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ABSTRACT
Jacqueline Pearl Kaplan: Impact of Free Chlorine on the Fate of Biadin#ictive
Compounds in Drinking Water
(Under the direction of Dr. Howard S. Weinberg)

As a result of the rapid development of the pharmaceutical andilagrat industries,
the biochemically active compounds they produce to treat human aijmaatiatain
livestock health, and improve crop output are finding their way intad@atic environment.
Surface waters supplying drinking water treatment plants reayalticularly vulnerable if
the chemicals persist through upstream wastewater treatmappear in run-off from land
application. During drinking water treatment physicochenpcatesses may remove some
of these chemicals or transform them into products with unknown strsic@ackbiological
activity.

In order to better understand the impacts of biochemically acbivgpounds on water
supply and their fate during drinking water treatment sourddedeand finished waters
from plants in North Carolina were analyzed using liquid chromgbbgraandem mass
spectrometry. Both atrazine and the insecticide DEET were fourdnsistently survive
conventional treatment. Additionally, bench-scale chlorination éxeets designed to
simulate disinfection were conducted to determine the extent ofirehlimicorporation into
the parent chemical thereby “hiding” products from detection whitdy still have

biochemical activity.
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1. INTRODUCTION

Areas of rapid commercial and scientific development are thematautical,
personal care product and agricultural chemical industries in wbachpounds are
synthesized to treat human ailments, improve livestock health antyapfdliuman life, and
control agricultural crop output. These compounds are synthesizedvéoahparticular
biochemical functionality that is specific to the application ¥anich the product was
designed. If the biochemically active compound (BAC) migratesydrom its target it may
have unintended consequences for human and environmental health. Major sburces
introduction of BACs into the environment are from the release esftead wastewater
effluent into receiving streams and surface water runoff ghconsequence that some are
found downstream in reservoirs that become drinking water sources. méhiss that the
parent compounds as well as their metabolites are constantgadlat low concentrations
into the environment and drinking water sources with unknown long-term quosTsees.
Although studies have shown the attenuation of parent BACs during drinking watereng
(Stackelberg et al.,, 2007), other studies have shown that the paf&htniay have
undergone transformation (Glassmeyer and Shoemaker, 2005). It hasbiseeved that the
active ingredients in BACs are not limited to illicit a pease in the target organism, and
there are indications that aquatic organisms which are exposédtod3idues in water may
be negatively affected (Jobling et al., 1998). Determining both teeofgtarent BACs and

the identity of the unknown transformation products formed during dignkiater treatment



remains a challenging area of environmental research, but wowold@r essential
information to help direct toxicology and sampling research, evaldtgetiee treatment

technologies, and develop more environmentally responsible drug and agriculturatgproduc

1.1 Literature Review

1.1.1 Uses of Biochemically Active Compounds

Biochemically active compounds (BACs) are those manufactured fext eh
biological response in a target cell, and include a broad range of compoundsmpptiuman
and animal use pharmaceuticals, personal care products (PCPs),irendbsrupting
compounds (EDCs), agricultural products, artificial sweeteners atchulants.
Pharmaceutical compounds are those that are available eithesrwiithout a prescription
including antibiotics, lipid regulators, beta blockers, anti-epileptiasti-cholesterols,
analgesics and anti-anxiety compounds to name a few. PCPs inclageunds that are in
soaps and lotions such as anti-microbial agents as well as iregegdtants and flame
retardants. EDCs induce a change in the endocrine systemcéudki steroid hormones and
synthetic estrogens, among others. Agricultural products are thasare used for land
application and include herbicides and insecticides. Other compoundeetbaichemically
active are stimulants such as caffeine, artificial sweesesuch as sucralose, and illegal

drugs.

In 2009, human-use pharmaceutical sales accounted for a $300.3 billion dolla

industry in the United States (Gatyas and Savage, 2008), and this figes not take into



account the illegal purchase of prescription or recreational degg The top six most
commonly prescribed pharmaceuticals in the U.S. were lipid regsjanalgesics, thyroid
regulators, blood pressure regulators and antibiotics (rxlist.colmfibiotics and steroid
hormones are the most commonly used veterinary pharmaceuticalacaodnt for a

significant portion of the pharmaceuticals used.

In the U.S. PCPs and agricultural chemicals including flame rdiaatés,
antimicrobials, detergents, pesticides and herbicides are hightly uBer example, the
average annual estimate of the use of the insect repellandiBtiNI-meta-toluamide
(DEET) in 1990 was approximately 4 million pounds of the active ingrediU.S. EPA,
1998). The herbicide, atrazine, is one of the two most highly usedilagmat pesticides,
and is used for the majority of the corn, sugarcane, and sorghum prod{i¢tEPA,
2006). The estimated annual use of atrazine is 64 to 76 million pounds arutiolits
use would result in a significant loss in crop yield and revenuen&oimdustry (U.S.EPA,
2006). Although these figures are not up to date it may be asdtatetthe current use of
human and veterinary pharmaceuticals, PCPs, and agricultural elfeisiat least as high as

the reported values.

1.1.2 Routes of BAC Exposure into the Environment

Due to their variety of uses, there are many pathways ofsBA® the environment
(Figure 1.1). Veterinary pharmaceuticals such as antibiotics &mdids hormones are
incompletely metabolized and the pharmaceutical residues in awmsé can contaminate

surface waters (Table 1.1). Incomplete metabolism of human-usmauteuticals in the



body also results in their excretion and subsequent introduction intewedsr treatment
plants (WWTPs). Limited options for unused prescription drug dispesalts in BACs
being flushed down the toilet or thrown out in the trash allowing tleeenter WWTPSs or
landfills, respectively. PCPs such as sunscreens, bug sprays,, letmn®way wash off the

user when either washing hands, showering, or swimming in lakes/rivers.

Medicinal products for Medicinal products
human use for animal use
Excretion

Excraetion waste disposal | excretion |
hosoita efluents) {orivate households) (unused medicine) l

luzmﬂlv / l
| municipal waste water | | domestic waste | - manure

L b Sewage farms \ g
sewage treatment | rrerra [P '
plants (STPs) sludge's _I waste disposal site

3 R p——

| Surface water |+

/ ‘_"“‘+| Groundwater |A”/
| aqua cultures | T ~

Drinking water

pharmaceutical
production plants

Figure 1.1 Pathways of BACs into Drinking Water (Heberer, 2002)



Table 1.1 Percent Excretion of BACs from the Body Unchanged

Compound Excretion as unchanged (%) Reference
Atenolol 50 Kasprzyk-Hordern et al., 2009
Bezafibrate 50 Kasprzyk-Hordern et al., 2009
Carbamazepine 3 Kasprzyk-Hordern et al., 2009
Diclofenac 5-10 Kasprzyk-Hordern et al., 2009
Erythromycin-HO >60 Hirsch et al., 1999
Ibuprofen 1 Kasprzyk-Hordern et al., 2009
Sulfamethoxazole 30 Kasprzyk-Hordern et al., 2009
Tetracycline 80-90 Hirsch et al., 1999
Trimethoprim 80 Kasprzyk-Hordern et al., 2009

Wastewater treatment does not achieve effective removal for many A6k 1.2),
and this may be due to the high polarities of the compounds and tbfsremce for the
aqueous phase as well as their biological properties. Treastdweader effluent is released
into receiving streams that may become downstream sources ofndriwiter. In fact,
compounds resistant to removal during wastewater treatment ack asseindicator
compounds to determine if surface or drinking waters have beentedplg wastewater
treatment plant effluent (Ferreira et al., 2005). These multquiees of exposure into the
environment including incomplete removal during wastewater treatnesotts in BACs
being constantly introduced into surface waters and increases émtigldfior contaminating

drinking water sources.



Table 1.2 Removal of BACs During Wastewater Treatment (Heberer, et al., 2002)

Compound Greinfluent(ug/L) Caveeffluent(ug/L) Removal (%)
Carbamazepine 1.78 1.63 8
Clofibric acid 0.46 0.48 0
Diclofenac 3.02 2.51 17
Caffeine 230 0.18 <99.9

There are also many ways in which BACs may contaminaterwasources as the
result of land use. The application of herbicides and insectitedegricultural land is
usually completed by spraying fields. Due to this practice, herbicids@smay be directly
introduced into the atmosphere or may sorb onto particulate mattex &r where it is then
transported long distances via wind. A study of air samplesated in 1995 showed that in
agricultural areas during the application of the widely used heebatrazine, it was detected
in 67% (n = 21) of particulate samples+{& 0.42ng/m) and in 42% (n = 21) of air samples
(Cmax=2.6ng/n?) (Coupe et al., 2000). The same study also showed that atraake w
detected in urban air in 29% (n = 24} 0.019ng/m) on particulate and was not detected
in the gas phase (Coupe et al., 2000).

Atrazine that reaches land can be transported during rain dgesusface water due
to storm water runoff from agricultural fields (Thurman ket #992). Additionally, atrazine
may be transported to ground water by migrating through soil and hasiéeeted in wells
at concentrations up to 20§L (Burkart and Kolpin, 1993). Atrazine that has been
deposited onto fields may volatilize into the atmosphere, althougtatbevas found to be
relatively low in comparison to other herbicides most likely dud@stdow vapor pressure

(Glotfelty et al., 1989).



Whether atrazine is directly released into the atmosphere agrasol, bound to
particulate matter in the air, or evaporates from soil, raimtewy@ay scrub the atmosphere,
with particulate matter being more effectively removed (Ggoktbal., 1997). A two year
study showed that atrazine was always present in rainveatgras with the highest detected
concentration of 2.18g/L during the early spring (May), which correlated to the \8pgpof
the fields with the herbicide around that time (Wu, 1981). Rainwedar incorporate
aerosols and particulate matter and one study by the U.S. @Gabl&urvey (USGS)
revealed that atrazine was detected in 30.2% of all rainwateples tested from the
midwestern and northeastern U.S. (n=2,085) and was present in rdicfaticentrations up
to 10.9 pg/L (Goolsby et al., 1997). As the result of atrazinggkteansported via wind and
scrubbed from the atmosphere by rain it is potentially deposited into surfare wat

The aforementioned discussion is just a brief overview of the conmaliexe of the
fate of atrazine after its introduction to the environment. Ath wmany anthropogenic
compounds, its fate is extremely complex and not well understood. efdreer extreme
caution should be undertaken when highly persistent and ubiquitous chemécddsiray
constantly introduced into the environment. A summary of some of thesrofiexposure of

BACs into the environment are shown in Figure 1.1.

1.1.3 Fate of BACs in the Environment
Physicochemical Properties

Pharmaceuticals and their metabolites that persist throughhethuman body and
wastewater treatment, enter receiving streams where #neysubjected to dilution,

photolysis, biodegradation, hydrolysis, and sorption onto soils and sedirhanise( al.,
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2004; Lam and Mabury, 2005; Loffler et al., 2005). PCPs are eitmeduted directly into
surface waters as the result of recreational use or maybpected to wastewater treatment
and eventual release into the environment. Agricultural chemigads amimal use
pharmaceuticals are subjected to dilution, photolysis, and hydrolyssurface water,
mobility through soils, and transport via evaporation or sorption onto particulatr métie
atmosphere. Important physicochemical properties that govern a compbehdigor and
ultimate fate in the environment are the octanol-water distributefficient Ko,) and the
acidity constant(s) ¢.).

The K, describes a compounds affinity for either the organic or aqueous gihase
solution and is helpful in understanding if a compound will be moreylioetemain in water
or migrate into soils/sediments. If a chemical has a highKlg, value which indicates
hydrophobicity such as for the steroid hormones compounds (estroné7andthinyl
estradiol (EE2)), this means that the chemical is more liteelsorb onto soils and not be
detected in the aqueous phase. As a result BACs that migiatils may be subjected to
biodegradation or uptake into plants. BACs with low kg values are expected to be more
polar and hydrophilic and are more likely to remain in the aqueous phase.

The K, or acidity constant, indicates the speciation (protonated or depeddit
a compound based on the pH of the solution. WhenKhefpa compound is higher than the
pH of water the BAC will exist in its protonated state. Asaample, acetaminophen with a
pK, of 9.7 will exist as a neutral species in natural watergeviiee pH is typically in the
range 6-9. In summary, compounds with low values ofggand K, are more likely to
persist in the aquatic environment as opposed to the sediment istder et al., 2005).

Table 1.3 shows lodo,w and K, values for a range of BACs and Figure 1.2 the pH



dependent dissociation in water for three BACs. Table 1.3 also simopasenthesis, the pH

dependent transitions of each BAC.

Photolysis and Sorption onto Soils

Organic compounds are able to undergo direct (i.e. light directly themsun) or
indirect (i.e. from photolysis radicals) photolysis, and the mechawiSraction varies
between BACs (Lam and Mabury, 2005). A study on the persistenceight e
pharmaceuticals in controlled outdoor field microcosms concluded thagahgihotolysis
reactions due to the presence of dissolved organic matter (DONMjtar are more likely to
degrade pharmaceuticals in the natural environment than hydrolysisdegbadation (Lam
et al.,, 2004). A compound in the tetracycline family of antibioties Wound to degrade
rapidly under sunlight irradiation and photolysis was proposed to comtrilndre
significantly to the attenuation than hydrolysis in shallow non-turbédew(Xuan et al.,
2010). The chemical structure of BACs including heteroatorosatic rings, phenol, and
nitro groups explain their reactivity due to their ability to abssolar radiation (Boreen et
al., 2003).

Interactions of BACs between the water/sediment systemsls@amagpact their fate.
Hydrophobic chemicals have a higher affinity towards sedimenemgstiLoffler et al.,
2005). Of the BACs listed in Table 1.3 those with the highesKlp@alues aré.7-a-ethinyl
estradiol, estrone, bezafibrate, and gemfibrozil. TheKgg values of these compounds
correlate to their intended biochemical endpoints in which all présliand hydrophobic.

Compounds with the lowest lag,, values include acetaminophen, atenolol and caffeine,



and these polar and hydrophilic compounds have been found to remain in the aquseus pha
and are not detected in sediments (Wu et al.,, 2009). The persisief®ACs that are
applied directly to land are of particular interest, and theratlen of pesticides including

atrazine is largely dependent on soil composition and pH (Gao et al., 1998).

Hydrolysis

The results of a microcosm study in water revealed thatugtten of the studied
BACs (acetaminophen, caffeine, carbamazepine, sulfamethoxazolejraethdprim) was
minimal and therefore hydrolysis was not considered to haverge lempact on the
degradation of the studied compounds (Lam et al., 2004). Also, a compound in the
tetracycline family of antibiotics was found to undergo hydrslyastest at neutral pH, but
was not the primary method of attenuation as degradation was foundmmib®al in the

dark (Xuan et al., 2010).
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Table 1.3 Physical Properties of BACs

BAC Log Kow PKa
17-a-ethynylestradiol 3.67 ~10.8 (0/-)
Acetaminophen 0.46 9.7 (0/-)
Atenolol 0.16 9.6° (0/-)
Atrazine 2.67 <2 (+/0)
Bezafibrate 4.28 3.6°(0/-)
Caffeine <0 6.1° (+/0)
Carbamazepine 2.5 <2 (+/0)
Clofibric Acid 2.57 3.2 (0/-)
DEET= N,N-Diethyl-meta-toluamide 2.8 <2 (+/0)
Diazepam 2.82 2.4/1.8 (2+/+/0)
Diclofenac 0.7 4.15 (0/-)
Estrone 3.13 10.3 (0/-)
Erythromycin-hydrate 3.06 8.2 (0/-)
Fenoprop 3.86" 3.2(0/-)
Gemfibrozil 4.77 4.7 (0/-)
Ibuprofen 3.97 4.8 (0/-)
Meprobamate 0%7 <2(+/0)
Sucralose -0.5 Not Applicable
Sulfamethoxazole 0.89 1.7/5.6 (0/-/2-)
TCEP-= tris(2-carboxyethyl)phosphine 1944 Not Found
Tetracycline -1.19 3.30/7.68/9.69(+/0/-/2-)
Trimethoprim 0.91 1.2/7.5 (2+/+/0)

Legend 0 = neutral; - = negatively charged species; + = positively chargeesspe
(a)Garrison et al., 1994; (b)Westerhoff et al., 2005; (c) Hansch et al., 199%e(dholm et
al., 2006; (e) SRC, 2011; (f) Kujawa-Roeleveld et al., 2008; (g) Bhaatati, 2009; (h)
Qiang and Adams, 2004; (i) Neset et al., 2010; (j) Wollenberger et a0; @g)0Stephens
et al., 1956; (I) Cocco et al., 1983; (m) Isnard and Lambert, 1989u@ild_et al., 2000;
(o) Cao and Cross, 2000
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Figure 1.2 pH Dependent Speciation of BACs: (a) Acetaminophen, (b) thoprén, and (c)
Tetracycline

12



1.1.4 Analytical Methods

The development of sensitive methods amenable to the extraction dgsisané
BACs is based on pairing knowledge of physicochemical propertiesrgdéttBACs with
available analytical instrumentation. This is not an easyaadkACs have a wide range of
polarities and exist as acidic, neutral, or basic species. fiéntige goal is to have a
comprehensive method that can process a variety of BACs with ithienath amount of
sample preparation which usually includes sample collection, prasarvdiltration,
extraction, elution, concentration, and instrumental analysis.

Due to their high sensitivity and selectivity, the analyticatlrimaents of choice are
mass spectrometers (MS). While it is possible to scaa bvpad range of masses (full scan
analysis) this practice drastically reduces sensitivitjherefore, one limitation of mass
spectrometry is that you can only detect compounds with a highdesgensitivity that are
directly targeted in the method. This is achieved by seledpagific ions and/or ion
transitions associated with a particular molecule to reducenaisg relating to non-target
compounds. Mass spectrometry has been paired with liquid chromatpdtaphor gas
chromatography (GC) for the separation and analysis of more path more volatile
compounds, respectively.

Preservation of drinking water samples for analysis is adthi®yequenching any
residual disinfectant to stop reactions that may be transforBAis. Methods have been
developed for the analysis of surface and drinking water thateufdH adjustment with
sample clean-up and concentration using solid phase extraction {&RK)ract a broad
range of BACs by adsorption onto a hydrophilic-lipophilic balanElB) cartridge

(Vanderford et al.,2003; Trenholm et al.,, 2006). BAC analysis can belemu after
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sample extraction and concentration using both gas chromatograssyspectrometry (GC-
MS) and liquid chromatography (tandem) mass spectrometry LCM&S/(methods with
reporting limits between 1-10ng/L (Trenholm et al., 2006). Sampfgpgon is minimized
through the use of different analytical methods that use LC-NBSitMboth positive and
negative electrospray ionization (+/-ESI) and positive atmosphagmssure chemical
ionization (+APCI) with reporting limits of 1.0ng/L (Vanderford at, 2003). One major
analytical challenge is maintaining up to date methods with the produof new

pharmaceuticals. Occurrence data for environmental samples depetalgeting known
chemicals since LC-MS methods are, for the most part, unablesensior unknowns at the
low levels expected. Identifying effective methods to screemsdfor environmental

toxicity screening or persistence may help guide environmental samgtnis.ef

1.1.5 Presence of BACs in Natural Waters
Occurrence studies have revealed that BACs are ubiquitous envirohmenta

contaminants being detected in both U.S. streams (Kolpin et al., 2002) iakidglwater
sources (Focazio et al., 2008). This is a cause for public healtern because the effects

of long-term exposure to low level contaminants are unknown. Additionhéyimpact of
chronic low level exposure to BACs on aquatic life is not well wstded, although some
negative effects have been observed (Chambers and Leiker, 2008y.obtairrence studies
have been completed to determine the concentration of BACs in sudders. The U.S.
Geological Survey (USGS) has completed nationwide occurrence sstodieorganic

wastewater contaminants in U.S. streams (Kolpin et al., 2002) androatahis study is
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summarized in Table 1.4. It is important to note that in this stiueyselection of the 139
sampling sites were biased towards those that were more tikdhe impacted by both

urbanization and livestock production.

Table 1.4 Occurrence Levels of BACs in U.S. Streams 1999-2000 (Kolpin et al., 2002)

Compound Gax(ng/l) Frequency (%)
17-a-ethinyl estradiol (n=70) 0.831 15.7
17B-estradiol (n=70) 0.093 10

Acetaminophen (n=84) 10 23.8
Caffeine (n=84) 6 61.9
DEET (n=54) 1.1 74.1
Erythromycin-HO (n=104) 1.7 21.5
Estriol (n=70) 0.051 21.4
Estrone (n=70) 0.112 7.1
Gemfibrozil (n=84) 0.79 3.6
Ibuprofen (n=84) 1 9.5
Mestranol (n=70) 0.407 10
Sulfamethoxazole (n=104) 1.9 12.5
Tetracycline (n=84) 0.11 1.2
TCEP (n=85) 0.54 57.6
Triclosan (n=85) 2.3 57.6
Trimethoprim (n=104) 0.71 12.5

The most frequently detected BACs in Table 1.5 were the PCRsnea DEET,
triclosan, and tris(2-carboxyethyl)phosphine (TCEP), and this is likekt a direct result of
their high use (do not need a prescription to buy) and preferentieef aqueous phase (see
log Kow Values in Table 1.4). The non-prescription pharmaceuticals if@oehen and

ibuprofen) were detected less frequently than the PCPs baimanephen was detected at
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high concentrations. Ibuprofen, due to its high kg value, likely migrates out of the
agueous phase and eludes detection. Conversely, acetaminophen hast@wgrgffinity
for the aqueous phase and is present at very high concentratioms. hjdioophobic BACs
(compounds with higher lo&., values) including gemfibrozil and the steroid hormones
were detected less frequently and this may be due to their ability to sorb osito soll

The antibiotics (erythryomycin-#®, sulfamethoxazole, tetracycline, and
trimethoprim) were detected at very low concentrations whici beathe result of their
sensitivity to light (Lam et al., 2004; Xuan et al., 2010). It isregng to note that the
antibiotics sulfamethoxazole and trimethoprim, which are usuallycpbesl together, were
both detected with the same frequency. The least frequentlstetetBAC was tetracycline
and this may be due to several factors. It is known that tetracycline égersvironment as
it is minimally metabolized in the body (80-90% unchanged) and, furereenters
wastewater treatment plants as the result of human use amstokie to runoff as the result
of animal use. Therefore, the fate of tetracycline magdiermined by physicochemical
treatment including disinfection at WWTPs, chelation with inegas in the environment
(Halling-Sarensen et al., 2002), or photolysis (Xuan et al., 2010). Imdleeof photolysis or
chemical treatment such as disinfection the transformatiorti@cycline into by-products

not targeted by analysis would lead to an underestimation of their environmentztl. impa
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1.1.6 Occurrence in Drinking Water Sources

The result of high BAC use, their persistence through WWTPs andhe
environment is that they are continuously being introduced into wdtatsrtay become
sources for drinking water. Many occurrence studies have loeepleted to determine the
concentration of BACs in drinking water sources, and data from thfisgedt sampling
studies are shown in Table 1.5. One study completed by the U.S.G.S. sampled from only one
DWTP source during a three week time period. The sourcelacased in a heavily
populated, highly urbanized area with significant WWTP effluentrengte¢he source water
(Stackelberg et al., 2007). Since this sampling event took place at only one sourakbecoul
expected that the same BACs would be detected due to usage patterns, andrrationfos
reflected in Table 1.5 with the bias shown in relative higlqueacy of those compounds
detected (42% or greater). While this information does not provigeesentative
information for a wide range of drinking water sources it does retedl a particular
drinking water source with upstream wastewater influences isasulysreceiving detectable
levels of particular chemical loads.

Another study completed by the U.S.G.S. sampled from a wide @ndenking
water sources (25 ground and 49 surface waters) of varying cizdtilities and potential
contaminant sources across the U.S. It is important to note tmtsre chosen that were
known to have at least some upstream human and or animal wastepater(Focazio et
al., 2008). The relatively low frequencies of detection shown ineTAldl from this study
may be the result of sampling from a broad range of drinkingrngaturces and/or sampling

from many ground water sites.
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The third study shown in Table 1.5 was completed by the Southern N@lziga
Authority and represents information gathered from an occuristndgy on 19 US utilities.
Source waters were selectively chosen based on their uses aredmpsfluences. In this
study one ground water site was sampled, one lake with upstreamewates influences,
four reservoirs with WWTPs upstream, six rivers with no WWTRi@rfces, four reservoirs
with no WWTP inputs but with recreational use, and three resemwdhsno WWTP inputs
or recreational use (Benotti et al., 2009). Correlations were \@usdretween detecting
BACs in drinking water sources and the direct input of wastewatdrrecreational use
(Benatti et al., 2009). This study represented a wide rangenédrdy water sources and the
frequencies of detection in Table 1.5 from this study reflect site swietipice.

Several of the BACs were targeted in all three discussed reacer studies
(carbamazepine, DEET, gemfibrozil, TCEP, triclosan, and trimethdand trends based on
the selection of sampling locations can be seen in these compdtmdsxample, when the
compounds were detected by Stackelberg et al. (2007) the frequ@fhaiketection were
always the highest (DEET, carbamazepine, and TCEP), and the episosiie for those
other compounds which were not detected (gemfibrozil, triclosan, anethoprim). This
suggests that a particular contaminant in a source water Wil tikely be chronically

introduced due to usage patterns, but these may be subjected to seasonal variations.
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Table 1.5 Occurrence Levels of BACs in Drinking Water Sources

Compound

17-a-ethinyl estradiol

Acetaminophen
Acetaminophen
Atenolol
Atrazine
Caffeine
Caffeine
Carbamazepine
Carbamazepine
Carbamazepine
DEET

DEET

DEET
Diazepam
Diclofenac

Erythromycin-hydrate
Erythromycin-hydrate

Estrone
Gemfibrozil
Gemfibrozil
Gemfibrozil
Ibuprofen
Ibuprofen
Meprobamate
Sulfamethoxazole
Sulfamethoxazole
TCEP

TCEP

TCEP
Tetracycline
Tetracycline
Triclosan
Triclosan
Triclosan
Trimethoprim
Trimethoprim
Trimethoprim

Ga(Ng/L)

1.4
160
120

36
870
270
100
51
190
600
<500

200

110

0.47
1.2

300

10
0.9

ND

ND

24
270
ND
73
60
110
<500
120
530
ND
ND
ND
<100
6.4
20
11
ND

n
19
74
12
19
19
74
12
19
74
12
73
12
19
19
19
73
12
19
74
12
19
74
12
19
12
19
73
12
19
73
12
12
73
19
71
19
12

Frequency (%)
5.3
8.1
75
63
79
7.5
42
79
21.6
92
14
92
32
11
21
8.1
58
79
0
0
58
1.4
0
84
83
89
20.3
100
53

O o

32
6.8
58

Reference
Benotti et al., 2009
Focazio et al., 2008
Stackelberg et al., 2007
Benotti et al., 2009
Benaotti et al., 2009
Focazio et al., 2008
Stackelberg et al., 2007
Benotti et al., 2009
Focazio et al., 2008
Stackelberg et al., 2007
Focazio et al., 2008
Stackelberg et al., 2007
Benotti et al., 2009
Benotti et al., 2009
Benotti et al., 2009
Focazio et al., 2008
Stackelberg et al., 2007
Benotti et al., 2009
Focazio et al., 2008
Stackelberg et al., 2007
Benotti et al., 2009
Focazio et al., 2008
Stackelberg et al., 2007
Benotti et al., 2009
Stackelberg et al., 2007
Benaotti et al., 2009
Focazio et al., 2008
Stackelberg et al., 2007
Benotti et al., 2009
Focazio et al., 2008
Stackelberg et al., 2007
Stackelberg et al., 2007
Focazio et al., 2008
Benotti et al., 2009
Focazio et al., 2008
Benotti et al., 2009
Stackelberg et al., 2007

ND=not detected
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Of the six compounds targeted in all three studies the resalts Benotti et al.
(2009) have the second highest frequency of detection (carbamazepkd, DCEP,
triclosan, and trimethoprim) and this is most likely a resulsitd selection and sampling
from mainly surface water sources. The lowest frequenciestettam are from the study
by Focazio et al. (2008) for these six compounds, and this may be the result of sampling f
many ground water sites or selecting source waters with less anthropogeaits.

