977A mass spectrometer (GC-MS; Agilent Technologies, Santa Clara, CA) with
electron ionization (EI) at 70 eV as previously described by Cuthbertson et al.*® Sample
extracts (1.0 pL) were injected into a multimode inlet (MMI) in pulsed splitless mode and
chromatographically separated using a Restek Rtx-200 column (30 m x 0.25 mm x 0.25
pum film thickness; Restek Corporation, Bellefonte, PA). The GC temperature program
was as follows: initial temperature of 35 °C for 5 min, increased to 220 °C at 9 °C/min,
and then ramped at 20 °C/min to 280 °C and held for 15 min. Quantification of HAAs
and 1AAs were conducted on an Agilent GC-MS and a Thermo Trace 1310 GC-TSQ
9000 triple quadrupole mass spectrometer (Thermo Fisher Scientific, Waltham, MA)
using the following GC temperature program: initial temperature held at 35 °C for 5 min,
increased to 280 °C at 9 °C/min, and then held for 15 min. Samples were also
chromatographically separated using a Restek Rtx-200 column. For both sets of analyses,
the transfer line was held at 280 °C and the source temperature was held at 200 °C.

Quantifier and qualifier ions for each DBP are listed in Table A.1.

Analytical Method for lopamidol. Quantification of iopamidol was based on EPA

method 1694.%! In brief, samples were filtered (1.6 mm), adjusted to pH 2 with HCI, and

10



spiked with a surrogate, d8-iopamidol . Samples were then extracted via solid phase
extraction (SPE) using an Oasis HLB cartridge (Waters, Milford, MA) and analyzed in
duplicate using ultra-performance liquid chromatograph coupled to a triple quadrupole
mass spectrometer (UPLC-QgqQ-MS/MS) via electron spray ionization (ESI) in positive
mode. Primary and secondary multiple reaction monitoring (MRM) transitions for

iopamidol and dg-iopamidol are shown in Table A.3.

XAD Resin Extraction. For mammalian cell cytotoxicity and genotoxicity testing,
upstream and downstream samples (15 L) were collected in 1 L amber glass bottles and
shipped overnight on ice to the University of South Carolina. Upon arrival, samples were
extracted as previously described.*”°2>* In brief, the samples were acidified to pH <1
with concentrated H>SO4 immediately upon arrival and passed through a glass column
containing XAD-2 (Amberlite XAD-2, Sigma Aldrich) and DAX-8 (Supelite DAX-8,
Sigma Aldrich). The resins were then eluted with ethyl acetate and dried using Na>SO4

before concentrating under high-purity nitrogen using a TurboVap® (Biotage, Sweden).

CHO Cell Chronic Cytotoxicity Assay. Chinese hamster ovary (CHO) cells (line AS52,
clone 11-4-8) have been widely used to measure mammalian cell cytotoxicity of
disinfected water samples. 3344344535557 CHO chronic cytotoxicity assays measure the
reduction of cell density as a result of exposure to water extracts over 72 h.32 In brief,
CHO cells were exposed to varying concentrations of the sample extract (solvent
exchanged into dimethylsulfonate) and a concentration-response curve was constructed.
Using the concentration-response curve, cytotoxicity index values (CTI) were calculated

for each sample. Further details about this assay can be found in Appendix A.
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CHO Cell Single Cell Gel Electrophoresis Assay. CHO cells were exposed to sample
extracts (solvent exchanged into DMSO) for 4 h at 37 °C with 5% CO.. The cell
suspensions were then transferred to a layer of low melting point agarose and allowed to
solidify. Cell membranes were then removed via a lysing solution and each sample was
electrophoresed and analyzed using a fluorescence microscope. Using the concentration-
response curve generated, genotoxicity index values (GT1) were calculated.®? Further

detail of the SCGE assay is provided in Appendix A.

CHO Cell Cytotoxicity and Genotoxicity Statistical Analyses. For each sample
extract, analysis of variance (ANOVA) tests were conducted to determine the lowest
concentration factor (CF) required to induce a statistically significant reduction in cell
density compared to the negative control. Using regression analysis, the LCso was
calculated for each water sample concentration-response curve. The average and standard
error (SE) were calculated using multiple regression analyses using bootstrap statistics.

L Cso values were converted to average cytotoxicity index values (CT1 = LCso™? x 10%) so
that a comparison among samples could be made easier (higher CTI, higher cytotoxicity).
For each sample site, the upstream and downstream CT]1 values were statistically
analyzed using a t-test and if P < 0.001, then the average CTI value of the two groups
(upstream vs. downstream) is greater than would be expected by chance and therefore

there is a statistically significant difference between the CTI values for each sample.

Using concentration-response curves and ANOVA tests, the lowest concentration
that generated a statically significant reduction in genomic DNA damage was calculated.
Multiple regression analyses and bootstrap statistics were used to calculate the average

and standard error (SE) for the 50% Tail DNA and the genotoxicity index values (GTI =
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50% Tail DNA™x 10%). For each sampling site, the upstream and downstream GT1 values
were compared using a t-test and if P < 0.001, then the average GTI value of the two
groups (upstream vs. downstream) is greater than would be expected by chance and
therefore, there is a statistically significant difference between the two samples. For more
information, Wagner and Plewa published a detailed overview of the statistical analyses

performed on cytotoxicity and genotoxicity data.®?

DBP Correlation Statistics. Regression analyses were performed to determine if there
was a statistically significant correlation between DBP concentrations and CTI1 or GTI
values. A Pearson product-moment (r) was calculated and if r > 0.90, then DBP
concentration and cytotoxicity or genotoxicity were said to have a very strong, positive
correlation. If r was between 0.70 and 0.90, then they were considered to have a strong,
positive correlation and if r < 0.50, they were considered to have a weak, positive
correlation. P values (P) < 0.001, <0.01, and <0.05 were classified as very highly
significantly correlated, highly significantly correlated, and significantly correlated,

respectively.

Calculated Cytotoxicity and Genotoxicity. When mammalian cell cytotoxicity and
genotoxicity testing was not possible, “TIC-Tox” was utilized. “TIC-Tox” is a metric
used to calculate cytotoxicity and genotoxicity in order to predict potential toxicity
drivers. 4535863 Iy brief, “TIC-Tox” estimates cytotoxicity and genotoxicity by
multiplying the molar concentration of each DBP by their corresponding cytotoxicity or
genotoxicity index values found in literature.3*®° Assuming that the product of each
cytotoxicity and genotoxicity calculation is additive®, the predicted drivers of

cytotoxicity and genotoxicity can be elucidated using egs 1 and 2.
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total calculated cytotoxicity = X([DBP] x LCso! x 10°) D
total calculated genotoxicity = ([DBP] x 50% TDNA™ x 10°) )

where LCso? is the inverse of the lethal concentration at 50% in molarity (M) and
TDNA is the inverse of the 50% tail DNA measurement in molarity (M). Note that
haloketones (HKs) are not included in “TIC-Tox” calculations because no cytotoxicity or

genotoxicity index values are currently available.
RESULTS AND DISCUSSION

Overall Results for DBPs. Concentrations of the 60 DBPs quantified throughout this
study can be found in Table A.4-A.8. The average total DBPs quantified in samples
collected over the entirety of this project was 0.3, 4.2, and 9.6 pg/L in upstream,
downstream, and effluent samples, respectively. All 9 classes of DBPs were detected in at
least one downstream and effluent sample, with the most commonly detected DBP in
downstream samples being trichloromethane (TCM) and the most commonly detected
DBP in effluent samples being trichloroacetaldehyde (TCAL). This finding is consistent
with previous studies that show a major degradation product of trichloroacetaldehyde is

trichloromethane.546°

In upstream samples, 10% of the DBPs measured were detected at least once,
followed by 55% in downstream, and 73% in effluent samples. On average, there was a
2.3-fold decrease in the amount of DBPs present in downstream samples (due to dilution)
compared to WWTP effluent, and a 14- and 32-fold increase in downstream and effluent
concentrations, respectively, compared to upstream DBP concentrations. The

predominant DBP classes quantified in upstream, downstream, and effluent samples were
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THMs followed by HAAs. The dominant THM quantified was trichloromethane, with
concentrations ranging from ND-0.6 pg/L, ND-3.5 pg/L, and ND-6.7 pg/L in upstream,
downstream and effluent samples, respectively. The dominant HAA quantified was
trichloroacetic acid (TCAA), with concentrations of ranging from ND-0.5 pug/L, ND-2.9
Ma/L, and ND-6.7 pg/L in upstream, downstream and effluent samples, respectively.
Although THMs and HAAs were also determined to be the dominant DBP classes in
chlorinated WWTP effluent in a previous study?, levels from this study were substantially
lower. For example, Krasner et al. (2009) found that the median concentration of THMs
and HAAs in chlorinated WWTP effluents were 57 and 70 pg/L, respectively. This
discrepancy between studies could be due to a variety of factors, such as differing amount
of dissolved organic carbon (DOC), chlorine contact time, or chlorine quenching

differences at the WWTPs (discussed further in Quencher Effects section below).5

Haloketones (HKs) were the third most dominant DBP class quantified, with
concentrations ranging from ND-0.7 pg/L and ND-1.3 pg/L, respectively, for
downstream and effluent samples. The average concentrations of two HKs (1,1-
dichloropropanone [11DCP] and 1,1,1-trichloropropanone [111TCP]) in chlorinated
effluent in this study (0.5 and 0.3 pg/L, respectively) were lower than levels in previous

studies that reported average concentrations of 0.8 and 1.5 pg/L, respectively.*?

N-DBPs. Despite C-DBPs (THMs, HAAs, HKs, HALS) typically being the predominant
DBP classes detected in downstream and effluent samples, the presence of N-DBPs
(HANs, HAMs, HNMs) are of concern due their elevated levels of cytotoxicity and
genotoxicity.>* The average concentration of N-DBPs in downstream and effluent

samples was 1.4 and 4.0 pg/L, respectively. Of the N-DBPs quantified, HANs were the
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most frequently detected and occurred at the highest levels, with an average
concentration of 0.8 and 2.4 ug/L in downstream and effluent samples, respectively. Of
the HANSs, dichloroacetonitrile (DCAN) was quantified most frequently and had
maximum concentrations of 0.6 and 2.0 pg/L in downstream and effluent samples,
respectively. A recent study reported dihalogenated haloacetonitriles (dichloro-,
bromochloro-, dibromoacetonitrile) as important cytotoxicity drivers in drinking water.*’
For the remaining N-DBPs, HAMSs had the second highest average concentrations in
downstream (0.5 pg/L) and effluent (0.6 pg/L) samples, followed by HNMs, with an
average effluent concentration of 0.1 pug/L. Low levels of HNMs are consistent with a
previous study that found that effluent of WWTPs using free chlorine usually contained

levels below 0.7 pg/L.%

I-DBPs. As part of our inquiry into DBPs formed in wastewater treatment, we
investigated the role of iopamidol (see lopamidol Measurements) as a source of iodine
for I-DBP formation. In fact, I-DBPs were found in approximately 50% and 25% of
chlorinated WWTP effluents and downstream samples, respectively. Total I-DBP levels
ranged from 0.03 — 0.5 pg/L in effluent samples to 0.02 - 0.09 pg/L in downstream
samples. In samples where I-THMs were detected above the limit of quantification
(LOQ), average concentrations were 0.1 pg/L for both downstream and effluent samples.
In samples where 1AAs were detected above the LOQ, average concentrations were 0.02

Mg/L in downstream samples and 0.05 pg/L in effluent samples.

lopamidol Measurements. Overall, the average concentration of iopamidol (when
present >RL) in effluent samples collected mid-week (Wednesday) was 5.7-fold higher

when compared to samples collected on Monday (Table A.9 and A.10). For example,
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iopamidol was <RL in every upstream, downstream, and effluent sample collected on a
Monday (2019) with the exception of the effluent sample from WWTP 1 (1054 ng/L).
Samples collected on a Wednesday, however, had an average effluent and downstream
concentration of 1694 and 6008 ng/L, respectively. This increase in iopamidol
concentrations later in the week is well documented because medical imaging procedures
are typically conducted during weekdays.'®?° This, combined with excretion rates of
iopamidol and hydraulic retention time of WWTPs, can account for the increase in
iopamidol in effluent and downstream samples when comparing Monday and Wednesday

samples.

In 2020, three WWTPs were sampled on Wednesdays and average concentrations
of iopamidol were 139, 1250, and 1673 ng/L in upstream, downstream, and effluent
samples, respectively. The maximum concentration of iopamidol in effluent samples that
year was 3,370 ng/L, more than 3x higher than the maximum effluent concentration
detected in 2019. In 2021, eight WWTPs were also sampled on Wednesdays and
iopamidol analysis was performed on downstream and effluent samples only. Average
downstream and effluent concentrations were 2028 and 9260 ng/L, respectively, with
average effluent concentrations of iopamidol driven by WWTP 6, which contained
29,900 ng/L, more than 18x higher than the previously reported maximum concentration

in Minnesota.*!

Quencher Effects. Before releasing treated effluent into the environment, WWTPs are
required to dechlorinate (quench) their effluent because residual chlorine can be toxic to
aquatic life.%®-"0 Additionally, dechlorination prevents further formation of DBPs once the

effluent is in the environment. In Minnesota, WWTPs chlorinate effluent from April to
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November and have a chlorine residual limit of 0.038 mg/L in treated effluent.”* In this
study, WWTPs used either sodium bisulfite or sulfur dioxide (Table A.2), both of which
have been shown to degrade DBPs via dehalogenation.’”® A recent study by Pan et al.
noted that upon the addition of sodium bisulfite in chlorinated wastewater effluents,
concentrations of di-haloacetic acids decreased, likely due to nucleophilic substitution of
SO3? on the alpha carbon and subsequent loss of halogen.”® Dehalogenation of
brominated and iodinated DBPs could lead to a reduction of toxicity in DBP mixtures,
suggesting that dechlorination agents may be a viable option to decrease toxicity of
chlorinated effluents.”® Future studies are needed to examine the impact dechlorination

agents have on DBPs in WWTP effluents.

CHO Cell Cytotoxicity and Genotoxicity. Mammalian cell cytotoxicity and
genotoxicity results (Table A.11 and A.12) reveal that 3 of the downstream samples
were statistically (P < 0.001) more cytotoxic than their corresponding upstream samples
while 4 of the downstream samples were statistically (P < 0.001) more genotoxic than
their corresponding upstream samples. Interestingly, in vitro toxicity assays reveal that 2
of the upstream samples were statistically (P < 0.001) more cytotoxic and genotoxic than
their corresponding downstream samples. The most cytotoxic samples were from WWTP
2 in 2019, which had CTI values of 56.91 and 45.48 for upstream and downstream
samples, respectively. The most genotoxic samples were from WWTP 4 in 2019, with
GTI values of 0.182 and 0.847 upstream and downstream, respectively. CHO cell
cytotoxicity concentration-response curves (Figure A.1-A.7) and CHO cell genomic
DNA damage concentration-response curves (Figure A.8-A.14) are presented in

Appendix A.
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Although counterintuitive, several factors can account for an upstream sample
being more cytotoxic and genotoxic than its corresponding downstream sample,
including the presence of upstream contaminant sources like septic systems, stormwater,
urban runoff, agricultural runoff, or industrial wastewater that can contribute
contaminants such as antioxidants, pesticides, polyaromatic hydrocarbons (PAHSs), and
other contaminants.”?" Ultimately, these upstream anthropogenic contaminants can be
significantly diluted by WWTP effluents released into the rivers, resulting in a less toxic
downstream sample. For example, a recent study revealed that exposure to untreated
stormwater containing a highly toxic quinone transformation product of N-(1,3-
dimethylbutyl)-N’-phenyl-p-phenylenediamine (6PPD), a widely used tire rubber
antioxidant, resulted in an increase in toxicity and mortality of adult coho salmon.’® In
addition, a stormwater study from Minnesota quantified 123 contaminants, with
individual median concentrations ranging up to 900 ng/L."”® Many of the samples
contained PAHSs, which are commonly present in stormwater and are genotoxic and/or
carcinogenic in animal studies.”’-8 Thus, the dilution of upstream contaminants by
WWTP effluents is a possible explanation for the decreased downstream toxicity at these

two locations.

Cytotoxicity Correlations. For downstream samples, total N-DBPs and cytotoxicity
demonstrated a very strong, positive correlation (Figure 2.1, Figure 2.3; r =0.99, P <
0.01). Of these N-DBPs, HANs and HAMs also had very strong, positive correlations
(Figure 2.3; r =0.99, P < 0.01) with cytotoxicity. These results are consistent with higher

cytotoxicity of N-DBPs compared to C-DBPs®® and a previous report showing that N-
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DBPs, particularly HANS, substantially contribute to additive cytotoxicity of

chloraminated wastewater effluent organic matter 8

On the other hand, total DBPs in downstream samples did not correlate with
cytotoxicity (Figure 2.3; r =0.51, P > 0.05). Similarly, downstream concentrations of
HALs and HKs did not significantly correlate with cytotoxicity (Figure 2.3; r =0.20, P >

0.05).

Genotoxicity Correlations. HKs in downstream samples (excluding WWTP 3 from
2020) and genotoxicity showed a very strong, positive correlation (Figure 2.2, Figure 2.4,
r=0.94, P <0.05). While there is no published data yet for genotoxicity of haloketones
in CHO cells, haloketones were reported to be genotoxic to E. coli.?? No significant
correlation was observed for total DBPs, C-DBPs, or N-DBPs with genotoxicity in

downstream samples (Figure 2.4, P > 0.05).

Calculated Cytotoxicity and Genotoxicity (2021). Because real toxicity measurements
were not conducted for samples collected in 2021, calculated toxicity (also called “TIC-
Tox”)®° was determined based on the 60 DBPs quantified. N-DBPs were the main
contributors to calculated cytotoxicity in both downstream and effluent samples,
contributing 54% and 48%, respectively, despite C-DBPs being the predominant classes
formed (96% downstream and effluent). Of the N-DBPs, HANSs were the most dominant
contributors to calculated cytotoxicity in both downstream and effluent samples,
contributing 54% and 46%, respectively. Dichloroacetonitrile (DCAN) was detected in
50% of the downstream and effluent samples collected and contributed 94% and 86% of

the calculated cytotoxicity, respectively.
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C-DBPs were the main contributors to calculated genotoxicity in downstream
samples, with HAAs alone accounting for 48% of the calculated genotoxicity. In effluent
samples, HNMs contributed 34% of the calculated genotoxicity while IAAs (<1%)
contributed 10% of the calculated cytotoxicity and 32% of the calculated genotoxicity in
downstream samples. Further, IAAs were a substantial driver of both calculated
cytotoxicity and genotoxicity in effluent samples, contributing 16% and 33%,

respectively. This finding is consistent with the high genotoxic potency of 1AA 30325

Overall, calculated cytotoxicity increased more than 400-fold and 210-fold in
effluent and downstream samples compared to upstream. Likewise, calculated
genotoxicity increased more than 2000-fold and 720-fold in effluent and downstream
samples when compared to upstream samples. This increase in calculated cytotoxicity
and genotoxicity was primarily driven by the presence of haloacetic acids, N-DBPs

(particularly HANS), and iodoacetic acid.

Implications. Studying the formation of DBPs at WWTPs and identifying their potential
precursors is important to understand and predict the toxicity of treated wastewater and
its impacts on the aquatic ecosystem. This research combines sensitive analytical
methods and in vitro cytotoxicity and genotoxicity assays to measure the largest number
of DBPs in chlorinated WWTP effluent. The results demonstrate a large number of these
DBPs exist in WWTP effluent and are drivers of aquatic toxicity. Data from this study
also reveals that the predominant classes of DBPs present in chlorinated effluent and
downstream samples are THMs, followed by HAAs, and haloketones. In addition,
iopamidol, an X-ray contrast media found up to 29,900 ng/L in these WWTP effluents,

may be an important precursor in the formation of I-DBPs observed in the chlorinated
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effluents. Further, in vitro cytotoxicity assays reveal a strong, positive correlation
between the levels of total N-DBPs and cytotoxicity in chlorinated effluent, while in vitro
genotoxicity assays reveal a strong, positive correlation between haloketones and
genotoxicity in chlorinated effluent. Calculated cytotoxicity and genotoxicity was driven
by DBPs present at higher concentrations (i.e., HAAS) and by classes present at lower
concentrations (i.e., haloacetonitriles and iodoacetic acids). These findings demonstrate
that WWTPs contribute a significant amount of DBPs to receiving bodies of water and
that analysis of DBPs released into the environment will aid in determining the toxicity

drivers in the aquatic ecosystem.

Future research into understanding the WWTP conditions that limit N-DBP and I-
DBP formation is crucial to limit their impact on aquatic ecosystems. Additionally, future
research should study the impact that common dechlorination agents (e.g., sodium sulfite,
sodium bisulfite) have on the stability of a variety of DBPs in these effluents, along with

their potential transformation products and associated toxicities.
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(10%).
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CHAPTER 3
DO DBPS SWIM IN SALT WATER POOLS? COMPARISON OF 60 DBPS FORMED
BY ELECTROCHEMICALLY GENERATED CHLORINE VS. CONVENTIONAL
CHLORINE

2Granger, C.O.; Richardson, S.D. Do DBPs Swim in Salt Water Pools? Comparison of 60
DBPs Formed by Electrochemically Generated Chlorine vs. Conventional Chlorine. In

Press at J. Environ. Sci.
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ABSTRACT

Disinfectants are added to swimming pools to kill harmful pathogens. Although liquid
chlorine (sodium hypochlorite) is the most commonly used disinfectant, alternative
disinfection techniques like electrochemically generated mixed oxidants or
electrochemically generated chlorine, often referred to as salt water pools, are growing in
popularity. However, these disinfectants react with natural organic matter and
anthropogenic contaminants introduced to the pool water by swimmers to form
disinfection byproducts (DBPs). DBPs have been linked to several adverse health effects,
such as bladder cancer, adverse birth outcomes, and asthma. In this study, we quantified
60 DBPs using gas chromatography-mass spectrometry and assessed the calculated
cytotoxicity and genotoxicity of an indoor community swimming pool before and after
switching to a salt water pool with electrochemically generated chlorine. Interestingly,
the total DBPs increased by 15% upon implementation of the salt water pool, but the
calculated cytotoxicity and genotoxicity decreased by 45% and 15%, respectively.
Predominant DBP classes formed were haloacetic acids, with trichloroacetic acid and
dichloroacetic acid contributing 57% of the average total DBPs formed.
Haloacetonitriles, haloacetic acids, and haloacetaldehydes were the primary drivers of
calculated cytotoxicity, and haloacetic acids were the primary driver of calculated
genotoxicity. Diiodoacetic acid, a highly toxic iodinated DBP, is reported for the first
time in swimming pool water. Bromide impurities in sodium chloride used to
electrochemically generate chlorine led to a 73% increase in brominated DBPs, primarily
driven by bromochloroacetic acid. This study presents the most extensive DBP study to-

date for salt water pools.
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INTRODUCTION

In the United States, swimming is the fourth most popular recreational activity.®®
To limit swimmers’ exposure to harmful viruses, bacteria, fungi, and algae, swimming
pools are treated with disinfectants like chlorine, bromine, ultraviolet radiation (UV), or
ozone.®* However, these disinfectants react with natural organic matter (NOM) and
anthropogenic contaminants introduced to the pool water by swimmers to form
disinfection byproducts (DBPs).>38%" Several epidemiologic studies have linked DBPs
to bladder cancer, birth defects, miscarriage, and respiratory issues such as asthma.>11.88-
% Furthermore, studies have shown that dermal exposure to halogenated DBPs is an
important exposure route to consider in swimming pool studies, due to the permeability

of some DBPs across the skin.%%7

Studies quantifying DBPs in swimming pools have primarily focused on
trihalomethanes (THMs) and haloacetic acids (HAAS). However, with more than 700
DBPs identified to date, many of which are more cytotoxic, genotoxic, or carcinogenic
than THMs and HAAs, there is a clear need for the expansion of the classes of DBPs
quantified in swimming pools. In recent years, brominated and iodinated DBPs have
become of particular interest due to their elevated levels of toxicity when compared to
chlorinated DBPs.>%23* Additionally, nitrogenous DBPs (N-DBPs) are generally more
toxic than carbonaceous DBPs (C-DBPs).* Recent studies completed in the United States
and Australia have expanded on the DBPs quantified in pools using a variety of
disinfection techniques to include priority, unregulated DBPs such as iodinated
trihalomethanes (I-THMs), iodoacetic acids (IAAs), haloacetaldehydes (HALS),

haloketones (HKSs), haloacetamides (HAMS), haloacetonitriles (HANSs), and
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halonitromethanes (HNMs).>3%2 Despite chlorine being the most commonly used
disinfectant in swimming pools around the world, alternative disinfection techniques are
becoming more common. One such alternative disinfection technique is
electrochemically generated chlorine (or salt water pools) which works by passing an
electric current through a concentrated salt solution (sodium chloride) to produce
hypochlorous acid (HOCI) and hypochlorite ions (OCI") as the primary oxidants.*
Previous studies have shown that when compared to pools disinfected with chlorine, salt
water pools had lower levels of HAAs (dichloroacetic acid and trichloroacetic acid) and
trichloroacetaldehyde, but higher levels of Br-DBPs, likely due to bromide impurities in
the sodium chloride.®*1% This increase in bromide is an important factor to monitor
because previous studies show that dichloroacetic acid and trichloroacetic acid do not
significantly contribute to the cytotoxicity or genotoxicity of pool waters.*** However,
there is currently no comprehensive DBP or toxicity data available that provides a direct
comparison between conventional chlorine and salt water pools. To address this, a study
of 60 DBPs was conducted at an indoor community pool in South Carolina while the pool
was disinfecting with conventional liquid chlorine (sodium hypochlorite) and then after
the implementation of electrochemically generated chlorine technology (salt water pools).
Using DBP data collected over three sampling events, the calculated cytotoxicity and
genotoxicity associated with each disinfection type was determined to better understand
the impact each disinfection technology has on overall calculated toxicity, as well as the

drivers of toxicity for each disinfection technique.
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MATERIALS AND METHODS

Swimming pool sampling. Swimming pool samples were collected from an indoor
community pool in South Carolina with an estimated total volume of 263,300 liters. This
pool was chosen to study due to its consistent bather load (approximately 24
swimmers/day) throughout the year. The first sampling event occurred in May of 2021
when the swimming pool was using sodium hypochlorite (conventional chlorine) to
disinfect the swimming pool. Two additional pool samples (November 2021 and January
2022) were collected after the implementation of an electrochemically generated chlorine
system (Hayward Saline C 11.0 Commercial Salt Chlorine Generator; Rockville, MD)
with a flow rate of 150 gallons per minute and a power supply rated to supply 72 amps.
Additional details about the electrochemically generated chlorine system can be found in

Table B.1.

Samples were collected in 1 L amber glass bottles, quenched with ammonium
chloride, acidified to pH 3.5-4 with 1 M sulfuric acid (for sample preservation), and filled
headspace free. Samples were then shipped overnight on ice to the University of South
Carolina and extracted immediately upon arrival. Further sample details can be found in

Table 3.1.

Chemical and reagents. All solvents (methanol, metyl tert-butyl ether, acetonitrile, ethyl
acetate) were of the highest purity and were purchased from Sigma-Aldrich (St. Louis,
MO) or VWR International (Radnor, PA). General reagents were of ACS reagent grade
and were purchased from Sigma-Aldrich and Fisher Scientific (Waltham, MA). DBP
standards were purchased from CanSyn Chem. Corp. (Toronto, ON), Sigma-Aldrich,

Aldlab Chemicals (Woburn, MA), and TCI America (Waltham, MA) at the highest
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purity. Specific vendor information can be found in Appendix A. The internal standard,
1,2-dibromopropane, along with the diazomethane derivatization reagents (Diazald,

CARBITOL™) were purchased from Sigma-Aldrich.

DBP analysis. Quantification of 60 DBPs was performed in triplicate as described
previously.*6-4%53 In brief, 100 mL of a sample was placed into a 125 mL amber bottle
and acidified to pH <1 with concentrated sulfuric acid. Then, 5 mL of methyl tert-butyl
ether was added to each sample along with 30 g of sodium sulfate. Samples were then
shaken for 15 min, allowed to settle for 10 min, and the top organic layer was removed
and placed into a test tube. This procedure was completed 2 more times for a total extract
volume of 15 mL. The organic extract was then dried using sodium sulfate and
concentrated to 200 pL using a gentle stream of nitrogen. The concentrated extract was
spiked with 4 pL of an internal standard (1,2-dibromopropane) and split into two equal
aliquots. The first aliquot was used to analyze for 4 trihalomethanes (THMSs), 9
haloketones (HKSs), 4 haloacetaldehyde (HALS), 4 halonitromethanes (HNMs), 7
haloacetonitriles (HANSs), 13 haloacetamides (HAMs), and 6 iodinated trihalomethanes

(I-THMs).

The second aliquot was derivatized using diazomethane for the analysis of 9
haloacetic acids (HAAS) and 4 iodoacetic acids (IAAs). Diazomethane derivatization
converts carboxylic acids to methyl esters for analysis by gas chromatography (GC)-mass
spectrometry (MS). The diazomethane derivatization was conducted as described by the
U.S. Environmental Protection Agency Standard Operating Procedure.>® In brief, 0.367 g
of Diazald and 1.0 mL of CARBITOL™ were placed inside the inner tube of a

diazomethane generator. Then, 3.0 mL of methyl tert-butyl ether was placed in the outer
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tube of the generator, and the entire generator was placed in ice. Once on ice, 1.5 mL of
37% potassium hydroxide was added slowly (dropwise) to the inner tube and allowed to
react for 1 hr. After 1 hr, 50 uL of diazomethane (dissolved in methyl tert-butyl ether)
was spiked into a 100 pL organic extract aliquot and allowed to react for 30 min. After
30 min, the reaction was quenched with 10 mg of silica gel and transferred to new vials

before analysis.

GC-MS analysis. Both extracts were analyzed using a gas chromatograph-mass
spectrometer (Agilent 7890 GC, 5977A mass spectrometer, Agilent Technologies, Santa
Clara, CA) with electron ionization (EI) at 70 eV in selection ion monitoring (SIM)
mode. Sample extracts (1.0 pL) were injected into a multimode inlet (MMI) in pulsed
splitless mode. Analytes were chromatographically separated using a Restek Rtx-200
column (30 m x 0.25 mm x 0.25 um film thickness; Restek Corporation, Bellefonte, PA).
This column provides improved separation and detection limits for iodo-THMs and
haloacetamides, which tend to tail and give lower responses using a DB-5 column.*® The
GC temperature program for the analysis of the 4 THMs, 9 HKs, 4 HALs, 4 HNMs, 7
HANSs, 13 HAMs, 6 I-THMs was as follows: initial temperature of 35 °C for 5 min,
increased to 220 °C at 9 °C/min, ramped at 20 °C/min to 280 °C, and held for 15 min.
The GC temperature program for the analysis of the 9 HAAs and 4 1AAs was as follows:
initial temperature held at 35 °C for 5 min, increased to 280 °C at 9 °C/min, and held for
15 min. Both methods held the transfer line at 280 °C and source temperature at 200 °C.
Quantifier and qualifier ions along with limits of quantification (LOQ) for each DBP are

listed in Appendix B.
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Bromide and iodide measurements. To quantify the amount of bromide and iodide
present in the sodium chloride used for salt water pools, a solid sodium chloride sample
used at this community pool was collected and dissolved in ultrapure water for analysis.
Bromide and iodide were quantified via a Dionex Integrion high performance ion
chromatography (HPIC) system (Sunnyvale, CA) with an lonPac AS20 guard column
and an lonPac AS20 analytical column. The system included a 500 puL sample loop and
50 mM NaOH as the eluent. An external calibration curve was prepared in ultrapure
water (1, 5, 10, 20, and 30 pg/L) using sodium bromide and sodium iodide. The limits of

quantification (LOQs) for both bromide and iodide are 1.0 pg/L.

“TIC-Tox”: Calculated cytotoxicity and genotoxicity. “TIC-Tox” is a metric
previously used in several studies to calculate cytotoxicity and genotoxicity of water
samples and predict the drivers of toxicity.*%°3%8-62 In brief, “TIC-Tox” calculates
cytotoxicity and genotoxicity by multiplying the molar concentration of each individual
DBP by their corresponding cytotoxicity or genotoxicity index values for Chinese
hamster ovary (CHO) cells reported in literature.>® Each product is then multiplied by a

normalization factor (10%) and summed together (egs 1 and 2).
total calculated cytotoxicity = ([DBP] x LCso* x 10°) (1)
total calculated genotoxicity = X([DBP] x 50% TDNA™ x 10°%) 2

where LCso? is the inverse of the lethal concentration at 50% in molarity (M) and
TDNA is the inverse of the 50% tail DNA measurement in molarity (M). “TIC-Tox”
assumes that the toxicity of individual DBPs is additive, an assumption shown to be

accurate in a recently published study.®® Note that haloketones (HKs) are not included in
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“TIC-Tox” calculations because there are no cytotoxicity or genotoxicity index values
currently available in the literature. Additional details about ‘TIC-Tox” and the
determination of cytotoxicity and genotoxicity index values can be found in previous

studies 32,60,102-105

RESULTS AND DISCUSSION

Overall findings. Upon implementation of an electrochemically generated chlorine
system, there was a 15% increase in average total DBPs compared to the conventionally
chlorinated pool sample. Of the 60 DBPs measured in this study, 68% were detected at
least once. Table 3.2 shows the 60 DBPs quantified during each sampling event. The
dominant DBP classes quantified were haloacetic acids (HAAS), followed by
haloacetaldehydes (HALS), and trihalomethanes (THMs) (Figure 3.1). HAAs, which
accounted for 63% of the average total DBPs present, are known to accumulate in pools
due to their lack of volatility.53#"19.107 Total HAA concentrations ranged from 1066 to
2425 pg/L and were dominated by CI-HAAs (sum of chloroacetic acid, dichloroaceitc
acid, and trichloroacetic acid). Dichloroacetic acid (DCAA) and trichloroacetic acid
(TCAA) were the dominant HAAs detected with an average concentration of 1332 and
277 ug/L, respectively. This finding matches well with previously published data from
our lab in which another indoor pool had DCAA and TCAA at levels as high as 1230 and
275 pg/L, respectively.>® Of the haloacetaldehydes quantified in this study,
trichloroacetaldehyde (TCAL) was the most commonly detected, and accounted for 19%
of the average total DBPs formed. Trichloromethane (TCM) was the second most
abundant DBP quantified with an average concentration of 447 pg/L. Interestingly, the

January salt water pool sample contained the highest level of total DBPs (3251 ug/L)
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despite having the lowest residual chlorine measured (Table 3.1). Prior to the January
sampling, an exercise class was offered, thus the bather load was higher compared to the
other two sampling events (Table 3.1). An increase in turbulence in the pool prior to
sampling resulted in lower THMs levels (260 pg/L) but higher levels of non-volatile
DBPs, particularly HAAs (2425 pg/L). This finding matches well with previous studies
that noted as the turbulence in the swimming pool increases, so does the THM
concentration in air samples collected at indoor pools,'%1% thus, decreasing THM levels

in the water.

lodinated trihalomethanes (I-THMSs), iodoacetic acids (IAAs), and
halonitromethanes (HNMs) were present at the lowest levels. On average, these classes
represented <1% of the average DBPs present in all pool samples. Trichloronitromethane
(TCNM) was the most frequently detected HNM in pool samples, with average levels
ranging from 2.1 pg/L in the salt water pool samples to 4.6 pg/L in the conventional
chlorinated pool sample. The only I-THM detected in this study was
bromodiiodomethane (BDIM), which was found in the conventional chlorinated pool
sample at 0.5 pg/L. lodoacetic acid (IAA) was also detected in the conventional
chlorinated pool at 0.2 pg/L and diiodoacetic acid (DIAA) and chloroiodoacetic acid
(CIAA) were detected in the January salt water pool sample, both at 0.3 pg/L. This is the
first report of DIAA in swimming pool water and is a significant finding due to its
elevated level of toxicity. For example, DIAA is 1.8x more cytotoxic than DBAA. lon
chromatography analysis of the salt used in the salt water pool revealed that iodide was
not present as an impurity, suggesting that the presence of the I-DBPs was the result of

iodide in disinfected source water used to fill the pool.
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Conventional chlorine vs. salt water: C-DBPs

Haloacetic acids (HAAs). The 15% increase in the average total DBPs in the salt water
pool samples was driven by HAAs. The January salt water pool sample had the lowest
residual chlorine but the highest bather load prior to sampling. This overall increase in
HAAs was driven by the January sample which had the lowest residual chlorine but the
highest bather load prior to sampling. This increase in DBP formation was driven by
dichloroacetic acid and trichloroacetic acid, which saw a 124% and 25% increase,
respectively. Dichloroacetic acid accounted for 69% (730 pg/L) of the HAAs formed in
the conventional chlorine pool and 77% (1633 pug/L) of the HAAs present in the salt
water pool, a 124% increase. Trichloroacetic acid accounted for 22% (238 ug/L) of
HAAs present in the conventional chlorine pool sample and 14% (297 pg/L) in salt water
pool samples, a 25% increase. A previous study noted a similar increasing trend when
comparing levels of dichloroacetic acid (196% increase) and trichloroacetic (229%

increase) in conventional chlorine and salt water pools.

