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ABSTRACT

Methods were developed for application of asymmetric flow field-flowtivaation
(AF4) and fluorescence parallel factor (PARAFAC) analysis to rawraated samples from
drinking water sources to improve characterizations of dissolved organic rivédteh) @nd
discover DOM properties correlated to disinfection byproduct (DBP) foomabtential (FP).
Raw water samples were collected from a reservoir, adjusted to pH 6, 7, and 8 ariddtibjec
(1) jar tests using aluminum sulfate (alum) and (2) treatment with magmetxchange
(MIEX®) resin. Both treatments were followed by DBPFP tests at pH 7. AF4 wasousied t
DOM in raw and alum treated samples at pH 6 and 8. AF4 fractograms showed khat DO
removal was more effective at pH 6 than at pH 8, and preferential removalestdargd DOM
occurred at pH 6 but not at pH 8.

A fluorescence-PARAFAC model was constructed using excitation-emissatrices
(EEMs) from all samples. A strong linear correlaticn=0.87) between chloroform FP and a
humic-like PARAFAC component (C1) was developed. This correlation was a saguific
improvement over the correlatiorf & 0.03) between chloroform FP and specific ultraviolet
absorbance at 254 nm (SUY#), a DBPFP surrogate commonly used in drinking water
treatment plants to optimize DOM removal processes. This indicated that ohiofeP-C1
correlations were not treatment-specific.

Alum coagulation at pH 6, 7, and 8 and DBPFP tests at pH 7 were performed on a set of
raw waters from eleven drinking water treatment plants from acrossiterl\$tates. AF4 was
used to size DOM before and after alum coagulation, and showed similar resultsadiéne
study, i.e., increased removal at pH 6 compared to pH 8. A fluorescence-PARAFACwaedel

constructed and total trihalomethane (TTHM) FP was strongly comeldte 0.91) to C1 for



eight water sources. TTHMFP-SUV# correlations for ten locations were weak<10.15),
which indicated that C1 was an improved DBPFP surrogate relative to skaffl could be

used as a surrogate to select and optimize DBP precursor removal processes.
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CHAPTER 1

Introduction



1. PROBLEM STATEMENT

Disinfection of drinking water has been crucial in the protection of publithhsialce the
early twentieth century, but is not without challenges. In the 1970s, Rook reported theformat
of haloforms following chlorination of natural waters (Rook 1976; 1977) from reactions with
dissolved organic matter (DOM), which is ubiquitous in surface- and ground waters.
Trihalomethanes (THMSs) are the most abundant group of DBPs formed during chlorinadion, a
have been linked to increased health risks (Cantor et al. 1998; Nieuwenhuijsen et al. 2000). The
sum of the four THMs were regulated in drinking water under the United Statesrinemtal
Protection Agency’s (USEPA) Stage 1 Disinfectants/Disinfection @&jyets (D/DBP) rule;
THM regulations became more stringent in the promulgation of the Stage 2 DIRBP r
Drinking water treatment plant (DWTP) managers can draw from a two-propgeuhah to
decrease formation of THMs and achieve regulatory compliance: (1jredtdisinfectant and/or
(2) remove more DOM (e.g., by processes such as enhanced coagulation, ion exchange). A 1997
survey of 100 DWTPs showed that 20 exceeded the USEPA’s maximum contaminant level
(MCL) for total THMs of 80 pug/L (Arora et al. 1997). This is due in part to the coatpland
variability of DBP precursors within the DOM pool and the limited metrics gpecific
ultraviolet absorbance at 254 nm (SU)4A and total organic carbon (TOC)) that are used to
design DBP precursor removal processes. Development of highly effective &@dwal
strategies would be aided by improved DOM characterization methods andesaséicr
understanding of DOM properties before and after treatment.

DOM has been physically and chemically characterized by a vafiggglmiques (Kitis
et al. 2002; Yohannes et al. 2005; Cawley et al. 2009; Worms et al. 2010) which have led to

valuable insights into DBP formation (Kim and Yu 2005; Yang et al. 2008; Chu et al. 2010).



However, many techniques require large sample volumes, pre-concentration tarichpens

in acid/base chemistry, which can make characterizations of sampted tethe laboratory
scale difficult and can even introduce artifacts (Gadmar et al. 2005). Sgioahiodw field-flow
fractionation (FIFFF) and asymmetrical FIFFF (AF4) have been used tatepad size DOM

in natural water samples (Floge and Wells 2007; Alasonati et al. 2010) withoubneee-f
concentration, interaction with a stationary phase, or perturbations of solutioistritem
Although these relatively recent techniques have many advantages (Samihvgahlund 1997;
Yohannes et al. 2005), FIFFF and AF4 are not yet commonly applied to drinking wateetreat
studies.

Fluorescence spectroscopy is becoming a common tool for chemical DOM
characterizations (Coble et al. 1990; Coble 1996; Hall et al. 2005; Korshin et al. 2007) and has
been applied to DBP studies (Roccaro et al. 2009). The use of parallel factorsanalysi
(PARAFAC), a statistical algorithm used to decompose fluorescendatextiemission
matrices into fluorophores (called components) (Andersen and Bro 2003), has etmplifi
identification of relationships between DBPFP and components. Strong DBPFPHAERA
correlations have been reported within a DWTP (Johnstone et al. 2009), but these correlations
have not been verified for different treatment processes or a wide rangeasf saters.

Although fluorescence-PARAFAC measures bulk DOM properties, it has the pbtenti
be a useful DBPFP surrogate for DWTPs.

2. OBJECTIVES AND APPROACH

The overall objective of this work was to relate physicochemical DOM deaistcs to

DBP formation and control, which could help DWTPs curb DBPs. The characterization

techniques used in this work were chosen such that sample preparation and perturbation wer



minimized to better represent DOM behavior within DWTPs. Throughout this work, continuous
DOM size distributions were obtained using AF4 coupled with absorbance at 254 ng).(UV
AF4-UVqs54 data in the form of fractograms allowed assessment of spatial and temPafal D
variability and visualization of preferential removal of specific DOMsizg DOM removal
processes. Fluorescence-PARAFAC analysis data were used to idemgfataons between
chemical DOM characteristics and DBP formation before and afteratedutirinking water
treatment processes, and the broad applicability of these correlations v&igated. Specific
objectives were to:

(1) Develop detailed methods for AF4-LiYand fluorescence-PARAFAC for analysis of
DOM in natural water samples.

(2) Investigate the impacts of DOM removal processes on physicochermidél D
properties.

(3) Develop correlations between formation potential (FP) of individual DBPs and
fluorescence-PARFAC components using samples collected from the four drivedieig
treatment plants on Beaver Lake before and after alum coagulation.

(4) Investigate the applicability of DBPFP-PARAFAC correlations ttevgtreated with
magnetic ion exchange (MIEX) resin.

(5) Assess the broad applicability of DBPFP-PARAFAC correlations usmgveder
samples collected from drinking water treatment plants across the Utated.S

The correlations discovered in this work could be used by drinking water treatnrést pla
to not only predict DBP formation, but also to select and optimize DOM removabssateth

greater success than is possible using traditional bulk metrics such assaUVA



3. DOCUMENT ORGANIZATION

This dissertation comprises two published and two submitted journal article whigh buil
on each other to address the specific research objectives. Chapter 1 containsehe probl
statement, general research objectives, and approaches used for this work. Zikapter
published article and its supplementary data (Appendix 1) regarding objectivéépjeC3 is a
published article and its supplementary data (Appendix 2) which address objectiaed (2).
Chapter 4 is a submitted paper on objectives (2) and (4). Chapter 5 is a submitted paper and it
supplementary data (Appendix 3) which focus on objectives (2) and (5). Chapter 6 contains
overall conclusions, contributions to the field of drinking water treatment, and recalations
for future studies.
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CHAPTER 2
Coupling Asymmetric Flow-Field Flow Fractionation and Fluorescene Parallel Factor

Analysis Reveals Stratification of Dissolved Organic Matter in a Drinkng Water Reservoir



ABSTRACT

Using asymmetrical flow field-flow fractionation (AF4) and fluorasoe parallel factor analysis
(PARAFAC), we showed physicochemical properties of chromophoric dissolved ongaitéx
(CDOM) in the Beaver Lake Reservoir (Lowell, AR) were stratified IptlideSampling was
performed at a drinking water intake structure from May-July, 2010 a& tleeths (3-, 10-, and
18-m) below the water surface. AF4-fractograms showed that the CDOM haslahif
coefficient peak maximums between 3.5- anck208 cnt s*, which corresponded to a
molecular weight range of 680-1,950 Da and a size of 1.6-2.5 nm. Fluorescendeaxcita
emission matrices of whole water samples and AF4-generated fraceomsl@composed with a
PARAFAC model into five principal components. For the whole water samples, thgateta
maximum fluorescence was highest for the 10-m depth samples and lowest (aboes)des |
18-m depth samples. While humic-like fluorophores comprised the majority of the total
fluorescence at each depth, a protein-like fluorophore was in the least abusidéwec®0-m
depth, indicating stratification of both total fluorescence and the type of fluoropfhbeegesults
present a powerful approach to investigate CDOM properties and can be extendestitpabeve
CDOM reactivity, with particular applications in areas such as disiafeblyproduct formation
and control and evaluating changes in drinking water source quality drivéimbyecchange.
KEYWORDS

Diffusion coefficient, polystyrene sulfonate salt, PARAFAC, dissolved orgaattem

stratification, disinfection byproduct precursors



1. INTRODUCTION

In aqueous systems, the term dissolved organic matter (DOM) is used to refeutesn
of molecules comprised mainly of organic carbon, present in ground and surfaceaiviers
milligram as carbon per liter (mg C*).levels. DOM controls geochemical processes, affecting
transport, speciation, and bioavailability of trace elements (Sants¢h808), serves as a
carbon substrate for the growth of biofilms in water distribution systems (kelllbeet al.
1996), and reacts with drinking water disinfectants to form disinfection byproducts, (BBBk
1977). The formation of DBPs in treated drinking waters is a public health issueng®BRas
are regulated because they are suspected human carcinogens. Aquatic DOMd<rden
terrestrial and aquatic sources, and can undergo biotic (e.g., microbiabiaincl (&.9.,
photolysis) transformations, and, as such, exists as a dynamic carbon pool, thesgroperti
which can vary temporally and spatially (Huguet et al. 2009). Becauseimigbrtance in
aquatic systems, detailed DOM characterization techniques are neededrstamaidés fate in
the environment and to develop strategies to minimize its deleterious affecigineered
treatment processes.