The concentrations of all BACs in drinking water sources (Tableatesjower than
those in U.S. streams (Table 1.4). This attenuation from siremdrinking water sources is
most likely due to a combination of hydrolysis, photolysis, sorption ontc, saitd
biodegradation. Another possible explanation is dilution of streamsgarlaeservoirs or
degradation due to the half-lives of the BACs. Also it should bednibtat the sampling
completed by Kolpin et al. (2002) had a greater bias towards impaitésdwhich may
provide another explanation for this observation.

The concentrations of the PCPs targeted (DEET and TCEP)relatevely high as
were the concentrations of the non-prescription BACs (acetaminophenpfdmypiand
caffeine), and this result is most likely due to high use andiaéély without a prescription.
The compounds with the lowest concentrations or not detected wertetbiel $iormones,
17-o0-ethinyl estradiol and estrone, and this may be due to their use @r mvantities,
affinity towards soils (see their high ld§., values in Table 1.3), and degradation by
organisms in the water.

The compound that was detected with the highest concentration and vhary hig
frequency was the agricultural compound, atrazine. The congentodtatrazine detected in

79% of the U.S. drinking water sources sampled is approximately edeoflthe Maximum
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Contaminant Level Goal (MCLG)/Maximum Contaminant Level (MCby ftrazine in
drinking water which is 0.003mg/L (U.S. EPA, 2009a). One particulaolybling result
from occurrence studies is the ubiquitous nature of certain anthropogempounds.
Atrazine, a widely used herbicide, is frequently detected in sauaters close to and even
those that are far removed from agricultural land (Benottil.e2809). The widespread
occurrence of atrazine in water poses a troubling public health coaodr highlights the
challenges associated with effectively managing persigtenironmental contaminants.
These occurrence studies are helpful to gather current informetid guide future research

studies and policy decisions.

1.1.7 Fate of BACs during Drinking Water Treatment

Understanding the fate of BACs during drinking water treatnseimiportant in order
to effectively manage the risks associated with anthropogerstewater contaminants in
drinking water supplies. When discussing the fate of BACs during drinkater treatment
careful attention should be placed on stating whether a partiaugoaund is removed as
some have been shown to transform during drinking water trea(@entd and Richards,
1984; Miyamoto et al., 1997; Dodd and Huang, 2004; Moriyama et al., 2004 {d?irdesd
Sedlak, 2004; Glassmeyer and Shoemaker, 2005; Ye, 2005; Bedner and Mac20eiba
Nakamura et al., 2006; Dodd and Huang, 2007; Brix et al., 2008; Kotcharaksa, 2008;
DellaGreca et al., 2009; Lee and Gunten, 2009; Quintana et al., 201@ckKlkier et al.,
2010; KrkoSek et al., 2011; Soh et al., 2011; Wang et al., 2011) as igodddar greater

detail in Section 1.1.8.
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The fate of BACs during drinking water treatment could be:
1. Complete removal of the intact chemical by physical treattrpeocesses (e.g.,
coagulation, powdered or granular activated carbon)
2. Complete removal by chemical processes (e.g., mineralization duelatiax)
3. Incomplete removal by both physical and chemical treatment processes
4. Incomplete removal and/or transformation due to both physical (drgvialet)
and chemical disinfectants (e.g., chlorination)

5. Transformation due to chemical treatments.

The fate of BACs during drinking water treatment is not weltlerstood although
several studies have been completed including laboratory simulaliense§ et al., 2002;
Westerhoff et al., 2005; Simazaki et al., 2008), pilot scale studezads et al., 2002; Vieno
et al., 2007), and studies at full-scale plants (Ternes et al., 2CXefhterg et al., 2007).
Conventional drinking water treatment consists of various physimchichemical processes
such as screening, coagulation/flocculation, sedimentation, bhraéind disinfection using
chlorine or chloramines. Table 1.6 shows the removal of BACs angeational drinking

water treatment plant.
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Table 1.6 Average concentration (&) of BACs during Conventional Drinking Water
Treatment (n=12) (Stackelberg et al., 2007)

Disinfected Filtered Finished
Source  Clarified NaOCl| Sand/GAC ~1.2mg/L C}

Compound (ng/L) FeCk (ng/L) (ng/L) (ng/L) residual (ng/L)
Acetaminophen 15 6 ND 1 0.3
Caffeine 126 126 116 4 15
Carbamazepine 191 186 149 4 29
DEET 120 130 125 71 78
Erythromycin-HO 10 5.3 0.4 ND ND
Gemfibrozil ND ND ND ND ND
Ibuprofen ND ND ND ND ND
Sulfamethoxazole 30 20 ND ND ND
TCEP 95 94 92 ND 4
Tetracycline ND ND ND ND ND
Trimethoprim ND ND ND ND ND

ND = not detected

It is interesting to note in Table 1.6 that two of the most noarpcbmpounds
(gemfibrozil and ibuprofen) were not detected in source water. Tayshbea due to their
sorption onto soils or other particulate matter as a result af igh log Ko, values or
presence as anionic species (skg @nd logKo, values in Table 1.3) in which case, they
would elude detection in the agueous phase. Also it is interestimgie that the antibiotics
tetracycline and trimethoprim are both not present in source \{thierother antibiotics
sulfamethoxazole and erythromycin® are present at lower concentrations), and this may
be due to either photolysis, microbial degradation, sorption onto saitsformation during
wastewater treatment, or a combination of the above. Table 1.6 Hmetwer those BACs

that were detected in the source water minimal removal ieredd for most of the
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compounds with the addition of the coagulant, iron chloride, @refthich may be the result
of both high solubility of these compounds in water and lowKiggvalues. FeGlremoved
erythromycin-HO and acetaminophen most effectively which may be the resudtrticn
of BACs onto natural organic matter (NOM) that is removed duringgudaton. The
removal of erythromycin-pO can be explained due to its relatively high Kg value and
its low solubility in water. The removal of acetaminophen dueotrgelation is not well
understood because it is a very hydrophilic compound, but may be due to ¢her lzasd
hydrolysis that results from the addition of Fg®lut this remains to be studied (Stackelberg
et al., 2007). Disinfection using sodium hypochlorite (NaOCI) reduttaninimal removal
for caffeine, DEET, and TCEP, while sulfamethoxazole, erythramiggO, carbamazepine,
and acetaminophen had measureable levels of removal. Theses @suldue to the
molecular structure of the particular BACs and will be expthinegreater detail in Section
1.1.8. Table 1.6 reveals that the most effective treatment step was the sand/gciinated
carbon (GAC) filtration in which most compounds remaining the wateme effectively
removed (except DEET). The low removal of DEET may be dueetchemical structure or
it is outcompeted for adsorption sites on the GAC relative to atberpounds. The
concentration of the detected compounds in finished water are lowethéra source water,
but some are higher than the levels observed in the sand/GA€ditamples. This may be
due to sampling at only one of the eight GAC filter banks in oparaiml variability may
exist in the plant between the filter banks (Stackelberg 2Q07). Another possible reason
for this discrepancy is that although 24 hour continuous flow compositplesawere

obtained in this study the same plug of water was not monitoredgiwout its duration in
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the water treatment plant and any change in influent levels woaveg contributed to

variable levels of removal during treatment.

Coagulation/Flocculation

Coagulation/flocculation involves the destabilization of suspended solictigsr
(<0.45um) in source water with the use of either iron hydroxide or alumihydroxide.
With the addition of these coagulants the suspended solids clump totgetioem flocs,
which are removed from the water during sedimentation and fbitratiSettled solids have
been analyzed for their concentration of BACs, and it has been ftvahdhydrophobic
compounds are removed during coagulation while hydrophilic compoundsnaire
(Stackelberg et al., 2007). Therefore, the octanol-water partivetiicient,K,,, can predict
whether a compound will be effectively removed during coagulationtflaton (Table 1.3),
and BACs that associate with NOM will likely be more efifegly removed. Additionally, it
has been observed in laboratory batch studies that compounds with Iselaiihepolarity
are not removed during coagulation using B€Cernes et al., 2002). Both simulated and
plant sampling studies have shown that due to the chemical nature nyf BRCs
(hydrophilic, polar, high solubility, ionic) coagulation is not aabkle treatment option for
their removal (Ternes et al., 2002; Westerhoff et al., 2005; Shtaskeét al., 2007; Simazaki
et al., 2008). This can be seen in Table 1.6 with the low remowvabsf BACs except the

most hydrophobic compound, erythromycigeH
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Adsorption onto Activated Carbon

Activated carbon is used during water treatment because mgagiorcompounds
can adsorb onto the carbon via van der Waals forces. This makegedctaabon an
attractive option for removal of compounds but lab-scale studies hawen stiwat
competition for active sites between BACs minimizes the retnaivéne more hydrophilic
compounds (Simazaki et al., 2008). It is hypothesized that DOM inwater samples
outcompetes with BACs during adsorption and minimizes BAC rem@&ialazaki et al.,
2008). Compounds more amenable to removal using activated carbon ardhiioare
hydrophobic or neutral (Simazaki et al., 2008). Simulated drinking wat@iment studies
have shown that increasing the powdered activated carbon (PAC) dese(hoff et al.,
2005) or contact time (Simazaki et al., 2008) will increase t@val efficiency of BACs.
Plant sampling studies have shown that adsorption onto PAC is affecive strategy
employed by conventional drinking water treatment plants to remowropiyobic
compounds (Ternes et al., 2002; Stackelberg et al., 2007), but the m&terihis treatment
option are very expensive relative to the use of ozone, ¥Hor membranes. The results
in Table 1.7 show that PAC is most effective for the removdhefrelatively hydrophobic
steroid hormone compoundd47(a-ethinyl estradiol and estrone) and protonated bases
(acetaminophen, trimethoprim, and caffeine (Westerhoff et al., 2@&)versely, Table 1.7
shows that compounds with either low Idg, values or deprotonated acid functional groups
are more difficult to remove (e.g., ibuprofen, diclofenac, and gemfipfd¥esterhoff et al.,

2005).
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Table 1.7 Percent Removal of BACs using PAC (Westerhoff et al., 2005)

Compound Percent Removal (5mg/L PAC, 4-hour contact time)
17-a-ethinyl estradiol 77
Acetaminophen 72
Atrazine 60
Caffeine 70
Carbamazepine 74
DEET 49
Diazepam 67
Diclofenac 39
Erythromycin-hydrate 54
Estrone 76
Gemfibrozil 37
Ibuprofen 16
Meprobamate 33
Sulfamethoxazole 36
Trimethoprim 83
TCEP 52

Disinfection Using Chlorine

Chlorine has been used as a disinfectant for water since tge268rcentury in the
United States. Before that time there were no safegagalast the pathogens in water, the
cause of many disease outbreaks, illnesses, and death. The aderioe as a drinking
water disinfectant has increased life expectancy and improvedllopablic health due to
the removal of pathogens and other organic contaminants.

The most commonly used disinfectants in the United States are shgpouhlorite
(NaOCl) and chloramines (NBI). To disinfect water chlorine is either added as chlorine
gas (C}) or as sodium hypochlorite solution (NaOCI). The reactive spetifree available

chlorine (FAC) are G| HOCI, and OC| with HOCI being the most reactive species. The
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equilibrium of HOCI in water is dependent on whether the reacti@arised out above or
below the pK of HOCI (pK; = 7.54). For example, when the pH of the water is lower than
the pk; of HOCI, the acid is in its more reactive protonated stateas a result will react

more with species in the water. The equilibrium of HOCI in water is:

NaOCl + H,0 <——= HOCl + NaOH

HOCI+H,0 === OCI'+H;0"

Chlorine is a strong oxidant and it acts as an electrophileckaty areas on a
molecule that are rich in electron density. Many studies ageshown that when chlorine
reacts with dissolved organic matter or other organic compounds in rdyinkater
disinfection by-products (DBPs) can be formed. Dissolved orgaatter, microbiological
communities and anthropogenic compounds contribute to the chlorine demandtafudapar
water. Chlorine demand is the dose of chlorine that can be épplEmpletely react with
substances in the water before a residual will be present (AHPA, 1999).

The effectiveness of chlorine on the removal of parent BACs d&s $tudied in both
simulated treatment scenarios and in plant scale studiese(Tabkhows results from a lab
scale simulation). Different parent BACs have removal effmgs with chlorine based on
their chemical structures (Section 1.1.8) and physicochemical fiegpéFable 1.3) which
complicates managing the most effective strategies far ¢batrol (removals ranging from
<10% to >90%) (Ternes et al.,, 2002; Westerhoff et al., 2005; Stackedbemy, 2007;
Simazaki et al., 2008). There are several trends in reaabivggrved under the conditions

shown in Table 1.8. For example, for parent BACs that are both wedk (pk> 9.7) and
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have electron donating functional groups on the aromatic ring, swdetsninopher,7-a-

ethinyl estradiol, and estrone, high reactivity with free chlovias observed. This is the
result of the BAC being in its neutral form and having thectebn-donating phenol
functional group on the aromatic ring, and most likely ring chlowmathad occurred.
Conversely, for compounds with aliphatic regions and/or very low \a@tues such as

meprobamate, DEET, TCEP, and atrazine, very low reactivity was observed.

Table 1.8 Approximate Percent of Parent BAC Removed using 3.5 mg/L NaOCI as
Cl, at pH 5.5, Contact time 24 hours (Westerhoff et al., 2005)

Compound Approximate Percentage Parent BAC Removed
17-a-ethinyl estradiol 100
Acetaminophen 95
Atrazine 5
Caffeine 60
Carbamazepine 95
DEET 5
Diazepam 75
Diclofenac 100
Erythromycin-hydrate 100
Estrone 100
Gemfibrozil 100
Ibuprofen 25
Meprobamate 10
Sulfamethoxazole 100
TCEP 0
Trimethoprim 100

NT= Not tested
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Disinfection using Chloramines

When hypochlorite is used as a disinfectant, natural organiem(&OM) in the
water has been found to be a precursor for disinfection by product (DBP) famnmetiuding
trihalomethanes (THMs) (Rook, 1977) and haloacetic acids (HAAs)4iGtan et al., 1983).
Many utilities are switching to use a weaker disinfectantprehhines, to meet DBP
regulations for drinking water, under the U.S. Environmental Protectigenéy Stage 1
Disinfectants and Disinfection Byproducts Rule (U.S EPA, 2001). Ghioes can exist as
monochloramine or dichloramine, with the former being the primary didianfit chosen by

utilities.

NaOCl + H,0 <——= HOCl + NaOH

HOCI + NH; NH,Cl + H,0

Chloramines are formed during drinking water treatment by ieslifirst adding
chlorine to the water as a primary disinfectant and then addingoaimms a secondary
disinfectant later in the treatment train.  Since chloransna weaker disinfectant than
hypochlorite it has been found to react slower with BACs and remodér transform them

to a lesser degree (Pinkston and Sedlak, 2004).

1.1.8 Reactive sites on BACs with free chlorine
One result of BACs being exposed to free chlorine is the formafidoy-products

(Gould and Richards, 1984; Miyamoto et al., 1997; Dodd and Huang, 2004; Moryaha
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2004; Pinkston and Sedlak, 2004; Glassmeyer and Shoemaker, 2005; Ye, 2005;aBddner
MacCrehan, 2006; Nakamura et al., 2006; Dodd and Huang, 2007; Brix, €20@B;
Kotcharaksa, 2008; DellaGreca et al., 2009; Lee and Gunten, 2009; Quintana26t0;
Wulfeck-Kleier et al., 2010; Krkosek et al., 2011; Soh et al., 2011; Waag, 2011). As
described in section 1.1.7 free chlorine is an oxidant and reacts lectivedy with regions
of electron density and/or regions of extendedtonjugation, including anthropogenic
contaminants such as BACs. Aromatic regions are more likalgaict with chlorine than
aliphatic regions due to the electron density on the aromagjs.riAnother important factor
to predict the reactivity of chlorine with BACs is steric hiredere; bulkier molecules, such
as atrazine and caffeine, are expected to be less reactivedelr to make predictions of the
fate of BACs during disinfection, chlorination chemistry in aquealstisn will be briefly

reviewed.

Substituted Benzene Rings

Substituted benzene rings act as a nucleophile and react withinehlaia
electrophilic aromatic substitution. The electron density on tbmaic ring f electrons
above and below the ring) makes it available to react witHeatrephile, such as chlorine
(McMurry, 2004). Substituents on the benzene ring affect theividaaf the aromatic
structure, either activating or deactivating the ring fecebphilic attack and directing the

electrophile to a particular position on the substituted benzene ring (Table 1.9)
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Table 1.9 Electrophilic Aromatic Substitution-Substituent Effects (McMurry, 2004)

Substituent Reactivity  Orientation Inductive Effect

-CHs Activating  Ortho, para  Weak; electron-donating
-OH, -NH; Activating  Ortho, para Weak; electron-withdrawing
-Cl, Deactivating Ortho, para Strong; electron-withdrawing
-N*(CHa)3 Deactivating Meta Strong; electron-withdrawing

-NO,, -CN, CHO, Deactivating Meta Strong; electron-withdrawing
-CO,CHjs, -COCH,;,
-COH

Table 1.9 helps in the understanding of the reactions between ringtgadsBACs
and an electrophile such as chlorine. For example, in a compound cuntdiai ring-
activating phenol group (-OH) it can be expected that the eledgophi substitute on the
aromatic ring and this explains the high reactivity of phenol aunta compounds
acetaminophen, estrone, ahdédo-ethinyl estradiol in Table 1.8. This is the result of the
phenol group donating electron density to the aromatic ring and makimgret susceptible

to electrophilic attack.

Phenols

The reaction between free chlorine,,/BIOCI/OCI, and phenols under aqueous
conditions proceeds via electrophilic aromatic substitutions and this reactibeda studied
in the aqueous chlorination @¥-a-ethinyl estradiol (EE2) (Moriyama et al., 2004) (Figure

1.3). The mono-chlorinated transformation product was found to haversiesiirogenic
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activity as EE2, and the dichlorinated product was found to be$tssyenic (Moriyama et
al., 2004). In addition to estrogenic impacts of chlorination by-ptsdat EE2 other
biological endpoints such as toxicity remain unknown. As indicated laheTh9, chlorine
will substitute at theortho- and/orpara- positions to the OH- group on the benzene ring.
Other BACs studied containing aromatic phenols which are expéctesact in a similar
manner are estrone, acetaminophen, and tetracycline. The aqueousatbioriof
acetaminophen has been shown to produce both mono- and di-chlorinated tratinsfiorm
products (Glassmeyer and Shoemaker, 2005) in addition to non-chlorinafeddoygts
(Bedner and MacCrehan, 2006). A kinetic study determining the oatstamt for the
reaction between the phenol group on acetaminophen and HOCI revealdtetheaction
will proceed faster via the phenolate form of the compound due to¢heased electron

density on the aromatic ring (Pinkston and Sedlak, 2004).
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Figure 1.3 Chlorination at7-a-Ethynylestradiol (EE2), an Aromatic Phenol Compound

Sulfonamides

The chlorination of a sulfonamide pharmaceutical, sulfamethoxazole; agdeous
conditions showed that when the ratio of the initial concentration of ichloto
sulfamethoxazole is less than one, the free chlorine prefergntégtts with the aniline
nitrogen to form a halogenated aniline ring product antll-ahlorinated product, as shown
in Figure 1.4. Conversely, when the initial concentration of chldargilfamethoxazole is
greater than one, the free chlorine ruptures the sulfonamide furlagigmg as shown in
Figure 1.5 (Dodd and Huang, 2004). During the chlorination of sulfametblex#ze
structural moiety responsible for antibiotic activity is transfed and, therefore, changes in

antibiotic activity or other biological endpoints of the chemicajhhhbe expected, although
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this has not yet been confirmed. In occurrence studies where fenlgarent BAC is

targeted, the transformation products will not be detected, and threreneintal and human

health impact of the products may be underestimated.

O=w=0

Cl
T
\m/ \H
H | -chl If h 1
\@/N_EONHz + Hocl N-chlorosulfamethoxazole
I 0
0—N \ e}

ﬂ g NH
4 I .
I 0
0—N
Cl

o-chlorosulfamethoxazole

Figure 1.4 Reaction of the Sulfonamide Antibiotic, Sulfamethoxazolé, Kriee Chlorine.
Molar Ratio of Sulfamethoxazole to FAC is Less Than One deted from Dodd and
Huang, 2004)

35



0
H | . ﬁ’ Cl
J N—ﬁ NH; HOCI N—S N
/ / | H
& 0 J o
o0— O/N

Sulfamethoxazole N-chlorinated sulfamethoxazole

HOCI
+ (0] Cl

o | o | HHOA

N—S —N - —
/ / [I \Cl \(Y (% \C]

(0] + N
O0—N o—
N,N-dichlorinated sulfamethoxazole

N-chlorinated sulfamethoxazole nitrenium ion

H,0

HO

O\\s’ C _N\Cl 0

N H Cl

HN (0] N—S + /
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Figure 1.5 Reaction of Sulfonamide Antibiotic, Sulfamethoxazole, ailMolar Excess of
Free Chlorine. Species in Brackets Indicate Proposed InteteediExtracted from Dodd

and Huang, 2004)
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Amines

When amines are chlorinated in aqueous solution, the reaction talees \ida

chlorine addition between the deprotonated amine and HOCI. Therdf®neaictions are

dependent on the pH of the solution, and the reaction will proceed fastesten the pKa

values of HOCI and the amine (Pinkston and Sedlak, 2004). Aliphatreagroups (R

NH,) react with free chlorine in aqueous solutions through the tran$fehlorine from

HOCI to the amine nitrogen as is shown in Figure 1.6 (Abia eL@®8). Chlorination of

primary and secondary amines proceeds more quickly than chlorinationafytartiines.

Ri~ ..
i—
H

Primary Amine

H + HOCI

Ri~_ ..
S—n  + HoCl

Ry

2
Secondary Amine
Ri~ -
R;
Tertiary Amine

Rl\ .

N-chloro product

R]\.,

N—-0ClI + H,O
R/ 2
2

N-chloro product

Cl
R]\’-:l - + O
Rz/ \R3

N-chloro product

Figure 1.6 Reactions of Amines with Free Chlorine. (Extracted from Abia é088).



1.1.9 Identification of transformation products of BACs due to chlorination

Wastewater and drinking water treatment have been simulatdabiraiary studies to
determine whether BACs are removed or transformed into by-produdtsg chlorination
(Gould and Richards, 1984; Miyamoto et al., 1997; Dodd and Huang, 2004;Morgtaaha
2004; Pinkston and Sedlak, 2004; Glassmeyer and Shoemaker, 2005; Ye, 2005;aBddner
MacCrehan, 2006; Nakamura et al., 2006; Dodd and Huang, 2007; Brix, €20@B;
Kotcharaksa, 2008; DellaGreca et al., 2009; Lee and Gunten, 2009; Quintna2610;
Wulfeck-Kleier et al., 2010; KrkoSek et al., 2011; Soh et al., 2011; Véara)., 2011).
Determining if BACs are removed or transformed is importantcturately assess the risk
that these compounds pose to environmental and human health. BACs tiwtraraoved,
but transformed into new products may have unknown health outcomes, and it is important to
gain a greater understanding of these potential risks. Thesmmeaare usually conducted
in aqueous media and use an initial molar excess of chlorine toiBA@ler to simulate
treatment conditions. Determining the fate of BACs during drinkvater treatment is a
challenging task that requires the use sophisticated analyts@aliments such as liquid
chromatography or gas chromatography paired with detection sughrasiolet (UV), mass
spectrometry (MS), nuclear magnetic resonance (NMR), or pastacoteaction/reductive
electrochemistry.

Preparative or semi-preparative high pressure liquid chromatogi@PlyC) has
been utilized to isolate transformation products. Both chlorinated eangiid non-
chlorinated control samples are prepared to determine both the itornotnew products
and to calculate the decrease in parent compound concentration,ivepedthe formation

of new chromatographic peaks using liquid chromatography paired with UV datectised
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initially to determine product formation and then followed by a s#pd C-MS analysis to
determine the identity of transformation products in many experimenlisaitation of LC is
that transformation products may not elute off the analytical aoland the products will
remain undetected, and a limitation of using MS analysis ighkaransformation products
may not ionize to a great degree. Another technique used to detdiairséructure of
transformation products and mechanism of reaction is to perfornstguditre analysis
where sub-structures of the parent compound are reacted witthfoeme to determine the
reactive sites (Dodd and Huang, 2004; Dodd and Huang, 2007). Commercidiyplava
standards have been used to compare to potential transformation prodB&€fwith
chlorine (Bedner and MacCrehan, 2006).

A mass spectrometer, an extremely sensitive analyticaiument, can be used to
determine the identity of transformation products. lonization sothe¢fiave been used are
both electrospray ionization (ESI) and atmospheric pressure cheonezation (APCI).
Techniques include full scan mass spectrometry to gather informa all ions that are
ionized in the MS. Additionally chlorine isotope ratios can be usedtéordime the number
of chlorine substituents that are on a molecule.

One limitation of analytical techniques that are highlgale is that only specific
analytes can be targeted, and a significant challenge is detegnthe concentration and
identity of unknown species in a sample. Total organic halogen Y B@3ysis is a useful
tool that quantifies the concentration of organo-chlorine speciesamale. Although TOX
analysis has not yet been used to quantify unknown halogenated by-profdB&iCs, it has
been used to quantify the unknown percentage of DBPs in drinking Watesnér, et al.,

2006). A literature summary focusing on the detection of tramsfbon by-products of
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some BACs due to aqueous chlorination and the impact of these by-produuaitsiogical

effect is shown in Table 1.10.

