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ABSTRACT

Population growth and global climate change has resulted in the degradation of
pristine water sources, causing issues like saltwater intrusion, persistent harmful algal
blooms, and drought from population growth. Future reliance on alternative sources of
drinking water to is expected globally, therefore, nontraditional sources of drinking water
are becoming increasingly vital sources of potable water around the world. For example,
desalination (typically by reverse osmosis), despite its high energy demands and high
cost, is being utilized all over the world to meet drinking water demand. Wastewater
reuse, the additional treatment of wastewater to produce drinking water, either directly or
indirectly, is also being explored, with the largest indirect potable reuse system in the
world producing one hundred million gallons of water a day in California. Traditional
drinking water treatment is also being impacted; harmful algal blooms are increasing in
both frequency and abundance, putting additional strain on drinking water treatment

needs and impacting drinking water quality in ways that are not fully understood.

Desalination, in an effort to maintain and extend the lifetime of filters and
membranes, pre-chlorinate intake waters, forming chlorinated brines that are released
back into the aquatic environment without additional treatment. Wastewater reuse is
required to remove contaminants traditional wastewater treatment does not, resulting in
the use of both traditional (UV/H,0,) and novel (UV/NO; /HCO;3") advanced oxidation
processes (AOPs) to remove emerging contaminants (ECs) without forming equally

concerning transformation products. Harmful algal blooms and their resulting toxins must
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be assessed in the environment before steps can be taken toward remediation, but

quantitative approaches for individual toxins have previously been unavailable.

Three studies presented here integrate newly developed analytical methods for the
assessment of desalination, advanced oxidation, and harmful algal bloom impacted water
systems. Pre-chlorination practices in desalination facilities impact both public health and
the aquatic environment through the production of toxic disinfection by-products (DBPs).
Wastewater reuse via two different AOPs are shown to degrade ECs, but do so
incompletely, forming new transformation products that impact toxicity. Toxins specific
to Lyngbya wollei, a freshwater algae impacting drinking water sources across the United
States, are analyzed by high resolution mass spectrometry that resulted in a new,

selective, and sensitive method for the quantification of Lyngbya wollei toxins.
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CHAPTER 1
INTRODUCTION

Chapter 2 provides results from a case study on the presence of organic contaminants in
desalination waters, both treated drinking water and wastewaters released into the
environment, to elucidate both environmental and public health impacts. More than 50
regulated and priority, unregulated disinfection by-products (DBPs) were quantified
across three different desalination plants, where toxic brominated and iodinated DBPs
were observed at higher ratios than from traditional drinking water sources, which was
attributed to the incorporation of the inorganic bromide and iodide present in seawater.
Also, DBPs present in desalination wastewaters were also quantified in the source water,

showing their persistence in the aquatic environment.

Chapter 3 investigates the use of both traditional (UV/H20,) and novel

(UV/NO3; /HCO3") advanced oxidation processes (AOPs) and their ability to degrade
emerging contaminants (ECs). ECs known to be unaffected by traditional wastewater
treatment that persist at environmentally relevant levels were evaluated, with both AOPs
exhibiting at least some degradation of ECs. Many ECs were not completely mineralized,
therefore, high resolution mass spectrometry was used to identify transformation products
formed in both AOPs. Chapter 4 provides the first high resolution mass spectral data for
toxins produced by the benthic freshwater algae, Lyngbya wollei (LWTs). Not only does

this information provide detailed structural information through the identification of



fragment ions, but also resulted in the optimization of a sensitive method to quantify

LWTs via liquid chromatography (LC)-mass spectrometry (MS).



CHAPTER 2
DESALINATION WASTEWATERS AS A SOURCE OF DISINFECTION

BY-PRODUCTS IN AQUATIC ECOSYSTEMS

Westerman, D. C.; Powers, L. C.; Gonsior, M.; Richardson, S. D., Desalination
Wastewaters as a Source of Disinfection By-Products in Aquatic Ecosystems. To be
submitted to Environ. Sci. Technol.



ABSTRACT

Future reliance on desalination to provide suitable drinking water is expected globally as
a result of population growth and increased freshwater scarcity. Desalination, specifically
via reverse osmosis (RO) is expected to be a major source of reliable drinking water
along coastal regions. Before the desalination process, water is disinfected by chlorine to
limit membrane biofouling. While there is some information on disinfection by-products
(DBPs) in finished drinking water following desalination, little is known about the DBPs
formed in the reject waters that generally get discharged back to sea. Elevated levels of
bromide and iodide in seawater may form brominated and iodinated DBPs, most of which
are highly toxic. Desalination plants are allowed to discharge chlorinated reject water into
the coastal environment, dispersing the newly formed DBPs in the process. Samples that
both were and were not subject to pre-chlorination were evaluated (when available) for
each location in order to differentiate between environmental contaminants and
disinfection by-products, a strategy that was found to be necessary where outfall is
located near seawater intake systems. Quantification of 53 known DBPs was performed
by liquid-liquid extraction followed by gas chromatography-mass spectrometry (GC-
MS). Quantification data was then utilized to calculate predicted relative cytotoxicity and
genotoxicity for each sample in order to provide insight into the formation of DBPs in
seawater treatment and their potential impacts on public health and aquatic environments.
Pre-chlorinated samples (including lab chlorinated samples) have higher levels of DBPs
than their non-chlorinated counterparts. Brominated DBPs were found to be much more
abundant than iodinated DBPs in desalination reject waters, with either brom- and/or
bromo-chloro-DBPs as the most abundant halogenation at all locations. In locations

where the outfall is located near seawater intake, DBPs were found in influent seawater
4



before chlorination, suggesting the potential persistence of DBPs released from
desalination facilities in the coastal environment. This project is the first to show the
presence and potential stability of DBPs as environmental contaminants resulting from

desalination and their potential impacts on aquatic ecosystems.

INTRODUCTION

Drinking water disinfection is vital to public health, and is considered the greatest public
health achievement of the 20th century.!”?> An unintended consequence of disinfection is
the formation of disinfection by-products (DBPs) through the reaction of disinfectants
with natural organic matter (NOM), bromide, and iodide.*> Epidemiologic studies have
linked DBPs to cancer, birth defects, and miscarriage.*®!? In the U.S., regulations are
enforced for four trihalomethanes (THMs), five haloacetic acids (HAAs), bromate, and

chlorite under the Stage 2 Disinfectants and DBP Rule.!?

Due to the increase in freshwater scarcity, either from the degradation of pristine
water sources or increased demand from population growth, nontraditional sources of
drinking water are becoming increasingly vital around the world. Desalination, despite its
high energy demands and high cost, is being utilized at many locations (and even inland
locations) to meet drinking water demand. With 1.2 billion people currently living under
physical water scarcity, and 40% of the global population residing within 100 km from

the coast, the global dependence on desalination is expected to grow.!4-16

There are three main desalination methods for the production of drinking water:
thermal distillation, electrodialysis, and reverse osmosis. Desalination plants now
commonly perform reverse osmosis (RO) due to the comparatively low capital costs and

higher freshwater production.!®!8 Brines formed during RO are typically concentrated
5



two-fold (up to 5x concentrated) and are typically discharged back into the environment
(e.g., the sea).!” In order to maintain and extend the life of RO membranes, plants
typically include a disinfection step (often chlorine) at the beginning of the treatment
train to prevent biofouling, but this can form DBPs.?*-2! DBPs are formed when the
disinfectant reacts with the organic matter, bromide, and iodide present in source water.
Little is known about DBP formation in treated seawater, and consequently, their
potential environmental and human health impacts have not been fully addressed.
Seawater is a different matrix than surface or ground water, therefore the disinfection of
seawater can produce different relative amounts of known DBPs and entirely new DBPs,
compared to freshwater.?2-23 Previous studies have analyzed RO permeate/finished water,
with a focus on regulated THMs and HA As,*** with some including haloacetonitriles
(HAN),2426-28:31-32 jodo-trihalomethanes (I-THMs),** or bromophenols.?427-28:32.3¢ DBP
speciation between chlorinated seawater and surface water is very different, with
brominated species predominant in the former, and chlorinated in the latter.3*-*5-3¢ Not
only have bromo-DBPs been associated with chlorinated seawater, 2833738 but there are
many still to be investigated. When studying electro-chlorination of ballast water of an
ocean-going vessel, 462 new and previously unknown, brominated compounds were
identified, including 2,2,4-tribromo-5-hydroxy-4-cyclopentene-1,3-dione, which
constituted 22% of the relative abundance of DBPs formed. The same study found
dibromomethane at 1% relative abundance, which supports the need to evaluate small

organics during the chlorination of seawaters.>’

The differences in DBPs from saltwater and freshwater disinfection may result in

different, currently unknown, toxicity. Brominated and iodinated disinfection by-products



are known to be more toxic than their chlorinated analogues,**° but iodinated disinfection
by-products (I-DBPs) do not typically form in chlorinated freshwaters because
hypochlorous acid will readily oxidize iodide to iodate, which is non-toxic.*! Tt is well
established that Br-DBPs are formed in seawater chlorination,?! but the possibility for
formation of I-DBPs during the chlorination of seawater cannot be ignored due to the

1Y42-43 as compared to the trace

elevated concentration of iodide in seawater (~60 pg L~
levels found in freshwater (median iodide of 1.9 ug/L).* The increased toxicity and
potential for formation of brominated and iodinated DBPs make them a priority for
investigation in desalinated waters. DBPs from desalination is of particular concern
because they not only impact human health through finished drinking water, but they also
may pose a potential threat to nearby aquatic ecosystems. Discharge of the brine waste to
the environment is an acceptable form of disposal,'® therefore, DBPs are released when

pre-chlorinated reject waters are discharged into the environment. It is currently unknown

what effects DBPs will have on the surrounding ecosystems.

This project seeks to understand the production, speciation, and environmental
fate of DBPs produced at desalination plants, with a focus on chlorinated RO reject
water. We report for the first time, the measurement of 53 regulated and unregulated
DBPs in reject waters from three full-scale desalination plants, including haloacetonitriles
(HANSs), haloamides (HAMs), halonitromethanes (HNMs), haloacetaldehydes (HALSs),
haloketones (HKs), trihalomethanes (THMs), and iodinated THMs (I-THMs), and the

calculated toxicity associated with the DBPs.



MATERIALS AND METHODS

Chemical Reagents. General reagents were ACS reagent grade and were purchased from
Sigma-Aldrich (St. Louis, MO), VWR International (Radnor, PA), and Fisher Scientific
(Waltham, MA). DBP standards were purchased or custom synthesized from Sigma-
Aldrich, CanSyn Chem. Corp. (Toronto, ON), Aldlab Chemicals (Woburn, MA), and TCI
America (Waltham, MA) at the highest level of purity available. All solvents (acetonitrile
(ACN), methyl tert-butyl ether (MTBE), methanol (MeOH), and ethyl acetate) were of
highest purity and were purchased from Sigma-Aldrich, VWR International (Radnor,
PA), or Fisher Scientific. Artificial seawater salts were manufactured by Instant Ocean

(Blacksburg, VA) and diluted in laboratory as necessary.

Sampling. All samples were collected in amber glass bottles, filled headspace free. After
collection, samples were shipped on ice and processed (or chlorinated) within 48 h of
collection. Samples subject to chlorination at the treatment plant were quenched with
ammonium chloride (5 mg/L) and pH adjusted (pH 3.5-4) with sulfuric acid at time of
collection and extracted/reacted within 24 h. Sample parameters and locations can be

found in Table 2.1.

Plant 1: Water Collection and Treatment. Plant 1 was the only plant utilizing pre-
chlorination during the time of sampling. For this reason, it was especially important to
take samples at multiple locations throughout the treatment train (Figure 2.1). Samples
were collected before treatment (raw), after pre-chlorination pre-treatment (PT), both RO
permeate and reject waters, and finally finished drinking water. Due to the use of pre-

chlorination on site, in lab chlorination reactions were not performed for this location.



Plant 2: Water Collection and Treatment. Raw seawater was collected in the aquatic
environment next to the intake valve supplying seawater to the Plant 2 desalination
facility. The plant RO reject waters (denoted as “brine”) were collected at the outfall pipe
where they are released to the environment. At the time of sampling, the desalination
facility was not performing pre-chlorination as part of the treatment train, therefore, raw

and reject samples were chlorinated (24 h) in the laboratory to mimic the DBP formation.

Plant 3: Water Collection and Treatment. Plant influent (denoted as “raw”) from Plant
3 is a brackish groundwater source, not a marine environment. The plant reject waters
(denoted as “brine”) were collected as the post-RO wastewater in the desalination
facility. Finished drinking water was also acquired at the plant. At the time of sampling,
Plant 3 was not performing pre-chlorination as part of the treatment train, therefore,
samples were chlorinated (24 h reaction) in the laboratory to provide insight on the DBP

formation of pre-chlorinated waters.

Lab chlorination reactions. A 500 mg L' combusted NaCl (extra pure, Acros
chemicals) solution was chlorinated for 15 min using an electrochlorination unit
(ChlorMaker saltwater chlorine generator, ControlOMatic, Inc). Free chlorine (Cl,)
concentrations were determined using HACH Method 8021 (USEPA DPD method for
free chlorine) with a HACH autoanalyzer. Chlorine was diluted when necessary and
added to samples (described by “+ Cl»”) and reacted for 24 h, after which the samples

were quenched with ammonium chloride in 10 fold excess.

Analytical Methods. Bulk Parameters. The analytical methods for dissolved organic
carbon (DOC), specific UV absorbance (SUVA), total dissolved nitrogen (TDN), and

salinity measurements are summarized in Appendix A.2.
9



DBP quantification. Liquid-liquid extraction (LLE), modified from a previously
published method,* was used to quantify 53 DBPs in all samples. Analyte stock
solutions were made by dissolving DBP standards in acetonitrile, methanol, or MTBE.
DBP standard solutions were prepared by diluting individual DBP stocks together to
make 100 mg/L mixtures of each DBP class in MeOH, then diluting again to 10 mg/L in
MeOH. In both cases, fluorobenzaldehyde and 1,2-dibromopropane were used as the

surrogate standard and the internal standard, respectively.

During extraction, a 100 mL aliquot of sample was pH adjusted with H2SO4 to pH
<2 and 30 g sodium sulfate was added, followed by 3x LLE of 5 mL MTBE. Extracts
were concentrated under nitrogen, spiked with surrogate/internal standard, and analyzed
using has chromatography (GC)-mass spectrometry (MS) with electron ionization (EI)
and selected ion monitoring (SIM) (7890 GC, 5977A mass spectrometer, Agilent
Technologies, Santa Clara, CA) using an Rtx-200 column (30 m x 0.25 mm x 0.25 um
film thickness; Restek Corporation, Bellefonte, PA). Additional extraction details can be

found in Appendix A.

Finished drinking water was quantified via internal calibration in nanopure (18
MQ) water for finished drinking water; other samples were analyzed using a 3-point
standard addition (0, 1.0, 2.0 pg/L) curve. Standard addition was applied within a
previously determined linear range (0.1 — 40 pg/L) for each analyte in artificial seawater
(Instant Ocean). Artificial seawater was made by dissolving aquarium salt to three times
the recommended concentration (105 PSU), since that was the highest acceptable
concentration factor during RO set by the participating desalination plants. Spiked

seawater matrix was quantified in triplicate via standard addition to evaluate method

10



accuracy, and values were only reported for analytes with linear coefficients (R?) of 0.8

and above (see Appendix A.3).

TIC-Tox Calculations. Calculated toxicity associated with DBPs in each sample was
based on the “TIC-Tox” method.*® Molar concentrations of each DBP were multiplied by
their corresponding cyto- and genotoxicity index values for Chinese hamster ovary cells
(CHO) and summed together for cytotoxicity and genotoxicity values for each sample.
Haloketones, tribromoacetonitrile, and iodoacetonitrile were not included in TIC-Tox
calculations due to the lack of previously measured toxicity index values. TIC-Tox

cytotoxicity and genotoxicity values can be found in Appendix A.4 and A.5, respectively.
RESULTS AND DISCUSSION

Plants 1, 2, and 3 sampled during this project each had different source water
characteristics, high DOC seawater, low DOC seawater, and brackish groundwater,
respectively (Table 2.1). For all plants, DBPs were found on both sides of the RO
membrane, with DBP precursor material impacting both sides of the membrane, resulting
in an increase in DBP formation after chlorination of both RO permeate and reject
waters. Chloro- and chloro-bromo-DBPs were the dominant halogen incorporation across

all plants, with some I-DBPs formed in seawater intake locations (Plant 1 and Plant 2).
DBP Formation at Three Desalination Plants.