Haloacetaldehydes (HALSs). The concentration of trichloroacetaldehyde (TCAL) was
580 ug/L in the conventional chlorine pool and 490 pg/L on average in the salt water
pool, a 16% decrease. Lee et al. (2010) also noted a decrease (40%) in the formation of
trichloroacetaldehyde between conventional chlorine and salt water pools.’® This
decrease in trichloroacetaldehyde is an important finding when considering previous
studies have cited trichloroacetaldehyde as the primary driver of calculated chronic

cytotoxicity in pools.5?

Trihalomethanes (THMs). Trichloromethane concentrations in the conventional

chlorine and salt water pool samples were 764 ug/L and 288 pg/L, respectively. Notably,
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764 ug/L of trichloromethane in the conventional chlorinated indoor pool is the third
highest reported level of trichloromethane in the literature, second to only 980 pg/L
reported in a study conducted by Lahl et al. (1981).11° Elevated levels of
trichloromethane in indoor pools underlines the importance of maintaining a low residual
chlorine and having adequate ventilation in indoor pools to decrease swimmers’ exposure
to volatile DBPs via inhalation'?, especially when there is an increase in bather load like

during the January sampling.

Haloketones (HKSs). The average concentration of haloketones (HKs) decreased by 76%
in salt water pool samples (8.4 pg/L) compared to the conventional chlorine pool sample
(34.5 pg/L). Of the 8 HKSs detected in one or more pool samples, 7 of them decreased in
concentration, ranging from a 10% decrease to a 100% decrease, with the exception of
1,1,3,3-tetrabromopropanone (1133TeBP), which was not detected in conventional
chlorinated waters, but had an average concentration of 2.4 pg/L in salt water pool
samples. The formation of 1133TeBP indicates the presence of a bromide impurity in the
salt used in the salt water pool, which would lead to the formation of Br-DBPs. Further
discussion of bromide levels and resulting Br-DBPs can be found in a following section

(Br-DBPs in pool samples).
Conventional chlorine vs. salt water: N-DBPs

Haloacetamides (HAMS). This study presents the first report of the quantification of two
haloacetamides (dichloroacetamide and bromodichloroacetamide) in a salt water pool. Of
the 13 HAMSs quantified in this study, only 3 were detected above the limit of
quantification. Of those, trichloroacetamide (TCAM) was quantified at the highest level,

with an average concentration of 23.0 pg/L, followed by dichloroacetamide (DCAM) at
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8.3 ng/L and bromodichloroacetamide (BDCAM) at 1.3 pg/L. For trichloroacetamide
and dichloroacetamide, maximum concentrations occurred in the conventional
chlorinated pool water at 37.0 pug/L and 21.5 pg/L, respectively. The maximum
concentration of bromodichloroacetamide occurred in the November salt water pool
sampling event at 1.9 pg/L. On average, salt water pool samples showed a decrease in
trichloroacetamide (57%), dichloroacetamide (92%), and bromodichloroacetamide (17%)

when compared to the conventional chlorinated pool sample.

Haloacetonitriles (HANS). Dichloroacetonitirle (DCAN) and chloroacetonitrile (CAN)
were present at the highest level of all HANs quantified in this study, with an average
concentration of 4.9 pug/L and 3.4 pg/L, respectively. HANSs in salt water pool samples
consistently decreased when compared to conventional chlorine pool samples, with the
exception of bromochloroacetonitrile (BCAN) and dibromoacetonitrile (DBAN), likely

due to the presence of bromide in the salt used in the salt water pool.

Br-DBPs in pool samples. Brominated DBPs (Br-DBPs) are of interest due to their
elevated levels of toxicity compared to their chlorinated analogues.>32 Previous salt water
pool studies, which measured a smaller number of DBPs, have attributed the formation of
Br-THMs, Br-HAAs, and Br-HANS to bromide present in sodium chloride and
emphasized the importance of using high purity sodium chloride.%®100.111112 o
chromatography analysis of the sodium chloride used in the salt water pool in this study
revealed that the salt contained approximately 0.05% bromide. Assuming the salinity of
salt water pools are typically maintained around 3,000 to 5,000 mg/L, at 4,000 mg/L
salinity, a 0.05% bromide impurity will contribute approximately 118 pg/L of bromide to

the pool. This impurity is a significant contribution to the bromide levels in this pool,
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considering that the tap water in the city where the community pool is located only
contained 22 pg/L of bromide. Overall, the switch to a salt water pool led to a 73%
increase in Br-DBPs, primarily driven by bromochloroacetic acid (BCAA), which saw a

268% increase to an average of 54.9 ug/L.

Calculated cytotoxicity. Calculated cytotoxicity decreased by 45% after implementation
of the salt water pool system. Overall, the calculated cytotoxicity in pool samples was
driven by HANs, HAAs, and HALS, which accounted for 34%, 30%, and 26%,
respectively, of the average calculated cytotoxicity in conventional chlorinated and salt
water pool samples combined (Figure 3.2). In pool waters disinfected with conventional
chlorine, the calculated cytotoxicity was driven by HANs (53%), followed by HALSs
(19%) and HAASs (17%). The 45% decrease in calculated cytotoxicity of salt water pools
was primarily driven by HANSs. Although the concentration of BCAN and DBAN
increased in salt water pools, the concentration of BAN increased in conventional
chlorine pool samples compared to salt water pool samples (3.1 pg/L and ND,
respectively).Therefore, despite the overall increase in Br-DBPs upon implementing the
electrochemically generated chlorine system, an increase in the formation of BAN
(contributing 0.1% of the total DBPs formed) in conventional chlorine pools resulted in a
substantial increase in calculated cytotoxicity and accounted for 40% of the calculated

cytotoxicity in the conventional chlorine sample.

Trichloroacetaldehyde, despite being the least cytotoxic haloacetaldehyde
quantified, contributed 22% of the average calculated cytotoxicity of all pool samples. In
the conventional chlorinated pool sample, trichloroacetaldehyde accounted for 17% of

the total calculated cytotoxicity and 26% in the salt water pool samples. Although to a
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lesser degree, this finding is consistent with a previous study in which
trichloroacetaldehyde was cited as a significant driver of calculated cytotoxicity in
swimming pools (Carter et al., 2019). Unlike HANs and HALSs, HAAs did not have a
clear driver of cytotoxicity in conventional chlorinated pool samples, but was driven by
several HAAs like chloroacetic acid (4%), bromoacetic acid (5%), dichloroacetic acid
(4%), and trichloroacetic acid (3%).

In salt water pools, the calculated cytotoxicity was driven by HAAs (41%), HALS
(33%), and HANs (17%). On average, dichloroacetic acid contributed 39% to the
calculated cytotoxicity for HAAs despite contributing 77% of the HAASs detected.
Chloroacetic acid, which contributed 31% of the calculated cytotoxicity of the HAAs,
only accounted for 5% of the average HAAs formed. Trichloroacetaldehyde contributed
to 26% of the total calculated cytotoxicity but only 17% of the average total DBPs in salt
water pool samples. Dichloroacetonitrile (7%) and dibromoacetonitrile (4%) were the
primary HANs contributing to calculated cytotoxicity in salt water pool samples. The
cases described above further showcase the importance of utilizing “TIC-Tox” to
determine drivers of calculated cytotoxicity rather than inferring toxicity based on total

DBP concentrations.

All classes of DBPs saw a decrease in calculated cytotoxicity when comparing the
conventional chlorine pool to the salt water pool, with the exception of HAAs that saw an
increase of 31%. When compared to conventional chlorinated pool samples, Br-HAAs
and Br/CI-HAAs were major contributors to the increase in calculated cytotoxicity. The
calculated cytotoxicity contributed by bromochloroacetic acid and dibromoacetic acid

saw a 268% and 250% increase, respectively, in the salt water pool. Interestingly,
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bromoacetic acid was not detected in salt water pool samples but was present at low
levels (1.2 pg/L) in the conventional chlorinated pool sample and contributed 5% of the
total calculated cytotoxicity of that sample. Chloroacetic acid, dichloroacetic acid, and
trichloroacetic acid also saw an increase in calculated cytotoxicity (56%, 124%, and 25%,
respectively) when compared to the conventional chlorine pool sample, likely due to the

increase in bather load prior to the January sampling event (Table 3.1).

Calculated genotoxicity. Calculated genotoxicity decreased by 15% upon
implementation of a salt water system. Primary drivers of calculated genotoxicity were
HAAs, which accounted for 80% of the average calculated genotoxicity in all pool
samples. The calculated genotoxicity of the conventional chlorine pool samples was
driven by a combination of HAAs (62%) and HANSs (23%). Chloroacetic acid (47%) and
bromoacetic acid (14%) were the main contributors to calculated genotoxicity (Figure
3.3), despite only contributing 3% and <1% of the total DBPs in the conventional
chlorine pool sample, respectively. Like with calculated cytotoxicity, bromoacetonitrile
(18%) was also the primary driver of calculated genotoxicity in the conventional chlorine
pool sample, despite contributing <1% of the total DBPs formed. Chloroacetic acid
(86%) was the calculated genotoxicity driver in salt water pools samples, despite only

contributing 4% of the total DBPs formed.

All classes of DBPs saw a decrease in calculated genotoxicity in salt water pool
samples when compared to the conventional chlorinated pool, with the exception of
HALSs and HAASs, which saw an increase of 89% and 24%, respectively. IAAs (99%),
HANSs (89%), and HNMs (59%) saw the largest percent reduction in calculated

genotoxicity, but were only responsible for 7% of the total calculated genotoxicity in the
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salt water pool. Bromochloroacetic acid and dibromoacetic acid saw the largest increase
in calculated genotoxicity, with a 268% and 250% increase, respectively. However, this
increase in Br-HAAs only contributed 4% of the total genotoxicity of the pool samples.
Furthermore, bromoacetic acid was not detected in salt water pool samples, but was
present at low levels (1.2 pg/L) in the conventional chlorine pool sample, contributing

14% of the total calculated genotoxicity of that sample.

CONCLUSIONS

This study provides an extensive analysis of 60 DBPs in the same indoor
community pool treated with either conventional chlorine or electrochemically generated
chlorine (salt water). Of the 60 DBPs measured, 68% were detected at least once, with
dominant DBP classes including HAAs, HALs, and THMSs, with average concentrations
of 1763 pg/L, 522 pg/L, and 453 pg/L, respectively. DBP levels were consistent with
previous studies that reported these 3 classes, with the exception of trichloromethane,
which was present at 764 pg/L in the conventional chlorine pool sample, likely due to a
high residual chlorine (6.1 mg/L). This finding highlights the importance of maintaining a
lower residual chlorine (1.0 to 2.0 mg/L) and ensuring adequate ventilation in indoor
pools to decrease swimmers’ exposure to volatile DBPs. The switch from conventional
chlorine to a salt water system saw a 15% increase in the average total DBPs present,
driven by trichloroacetic acid and dichloroacetic acid. The overall increase in total DBPs
in the salt water pool samples was driven by the January sample which was collected
after an exercise class and contained 28% and 24% more total DBPs compared to the

conventional chlorine sample and the November salt water pool sample, respectively.
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However, the implementation of a salt water system led to a 45% and 15% decrease in
calculated cytotoxicity and genotoxicity, respectively. Calculated cytotoxicity values for
both conventional chlorine and salt water pool samples were driven by HALs, HANs, and
HAAs. This decrease in calculated cytotoxicity and genotoxicity further indicates that
maintaining a low residual chlorine is also just as important as limiting the bather load.
Further, our calculated cytotoxicity findings match well with a previous drinking water
study that demonstrated a statistically significant correlation between the concentration of
N-DBPs and cytotoxicity.>® Therefore, limiting the formation of N-DBPs by reducing the
amount of nitrogen sources like sweat and urine in swimming pools will be crucial in
reducing the overall toxicity of swimming pools, 101113114

I-THMs, HNMs, HAMs, and THMs contributed only 9% on average to the total
calculated cytotoxicity of all three pool samples. IAAs, despite their elevated levels of
toxicity, only contributed 1% of the calculated cytotoxicity, due to their presence at low
or non-detect levels. Trichloroacetaldehyde was the primary driver of calculated
cytotoxicity, contributing 22% of the calculated cytotoxicity on average.

Calculated genotoxicity values for both conventional chlorine and salt water pool
samples were driven by HNMs, HANs, and HAAS, with chloroacetic acid contributing
72% on average, despite only accounting for 3% of the average total DBPs. HAMs,
HALSs, and I-THMs were not significant contributors to calculated genotoxicity due to
their presence at low or non-detect levels. Further, despite their high levels, THMs are
not genotoxic in CHO cells®, so they did not contribute to the calculated genotoxicity for

these pool samples.
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lon chromatography analysis of the sodium chloride used in the salt water pool
system revealed a 0.05% bromide impurity. Based on the average salinity required for
salt water pools, this 0.05% impurity results in an increase of bromide levels by more
than 100 pg/L. As a result, the concentration of Br-DBPs and Br/CI-DBPs increased from
49.9 ug/L to 86.1 pg/L, a 73% increase. This increase in Br-DBPs was primarily driven
by bromochloroacetic acid, which increased by 268% to 54.9 pg/L, but did not

substantially contribute to the calculated genotoxicity.

This study provides important insights for pools utilizing conventional chlorine vs
electrochemically generated chlorine (salt water). Overall, the change from a
conventional chlorinated pool to a salt water pool system reduced the calculated
cytotoxicity and genotoxicity despite the presence of a bromide impurity and the increase
in bather load prior to the second (January) salt water sample. Due to the increasing
popularity of salt water pools, future work focusing on controlled lab reactions and
measurement of whole water toxicity of salt water pools using a variety of sodium
chloride salts would be beneficial to better understand the impact bromide impurities may
have on the toxicity of the pool water. Additionally, future research studying a larger
number of both indoor and outdoor pools (utilizing both salt water and conventional
chlorine) will aid in a more robust understanding of the factors that drive toxicity in each

treatment technique.
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Table 3.1. Sampling information (date, time, disinfectant technology used), water quality parameters (pH, residual chlorine),

TABLES AND FIGURES

estimated bather load, THM levels, HAA levels, and total DBPs.

(1/12/2022)

generated chlorine*

participants

Sample Residual . Total
Sample ID Collection Disinfectant pH Chlorine E)éelgélsse -(I_H}\I/Ij E_IA/’I“j DBPs
Time (mg/L) HY H9 (ug/L)

May sample , 12% liquid sodium No, typical
(5/17/2021) 1:00PM hypochlorite 74 6.1 bather load i 1066 2541

November . )

. Electrochemically No, typical

sample 12:30 PM generated chlorine* 7.5 3.2 bather load 322 1798 2613
(11/18/2021)

January sample 1:10 PM Electrochemically 73 20 Yes, 8-10 260 2495 3951

*salt water pool
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Table 3.2. DBPs quantified in conventional chlorine or salt water pools (ug/L).2 "

conventional salt water
chlorine
DBP class Name Abbreviation May November January
Trichloroacetaldehyde TCAL 580+15.0 448+10.7 532+58.3
Bromodichloroacetaldehyde BDCAL 1.0£0.0 ND 4.8+0.2
AL Dibromochloroacetaldehyde DBCAL 0.2+0.0 ND 0.1+0.0
Tribromoacetaldehyde TBAL ND ND 0.1+0.0
Trichloroacetonitrile TCAN 0.6+0.0 0.3£0.0 0.5+0.0
Dichloroacetonitrile DCAN 5.240.3 5.4+0.2 4.2+0.4
Chloroacetonitrile CAN 6.3+0.1 2.6x0.2 1.4+0.0
HANSs Bromochloroacetonitrile BCAN 0.2+0.0 0.3£0.0 0.5+0.0
Bromoacetonitrile BAN 3.1+0.0 ND ND
Dibromoacetonitrile DBAN 0.2+0.0 0.1+0.0 0.4+0.0
lodoacetonitrile IAN ND ND ND
1,1-Dichloropropanone 11DCP 2.8+0.1 ND ND
HKs Chloropropanone CP 18.0£1.0 4.6x£0.2 3.5£0.4

1,1,1-Trichloropropanone 111TCP 8.2+0.3 1.0+0.0 0.9+0.0
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conventional

salt water
chlorine
DBP class Name Abbreviation May November January
1,1-Dibromopropanone 11DBP ND ND ND
1-Bromo-1,1-dichloropropanone 1B11DCP 0.3+0.0 0.2+0.0 0.3+0.0
1,3-Dichloropropanone 13DCP 2.8+£0.0 0.7£0.1 0.7+0.1
HKs 1,1,3-Trichloropropanone 113TCP 1.6+0.1 0.2+0.0 ND
1,1,3,3-Tetrachloropropanone 1133TeCP 0.8+0.0 ND ND
1,1,3,3-Tetrabromopropanone 1133TeBP ND 3.1+0.3 1.7+0.4
Trichloronitromethane TCNM 4.61+0.1 2.4+0.1 1.7£0.1
Dichloronitromethane DCNM 0.4+0.0 ND ND
HNMs
Bromochloronitromethane BCNM 0.2+0.0 ND ND
Dibromonitromethane DBNM ND ND ND
Trichloromethane TCM 764+14.8 318+29.0 257+38.1
Tribromomethane TBM 0.3+x0.0 ND ND
THMs
Dibromochloromethane DBCM 0.910.1 0.2+0.0 0.3£0.0
Bromodichloromethane BDCM 11.840.1 3.5+0.1 3.0£0.1
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conventional

salt water
chlorine
DBP class Name Abbreviation May November January
Dichloroiodomethane DCIM ND ND ND
Bromochloroiodomethane BCIM ND ND ND
Dibromoiodomethane DBIM ND ND ND
I-THMS
Chlorodiiodomethane CDIM ND ND ND
Bromodiiodomethane BDIM 0.5+0.0 ND ND
lodoform TIM ND ND ND
Chloroacetamide CAM ND ND ND
Bromoacetamide BAM ND ND ND
Dichloroacetamide DCAM 21.5+0.9 ND 3.4+0.2
Bromochloroacetamide BCAM ND ND ND
HAMs lodoacetamide IAM ND ND ND
Trichloroacetamide TCAM 37.0+1.8 23.1+0.8 9.0£0.7
Dibromoacetamide DBAM ND ND ND
Bromodichloroacetamide BDCAM 1.5+0.1 1.9+0.0 0.6+0.0
Chloroiodoacetamide CIAM ND ND ND
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conventional

salt water
chlorine
DBP class Name Abbreviation May November January
Bromoiodoacetamide BIAM ND ND ND
Dibromochloroacetamide DBCAM ND ND ND
HAMs Tribromoacetamide TBAM ND ND ND
Diiodoacetamide DIAM ND ND ND
Chloroacetic acid CAA 67.5+6.8 120+5.6 90.9+5.5
Bromoacetic acid BAA 1.2+0.0 ND ND
Dichloroacetic acid DCAA 730+113 1298+150 1969+32.5
Trichloroacetic acid TCAA 238+23.4 317+17.6 277+24.6
HAAs Bromochloroacetic acid BCAA 14.9+0.7 40.7+3.6 69.1+2.7
Bromodichloroacetic acid BDCAA 7.0£0.2 9.0+0.3 6.5+0.4*
Dibromoacetic acid DBAA 2.840.1 7.5£0.5 12.0+£0.7*
Dibromochloroacetic acid DBCAA 3.9+0.1 4.2+0.0 0.5+0.0*
Tribromoacetic acid TBAA ND 1.6+0.0 0.2+0.0*
lodoacetic acid IAA 0.2+0.0 ND ND
IAAs Chloroiodoacetic acid CIAA ND ND 0.3+0.1*




¢S

conventional

salt water
chlorine
DBP class Name Abbreviation May November January
Bromoiodoacetic acid BIAA ND ND ND
IAAS Diiodoacetic acid DIAA ND ND 0.3+0.0*

&Values reported as average + standard deviation of triplicate measurements; *Values reported as average + standard error of duplicate

measurements; ND = not detected.
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Figure 3.1. Total concentration of DBPs by class in conventional chlorine and salt water
pool samples (ug/L).
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Figure 3.2. Calculated cytotoxicity of DBPs by class in conventional chlorine and salt
water pool samples. Note that cytotoxicity data for haloketones (HKs) are currently not
available in literature.
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Figure 3.3. Calculated genotoxicity of DBPs by class in conventional chlorine and salt
water pool samples. Note that genotoxicity data for HKs are currently not available in
literature. I-THMs and THMs are not shown in this figure due to their presence at low or
non-detect levels and/or their low genotoxicity values reported in literature.
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CHAPTER 4

USING GAS CHROMATOGRAPHY - HIGH RESOLUTION-MASS
SPECTROMETRY TO IDENTIFY UNKNOWN DBPS IN TEA

3Li, J.; Aziz, T.; Granger, C.0.; Richardson, S.D. Are Disinfection Byproducts (DBPSs)
Formed in My Cup of Tea? Regulated, Priority, and Unknown DBPs. Environ. Sci.
Technol. 2021, 55, 19, 12994-13004.
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ABSTRACT

Globally, tea is the second most consumed non-alcoholic beverage and is an
important pathway of disinfection by-product (DBP) exposure. When boiled tap water is
used to brew tea, residual chlorine can produce DBPs by the reaction of chlorine with tea
compounds. In a previous study, 60 regulated and priority, unregulated DBPs were
measured in Twinings green tea, Earl Grey tea, and Lipton tea that was brewed using tap
water or simulated tap water (nanopure water with chlorine). Total organic halogen
(TOX) measurements of brewed tea reveal that the 60 regulated and priority, unregulated
DBPs only accounted for 4% of TOX, with 96% of the unknown TOX likely being
unidentified halogenated DBPs. Much of this unknown TOX may be high molecular
weight haloaromatic compounds, likely formed by the reaction of chlorine with
polyphenols present in tea leaves. The identification of six haloaromatic DBPs, including
two monochloro-hydroxyphenols, two monochloro-trinydroxybenzenes, and two
dichloro-trihydroxybenznenes using gas chromatography (GC)-high resolution-mass
spectrometry (MS) indicates this may be the case. Further studies on the identity and
formation of these aromatic DBPs should be conducted, since haloaromatic DBPs can

have significant toxicity.
INTRODUCTION

Globally, tea is the second most consumed non-alcoholic beverage next to drinking
water.!*>11® World production of tea was ~4.8 million tons in 2012, and per capita
consumption is ~100 g/year.*>7 Popular types of tea include green and black tea, both
of which use leaves from the Camellia sinesis plant.}*® Green tea is not fermented

(oxidized), while black tea has undergone fermentation (oxidation). In East Asian
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countries, tea is generally brewed using boiled water and loose tea leaves, and in Western
countries, tea bags are popular.*'® Both green tea and black tea contain approximately
500 compounds, including polyphenols, amino acids, caffeine, pigments, esters,
polysaccharides, vitamins, minerals, and aromatic substances.!*®12%121 Some of these
compounds have functional groups that can react with chlorine to form disinfection by-
products (DBPs). For example, chlorine is well known to undergo electrophilic aromatic

substitution reactions with phenols to form DBPs.1?2123

To protect drinking water safety, disinfection is widely used to control waterborne
pathogens.?* Although disinfection is important, one downside is DBP formation.>2°
Epidemiologic studies show that bladder cancer, colorectal cancer, and adverse birth
outcomes are associated with DBPs in drinking water 6811:13-1593.126-135 Elayen DBPs are
currently regulated in the U.S.,**® and DBPs are also regulated in other countries.*? Thus,
DBPs are a global concern. While chloramine and ozone are often used for disinfection,
chlorine is still the most commonly used chemical disinfectant for drinking water.**” To
control the regrowth of microorganisms, residual chlorine is typically maintained in
drinking water distribution systems.''>13 |n the U.S. and China, up to 4 mg/L residual
chlorine is allowed, and up to 0.5 mg/L is generally maintained in the UK 119:136.139.140
Boiling water in a kettle removes only 5-19% of the chlorine residual.!*® Therefore, a
significant chlorine residual remains, which can form DBPs when this water is used to

make tea.

In this study, we performed large scale solid phase extractions of three popular green
and black teas in the U.S. (Twinings green tea, Earl Grey tea, and Lipton tea) using XAD

resins. These extracts were then analyzed using gas chromatography-high resolution-
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mass spectrometry to identify unknown halogenated DBPs. In completing this study, six
DBPs were identified for the first time in tea. Further studies on the identity and
formation of these aromatic DBPs should be conducted, since haloaromatic DBPs can

have significant toxicity.
MATERIALS AND METHODS

Chemicals and Reagents. Ethyl acetate and methanol were purchased from Sigma-
Aldrich and Honeywell International (Muskegon, M) at the highest purity. Twinings
green tea, Twinings Earl Grey (black) tea, and Lipton (black) tea (all in tea bags, 2.0 g,
2.0 g, and 4.1 g, respectively) were purchased from a local supermarket. Earl Grey and
Lipton teas were both fermented black teas. Experiments were conducted using nanopure

water (18.2 MQ).

Experimental Design. For the analysis of unknown DBPs, a higher residual
chlorine level (4 mg/L, before boiling) was used to allow somewhat higher levels of
DBPs to enable their detection by gas chromatography (GC)-full-scan mass spectrometry,
and to simulate real tap water with the maximum level of residual chlorine allowed by
regulation.!*! In addition, 200 pg/L sodium bromide as bromide and 20 pg/L sodium
iodide as iodide were added to the simulated tap water (nanopure water with chlorine) to
mimic real source waters that can have high bromide and iodide.3%*41-143 |n these cited
studies, bromide in Rolla, MO tap water was 10.1 pg/L,'*? and iodide in Hong Kong tap
water was 0.1-0.4 pg/L.*3 Tea was brewed in 1 L and 2 L beakers (1 L water per tea
bag), then the tea was cooled at room temperature (combined brew and cooling time of
30 min). Control experiments were also conducted using boiled nanopure water.

Experiments for unknown (non-target) DBP identification were conducted in duplicate.
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Total Organic Halogen (TOX). Total organic chlorine (TOCI), bromine (TOBr),
and iodine (TOI) were analyzed using a Mitsubishi TOX analyzer (Mitsubishi Chemical
Analytech, Chigasaki, Japan; Cosa Xentaur, Yaphank, USA). Procedures were based on
published papers, with a few modifications described in Appendix C.>36113" Briefly,
acidified samples (pH < 2) were adsorbed onto activated carbon, washed with sodium
nitrate, and combusted at 1000 °C in the presence of oxygen and argon as the carrier gas.
Combusted gases were collected in an aqueous solution containing 0.03% hydrogen
peroxide, which was analyzed for chloride, bromide, and iodide using a Dionex 1600 ion

chromatograph (Dionex, Sunnyvale, CA).

Non-Target Identification of Unknown DBPs in Tea. For the non-target analysis
of unknowns, samples were extracted using pre-cleaned XAD resins as described in our
previous research.*® Briefly, 5.0 L tea was acidified to pH <1 using concentrated H2SO4.
A glass column was packed with two kinds of XAD resins (XAD-2 and XAD-8, 9 mL
each). XAD resins were preconditioned with 25 mL of nanopure water, 12.5 mL of 0.1 M
HCI, 12.5 mL of 0.1 M NaOH, 25 mL of 0.1 M HCI, and 25 mL nanopure water, in
sequence. Afterwards, aqueous samples were passed through the XAD resins and allowed
to drain completely. Adsorbed compounds (i.e., DBPs) were eluted with 70 mL ethyl
acetate. The eluent was collected, residual water removed using a separatory funnel,

further dried with Na2SO4, and concentrated to 0.2 mL with high-purity nitrogen.

A LECO Pegasus GC-HRT time-of-flight (TOF) high resolution mass spectrometer
(GC-HRT-TOF-HRMS; 50,000 resolution; LECO Corp., St. Joseph, MI) was used for
these non-target analyses with electron ionization (EI) at 70 eV in full-scan mode (m/z 33

to 530). Procedures were similar to a previously published paper from our lab.>® Extracts
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(1.5 uL) were injected into the inlet in pulsed spitless mode. The GC oven temperature
program was as follows: initial temperature held at 35 °C for 4 min, increased to 280 °C
at 9 °C/min, and then held for 20 min. Samples were chromatographically separated
using a Restek Rxi-5ms GC column (30m x 0.25 mm ID x 0.25 pm). The transfer line

was held at 280 °C and the source temperature was held at 225 °C.

The numbers and types of halogens were determined using characteristic isotopic
patterns, and high resolution-MS was used to determine empirical formulas for the
molecular ions and fragment ions. Based on the fragmentation patterns and molecular
formulas, possible structures were proposed. Library database searching (NIST) was also

utilized.

Quality Assurance and Quality Control. To ensure data quality, solvent blanks
and procedural blanks (boiled nanopure water brewed tea) were used to confirm the
formation of DBPs. Results revealed that none of the DBPs identified in the study were

detected in either solvent blanks or procedural blanks.
RESULTS AND DISCUSSION

Role of Tea in DBP Formation and Total Organic Halogen. Tea is rich in
polyphenols,** which contain activated benzene rings that can readily react with
chlorine,****producing halogenated (poly)phenols and other compounds that might be
stable end products under the conditions used for brewing tea. As a result, higher
molecular weight DBPs might be more dominant than the 60 lower molecular weight
DBPs quantified in the previous study. To test this hypothesis, total organic chlorine,

bromine, and iodine (TOCI, TOBr, and TOI) were measured in tea brewed using boiled
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simulated tap water. Total organic halogen (TOX) in simulated tap water brewed tea was
66 pg/L (as CI). Results revealed that the 60 regulated and priority unregulated DBPs
only account for 3.7% of the TOX in tea brewed using simulated tap water (Figure 4.1).

This finding confirms that most of TOX in tea is due to unknown halogenated DBPs.

TOCI was the dominant contributor to TOX in simulated tap water brewed tea with
an average contribution of 94%. In a previously published study on simulated tap water
treated tea, 164-196 pg/L (as CI") of TOX was generated when instant tea reacted with 4
mg/L chlorine for 24 h.}*! These higher TOX levels are likely due to a higher chlorine
level and longer contact time compared to our present study. TOI was not detected above
the limit of quantification (5 pg/L) and TOBr was present at 0.8 pg/L in simulated tap

water brewed tea.

Non-Target Identification of Unknown DBPs. For the identification of unknown
tea DBPs, simulated tap water (containing only bromide, iodide, and chlorine) was used
as the water source to investigate DBPs formed directly from tea precursors only. Six
unknown DBPs were identified using GC with high resolution-MS as halogenated
dihydroxybenzenes and halogenated trihydroxybenzenes. These six DBPs are reported
here for the first time as tea DBPs. Haloaromatic DBPs are important to study due to their
elevated levels of toxicity compared to aliphatic DBPs (THMs and HAASs).1*8 Han et al.
(2021) recently published a study that revealed haloaromatic DBP fractions of
chlorinated water samples were more toxic than the corresponding aliphatic DBP
fractions (THMs and HAAs). Given this, research into identifying new routes of
exposure to haloaromatic DBPs is important to improve the overall safety of commonly

consumed beverages.
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Two haloaromatic DBPs (DBP-1 and DBP-2) had full-scan mass spectral matches in
the NIST library and could be tentatively assigned as two mono-chloro-hydroxyphenols.
High resolution data for the molecular ions, as well as isotopic patterns and fragment
ions, supported these structural assignments (Table 4.1). Structures of DBP-1 and DBP-2
were not confirmed, due to high number (six) of possible isomers and difficulty in

obtaining some of the standards.

Four haloaromatic DBPs (DBP-3, DBP-4, DBP-5, and DBP-6) were not present in
the NIST library database, and their structures were proposed as described below. DBP-3
and DBP-4 at RT 17.19 and 20.29 min, respectively, have the same molecular ion at m/z
160/162, with an isotopic abundance ratio of 3:1, indicating that these compounds contain
1 chlorine atom (Figure 4.2). Their accurate masses and isotopic abundance ratios
matched well with those of monochloro-trihydroxybenzenes (theoretical and observed
m/z of 159.9922 and 159.9922, respectively; A=0.0 ppm). Fragment ions m/z
141.9818/143.9789, 117.9817, 85.9918, and 71.9762 are due to [M-H.0]", [M-
C(OH)CHY*, [M-C2H20s]*, and [M-C3H403]" respectively (Table 4.1). DBP-5 and DBP-
6 at RT 20.10 and 20.49 min have the same molecular ion at m/z 194/196/198, and an
isotopic abundance ratio of 9:6:1, indicating that these compounds contain 2 chlorine
atoms (Figure 4.2). A molecular formula of CeH4Cl>03 was indicated by the accurate
mass of m/z 193.9534 (theoretical m/z of 193.9532; A=1.03 ppm). These compounds are
proposed to be dichloro-trihydroxybenzenes. Accurate mass data indicate that fragment
ions m/z 175.9433/177.9399, 119.9528, and 112.9789 are due to [M-H20]", [M-

C2H203]", and [M-CI-CHOOH]", respectively (Table 4.1). This is the first time
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halogenated trihydroxybenzenes have been reported as DBPs in both drinking water and

tea.

Semi-quantitative Analysis of 6 Haloaromatic DBPs. Semi-quantitative analysis
of the six newly identified was conducted. Due to the lack of standards, their
concentrations were calculated using a one-point calculation curve of 4-chlorophenol
(4CP; 10 mg/L) to obtain a 4CP-equivalent concentration (Table 4.2). The total
concentrations were 356.8, 788.4, and 4036.2 ng/L for Earl Grey tea, Lipton tea, and
green tea, respectively, with DBP-6 being the dominant DBP formed. Future work
focusing on synthesizing standards of the newly identified DBPs is critical for

quantitative analysis.
IMPLICATIONS

Tea is the second most globally consumed non-alcoholic beverage, accounting for a
large portion of the daily consumption of tap water. Residual chlorine in tap water may
react with the polyphenols present in tea leaves to form aromatic DBPs. TOX analysis of
brewed tea revealed that 96% of halogenated DBPs in tea are unknown. To identify
unknown DBPs, tea was brewed using simulated tap water and extracted using XAD
resins. Analysis of the tea extracts via gas chromatography-high resolution-mass
spectrometry reveals the presence of six newly identified haloaromatic DBPs in tea. The
newly identified DBPs include two monochloro-hydroxyphenols, two monochloro-
trihydroxybenzenes, and two dichloro-trinydroxybenznenes. Further studies on the
identity and formation of these aromatic DBPs should be conducted, since haloaromatic

DBPs can have significant toxicity when compared to aliphatic DBPs.*#°
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To lower DBP/TOX levels, chlorine-free bottled water could be used as a substitute
for tap water when brewing tea. Recent studies also indicate that adding ascorbate or
lemon slices (rich in Vitamin C) before boiling could reduce the toxicity of DBPs in
chlorinated tap water.*>!°! This may be another simple way to mitigate DBP risks when

preparing hot tea.
Acknowledgments

We acknowledge funding from the National Science Foundation (CBET
1705206), the University of South Carolina, and the Chinese Scholarship Council

(201906250099 and 201906205007)

64



TABLES AND FIGURES

120 [ ]TOX
__|TOCI

I TOBr

] TOl

—_—
[#2] o] o
o o (=]
I I T

Concentrations as CI (ng/L)
5
—
—

—_
o
LY
TTTTANT

ND ND
Yo Fs
TOX intea TOX in quantified DBPs

Figure 4.1. Total organic halogen in simulated tap water brewed tea (ND= not
detectable)

w
T

o

65



£686°L9L ~

22107851

CsHsCIO3*

159.9922

68.6°EVL A
8186'LYL 7

CeH3CIO2*

4

veE6O'ZEL —
8186°621

00S6°LZL
82S6°61L1
LI86°LLL >
€9.6'VLL >
06.6°CLL >

C4H3ClO2*

£€856°C01L

9926796 1
0EL0°S6

CeHsClO3
monochloro-trihydroxybenzenes

06.6°88

816658 33
LY86°v8

(a) DBP-3, DBP-4

C4HsCI*

65666

LLL6'SL

Lw86°2L >
Z9L6°LL

CsHCI*

\
OH);
m/z (observed) = 159.9922

id =
~

Cl

m/z (theoretical) = 159.9922

8L66°L9

|

120

|

80

|
wn
N~

|
Xl
N

50

|
o
o

aduepunqy aAne|dy %

o

160

140

100

60

40

m/z

CsH4Cl203*

I

¥056°561

193.9534

(b) DBP-5, DBP-6

cl,

i 99%0°88 1 >—
92490°98) >——

§810°081 .