Table 1.10 Transformation of BACs in Reactions with Free Chlone and Impact on
Biological Effect

Compound Reference Proposed by- Analytical Impact to
products/Location of | Instrumentation | Biochemical
Cl- Addition Used Activity
17-a-ethinyl | Nakamura ef Three mono- and di-| FAB-MS, 'H Yeast assays
estradiol | al., 2006; | chlorinated derivatives NMR, **C NMR, revealed
_ isolated (carried out in HPLC-UV, chlorinated
Morlyamall organic solvent) preparative products less
etal., 2004 _ HPLCY; estrogenic
M(_)no- and di- _ than parent
chlorinated products Preparative (more than
formed (major) and HPLC-UV, BPA):
four other minor LC-(+/-)-APCI-
products MS,*H NMR, | ELISA test kit
¥%c NMR used for
estrogen

receptor and
showed that
mono-Cl
product had
similar
activity and
di-Cl was less
estrogenic
than parent

40



Table 1.10 (continued) Transformation of BACs in Reactions withFree Chlorine and
Impact on Biological Effect

Compound Reference Proposed by-| Analytical Impact to
products/Location | Instrumentati Biochemical
of Cl- Addition on Used Activity
Acetaminophen Glassmeyer| Mono- and di- Cl- | LC-UV, LC- LDso toxicity
and addition to aromati¢ UV-(+)-ESI- | testing in mouse
Shoemaker, ring, 1,4- MS, LC-UV- reveals
2008’ benzoquinone and EC’ transformation
N-acetylp- products much
benzoquinone; more toxié
Bedner and| transform back to LC-MS?
MacCrehan, acetaminophen with
2006 sodium sulfité
mono- and di-
chlorinated ring
product§
Atenolol DellaGreca| N-chlorination; de-| HPLC-UV, Chlorinated
etal., 2009 | chlorinated upon | HPLC-MS, products more
addition of sodium| *'H NMR, phytotoxic than
thiosulfaté TLC, (+)- atenolof
ESI-LC-MS
Atrazine Wulfeck- N-chloro atrazine,| GC-MS, Chlorinated
Kleier et. al.,| transforms back to HPLC-(+)- | product retains s-
2010" Atrazine with ESI-MS, chlorotriazine
_ sodium sulfite and| HPLC-UV™, | moiety" which is
Brix etal., ascorbic acid the cause of
2008 (ammonium UPLC-Q- toxicity (EPA,
chloride does not TOF'N_IS/MS 2006) not yet
reform Atrazine}; using studied; Toxicity of
_ Masslynx other chlorinated
No reaction software triazines studied
observed (Waters usingV.fischeri
Corpyf and found to be

more toxic than
parent compound
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Table 1.10 (continued) Transformation of BACs in Reactions withFree Chlorine and
Impact on Biological Effect

Compound Reference Proposed by- Analytical Impact to
products/Location of, Instrumentation | Biochemical
Cl- Addition Used Activity
Bezafibrate Quintana et No reaction LC-MS, LC- N/A
al., 2016 observed MS/MS®
Caffeine Glassmeyer No change observéd LC-PB-MS; Unknown
and
Shoemaker, Many products GC-MS,qTLC,
2008 formed-ring cleavage uv
and rearrangement
Gould and forming non-
Richards, aromatic nitrogen
1984 heterocycles. (8-
chlorocaffeine
formed, but in small
amount). No
organochloramines
detectef]
Carbamazeping Kotcharaksa, Four unchlorinated| HPLC-UV, LC- Unknown
2008; intermediate's ITMS";
Lee and Minimal reactivity HPLC-UV®
Gunten, observed
2009
Clofibric acid Quintana et No reaction LC-MS, LC- N/A
al., 2016 observed MS/MS®
DEET None N/A NA NA
Diazepam None N/A N/A NA
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Table 1.10 (continued) Transformation of BACs in Reactions withFree Chlorine and
Impact on Biological Effect

Compound Reference Proposed by- Analytical Impact to
products/Location| Instrumentation | Biochemical
of Cl- Addition Used Activity
Diclofenac Miyamoto et  Cl- addition to LC-MS, LC- Unknown
al., 1997 aromatic ring MS/MS?; ecological
and/or loss of CO impact of
from ring’; chlorination
| Ci addition to | HPLC-UV, LC- | Dy-products
Quintana et . MS, preparative| Suspected
al. 2016 aromatic ring HPLC. MS/MS hepatoxicity
among other non- L N or bone
. H NMR
chlorinated marrow
product§ toxicity”
Erythromycin- | Ye, 2008 N-chlorinated ESI-MS, LC- Unknown
hydrate product andN- MS/MS, TOX
demethylation
produc?
Estrone Nakamura et Five chlorinated FAB-MS, *H Yeast assays
al., 2006 | derivatives isolated NMR, **C NMR, revealed
(carried out in HPLC-UV, chlorinated
organic solvent) preparative products less
HPLC* estrogenic
than parent
(but more than
BPA)
Fenoprop None N/A N/A NA
Gemfibrozil KrkoSek et Cl- addition to GC-MS,™H Reduction in
al., 201%; aromatic ring; NMR, (-)-ESI- lipophilic
, MS/MS, (-)-ESI- character
Glassmeyer| Mono-chlorinated MS©: hypothesized
and product o reduce
Shoemaker, LC-PB-MS’ activity®
2005

43



Table 1.10 (continued) Transformation of BACs in Reactions withFree Chlorine and
Impact on Biological Effect

Compound Reference Proposed by-| Analytical Impact to
products/Location| Instrumenta Biochemical
of Cl- Addition -tion Used Activity
Ibuprofen Pinkston and No reaction LC-MS, NA
Sedlak, observe® LC-
2004 MS/MS?,
Quintana et HPLC-UV
al., 2016
Meprobamate None N/A N/A NA
Sucralose Soh et al., No reaction LC-MS? NA
2017 observed
Sulfamethoxazole  Dodd an_d Degradation of | LC-MS; H Reduction of
Huang, 2004| sulfonamide moiety NMR, GC- antibiotic activity
with excess of FAQ  EI-MY hypothesized dug
to form 3-amino-5- to alteration of_
methylisoxazoleand antibiotic moiety
N-chlorop-
benzoquinoneimirie
TCEP None N/A N/A NA
Tetracycline Wang et al. Cl- and OH- LC-(+)-ESI-| Structural change
2017, substituted products ~ MSP; to antibiotic
s observed, no moieties: activity
Ye, 200 products LC'(+)'CFSI' unknowr?
identifiec?; MS
New peaks
observed in

chromatogram due
to transformation
products, none
identified
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Table 1.10 (continued) Transformation of BACs in Reactions withFree Chlorine and
Impact on Biological Effect

Compound Reference Proposed by-| Analytical Impact to
products/Location| Instrumenta Biochemical
of Cl- Addition -tion Used Activity
Trimethoprim Dodd and Cl- and OH- LC-(+)-ESI- Reduction of
Huang, substituted MS?, antibiotic activity
2007;Glass product§ hypothesized due
meyer and _ LC-PB-MS’ to alteration of
Shoemaker, Non-chlorinated antibiotic moiety
2002 product

(a) Dodd and Huang, 2007; (b) Glassmeyer and Shoemaker, 2005; (ceiKekad., 2011,
(d) Pinkston and Sedlak, 2004; (e) Quintana et al., 2010; (f) DetlaCeteal., 2009; (g) Soh
et al., 2011; (h) Miyamoto et al., 1997; (i) Bedner and MacCreh@®6;2(j) Dodd and
Huang, 2004; (k) Nakamura et al., 2006; (I) Moriyama et al., 2004Wuljeck-Kleier et.

al., 2010; (n) Brix et al., 2008; (0) Ye, 2005; (p) Wang et al., 2011; (q)dand Richards,
1984; (r) Kotcharaksa, 2008; (s) Lee and Gunten, 2009

1.1.10 Policies

In 1974, the Safe Drinking Water Act (SDWA) was created to pratee quality of
drinking water and its sources in the U.S. The U.S EPA is resperisitdetting regulatory
limits for contaminants in drinking water under the SDWA (P.L. 93-3234). Under the
SDWA, the National Primary Drinking Water Regulations (NPDWRsntain a list of
contaminants (microbial, disinfection by-products, disinfectant relsiduaorganic and
organic chemicals and radionuclides) whose concentrations in drinkieg ara subject to
legal enforcement in public drinking water systems due to their jpaterggative health
effects (U.S. EPA, 2009a). Atrazine, a commonly used herbicid® example of a BAC

that is regulated under the NPDWRs with a Maximum Contamiravel Goal
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(MCLG)/Maximum Contaminant Level (MCL) in drinking water of 0.003m@U.S. EPA,
2009a). Also part of the SDWA are the National Secondary DwnkVater Regulations
(NSDWRs) which contain a list of contaminants in water which ozase either aesthetic or
taste/odor/color problems. As part of the NSDWRs these contamarantscommended for
regulation in individual states by the Federal Government.

Under the SDWA there is also a list of unregulated chemazdled the Candidate
Contaminant List 3 (CCL3) (U.S. EPA, 2009b) which was created itwitpre scientific
research and policy making. This daunting task is completedrbgrsog a large set of
unregulated contaminants for potential health effects and occuriendenking water
supplies and selecting the ones with the greatest potential tapmsddic health risk. The
CCL3 contains a list of 116 chemical and microbial contaminants areatcurrently
unregulated under the NPDWRs, are known to be in drinking water, andregaye
regulation under the SDWA. Included on this list are the steroichdrgsl7-a-ethinyl
estradiol and estrone (U.S. EPA, 2009b).

In March 2010 the EPA launched a new system to help protect phddith and
drinking water supplies called the Drinking Water Strategy (DWRhe program’s objective
was to focus decision-making, increase protection of water, and pradesmcement of
research to determine effective treatment technologies forcpwhter supplies (U.S. EPA,
2010). The four goals of the DWS are to: 1) address contaminantsugs @) encourage
new drinking water treatment technologies 3) link authority of rofitatutes to apply to
drinking water, and 4) work with states to share monitoring results (U.S. EPA, 2010).

Additional Federal Government agencies that have programs setragulate the

exposure of BACs into the environment are the U.S. Food and Drug Athatiois (FDA)
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and the USGS. The FDA is responsible for the regulation of food, meslicosmetics and
other products. The USGS conducts scientific research includitignalaoccurrence
sampling studies of U.S. drinking water sources (Kolpin et al., 20823zt0 et al., 2008).
Despite agency efforts to highlight the presence of BACs inetivironment, opposition
from industry makes regulation difficult as, for example, the edgur of spray drifts from
the application of atrazine to agricultural lands. Although environmesgalators desire to
set stricter regulations to protect water resources, theudtgral industry prioritizes

maintaining high product yields and protecting job security (Erickson, 2011).

1.1.11 Future management strategies

It is clear that the impact of BAC residues in the environngenbt an issue that can
be ignored. Recent media reports, (e.g., Shah, 2010), have highlighteatidravents
linked to BAC use such as mass die-offs of vultures in Asia dulegastion of the anti-
arthritic drug diclofenac (Oaks et al., 2004), antibiotic-resigtatitogens (Khachatourians,
1998), and the feminization of fish due to estrogenic compounds (Jobling 49a8).
Additionally, the herbicide atrazine has also been in the meumidight due to the re-
evaluation of its toxicity in order to set regulatory limits.

Since the long term effects of BACs in the environment are unknosnnperative
that scientists, regulators and pharmaceutical companies agnegnagement strategies that
allow for the safe use of BACs and protection of the environmentordar to evaluate
possible management strategies to control the release of BA&Gsthe environment

stakeholders from the government, academia, pharmaceutical incegtntific community,
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and policy and management experts from the US, Canada and Europeeevphsgible
options (Doerr-MacEwen and Haight, 2006). The opinions from the stakehaldee that
the most effective management strategies to minimizeellease of BACs were advanced
wastewater treatment processes, education to reduce overgir@scpharmaceutical take-
back programs, and public education (Doerr-MacEwen and Haight, 2006 stakiedolders
also indicated that some of the gaps in scientific researah theruncertainties associated
with mixture effects, low level chronic exposure, and risk assassmethods (Doerr-
MacEwen and Haight, 2006). Additional management strategiemthateduce the release
of BACs into the environment are regulation of prescription drugssaver the internet,
careful monitoring of sewage biosolids used for land application, enelapment of more
effective WWTP technologies to remove BACs (Daughton and Ternes, 1999).

With countless BACs being introduced to the market there remaamy mesearch
gaps in the understanding of the fate and impact of these anthrapaegempounds in the
environment. Careful planning of research is necessary in traeaximize time and cost
of resources and to guide future regulations. Several areaseafch that need expansion in
order to guide risk assessment and policy making include the inmpemveof sample pre-
concentration and analytical analysis, evaluation of chemicalitypxn aquatic organisms,
assessment of mixture effects of BACs, and monitoring the dat&ACs including

degradation products and metabolites (Daughton and Ternes, 1999).
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1.2 Research Questions

In summary, effectively managing BAC use and protecting watpplies is a
complicated task due to widespread use, unknown fate in the environment, and
transformation during physicochemical drinking water treatméfdintaining sensitive and
current analytical methods is one challenging area of mdsdagcause new BACs are
constantly being introduced into the market. Additionally, one afedallenging work is
studying the fate of BACs and how to identify unknown degradation produetsnary
research gquestions remain to determine the occurrence of BAEmkmg water supplies,
evaluate reactivity of BACs, and identify transformation productsgresater understanding
of the reactivity and fate of these chemicals will provide iable information for future

occurrence sampling and toxicity testing.

1.3 Research Objectives
The hypotheses that validate the completion of this study are the following:
1. Treatment processes employed at conventional drinking water tre alareist
may not be effective in completely removing BACs.
2. The degree of chlorine reactivity with BACs can be measured using T@Q)siana
3. Chlorine reacts with BACs to form transformation products.
4. BACs and/or their chlorination by-products may be present in treated drinking

water.
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These hypotheses are tested by the following experimental objectittessame order as
presented above:
1. Determine the occurrence and fate of BACs in North Carolina drinking water
treatment plants.
2. Study the incorporation of chlorine on the parent BAC molecule using total organic
halogen (TOX) analysis and infusion mass spectrometry (MS).
3. Assess the removal of BACs as the result of chlorination.
4. Relate the reactivity of BACs with chlorine to their molecular structode

presence in drinking water.
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2. MATERIALS AND METHODS

2.1 Materials
BAC Sandards

Standards purchased from Sigma-Aldrich (St. Louis, MO) wedradycline (¥8%),
tris(2-chloroethyl)phosphate (TCEP) (97%), 4-acetaminophenol (98%@#zemam,
bezafibrate, gemfibrozil, diclofenac, erythryomycin-hydrate (B6%-a-ethinyl estradiol
(98%), and estrone (U.S. Pharmacopeia grade). Standards purcbasédHrBiomedicals,
LLC (Solon, OH) were atenolol, trimethoprim, and sulfamethoxazolefilitic acid was
purchased from Tocris Bioscience (Ellisville, MO). Atrazine (97.580d anhydrous
caffeine (99%) were purchased from Fluka Analytical (Buchs, SwitzerlaNg)-diethyl-
meta-toluamide (DEET) (97.3%) and 2-(2,4,5-trichlorophenoxy)propionic aeitbfop)
(99%) were purchased from Riedel-de-Haén (Seelze, Germangprobamate (98%) was
purchased from Cerilliant (Round Rock, TX). Sucralose (98%) wasased from Toronto
Research Chemicals (TRC), Inc. (North York, Ontario). Ibupro{®%) and
carbamazepine (99%) were purchased from Acros Organics (Gdgium). HPLC-grade
methanol was purchased from either Acros Organics (Geel,uB®ligir Fisher Scientific
(Pittsburgh, PA). Due to the countless number of BACs availabteeomarket not every
synthesized compound could be included in this study. The BACs evaaratstiown in
Table 2.1 and were chosen based on high usage, occurrence in the environsisteanger

through drinking water treatment, and suspected toxicological importance.



Table 2.1 Studied BACs and Intended Uses

Molecular Weight
Compound (g/mol) Use
Acetaminophen 151.2 Analgesic
Atenolol 266.3 Beta-blocker
Atrazine 215.7 Herbicide
Bezafibrate 361.8 Lipid Regulator
Caffeine 194.1 Stimulant
Carbamazepine 236.3 Antiepileptic
Clofibric acid 214.6 Lipid regulator
N,N-Diethyl-meta-toluamide (DEET) 191.3 Insect Repellent
Diazepam 284.7 Anti-anxiety
Diclofenac 296.2 Analgesic
17-a-ethinyl estradiol 296.4 Synthetic Estrogen
Estrone 270.4 Steroid
Erythyromycin 733.9 Antibiotic
Fenoprop 269.5 Herbicide
Gemfibrozil 250.3 Anti-cholesterol
Ibuprofen 206.3 Analgesic
Meprobamate 218.3 Anti-anxiety
Sucralose 397.6 Artificial Sweetener
Sulfamethoxazole 253.3 Antibiotic
Tetracycline 444 .4 Antibiotic
tris(2-carboxyethyl)phosphine (TCEP) 285.7 Flame Retardant
Trimethoprim 290.3 Antibiotic

Chlorination

Laboratory grade water (LGW) was prepared in the Universitilafth Carolina
laboratory using an in-house Dracor (Durham, NC) water puiidicasystemwhich pre-
filters inlet 7 MQ house deionized water todn, removes residual disinfectants, reduces
total organic carbon to less than 0.2 mg C/L with an activated caebom and removes ions

to 18 MQ with mixed bed ion-exchange resins. Sodium hypochlorite stock soliiasD(l)
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as 5.65-6% in water was purchased from Fisher Scientific (PigisbuPA) and the
concentration of the sodium hypochlorite stock solution prepared difteing (1:50) was
measured monthly using the lodometric Titration 1 Procedure followiagdatd Method
408 A (APHA, 1999). Chlorine residuals were measured using a HAGHKit pocket
colorimeter and HACH permachem DPD free/total chlorine reagéACH, Loveland,
CO). Excess chlorine in samples prepared for TOX analyssgwanched using analytical
reagent (AR) grade anhydrous sodium sulfite (98.9%) (Mallinckrodi)igdburg, NJ).
Excess chlorine in samples prepared for MS/MS analysisjuasched with L-ascorbic acid

(Sigma, St. Louis, MO).

TOX Analysis

TOX analysis used glacial acetic acid (99.8% Certified A&¥&8de) and Certified
ACS plus grade concentrated sulfuric acid both purchased from KishierLawn, NJ).
Potassium nitrate (Certified ACS grade) for the nitrateerinas also purchased from Fisher
(Fair Lawn, NJ). Sodium chloride (~80%) for cell performanceckiveas purchased from
Fluka Analytical (Buchs, Switzerland). Sodium bicarbonate (99.9%9 purchased from
Mallinckrodt AR (Paris, Kentucky). Purified silver acetatesvpairchased from Fisher (Fair
Lawn, NJ). The performance check standard, 2,4,6-trichlorophenol (98%)pwehased

from Sigma Aldrich (St. Louis, MO).
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Mass Spectrometry

HPLC-grade methanol and HPLC-grade acetonitrilepf®.2ltered) were purchased
for tandem mass spectrometry (MS/MS) from either Acros iicga(Geel, Belgium) or
Fisher Scientific (Pittsburgh, PA). The polypropylene gly@ePG) tuning solution was
purchased from Varian, Inc. (Santa Clara, CA). High pressure liquid nitragengrade air,
ultra high purity (UHP) nitrogen and UHP argon were purchased fational Welders
Supply, Inc. (Morrisville, NC). The isotopically labeled surrogatandard, caffeinesdwas
purchased from C/D/N Isotopes (Pointe-Claire, QC, Canada) 99.8% pihe. internal

standard, simeton, was purchased from AccuStandard (New Haven, CThgiilD0

Sample Collection and Preservation

The tetradentate chelating agent, disodium ethylenediaminaadetic acid,
(N&EDTA) (99+%) was purchased from Sigma-Aldrich (St. Louis, MQhe glassware
silanizing agent, 5% dimethyldichlorosilane (DMDCS) in toluene (9%98d 99.9% pure
respectively), was purchased from Supelco Analytical (Bellefdg. Chlorine residuals
were measured using a HACH test kit pocket colorimeter an@HHAermachem DPD
free/total chlorine reagents purchased from HACH (Loveland, Q). adjustment of the
agueous samples for extraction used formic acid (98+%) which webgsed from Acros

Organics (Geel, Belguim).
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2.2 Methods
2.2.1 Bench Scale Chlorination Experiments
Preparation of Chlorination Samples

Stock solutions of studied BACs (Table 2.1) at a target concemtraitiLO000mg/L of
each were prepared in HPLC grade methanol from neat analgteradlards stored in a
freezer at approximately -20°C, and used within five months in H§a@e methanol. On
the day of sample preparation, 10Q0of the stock solution was spiked into 100mL of LGW
to achieve a target concentration of 1mg/L for subsequent dosihgorine. In order to
facilitate analysis of reaction products without excessivgpkaprocessing, the target initial
concentration of each BAC was 1mg/L and a chlorine dose of about 22§} was used.
Although this chlorine dose is larger than what is typically eggdoat a DWTP, the
objective of the experiment was to simulate disinfection whemxaess of chlorine is added
relative to the concentration of organic microcontaminants, and bgihgenough doses of
BACs that are well above limits of instrument detection. IB@mL sample reactions took
place in sealed 125mL amber glass jars (no mixing) with headspaceder to more
accurately simulate DWTP conditions over 24 hours at 20°C in the dark.

The pH of the reaction was not controlled during the course oéxperiment in
order to avoid adding interfering ions that would cause ion suppressiog dd$ analysis
but was in the range of 6-8. After the 24 hour contact time, a ligquogaof the chlorinated
samples (diluted 1:10 in LGW) was removed for measurementeothierine residual using
a HACH test kit pocket colorimeter based on Standard Method 4500-(ARBA, 1999),
and the remaining sample quenched with a 40mg/mL sodium sulfiteosolotLGW for

TOX analysis or a 40mg/mL ascorbic acid solution in LGW for/MIS analysis. The
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solutions mentioned above used for quenching the chlorine reaction wwepared
immediately before addition into the sample. Separate tstsnples were prepared for the
different analyses because each analysis was completed on antidégye

The control samples included LGW blanks, free chlorine solutions poepate&sW
at a target concentration of 25mg/L and quenched with sodium salideBAC solutions in
LGW at the target initial concentration of 1mg/L (same asctherinated samples). All
control samples were stored for the same reaction time and tlnedgame conditions as the
chlorinated BAC samples. After the 24 hour contact time, a 10mguca of the control
samples was removed for measurement of free chlorine resigipadalty a 1:10 or 1:20
dilution) using a HACH test kit pocket colorimeter based on Standattiod 4500-Cl G.
(APHA, 1999), and quenching agent was added to the remaining samplesased
previously to ensure uniform conditions between the chlorinated and rmekéd
samples. Chlorine demand was calculated by subtracting thehicrene residual from the
concentration of the chorine dose applied (APHA, 1999), and since chlorinendem
indicates that chlorine has reacted with species in the whigwnalue provides insight into
the extent of the reaction that occurred. The chlorine demartte dfGW control sample
was determined to be negligible during the experiment. Chlal@meand was used to
determine the relative reactivity of the BACs with chlorine XT@nalysis was used to study
the incorporation of chlorine onto the parent BAC molecule during tatio®, and MS/MS
analysis was used to confirm transformation of select BAG® nkt chlorine demand was
calculated by subtracting the chlorine demand of the relevantotoritom the chlorine

demand of the chlorinated samples.
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Chlorine Demand Determination

The chlorine residual was determined for all chlorinated samsmg a HACH test
kit pocket colorimeter based on Standard Method 4500-CI G (APHA, 1999) and N,N
Diethyl-p-Phenylenediamine (DPD) packets. If needed, samwpdee diluted to ensure the
free chlorine residual was in the range of the colorimeter. fiB®echlorine residual was

then subtracted from the initial chlorine dose to calculate the chlorine demandaftpie.

Total Organic Halide (TOX) Analysis

TOX analysis was used to determine the extent to which chloridebeaome
incorporated into the parent BAC molecule during reaction. Aftenaueg the residual
chlorine as described above, the samples were analyzed fou3i@X a procedure adapted
from Standard Method 5320 (APHA, 1999). 100mL samples were acidisieg 20 drops
of concentrated sulfuric acid to ensure optimal adsorption onto onepglelssd activated
carbon (GAC) column using a Tekmar-Dohrmann AD-2000 Adsorption Modulei(@atc
OH). While the standard method calls for two carbon columns, prelynexperimental
results showed that the amount of breakthrough of the analytes onexrtime £olumn was
less than 5% and, therefore, in order to increase productivity, onlglase-packed carbon
column was used (see Table 3.3). The sample adsorption ra@mkasin and the sample
volume adsorbed was 50mL. Removal of inorganic halides adsorbed onrttbe veas
achieved by flowing 2mL of a ~5g/L NEN solution prepared from potassium nitrate at a

rate of 0.5mL/min through the column after the sample.
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After sample adsorption and removal of halides, the carbon wa$ypsd using a
Rosemount Dohrmann DX-2000 Organic Halide Analyzer (Cincinnati, OH)e darbon
columns were completely combusted at 850°C and the organohalogen compottent of
molecule converted to hydrogen halide which was then transported witbather gas,
helium, to the coulometric cell containing silver electrodes. ths current in the cell
increases due to the presence of the halide ions the change in veltagerded. The
average TOX recovery of the performance check standard, 50Qudgtthlorophenol, was
88.5% (n = 5; standard deviation: 18%). The net increase in conaantodt organic
halogen was calculated by taking the difference between the uneidad BAC and

chlorinated BAC samples.

Ultraviolet-Visible (UV-Vis) Analysis

The fate of the aromaticity of the reacted tetracycline mvasitored using a Hitachi
U-3300 Spectrophotometer. First the wavelength of maximum absorption of tétraeyas
determined and then the parent compound and products in solution were scanm2ad¥
750nm to provide some additional characterization of the reaction psodéciditionally,
for a chlorinated sample a wider wavelength range was scanned5@0fh, to determine if

newimax associated with transformation products were formed.
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Tandem Mass Spectrometry Analysis (MSMS)

A separate aliguot was prepared for MS/MS analysis by quencesidual chlorine in a
100mL sample using a 40mg/mL solution of ascorbic acid in LGW lesmdinfusing directly
into a Varian 1200L mass spectrometer (Palo Alto, CA) using warthiApparatus syringe
pump (Holliston, MA) at a flow rate of 20puL/min. Liquid nitrogen wesed as the drying
gas, argon was the collision induced dissociation (CID) gas in \mosd#lectrospray
ionization mode (+ESI), while zero grade air was used as tiie gals in negative
electrospray ionization mode (-ESI). The API housing was at,5i€ the drying gas was
at 300°C. The detector was set at 1300V, the shield at 600V, and thergé@itween 40-
60V. In order to increase analyte ionization in the electrosprigyface, the quenched
chlorinated samples was mixed with HPLC grade methanol at a e&olatio of
sample:methanol of 9:1. All samples were filtered through @mbaboratory Supply
Distributors (Millville, NJ) syringe tip filters 0.4Bn prior to MS/MS analysis. All control
samples were analyzed first followed by the chlorinated warahlorinated BAC samples.
While infusing the sample into the mass spectrometer, datacelested using Varian
MSWS Software Version 6.8., and the full scan spectra rangomg f/z 50-700 was
observed in real time in quadrupole 1 (Q1). The full scan specteasganned in order to
locate prominent ions. The chlorinated tetracycline samples wengpared to the
unchlorinated tetracycline samples in order to identify new lbasmay be associated with
transformation products. During infusion experiments it is possible s$tinglish
characteristic chlorine isotope ratios. These chlorine isotpesrare helpful searching for
unknown chlorination by-products of BACs because they show, through chigtacte

patterns, the number of chlorine atoms on a molecule. Prominentqissksed in Q1 were
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optimized and daughter ions were scanned in quadrupole 2 (Q2) by appigorg the

collision gas, at 2.00mTorr and increasing the collision energy from 5-50eV.

2.2.2 Occurrence Sampling
Sample Stes and Collection

Aqueous samples were collected in silanized (5% DMDCS in toluenbgr glass
jars ranging from 0.5L to 4L based on size of sample. Silkoizaf the glassware was
completed by allowing the silanizing agent to sit in the glasswor approximately 10
minutes, rinsed three times with toluene, rinsed three timaésmathanol, rinsed three times
with LGW, and then dried in an oven at 150°C overnight and capped imutelgdafter
cooling. NaEDTA was added to sample bottles before sample collection dmple
preservation. Either 24-hour composite samples or grab samplesalkcted headspace-
free, based on the needs of the study. For 24-hour composite saapplesimately % of
the sample vessel was filled every six hours for a total of $ammple collection events.
Sample collection was completed by the operators at each plntihg sample collection
instructions (Appendix 1). Samples were stored at ~4°C in geeditor at the DWTPs and
transported back to the laboratory in a cooler with ice-packs.

Samples were transported via automobile within one day of sampéetamil to the
environmental chemistry laboratory in the Michael Hooker Resd&2ealter at the University
of North Carolina at Chapel Hill in a cooler containing ice-packsd immediately
refrigerated at 4°C (temperature was evaluated weekly falitgcontrol) and extracted

within one week of receipt.
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Samples were first filtered to 0.45um, to remove suspended solidsvtiuddl
interfere with subsequent chlorine residual testing and pH analgsigy 47mm Whatman
nylon filters (Fisher Scientific Pittsburgh, PA), and placedkbmto the rinsed sample
collection bottles. The suspended solids that were removed duriragidiit were not
analyzed for BACs that may have associated with the NOMer Aftration, aliquots of each
sample were tested for free and total chlorine residuals aitHACH test kit pocket
colorimeter using HACH permachem DPD free and total chloringemgs. The residual
chlorine in the samples was then quenched with excess ascadyiezag/L, regardless of
the residual to ensure uniform conditions between samples (125¢g/Lsslatikn of ascorbic
acid in LGW prepared fresh for each sample set) to stalshmeples. Additionally, to
ensure uniform extraction conditions, the pH was adjusted to approkirpétes using 2%
formic acid in LGW (Ye, 2005) as described in the standard opgrptocedure (Appendix

2). Samples were processed and extracted within one week of sample collection.