Because of the physical and chemical diversity that exists within the @@l pool,
researchers have attempted to isolate various DOM fractions of like sipe sindlar chemical
composition. Commonly used physicochemical separations include resin adsorpingues
(Kitis et al. 2002; Chu et al. 2010), liquid chromatography (Worms et al. 2010), alum
coagulation and activated carbon adsorption (Kitis 2001), ultrafiltratiors(&ital. 2002;
Cawley et al. 2009), and flow field-flow fractionation (FIFFF) (Yohanetesl. 2005; Baalousha
and Lead 2007; Floge and Wells 2007; Dubascoux et al. 2008). Once a given DOM fraction has

been separated, various analytical techniques are often applied with impraretioressuch as
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ultraviolet (UV) spectroscopy (Alasonati et al. 2010; Stolpe et al. 2010; Worahs2€x1.0),
measurement of dissolved organic carbon (DOC) (Reszat and Hendry 2005), induotipddy c
plasma mass spectrometry (ICP-MS) (Krachler et al. 2010; Worms2€tl4l), and fluorescence
spectroscopy (Boehme and Wells 2006; Yang et al. 2008). A well known yet often overlooked
aspect of UV and fluorescence spectroscopy, is that these techniques arastmege the
chromophoric DOM (CDOM) — the fraction of the DOM pool that absorbs light or impads col
to natural waters.

Using DOM isolated and concentrated by resin adsorption techniques, Cabahiss et
(2000) showed that DOM size affects proton and metals binding, partitioning of organic
contaminants, and coagulation and adsorption processes. Other researchers fdumtbthat t
molecular weight DOM fraction (<10 kDa) was the principal component of taeRD@M pool
(Krachler et al. 2010), and that hydrophilic DOM fractions were linked with foomaf
nitrogenous DBPs (Chu et al. 2010). Despite these potentially valuable insightsupR2OM
characterization methods have serious drawbacks. For example, resin adsaripticués
often require DOM pre-concentration (Yang et al. 2008), perturbations in acidhzsestry,
and employ interactions with a stationary resin phase, all of which can intradifigets that
bias the DOM sample in varying and often unknown ways (Gadmar et al. 2005arimil
contact with a stationary phase is a concern in liquid chromatography samardthile DOM
isolation by alum coagulation does not require acid/base perturbations, this/tectulifers
from inadequate separation of hydrophilic elements (Kitis 2001). Likewisafiltdation (UF)
does not perturb solution chemistry, but the resultant DOM separations often overnlapeavit
another despite distinct membrane cutoffs (Assemi et al. 2004), and furthseepdfated DOM

size distributions are erroneously discontinuous in nature (Stolpe et al. 2010). Cthgsimg
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various separation methods with ICP-MS, UV spectroscopy, DOC measurements, or
combinations thereof (e.g. specific UV absorbance, SUVA), can yield inibgy@ssights,
however, it is generally unknown how the results from studies with DOM isolédés t@ their
unperturbed natural source waters.

Symmetrical FIFFF and asymmetrical FIFFF (AF4) have been usedamszpnd
characterize DOM in natural water samples (Floge and Wells 2007; Alasoalat2@10)
without need for DOM pre-concentration, interaction with a stationary phase tunbpgions of
solution chemistry. Both FIFFF techniques provide physical separation of DONbinoa-like
channel, but differ in the nature of the applied flow field. The reader is directkscussions in
Ref. (Schimpf et al. 2000) for an in-depth comparison of the two FIFFF techniques. &F4 is
newer technology and has several practical advantages over its symmetrigoeotymamely
simpler channel construction and a transparent front plate in which the focusing béinod pos
can be visualized (when a colored dye is injected) and measured preciselyr{t\ainil
Giddings 1987). AF4 separates colloids, macromolecules, and particles fronolt@6rpum in
size on the basis of diffusivity (Giddings 1993). Reported sample injection sizesorars-pL
to 250-mL (Baalousha et al. 2005; Yohannes et al. 2005; Prestel et al. 2006; Alasdnati et a
2010), depending on the intended application. In FIFFF, shear forces that drive plee sam
separation within the channel are low (Yohannes et al. 2005), which prevents breakuyd of DO
aggregates and, as such, FIFFF data can be used to determine the hydrodynaatac diam
distribution of DOM mixtures (Schimpf and Wahlund 1997). While FIFFF has some drawbacks
(e.g., the inability to precisely determine DOM molecular weight due to theutty in finding
appropriate standards), these are relatively minor when weighed abainsry benefits over

traditional DOM separation techniques.
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To elucidate important physicochemical properties, FIFFF is often cowtledrarious
analytical detectors. For instance, Floge and Wells (2007) coupled FIFFFW4thto study the
rapid cycling of marine colloids in coastal waters; similarly, Alagaetadl. (2010) reported
substantial spatial variability of DOM in Amazonian basin waters with thefaa multi-angle
light scattering detector. However, fluorescence spectroscopy iérgin@ most useful and
widely applied detector for DOM studies. Fluorescence measurements cbmsistspectra —
excitation and emission — that are plotted against one another to yield ahaxeitaission
matrix (or EEM). Fluorescence EEMs have been used in a variety of applic&ooresxample,
Coble (1996) showed that marine and terrestrial DOM had distinct fluorescendersigad
identified EEM regions with humic-like and protein-like fluorophores. Simijaiigil and
Kenny (2007) showed fluorophores can be used to identify the origin of a water sarhple in t
study of ballast waters from shipping vessels. Other researchers hpazedrhanges in
fluorescence EEMs upon oxidation with drinking water disinfectants. For instioiuestone et
al. (2009) correlated changes in fluorescence EEMs with formation of speBifis.Recently,
fluorescence has been coupled with FIFFF. Notably, Stolpe et al. (2010) usedRtFF
fluorescence to characterize colloidal DOM mass transport of traverie. Additionally,
Boehme and Wells (2006) showed that the protein-like EEM signature of estu@iie D
samples was associated with the smallest (1-5 kDa) DOM size fractioevidigunterpretation
of fluorescence data presents analytical challenges due to the presenter gicattering
regions, quenching, and instrument noise (Andersen and Bro 2003). Fluorophores have often
been identified by ad-hoc “peak picking” methods (eg., (Coble et al. 1990)) and ¢aiicafat
various fluorescence indexes (e.g., (Korshin et al. 2007)), but these techniques haVvéoprove

have serious limitations (Johnstone et al. 2009). To help address these concerns,guaoallel f
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analysis (PARAFAC), a statistical algorithm, has been developed anesstidty used to
decompose an array of at least 30 fluorescence EEMs (Andersen and Bro 2003 Hathay
2007; Hua et al. 2010) into several (generally less than 10) principal components. Thesreade
referred to the seminal work of Bro’s group (e.g., (Andersen and Bro 2003; Stedmon and Bro
2008)) for detailed descriptions of PARAFAC theory and its applications to DOMsasal

Here, AF4 was coupled with fluorescence PARAFAC analyses to elucidate
physicochemical properties of CDOM in unperturbed freshwaters, sampl&tyaethree
depths from a drinking water treatment plant reservoir in Lowell, AR, betwegrIMly, 2010.
AF4-UVs54 was used to determine the diffusion coefficient, molecular weight, and size
distributions of CDOM and separate it into three distinct fractions. Fluoreségtids were
measured for whole water samples and AF4-generated fractions, whictlegereposed with
the PARAFAC model into five principal components. This novel coupling of AF4sLAnd
fluorescence PARAFAC analyses revealed that CDOM properties ragle/oir were stratified
by depth which may have implications on strategies that drinking water tregitaets use to
help limit the formation of DBPs.
2. MATERIALS AND METHODS
2.1. Site Description

Water samples were collected from the Beaver Lake Reservoir, whichtesdacathe
White River in northwest Arkansas and serves as the main drinking water swuteehore
than 300,000 customers of the Beaver Water District (BWD). The reservoir hdace suea of
103-knf, an average depth of 18-m, and an average hydraulic retention time of 1.5-yeats (Sen e
al. 2007). The hydraulic catchment area encompasses 310,000-ha of mostly forest and

agricultural lands with primary inflows from the White River, Richland Creedt Bagle Creek,
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and Brush Creek. The BWD'’s intake structure (the sampling site) is locadetansitional zone
of the reservoir, where conditions vary from mesotrophic to eutrophic. Howevernendased
urbanization and poultry production in the area, conditions may become increasingph.
Increases in nutrient loadings have stimulated growth of aquatic pla@stnddyence have the
potential to drive changes in the concentration and reactivity of the DOM in tineoiese
2.2. Sample Handling and Collection

Beaver Lake water (BLW) samples were collected weekly over eigéiksvfrom May to
July, 2010 at the BWD's intake structure. Sampling was performed with a 6-L Marbbttle
(Wildco, Model 1960-H65, Yulee, FL) tethered to a 30-m rope for collection of wateeat thr
depths (3-, 10-, 18-m) below the water surface. Samples were transferreditsgagMilli-Q
water) 9-L HDPE carboys, capped, transported to the Water Researchthgbatshe
University of Arkansas, and stored in the dark at 4°C until use. Prior to AF4 and fluoeescenc
analyses, each water sample was filtered through a 1 micron nominal porasszebgr filter
(GFF), which was pre-combusted (at 400°C for 30 min) and pre-rinsed with 1-L ofMill
water. The sample filtrate was stored in the dark at 4°C in 250-mL ambgibgl#es capped
with PTFE-lined lids. Prior to all analyses, samples were warmed to roomretarpe