Plant 1. Plant 1 had the highest level of total DBPs of any plant, with a total DBP
concentration around 100 pg/L, whereas all other plants were below 40 pg/L (Figure 2.2)
which was only achieved after lab chlorination experiments. The relatively high levels of
DBPs is likely due to the use of pre-chlorination at Plant 1 at the time of sampling. The

11



pre-treatment (PT) sample was collected immediately after adding disinfectant, with the
brackish water (BW) and RO permeate collected on either side of the RO membrane. The
RO permeate is blended with water from a nearby freshwater source and disinfected to
generate the finished drinking water (FW). The RW was found to contain predominantly
1,1-dichloropropanone (1.4 pg/L), with 1-bromo-1,1-dichloropropanone and
dibromoacetamide also quantified at 0.3 pg/L and 0.2 pg/L, respectively. The addition of
chlorine resulted mostly in the formation of chloroform (1.1 pg/L) in the PT, and further
down the treatment train, samples with increased contact time (BW and ROP) showed an
increased formation of DBPs, predominantly in the form of trihalomethanes.
Trihalomethanes were found on both sides of the RO membrane, but predominantly in
ROP with 23.7 pg/L bromoform quantified, demonstrating its ability to pass through the
RO membrane. The hydrophobic nature of trihalomethanes, along with their relatively
small molecular volume, allows them to undergo hydrophobic adsorption onto the RO
membrane, increasing their ability to pass through. This is consistent with previous
desalination studies that quantified trihalomethanes, specifically bromoform, in
desalination finished waters.*® Bromoform was also previously found to have a ~50%
rejection rate from RO membranes, which means that 50% passes through the RO
membrane.*’ Haloketones and haloacetamides were found in BW, with
dibromoacetamide (2.9 pg/L) and 1,1-dichloropropanone (2.4 pg/L) the most abundant in
each category, but no haloacetamides and only one haloketone (1,1-dichloropropanone,
1.0 pg/L) were quantified in ROP, suggesting haloacetamides and haloketones are mostly
rejected by RO membranes and therefore impacting aquatic environments over drinking

water during desalination. Haloacetamides and haloketones have been previously found
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to have high percent rejection by RO membranes, with all haloacetamides and
haloketones studied exhibiting over 80% rejection.*” The greatest formation of DBPs
was in the finished water, likely due to the addition of surface water, which contains
more reactive aromatic groups (higher SUVA) than seawater, and therefore, is more
likely to form DBPs. Haloacetamides, trihalomethanes, haloacetaldehydes, and
haloketones were the dominant classes quantified in finished water at Plant 1, with levels
of 30.8 ng/L, 26.5 ng/L, 15.6 pg/L, and 14.7 ng/L, respectively. The increase in
haloacetaldehydes and haloketones, specifically bromodichloroacetaldehyde (14.3 pug/L)
and 1-bromo-1,1-dichloropropanone (6.0 png/L), compared to ROP is likely due to the
blending of finished waters, since neither class is expected to permeate RO membranes at
a high fraction, and since additional bromide has been shown to incorporate after RO

with the addition of DOM.*8

Plant 2. Plant 2 is the only plant with a high quantity (>5 pg/L) of DBPs in the untreated
raw seawater (Figure 2.2). The presence of DBPs in the source water shows that the
reject water discharged by the plant is contributing DBPs to the aquatic ecosystem and
they are stable enough in the environment to persist and re-enter the treatment plant.>* In
fact, of the six classes of DBPs quantified in the chlorinated reject water (BW + Cl12), all
but haloacetaldehydes were present in the raw water. The decrease in haloacetamides,
haloacetonitriles, and haloacetaldehydes from chlorinated wastewater to raw water
suggests these classes do not persist as long in the aquatic environment, compared to
haloketones, halonitromethanes, and trihalomethanes, which stay the same or increase in

concentration. In fact, the greater concentration of trihalomethanes and
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halonitromethanes in the raw water suggests these classes may even accumulate in this

environment when chlorinated RO permeate is discharged by the desalination plant.

After chlorination, an increase in DBPs was observed, with the greatest increase
from halonitromethanes. Before chlorination, a total of 1.2 pg/L halonitromethanes was
quantified in the raw water (predominantly tribromonitromethane at 0.9 pg/L), but after
chlorination, bromodichloronitromethane, dibromochloronitromethane, and
tribromonitromethane were all individually above the previous total for all
halonitromethanes (1.1, 3.0, and 2.8 pg/L, respectively). The considerable concentration
of halonitromethanes (7.0 pg/L) compared to all other DBPs quantified (3.4 ug/L)
suggests that raw water contains precursor material for halonitromethanes more than any
other class quantified. Nitrite is a known precursor to halonitromethane formation,*->
and would not be expected to permeate an RO membrane due to its overall charge of
minus one. No increase in haloacetonitriles, haloketones, and haloacetamides was found
following the addition of chlorine (indicating their formation is not favored compared to
halonitromethanes). DBPs that were consistent from RW to RW + CI2 increased in reject
water after chlorination. The increased formation of haloacetonitriles, haloketones, and
haloacetamides in the brackish water compared to the raw is likely due to the removal of

HNM precursor material (nitrite) during RO, allowing the disinfectant to react and form

the aforementioned DBP classes instead.

The observation of DBPs in the raw water, even without the use of pre-
chlorination, provides insight regarding which DBPs will be rejected by the RO
membrane and which will be present in the RO permeate. The increase in

halonitromethanes from RW to BW suggests they are rejected by the RO membrane,
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increasing their concentration in the process. Trihalomethanes and haloketones, however,
decreased from raw water to reject, implying they either transform or pass through the
RO membrane. Haloamides and haloacetonitriles had relatively consistent concentrations
from raw to reject water. Little change in concentration assumes an equal likelihood to

pass through the RO membrane as rejection.

Plant 3. Plant 3, being a brackish groundwater source, had the lowest DBP concentrations
in non-chlorinated raw water of the three plants assessed in this study. Upon chlorination,
however, Plant 3 was found to have almost 40 pg/L total DBPs in chlorination raw water,
and >10 pg/L in the brackish RO permeate. This is higher than the other two plants where
the raw and brackish water samples did not surpass 15 pg/L for any sample, even though
they had higher DOC and salinity than Plant 3. Although there is less precursor material
in the source water (low DOC), the DBP formation potential was higher at Plant 3, likely
due to the increased aromaticity (SUVA 14 m™!' L mg™!") compared to Plant 1 (2.8 m! L
mg) or Plant 2 (1.3 m™' L mg™). This is consistent with previous knowledge that natural
organic matter (NOM) in freshwater sources is usually more aromatic than ocean

NOM.ZZ'B

The chlorinated raw water formed halonitromethanes, haloacetonitriles,
trihalomethanes, and haloketones in similar quantities, ranging from 6.0 to 11.9 pg/L,
with haloacetonitriles the largest contributor at 11.9 pg/L. Precursor material rejected by
the RO membrane (in brackish water samples) formed predominantly haloketones (6.9
ng/L), followed by halonitromethanes (2.2 pug/L), haloacetonitriles (2.2 ng/L), and
trihalomethanes (1.1 pg/L). The lack of haloacetaldehydes and relative decrease of

trihalomethanes, haloacetonitriles, and halonitromethanes from raw to brackish water
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suggests that precursor material for those DBP classes is able to pass through the RO
membrane and impact finished water. The increase of haloketones from chlorinated raw
to chlorinated brackish samples is attributed to the concentration factor that results from

the RO process.

DBP Formation by Halogenation.

Plant 1. At the time of RO, Br-DBPs were the dominant halogenated species in both the
RO permeate and reject waters, with CI-DBPs only observed in the permeate, and I-DBPs
only in the reject water (Figure 2.3). Finished water is where C1-DBPs become the most
abundant class of halogenated DBPs, likely due to the increased ratio of reactive chlorine

to reactive bromine or iodine.

Plant 2. Plant 2 formed iodinated DBPs in real samples from the treatment plant, as well
as after in-lab chlorination. Triiodomethane was found at 0.9 pg/L in raw water, which is
indicative of its presence in the affected aquatic environment (Figure 2.3). [-DBPs were
also observed in the plant reject water, with iodoacetamide quantified at 0.6 pg/L. Both
triltodomethane and iodoacetamide were observed in the chlorinated reject water.
Dibromoiodomethane is the mixed-halogen, iodine containing DBP that was also

observed in the chlorinated reject water (0.3 ng/L).

Raw and reject samples had the same halogen speciation, with Br-DBPs the
primary species quantified. After chlorination, the raw water was then dominated by the
presence of CI/Br-DBPs. A >3 fold increase (3.34x) in CI-DBPs was also observed after
the chlorination of raw water from Plant 2. The implementation of pre-chlorination at this

plant, therefore, is likely to produce more chlorine containing DBPs, but shifts to Br-
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DBPs when pre-chlorination is not used. The increase in both single and mixed halogen
species of DBPs from BW to BW + CI2, however, implies most DBPs formed are not

reaching the RO permeate but are rejected and expelled into the environment.

Plant 3. Chlorine containing DBPs were overall the most predominant halogen species of
DBPs in Plant 3 (Figure 2.3), which can be explained by the low salinity in the source
water (5 PSU). The lack of natural bromide and iodide in the source water results in
chlorine, both naturally present as inorganic chlorine and that added during chlorination,
is the predominant halogen species in this plant. Chlorine containing DBPs were the most
abundant at Plant 3 overall, with chloro-bromo- and Br-DBPs also present (and
predominant in the finished water). lodinated DBPs were not detected until the finished
water, where dichloroiodomethane and bromochloroiodomethane were quantified at 0.2
and 0.4 pg/L, respectively. The increase in Br-DBP concentration from chlorinated raw
to brackish water is likely due to the concentration of precursor material (and bromide)
during the RO process, whereas the decrease in chlorine containing DBPs shows
inorganic chlorine is more likely to pass through the RO membrane compared to

bromine, which is supported by their relative size.*’
Calculated Toxicity.

Plant 1. Samples with the lowest DBP formation (RW and PT) from Plant 1 also have the
lowest calculated cyto- and genotoxicity, with values two orders of magnitude lower than
samples obtained further down the treatment train (Figure 2.2). A similar trend was
observed for DBP formation and calculated toxicity, with the exception of cytotoxicity
for the RO reject water (BW), which was found to be higher than that of ROP. The RO

permeate, consisting of primarily THMs (76% by mass), was not as cytotoxic as the RO
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reject waters, which was driven almost entirely by haloacetamides (81%). Both BW and
ROP, however, were lower in both calculated cyto- and genotoxicity than the finished
drinking water, likely due to the addition of treated surface water during blending.
Finished water from Plant 1 formed much higher levels of haloacetaldehydes than any
other sample (15.6 pg/L), which contributed to the increase in both cyto- and
genotoxicity of the finished water. Other than the presence of haloacetaldehydes in the
finished water, Plant 1 shows the impact of N-DBPs on calculated toxicity; with
haloacetamides driving calculated cytotoxicity, followed by haloacetonitriles, then
halonitromethanes. Haloacetonitriles were the primary drivers of calculated genotoxicity,

followed by haloacetamides and halonitromethanes.

Plant 2. Both the calculated cyto- and genotoxicity from Plant 2 followed the same trend
as the overall DBP formation for each sampling location. RW to BW shows a decrease in
calculated cytotoxicity, but this is likely due to the lack of cytotoxicity values for
tribromoacetonitrile, the only haloacetonitrile found in BW, whereas RW had a variety of
haloacetonitriles present that contributed to the toxicity calculations (Figure 2.2). The
cyto- and genotoxicity for RW is driven primarily by haloacetonitriles (44% cyto, 36%
geno), followed by haloacetamides (31% cyto, 22% geno), which differs from BW that is
almost entirely driven by halonitromethanes, both in cytotoxicity (91%) and genotoxicity
(95%). After chlorination, the calculated toxicity of the raw water shifts from
haloacetonitrile-driven for both toxicity calculations to halonitromethane-driven, due to
the almost 6-fold increase (5.9x) in concentration of halonitromethanes after chlorination.
Brackish water, however, shifts from almost entirely halonitromethane-driven in both

cyto- and genotoxicity, to Haloacetamide- and haloacetonitrile-driven; accounting for
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88% and 89% of both calculated cyto- and genotoxicity, respectively. Chlorinated
brackish water is also where haloacetaldehydes are first formed in Plant 2, contributing to
the calculated cytotoxicity (8%) more than the genotoxicity (2%) of the plant reject

water.

Plant 3. At Plant 3, the lack of DBPs quantified in RW and BW result in zero calculated
cyto- and genotoxicity for the non-chlorinated samples collected at this site (Figure 2.2).
All other samples, however, were driven by haloacetonitriles and halonitromethanes for
both calculated cyto- and genotoxicity, representing a combined >75% in every sample
up to 100% of the toxicity calculation. Chlorinated brackish water and finished water
were both more genotoxic than chlorinated raw water, which is opposite the trend
observed for DBP concentration. The haloacetonitriles in RW+CI2 consist of
dichloroacetonitrile (9.2 pg/L) and bromochloroacetonitrile (2.3 pg/L), both of which are
less toxic than bromoacetonitrile, found in both chlorinated brackish water (2.2 ng/L) and
finished water (0.7 pg/L). The shift toward more bromine containing DBPs in BW+CI2
and FW, especially for the haloacetonitriles, is responsible for the increase in calculated
toxicity. The iodo-trihalomethanes and the haloacetaldehydes, present in both chlorinated
raw and finished water, are more cytotoxic than genotoxic, with the greatest impact for
cytotoxicity of finished drinking water. Chlorinated brackish water was the most cyto-
and genotoxic (calculated) sample at Plant 3, suggesting the ability to negatively impact

ecosystems once these waters are discharged to the environment.

CONCLUSIONS
Desalination of water will increase in necessity over time as a reliable source of drinking

water, therefore, its comparative quality to conventional drinking water is a necessary
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indicator of the future of water quality. Compared to traditional drinking water sources,
desalinated waters assessed in this study had increased DBP formation and calculated
toxicity. For example, in finished drinking water, previous DBP studies reported iodo-
trihalomethanes at 0.4 pg/L (median value) for 12 drinking water treatment plants across
the U.S.,>! which is much lower than what was found in desalination waters in this study
(3.9 ng/L total I-THMs). A combined median concentration of 1.3 pg/L
dichloroiodomethane and bromochloroiodomethane was found after sampling 23 iodide-
impacted freshwater drinking water systems.** Desalinated finished water in this study
formed 2.5 pg/L combined dichloroiodomethane and bromochloroiodomethane, double
the reported freshwater median. There is a similar trend for nitrogen containing DBPs (N-
DBP) formation as well, with the same 12-plant study reporting median concentrations of
3 pg/L haloacetonitriles, 2.5 pg/L haloacetamides, and 3 pg/L halonitromethanes.>!
However, in the current desalination study, finished water from Plant 1 formed double
the amount of total haloacetonitriles and halonitromethanes and 10x the total

haloacetamide concentrations compared to freshwater sources.

The calculated cytotoxicity index (CTI) for Plant 1 (seawater source utilizing pre-
chlorination) was also higher than those calculated for traditional drinking water sources.
Cuthbertson et al reports a CTI of >9000 in chlorinated drinking water from traditional
freshwater sources,>? another report shows 500 nM total DBPs formed resulting in a CTI
of about 8000,%* compared to Plant 1 with 600 nM and 14,500 CTI for finished drinking
water. The difference in DBP formation and CTI implies that even though desalination

only formed 100 nM additional DBPs in finished water, the greater bromide levels in
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seawater form DBPs that are more toxic than those formed during traditional drinking

water treatment.

Although this study utilized full-scale desalination plants to understand the impact
pre-chlorination has on DBP formation and environmental impact, it does have
limitations. When plants were not utilizing pre-chlorination (Plants 2, and 3), precursor
material was rejected by the RO membrane, therefore, it is not an exact representation of
the DBPs that will permeate the membrane or be rejected. Rather, including locations that
were not performing pre-chlorination provide a high estimate for DBPs that are expelled
into the aquatic environment, since RO membranes are more likely to reject large NOM
precursors than DBPs formed in pre-chlorination. However, because many plants do not
continuously pre-chlorinate, this is still a useful comparison to determine potential human
health implications of desalination as a source for drinking water, since RO permeate is

chlorinated before distribution.
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TABLES AND FIGURES

Table 2.1. Water Quality Parameters*

Source Sample DOC Salinity TDN SUVA
Plant Sample
water ID (mg/L) (PSU) (mg/L) (m’'L mg?)
Raw Water RW 4.3 21 0.41 2.8
Post Treatment PT 39 21 03 1.9
Plant High DOC  Reject (brine) BW 10.2 60 0.68 1.9
1 seawater water
RO Permeate ROP <0.1 0 ND ND
Finished water FWwW <0.1 0 ND 11
Raw Water RW 0.5 34 0.07 1.3
Plant Low DOC Raw + Cl, RW + Cl, 0.5 34 0.06 1.4
2 seawater Reject Water BW 0.6 38 0.10 1.3
Reject+Cl, BW+ClL, 0.5 38 0.07 1.3
Raw Water RW <0.1 5 0.1 14
Raw + CLf RW+Cl, <0.1 5 0.1 1.1
Plant  Brackish ; i
3 groundwater Rej ev‘;;g’r“ne) BW 0.6 12 0.3 2.8
Reject+ Cl, BW + Ch 0.6 12 0.3 33
Finished water FWwW <0.1 3 0.47 3.7

ND = not detected
*PT, BW, and ROP from Plant 1 were subject to pre-chlorination at the treatment plant.
¥ The “+ Cl,” notation indicates in-lab chlorination experiments via electrochlorination.