B6E6°LLIE
EEPE'SLL

CsHzC1202*

f
-
o._.na.mm_.Tl..h.

£Z66°65 1 >—
YZZL'LS) —
7896°¥5 1

3

2000'6% 1 >—4
8020 L7} ]
1800271 >3

SLL0 .mn_.j
1286'6Z1 ]

k
S0S6°LZL ]
8Z56°61 |

8L50°9L1 >3
68L6°T 1) —y
L6601 >—=
6S2T0P0} >

$9.0°66 -]
91696
S686'76 3

CeHaCl203
dichloro-trihydroxybenzenes
CsH2CIO* C4H.ClZ*

Lib Ly

Z9.6°€8 >

4
9¥66°8.L >

010094 >
69¥0°CL >3

¥120°69 >
1050729

(OH);

m/z (observed) = 193.9534

E

m/z (theoretical) = 193.9532

—
(=]
o
-—

[Tp]
M~

aduepunqy aAlle|dy %

66

200

180

160

140

120

100

80

60

40

m/z

Figure 4.2. High resolution mass spectra of unknown DBPs in tea.
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Table 4.1. Unknown DBPs identified in simulated tap water brewed tea.?

Theoretical m/z Observed m/z A(ppm)

DBP Formula Retention time (min)

M+2 M+4 M M+2 M+4 M M+2 M+4
DBP-1  CeHsCIO: 13.28 143.9973 145.9943 -- 143.9974 145.9944 -- 0.69 0.68 --
DBP-2  CgHsCIO> 14.07 143.9973 145.9943 -- 143.9974 145.9946 -- 0.69 2.05 --
DBP-3  CgHsClOs 17.19 159.9922 161.9892 -- 159.9923 161.9894 -- 0.63 1.23 --
DBP-4  CgHsCIO; 20.29 159.9922 161.9892 -- 159.9922 161.9893 -- 0 0.62 --
DBP-5 CgH4Cl203 20.10 193.9532 1959503 197.9477 193.9534 1959504 197.9475 1.03 051 -1.01
DBP-6 CsH.Cl,05 20.49 193.9532 195.9503 197.9477 193.9533 195.9503 197.9474 0.52 0 -1.52

& Unknown DBPs were detected in all tea samples.



Table 4.2. Semi-quantitative concentrations of haloaromatic DBPs in simulated tap water

brewed tea (ng/L).?

DBP Lipton tea Green tea Earl Grey
DBP-1 (4CP-eq) 38.8+15.8 4.4+0.6 1.3+1.3
DBP-2 (4CP-eq) 94.6+14.8 7.3x1.1 21.6+£3.4
DBP-3 (4CP-eq) 109+43.5 43.5+46.4 69.0+3.1
DBP-4 (4CP-eq) 263+181 663+393 40.8+34.3
DBP-5 (4CP-eq) 102+66.1 1115+180 20.1+7.6
DBP-6 (4CP-eq) 181+3.2 2203+882 204+86.8

4Duplicate analyses; for DBP-10, DBP-11, DBP-12, DBP-13, DBP-14, and DBP-15, due to lack of
corresponding standards, their concentrations were calculated using a one-point calibration curve (10 ppm

4-chlorophenol (4CP)) to obtain a 4CP-equivalent concentration).
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APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER 2
Chinese Hamster Ovary (CHO) Cell Chronic Cytotoxicity Assay.

Chronic cytotoxicity was measured using XAD extracts collected at each sampling
location. XAD extracts were solvent exchanged from ethyl acetate to dimethyl sulfoxide
(DMSO) using nitrogen to blow to near dryness. A 96-well flat-bottomed microplate was
used with one column serving as a blank control (200 pL of F12 and 5% fetal bovine
serum (FBS)), another column serving as a concurrent negative control (3x10® CHO
cells, F12, and FBS), and the remaining columns contained 3x10° CHO cells, F12, FBS,
and a known volume of sample extract for a total volume of 200 puL. Once the microplate
was prepped, it was covered with AlumnaSeal™ and placed on a rocking platform at 37
°C for two 5 min-periods with the microplate turning 90° after the first 5 min interval.
This step is important as it ensures that there is an even distribution of cells across the
bottom of the microplate wells. The cells were then incubated for 72 hr at 37 °C (5%
CO»). After the 72 hr, each cell was aspirated and the cells were fixed in methanol for 5
min and stained for 5 min using 1% crystal violet solution in 50% methanol. The
unattached crystal violet was then removed via a washing step and the microplate was
dried. Each well on the microplate received 50 puL of a DMSO/methanol mixture (3:1
v/v) and was then incubated at room temperature for 5 min. The microplate was analyzed
using a SpectraMax microplate reader at 595 nm. The assay was calibrated and there was

a direct relationship between the absorbance of the crystal violet dye associate with cell

86



density and the number of viable cells.*>? Every well was blank subtracted using the
average of the blank and the average blank corrected absorbance value of the negative
control was set to 100%. The absorbency for each treatment group well was converted
into a percentage of the negative control. For each sample, a range finding experiment
along with two independent experiments were conducted and used to construct a
concentration-response curve. Regression analysis was applied to each concentration-
response curve and a median lethal concentration (LCso) value was calculated. The LCso
is the concentration of sample that induced a cell density that was 50% of the negative
control. The average and standard error (SE) were derived from multiple regression
analyses using bootstrap statistics.3>1°31% | Cs values were then converted to
cytotoxicity index (CTI), defined as LCso(10%), thus making the comparison between

samples easier (a higher CTI, higher cytotoxicity).
Chinese Hamster Ovary (CHO) Cell Single Cell Gel Electrophoresis (SCGE) Assay.

The day before analysis, 4x10* CHO cells were added to a microplate containing 200 pL
of F12 medium and 5% fetal bovine serum (FBS) and incubated at 37 °C for 16-20 hrs.
Cells were then rinsed with Hank’s balanced salt solution (HBSS) and treated with a
range of concentrations from each sample extract in F12 medium (total volume of 25 pL)
without FBS present for 4 h at 37 °C with 5% CO,. With each experiment conducted,
there was a negative control along with a positive control (3.8 mM ethyl
methanesulfonate, EMS). The microplates were covered with AlumnaSeal™ to prevent
contamination. After the incubation period, the cells were washed two times with HBSS
and harvested with 50 pL of 0.01% tryspin and 53 uM EDTA. The tryspin was

inactivated with 70 pL of F12 and FBS. A 10 pL aliquot of cell suspension was then
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removed and mixed with 10 pL of 0.05% trypan blue vital dye in phosphate buffered
saline (PBS) to measure acute cytotoxicity.'®® If the cell suspension had acute
cytotoxicity above 30%, SCGE data was not used. Prior to the experiment, a clear
microscope slide coated with 1% normal melting point agarose was prepared using
deionized water and allowed to dry overnight. Then, the cell suspension was embedded in
a layer of low melting point agarose prepared using PBS and placed onto the slides for
analysis. The samples were transferred to a tray and placed on ice to solidify. Once
solidified, a layer of 0.5% low melting point agarose was placed as the final layer. To
remove the cellular membranes, samples were placed in a lysing solution (2.5 M NaCl,
100 mM Na2EDTA, 10 mM Tris, 1% sodium sarcosinate, 1%Triton X-100, and 10%
DMSO) at 4°C overnight. The following day, samples were removed from the lysing
solution and placed in an alkaline buffer (pH 13.5) in an electrophoresis tank to denature
the DNA for 20 min. The microgels were electrophoresed at 25 V, 300 mA (0.72 V/cm)
for 40 min at 4 °C. The microgels were then removed from the electrophoresis tank and
neutralized with Tris buffer (pH 7.5) and rinsed with cold water. The samples were then
dehydrated with cold methanol and dried at 50 °C and stored at room temperature in a
covered slide box. To analyze via a microscope, the microgels were hydrate with cold
deionized water for 20-30 min, stained with ethidium bromide (65 uL, 20 ug/mL) for 3
min, rinsed with cold water, and analyzed using a Zeiss fluorescence microscope with an
excitation filter of 546/10 nm and a barrier filter of 590 nm. Two microgels were
prepared per treatment group, and 25 randomly chosen nuclei were analyzed in each
microgel using a charged coupled device (CCD) camera. The %Tail DNA (the amount of

DNA that migrated from the nucleus into the microgel, a measure of DNA damage) was
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determined using an image analysis software (Comet IV, Perspective Instruments, Ltd,
Suffolk, UK).*” Experiments were repeated 2-4 times for each sample concentrate.
Concentration-response curves were generated for each sample extract along with an
analysis of variance (ANOVA) test used to determine the lowest concentration that
generated a significant reduction in genomic DNA damage. The average and standard
154

error (SE) were derived from multiple regression analyses using bootstrap statistics.

Genotoxicity index values (GTI; 50% Tail DNA*(10%)) were also calculated.
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Table A.1 Vendor information, retention time (RT), molecular mass, and quantifier and qualifier ions for 60 DBPs quantified in this

study.

DBP class Name Abbreviation Molecular R_T Q_uanUﬂer Quallfler
mass (Da) (min) ion (m/z) ion (m/z)

Trichloroacetaldehyde 2 TCAL 147.39 5.39 82.0 110.9
Haloacetaldehydes Bromodichloroacetaldehyde ® BDCAL 191.84 7.61 83.0 111/163.8

(HALs) Dibromochloroacetaldehyde ° DBCAL 236.29 9.77 128.9 127.9

Tribromoacetaldehyde 2 TBAL 280.74 11.69 172.8 171.8

Trichloroacetonitrile 2 TCAN 144.39 6.99 108.0 110.0

Dichloroacetonitrile 2 DCAN 109.94 6.14 74.0 82.0

Chloroacetonitrile 2 CAN 75.50 6.47 75.0 77.0

Haloacetonitriles
Bromochloroacetonitrile 2 BCAN 154.39 8.49 153.0 155.0
(HANS)

Bromoacetonitrile # BAN 119.95 8.72 118.90 120.9

Dibromoacetonitrile ? DBAN 198.84 10.70 117.9 199.0

lodoacetonitrile 2 IAN 166.95 11.44 167.0 126.9

1,1-Dichloropropanone ? 11DCP 126.97 6.92 63.0 83.0

Haloketones Chloropropanone 2 CP 92.52 7.05 92.0 94.0

(HKSs) 1,1,1-Trichloropropanone 2 111TCP 161.41 9.50 125.0 127.0

1,1-Dibromopropanone ® 11DBP 215.87 10.79 216.0 218.0
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DBP class Name Abbreviation mglic(lgz)r (rF;i-I;]) ?gg?;‘;gr %r‘la(lr':/;r
1-Bromo-1,1-dichloropropanone ;545 yp 20587  11.39 125.0 127.0
Haloketones 1,3-Dichloropropanone ° 13DCP 126.97 11.49 77.0 49.0
(HKs) 1,1,3-Trichloropropanone 2 113TCP 161.41 12.54 77.0 83.0
1,1,3,3-Tetrachloropropanone ° 1133TeCP 195.86 13.43 83.0 85.0
1,1,3,3-Tetrabromopropanone ° 1133TeBP 373.66 18.76 200.8 119.9
Trichloronitromethane # TCNM 164.38 6.98 116.9 119.0
Halonitromethanes Dichloronitromethane ° DCNM 129.93 7.07 83.0 85.0
(HNMs) Bromochloronitromethane ® BCNM 174.38 8.40 129.0 127.0
Dibromonitromethane ® DBNM 218.83 10.75 172.8 171.0
Trichloromethane 2 TCM 119.38 3.45 83.0 85.0
Trihalomethanes Tribromomethane 2 TBM 252.73 7.83 173.0 252.0
(THMs) Dibromochloromethane 2 DBCM 208.28 5.77 129.0 127.0
Bromodichloromethane 2 BDCM 163.83 4.23 83.0 129.0
lodinated- Dichloroiodomethane ° DCIM 210.83 6.35 83.0 126.9
trihalomethanes Bromochloroiodomethane ° BCIM 255.28 8.41 128.9 126.9
(I-THMs) Dibromoiodomethane DBIM 299.73 7.83 172.8 299.7
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DBP class Name Abbreviation Molecular R_T Q_uanUﬂer Quallfler
mass (Da) (min) ion (m/z) ion (m/z)
lodinated- Chlorodiiodomethane ® CDIM 302.28 10.80 174.9 126.9
trihalomethanes Bromodiiodomethane BDIM 34673 1520 218.8 220.8
(I-THMs) lodoform @ TIM 39373 1446 393.7 266.8
Chloroacetamide @ CAM 93.51 12.38 93.0 44.0
Bromoacetamide 2 BAM 137.96 14.48 137.0 44.0
Dichloroacetamide ° DCAM 127.96 14.66 44.0 127.0
Bromochloroacetamide ° BCAM 172.41 16.05 44.0 173.0
lodoacetamide @ IAM 184.96 16.75 158.0 85.0
Trichloroacetamide @ TCAM 162.4 16.45 44.0 82.0
Haloacetamides
Dibromoacetamide ¢ DBAM 216.86 17.29 44.0 217.0
(HAMs)
Bromodichloroacetamide P BDCAM 206.85 17.85 44.0 128.0
Chloroiodoacetamide ° CIAM 206.85 17.85 92.0 219.0
Bromoiodoacetamide P BIAM 263.86 18.69 136.0 138.0
Dibromochloroacetamide ° DBCAM 251.3 19.06 44.0 128.0
Tribromoacetamide ° TBAM 295.76 19.11 44.0 295.0
Diiodoacetamide P DIAM 310.86 20.75 184.0 311.0
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DBP class Name Abbreviation Molecular R.T Q_uanUﬂer Quallfler
mass (Da) (min) ion (m/z) ion (m/z)
Chloroacetic acid @ CAA 94,5 6.45 108.0 77.0
Dichloroacetic acid 2 DCAA 128.94 7.41 83.0 85.0
Trichloroacetic acid @ TCAA 163.39 8.42 119.0 117.0
Bromoacetic acid @ BAA 138.95 7.42 152 154
Haloacetic acids
Dibromoacetic acid 2 DBAA 217.84 9.91 173.0 175.0
(HAAS)
Tribromoacetic acid 2 TBAA 296.74 12.62 251.0 253.0
Bromochloroacetic acid 2 BCAA 173.39 8.72 129.0 127.0
Dibromochloroacetic acid 2 DBCAA 252.29 12.25 207.0 209.0
Bromodichloroacetic acid @ BDCAA 207.84 9.84 163.0 161.0
lodoacetic acid @ IAA 185.95 8.67 200.0 73.0
lodoacetic acids Chloroiodoacetic acid ° CIAA 220.39 10.43 234.0 175.0
(IAAS) Bromoiodoacetic acid P BIAA 264.84 11.54 151.0 278.0
Diiodoacetic acid ® DIAA 311.85 13.00 326.0 199.0
aSjgma-Aldrich. °CanSyn Chem. Corp. Aldlab Chemicals. “TCI America.
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Table A.2. Sampling dates and wastewater treatment plant details.

industrial

WWTP Sampling Dechlorination ..
D Dates 2 agent Origin of water | Treatment
M (9/23/2019)
WWTP 1 | W (9/16/2020) | sodium bisulfite Domestic and AS
industrial
W (9/15/2021)
M (9/9/2019)
WWTP 2 | W (9/30/2020) |  sulfur dioxide Domestic and TF
industrial
W (8/25/2021)
M (10/7/2019)
WWTP 3 [W (10/14/2020) | sodium bisulfite Domestic and TE
industrial
W (9/22/2021)
M (9/16/2019) -
WWTP 4 sulfur dioxide Dc.’”:jeS“‘? alnd TF
W (8/11/2021) Industria
WWTP5 | M (9/30/2019) |  sulfur dioxide Domestic and AS
industrial
WWTP 6 | W (10/6/2021) | sodium bisulfite Domestic and AS




WWTP Sampling Dechlorination Origin of water | Treatment
ID Dates 2 agent
. Domestic and
WWTP 7 W (8/4/2021) sulfur dioxide ) b oD
industrial
WWTP8 | W (9/1/2021) | sulfur dioxide Domestic and TE-AS
industrial
. Domestic and
WWTP 9 | W (10/13/2021) sulfur dioxide . b AS
industrial

Notes: ® where M = Monday, W = Wednesday; b indicates small contribution “AS” = activated

G6

sludge; “TF” = trickling filters; “OD” = oxidation ditch

Table A.3. Primary and secondary multiple reaction monitoring (MRM) transitions for iopamidol and ds-iopamidol

Target Analyte | RT (min) | Primary MRM Transition | Secondary MRM Transition
lopamidol 3.50 794.8 > 777.9 794.8 > 558.9
lopamidol-d8 3.51 802.9 > 785.8 802.9 >562.9
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Table A.4. DBP concentrations (ug/L) in upstream (U), downstream (D), and effluent (Eff) samples from 2019 (WWTP 1,2, and 3).

AT T WWTP 2 WWTP 3
Abbreviation U D Eff U 2 Eft U B Eff
TCAL N.D. N.D. 005£000  N.D. 016:0,00 001z000 NP 026000 0.90+0.05
BDCAL ~ NOD. N.D. 003:001 ND- N.D. N.D. ND- 005:000 050+0.02
DBCAL  ND. N.D. ND.  ND. N.D. N.D. N.D. N.D. 0.0540.00
TBAL N.D. N.D. ND.  ND. N.D. N.D. N.D. N.D. N.D.
TCAN N.D. N.D. ND.  N.D. N.D. N.D. N.D. N.D. N.D.
DCAN N.D. N.D. ND. ND. 0551003 1.2:0.1 ND-— 016:0.00 0.49:0.04
CAN N.D. N.D. ND.  ND. N.D. N.D. N.D. N.D. N.D.
BCAN ND. 0428002 gogr000 ND 0242004 084x006  ND- N.D. 0.2540.01
BAN N.D. N.D. ND.  ND. N.D. N.D. N.D. N.D. N.D.
DBAN ND. 002000 104000 ND- N.D. N.D. N.D. N.D. 0.03£0.00
IAN N.D. N.D. ND.  N.D. N.D. N.D. N.D. N.D. N.D.
11DCP N.D. N.D. ND.  ND. N.D. 0025000 ND 00740.00 0.3740.02
CP N.D. N.D. ND.  ND. N.D. N.D. N.D. N.D. N.D.
111TCP  NbD. N.D. 008:000 NP 0112000 020:000 NP 0221001 0.59:0.02
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T WWTP 2 WWTP 3
Abbreviation U D Eff U D Eff U D Eff
11DBP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
1B11DCP N.D. N.D. N.D. N.D. 0.050.00 N.D. N.D. N.D. N.D.
13DCP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
113TCP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.0140.00
1133TeCP  N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.0740.00
1133TeBP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TCNM N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.0340.00 N.D.
DCNM N.D. N.D. 007:000 ND: N.D. N.D. ND- 0012000 0.05+0.00
BCNM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DBNM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TCM NM NM NM NM NM NM N.D. 0.71+0.01 1.75+0.20
TBM NM NM NM NM NM NM N.D. N.D. N.D.
DBCM NM NM NM NM NM NM N.D. N.D. N.D.
BDCM NM NM NM NM NM NM N.D. N.D. N.D.
DCIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
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AT WWTP 2 WWTP 3
Abbreviation U D Eff U D Eff U D Eff
BCIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DBIM N.D. N.D. N.D. N.D. N.D. 0.460.01 N.D. N.D. N.D.
CDIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BDIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
CAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DCAM N.D. N.D. N.D. N.D. 0.5040.03 0.59+0.03 N.D. N.D. N.D.
BCAM N.D. N.D. N.D. N.D. 0.8440.07 L0+0.1 N.D. N.D. 0.1740.01
IAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TCAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.04240.00
DBAM N.D. N.D. N.D. N.D. 0.490.03 0.9440.02 N.D. N.D. N.D.
BDCAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
CIAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BIAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
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. WWTP 2 WWTP 3
Abbreviation U D Eff U D Eff U D Eff
DBCAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TBAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DIAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
CAA NM NM NM NM NM NM NM NM NM
BAA NM NM NM NM NM NM NM NM NM
DCAA NM NM NM NM NM NM NM NM NM
TCAA NM NM NM NM NM NM NM NM NM
BCAA NM NM NM NM NM NM NM NM NM
BDCAA NM NM NM NM NM NM NM NM NM
DBAA NM NM NM NM NM NM NM NM NM
DBCAA NM NM NM NM NM NM NM NM NM
TBAA NM NM NM NM NM NM NM NM NM

IAA N.D. N.D. N.D. N.D. N.D. 0.0540.00 N.D. 0.0 0.0240.00

CIAA N.D. N.D. N.D. N.D. N.D. 0003:0000  ND. N.D. 0.02840.009
BIAA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

0.009+0.001
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WWTP 1 WWTP 2 WWTP 3
Abbreviation U D Eff U D Eff U D Eff
DIAA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

& Values reported as average + standard error of duplicate measurements; N.D. : non-detect
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Table A.5. DBP concentrations (ug/L) in upstream (U), downstream (D), and effluent (Eff) samples from 2019 (WWTP 4 and 5).

WWTP 4 WWTP 5
Abbreviation u D Eff U D Eff
TCAL N.D. 0.13+0.00 0.09:0.00 N.D. N.D. 2.5+0.6
BDCAL N.D. N.D. N.D. N.D. N.D. 2 940.6
DBCAL N.D. N.D. N.D. N.D. N.D. 1.340.3
TBAL N.D. N.D. N.D. N.D. N.D. 0.11£0.01
TCAN N.D. N.D. N.D. N.D. N.D. N.D.
DCAN N.D. N.D. 0.18+0.01 N.D. N.D. 2.0£0.7
CAN N.D. N.D. N.D. N.D. N.D. N.D.
BCAN N.D. N.D. N.D. N.D. N.D. 11404
BAN N.D. N.D. N.D. N.D. N.D. N.D.
DBAN N.D. N.D. N.D. N.D. N.D. 0.16£0.05
IAN N.D. N.D. N.D. N.D. N.D. N.D.
11DCP N.D. N.D. 0.13£0.01 N.D. N.D. 0.68£0.16
cp N.D. N.D. N.D. N.D. N.D. N.D.
Hiree N.D. 0.13+0.00 0.170.01 N.D. N.D. 0.70£0.19
11DBP N.D. N.D. N.D. N.D. N.D.

0.11+0.02
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WWTP 4 WWTP 5
Abbreviation U D Eff U D Eff
1B11DCP N.D. N.D. N.D. N.D. 0.0740.00 0.6320 16
13DCP N.D. N.D. N.D. N.D. N.D. N.D.
113TCP N.D. N.D. N.D. N.D. N.D. 0.0840.02
1133TeCP N.D. N.D. N.D. N.D. N.D. 0.2440.02
1133TeBP N.D. N.D. N.D. N.D. N.D. N.D.
TCNM N.D. N.D. N.D. N.D. N.D. N.D.
DCNM N.D. N.D. N.D. N.D. N.D. 0.15:40.02
BCNM N.D. N.D. N.D. N.D. N.D. 13+0.3
DBNM N.D. N.D. N.D. N.D. N.D. N.D.
TCM N.D. N.D. N.D. N.D. 0.5140.01 40
TBM N.D. N.D. N.D. N.D. N.D. 0.03
DBCM N.D. N.D. 0.9940.12 N.D. N.D. N.D.
BDCM N.D. N.D. N.D. N.D. N.D. 20
DCIM N.D. N.D. N.D. N.D. N.D. N.D.
BCIM N.D. N.D. N.D. N.D. N.D. N.D.
DBIM N.D. N.D. N.D. N.D. N.D. N.D.
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WWTP 4 WWTP 5
Abbreviation U D Eff U D Eff
CDIM N.D. N.D. N.D. N.D. N.D. N.D.
BDIM N.D. N.D. N.D. N.D. N.D. N.D.
TIM N.D. N.D. N.D. N.D. N.D. N.D.
CAM N.D. N.D. N.D. N.D. N.D. N.D.
BAM N.D. N.D. N.D. N.D. N.D. N.D.
DCAM N.D. N.D. N.D. N.D. N.D. N.D.
BCAM N.D. N.D. N.D. N.D. N.D. 0.43+0.05
IAM N.D. N.D. N.D. N.D. N.D. N.D.
TCAM N.D. N.D. N.D. N.D. N.D. 0.1940.02
DBAM N.D. N.D. N.D. N.D. N.D. N.D.
BDCAM N.D. N.D. N.D. N.D. N.D. 0.1240.01
CIAM N.D. N.D. N.D. N.D. N.D. N.D.
BIAM N.D. N.D. 0.0640.01 N.D. N.D. N.D.
DBCAM N.D. N.D. 0.0340.02 N.D. N.D. N.D.
TBAM N.D. N.D. N.D. N.D. N.D. N.D.
DIAM N.D. N.D. N.D. N.D. N.D. N.D.
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WWTP 4 WWTP 5
Abbreviation U D Eff U D Eff
CAA NM NM NM NM NM NM
BAA NM NM NM NM NM NM
DCAA NM NM NM NM NM NM
TCAA NM NM NM NM NM NM
BCAA NM NM NM NM NM NM
BDCAA NM NM NM NM NM NM
DBAA NM NM NM NM NM NM
DBCAA NM NM NM NM NM NM
TBAA NM NM NM NM NM NM
IAA N.D. N.D. 0.03+0.00 N.D. N.D. 0.0440.02
CIAA N.D. N.D. N.D. N.D. N.D. 0.0340.00
BIAA N.D. N.D. N.D. N.D. N.D. N.D.
DIAA N.D. N.D. N.D. N.D. N.D. N.D.

& Values reported as average * standard error of duplicate measurements; N.D.: non-detect; NM: not measured
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Table A.6. DBP concentrations (ug/L) in upstream (U), downstream (D), and effluent (Eff) samples from 2020.

WWTP 1 WWTP 2 WWTP 3

Abbreviation u D Eff U D Eff U B Eft
TCAL N-D- 003000 005:000 NP 0.10£0.00  025:000  ND- 0s4x001 0.85:001
BDCAL N.D. ND.- 003z000 NP 0.05:0.00  005:000 NP 012+000 0.22:001
DBCAL N.D. ND. 003000  ND. N.D. N.D. N.D. - 002:000 0.2240.00
TBAL N.D. ND.  gois000  ND. N.D. N.D. N.D. ND.  0.02£0.00

TCAN N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DCAN ND- 001000 007001  ND 0.11x0.01 0312000  ND- 034x001 055:0.00

CAN N.D. N.D. N.D. ND. 0051000 008000  ND. N.D. N.D.
BCAN N.D. ND. 003:000  ND- oo01x0001 o016x000  ND 011:001 0.28:0.00

BAN N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DBAN N.D. N.D. N.D. ND.  0.050.00 N.D. N.D. ND.  0.08£0.00

IAN N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

11DCP N.D. ND. o13+t000  ND. 0.13:0.00  020:000 NP 0701002  1.3+00

CP N.D. ND.- go6x000 NP 0.05:0.01 023000  ND- 020£000 0.27:0.00
1117CP ND.- 002:000 005:003  ND 0.13¢0.00  019x000  ND- 046002 0.60+0.00




90T

WWTP 1 WWTP 2 WWTP 3
Abbreviation u D Eff U D Eff U D Eff
11DBP N.D. N.D. N.D. N.D. N.D. N.D. N.D. ND. 0102000
1B11DCP ND- oo03t000 006:000 NP 013:002  025:002  ND- 0255003 040:001
13DCP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
113TCP N.D. N.D. N.D. N.D. N.D. N.D. N.D. ND. 0254000
1133TeCP N.D. N.D. N.D. N.D. N.D. N.D. N.D. ND.  00740.00
1133TeBP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TCNM N.D. N.D. N.D. N.D. N.D. N.D. N.D. ND.  00640.00
DCNM N.D. ND- 0p2x000 NP 00020000 00620000  ND- ooexo00 GO
BCNM N.D. N.D. N.D. N.D. N.D. N.D. N.D. ND.  00340.00
DBNM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TCM 0.10+0.00 0.30+0.01  1.2+0.1 N.D. 0.78:001 1501 ND. 254000  3.1:06
TBM 0.04£0.00 002000 010000  ND- 052001 11000 N-D- 002:000 0.05:0.00
DBCM ND- 013:001 o0401x002 NP 1.30.0 2.9:0.1 N-D- 037:002 058001
BDCM ND.- 013001 046:002  ND. 1.3+0.03 2.6£0.0 N.D. 10:00  2.1%00
DCIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. np, 007000




LOT

WWTP 1 WWTP 2 WWTP 3
Abbreviation u D Eff U D Eff U D Eff
BCIM N.D. ND-— 003x000  ND- o0o06x000 001x000 NP 006:000 0.08£0.00
DBIM N.D. ND.  003:000 ND- 004:000 0012000  N-D. N.D. N.D.
CDIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BDIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
CAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DCAM N.D. ND. 314003  ND. N.D. N.D. N.D. N.D. N.D.
BCAM N.D. ND.  gops000  ND. N.D. N.D. N.D. N.D. N.D.
IAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TCAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DBAM N.D. N.D. N.D. N.D. N.D. 017:000  ND. N.D. N.D.
BDCAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
CIAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BIAM 0.06+0.00 006:002 0.10:0.00  ND. N.D. N.D. N.D. N.D. N.D.
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WWTP 1 WWTP 2 WWTP 3
Abbreviation u D Eff U D Eff U D Eff
DBCAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TBAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DIAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
CAA N.D. N.D. N.D. N.D. N.D. 027x0.03 NP 091013 0.33£0.03
BAA N.D. N.D. ND- 002:000 030:001  064:013 003:000 2.1:04 2601
DCAA N.D. N.D. N.D. N.D. 0.23t0.01 079025  ND. 12:00 22401
TCAA N.D. N.D. N.D. ND.- 039x000 060010 NP 125:001 14:0.04
BCAA N.D. N.D. N.D. ND- 040000 080x027  ND- 0p1006 12:0.02
BRCAA N.D. N.D. N.D. ND. 032001  062:006 NP 074x002 0.71:0.10
DBAA N.D. N.D. N.D. N.D. 0.49:002 1103 N-D.- 0324001 0462011
DBCAA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TBAA N.D. N.D. N.D. ND. 0024000 0041000  ND. N.D. N.D.
IAA N.D. N.D. N.D. N.D. N.D. 0.01+0.00 N.D. N.D. 0.04+0.00
CIAA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BIAA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

0.01+0.00
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WWTP 1 WWTP 2 WWTP 3
Abbreviation U D Eff U D Eff U D Eff
DIAA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

& Values reported as average + standard error of duplicate measurements; N.D.: non-detect; NM: not measured
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Table A.7 DBP concentrations (ug/L) in upstream (U), downstream (D), and effluent (Eff) samples from 2021 (WWTP 1-4)

WWTP 1 WWTP 2 WWTP 3 WWTP 4
Abbreviation U D Eff U D Eff U D Eff U D Eff
TCAL N.D. N.D. 0.01+0.00 N.D. 0.54%0.01 1.5+0.0 N.D. 0.43+0.00 0.84+001 N.D. 0.08+0.02 0.21+0.01
BDCAL N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0224001  046x002 N.D. N.D. N.D.
DBCAL N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.03£0.00 N.D. N.D. N.D.
TBAL N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TCAN N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DCAN N.D. N.D. N.D. N.D. 0.62+0.04 0.77+0.03 N.D. 0.24+0.02 0424001 N.D. 0.03+0.00 0.22+0.02
CAN N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BCAN N.D. N.D. N.D. N.D.  0.04+0.00 0.18+0.01 N.D. N.D. 0.02£0.00 N.D. N.D. N.D.
BAN N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DBAN N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
IAN N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
11DCP N.D. N.D. 0.14+0.00 N.D.  0.34%0.01 0.66+0.05 N.D.  0.68+0.01 1.3:00  N.D. N.D. N.D.
CP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

111TCP N.D. N.D. 0.04+0.00 N.D. 0.36%0.01 0.61+0.00 N.D. 0.45+0.00 0.83+0.00 N.D.  0.08+0.02 0.17+0.01
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WWTP 1 WWTP 2 WWTP 3 WWTP 4
Abbreviation U D Eff U D Eff U D Eff U D Eff
11DBP N.D. ND. ND. ND. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
1B11DCP  N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.07+0.01  N.D. N.D. N.D.
13DCP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
113TCP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.13+0.00  N.D. N.D. N.D.
1133TeCP  N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.05£0.00  N.D. N.D. N.D.
1133TeBP  N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TCNM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.02+0.00  N.D. N.D. N.D.
DCNM N.D. N.D. N.D. N.D.  0.10£0.00 0.10+0.00 N.D. N.D. N.D. N.D. N.D. N.D.
BCNM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DBNM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TCM N.D. 051%003  25+03  ND. N.D. 6.740.8 ND.  35+03 39405  ND. 1804 3.540.1
TBM N.D. N.D. 0.08+0.01 N.D. 021001 0.33+0.00 N.D. N.D. N.D. N.D. N.D. N.D.
DBCM N.D. 005:0.00 061001 N.D. 260.1 2.8+0.01 ND. 013+000 020+000 N.D. 014+002  0.15+0.00
BDCM N.D. 0.10:0.01 063001 ND. 5004 4.4%0.1 ND. 074+002  11+000 N.D. 1604  0.49+001
DCIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.03+0.01  N.D. N.D. N.D.
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WWTP 1 WWTP 2 WWTP 3 WWTP 4
Abbreviation U D Eff U D Eff U D Eff U D Eff
BCIM N.D. ND. ND. ND. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DBIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
CDIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BDIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
CAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DCAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BCAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
IAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TCAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.01+0.00  N.D. N.D. N.D.
DBAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BDCAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
CIAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BIAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.