Glassware was soaked in a solution of tap water and Alconox detergent, scrubbed
thoroughly, rinsed with copious amounts of Milli-Q water, and baked in a muffle fuatace
400°C for 30 min. Volumetric flasks and plastic-ware were prepared similarlindtead of
baking, were dried at room temperature and 40°C, respectively.
2.3. Water Quality Tests

All water for aqueous phase preparations was made using a Milliporealr3egr

(Billerica, MA) Milli-Q water system (18.2 i2-cm) and ACS-grade chemical reagents. The pH
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of the sample waters was measured using an Orion 8272 pH electrode (Thexmd@itham,
MA) calibrated with pH standards of 4, 7, and 10 and connected to an Accumet XL60 dual
channel pH/lon/Conductivity meter. Alkalinity was measured following Standattidds
2320B (Eaton et al. 2005), in which waters were titrated to pH 4.5 with 0.1 N HCI. Turbidity was
measured using a HF Scientific DRT-100 turbidimeter (Fort Myers aih was calibrated
(0.5-50 NTU) with standards made by dilutions of a 4,000 thgtbck formazin suspension
(Ricca Chemical Company, Arlington, TX). Conductivity was measured with ametcfour-
cell conductivity probe. U¥,was measured on a Shimadzu UV-Vis 2450 (Kyoto, Japan)
spectrophotometer using a 1-cm path length low volume quartz cell. Samplas éoalyses
were filtered with pre-combusted and pre-rinsed GFFs. Following thefgaaten protocol,
dissolved organic carbon (DOC) was measured in triplicate with a ShimadzE&a-OC
analyzer (Kyoto, Japan) equipped with an auto-sampler and TOC-Control V acquisition
software. Specific ultraviolet absorbance (SUVA) was calculated by dgvttlie U\ss4 by the
product of the DOC and UV cell path length.

Total ammonia (the sum of NHind NH") was measured using an ammonia electrode
(Thermo Orion 9512, Waltham, MA) connected to the Accumet XL60 meter. To calibrate the
ammonia probe, a 1000 m@HN stock ammonium chloride solution was prepared following
Standard Methods 4500-NH and diluted to make standards between 0.03 and 10’y (R
=1, n = 19). Nitrate was measured on filtered water samples using Hach ldReX& (Hach
Company, Loveland, CO) powder pillows with the spectrophotometer at 392 nm. Nitrate
standards were prepared following Standard Methods 45Q0@\@sing 10 mg £ KNO;
solution (JT Baker, Phillipsburg, NJ). Similarly, nitrite was measured orefilteater samples

using Hach LR Nitrite powder pillows at 548 nm. Nitrite standards were prefudi@sing
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Standard Methods 4500 N® using NaNQ (MP Biomedicals Inc., Solon, OH). Lastly, iron
was determined as total iron using Hach FerroVer Iron reagent and mea$i#@adat. Iron
standards were made with Fe6H,O at F&" concentrations between 0.2- and 3.5-mg Ee L
2.4. Asymmetric Flow-Field Flow Fractionation

An AF2000-MT asymmetrical flow field-flow fractionation (AF4) systémom Postnova
Analytics (Salt Lake City, UT) was used to characterize the phystcoical properties of the
BLW CDOM. The AF4 system consisted of four pumps, a separation channel, 1.0- to 1.5-m of
black PEEK tubing (to generate adequate system pressure, 5-18 bar), an intiatettgr and
fraction collector, and an offline fluorescence excitation-emissiontdetdthe pumps were
used to introduce carrier fluid (referred to herein as “eluent”) and the stortpke separation
channel and create the flow-field for macromolecular separation. The AF4 pumgps we
controlled by Postnova Software (AF2000 Control v.1.1.0.25) and the detectors and fraction
collector were controlled by Agilent Chemstation for LC Systems Be€)4.01 SP1). The eluent
consisted of 1-mM NaCl in Milli-Q water, and was chosen to match the conductittig BLW
samples (~160 uS ¢t The eluent was passed through an inline vacuum degasser (PN7520)
before being pumped through the system to prevent formation of bubbles within the System
HPLC pumps (PN1130) provided independent control of the tip and focus flow rates. A syringe
pump was used for the cross-flow, which drew the non-macromolecular fluid through the
channel membrane to the waste and controlled the magnitude of the applied tlowsiether
syringe pump, the slot pump (PN1610), was used during elution to concentrate the sample
passing through the UV detector (Prestel et al. 2006) and fraction callector

The separation channel is the heart of the AF4 system, a schematic of vdhotvisin

Figure SM1. The tip-to-tip channel length was 27.4 cm, with an effective changéh I(L),
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the distance from the focusing band to the channel outlet, of 24.5 cm. The channel breadth
geometry tapered symmetrically from a maximum of 2.0 gnt¢00.7 cm (b) at the outlet. The
nominal Mylar spacer thickness was 500 um, but the actual channel thickness was 410 pm,
which was calculated using the AF4-elution time=(15 min) of the bovine serum albumin
monomer in 100 mM NaCl and Eqn (1) with a diffusion coefficient o807 cnf s*

(Chatterjee 1964). Polyethersulfone (PES) channel membranes with a 300-Dalaneieight
cut-off (Postnova Analytics) were used throughout this study.

An AF4 sample run consists of four phases: (1) injection, (2) focusing, (3) elution, and
(4) rinsing. Individual pump flow rates varied between phases and shown in Table 1. Throughout
Phases 1-3, the detector flow rate was held constant at 0.3 rifLimPhase 4, the flow passed
through the purge line to flush the system.

Ten-milliliter samples were injected into the AF4 channel using a bulap€Rostnova
Analytics). This injection volume was chosen to balance adequate UV deteithon w
minimization of sample loss through the channel membrane during the injection andgocus
steps (Schimpf and Wahlund 1997). The tip pump flow was plumbed through the bubble trap and
carried the sample into the channel over 6—min. Concurrently, eluent from the focus asmp w
supplied to the channel 18.5-cm from the inlef(b Figure SM1), and a portion of this flow
traveled toward the channel inlet to keep sample macromolecules in the charerelekited
the channel during the injection step through the channel membrane by the actiomaddhe c
flow pump, which acted perpendicular to the long dimension of the channel. Sample injection
was followed by 6 minutes of focusing, designed to focus the sample into a uniform band near

the channel inlet (at z’ in Figure SM1). Next, in the transition phase, the focus louwnpds
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decreased to zero as the tip pump ramped up to maintain the total flow over 1-min, foljowed b
the elution step and 5-min of rinsing.

Following the AF4 channel outlet, the fractionated sample flowed to an inline &é-di
array detector (Agilent Technologies, G1315D), which collected UV daita 200-800 nm in 1
nm increments every 2-sec during the 20-min sample elutiops,UNs used to calculate the
diffusion coefficient distributions of the samples. Following the UV detector atin@les were
physically separated using a fraction collector (Agilent Technologies,IM88d4C). Three
equal-volume fractions (denoted F1, F2, and F3 herein) were collected in 2-mbagiredwials
beginning at 1-min elution and ending at 8-min elution44¥me series fractograms were
baseline corrected using the FFF Analysis software (Postnova Analytics v).2ZTh@A
fractogram data were used to determine the maximumdpeéak heights (MaxUV) and area
under the curves (PeakArea), which was calculated using numerical irtegvéti Simpson’s
method in the freeware program R (v. 2.10.1). Calculation of the diffusion coeffioenttie
time-series data is detailed in Section 3.
2.5. Fluorescence

Fluorescence excitation-emission matrices (EEMs) were collastec dual
monochromator fluorescence detector (Agilent Technologies, Model G1321A) equipiped w
static sample cuvette at 1-nm increments for excitation wavelengthedre200-400 nm and
emission wavelengths between 270-600 nm. The fluorescence cuvette was fostieghly
with Milli-Q water between scans to prevent carryover and sample contamninalli scans
were corrected for first- and second-order Rayleigh and Raman wateriagausing a
MATLAB ® Cleanscan program developed by Zepp et al. (20@ganscan was applied to each

EEM and removed water scattering peaks and replaced them with a suetted by a 3-
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dimensional Delauney interpolation algorithm. The areas of the EEMs over Glieattscan
was invoked are shown in Fig. SM2.

Rather than relying on the peak picking methods used in previous works (e.g. Coble
(1996)), fluorescence PARAFAC modeling was used to identify the principabfibores and
their maximum intensities\zx, for all scatter-corrected EEMs. The EEMs were analyzed using
MATLAB © functions contained in tHeOM-Fluor toolbox (available for download at
http://www.models.life.ku.dk/algorithms). First, the fluorescence datamwagrted into
MATLAB © as a collection of individual EEMs, stacked into a 3-dimensional structure hsing t
functionLoading data for DOMfluor. PARAFAC models require the removal of outliers because
they can disproportionately influence the overall model output. Outliers can beuthe oés
measurement error (e.g. sample movement within the cuvette leadingn&léstiin the EEM)
or can be atypical samples. Such samples were identified visually and by rthenfagction
OutlierTest. This test calculated and plotted leverages for each EEM, and identified those
considered as possible outliers based on high leverage values relative to thenathes. ~or
example, sample numbers 38, 81, and 100 in Fig. SM3 were identified as likely outli@asesn c
where EEMs were deemed to have both measurement errors and high leverageantbbss
were removed from the PARAFAC dataset. Next, the outlier program was udsslreduced
dataset, and additional samples were identified as requiring further gatestiafter an initial
estimate of the proper number of PARAFAC components.Sphehalf analysis tool was used
for this step. The functiorgplitData, divided the EEM dataset into two pairs of halves. These
halves were used in the functiogditHalfAnalysis andSplitHalfValidation which compared the
shape of components derived from each half of the dataset with the other half's cosiponent

shapes. When component shapes from each half were identical, the corresponding model and
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number of PARAFAC components was considered robust (Stedmon and Bro 2008). Figure SM4
shows an example of one unvalidated (the 4-Component) and two validated (the 3- and 5-
Component) split-half analysis models.