Raw Post Reverse RO
Water_l Treatment—l Osmosis P’ermeate
Seaw ater .| Mechanical | Ultrafiltration ~ .| Blend .| Drinking
Intake & 7| Filtration g Membrane I ~ | (optional) | Water
} Finished
Water
\4

Pre-chlorination Reject (brine)
— Wastewater
Water

Figure 2.1. Treatment train depiction of desalination plant with the use of pre-
chlorination (red) and sampling locations (blue) identified throughout the process. Plant 1
includes all sampling locations and utilized pre-chlorination during sampling, whereas
Plant 2 and Plant 3 do not include pre-chlorination and were only sampled at the Raw
Water, and Reject (brine) Water locations.
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Figure 2.2. Stack plots of DBP concentration by class, calculated cytotoxicity index
values, and genotoxicity index values for Plants 1, 2, and 3.
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Figure 2.3. Stack plots of DBP concentration by halogenation for Plants 1, 2, and 3.
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CHAPTER 3
INVESTIGATION OF NEW GREEN TECHNOLOGIES FOR IMPROVING
THE SAFETY OF DRINKING WATER: NON-TARGET ANALYSIS OF
TRANSFORMATION PRODUCTS
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Richardson, S. D.; Schlenk, D.; Dionysiou, D. D.: Effects of HCO3™ on Degradation of
Toxic Contaminants of Emerging Concern by UV/NO3~ Environ. Sci. Technol. 2018, 52,
12697—-12707.
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Richardson, S. D.; Lei, L.; Dionysiou, D. D. Degradation of contaminants of emerging

concern by UV/H,O> for water reuse: kinetics, mechanisms, and cytotoxicity analysis.
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INTRODUCTION

The environmental health of drinking water sources is becoming of increasing
importance due to stressors like population growth, drought, and increased
contamination. Even though municipal wastewater is treated before being discharged into
nearby surface/ground water, conventional wastewater treatment does not fully remove
emerging contaminants (ECs), which impact downstream drinking water sources.
Moreover, population increases and water scarcity have increased the need for
nontraditional sources of drinking water. Reuse of wastewater following treatment by
advanced oxidation processes (AOPs) is being explored as a safe, reliable source of

drinking water.>

Advanced wastewater treatment for the purpose of drinking water typically
includes microfiltration (MF) and nanofiltration (NF) to remove microorganisms and
particulates, followed by reverse osmosis (RO) and subsequent UV/hydrogen peroxide
(UV/H20) advanced oxidation process (AOP) to disinfect and degrade emerging
contaminants.’’>® The primary concern with wastewater reuse is the incomplete removal
of certain organic contaminants from conventional wastewater treatment, like
pharmaceuticals, antibacterial compounds, hormones, and plasticizers.’® The State of
California recommended a list of contaminants of emerging concern to monitor during
indirect potable and non-potable water reuse based on toxicity, environmental
concentration, and persistence through conventional wastewater treatment processes.®%-6!

These contaminants should then be removed by the AOP in order to provide safe potable

water.
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UV/ H;0; is the most widely utilized AOP for water reuse due to the efficient
production of hydroxyl radicals ("OH), a strong oxidant that is non-selective and reacts
very quickly (> 10° M~! §71).62 UV/H,0; is known to degrade individual contaminants,>®
59:63-64 but its degradation of priority ECs in complex mixtures needs additional
investigation.’>%> A more novel AOP, UV photolysis with nitrate and carbonate
(UV/NO; /HCO3"), also has the potential to degrade/transform emerging contaminants
due to the presence of not only hydroxyl radical ("OH), but also reactive nitrogen species
(RNS) and carbonate radical (CO3™). RNS has been shown to decompose ECs from
wastewater during UV irradiation in the presence of NOs3~,%-6° but studies about the

d,66,68-69

effects of HCO3™ on various EC degradation are limite even though electron-rich

aromatic compounds are preferred for CO;" attack and have relatively high reaction

70-72

rates, especially phenolic and aromatic amine moieties””’* which are important

functional groups of ECs and natural organic matter (NOM).

Because advanced oxidation does not always completely mineralize
contaminants, exploring incomplete degradation, or transformation, of these
contaminants requires investigation because transformation products (TPs) can be equally
toxic and environmentally persistent as the contaminant itself.”>”7> Previous studies have
found mixtures of ECs after advanced oxidation to be toxic to aquatic organisms (e.g.

)65,73

Daphnia similis and Carassius auratus L. and microorganisms (e.g. V. fischeri).”s""’

Prediction models (e.g. ECOSAR program) also indicate the potential toxicity of TPs.””-78

The goal of this research is to comprehensively assess the application of UV/H20»
and UV/NO; /HCOs™ to remove multiple ECs for water reuse, including bisphenol-A

(BPA), diclofenac (DCF), ibuprofen (IBP), triclosan (TCS), and estrone (E1). TPs formed
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during EC degradation by UV/H20> and UV/NO3; /HCO3™ were measured to compare

their degradation effectiveness and degradation pathways.

A novel sample workflow was optimized for evaluating TPs from three ECs of
interest, where samples were analyzed using ultrahigh performance liquid
chromatography (UHPLC) paired with electrospray ionization (ESI) and accurate mass

quadrupole time-of-flight (Q-TOF) mass spectrometry. UHPLC-ESI/Q-TOF MS

provides the appropriate resolution and sensitivity to identify unknown transformation
products in these treated waters. Molecular formulas obtained by high resolution-MS can
be used together with formulas for fragment (product) ions generated by MS/MS to
determine the unknown chemical structures. The tentative identification of transformation
products of ECs by both UV/H,0, and UV/NO3 /HCO;™ advanced oxidation are

provided.

MATERIALS AND METHODS

Chemical Reagents. Analytical standards of bisphenol-A (BPA), diclofenac (DCF),
ibuprofen (IBP), triclosan (TCS), and estrone (E1) were purchased from Sigma-Aldrich
(St. Louis, MO, U.S.A.) at the highest available purity. Their structures and properties are
listed in Table 3.1.

Sample Preparation. Photolysis experiments were conducted in a bench scale
photochemical apparatus using one UV light-emitting diode (LED) lamp (Aquisense
Technologies) for peroxide experiments, and two 15 W low-pressure mercury UV lamps
(Cole-Parmer) for carbonate to emit monochromatic UV at 254 nm. The average UV
fluence rate through the reaction solutions under LP-UV and LED-UV was measured as

0.1 mW cm 2 and 0.13 mW cm 2, respectively. The initial concentration of the ECs was
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20 uM in both types of AOP experiments, with 10 mM of phosphate buffer to control the
pH. UV/H20; reactions were quenched with 200 pL of pure methanol. For
UV/NO;/HCOs37, the initial concentrations of NO3;~ and HCO3;™ were 10 mM and 3 mM,
respectively, and was quenched with 50 pL of methanol, before being analyzed by
UHPLC-MS/MS.

Analytical Methods. Reacted standards of estrone, triclosan, ibuprofen, diclofenac, and
bisphenol-A were analyzed directly using an Agilent 1290 Infinity Il UHPLC system
coupled to an Agilent 6545 quadrupole time-of-flight (Q-TOF) mass spectrometer with
electrospray ionization (ESI). The UHPLC system used an Agilent 1290 Infinity II binary
pump (G7120A), a temperature-controlled Agilent Infinity II multisampler (G7167B), an
Agilent Infinity II isocratic pump (G7110), and a temperature-controlled multicolumn
compartment (G7116B). Both positive and negative ionization were used to identify

potential transformation products.

Standards for triclosan, diclofenac, and bisphenol-A were used to optimize
UHPLC conditions for unknown transformation product analysis. Table B.1 provides the
settings and parameters for the UHPLC analysis. Samples were held at 20 °C before
injecting a 10 uL sample volume. LC flow was set to 0.35 mL/min through a Poroshell
120 EC-C18 column (2.1 mm x 50 mm x 1.9 pm, Agilent InfinityLab) held at 30 °C.
Analyte separation was performed using the following solvent gradient: 5% solvent B
held for the first minute, ramped to 95% by minute 10, held at 95% for 2 min, then
ramped back to 5% B over 0.1 min, where solvents A and B are water and methanol,
respectively, with 0.1% formic acid with 5 mM ammonium acetate in positive mode, and

0.02% ammonium hydroxide in negative mode.
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Continuous internal calibration was performed during the analysis. A mix of
analytes was used for mass calibration (Santa Clara, CA, USA), with m/z 121.050873
and 922.009798 in positive ion mode, and m/z 112.985587 and 1033.988109 in negative
ion mode used to account for instrument drift in real time. Mass spectra were obtained for
a mass range of m/z 100 to 3,200 at a rate of 5.5 spectra/s. A wider fragmentation
window (4 amu) was deliberately chosen so that isotopic patterns could be observed,
since halogenated TPs were expected. Precursor ions with a minimum of 200 counts were
selected for targeted MS/MS. The MS/MS acquisition mass range was between m/z 50
and 1,000. Table B.2 shows the settings used for the MS/MS analysis. Appendix B

provides additional detail regarding data acquisition and analysis.

Toxicity. Cytotoxicity for DCF, TCS, E1, IBU and BPA treated by both UV/H>0; and
UV/NO3/HCO;3™ were carried out using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay in GeneBLAzer CYP1A1-bla LS-180 cells
(Life Technologies, Carlsbad, CA)*’. Green (650 nm) and blue (595 nm) absorbance was
measured on a SpectraMax+ 384 plate reader (Molecular Devices, San Jose, CA). The
resulting blue:green ratio provides a normalized reporter response, with the higher value

indicating lower cytotoxicity.

RESULTS AND DISCUSSION

UV/H;0:: Transformation Product Identification. Transformation products (TPs) of
four ECs (BPA, E1, DCF, TCS) were tentatively identified in UV/H20; advanced
oxidation. No TPs of ibuprofen (IBP) were detected, which could be due to IBP having
high resistance to removal by UV/H20,.” Many of the transformation resulting from

treatment of BPA, E1, DCF, and TCS derived from addition of hydroxy groups and/or
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cleavage of the parent compound. For TCS, replacement of chlorine with a hydroxy
group was also noted. The proposed degradation pathways for BPA, DCF, IBP, TCS, and
E1 are shown in Figures 3.1-3.6. Tables of identified transformation products, along with

their high resolution mass spectra, can be found in Appendix B.

Hydroxylation was the main route observed for BPA degradation by UV/H20>
(Figure 3.1), producing hydroxylated BPA, B243. Figure B.1 shows the MS/MS spectrum
and proposed structure of tentatively identified TP Ba43. The observed accurate mass ([M-
H] m/z 243.1021, Ci5H1603) is within 2.5 ppm of the theoretical mass, m/z 243.1027,
and fragment ion m/z 149.0592 shows the cleavage between the two aromatic rings and
corresponds to loss of phenol.

Quinone derivatives were also observed during BPA degradation, which are
formed after further *OH oxidation of hydroxylation products (like B243).8-%2 Bond
breakage then occurred at the methyl bridge of BPA via *OH oxidation,®? and underwent
further oxidation to generate Bis7 (Figure B.1). TP Bi¢7 was tentatively identified, with
the observed accurate mass ([M-H]  m/z 167.0704, CoH1203) is within 6 ppm of the
theoretical mass, m/z 167.0714. Loss of water (fragment m/z 149.0608), common among
molecules with phenolic moieties, supports the proposed structure (Figure B.2).

Bass is a newly identified product, produced by the loss of a central methyl group
and hydroxylated on both sides of the parent molecule. The elimination of the CH3 group
was attributed to the "OH oxidation of the central C atom on the methyl bridge of BPA,
which has been previously observed during formation of other BPA byproducts, such as
4-hydroxyacetophenone.®® TP Ba4s, was observed with an accurate mass ((M-H]" m/z

245.0817, C14H1404) within 1 ppm of the theoretical mass, m/z 245.0819 (Figure B.3).
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The fragment ion m/z 227.0712 is due to loss of water from a phenolic moiety, and the
fragment ion m/z 109.0317 can be attributed to cleavage between the two aromatic rings

and corresponding observed dihydroxybenzene.

During E1 degradation, only hydroxylation products were observed by high
resolution mass spectrometry (Table B.4). TP Eass is likely the result of continuous attack
of "OH on the phenolic ring (Figure 3.2). Figure B.4 shows the MS/MS spectrum and
proposed structure of tentatively identified TP Eags. The observed accurate mass ([M-H]
m/z 285.1492, Ci3H2,03) is within 2 ppm of the theoretical mass, m/z 285.1496.
Fragment with m/z 267.1388 represents a loss of water and is consistent with a phenolic
moiety. The other three fragments (m/z 245.1148, 153.0558, and 123.0437) are likely due
to charge-driven rearrangements; commonly observed during collision-induced
fragmentation.3* The proposed structure of Ess has several possible isomers from the
placement of the additional hydroxy group on the aromatic ring, but the isomers are
indistinguishable by MS/MS without confirming with standards.

Due to the complex structure of diclofenac and the non-selective property of “OH,
several degradation routes were observed during DCF degradation in UV/H2O; (Figure
3.3). DCF was in the deprotonated form at the reaction pH, which could spontaneously
dechlorinate from its triplet state under UV irradiation, leading to ring closure and
forming a five-membered cyclic product, which would then decarboxylate to form D12.%°
Decarboxylation was initiated with *OH-involved electron transfer on the carboxylic acid,
followed by removal of CO; and an electron.®® The proposed structure for D2i»

(IM-H] m/z 212.0712, C13H11NO») is supported by fragment ion m/z 194.0576,

corresponding to loss of water, which is common in compounds with hydroxyl functional

33



groups (Figure B.5). Subsequent dechlorination and hydroxylation of the cyclic form of
DCF would then produce TPs D214, D244, which were also observed (Figures B.6-7). The
observed fragmentation, as well as the [M—H]" isotopic pattern where the 3’Cl isotope
can be seen, support the proposed structure of D214 ([M-H] m/z 214.0427, C13H10CIN).
Fragment ion m/z 178.0654 corresponds to loss of HCI, and consequently, the 3Cl
isotopic pattern is no longer observed in this fragment. The proposed structure of

Do4s ([M-H] m/z 244.0613, C13H11NOys) is supported by two fragment ions at m/z
226.0491 and 158.0612, corresponding to loss of water and cleavage of the ring with

three hydroxy groups, respectively.

Dechlorination-hydroxylation of triclosan was observed with the formation of
Ta3s. TP Ta3s, shown in Figure B.8, has an observed accurate mass ([M-H] m/z 235.0160,
C12HoCl103) within 3 ppm of the theoretical mass, m/z 235.0167. The two fragments, m/z
217.0050 and 181.0275, correspond to loss of water and subsequently loss of HCIL.

The continuous attack of “OH could lead to the breakdown of the ether bond,
generating Ti43 after additional dechlorination-hydroxylation.®” Figure B.9 shows the
MS/MS spectrum and proposed structure of tentatively identified TP Ti43, The observed
accurate mass ([M-H] m/z 142.9904, CsHsClO>) and the chlorine isotopic pattern
support the proposed structure; since the accurate mass is within 1 ppm of the theoretical,
and the 37Cl isotope can be seen in the spectrum. A loss of HCI (m/z 107.0142) is shown
by the mass difference, lack of chlorine isotope pattern on the fragment ion, and mass
defect. The negative mass defect confirms the presence of chlorine on the molecule, and
the positive mass defect on the fragment ion confirms loss of chlorine through

fragmentation.
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UV/NO3; /HCO;™ Transformation Product Identification. Transformation products of
bisphenol-A, diclofenac, and triclosan were tentatively identified in UV/NO3; /HCO3;~
advanced oxidation. No TPs of estrone were identified by high resolution mass
spectrometry in this study. Many of the transformation products resulting from treatment
of BPA, DCF, and TCS are derived from the addition of hydroxy groups, oxidation of
hydroxy groups to ketones, and/or cleavage of the parent compound. The proposed

degradation pathways for BPA, DCF, IBP, TCS, and E1 are shown in Figure 3.6.

Hydroxylation was observed during BPA degradation, which could be initiated
with *OH addition and further oxidized by "OH to generate the quinone-like
transformation product Bog7. This TP was tentatively identified ([M-H] m/z 287.0558,
Ci15H120¢) after observing the loss of water (m/z 269.0450), followed by two CH3 and
two CO losses overall (Figure B.10). The loss of two methyl groups corresponds to those
present on the methyl bridge, and the loss of CO is likely from ring opening, losing the
ketone. B2s7 has not been previously reported, and was likely generated via further

hydroxylation on formed quinone derivatives.®

Dechlorination-hydrogenation products were observed during triclosan
degradation via UV/NO3; /HCO;™ advanced oxidation (Table B.9). The dechlorination-
hydroxylation that led to the generation of isomers of T235 could be initiated by "OH,
since this chemistry is well-established in the reaction of "OH with halobenzenes,3®
trimethoprim,’ and ATZ.°%°! Transformation product T23s ((M-H]" m/z 235.0150,
C12HoClO3) is 7 ppm difference to the theoretical m/z 235.0167. The isotopic pattern

where the ¥’Cl isotope can be seen in the fragment corresponding to a loss of water at m/z
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217.0049, but after the loss of HCI (m/z 181.0281) is no longer observed, supports the

proposed structure for T23s (Figure B.11).

Additionally, quinone derivatives, T249, T2g3, and T317, were observed during TCS
degradation. The p-hydroquinone of triclosan is a common transformation product in

87.92 and can be

"OH-based oxidation of triclosan, due to the "OH attack at para-position
further oxidized by "OH to form T249, T283, and T317 through dechlorination-
hydrogenation, dechlorination-hydroxylation, and hydroxylation, respectively (Figure
3.6). T249 ([M-H] m/z 248.9960, C12H7C104) had a loss of CO» (m/z ), followed by a loss
of CO (m/z 177.0111), which are commonly observed for hydroxyl groups and quinones.
The fragment at m/z 126.9954 was also observed (Figure B.12), corresponding to a break
in the ether bond and retaining the CsH4CIO half of the structure. T2s3 ((M-H] m/z
282.9589, C12H6Cl1204) is within 7 ppm of the theoretical m/z 282.9570 for the proposed
structure. The presence of the fragment m/z 218.9846, corresponding to a loss of HCI and
CO, along with both halves of the ether (m/z 156.9695 and m/z 142.9896), supports the
assignment of the proposed structure (Figure B.13). T317 ((M-H]" m/z 316.9180,
C12H5Cl1304) also shows a fragment at the ether bond (m/z 160.9562), along with m/z
279.9837 showing the loss of HCI (Figure B.14). The agreement within fragment

structure assignments, along with good agreement between the observed and theoretical

masses (0.3 ppm), supports the predicted structure.