ETT

WWTP 1 WWTP 2 WWTP 3 WWTP 4
Abbreviation U D Eff U D Eff U D Eff U D Eff
DBCAM N.D. ND. ND. ND. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TBAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DIAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
CAA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 059+0.19  0.86+0.04
BAA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DCAA N.D. 036£0.02 083009 N.D. 2002 1.70.1 ND.  2.0%0.0 23:01 ND. 1405 1.640.1
TCAA N.D. 087008  28:02 ND.  2.9+0.4 2.240.3 ND.  1.6+0.0 19+0.1  ND. N.D. N.D.
BCAA N.D. 0.19#0.01 086+012 N.D. 20403 1.840.2 ND. 042+001  14+00 ND. 014+005  0.26+0.00
BDCAA N.D. 003£0.00 0.24#0.02 ND. 0.610.13 0.45+0.00 ND. 014+001  025:002 N.D. 0.09+0.03  0.18+0.00
DBAA N.D. 0.13%0.00 0274001 N.D. 0.5:0.015  0.29+0.03 ND. 002+000  0.05:001 N.D. 0.02+000  0.04+0.00
DBCAA N.D. N.D. 0.09+0.01 N.D. 0.260.07 0.23+0.01 N.D. N.D. N.D. N.D. N.D. N.D.
TBAA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
IAA N.D. 0.02:0.00 0.07+0.00 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
CIAA N.D. N.D. 0.0240.00  N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BIAA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.




vTT

WWTP 1 WWTP 2 WWTP 3 WWTP 4
Abbreviation U D Eff U D Eff U D Eff U D Eff
DIAA N.D. ND. ND. ND. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

& Values reported as average + standard error of duplicate measurements; N.D.: non-detect
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Table A.8 DBP concentrations (ug/L) in upstream (U), downstream (D), and effluent (Eff) samples from 2021 (WWTP 6-9)

WWTP 6 WWTP 7 WWTP 8 WWTP 9
Abbreviation U D Eff U D Eff U D Eff Lake Eff
TCAL N.D. N.D. 0.02¢0.00 N-D- N.D. N.D. N.D. N.D. 0.1240.00 N.D. 0.0520.00
BDCAL N.D. N.D. ND. N.D. N.D. N.D. N.D. NLD. N.D. N.D. N.D.
DBCAL N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TBAL N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TCAN N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DCAN N.D. N.D. N.D. ND. 0245001  0.09+0.01 N.D. N.D. N.D. N.D. N.D.
CAN N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BCAN N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BAN N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DBAN N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
IAN N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
11bCP N.D. N.D. 045002 N-D- ND. 0.43£0.02 N.D. N.D. 0.10£0.02 N.D. N.D.
CP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
111TCP N.D. N.D. 0.05:000 ND- N.D. 0.14+0.00 N.D. N.D. N.D. N.D. N.D.
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WWTP 6 WWTP 7 WWTP 8 WWTP 9
Abbreviation U D Eff U D Eff U D Eff Lake Eff
11DBP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
1B11DCP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
13DCP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
113TCP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
1133TeCP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
1133TeBP N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TCNM N.D. N.D. 028:002 N-D. N.D. N.D. N.D. N.D. 0.2840.03 N.D. N.D.
DCNM N.D. N.D. 0.06:000 ND- N.D. N.D. N.D. N.D. 0.36+0.03 N.D. N.D.
BCNM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DBNM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TCM 0.59:0.03  055:000 0762021 ND- 008:001  0.99:0.04 N.D. 0.56:0.11  2.26:000 011001  4.6£0.9
TBM N.D. N.D. N.D. N.D. N.D. ND. N.D. N.D. N.D. N.D. N.D.
DBCM N.D. ND. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BDCM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DCIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
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WWTP 6 WWTP 7 WWTP 8 WWTP 9
Abbreviation U D Eff U D Eff U D Eff Lake Eff
BCIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DBIM N.D. N.D. N.D. N.D. N.D. ND. N.D. N.D. N.D. N.D. N.D.
CDIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BDIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TIM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
CAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DCAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BCAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
1AM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TCAM N.D. N.D. N.D. N.D. N.D. 0.07+0.00 N.D. N.D. N.D. N.D. N.D.
DBAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BDCAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
CIAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BIAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
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WWTP 6 WWTP 7 WWTP 8 WWTP 9
Abbreviation U D Eff U D Eff U D Eff Lake Eff
DBCAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
TBAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DIAM N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
CAA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BAA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
DCAA N.D. 0212002  1.36:005 NP 013x001  1.08:0.06 N.D. N.D. 0.55£0.01 N.D. 0.38£0.02
TCAA 049:0.00 067:002 214:020 D 0141000 0860073 NP 0540083  6.7:04 N.D. 16+0.2
BCAA N.D. N.D. N.D. N.D. N.D. 0.1740.01 N.D. N.D. 0.0420.00 N.D. N.D.
BDCAA N.D. N.D. 0.08:000 N-D- ND. 0.06£0.00 N.D. N.D. 0.04£0.01 N.D. N.D.
DBAA N.D. N.D. 0.03z0.00 N-D- N.D. N.D. 0.03£0.00 N.D. 0.0420.00 N.D. N.D.
DBCAA N.D. N.D. N.D. N.D. N.D. ND. N.D. N.D. N.D. N.D. N.D.
TBAA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
1IAA N.D. N.D. N.D. N.D. N.D. ND. N.D. N.D. N.D. N.D. N.D.
CIAA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
BIAA N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
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WWTP 6 WWTP 7 WWTP 8 WWTP 9
Abbreviation U D Eff U D Eff U D Eff Lake Eff
DIAA N.D. N.D. ND.  ND._ ND. N.D. N.D. N.D. N.D. N.D. N.D.

& Values reported as average + standard error of duplicate measurements; N.D.: non-detect
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Table A.9. Concentration of iopamidol in upstream (U), downstream (D), and wastewater treatment plant effluent (Eff) samples from

2019 and 2020 (ng/L).2

Upstream A | Upstream B Downstream A Downstream B Effluent A Effluent B
Year | WWTP ID
(UA) (UB) (DA) (D B) (Eff A) (Eff B)
WWTP1 | <RL (75.2) <RL (76.8) <RL (174) <RL (268) 917 (228) 1,190 (235)
WWTP2 | <RL (247) <RL (141) <RL (73.8) <RL (265) <RL (210) <RL (341)
2019°¢ )| WWTP 3 NM NM NM NM NM NM
WWTP 4 | <RL (214) <RL (199) <RL (308) <RL (165) <RL (234) <RL (237)
WWTP5 | <RL (263) <RL (261) <RL (177) <RL (172) <RL (143) <RL (299)
WWTP1 | <RL (76.2) <RL (75.3) 309 (116) 352 (130) 881 (114) 1250 (173)
20209 | wwtP2 | 103(74.2)¢ | 82.6(75.0)¢ 415 (73.4) 482 (75.6) 520 (74.5) 644 (73.9)
WWTP3 | 164 (75.5) 206 (76.8) 2520 (78.0) 3420 (113) 3080 (78.3) 3660 (82.6)

NM: not measured; RL: reporting limit.* VValues reported as concentration in ng/L (RL); ¢ samples collected on Monday; ¢ samples
collected on Wednesday; © peak detected but did not meet quantification criteria, result reported represents the estimated maximum possible
concentration
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Table A.10. Concentration of iopamidol in upstream (U), downstream (D), and wastewater treatment plant effluent (Eff) samples

from 2021 (ng/L).?

Upstream A | Upstream B Downstream A Downstream B Effluent A Effluent B
Year | WWTP ID
(UA) (UB) (DA) (D B) (Eff A) (Eff B)
WWTP 1 NM NM 254 (75.1) 227 (68.4) 814 (63.0) 733 (63.4)
WWTP 2 NM NM 3,080 (74.1) 3,420 (72.9) 4,270 (71.6) | 4,730 (72.1)
WWTP 3 NM NM 1,510 (86.1) 1,420 (79.1) 1,820 (67.6) | 1,910 (73.5)
- WWTP 4 NM NM <RL (72.9) <RL (73.5) <RL (73.0) <RL (73.7)
WWTP 6 NM NM 2,920 (79.3) 3,390 (79.9) 31,100 (144) | 28,700 (151)
WWTP 7 NM NM <RL (73.8) <RL (74.1) <RL (75.3) <RL (73.5)
WWTP 8 NM NM <RL (74.8) <RL (73.6) <RL (74.3) <RL (73.0)
WWTP 9 NM NM <RL (78.7)® <RL (79.2) ® <RL (79.3) <RL (78.8)

NM: not measured; RL: reporting limit.* Values reported as concentration in ng/L (RL) ® lake sample; ¢ samples collected on

Wednesday
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Table A.11. Summary of the CHO cell chronic cytotoxicity analyses of upstream (U) and downstream (D) samples.

e || e | e || svovsen
VVVVUT P1 100.0 350.72 + 25.4 289+073 | 099 | Fuqo=132; P <0.001
WP 100.0 111.34 +10.4 90.61+0.71 | 099 | Fizo5=64.7;P<0.001
WWUTP 2 8.0 18.54 + 1.20 56.91+4.73 | 097 | Fi 0 =98.6; P <0.001
WWDT P2 10.0 23.86 + 1.89 4548 +4.26 | 0.97 | Fio5=64.7;P <0.001

2019 WWUTP 4 40.0 155.33 + 11.0 6.83+058 | 0.98 | Fiyi00=66.3;P <0.001
R 15.0 41.20 £1.64 2464+093 | 096 | Fizes=24.9;P <0.00L
WWIES 60.0 110.41 £ 5.04 9.34+0.62 | 099 | Fiio1=121;P <0.00L
WWDT PS5 40.0 135.91 £ 9.19 7.96+093 | 099 | Fuan=57.4;P<0.001
WP 40.0 151.43 +4.19 6.65+0.18 | 099 | Fioiz=278;P <0001
WP 60.0 212.43 + 6.88 476+015 | 099 | Fioi0=121; P <0.001

2020 IR 400 100.19 + 4.44 1016 +0.41 | 0.99 | Fuz2=301; P <0.001
WWE;I'P 2 i - - - Sample lost in shipping




ect

N WWTP ID | Lowest Cytotoxic. Mean L Cso Mean (2 d

&
Conc. Factor 2 Conc. Factor + SE ® CTI+SE°¢ ANOVA Test
IR 80.0 148.01 +5.11 6834023 | 098 | Fiiio=161;P<0.001
WWDT P3 40.0 107.97 £ 4.71 9.45+045 | 098 | Fioi=241; P <0.001

& Lowest cytotoxic concentration was the lowest concentration factor that induced a statistically significant reduction in cell density as
compared to the concurrent negative control. ® The LCso value is the concentration of the water sample, determined from a regression
analysis of the data, that induced a cell density of 50% as compared to the concurrent negative controls. ¢ The cytotoxicity index is
(LCso 1)(10%); the larger the value the greater the toxicity. ¢ r? is the coefficient of determination for the regression analysis upon which
the LCso value was calculated. ® The degrees of freedom for the between-groups and residual associated with the calculated F-test
result and the resulting probability value. To compare the upstream versus downstream sample cytotoxicity for each location pair, the
light red fill indicates that the sample was statistically more toxic than the corresponding sample pair indicated by a green fill. If
neither the upstream nor the downstream sample of a pair was significantly different, the CTI values were filled with an amber color.
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Table A.12. Summary of the CHO cell SCGE genotoxicity analyses of upstream (U) and downstream (D) samples.

Lowest Average 50%
Year WWTP ID Genotoxic | TDNA (CF + A(‘éeF”’PgSTC' r2 ARDYE T
Conc. Factor @ SE) P -
Fs0,73 = 19.9;
WWTP 1 US 4000 11040.9 +82.3 | 0.091 + 0.001 0.96 P < 0.001
Fa1,64 = 27.2;
WWTP 1 DS 2000 432256 +52.16 | 0.232+0.003 0.93 P < 0.001
Fsg 41 =22.3;
WWTP 2 US 600 946.09 + 17.82 1.06 + 0.02 0.90 P < 0.001
1629.80 = Fs,47 = 54.8;
ot WWTP 2 DS 400 119,07 0.642 +0.040 0.98 P < 0.001
WWTP 4 US 2700 5508.67 + 34.37 | 0.182 % 0.001 0.88 Fur.6 =17.1;
P <0.001
Fo, 43 = 43.6;
WWTP 4 DS 800 1187.93 +30.00 | 0.847 +0.022 0.97 P < 0.001
5513.67 + Fs 33 =32.9;
WWTP 5 US 600 e 81 0.185 + 0.007 0.88 B < 0,001
WWTP 5 DS 1400 6157.97 £ 97.04 | 0.163 % 0.002 0.91 Fl;“j 0 02(?1'7;
9278.17 + Fo 42 = 12.0;
- WWTP 1 US 1000 119,35 0.108 +0.001 0.99 B < 0,001
WWTP 1 DS 1000 5108.11+99.28 | 0.197 +0.003 0.88 F;“j 0 (2)3'14;




STA)

Lowest Average 50% Average GTI ANOVA
Year WWTP ID Genotoxic TDNA (CF (CF ESE) c r2d Test
Conc. Factor @ SE) P - Statistic ©
F7 25 = 23.8;
WWTP 2 US 2000 4046.95 + 24.45 | 0.247 +£0.001 0.96 P <0.001
WWTP 2 DS - = - _ Sample lost
in shipping
2020 Fs 26 =12.6;
WWTP 3 US 1400 232359 +13.56 | 0.431+0.003 0.88 8267 ~D
P <0.001
Fi3,31 =37.2;
WWTP 3 DS 1280 1842.65+13.46 | 0.543 + 0.004 0.97 P <0.001

& Lowest genotoxic concentration was the lowest concentration factor of the MN sample that induced a statistically significant
increase in the electrophoretic migration of genomic DNA from the nucleus as compared to the negative control. ® The mean
SCGE 50% Tail DNA value is the concentration of the MN sample, determined from a regression analysis of the data, that
induced a DNA migration from the nuclei of 50%. The mean and the standard error (SE) were derived from multiple regression
analyses using bootstrap statistics. ¢ Genotoxicity index (GTI) value is the 50% Tail DNA1x10%. ¢ The r2is the coefficient of
determination for the regression analysis of the concentration-response data upon which the 50%Tail DNA value was calculated. °
The degrees of freedom for the between-groups and residual associated with the calculated F-test result and the resulting
probability value. To compare the upstream versus downstream sample genotoxicity for each location pair, the light red fill
indicates that the sample was statistically more toxic than the corresponding sample pair indicated by a green fill. If neither the
upstream nor the downstream sample of a pair was significantly different, the GTI values were filled with an amber color.
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Figure A.1. CHO cell cytotoxicity concentration-response curve for upstream and downstream samples from WWTP 1 (2019).
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Figure A.2. CHO cell cytotoxicity concentration-response curve for upstream and downstream samples from WWTP 2 (2019).
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Figure A.3. CHO cell cytotoxicity concentration-response curve for upstream and downstream samples from WWTP 4 (2019).
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Figure A.4. CHO cell cytotoxicity concentration-response curve for upstream and downstream samples from WWTP 5 (2019).
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Figure A.5. CHO cell cytotoxicity concentration-response curve for upstream and downstream samples from WWTP 1 (2020).
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Figure A.6. CHO cell cytotoxicity concentration-response curve for upstream sample from WWTP 2 (2020).



¢eT

o
(=]
o
=]

80

[£2]
(=]
T

60 |

[uy)
o
T

40

.
(=]
T

20

[
o
T

CHO Cell Cytotoxicity: Mean Cell Density
as the Percent of the Negative Control (+SE)

CHO Cell Cytotoxicity: Mean Cell Density
as the Percent of the Negative Control (+SE)

o)
° 1] 50 100 150 200 250 ° 0 50 100 150 200 250
WWTP 3 (2020): Upstream WWTP 3 (2020): Downstream
Concentration Factor Concentration Factor

Figure A.7. CHO cell cytotoxicity concentration-response curve for upstream and downstream samples from WWTP 3 (2020).
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WWTP 1 (2019).



vET

o e e —— ——— — =
= E‘\ 0 o< 170
iy
\ 1850 oo 150
@
W {40 40

CHO Cell Genormnic DNA Damage as the
Average Percert Tail DNA Value (+SE)

0 200 400 500 800 1000 0 500 1000 1500 2000

WWTP 2 (2019): Upstream WWTP 2 (2019): Downstream
Concentration Factor Concentration Factor

Figure A.9. CHO cell genomic DNA damage concentration-response curve (bottom panel) and acute cytotoxicity (upper panel) for
WWTP 2 (2019).



GET

I —— i —— 5 100
= B_[j-_-—ﬂh 70

£
[
08y ~
=
[17]

(]
(=]

L]
T

CHO Cell Genomic DNA Damage as the
Average Percent Tail DNA Value (+SE)
(]
o

0 : : ' ' ' 0¢ © : : ' :
0 1000 2000 3000 4000 5000 0 500 1000 1500 2000
WWTP 4 (2019): Upstream WWTP 4 (2019): Downstream
Concentration Factor Concentration Factor

Figure A.10. CHO cell genomic DNA damage concentration-response curve (bottom panel) and acute cytotoxicity (upper panel) for
WWTP 4 (2019).



9¢T

1 100
70

ra [
o =
T

CHO Cell Genomic DNA Damage as the
=

Average Percent Tail DNA Value (£SE)

0 10I00 2DIC|0 SOIDD 40I00
WWTP 5 (2019): Upstream
Concentration Factor

1000 2000 3000 4000 5000

WWTP 5 (2019): Downstream
Concentration Factor

Figure A.11. CHO cell genomic DNA damage concentration-response curve (bottom panel) and acute cytotoxicity (upper panel) for

WWTP 5 (2019).



T ———

1100
170

{100 e ——

..4
[=]
EllCle}
BlqBIA %

40

30 F

20

CHO Cell Genomic DNA Damage as the
Average Percent Tail DNA Value (£SE)

DQ

LET

Concentration Factor

0 1000 2000 3000 4000

WWTP 1 (2020): Upstream

SDIOO 0 10I00 20I00 BOIDU ADIOU
WWTP 1 (2020): Downstream
Concentration Factor

Figure A.12. CHO cell genomic DNA damage concentration-response curve (bottom panel) and acute cytotoxicity (upper panel) for

WWTP 1 (2020).



8€T

EL— — — —— —— ——
= - B~ 7o

[#5]
o

i8]
o

—
o
T

CHO Cell Genomic DNA Damage as the
Average Percent Tail DNAValue (£3E)

o
_O

0 10I00 20I00 SOIDO 40I00
WWTP 2 (2020): Upstream
Concentration Factor
Figure A.13. CHO cell genomic DNA damage concentration-response curve (bottom panel) and acute cytotoxicity (upper panel) for
WWTP 2 (2020).



6€T

7 100

B — = _
"‘E'—""EB-C‘D—Q 170

3
sled
B9 1A %

25 |

60

40t

20 r

CHO Cell Genomic DNA Darmage as the
Average Percert Tail DNA Value [£SE)

L 0 1 1 1 1
2000 0 200 1000 1300 2000

WWTP 3 (2020): Upstream WWTP 3 (2020): Downstream
Concentration Factor Concentration Factor

Figure A.14. CHO cell genomic DNA damage concentration-response curve (bottom panel) and acute cytotoxicity (upper panel) for
WWTP 3 (2020).



APPENDIX B
SUPPORTING INFORMATION FOR CHAPTER 3

Table B.1. Specifications for salt chlorine generator for salt water pool (Saline C 11.0;
Hayward; Rockville, MD).

Rated Power Rated Min. Water Max. Water Inlet/Outlet
in DC Pressure Flow Rate Flow Rate Diameter
(Amps) (psi) (gpm™*) (gpm*) (Inches)
72 50 psi 80 250 4

*gpm = gallons per minute
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Table B.2. Quantifier and qualifier ions and limits of quantification (LOQs) for DBPs quantified in this study.

1,3-Dichloropropanone b

DBP class Name Abbreviation Quantlfler Quallfler
ion (m/z) ion (m/z) (ug/L)
Trichloroacetaldehyde @ TCAL 82.0 110.9 0.1
Haloacetaldehydes Bromodichloroacetaldehyde P BDCAL 83.0 111.0/163.8 0.1
(HALs) Dibromochloroacetaldehyde P DBCAL 128.9 127.9 0.1
Tribromoacetaldehyde 2 TBAL 172.8 171.8 0.1
Trichloroacetonitrile & TCAN 108.0 110.0 0.1
Dichloroacetonitrile & DCAN 74.0 82.0 0.1
- Chloroacetonitrile & CAN 75.0 77.0 0.1
Haloacetonitriles
(HANS) Bromochloroacetonitrile & BCAN 153.0 155.0 0.1
Bromoacetonitrile & BAN 118.9 120.9 0.1
Dibromoacetonitrile & DBAN 117.9 199.0 0.1
lodoacetonitrile & IAN 167.0 126.9 0.1
1,1-Dichloropropanone & 11DCP 63.0 83.0 0.1
Chloropropanone 2 Cp 92.0 94.0 0.1
Haloketones 1,1,1-Trichloropropanone 2 111TCP 125.0 127.0 0.1
1-Bromo-1,1-dichloropropanone P 1B11DCP 125.0 127.0 0.1
13DCP 77.0 49.0 0.1
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1,1,3-Trichloropropanone & 113TCP 77.0 83.0 0.1

Haloketones 1,1,3,3-Tetrachloropropanone P 1133TeCP 83.0 85.0 0.1
(HKs) 1,13 3-Tetrabromopropanone ¢ 1133TeBP 200.8 119.9 0.1
Trichloronitromethane 2 TCNM 116.9 119.0 0.1

Halonitromethanes Dichloronitromethane P DCNM 83.0 85.0 0.1
(HNMs) Bromochloronitromethane P BCNM 129.0 127.0 0.1
Dibromonitromethane P DBNM 172.8 171.0 0.1

Trichloromethane @ TCM 83.0 85.0 0.1

Trihalomethanes Tribromomethane & TBM 173.0 252.0 0.1
(THMs) Dibromochloromethane & DBCM 129.0 127.0 0.1
Bromodichloromethane & BDCM 83.0 129.0 0.1

Dichloroiodomethane P DCIM 83.0 126.9 0.1

odinated. Bromochloroiodomethane P BCIM 128.9 126.9 0.1
trihalomethanes Dibromoiodomethane P DBIM 172.8 299.7 0.1
(I-THMs) Chlorodiiodomethane P CDIM 174.9 126.9 0.1
Bromodiiodomethane P BDIM 218.8 220.8 0.1

TIM 393.7 266.8 0.1

lodoform &




vl

Chloroacetamide @ CAM 93.0 44.0 0.1

Bromoacetamide & BAM 137.0 44.0 0.1

Dichloroacetamide P DCAM 44.0 127.0 0.1

Bromochloroacetamide P BCAM 44.0 173.0 0.1

lodoacetamide @ IAM 158.0 85.0 0.1

Haloacetamides Trichloroacetamide & TCAM 44.0 82.0 0.1
(HAMs) Dibromoacetamide 9 DBAM 44.0 217.0 0.1
Bromodichloroacetamide P BDCAM 44.0 128.0 0.1

Chloroiodoacetamide P CIAM 92.0 219.0 0.1

Bromoiodoacetamide P BIAM 136.0 138.0 0.1

Dibromochloroacetamide P DBCAM 44.0 128.0 0.1

Tribromoacetamide P TBAM 44.0 295.0 0.1

Diiodoacetamide P DIAM 184.0 311.0 0.1

Chloroacetic acid 2 CAA 108.0 77.0 0.1

Dichloroacetic acid 2 DCAA 83.0 85.0 0.1

Haloacetic acids Trichloroacetic acid 2 TCAA 119.0 117.0 0.1
(HAAs) Bromoacetic acid 2 BAA 152.0 154.0 0.1
Dibromoacetic acid @ DBAA 173.0 175.0 0.1

Tribromoacetic acid & TBAA 251.0 253.0 0.1
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Bromochloroacetic acid & BCAA 129.0 127.0 0.1

Haloacetic acids Dibromochloroacetic acid 2 DBCAA 207.0 209.0 0.1
(HAAS) Bromodichloroacetic acid 2 BDCAA 163.0 161.0 0.1
lodoacetic acid @ IAA 200.0 73.0 0.1

lodoacetic acids Chloroiodoacetic acid P CIAA 234.0 175.0 0.1
(1AAs) Bromoiodoacetic acid P BIAA 151.0 278.0 0.1
Diiodoacetic acid P DIAA 326.0 199.0 0.1

aSigma-Aldrich. "CanSyn Chem. Corp. cAldlab Chemicals. “TCI America. * Limit of quantification




APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER 4
Total organic halogen (TOX) method

Total organic chlorine (TOCI), total organic bromine (TOBr), and total organic iodine
(TOI) were determined using a previously published procedure with a few
modifications.>®13" For boiled tap water, samples were quenched with ascorbic acid in
slight excess (chlorine to ascorbic acid molar ratio of 1:1.3) and adjusted to pH <2 with
concentrated HNOs. For tea, since no residual chlorine was present, no quenching was
used, but samples were adjusted to pH <2 with HNOs. Samples were processed in
triplicate with a sample adsorption and combustion unit (Mitsubishi, Chigasaki, Japan;
Cosa Xentaur, Yaphank, NY). A 50 mL aliquot was passed through two activated
carbons (ACs) that adsorb organohalogen compounds. Then, the AC columns were
washed with sodium nitrate (5 mL of 5 mg NaNOz™ per mL) to remove inorganic halides
and other inorganics. Each AC column was loaded onto a ceramic boat and combusted at
1000°C in the presence of oxygen and argon as the carrier gas. Combusted gases,
including hydrogen halides, were collected in centrifuge tubes that contained 5 mL of
H202 solution (0.03%, prepared daily), and the gas line was washed with an additional 3
mL of H202 solution. Centrifuge tubes were weighed before and after collecting the off
gases to determine exact volumes. Recovered aqueous solutions were analyzed for
chloride, bromide, and iodide with a Dionex 1600 ion chromatograph (Dionex,

Sunnyvale, CA) as described elsewhere.®137
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Disinfectants are added to swimming peals to kill harmiul pathogens. Although liquid chlo-
rine (sodium hypochlorite) is the most commenly weed disinfectant, alternative disinfection
techniques like electrochemically generated mixed axidants or electrochemically generated
chlarine, often referred to as salt water poals, are growing in popularity. However, these dis-
infectants react with natural organic matter and anthropogenic contaminants introduced
to the pool water by swi to form tion byproducts (DEPs). DBPs have been
linked to several adverse health effects, such as bladder cancer, adverse birth outcomes, and
asthrma In this study, we quantified 60 DBPs using gas chromatography-mass spectrometry
and assessad the calculated cytotoxicity and genotoxicity of an indoor community saim-
ming pool before and after switching to a salt water pool with electrochemically generated
chlorine. Interestingly, the total DBPs increased by 15% upon implementation of the salt
water poal, but the calculated cytotoxicity and genotoxicity decreased by 45% and 15%, re-
spectively. Predominant DBP classes formed were haloacetic acids, with trichloroacetic acid
and dichloroacetic acid contributing 57% of the average total DEPs formed. Haloacetonitriles,
haloacetic acids, and haloacetaldehydes were the primary drivers of caloulated cytotoxicity,
and haloacetic acids were the primary driver of calculated genotoxicity. Difodoacetic acid,
a highly toxic iodinated DEF, is reported for the first time in swimming pool water. Bromide
impurities in sodium chloride used to electrochemically penerate chlorine led to a 73% in-
crease in brominated DEPs, primarily driven by bromochloroacetic acid. This study presents

the most pxienzive DEP study to-date for salt water pools.
£ 2022 The Research Center for Eco-Envimsnmental Sciences, Chinese Academy af
Sciences. Published by Elsevier BV,

Introduction

In the United States, swimming is the fourth most popular
recreational activity (L1.5. Census Bureaw, 2012). To limit swim-

mers” exposure to harmful viruses, bacteria, fungl, and algae,
swimming poals are reated with disinfectants like chlorine,
bromine, ultravislet radiation (LV], or ozone (World Health Or-
ganization, 2008). However, these disinfectants resct with nat-
ural organie matter (NOM) and anthropogenic contarminants

This manuscript is dedicated to Prof. Michael Flewa, whose innovative and pionesring ressarch has been a catalyst for improving the

safety of drinking water and pocls.

* Correspanding author.
E-muil: richard:

https:fdoi org/ 1001016

s, 2072 04044

usan@scedu (S0 Richardson).

100107428 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier BV,

148



Ji0: JES AHT'CLE IN PHESS m T May 13, 2022, 16:50

2 JOUENAL OF EINVIEONMEINTAL SCICHCES XXX I:II.K.I:] XX

introduced to the pool water by swimmers to form disinfee-
ton byprodwcts (DBPs) (Kim et al, 2002; LaKind et al, 2010;
Daiber et al, 2016 Allen et al., 2021). Seweral epiderniologic
gtudies have linked DEPs o Bladder cancer, birth defects, mis-
carriage, and respiratory izsues such as asthma (Villanueva
et al, 2007a; Cardador and Gallego, 2011, villanwewa and
Font-Ribera, 2012; Fornander et al, 2013; Parrat et al, 2012;
Wiright et al, 2017; Bowe et al., 2002; Font-Ribera et al., 201%;
Richardson et al, 2007; Bernard et al., 2006). Furthermore,
studies have shown that dermal exposure to halogenated
DEPs i an important exposure roule bo congider in swimming
pool sowdies, due to the permeability of sorme DBPs across the
skim (Xu et al, 2002; Xiao et al., 2017).

Smudies quantifying DBPs in swimming pools have pri-
marily focused on wihalomethanes (THMs) and haloacetic
acids (HAAs). However, with more than 700 DBEFs identified
to date, many of which are more cytotoxic, genotaxic, or car-
cinogenic than THM: and HAAs, there iz a clear need for
the expansion of the classes of DEP: quantified in swim-
ming pools. In recent years, braminated and isdinated DEPs
have become of particular interest due to thelr elevated levels
of toxicity when compared to chlorinated DBEPs (Richardson
et al, T0O7; Wagrer et al, 2017; Yang et al, 2014). Addi-
tonally, niregencus DEPs (N-DEPg) are generally more toxic
than carbonacesus DBPs (C-DEPs) (Flewa et al, 200E). Re-
cent studies completed in the United Seates and Australia
have expanded on the DBPs quantified in poals vsing a vari-
ery of disinfection techniques o include priorty, unregulated
DEPs such ag lodinated trihalomethanes ([-THMs), ladoacetic
acids (lAAs), haloacetaldehydes (HALs), haloketones (HEs),
halsacetamides (HAMs), haloacetonitriles (HANE), and haloni-
romethanes [HMMs) (Allen et al, 2021, Carter et al., 3019).
Degpite chlarine being the most commeonly used disinfectant
in swimming pools around the world, alternative disinfee-
ton technigues are becoming more common. One such al-
ternative disinfection technique is electrochemically gener-
ated chlerine (or salt water pools] which warks by passing an
electric current through a concentrated salt solution (sodium
chloride) to produce hypochlorous acid (HOCI) and hypachlo-
rite iong (0CI7) as the primary oxidants (15, Army Center
for Health Prormotion and Preventive Medicine, 2008). Previ-
ous studies have shown that when compared to pools dizin-
fected with chlorine, salt water pools had lower levels of HAAS
(dichleroacetic acid and trichloroacetic acid) and chloroac-
etaldehyde, but higher levels of Br-DBPs, likely due o bro-
mide impurities in the sodium chloride (Lee et al , 2009, 3010).
This increase in bromide = an impertant factor to monitor
because previous studies show that dichloreacetie acid and
trichloroacetic acld do not significantly contribute to the cyto-
toxicity or genotoxicity of pool waters (Yeh et al , 2014). How-
ever, there is currently no comprehensive DEF or taxicity data
awailable that provides a direct comparison between conven-
tenal chlorine and salt water pools. To address this, a study
of 60 DBEP: was conducted at an indsor community pool in
South Carolina while the pool was disinfecting with conven-
tenal liguid chlorine (sadivm hypochlorite) and then after the
implementation of electrochemically generated chlorine tech-
nology (salt water pools]. Using DEF data collected ower thres
sampling events, the calculated eytotoxicity and penotoxicity
asgoclated with each disinfection type was determined to bet-

ter understand the impact each disinfection technology has
on overall calculated roxicity, as well as the drivers of toxicity
far each disinfection technigue.

1. Materials and methods

1.1. Swimming pool sampling

Swimming pool samples were collected from an indoor
cormmunity pool in South Caralina with an estimated total
volume of 263,300 liters. This pool was chosen o study doe to
its consistent bather load (approsimately 24 swimmers/day)
throughout the year. The first sampling event occurred in
May of 2021 when the swirmming pool was using sodium
hypochlorite [comventional chlorine] to disinfect the swirm-
ming pool. Two additional pool sarmples (Movemnber 2021 and
January 2002) were collected after the implementation of an
electrachemlcally generated chlorine system (Hayward Saline
C 11.0 Commercial Salt Chlorine Generabor; Rockwille, MD)
with a flow rate of 150 gallons per minwte and a power supply
rated to supply 72 amps. Additienal details about the
electrochemically generated chlorine system can be found in
Table 51,

Samples were collected in 1 L amber glass bottles,
quenched with ammonium chloride, acidified to pH 354
with 1 M sulfurle acid (for sample preservation), and filled
headspace free Samples were then shipped overnight on ice
to the University of South Carolina and extracted immediavely
upan arrival Further sarmple details can be found in Table 1.

1.2, Chemical and reagents

All solvents (methanol, metyl tert-butyl ether, acetonitrile,
ethyl acetate) were of the highest purity and were purchased
from Sigma-Aldrich (5t Louis, MO} or VWE International
(Radnor, PA). General reagents were of ACS reagent grade
and were purchased frorm Sigma-Aldrich and Fisher Sclentific
(Waltham, MA). DBEP standards were purchased from CanSyn
Chem. Corp. (Toranta, ON), Sigma-aldrich, aldlab Chemicals
(Waburm, MA), and T America (Waltham, Ma) at the high-
est purity. Specific vendor information can be found in Table
52_The internal standard, 1, 2-dibromopropane, along with the
diazomethane derivatization reagenis (Diazald, CARBITOL™)
were purchased from Sigma-Aldrich.

1.3. DBP analysis

Quantification of 60 DBPs was performed in triplicate as
described previously [Cuthbertson et al, 20200 Allen et al,
2071, 2022; Aziz et al, 2022, Li et al., 2021). In brief, 100 mL of a
sarmple was placed into a 125 ml amber bottle and acidified to
PH = 1 with concentrated sulfuric acid. Then, SmL of methyl
tert-butyl ether was added to each sample along with 30g of
sodium sulfate. Sarmples were then shaken fior 15 min, allowed
to settle for 10min, and the top organie layer was removed
and placed into a test tube. This procedure was completed 2
more tmes for a total extract volume of 15mL The organic
extract was then dried using sodium sulfate and concentrated
to 200pL wsing a gentle strearn of nitregen. The concentrated
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Table 1 - Sampling ID ({date, dme, disinfes

bather load, THM levels HAA levels and total DEP

nt technology used), water quality parameters (pH, residual Cl), estimated

Sample 1D Sample Disinfectant pH Residual Exercise Class ~ THMs{pg'l) HAAs{pg/L) Total
Callection Chlorine DaEPs(pgl)
Time {mgly

May sample 1:00 PM 12% liguid sodium 74 &1 Mo, typical or 1066 2541

{&/17/2021) kypachlorite bather load

November 12:30 FM Electrochemically ] a2 No, typical ] 1758 2613

sample generated chlarine: bather load

{11185 2027)

Jarmsary 1:10 PM Electrochemically ra 20 Yes, 8-10 2E0 225 3281

sample generated chlarine: participants

{v12/2002

* salt water poal.

extract was spiked with 4pL of an internal standard [1,2-
dibrornapropans) and split inte two equal aliguots. The first
aliquot was used to analyze for 4 rihalomethanes (THMs]),
o haloketones [HE=), 4 haloacetaldehyde (HALs), 4 haloni-
romethanes (HMMs), 7 haleacetonitriles (HAM=), 13 haloac-
etamides (HAME), and 6 iodinated trihalomethanes (I-THMs).

The second aliquot was derivatized using diazomethanse
for the analysis of 9 haloacetic acids (HAAs) and 4 lodoacetic
acids (lAAs). Diazomethane derivatization converts carbosylic
acids to methyl esters for analysis by gas chromatography
[GC)-masgs spectrometry (MS5). The diazomethans derivatiza-
tion was conducted as described by the US Environmen-
tal Protection Agency Standard Operating Frocedure (Richard-
son et al, 2009). In brief, 0367 g of Diazald and 1.0mL of
CARBITOL™ were placed inside the inner tube of a dia-
zormethane penerator. Then, 3.0mL of methyl tert-butyl ether
wag placed in the outer tube of the generator, and the entire
generator was placed in lee. Once on lee, 1.5 mL of 37% potas-
sium hydroxide was added slowly (dropwise) to the inner tube
and allowed to react fior 1he Afver 1 hr, 50pL of diszomethane
[dissalved in methyl tere-buty] ether] was spiked into a 100 gL
organie extract aliquot and allowed to react for 30min. After
30min, the reaction was quenched with 10 mg of silica gel and
trangferred to new vials before analysis.