To ensure that all outliers were removed, questionable samples identifieel dytlier
test were removed from the dataset one by one and split half analysis wscrepaaples
were judged to be outliers if their removal changed the outcome of the splih&lgiia. This
resulted in a total of 87 EEMs in the PARAFAC model. In the case that more than ofe set
components could be split half validated, @ampareSpecSSE function was used to plot the
sum of squared error (SSE) versus excitation and emission wavelengtimsd®&nd Markager
2005). The SSE for excitation and emission were normalized by the sum of squares for
excitation and emission and were plotted to give a visual indication of the levsichfale
fluorescence compared to the measured fluorescence signal (Fig. SM¥lotklsowed that
the 5-component model was superior to the 3-component model. As a final check, plots of
loadings versus excitation and emission wavelengths for each PARAFAC comporeent wer
generated and visually inspected. Stedmon and Bro (2008) suggested that thedegtilpts |
show emission loadings with a single peak and excitation and emission loadihtig slig
overlapping. Discussion of these results is contained in Section 4.3.

Following the technique used by Fellman et al. (2008), the percent relatividchoitr
of each PARAFAC component was determined usiuk Fvalues for each PARAFAC
component for all 87 EEMs. For a given EEMyk for each component was divided by the
sum of fax for all the components (fxx_tot). For the whole water samples and AF4-generated
fractions, these quotients were averaged for each sample depth (3-, 10-, 18-onjvantbd to a

percentage. This procedure simplified the interpretation of the PARAFAC alad conveys the

21



relative contribution of the PARAFAC components at a given sample depth for each wate
fraction.
3. CALCULATION

The diffusion coefficient, P(in cnf s for the AF4-fractograms was calculated using

Egn (1):
AV W
Df = Vo Eqn (1)

In Eqn (1),A denotes the unitless retention parameteris\the cross-flow rate (4.0 mL miy w

is the experimentally determined channel thickness (0.041 cm, Section 2.3 iartte/

channel void volume, calculated by the product of channel thickness and the effectivé channe
area. The effective channel areay,Avas calculated as the channel area downstream of the
sample focus bandybwhich was located 2.9 cm downstream of the channel inlet, as indicated
in the channel schematic (Fig. SM1). Using similar trianglegwas calculated to be 32 ém

The effective channel area was also used todjradterm used in the calculation of the void

time, £, by Eqn (2).

by 0—b)(@) y
° 2. L

At

a=1- Eqn (2)

In Eqn (2), kg is the maximum channel width, s the width of the narrowest part of the
trapezoidal channel section, z’ is the distance from the channel inlet to the fdzaisthdes is
the effective channel length, and y is the channel area lost by the tabanee! (3.4 cA). The

void time, £, in seconds was then calculated with Egn (3).

0
tO:Y/—In(lJr aVVC ) Eqgn (3)
C ouT
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In Egn (3), \bur is the volumetric flow rate of the channel ouf@& mL miril). The value of%
was divided by the time series data to determipautiitless retention ratio values, R, shown in
Eqn (4), which is also equal to six times the retenparameter values,(Schimpf et al. 2000).

0
i—:R:G-/l Eqgn (4)

r

Values ofp were then used in Eqn (1) to determine the difiusioefficient distribution. The
hydrodynamic diameted,, of the DOM was approximated from the moleculaighe(MW)
using Eqn (5), similar to the procedure used by elawd Clark (2002).
d, =0.09 (MW)** Eqn (5)
4. RESULTS AND DISCUSSION
4.1. Water Quality Parameters

The raw water characteristics for the 24 BLW sa®@lre reported in Table 2 along with
their mean and median values. All waters had atjiglkaline pH, low turbidity, and low to
moderate alkalinity. Mean and median values werdai for pH (8.1 and 7.8), turbidity (10-
and 9-NTU), conductivity (162- and 159-pS tmand alkalinity (61- and 62-mg’tCaCQ),
reflecting the tightly bunched nature of these rmgtamongst the water samples. Conversely,
mean and median values differed for ammonia (Gathd-0.05-mg L*-N), nitrate (0.67- and
0.90-mg L*-N), nitrite (16.2- and 5.6-pgt:N), and DOC (4.4- and 2.4-mg'C), indicating
these metrics were skewed by a handful of lowrffate) and high (for ammonia, nitrite, and
DOC) values. Fig. SM6 shows a pair-wise scattet{piothe water quality parameters. While
there were no temporal trends (those \itte), spatial trends (those wiiDepth) were only
apparent for pH, turbidity, and nitrate (secondiozh in Fig. SM6). Values for pH were higher
at 3-m than at 10- and 18-m; conversely, turbigitieere lower at 3-m compared to the 10- and

18-m depths likely because of higher sediment lugginear the bottom of the reservoir.
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Total iron was not reported in Table 2 becauseetivatuies were below 0.33 mg-Fe,
with 22 of the 24 samples below the estimated dietetimit (0.20 mg L*-Fe) of the Hach
FerroVer test. Weishaar (2003) evaluated poteimiatferences of background analytes on
UV.s, and determined that a W4 of 0.01 required 1 mgt-Fe total iron and in excess of 23
mg L™-N nitrate. Given the iron and nitrate concentrasiin the sample waters were below
these thresholds, we concluded that thedJweasurements (for the SUVA calculations and
AF4 fractograms) were not impacted by dissolved &ad nitrate.

Interestingly, the four samples with high DOC valhose above 8 mg'LC in Table 2)
all had below average alkalinity values (< 62 mgCaCQ), suggesting the carbonate system
controlled the alkalinity of all lake water sampéesd the diverse groups of weak acids present in
the DOM did not contribute significantly to alkailyn SUVA, calculated as U, divided by the
product of the UV cell path length (0.01-m) and D®€&ried from 0.4- to 5.6-L mgtm™.
Weishaar et al. (2003) showed that SUVA had a gtpmsitive correlation witf®C-NMR (a
direct measure of DOM aromaticity), but was weatdyrelated with trihalomethane formation
(a principal group of DBPS), suggesting non-aromedmpounds present in DOM mixtures
contributed significantly to DBP formation. Theredpfor the waters in this study, the range of
SUVA values suggest a wide array of CDOM aromagisjtbut cannot be used to reliably
estimate the DBP formation potential.

4.2. AF4-Fractograms

In Fig 1., AF4-fractograms were plotted as a figrcof elution time () and diffusion
coefficient (). Fig. 1A-B show the fractograms of 1.1-, 4.2-(d®.6-kDa polystyrene
sulfonate sodium salt (PSS) standards (ca. 30 Trig D.001 M NaCl), which other researchers

(Beckett et al. 1987; Assemi et al. 2004) have meuended as a molecular weight surrogate for
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humic substances. For each PSS standarak the peak maximum was plotted against its
molecular weight and compared to PSS data fronr offsearch groups (Beckett et al. 1987,
Dycus et al. 1995; van Bruijnsvoort et al. 2001sé&wi et al. 2004) (Fig. 2). These data show
that the @ values determined here were bracketed by thosetegbin the literature. The spread
in these data between research groups (approxyratethalf an order of magnitude in log D
for log MW values less than 4.0) can likely beihttted to different background electrolyte
compositions.

The AF4-fractogram of Suwannee River natural orgamatter (SRNOM, International
Humic Substances Society, Atlanta, GA, Cat. No.AR; ca. 4 mg L in 0.001 M NaCl) is
also shown in Fig. 1A-B. This peak was broader tihase of the PSS standards, with a peak
maximum near that of the 4.2 kDa PSS standard4t2 min, Fig. 1A; P= 2.4<10° cn?s?, Fig.
1B) and a “shoulder-like” feature indicating thegpence of CDOM smaller than 1.1 kDa PSS (t
=2 min, Fig. 1A; = 5.0<10° cnfs?, Fig. 1B). This broad range of Betermined here for
SRNOM (~1.0-5.810° cnfs?) was smaller than that reported by Moon et al0G}®f 4.1-
5.5x10° cnfs™ (Table 3). However, when coupled with the resoftthe PSS standards (Fig. 2),
it can concluded that the AF4 methods used hemugex similar results to those reported by
other research groups, for which a variety of prafpze and analytical techniques were used.

Fig. 1C-D show AF4-fractograms for BLW CDOM samptedlected on July 8, 2010 at
depths of 3-, 10-, and 18-m. The trends showngn HD were typical of the other 21
fractograms (Fig. SM7), with BLW CDOM at the 10-rapth having greater Uy, peak
maximums (with the exception of the first two saimgldays) than the samples collected at 3-
and 18-m depths. All fractograms had a small, sterdlike void peak at an elution time of 1.5-

min followed by a larger, broad sample peak betw&eamnd 6-min. The grey boxes in Fig. 1C
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denote the three fractions (F1-F3) that were cdtkfor subsequent fluorescence analyses
(Section 4.3). For the 24 BLW CDOM fractograms, Ehgpeak maximum ranged from 3.5- to
2.8-x10° cnf s, The peak maximums of the three PSS standardsapeended as dashed
lines in Fig. 1D, and indicate the BLW CDOM was tnsisnilar in diffusivity to that of the 1.1-
kDa PSS standard. The approximate molecular wegglge of the BLW CDOM was calculated
by comparison to the PSS data. Here, the log-litread line for the three PSS standards (Fig. 2,
R?=1, P <0.02, slope: -0.21, y-intercept: -4.8@5swsed with the range of Peak maximums
(3.5- to 2.8%<10° cnt s?) to determine the molecular weight of BLW CDOM (68,950 Da).
Using Eqgn (5), this corresponded to a size rande@®P.5 nm. The molecular weights and
diffusivities for the BLW CDOM were compared tceliaiture-reported values for the various
humic substances (Table 3), which, on balancecated the results determined here were within
the reported ranges of CDOM using a variety of garafive and analytical techniques. Thus, it
can be concluded that BLW CDOM was composed prignafirelatively low molecular weight
aromatic carbon-containing molecules (680-1,950ua#) diffusivities between 3.5- to 2.8-
x10° cnf s*. However, it should be stressed thathWvas used to monitor the AF4-
fractrogram output, and as such, non-aromatic a@ntafDOM was not characterized. As such,
there is a possibility that colloidal DOM (3,000€1000 Da), much larger than the fraction found
here, was also present in the BLW samples, astezpby Howe and Clark (2002) in their
membrane fouling study, but could not be “seenUsps..