The same cyclization product that was reported for DCF decomposition in
UV/H203, was observed for UV/NO3 /HCO3™. TP Dago ([M-H] m/z 258.0327,
C14H10CINO2) shows the loss of the carboxylic acid (m/z 214.0428) followed by HCI

(178.0660) in Figure B.17. The chlorine isotopic pattern is also lost with the loss of HCI,
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confirming the presence and subsequent loss of chlorine. This structure can undergo
decarboxylation with *OH, but the addition of carbonate in this system can lead to the
quinine-like product, D214.70-71:8693-%4 Transformation product D214 (Figure B.17) was
observed in positive ion mode ([M+H]" m/z 214.0416, C13H3CIN), which is 1 ppm from
the theoretical m/z 214.0418. The fragment m/z 178.0650 corresponds to a loss of HCI,

which is followed by a ring break and the loss of the nitrogen (-CN, m/z 151.0546).

Broader Implications. Transformation products of emerging contaminants from two
different AOPs were tentatively identified using high resolution mass spectrometry. TPs
were tentatively identified to better understand the toxicity of selected ECs during
individual degradation by UV/H20,. For BPA degradation by UV/H20,, hydroxylation
and quinone products were detected; these showed little cytotoxicity compared to their
starting material. For DCF degradation, the cytotoxicity was elevated, which might be
ascribed to the generated hydroxylation and cyclization products. During TCS
degradation, dechlorination, cyclization, and dechlorination-hydroxylation products were
tentatively identified. However, the resulting cytotoxicity did not change significantly
compared to TCS. As for E1 degradation, only three TPs were detected with unchanged

cytotoxicity.

This research also demonstrates the important role of HCO3™ in UV/NO3~
treatment in the removal of ECs with electron-rich moieties such as phenolic and aniline
groups. The combined effects of UV photolysis, ‘OH, and CO3" all contributed to the
degradation of ECs in UV/NO3 /HCO3 . Among the selected ECs, the cytotoxicity was
significantly decreased during BPA degradation in UV/NO; /HCO3™ treatment.

Moreover, the selectivity of CO3" made them less affected by NOM than traditional
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UV/H20s technologies. Therefore, UV/NO; /HCO;™ has the potential to be a successful

alternative AOP to UV/H,0; in wastewater reuse.
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TABLES AND FIGURES

Table 3.1. Contaminants of emerging concern (ECs).

EC pKa Structure

Est
strone 10.7
(E1)
Bisphenol A
ispheno 9.6
(BPA)
Di
iclofenac 47
(DCF)
Ib
uprofen 49
(IBP)
Triclosan
7.9
(TCS)
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CHAPTER 4
EMERGING LYNGBYA WOLLEI TOXINS: A NEW HIGH RESOLUTION MASS
SPECTROMETRY METHOD TO ELUCIDATE A POTENTIAL
ENVIRONMENTAL THREAT

Smith, M. L.; Westerman, D. C.; Putnam, S. P.; Richardson, S. D.; Ferry, J. L.; Emerging
Lyngbya wollei toxins: A new high resolution mass spectrometry method to elucidate a
potential environmental threat. Harmful Algae 2019, 90, 101700.
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ABSTRACT

Biological assays are commonly used to detect the presence of saxitoxin analogues, but
lack the ability to quantify individual toxins in complex mixtures and environmental
samples, making harmful algal bloom remediation difficult. Mass spectrometry has the
ability to solve this issue and quantify toxins individually. Here we present an extraction
procedure designed to identify specific algal toxins in samples of Lyngbya wollei, a
filamentous benthic algae known to produce several saxitoxin analogues. Lyngbya wollei
samples were collected from a persistent harmful algal bloom in Lake Wateree, SC. Six
known Lyngbya wollei-specific toxins (LWT1-6) were successfully resolved, identified,
and quantified against saxitoxin using hydrophilic interaction liquid chromatography
coupled with triple quadrupole and quadrupole time-of-flight mass spectrometry. The
first high resolution mass spectra showing unique fragmentation ions for LWTs 1-6, and
an optimized sample extraction method and instrument parameters for quantification (R?

> 0.96) are presented.
INTRODUCTION

Saxitoxin analogues, also known as paralytic shellfish toxins, are produced by both
freshwater cyanobacteria and marine dinoflagellates.”®®” These compounds are extremely
toxic to humans as well as other mammalian species that work by blocking sodium
channels in the body.”®-1%2 Saxitoxin analogues are known to have a variety of toxicity
levels and are produced by many different algal species: Anabaena,!03-195
Cylindospermopsis,'® Aphanizomenon,'"1% Planktothrix,''* and Lyngbya. Specifically,

Lyngbya wollei is a filamentous, benthic, freshwater algae that is known to produce six

different Lyngbya wollei toxins (LWTs),!0%:112-114 shown in Figure 4.1.
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Currently, biological assays are the most common technique for the quantification
and qualification of LWTs.!!'%128 However, these assays cannot differentiate between
individual LWTs, reporting only a summed saxitoxin equivalent value. The lack of
individual LWT abundance data limits the understanding of how and when these toxins
are produced and their impact on aquatic environments. Liquid chromatography mass
spectrometry can be a useful alternative to biological assays due to its ability to separate
and analyze compounds of interests individually, while also providing key structural
information for each analyte.!!:114129-132 Here we report the development of a new mass
spectrometry method for the accurate and precise measurement of Lyngbya wollei toxins
at ng/L detection limits, along with the first published high resolution mass spectra for

LWTs.

MATERIALS AND METHODS

Chemical Reagents. All aqueous solutions used 18 MQ cm! (Barnstead E-pure) water.
Acetonitrile (HPLC grade) was obtained from VWR BDH chemicals. Ammonium
formate (98+%) was purchased from Alfa Aesar. Formic acid (certified ACS), glacial
acetic acid (certified ACS PLUS), and hydrochloric acid (certified ACS Plus) were
purchased from Fisher. Saxitoxin dihydrochloride in dilute hydrochloride standard
solutions were obtained from NIST and Abraxis Inc. Due to the lack of commercially
available standards, all Lyngbya wollei toxins were analyzed from environmental

samples.

Sampling. Lyngbya wollei grab samples were collected on November 6, 2018 from a

surface floating mat on Lake Wateree, SC. Samples were collected in sterile 500-mL
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collection bottles and stored at 0 °C until processed (<3 h). Samples were rinsed with

deionized water to remove debris before being freeze-dried.

Extraction Procedure. Freeze-dried samples were homogenized and weighed before
extraction. Algae was mixed with 10 mL 0.1 M acetic acid, sonicated for 15 minutes and
centrifuged for 5 minutes. The aqueous layer was removed from the solid material and
filtered to 0.45 pm and analyzed by ultrahigh performance liquid chromatography mass

spectrometry (UHPLC-MS).

High Resolution Mass Spectrometry. Samples were analyzed using an Agilent (Santa
Clara, CA, USA) 1290 Infinity Il UHPLC system coupled to an Agilent 6545 Accurate
Mass Q-TOF with electrospray ionization (ESI) operated in positive ion mode. High
resolution Q-TOF data was processed using Agilent B.08.00 software. Separations were
performed on a BEH Amide (2.1x150 mm x 1.7 um) column (Waters, Milford, MA,
USA) using aqueous 5.6 mM formate buffered pH 3.5 (A) and 95:5 acetonitrile:water 5.6
mM formate buffer pH 3.5 (B) as the mobile phase. The gradient was performed as
follows: 80% B held for one min, ramped to 60% B for 3 min and held for 2 min, at 7
min ramped back to the original conditions for one min (80% B) and held for re-
equilibration for 8§ min (16 min total). The mass spectrometer was operated at a
fragmentation voltage of 110 V, capillary voltage of 4000 V, gas temperature of 300 °C,
drying gas flow of 12 L min!, and nebulizer pressure of 35 psi, with a scan range of m/z
50 to 750. During initial analyte screening, the collision energy was ramped from 0, 20,
to 40 eV every scan to obtain both MS and MS/MS spectra for each chromatographic
peak. Once LWTs of interest were identified in algae extracts, targeted analysis was

performed with a collision energy of 30 eV to obtain high resolution MS/MS spectra.
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Toxins were quantified using a Waters (Milford, MA, USA) Acquity ultra
performance liquid chromatograph (UPLC) coupled with a Xevo triple quadrupole (TQ)
mass spectrometer equipped with an electrospray ionization (ESI) source in positive ion
mode. Saxitoxin was optimized manually by direct infusion into the source, using an
optimized cone voltage of 0.5 kV and cone energy of 80 V. The source temperature was
150 °C. The source parameters were as follows: desolvation temperature 400 °C,
extractor voltage of 3 V, desolvation gas flow600 L/hr, cone gas flow25 L/hr, capillary
voltage of 0.5 kV, and collision gas flow 0.15 L/hr. The instrument was optimized with
respect to saxitoxin, since LWTs are not available as commercial standards, therefore, the
limit of detection on the UPLC-TQ instrument was 0.1 ppb for saxitoxin. To minimize in-
source fragmentation, the cone potential was set at 30 V in the retention time window
corresponding to LWT1 elution. The other LWTs did not experience this issue, and a

cone energy of 80 V was optimal for LWT4, LWTS5, and LWT6.

RESULTS AND DISCUSSION

Previously published work on LWT analysis using mass spectrometry relied on unit-mass
resolution, with secondary confirmation by nuclear magnetic resonance (NMR)

spectroscopy.!!4130:133-134 Thig

is the first study where high resolution mass spectral data
is evaluated for LWTs. The high resolution analysis identified over 10 fragment ions for
each LWT, providing ample options for sensitivity and selectivity optimization for
selected reaction monitoring (SRM) analysis in quantification. Also, the high number of
fragments identified has the potential to quantify LWTs in a variety of sample matrices; if

an interferent is present in the sample matrix for one fragment ion, changing the ion used

to quantify and qualitatively confirm Lyngbya wollei toxins is now an option.
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High resolution analysis was utilized for confirmation of the identity of saxitoxin
and the suspected LWTs on the unit resolution UPLC-TQ instrument. High resolution
data using the UHPLC-QTOF mass spectrometer provided exact masses of precursor and
product ions, correlating to a specific molecular formula for each peak, which allowed

additional confidence in the chemical structures for these toxins (Figure C.1-6).

Due to their structural similarities, similar product ion fragments were identified
for saxitoxin and LWTs. For example, fragments with theoretical values m/z 72.0556 and
m/z 60.0556, corresponding to elemental formulae of CoHgN3 and CHgNGi, respectively,
were observed for all LWTs (Tables 4.2-6). Similarly, six identical product ions were
observed between LWT4 and LWT6. The analysis of LWTI resulted in ten fragment
ions. The sulfur-containing functional group was lost from each fragment ion observed.
Thirteen fragment ions were observed for LWT4 (Table 1). Similarly to LWT]1, the most
abundant fragment was from loss of the OH functional group, corresponding to the ester
and hydroxyl groups on the toxins, as well loss of nitrogen-containing groups (such as

CH5sN3 and CH4N3).

Fragment ions obtained for LWT5 and saxitoxin were nearly identical (Tables
4.1, 4.6), which is consistent with their similar structures; the difference being an amide
instead of the ester for saxitoxin. Eleven fragment ions were observed for LWTS5, of those
eleven, eight were also present for saxitoxin. The three unique product ions were the
result of losses from locations other than the carbamate ester (for saxitoxin) or the acetyl
ester (for LWTS). The structural similarity complicates fragment ion identification since
mass differences in these product ions differed by 1 Da. For example, the loss of water

from LWTS resulted in the product ion m/z 281.1357, whereas the loss of water from
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saxitoxin resulted in m/z 282.1309. The similar fragmentation of saxitoxin and LWTS5
provides confidence in the analyte identification and suggests parallels between the
ionization chemistry of these two families of analytes, supporting the use of saxitoxin as

a quantification standard for the LWTs.

LWT?2 and LWT3 are structural isomers (referred to as LWT2/3) with the same
molecular weight. One isomer was detected with the QTOF mass spectrometer during the
high resolution analysis of the algae extract (Table 4.4), but the exact structure cannot be
elucidated without a pure standard. LWT2/3 are structural isomers, and likely were not
separable with the chromatographic approaches used in this study; thus, it is possible that
both isomers were present, but coeluted. Similar to LWT1, LWT2/3 has a sulfur-
containing functional group which was lost in four out of the six product ions observed.
LWT?2/3 were 2 orders of magnitude lower in peak intensity, relative to LWTI1, 4, 5, and
6 (which had peak intensities on the order of 10°) on the QTOF mass spectrometer, and

LWT?2/3 were undetectable at these concentrations on the UPLC-TQ mass spectrometer.
CONCLUSION

Accurate risk assessments for Lyngbya wollei are extremely difficult due to reference
standards for the mixture of toxins produced by this algae being commercially
unavailable. Effect-based assays for the analysis of these toxins remain largely non-
specific, fail to provide a molecular toxin profile, and often require secondary verification
by mass spectrometry. The combination of a lack of standards for quantification and
qualification make risk assessment and remediation difficult each time this species is
encountered, as historical data shows the relative concentrations of LWTSs are variable

and unpredictable. The high-resolution fragmentation analysis presented here provides an
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unprecedented range of fragment ion options that can be used to conclusively indicate the
presence and retention time of LWTs 1 through 6 in a sample, as shown in the included

quantification method.
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TABLES AND FIGURES

Table 4.1. High resolution fragmentation data for saxitoxin.

Mass Theoretical ~ PPM

m/z Formula loss Formula Loss Mass
m/z Error

300.1413  CioH1sN7O4 300.14148  0.600
282.1309 CioHisN7O;  18.0104 -H>O 282.13091  0.035
258.1196  CoHisNsOs  42.0217 -CHoN» 258.11968  0.310
240.1100 CoHisNsO3  60.0313 -CH2N3, -H20 240.10912  3.665
221.1145 CoHisNgO  79.0268 -CH3NO, -H,O 221.11454  0.181
204.0879 CoH1oNsO  96.0534 -CH2NO, -NHa, -H20, -H>0 204.08799  0.441
197.1032 CgHisN4O2  103.0381 -CH3NO», -CH2N» 197.10330  0.507
179.0928 CsHiiN4O  121.0485 -CH3NO, -CH2N2, -H20O 179.09274  0.335
169.072  C¢HoN4O2  131.0693 -CH3N3, -C3H602 169.072  0.000
157.0719  CsHoN4O2  143.0694 -CsHoN30» 157.0720  0.637
144.0768 CsHioN3O2  156.0645 -CsHsgN4O» 144.07675  0.347
138.0674  CsHsN3O  162.0739 -H>0, -CH2N2, -C3HeN202 138.06619  8.764
96.0458  CsHsNO  204.0955 -CH2NO, -CH:2N3, -CHaN3, -C2H402 96.04439  14.681
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83.0606 CsH7N2  217.0807 -CH2NOz, -CsHyoN4O2 83.06037  2.769
72.0554 CHgNs  228.0859 -CsHi2N4O4 72.05562  3.053
60.0556 CHeN3 240.0857 -CoHi12N4O4 60.05562  0.333
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Table 4.2. High resolution fragmentation data for LWT]I.

/2 Formula Mass Formula Loss Theoretical ~ ppm Mass
loss m/z Error
379.1040 C11H19N6O7S 379.1030 2.53
299.1464 Ci1iHpNgOs  79.9576 -SO; 299.1462 0.67
281.1350  CiiHi7N6O3  97.9690 -SO;, -H20 281.1351 0.43
240.0981 CioH14N3O4  157.9895 -SO;, -H20, -C2H402 240.0979 0.92
221.1145  CoH13NgO  175.0161  -SO;3, -H20, -CoH402, -NH3 221.1145 0.00
204.0880  CoHioNsO  139.0059 -SO;, -CHsNj3 204.0880 0.20
197.1034  CsHisN4O2  182.0006 -SO;, -CH4N», -CoH30; 197.1033 0.51
180.0771  CsHioN3O2  199.0269 -SO;, -CHsN3, -CoH40; 180.0768 1.94
162.0663 CsHsN3O  217.0377 -SOs, -CHsN3, -C2H402, -H20 162.0662 0.68
110.0712 CsHsN3 269.0328  -S0s, -C2H402, -C4HsN3O2 110.0713 0.64
102.0661 Cs;HsN;O  277.0379 -CoH30, -CsHsN3OsS 102.0662 0.88
72.0556 C2HeN3 307.0484 -CoH13N307S 72.0556 0.28
60.0557 CHgN; 319.0483 -C10H13N307S 60.0556 1.33
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Table 4.3. High resolution fragmentation data for LWT4.

/2 Formula Mass Formula Loss Theoretical ~ ppm Mass
loss m/z Error
241.1405  CoH17N6O2 241.1408 1.04
223.1295  CoHisNeO  18.0110 -H>O 223.1302 3.09
205.1192 CoH13Ns 36.0213 -H>O, -H>O 205.1196 2.05
177.0886 C7H9Ns 64.0519 -H>0, -H>O0, -C>H4 177.0883 1.58
164.0821  CgHioN;O  77.0584 -H>O, -CHsN3 164.0818 1.58
152.0819  C7/H10N3O  89.0586 -CH4N3, -CH;0 152.0818 0.39
136.0867 C7H10N3 105.0538 -CH4N3, -H>0, -CH>O 136.0869 1.62
122.0711 CeHsN3 119.0694 -CH4N3, -CH;0, -CHO 122.0713 1.39
110.0712 CsHsN3 131.0693 -C4HsN;0, -OH 110.0713 0.64
94.0650 CeHsN 147.0755 -C3HoN502 94.0651 1.28
80.0492 CsHgN 161.0913 -C4H11N502 80.0495 3.44
72.0556 C2HeN3 169.0849 -C4H11N502 72.0556 0.28
69.0447 C5HsN» 172.0958 -CH;0, -CsHoN4O 69.0447 0.29
60.0555 CHgN; 181.0850 -CsH11N302 60.0556 2.00
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Table 4.4. High resolution fragmentation data for LWTS.