1.4 GC-MS analysis

Both extracts were analyzed using a gas chromatograph-
mass spectrometer (Agllent 7890 GC, 5977 A mass spectrom-
eter, Agilent Techneologies, Santa Clara, CA) with electron
lonization (EI} at 70V in selecton lon monitoring (SIM)
mode. Sample extracts (10 pL) were injected into a muld-
mode inler (MMI) in pulsed splitless mode. Analytes ware
chromatographically separated using a Restek Rix-200 col-
umn (30mx0.25mmx0. 35 pm film thickness; Restek Corpo-
ration, Bellafonte, PA). This column provides improved separa-
tion and detection limits for iodo-THM: and halesacetamides,
which tend o tail and give lower responses using a DB-5 col-
urmn (Cuthbertson et al, 2020). The GC temperatune prograrm
for the analyais of the 4 THMs, 9 HEs, 4 HALs, 4 HNMs, 7 HANs,
13 HAMS, 6 I-THMs was as follows: initial temperature of 35 °C
for 5 min, increased to 220°C at95C/'min, ramped at 20 °C/min
e 280°C, and held for 15min. The GC emperature program

for the analysis of the 3 HAAS and 4 IAAs was as follows: ini-
tal remperature held at 35°C for 5 min, increased to 2B0°C at
920 rman, and held far 15 min. Both methads held the trams-
fer line at 280 °C and source temperature at 200°C. Quantifier
and qualifier ions along with limits of quantification (LOG) for
each DEP are listed in Table 52

1.5. Bromide and iodide measurements

To quantify the amount of bromide and lodide present in the
sodium chloride used for salt water paals, a solid sodium chlo-
ride sample used at this community pool was collected and
dissalved in ultrapure water for analysis. Eromide and iodide
were quantified via a Dionex Integrion high performance ion
chromatography (HPIC) system [Sunnywale, CA) with an lon-
Pac AS20 guard colurmn and an lonPac AS20 analytical column.
The systermn included a 500 pL sample loop and 50mM MaOH
as the eluent. An external calibration curve was prepared in
ultrapure water (1, 5, 10, 20, and 30pgL) using sodium bro-
mide and sodium lodide. The limits of guantification (LOQs)
for both bromide and jodide are 1.0pg'L.

16 “TIC-Tox™: calculated cytotowicity and gemotoxdicity

“TIC-Tox™ is a metric previously used in several studies to eal-
culate eytotaxicity and genotasxicity of water samples and pre-
dict the drivers of tosdelty (Smith et al , 2010; Allard et al , 2015;
Plewa et al, 2017 Cuthbertson et al_, 201% Carter et al, 2019
Allen et al, 2021; Aziz et al., 2022). In brief, *THC-Tox" calou-
lates cytotoxicity and genotoxicity by multiplying the malar
concentration of each individual DEF by their corresponding
cytotoxicity ar genotoxicity index values for Chinese hamster
ovary (CHO) cells reported in literature (Wagner and Plewa,
2017; Plewa et al., 2017). Each product is then multiplied by a
normalization factor (10°) and summed together (Eqs 1and 7).

total caleulated cytotoxicity = % (IDBF) = Lisy " = 1D5'J'| {1

total caleulated genotoxicity = 3 | [DBP] « SORTDNA " = 10°)
]
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Fig. 1 - Total concentration of DBPs by class in conventional
chlorine and salt water pool samples.

where LCg " I8 the inverse of the lethal concentration at
50% in molarty (M) and TDNA! = the inverse of the 50%
tail DMNA measurement in molarity (M), “TIC-Tox™ assurrnes
that the teededty of individual DEPs is additive, an assumprion
shown o be accurate in a recentdy published study (Lau
et al, 2020). Mate that haloketones (HEs) are not incleded in
“TIC-Tox™ calculations because there are no cytotosdcity oF
genotoxicity indes values currently available in the literature.
Addirional details about 'TIC-Tox" and the determination of
cytotoxicity and genotoxicity index values can be found in
Previous studles (Wagner and Plewa, 2017, Plewa et al., 2017;
Faribairn et al., 1995 Tice et al, 2000; Wagner et al , 3009,
Rundell et al., 2003).

2 Results and discussion

21 Ouverall findings

of the 60 DEPs measured in this study, 6% were detected
at least once. Table 2 shows the 60 DBPs quantified during
each sampling event. The dominant DEP clagses quantified
were haloacete acids (HAAs), followed by haloscetaldehydes
(FLAL=), and trihalomethanes (THMs) (Fig. 1). HAAs, which
accounted for 63% of the average total DEPS present, are
known to accumulate in poole due to their lack of valatility
(Carter et al., 2017, Simard et al, 2013, Daiber et al., 2016;
Allen et al, 2021). Tetal HAA concentrations ranged fram
1066 to 2425 pgl and were dominaved by Cl-HAAs (sum of
chlorsacete acld, dichlorosceite acid, and trichloroaceric
acid). Dichloroacetic acid (DCAA) and trichloroacetic acid
(TCAA) were the dominant HAA: detected with an average
concentration of 1332 and 277 pgL, respectively. This Ainding
matches well with previously published data from our lab in
which another indoor posl had DCAA and TCAA at levels as
high as 1230 and 275 pg'L, respectvely (Allen et al, 2021). Of
the haloacetaldehydes quantified in this smdy, mrchloroac-
etaldehyde (TCAL) was the most commonly detected,
and accounted for 19% of the average total DEPs formed.
Trehloromethane [TCM) was the second most abundant
DEF quantified with an average concentration of 447 pgL
Interestingly, the January salt water pool sample contained).
=7 DEFs (3251 pg'L) despite having the

lowest residual chlorine measured | Table 1), Pogr o the
January sampling, an exercise class was offered, thus the

bather load was higher compared to the ather tao sampling
gwents (Table 1) An increase in turbulence in the paal prior
to sampling resulted in lower THM: levels (260 pg'L) but
higher levels of non-volatile DEPs, particularly HAAS

(2425 pg/L). This inding matches well with previoes studies
that noted as the turbulence in the swimming pool increases,
50 does the THM concentration in air samples collected at
indoor pools (Aggazzatti et al, 1998, Came &t al,
20137), thus, decreasing THM levels in the water.

Indinated trihalormethanes [I-THMs), lodoacetic acids
(LaAs), and halsnitromethanes (HMMs) were present at the
lowest levels. On average, these classes represented 1% of
the awverage DBEPs present in all pool samples. Trichlorond-
tramethane [TCHM) was the most frequently detected HMNM
in pool sarmples, with average levels ranging from 2.1 pg'L in
the salt water pool samples to 4.6pgl in the conventional
chlorinated pool sample. The only I-THM detected in this
study was bromodiodomethans (BDIM), which was found
in the corventonal chlorinated pool sample ar 0.5 pg'L.
lodeacetic actd [IAA) was also detected in the conventional
chlorinated pool at 0.2 pg'L and dilodeacetic acids (MAA) and
chlorsiodeasetic acd (ClAA) were detected in the January salt
water pool sample, both at 0.3 pgl. This is the frst repor
of DLAA in swimming pool water and = a significant finding
due to ite elevated level of tecdeity. For example, DIAA s 1.Ex
maore cytotexdc than DBEAA. lon chromatography analysis of
the salt used in the salt water pool revealed that lodide was
nob present as an impurity, suggesting that the presence of
the I-DBPs was the result of ladide in disinfected source water
used to fill the poal.

23 Comventional chlorine vs. salt water: C-DBEFs

221, Haoloacetic acids (HAAs)

Upon implementation of an electrochemically penerated
chlorine systerm, there was a 15% increase in average total
DEPs compared to the conventionally chlorinated pool sam-
ple. This overall increase in HAAs was driven by the January
sarmple which had the lowest residual chlorine but the
highest bather load prior to sampling. This  increase in
DBF lormation was drven by dichleroacetic acid and
trichlorsacetic acld, which saw a 124% and 25% increase,
respectively. Dichlorsacetie acld accounted for G5% (730 pgL)
of the HAAs formed in the conventonal chlarine poal and
7% (1633 pg'L) of the HAAs pregent in the salt water pool,
a 1% increase. Trichloroacetic scid accounted for 2%
(238 pgfL) of HAAs present in the comventional chlorine poal
sample and 14% (297 pg'L) in salt water pool samples, a 25%
increase. A previous study noted a similar increasing trend
when comparing levels of dichloroacetic acid (196% increase)
and trichlorsacetic (229% increase) in conventional chlorine
and =alt water poals (Yeh et al., 2014).

222  Haobacetaldehydes (HALs)

The concentration of tichloroacetaldehyde (TCAL) was
SEDpEL in the conventional chlorine pool and 490 pg'l on
average in the salt water pool, a 16% decrease. Lee et al
(2010) alse noted a decrease (40%) in the formation of
trichlorsacetaldehyde berween conventlonal chlorine and salt
water pools. This decrease in trichlorsacetaldehyde iz an
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Table 2 - DEPs quantified in conventional chlorine or salt water pools (pg/

DEPclass Mame Abbreviation Conwentional chlosine Salt water
May Mosrembeer January
Hals Trichhmnel:ld!l‘q,rd! TCAL SH0=150 448 + 107 532+583
Eromodichloroacetaldehiyde BDCAL Lo=0.0 ND 48+0.2
Dibromochlarcacetaldebyde Dacal 0.2=00 ] o100
Trihmnﬂ.neta]dzhyde THAL HD M 0Ll +00
HaMs Trichlaroacetanitrile TCAM DEe£00 032000 0% 00
Dichloroacetonitrile DCAN 5.3=013 a2 4.2 +04
Chloroacetonitrile CAN 63=01 2p=02 L4 0D
Bromochloroacetonitrile BCAN 0.2=00 D3= 00 DS D
Eromoacetonitrile BAM 11=00 MDD o ]
Debromoesce tonitrile DaaMN =00 O =kl 0400
Iodoacetonitrile 1AN HD ¥ )] MO
1,1-I:Ii.rJ:|an:|Fu'np=|1n:|1.c 11mCP 18=01 MDD MO
HEs I‘_hlnn:lpmp:nm (e 18.0=1.0 d.E=02 15+04
HEs 1,1,1-Trichloropropancne 111TCE B.2:03 1LO=00 VRS T
1,1-Dibromapropancoe 11DBP HD M MO
1-Brama-1,1-dichloropropancne 1B110CP 0300 D=0 D300
1.3'I:|i.I'J:||.I:m:Ip:I'Dp=I1I:ﬂ'I.E T3P 1B=00 o=l 0.7 =01
1,1,3Trichloropropanone 113TCE 1601 D200 MND
1,1,3,3-Tetrachloropropanone 1133 TeCE aa=0n MO MND
1,1,3-.3-T:|:.1hrurrbupn'up=m.c 1133Te=BP HD 311203 1704
HMBi= Trichlaronitromethane TCHM dE=01 Ia=0l 1L7+01
Dichloronitromethane DCmM Ga=0.0 MO MD
Eromochloronitromethane BN 0.2=0.0 M MO
Débromonitromethane DaMke MD MO MO
THMs Trichlaromethane TCM TE4 £14.8 NE39.0 5T1381
Tribromomethane TN 0.3=0.0 i) jfin]
Débromochlaromethane nack 0501 0.2 b e ]
Bromodichloromethane BOCM 11.8=0.1 15201 1001
Dichloroipdomethane Do ND MO MD
I THMs Eromochlorododomethane BCIM HD jiin] MO
- THMs Dibromoicdomethane Dam HD M MO
Chlomodiisdamethanes CIHM HD M MO
Bromodiindomethan e BODM 05200 M MO
Iodofarm TI HD o8] MO
HaAMs Chloroacetamide CAM HD M MO
Bromoacetamide BAM HD M MO
Dichloroacetamide DCAM 1.5=09 M I4+02
Bromochloroacetamide BCAM HD i) jfin]
Indoacetarmide 1AM HD i) jfin]
Trichlarcacetamide TCAM 70£18 1208 9007
Débromioace tamide DaaM HD M MO
EBromodichloroacetamide BOCAM 1.5+01 1500 R
Chloroiodoacetamide ClAM HD ] MO
Eromoiodoacetamide BlAM HD M MO
Ditromochlaroacetamide Dacam HD M o ]
Tribromoacetamide THAM HD o8] MO
Diipdoacstamide DiaAM HD o8] MO
Chloraacetic scid CAs [ wE 1M+ 56 09 +55
HaMs Bromoacetic acid BAA 1.2=00 M o ]
HaMs Dichloroacetic ackd DCAA F30=113 1X58+150 1953+33 5
Trichlaroacetc ackd TCAM =T34 nr+1re ¥riie
Bromochloroacetic acd BCAA 14.9=0.7 40T +36 B91+2.7
Bromodichloroacetic acdd BOCAA F.0=02 S0=03 BS+04
Dibromomoetc acid Dasas 1B8=01 F52035 1X0 0™
Debromoch baroacetic acid DacAA 1501 4.2 =00 oS
Tribromoacetic acid THEAR HD 16200 0200
1Afs Indoacetic acd 1AA 0.2=00 M o ]
Chlomiodoacetic acid CIAA HD M 03 +01"
Bromoiodoacetic acid BlAA HD ] MO
Dtigdoacetic acid DAA HD M 0300

* Values reparted as average + standard deviation of triplicate measurements.

* Values reported as average + standard error of duplicate measurements; ND = not detected.
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important finding when considering previous studies have
cited trichloroacetaldehyde as the primary driver of caleulated
chronic cytotosxicity in pools (Carter et al., 2019).

223 Trihalomethanes (THMs)

Trchloromethane concentrations in the conventional chlo-
rine and salt water pool samples were 764 pg'L and 288 pg'L,
regpectively. Motably, 764 pg/L of trichlaremethane in the
corventional chlorinated indoor pool is the sacond higheast
reported level of richlaromethane in the literature, sec-
ond to only 980 pg'L reported in a study conducted by Lahl
et al (19E1). Elevated levels of trichloromethane in indoor
pools underlines the importance of having adequate wen-
dlation in indoor pools o decrease gwimmers' expagure
to wolatle DBPs wia imhalation (Villanueva et al, 2007h),
especially when there is an increase in bather load like
during the Janwary sampling.

224  Haloketomes (HKs)

The average concentration of haloketones (HKs) decreased by
76% in salt water pool samples (8.4 pg/L) compared to the con-
ventional chlorine pool sample (345 pgL). Of the B HEs de-
tected in one or more pool samples, 7 of them decreased in
concentration, ranging from a 10% decrease to a 100% de-
crezse, with the exception of 1,13 3-tetrabromopropanone
(1133TeBF), which wasz not detected in conventional chilari-
nated waters, but had an average concentration of 2.4 pg/L in
salt water pool samples. The formation of 1133TeBP indicates
the presence of & bromide impurity in the salt used in the salt
water pool, which would lead to the formation of Br-DEPS. Fur-
ther discussion of bromide levels and resulting Br-DEPs can be
found in Section 2.4 (Br-DEP: in pool samplas).

23 Conventional chlorine vs. salt water: N-DBPFs

231 Haoloacetamides (HAMs)

This study presents the first report of the quantification of twa
halsacetarnides (dichloroacetamide and bremodichloroac-
etamide) in a salt water poal. Of the 13 HAM:s quantified in
this study, only 3 were detected above the limit of quantifi-
cation. Of those, rchloroacetamide (TCAM) was quantified at
the highest lewsl, with an awerage concentration of 23.0pg'L,
followed by dichloroacetamide (DCAM) at BE3pgl and bro-
modichloroacetamide (BDCAM) at 1.3pgl. For wichloroac-
etamide and dichlereacetamide, maximum concentrations
pecurred in the comventional chlorinated pool water at
I7.0pgL and 21.5 pgL, reapectively. The maximurm concen-
tration of bromadichlorsacetamide occurred in the Movem-
ber salt water pool sampling event at 1.9 pg'L On average, salt
water pool samples showed a decrease in trichloroacetamide
(57%), dichlorsacetarnide (92%), and brormaodichloroacetamide
(17%) when compared to the comventional chlorinated poal
sample

232  Holoacetonitriles (HANs)

Dichloroacetonitrle (DCAN) and chlorsacetanitrile [CAM)
were present at the highest leve] of all HANE guantified in this
study, with an average concentration of 4.9 pg/'L and 3 4pg'L,
regpectively. HAMS in salt water pool samples consistently de-
crezsed when compared to conventional chlorine pool sam-
ples, with the exception of bramochloreacetonitrile (BCAM)
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Fig. 2 - Caleulated cytotoxicity of DEPs by class in
conventional chlorine and salt water pool samples. Note
that cytotoxicity data for haloketones (HEs) are currenthy
not available in lteratore,
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and dibromoscetonitrile (DEAN), likely due to the presence of
bromide in the zalt used in the salt water pool.

24.  Er-DEPs in pool samples

Eraminated DEPs (Br-DEPg) are of interest due to their ele-
vated levels of toodeity compared to thelr chlorinated ana-
logues (FRichardson et al, 2007; Wagner et al., 3017). Previous
salt water pool stedies, which measured a smaller number
of DBPg, have attributed the formation of Be-THMs, Br-HAAS,
and Br-HAMs to bromide present in sodium chloride and erm-
phasized the importance of using high purity sodiurm chlo-
ride (Beach et al., 1980; Whitaker et al., 2003; Lee et al., 2010,
2003). lon chromategraphy analysis of the sodium chloride
uged in the salt water pool in this study revealed that the salt
contained apprasimately 0.05% brormide. Assuming the salin-
ity of salt water pools are typically maintained around 3,000
o 5,000 mgl, at 4,000 mgL salinity, a 0.05% bromide mpu-
rity will contribute approximately 11E pg'L of bromide to the
pool. This impurity is a significant contribution te the bromide
levels in this pool, considering that the tap water in the city
where the cornmunity pool islecated only contained 22 pg/L of
brormide. Overall, the switch to a salt water pool led to a 73% in-
creage in Br-DBPE, primarily driven by bromochlareacetic acid
(BCAA), which saw a 268% increase to an average of 54.9 pg'L

25 Calculated cytotoxicity

Caleulated cytotoxicity decreased by 45% after implemen-
tation of the salt water pool systern, Overall, the caloulated
cytotoxicity in pool samples was driven by HANs, HAAs,
and HALs, which accounted for 34%, 30%, and 26%, respec-
tvely, of the average caleulated cytotoxicity in conventional
chlorinated and salt water pool samples combined [Fig. 2).
In pool waters disinfected with conventional chlorine, the
caleulated cytotoxicity was driven by HANs (53%), followed by
Hals (19%) and HaAs (17%) The 45% decreasein caleulated
cytotaxicity of salt water pools was primarily driven by
HANs. Although the concentration of BCAN and DEAN
increased in salt water pools, the concentration of BAN
increased in comventional chlorine pool samples compared
to salt water pool sarnples (3.1 pgLand ND, respectively).
Therefore, despite the overall increase in Br-DEFs upon
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implementing the electrochemically generated chlorine
gystem, an increase in the formation of BAN [contributing
0.1% of the total DBP: formed) in conventional chlarine poals
resulted in a substantal increasze in caleulated cytotoxicity
and accounted for 40% of the caleulated eyrotaxicity in the
corventonal chlorine sarmple.

Trichloroacetaldelyde, despite being the least cytotoxic
halsacetaldehyde quantified, contributed 22% of the average
caleulated cytotoxicity of all posl samples. In the conventional
chlorinated pool sample, trichloroacetald ehyde accounted for
17% of the total caleulated cytotoxicity and 26% in the salt wa-
ter poal samples. Although to a lesser degree, this finding is
consistent with a previous study in which richloroacetalde-
hyde was cited as a significant driver af caleulated eytotaxie-
ity in swimming pools (Carter et al, 2019). Unlike HANz and
HALz, HaAs did not have a clear driver of cytotexicity in con-
ventonal chlorinated pool samples, but was driven by sev-
eral HAAs like chlorcacetic acid (4%), bromoacetic ackd (5%),
dichloroacetic acid (4%), and trichlorcacetic acld (3%).

In galt water pools, the caleulated cytatosieity was driven
by HAA= (41%), HALs (33%), and HAMs [17%). On averags,
dichloroacetic acid enly contributed 16% to the calculated cy-
totosbeity for HAAs despite contributing 77% of the HAAs de-
tected. Chloroacetic acld, which contributed 139% of the caleu-
lated eytotoxicity of the HAAs, only accounted for 5% af the
average HAAs formed. Trichloroacetaldehyde contributed e
26% of the total caleulated cytotesdeity but only 17% of the av-
erage total DEPs in salt water pool samples. Dichloraacetoni-
trile (7%) and dibromoacetonitrile (4%) were the primary HANs
contributing to calculated cytotoxicity in salt water pool sam-
ples. The cases described abave further showcase the impor-
tamce of utilizing “TIC-Tox" to determing drivers of calculated
cytotoxicity rather than inferring voxicity based on total DEP
concentrationg.

All clagses of DEPs saw & decrease in caleulated cytotoxic-
ity when comparing the conventional chlorine pool to the salt
water poal, with the exception of HAAs that saw an increase of
31%. When compared o conventonal chlarinated pool sam-
ples, Br-HAA= and Br/Cl-HAAs were major contributors to the
imerease in caleulated cytotesdeity. The caleulated eytotoxicity
contributed by bremochloreacete acid and dibromoscetic
acid saw a 26E% and 2507% increase, respectively, in the salt
wiater pool. Interestingly, bromoacetic acld was not detected in
saltwater pool sarmples but was present at low levels (1.2 pgL)
in the comventional chlorinated pool sample and con-
tributed 5% of the total calculated cytotoxicity of that sample.
Chloroacetic acid, dichlorsacetic acid, and trichlorsacetic acid
also contributed substantially to the caleulated cytatoueity
[56%, 124%, and 25%, respectively] in the salt water pool, likely

due to the increase in bather load prior to the January
sampling ewent (Table 1).

26 Caloulated gemotaxicity

Calculated genotoxicity decreased by 15% upon lmplemen-
tation of a salt water system. Primary drivers of caleulated
genataxeiny were HAAS, which accounted for 80% of the av-
erage caleulated genotoxicity in all pool sarmples. The calou-
lated genotoxicity of the conventional chlorine pool samples
was driven by a combination of HAAs [623%) and HANs (23%).

cofreankna
bl e

-

iy

= Fiffd

=R

ALY

mFidiy
MEy Heswrbar SARLRT

Fig. 3 - Caleulated genaotoxicity of DEPS by class in
conventional chlorine and salt water pool samples. Note
that genotoxicity data lor HES are currently not available in
literature. [I-THMs and THAMs are not shown in this iigure
due to their presence at low or non-detect levels and/or
thelr low genotoxicity values reported in Hterabare.
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Chloroacetic acld (47%) and bromaacetic acid (14%) were the
main sontributers o caleulated genotoxicity (Fig. 3), despite
only contributing 3% and 1% of the total DEPs in the con-
ventonal chlorine pool sample, respectively. Like with calcu-
lated cytotosdeity, bromoacetonitrile [18%) was alss the pri-
mary driver of caleulated genotoxicity in the conventomal
chlorine pool sample, despite contributing 1% of the total
DEPs formed. Chloroacetic acid (73%) was the calculated geno-
toxicity driver in salt water pools samples, despite only con-
tributing 4% of the total DBPs formed.

All classes of DEPs saw a decrease in caleulated genatoxic-
ity in salt water pool sarmples when compared to the corven-
tonal chlorinated pool, with the exception of HALs and HAAS,
which saw an increase of E9% and 24%, respectively. [Aas
(o9%), HAMNS (B9%), and HMMs (559%) saw the largest percent
reduction in caleulated genotooieity, but were only responsi-
ble far 7% of the total caleulated genotoxicity in the salt water
pool. Bromachloreacetic acld and dibromeacetic acld saw the
largest increase in caleulated genotecdeity, with a 368% and
250% increase, respectively. However, this increage in Br-HAAS
only contributed 4% of the total genotaxicity of the pool sarm-
ples. Furthermore, bromoacetic acid was not detected in salt
water pool samples, but was present at low lewels (1.2 pg'L)
in the conventional chlorine pool sample, contributing 14% of
the total caleulated genotoxicity of that sample.

3. Conclusions

This study provides an extensive analysis of 60 DBEPFs in
the same indoor coramunity pool treated with either con-
ventonal chlorine or elecwochemically generated chlorine
(zalt water). Of the 60 DEFs measured, GE% were detected
at least once, with dominant DEP clagses including HAAS,
HaLs, and THMs, with average concentrations of 1763 pg/'L,
5I2pg'l, and 453pgl, respectively. DEP levels were con-
sigtent with previous studies that reported these 3 classes,
with the exception of michloromethane, which was present
at Fed pg'l in the corventional chlone pool sample, likaly
due to a high residual chlerine (6.1mg'L). This finding
highlights the importance of maintaining a lower residual
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chlorine (1.0 to 2.0mgl) and ensuring adequate wventilation
in indoor pools to decrease swimmers' exposure to volatile
DEPs. The switch from comventional chlorne to a salt wa-
ter sysberm saw a 15% increase in the average total DEPs
present, driven by trichlorsacetic acid and dichloroacetic
acid. The overall increase in total DBEPs in the salt water pool
samples was driven by the January saraple which was
collected after an exercise class and contained 38% and 24%
more total DBPs compared to the conventonal chlorine
sample and the Novernber salt water pool sample,

tively.

However, the implementation of a salt water systern led
o a 45% and 15% decrease in caleulated cytotoxicity and
genotoxleity, respectively. Caleulated cytotoxicity walwes for
bath comventlonal chlorne and salt water pool samples wane
driven by HALs, HANS, and HAAs. This decrease in caleulated
cytotoxicity and genotoxicity further indicates that
maintaining a low residual chlorine is also just as important
as limiting the bather load. Further, our calculated cytotaicity
findings match well with a previsus drinking water study that
demonstrated a statistically significant correlation betweaen
the concentration of M-DEPs and cytotosicity (Allen et al,
3021). Therelore, Dmiting the lormaton of N-DBPs by reducing
the amount of nitregen sources like sweat and urine (Li and
Blatchley, 2007 Yeh et al, 2014; Shah and Mitch, 2013)
in swimming pools will be erecial in reducing the overall
tozdelty of swimming poals.

[-THME, HMNMs, HAM:, and THM:s contributed enly 9% on
average to the rotal caleulated cytotoxicity of all three pool
samples. IAAs, despite their elevated levels of toxicity, only
contributed 1% of the caleulated eytotoxicity, due to their pres-
ence at low or non-detect levels. Trichloroacetaldehyde was
the primary driver of caleulated cytotoxicity, contributing 23%
of the caleulated cytotoxicity on average.

Caleulated genotoxieity values for both conventianal chlo-
rine and salt water paol samples were driven by HNMs, HAMs,
and HAAs, with chlorsaceric acid contributing 73% on aver-
age, despite only accounting for 3% of the average total DEFs.
HAMs, HALs, and I-THM: were not significant contributors to
caleulated genotoxicity due to their presence at low or non-
detect lewals. Further, despite their high levels, THMs are not
genotoxle in CHO cells (Wagner and Flewa, 2017), so they did
not contribute to the caleulated genotoxicity for these pool
samples,

lon chromatography analysis of the sodium chleride used
in the salt water pool systerm revealed a 0.05% brormide mpu-
rity. Based on the average salinity required for salt water poals,
this 0.05% impurity results in an increase of bromide levels by
mvore than 100pgL. As a result, the concentraton of Br-DEFs
and BryCl-DEPs increased from 49.9 pg/L to B6.1 pgL, & 73% in-
crease. This increase in BEr-DBEPs was primarily driven by bro-
mochlaroacetic acld, which incressed by 266% to 54.9pg/L, but
did not substantially contribute to the calculated genotosicity.

This study provides lmportant insights for pools utilizng
corventonal chlorine va electrochemically generated chlo-
rine (salt water). Overall, the change from a conventonal
chlorinated pool to a salt water pool system reduced the
calculated cytotoxicity and genotosdeity despite the pres-
ence of a bromide impurity and the increase in bather load
prior to the second (January) salt water sample. Due to the in-

creasing popularity of salt water pools, future work focusing
on controlled lab reactions and measurement of whale water
tosdcity of salt water pools wsing a variety of sodiurm chloride
salts would be beneficial to batver understand the impact bro-
mide impurities may have on the tosdeity of the poal water.
Addirionally, future research studying a larger number of bath
indoor and sutdoor poals futlizing both salt water and con-
ventional chlorine) will aid in a more rebust understanding of
the factors that drive toxieity in each treatment technigue.
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ABSTRACT: Globally, tea is the second most consumed nonalcoholic beverage next to drinking water and is an important pathway
of disinfection byproduct (DBP) exposure. When boiled tap water is used to brew tea, residual chlofine can produce DBPs by the
reaction of chlorine with tea compounds. In this study, 60 regulated and priority DBPs were measured in Twinings green tea, Earl
Grey tea, and Lipton tea that was brewed using tap water or simulated tap water (nanopure water with chlosine). In many cases,
measured DBP levels in tea were lower than in the tap water itself due to volatilization and sorption onto tea leaves. DBPs formed by
the reaction of residual chlorine with tea precursors contributed ~12% of total DBPs in real tap water brewed tea, with the remaining
88% introduced by the tap water itself. Of that 12%, dichloroacetic acid, trichloreacetic acid, and chloroform were the only
contributing DBPs. Total organic halogen in tea neardy doubled relative to tap water, with 96% of the halogenated DBPs unknown.
Much of this unknown total organic halogen (TOX) may be high-melecular-weight haloaromatic compounds, formed by the
reaction of chlorine with polyphenols present in tea leaves. The identification of 15 haloaromatic DBPs using gas chromatography—
high-resolution mass spectrometry indicates that this may be the case. Further studies on the identity and formation of these
aromatic DBPs should be conducted since haloaromatic DBIs can have significant tewicity.

KEYWORDS: DBPs, tea, TOX, high-resolution mass spectrometry, nontarget analysis

B INTRODUCTION To protect drinking water safety, disinfection is widely used
to control waterborne pathogens.'” Although disinfection is

Globally, tea is th d t d nenalcohaoli |
T tea % P13 SStinC MOSH consmmer nonecnlo important, one downside is DBP formation.” ' Epidemiologic

beverage next to drinking water."* World production of tea "
was ~~4.8 million tons in 201, and per capita consnmption is studies show that bladder cancer, colorectal cancer, and

~100 g/year."* Popular types of tea inchude green and black adverse birth outcomes are associated with DBPs in drinking
: 1=28 . )
tea, both of which use leaves from the Camellia sinesis plant.” water."*" Eleven DBPs are currently regulated in the United
Green tea is not fermented (oxidized), while Black tea has States,” and DBPs are also regulated in other countries."
undergone fermentation (oxidation). In East Asian countries, Thus,.DBPs are. ‘}Slnb’-] COnCEm. - )
tea is generally brewed using boiled water and loose tea leaves, While chloramine and czone are often used for disinfection,
and in Western countries, tea bags are popular.® Both green tea chlorine is still the most commonly used chemical disinfectant

and black tea contain approximately 500 compounds, including

polyphenols, amino acids, caffeine, pigments, esters, paoly- Received: May 26, 2021
saccharides, vitamins, minerals, and aromatic substances ™’ Revised:  August 19, 2021
Some of these compounds have functional groups that can Accepted:  August 20, 2021
react with chlorine to form disinfection byproducs (DEPs). Publiched: September 15, 2021

For example, chlorine is well known to undergo electrophilic
aromatic substitution reactions with phenols to form DBPs.™"

& 2020 Arnisian Dreamical Society lﬂI;:‘:-'.'Jaulg-"U 1021 faatiid. | 3419
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for drinking water.”' To control the regrowth of micro-
organisms, residual chlorine is typically maintained in drinking
water distribution systems.™™ In the United States and China,
up to 4 mg/L residual chlorine is allowed and up to 0.5 mg/L
is generally maintained in the United Kingdom. ™ ****** Boiling
water in a kettle removes only 5—19% of the chlorine residual”
Therefore, a significant chlorine residual remains, which can
form DBPs when this water is used to make tea. Bond et al
quantified six DBPs (trichloromethane (TCM), trichloronitra-
methane (TCNM), dichloroacetonitrile (DCAMN), trichloroa-
cetonitrile (TCAN), 1,1-dichloropropancne (1,1-DCP), and
L1, 1-trichloropropanone (1,1,1-TCP)) in tea and coffee
created using boiled simulated tap water, and their formation
potentials were 14.7-624, <026, <1.04, <049, and <1.32
pg/mg DOC, respectively” Fakour et al measured four
regulated trihalomethanes (THMs) in tea brewed using tap
water, and up to 825 pg/L THMs were measured in boiled tap
water brewed tea. ™’

To date, more than 700 DBPs have been identified in
drinking water, and many are cytotoxic, genotoxic, mutagenic,
o carcinogenic.'™" " Among these compounds, iode-THMs (I-
THMs), iodoacetic acids (IAAs), haloacetonitriles (HANs),
haloacetaldehydes (HALz), halonitromethanes (HNMs), hala-
acetamides (HAMSs ), and haloketones (HEs) are considered as
priority DBPs, owing to their detection frequency, concen-
trations, and toxicities. " Compared to regulated THMs and
haloacetic acids (HAAs), most of these unregulated priority
DBFs are much more cytotoxic and genotoxic.''*~"
However, there is little information on the occurrence and
formation of DBPs in tea, with only one paper reporting one
class of DBPs (THMs) in tea brewed using real tap water.

DBPs in tea can come from tweo sources: from the tap water
used to brew the tea (DBPs already formed) and from the
reaction of residual chlorine in tap water with tea precursors. In
this study, we conducted a comprehensive study to quantify 60
regulated and priority DBPs and total organic halogen (TOX)
in three popular green and black teas in the United States.
Unknown DBPs were also identified using gas chromato-
graphy=high-resolution mass spectrometry.

W MATERIALS AND METHODS

Chemicals and Reagents. Dichloroacetonitrile, bromo-
chloreacetonitrile, dibromoacetonitrile, trichloroacetonitrile,
trichloronitromethane, 1,1-dichloropropanone, 1,1,1-trichlora-
propanone, and trichloroacetaldehyde were purchased from
AccuStandard as individual standards in acetone | New Haven,
CT). All other DBP standards (Table 51) were purchased or
custom synthesized from Sigma-Aldrich (St Louis, MO,
CanSyn Chem. Corp. (Toronto, Ontario), TCl America
{Boston, MAJ, and Aldlab (Boston, MA) at the highest purity.
Methyl tert-butyl ether (MTBE), ethyl acetate, acetonitrile, and
methanol were purchased from Sigma-Aldrich and Honeywell
International {Muskegon, MI) at the highest purity. Nanopure
water (18.2 M) was used to perform experiments involving
simulated tap water. Twinings green tea, Twinings Earl Grey
{black) tea, and Lipton (black) tea (all in tea bags, 2.0, 2.0, and
4.1 g, respectively) were purchaged from a local supermarket.
Earl Grey and Lipton teas were both fermented black teas.
Finished water (10 L) was collected from a local drinking
water plant that nses chlorine for disinfection in September
2020 (residual chlorine of 1.4 mg/L).

Experimental Design. Four groups of experiments were
conducted. The water used for brewing the tea was boiled tap

water with a boiling time of 1 min. Groop 1 was a control
experiment, in which 250 mL of boiled nanopure water was
used to brew each tea bag. Group 2 experiments brewed tea
with boiled nanopure water containing 1.0 mg/L chlorine
(before boiling; hereafter denoted as “simulated tap water™).
Group 3 was another controlled experiment with boiled real
tap water withouot tea. Group 4 was a realistic sibeation where
boiled real tap water was used to brew tea. Tea was brewed in a
glass beaker, then cooled at room temperature (combined time
for brewing and cooling of 30 min, Figure 51), and 300 mL
was used to quantify regulated and priority DBPs and TOX.
Experiments were conducted and amalyzed in triplicate for
regulated and priority DBPs and TOX.