Solid Phase Extraction (SPE)

Neat pharmaceutical standards were used to prepare stock solutiansammet
concentration of 1000mg/L in HPLC grade methanol. Stock pharmacestacalards were
stored in a freezer and used within five months of preparation. e TABl shows the
concentration of the pharmaceutical stocks that were used for theoduoh the entire
occurrence study. A 22 BAC mixture (1° dilution) was preparedtatget concentration of
20mg/L in HPLC grade methanol by combining gD0of each pharmaceutical stock and

diluting to 10mL (Table 2.2). This 22 BAC 1° dilution was stored in teeZer for use
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within five months, and was used to prepare a 2° dilution on the daaenpfesextraction at
a target concentration of 0.5mg/L by spiking 250uL of the pharmaeaéumixture into
10mL of HPLC grade methanol (Table 2.2). This 2° dilution BAC mixtuaie used to spike
into the 250mL sample aliquots to create a standard addition curvesiatifgung the BACs
in samples. The concentrations of each BAC in the various stasdlattns is shown in
Table 2.3

All standards and extracting solutions used for sample extrastoa prepared one
day in advance including a 0.25g/L J&®TA stock solution in LGW and a 0.1% formic acid
in methanol solution used for sample elution off the solid phase emdimyexgtraction. On
the date of extraction a dilution of the internal standard, simetas prepared at 1.25mg/L
in HPLC grade methanol. A standard containing both surrogate stanu@aecycline and
ds-caffeine, was prepared at a target concentration of 2mg/L in HPLC gettlamul.

Extraction of the BAC analytes from pH-adjusted and 0.45um-filteagueous
samples was achieved through the use of solid phase extraction (SiR§)a Supelco
visiprep (Bellefonte, PA) extraction manifold. The Waters (Mdf MA) Oasis hydrophilic-
lipophilic balance (HLB) 3cc (60mg) SPE cartridges (Lot:W3156J4 ¢ vpee-conditioned
with 6mL methanol followed by 1mL 0.1%formic acid in methanol and 8rebh LGW (Ye,
2005).In order to quantify the concentration of the target analyteg ulse method of
standard addition, collected water samples were split into six 25@miple aliquots so as to

present two unspiked samples (US) and four calibration samples (Cal) (Table 2.3).
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Table 2.2 BAC Solutions used for Analytical Calibration

BAC

17-a-ethinyl estradiol

Acetaminophen
Atenolol
Atrazine
Bezafibrate
Caffeine
Carbamazepine
Clofibric acid
DEET
Diazepam
Diclofenac
Erythromycin-HO
Estrone
Fenoprop
Gemfibrozil
Ibuprofen
Meprobamate
Sucralose
Sulfamethoxazole
TCEP
Tetracycline
Trimethoprim

Stock (mg/L)

1046
1016
1034
1055
1023
1020
1034
1006
971
1000
1026
1020
1028
1008
1017
1020
1000
1435
1033
1079
1008
1022

(1° dilution) (mg/L)

21
20
21
21
20
20
21
20
19
20
21
20
21
20
20
20
20
29
21
22
20
20

(2° dilution) (mg/L)

0.52
0.51
0.52
0.53
0.51
0.51
0.52
0.50
0.49
0.50
0.51
0.51
0.51
0.50
0.51
0.51
0.50
0.72
0.52
0.54
0.50
0.51




Table 2.3 Concentration of Standard Addition Levels used for Quantifiation

Raw Water Finished Water
BAC Call Cal2 Cal3 Cal4 Call Cal2 Cal3 Cal4
(ng/L) (ng/L)

17-a-ethinyl estradiol 5.2 10 52 105 2.1 5.2 10 21
Acetaminophen 5.1 10 51 102 2.0 5.1 10 20
Atenolol 5.2 10 52 103 2.1 5.2 10 21
Atrazine 5.3 11 53 106 2.1 5.3 11 21
Bezafibrate 5.1 10 51 102 2.0 5.1 10 20
Caffeine 5.1 10 51 102 2.0 5.1 10 20
Carbamazepine 5.2 10 52 1083 2.1 5.2 10 21
Clofibric acid 5.0 10 50 101 2.0 5.0 10 20
DEET 4.9 10 49 97 1.9 4.9 10 19
Diclofenac 5.1 10 51 103 2.1 5.1 10 21
Erythromycin-HO 5.1 10 51 102 2.0 5.1 10 20
Diazepam 5.0 10 50 100 2.0 5.0 10 20
Estrone 5.1 10 51 103 2.1 5.1 10 21
Fenoprop 5.0 10 50 101 2.0 5.0 10 20
Gemfibrozil 5.1 10 51 102 2.0 5.1 10 20
Ibuprofen 5.1 10 51 102 2.0 5.1 10 20
Sulfamethoxazole 5.2 10 52 108 2.1 5.2 10 21
Tetracycline 5.0 10 50 101 2.0 5.0 10 20
Trimethoprim 5.1 10 51 102 2.0 5.1 10 20
Meprobamate 5.0 10 50 100 2.0 5.0 10 20
Sucralose 7.2 14 72 144 2.9 7.2 14 29
TCEP 5.4 11 54 108 2.2 5.4 11 22

In order to chelate the metal ions in the samples and preventftom binding to
active sites on the solid phase cartridge which would lower anedyention and recovery,
1mL of the NaEDTA stock solution was added to each sample aliqout. In ordesessa
percent recovery of the extraction u250f the surrogate standard mixture (meclocycline and
ds;-caffeine) was added using a micropipette under the surfattee diquid to each 250mL

graduated cylinder-measured sample aliquot which was then cappet/ared three times
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to mix. After connecting the sample aliquots contained in 250mL laglass bottles to the
SPE cartridges through Teflon tubing, the samples were edraat a flow rate of
approximately 5mL/min. After rinsing the sample aliquot bottiegs, and cartridges with
LGW just before the last part of the sample was pulled tihirabg Teflon tubing, the
cartridges were dried under vacuum (18 Hg) for five minutes tmove excess water.
Sample elution was performed using 8mL of 0.1% formic acid in methangiravity in
approximately 20 minutes, and sample extracts were collected ib dilanized clear glass
conical vials. Samples were then concentrated under ultra high guUlil?) nitrogen
(National Welders, Morrisville, NC) using a Pierce (Rockford, Reacti-Vap Model 18770
to a volume of approximately 50 on a VWR Scientifics Products (West Chester, PA)
Standards Heatblock, at ~45°C for approximately two hours. Samples then
reconstituted to a target concentration ofi@d50sing 9/1 LGW/methanol and a glass syringe
was used to add @0 of the 1.25mg/L simeton internal standard solution. The internal
standard, which was chosen because it is not found in the environmeotintsc for
variability between sample volume injection during instrumentalyarsland the area of
each analyte is normalized to this standard. Sample extractsthen vortexed using a
Thermolyne type 16700 mixer (Dubuque, IA), and then filtered throughu@.4%boratory
Supply Distributors (Millville, NJ) syringe tip filters into 2pD glass inserts in liquid
chromatography (LC) autosampler vials. Sample extracts stered in the freezer up to a

week until LC-MS/MS analysis.
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Analytical Methods

The MS was tuned with a Varian, Inc. (Santa Clara, CA) PP@&dsulution prior to
occurrence sampling. The PPG solution was infused into the MS ublayard Apparatus
(Holliston, MA) Syringe Pump at 2@/L. First, the detector was optimized using the
instrument software followed by tuning of both quadrupole 1 (Q1) and quandrupole 3 (Q3) in
both (+/-) electrospray ionization (ESI). This process @sstirat the detector is operating at
its optimum voltage for signal detection and that the massestetkt@re accurate. Analysis
of sample extracts was completed using a Varian (WalnutkCi@A) ProStar solvent
delivery module (Model 210) which used a gradient binary mobile phassrsgemprised
of 100% acetonitrile (B), and 0.1% formic acid in LGW (A). Tablé shows the gradient
program used for both positive electrospray ionization (+ESI) andtimegelectrospray
ionization (-ESI) (Ye, 2005). Both mobile phases were filteredutjin 0.22m Whatman
filters from Fisher Scientific (Pittsburgh, PA) before udéhe mobile phases were pumped
through a Metachem Technologies, Inc. Degassit Unit (Torrancg, i@Arder to remove
any dissolved gases. The flow rate of the mobile phase was n2mLA Varian ProStar
autosampler (Model 430) (Walnut Creek, CA) injected 20uL onto a W&id8 guard
column (3cm x 2mm, |@n) (Walnut Creek, CA) and a Varian (Torrance, CA) Pursuit C-18
analytical column (15cm x 2mmpufh) was used interfaced to a Varian (Walnut Creek, CA)
1200L triple quandrupole mass spectrometer. Varian MSWS Softeaseon 6.8 was used
for data analysis. Liquid nitrogen (99.99%) was used as the dryingUi#i8 argon the
collision gas (CID) in positive ionization mode (+ESI), and zawdg air was used as the
CID gas in negative ionization mode (-ESI). Table 2.5 shows the s@actrometer

parameters used in the analytical methods (Ye, 2005).
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Table 2.4 Mobile Phase Gradient used for LC-(+/-)-ESI-MS/MS (flow ra¢=0.2mL/min)

Time (min) %A (0.1% Formic Acid in LGW) %B (100% Acetonitrile)
0 90 10
2 90 10
25 10 90
27 10 90
28 0 100
38 0 100
a7 90 10
55 90 10

Table 2.5 Source Dependent Mass Spectrometer Parameters

Parameter +ESI -ESI
CID gas Pressure (mTorr) 15 15
Detector (V) 1320 -1320
Drying gas Temperature (°C) 300 200
Spray Chamber Housing (°C) 50 50
Spray Shield (V) 600 -600
Nebulizing gas Pressure (psi) 55 55
Drying gas Pressure (psi) 18 18
Needle (V) 5000 4500

Mass spectrometry acquisition data for target analytes used in tgsisuskshown in
Tables 2.6-2.8. The ion transitions and collision energies shown in T2Bks8 were
determined by infusing individual 1mg/L standards of each targ€& BA9/1 LGW/MeOH
in the Varian 1200L MS (Palo Alto, CA) using a Harvard Apparadysnge pump
(Holliston, MA). The molecular ion of the BAC was targeted ind# as the collision gas
increased from 0-50V the characteristic breakdown ions werendetst. The target
analytes were broken up into several groups of compounds that weyeeadnal separate

sample injections in order to maximize sensitivity and increaséyte resolution. Although
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the same chromatography is used the MS is programmed usingriaat software to target
different ion transitions in each method. To this end, target asaljtl not co-elute or lose
sensitivity due to increasing the target analyte transitidssa result, in order to analyze all
BACs a total of three injections for each sample extraceweade. It can be seen in these
tables that the presence of both a major and minor ion were udleel quantification and
confirmation of an analyte, respectively. These major and minor im<haracteristic
fragments (or daughter ions) of the parent compound under the usihadgtical conditions
and confirmation is achieved by calculating the ratio of the daugirgrnn a sample. Table
2.9 summarizes the acquisition data for the internal standard andjatarrstandard.
Optimized parameters for each compound were obtained through aralyisidividual
standards by directly infusing the standards into the massr@meter using a Harvard
Apparatus syringe pump (Holliston, MA) and optimizing instrumentaiddions. The
standard operating procedure (SOP) is presented in Appendix 2.

Before the analysis of extracted drinking water samples aewggrality control
measures were taken. Several injections of the solvent, 9/1 LGW/methanahnabrzed to
ensure that the solvent and instrument were free of contamination. In adtgisensitivity
of the instrument was verified using a BAC mixture standard affdima Finally, the
method for each group was run with the BAC mixture at 50ug/L befrgle analysis in
order to evaluate retention times and analytical sensitivity.

Percent recovery of the target BAC analytes in the sana@esevaluated throughout
the extraction procedure by determining the instrument responaesofrogate standard.
That is, the area of the surrogate standard was determineghrnsample to determine the

variability between sample extracts.
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Table 2.6 Optimized Acquisition Data for Group 1 (+ESI) Compounds

Retention Time Parent Major lon Minor lon
BAC major (minor) lon  (Collision Energy) (Collision Energy)
minutes m'z m/z(volts) m/z(volts)
Acetaminophen 5.3 (N/A) 151.9 110.0 (11.5) N/A
Caffeine 7.9 (7.97) 195.1 137.9 (11.5) 109.9 (16.5)
Tetracycline 10.5 (10.95) 445.3 427.0.3 (8) 410.0 (16)
Meprobamate 13.4 (N/A) 219.1 158.0 (6.5) N/A
TCEP 18.2 (18.27) 285.0 160.8 (7.5) 222.8 (6.0)
Erythromycin-HO 17.3 (17.42) 734.6 158.0 (19) 82.9 (27)
Table 2.7 Optimized Acquisition Data for Group 2 (+ESI) Compounds
Minor lon
Retention Time  Parent Major lon (Collision
BAC major (minor) lon (Collision Energy) Energy)
minutes m'z m/z (volts) m/z (volts)
Atenolol 4.3 (4.2) 267.2 144.9 (17) 189.9 (10.5)
Trimethoprim 9.2 (9.2) 291 229.9 (20.5) 122.9 (20.5)
Sulfamethoxazole  13.6 (13.6) 253.9 155.9 (14) 107.9 (18.5)
Atrazine 18.3(18.7) 216 173.9 (10.5) 95.8 (21)
Carbamazepine 16.6 (16.6) 237 193.9 (12) 192.0 (18.5)
DEET 16.6 (18.6) 192.2 118.9 (14) 90.8 (26)
Diazepam 20.4 (20.4) 285 192.9 (27) 153.9 (24)
Bezafibrate 20.8 (20.8) 362.2 138.9 (17) 120.9 (19.5)
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Table 2.8 Optimized Acquisition Data for Group 3 (-ESI) Compounds

Retention Time Parent Major lon Minor lon (Collision
BAC major (minor) lon (Collision Energy) Energy)
minutes m'z m/z(volts) m/z(volts)
Ibuprofen 24.30/Not Seen 205.0 160.7 (6) N/A
Clofibric Acid  19.90/Not Seen 213.1 126.7 (10.5) N/A
Gemfibrozil 26.4 (26.5) 249.3 120.8 (8.5) 121.8 (10)
Fenoprop 23.0(23.1) 268.7 196.6 (8) 160.4 (26.5)
Diclofenac 23.7(23.6) 294.0 249.8 (8) 250.8 (8)

Table 2.9 Optimized Acquisition Data for Internal and Surrogate Standrds

Retention
Time major Parent Major lon Minor lon (Collision
Standard (minor) lon (Collision Energy) Energy)
minutes m'z m/z(volts) mv/z(volts)
Simeton
(Internal) 9.8 (N/A) 198.0 123.9 (16) Not observed
Caffeine-d
(Surrogate) 7.9 (8.0) 198.1 140.8 (12) 112.8 (16.5)
Meclocycline
(Surrogate) 9.3 (9.8) 477.0 459.9 (14.5) 234.4 (34.5)

The instrument detection limit (IDL) is the lowest concenbratinat the instrument
can detect for a particular analyte with a defined level ofidente above noise. For this
study, this limit was set so that the detector signat¢®)pared to noise (N) was at least 30.
By analyzing a 50g/L BAC standard mixture in 9/1 LGW/MeOH using the appropriate
method, the S:N value was determined and then, assuming lineanityzéro concentration
to 5Qug/ L, the concentration that would give a S:N of 30 could then bellatdd (Table

2.10). The IDL was used to determine the lowest concentration ofeabfie that could be
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detected in the water samples using the analytical method whgloys a concentration

factor of 1,000 (and assuming 100% recovery).

generate the calibration points used for sample quantification (Table 2.3).

Therefore, this infomats used to

Table 2.10 Instrument Detection Limit for Targeted BACs

Predicted
Instrument Calculated S:N at  Concentrationy(g/L)
BAC 50ug/L in 9/1 LGW/MeOH giving S:N=30

Acetaminophen 117 13
Atenolol 242 6.2
Atrazine 1431 1.1
Bezafibrate 476 3.2
Caffeine 107 14
Carbamazepine 1153 1.3
Clofibric acid 38 40
DEET 447 3.4
Diazepam 354 4.2
Diclofenac 256 5.9
Erythyromycin 7130 0.21
Fenoprop 147 10
Gemfibrozil 18 83
Ibuprofen 1 1500
Meprobamate 150 10
Sulfamethoxazole 923 1.6
Tetracycline 95 16
TCEP 223 6.7
Trimethoprim 472 3.2

The limit of quantification (LOQ) is reported as the lowest cletde non-zero
response from the extracted samples analyzed in the calibratiescshown in Table 2.3.
The values are reported as the concentration in the appropaidieation sample. The

LOQs for the BACs are shown in Table 2.11. Although data was obttéonghe BACs
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analyzed in (-)-ESI in a 50pg/L standard in 9/1 LGW/MeOH{rument response was
limited in sample extracts due to lack of instrument sensitixitthis mode of ionization.
Therefore, the analytes requiring ionization in (-)-ESI wereseatrched for in subsequent
occurrence sampling. It was later determined that instrunemsitsity in (-)-ESI could be

increased by using higher grade methanol for sample extraction.

Table 2.11 Limit of Quantification for Targeted BACs in North Carolina Drin king

Water

In raw water In finished water

BAC (ng/L) (ng/L)
Acetaminophen 5.1 5.1
Atenolol 5.2 2.1
Atrazine 5.3 2.1
Bezafibrate 51 51
Caffeine 51 2.0
Carbamazepine 5.2 2.1
Clofibric acid Not seen Not seen
DEET 5.0 1.9
Diazepam 5.0 5.0
Diclofenac Not seen Not seen
Erythyromycin Not seen Not seen
Fenoprop Not seen Not seen
Gemfibrozil Not seen Not seen
Ibuprofen Not seen Not seen
Meprobamate Not seen Not seen
Sulfamethoxazole 5.2 5.2
Tetracycline 5.2 5.2
TCEP 54 5.4
Trimethoprim 5.1 2.0
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3. CHLORINATION OF BACs - INCORPORATION OF CHLORINE ONTO
PARENT MOLECULE

3.1 Introduction

Incomplete metabolism of BACs in the body, incomplete removabutir
wastewater treatment plants, and subsequent persistence in tloamevit allow for BACs
to enter drinking water treatment plants. What happens to theseicals during drinking
water treatment is yet another challenge for which littfermation is available. During
drinking water treatment, chemical processes such as disimfagsing hypochlorite can
transform the structure of the parent BAC molecule. Sevardiest of the chlorination of
BACs have shown that incorporation of chlorine onto regions with electrusitgere the
most likely mechanism of reaction (Gould and Richards, 1984; Miyaetadl., 1997; Dodd
and Huang, 2004; Moriyama et al., 2004; Pinkston and Sedlak, 2004; Glassmnédyer
Shoemaker, 2005; Ye, 2005; Bedner and MacCrehan, 2006; Nakamura et al., 2006; Dodd
and Huang, 2007; Brix et al., 2008; Kotcharaksa, 2008; DellaGreca €0@Q; Lee and
Gunten, 2009; Quintana et al., 2010; Wulfeck-Kleier et al., 2010; Krkosek et al., 2011; Soh et
al.,, 2011; Wang et al., 2011), as opposed to complete removal (or nziakoal).
Understanding the fate of BACs during drinking treatment {gomant in order to evaluate
whether biochemically active species remain undetected in consuiriaking water. In

the experiments that follow the extent to which chlorine carctaffee structure of targeted



BACs was determined using measurements of TOX and the fdtee gdarent compound

determined using tandem mass spectrometry.

3.2 Chlorination Experiments
TOX Analysis

Previous studies have shown the incorporation of chlorine onto BACs without
significant degradation of the parent molecule and, therefarasuning the concentration of
incorporated chlorine is useful to determine the extent of substituffhis can be achieved
using TOX analysis where the carbon which has adsorbed the organic halogesampieais
pyrolyzed and the halogens measured using a coulometric detébtenefore, the objective
of these experiments was to measure the increase in orgamgemslin the sample due to
chlorination and relate this to the consumption of both free chlorine ardt@AC. The
molar ratio of chlorine to BAC is shown in Table 3.1. Prelimynaexperiments on all
targeted BACs (n = 1) were designed to determine relatidivitig Subsequent targeted
reactions of four BACs that were highly reactive with free@ghe used triplicate analysis to

allow for statistical analysis and verification of results.
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Table 3.1 Studied BACs and Experimental Conditions (n = 1 unless nofed

BAC Molar Ratio of Chlorine to BAC
17-a-ethinyl estradiol 69.4
Acetaminophen (n=3) 45
Atenolol 69.7
Atrazine 69.9
Bezafibrate 110
Caffeine 62.2
Carbamazepine 66.5
Clofibric Acid 38
DEET 64.9
Diazepam 93.8
Diclofenac 54.4
Erythromycin-hydrate 209
Estrone 77.1
Fenoprop (n=3) 75.2
Gemfibrozil 74.4
Ibuprofen 51.5
Meprobamate 71.9
Sucralose 136
Sulfamethoxazole 80.8
TCEP 61.2
Tetracycline (n=3) 114
Trimethoprim (n=3) 89.1

Case Siudy on the Reactivity of Tetracycline

The reactivity between tetracycline and free chlorine wasesludigreater detail due
to its high incorporation of chlorine during TOX experiments and ithéeld information
available about its fate during chlorination. Aqueous solutions of yetnae were prepared
in LGW at a target concentration of i and reacted with free chlorine at a molar ratio of
free chlorine to tetracycline ([HOCI]:[TC]) ranging froml11to 20:1 in order to study the
transformation of tetracycline and detect transformation products. high initial
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concentration of tetracycline was used in order to aid in thectdwieof transformation
products. The higher doses of [HOCI]:[TC] were sufficient to engbat the reaction
between free chlorine and tetracycline went to completion. Prestad&ges have shown that
tetracycline compounds are very reactive with free chlorine avel draestimated half life of

3satpH7(Ye, 2005).

3.3 Results and Discussion
3.3.1 Chlorine Demand

The results of chlorine demand are shown in Table 3.2. The meinehtlemand is
the chlorine demand of the BAC solutions with chlorine minus the averdgene demand
of the chlorinated LGW (control sample). The net chlorine demancehmpfop is negative
indicating that the free chlorine residual for the sample is hitftes the dose of chlorine
that was applied to the sample. This may be the result of fgmopr tri-chlorinated
compound, losing some of its chlorine substituents during the reactimaybe due to the
limitations of accuracy of the HACH test kits. This would lésequently confirmed by
TOX analysis. The results of multiple chlorinations of LGWes@ that the average value
for chlorine demand by LGW was 3.81458 mg/L as Glwith a coefficient of variation of
0.42 (n = 9). This high value is the result of the chlorine demariteajlassware used in
the experiments due to organics that might have remained onas®e girface. For the
gualitative nature of the TOX experiments this chlorine demanttheofglassware did not
interfere with results, and the chlorine dose was applied in £xoesnsure a residual was

present. Chlorine demand of the BAC solution shows quantitativelyetiativity of each
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BAC in contact with chlorine under the experimental conditions destcabeve and can be
used to calculate the number of moles of chlorine that haveéedeaaring chlorination

experiments.

Table 3.2 Net Free Chlorine Demand of ChlorinatedBACs (n = 1 unless noted)

BAC Net Free Chlorine Demand
Initial
Concentration
Name (umoles) (mg/L as G) (umoles G))
17-a-ethinyl estradiol 0.475 1.5 2.1
Acetaminophen (n=3) 0.851 3.8+15 3.4+1.4
Atenolol 0.473 1.7 2.4
Atrazine 0.472 <0.2 NA
Bezafibrate 0.3 2.8 3.9
Caffeine 0.53 3.9 5.5
Carbamazepine 0.496 0.9 1.3
Clofibric Acid 0.867 1.5 2.1
Diazepam 0.351 1.3 1.8
Diclofenac 0.606 2.4 3.4
Erythromycin-hydrate 0.158 1.7 2.4
Estrone 0.428 1.9 2.7
Fenoprop (n=3) 0.51 -0.2 -0.2
Gemfibrozil 0.443 1.2 1.7
lbuprofen 0.649 2.4 3.4
Meprobamate 0.458 <0.2 NA
Sucralose 0.242 0.4 0.56
Sulfamethoxazole 0.408 4.3 6.1
TCEP 0.539 <0.2 NA
Tetracycline (n=3) 0.245 0.9 +0.6 1.3 +0.78
Trimethoprim (n=3) 0.589 24+1.0 3.4+42.1

* Net chlorine demand=chlorine demand of chlorinated BAC sample minus chlorine demand
of chlorinated LGW sample

A Chlorine dose was ~20mg/L NaOCI as Cl

Free chlorine demand of LGW 3.81458mg/L as Gl

DEET=N,N-diethyl-meta-toluamide

TCEP-=tris(2-carboxyethyl)phosphine

NA=not applicable
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3.3.2 Reactivity of Parent BACs with Free Chlorine
TOX Analysis
The results from analysis of breakthrough of analytes onto a sewbduachn are
shown in Table 3.3. As described in Chapter 2 although the Standard Metho(RB32E,
1999) calls for the use of two carbon columns, the percentage breakthrasgletermined
to be less than 5% and therefore only one carbon column was used in sobseque

experiments to increase productivity.

Table 3.3 Breakthrough Determination of Select Chlorinated BACs during DX
Analysis

Net TOX
Chlorinated Sample  Raw Datd Datd® Concentration Breakthrough
(ng CI) (ng Cl) (ng CI/L) (%)
Tetracycline Column 1 17.005 16.744 3.4%10 NA
Tetracycline Column 2 1.047 0.816 16 4.6
Acetaminophen Column1  10.243 10.196 2.0x10 NA
Acetaminophen Column 2 0.435 0.388 7.8 3.7
Fenoprop Column 1 22.172 22.124 440 NA
Fenoprop Column 2 0.486 0.439 8.6 1.9
Trimethoprim Column 1 3.292 3.244 65 NA
Trimethoprim Column 2 0.192 0.145 2.9 4.3

*Target chlorine dose was 20mg/L as &hd target BAC dose was 1mg/L
*For a 50mL sample

@after subtraction of LGW/NO3carbon column rinse control sample
"Net data/sample volume
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The results from the TOX analysis of the chlorinated BACssamvn in Table 3.4
and the TOX generated, which is a measure of the amount of chlacorporation into the
parent BAC molecule during the chlorine reaction, is given on a weight andlmaslar The
molar ratio of the generated TOX to starting BAC indicates eéxtent to which a BAC
molecule was chlorinated. For example, in the case of telraeya molar ratio of 3
indicates that three atoms of chlorine may have been added to ekciule of tetracycline.
For trimethoprim the molar ratio of 0.4 may indicate that one atbrohlorine may be
incorporated onto approximately every two molecules of trimethoprim.