/2 Formula Mass Formula Loss Theoretical ~ ppm Mass

loss m/z Error
299.1460  CiH19N6O4 299.1462 0.77
281.1353  CiiHi7NeO;  18.0107 -H,0 281.1357 1.28
257.1240 CioHi7NsOs  42.0220 -CHaN, 257.1244 1.67
239.1157 CioH1sNsOs  60.0303 -H,0, -CH2N; 239.1139 7.65
204.0880 CoHioNsO  95.0580  -H,0, - H,O, -NHa, -CoH;0  204.0880 0.05
197.1030  CsHisNsO,  102.0430 -C2H40,, -CHuN, 197.1033 1.52
179.0927  CsHiuN4O  120.0533  -C:H4O», -CHaNy, -H,0 179.09274 0.22
138.0673  CoHiN:O 1610787 2O Cfizgz 10, 138.0662 8.04
96.0442  CsHNO  203.1018 ~CHAN CCEI;IT(?) “CHO, 96.0444 1.98
83.0604  C4H/N2  216.0856 -C:H30,, -CsHoN4O» 83.0604 0.36
72.0552 C:HeN;  227.0908 -CoH13N304 72.0556 5.83
60.0557 CHeNs  239.0903 -C1oH13N304 60.0556 1.33
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Table 4.5. High resolution fragmentation data for LWT6.

m/z Formula Mass Formula Loss Theoretical - ppm Mass
loss m/z Error
283.1513  C11H19N¢Os 283.1513 0.04
241.1301 C10H17N403 42.0212 -CH2N> 241.12952 241
2241032 Ci1oH1sN3O;  59.0481 -CHsN3 224.1030 1.03
205.1194 CoH13Ns 78.0319 -H>0, -CoH40; 205.1196 1.07
190.0958 CsH10Ns 93.0555 -H:0, -CoH40,, -CH3 190.0962 1.84
181.1082 CsHi13N4O 102.0431 -CoH403, -CHoN; 181.1084 1.05
177.0883 C7H9Ns 106.0630 -CoH403, -H20, -CoHy 177.0883 0.11
164.0825 CsH10N;O 119.0688 -CoH403, -CHsN; 164.0818 4.02
146.0713 CsHsN3 137.0800 -CoH403, -CHsN;3, -H2O 146.0713 0.21
136.08679 C7H10N3 147.0645 -CoH403, -CH3N;3, -CH20 136.0869 0.96
122.0713 CeHsN3 161.0800  -C>H40,, -CH3N3, -C2H4O 122.0713 0.25
110.0713 CsHsN3 173.0800 -CoH403, -C4HsN3O 110.0713 0.27
102.0655 CsHsN3 181.0858 -CoH;30, -C4HsN3O; 102.0662 6.76
94.0651 CeHsN 189.0862 -CsHoNs0O2, -H2O 94.0651 0.21
80.0495 CsHsN 203.1018 -CsH11N502, -H20 80.0495 0.31
72.0554 C2HeN3 211.0959 -CoH13N30;3 72.0556 3.05




09

60.0556

CHeN;

223.0957

-Ci10H13N303

60.0556

0.33

60.0556

CHeN;

223.0957

-Ci10H13N303

60.0556

0.33




Figure 4.1. Molecular structures of the Lyngbya wollei toxins (LWTs) 1-6 (free base).
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Figure 4.2. UPLC-MS chromatogram for LWT1 (RT =4.79 min), LWT4 (RT = 6.64
min), LWT5 (RT =6.11 min), and LWT6 (RT =5.79 min).
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Analytical Method: DBP Quantification.

For DBP quantification (trihalomethanes, haloacetamides, halonitromethanes,
haloacetonitriles, haloketones, haloacetaldehydes, and iodo-trihalomethanes), chlorinated
samples were quenched with ammonium chloride based on a chlorine to ammonium
chloride molar ratio of 1:1.3. Aliquots of 100 mL were adjusted to pH <1.0 with
concentrated sulfuric acid and spiked with 30 g of sodium sulfate and 5 mL of methyl
tert-butyl ether (MTBE) in 125 mL amber bottles. The extraction was performed as
follows: bottles were shaken for 15 min on a mechanical shaker, allowed to settle for 10-
min, then the supernatant was removed into a separate container. This process was
repeated total of three times, with a total of 15 mL of MTBE collected as the extract. The
extract was then passed through a sodium sulfate column to remove water, and
concentrated to a final volume of 200 pL under nitrogen. Extracts were then spiked with
internal standard (1,2-dibromopropane) for analysis of trihalonitromethanes,
haloacetamides, haloacetonitriles, haloketones, iodo-trihalomethanes, and
trihaloacetaldehydes using an Agilent 7890 GC coupled to an Agilent 5977A mass
spectrometer with electron ionization (Agilent Technologies, Santa Clara, CA) in selected
ion monitoring mode with an Rtx-200MS GC column (30 m x 0.25 mm ID % 0.25 pm
film thickness; Restek Corporation, Bellefonte, PA, U.S.A.). Minimum reporting limits

were mostly 0.1 ug/L for DBPs in this study.
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Table A.1. GC-MS quantifier ions, qualifier ions, and minimum reporting limits (MRLs)
for DBPs quantified in this study.

uant.
o8P DEBP Name Abbrev. | Ton | Quablon | MRL
(m/z)
THM Trichloromethane TCM 83.0 85.0 0.1
THM Tribromomethane TBM 173.0 252.0 0.1
THM Dibromochloromethane DBCM 129.0 126.9 0.1
THM Bromodichloromethane BDCM 83.0 129.0 0.1
HAL Trichloroacetaldehyde TCAL 82.0 110.9 0.1
HAL | Bromodichloroacetaldehyde | BDCAL 111.0 | 83.0,163.8 | 0.1
HAL | Dibromochloroacetaldehyde | DBCAL 128.9 127.9 0.1
HAL Tribromoacetaldehyde TBAL 172.8 171.8 0.1
HAN Trichloroacetonitrile TCAN 108.0 110.0 0.1
HAN Dichloroacetonitrile DCAN 74.0 82.0 0.1
HAN Chloroacetonitrile CAN 75.0 48.0 0.5
HAN Bromochloroacetonitrile BCAN 155.0 74.0 0.1
HAN Bromoacetonitrile BAN 118.9 120.9 0.1
HAN Dibromoacetonitrile DBAN 117.9 199.0 0.1
HAN Iodoacetonitrile IAN 167.0 126.9 0.1
HAN Bromodichloroacetonitrile BDCAN 154.0 108.0 0.1
HAN Dibromochloroacetonitrile DBCAN 154 152 0.1
HAN Tribromoacetonitrile TBAN 197.8 195.8 0.1

HK 1,1-Dichloropropanone 1,1-DCP 83.0 43.0 0.1

HK Chloropropanone CP 92.0 43.0 0.1

HK 1,1,1-Trichloropropanone 1,1,1-TCP 43.0 125.0 0.1

HK 1,1-Dibromopropanone 1,1-DBP 215.9 43.0 0.1

1-Bromo-1,1- 1-B-1,1-

HK dichloropropa’none DCIS 1250 43.0 0.1

HK 1,3-Dichloropropanone 1,3-DCP 77.0 49.0 0.1

HK 1,1,3-Trichloropropanone 1,1,3-TCP 77.0 83.0 0.1

1,1,3,3- 1,1,3,3-

HK Tetrachloropropanone TeCP 83.0 85.0 0.1

1,1,3,3- 1,1,3,3-

HK Tetrabro’m’op’)ropanone :Fe’B,P 200.8 9.9 0.1
HNM Trichloronitromethane TCNM 116.9 119.0 0.1
HNM Dichloronitromethane DCNM 83.0 85.0 0.1
HNM Bromochloronitromethane BCNM 129.0 127.0 0.1
HNM Dibromonitromethane DBNM 172.8 171.0 0.1
HNM | Bromodichloronitromethane | BDCNM 163.0 161.0 0.1
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HNM
HNM
I-THM
I-THM
I-THM
I-THM
I-THM
I-THM
HAM
HAM
HAM
HAM
HAM
HAM
HAM
HAM
HAM
HAM
HAM
HAM
HAM

Dibromochloronitromethane
Tribromonitromethane
Dichloroiodomethane
Bromochloroiodomethane
Dibromoiodomethane
Chlorodiiodomethane
Bromodiiodomethane
Iodoform
Chloroacetamide
Bromoacetamide
Dichloroacetamide
Bromochloroacetamide
Trichloroacetamide
Iodoacetamide
Dibromoacetamide
Chloroiodoacetamide
Bromodichloroacetamide
Bromoiodoacetamide
Dibromochloroacetamide
Tribromoacetamide
Diiodoacetamide

DBCNM
TBNM
DCIM
BCIM
DBIM
CDIM
BDIM

TIM
CAM
BAM

DCAM
BCAM
TCAM
IAM
DBAM
CIAM

BDCAM
BIAM

DBCAM
TBAM
DIAM

206.8
251.0
83.0
128.9
172.8
174.9
218.8
266.8
93.0
139.0
44.0
44.0
44.0
185.0
44.0
92.0
44.0
136.0
44.0
44.0
184.0

209.0
253.0
126.9
126.9
299.7
126.9
220.8
393.7
44.0
137.0, 44.0
127.0
173.0
82.0
58.0
217.0
219.0
128.0
138.0
128.0
295.0
311.0

0.1
0.5
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.25
0.1
0.1
0.1
0.1
0.1
0.1
0.5
0.1
0.1
0.1
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Table A.2. Summary of analytical methods.

Parameter Method
Dissolved organic carbon Standard Methods
Salinity Direct analysis of raw water
Total dissolved nitrogen Standard Methods
Regulated THMs,
Haloacetamides (HAMs),

haloacetonitriles (HANSs),
halonitromethanes (HNMs),
haloacetaldehydes (HALS),
haloketones (HKs),
iodo-trihalomethanes
(I-THMs)

Liquid-liquid extraction, GC-MS analysis

SUVA Standard Methods
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Table A.3. Names and abbreviations of DBPs quantified, with their known cytotoxicity
values (LCso). DBPs are ordered from most cytotoxic to least cytotoxic.*®

DBP Abbreviation LCso (M)
Diiodoacetamide DIAM 6.78E-07
Iodoacetamide IAM 1.42E-06
Bromoacetamide BAM 1.89E-06
Tribromoacetonitrile TBAN 2.71E-06
Dibromoacetonitrile DBAN 2.85E-06
Tribromoacetamide TBAM 3.14E-06
Bromoacetonitrile BAN 3.21E-06
Iodoacetonitrile IAN 3.30E-06
Tribromoacetaldehyde TBAL 3.58E-06
Bromoiodoacetamide BIAM 3.81E-06
Dibromochloroacetamide DBCAM 4.75E-06
Dibromochloroacetaldehyde DBCAL 5.15E-06
Chloroiodoacetamide CIAM 5.97E-06
Dibromonitromethane DBNM 6.09E-06
Bromochloroacetonitrile BCAN 8.46E-06
Tribromonitromethane TBNM 8.57E-06
Bromodichloroacetamide BDCAM 8.68E-06
Dibromoacetamide DBAM 1.22E-05
Dibromochloronitromethane DBCNM 1.32E-05
Bromodichloronitromethane BDCNM 1.32E-05
Bromochloroacetamide BCAM 1.71E-05
Bromodichloroacetaldehyde BDCAL 2.04E-05
Bromochloronitromethane BCNM 4.05E-05
Dichloroacetonitrile DCAN 5.73E-05
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Triiodomethane TIM 6.60E-05
Chloroacetonitrile CAN 6.83E-05
Chloroacetamide CAM 1.48E-04
Trichloroacetonitrile TCAN 1.60E-04
Dichloronitromethane DCNM 3.73E-04
Trichloronitromethane TCNM 5.36E-04
Trichloroacetaldehyde TCAL 1.16E-03
Bromodiiodomethane BDIM 1.40E-03
Dibromoiodomethane DBIM 1.91E-03
Dichloroacetamide DCAM 1.92E-03
Trichloroacetamide TCAM 2.05E-03
Chlorodiiodomethane CDIM 2.41E-03
Bromochloroiodomethane BCIM 2.42E-03
Tribromomethane TBM 3.96E-03
Dichloroiodomethane DCIM 4.13E-03
Dibromochloromethane DBCM 5.36E-03
Trichloromethane TCM 9.62E-03
Bromodichloromethane BDCM 1.15E-02
Bromodichloroacetonitrile BDCAN NA
Dibromochloroacetonitrile DBCAN NA
Chloropropanone CP NA
1,1-Dichloropropanone 1,1-DCP NA
1,3-Dichloropropanone 1,3-DCP NA
1,1-Dibromopropanone 1,1-DBP NA
1,1,1-Trichloropropanone 1,1,1-TCP NA
1,1,3-Trichloropropanone 1,1,3-TCP NA
1-Bromo-1,1-Dichloropropanone 1-B-1,1-DCP NA
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1,1,3,3-Tetrachloropropanone

1,1,3,3-TeCP

NA

1,1,3,3-Tetrabromopropanone

1,1,3,3-TeBP

NA

NA = not available.
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Table A.4. Names and abbreviations of DBPs quantified, with their known genotoxicity

values (MTM). DBPs are ordered from most genotoxic to least genotoxic.*®

DBP Abbreviation MTM (M)
Dibromonitromethane DBNM 2.62E-05
Tribromoacetamide TBAM 3.25E-05
Diiodoacetamide DIAM 3.39E-05
Iodoacetamide IAM 3.41E-05
Bromoacetamide BAM 3.68E-05
Bromoacetonitrile BAN 3.85E-05
Dibromoacetonitrile DBAN 4.71E-05
Bromodichloronitromethane BDCNM 6.32E-05
Dibromochloronitromethane DBCNM 6.32E-05
Dibromochloroacetamide DBCAM 6.94E-05
Tribromonitromethane TBNM 6.99E-05
Bromoiodoacetamide BIAM 7.21E-05
Trichloronitromethane TCNM 9.34E-05
Dibromochloroacetaldehyde DBCAL 1.44E-04
Bromodichloroacetamide BDCAM 1.46E-04
Bromochloronitromethane BCNM 1.65E-04
Chloroiodoacetamide CIAM 3.02E-04
Bromochloroacetonitrile BCAN 3.24E-04
Tribromoacetaldehyde TBAL 3.40E-04
Dichloronitromethane DCNM 4.21E-04
Bromodichloroacetaldehyde BDCAL 4.70E-04
Bromochloroacetamide BCAM 5.83E-04
Chloroacetonitrile CAN 6.01E-04
Dibromoacetamide DBAM 7.44E-04
Trichloroacetonitrile TCAN 1.01E-03
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Chloroacetamide CAM 1.38E-03
Dichloroacetonitrile DCAN 2.75E-03
Chlorodiiodomethane CDIM 2.95E-03
Trichloroacetamide TCAM 6.54E-03
Trichloroacetaldehyde TCAL NA
Dichloroacetamide DCAM NA
Iodoacetonitrile IAN NA
Tribromoacetonitrile TBAN NA
Dibromochloroacetonitrile DBCAN NA
Dibromochloromethane DBCM NA
Bromodichloromethane BDCM NA
Tribromomethane TBM NA
Trichloromethane TCM NA
Dichloroiodomethane DCIM NA
Bromochloroiodomethane BCIM NA
Dibromoiodomethane DBIM NA
Bromodiiodomethane BDIM NA
Triiodomethane TIM NA
1,1-Dichloropropanone 1,1-DCP NA
Chloropropanone CP NA
1,1,1-Trichloropropanone 1,1,1-TCP NA
1,1-Dibromopropanone 1,1-DBP NA
1-Bromo-1,1-Dichloropropanone 1-B-1,1-DCP NA
1,3-Dichloropropanone 1,3-DCP NA
1,1,3-Trichloropropanone 1,1,3-TCP NA
1,1,3,3-Tetrachloropropanone 1,1,3,3-TeCP NA
1,1,3,3-Tetrabromopropanone 1,1,3,3-TeBP NA

NA = not available
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Table A.S5. Total DBPs identified and quantified in Plant 1 waters (ug/L).