For the analysis of unknown DBPs, a higher residual
chlorine level (4 mg/L, before boiling) was used to allow
somewhat higher levels of DBFs to enable their detection by
gas chromatography (GC)-full-scan mass spectrometry, and to
simulate real tap water with the maximum level of residual
chlorine allowed by regulation.”" In addition, 200 pg/L sodium
bromide ag bromide and 20 pg/L sodium iodide as indide were
added to the simulated tap water (nanopure water with
chlorine) to mimic real source waters that can have high
bromide and iodide*” " In these cited studies, bromide in
Rella, MO tap water was 10.1 pg/L,** and iodide in Hong
Kong tap water was 0.1=04 ug/L. * Tea was brewed in 1 and
2 L beakers (1 L of water per tea bag) and then cooled at room
temperature (combined brew and cooling time of 30 min).
Contral experiments were conducted using boiled nanopure
water. Experiments for wnknown (nontarget) DBP identi-
fication were conducted in doplicate.

Sorption of DBPs onto Tea Leaves. To test the potential
for sorption of DEPs onto tea leaves, two groups of
experiments were conducted (one experimental group and
one control group). For the experimental group, 250 mlL of
boiled nanopure water was used to brew each tea bag. Once
the tea was cooled to room temperature (30 min), a 5.0 pg/L
DBP mixture was added to the tea and allowed to sorb for 30
min. For the contrel group, a 5.0 pg/L DEF mixture was added
to the room temperature-cooled boiled nanopure water (no
tea) and allowed to sorb for 30 min.

Quantitative Analysis of 60 DBPs. Sixty DBPs were
measured, including 4 HALs, 7 HANg, 9 HKs, 4 HNMs, 4
THMs, 6 -THMs, 9 HAAs, 4 LAAs, and 13 HAMs | Table 51).
Extraction and derivatization methods were adapted from
previously published methods from our laboratory.™ ™ In
brief, 100 mL of water or brewed tea was pH adjusted to a pH
< 1 using concentrated H,50,. Then, 30 g of sodium sulfate
and 10 mL of MTBE (for the first extraction) were added to
125 mL amber bottle and the samples were shaken for 15 min.
The bottles were then allowed to settle for 10 min and the
organic layer (MTBE)} was removed and placed into a glass
test tube. Two more liquid=liquid exteactions were performed
with 5 mL of MTBE added each time for a total organic extract
volume of 20 mL per sample. Extracts were then passed
through a sodium sulfare column to remove excess water and
concentrated to 200 uL under nitrogen and spiked with 25 L
of methanol to help dissolve organic matter, and transferred to
GC vials. Afterward, 4 pL of 1,2-dibromopropane was added to
sample extracts as an internal standard. Samples were then
divided into two separate GC vials (one 100 gL and one 125
L) One set of samples (125 wl vial) was analyzed for THMs,
HEKs, HALs, HNMs, HAMs, and HANS; the other set (100 uL
vial) was used for the analysis of HAAs and IAAs.

ity ekl soay /D010 St | e0B41 0
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Diazomethane derivatization was used for the analysis of
HAAs and IAAs Diazomethane was freshly generated
according to a US EPA Standard Operating Procedure ™~
An Aldrich diazomethane generator apparatus (5t. Lounis, MO)
was used. In brief, approximately 0.367 g of Diazald and 1.0
mL of CARBITOL (Sigma-Aldrich, St Louwis, MO} were
added to the inner piece of the generator, and 3.0 mL of
MTBE were added to the outer piece. The apparatus was
assembled and placed in ice, and 1.5 mL of 37% potassium
hydroxide was injected dropwise (very slowly) through the
septum into the inner portion of the generator. After reacting
for 1 h, the diazomethane {dissolved in MTBE in the outer
tube } was transferred to a glass conical vial. A volume of 50 gL
diazomethane solution was added to each 100 gL extract for
HAMATAA analysis. After 30 min of reaction, excess dixzo-
methane was quenched with approximately 10 mg of silica gel
Derivatized extracts were transferred to new vials to remowve
solid silica from the samples for instrumental analysis.

Quantification of DBPs in water was done using an internal
calibration as described in Cuthbertson et al,** and standard
addition was wsed for quantification in brewed tea samples
(dee to the complexity of the matrix). For THMs, I-THMs,
HAMs, TAAs, HEs, HALs, HNMs, HAMs, and HANs, samples
were analyzed using an Agilent 7890 gas chromatograph-
S97TA mass spectrometer {GC-MS) with electron ionization,
as described in Cuthbertson et al*” Sample extracts (1.0 L)
were injected into a multimode inlet in pulsed splitless mode
using a Restek Rix-200 column (30 m 3 0.25 mm % 025 pm;
Restek Corporation, Bellefonte, PA). This column allowed
sharper peaks and optimal separation of DBPs. The GC
temperature program was as follows: initial temperature of 35
°C held for 2 min, increased to 160 “C at 9 “C/min, then
increased to 180 °C at 5 "C/min and finally increased to 280
“C at 22 “C/min held for 20 min. DBPs were quantified by
selected ion monitoring mode (SIM). Retention times and
selected jons are listed in Table 51.

Quantitative and Semiguantitative Analysis of Halo-
phenols. Nine halophenols (DBP-1, DEP-2, DBP-3, DEP-4,
DBP-5, DBP-6, DBP-7, DEP-§, and DBP-9) were quantified
using matriv-matched calibration curves created in Twinings
green tea, Earl Grey tea, and Lipton tea that was brewed with
nanopure water. Samples were prepared using simulated tap
water (4.0 mg/L chlorine before boiling, 200 pg/L sodium
bromide as bromide, and 20 pg/L sodium iodide as iodide)
with 1 tea bag per 250 mL of nanopure water. Samples were
then cooled to room temperature, 100 mL for each replicate
sample was transferred to a 125 mL amber bottle, and
extracted uwsing the procedure described in the Cuantitative
Analysis of 60 DEPs section. Samples were analyzed using the
Agilent 7890 GC-MS instrument described above with
electron ionization. Sample extracts (1.0 pL) were injected
into a multimode inlet in pulsed splitless mode using a Restek
Rix-200 column; 30 m »x 025 mm x 025 pm. The GC
temperature program was as follows: initial temperature of 35
“C held for § min, increased to 220 “C at 9 “C/min, then
increased to 280 “C at 20 "C/min and held for 10 min. The
transfer line was held at 280 °C, and the ion source
temperature was 200 “C. Halophenols were quantified using
SIM mode. Retention times and selected ions are shown in
Table 52; an example matrix-matched calibeation corve is
showm in Figure 513

Semiquantitative concentrations of DBP-1, DBP-2, DBP-3,
DBP-4, DBP-5, DBP-6, DBP-7, DBP-8, and DBP-9 in XAD

samples were also calculated using their corresponding
standards at 10 mg.lrL. For DBP-10, DEP-11, DBP-12, DBP-
13, DEP-14, and DBP-15, due to lack of corresponding
standards, their concentrations were calculated using 2 one-
point calculation curve of 4-chlorophenal (4CF; 10 mg/L) to
obtain a 4CP-equivalent concentration (Table 511).

Total Organic Halogen (TOX). Total organic chlorine
{TOCI), bromine (TOBr), and iodine (TOI) were analyzed
using a Mitsubishi TOX analyzer (Mitsubishi Chemical
Analytech, Chigasaki, Japan; Cosa Xentaur, Yaphank).
Procedures were based on published papers, with a few
modifications described in Text 51.°* Briefly, acidified
samples (pH < 1) were adsorbed onto activated carbon,
washed with sodium nitrate, and combusted at 1000 °C in the
presence of oxygen and argon as the carrier gas. Combusted
gases were collected in an agqueous solution containing 0.03%
hydrogen peroxide, which was analyzed for chloride, bromide,
and iodide wsing a Dionex 1600 ion chromatograph {Dionex,
Sunnyvale, CA).

Montarget |dentification of Unknown DEPs in Tea.
For the nontarget analysis of unknowns, samples were
exteacted using precleaned XAD resins as described in our
previous research.”” Briefly, 5.0 L of tea was acidified to pH < 1
using concentrated H,50,. A glass column was packed with
two kinds of XAD resins (XAD-2 and XAD-8, 9 mL each).
XAD resing were preconditioned with 25 mL of nanopure
water, 12.5 mL of 0.1 M HCI, 12.5 mL of 0.1 M NaQOH, 25 mL
of 0.1 M HCL, and 25 mL of nanopure water, in sequence.
Afterward, aqueous samples were passed through the XAD
resing and allowed to drain completely. Adsorbed compounds
(ie, DBPs) were eluted with 70 mL of ethyl scetate. The
eluent was collected, residual water was removed using a
separatory funnel, further dried with Na,50, and concentrated
to 200 gL with high-purity nitrogen.™”

A LECO Pegasus GC-HRT time-offlight {TOF) high-
resolution mass spectrometer (GC-HRT-TOF-HRMS; 50 000
resolution; LECO Corp., St Joseph, MI) was used for these
nontarget analyses with electron ionization at 70 eV in full-scan
mode (m/z 33=530). Procedures were similar to a previously
published paper from our lab.*® A LECO Pegasus BT 4D GC
# GC-TOF-MS (with 2 decimal place accuracy) was also used
in GC ® GC (2D} mode to improve separations of DBPs in
the complex tea extract matrices and in single-GC (1D) mode
for increased sensitivity of low abundant compounds that did
not have enough ion statistics using the high-resolution TOF
mass spectrometer. Extracts (1.5 pL) were injected into a
multimode inlet in pulsed spitless mode. For analyses in single-
GC mode, the type of column (Restek Rxi-5ms GC columng
30 m »x 025 mm ID % 0.25 pm) and temperature program
were the same as described above for regulated and priority
DBPs. For analyses in GC ® GC mode, the primary column
was the same as above, and the secondary column was a Restek
Rad-175il MS column (048 m * 0.1 mm ID % 0.1 um), with
both columns run with the same temperature program (35 °C,
held for 4 min, ramped to 280 °C at 9 °C/min, and held for 20
min). The transfer line was held at 250 °C, the ion source
temperature was 250 “C, and electron ionization (70 eV) was
wsed in full-scan mode (m/z 33 to 600).

The numbers and types of halogens were determined using
characteristic isotopic patterns, and high-resolution M35 was
uwsed to determine empirical formulas for the molecular jons
and fragment ions. Based on the fragmentation patterns and
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malecalar formulas, possible stctures were proposed. Library
database searching (MIST) was also utilized.

Quality Assurance and Quality Control. To ensure data
quality, a set of quality control experiments was conducted for
tap water and tea, including procedural blanks, solvent blanks,
and matri-spiked samples. For procedural blanks, nanopure
water and boiled nanopure water brewed tea were used to
determine background concentrations of DBPs. No DBFs were
detected in the nanopure water procedural blanks. For tea,
some THMs, HAAs, and HAMs were detected in procedural
blank samples and wese subtracted from the concentrations of
samples. Fakour et al. also observed THMs in blank samples of
Oolomg tea, green tea, and black tea, ar levels of 0.1, 0.6, and
23 pg.-‘L{_r\espactivd}r, indicating that DBPs can be present in
tea bags ™ For standard addition, each tea sample was spiked
with 60 DBEPs at two separate levels (2 and 5 pg/L); recoveries
for most DBPs were within acceptable levels {70-130%). All
tea and txp water samples were analyzed in triplicate, and the
relative standard deviations of most DBPs were <30%. LOOQs
for the 60 DBPs ranged from 0.01=20 pg/L (Table 53).

B RESULTS AND DISCUSSION

Quantitative Measurements for 60 DEPs and TOX.
Overall Findings. The DOC values in nanopure water brewed
green tea, Eard Grey tea, and Lipton tea were 425, 389, and
1216 mg/L, respectively. Mote that Lipton tea bags contained
about twice the mass of tea leaves as the other two. Means of
tatal concentrations of the 60 DEPs measured in real rap water
brewed tea were 25.7, 244, and 182 pg/L for green tea, Eard
Grey tea, and Lipton tea, respectively. It was somewhat
surprising to see lowest DBP levels formed in Lipton tea, when
it had the highest DOC and highest mass of tea leaves in its
bag. An ANOVA test was conducted with these concentrations
against the boiled tap water control (Fyp = 26.1; P < 0.001;
with power (1-f) of »08). Using a Holm-Sidak Multiple
Comparison test, the mean summed DBF concentrations for
each of the teas were significantly lower (P < 0.01) than in the
boiled tap water control (mean of 32.2 pg/L) (Table 54). We
believe the lower levels in brewed tea are due to sorption of
DBPs onta the tea leaves, as described below. Specifically, as
shown in Table 1, the total I-THMs, HAAs, TAAs, HALz, HKs,
HNMSs, and HANs in the three teas were similar. However, for
THMs and HAMs, concentrations in Twinings geeen tea and
Twinings Earl Grey were higher than those in Lipton tea A
previous study showed that concentrations of THMs and
HAMs in unfermented (green) teas were higher than
fermented (black) tea baceuse their adsorption increased as
tea fermentation increased.”

Because chlorine residuals in the boiled tap water (0.7 mg/
L}, simulated tap water (0.8 mg/L), and tap water brewed tea
(0.7 mg/L} are very close (by design) after boiling, some
important comparisons can be made (Table S6). First, from
our control experiments of tea brewed with simuolated tap
water (nanopure water with chlorine added), it is dear that, of
the &0 DBPs quantified, only THMs (chloroform) and HAAs
{dichloroacetic acid and trichloroacetic acid) are formed
directly from tea precursors (Table 1). The other quantified
DBPs were introduced by the tap water itself, with natural
organic matter in the source water serving as their main
precursors. In addition, when comparing tap water brewed tea
to the corresponding boiled tap water controls, it is evident
that only THMs show a notable increase in the formation in
brewed tea. For example, THMs are 3.3 pg/L in the boiled tap
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Table 1. Concentrations of Regulated and Priority DBEPs in Unboiled and Boiled Tap Water, and Simulated and Real Tap Water Brewed Tea (ug/L)"
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water, but they increase to 7.4, 5.7, and 4.1 pg/L levels in green
tea, Earl Grey tea, and Lipton tea, respectively, brewed with the
same tap water. The detailed reasons are proposed in the
following paragraphs.

THMs and HAAs. HAAs were found at higher levels than
THM: in the three tap water brewed teas (mean
concentrations of 13.3 ug/L va 5.8 ug/L, for total HAAs and
THMs, respectively), due to their lower volatility (Table 1 and
Figure 1). While they were also present in the tap water used

5 . -
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a . HKs. .
mzs B ' HALs :
& N [ E
Ol ' [ im0
k- ' Pess
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Figure 1. Concentrations of regulated and priority DBPs in boiled tap
water, smulated tap water brewed tea (1 ppm Clz::l. and real tap water
brewed tea l:m:a.m:r:d in I:n])]uate::l Both simulated and real tap water
were boiled before bmvius tea; Ltai]'.l water brewed tea” I!PI:EEII.B the
averages across the three types of tea.

to brew the tea, brewed tea and boiled tap water levels were
nearly identical (eg, 12.5=148 pg/L wvs 14.0 ug/L,
respectively) despite the tea clearly serving as a precursor in
simulated tap water brewed tea { Table 1 and Figure 1). Due to
higher boiling points (=200 °C) and lower Henry's law
constants (<107 ) {Table 57}, HAAs are less volatilized during
the cooling process at room temperature. We suspected that
this phenomenon might be due to adsorption of HAAs onto
tea leaves during the brewing. Sorption experiments confirmed
this hypothesis. After comparing measured concentrations of
DBPs spiked into the tea brewed in nanopure water vs the
control without tea, substantially lower levels were ohserved in
the spiked tea samples, demonstrating sorption of DEPs onto
tea leaves. Sorption percentages of O—61 and 6—44% were
ohserved for individual HAAs and total HAAs, respectively
(Figure 55 and Tables 58 and 59).

The composition (speciation) of HAAS in tea was similar to
boiled tap water (Figure 52). Dichlore-, bromochloro-, chloro-,
and dibromoacetic acid were dominant contributors to total
HAAs in tea with mean concentrations of 6.9, 3.3, 1.1, and 1.1
gL, respectively. The sum of these four HAAs accounted for
90% of the total HAAs. Trichloro-, bromo-, and bromodi-
chloroacetic acids were also detected in tea at relatively lower
concentrations (0.7, 0.4, and 0.1 pg /L, respectively).
Dibromochloroacetic acid and tribromoacetic acid were not
detectable in either boiled tap water or tea, likely due to their
lower concentrations in tap water, and lower concentrations of
bromide in the source waters. In addition, previous studies
have shown that brominated trihaloacetic acids are unstable at
high temperanmes,'w"“ and dibromochloroacetic acid and

tribromoacetic acid are easily converted to THMs during
bm-lins..ﬂ.'ﬁ

Due to their higher volatility, ~50% of the THMs are
volatilized during 1 min ]:ua:niliug."2 However, a significant
amount remained in the cooled boiled tap water (33 pg/L)
(Table 1). In tea brewed in tap water, chloroform was the
dominant THM, with a mean concentration of 2.6 ug/L
(Table 55}, contributing 44% of total THMs. Chloroform was
also the dominant THM in boiled tap water and is an
important product in the reaction of residual chlosine with tea
precursors (0.6 wg/L). Bromodichloromethane and dibromo-
chloromethane were also predominant in tea, with means of
1.8 and 1.3 pg/L, respectively. Bromoform had the lowest
concentration (0.1 pg/L) of THMs, likely due to lower
concentrations in baoiled tap water and low bromide present in
source waters. No bromoform formed in reactions of residual
chlorine and tea precursors (with no bromide added). While
the composition of THMs in tea was similar to that in boiled
real tap water, THM concentrations in tea were higher (Figure
52).

This suggests that tea may reduce the volatilization of
THMs during the cooling process at room temperature
(considering that lower concentrations of chloroform were
formed in simuolated tap water brewed tea). The total
concentration of THMs in tap water was 202 pg/L. Since
about 50% of the THMs will be volatilized within 1 min
boiling, residual THMs in beiled tap water should be about 10
/L before cooling.™ Due to the higher predicted adsorption
coefficient (K, » 100, Table 57), THMs would be expected to
adsorb somewhat onto tea leaves during the brewing process,
which could reduce their wvolatilization during cooling.”
Sorption experiments we conducted confirmed this hypothesis.
Adsorption of individual and total THMs during brewing the
three types of tea were 13—68 and 26-66%, respectively
(Figure 55 and Tables 53 and 59). Only one paper has
reported the concentration of THMs in boiled tap water
brewed tea.”* This study reported much higher THM levels in
tap water (with 0.95 mg/L Cl,) brewed teas at 76.9 pg/L. Our
levels were much closer to those in the Bond et al. study, which
used simulated tap water with | mg/L chlorine to brew tea.”

Unrequlated Priority DBPs. HAMs were alo important
contributors to total DBPs in tea, with concentrations of 2.9
and 1.6 ug/L in Twinings green tea and Twinings Earl Grey
tea, respectively. They were not detected in Lipton tea or in
simulated tap water brewed tea ( Table 1 and Figure 53). HAM
levels in real tap water brewed tea were much lower than in
cooled boiled tap water, which may be due to adsorption onto
tea leaves (considering that HAMs have lower Henry's law
constants (<10°%) and velatility compared to other DBEPs
besides HAAs; Table 57). An earlier study and present study
indicate that >40% of HAMs will adsorb onto tea leaves during
brewing, due to their relatively high predicted adsorption
coefficients (e.g., predicted K. valees of 26.1 and 96 for
dichloroacetamide and dibromoacetamide, respectively) (Fig-
ure 55 and Tables 57—59)." Because the green tea and two
black teas in owr study underwent different levels of
fermentation during processing, their components will have
different chemical structures, which can result in differences in
adsorption properties.” It is also possible that HAMs degrade
by hydrolysis to form the corresponding HAAs;" however,
corresponding increases in HAAs were not seen. Dichloro-
acetamide and bromochloroacetamide were the two HAMs
detected in tea, at concentrations of 12 and 03 pg/L,
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respectively. They were also the dominant HAMs in boiled tap
water.

HEs were detected in real tap water brewed tea at a mean of
12 wg/L. Mo HEs were detected in simulated tap water
brewed tea. HKs in real tap water brewed tea were much lower
than in boiled tap water (Table 1 and Figure 53), which
suggests some sorption during brewing. 1,1-Dichloropropa-
none was the dominant haloketone DBP in tea, with a mean of
0.5 pg/L, followed by 1,1,33-tetrachloropropanone (0.4 wg/
L}, chloropropanone (0.2 pg/L), 1,3-dichloropropanone (0.1
pg/L), and 1,1 1-trichloropropancne (005 pg/L). The
composition of HEs in boiled real tap water and real tap
water brewed tea was similar. In boiled real tap water, 1,1,1-
trichloropropanone, 1,1-dichloropropanene, 1-brome-1,1-di-
chlosopropancne, and chloropropanone were the dominant
species with means of 1.4, 1.1, 0.6, and 0.6 wg/L, respectively,
but in real tap water brewed tea, these concentrations were
0.05, 0.5, nondetect, and 0.2 pg /L, respectively, possibly due to
sorption. Sorption experiments confirmed this, with measured
adsorpl:icm of individual and total HEs of 10=100% and 30=
71%, respectively, in the three types of brewed tea (Figure 55
and Tables 58 and 59).

I-THMs, HANs, [AAs, HNMs, and HALs were also detected
in real tap water brewed tea at relatively low concentrations
(means of 0.3, 0, 0.1, 0.09, and 008 wg/L, respectively)
(Table 1, Figure 5 and Figure 54). While their concentrations
were low, most of these have much higher oytotosicity and
genotoxicity compared to regulated THMs and HAAs. 11,51
Mone of these DBPs were detected in tea brewed with
simulated tap water, suggesting that they came from the boiled
tap water itself. While I-THMs—dichloroiodo-, bromaochlor-
oiodo-, dibromoicdo-, and chlorodiiodomethane—were de-
tected in tap water brewed tea, only dichloroindomethane was
detected in boiled tap water. Dichloroacetonitrile and
dibromoacetonitrile were the two dominant HANs in both
boiled tap water and tap water brewed tea. Their
concentrations in tea were sigmificantly lower than in tap
water (P < 0.05), possibly due to adsorption onto the tea
leaves during brewing owning to their relatively high predicted
adsarption coefficient (eg. predicted K_ valees of 77.1 and
169 for dichloroacetonitrile and dibromoacetonitrile, respec-
tively; Table 57). Sorption experiments confirmed this, with
measured adsorption for total I-THMs, HANs, HNMs, and
HALs of 30-43, 41=72, 4268, and 20— 56%, respectively, in
the three types of brewed tea (Figure 55 and Tables S8 and
597

lodoacetic acid and chloroiodoacetic acid were detected in
tap water brewed tea at means of 20 and 100 ng/L,
respectively, but in boiled tap water, their concentrations
were 10 and 190 ng/L, respectively. lodoacetic acid
concentrations in tap water brewed tea were somewhat higher
than in boiled tap wates, but chloroiodoacetic acid was lower.
Because IAAs might be impacted by both adsorption (Figore
55) and hydrolysis during brewing, a more detailed study is
needed to explore this phenomenon. Trichloronitromethane
and dichloronitromethane were detected in both beiled tap
water and tap water brewed tea, but concentrations were not
statistically different in water vs tea. Of the four HALs
measured, only trichloroacetaldelyde was detected in boiled
tap water, with a mean of 1.4 wg/L, and only bromodi-
chlosoacetaldehyde was detected in real tap water brewed tea
at 0.08 pg/L, which is near its LOQ of 0.05 wg/L. During
brewing and cooling of tes, HALs are likely impacted by

volatilization, hydrolysis, and adsorption (Figure 55). There-
fore, like LAAs, 3 more detailed study is needed to explore this
phenomenon.

Role of Tea in DBP Formation and Total Organic
Halogen. Tea is rich in polyphenols,™ which contain activated
benzene rings that can readily react with chlorine,™
producing halogenated (paly)phenols and other compoumnds
that might be stable end products under the conditions used
for brewing tex. As i result, higher-molecular-weight DBPs
might be more dominant than the 60 lower-molecolar-weight
DBP: quantified in this study. To test this hypothesis, total
organic chlorine, bromine, and iodine (TOCL TOBr, and TOL,
respectively) were measured in boiled simulated and real tap
water brewed tea. TOI was not detected in any of the samples
above the LOQ (5 pg/L). Results revealed that the &0
regulated and priority DBFs only account for 3.7 and 17.3% of
the total organic halogen (TOX) in boiled simulated and real
tap water hrewed tea, respectively (Figure 2 and Table 510).
This confirms that most of TOX in tea was due to unknown
halogenated DBPs.
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Figure 2. Total organic halogen in tea (ND = not detectable). “Tap
water brewed tea” represcnts the AVEFAFES ACTOSE the three types of
ke

In addition, the TOX values in boiled tap water, real tap
water brewed tea, and simulated tap water brewed tea were 55,
94, and 66 wg/L (as C17), respectively. TOX in real tap water
brewed tea has two sources. The first is TOX in boiled tap
water, from DBPs already formed in tap water. The other is
TOX from the reaction of residual chlorine in boiled tap water
with tea precursors. Since residual chlorine in the simulated tap
water is close to that in the real tap water (0.8 mg/L vs 0.7
mg/L}, TOX in simuolated tap water brewed tea can be used to
represent the TOX, which was formed by the reaction of
residual chlorine in boiled tap water with tea precursors.
Therefore, the theoretical TOX in real tap water brewed tea
should be the sum of TOX in boiled tap water and simulated
tap water brewed tea (55 + 66 = 121 ug/L). However, the
measured TOX in real tap water brewed tea was somewhat
lower than this (94 wg/L va 121 ug/L). This phenomenon
might be explained by the sightly higher residual chlorine level
in the simulated tap water (0.8 mg/L} vs the real tap water
(0.7 mg/L). In boiled tap water, real tap water brewed tea, and
simulated tap water brewed tea, TOC| was the dominant
contributor to TOX with an average contribution of 94%. In a
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Table 2. Unknown DBPs Identified in Simulated Tap Water Brewed Tea™
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“Unknown D'BPs were detected in all tea s.lmp|es. howewer, DBP-3 was not detected in brewed green tea. DBEP-7/
HET-TOE-HEMS bat showed three isomers using GC x GC-TOF-MS. The somers of DBP-1/2, DEP-3/4, DRI

9 showed one 'p-:ak in GC-
-5/6, and DEP-7/E/9 were

confirmed by the retention time and mass spectra of standard in GC = GC-TOE-MS.

previously published study on simulated tap water treated tea,
164—196 pug/L (as CI7) of TOX was generated when instant
tea reacted with 4 mg/L chlorine for 24 ™ These higher
TOX levels are likely due to a higher chlorine level and longer
contact time compared to our present study.

Montarget Identification of Unknown DBPs. For the
identification of unknown tea DBPs, simulated tap water
{containing only bromide, iodide, and chlorine) was used as
the water source to investigate DBPs formed directly from tea
precursors only. Fifteen unknown DBPs were identified using
GC with mediom and high-resolution MS, including
halogenated phenols, halogenated dihydroxybenzenes, and
halogenated trihydroxybenzenes, which are reported here for
the first time as tea DBPs. All of these DBPs are haloaromatic
compounds, which can have tens to hundreds of times higher
toxicity than THMs and HAAs™ For example, the toxicity of
24 6-tribromophenol is about 125 times higher than bromo-
acetic acid when measured in Tetraselmis marinag algae.™ GC x
GC was helpful in separating some DBEPs from other coeluting
compounds in the complex tea extracts. For example, GC

GC allowed complete separation of 2,6-dichlorophencl from a
coeluting unknown compound {Figure 56).

Six haloaromatic DBEPs (DBP-1, DBP-2, DBP-3, DBP-4,
DBP-10, and DBP-11) had full-scan mass spectral matches in
the NIST library, and could be tentatively assigned to 2-
chlorophenal, 4-chlorophenol, 2, 4-dichlorophenal, 2,6-dichlos-
ophenol, and two monochloro-hydroxyphenols (Table 2).
High-resolution data for the molecular ions, as well as isotopic
patterns and fragment ions, supported these structural
assignments. For example, molecular ions for DBP-1 and
DEP-: (Table 1), identified as 2-chlorophencl and 4-
chlorophenol, respectively, had high-resolution accurate
magses that corresponded to a molecular formola of
C,H.ClO (observed m/z 128.0024; theoretical m/x
1280023}, indicating a chlorophenal structure (Table 2 and
Figure 57). The relative isotopic abundance of m/z 128 to m/z
130 was 3:1, indicative of 2 compound containing 1 chlorine
atorn (Figure 57), and fragment iong m/z 92 and 64 could be
assigned to [M-HCI]® and [M-CI-CHO]", respectively, further
supporting an assignment of a chlorophenol structare. Of the 3
possible chlorophenol isomers (2- 3-, and 4-chlorophenol),
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ortho and para sobstitution is favored in chlorination
reactions;” in fact, these were the 2 isomers confirmed by
the amalysis of authentic standards (2-chloro- and 4-
chlosophenol), which showed a good match of their GC
retention times (RTs) and foll-scan mass spectra with the
unknown DEPs (Figure 57). Structures for DBP-3 and DBEP-4
were confirmed in a similar manner (Table 2 and Figure 58).
Structures of DBP-10 and DBP-11 were not confirmed, due to
large number (six) of possible isomers and difficulty in
obtaining some of the standards.

Five other haloaromatic DBPs (DBP-5, DBP-6, DBP-7,
DBP-8, and DBP-9) were present in the NIST library database
{as 2-bromophenol, 4-bromophenol, 2-bromo-4-chloro-phe-
nol, 2-chloro-4-bromophenol, and 2-bromo-6-chlorophenal,
respectively), but due to matrix interferences in the tea extracts
{that could not be sufficiently background subtracted), good
library matches were not obtained (Figures 59-511).
However, high-resolution dats was used to propose the
molecular ions, and authentic standards were obtained to
confirm the structures. For example, melecular ions for DBP-5
and DBP-6 (Table 1), identified as 2-bromophenol and 4-
bromophenol, respectively, had high-resolution accurate
masses that corresponded to a moelecolar formula of
CsH;BrD (observed m/z 171.9519; theoretical m/z
171.9518), indicating a bromophenol structure (Table 2 and
Figure 511). Like chlorophenols, ortho and para substitution is
favored, and the mass spectra and the ETs of DBP-5 and DBP-
& matched with authentic standards of 2-bromo- and 4-
bromophenol. Strectures for DBP-7, DBP-8, and DBP-9 were
confirmed in a similar manner (Table 2 and Figures 511 and
512). While halogenated phenols have also been observed as
DBPs in drinking water,” “L this is the first time they have
been shown to form with tea precursors.

Four haloaromatic DBEPs (DBP-12, DBP-13, DBP-14, and
DBP-15) were not present in the NIST library database, and
their structures were proposed as described below. DBP-12
and DBP-13 at BT 17.19 and 20.29 min, respectively, have the
same molecular ion at sz 160162, with an isotopic
abundance ratio of 3:1, indicating that these compounds
contain 1 chlorine atom (Figure 3a). Their accurate masses
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and sotopic abundance ratins matched well with those of
monochloro-tribydroxybenzenes  (theoretical and observed
m/z of 1599922 and 1599922, respectively; A = 0.0 ppm).
Fragment ions mfz 141 9818/143.9789, 1179817, 859918,
and 719762 are due to [M-H,0]", [M-C{OH)CH]", [M-
CyHyO, %, and [M-CyH04 ], respectively. DBP-14 and DBP-
15 at BT 20010 and 20.49 min have the same molecular jon at
mfz 194/196,/ 198, and an sotopic shundance eatio of 9:6:1,
indicating that these compounds contain 2 chlorine atoms
(Figure 3b). A molecular formula of C;H,ClyOy was indicated
by the sccurate mass of m/z 1939534 (theoretical m/z of
193.9532; A = 1.03 ppm). These compounds are proposed to
be dichloro-tribydroxybenzenes. Accurate mass data indicate
that fragl'nenl: ions mfz 175.9433/177.9399, 1199528, and
1129789 are due to [M-H0]%, [M-C,;H,0,]%, and [M-Cl-
CHOOH]*, respectively. This is the first time halogenated
trihydroxybenzenes have been reported as DBPFs in both
drinking water and tea.

Quantitation of Halophenols in Tea. To estimate the
concentrations of the new halophenols identified in simulated
tap water brewed tea, a quantitative approach was taken by
using matrix-matched calibeation for each type of tea. OFf the ¢
halophenals messured in Twinings green tea, Earl Grey tea,
and Lipton tea (DBP-1 through DBP-9), DBP-4 was the only
halophenol quantified above the LOQ (005 wg/L) at a
concentration of 0.2 pg/L in Lipton tea. While the other
halophenols were positively identified in the tea samples using
XAD resin extraction, the quantitative method does not afford
the huge concentration factor of XAD extraction (500 vs
25 0003) for 2 100 mL vs 2 5000 mL sample. We believe the
concentrations for these other haloaromatic DBPs fall in the
1=50 ng/L range (Table 511). Further method optimization
could be done in the future to potentially lower the LOGs to
allow their lower leveks to be determined.

B IMPLICATIONS

Tea is the second most globally consumed nonalcoholic
beverage next to drinking water, accounting for a large portion
of the daily consumption of tap water. This study demonstrates
that a wide variety of regulated and priority DBPs also widely
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occur in tea brewed with tap water. However, in many cases,
measured DBP levels in tea were lower than in the tap water
itself duwe to volatilization and sorption. This is because
chlorine reactions with tea formed few of the 60 measured
DBPs (mostly HAAs), while many DBPs already in the tap
water were removed during brewing.

However, the known DBEPs may not be the most important.
Motably, the TOX in tea nearly doubled relative to tap water,
with only ~4% represented by known, quantified DBPs. The
~06% unknown TOX could be due to unidentified DBPs that
have some associated toxicity. It is possible that much of this
unknown TOX are high-molecular-weight haloaromatic
compounds, formed by the reaction of chlorine with
polyphenaols present in tea leaves. In fact, the identification
of several haloaromatic DBPs indicates this may be the case
Haloaromatics are also recognized as DBP intermediates that
can react further to form lower-molecular-weight THMs/
HAAs, ete. over time.” Given the short chlorine contact times
involved (to mimic realistic tea brewing conditions),
haloaromatic intermediates would be expected as DBPs
Further studies on the identity and formation of these
aromatic DBPs should be conducted since haloaromatic
DBEPs can have significant toxicity.”™™"

To lower DBP/TOX levels, chlorine-free bottled water
could be used as a substitute for tap water when brewing tea.
Recent studies also indicate that adding ascorbate or lemon
slices (rich in vitamin C) before boiling could reduce the
toxicity of DBPs in chlorinated tap water.”™™" This might be
another simple way to mitigate DBP risks when preparing hot
bea.
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Microseira wollei and Phormidium algae more than doubles DBP e
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ARTICLE INFO ABSTRACT
Key Words: Warm weather and excess nutrients from agricultural runoff trigger harmful algal blooms, which can affect
Algae drinking water safety due to the presence of algal toxins and the formation of disinfection by-products (DBPs)
disinfeceion by-peoducss dmngdnnhngmurmcmln!}usmndy“pnnmy, gulated and regulated DBPs were quantified in
DBPs Ted 1aks v reactians of | ful al A ira wollei (f oty & as Lyng lei)
::: y g o and Phormidizm using gas ch graph (GC)-mmspetﬂumetry (MS). Live algae samples collected from
Phoemidiam algaeimpacted lakes in South Carolina were chlod d in both ultrapure water and real source waters con-
Lyagtya taining matural organic matter. DBPs were also measured in finished water from a real drinking water plant
impacted by a Microseira bloom. Results show that the p of Mi ira and Phormiditem more than doubles

total concentrations of DBPs formed by chlorination, with levels up to 586 pg/L formed in natural Iake waters.
Tcmmmmmmhalmmmmndmlhlzdmmmm with levels up to 36.1, 3.6, and 37.9
pg/L for hal id i h and hal ik ively. In ultrapure water, DBPs also
formed up to 314 pg/L when alg:e was chlorinated, demonstrating lhdr ability to serve as direct precursors for
these DBPs. When envi 2 levels of b ide and iodide were added to chlorination reactions,
total DBPs increased 144, 51, mdzlhiwhthngwwmu Lake Marion and Lake Wateree Microseira
respectively and 29% for Phormiditm. lodo DBPs, b hlk h chlorolodoacetic acid, & 2
o ic acid, and diiod u xdmnh&u\-edlnﬁnldledmkr&omadnnkmgnuwphmmpxwdb)
Microseira, and b hloroi h and dib sodk h were obzrmd in chlorinated ultrapure
water coataining algae, bromide, and iodide. bly, total calcul ¥ icity mpled in Micro-
mpmrdwammddmﬂedlwﬂw&mmmedmm(‘" d doubled for
Microseirg-impacted waters and more than doubled in Phormidi 'w-m" iles were
m:)nr dn\!rs of calculated cymmatymn@ impacted waters, while| haloacetic acids were major drivers of
B icity in algaed d waters. Thmrmﬂtspmvnded\emmemwemmldbﬂk
formed from chlorinati o(algae T d waters and highli | to drinking water and human
health. Results from this study are particularly applicable to dnnhngwmummm plants that employ pre-
chlorination, which can cause the release of algal arganic matter (AOM) precursars to form DBPs.