The results from TOX analysis shown in Table 3.4 and chlorine destaowin in
Table 3.2 can be compared to determine the extent to which losdodhe in solution is
accounted for by incorporation into the BAC molecule. Among thet meactive BACs,
relatively high values of net chlorine demand were recorded. @®iyeresults for a BAC
that did not produce measureable TOX, such as atrazine, and wheet théornne demand
is very low confirm that no chlorine reaction had occurred. For dasnsuch as caffeine
and bezafibrate, where there is a chlorine demand and no TOX tgehieiia possible that a
chlorine reaction involving hydrolysis or oxidation rather than chlorinbstgution,
occurred. Additionally, the net chlorine demand of BAC reactionsompared to the
chlorine incorporation into the chemical to help evaluate the extemthtoh chlorine

consumption is accounted for by formation of organo-chlorine products.
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Table 3.4 Results from TOX Analysis of Chlorinated BACs (n = 1 unless notgd

BAC

17-a-ethinyl estradiol
Acetaminophen (n=3)
Atenolol

Atrazine

Bezafibrate

Caffeine
Carbamazepine
Clofibric Acid

DEET

Diazepam
Diclofenac
Erythromycin-hydrate
Estrone

Fenoprop (n=3)
Gemfibrozil
Ibuprofen
Meprobamate
Sucralose
Sulfamethoxazole
TCEP

Tetracycline (n=3)
Trimethoprim (n=3)

(Hg/L CI)

77
18118
33
<10
<10
<10
43
<10
<10
33
<10
40
74
8 ¥
26
<10
<10
36
69
<10
334 25
53 40

TOX generated

(umoles CI)

0.22
0.511 +0.051
0.092
NA
NA
NA
0.12
NA
NA
0.094
NA
0.11
0.21
0.021 +0.019
0.073
NA
NA
0.1
0.19
NA
0.940 40.071
0.149 40.29

Molar ratio of TOX
to BAC

0.5
0.740.1
0.2
NA
NA
NA
0.2
NA
NA
0.3
NA
0.7
0.5
0.050.1
0.2
NA
NA
0.4
0.5
NA
3+40.3
0461

*Based on a 100mL reaction solution

** See Table 2.2 for initial molar concentration of BACs; calcolasi assume that 100% of
the parent BAC was consumed during the reaction
DEET=N,N-diethyl-meta-toluamide

TCEP-=tris(2-carboxyethyl)phosphine

NA=not applicable
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BACs Highly Reactive with Free Chlorine

From the results shown in Table 3.4 of the TOX generated duhhayirgation
experiments it can be seen that tetracycline, trimethoprintaracephen,17-a-ethinyl
estradiol, sulfamethoxazole, and estrone (Figure 3.1) were thereamsive BAC species
with chlorine. These BACs have several characteristics inmmpm aromatic regions
(extendedrt-conjugation), ring activating substituents (-OH,-MHnd available positions for
electrophilic attack on the aromatic ring. In the literaf the reactivity of these compounds
towards chlorine has been reported to be due to ring substitution naitkignificant
degradation of the parent BAC molecule backbone. For exampleguleews chlorination
of acetaminophen (Bedner and MacCrehan, 2006)1@nrdethinyl estradiol (Moriyama et
al., 2004) have been studied and both mono- and di-chlorinated transformation gproduct
attributed to ring chlorination in the positiontho- to the phenol group were observed using
mass spectrometry. Due to its similar structure, the cfdboin of estrone is expected to
occur on the aromatic ring in tloetho- position of the phenol substituent. Results from the
current study (Table 3.4) show that acetaminopheng-&thinyl estradiol, and estrone
incorporated 0.7, 0.4, and 0.4 moles of chlorine per mole of parent BAC, treslyecThese
compounds contain a phenol group and it can be concluded that mono-chlorinatioadoccurr
to approximately half of the starting BAC material under tbeddions used during this
experiment. The incorporation of chlorine onto acetaminophen waslslggher than that
of estrone and 1ld-ethinyl estradiol and this may be due to the higher solubility of
acetaminophen in water (Table 1.3) or due to the aliphatic portions tetiogd hormone
structures. Studies have shown that the aqueous mono- and di- chlomfdtiorethoprim

is expected to occur at the 2,4-diamino-5-methylpyrimidine mdetyld and Huang, 2007),
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and the results from the current study show that for every twesradl trimethoprim one
mole of chlorine was incorporated onto the molecule which agreesDotd and Huang
(2007). Trimethoprim was observed to incorporate less chlorine thamfathe phenol-
containing compounds and this is most likely the result of the sleaetion rate between
free chlorine and the parent compound which contains two amine groups lagtha
substituted ring system. The reactivity of sulfamethoxazole diss been previously
investigated and yields-chlorop-benzoquinoneimine (Dodd and Huang, 2004). The results
from the current study show that for every two moles of sulfametiotxaone mole of

chlorine is incorporated which agrees with the work of Dodd and Huang (2004).

oY

Acetaminophen

CH,?

17-a-Ethinyl Estradiol Estrone

Sulfamethoxazole Trimethoprim

Figure 3.1 Structures of BACs Studied which Showed the Greatege®®f Chlorine
Incorporation during Reaction with Free Chlorine
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The most reactive BAC based on TOX analysis in this curreny stad tetracycline
and limited information is available in the literature concernirsgréactivity with free
chlorine. One preliminary study on the aqueous chlorination of tetnaeyshowed the
appearance of transformation products in the chromatogram using L@-MIfscan mode,
but no chlorinated products were identified (Ye, 2005). In another stéticacycline was
found to react very rapidly with free chlorine, and LC-MS analysi®wed that
transformation products with Cl- and OH- substituents were forrbetl, no product
structures were proposed (Wang et al., 2011).

The results from the current study show that for every moletaicieline three
moles of chlorine are incorporated. This level of incorporatiagigsificantly higher than
that of any of the previously mentioned BACs, and based on theus&wafttetracycline it
can be anticipated this is due to its extendembnjugation, phenol, and tertiary amine
groups. The chlorination of tetracycline will be discussed in greater detabiseastudy.

The high reactivity of these compounds is a cause for concern bebhauseposure
to these compounds and/or their transformation products may be undatedtiniThese
compounds may transform into chlorination by-products in WWTPs thathlegne as a
disinfectant, and these transformed BACs may enter recestingms and elude detection.
Another possible fate of these BACs is that they may transfiunng drinking water
treatment and will not be detected using analytical methodsothig target parent BACs.
The result is that the reaction of chlorine with the parent entdecould be generating
undetected biochemically active by-products leaving the potent@datron water quality

significantly underestimated. An additional implication is tihatt the biological activity of
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these chlorinated transformation products of these compounds remainslinohaerstood.
Additional studies should be undertaken to determine the bioactivity s¢ tth@mpounds

after chlorination to determine their risk to the environment, aquatic organisms, aagdshum

BACs Unreactive with Free Chlorine

The results from TOX analysis reveal that many of theCBAstudied have very
limited reactivity with free chlorine under the experimental conditiond@ed. The results
from the current study agree with the available literatuneres caffeine (Glassmeyer and
Shoemaker, 2005), ibuprofen (Pinkston and Sedlak, 2004; Quintana et al., 2010), clofibric
acid, and bezafibrate (Quintana et al., 2010) were all observed not to réachhartne. The
chlorination of atrazine has been observed in the literature arad ibbserved that the use of
the quenching agent, sodium sulfite, dechlorinates transformation prodektanto atrazine
(Wulfeck-Kleier et al., 2010). During this study the quenching agent used wassaulfite
and in future studies a different chemical should be used when &vglueactivity. The
pK, values of the compounds with low reactivity towards free chlorine areathypi6.1 (see
Table 1.3) and therefore these compounds exist in their deprotonated. foffine
deprotonation of these compounds increases resonance across the BAGdhidnessthe
molecular structure, minimizing reaction. While additional studresneeded to confirm the
persistence of the parent BACs shown in Figure 3.2 during chlorindliere are several
structural characteristics of the compounds that may help driveHegast on reactivity and
guide future studies. Among all of the BACs studied, the two compounti®utiany

regions of aromaticity (TCEP and meprobamate) were not reawttidree chlorine, which
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confirms that chlorine reacts most easily in agueous solutions avghnics through

electrophilic attack. Compounds with aliphatic regions lack safftcelectron density and,
therefore, react less with free chlorine. Another charatiteggevalent among the least
reactive compounds is the presence of chlorine on the parent BAC (pn@trazine,

diclofenac, bezafibrate, and clofibric acid) which as a highbctebnegative species,
withdraws electron density from the aromatic ring and deacsivaitieom reacting with an

electrophile. Additionally, another common characteristic in thosig is highly substituted
aromatic rings (fenoprop, caffeine, and atrazine) in whichcsta@ndrance may prevent
chlorine substitution from occurring. Another example of steric hnwdrais seen in

ibuprofen where the bulky aliphatic chain on the aromatic ring inhibéssubstitution of

chlorine.

The low reactivity of these compounds with free chlorine highlighgsollem in the
effective management of anthropogenic compounds. Many of theg@wuods have been
found to be ubiquitous environmental contaminants and, therefore, more effesaitreent
technologies are needed in order to protect both drinking water conswameérdhe
environment from chronic low level exposure. If these compounds areffeotively
removed during drinking water treatment then their use should becamee regulated in

order to prevent consumers from being exposed to persistent contaminants.
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BACs Moderately Reactive with Free Chlorine

The results from TOX analysis reveal that several compounds hederate
reactivity with free chlorine (Figure 3.3) in reference to ldeest and most reactive BACs.
Both erythromycin-hydrate and sucralose lack aromaticity, ichvthie lack of electron rich
aromatic rings decreases the possibility for reaction witlrictd. While electrophilic
aromatic substitution reactions are the most significant to dsetween free chlorine and
organic structures in water, other reactions such as addition andiaxidee also possible.
In the case of erythromycin-hydrate it is possible that thiatg amine group may react with
chlorine. The TOX results from Table 3.4 show that if all ofehghromycin-hydrate was
consumed during the reaction with free chlorine approximately 1 (0of¢ of chlorine
would be incorporated into each parent molecule. Therefore, it ibj@obsat the chlorine is
added to the tertiary amine group forming &hchloro transformation product of
erythromycin and because reactions with tertiary aminekessekinetically favorable (Abia
et al., 1998) not all of the erythromycin-hydrate is chlorinaiéer the 2 hour contact time.
The reaction kinetics of the chlorination of erythromycin-hydraés observed to have a
strong dependency on pH, with reaction proceeding slower when theuleoleas in its
protonated form (Ye, 2005) as it would be under the conditions employed exieriment.
Mono-chlorination of the amine of erythromycin-hydrate has been oluspregiously (Ye,
2005) and agrees with the current TOX study.

Both diazepam and carbamazepine contain several fused aromggi@and although
these regions of electron density are possible locations fdraglaidic aromatic substitution
of chlorine, electron withdrawing substituents (Cl- and amides) esthecreactivity of these

BACs. Carbamazepine has been observed to form un-chlorinatefdtnaason by-products
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when chlorinated (Kotcharaksa, 2008), and the minimal reactivity olusestle TOX (Table
3.4) experiments may indicate that other products are alsonigrizienolol and gemfibrozil
also contain aromatic rings where substitution of chlorine is thé ilkesy mechanism of
reaction with chlorine, but the reactivity of this ring is cieated due to electronegative
species (i.e. oxygen) in the alpha position to the aromatic rindditiénally, the long
aliphatic chains increase steric hindrance and minimize thdabwi#ay of the ring for
reaction. Mono- ring chlorination of gemfibrozil has been observedaations with free
chlorine (Glassmeyer and Shoemaker, 2005; KrkosSek et al., 2011) aneclaloriNated
product of atenolol has also been reported (DellaGreca et al., 2008) re3ults from the
current study show that while chlorination of atenolol and gemfibozmurs, it is only to a
small degree. In summary, although these BACs contain stru@ndce$unctional groups
that may react with chlorine, the moderate reactivity of tlBS€s is most likely the result
of electron withdrawing functional groups and the result is slow iozactates and only

moderate reactivity with free chlorine.
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3.3.3 Removal of Parent BAC
MSMS Analysis

In order to confirm the reactivity of the parent BAC during dnktion, infusion
based tandem mass spectrometry (MS/MS) experiments wefgnped to monitor that
parent BAC concentration. Based on their observed reactivity withicél(see Table 3.4),
two BACs were chosen to confirm the extent to which the parenpaend had reacted
using infusion-based tandem MS/MS. Table 3.5 shows the redulésgeting the parent
molecule and breakdown of the ions as well as their daughter ion2 iof he mass
spectrometer before and after chlorination of the compound. The panrenbunts are a
measure of the concentration of the parent molecule while the daught are the
fragments of the corresponding parent molecule used to confirndehéty of the parent
compound. Each chemical has a characteristic fragmentati@mnpbtised on its chemical
properties and applied experimental conditions. Therefore, thisetjnigt” is often used to
confirm the identity of a parent compound. This structural confioma8 completed by
selecting two prominent daughter fragments. These two daughtear®rshown in Table
3.5 for the atenolol and tetracycline that have not undergone a chtmrimeaction. The
presence of the daughter ions confirms the identity of the pareqocmm. It can be seen
from Table 3.5 that in both the chlorinated and unchlorinated atenolplesathe same two
daughter fragments were detected. Additionally, the parent ion doursenolol show that
in the unchlorinated and chlorinated samples, the concentratioerafl@it did not change
significantly. These results indicate that chlorination did nahdform atenolol to a
significant degree and these results are consistent wittinthiegs from TOX and chlorine

demand experiments.
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Table 3.5 (+)-ESI-MS/MS Results of Targeting Parent BAC Before/Aér Chlorination

Concentration Parention Daughter 1 Daughter 2

Sample Name (mg/L) counts nvz nvz
Atenolol unchlorinated 1.0 6679 145 190
Atenolol chlorinated A 0.97 6248 145 190
Atenolol chlorinated B 0.98 6330 145 190

Concentration Parention Daughter 1 Daughter 2

Sample Name (mg/L) counts nm'z nm'z

Tetracycline unchlorinated 1.0 1276 428 410
Tetracycline chlorinated A 0.23 297 not seen not seen
Tetracycline chlorinated B 0.12 153 not seen not seen

*Concentration is based on the number of parent BAC ion counts

Table 3.5 also shows the results of analysis of the tetracydteechlorination. The
results for the unchlorinated tetracycline sample show the ion camatscharacteristic
daughter fragments of the parent molecule which were absent chlibrenated samples.
The absence of the characteristic daughter ions of teliraeyend the low ion counts for
tetracycline indicates that the concentration of tetracyansignificantly reduced in the
chlorinated samples, approximately 82% consumed. Hence the ifmmnoatTOX can be
assumed to be as a result of complete chlorination if matchddebghlorine demand and
these results are shown in Table 3.7. This result is consistent with the fifrdmgse TOX
and chlorine demand experiments which showed a high degree ofdretoyp of chlorine
into the tetracycline molecule. The results show the benefibrmbining TOX and MS/MS

measurements for determining the extent of chemical reactions withnehlori
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3.3.4 Case Study of Tetracycline Reactivity with Free Chlorine

TOX analysis and preliminary MS/MS infusion analysis rewkdleat tetracycline
(Figure 3.1) was highly reactive with free chlorine. In the cas&@OX, a high level of
incorporation of chlorine into the parent tetracycline molecule reasaled (36% of the
applied chlorine dose incorporated). In summary, this was indicated bignificant
incorporation of chlorine into the parent molecule (3 chlorine atomsteieacycline
molecule), an 82% decrease in tetracycline concentration, andgbaca of the daughter
ions of tetracycline during collision induced dissociation (CID) expents in quadrupole 2
(Q2). Confirmation of these preliminary results and elucidatioradétron products is now

described.

Impact of Free Chlorine Dose

Figure 3.4 shows results from the reactivity study between d¢tderine and
tetracycline where a single contact time was used for mgrgoses of chlorine (shown in
Table 3.6) to determine the impact on the transformation of tetnaeycin this figure the
free chlorine residual in the chlorinated samples containingyetnae is superimposed with

the tetracycline ion counts from MS/MS direct infusion analysis.
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Table 3.6 Concentration of HOCI Used during Experiment and Correspnding Molar
Ratio

Concentration of HOCIuM as C}) [TC]:[HOCI]
22.5 1:1
22.5 1:1
45 1:2
45 1:2
112 1:5
112 15
450 1:20
450 1:20
16000000 - 6
14000000
[ 5 ar—qh
]
» 12000000 |- @
: —
A
< 10000000 g_
g E
+ 8000000 -3 § 4 lon count intensity
= 2 vs.Chlorine dose
e
€ 6000000 =
‘E -2 _5 M Free Chlorine
= 4000000 S Residual vs. Chlorine
@ dose
1l oL
2000000
0 0
0 5 10 15 20 25
[HOCI):[Tetracycline] {maol/mol)

Figure 3.4 Reactivity of Tetracycline {€ 22.54M) as a Function of Free Chlorine Dose and
Measured by Chlorine Residual (Right-Hand y-axis) and MS/dfSntensity (Left Hand y-
axis)
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As the free chlorine dose increases, the tetracycline @Cyaounts as measured by
MS/MS analysis decreases. At a molar ratio of [HOCI]J[¥Q there is a large drop in the
concentration of tetracycline as measured by ion counts. The ocatimenbf TC remains
constant up to a [HOCI]:[TC] ratio of 5 only decreasing furtiveen a chlorine residual is
measured at [HOCI]:;[TC] = 20. This is an indication that altlhotegracycline is reactive
with chlorine at lower doses the reaction may not be completeauatije excess of chlorine
is added which may demonstrate either a two-step reacticsingly that insufficient
chlorine was available to react with all the tetracyclinéha lower doses. In the former
case, the initial chlorination of the molecule could be providing Istatton or steric
hindrance could be inhibiting the further substitution of the molecule aitditge excess of
chlorine is applied. Table 3.7 shows the chlorine dose that would beegktuicompletely
mono-, di-, and tri-chlorinate the parent tetracycline moleculeGNWVL Comparing these
calculated doses to the applied doses used in the experiment (Tgben®.the results
shown in Figure 3.4 it can be seen that at the molar ratio [HOCI]:[TC] =5 the nehtlose
is sufficient to add three chlorine substituents onto parent TC, butetaion is not
complete as evidenced by the absence of a chlorine residual. TkKeeX@&riments
described previously utilized a very large molar ratio excesshlafrine, [HOCI]:[TC] of
135, which is well above the dose demonstrated here to have completeghathion.
Chlorine doses employed to disinfect wastewater and drinking WwatgL) are likely to be
in significant molar excess of the concentration of tetracgdhat may be present (sug/L
or ng/L), and, therefore, it can be expected that the reaction betweendeteaapd chlorine
at full-scale plants will effectively transform the tetyaelne molecule into chlorinated by-

products.
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Table 3.7 Chlorine Dose (mg/L as G) Required for Mono-, Di-, and Tri- Substitution
of Tetracycline (Cy = 22uM) in LGW Assuming All Chlorine is Consumed

Chlorine substitutionymoles CI/L) in 100mL sample
Mono- Di- Tri-
22.5 45 67.5

Chlorine substitutionymoles C§/L) in 100mL sample
Mono- Di- Tri-
11.3 22.5 33.8

Chlorine Dose Required (mg/L as,Il
Mono- Di- Tri-
0.788 1.58 2.36

Figure 3.4 shows that a residual is not observed until the highlesine dose when
the parent tetracycline molecule remaining is only 3% ofnisal concentration. These
results indicate that the reaction between free chlorine aadyeline is not complete until a
chlorine residual is detected. An interesting observation duhagexperiment was that
when samples of tetracycline in LGW were chlorinated at thkekigdose ([HOCI]:[TC]
=20:1) a rapid color change from clear to light yellow occurredeatiately upon addition of
free chlorine to the sample. This color change was not obs@weady of the samples with
lower concentration doses of free chlorine. This observation led tvaluation of the
reaction of tetracycline with free chlorine using UV analyssconfirm the transformation

of the molecule (Ahuja et al., 2001).
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Change in Aromatic Structure of Tetracycline

An ~100puM tetracycline solution in LGW was scanned in a UV-Vis
spectrophotometer in the range of 200-400nm to provide a baseline agaatsthlorinated
solutions were compared. Energy absorbed in the UV spectrum blgahrecal corresponds
to the nature of the conjugatectlectron systems, and as conjugation increases less energy is
needed to promote an electron (McMurry, 2004). As can be seen igpdogrum of
tetracycline in LGW in Figure 3.5 there are two wavelengthghadh maximum absorbance
occurs, 274nm and 356nm. It can be concluded from the spectrum that thatiasair
274nm corresponds to the tricarbonyl-amide side of the molecule \heilalktsorption at
356nm corresponds to the conjugation on the phenolic-diketone side of the mdtegquie (
3.1). The aqueous solution containing the highest chlorine dose used tionseadth
tetracycline (45aM HOCI), was scanned from 200-700nm to ensure that the presence of a
chlorine residual did not impact absorbance. Figure 3.6 of this sainglvs absorbance at a
Amax Of 290nm. This absorbance would interfere with the analysis of shted tetracycline
only if a residual was present which was not the case fgmTte[HOCI] = 1:1 and 1:5 in
LGW samples shown in Table 3.4. For the samples where a chiesitial was present,
the absorbance at 356nm was monitored to confirm the disappearaatta®fdine. When
scanning for transformation products of tetracycline the residualicblabsorbance will not
interfere with analysis as chlorinated by-products will absarbhigher wavelengths.
Additionally a lower residual of chlorine was analyzed in LGR¥uMM) and no absorption

was observed.
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Figure 3.6 UV-Vis Spectrum of 458 Free Chlorine in LGW
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When tetracycline in LGW is treated with a chlorine dosembkar ratio of 1:1, only
the absorption at 356nm decreases while that of 274nm remains thasahwewvn in Table
3.8. This is an indication that the first site of chlorination ishenghenolic-diketone side of
the molecule. This is most likely due to the chlorination of theg kia electrophilic
aromatic substitution. When the chlorine dose is increased to a molar rfatio(cllorine to
TC) the absorption at both wavelengths decreases, with the amaledreése at 356nm the
same as observed in the [TC]:[HOCI] 1:1 sample. This is an indicatioafteathlorination
of the ring the site of subsequent chlorination of the molecubm ithe tricarbonyl-amide
side of the molecule. The incorporation of chlorine may either hheoamide group or on
the tertiary amine group. At the highest chlorine doses thageabsorption at either 356nm
or 274nm which indicates that the conjugation of tetracycline hasgedaand the parent

tetracycline molecule has been completely transformed.

Table 3.8 Effect of Chlorination on the UV Absorbance of Tetracycline at Diffieent
Chlorine Doses with Contact Time of 24 Hours

Tetracycline Free Chlorine
Concentratia Residual (mg/L as
Sample (mg/L) Absorbance Cl,
at at

356nm  274nm

LGW control 0 0 0
22uM HOCI in LGW control NA 0 0 0
22uM TC in LGW control 10mg/L 0.134 0.163 0
[TC]:[HOCI] 1:1 in LGW 8mg/L 0.117 0.163 0
[TC]:[HOCI] 1:5 in LGW 8mg/L 0.117 0.145 0
[TC]:[HOCI] 1:10 in LGW Omg/L 0 0 3
[TC]:[HOCI] 1:20 in LGW Omg/L 0 0 5
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This disappearance of tetracycline correlates to the appeadna free chlorine
residual which indicates that the reaction between tetracyahdefree chlorine is nearing
completion, as described previously. In summary, three differentfdranaions of
tetracycline were observed with the increases in chlorine dddds supports the TOX data
(Table 3.2) in which tetracycline was found to incorporate three oklatoms per molecule.
A wider wavelength range, 200-750nm, was scanned for the higheshehdose in order to
evaluate the yellow product formation described earlier, but noi@ualitabsorption was
observed (Figure 3.7). This sample was quenched with sodium guifiteto analysis and
the control sample of quenched chlorine is shown in Figure 3.8. It caedmethat no
interference would result from the quenched chlorine in solution. imtisates that the
transformation products are tetracycline either lack aromehiaracter or that the
concentration of the transformation products was too low to be dethated UV analysis.
Future studies using the double-beam UV-Vis Spectrometer to g8tadlyansformation of
tetracycline due to aqueous chlorination should use a quenched chlorinensaiuthe
reference cell in order to discern any transformation producthi@ansample from the
background.

The decrease in characteristic UV peaks at 275 and 350 nm atsdogvith
tetracycline due to reaction with ozone has also been reported litetaéure, and it was
concluded that the chemical structures of the products retainddrsainomatic character to
tetracycline (Dalméazio et al., 2007). HPLC-UV studies usingctieteat 275nm showed the
disappearance of the tetracycline peak during the course mdabigon and the formation of

more polar transformation products (Dalmézio et al., 2007). Futudéeston the fate of
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tetracycline with chlorine should be monitored using HPLC-UV in otdleeparate potential

transformation products from tetracycline.

[
Wl

I
- —

s\

200 300 400 500 600 700

-0.5 -

Figure 3.7 UV-Vis Spectrum of Chlorinated Tetracycline [HOCTIT] = 20 in LGW after
Quenching with Sodium Sulfite
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Reaction Kinetics

The rate of reaction of a chlorinated tetracycline samplenhiohnall of the chlorine is
observed to be consumed ([HOCI]:[TC] 5:1) was monitored at t = 0, 10,ah@0]1420
minutes. This sample was chosen for analysis because the cidarorapletely consumed
and, therefore, the entire reaction could be monitored. The samplestoezd in amber
glass vials with headspace in the dark at 20°C. An aliquot of thglsavas removed at the
specified time for chlorine residual analysis. Figure 3.9 showsn#teesured free chlorine
residual (mole/L as @) in the sample as a function of time where it can be seerhihat
reaction of tetracycline with free chlorine is initially yefiast and then slows down. This
rapid reaction has also been reported in the literature (Wang et al., 2011).

An integrated rate law analysis was completed to determinertlee of the reaction
between tetracycline and free chlorine with respect to flderine by determining the
mathematical expression that accurately describes théoreacA zero-order reaction is
linear in a plot of residual vs. time. A first-order reacti®tinear in a plot of In[residual] vs.
time, and a second-order reaction is linear is a plot of the ewéreesidual vs. time. The
results of this analysis showed that the reaction is second aslés shown by the linear
relationship between the inverse of free chlorine residual iamel in Figure 3.10. The
mathematical expression that describes a second order reaclfowis below where [A] is

the concentration of the free chlorine residiad, the rate constant, ahé time.

[

= 1w (4],
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Figure 3.9 Free Chlorine Residual (mole/L ag) @k a Function of Reaction Time for a 5:1
Molar Ratio of Free Chlorine to Tetracycline

Although these results monitor the depletion of chlorine in contacttefitacycline
and not the depletion of tetracycline itself the reaction isnastid to be second order, and
second order rate constants for this reaction have been previousliedefidang et al.,
2011). The rate constari, is the slope of Figure 3.10, which is 8.3974!. Wang et al.,
2011 have reported rate constants for reactions between tetracyctinfree chlorine to be
much larger, 2.83 x favi* s*. This is an indication that the tetracycline is consumed at a
much faster rate than chlorine and the tetracycline will bdéirtheng reagent. These results
indicate that the length of time used for the TOX experiment (28hausufficient to ensure
that the reaction has gone to completion, and that the reaction isddepen both the

concentration of tetracycline and free chlorine.
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Figure 3.10 Integrated Rate Law Analysis of the Reaction batWeee Chlorine and
Tetracycline

Analysis of an Unquenched Chlorinated Sample with No Free Chlorine Residual

One complexity in using mass spectrometry as a tool for theysamabf
transformation by-products involving free chlorine is the interferelnetween quenching
agents (and/or chlorine residual) and chemical ionization in the smirdbe mass
spectrometer. Signal suppression from the presence of resldaahe in the sample was
avoided by adding the quenching agent (ascorbic acid), and ionsasésdogith quenched
chlorine,m/z 214.8, 406.8, and 475.4, were observed in the mass spectra, as shown in Figures
3.12-5.13. Figure 3.11 shows the full scan mass spectra of the unchtbteiaéeycline
sample (2gM) where only the molecular ion of tetracycline [M+*14t mVz 445.1 of
tetracycline is observed. Figure 3.12 shows the mass spectia qui¢nched chlorinated
tetracycline sample ([TC]:[HOCI] = 1:20); a new mass gpeistobserved and the molecular
ion for tetracycline is absent. Figure 3.13 shows a similas rmpsctrum with prominent

ions atm/z 215 and 407, when a quenched chlorinated control sample is analyzed. Therefore,
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in order to identify transformation products without the presence of fumnagent ions a
chlorinated sample which left no free chlorine residual after 24sheas analyzed which
meant that the reaction most likely did not proceed to completiatesasibed earlier. In the
experimental results that follow the chlorinated sample that was addlyzg)-ESI was that

from Table 3.8 where the molar ratio of tetracycline to free chlorine was 1:5
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Figure 3.11 Full Scan Spectra ofy®2 Tetracycline in LGW. Prominent lon a¥z 445.1 is
that of [M+H]for Tetracycline
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Figure 3.12 Full Scan Spectra of a Quenched Chlorinated Teiracgample [TC]:[HOCI]
=1:20. Prominent Tetracycline lomfz 445.1) is Missing and a New Spectra is Observed.