gll::’s DBP RW PT BW ROP FW
THM TCM <0.1 1.1 1.3 <0.1 <0.1
THM | BDCM | <0.1 0.3 0.3 ND ND
THM | DBCM | <0.1 <0.1 <0.1 1.3£0.33 1.4+0.36
THM TBM <0.1 <0.1 <0.1 23.7£7.05 21.2+5.34
HAM CAM <0.1 <0.1 <0.1 0.5+0.09 28.5+8.76
HAM | BAM <0.1 <0.1 <0.1 ND <0.1
HAM IAM ND ND ND ND ND
HAM | DCAM | <0.1 <0.1 <0.1 0.3+0.01 0.3+0.02
HAM | BCAM | <0.1 0.7 0.1 0.2+0.00 0.2+0.01
HAM | CIAM ND ND ND ND ND
HAM | DBAM 0.2 <0.1 2.9 0.5+0.01 0.7+0.11
HAM | BIAM ND ND ND ND ND
HAM | DIAM <0.1 <0.1 1.3 0.5+0.00 0.6+0.00
HAM | TCAM | <0.1 <0.1 <0.1 0.1+0.00 0.2+0.02
HAM | BDCAM | <0.1 <0.1 <0.1 0.3+0.02 0.3+0.00
HAM | DBCAM | ND ND ND ND ND
HAM | TBAM ND ND ND ND ND
HAN CAN <0.1 <0.1 <0.1 0.6+0.00 2.8+0.34
HAN BAN <0.1 <0.1 0.6 0.6+0.00 0.9£0.07
HAN IAN <0.1 <0.1 <0.1 ND <0.1
HAN | DCAN <0.1 <0.1 <0.1 <0.1 0.3£0.06
HAN | BCAN <0.1 <0.1 <0.1 0.2+0.00 0.6+0.05
HAN | DBAN <0.1 <0.1 <0.1 0.2+0.04 0.2+0.01
HAN | TCAN <0.1 <0.1 <0.1 0.1+0.02 0.3+0.07
HAN | BDCAN | ND ND ND ND ND
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HAN | DBCAN | ND | ND ND ND 0.4+0.00
HAN | TBAN | ND | ND ND ND 0.5+0.00
HNM | DCNM | <0.1 | <0.1 | <0.1 0.2:£0.00 4.5+1.24
HNM | DBNM | <0.1 | <0.1 | <0.1 0.3+0.00 0.3+0.00
HNM | BCNM | <0.1 | <0.1 | <0.1 0.3+0.00 0.3+0.01
HNM | TCNM | ND | ND ND ND 0.2+0.01
HNM | BDCNM | ND | ND ND 0.1£0.00 0.2+0.01
HNM | DBCNM | ND | ND ND 0.5+0.01 0.5+0.00
HNM | TBNM | ND | ND ND <0.1 <0.1
HK CP ND | <0.1 | ND ND 1.8+0.42
HK | 1,I-DCP | 1.4 | <0.1 2.4 1.0£1.05 1.7+0.69
HK | 1,3-DCP | <0.1 | 0.4 0.2 0.4+0.00 3.5+1.38
HK | 1,I-DBP | <0.1 | <0.1 | <0.1 ND ND
HK LLI-h 01 ] <01 | <01 0.2+0.01 0.3+0.06
TCP
HK LL3= 0 01| <01 | <01 0.120.00 0.2+0.05
TCP
HK 1-]1;>-C1£)1- 03 | <0.1 | <0.1 0.3£0.01 6.0+1.40
g | B33 o0 ] <o | 001 0.120.00 0.8+0.19
TeCP
g | B33 o0 1 <o | <0 0.120.00 0.4+0.10
TeBP
HAL | TCAL | <0.1 | <0.1 | <o0.1 0.1+0.01 0.1+0.03
HAL | BDCAL | <0.1 | <0.1 | <o0.1 0.2:£0.00 14.3+4.80
HAL | DBCAL | <0.1 | <0.1 | <0.1 ND 0.6+0.07
HAL | TBAL | <0.1 | <0.1 0.2 0.3+0.00 0.6+0.10
TIE'M DCIM | <0.1 | <0.1 | <0.1 0.40.00 2.2+0.48
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TEM BCIM | <0.1 | <0.1 | <0.1 0.3+0.00 0.30.00
TII{-M DBIM | <0.1 0.4 0.2 <0.1 <0.1

TII{-M CDIM <0.1 <0.1 <0.1 ND 0.5+0.00
TEM BDIM | <0.1 | <0.1 | <0.1 0.4+0.00 0.4+0.00
TEM TIM <0.1 | <0.1 | <o0.1 0.5+0.00 0.5+0.00

ND = not detected
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Table A.6. Plant 1 Calculated Toxicity Index (CTI) values for cytotoxicity.

]C)ll::’s DBP RW PT BW ROP FW
THM | TCM 0 9.33E-01 | 1.09E+00 0 0
THM | BDCM 0 1.60E-01 | 1.48E-01 0 0
THM | DBCM 0 0 0 1.16E+00 | 1.25E+00
THM | TBM 0 0 0 2.37E+01 | 2.12E+01
HAM | CAM 0 0 0 3.61E+01 | 2.06E+03
HAM | BAM 0 0 0 0 0
HAM | DCAM 0 0 0 1.22E+00 | 1.22E+00
HAM | BCAM 0 2.19E+02 | 4.46E+01 | 6.78E+01 | 6.78E+01
HAM | TCAM 0 0 0 3.00E-01 | 6.01E-01
HAM IAM 0 0 0 0 0
HAM | DBAM | 6.06E+01 0 1.11E+03 | 1.89E+02 | 2.65E+02
HAM | CIAM 0 0 0 0 0
HAM | BDCAM 0 0 0 1.67E+02 | 1.67E+02
HAM | BIAM 0 0 0 0 0
HAM | DBCAM 0 0 0 0 0
HAM | TBAM 0 0 0 0 0
HAM | DIAM 0 0 6.07E+03 | 2.37E+03 | 2.85E+03
HAN | TCAN 0 0 0 4.33E+00 | 1.30E+01
HAN | DCAN 0 0 0 0 4.76E+01
HAN CAN 0 0 0 1.16E+02 | 5.43E+02
HAN | BCAN 0 0 0 1.53E+02 | 4.59E+02
HAN BAN 0 0 1.47E+03 | 1.56E+03 | 2.34E+03
HAN | DBAN 0 0 0 3.53E+02 | 3.53E+02
HAN IAN NA NA NA NA NA
HAN | TBAN NA NA NA NA NA
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HNM | TCNM 0 0 0 0 2.27E+00
HNM | DCNM 0 0 0 4.13E+00 | 9.29E+01
HNM | BCNM 0 0 0 4.25E+01 | 4.25E+01
HNM | DBNM 0 0 0 2.25E+02 | 2.25E+02
HNM | BDCNM 0 0 0 3.63E+01 | 7.26E+01
HNM | DBCNM 0 0 0 1.50E+02 | 1.50E+02
HNM | TBNM 0 0 0 0 0
HK | 1,1-DCP NA NA NA NA NA
HK CP NA NA NA NA NA
HK L1,1- NA NA NA NA NA
TCP
HK | 1,1-DBP NA NA NA NA NA
HK 1-]1;,;:11;1- NA NA NA NA NA
HK | 1,3-DCP NA NA NA NA NA
HK L,1,3- NA NA NA NA NA
TCP
HK lTleéS NA NA NA NA NA
HK I’Tlég’l':" NA NA NA NA NA
HAL | TCAL 0 0 0 5.85E-01 | 5.85E-01
HAL | BDCAL 0 0 0 5.11E+01 | 3.65E+03
HAL | DBCAL 0 0 0 0 4.93E+02
HAL | TBAL 0 0 1.85E+02 | 2.98E+02 | 5.97E+02
HAL | CAL 0 0 0 0 0
HAL | DCAL 0 0 0 0 0
HAL | BAL 0 0 0 0 0
HAL | BCAL 0 0 0 0 0
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HAL | DBAL 0 0 0 0
TII{'M DCIM 0 0 | 4.59E-01 | 2.53E+00
TII{'M BCIM 0 0 | 4.86E-01 | 4.86E-01
TIE'M DBIM 739E-01 | 3.25E-01 | 0 0

TII{-M CDIM 0 0 0 | 6.86E-01
TII{-M BDIM 0 0 8.24E-01 | 8.24E-01
TII{'M TIM 0 0 | 1.92E+01 | 1.92E+01

NA = not applicable due to a lack of cytotoxicity index values.
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Table A.7. Plant 1 Calculated Toxicity Index (CTI) values for genotoxicity.

]C)ll::’s DBP RW PT BW ROP FW
THM | TCM NA NA NA NA NA
THM | BDCM | NA NA NA NA NA
THM | DBCM | NA NA NA NA NA
THM | TBM NA NA NA NA NA
HAM | CAM 0 0 0 3.87E+00 | 2.21E+02
HAM | BAM 0 0 0 0 0
HAM | DCAM | NA NA NA NA NA
HAM | BCAM 0 6.43E+00 | 1.31E+00 | 1.99E+00 | 1.99E+00
HAM | TCAM 0 0 0 9.42E-02 | 1.88E-01
HAM | 1AM 0 0 0 0 0
HAM | DBAM 9%31]5 0 1.82E+01 | 3.10E+00 | 4.34E+00
HAM | CIAM 0 0 0 0 0
HAM | BDCAM | 0 0 0 9.93E+00 | 9.93E+00
HAM | BIAM 0 0 0 0 0
HAM | DBCAM | 0 0 0 0 0
HAM | TBAM 0 0 0 0 0
HAM | DIAM 0 0 1.21E+02 | 4.74E+01 | 5.69E+01
HAN | TCAN 0 0 0 6.86E-01 | 2.06E+00
HAN | DCAN 0 0 0 0 9.92E-01
HAN | CAN 0 0 0 1.32E+01 | 6.17E+01
HAN | BCAN 0 0 0 4.00E+00 | 1.20E+01
HAN | BAN 0 0 1.23E+02 | 1.30E+02 | 1.95E+02
HAN | DBAN 0 0 0 2.14E+01 | 2.14E+01
HAN | IAN NA NA NA NA NA
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HAN | TBAN NA NA NA NA NA
HNM | TCNM 0 0 0 0 1.30E+01
HNM | DCNM 0 0 0 3.66E+00 | 8.23E+01
HNM | BCNM 0 0 0 1.04E+01 | 1.04E+01
HNM | DBNM 0 0 0 5.23E+01 | 5.23E+01
HNM | BDCNM 0 0 0 7.58E+00 | 1.52E+01
HNM | DBCNM 0 0 0 3.12E+01 | 3.12E+01
HNM | TBNM 0 0 0 0 0
HK | 1,I-DCP | NA NA NA NA NA
HK CP NA NA NA NA NA
HK L11- NA NA NA NA NA
TCP
HK | 1,1-DBP | NA NA NA NA NA
HK I'S'CII;I' NA NA NA NA NA
HK | 1,3-DCP | NA NA NA NA NA
HK L,1,3- NA NA NA NA NA
TCP
HK 1Tleé§ | NA NA NA NA NA
HK 1’T1é%’1§' NA NA NA NA NA
HAL | TCAL 0 0 0 0 0
HAL | BDCAL 0 0 0 2.22E+00 | 1.59E+02
HAL | DBCAL 0 0 0 0 1.76E+01
HAL | TBAL 0 0 1.95E+00 | 3.14E+00 | 6.29E+00
HAL | CAL 0 0 0 0 0
HAL | DCAL 0 0 0 0 0
HAL | BAL 0 0 0 0 0

94




HAL | BCAL 0 0 0 0 0
HAL | DBAL 0 0 0 0 0
TII{-M DCIM NA NA NA NA NA
TII{-M BCIM NA NA NA NA NA
TII{-M DBIM NA NA NA NA NA
TII{-M CDIM 0 0 0 0 5.61E-01
TII{-M BDIM NA NA NA NA NA
TII{-M TIM NA NA NA NA NA

NA = not applicable due to a lack of genotoxicity index values.
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Table A.8. DBPs quantified and identified in Plant 2 waters (nug/L).

(l:)l]: :)s DBP RW RW + C12 BW | BW+CI2
THM TCM 0.3 0.8 0.6 0.6
THM BDCM ND <0.1 <0.1 0.1
THM DBCM 0.1 <0.1 ND 0.8
THM TBM 1.4 <0.1 ND ND
HAM CAM ND <0.1 ND ND
HAM BAM 0.1 ND ND ND
HAM IAM ND 0.6 ND 1.1
HAM DCAM ND 0.5 ND 2.5
HAM BCAM ND ND ND <0.1
HAM CIAM ND ND ND ND
HAM DBAM 0.1 <0.1 ND 1.7
HAM BIAM ND ND ND ND
HAM DIAM ND ND ND <0.1
HAM TCAM ND <0.1 ND <0.1
HAM BDCAM 0.5 ND ND <0.1
HAM DBCAM <0.1 0.2 0.2 <0.1
HAM TBAM ND ND <0.1 0.3
HAN CAN ND <0.1 ND ND
HAN BAN ND ND ND ND
HAN IAN ND ND ND <0.1
HAN DCAN ND <0.1 ND ND
HAN BCAN ND <0.1 ND 0.1
HAN DBAN 0.6 <0.1 ND 3.2
HAN TCAN ND <0.1 ND <0.1
HAN BDCAN <0.1 0.17 ND ND
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HAN DBCAN <0.1 0.24 ND ND
HAN TBAN 0.2 ND 0.6 ND
HNM DCNM ND <0.1 ND <0.1
HNM DBNM <0.1 ND ND 0.2
HNM BCNM ND <0.1 ND 0.1
HNM TCNM ND <0.1 ND 0.1
HNM | BDCNM 0.2 1.1 ND ND
HNM | DBCNM <0.1 3.0 ND ND
HNM TBNM 0.9 2.8 3.7 0.4
HK CP ND <0.1 ND <0.1
HK 1,1-DCP ND <0.1 <0.1 0.10
HK 1,3-DCP 0.2 <0.1 ND ND
HK 1,1-DBP ND <0.1 ND 0.30
HK 1,1,1-TCP ND <0.1 ND 0.13
HK 1,1,3-TCP ND ND ND <0.1
HK [ 1-B-1,I-DCP| 05 0.2 ND ND
HK | 1,1,33-TeCP | <0.1 ND ND ND
HK | 1,1,33-TeBP| ND ND ND ND
HAL TCAL ND <0.1 ND 0.2
HAL BDCAL ND ND ND 0.3
HAL DBCAL ND ND ND 0.1
HAL TBAL <0.1 ND ND 0.9
[-THM DCIM ND <0.1 ND <0.1
[-THM BCIM ND <0.1 ND <0.1
[-THM DBIM ND <0.1 ND 0.3
[-THM CDIM ND <0.1 ND <0.1
[-THM BDIM ND ND <0.1 ND
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‘ I-THM ‘ TIM

ND = not detected
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Table A.9. Plant 2 Calculated Toxicity Index (CTI) values for cytotoxicity.

g]ﬁ:)s DBP RW RW + CI2 BW BW + CI2
THM TCM 2.55E-01 6.55E-01 4.83E-01 4.90E-01
THM BDCM 0 1.73E-02 | 2.99E-03 5.10E-02
THM DBCM 1.11E-01 1.51E-02 0 7.07E-01
THM TBM 1.39E+00 | 6.39E-02 0 0
HAM CAM 0 4.08E+00 0 0
HAM BAM 3.96E+02 0 0 0
HAM DCAM 0 2.16E+00 0 1.01E+01
HAM BCAM 0 0 0 1.50E+01
HAM TCAM 0 1.25E-01 0 2.21E-01
HAM IAM 0 2.19E+03 0 4.16E+03
HAM DBAM 4.05E+01 | 2.48E+01 0 6.58E+02
HAM CIAM 0 0 0 0
HAM BDCAM | 2.79E+02 0 0 5.54E+00
HAM BIAM 0 0 0 0
HAM DBCAM | 2.45E+00 | 1.99E+02 | 1.24E+02 | 6.59E+01
HAM TBAM 0 0 1.07E+01 | 3.38E+02
HAM DIAM 0 0 0 1.26E+02
HAN TCAN 0 2.44E-01 0 3.20E+00
HAN DCAN 0 2.84E+00 0 0
HAN CAN 0 1.19E+01 0 0
HAN BCAN 0 1.51E+01 0 7.90E+01
HAN BAN 0 0 0 0
HAN DBAN 1.02E+03 | 1.18E+01 0 5.72E+03
HAN IAN NA NA NA NA
HAN TBAN NA NA NA NA
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HNM TCNM 0 2.65E-01 0 1.33E+00
HNM DCNM 0 5.02E-01 0 9.11E-01
HNM BCNM 0 1.19E+00 0 2.01E+01
HNM DBNM | 3.18E+01 0 0 1.13E+02
HNM BDCNM | 8.08E+01 | 4.02E+02 0 0
HNM DBCNM | 7.34E+00 | 9.03E+02 0 0
HNM TBNM | 3.57E+02 | 1.11E+03 | 1.46E+03 | 1.73E+02
HK 1,1-DCP NA NA NA NA
HK CP NA NA NA NA
HK 1,1,1-TCP NA NA NA NA
HK 1,1-DBP NA NA NA NA
HK l'gglgl' NA NA NA NA
HK 1,3-DCP NA NA NA NA
HK 1,1,3-TCP NA NA NA NA
HK lTleéli’ NA NA NA NA
HK I’Tlég’li" NA NA NA NA
HAL TCAL 0 8.26E-02 0 1.22E+00
HAL BDCAL 0 0 0 6.45E+01
HAL DBCAL 0 0 0 7.96E+01
HAL TBAL 5.27E+01 0 0 9.05E+02
HAL CAL 0 0 0 0
HAL DCAL 0 0 0 0
HAL BAL 0 0 0 0
HAL BCAL 0 0 0 0
HAL DBAL 0 0 0 0
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I-THM DCIM 0 2.29E-02 0 3.09E-02
I-THM BCIM 0 5.43E-02 0 9.18E-02
I-THM DBIM 0 3.59E-02 0 5.03E-01
I-THM CDIM 0 1.24E-02 0 5.73E-03
I-THM BDIM 0 0 7.25E-02 0

I-THM TIM 3.28E+01 0 0 6.56E+00

NA = not applicable due to a lack of cytotoxicity index values.
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Table A.10. Plant 2 Calculated Toxicity Index (CTI) values for genotoxicity.