The AF4-fractogram data (the Y3 peak maximums, MaxUV, and the area under each
curve, PeakArea) were compared to select watertguiaita (DOC and SUVA) as a function of
sample date and depth. Fig. 3 shows a pair-widéesqaot of these data, which indicated there

were no temporal trends (those withte). Conversely, trends with sam@epth were apparent
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for SUVA, MaxUV and PeakArea (the second columiigt 3). As indicated by the trend lines,
all these metrics were on balance higher for thenl€amples compared to the 3- and 18-m
samples. Given SUVA is a surrogate for aromatib@ar\Weishaar et al. 2003), these results
indicate that the nature of the CDOM pool in the®s Reservoir was stratified by depth over
the 8-week sampling period. The strong linear i@fship between MaxUV and PeakAred (R
0.97, P <0.001) indicated that only one of thes¢riocs needed to be determined to adequately
describe the AF4-fractogram data; for simplicityphUV was selected for further analyses. For
the 24 lake water samples, MaxUV varied from 2GBSorbance units (data not shown) and
was uncorrelated with DOC (Fig. 3). However, Maxdivd SUVA had a weak positive
correlation (Fig. 3, R= 0.21, P = 0.024), suggesting that MaxUV woult b®a good surrogate
of CDOM aromaticity, but may be helpful in assegatDOM reactivity in DBP studies.
4.3. Fluorescence-PARAFAC Analyses

Fluorescence excitation-emission matrices (EEMsh®f24 whole water samples and 72
AF4-generated fractions were processed as desarilfgection 2.4. PARAFAC modeling began
with the 96 samples, eleven of which were remoeskt) on the protocol detailed in Section
2.4. Split half analyses on the remaining 85 samgl®wed that three- and five-component
models were appropriate for the dataset (Fig. SMi4). SM5 shows the integrated excitation
and emission spectra for the sum of squared eiwothree- and five-component models and the
relative SSE normalized by the total sum of squarke presence of peaks in these spectra
corresponds to regions of the EEMs that are ledlsdescribed by the model. The results in Fig.
SM5 show that a five-component model was supeoiting three-component model over the
range of excitation and emission wavelengths. Refive-component model, the normalized

residual excitation between 200- and 375-nm wastlean 1% of the measured signal; similarly,
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the normalized residual emission between 300 abch&2was less than 2%. As such, a 5-
component PARAFAC model was selected. However, Gorapt 3 (Fig. SM7) was present in
all samples and blanks (Milli-Q water) at similatansity (results not shown) and was therefore
excluded from further analyses as it was likelgsutt of instrument noise. Thus, we focus the
analysis on Components 1, 2, 4, and 5. These fAaRAFAC components and their
corresponding component loadings are shown in&ighe component loadings (Fig. 4, right-
side panels) resemble the shape of organic fluangshdescribed by Stedmon and Bro (2008)
and contain single emission peaks that slightlylapethe excitation loadings.

The four PARAFAC component EEMs (Fig. 4, left-sinels) identified by the
PARAFAC model have been previously identified blyestresearchers using PARAFAC or
peak-picking methods. The ranges of the excitadimhemission maxima for these components
are summarized in Table 4. Components 1, 2, aravd primary and secondary excitation
maxima and have been identified as humic-like thpbiores using PARAFAC and peak-picking
methods. Component 5 only has a primary excitanarimum and has been identified as a
protein-like fluorophore in a tidal estuary (Hallad. 2005) and lake water (Hua et al. 2007).

Fluorescence maximum fkx) values for Components 1, 2, 4, and 5 were plaited
percent relative contribution basis in Fig. 5. Heéne diameters of the pie charts were drawn
proportional to the average maximum total fluoreseg wax_tor. While the Whole Water
samples had largefkkx_tor values than the AF4-generated fractions, thislresaot
meaningful, as the fractions were diluted by thel &fuent. However, regardless of water
fraction, fuax_tot was highest for the 10-m samples, indicatingifttation by depth of total
fluorophores. Humic-like Components 1, 2, and 4 posed the majority of the total

fluorescence for the Whole Waters, Fraction 1, Eradtion 2. Conversely, Component 5

28



dominated Fraction 3, indicating this protein-likéorophore was present in relatively large-
sized DOM. Further, Component 5 was in least abocelfor the 10-m depth samples for all
water fractions, indicating stratification by demththe type of fluorophores.
5. CONCLUSIONS

The physicochemical properties of CDOM at threetliep the Beaver Lake Reservoir
(Lowell, AR) were studied between May-July, 2010V CDOM, as measured by AF4-Uy
and SUVA, showed that the 10-m depth samples gitehintensities and SUVA values than
did the 3- and 18-m depth samples. For the 24 BLWD® samples, the diffusion coefficient
peak maximums ranged from 2.8- to>8L8° cnf s*, which corresponded to a molecular weight
range of 680-1,950 Da and a size of 1.6-2.5 nnsuk$, the BLW CDOM was comprised of
relatively low molecular weight aromatic carbon-taaning molecules with no measured
colloidal fraction (3,000-100,000 Da). FluoresceR#&RAFAC modeling of the whole water
samples and AF4-generated fractions yielded fiugcgral components. However, Component 3
was attributed to instrument noise and discard&RAFAC Components 1, 2, and 4 had
primary and secondary excitation maxima and resednlimic-like fluorophores identified
previously by either PARAFAC or peak-picking tedaunes. Conversely, Component 5 had a
single excitation maxima and was most similar pyatein-like fluorophore identified in
estuarine and lake water samples. Samples frorhQme sampling depth had the highest total
fluorescence, echoing the AF4-UYA results, and adding further weight-of-evidencét®
conclusion that the BLW CDOM was stratified by degturther, the relative percent
contribution of each fluorophore varied by deptidicating that the type of fluorophores were
stratified by depth. The stratification of BLW CDO&hown here has potentially important

implications for drinking water utilities that aita reduce formation of disinfection byproducts.
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Table 1. Asymmetric flow-field flow fractionation pump flowates.
Flow rates (mL mif)

Phase Tip Focus Cross-flow Slot
Injection 2.0 2.3 4.0 0.0
Focusing 0.2 4.3 4.0 0.2
Elution 4.5 0.0 4.0 0.2
Rinsing 5.0 0.0 0.0 0.0
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Table 2 Water quality parameters.

Date Depth pH Turbidity Conductivity  Alkalinity Ammonia Nitrate Nitrite DOC SUVA

T€

- m - NTU uScnit  mgL-CaCQ mgLN mgL*N pgL%-N mgL-C Lmg'm*
5/27/10 3 80 4 231 62 0.20 0.52 166.9 3.2 2.8
10 8.1 18 159 62 0.05 0.95 10.0 2.2 5.6
18 8.1 7 164 60 0.46 0.86 1.3 1.3 3.0
6/15/10 3 82 1 158 62 0.29 0.38 12.4 2.1 2.6
10 7.8 8 156 59 0.07 1.08 8.4 2.1 4.9
18 7.6 9 171 63 0.04 1.04 5.2 1.7 2.8
6/22/10 3 91 2 153 67 0.16 0.07 11.6 2.3 2.3
10 7.7 13 135 52 0.04 1.03 9.6 8.2 2.1
18 7.8 9 167 60 0.04 1.08 2.3 1.5 3.1
6/29/10 3 93 2 141 57 0.05 BD 5.4 2.6 2.1
10 7.7 15 137 54 0.02 1.01 9.6 2.7 5.1
18 7.8 10 177 61 0.05 1.03 4.7 13.2 0.4
7/08/10 3 89 2 150 59 0.07 0.22 5.3 2.4 2.1
10 7.6 18 147 58 0.01 0.98 4.5 24.7 0.4
18 7.7 20 171 62 0.03 1.05 3.7 8.2 0.7
7/13/10 3 87 3 148 58 0.04 0.14 4.8 2.2 2.2
10 77 21 173 58 0.05 0.94 5.6 2.5 4.5
18 77 21 169 63 0.03 0.99 4.8 1.7 3.5
7/20/10 3 92 1 152 62 0.04 0.16 7.6 10.0 0.4
10 7.7 8 150 61 0.16 0.53 5.5 2.4 4.5
18 7.6 13 172 66 0.13 1.01 7.2 2.6 2.8
7/27/10 3 91 2 154 63 0.05 0.11 3.7 2.0 2.0
100 79 15 171 73 0.34 0.26 19.6 2.5 3.6
18 7.8 15 171 68 0.31 0.53 68.0 2.3 3.8
Mean NA 81 10 162 61 0.11 0.67 16.2 4.4 2.8
Median NA 7.8 9 159 62 0.05 0.90 5.6 2.4 2.8

BD — below detection
NA — not applicable




A

Table 3. Literature-reported diffusion coefficients for hiensubstances

Sample Molecular Weight Diffusion Coefficient Reface

Daltons x10P cnt st

Suwannee River Fulvic Acid 1,340 34 Dycus et al. 1995

Nordic Fulvic Acid 2,137 33

Nordic Humic Acid 3,264 2%

Suwannee stream fulvate 860 4.1 Beckett et al. 1987

Suwannee stream humate 1,490 3.2

Trehorningen 2,900 242.6 Lead et al. 1999

Hellerudmyra - May 3,900 2122

Hellerudmyra - October 3,700 2,22

Aurevann 2,400 2%62.7

Maridulsvann 2,900 273

Birkenes 3,500 222.4

Humex B 3,600 2224

Suwannee River Fulvic Acid 530-1,640 2.27324-2.8,2.4-38 Lead et al. 2000

Suwannee River Natural Organic - 4.1-58 Moon et al. 2006

Matter

Suwannee River Humic Acid - 4.5-5.8

Suwannee River Fulvic Acid - 3.6-4.6

Nakdong River Natural Organic Matter 1,270 '5.6 Park and Cho 2008

T Flow-field flow fractionation

f Reverse osmosis isolation followed by fluorescerureelation spectroscopy

$ Vacuum evaporation isolation followed by fluorasce correlation spectroscopy
' Pulsed field gradient nuclear magnetic resonaN&&R)




Table 4. Characteristics of the PARAFAC components.