B
iRy

TIC: 4246 ¢ 8
e 2149 Scale 7.193 ¢ 7

406.8

{ 4751
TiEe A 1
ISR | | TP LRI o “ama + mena 7010 vess  8vai  cosa

Figure 3.13 Full Scan Spectra of HOCI in LGW Quenched with Ascorbic AcidniRent
lonsm/z 215 and 407 are Seen in Both Chlorinated Tetracycline Sample (Figure 3.11) and
Chlorinated Lab Grade Water Control Sample.
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Figure 3.14 Full Scan Mass Spectra (50-100f) of Chlorinated Tetracycline ([HOCI]:[TC]
=1:5) in LGW After 24 Hours Contact Time Leaving No Résidual.

The possible chlorination by-products of tetracycline were ifledtin real time
using direct infusion-based tandem mass spectroscopy by complagnigll scan mass
spectra of the unchlorinated and chlorinated tetracycline samgtgures 3.11 and 3.14
show the differences in the mass spectra observed between anionatédoand chlorinated
tetracycline sample, respectively. The mass spectrum fahtbanated tetracycline sample
(Figure 3.14) contains many more ion peaks which may be due to thengeesf
transformation products of chlorinated tetracycline. In both samipéesblecular ion of
tetracycline (Vz 445) was targeted in Q2 of the mass spectrometer and disdoashteg
argon gas to determine the change in ion counts of tetracycline de&ction with chlorine,
and the results are shown in Figures 3.15 and 3.16. The counts oydeteadn the
unchlorinated sample shown in Figure 3.15 are 1.4'x PBominent daughter fragment ions

arem/z428, 427, and 410. In the chlorinated tetracycline sample ([HOCI]:[TC] = 1:5) shown
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in Figure 3.16 the counts of tetracycline are 2.5% tt@t is, a decrease in 1.2 X'@6unts of
tetracycline is observed due to chlorination. Prominent fragmestafm/z 428, 427, and
410 are still observed which indicates that the parent tetraeycemaining has not
completely transformed. Comparison of these two figures shiat dlthough the
concentration of tetracycline decreases as the result of chionpahe structure of
tetracycline is not degraded because the same daughter mtagane observed. This is an
indication that while a small portion of the tetracycline remains unchangecegkncentage
of the tetracycline, 83%, has transformed.

The prominent ions observed in the chlorinated tetracycline sam#et67, 477,
483) and ions found during previous work from preliminary LC-MS ana(ysiz 399, 456,
461, 485) (Ye, 2005) were targeted in additional infusion based tandem peat®scopy
experiments in order to obtain more structural information about tbergktion products of
tetracycline. Figures 3.17, 3.18, 3.19, and 3.20 show the results obtanedafhgeting
potential transformation products of tetracycline in quadrupole 2 (Q2jhef mass
spectrometer. Figure 3.17 shows the collision induced dissociatiominent fragment
m/z 483 (ion counts: 3.8 x fPof a potential transformation product of tetracycline in Q2 of
the mass spectrometer. A prominent daughter ion of the paremt #¥66. Figure 3.18
shows the collision induced dissociation of moleculami#m477 (ion counts: 4.0 x #pof a
potential transformation product of tetracycline in Q2 of the mass spectromepeominent
daughter ion of the parentngz 459.4. Figure 3.19 shows the collision induced dissociation
of molecular ionm/z 467 in Q2 (ion counts: 9.2 x 40of a potential transformation product
of tetracycline of the mass spectrometer. A prominent daugiteof the parent isnz

449.7. Figure 3.20 shows the collision induced dissociation of moleculan/zo#61 (ion
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counts: 4.3 x 19 of a potential transformation product of tetracycline in Q2 ofnifass

spectrometer. A prominent daughter ion of the parantag44.1.

The ‘smooth’ lines obtained during collision induced dissociation expetsme Q2
are indicative of a molecule that is present and the numbersantpesis are the ion counts
associated with the transition labeled on top of the curve. Table 3rasires the results
of the targeted tetracycline (ion counts) and breakdown ions (ion countsdpth the
unchlorinated and chlorinated tetracycline sample. Table 3.10 surem#h& results of the

targeted potential transformation by products of tetracycline dueedction with free

chlorine.

Absoluts breakdown of mass 445.0 at 2.0 mTorr ve, Collisien snaray
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Figure 3.15 2gM Tetracycline in LGW. Collision Induced Dissociation of the Molecibar
(m/z 445) of Tetracycline in Q2 of the Mass Spectrometer.
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Figure 3.16 Chlorinated Tetracycline ([HOCI]:[TC] = 1:5) in WGAfter 24 Hours Contact
Time and Omg/L as ¢Residual. Collision Induced Dissociation of Molecular lofz(445)

of Tetracycline in Q2 of the Mass Spectrometer (n = 1).
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Figure 3.17 Chlorinated Tetracycline ([HOCI]:[TC] = 1:5) in WGAfter 24 Hours Contact
time and Omg/L as @Residual. Collision Induced Dissociation of Prominent Fragmmént
483 of a Potential Transformation Product of Tetracycline in Q2 dfihes Spectrometer (n

= 1).
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Figure 3.18 Chlorinated Tetracycline ([HOCI]:[TC] = 1.5) in WGAfter 24 Hours Contact
Time and Omg/L as @Residual. Collision Induced Dissociation of Molecular otz 477
of a Potential Transformation Product of Tetracycline in Q2 oMhss Spectrometer (n =

1).
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Figure 3.19 Chlorinated Tetracycline
Time and Omg/L as @Residual. Collision Induced Dissociation of Molecular fofz 467
in Q2 of a Potential Transformation Product of Tetracycline oMhss Spectrometer (n =

1).
110



Mass 461.0 i Y
Mass 444 1 | 1
MM 3 £ 3.7 \

Mass 255.3 | \
Mass 1591 ‘.'

f

/
|

-11.0 v CE

461.0-=444.1 (D042)
1Z.5 W CE

A61.0-=2556.3 (522)
. -22.0Wv CE

1T mTor vs., CGoll

ision energy

Figure 3.20 Chlorinated Tetracycline ([HOCI]:[TC] = 1:5) in WGAfter 24 Hours Contact

Time and Omg/L as @Residual. Collision Induced Dissociation of Molecular hom 461 of
a Potential Transformation Product of Tetracycline in Q2 of the Mass Spetdrdme 1).

Table 3.9 Direct Infusion MS/MS Results of Tetracycline Before and f##er Reaction
with Chlorine [HOCI]:[TC] = 1:5in LGW 24 hours after Reaction of Tetracycline witt
Free Chlorine with a Residual of Omg/L as Gl

Fragment ion mass loss

-17 [-NHy]
-18 [-H,0]
-35 [-NHy-H,0]

445
428
427
410

Unchlorinated Tetracycling

ion counts
1.4 x 16
1.1x 16
3.5x 10

m/'z
445

428
427
410

3.8x10

» Chlorinated Tetracycline

ion counts
2.5x 10

1.1x10
45x 10
7.2x10

The results

in Table 3.10 show the characteristic breakdown datahéor

transformation products of tetracycline due to reactions with dhdorine. In the literature

both CI- and OH- substituted products were observed in the reactionebeteteacycline
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and free chlorine (Wang et al., 2011). While not enough structural informaas obtained
to identify the transformation products in Table 3.10, several hypotbasese made. The
loss an ion fragment mass of 17 corresponds to the loss effldi the amide group.
Therefore, if this loss is not observed in a transformation produch(as for TC+32) this
suggests the transformation of the amino functional group, possibly pfidéH and the

substitution of Cl. Conversely, if the loss of mass fragment Xfilisobserved (TC+38,
TC+22, and TC+16) it can be assumed that the amino group is intadteatrdrtsformation

(Cl- and/or OH- substitution) of the molecule was elsewhere.

Table 3.10 Direct Infusion MS/MS Results of Targeted Potential Transfanation
Products from [HOCI]:[TC] = 1.5 in LGW 24 hours after Reaction of Tetracycline
with Free Chlorine with a Residual of Omg/L as Gl

Chlorinated Tetracycline (TC)

Fragment
10N Mass
loss TC+38 TC+22 TC+32 TC+16
ion ion ion ion
m/z counts m/z counts m/'z counts m/z counts
483 3.8x10 467 9.2x1d 477 4.0x16 461 4.3 x 16
-17 466 3.8x 16 450 2.7x1d - - 444 9.0 x 19
-18 - - - - 459 59x10 - -
-35 - - - - - - - -
-53 - - - - 424 - - -
-80 - - 387 6.5x 16 - - - -
-105 - - - - - - 36x10 47x16
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Analysis of Quenched Chlorinated Sample-Reaction to Completion

While the previous experiment was completed without the use of algogragent,
it can be seen from Table 3.9 that the reaction between tdingcand chlorine was not
complete. Therefore, to target potential transformation produetsezction that was driven
to completion the chlorinated tetracycline sample with the highest the [TC]:[HOCI] =
1:20 in LGW (mol/mol) was analyzed. The full scan mass spéatréhe unchlorinated
tetracycline (22uM) sample can be seen in Figure 3.11. A cadrple containing the
guenched chlorine with the same excess of ascorbic acid as usedhiorinated samples is
shown in Figure 3.13., and prominent pealg 215 and 407 are observed due to the
guenching agents (or quenched chlorine). Figure 3.21 shows the full scan maso§feetra
[TC]:[HOCI] = 1:20 in LGW sample in which the prominent peaksn&t 215 and 407 are
observed in addition to many prominent peaks which are transformation {sroldecto the
chlorination of tetracycline. It can be seen that the promienainyz 445 for tetracycline
is no longer observed in the mass spectrum, and at value/z @rger than 445 many ions
are observed, which may be potential transformation products of @ingcy Tetracycline
was targeted in both samples to determine the relative ion countshendsults of the
collision induced dissociation of the molecular ion in Q2 of the mastrepgeter are shown
in Figures 3.9 and 3.22 for unchlorinated and chlorinated tetracyclinectigspe The
counts of tetracycline in Figure 5.16 are 4.2 X That is, a decrease in 1.4 X' I®unts of
tetracycline is observed due to chlorination. A summary of tle=sdts are shown in Table
3.11.

Prominent ions observed in the mass spectra of the [TC]:[HOQI]20 in LGW

sample (Vz 477 and 451) were targeted in Q2 of the mass spectrometer assvpelential
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transformation products from previous workiz 461, 399, 485, and 456 (Ye, 2005). The
results from targeting these potential transformation ions2ireealed thatv/z 456, 399,
461, 477, and 451 (no data was obtained Mtz 485) were detected in Q2, and the
breakdown curves are shown in Figures 3.23-3.27, respectively. The st tafdeted
molecular ions shown in Figures 3.23-3.27 add up to 1.3 whith represents only a small
fraction of the total amount of tetracycline that was transéonfi.4 x 10 (only 9% of the
transformed tetracycline is accounted for from this analysi$herefore, many other
transformation products of tetracycline remain undetected. Quanation is that they may
be below the limits of detection of the instrument and sample coatienttechniques may

be necessary so that the product can be observed.

o TIC:7.742 ¢ 8
2149 Scale: 6477 e 7

406.8

TR0 o

Figure 3.21 Full Scan Mass Spectra (50-101) of Chlorinated Tetracycline
([HOCIJ:[TC] = 1:20) in LGW After 24 Hours Contact Time and Q@ubked Chlorine
Residual.
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Figure 3.22 [TC]:[HOCI] = 1:20 in LGW. Collision Induced Dissomat of Molecular lon
(m/z 445) of Tetracycline in Q2 of the Mass Spectrometer.
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Figure 3.23 Chlorinated Tetracycline ([TC]:[HOCI] = 1:20) in WCGAfter 24 Hours Contact

Time and Quenched Chlorine. Collision Induced Dissociation of Moletoan/z 456 of a
Potential Transformation Product of Tetracycline in Q2 of the Mass Spet&mofnel ).
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Figure 3.24 Chlorinated Tetracycline ([TC]:[HOCI] = 1:20) in LGW 24 Houpst@ct Time
and Quenched Chlorine. Collision Induced Dissociation of Moleculamin399 of a
Potential Transformation Product of Tetracycline in Q2 of the Mass Spet&ome
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Figure 3.55 Chlorinated Tetracyéli-rleFC]:[HO(_Jl] = 1:20) in LGW 24 Houpst@ct Time
and Quenched Chlorine. Collision Induced Dissociation of Moleculamizd61 of a
Potential Transformation Product of Tetracycline in Q2 of the Mass Spet&ome
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Absolute breakdown of Mass 47 7.0 at 2.2 mTorr vs, Collision energy
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Figure 3.26 Chlorinated Tetracycline ([TC]:[HOCI] = 1:20) in LGW 24 Houpst@ct Time
and Quenched Chlorine. Collision Induced Dissociation of Moleculamind77 of a
Potential Transformation Product of Tetracycline in Q2 of the Mass Spet&ome
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Figure 3.27 Chlorinated Tetracycline ([TC]:[HOCI] = 1:20) in LGW 24 Hdbositact Time
and Quenched Chlorine. Collision Induced Dissociation of Moleculamipd51 of a
Potential Transformation Product of Tetracycline in Q2 of the Mass Spetttome
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Table 3.11 Direct Infusion MS/MS Results of Tetracycline in the Uridorinated
Sample and the [HOCI]:[TC] 1:20 in LGW 24 hours after Reaction of Tetracydhe
with Free Chlorine with a Residual of Omg/L as Gl due to the addition of quenching
agent

Fragment ion mass loss Unchlorinated Tetracycling Chlorinated Tetracycline
nmz ion counts m'z ion counts
445 14,053,998 445 423,485
-17 428 1,095,393 428 Not seen
-18 427 3,519,928 427 92,521
35 410 3,806,626 410 111,515

Chlorine Isotope Ratios

Chlorine isotope ratios in the [TC]:[HOCI] = 1:20 sample wemgdted to obtain
structural information to enhance the results from TOX ana(Jf@ble 3.4). Results from
TOX analysis showed the incorporation of three chlorine substituents tbatgarent
tetracycline molecule. Based on the experiments described abeeeals@otential
transformation products of tetracycline/¢ 461, 467, 477, 483) were targeted in quadrupole
1 of the mass spectrometer as defined by the instrument softwdetermine the extent to
which chlorine was incorporated onto the parent molecule. These iorenfMhe chlorine
isotopes ([M+2], [M+4], and [M+6]) were targeted in the [HOQI] 1:20 in LGW sample
to determine the degree of chlorine substitution based on the presénpeaks
corresponding to®°Cl, *'Cl, *Cl, and *'Cl, respectively. Preliminary experiments on
chlorinated BACs revealed the characteristic chlorine isotatpasrthat can be expected for
a mono-, di-, and tri- chlorinated compound (Appendix 4). A mono-chlorinategarord
has an isotope ratio 6fCI:*'Cl of 3:1. A di-chlorinated compound has an isotope ratio of

®CI*'Cl*Cl of 9:6:1 while a tri-chlorinated compound has an isotope ratio of
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BCIF'Cl*cl:*Cl of 27:27:9:1. These characteristic chlorine isotope ratios wete
observed for the targeted molecular ions as shown in Figures 3.2828ndf 8Yz 477 and
m/z467. Therefore, if the chlorinated organics are formed as indicated froro¥eesults
and higher molecular weight species correlating to chlorinatesityeline are not observed
then it can be concluded that the parent tetracycline has brokennaparnaller chlorinated
species that lack aromaticity which was suggested by the @bsémbsorbance during UV
analysis. Although LC-MS analysis can be used to targetfispgeecies it is very difficult
to analyze every ion that the MS detects. Additionally whi\ &halysis is helpful to
determine the aromatic character of a species it cannot provaeation when aromaticity
is lost. In conclusion, other tests are needed in order to evéheatate of tetracycline after
chlorination. Most useful would be the evaluation of biochemical actofitthe product

species in order to assess the risk from the transformation of tetracycline.

Spectrum 14 o
BF: 481.0 (422890=100%), apr 22 2011 13-35 477 .xms 0.508 min, Scans: 5-577, Merged, lon: NA RIC: 745766
kCounts] -EJBALCI
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3004 1
] 476.9
2004 194839 J
1 4789
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1 48213
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a77 478 479 420 481 452 ) E}EB
Acquired Range  miz

Figure 3.28 Chlorinated Tetracycline [TC]:[HOCI] = 1:20 in LGWtek 24 Hours Contact
Time with Quenched Chlorine. Chlorine Isotopes [M], [M+2], [M+4hda[M+6] of
Potential Transformation Produetz 477 Targeted in Q1 of the Mass Spectrometer. The
average ion counts are shown below each ion. The ratio of 476.9 : 478.9 is 2.5:1.
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Spectrum 14 o,
BP: 471.0 (108692=100%), apr 22 2011 13-32 467 _xms 0.589 min, Scans: 1-681, Merged, lon: NA RIC: 262772
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Figure 3.29 Chlorinated Tetracycline [TC]:[HOCI] = 1:20 in LCAfter 24 Hours Contact
Time and Quenched Chlorine. Chlorine Isotopes [M], [M+2], [M+4], andgMbf Potential
Transformation ProductVz 467 Targeted in Q1 of the Mass Spectrometer. The average ion
counts are shown below each ion. The ratio of 467.0 : 468.9is 2.3 : 1.

3.4 Conclusions
Summary of Tetracycline Case Study

The results from the analysis of the reaction between the @idiketracycline and
free chlorine revealed that a rapid reaction occurs that gaifisantly transform the parent
tetracycline molecule into by-products at high chlorine dosesifmfl/ Monitoring the fate
of the parent molecule revealed that tetracycline undergoes #stepilteaction that is
dependent of the dose of chlorine applied. Additionally UV analysis shtwee separate
stages in the transformation of tetracycline that was dependeablonne dose. TOX
results showed the incorporation of three chlorine substituents infrateet molecule, and
future experiments using TOX analysis could be used to evaluatpanaton of chlorine as

a function of chlorine dose applied.
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Results from a previous LC-MS study show the formation of tramsfioon products
of tetracycline due to reactions with free chlorine (Ye, 2005),thacturrent MS analysis
confirmed the presence of these ions and otmas467, 477, 483), but the identity of these
products remain unknown. Chlorine isotope ratios of potential molecular obns
transformation products were targeted, and transformation produntz 47 and 467 were
found to have isotope ratio of [M] : [M+2] of 2.5:1 and 2.3:1, respectiveAdthough mass
spectrometers are highly sensitive analytical tools for thectieh of known and optimized
target compounds, sensitivity is significantly reduced when searcfangunknown
compounds. A major analytical challenge is determining how to sgarciHemical
substances for which the structure is not known. Completing productiaeoknd/or
concentration prior to MS analysis may aid in the analysis of transformatidngts.

The results from this study show that if tetracycline espnt at WWTPs or DWTPs
it can be expected to react with free chlorine and transfornhighadegree under conditions
employed since tetracycline is present at nano- to submiarofgrevels and, therefore, can
be expected to face a large molar excess of chlorine (mg/Che implications are that
tetracycline will undergo transformation into unknown chlorination by-prizdtiat elude
detection during occurrence studies and have unknown biochemical propé@itisstapid
and high degree of transformation may be one reason (in additiorlatich with metals
(Halling-Sgrensen et al., 2002) ) why tetracycline is infredydatind in surface waters
(Kolpin et al., 2002), source drinking waters (Stackelberg et al., 2@&&zt6 et al., 2008)
and drinking waters (Stackelberg et al., 2007) during occurrence studies.

As a widely used antibiotic that is highly reactive with foldorine, understanding

the environmental fate of tetracycline is very important to gdiidere occurrence and
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toxicity studies. Since the tetracycline molecule undergoeapa and rather complex
transformation, understanding the resulting biochemical propertite dfansformation by-
products is very important in order to determine risk. Additionally, pi@tetransformation
products should be scanned during occurrence studies in order to detérmaters are

impacted by these chemicals.

General Conclusions

The results from TOX analysis show that the reactivity ACB with free chlorine
depends on the structure of the compound. High reactivity was obdervedmpounds
with extended regions afconjugation and ring activating functional groups on the aromatic
ring. Conversely, low reactivity was observed for aliphatic monmds and compounds that
already contained chlorine. The varying degrees of reachighlight the cumbersome task
of effectively managing countless anthropogenic contaminants in drimkatgy. How can
those compounds that persist through treatment with free chloriremoyed? One area of
research is in the evaluation of different treatment technoldgigbeir effectiveness in the
removal of BACs. Also, how can the fate of BACs highly reactivéa free chlorine be
monitored during water treatment? |Is it possible that the envimamand human health
impacts of these BACs are being underestimated as theifoimaasion into by-products is
not accounted for by current monitoring? Additional areas of rdsdar@answer these
guestions require a study of the biological activity of BACsrathlorination as well as the

targeting of chlorination transformation by-products in future ocoggestudies. Chapter 4
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describes an occurrence study completed at several North Cahofikieng water plants, and

the presence of BACs detected is related to their reactivity observedeetthiorine.
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4. OCCURRENCE OF BIOCHEMICALLY ACTIVE COMPOUNDS DURING
DRINKING WATER TREATMENT

4.1 Introduction

High use of biochemically active compounds (BACs) paired with themmplete
metabolism in the body (Table 1.1), incomplete removal during watdewaatment (Table
1.2), and transport through the environment results in BACs impactingirdyi water
sources (Table 1.5). While full-scale occurrence studies have been cahifleiskelberg et
al., 2007), limited information is known about the occurrence and fate GsBAthe State
of North Carolina. North Carolina is a rapidly growing state ansl iinperative to water
utilities that their treatment technologies can withstand rtigact of a growing population.
There are many origins of BACs in the State's surfaceemwatrom point (wastewater
treatment plant, processing waste from medical, health-carenandfacturing industries)
and non-point sources (concentrated animal feeding operations, landfithieafailed septic
tanks, and land runoff). Providing up-to-date information on sourcesaarsgs of impaired
water quality for water treatment utilities is essential evaluate current treatment
performance, identify areas to improve, and determine the mositiweffemanagement
strategies. In order to provide a snapshot of BAC fate and occurirederth Carolina
drinking water treatment plans an occurrence study was undertaiose objectives were
to: (1) complete an initial broad screen of various BACs to cheter their fate and

occurrence in North Carolina Drinking Water Treatment Plant®(&)late the occurrence of



BACs to their fate during final disinfection at these plants, &yddq relate the presence of

BACs to potential upstream water quality impacts.

4.2 Sample Collection Site Information

Sampling was completed between July 2010 to October 2010, from tlfererdi
drinking water treatment plants; DWTP1: Orange Water ande6é&wthority (OWASA)
(Carrboro, NC), DWTP2: J.D. Mackintosh Drinking Water TreatmeiwintP(Burlington,
NC), and DWTP3: Williams Drinking Water Treatment Plant (DanHdC). Each plant was
studied once during this time period.

Each DWTP obtains source water from surface water reseraoids employs
treatment processes including screening, powdered activatdubnc (PAC) (DWTP1),
potassium permanganate (DWTPL1), coagulation/flocculation, sedinoentgtanular media
filtration, chlorine primary disinfection, chlorine secondary disiti;m (DWTP2), and
treatment with chloramines for secondary disinfection (DWTP1, DBYTRAfter treatment,
water travels through the distribution system to consumers. reéSiglil to 4.3 show the
schematics of the treatment plant processes employedraD&dEP and include chemical
doses and detention times used on the dates of sample collection akegrbyi plant
personnel.

During the current study 24 hour composite samples (four sampt®fmevery six
hours) were collected with the only exception being the settléeriram DWTP3 where
grab samples were collected from each settling basin daekaoof feasibility of composite

sample collection. Since temporal variability can occur, composite samphviggs a more
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accurate measure of occurrence. Sampling points were untreated s/ater, conventional
settled water, and finished water. Additionally, one distributedrveateple was collected
from a residence that received water from DWTP1. Table éMidas water quality data on
the dates of sample collection, which was provided by utility personnel.

Samples were collected from DWTP1 between 7/20/2010 and 7/21/2010. rskhe fi
set of chemicals including aluminum sulfate, powdered activatdabcaand potassium
permanganate were flash mixed and added to the screened raw widte water was
subsequently mixed for approximately 30 minutes in the flocculatiom leefore entering
the conventional sedimentation basin. The detention time of the presdiamf (sodium
hypochlorite), which was added on top of the filters, varied frol28.Bainutes depending
on the filter column. Post-chlorine was added after filtration @mor transport to the
clearwell which took approximately 150 minutes. The ammoniaagéded at the end of the
clearwell to form chloramines prior to release into the distribution system.