g]ﬁ:)s DBP RW RW + CI2 BW BW + CI2
THM TCM NA NA NA NA
THM BDCM NA NA NA NA
THM DBCM NA NA NA NA
THM TBM NA NA NA NA
HAM CAM 0 4.38E-01 0 0
HAM BAM 2.03E+01 0 0 0
HAM DCAM 0 0 0 0
HAM BCAM 0 0 0 4.39E-01
HAM TCAM 0 3.93E-02 0 6.91E-02
HAM IAM 0 9.12E+01 0 1.73E+02
HAM DBAM 6.63E-01 4.07E-01 0 1.08E+01
HAM CIAM 0 0 0 0
HAM BDCAM | 1.66E+01 0 0 3.29E-01
HAM BIAM 0 0 0 0
HAM DBCAM 1.67E-01 1.36E+01 | 8.50E+00 | 4.51E+00
HAM TBAM 0 0 1.04E+00 | 3.27E+01
HAM DIAM 0 0 0 2.52E+00
HAN TCAN 0 3.87E-02 0 5.07E-01
HAN DCAN 0 5.92E-02 0 0
HAN CAN 0 1.36E+00 0 0
HAN BCAN 0 3.95E-01 0 2.06E+00
HAN BAN 0 0 0 0
HAN DBAN 6.18E+01 | 7.13E-01 0 3.46E+02
HAN IAN NA NA NA NA
HAN TBAN NA NA NA NA
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HNM TCNM 0 1.52E+00 0 7.65E+00
HNM DCNM 0 4.45E-01 0 8.07E-01
HNM BCNM 0 2.93E-01 0 4.93E+00
HNM DBNM | 7.40E+00 0 0 2.62E+01
HNM BDCNM | 1.69E+01 | 8.40E+01 0 0
HNM DBCNM | 1.53E+00 | 1.89E+02 0 0
HNM TBNM | 4.37E+01 | 1.36E+02 | 1.79E+02 | 2.12E+01
HK 1,1-DCP NA NA NA NA
HK CP NA NA NA NA
HK 1,1,1-TCP NA NA NA NA
HK 1,1-DBP NA NA NA NA
HK l'gglgl' NA NA NA NA
HK 1,3-DCP NA NA NA NA
HK 1,1,3-TCP NA NA NA NA
HK lTleéli’ NA NA NA NA
HK I’Tlég’li" NA NA NA NA
HAL TCAL 0 0 0 0
HAL BDCAL 0 0 0 2.80E+00
HAL DBCAL 0 0 0 2.85E+00
HAL TBAL 5.55E-01 0 0 9.53E+00
HAL CAL 0 0 0 0
HAL DCAL 0 0 0 0
HAL BAL 0 0 0 0
HAL BCAL 0 0 0 0
HAL DBAL 0 0 0 0
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I-THM DCIM NA NA NA NA
I-THM BCIM NA NA NA NA
I-THM DBIM NA NA NA NA
I-THM CDIM 0 1.01E-02 0 4.68E-03
I-THM BDIM NA NA NA NA
I-THM TIM NA NA NA NA

NA = not applicable due to the lack of genotoxicity index values.

104




Table A.11. DBPs quantified and identified in Plant 3 (ug/L).

2:)1]: :)s DBP RW | RW+CL | BW | BW+ClhL FW
THM TCM 0.35 33 <0.1 0.8 0.5+0.01
THM BDCM ND 8 ND ND <0.1
THM DBCM <0.1 <0.1 <0.1 0.3 1.4+0.03
THM TBM ND <0.1 ND <0.1 0.8+0.03
HAM CAM ND ND ND ND ND
HAM BAM ND ND ND ND ND
HAM IAM ND ND ND ND ND
HAM DCAM ND ND ND ND ND
HAM BCAM ND ND ND ND ND
HAM CIAM ND ND ND <0.1 ND
HAM DBAM ND ND ND ND ND
HAM BIAM ND ND ND <0.1 <0.1
HAM DIAM ND ND ND ND ND
HAM TCAM ND ND ND ND ND
HAM | BDCAM | ND ND ND <0.1 ND
HAM | DBCAM | ND ND ND ND ND
HAM TBAM ND ND ND ND ND
HAN CAN ND <0.1 ND <0.1 1.4+0.02
HAN BAN ND ND ND 2.2 0.7+0.00
HAN IAN ND ND ND ND ND
HAN DCAN ND 9.6 ND ND 0.2+0.02
HAN BCAN ND 23 ND ND 0.4+0.02
HAN DBAN ND ND ND <0.1 0.5+0.02
HAN TCAN <0.1 <0.1 <0.1 <0.1 0.3+0.00
HAN BDCAN ND ND ND ND ND
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HAN | DBCAN | ND ND ND ND <0.1
HAN TBAN | ND ND ND ND 0.2+0.01
HNM | DCNM | ND 7.8 ND ND <0.1
HNM | DBNM | ND ND ND ND 0.2+0.00
HNM | BCNM | ND ND ND 2.2 0.440.02
HNM | TCNM | ND <0.1 ND <0.1 0.3+0.02
HNM | BDCNM | ND ND ND ND 0.2+0.00
HNM | DBCNM | ND ND ND ND 0.4+0.00
HNM | TBNM | ND ND ND ND ND
HK CP ND 1.9 ND 6.9 0.9+0.01
HK 1,1-DCP | ND 3.1 ND ND 0.3£0.00
HK 1,3-DCP | ND ND ND <0.1 ND
HK 1,1-DBP | ND ND ND ND 0.2+0.00
HK | 1,1,1-TCP | ND 1 ND <0.1 0.2+0.00
HK | 1,1,3-TCP | ND ND ND ND ND
HK l'g’gl;l' ND ND <0.1 <0.1 0.120.00
HK lTleél‘;’ ND ND <0.1 ND <0.1
HK LL3.3- 0\ ND ND ND 4.3+0.03
TeBP
HAL TCAL ND ND ND <0.1 <0.1
HAL | BDCAL | ND ND ND ND 0.240.02
HAL | DBCAL | ND ND ND ND 0.3+0.00
HAL TBAL ND 0.4 ND ND 0.8+0.00
I-THM | DCIM ND <0.1 ND <0.1 0.2+0.00
I-THM | BCIM ND 2 ND <0.1 ND
I-THM | DBIM ND ND ND <0.1 0.4+0.00
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I-THM CDIM ND ND ND ND ND
I-THM BDIM ND ND ND ND ND
I-THM TIM ND ND ND ND ND

ND = not detected
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Table A.12. Plant 3 Calculated Toxicity Index (CTI) values for cytotoxicity.

(lj)l]z :)s DBP RW RW +CI2 | BW | BW + CI2 FW
THM TCM 3.05E-01 | 2.87E+00 | O 6.96E-01 0
THM BDCM 0 4.25E+00 | O 0 0
THM DBCM 0 0 0 2.69E-01 0
THM TBM 0 0 0 0 0
HAM CAM 0 0 0 0 0
HAM BAM 0 0 0 0 0
HAM DCAM 0 0 0 0 0
HAM BCAM 0 0 0 0 0
HAM TCAM 0 0 0 0 0
HAM IAM 0 0 0 0 0
HAM DBAM 0 0 0 0 0
HAM CIAM 0 0 0 0 0
HAM | BDCAM 0 0 0 0 0
HAM BIAM 0 0 0 0 0
HAM | DBCAM 0 0 0 0 0
HAM TBAM 0 0 0 0 0
HAM DIAM 0 0 0 0 0
HAN TCAN 0 0 0 0 1.30E+01
HAN DCAN 0 1.52E+03 0 0 3.17E+01
HAN CAN 0 0 0 0 2.71E+02
HAN BCAN 0 1.76E+03 0 0 3.06E+02
HAN BAN 0 0 0 | 5.71E+03 | 1.82E+03
HAN DBAN 0 0 0 0 8.82E+02
HAN IAN NA NA NA NA NA
HAN TBAN NA NA NA NA NA
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HNM | TCNM 0 0 0 0 3.40E+00
HNM | DCNM 0 1.61E+02 | 0 0 0
HNM | BCNM 0 0 0 | 3.12E+02 | 5.66E+01
HNM | DBNM 0 0 0 0 1.50E+02
HNM | BDCNM 0 0 0 0 7.26E+01
HNM | DBCNM 0 0 0 0 1.20E+02
HNM | TBNM 0 0 0 0 0
HK | 1,1-DCP NA NA NA NA NA
HK CP NA NA NA NA NA
HK L11- NA NA NA NA NA
TCP
HK | 1,1-DBP NA NA NA NA NA
HK I'S'CII;I' NA NA NA NA NA
HK | 1,3-DCP NA NA NA NA NA
HK L,1,3- NA NA NA NA NA
TCP
HK 1Tleé§ ) NA NA NA NA NA
HK 1’T1é%’1§' NA NA NA NA NA
HAL | TCAL 0 0 0 0 0
HAL | BDCAL 0 0 0 0 5.11E+01
HAL | DBCAL 0 0 0 0 2.47E+02
HAL | TBAL 0 3.98E+02 | 0 0 7.96E+02
HAL CAL 0 0 0 0 0
HAL | DCAL 0 0 0 0 0
HAL BAL 0 0 0 0 0
HAL | BCAL 0 0 0 0 0
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HAL DBAL 0 0 0 0 0
I-THM | DCIM 0 0 0 0 0
I-THM | BCIM 0 3.24E+00 | O 0 0
I-THM | DBIM 0 0 0 0 6.99E-01
I-THM | CDIM 0 0 0 0 0
I-THM | BDIM 0 0 0 0 0
I-THM TIM 0 0 0 0 0

NA = not applicable due to a lack of cytotoxicity index values.
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Table A.13. Plant 3 Calculated Toxicity Index (CTI) values for genotoxicity.

gll::)s DBP RW [ RW+CI12| BW | BW+CI2 FW
THM TCM NA NA NA NA NA
THM BDCM NA NA NA NA NA
THM DBCM NA NA NA NA NA
THM TBM NA NA NA NA NA
HAM CAM 0 0 0 0 0
HAM BAM 0 0 0 0 0
HAM DCAM 0 0 0 0 0
HAM BCAM 0 0 0 0 0
HAM TCAM 0 0 0 0 0
HAM [IAM 0 0 0 0 0
HAM DBAM 0 0 0 0 0
HAM CIAM 0 0 0 0 0
HAM | BDCAM 0 0 0 0 0
HAM BIAM 0 0 0 0 0
HAM | DBCAM 0 0 0 0 0
HAM TBAM 0 0 0 0 0
HAM DIAM 0 0 0 0 0
HAN TCAN 0 0 0 0 2.06E+00
HAN DCAN 0 3.18E+01 0 0 6.62E-01
HAN CAN 0 0 0 0 3.09E+01
HAN BCAN 0 4.60E+01 0 0 8.00E+00
HAN BAN 0 0 0 4.76E+02 | 1.52E+02
HAN DBAN 0 0 0 0 5.34E+01
HAN IAN NA NA NA NA NA
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HAN | TBAN | NA NA NA NA NA
HNM | TCNM 0 0 0 0 1.95E+01
HNM | DCNM 0 1.43E+02 0 0 0
HNM | BCNM 0 0 0 7.65E+01 | 1.39E+01
HNM | DBNM 0 0 0 0 3.49E+01
HNM | BDCNM 0 0 0 0 1.52E+01
HNM | DBCNM 0 0 0 0 2.50E+01
HNM | TBNM 0 0 0 0 0
HK | 1,1-DCP | NA NA NA NA NA
HK CP NA NA NA NA NA
HK | 1,1,1-TCP | NA NA NA NA NA
HK | 1,I-DBP | NA NA NA NA NA
HK 1-331;1- NA NA NA NA NA
HK | 1,3-DCP | NA NA NA NA NA
HK | 1,1,3-TCP | NA NA NA NA NA
HK lTleéS NA NA NA NA NA
HK 1,T1é].;,§- NA NA NA NA NA
HAL | TCAL 0 0 0 0 0
HAL | BDCAL 0 0 0 0 2.22E+00
HAL | DBCAL 0 0 0 0 8.82E+00
HAL | TBAL 0 | 4.19E+00 0 0 8.38E+00
HAL CAL 0 0 0 0 0
HAL | DCAL 0 0 0 0 0
HAL BAL 0 0 0 0 0
HAL | BCAL 0 0 0 0 0
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HAL DBAL 0 0 0 0 0
I-

THM DCIM NA NA NA NA NA
I-

THM BCIM NA NA NA NA NA
I-

THM DBIM NA NA NA NA NA
I- CDIM 0 0 0 0 0

THM
I-

THM BDIM NA NA NA NA NA
1-

THM TIM NA NA NA NA NA

NA = not applicable due to a lack of genotoxicity index values.
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Table B.1. UHPLC Parameters.

Parameter Value
Instrument 1290 Infinity I UHPLC Binary Pump
A) 0.1% formic acid, A) 0.02%
5 mM ammonium ammonium
acetate hydroxide in
in water water
Mobile Phase | Positive Negative
B) 0.1% formic acid, B) 0.02%
5 mM ammonium ammonium
acetate hydroxide in
in methanol methanol
Gradient Time (min) %B
0 5
1 5
10 95
12 95
12.1 5
Flow rate 0.35 mL/min
Agilent InfinityLab Poroshell 120 EC-C18 column (2.1 x 50 mm,
Column
1.9 pm)
Temperature | 30 °C
Injection
Volume 10 L
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Table B.2. Q-TOF LC-MS Parameters.

Parameter Value
Instrument 6545 LC/Q-TOF
MS1 mass range 100-3000 m/z
MS2 mass range 50-3000 m/z
MST1 acquisition rate 4.5 spectra/s
MS?2 acquisition rate 1 spectra/s
Collision energy 30eV

Dry gas temperature 300 °C

Drying gas flow rate 12 1/min

Sheath gas temperature 375 °C

Sheath gas flow rate 12 1/min
Nebulizer gas 35 psi
Skimmer voltage 40V
Octopole RF 750 V
Fragmentor voltage 110V
Capillary voltage 4 kV
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Table B.3. Detected transformation products of bisphenol-A during UV/H;0» treatment.

M-H|-
RT [ ! Chemical
(min) Theoretical Observed  Formula Proposed Structure
m/z m/z
BPA 498  227.1078  227.1102  CisHisOs O Q
HO OH
Z
Buo 155  149.0608  149.0620  CoHi0s |
0
0
HO
Bis 156  167.0714  167.0704  CoHpOs
HO
OH
0
Bt 4.14  181.0506  181.0521  C9HioOs
HO 0
OH
HO
Bis 138  183.0663  183.0680  CoH»Os
HO OH
OH
Bosa 359  243.1027 2431021  CisHigOs /©><Q
X
| =-oH
By 459 2431027 2431021  CisHiO: A,
CHs
B24 2450819  245.0817  CisH1404 N X
5 HOT— | — OH
> >
HO OH
Bosa  3.17  257.0819  257.0850  CisHisOs
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Basww  5.48 257.0819 257.0849 C15H1404
Bosoa  3.24 259.0976 259.1009 Ci5H1604
Boso,  3.46 259.0976 259.1009 Ci5H1604
B, 2.08 271.0612 271.0644 Ci5H 1205
B2z 5.19 273.0768 273.0799 Ci5H 1405
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Figure B.1. High resolution MS/MS mass spectrum and tentative structure of Ba4s.
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Figure B.2. High resolution MS/MS mass spectrum and tentative structure of Bis7.
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Figure B.3. High resolution MS/MS mass spectrum and tentative structure of Bays.
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Table B.4. Detected transformation products of estrone during UV/H>O treatment.

[M-H]”
RT Chemical
(min) Theoretical Observed Formula Proposed Structure
m/z m/z
CH-0
Estrone 5.62 269.1547 269.1544  Ci3H2202
HO
CH-O
HO
Eass 4.58 285.1496 285.1492  Ci13sH» 03
HO
CH30
HO
Eso1 3.45 301.1445 301.1461 Ci1sH2204
HO

OH
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Figure B.4. High resolution MS/MS mass spectrum and tentative structure of Eags.
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Table B.5. Detected transformation products of diclofenac during UV/H>O; treatment.

[M+H]+
RT Chemical
(min) Theoretical Observed  Formula Proposed Structure
m/z m/z
COOH
Cl
H
DCF 91 296.0240  296.0242 C14H;1CLNO; @:N \é
Cl
Cl
NH»
Disa 3.00 144.0211 144.0210 CcHsCINO
Dioe 4.24 196.0757 196.0752 Ci3H9yNO
D210 3.51 210.0550 210.0548 Ci13H/NO»
Dous+y 547 214.0418 214.0415 Ci3HsCIN
D242 4.23 242.0812 242.0811 Ci14H11NOs O D
Dase 3.50 256.0604 256.0601 C14HoNO4
Dsi2 4.81 312.0189 312.0187 Ci14H;1C12NOs
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HO H  CHs
N
Dai2¢y 212.0717 212.0712 Ci3H11INO> =
~j/OH
N
N
D214y 214.0429 214.0427 CizH10oCIN O O
HO 4  CHs
N
Daasc) 244.0615 2440613  CiHiNOg, O N}
_JOH
HO
[M-HJ
D212 212.0712
100
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o 70 N CH
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< 50 N
§ ==/ OH
g 40 -H,0
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10 194.0576
O | 1 “\ l ‘\ ” [l L ‘m\ H‘
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Figure B.5. High resolution MS/MS mass spectrum and tentative structure of D2i2.
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Figure B.6. High resolution MS/MS mass spectrum and tentative structure of D214.
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Figure B.7. High resolution MS/MS mass spectrum and tentative structure of D24a.
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Table B.6. Detected transformation products of triclosan during UV/H>O; treatment.