PARAFAC Emission
Component Excitation Maxima Maxima Description Method Sample Source Reference
nm nm
1 225-245 (315-335)  405-430 Humic-like PARAFAC Estu Hall and Kenny 2007
Humic-like PARAFAC Freshwater Stedmon and Maskaz005
2 247-267 (359-379)  455-485 Humic-like PARAFAC Estu Hall and Kenny 2007
4 374 (233) 465 Humic-like Peak-Picking  Treated Worms et al. 2010
Wastewater
5 224-234 333-343 Protein-like PARAFAC Estuary Halhl. 2005
Protein-like PARAFAC Lake Water Hua et al. 2007

@ Secondary maxima are shown in parentheses
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Figure 1. Asymmetric flow-field flow fractionation (AF4) ficiograms of polystyrene sulfonate
(PSS) standards and Suwannee River natural orgatter (SRNOM) as a function of time
(Panel A) and diffusion coefficient (Panel B). Affdctograms of Beaver Lake Water (BLW)
sampled on July 8, 2010 at depths of 3-, 10-, &thdas a function of time (Panel C) and
diffusion coefficient (Panel D). Boxes in Paneldgpresent the three fractions (F1-F3) collected
for subsequent fluorescence analyses. Dashediirizanel D represent the peak maximums of
the PSS standards.
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Figure 2. Diffusion coefficient, [, as a function of molecular weight, MW, for thdysbyrene
sulfonate (PSS) standards and log-linear regreséisienData from the literature is shown for
comparative purposes but was not used to geném@ategression line.
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Figure 5. Relative percent contribution of PARAFAC comporseht 2, 4, and 5 for the whole
waters and asymmetric flow-field flow fractionatiganerated fractions (Fraction 1-3) as a
function of sample depth (3-, 10-, and 18-m). Tlaretter of pie charts was drawn proportional
to the average total maximum fluorescenggxFror. The number of samples averaged, n, was
appended to each pie chart.
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“Coupling Asymmetric Flow-Field Flow Fractionation and Fluorescene Parallel Factor
Analysis Reveals Stratification of Dissolved Organic Matter in a Drinkng Water

Reservoir”
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The supporting material contains (1) a schemattb®fsymmetric flow-field flow
fractionation channel (Fig. SM1), (2) figures usedlustrate the processing of the fluorescence
excitation-emission data and the various diagnas$tecks that were used to verify the
PARAFAC model (Figs. SM2-5), (3) a pair-wise scafilot of the water quality data presented
in Table 2, (4) the complete of AF4 fractogramgy(BM7), and (5) the PARAFAC Component

3 that was discarded and attributed to instrumeisten(Fig. SM8).
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Figure SM1. Schematic of the channel for the asymmetric fle@idfflow fractionation system.

45



Second—order

550
|

Emission (nm)
450
1

350
|

Excitation (nm)

Figure SM2. Excitationemission matri depicting the water scattering regions excised
interpolated using th€leanscan protocol. Solid lines represent the theoreticahtmms of the
first- and secondrder Rayleigh and Raman scattering regions andithded areas bound w
dashed lineshow the swath of data over whiCleanscan was used.

46



08

06 100

)
E
v 04
> 81
T o02f B8

0

0 50 100 150
Sample Nr

Figure SM3. Leverage plots for the excitati-emission matrices contained in the ini
PARAFAC data array.

47



=
ot

Emission
loadings
=
o G

Emission
loadings

Emission
loadings

Em. (nm)

Figure SM4. Results from Splhalves Analysis for PARAFAC models containing (¥ 3-
components: validated, (c, d}cdmponents: not validated, and (e,-components: validate

48



E 100 (ﬂ)(lll —— 3 Components E-‘-IU (b) |'II\
= g0 [ 5 Components & {ll l,'*‘ A
E { ‘5 30 I "I Illulllll I::\u
é" 60 }I g‘ |} AL
2 4[|l 220 [ VN
E 1|'-"". |II II-M E |I j \“II"\\”./
I'w." "\ —‘ﬁ-_-"'_* y i \'
3 20 / x._\% / - & 10 \
200 250 300 350 400 300 400 500 600
Ex. (nm) Em. (nm)
0.04 02
(€)| —— 3 Components (d)
U_GE 5 Cﬂmpﬂﬂm.ts 0_15
% | @
= 0.02 ' & 01
7 /'.' 7}
0.01} 1 005
2{]{] 25{] 300 350 400 4DD 500 600
Ex. (nm) Em. (nm)

Figure SM5. Analysis of the increase in fit of the PARAFAC mobttethe measured EEMs: (
b) the sum of squared error verses excitation amdsgon; (c d) the sum of squared ert
normalized by the sum of total sum of squares weexwitation and emissic

49



5 15 0 10 20 35 65

I < . -
Col &3 ] I: 1 M " .
Date S ° o o apl

wlelepelelele]s

140 200

00 03

S R R T
e EHoC R iy SO

80 90 140

200

Figure SM6. Pairwise scatter plot of the water quality parame

50



A C — BLW3m
05/27/10 06/22/10 BLW 10

0515 25 35 4555 05 15 25 35 45 55
B D o
06/15/10 06/29/10 :

UVZH

0'571'5'2/573'574'575'57 0571'572'573'5"7 4575’5

E G
07/08/10 07/20/10

UvZSI
#
-
#

05'15"25"355745"55" 0571)5"25"735"45"55°

F H
07/13/10 07/27/10

UvZH

05'15'25"35'45°'55" 05'15'25"35 45 55"

Diffusion Coefficient (10° cm? ') Diffusion Coefficient (10° cm? s)
Figure SM7. Asymmetric flow-field flow fractionation (AF4) difision coefficient fractograms
of Beaver Lake Water (BLW) chromophoric dissolvedamic matter (CDOM) sampled
between 05/27/10 and 07/27/10 at depths of 3-,a@,18-m below the water surface.

51



600

an]
<
550
=500 w4
E 0014 &b
£450 0012 %
2400 0008~ —
0o =
350
300 Component 3 o
=
200 250 300 350 400

Excitation (nm)

16 - - E=xcitation
— Emission
l: Component 3
1
]
]
]
i I
I
1o
1
\ T~
200 300 400 500 600
Wavelength (nm)

Figure SM8. The PARAFAC Component 3, which was attributed sirmmment noise: (¢
excitationemission matrix and (b) the corresponding loadigs

52



CHAPTER 3
Improving on SUVAs4 Using Fluorescence-PARAFAC Analysis and Aymmetric Flow-

Field Flow Fractionation for Assessing Disinfection Byproduct Brmation and Control

Beaver Lgke Reservorr
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ABSTRACT

Several challenges with disinfection byproduct (Béntrol stem from the complexity and
diversity of dissolved organic matter (DOM), whishubiquitous in natural waters and reacts
with disinfectants to form DBPs. Fluorescence palr&hctor (PARAFAC) analysis and
asymmetric flow-field flow fractionation (AF4) weresed in combination with free chlorine
DBP formation potential (DBPFP) tests to studyphgsicochemical DOM properties and DBP
formation in raw- and alum-coagulated waters. Eobkdrcoagulation with alum became more
effective at removing DBP-precursors as the pHekesmd from 8 to 6. AF4-UV, fractograms
indicated enhanced coagulation at pH 6 preferéyntiaimoved larger DOM, whereas no
preferential size removal occurred at pH 8. Flucease-PARAFAC analysis revealed the
presence of one protein-like and three humic-likerbphore groups; stronger linear correlations
were found between chloroform and the maximum sitgr{Ruax) of a humic-like fluorophore
(r* = 0.84) than with SUVAs, (¥ = 0.51). This result indicated that the fluoreseRARAFAC
approach used here was an improvement on Skl\/ike., fluorescence-based measurements
were stronger predictors of chloroform formation.

KEYWORDS

Enhanced coagulation; dissolved organic mattegrofdrm; drinking water; pH effects
ABBREVIATIONS

AF4 (asymmetric flow-field flow fractionation); BWE[Beaver Water District); CB (Carroll
Boone Water District); DBPFP (disinfection byprotitarmation potential); DBPs (disinfection
byproducts); DOC (dissolved organic carbon); DONgdIved organic matter); DWTPs
(drinking water treatment plants); EEMs (excitatemission matrices);uax (fluorophore

maximum intensity); GFF (glass fiber filters); HDPEgh-density polyethylene); MC (Madison
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County Regional Water District); NOM (natural orgamatter); PARAFAC (parallel factor
analysis); SUVAs, (specific ultraviolet absorbance at 254 nm); TIdg| dissolved nitrogen);
THMs (trihalomethanes); TN (total nitrogen); TOGt@ organic carbon); TT
(Benton/Washington Regional Public Water Authoritwo Ton); UVss, (ultraviolet absorbance
at 254 nm).

1. INTRODUCTION AND MOTIVATION

Disinfection of drinking water has been cruciathe protection of public health since the
early twentieth century, but is not without chafjes. Rook (1976) reported the formation of
haloforms following chlorination of natural watdrem reactions with natural organic matter
(NOM), which is ubiquitous in surface and groundevs. Trihalomethanes (THMs) are the
most abundant group of DBPs formed during chlormme&and have been linked to increased
cancer risk (Cantor et al. 1998) and adverse rejtoc outcomes (Nieuwenhuijsen et al. 2000).
The sum of the four THMs was regulated in drinkiveter under the United States
Environmental Protection Agency (USEPA) Stage lirbestants/Disinfection Byproducts Rule
with THM regulations becoming more stringent foliagy the promulgation of the Stage 2 Rule.
Other potentially harmful DBPs (e.g. haloacetol@s) can form upon chlorination but are
currently unregulated.