Samples were collected from DWTP2 between 8/31/2010 and 9/1/2010. urhmuah
sulfate added to the screened raw water for coagulation/feimmulhad an approximate
contact time of 73 minutes. Samples were collected from DWTRgbat9/16/2010 and
9/17/2010. The coagulant, ferric sulfate, is added to screened tawfaraa contact time of
2.2 minutes. The detention time of flocculation is 15 minutes and thetidetéme in the
settling basin in 2.2 hours. Sodium hypochlorite is added both before anfiltadttcon and
the contact time is 2.6 hours. Ammonia, to form chloramines, is adtidre clearwell

and has a contact time of 2.6 hours.
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Table 4.1 Water Quality Data of Source and Finished Waters of DWTPs 1-3 Provided

by the Utility
DWTP1
Cane Creek
Water Source Reservoir

Source Location

Carrboro, NC

DWTP2

Lake Mackintosh
Burlington, NC

DWTP3
Lake
Michie/Little
River Reservoir

Durham, NC

Source Type Surface Water Surface Water Surface Water

Raw Water

pH (average) 6.7 NT 6.7

TOC (mg/L as C) 5.2 6.9 6.28

Average flow rate through

plant (MGD) 8.43 7.14 10

Temperature°C) 25.5 30 25

Finished Water

pH (average) 8.4 NT 7.7

TOC (mg/L as C) 0.95 2.9 1.9

Residual Free Chlorine

(mg/L as Cj) NT 1.3* 0.1

Residual Total Chlorine

(mg/L as Cj) 3.46 NA 3.1
July 20/21, August 31/September, September

Collection date 2010 2010 16/17,2010

24 hour 24 hour composite 24 hour

composite samples except settled  composite

Sample Type samples (grab) samples

*Data from analysis at UNC
NA=Not Applicable
NT=Not Tested
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Source Water

Aluminum sulfate (50.021 mg/ﬁ)
(50.44l mg/L)
PAC (17.27 mg/L%
(20.96 mg/L) .
Potassium Permanganate (12.79 mg/L)
(2.03 mg/L)

Coagulation/Flocculation

Detention time = 30 minutes

Sedimentation

Sodium hypochlorite (8.95 mg/L aszﬁ%l
(10.69 mg/L as)Cl
Filtration-Sand/Anthracite Coal |  Contact time = 15-25 minutes

Sodium hypochlorite (1.33 mg/L aszﬁl
(2.94 mg/L a§)él

Clearwell

Ammonia (0.87 mg/L NIgLN)l
(0.85 mg/L NFN)”

Distribution system

Figure 4.1 Plant Schematic of DWTP1 including Chemical Doses7¢(20/2010 and
27/21/2010. (PAC: Powdered Activated Carbon)
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Source Water

Aluminum sulfate (~50mg/L)

Coagulation/Flocculation | Contact time 1.13 hours

Sedimentation

Sodium hypochlorite (~4.7 mg/L as Ll

Filtration-Sand/Anthracite Coal

Sodium hypochlorite (~1.6mg/L as LI

Clearwell

Distribution system

Figure 4.2 Plant Schematic of DWTP2 including Chemical Dosesiegahre approximate
because annual average doses were obtained from the City ofgBur] NC 2009 Water
Treatment Annual Operations Report.
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Figure 4.3 Plant Schematic of DWTP3 including chemical dosesadatiine of chemicals
and detention times.
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4.3 Results and Discussion
4.3.1 Fate of BACs during Drinking Water Treatment

Table 4.2 shows the concentration of the BACs detected in the shegplce waters
during the occurrence study. The underlined values indicate that both dategtesrft ions
of the parent BAC were detected which means a higher levardidence is associated in

reporting the detection of these compounds. BACs that are not listed were notidetecte

Table 4.2 Concentrations (ng/L) of BACs Detected in Drinking Water Soues in
North Carolina

BAC DWTP1 DWTP2 DWTP3
Concentration (ng/L)

August 31-September 1,  September 16/17,

Date July 20/21, 2010 2010 2010
Atrazine 190 260 110
Caffeine <5.1 11 <5.1
DEET 2.5 8.2 10
TCEP <45 18 <45

" "indicates that the detection of the analyte is confirmed by the ratio tithargeted

MS/MS daughter fragment ions
Analytes not detected are reported as <LOQ

Both DEET and atrazine were detected in the source waters thire¢ DWTPs
sampled. This occurrence may be the direct result of their usg during the sampling
period (summer months). DEET has been reported as among the newsiempr

contaminants in Germany (Quednow and Puttman, 2009) and atrazine in CAyadat
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al., 2011). Insect-repellents containing the active ingredient DEETc@mmonly used
during the summer and may wash off the user in the shower cgtexdn urine after
absorption through the skin and has been found to be in urine 5.6% unchange@{&k}im
1995). In either case, DEET will be transported to WWTPs wheonplete removal has
been reported (Sui et al., 2010). Occurrence studies have shownEBati® present in
wastewater effluents at average levels of 27ng/L (5 detection¥) (Kim et al., 2007) and
98ng/L (11 detections; n = 11) (Ryu et al., 2011) that are subsequelathsed into the
environment. Another possible route of exposure of DEET into surfater ws direct
deposition from persons using DEET-containing insect-repellants whilengaatd fishing.
Atrazine, a widely used herbicide, may have contaminated tbaeseeswaters either
as the result of surface water runoff from agricultural lartu(ian et al., 1992), or from
aerial deposition of atrazine that had transported through the atm@shhigng rain events
(Goolsby et al., 1997). While the land directly surrounding the sowsaters is not
extensively used for agriculture (see Figures in Appendix 3.1, 3.3.&hdand use in the
watersheds of the sampled source waters includes row crops (N&P,SWR010a;
NCSWAPb, 2010; NCSWAPc, 2010). Other potential contaminant sites (PCthe
watersheds include animal operations, isolated pollution incidents, rdradis permits,
minor national pollutant discharge elimination system (NPDES) TB®/and WWTP3),
airports (DWTP2 only) (see Figures in Appendix 3.2, 3.4, 3.6). Table o©2htsvs that
caffeine and TCEP were detected in the source water us@i\Mdy2. Caffeine can be
used as an indicator for WWTP effluent (Ferreira et al., 2005),henslaurce water used by
DWTP2 is impacted by an upstream discharging WWTP while DWTP1 and DWe&RPbt@a

(NC SWAP, 2010a; NCSWAP, 2010b; NCSWAP, 2010c).
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Table 4.3 shows the concentration of detected BACs in settled asteell as the
percent removal from raw water. The most dramatic decraasancentration is observed
for the detected analytes in DWTP1, which is the only plant efttliee to use both
powdered activated carbon (PAC) and potassium permanganate (fandstdor control)
in addition to the chemical coagulants. Organic compounds have been foulsdro \zery
effectively onto PAC due to its high surface area, and studiesshaven effective removal
of BACs with PAC (Ternes et al., 2002; Westerhoff et al., 2005; kSliaerg et al.,
2007)including DEET and atrazine at, 49% and 60%, respectively (\Weftet al., 2005).
The results from this current study are consistent with thesespedlvalues. The use of
PAC more effectively removed atrazine relative to DEET wiscthe result of its greater
hydrophobic character (Table 1.3), and this correlation has been stodilkd literature
(Simazaki et al., 2008). In contrast it can be seen that aisagrlf smaller reduction in
parent BAC is observed in settled water for DWTP2 and DWTP3, vamyecoagulation is
used. The removal of atrazine during coagulation in all DWTPsgneeter than DEET
which can be explained by the greater hydrophobic charactdraziree (Table 1.3), and

this has been observed previously (Stackelberg et al., 2007).
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Table 4.3 Concentrations (ng/L) of BACs Detected in Settled Drinkg Water in
North Carolina (and percentage decrease from surface water)

BAC DWTP1 DWTP2 DWTP3
Concentration (ng/L)

Atrazine -36(81%) 240(9.7%) 98(8.1%)
Caffeine <5.1 9.1 (14%) <5.1
DEET 1.6(38%) 8.2(0.22%) _11(0%)
TCEP <54 11 (36%) <54

" _"indicates that the detection of the analyte is confirmed by the ratio tithargeted
MS/MS fragment ions
Analytes not detected are reported as <LOQ

Table 4.4 shows the concentration of the detected BACs in finisirddndy water,
as well as the percent removal between settled and finished water, ahibk attributed to
filtration and the addition of chemical disinfectants. The remov#hefdetected BACs is
variable, and this may be due to temporal variability within thatplthe age of the filters
being used, and the contact time of chemical disinfectants. Siffeene, DEET, atrazine,
and TCEP were observed to incorporate minimal amounts of chlorine orpardr@ BAC
molecule as described in Chapter 3 and minimal reactivitpéas reported in the literature
(Glassmeyer and Shoemaker, 2005; Brix et al., 2008), it can be cahthadeany decrease
in the concentration of these BACs may be due to filtration, hysisgl biological
degradation, or a combination of these factors.

Atrazine was found to have the largest percent removal and thisbenale to
transformation by reaction with free chlorine. Although the results frbapt@r 3 indicated

minimal incorporation of chlorine onto the parent molecule, a studyolyeck-Kleier et.
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al., (2010) showed that upon the addition of the quenching agent (sodium) shiite
chlorinated product of atrazind:chloro atrazine, can transform back into its original form,
atrazine. Since this quenching agent was not added at DWTP1 batdeds during the
TOX experiments in Chapter 3, this finding may explain the tapgrcent removal of

atrazine during disinfection than would be hypothesized based on TOX results.

Table 4.4 Concentrations (ng/L) of BACs Detected in Finished Drinkig Water in
North Carolina (and percentage decrease from settled water)

BAC DWTP1 DWTP2 DWTP3
Concentration (ng/L)

Atrazine 13(64%) 230(1.9%) 84(15%)
Caffeine <2.0 5.8 (36%) <2.0
DEET 1.3(15%) 8.3(0%) 6.4(40%)
TCEP <5.4 <6.7 (100%) <4.5

" "indicates that the detection of the analyte is confirmed by the ratio tthrgeted
MS/MS fragment ions
Analytes not detected are reported as <LOQ

Table 4.5 shows the concentration of the detected BACs in a disttilvdter
sample from DWTP1, as well as the percent removal betweahdthiand drinking water,
which can be attributed to the reactions with residual chemicahfelctants. The
attenuation of DEET was observed to be minimal which is supportedsbminimal
reactivity with free chlorine as described in Chapter 3. Thevahof atrazine observed in
Table 4.5 can be attributed to reactions with residual disinfecadtsransformation of the

parent molecule to forN-chloro atrazine (Wulfeck-Kleier et. al., 2010).
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Table 4.5 Concentrations (ng/L) of BACs Detected in Distributed Driking Water in
North Carolina (and percentage decrease from finished water)

BAC DWTP1 DWTP2 DWTP3
Concentration (ng/L)

Atrazine 5(58%) NT NT
Caffeine <2.0 NT NT
DEET 1.3(0.36%) NT NT
TCEP <5.4 NT NT

" _"indicates that the detection of the analyte is confirmed by the ratio tithargeted
MS/MS fragment ions

NT=not tested
Analytes not detected are reported as <LOQ

In summary, Table 4.6 shows the total percent removal of the det@atesl from
source water to finished drinking water. The largest percent réffooMAEET and atrazine
was observed for DWTP1 where PAC is used, and this efficeembval has been observed
in previous laboratory studies (Westerhoff et al., 2005). For the BAGSWTP2 and
DWTP3 the observed removal shown in Table 4.6 is the result of th@adigroperties of
the analytes, the characteristics of the source water, tahguaal special variability within
the plant, and the interactions with the physico-chemical texdatprocesses employed. The
graphical representations of the removal of the detected BA@sach plant are shown in

Figures 4.4-4.6.
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Table 4.6 Percent Removal of BACs from Source to Finished Water (%)

BAC DWTPI DWTP2
Atrazine 97 11
Caffeine NA 45
DEET 47 0
TCEP NA NA

DWTP3
22
NA
36
NA

NA= not applicable
Removal is from source to distributed water

BAC Removal at DWTP 1
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&0
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20

Concentration [ngfL)
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== DEET

0 M= i i

—

Raw Settled Finished
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Figure 4.4 Removal of Detected BACs from DWTP1
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Figure 4.5 Removal of Detected BACs from DWTP2
BAC Removal at DWTP3
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Figure 4.6 Removal of Detected BACs from DWTP3
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4.4 Conclusions

The results from the occurrence study of three DWTPs in Natbli@a reveal that
DEET and atrazine were present in all study sites, that theioval during treatment is
dependent on their chemical properties, and that they persist intonoenss drinking water.
The presence of DEET and atrazine in all source waters m#ehesult of the sampling
being conducted during the summer months when these chemicals aavidely used.
Further investigation would be required in order to determine if @heypresent throughout
the year.

Atrazine and DEET have been detected in many surface watées thS., (Kolpin et
al.,, 2002; Benotti et al., 2009). Atrazine, a member of the triazingcidesgroup and
containing an s-chlorotriazine moiety is under review by the BF5A for toxicity (U.S.
EPA, 2006). Additionally, chlorinated transformation products of atrahiaee been
detected which still contain the s-chlorotriazine moiety (Wuliéteder et. al., 2010), and
the toxicity of these species remains unknown. DEET has beervethser have acute
toxicity in birds and aquatic organisms (U.S. EPA, 1998). Thereforgestregulations
should be placed on the use of these persistent anthropogenic conta@mainimize their
release into the environment.

Removal of the detected compounds, DEET and atrazine, was obsettvedhighest
extent when PAC was used, but this still did not eliminate thenpletety from drinking
water. PAC, usually employed for taste and odor control, was \a&iséo be the most
effective treatment option in this current study for the remot/&8ACs, and this has been
observed in previous studies (Ternes et al., 2002; Stackelberg et al., g@@ntives should

be given to utilities in order to expand the use of PAC for BACoka&ihsuch as the
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production of information leaflets in monthly bills to raise awassnwith consumers about
the importance of this treatment technology.

The results from the occurrence study can be explained bye#wtivity of the
studied BACs with chlorine (Chapter 3). For those compounds withdautivity towards
free chlorine (i.e. caffeine, atrazine, and DEET) it can Ipeebed that their removal during
disinfection using chlorine will be low. As a result, these compourdssp into drinking
water and the long-term impacts are not well understood. Oatliee hand, compounds
highly reactive with chlorine were not detected in any of #mamed source waters. One
possibility is that these compounds may be transforming durintewater treatment into
chlorinated by-products that elude detection when only the parent comprenasgeted in
analytical methods. For example, the wastewater treatmaritypatream of DWTP2 uses
chlorine as a terminal disinfectant and only those compounds withdaetivity towards
chlorine were detected in the source water at DWPT2. On the ledhel the wastewater
contaminant, sulfamethoxazole, which is commonly found in surfacesMdtelpin et al.,
2002) and drinking water sources (Stackelberg et al., 2007; Benoltj 20@9), has been
observed to react with free chlorine to produce chlorinated by-proaiubtgh the literature
(Dodd and Huang, 2004) and in the current study (Chapter 3). An itnlicd chlorinated
BACs eluding detection is that the environmental and health ispEHcBACs may be
underestimated and the risk associated with exposure to thastomnaation by-products
should be evaluated during toxicity studies. Additionally, in futureuweace studies
scanning samples using full scan mass spectrometry for chlonnagtproducts of BACs

may provide insight onto the occurrence of these compounds into drinking water.
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5. CONCLUSIONS

The impact of chlorine on the structure of parent BACs was eealuatcontrolled
laboratory experiments using TOX analysis, which has been usedanlynited extent for
studying the transformation of antibiotics (Ye, 2005). TOX ansly&s used to determine
the extent to which chlorine was incorporated onto the parent BACthanehriability was
determined to be a direct result of the chemical structure @dAl@s. Those with aliphatic
regions (TCEP and meprobamate), electronegative substituents (fencgirapine,
diclofenac, bezafibrate, and clofibric acid), bulky side chairmipfiofen) or highly
substituted aromatic structure (fenoprop, caffeine, and atrazine)fawanrd to have minimal
reactivity with chlorine. On the other hand those with aromatigons (extendedt-
conjugation), ring activating substituents (-OH, -NHand available positions for
electrophilic attack on the aromatic ring (estrone,odethinyl estradiol, acetaminophen,
tetracycline, sulfamethoxazole, and trimethoprim) were found to halerbactivity with
chlorine which was observed by high levels of chlorine incorporafitre high reactivity of
tetracycline was investigated in detail and its disappearamaseobserved using UV and
MS/MS analysis. Although the parent tetracycline molecule wais observed after
chlorination no transformation products were identified. Future Us/eXperiments should
employ a different control sample in the double-beam spectrophotowiatgr may allow

for transformation by-products to be distinguished from the backgragndl sassociated



with the control sample. Additionally, future MS/MS experiments ghairh to target lower
molecular weight fragments of the tetracycline molecule dinedJV results point to a loss
of aromaticity. While both UV-Vis and MS/MS experiments aedpful in monitoring a
known chemical compound there are limitations encountered when lookinsppkaowns.
Directing risk-assessment of transformation products and guidmglsg efforts would be
aided by determining the biochemical activity of the transftiomaby-products, and in
future studies the antibiotic activity of tetracycline should be tooed. TOX analysis
revealed that several compounds have moderate reactivity watlctiterine (erythromycin-
hydrate, sucralose, gemfibrozil, atenolol, and carbamazepine) whiglttriisuted to a
combination of chemical structure and slow reaction rates.

An occurrence study was completed in the state of North Carolidatermine the
presence of targeted BACs in three source, settled, and finishedr{argisturbed) water
samples. The results of the study revealed that DEET andinatravere persistent
contaminants that were detected in the source waters of each DWTP. ghhosturrence is
most likely the result of sampling during the summer months whee t@spounds are
used in higher quantities. TCEP and caffeine were only detattede of the DWTPs,
which is impacted by upstream WWTP effluent. Although the upstréAMTP uses
chlorine as a disinfectant, TCEP and caffeine were not removeadnsformed and this can
be expected since they were observed to have low levels ofvityaetith free chlorine
during TOX experiments.

The removal of the detected BACs in each sampled DWTP wasdfdo be
dependent of the treatment processes employed. The most effeeatment for the

removal of the DEET and atrazine was found to be PAC, but even hiihreatment
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technology the compounds were not completely removed from consumershdriméter.
This highlights the importance of determining the most effectieatment options for the
removal of persistent contaminants or the enforcement ofestregulations on the usage of
these contaminants. Even more troubling are the unknown impacts airtstmed BACs
that are not detected when only the parent BAC is targetady tBose BACs with low
reactivity towards chlorine were detected in drinking water ssuend it is possible that
those BACs with high reactivity have transformed into unknown prodtias elude
detection using the employed analytical method. Challenfiinge work would be to
develop ways to screen waters for the presence of unknown contanaindritansformation
products. Additionally, the transformation of those BACs with higlctnaty towards
chlorine should be studied in greater detail in order to provide méwaration for both

occurrence studies and toxicity studies.
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Appendix 1:

Composite Sample Collection Procedure

Points of Collection: Raw, conventional settled and finished water.

Procedure to collect composite samples: The glass amber bottles containpaesarvative

(ethylenediaminetetraacetic acid).

Composite Samples: In order to collect the composite samples, approximételye

sample bottle will be filled every 6 hours for a total time of 24 hours. The total sample

volume of the larger bottles are 4L, the medium is 2.5L and the small bottlds are 1

Sample collection procedure:

1.

The bottles do not need to be rinsed before sample collection. Choose the correct

bottle labeled for the specific tap in the lab for sample collection.

. To collect the sample fraction at each time, hold the bottle at an angle clbsee to t

sample tap to prevent dust from the air to enter the bottle and fill approximately to the
premarked line. Cap the bottle, mark the time of each fraction’s collection on the
bottle label and place in a fridge until the next time of sample collection. ®tirtie

repeat the procedure until 4 samples have been collected in each bottle. DO NOT use

sharpies, pencil is best to use.

DO NOT mix the sample until the last sample fraction has been collected.

For the final sample collection fill the bottle headspace free, replacapheuert

the bottle three times, and place immediately in the fridge.

The bottles will be collected as per initial discussion.
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Appendix 2:

Standard Operating Procedure (SOP)

Title: Analysis of Antibiotics in Surface and Drinking Water Samples

Purpose This standard operating procedure (SOP) describes thes@nafy25 antibiotics
including 6 tetracyclines, 7 sulfonamides, 7 (fluoro)quinolones, 3 macsolideethoprim,

and lincomycin in surface and drinking water samples at ng/eldeusing solid phase
extraction and liquid chromatography electrospray tandem mass specyromet

1. Preparation of solutions

1.1. Preparation of antibiotic solutions

Equipment

- balance

- 10 and 25 mL volumetric flasks
- beakers and funnels

- 10 and 40 mL amber vials

- 250 mL amber bottles

- spatula

- weighing dishes

- pasteur pipettes

Reagents

Antibiotic standards (Figure 1) stored in Freezer D.

Solvents:
- methanol

- LGW/methanol (1:1, 0.2% HCI, v/v)
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- acetonitrile (2% NHOH, v/v)

Table A.2.1. Preparation of Stock Solutions of Antibiotics

HClor | stock | weigh
mol. salt | conc. | amount volume
Weight | form | (mg/L) (9) solvent (mL)
minocycline 457.5 494.0 1000 0.0108 methanol 10
oxytetracycline 460.4 496.9 100 0.0108 methano 1
tetracycline 444.4 480.9  100( 0.0108 methano 1
demeclocycline 464.9 501.4 100 0.0108 methanol 1
chlortetracycline” * 478.9 5154 400 0.013b methanol 2
doxycycline 444.4 480.9 100( 0.0108 methanol 1
meclocycline 476.9 695 1000 0.0146 methanol 1
sulfamerazine* 264.3 287.3 400 0.0109 methano 2
sulfathiazole 255.3 278.3 1000 0.0109 methano 1
sulfamethazine* 278.3 400 0.0100 methanol 25
sulfamethizole 270.3 1000 0.0100 methanol 10
sulfachlorpyridazin
e 284.7 1000 0.0100 methanol 10
sulfamethoxazole 253.3 1000 0.0100 methanol 10
sulfadimethoxine 310.3 1000 0.0100 methanol 10
trimethoprim* 290.3 400 0.0100 methanol 25
ciprofloxacin 331.3 367.8 100(q 0.0111 LGW 10
LGW/methanol
1:1, 0.2% HCI,

Norfloxacin* 319.3 400 0.0100 viv 25
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LGW/methanol
1:1, 0.2% HCI,
enrofloxacin* 359.4 395.9 400 0.0110 viv 25
90% LGW :
sarafloxacin* 385.4 80 0.0080 10% methanol 100
LGW/methanol
1:1, 0.2% HCI,
pipemidic acid* 303.3 400 0.0100 viv 25
Acetonitrile
(2% NH,OH,
oxolinic acid* 261.2 400 0.0100 vIV) 25
Acetonitrile
(2% NH,OH,
Flumequine 261.2 1000 0.0100 vIv) 10
Tylosin 916.1 1066| 1000 0.0116 methanol 1(Q
erythromycin 733.9 1000 0.010d methanol 1(Q
roxithromycin 837.1 1000 0.0100 methanol 10
Lincomycin 406.5 4435 1000 0.0109 methanol 10

A: purity: 80%

1.1.1. Sock solutions

*: not easily soluble

1. For an EASILY soluble antibiotic (listed on Figure 1 without a “*"):

- Tare the scale after placing the weighing dish on the balance

- Close the glass door of the balance before weighing

- Use the spatula to transfer certain amount (Figure 1) of antibiotic reaghet

weighing dish (listed weights are ideal — get as close as possible buticat cr

to be exact)
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- Record the weight to 4 decimal digits

- Use small (5 34") pasteur pipettes to transfer appropsiient into the weighing
dish (start with 2 pipettes of solvent)

- Use a different pipette and gently stir in dish to dissolve antibiotic

- Transfer the antibiotic solution into a volumetric flask of appropriate volum

- Transfer all remaining antibiotic in the dish to the volumetric flas&duing
solvent and transferring a few times

- Fill up the volumetric flask up to the line with the solvent

- Cap the volumetric flask and invert 3 times

- Calculate the actual concentration of the prepared stock solution using the

following equation:

Weas (9) _ Cigea (Mg/ L)
Wactua] (g) Cactua] (m/ L)

W: weight; C: concentration

- Transfer the solution into an amber vial anditap
- Label the vial with antibiotic name, concentpatiinitials, and date of
preparation
- Clean the spatula thoroughly (withwW@nd then methanol) and dry thoroughly
with Kimwipes

- Brush off scale gently between uses

2. For an antibiotic that is DIFFICULT to dissolfsted on Figure 1 with a “*”):
- Tare the scale and then weigh the volumetrgkflaithout lid
- Add antibiotic directly into the volumetric flasising a spatula
- Subtract weight of the flask from the total weigf flask plus antibiotic to get
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the weight of antibiotic

- Continue adding antibiotic into the flask untie desired weight is achieved

- Add appropriate solvent directly into the flask

- Can pour some solvent into the flask up to thekraad add solvent with pipette
up to the line

- Cap the flask and invert many times until theélaotic dissolves

- If the antibiotic still does not dissolve, coube flask in aluminum foil (to prevent
photodegradation) and let the flask sit on benchafavhile, or put a small stir bar
into the flask and use magnetic stir until it disss

- Once the antibiotic fully dissolves, transfeg golution into an amber vial (for a
25 mL sample use 40 mL vial)
- Calculate the actual concentration (same agitescin step 3 above)

- Label the vial with antibiotic name, concenmatiinitials, and date

3. Another technique to prepare stock solutions

- Weigh out antibiotic in a weighing dish

- Add some solvent into the dish

- Transfer the antibiotic solution from the dishttie beaker by pouring carefully

(try to get all solids in)

- Once the solution is in the beaker, put a sstalbar into the beaker and use
magnetic stir to help it dissolve

- Place a funnel on top of the flask and trandferantibiotic solution from the
beaker to the flask (use glass rod to help cofival on the way down to the

funnel)
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Store all solutions in the freezer. The stockusohs are stable for at least 3 months
(tetracyclines, quinolones, macrolides, and lincomy and 1 year (sulfonamides and
trimethoprim) when stored in freezer.

Notes:
- Usually takes ~ 1-2 days to prepare stock saistimf 25 antibiotics
- Antibiotic standards are stored in the little tnbreezer

- Antibiotic solutions are stored on ZY’s shelffreezer

- For ciprofloxacin ONLY, take 5 mL of the prepar#d00 mg/L stock solution to another
volumetric flask and fill to 10 mL with methanolThis prevents the solution from being
frozen because the solvent is LGW.

1.1.2. Mixture of each antibiotic group

Group 1: six tetracyclines (TCs) —minocycline, atyacycline, tetracycline,
demeclocycline, chlortetracycline, doxycycline

Group 2: seven sulfonamides (SAs) and trimethogfiMP) —sulfamerazine, sulfathiazole,
sulfamethazine, sulfamethizole, sulfachlorpyridazisulfamethoxazole, sulfadimethoxine,
trimethoprim

Group 3: seven (fluoro)quinolones (QLs) —ciprofloxa norfloxacin, enrofloxacin,
sarafloxacin, pipemidic acid, oxolinic acid, flumsage

Group 4: three macrolides (MAs) and lincomycin (LIN— tylosin, erythromycin,
roxithromycin, lincomycin
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Procedure

1. Calculate the volume of antibiotic stock solutiorbe added to 10 mL of methanol
Cstock * Vtaken = V * C

mixture mixture

For example, to prepare a mixture at 20 mg/L fahemntibiotic (typical concentration) in 10
mL methanol:

Cstock * Vtaken= 20 mg/L * 10 mL

2. Get the antibiotic stock solutions from freez&®, mL volumetric flask, 50-25@L
micropipette, capillary tubes, HPLC grade methawalste bucket, and rinsing methanol

3. Fill the flask with some methanol (estimate ltotdume of solution that will be added and
make sure there is more than enough room for it)

4. Pipette the stock solutions £\, and inject to the flask (begin with ones thatchéee
largest Vaken

- Adjust the micropipette volume setting to theided value

- Clean the micropipette tip with methanol and with Kimwipe
- Insert capillary tube, tighten, and check

- Withdraw antibiotic solution (Mken

- Wipe off solvent outside of capillary with Kimpe

- Injectunder liquid level and shake the pipette gently
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- Remove glass capillary
- Rinse tip with methanol

- Repeat process for each injection

5. Fill the volumetric flask up to the line with thanol, cap and invert

6. Repeat for all antibiotic groups

7. Store the solutions in amber glass vials inZieee

1.1.3. Mixture of 25 antibiotics
1. Calculate volume taken from each mixture toasertolume of methanol (usually 10 mL)
C *Vtaken = V * Cmixtureof 25

mixture mixtureof 25

Chixture cOncentration of antibiotic in the mixture of Bagroup (see 1.1.2)

For example, to prepare a mixture of antibiotic8.&tmg/L in 10 mL methanol from each 20
mg/L mixture:

20 mg/L * Viaken= 0.5 mg/L * 10 mL
\éken: 025 ml_

2. Prepare the mixture of 25 antibiotics usingghme technique as described in step 4 above

1.2. Preparation of Surrogate and Internal Standard Solutions

1.2.1. Mixture of surrogate standards
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1. Calculate the volumes of stock solutions of syate standards’Ce-sulfamethazine and
meclocycline) to be taken to prepare a mixture hed two surrogates at an individual
concentration of 0.5 mg/L in 5 or 10 mL of methanol

For example, to prepare a 5 mL solution:

Cstock* Vtaken: 05 mg/L * 5 mL

Cstock (Cs-sulfamethazine) = 5.9 mg/L in methanol

Cstock (Meclocycline) = 10 mg/L in methanol

2. Prepare the mixture in methanol using the sadenique as described for preparation of
antibiotic solutions.

1.2.2. Internal standard (1.S.) solution

- The concentration of the internal standard simat@agent solution is 1Q@/mL (i.e.100
mg/L)

- ALWAYS clean micropipette thoroughly with metharo avoid contamination of the I.S.
with antibiotics

- Make dilution of the simatone reagent solutioratdesired I.S. concentration of 1.25 mg/L
in 10 mL methanol

1.3. Preparation of other solutions
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1.3.1. 0.1% Formic acid in methanol

Measure 200 mL methanol into a 250 mL amber beattld add 20Q.L formic acid with
glass pipette. Cap the bottle and mix.

1.3.2. 0.25 g/L Na,EDTA stock solution in LGW

Weigh 0.025 g NA&EDTA, transfer to a volumetric flask, and dissolwé 00 mL LGW.

1.3.3. Solvent mixture of LGW and methanol (9:1)

Measure 180 mL LGW and 20 mL methanol, respectjvahd mix in a 250 mL amber
bottle.

2. Sample processing

2.1 Filtration

1. The £ bench left side in MHRC 1210 is designated fdrdtion

2. Use filtration glassware designated for the appate type of water sample

3. The natural/raw water samples are filtered thhogiass fiber filters (0.dm pore size) and
then nylon filters (0.4wm). For drinking water or LGW, use nylon filter.48 um) only

4. Attach the vacuum and place the filter intogkstem
5. Wet the filter with a small amount of LGW
6. Switch on vacuum

7. Pour water sample into the sample reservoirland filter through under vacuum and
make sure water in flask does not exceed 1000 npreéwent it from being sucked into the
vacuum (this will damage the vacuum!)