1. Introduction swimming in an Anabaena flos-aquae impacted pond known to produce
neurotoxic anatoxin-a (also known as “very fast death factor™) (Behum,
Harmful algal blooms (HABs) are a major concern worldwide for 2003). HABs are not only a concem for human exposure during recre-

public health and safety. In 2019 alone, 242 HAB events were reported ational use of impacted waters such as swimming or fishing, but they
by 14 states in the US, (CDC, 2019), resulting in 63 cases of human have also been shown to impact drinking water safety. Drinking water
Illness and 364 cases of animal illness. Of the 364 animal illness cases treatment plants in the U.S. rely heavily on surface waters, and about
reported, 56% died as a result of their exposure. In 2002, a teenager 75% of reported HAB events occur in fresh waters (CDC, 2019). In 2014,
from Wisconsin died after suffering from HAB related illness after Toledo, Ohlo’s water supply was shut down due to a harmful Microcystis
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aeruginesa bloom in Lake Erie, alfecting 400,000 residents (EO5, 2021)

Microseira wollel g also of major concermn for lakes around the world,
including Lake Wateree and Lake Marion in South Carolina (5C) and
several drinking water treatment plants that use these warers as their
souree [or drinking water. Microssira wolls i a filamentous, benthic, and
perenndal algae which produces toxic saxitoxin analogues known as
Microzara wollsl toxine (Carmichael et al, 1997 Fosa et al, 20127
Onodera et al., 1997; Smith et al., 2009; Yin e al., 1997). Phormidium,
which is another filamentous harmiul algae known to produce the acure
BeurotoRin anatodn-a {Gugger ef al., 2005, Teneva et al., 2005, Wood
et al, 2007, Borges et al., 2015), was also found in Lake Wateree. These
algal species release ntracellular organie matter (FOM) and extracellular
organie matter (EOM) into the water column, which includes carboby-
drates, profeins, amino acids, aliphatic amines, and peptides (Fang eral.,
2010 Barond et al., 2020). Algal organic matter (AOM) also containg
mare organic nitrogen and hydrophilic carbon material than natural
organie mattes (MO} ['L'-'idug et al., 1996, Nguyen et al., 2005, Her
et al., 2004 Ma et al, 2006), which mostly containg humie substances
with more aromatic carbon and low nitrogen content. As a resulr, algal
organie matter has a lower specific UV absorbance (SUVA) and higher
heterggensity companed to NOM.

Neither eoagulation nor pre-oxddation mediated coagulation pro-
cesged can remove 10M and EOM in drinking water treatment (Ma et al
20065 Richardson et al., 2007 When algae-impacted source water i3
disinfected, 10M and EOM can react with the disinfectant (e.g., Cl.
MHCL, Os, or UV) and produce toxic carbonaceous and nitrogenous
DEPs (C-DEPs and N-DBPs) (Richardson e al, 2007, 2011). DBPs have
been linked 1o adverse human health effects, such as bladder cancer,
colorectal cancer, and birth defects (Richardson et al, 2007; Cantor
et al., 2010 Nieuwenhuljsen et al, 20003 Savitz et al., 2005; Villanueva
et al., 2004, 2007 Waller er al., 1998 Costet er al., 20011 Rahman et al.,
2007). Currently, only 11 DEPs are regulated by the ULS. Environmental
Protection Agency (EPA) (US EPA, 2006) despite the identification of
more than 700 DEPs to date {Richardson et al., 2007; Richardson amsd
Plewa, 2020; Richardson, 2011). Many of these priority, unregulated
DBP: are eytotoxie, genotoxic, cardnogenic, or mutagenic, and maost are
maore toxic than the DEPs currently regulated (Rickardson er al., 2007
Richardson and Plewa, 2020).

Previous research has reported DEP formation from ACOM, EOM, and
sometimes ntact algal cells, including material from Microcysis aergi-
roa, Oscillarorie sp., Microsetre sp., Scenedesmus quadricauds, Niczschie
palea, Dolichosperruom  clreinale,  Cylindrospermaopsis  racborskdl, and
Chisrelle vidperis (Fang er al, 2000 Lin er al., 2022; Wert and Rosar-
fo-Cirthz, 20013 Zhou et al., 2015; Bond et al., 2011, 2012, Hoehn, 1980
Hong et al., 2008; Huang et al., 2009 Zhang et al., 200 7; Li et al, 20200
A pew study by Liv also shows preferential halogenation of ADM by
indine (over chlorine and bromine) when jodide is present in chlos-
aminated waters (Liu er al., 2022).

However, only a relatively small number of DEPs have been inves-
tigated to-date (up to 33), and a comprehensive understanding of the
broad range of DBPs is missing. In addition, DBPs from Phormidiem have
not previously been investigated. Therefore, the goal of this research
was (o investigate the formation of 66 priority and regulated DEPs
following the chlorination of live algae Micrasedre wolled and Phormidium,
which impact not only drinking water sowurces in South Carolina, but also
many regions throughout the US. and the world. These results provide a
e pl of DBPs i d from algae during chlorina-
tion. Chlorine was chosen because it is the most common disinfectant in
the U8, (Cuthbertson e al., 2020). The &6 priority and regulated DEPs
quantified include 10 trihalomethanes (THME), 13 haloacetic acids
(HAAs), 4 haloaldehydes (HALs), 9 haloketones (HEs), 13 hal-
oacetamides (HAM:), 7 halonltromethanes (HNMs), and 10 hal-
ocacetonitriles (HAMs). Among them, the N-DEPs (HAMs, HNMs, and
HANz) and iodo-DBPs (iodo-THMs and iodoacetic acids) are considered
high priority DBPs due to their significantly higher tosdeiry (Richardson
et al, 2007; Krasner et al., 2006), and they were recently reported as
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important drivers of toxicity in US drinking waters {Allen et al. 2022)
2. Materials and methods

2.1, Chemicals and reagents

Individual dards of dichl rile, teichl teile
1.1, 1-irichloropropanone, dibromoacetonitrile, 1,1-dichloropropamnone,
trichloronitrometlans, wrichloroacetaldehyde, amd bromo-
chloreacetonitrile, four THMs (irichloromethans, bromodichloso-
methane, dibromochloromethane, and tribromomethane) and nine
HAAs (chloroacetie acid, dichloroacetic acld, trichloroacetic acid, bro-
moacethe acid, dibromoacetic acid, tribromoacetic acid, bromochloso-
acetic acid, dibromochloroacetic acid, and bromodichloreacetic acid)
were purchased from Sigma-Aldrich (51 Louis, MO, USA)L Other DBP
standards were either purchased from Sigma-Aldrich (51 Lowis, MO),
T Amerlea (Boston, MA), and Aldlab (Boston, MA) or synthesized by
Cansyn Chem. Corp. (Toronto, Ontario). A complete list is given in Table
51, Supporting Information. All solvents (methyl eere-butyl ether
[MTBE}, ethyl acetate, acetonitrile, and methanol) were purchased from
Sigma-Aldrich and Honeywell International (Miskegon, MI) ar their
highest purity (GC-MS grade). Barnstead ulirapure warer (18.2 MO) was
used o perform controlled laboratory reactions with live algae. Mono-
basic potassium phosphate, dibasic potassium phosphare, sodium hy-
droxide, sulfurle acid, hydrochlorie acid, and sodium hypochlorite
solution (5.65-6%) were purchased from Fisher Sclentific (Pitburg,
Pa). Sodium bromide and sodium jodide standards were purchased from
Sigma-Aldrich.

2.2 Sampling

Live Microseira wollsd grab samples (surface floating mat) were
collected from Lake Wateree, Lake Marion, and a small drinking water
reservolr (DWR) in South Carolina (SC). Live Phormidiom samples were
collected from Lake Wateree, SC Samples were collected in 500 ml
polytetsafluoreethylens (FTFE) bottles and stored on bee (0°C) in a
cooler during transportation. Live algae samples were cleaned imme-
diately upon arrival and refrigerated. Raw lake warter samples were also
collected from the sites where algae were collected. Finished (chlori-
nated) drinking water (2 L) was collected from a drinking water plant in
a small city in 5C whose water reservolr was experiencing a Micrassine
bloom in September 20030 (residual chlorine of 1.3 mg/L). Raw water
samples were filtered with 5 pm filters (vacuum fliration) and stored at
4 °C until extractions. Residual chlorine in Anished drinking water
samples was quenched immediately with ammonium chloride (1:1.3
maolar ratio of CENH2CL) and extracted (o quantfy DEPs.

2.3, Experimental design

Live algae samples were carefully separated (physical separation) to
remave dirt and small aquatic animals. Onee cleaned, the algae samples
were then washed with their corresponding source water several times
to remove any remaining dirt and then pressed by hand to remove
extraneous water. Each type of algae was chlorinated in 250 mL amber
bottles (headspace free) in ultrapure water and source water af pH 7 (1
mM phospleate buffer) at a ratlo of appeoximarely 15 mg/L cellular mass
to 4.0-25.0 mg /L free chlorine (standard sodium hypochlorite solution)
based on chlorine demand experiments to achieve 1-2 mg/L residual
chlorine after 24 hr reaction ( Table S6). The active cellular mass of algas
was caleulated o contain 15 mg/L of Microgeira wallel. To determine the
amount of algae 1o add to each reactor, the percent of cell bound water
and unreactive sheath mass was subtracted from the mass of the pressed
wet algae. The same amount of Phormbdiem was reacted n order to allow
for a direct comparison berween the rwo algae species. The calculation
deseribed above iz given in the Supporting Information (Text 51). The
coneentration of algas used (15 mgsL) for reactions was chosen because
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it s similar 1o high DOC levels observed in drinking water source waters
in the U5 (Richardson et al, 2008). Samples were also chlorinated
following the addition of 500 pg/L bromide and 100 pg/L jodide o
represent elevated levels of these salts that can be found in surface
waters (Fichardson e al, 2008). Bromide and fodide are of interest
because they can form HOBr and HOI in the presence of chlorine, which
can then react with natural organic matter and other contaminants (e.g.,
taxing or algal organic matter) to form bromisated and iodinated DBPs,
which are more toxbe than chlorine containing DEPs (Flchardson et al.|
2007, Wagner and Plewa, 2017). The residual chlorine was then
quenched after 24 hr using ammonium chloride and the samples were
then filtered using 5 pm filters o remove reacted algae. The reactions
were carred out at room tempesature (25°C) and in duplicate with
chlorinated ulirapure water was wsed for blank measurements.

24 Eviraction and sample prepararion

To explore the potential for DBP formation, 100 mL (filiered with 5
wimi filters) from each reactor (in duplicate) was extracted and analyzed
to quantify 66 regulated and priority, unregulated DEPs, including 10
THM: (irichloromethane, bromodichloromethane,  dibromochlono-
methane, ribromomethane, dichlorolodomethane, bromochloroiodo-
methane, dibromolodomethane, chlorodiiodomethane, bromodiio
domethane, and trilodomethane), 13 HAA: (chloroacetic acid, bromo-
acetic acid, dichloroacetic acid, bromochloroacetic acid, dibromoacetic
acld, trichlor tic acid, be dichl ie acid, dibromochlono-
acetic acid, tribromoacetic acid, lodoacetic acid, chlombodoacetic acid,
bromoiodoacetic  acid, and dilodoacetc acid), 4 HALs (ird-
chlorpacetaldehyde, bromodichloroacetaldebyde,  dibromochloroac
etaldehyde, and tribromoaceraldehyde), 9 HEs (chloropropanone, 1,1-
dichloropeopanone, 1 1-dibromopropanone, 1, 3-dichloropropanone,
1,1, 1-rrichloropropanone, 1.1 34richloropropanone,  1-bromo-1,1-
dichloropeopanome, 1,1 3 3-terrachloropropanone, and 1,13 3-1etra-
bromopropanone), 13 HAMs (chlorcacetamide, bromoacetamide,
indoacetamide, dichloroacetamide, bromochloroacetamide, dibromoa-
cetamide, chlomisdoacetamide, bromoledoacetamide, diiodoaceta-
mide,  rrichlors ide, br dichl i dibromaoch
loroacetamide, and ribromoacetamide), 7 HNMs (dichloronitro-
methane, bromochloronitremethane,  dibromonitromethane, -
chloronitromethane,  bromodichloronitromethane,  dibromochlor
onitromethane, and tribromonitromethane), and 10 HANs (chlos-
oacetonitrile, bromoacetonitrile, indoacetonitrile, dichloroacetonitrile,
bromochloroacetonitrile,  dibromoacetonitrle,  trichlosoaretonitrile,
bie dichl itrile, dibe hloro
acetonitrile, and tribromoacetonitrile) (Table 51).

Liguid-liquid extraction (LLE) followed by analysis using GC-MS was
conducted following previously methods published from our laboratory
(Cuthbertson et al., 2020, 2009: Allen et al | 2017, 2027). Briefly, 100
ml samples were transferred into a 125 mL amber bottle, pH adjusted to
<1 using concentrated sulfuric acid, and spiked with 30 g of NazS04 and
5 mL of methyl rer-butyl ether (MTBE)L Samples were then shaken for
15 min using a mechanical shaker then allowed 1o semle 1o 10 min before
the arganic layer was removed and collected into & glass test tube using
glass Pasteur pipertes. The peocess of adding MTBE was repeated two
mare rimes for a toral organic extract volume of approxcimaely 15 mL.
The arganic layer was then passed through an anhydrous NagS0y col-
umn i remove any excess water and concentrated 1o 200 pL using a
gentle stream of mitrogen. Four pl of 30 mg/L 1,2-dibromopropane was
added o the concentrated extract as an internal standard.

The sample was then divided into 2 aliquots (100 pL each)}—one
aliquot was used to quantify THMs, HALs, HEs, HAMs, HNMs, and
HAMNs, and the other aliquot was derivatized using diazomethane for the
quantification of HAAs and 1AM, Briefly, L0367 g of Diazald and 1 mL
of diethylene glycol monoethy] ether (Carbitol) were placed into the
inner portion of & Sigma Aldrich diazomethane-generator apparans.
Then, 3 mL of MTBE was added to the outer portion of the apparans and

‘Wer Research 216 (HI2Z) 118316

both portions were assembled. Then, the apparaius was place in ice and
1.5 mL of 37% KOH was added into the inner part slowly using a syringe
ta pierce the septum. After 1 hr, 50 pL of the diazomethane (dissolved in
MTBE) was spiked into 100 pL of the extracted samples and allowed to
react for 30 min and quenched using silica gel. Derivatized samples were
then transferred into new GO vials and analyzed wing GO-MS.

25 GC-MS analysis

Internal calibration was used to quantify 66 DBEPs as described by
Cuthbertson et al. (2020). For the ana]].'sls of THMz, HALs, HEs, HAMs,
HMMs, and HANs, instrumental analysis was performed on a single
quadrupele GC mass spectrometer (Agilent 7E90 GC, 5977A mass
spectrometer, Agilent Technologies, Santa (lara, CA) with electron
tonization (E1) in selected lon monitoring (SIM) mode. Briefly, 1.0 pL of
sample was injected into & multimode inler (MMI) in pulsed splitless
mode and the separation performed wsing a Ro-200 column (30 m =«
0.25 mm = (L25 pm; Restek Cosporation, Bellefonte, PA). The GC tem-
perature program was as follows: 35°C for 5 min, increased o 200°C at
9°C/min, then ramped to 280°C and held for 30 min. The source tem-
perature was 200°C, quadrupole temperature was 150°C, and an joni-
zation energy of 70 eV was used. For bromodichloroacetonitrile,
bromodichloronitromethane,  dibromochloroacetonitrile,  dibromo-
chloronitromethane, ribromoacetonitrile, and tribromonitromethane,
the same GC program was used with the exception of the inlet and
transfer line temperatures, which were kept at 125 and 250°C, respec-
tively, due 1o thelr thermal instabilicy.

For the analysis of HAAS and [AAs, samples were analyzed using both
a Thermo Trace 1310 GC coupled o a TS0 9000 triple quadrupaole mass
spectrometer (Thermo Fisher Seientific Corporation, Waltham, MA) and
an Agilent 7890 GC coupled to a 5977A mass spectrometer. The GO
temperatuire program was a8 follows: 35°C for 2 min, inereased o 280°C
(rate 9°C/min), and held for 20 min. The transfer line and source tem-
perature were 280 and 200°C, respectively and lonization energy was 70
eV, Selected lons and limits of quantification (L) for the &6 DBEPs
quantified are listed in Table 51.

26 Water quality parameters

‘Water quality paramerers, including pH, UV absorbance, dissolved
organke carbon (DOC), specific UV absorbance (SUVA], chloride, bro-
mide, and iodide are listed in Table 1. To determine the DOC content in
the raw water samples, they were first filtered through nylon syringe
filters (0.45 pm) to remove insoluble pasticles prior to instrumental
analysis. A calibration curve was made (1-20 m2/L) using moncbasic
potasaium phthalate (Sigma-Aldrich, USA) as carbon. Sampled were then
analyzed using a Shimadzu Total Organic Carbon analyzer (Kyoto,
Japan) and were blank (ultrapure water) subtracted. Specific ulteaviolet

Table 1
Water quality parameters of algae-impacted source waters.
Lscation pH W54 fule o ELVA a B I
Gtsd  mg Mmg gt G bal
cm} L} M1 L} Ll L
DWR &% 0118 0% 13.1 a3z L& 28]
| Mcroseing
imparted)
Lake Marian &% 0385 T 4.7 &Ahl a9 28]
| Micraceing
impacted)
Lake Wareres &% 0168 1% B 444 11 NI
| Micraceing
imparted)
Lake Wareres 7.0 0145 1L.x 12.1 709 .0 =1
(| Phommidium
impacted)
ND: not detected.
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absorbance (SUVA) was calculated by dividing the UVasq values (em ')
by DOC (mg/L) and then multiplied by 100 em/M. UV absorbance at
254 nm was measured using a SpectraMax M5 UV spectrometer (Mo-
lecular Devices, San Jose, CA). Bromide (Br™) and iodide (1) were
measured in raw water samples using a Dionex Integrion High Perfor-
mance lea Chromatography (HPIC) system (Dionex Corporation, Sun-
nyvale, CA) with a 500 pL sample loop. S jon was perf d using
mmkcmowﬂhlcolmwhkhwuamchedmanlon?ac
AS20 guard column with 50 mM NaOH as the eluent. External calibra-
tion was used with standards prepared in ultrapure water (1-750 pg/L)
using sodium chloride (as Cl7), sodium bromide (as Br ), and sodium
iodide (as I"). The limits of quantification (LOQs) for all three are 1.0
pg/L.

2.7. Caleulated toxicity

Caleulared toxicity lated with DBPs in each sample was based

Water Research 216 (2022) 118316

Phormidium have polysaccharide sheaths (Burkholder, 2009 and Hoic-
zyk, 1998). A comprehensive listing of individual DBP concentrations
measured in all waters can be found in Tables $2-85.

3.2. Phormidium DBPs

Several DBPs were observed in chlorination reactions of Phormidium
in ultrapure water (Table 2 and Table S2), demonstrating that the algal
organic matter contained in Phormidiiem can directly contribute to DBP
formation and can impact chlorinated drinking water. Individual DBP
levels ranged from 0.1-70 pg/L, with trichl th dichl etic
acid, trichl ic acid, dichl ide, dichl itrile, and
trichl Idehyde f g at the highest levels, up to 314 pg/L.
mmlmmmumlde(l95pyt)mdd!chbmmmuﬂe(l79n/um
among the more toxic N-DBPs. When bromide and iodide were added to
reactions (forming HOBr), total DBPs increased from 314 to 406 pg/L
(u}, 4) mnmpmdtoalpeln ultrapure water with chlorine.

d DBPs &

on the “TIC-Tox” method Plewa et al., 2017), where molar

tions of each DBP are multiplied by their reported cyto- or genotoxicity
index values in Chinese hamster ovary cells (Wagner and Plewa, 2017)
and summed together (. (1) and (2)). Haloketones are not incuded

by no cy Y g ity data are available for them.
THM: are not g ic except chlorodiiod h

Total calculated cytotoxicity = Y ([DBP| * LG5, * 10%) (1)
Total calculated genotoxicity = Y ([DBP| * SORTDNA~' * 10F) 2

[DBP] is the molar concentration of each DBP, the cytotoxicity index
is the inverse of the lethal concentration at 50% (LCsq) in M, the gen-
otoxicity index is the inverse of the 50% tail DNA (50% TDNA) mea-
surement in M, and 10° is a normalization factor.

3. Results and discussion
3.1. Chiorination of algae

Upon chlorination of Microseira, the green cells (intracellular mate-
rial) inside the outer sheaths (Fiy. 1) reacted with chloeine, but the outer
sheaths remained Intact after 24 hr reaction with chlorine (Fig. 2). In
contrast, both the intracellular material and the outer sheaths of Phor-
midium visibly reacted with chlorine (Fig. 5). Both Microsetra and

Phormidium filaments

Fig. 1. pic | of ira and Phormidn
Tokyo, Japan).

lude dibr h thane (39.8 pg/L), bromo-

dichloromethane (41.7 pg/L), bromodichloroacetic acid (28.7 pg/L),
and dibromochloroacetic acid (24.7 pg/L), which are more cytotoxic
and g ic than their chl d analogues (Richardson et al., 2007;
Wagner and Plewa, 2017). No lodinated DBPs were observed from
chlorinated Phomidhm samples, likely due to iodide reacting quickly
with HOCI to form iodate (1057), a sink for lodide (Richardson et al,
2008; Bichsel and Gunten, 1999).

The impact of Phormidium on drinking water is even more apparent
when comparing DBPs formed in natural lake waters to those with added
Phormidium. The presence of Phormidium more than doubled the levels
of DBPs upon chlorination, with total DBPs increasing from 254 pg/L in
chlorinated lake water to 586 pg/L in chlorinated lake water containing
Phormidium. Thus, while NOM is often recognized as a primary precur-
sor to DBP formation, it is evident that algal organic matter is also a
significant precursor to DBP formation.

3.3. Microseira wollel DBPs

Higher levels of DBPs were also observed in chlorinated reactions in
Lake Wateree Microselra samples with algae present (452 pg/L) when
compared 1o chlorinated source water (135 pg/L) (Table 2 and Fig. 4)
which is 3.3x higher. When comparing the different Microsefra chlori-
nation reactions in ultrapure water, Microseira wolle collected from the

Microseira filaments

filaments (400 times magnified) using an Oly BH.2 mi (O Co t

P P yap L
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Before chlorination

Microseira from drinking

water reservoir in SC

After chlorination

Microseira from

L.ake Wateree, SC
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Microseira from Lake

Marion. SC

Before chlorination

DWR formed lower levels of DBPs (66.7 pg/L). The Microselra In this
reservoir was believed to be at an early stage of growth, which may have
rendered it less reactive than the more mature forms, which produced
146 and 167 pg/L total DBPs for Microseira collected from Lake Marion
and Lake Wateree, respectively. I'ly. 2 presents a visual comparison of
Microseira from these three different locations (before and after chlori-
nation), which Indicates that Microseira from the DWR was somewhat
different than the others (light green and viscous).

DBPs formed from the DWR, Lake Marion, and Lake Wateree samples
are provided in Table $3-S5. A variety of DBPs formed, ranging

After chlorination
Fig. 3. Pictures of Phormidium before and after 24 hr chlorination.

Individually from <0.1 to 34.5, <0.1 to 172, and 0.1 to 140 pg/L for
DWR, Lake Marion, and Lake Wateree Microseira samples, respectively.
HAAs were the most abundant class of DBPs formed at all three sampling
locations, with an average total value of 122 pg/L (Table 2, Flg. 4). In
every chlorinated sample contalning algae in ultrapure water, total DBPs
were higher when compared to chlorinated lake water (for DWR, 2.4x;
for Lake Wateree Microselra, 1.2x; for Lake Wateree Phormidium, 1.2x),
with the exception of Lake Marion raw water (Fig. 4). In chlorinated
Lake Marion water, trichloroacetaldehyde (87.2 pg/L) and trichloro-
acetic acid (172 pg/L) were formed at the highest levels, at a total of 422
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Table 2
Formation of DBPs (pg/L) from lled kb of Mi and Phormidiem and from real drinking water.
Chiorinated Sample CDePs N.DEPs Total DBPs
THMs HAAs HALs HKs HAMs HNMs HANs
Real drinking water 3s 168 05 12 0z 29 30 281
Lake Marion Gow water 185 287.9 835 147 69 05 10.3 4223
Lake Wateree raw water 66 829 146 102 &3 is 89 135.1
* Lake Wateres raw water 848 120.8 201 158 36 15 71 2537
DWR Micrselra 00 57.6 4.9 18 10 0.0 14 66.7
Lake Marion Microseira oo 485 69.0 68 1.8 0.1 102 146.4
Lake Wateree Microsetrna a1 588 683 3s 129 0.4 17.0 167.0
Lake Wateree Phormidium 517 1415 636 86 =9 16 2.4 3143
DWR Micreseira s41 9.2 49 19 11 0.6 12 163.0
* Lake Marion Micmsetra 643 86.1 209 123 135 0.4 22 2207
Lake Wateree Microsetre 462 921 209 22 21.0 a6 202 2062
Lake Wateree Phormidim 1319 151 588 93 281 26 239 2056
Lake Wateree Microselra in lake water 64 239.9 1218 67 361 32 79 452.0
Lake Wateres Phormidium in lake water 18595 230 822 208 339 33 259 S85.6
*Phormidium impacted.
* in ultrapure water
" in ultrapure water (500 pg/L Br™ and 100 pg/L I added)
700
no algae with algae In lake water
m r—L—ﬁ
In ultrapure water
500 _ = HKa
- Br and | added
=HALL
§ 400 In ultrapure water f_‘ll_\
E =HAAT3
§ 300 ' | = THM10
g *HAN10
g 200
o = HNMT
o
" HAMI2
100
0
” Pnonnldmm |mpacled
Fig. 4. Total DBPs: Trihak h (THMs), hal ic acids (HAAs), haloaldehydes (HALs), halok (HKs), hal tles (HANs), hal h
(HNMs), and hak de (HAMs) in chlori d ples. Numbers foll g DBP classes the number of DBPs measured in each class.

pg/L. As with Phormidium, total DBPs were higher for every sample
spiked with bromide and iodide vs. not spiked (2.4x for DWR, 1.5x for

Lake Marion, and 1.2x for Lake Wateree Microseira) (Fig. 4).
As expected, the addition of bromide and iodide led to an increase in
species variation for DBPs. No lodinated DBPs were obsetved in

to 6.5 pg/L, with a total concentration of 28.1 pg/L for DBPs, which is
significantly lower than controlled laboratory reactions, likely due to the
difference in the Microselra in this real reservoir and lower DOC in its
source water (0.9 mg/L) (Table 1, Table S3). Among them, bromodi-
chloromethane (2.9 pg/L), dichloroacetic acld (6.2 pg/L), and tri-

controlled lab reactions of Lake Marion and Lake ples, but
four I-DBPs were observed in the real drinking water sample (bromo-
chloroiodomethane (0.2 pg/L), chloroiodoacetic acid (0.3 pg/L), bro-
molodoacetic acid (0.1 pg/L), and dilodoacetic acid (0.3 pg/L)) and two
from chlorinated algae in ul water when bromide and iodide ions
were p (b chl hane (0.1 pg/L) and dibromoiodo-
mednne (0.2 pg/1)) (Table $3). The formation of l-DBPs is of concern
because they genenl.ly have much higher cy and g y
when compared to b | d or chl d DBPs (V".i).:lh‘l and Plewa,
2017). A twotal of 30 DBPs were measured in the real drinking water

()

chl etic acid (6.5 pg/L) were fi d at the high

3.4. N-DBPs

When comparing chlorinated algae in ulirapure water vs. lake water
containing NOM and no algae, higher levels of nitrogenous DBPs (N-
DBPs) formed when Phormidion and Micreselra algae were present
(except the DWR samples) (Fiz. 4). For example, total HAMs increased
from 8.3 to 18.9 pg/L and total HANS increased from 8.9 10 17.0 pg/L for

sample, including the I-DBPs mentioned above. Levels ranged from <0.1

hl d lake water vs. chlorinated Microseira in ultrapure water.
Similarly total HAMs increased from 3.6 to 25.9 pg/L and total HANs
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increased from 7.1 to 21.4 pg/L for chlorinated lake water ve. chlori-
mated Phormidium in ultrapure water (Table 2). These increases in N-
DEPs are likely because algae contain more nitrogen (up to 45% of
organbe nitregen can be excreted by algae) (Westerholl and Mash, 2002)
compared (0 mamral organic manter (e.g., 1-3% n humic acid) found in
surface waters (Boges ef al, 19850 Total N-DBPs in chlorination re-
actions contalning algae in ultrapure water were 22,1, 36.3, and 48.9
pe/L for Lake Marlon (Microseira), Lake Wateree (Microzeiral, and Lake
Wateree (Phormidium), respectively (Fig. 4) When comparing Phorsrl-
dium 1o Microgeira, higher levels of N-DBPs were formed from Pleormd-
dium than Microsera upon chlorination, Likely due to a greater release of
inteacel lular organie mamer from Pharmidiem compared to Microselra, as
Phomidiiem s outer sheaths degrade much more readily with chlorine
(Flg. 3) than those of Micoera, which do not degrade (Fig. 2). DWR
Micrazeira samples produced lower amounts of N-DBPs compared to that
from Lake Wateree and Lake Marion. Highest levels of N-DBPs formed
when algae samples were chlorinated in lake water (77.2 and 63.1 pg/L
for Lake Wateree Microsefra and Phormidium in lake water, respectively)
due to the presence of both algal organke matter and NOM. Fang et al.
(2010) reported higher levels of dichloroacetonitrile and cyanogen
chloride from chlorination of Microcyaris eersginose cells v, chlosinated
NOM.

Total M-DEPs in the real drinking water sample was 6.1 p2/l,

‘Wier Research 216 (RIZZ) 118316

HANS (48%]) and HMMs (26%) were the main toxieity drivers for chlo-
rinated source waters withowt algae, while HANs (68%) dominated
caleulared eytotodeiry when algae (Microseira) was present. In chlori-
nated Phormiddium-impacted source water, HANs (45%) and HAM:
[20%%) were the main drivers of caleulated cytotoxiciry, while HANs
(56%) were the main drivers when Phormidium was added. When bro-
mide and lodide were present, calculated cytotoxicity of algae reacted in
ultrapure water was 16x, 13x, Bx, and 12x higher for DWER Microselra,
Lake Marfon Microseira, Lake Wateree Microselra, and Lake Waterese
Phormidium, respectively, compared to no halide additon.

Similardy, caleulated genotoxicity was 2w higher in Lake Wateree
spiree water when Microselra was present and 3x higher for Phormddium
(Fig. b, Table S8). In both cases, caleulated genotoxicity was driven by
HaAs (24 and 47%) and HNMs (54 and 23%), respectively, when souree
waters (no algae added) were chlorinated. When algae was added to
thew source waters, HAMAS (56 and 59% for Microseira and Phomidioem,
respectively) contributed most to the caleulated genotoxicity. Caleu-
lated genotoxicity values followed the same rend as cytotoxicity when
bromide and lodide were added to algae reactions in ultrapure water,
with 6.7x, 37 4x, 6.1x, and 8.7x higher values for DWR Microseira, Lake
Marion Microsetre, Lake Wateres Microselra, and Lake Wateree Phaormd-
dium, respectively, compared to no halide addition.

including chloroacetonitrile (1.2 pg/l), bromodichloronit th
(1.3 pzsL), and dibromochloroniiromethane (1.6 pgsL), which were
slgnificantly lower than the controlled laboratory reactions of algae. As
mentioned earlier, N-DBPs are especially important because their cyio-
toaleiry and genotoxicity ase generally higher than DBPs that do not
contain mitrogen (C-DBPs) (Plewa et al, 2008). Therefore, If
algae-impacted source water 5 disinfected, increased algal organic
maler may contribute to the formation of higher N-DEP levels, which
can alfect drinking water quality and safety.

3.5 Calodared cytoroxiciey and genotaxteiny
Total caleulared cytotoxicity tripled when Microseira was present in

chlorinated Lake Wateree source water compared to chlorinated souree
water without algae, and it doubled for Phormidium (Fig. 5, Table 7).

4. Conelusi and envi

This study reports the most comprehensive study of algal DEPs [o-
date, with 66 DBEPs measured. Results show that Microseira and Phor-
midium can have a profound impact on DBPs formed in chlorinated
drinking water, which is especially relevant for plants thar use pre-
chlorination.

Key take home messages from this study inclhsde:

= Total DBP and N-DBP concentrations double when Microselra and
Phormidizm algae are present.

s Presepce of bromide and iodide further increase the DBP levels and
produce more toxie DEP species.

80000 9 — T e
E‘m ] wHALY
Jon g
3 30000 | = HAN1IG
Em. s

oo | I wltrapure water In ke water

o
Ry yy
fﬁf"f f‘?jff Ry ”f "f
I f a'
* Phormidium |mpﬂc1.ad
Fig. 5. Calrulated cytotaxicity of chiorinated mmples. Cytotaxiity data for haloh {HEs) are nat currently available in the ki e. Numbers following DEP

classes represent the mumber of DEPs measured in each class.
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Fig. 6. Caboulated genotodcity of chiorinated samples. Genotoxicity data for haloketones (HEs) are not carrently available in the literature. Numbers following DEP

classes represent the oumber of [BPs messured in each class.

= Notably, Microseire and Phormidiun result in a 2-3-fold increase in
caleulated  eytotoxicity and a 2-fold increase in caleulared
genotoxicdry.

= Haloacetonitriles are a major driver of caleulated eytotoxieity in
algae-impacted waters, while haloacetic acids are major drivers of

leulated bebty in algae-i d waters.

» Most research on algae focuses on the algal toxins, including
microcysting, saxitoxing, and Microsedre wollel roxing (which are very
important), but exposure to increased levels of DEPs also pose a
major human health risk thar has not been fully investigated.

o Three of the 14 Phor excesd THM regula-
tons (B0 pgsL), and 7 exceed HAA regulations (80 pg/L) in the 1.5,
fior both Phormidien- and Microsetre-impacted waters.

» Thus, increasing presence of algae in source walers may necessitare
changes in drinking water treatment, including improved methods to
remove algae and algal organic maner before disinfection.