Drinking water treatment plants (DWTPs) use a twanged approach to curb DBPs: (1)
alter the disinfectant (e.g., switch from free ciie to chloramines) and/or (2) remove more
NOM (e.g., enhanced coagulation). Despite thi9%/Isurvey showed that 20 of 100 DWTPs
exceeded the USEPA maximum contaminant level fat ItHMs, 80ug/L (Arora et al. 1997).
Many DWTPs have switched disinfectants, which cacrelase formation of regulated DBPs, but

can produce unintended consequences (e.g. increasedence of nitrification and corrosion in
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distribution systems (Zhang et al. 2008)). A saiatrtypically more expensive approach to curb
DBPs is the use of enhanced coagulation with aluemother metal salt. The dominant
coagulation mechanism depends on particle condamtyas well as coagulant dose and
speciation, which is controlled in part by the sioln pH (Yang et al. 2010). DWTPs attempt to
operate enhanced coagulation with alum at the aptimpH for sweep coagulation, pH 6 to 8
(Amirtharajah 1990). The effectiveness of coagatator DBP precursor removal is dependent
on precursor properties, and tends to be highé¢stlea pH 5 and 6 (Chow et al. 2009).
However, a fraction of NOM is typically recalcittatio alum coagulation (Drikas et al. 2003) and
can subsequently react with chlorine to form DBPs.

NOM exists in natural waters in the milligram piezr range, and is a mixture derived
from terrestrial and aquatic sources (RosariozGatial. 2007). NOM comprises humic
substances, carboxylic acids, carbohydrates, aatis, and proteins and can contain aromatic
and aliphatic moieties along with hydrophilic anglfophobic regions (Yohannes et al. 2005),
the diversity of which presents challenges for reahoFurther, NOM is present in a range of
sizes, adding another level of complexity. Thernam#ted understanding of the physicochemical
characteristics of NOM especially following processike enhanced coagulation, which, if
augmented, may lead to improved NOM removal andataohs in DBP formation.

To predict DBP formation, specific ultraviolet ablsance (SUVAs,) is routinely
correlated with DBPs (Ates et al. 2007). SU)}As calculated as the ratio of ultraviolet
absorbance at 254 nm () and the product of the dissolved organic carti@) and UV
cell path length. This metric requires minimal sgmeparation (e.g., filtration) and commonly
available analytical equipment. Filtration remougsrfering particles, and the resultant NOM

can be operationally defined as dissolved orgamittan(DOM). In this work, DOM was defined
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as the NOM that passed aufiz pore size glass fiber filter (GFF). While SUMAhas been of
some value in assessing DBP formation, not all Di©kEnsitive to UV light (Kitis 2001).
Further, SUVAs4 cannot be used to predict DBPFP successfully tensavith low SUVAs,
values (Ates et al. 2007) and strong correlati@ta/ben SUVAs, and DBPs are water
dependent (Weishaar et al. 2003).

To improve DOM characterizations, fluorescencedadiand excitation emission
matrices (EEMs) have been investigated. AlthoughahdOM components fluoresce, EEMs
provide a more detailed description of DOM than W34 Fluorescence EEMs have been used
to (1) identify a water’s source (Hall et al. 200&)d (2) to reveal DOM variations by season
(Miller and McKnight 2010) and sampling depth (P& al. 2011). In the past, a sample’s
fluorescence components were identified by peakimicmethods (Coble et al. 1990), but the
development of parallel factor analysis (PARAFAG) EEMs (Andersen and Bro 2003)
standardized this process. PARAFAC resolves awliEMs into components, or groups of
fluorophores with common excitation-emission signes. PARAFAC components are typically
humic-like and protein-like fluorophores (Stedmal &8ro 2008) which some evidence suggests
may correlate to formation of specific DBPs (Jobnstet al. 2009).

Due to the complexity of DOM, researchers havenagptted to fractionate it chemically
(e.g. resin adsorption (Hua and Reckhow 2007))dmygically (e.g. size exclusion
chromatography (Vuorio et al. 1998)) prior to as&yHowever, these techniques can produce
artifacts due to pH perturbations, sample pre-ceimagon, and interactions of DOM with the
stationary phase, all of which can confound infeesrregarding DBP formation. Conversely,
asymmetric flow-field flow fractionation (AF4), wth has been used to physically characterize

DOM in natural waters (Schimpf and Wahlund 1997¢@uen and Cuss 2011), operates in a
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manner that can overcome many of these limitatidR4. separates macromolecules, colloids,
and particles between 1 nm and 100 pum in size ®bakis of diffusivity (Giddings 1993). The
sample molecules elute from the channel in ordemeyeasing size, and a continuous size
distribution, or fractogram, is produced and detedty U\sss. AF4-UV,s54 has several benefits
over traditional physical characterization techeigjuncluding that it requires a low sample
volume (10 mL) and minimal sample pretreatment filieation through a GFF). As such, AF4-
UV ,s4 fractograms can be obtained before and afteesds tallowing estimation of the changes
in DOM size distributions.

Here, fluorescence-PARAFAC analysis and AF4,k)Were applied to study DOM
removal by enhanced coagulation and DBP formatiging chlorination. The primary
objectives were to use these physicochemical cteaization techniques to (1) distinguish
spatial and temporal variation in the charactertagatability of DOM, (2) identify impacts of
alum coagulation on DOM and DBP formation as a fiamcof pH, and (3) improve on SU\ 4,
as a predictor of DBP formation. Lake water samplese collected from the intake structures of
four DWTPs in Northwest Arkansas between May-Aug@eiil. Jar tests with alum were
conducted at pH 6, 7, and 8, and were followed By Bormation potential (DBPFP) tests with
free chlorine. AF4-UYs, fractograms were collected from raw water samafekafter alum
coagulation, providing estimates of the relativeoants and sizes of DOM remaining.
Fluorescence-PARAFAC identified humic-like and pintlike DOM components and was used
to track preferential removal of these componddBPFP tests provided a means to evaluate the
effectiveness of enhanced coagulation and to caertparstrength of correlations between

SUVAs4 and DBPFP with those between fluorescence-PARAE&@Gponents and DBPFP.
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2. MATERIALS AND METHODS
2.1.Site description

Beaver Lake, the primary drinking water sourcetlf@ approximately 500,000 residents
of Northwest Arkansas, was used as the sampliedaitthis study. Beaver Lake is used by four
DWTPs: Beaver Water District (BWD), Benton/WashorgRegional Public Water Authority,
commonly known as Two Ton (TT), Carroll Boone Wdestrict (CB), and Madison County
Regional Water District (MC). Beaver Lake has dae area of 103-kiman average depth of
18-m, and a hydraulic retention time of 1.5 ye&w®sn(et al. 2007). Beaver Lake is located on the
White River and is fed by Richland Creek, War Edgteek, and Brush Creek. All four rivers
drain mostly forested or agricultural lands witkneasing urbanization. Fig. S1 shows the
location of the four DWTPs on Beaver Lake.
2.2.Sample collection and handling

Water samples were collected from the four DWTPMay 13, May 31, June 28, July
14, and August 4, 2011 as detailed in the SuppleangData. All samples were transported to
the University of Arkansas and stored in the dak°& until use.

Glassware and plastic ware were prepared as dedariPifer et al. (2011). All
chemicals used were ACS-reagent grade. Aqueoussw@uvere prepared using water with a
resistivity of 18.2 M2-cm (Milli-Q water) generated by a Milli-Q Integral(Millipore) or a
Barnstead NANOpure Diamond (Thermo Scientific).
2.3.Water Quality Tests

Raw water pH, alkalinity, conductivity, turbiditigtal ammonia, and U), were
measured. Next, 600 mL aliquots of sample wereréll through GFFs as described in Pifer et

al. (2011) and total dissolved nitrogen (TDN) amgsdlved organic carbon (DOC) were
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measured using Shimadzu TOC/TN analyzers. SkdWhas calculated by dividing U¥;
(normalized by the UV cell path length in meterg)d©OC in mg/L. Details on the
measurements of bromide and dissolved and paticpteosphorus are in the Supplementary
Data.
2.4 Jar Tests

For each raw water sample, 1-L aliquots were aégusi pH 6.0, 7.0, and 8.0 using 1 N
hydrochloric acid or 1 N sodium hydroxide, andtgsts with alum (aluminum sulfate
octadecahydrate) were conducted on each pH-adjsategle. An eight-position magnetic stir
plate with variable speed control (Challenge Tetbupyg Springdale, AR) and rectangular
plastic jars were used for the enhanced coaguléggis. Magnetic stir bars (5-cm in length) with
ring-collared ends were used to minimize breakutheffloc. An alum dose of 60 mg/L was
used throughout to evaluate the impact of coaguigiH on DOM removal and subsequent DBP
formation, rather than determine the optimum alused Alum and 2-6 mL of a 10.6 g/L sodium
carbonate solution were added simultaneously tamme pH drift during the 30 seconds of
rapid mixing (~200 rpm). The flocculation time wa@ minutes, with a mixing speed of 40 rpm.
The samples were allowed to settle quiescenthafdeast 30 minutes before the supernatant was
decanted. The supernatant was filtered as desanldeifer et al. (2011), pH was measured, and
two 250-mL portions were collected in amber glass with screw-top lids. Raw water from
each DWTP was also filtered and stored in two 2%0mams. One jar of each raw and alum-
coagulated water was stored in the dark at 4°Q DQC, TDN, and UVs, were measured and

AF4-UVy5,4 fractograms and fluorescence EEMs were collected.
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2.5. Disinfection byproducts

DBPFP was measured following Standard Methods & {Baton et al. 2005) with
modifications. One 250-mL jar of each filtered raater and filtered alum-coagulated water was
adjusted to pH 7.0£0.2 using a phosphate bufferchiamrinated using a stock 5,000 mg/L
sodium hypochlorite solution at doses resultinghtorine residuals between 2.6 and 8.1 mg/L
as C} after seven days in the dark at room temperaffter the seven day hold time, chlorine
residuals were measured using DPD total chloringeet powder pillows (Hach Company) and
a spectrophotometer (Shimadzu UV-Vis 2450). Ammonahloride was added to 30-mL
aliquots of each sample to slow DBP formation reastwithout destroying haloacetonitriles
species. The chlorine residual of the remaining220sample was quenched using sodium
sulfite and the samples were stored at 4°C in #rnke dntil pH, DOC, TDN, and U}, were
measured and AF4-UV, fractograms and fluorescence EEMs were collected.