8. Rinse the sample bottle (1 L amber) with a sraadbunt of the filtered sample and pour
the filtered water back into the bottle

9. Replace the filter with a 0.4Bn pore size filter (get from drawer, blue papewvaste, the
white is the actual filter)
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10. Re-run the sample through the 048 filter (this will take a longer time due to its
smaller pore size)

2.2. Solid phase extraction (SPE)
2.2.1. Sample Preparation
- Samples are collected in amber glass bottleseivept photodegradation

- Each 1 L sampile is divided into four portionsotfer the original unspiked samples and the
other two for spiked samples (four 250 mL ambetléstare needed)

- At least two spiked levels are needed for thehoebf standard addition

Procedures:
1. Label250 mL amber bottles
For example:
0-1 - non-spiked sample 1
0-2 - non-spiked sample 2
S-50-> spiked sample with 50 ng/L

S-100~> spiked sample with 100 ng/L

2. Divide 1 L sample evenlynto four 250 mL amber bottles (line near neckbaottle
indicates 250 mL)

3. Addition of surrogate standards

- The surrogate standard mixture is a mixture sfifogates includin’Ce-sulfamethazine
and meclocycline with an individual concentratidro mg/L
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1) Calculate the volume of surrogate mixture to add

c . 005%9.250mL
Example; —2ogte —=mle _ L = 0.025mL = 25uL
SurrogateSock 500%

2) Use appropriate pipette with an appropriate m&uange (i.e., 10 — 5@) and adjust to
the desired level (i.e., 28.)

3) Inject surrogate mixture (from nonspiked to spik samples with increasing
concentrations) using the same technique as desddadnbsection 1.1.2

4. Spike of antibiotics

Notes:
- Prepare the 25-analyte mixture (see section)loh3he day of extraction

- 0.5 mg/L is usually a good concentration for #malyte mixture, depending on how much
volume you want to spike

- The spike levels for raw water are usually 1Q,a&t@ 100 ng/L
- The spike levels for finished water are usuall$,2and10 or 20 ng/L

- Spike surrogate prior to analyte to avoid contation and for surrogate to monitor the
entire sample processing

1) Calculate the amount of analyte mixture to spike

c vy 5009.250m
Example;—2ave Temwe _ L =0.025mL = 25uL
mixtureof 25 05@
L

For S-50 sample, inject 26
For S-100 sample, inject 5

156



2) Inject the analytes mixture in the same wayoashfe surrogate mixture

5. Addition of NaEDTA at 1 mg/L

Note: NaEDTAIs added to prevent complex formation betwdenanalytes and the metals
in water samples (instead EDTA forms the compléeM)e surrogates and analytes are spiked
into the sample before EDTA addition so that the} wndergo the same procedure as the
analytes present in the original sample)

1) Prepare 0.25 g/L NBDTA stock solution (section 1.3.2)

2) Calculate the amount of pEEDTA stock solution to add:

c v 1™.asam
Example;—2™ “=mwe _ L =1mL
EDTA_ stock 250rng
L

2) Addition ofNgaEDTA:
a. Fill a 10 mL pipette and add 1 mL solution g@&mple ortop of the liquid level
of the sample
c. Cap and invert the amber bottle once

d. Repeat for every sample

6. pH adjustment

Notes:
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- The pH meter is located in the first bench

- When not in use, store the electrode in bufferagfe solution and the meter in standby
mode

1) Calibration of pH meter

a. Remove the electrode from the buffer storaggisa and rinse thoroughly
with LGW

b. Dab electrode dry gently using Kimwipe

c. Set “slope” on meter to 100 and “temperatutebam temperature in the lab
(usually ~22 deg C)

d. Insert the electrode into a pH 7 buffer

e. Switch mode from “standby” to “pH”

f. Shake the buffer gently to equilibrate the trtzade

g. Adjust the “standardize” knob until the readmegches 7.00 (wait a while for
pH to stabilize)

h. Switch mode back to “standby”

I. Rinse bulb with LGW and dry again with Kimwipe

j. Use pH 4 buffer and adjust the “slope” knobyaal pH 4.00 (get as close as
possible)

|. Switch back to “standby” mode and insert thectide to storage solution (pH

4 buffer)

2). Measure pH of samples from nonspiked to spdeedples with increasing concentrations
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3). Adjust to pH 6.0 (range from 5.8 — 6.0 is adabfe) as described below:

- To lower the pH, use ~2% formic acid; To increpbk use diluted NaOH solution (but this
is rare)

- Due to buffer capacity of environmental water plas, it is impossible to calculate the
exact amount of acid to add, so slowly add dropdilafted acid until the sample pH reaches
the desired value

- It is important to adjust all samples to approxiety the same pH so that the co-extracted
matrix is the same for each sample from solid pleas®ction

- ALWAYS adjust pH from unspiked to spiked samplin it is not necessary to rinse the
electrode each time

a. Add ~ 5 drops of ~2% formic acid using Fishéf5pipettes
b. Cap, invert, and measure pH
c. Continue adding acid until the pH reaches 6.0

- If the pH of the nonspiked sample goes below B®& it with the other portion of
the unspiked samples and readjust pH

d. COUNT the total number of drops added into arape to reach the desired
pH and add the same drops to each of the otherlsamp
e. It is best to then check pH on each subseqaempls

f. After pH measurement, store the electrode énptH 4 buffer solution

2.2.2. Solid phase extraction
Preparation work
1. Equipments

a. vacuum manifold (Supelco Visiprep 24)
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b. cartridges (one 6¢c HLB cartridge per sample)

2. Place cartridges on the manifold (open valvesre/cartridges are)
3. Close all other valves on top of the manifold
Procedure

1. Preconditioning of SPE columns

Notes:
- Start preconditioning before sample pH adjustnbectiuse it takes ~10 minutes

- Precondition using methanol which cleans andvatds HLB sorbent and acidified
methanol which is later used as the eluting solvent

- LGW is used to wash methanol out of the cartridge

1) Add ~ 6mL methanol into each cartridge andtleam through by gravity
2) Connect the SPE manifold to the waste contauméch is connected to the vacuum

3) When methanol almost goes through the cartriddeé,~1 mL of acidified methanol (0.1%
formic acid) (one squeeze of 5 34" pasteur pipette)

4) If the sample drips through cartridge reallywdig use a 10 mL syringe filled with air to
push solvent through a little bit

5) Apply 6 mL of LGW to each cartridge twice ang miot to introduce any air bubbles

7) Label each cartridge according to the sample I.D

2. Extraction
1) Insert a T adapter between each cartridge anddive on the manifold

2) Open each amber bottle, insert one small tulmitg each bottle (try to get tubings that
have equal length if possible), and connect thentufittings to the HLB cartridge (with ~ 3
mL LGW remaining in the cartridge)

3) Apply vacuum pressure to initiate the sampleaetion
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5) Record start time (it takes approximately 1 houextraction of 250 mL sample)
6) Adjust flow rate to be at approximately 5 mL/min

- Estimate flow rate by extraction for 10 minutesd watch the water level in
amber bottles (it should be down to ~50 mL) anel ltvel should be the same in
each bottle

7) Complete checks
a. tubings at very bottom of amber bottles
b. no leaks
c. each cartridge is labeled and labels match batties

d. equal flow through each cartridge

8) Continue to monitor and adjust flow rate using T-connectors

9) After all samples have gone completely throdghdartridges, rinse each cartridge with 6
mL LGW at least twice to remove salts remainingartridge

10) Let the cartridge dry for 5 minutes with a vacupressure of 15 ~ 18 Hg
11) Turn off vacuum and remove each cartridge ftoenmanifold
12) Tap cartridges on bench surface to get richgfextra water

13) Rinse methanol through each orange valve onmidxeifold that was used (where each
cartridge was connected)

14) Wipe off water underside of the manifold cover

15) Dry inside of manifold by first applying vacuuamd tilting manifold, and then wiping
off remaining water with paper towels

16) Pour extraction waste into sink

3. Elution

(~ 15 minutes)
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Notes:

- Use acidified methanol (0.1% formic acid) preplar® longer than 1 week prior to use
because formic acid may evaporate over time

1)Collect ~10 mL test tubes with conical ends (Lganple) and one cap for each tube
2) Label test tubes to match sample 1.D.
3) Place white plastic rack inside of the manifold

4)Place cartridges on the manifold without T conomesc(try to put them in the same position
as for extraction)

5) Place conical test tubes into the rack accortbrtge corresponding labels

6) Add 2 mL of acidified methanol to each cartridggng a 10 mL pipette, allow to go
through the cartridge by gravity, and refill (dastd times for a total of 8 mL elution volume
for each sample)

7) If necessary, apply some pressure with airefilyringe or apply some low vacuum
pressure to initiate the elution process (for tret 2 mL ONLY)

8) At the end of elution, apply vacuum pressureut through the last drops of the eluting
solvent out of the cartridge

9) Place used cartridges in labeled and tapedrbfigézer. Do NOT throw away cartridges
until all analysis is complete

2.3. Solvent reduction
Notes:
- This process takes ~ 2 hours

- Can begin to set up blow down during elution

2.3.1. Blow down procedure

1. Place all test tubes with SPE eluent into a &eakd bring it to the blow down setup
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2. Get small plastic tubes from the antibiotic deawnder the LC-MS computer monitor

3. Check the nitrogen tank in advance (to make thae is enough nitrogen to use for blow
down) by opening valve on top of the tank and chegko see if the pressure on the right
pressure gauge is > 500 psi. Stop using the mitrégnk after its pressure is below 500 psi

4. Set the heating block at “low temperature” at 4 (closer to 5), which means the
temperature will be between 40 and 50 deg C

5. Wait ~ 5 minutes to heat up

6. Connect tubes to the top (number of tubes = murob samples, close the unused ones
with metal cap)

7. Place test tubes in the heating block
8. Lower and secure the top

9. Put the plastic tubes into the test tubes arkersare that the plastic tubes ab®ve the
liquid surface of the SPE eluent

10. Turn on nitrogen and adjust flow rate to blogntly with minimum disturbance of the
liquid surface

- More samples necessitate higher flow rate becthespressure is distributed
over open valves) — for example, for 4 samplegpthasure was ~ 10 — 15 psi
- Pressure is measured by left gauge and is rtegultyy adjusting the two valves
on the left of the tank)
11. Pull hood down as low as possible
12. Wrap aluminum foil around sample test tubgsréwent photolysis
13. Check the liquid level in the test tubes appnately every 15 minutes, and lower the
top if necessary
14. Blow down to ~5QiL in the test tube (~ ¥4INEVER blow down to dryness!

15. After the desired volume is achieved, turntedhting and close the valves of nitrogen
tank
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2.3.2. Reconstitution
1. Estimate the residual volume of SPE eluent:

1) Add 50uL of a solvent mixture of LGW/ methanol (9:1) to empty conical test tube and

compare its liquid level to that of the SPE eluenestimate the remaining volume in each
sample tube. If the estimated sample volume i gL make another test tube with @0

of LGW/methanol solvent mixture, and try to estienttie level of the sample (it might be ~
60 uL)

2) Record estimated volume on the label of eadtubs

(Note: the sample extract after blow down ofterkkslightly yellow due to the presence of
natural organic matter in water)

2. Reconstitute each sample to a final volume @& 25 with the LGW/methanol solvent
mixture (9:1) using a thoroughly cleaned 500syringe. Add reconstituting solvent above
the liquid level of the sample and avoiding toughihe sides of the test tube to avoid
contamination of the syringe

- For example, if the recorded estimated samplierve was5QiL, then add 200
uL of reconstituting solvent to make a total voluoi50uL

- Syringe doesn’t need to be washed each timard is taken not to contaminate

2.3.3. Addition of internal standard simatone

1. Clean a 1@L syringe with methanol and then rinse with intéistandard solution at least
3 times by drawing in and discarding to waste.

2. Add internal standard (I.S.) solution at 1.25Im@ee section 1.2.2) into each sample and
into internal standard blank.

1) Calculate the volume of internal standard sotubheeded to add (using same

equation) (1Q.L for a spike concentration of 5@/L)
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2) Make I.S. blank by adding same amount of 1.250uL of reconstituting
solvent (LGW/methanol). This should be done be#atding I.S. into the
unspiked samples

Technique:

a. Draw I.S. slowly into the 1L syringe (if doing 1QL injection)

b. Inject I.Sunder the liquid surface

c. Rinse outside of needle using methanol betwegery injection

d. Add I.S. from unspiked sample tdkegisamples with increasing
concentrations

3. Vortex each sample

4. After vortex, turn around test tube to coveraarethe test tube with the extract liquid that
is not reached by vortex

5. Let each sample sit for 10-15 minutes to allmwitl settle all the way down to the bottom
of the conical tube.

2.3.4. Filtration of sample extracts
1. Preparation

1) Gather a vial rack from the cabinet at the ehthe second bench, vials (1 per
sample + 1 for solvent blank) on left side of tkemd bench, 250L inserts (1 per
sample + 1 for solvent blank), and a cap for ewéaty

2) Place an insert into each vial
3) Label each vial (sample identification, initiadgd date)

2. Filtration of extracts
1) Get 0.45um pore size syringe filters from the LC-MS drawer
2) Use a 50QiL syringe to slowly draw sample from the test tube
3) Measure the total volume to verify that it iS02:L
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4)Record the measured volume on the label on Htdube
5) With sample still in syringe, remove the neeatie attach a syringe filter
6)Slowly push sample through the syringe filteedity into the insert in the vial

7) After sample is filtered as much as possible fidter off the syringe, draw in air,
re-attach the filter, and push back through to gashdrops into the vial

8) Close the vial with cap
9) Flick the vial to get rid of bubbles in the inse
10) Rinse syringe twice using the same LGW/methamwlure

11) Repeat steps 1 — 10 for each sample

Cleaning: rinse syringe 3 times with solvent, thigse syringe with methanol in the hood,
take apart and again rinse each part individukdlysyringe (still taken apart) on Kimwipe in
hood to dry

Store all prepared sample extracts in vials iffitéezer until LC-MS/MS analysis.

2.4. Lab cleaning

1. Collect all dishes/parts/tubes/etc in a buckeitlaring to sink

2. SPE tubing: squeeze LGW through one end withoohector and let LGW run through
the tubing for at least 30 seconds

3. Pipettes:

1) Rinse with tap water and then with LGW, insahel outside
2) Rinse tips and the whole pipette with methaviale turning the pipette
3) Leave the pipettes to dry on paper towel incdhoeernight

4) Sign and date paper towel

4. T-connectors: rinse with LGW and put back to$iRE drawer

5. Amber bottles (don’'t need to be acid-washetliff cleaned right after use):
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1) Use soap to clean the raw water sample bottles

2) Put a bit of soap in each bottle and fill wiip water, shake
3) Rinse the bottle with tap water at least Jintes

4) Rinse at least 3 times with LGW from black gera

5) Dry in oven overnight (do not change oven temp)

6. Caps: rinse with tap water and then LGW, airidriyood

3.LC-MS/MS analysis
3.1. Equilibration of LC system

1. Check mobile phase levels (at least 3 inchédisj@il from bottom of the bottle), and if not
enough prepare more

-mobile phase A: 0.1% formic acid in LGW (2 mL famacid into 2 L LGW, filtered
to 0.45 micron with nylon filter)

-mobile phase B: acetonitrile

2. Whenever the mobile phase bottles are changediser needs to remove the air bubble as
described below and then prime the system.

1) For mobile phase A, attach a 10 mL plasticrgygito the fitting that is facing
the user

2) Switch T valve so it is facing to the left (whiis opposite of normal)

3) Slowly pull out mobile phase trying to getlalibbles out

4) Return T valve to the normal position (facinghe right)

5) Repeat for mobile phase B

Priming:

1) Loosen black B valve so that mobile phase wga'to the LC column and will
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instead go to waste (this is important!)
2) Prime A pump first
3) Push “Stop” on the screen of the pump
4) Push “Prime” (max flow on pump should be 5 mio)/m
5) Prime for ~2 minutes
6) Push “Stop” again
7) Repeat process for B

8) Retighten the black B valve to return mobilegdto column (also important!)

3. For routine operation, before starting the punapsays check the mobile phase lines to
make sure there are no air bubbles. If there iareuaables, prime the system until they are
removed.

4. Need to flush the system as described beloheifet has been user change or the LC-MS
has not been used for more than one week.

Flushing:

1) Remove the column

2)Connect red tubes directly using a union (imdraunder LCMS)

3)On the main window, open file activate methoe> go to methods directory
under Varian WS>flushing—> open

4)Maximize the Prostar/Dynamax window to monitoe flow rate and mobile
phase composition (should be the same as thoke méthod)

5) Flush for ~10 minutes

6)Maximize Prostar/Dynamax window again

7)Click “Stop Pumps” to stop flushing

8)When pressure on screen drops back down to agach column (Pursuit C18)
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5. Wash autosampler needle — do this every timeréafjecting samples
1) Open auto sampler window 430.25
2) Click “Wash” and do this twice
3) Minimize window

6. Attach LC guard and analytical column: PursdiB@15 cm, 2.0 mm,3n)
1)Make sure the guard column is tightly connedttetthe analytical column
2) Attach in the direction of flow (guard column eft)
3) Tape column down to secure
4) Put the caps in the little blue bag in the draw

7. Check to see if shield is clean, if not:
1) Use LGW and wipe shield with Kimwipe, ensurthgt no water enters the MS
2) Squirt methanol onto shield and into hold owelsh

3) Clean needle tip with methanol

3.2LC-MSMSanalysis
Method Activation

-The 25 antibiotic analytes are separated by tbiéerent LC runs, which means that each
sample extract is injected at least 3 times

-The three different LC runs are based on combiaimglytes of similar structure and must
be independently run

-The order of analysis is sulfanomides/macrolid&AMA) -> fluoroquinolones -
tetracyclines

Note: The windows control the instrument componastfollows:

- Prostar/Dynamax.24 LC
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- 430.25~> Autosampler
- 1200.42> Mass Spec ESI
- Prostar 436> Sequence
1. Click the view/edit method button on the toghs screen
- Open an existing method

- ZY folder - antibiotic analysis> click on a specific method

2. Make configuration adjustments to the methaotedessary
- For the SAMA method:

- Click on configuration tab on the left

- Adjust needle height to avoid breaking the tezed
- For 25QuL inserts, set the needle height at 6 mm
- For 50uL inserts, set the needle height at 10 mm
- Needle height measures the distance fromdttern of the vial

up to the tip of the needle (i.e., a needle hex§itd mm will not

go as far into the vial as a needle height of 6 mm

- Save the method every time you makg change

- May also need to change the needle tubing voliintw
- Check ntv value listed on configuration tab

- Check ntv value on 430.25 (subwindow of systemtrad) > hardware>
ntv

- If the values are not equal, adjust the hardwaiue to be
consistent with the value on the configuratidnitathe method

3. Check MS settings:
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- On the “Scan method” window (under Method Win{jieelect:
- ion source: ESI
- mode: centroid
- CID gas: on
- polarity: positive

- Save method and close

4. Activate method

- System Control Window>» Mass Spec subwindow File > Activate method>
open method

- Note: if unable to activate, go to Automatien Stop Automation and try
again

- On the main screen (1200.42) when the quadrup@dellision cell) turns
orange, it means that the collision gas is on @rsake it is) and the pressure
should be ~2 mTorr. If not, adjust the pressuréunying the CID gas
valve very carefully

- Minimize the main screen

- Open the LC Prostar screen

- Watch the pressure increase until it reachesstatillizes at ~ 1800 -2000 psi

5. Set up sequence

- File > new sample lis> Varian WS- data-> Laura—> create new folder using
the date (e.g., 112005)

- Enter sequence parameters:
- Sample name: solvent blank, etc

- Injection modepL pickup
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- Injection volume: 2@L
- Well vial: begin with A1 (wherever the vials graced in the rack)
- Click on Data File (bottom right) and save dataer the user’s directory

Note: the first sample should always be solvenhlldake 2 or 3 injections of blank to
equilibrate the LC column and to check the solvdatscontamination. If there are any
peaks on the chromatogram at the retention timéseo&nalytes (indicating contamination),
continue running solvent blank samples until themo more contamination.

Also, if the methods have not been run in a whilgke a test solution of ~10 ug/L of
antibiotics to check if the retention times on thethod are still correct.

6. Set up instrument parameters and turn on theMES(oefore you start the sequence)
- Select API auto
- drying gas temp at 300 deg C
- APl house temp at 50 deg C
- Click OK
- Click icon with green arrow in the upper lefttton on electrospray
- Wait until drying gas temperature gets to 160 @Gethen click “turn on the
instrument” icon to turn on the detector (whenltgbt is green, it is on). Wait
until the temperature stabilizes before startirggbquence

- Make sure the MS valve is in the “Load” mode

7. Last minute check&é¢fore you start the sequence)
- Make sure samples are in the autosampler treytive correct vial number on
the sequence
- Make sure samples have been in the tragtfteast 30 minutes after being
taken out of freezer
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- Check that the clear glass solvent vial (caltadsport vial) behind the rack is

full of the reconstituting solvent (90% LGW 10% timenol)

8. Start sequence
- Return to Prostar 430 sequence winddvelick begin on bottom lef® click Ok

- Each run takes ~ 30 minutes

9. Check the chromatograms of the solvent blardetoif there is contamination

10. If there is NO contamination, add all samptethe sequence following the same scheme
in step 5 above

11. After putting all samples in the sequence,vatgi the second method by browsing the
method in the method files

Sample type: Activate method

Auto link: select method

12. Repeat the sample sequence for the second anetho

13. At the end of the whole sequence, put in amegaying:
Sample type: Activate method
Auto link: methods> ZY - stop run
Do one analysis of solvent to initiate the “staprmethod.

4. Data Analysis

4.1. Integration of analyte peaks
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4.1.1. Manual integration
Software: Varian WS Work station 6.4.

Notes: analytes must be integrated one by one

1. Click on the window of Review/Process MS Data
- Find data file

- Open chromatogram on the screen

2. Input
- Select the file names to be analyzed
- Data—> lon

- Channels> Scan—> selected scan channels

3. Use ZY’s method document to find certain ions

- i.e., for sulfathiazole one of the two produats is m/z 156 and the scan channel
IS m/z 256 to m/z 156. Note: the second prodwet column is used for

confirmation of detection of the analyte (if thatio of the areas of the two

product ions listed in the®1land 2° column, respectively, is within a certain
range, it confirms the detection of the analytdhe ratio varies depending on

individual analyte)

4. Adjust chromatograph
- Right click> select local chromatograph plot prefereneeshromatogram
plot > under filtrating> smooth data (points 5 or 7) AND remove spikes
OK

5, Zoom in to enlarge peak
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- Adjust x axis by dragging mouse along axis

- Adjust on y axis by just clicking

6. Integrate peak
- Click on set click and drag actieh integrate area
- Draw line along the base of the peak (BE coesisio where you draw the line)
- Enter data into Excel
- Apex = retention time

- Area = area of the peak (important parameter!)

4.1.2. Automated integration

Create a quantitation method

1. Create a new method (create new metBogext—> finish)

2. Select the file that you want to analyze (oh % Data handling> compound table)

3. Click “add” to add the number of ions you wamirtegrate(two ions for one analyte), so
20 ions need to be integrated for 10 analytes

4. Double click retention time column header totgédl ion chromatogram

5. Zoom out a specific peak to make it larger

6. Name the ion (e.g., Sulfamethoxazle-156)

7. On quantum ions tab select scan channels (uneleged) and select the target ion

8. Under integration tab, set integration windowB& min, under “filter peaks” smooth the
chromatogram with a factor of either 7 or 5 andtset'remove spikes” at a factor of 5

9. If the integration peak looks weird, adjust peak width and slope sensitivity to improve
10. Under identification tab, select retention tiwith search time +/- 0.5 min
11. Hit close

12. For confirmation, get peak areasoth fragment ions for each analyte
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13. Continue for each ion, adjusting peak width sloge sensitivity if necessary

14. Save method in methods subfolder

Data processing using the quantitation method

Advantage: this method is more accurate than theuaiantegration method and the data
files can be copied to Excel and saved

1. Open the chromatograms folder
2. Double click to open the chromatograms
3. Select one file> quantitation> process active folder
4. Under method folder, browse for the method ticess the data with
5. Click “process” to analyze data file with thethred
6. Click “view results”
- For EACH peak draw a line from beginning to émel of the peak and click
“integrate”
- If the integration is not correct, need to edéthod to adjust parameters. Save
the method each time it is updated
- Click “done” after adjusting each
7. Save method changes if you want (usually a goea)

8. Save the integrated data file: Pribtsample report (ASCIIy> folder data file, name as
sample ID and save it so it can be opened and savEdacel

4.2. The method of standard addition

1. Integrate the peaks of a specific analyte aedirtternal standard (either by manual or
automatic integration)

2. Set up an Excel Spreadsheet with rows or colufbnspike amount (ng/L), simatone
(I.S.) Area, and analyte Area
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3. Calculate relative area = Area of analyte/afde5o

4. Build two calibrations (one with 0-1 sample ahd spiked samples, the other with the
duplicate nonspiked sample (0-2) and the spikegbesn— Area (y) versus concentration (x)

5. Extrapolate to get the absolute value of x winerD

6. These two values are the concentrations in thginal sample from duplicate
measurements — average the two values and calcb&t@verage deviation (A.D.) and the
relative percent of difference (RPD). Use two #igant figures.

AD.=Cype —Crem

(x1—x2)

-100
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Appendix 3:

North Caroling Land Use Maps
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Figure A.3.1 Land uses in the Cane Creek Waterghedation of source Water for
DWTP1). The light pink color indicates the locatiof row crops. Yellow color indicates
hay pastures, and green indicates forests. Maginaat from the NCSWAP for OWASA,
2010. (NCSWAP, 2010c)
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Figure A.3.2 Area and potential contaminant site€%) for the Cane Creek Watershed
(Location of source Water for DWTP1). The CaneeRravatershed protection area is
outlined in light blue and the critical area in kildlue. The map shows the locations and
types of PCS. A limited number of PCS are preserthe watershed including; animal

operations, isolated pollution incidents, and nastliarge permits. Map obtained from the
NCSWAP for OWASA, 2010.
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Figure A.3.3 Land uses in the Big Alamance Creekafghed (Location of source Water for
DWTP2). The red color indicates commercial, indakttransportation uses. The orange
indicates high intensity residential. The lighmlpicolor indicates the location of row crops.
Yellow color indicates hay pastures, and greencetds forest. Map obtained from the
NCSWAP for The City of Burlington, 2010.
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Figure A.3.4 Area and potential contaminant site€%) for the Big Alamance Creek

Watershed (Location of source Water for DWTP2).e Big Alamance Creek Watershed

protection area is outlined in light blue and thé&cal area in dark blue. The map shows the
locations and types of PCS. A number of PCS asgnt in the watershed including; animal
operations, NPDES permit sites, and isolated pofiunhcidents among others. Map obtained
from the NCSWAP for The City of Burlington, 2010.
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Figure A.3.5 Land uses in the Little River (LittRiver Reservoir) and Flat River (Lake
Michie) Watershed (Locations of source water for TRB). The red color indicates
commercial, industrial, transportation uses. TgletIpink color indicates the location of row
crops. Yellow color indicates hay pastures, arekgrindicates forest. Map obtained from
the NCSWAP for The City of Durham, 2010.
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Figure A.3.6 Area and potential contaminant sife€g) for the Little River (Little River
Reservoir) and Flat River (Lake Michie) Watershiedc@tions of source water for DWTP3).
The Little River (Little River Reservoir) and FIRiver (Lake Michie) Watershed protection
area is outlined in light blue and the criticalarie dark blue. The map shows the locations
and types of PCS. A number of PCS are presenhenwatershed including; animal
operations, non discharge permit sites, NPDES pegiteis, and isolated pollution incidents
among others. Map obtained from the NCSWAP for CThig of Durham, 2010.
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Appendix 4:

Chlorine Isotope Ratios
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Figure A.4.1 Full Scan Mass Spectrum of Atrazinklano-chlorinated BAC. The
Characteristic Chlorine Ratio of [M]:[M+2] for 218218.1 corresponding tCI:*'Cl is 3:1.
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Figure A.4.2 Full Scan Mass Spectrum of Dicloferaabj-chlorinated BAC. The
Characteristic Chlorine Ratio of [M]:[M+2]:.[M+4] f0293.8:296.3:298.3 corresponding to
¥CI®'Cl*Clis 9:6:1.
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Ei_'gijre A.4.3 Full Scan Mass Spectrum of Suérala%j-chlorinated BAC. The
Characteristic Chlorine Ratio of [M]:[M+2]:[M+4] f0394.9:397.1:399:401 corresponding to
I3l Cl: Yl is 27:27:9:1.
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