TP —] 4 1

In addition, it will be important to investigate DEP formation from
chl I of algae-| d waters, as chloramine has become a
popular disinfectant in the U5, and in many other countries, and there is
the possibility for increased e iodo-DBP formation. Finally, future
studies should investigate the formation of high molecular weight DEPs
and highly polar DEPs using liquid chromatography (LC)-MS that would
be missed with the GC-MS methods used here.
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ABSTRACT

Article history: Halogenated disinfection byproducts (DBPs) are an unintended consequence of drinking wa-
Received 15 March 2022 ter disinfection, and can have significant toxicity. XAD resins are commonly used to extract
Revised 1 May 2022 and enrich trace Jevels of DBPs for prehensive, get identification of DBPs and
Accepted 1 May 2022 also for in vitro toxicity studies. However, XAD resin recoveries for complete dasses of halo-
Available online xxx genated DBPs have not been evaluated, particularly for low, environmentally relevant levels

(ng/L to low pg/l). Thus, it is not known whether levels of DBPs or the toxicity of drinking
Keywords: water might be underestimated. In this study, DAX-8/XAD-2 layered resins were evaluated,
XAD resins considering both adsorption and elution from the resins, for extracting 66 DBPs from wa-
Disinfection byproducts ter. Results demonstrate that among the 7 classes of DBEPs investigated, trihalomethanes
DEPs (THMs), including iodo-THMs, were the most efficiently adsorbed, with recovery of most
Recovery THMs ranging from 50-96%, followed by halonitromethanes (40-90%). The adsorption abil-
Toxicity ity of XAD resins for haloacetonitriles, haloacetamides, and halkacetaldehydes were highly

dependent on the individual species. The adsorption capacity of XAD resins for haloacetic
acids was lower (5-48%), even after adjusting to pH 1 before extraction. Recovery efficdency
for most DBPs was comparable with their adsorption, as most were eluted effectively from
XAD resins by ethyl acetate. DBP polarity and molecular weight were the two most impor-
tant factors that determine their recovery. Recovery of trichloromethane, iodoacetic acid,
chloro- and jodo-acetonitrile, and chl ide were g the lowest, which could
lead to underestimation of toxicity, particularly for iodoacetic acid and iodo-acetonitrile,
which are highly toxic.

© 2022 The Research Center for Eco-Envi tal Sciences, Chi Acad of
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Introduction

To protect humans against harmmful pathogens and water-
borne disease, disinfection of drinking water iz important
(Calderan, 2000). However, disinfection byproducts (DEPg) are
produced unintentionally from the reacton of disinfectants
and organic matter in water, and they have been widely de-
tected in drinking water all ever the world [Richardson and
Postigo, 2015; Chaulura et al, 2020). Te date, halogenated DEPs
have received the most attenton (Hua and Reckhow, 2007;
Chaukura ar al, 20200, and »=B00 DBEPs hawve been reported
(Richardson, 2011a; Li and Mitch, 2018; Yang et al, 2019). This
number will likely increase with improved detection meth-
ods (Cuthbertson et al., 2020; Richardson and Postigs, 2015;
Li and Mitch, 2018). Although mest DBPs in drinking water
are usually present at low levels (ng/L-pgfL) (Kall et al, 2021;
Allen et al., 2022; Krasner et al, 2006), millions of people con-
sume diginfected water daily ewer a lifetime, making DEPs
a continuous, ubiguitous exposure. DEPs have been associ-
ated with adverse health affects, including bladder cancer, col-
orectal cancer, miscarrage, and birth defects (Waller et al.,
1998; Villanuweva et al., 2004 and 2007; Savitz et al., 2005; Bave
et al., 2007; Nieuwenhuijsen et al., 2009, Greller et al., 2010;
Rahman et al, 2014; Cantor et al, 2010; Costet et al, 2011;
Beane-Freeman et al, 2017; Summerhayes et al., 2020). In ad-
dition, many DEFs are cytotoxic, genstoxie, mutagenic, car-
cinogenic, or teratagenie (Richardson et al., 2007; Wagner and
Plewa, 2017; Gonsloreski et al., 2020); moreowver, recent shsd-
ies algo reported developrnental texicicy and growth inhibition
[Yang et al., 201%; Gao et al., 2021; Li eral 3016).

Since most DBPs are present ab bace levels, toxicity re-
search is contingent on the development of reliable methods
toextract and enrich DEPs at sufficient concentration (Le Rouwx
et al., 2017; Wagner and Plewa, 2017). Liguid-Hauid extrac-
ton (LLE), freeze-drying, reverse osmosis, roto-evaporation,
and solid phase extraction (SPE), including XAD resin adsarp-
ton, are well-docurmnented methods for DBEP extraction and
concentration (Kool et al., 1981; Plewa et al., 2004a and 2004k;
Richardson et al,, 2008; Zhow et al., 2013, Han et al., 2018; Law
et al., 2021). Of these, macro-porous XAD resing are popu-
lar because they are simple to use and enable extraction of
large quantities of water (e.g 10-20 L (Dalgnault et al., 1988;
Le Rows et 2l , 2017). Among the XAD regins, XAD-2 and DAX-E
have gained widespread acceptance because of thedr chemical
stability across a broad pH range and their ability o extract
a wide range of DEPs (Allen et al, 2017; Daiber et al, 2016;
Richardaon et al, 2010; Pressman et al., 2010; Richardson et
al., 2008; Krasner et al., 2006; Plewa et al., 2004a and 2004k;
Richardson et al., 2003; Daignault et al., 1985}, Mon-polar XAD-
2 resing are styrene-divinylbenzene copolymers, while palar
DAX-E resins are methy]l methacrylate polyrmers. Their com-
bination makes thern effective for concentrating a broad range
of cornpounds of differing polarity (Kool et al., 1981; Ringhand
eral, 1987).

A protocol g published for DEP extraction, analysis, and
todeity assesement, congisting of the extraction of lange wol-
urnes (=5 L) of disinfected waters by D8X-8 and XAD-2 resins
in series, followed by elution with ethyl acetate (Richardson,
2011). Thiz extraction methad has been widely wsed for com-

prehensive, nontarget identification of unknown DBEPs and
alzo for the analysis of in vitro toxdeity in drinking water, swim-
ming pool water, and treated wastewater effluent (Allen et
al., 2022; Allen et al., 2021 Liberatore et al, 2017; Allen et
al, 2017 Daiber et al, 2016 Richardson et al., 2010 Flews
et al, 2011 feong et al, 301% Dong et al., 2016 Le Roux
et al, 2017; Pressman et al, 3010 Richardson et al, 2008;
Krasner et al., 2006, Flewa et al, 2004a; Plewa et al, 2004k,
Richardson e al., 2003). For ik vitre tosdelty messurements {in-
cluding mutagenicity, cytotoxicity, and genotosdelty), the fi-
nal 1.0 mL ethyl acetate extract is typically solvent-exchanged
into dimethylsulfoxide (DMS0). Understanding the recovery
of DBPs from XAD resins iz important because it directly de-
termines whether the concentrations and toxicities of these
treated waters are underestimated, or potentially overest-
mated due to DEPs transfarming during the extraction pro-
cess. However, information (s lacking whether DAX-ENAD-2
resing can effectively adsork and exwact halogenated DEPs. In
additien, DEPs retained on XAD resing are desorbed by eluting
with an arganic solvent by gravity (Richardson, 2011); recowery
during this elution step is alas unknown.

At present, desplte the growing application of XAD resin
extraction for DEP toxicity measurements, few studies have
investigated their recoveries. In a spudy by Le Roux et al,
|2017), DAX-8 resin recovery of wastewater-associated toodeity
was 7%, and recovery of DAN-E/XAD-2 resing for mixed or-
ganic cormpounds in river water samples frorm China was 63%
(L& Roux et al, 2017; Zhow et al., B015). Stalter et al. (201E) re-
ported recoveries for total organic halogen (TOX) as low as
~%3% (Stalter ar al, 2016). However, the origins of these losses
were not determined, nor the specific DEP recoveries. More
recently, Lau et al. (2021) found that recoveries af 22 (semi-
jwolatile DEPs by NAD resing was lower than by lguid-liguid
extraction and ather raditional SPE methods (Lau et al., 2021).
However, except for wolatlity, the effects of sther chemical
properties on DBP recovery have not been described. In ad-
dition, the distinetion between differences in adsarption and
elution have not been reported.

Thus, the goals of this study were (o investigate the ad-
sorptien, elution, and overall recovery efficlencies of 7 differ-
ent clasges (B6 specles) of trace individueal halagenated DEPs
by MAD resins. Moreowver, Pearson correlation analyses be-
tween the recoveries and DBP characteristics [pi, log Ko,
and molecular weight (MW]) were made.

1. Materials and methods
1.1. Chemicals and instruments

The 66 halogenated DEPs were obtained from Sigma-aldrich
(St Louis, MO), CanSyn Chem. Corp. (Torontn, ON), Aldlab
Chemicals (Woburn, MA), and TCI America (Waltham, MA).
These DEFs belang to 7 classes: trihalomethanes (THMs) {in-
cluding iodo-THMs), haloacetic acids (HAAS) (including lodo-
HaAs), haloacetonitriles (HAMs), haleacetamides (HAMs),
haleniromethanes (HMMs), haloacetaldelydes (HALs), and
haloketones (HEs). The complete liste of these DEPs and their
abbreviations can be found in supporting information (Table
51-Table 57); their structures are shown in Fig 1.
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Fig. 1 - Structures of 7 DBP dasses siodied.

The following solwents, methansl, dichloreacetonitrile,
acetgnitrle, ethyl acetate, and methyl tert-butyl ether (MTEE)
were purchased from Sigma-Aldrich (St Louis, MO}, Fisher
Scientific (Pittsburgh, PA), and VWR International (Radnor,
PA) and were obtained at the highest level of purity. Ven-
dar information for each DBP standard is svailable elsewhere
[Cuthbertson et al., 2020}, Amberlite XAD-2 and Supelite DAX-
E rezing were obtained from Sigrma-Aldrich (50 Louls, MO).

A Burrel]l wrist-action shaker was used for liguid-lguid ex-
ractions, and an Agilent 7EI0 gas chromatograph (GC) cou-
pled e a 5977A single quadrupole mass spectrometer (MS)
[Santa Clara, CAj was used for analysis of all DEPs except HAAS
and ledo-HAAs. Derivatized HAAz and jodo-HAAS were ana-
lyzed weing & GC-wriple quadrupole-MS (GC-MS/MS) (Thermo
Selentific, Waltham, MA).

1.2 Experimental procedures

Preparation of salutlons: Stock solutions of 66 halogenated DEPs
were prepared by dissolving individual standards in methanol
or acetonitrile (Cuthbertson et al, 2020). Then, mixed sub-
stock solutions were made up at 10 mg'L. Appropriate dosages
of sub-stock solutions were spiked into 6 L nanopure water (18
ME2-crn) o make inial levels of 1.0 pgL, close to the levals of
halogenated by-products found in drinking water (Krasner et
al., 2006; Richardson et al., 2008; Allen et al., 2027). Exact con-
centrations were determined using GC-MS or GC-MS/MS.
XAD resin preparation: DAX-E and XAD-2 resing were
cleaned uwsing sequential 24-h Soxhlet extractions with
methanol, ethyl acetate, and methanol; afterveards, they were
stored in methanol and refrigerated (Richardeon, 20115). Ten
mLof DAX-8 and 10 mL XAD-2 resing were poured into a glass
colurnn (25 = 1.5 crm), with DAX-8 placed on top of the XAD-2
reging and glass wool at the bottom of the column and 1 inch
above the resin bed to ensure that resing stay in place while
passing water through the columns (Richardson, 2011k; Allen
et al, 2007}, The resing were conditioned prior to use by rins-
ing with 0.1 M HCl, 0.1 M NaDH, and Anally nanspure water

after packing the column (Fichardson, 2011h). The cleanliness
of the resins was verified by analysis of an extracted nanop-
wre water control, ensuring a clean background by GC-MS and
that the organic matter in the effluent was «0.2 mg'L.

XAD resin adsorption and elution: To comvert anlonic
haloacetic acid DEPs 1o a neutral state for better adsorption,
nanopure water sarmples {6 L) containing a mixture of 66 DEPs
were adjusted to pH 1 using Hy50,4. DBPs were concentrated
250-fold by pasaing 5 L of this water slowly (by gravity, abaut
30 mlSmin) through the XAD resin columns. We prepared
two columns for parallel experdments (duplicate) and for each
sample obtained, we tested 3 times and caleulated the average
value. The ratio of water to XAD resins (250:1) was well within
the recommended ratio of 7701 (Richardson, 2011k). The re-
maining 1 L of water was used for determining the amount of
DEPs in the influent of XAD columne. The effluent of the col-
e was also collected for DBP analysis. The resin-adsorbed
DEPs were eluted with 50 mL ethyl acetate and concentrated
to 1.0 mL with nirogen using a TurboVap (Blotage). The con-
centrated eluent extract was analyzed for the 66 target DEPs
using GC-MS.

Liguibd-liguid extraction: Influent and effluent water samples
(100 mL each, pH 1) were extracted using liguid-Hguid ex-
traction (LLE] with 5 ml MTBE, repeated three times, yield-
ing a 15 mL extract. The extract was then dried using sodium
gulfate and concentrated further under nitrogen to 200 pL.
This extract was separated into two equal parts for analysis
of HAAs lodo-HAAs and the other DEPs (THMs, HALs, HKs,
HAM:, HAM=s, and HNMs), respectively [Cuthberteon et al,
2020; Allen et al, 2023).

1.3,  Analytical methods

Sensitive analytical methods were used to analyze the chloro-
brome-, and lodo-DBEPs species for these 66 compounds from
7 chamical elasses (Cuthbertson et al |, 2020; Allen et al., 2022).
Sample extracts (liguid-liquid and XAD resin extracts) were
analyzed using GC-MS (Agilent 7BI0 GC, 5977A mass spec-
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Fig. 2 - XAD recovery, adsorption and elution efficlencies of trihalomethanes (incduding I-THMs)

trometer, Agilent Technologies, Santa Clara, CA) with electron
jonization at 70 &V in selected lon monitoring mode. Nine
HAAs and 4 lodo-HAAs were derlvatized using diazomethane
and analyzed by GC-MS/MS with multiple reaction monitor-
ing mode. Sample extracts (1.0 pL] were injected into a mul-
timode inlet (MMI) in pulsed splitless mode, and separated
using a Restek Roo-200 column (30 m x 0.25 mm x 025 pm
film thickness; Reatek Corporation, Bellefonte, PA). This col-
urnan provides improved separation and detection limits par-
teularly for iodo-THMs and haloacetamides [Cuthbertson et
al., 2020). The GC temperature program for all DEPs except
HAAz was a8 follows: initial ternperature of 35°C for 5 min,
increased o 230°C at 9°Cimin, and then ramped at 20°C/min
to ZB0°C and held for 15 min. The GC temperature program
for the analysis of the 9 HAAs and 4 lodo-HAAS was s fol-
lowes: initial temperamire held at 35°C for 5 min, increased to
2E0FC at 950 min, and then held for 15 min. The transfer line
was held at 280°C and source temperature at 200°C for both
methads.

1.4. Recovery calculations

Calibration curves were made using mixtures of the 66 DEPs
at the following concentrations: 0.1, 0.25, 0.5, 1, and 2.5 pg/L.
An additional blank sample was extracted and analyzed for
each calibration curve. Taking in consideration the influence
of salwent on GC-MS measurements, the quantitation of XAD

eluents was done using a calibraton curve where standards
were spike into ethyl acetate (to match the XAD elution sol-
vent). Moreover, DBF concentrations from the analysis of XAD
resin extracts were corrected with the concentration factor of
extraction and evaparation steps; DEP levels in the influent
and effluent of the XAD colurmnsg were similarly commected. The
recovery, adsorption, and elution of 66 halogenated DBPs by
XAD resing was caleulated according te Eqne. 1-3 (below).

. Cyan
Recoverye f f " Ty {l]
Adserptione f fidency = E_*".fc;_fiu @
Eluticne f ficiency = Gor Gy =

Where

» Cyap s the concentration of DBPs that eluted from the XAD
resins,

* Ty I8 the concentration of DEPs in the influent of the XAD
resin column;

» Cpyy s the concentration of DEPs in the effluent of the XAD
resin column.
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1.5.  DBP Correlation Statistics

Regression analyses were performed to determine the Pear-
son product-moment {r) and the corresponding P value. Anr -
0.90 was considered to have a strong, positive relationship be-
tween XAD recovery and the given characteristic (pKs, logKew,
molecular weight), while an r < 0.50 was considered to have
a weak, positive relationship. P < 0.05, <0.01, and «<0.001 were
considered significantly correlated, highly significantly corre-
lated, and very highly significantly correlated, respectively.

2. Results and discussion
2.1.  Recoveries of 10 trihalomethanes (including
iodo-THMs)

THMs are typically formed at highest concentrations of all
DBPs In drinking water and have been reported in wa-
ter disinfected with chlorine, chloramine, ozone, and chlo-
rine dioxide disinfection (Postigo et al, 2018; Krasner et
al., 2006; Richardson, 2011). Four THMs (trichloromethane,
bromedichloromethane, dibromochloromethane, and tribro-
momethane) are regulated in the U.S. and in many other coun-
tries (Chaukura et al, 2020; U.S. EPA, 2020, Richardson, 2021).
Iodo-THMs have also been reported in chlorinated, chloram-

inated, and ozonated water in the presence of iodide ions
(Allen et al., 2022; loannou et al, 2016; WHO, 2011; Richardson
et al., 2008; Krasner et al, 2006), and they are favored in chlo-
raminated waters (Bichsel and von Gunten, 1999; Richardson
et al, 2008). Although iodo-THMs are not yet regulated, they
are much more cytotoxic and genotoxic than regulated THMs
(Wagner and Plews, 2017; Richardson et al, 2008).

The recovery efficiencies for THMs and iodo-THMs are
shown in Fig 2(a) and were calculated by the amount of DBPs
eluted from the XAD column (Cxap shown as red dots) divided
by amount in the influent (G In black dots). Adsorption ef-
ficlencies shown in Fig 2 (b) were obtained from the DBP con-
centration difference between the influent (G in black dots)
and effluent (Cgyr in blue dots) divided by Cy,,,. The elution effi-
ciency in Fig 2 (¢) is representative of a mass balance between
the concentration of the XAD eluate (Cy,p) and that adsorbed
by the column (Cp.y -Ceyr ). The same representations are used
in following figures for other DBP classes (Fig 3-Fig 8).

As shown In Fig 2, most THM species were well adsorbed by
XAD resing except trichloromethane (TCM), and their recover-
ies were relatively high (50-96%). Moreover, the adsorption and
recovery by XAD resins were similar, with XAD elutions close
to 100% for all except TCM. The adsorption efficlency for TCM
was «<20%, and its recovery was «<10%, due to low elution ef-
ficiency (<60%). This is consistent with Le Roux et al (2017),
who reported that the most hydrophobic THMs are easily re-
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Fig. 4 - XAD recovery, adsarption, and eluton efficlencles of haloketones (HEs)

tained on DAX-B resing (Le Roux ef al, 2017). Ethyl acetate (elu-
ent) can also desork these THM: from XAD resing effectively.
Compounds in non-polar ar non-lonie states are principally
adsorbed by van der Waal forces, which are relatively weak,
and therefore, they are easily desorbed from regins with sol-
vents of comparably low polarity (Dalgnault et al, 198E). THMs:
were in acidic ssluten (pH 1), so they were in neutral, non-
lonic states and could be easily desorbed from the resing with
ethyl acetate. Interestingly, THM recovery by MAD resins in this
paper were sipnificantly higher than by Hguid-liquid extrac-
tion (39-83%) in a previeus paper from our group [Cuthbertson
et al., 2020).

Thus, while TCM is rypically a major DBP in drinking water,
iris poorly recovered by MAD resins (Fig 2), likely due o its high
volatility combined with poor adsorption. Thus, its contribu-
ton to the sverall drinking water toxieity might be underesti-
mated, but this may not be a major concern because its eyto-
tosdelty is quite low, and it is not genotoxic (Wagner and Plewa,
2017). Our recovery results agres with a recent study by Lau et
al. (2021) (Lau et al., 2021). On the other hand, ioda-THMs not
only adsorbed strongly onto XAD resing, but they alao eluted
effectively from the resins, yielding an overall recovery of 90-
116%. Thus, the toxicity of lodo-THMs would not be signifi-
cantly underestirmated (based on extraction and evaporation
e 1.0 mL).

To explain the distinet absarpton for THMs, the pH of the
solutlen is important, as it has a large effect on the recover-

ies of compounds adsorbed onte XAD resing (Dalgnault e al |
19EE). At pH 1, THMs were in & newtral state and could be easily
adsorbed onto the nonionized surface of the XAD resing. This
iz consistent with a previous study that reported thatr XAD
resing concentrated newtral compounds more efficlently than
those that are jonized (Ringhand et al., 1987). Moreower, the re-
covery of THMs alsn relates to the types of halogen atoms (CL,
EBr, I) they possess. In general, it follows the principle: Cl = Br
« 1. For example, three THM recoveries followed the following
order: TIM (37%) = TBM [FE%) = TCM (5%), which alsa followed
the MW order.

In addition, as shown in Table 58, we found no statisteally
gignificant correlation betwesn MAD recovery for THMs and
MW or between XAD recovery and log K., although log K.
values indicate that the THMs might partition well to the XAD
resing (Ve water). Moveover, the volatility of THM: (parteu-
larly TCM) also played a role in their lower recoveries (Lau et
al., 2021).

22 Recoveries of 13 haloacetic acids (including
indo-HAAs)

Besides THMa, the second most prevalent DEF group is HAAS;
five HAAs are regulated by the U5 EPA (chloro-, broma-,
dichlora-, dibromo-, and trchloresacete acid), and several are
regulated in other countries [Richardson, 2021; Islam et al,
2016; LS. EFA, 2008). Iodo-HA A are among the most cytotaxie
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and genotaxic DEPs studied a-dave, with ledoscetic acid be-
ing the most genotexic of all DEPs studied (Richardson et al.,
2004; Eichardszon et al., 2008; Wagner and Plewa, 2017; Jeong et
al., 701E; Xia et al., 301E; Gonsloroski et al , 2020). 1AA is also -
morigenic in mice (Wel et al., 2013). Thus, while iodo- HAAS are
typically found at low or sub-pg/L levels (Krasner et al, 2006;
Allen et al, 2022 Cuthbertsan et al, 2019 Richardsan et al.,
2008, Krasner et al., 2006), they are quite tesdealogically impar-
tant. Further, although the toxicity of the bromo-chlono-HAAs
l= not as high as nitregen-containing DEPs (M-DEPs), HAA can-
centrations are significantly higher, such that their potential
health risks should not be ignored (Wagner and Plewa, 2017).

Az shewm in Flg 3, MAD resing were not as effective for
extracting HAAs from water as compared o THMs, with re-
coveries of most HAAs P0-50% and recoveries of most THM:z
50-4-110%, except TCM 6.4%). This s similar to recoveries
by liguid-liguid extraction reported by our group (17-45%)
[Cuthbertson et al, 2020). Although HAAs are significantly
less wolatle than THMs, their recoveries by XAD resing were
much lower. Therefore, it is the polarity and not the volarility

that determined their adsorption onte the resing. As shown
in Fig 51 and Table 58, HAA recoveries were strongly and
very highly significantly correlated with log Kow [f=0.85, P
<0.001) and were highly significantly correlated with MW
(F=D067, P « 00} and pEa [f=-0.63, P = 0.05). Many HAAS
have pies <2 (Table 53), such that a significant portion will
be in a protonated state at the low pH used for extraction.
The lonle forms are much more water seluble and should
not adsork well onto XAD resins like the newtral forms. Fur-
ther, the relationship barwean recovery and Log Key 13 consis-
tent with previous research indicating that recovery mainly
depends on thelr hydrophobicity, with more hydrophobic
compounds [THMs) better retained on DAX-8 resins than
more hydrophilic compounds [HAAs) (Le Roux et al, 2017}
The micro-reticular XAD resins specifically adsorb relatively
non-polar arganic compounds, with negatively charged com-
pounds, like HAAS, adsorbed at low efficlencies (Kool et al,
1981; Ringhand et al.,1987). Lau et al. (2021) alsa reported low
recoveries of these HAAS [« 6%) for XAD resin extracts taken to
dryness.
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Fig. & - XAD recovery, adsorpion, and elution efficiencies of haloniromethanes (HNMs)

23.  Recoveries of 9 haloketones

Haloketones are frequently reported in chlorinated water
(Erasner et al., 2006; Allen et al , 2023), but can undergo base-
catalyzed hydrolysis (Kall er al., 2071). Mo cytotoxicity or geno-
tostcity studies have been conducted yet in mammalian cells
for this class, so their oxicologleal importance relative o
other DBPs is not currently known.

Regults presented in Fig 4 demonstrate that mest haloke-
tones can bond to the MAD resins effectively under acidic
conditons (pH 1). The recoveries of 1,1-dibromopropanone
(11DEF), 1-bromo-1,1-dichloropropanone (1BLIDCF), and
1,1,3,3-tetrabromopropansne [1133TeBF) were up o 66%,
B4%, and 65%, respectively; these DEFs have a relatively
high adsorption owing to their high MW and pi,, while
1,1-dichloropropanone (11DCF), chloropropanone (CF), 1,3-
dichlorepropanone (13DCP), and 1,1,3-tichlaropropanone
(113TCF) recoveries were relatively low (17-37%). In addi-
ton, the elution of most haloketones from XAD resing was
BO-100%, except 1,3-dichloropropanone, which had a low
recovery (20%). A low recovery for 1,1-dichlorepropanone was
reported by Law et al. (2021), even though its log Kew value
ig =0 (Table 53). Thus, this illustrates that the octanol water
partition coefficlent is not the only factor that determines
recovery of DEPs by XNAD resins. Haloketones will not disso-
clate in acldic conditions, thus, factors affecting their XaAD
recoveries are not related to ph,, but rather to log Kew and
MW, which show significant correlations betwesn recovery

and log Kuw (r =072, P <0.05) and MW {r=0.71, F <0.05) (Fig
52 and Table 58).

In additon, it should be noted that the recovery of haloke-
tones by XAD resing was generally loweer than by Hquid-liguid
extracton reported by our group (Cuthbertson et al, 2oaa0j,
which was 51-128%, with the exception of chloropropanons
(32%).

2.4, Recoveries of 4 haloacetaldehydes

Like haloketones, haloacetaldehydes are also easily hy-
drolyzed, and their eytotoxicides and genotoxicities are 100-
1000 times that of THMs and HAAs (Jeong et al., 2014; Wagner
and Flewa, 2017). Trichloroacetaldehyde iz one of the most
cammanly occurring epecies (Krasner et al , 2006; Allen et al ,
2023}, iz listed as possible human carcinegen by the LS. EPA,
and has a WHO guideline limit of 10 pgL (LLS. EPA, 2008; 1LS.
EPA, 2006; Jeong et al , 2014; Kali et al., 2021). Mean adsorption
and recovery for haloacetaldehydes s shown in Fig 5.

XAD resin recovery for trichloroacetaldehyde (TCAL)
was only 27%, but was somewhat higher (56-58%) for bro-
maodichloroacetaldehyde (BDCAL), dibromochloroacetalde-
hyde (DBCAL), and tribromoacetaldehyde [TBAL). A previous
paper showed much higher recoveries by lquid-liquid ex-
traction in ultrapure and tap waters (-180%) [Cuthbertson
et al, 2020), which were proposed to be due to the trans-
formation of other DBPs to form these haloacetaldehydes
or by reactions accurring with precursors. The recoveries af
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BDCAL and DECAL by MAD resing that we measured (46%
and 53%, respectively] were aimilar to Hguid-liquid extrac-
tion recoveries (55-56%) reported by Lau et al (2021), but
were much higher than XAD resin recoweries reported by
these authors after extracts were evaporated to dryness
[13%).

Like haloketones, haloacetaldelywdes are in a neutral form
In acidic solutien, sweh that pk, should not impact thelr recow-
ery by XAD reaing. On the other hand, log Kow and MWW were
Important factors. The recoveries for HALs showed strong and
significant correlations with log K., (=097, P < 0.05) and MO

(F=D.96, F <0.05) (Fig 53, Table S8).

2.5 Recoveries of 7 halonitromethanes

Halonitromethanes can be formed by chlorne or chloramine
disinfection and are enhanced when pre-szonation i used
before chlorination or chloramination (Allen et al, 2033;
Inannou et al, 2016; Richardson et al., 2008; WHO, 2011). Whila
trichloronitromethane (also known as chloropicring has been
cormmanly measured in many studies ([due to the ease of
Incorporatng it with other DEPs in EPA Method 551), the 7
halonitremethanes shown in Fig 6 have also been meagured
in drinking water [(Weinberg et al., 2002, Krasner et al., 2006;
Cuthbertson et al., 2019; Cuthbertson et al., 2000; Allen et al.,
2027). They are potent mammalian cell cytotosxing and geno-
toxinsg (Plewa et al., 2004; Wagner and Plewa, 2017) and are

mutagenic in Salmonella bacterial cells (Kundu et al., H004).
XAD resin recoveries for halonitremethanes are shown in
Fig6.

As can be seen from Flg 6, the adsorption of most
haleniremethanes (S6-800%) were also relatively high, ex-
cept tribromonitromethane [TEMM) (28%], and they were
better recovered compared to liguid-liguid extraction (38-
52%) (Cuthbertsan et al, 2020). Moreover, the XAD elution of
most halonitromethanes was =80%, except for dibromeoni-
tramethane (DBMM) and TEMM. Moreover, TBNM could not be
eluted efficiently, which redwced its recovery further to < 30%.
A relatively low recovery (26%) of TEMM was also found with
liguid-lquid extraction (Cuthbertson et al, 2020). Thess re-
sults indicate that the toxicity of some halonitromethanes
might be underestimated using MAD resin extraction, which
iz important because DENM and TEMM are among the most
toxic of the halonitromethane class (Flewa et al , 2004a). MW
was an important factor for the recovery of HNMs as seen by
the statistically significant correlation (f = - 077, P -0.05; Fig
54 and Table 5E) berween MW and recovery. Log K., did not
show a gignificant correlation (Table S8).

26.  Recoveries of 13 haleacetamides

Haloacetamides are typically found in chlornated and chlo-
raminated drinking water (Krasner et al, 2006, allen et al,
2027), and they also can be formed directly from chlorami-
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nation reactions with NOM (Huang et al, 2017} and alse by
hydrolyais of halsacetonitriles (Reckhow et al., 2000; Farré et
al., 2012 WHO, 2011). As many plants in the US. and in other
countries have switched from chlorine to chloramine o lower
regulated DEPs, the increased formation of haloacetamides is
aconcern. The commonly detected species of haloacetamides
are dibrermoacetamide (DEAM), dichlorsacetarmide [DCAM),
and trichloroacetamide (TCAM) (Krasner et al., 2006; Farré et
al., 20125 Allen et al , 3022; Cuthbertson et al., 201%; Yang et al,
2014). Although haloacetamides have not yet been regulated
in any country, they are much more cytotoxie and genotoxic
than the regulated THMs and HAAS and are among the most
cytotoxic DBPs studied to-date (Wagner and Plewa, 2017}

The NAD recevery of most haloacetamides was $0-600% (Fig
7}, and was especially low for chloroacetamide [CAM), bro-
moacetamide (BAM), and lodsacetamide (LAM) (=40%). This
regult was similar to a previous sbudy, which reported lower re-
coverles for CAM and BAM compared to ether haloacetamides
by liquid-liquid extraction (Kosaka et al., 2016). The recoveries
of CAM, BAM, and 1AM were also very low by lquid-liquid ex-
traction [1-3%), with other haloacetamides having somewhat
higher recoveries (Z2-66%) (Cuthbertzon et al., 2020).

Fig 8

Az weak alkaline substances, most haloacetamides will
have a significant proportion in a positively-charged lonic
state at pH 1 (Cuthbemson et al., 20237), making them rela-

twely difficult to adsarb ento XAD resins. For example, CAM
and DCAM have a reported pk, of -0.26 (Wada and Takenaka,
1971). Mo significant correlations were observed for the recov-
ery of haloacetamides and log K., or MW [Table 58).

a7 Recoveries of 10 haloacetonitriles

Haloacetonitriles are commonly reported in chlorinaved and
chloraminated drinking water (Allen et al , 2022; Cuthbertson
et al, 201% Muellner et al, 2007, Krasner et al, 2008
Quintiliani et al, 201E). Halsacetonitriles generally form
rapidly and hydrolyze slowly (Reckhow et al., 2001; Huang et
al., 2013F), and exhibit orders of magnitude higher levels of cy-
totoxieity and genotosdeity than THM: and HaAs (Flewa et al |
2008; Wagner and Plewa, 2017; WHO, 2011).

The adsorption of haloacetonitriles was not as high as
THMs=, as the former are polar substances, while the latter
are more non-polar. For chlomacetonitrile (CAMN), bromoace-
tonitrile (BAM), lodeacetonitrile (1aN), and tribromeacetoni-
trile (TBAMN]), their adsorption was 25-41%, which are slightly
lower than with gquid-liquid extraction (36-47%) (Cuthbertzon
et al, 20200, The recovery of other haloacetonitriles (exoapt
trichlorsacetonitrile (TCAMN]) by XAD resins was comparable to
liguid-lquid extraction; while TCAM had higher recovery by
XAD resing (B1%) compared to lquid-liquid extraction (20%)
[Cuthbertsan et al , 2020).

187



Jil: JES AHTIGLE IN PHESS T May 16, 20221740

JOURNAL OF ENVIRONMEINTAL SCICHCIS XXX I:IKII:] Xan 11

While halsacetonitriles exhibited a poorer adsorption on
reging than THMs, they were much better than HaAs, which
iz in good agreemeant with the hydrophobie character arder of
DEP classes: HAAS -« HAMS « THMS (L& Roux et al, 2017). As
the genatesxicity and cytotoxicity of haloacetonitriles is much
higher than THMs and HAAs (Muellner et al., 2007; Wagner
and Flewa, 2017), and DCAM, BCAM, and DEAN were meported
as taxicity drivers in U.S. drinking water (Allen et al., 2022),
the taxicity of haloacetonitriles might be underestimated due
to their relatively low XAD recoveries. Mo significant correla-
tions were observed for the recovery of haloacetonitriles and
log ow af MW (Table S8).

I addition, it should be noted that the elution recoveriss
for some haloacetonitriles (e.g., BOAN, TBAMN, DEAN, IAN) weare
=100%, possibly a result of side-reactions ameong DEPs tak-
ing place, which should be investigated in future ressarch. An
izolated study of each DBP class, rather than a combination
of them all, may help contral this phenomenan. However, it
should be noted that this may alse be noticed during the en-
richment step of mixed DEPs in actual water matrces,

3. Conclusions

XAD resins are a universal sorbent that can adsorb all 66 hala-
genated DBPs across 7 different chemical classes, but to a dif-
ferent degree, due to their varied chemical properties. In gen-
eral, XAD are better adsorbents for THMs, HEs, and MALs but
weaker adsarbents for HAAs, HAMNs, and HAMs. The recover-
les of TCM, 1AA, CAMN, [AN, and CAM by XAD resins was ax-
tremely low; thus, these resins are not ideal for thelr extrac-
tion and may lead to an underestimation of texicity. The re-
covery efficlencies of most DBPs were comparable with their
adsorption, as most are eluted affectively from XAD resing by
ethyl acetate DEP adsorption by XAD resins is a cormplex pro-
cegs. Removal (elution) efficlencies not only depend on the
chemical characteristics of DBPs themselves [polarity, MW,
pEa, volatility, halegen atom species, etc), but also depend
on the chemdeal funetonal group on the surface of the XAD
regins. Thereln, polarity and MW are important factors that
determine the recovery of halogenated DBPs by XAD resins.
Future studias should investigate potental effects of the pres-
ence of NOM ar suspended solids on the recovery of DEPs
by XAD resins. Finally, future stedies should investigate im-
proved extraction methods, including the use of specialized
SPE cartridges, which were recently shown to have better re-
coverles compared to XAD resins (Lau et al , 2021).
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