M-H|
RT [ | Chemical
(min) Theoretical Observed  pormula Proposed Structure
m/z m/z
Triclosan 631  286.9439  286.9467  C1.H.Cl0; /@/\G\
T 262 1269956 1269966  CsHsCIO \
|
Tow 276 1269956 1269965  CeHsClO Cl '/
Cl
OH
Ti43 2.21 142.9905 142.9904 CsHsClO2 /@/
HO
Cl
Tie1 254 1609566 1609576  CsHiClO /@/OH
Cl
OH
Tao1 383 201.0557  201.0573  CiaH10O; o _/l ©
NS
OH
Tass 457 2350167 2350160 CiHoClOs @/“@\
™
Cl
Tossa 318 2489960 2489979  CpH:ClOq 0 OH
ol
Tassy 373 2489960 2489983  CpH:ClOq -
(@]
Tossa 495 2529829  252.9854  CpHiClO» OH
O
Tassy  5.53 2529829 2529852  C1oHsChO» C'—\I
Cl (0] Cl
Toi 810 2669621  266.9647  CpaHeCLOs [@[ T o
O
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OH

[e]

Ta67-2 1.92 267.0066 267.0090 C12HoClIOs
T269 5.78 268.9778 268.9802 C12HsCL03 ’
(0] OH
(0]
Tas3 4.05 282.9570 282.9598 C12H6C1204
Cl Cl
(0]
[M-HJ
T235 235.0160
100
90 ‘ 18
| \
§ 70 H( | _54
< 60 a
E 181 v [M-HJ
< 50 37C1 isotope
E 40 'Hzo
5
2 30 “HCI
20 J l
10
0 gstors [y Il
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m/z

Figure B.8. High resolution MS/MS mass spectrum and tentative structure of Ta3s.
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Figure B.9. High resolution MS/MS mass spectrum and tentative structure of T143.
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Table B.7. Individual cytotoxicity of BPA, IBP, DCF, TCS, and E1 during the UV/H20:
treatment in Milli-Q water.

Reaction conditions: [ECJo = 1 uM, [H202]o = 1 mM, pH = 7.3, no buffer.

Cytotoxicity
ECs

Concentration p Direction
Bisphenol A 5% 0.741 Increased
Diclofenac 1% <0.0001 Decreased
Ibuprofen 5% 0.998 Increased
Triclosan 5% 0.813 Increased
Estrone 5% 0.625 Decreased
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Table B.8. Detected transformation products of bisphenol-A in UV/NO; /HCO;™.

[M-H]”
RT Chemical
. Theoretical Observed Proposed Structure
(min) Formula
m/z m/z
Bisphenol
498 227.1078 227.1103  CisHi602 O O
A HO OH
NO,
Bissa 2.83 138.0197 138.0211 CeHsNO3 @[
OH

Boai 4.27 241.0870 241.0895  CisH1403

HO (@]
O

Boss 4.59 243.1027 243.1053 Ci15H1603 | \—OH

HO Z > oH
OH OH

Bos? * 287.0561 287.0558  C;5Hi20¢6 ‘ O

(o) (6]
(6] (6]
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Figure B.10. High resolution MS/MS mass spectrum and tentative structure of Bogy.
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Table B.9. Detected transformation products of triclosan in UV/NO3; /HCOs".

[M-H]~
RT Chemical
. Theoretical Observed Proposed Structure
(min) Formula
m/z m/z
Triclosan 631  286.9439  286.9459  C1.H.Cl0; /é/\@
T 218 1269956 1269968  CgHsCIO o OH
|
Cl——
Ton 258 1269956 1269967  CgHsCIO Z
Cl
Tie1 254 1609566  160.9579  CgHuCLO /@/OH
Cl
(6] Cl
(0]
Ta17 271 3169181 3169180  CiHsCl;04
Cl Cl
(6] OH
(@]
(0]
Taao 3.13 2489960 2489960  Ci,H7ClO4 \©\
HO Cl
(6]
OH
T 384 2640069 2640095 CoHsCINOi o AN° 1oz
NS
(0] OH
(0}
Toss 4.03 2829570  282.9589  CpHeClO4
Cl Cl
(6]
Tosa 453 2529829 2529850  C1HsCLO»
Tossy 491 2529829 2529850  C12HsCLO»
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OH

T 552 2529829 2529850  CoHChO: @ Oj@\
N
Cl
OH
Tas 457 2350167 2350150  CiHoClOs HO@/OO
NS
Cl
OH OH
o NO,
Tao 458  280.0018  280.0005 CpHsCINOs /@( C(
Cl
OH OH
0 NO,
Tse 491 313.9629  313.9659  CiH7CLNO:s /@/ \C{
Cl Cl
Cl
OH
Tis 658 1429905  142.9915  CeHsCIO /@/
HO
Cl 0}
Tar 810 2669621 2669645  CiHeChOs \©[ D\ on
(0] Cl
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Figure B.11. High resolution MS/MS mass spectrum and tentative structure of Tass.

100
90
80
70
60
50
40
30
20
10

Percent Rel. Abundance

Figure B.12. High resolution MS/MS mass spectrum and tentative structure of Ta49.
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Figure B.13. High resolution MS/MS mass spectrum and tentative structure of Tass.
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Figure B.14. High resolution MS/MS mass spectrum and tentative structure of T317.
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Figure B.15. High resolution MS/MS mass spectrum and tentative structure of Tas.

Table B.10. Detected transformation products of diclofenac in UV/NO; /HCOs3".

[M+H]*
RT Chemical Proposed
(min) Theoretical Observed Formula Structure
m/z m/ 7
COOH
Cl H
Diclofenac  4.98 296.0240 296.0242 Ci14H;1C1aNO2 ©:N
Cl
Cl
N
Dois 5.47 214.0418 214.0416 C13H3CIN
cl COOH
Do 294  260.0473 N

260.0475 Ci14H10CINO; D O
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Figure B.16. High resolution MS/MS mass spectrum and tentative structure of Daeo.
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Figure B.17. High resolution MS/MS mass spectrum and tentative structure of Da14.
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Table B.11. Detected transformation products of estrone in UV/NO; /HCO;™.

[M-H]~
RT Chemical
. Theoretical Observed Proposed Structure
(min) Formula
m/z m/z
O
Estrone  5.62 269.1547 269.1544 Ci1sH2202 /@i@
HO
(@]
E299 3.35 299.1289 299.1288 C18H2004 0 //OH
|
0 S
Eassa 2.96 285.1496 285.1495 C13H203 O
HO\
Exso 377 285.1496  285.1494  CisH0s )
[
HO
E314a 3.79 314.1398 314.1398  CisH21NO4 0o
OQN\
Es14p 6.11 314.1398 314.1392 Ci1sH21NOg4 ~ |
HO X

0O
Eos3 4.25 283.1340 283.1338 Ci8H2003 Ojij(g:'i}
O
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Figure C.1. +ESI High resolution mass spectra of LWT 2/3 at 3.87 min obtained from the UHPLC-QTOF.
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Figure C.2. +ESI High resolution mass spectra of LWT]1 at 3.87 min obtained from the UHPLC-QTOF.
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Advanced axidation using UV and hydrogen peraxide (UV/H202) has been widely appliad to degrade
contaminants of emerging concern (CECs) in wastewater for water reuse. This study investigated the
degradation kinetics of mixed CECs by UV H20; under variable Ho0p dases, including bisphenol A,
estrone, diclfenac ibuprofen, and triclosan. Reverse osmasis (RO) treated water samples from Orange
County Water District’s Groundwater Replenishment System (GWRS) potable reuse project were
collected on different dates and utilized as reaction matrices with spiked additions of chemicals (CECs
and H0;) to assess the application of UV/H20, Possible degradation pathways of selected CEGs were
proposed based on high resolution mass spectrometry identification onnndormmon products (TPs)L
Taxicity assessments included cy icity, aryl hyd iy P amvu'y and estrogen
recepor-binding activity, in order 1o evaluae po!nﬁal i 1| impacu from CEC
degradation by UV/H,0,. Cytomxidty and estrogenic activity were significantly reduced during the
degradation of mixed CECs in Milli-Q water by UV/H20; with high UV fluence (3200 m] cm") However,
in GWRS RO-treated water samples collecied in April 2017, the cytomxidty and estrogen aaivity of
spiked EC-mixture after UV/H0; treatment were not significantly eliminated; this might be due to the
high concentration of target CEC and their TPS which was possibly affected by the varied quality of the
secondary treatment influent at this Dcility such as sewer-shed and wastewater discharges This study
aimed © provide insight on the impacts of post-UV/H0; CECs and TPs on human and ecalogical health
at cellular level.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

reverse osmosis (RO) is utilized to reject viruses, salts and small
molecules, and is often followed by a UV/hydrogen peroxide

Wastewater reuse has been increasingly utilized globally to
alleviate water shortages, especially in regions with heightened
water scarcity (Binz et al., 2016). In typical wastewater treatment
trains for potable reuse, microfiltration (MF) or ultrafiltration (UF)
are used to remove microorganisms and colloidal particles, and

* Corresponding author.
E-mail address: di onysiosd dionys louluc.edu (DD. Dionysiou).

hetps: [[dolorg101016[ wates 2020115587
0043.1354/0 2020 Eksevier 12d All rights reserved.
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advanced oxidation process (UV/H,0, AOP) for disinfection and
destruction of remaining contaminants of emerging concern ( CECs)
(Chuang et al, 2017; Patton et al., 2018). A serious limitation for
water reuse is the incomplete removal of certain organic contam-
inants by conventional wastewater treatment, resulting in the
presence of many contaminants in the source water to the AOP,
including phamaceuticals, antibacterial compounds, hormones,
and plasticizers (Wols etal, 2013). A list of CECs was recommended
by a State of Galifornia expert panel for monitoring indirect potable
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ABSTRACT: mmdymw&egnuﬁmcmﬂum

of HCO,~ on the degradation of
(CECs) during ni hotolysi aZSGnmfwm
e R s T for the
= = A ~ | = ﬁ - L

radical (CO,"") were determined at pH 8.8 and T = 20 °C:
estrone ((53 +£1.1) x 10° M~ 57'), bi A((28 £02)
X 10* M~! 57'), 17a-ethynylestradiol ((16 +03) x 10* M~!
s7), triclosan ((4.2 + 1.4) x 100 M~ 5™"), dicdofenac ((2.7 =
0.7) x 10" M~ 57'), atrazine ((57 £ 0.1) x 10° M~ 57'),
carbamazepine ((4.2 £ 0.01) x 10° M~" 57'), and ibuprafen
((12+£1.1) x 10° M™ 57"'). Contributions from UV, reactive

nitrogen species (RNS), hydroxyl radical (*OH), and CO;*

to the CEC ition in UV/NO;~ mdupcuwandd:mtfﬂco, mnm In addition,
transformation pr and degradation path of tricl diclof P l A, and mUVINO,P
uupopudbaedond:ma(m)ndMS’spm&guﬁmt duck in the cytotaxicity of bisphenol A was observed

after the treatment with UV/NO,” /HCO;".

H INTRODUCTION

Nitrate (NO;~) is causes the formation of reactive
oxygen species (ROS) and nitrogen species (RNS), nitrite
(NO;") and peroxymitrite (ONOOT), which may pose 2

waters, HCO;™ /CO‘ - pl:y a nguﬁant role in NO;~

phatolysis, the RNS the
ONOOC(0)O~ ﬂﬂﬂnuz
generation of CO;™ (egs 1 and 2). “"'“

health threat in water undergoing treatment.™* Iradiation of
water ining NO;~ under low-pressure (LP)-UV at 254
am (UV/NO;™) primarily leads to the formation of ONOO™,
nitrogen dioxide radical (*NQ,), and hydroxyl ndx:al
(*OH).”™ Nitrite formation is mainly ascribed to the
decompasition of petoqmtme when the imadiation wave-
lmphnbwa’dnnﬁ()m Nitrogen oxide radical ("NO)
is stodudmdxepboﬁdy-sdmmmm
peroxynitrite, peroxynitrite by
*OH.” Nitrate photolysis is highly dependent on the reaction
pHandd:exmdnmnwzvdugﬂxfThcpmuymof
mmﬁ:oﬁolysnammandeH(7<PH<9)
ing dissolved zed in Figure 1.
Carbonaterad:ul(CO )makobeﬁmedmdxbwyldd
during the NO;~ photolysis in surface water due to the
presence ofCO,vnd:edeooqosmon of an adduct
ONOOC(0)O™ produced” As prevalent anions in natural

<y ACS Publications ~ ©2018 Amencan Chamical Socsey
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12657

*OH + HCO5 — €O + H,0 k=85x 105M~ %!
(1)
*OH + CO}™ — CO3™ + OH™ k=39x 10°M 75!
(2)
Among the reactive species in UV/NO;™ in the presence of
HCO,~ (UV/NO, /HCO;™), *OH (" = 20 V)" & a
nonselective oxidant, which could react with varous
contaminants at high rate constants (>10° M~' 5~') through
electron transfer, H-abstraction, and radical addition.’” These
thres routes are Gvarable for "NO, (E° =1.03 V) as well, butit
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water and wastewaes which are needed for design and of ph a water
processes of municipal and industs 3 wastewaters.
© 2019 Elsevier Lrd Al rights reserved.
1. Introduction 2017; Shi et al, 2012). The current broad definition ofamgmg

lsclaz:de and isothixmlinanes are five-membered heterocydic
having vari pharmamlogial and antimicrobial
ms(l(anud and Sharshira, 2011; lee and Kim, 2002; Clenici

et al, 2008). The large i in these sub es and their de-
rivatives is due to their versatility as synthetic buikling blocks
(Gribble and Joule, ZCOJL As a result of their massive adoptionina
wide variety of ¢ wed prody such ¢ ds have
been induded in the class dunagn; pallutants (Ghattas et al_
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pallutants includes a significant ber of chemical
employed in detergents, persanal care products ﬂlmnmwds
and drugs, which are usually present in wastewater and surface
water at levels from ng to pg per hiter (Miraji et al, 2016; Wanda
et al, 2017; McCance et al, 2018; Guo et al, 2018). Despite their
low levels, their potential ecotaxinlogical effect annot be ruled
out (Kohamnski et al, 2010; Lin et al, 2010) and several studies
addressed the problem of their removal from bquid and solid
compartments (Stamm et al, 2015; Bollman et al, 2014; Luo et al,
2014; Margot et al, 2015)

2-Methyl-12-thiazal-32H)one, alo named methyl
isothiazolinone (MIT) and 1.2-Benzisothiazal-32H)-one, ar ben-
zisothiazalinone (BIT) are very comman biocides employed in
persona care products, detergents (Li et al, 20162; Garda- Hidalgo
et al, 2016), roaf and outdoar paints, paper materiaks, and in other
important industrial applications (Jungnickel =t 3. 2008; Wieck
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ABSTRACT: Introduction of ail and gas extraction wastewaters
(OGWs) to surface water leads to elevated habide levels from
enic bromide and jodide, as well as enhanced formation of
mmaudandndmaeddmhmnbypdm(Dm)m
muiOGWimka'&dwa&muedw
des, such as suf; \dudllund:
I to serve 2 organic DBP pr in OGW4
mm%rqon&ﬁmdmﬁmmofo&m
A nrs Jmhmll. i il
wastewater. Over 300 mliuowulg DBPs, with 43 unique
molecular formulis, were found by high-resolution mass
ﬁlwmg handuale d:lor(m)nuuoa. DBPI
‘ofmody spedes, including
sulfonates, dhalob l & , and b It % d to a lesser extent.
Dmﬁmonofacmnumlcuokﬁnnlimu o sufonate as a likely precursor for most
MDEPydxdfwwmmngmlhbmm:me hydrin disulk 3 ‘ﬁmdﬁn
disul & ent as side-products of olefin sulfonate production. Disinfection of increased
qmymalonia!of gnitude, with chl inated water being more toxic This finding is impartant © OGW-impacted
mmMmedmhgmwwm-ﬂhﬂl-hnﬂemmm:vﬁwdhmhﬁonbmbﬂ
regultions.
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B INTRODUCTION

Od and gas extract have b 1 ingly
due to enha pmmuﬁomshl:.mbom
of liters of water are injected per well, which retum to the
surfice containing mponents released fom the shale,
induding bromide and jodide With the large volumes of
wastowater being created, transparted, and dispased, concerns
have been raised about the p ial for ination of
chx*mgmnom Inmatmvaen,them)or
i dicinfection b juz (DEP) s
apm: matter (NOM), which is anposed of fulvic and
homic acids® However, :nb:umanahomcvlh
apxmwmfmbm amlalmdgu
extraction wastewaters (OGWs) tend © be highly conaen-
trated with dissolved arganic matter (DOM) contributed by
both anthropogenic and geogenic constituents** DBP
wmnandoommm&peudmagmmr
bromide/iodide thetype
disinfectant wed. In genemal, chlorine. and chl
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dxmhmmofhhé—nd:mmchdlg saline™” and odl/
§= extraction m enhance the formation of
inated (and 3 d, especially with chloramination)
DBP;vhichmmntodcd:mdl&dlbmztdmabgw
that predominandy form during chlor(am)ination of low-
sainity waters' ™" Flowback and produced waters from ol
and gas activities have been reported © contain tens to
thousands of parts-per-millon (ppm) bromide and tems of
ppmmdadefmmshle,”uuveluwww&&g?m
tota arganic carbon (TOC), mostly from fluid additives.
Ol and gas extraction fluids (and their wastewaters ) contain
chemial additives (biocides, friction reducers, comrosion
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