Following quenching, DBPs were immediately extrddtem the 30 mL aliquots by
liquid/liquid extraction following EPA 551.1 with adifications. Pentane was used as the
extraction solvent, and 1,1,1-trichloroethane wadded to the pentane as the internal standard
(Wahman 2006). Concentrations of chloroform, bromiddromethane, dibromochloromethane,
bromoform, dichloroacetonitrile, trichloroacetonér dibromoacetonitrile, and 1,1,1-trichloro-2-
propanone were measured in triplicate on a gaswdiagraph (Shimadzu GC-2010) with an
electron capture detector and a J&W DB-1 columnilé&g Technologies). The column was
initially held at 32°C for one minute, and was ea&sed by 2°C/min increments until it reached
50°C and was held for ten minutes. The oven tenperancreased by 2°C/minute to 160°C and

was held constant for five minutes. A 10-point gt curve from 1 to 100 pug/L was used to

61



guantify the DBPs, and blanks and check standaedls wun after every twelfth injection for
quality control.
2.6. Asymmetric flow-field flow fractionation

AF4 fractograms were collected on the July 14 12filfered raw and alum treated
samples at pH 6 and 8 using the instrumentatiomaattiods described in Pifer et al. (2011)
with the following modifications. PolyethersulfolES) membranes with a 1,000 Da molecular
weight cut-off were used in the separation chatmakhieve a stable channel pressure. Elution
time was extended to 15 minutes when necessagptore the tail of the sample peaks, and the
rinse time was extended to 10 minutes with focusgand tip pump flowrates of 3 mL-niirio
thoroughly flush the AF4-channel and minimize tlegght of the void peak. Phosphate-
carbonate buffer solutions at pH 6 and 8 were asesluent to ensure that pH during
fractionation remained at the coagulation pH. Tovedaictivity of the pH 8 eluent was modified
with sodium chloride to match that of the pH 6 elu@70 puS ci). The raw water samples
were run with pH 6 and pH 8 buffers so that calimdaemoval percentages would reflect the
impacts of coagulation only. Duplicate samples wareto ensure consistency in DOM
separation and detector performance.
2.7.Fluorescence-PARAFAC analysis

Fluorescence EEMs were collected for each filteamdwater, alum-treated water, and
chlorinated sample (160 EEMs total). To achieve etical stability of the PARAFAC model,
thirty-three EEMs obtained from filtered raw Bealieke water sampled between May 2010
and May 2011 were added to the array. After thigkens were removed, the resulting 190-
EEM dataset formed the basis for a PARAFAC modé-éomponent PARAFAC model was

obtained and validated using split halves analytails of the PARAFAC modeling process
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are provided in the Supplementary Data and complegeriptions of EEM collection, scatter
correction, and PARAFAC analyses can be found fierfeit al. (2011).
3. RESULTS AND DISCUSSION
3.1.Raw Water Parameters

Raw water parameters are summarized in Table StuBsion of pH, turbidity,
conductivity, alkalinity, TDN, total phosphorus,datrophic state index are contained in the
Supplementary Data. SU\44 values varied spatially by DWTP and temporallytlghout the
sampling period. At the BWD, SUVA, was high initially (11.6-L mg m™ on 5/13/11) and
subsequently dropped to values between 2.6- antd th§* m™; at TT, SUVAs, was also high
initially (12.4-L mg* m™ on 5/13/11), but was erratic thereafter with valbetween 3.0- and
11.1-L mg" m™. In contrast, SUVAs4 values at CB and MC had smaller ranges and were
between 1.4- and 5.8-L rifgn™ throughout the sample period. A late April raihtalent (28-cm
of rainfall in Northwest Arkansas between April 28; 2011 (NOAA Satellite and Information
Service 2011)) may explain some of the variatioBUWA;s4, as increased runoff may have
carried large amounts of humic-like material (e3OM rich in UV.s54 absorbing groups) to the
lake, disproportionately impacting BWD and TT beftweing diluted or degraded prior to
reaching the intakes at MC and CB. Interestingl@®varied temporally and no correlation was
found between raw water DOC and SUX¥A(* = 0.06), suggesting varying aromatic content (as
measured by U¥,) in the Beaver Lake DOM throughout the samplingque
3.2.AF4-UV 54 Fractograms

AF4-UVs, fractograms for pH 6 and 8 samples collected @A/I1 are shown in
duplicate in Fig. 1 for the four sampling locati@assa function of time. AF4 separates DOM

macromolecules on the basis of diffusivity, andash samples elute with time in order of
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increasing particle size (or decreasing diffusivifijhe fractograms had a void peak at
approximately 2-minutes, and with the exceptiothef TT raw water samples, the void and
sample peaks were similar in height and locatiathiwieach pair of duplicates, indicating the
AF4-channel was flushed sufficiently between sampled the method was reproducible. For the
TT raw water samples at a given pH, the void peagHt increased from one run to the next,
possibly indicating sample carryover, however thimgle peak (around 5-min elution time) was
relatively unaffected.

The AF4-U\bs, fractograms in Fig. 1 demonstrated the impactwhacoagulation pH
on DOM removal. For the BWD, CB, and MC samples, Alfr4-UV,s, peak maxima for the raw
water DOM occurred between 4.8- and 5.6-minutesTHo the relatively large void peak
obscured the location and height of the AF4,.6)\DOM peak maximum. For the raw waters,
the AF4-U\ss, peak heights at pH 6 were higher than those &.pMum coagulation at pH 6
resulted in average reductions between 86-91% basédr4-U\V,s, peak heights for the BWD,
CB, and MC samples. In contrast, coagulation aBpklduced the AF4-U, peak height by
28% for BWD, 36% for MC, and 43% for CB. These fings were supported by Yang et al.
(2010) who reported increased removal ofk\as coagulation pH decreased from 8 to 6.
Coagulation also produced shifts in the time tdkpeaximum between the raw and alum-treated
samples, but the time-shifts were larger at pH.8-213 minutes) than at pH 8 (0.5 minutes).
Given the AF4 fractograms are presented in ordaraséasing DOM size, this result indicated
preferential removal of larger-sized DOM at pH 6t telatively uniform, albeit less, removal of
all DOM size fractions at pH 8.

Although AF4-U\ss, fractionation provides insight into changes in pihgsical

properties of DOM with changes in pH, it is impaittéo note that not all molecules absorb light
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uniformly at 254 nm and that the fractograms presghere do not provide a complete picture
of the DOM size distribution. Future work shouldpkxe the use of other inline detectors (e.qg.,
DOC) for DOM size characterizations following segi&on by AF4.
3.3.Fluorescence-PARAFAC Analysis

A 5-component PARAFAC model was validated for atayaof 190 EEMSs, consisting of
raw- and alum-treated waters from the four DWTRsweler, one component, previously
identified as fluorometer instrument noise dudd@resence at similar intensity in both samples
and Millipore water blanks (Pifer et al. 2011), vigisored and, as such, a 4-component model
was used here. The excitation and emission maxfraaat component were listed in Table 1
and shown as EEMs in Fig. S2. Components 1 andd previously identified as a humic-like
fluorophore groups (Pifer et al. 2011). Componewa? similar to protein-like fluorophores
reported by Dubnick et al. (2010) and Marhaba aipgihcott (2000). These protein-like
moieties contain nitrogen in their structures andwich may be of importance in the formation
of nitrogen containing DBPs. Component 3 appeardkta combination of previously
identified humic-like fluorophores, including thep@ak reported by Coble (1996).

Fig. 2 shows the fluorescence intensity data optek maxima (frax) for each
component as a function of sampling date, DWTP tesatment (raw water and following alum
coagulation at pH 6, 7, and 8). In general, folhesampling date and locationy4x was highest
for raw waters and decreased following alum coamuraFurther, for the alum treated samples,
Fuax increased with increasing pH between 6 and 8,yimg@llowering the net negative surface
charge on the DOM by decreasing the pH enhanced DgdMval. Component 1 was the most
abundant fluorophore group of the raw- and treatater samples, and was removed to the

greatest extent by alum coagulation. To furthenmithe interpretation of these data, the relative

65



percent contributions and percent removals of corapbl relative to the totalfzx were
calculated (Table 2). The percent contributionéased with increasing coagulation pH for all
sample locations, indicating it was removed toeatgr extent relative to the other fluorophore
groups as the pH decreased. FurthgrxFpercent removal decreased with increasing pH at al
sampling locations (e.g., 76%, 65%, and 41% rematvpH 6, 7, and 8, respectively for the four
DWTPs together). For all components, thg,;Fdata were pooled and averaged for the four
DWTPs and five sampling dates and reported witlr teeresponding standard deviations in
Table S2. Components 2, 3, and 4 had similar dautidns (13-17%) to raw water fluorescence,
but were removed to varying extents. The standavthtions of the percent removals for
components 2 and 3 were too large to permit meé&uinmgerences with regard to trends with
pH. Component 4 had similar percent removals &hdgpendence as component 1, suggesting
these fluorophore groups were more effectively needaduring coagulation at lower pH.
Overall, alum coagulation at pH 6 provided the lvestoval of all fluorescence-PARAFAC
components. Regardless of pH, alum coagulationapddo preferentially remove the humic-
like components 1 and 4 compared to the protemdimponent 2 and the humic-like
component 3.
3.4.Disinfection Byproducts

DBPFP was measured for chlorinated raw and alurgutated samples. Out of the eight
DBPs in the standard curve, only chloroform, dicbézetonitrile, bromodichloromethane, and
1,1,1-trichloro-2-propanone formed at quantifialeleels. The absence of
dibromochloromethane, bromoform, and dibromoacéiteivas not unexpected because the
bromide concentrations in the raw water sample® wav (<0.05 mg L!). Fig. 3 shows the

concentrations of chloroform, dichloroacetonitrbeomodichloromethane, and 1,1,1-trichloro-2-
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propanone in units of micrograms per liter as daBR for each sampling date, DWTP, and
treatment. Due to select large deviations in trecktstandards, the chloroform data from
5/31/11 was excluded from subsequent regressidgsasa The chlorinated CB pH 8 sample for
7/14/11 was lost during the extraction proceduk\aas not included in Fig. 3 or used in
regression analyses. With these exclusions, atkrofdrm data used in the regression analyses
had check standards within +13%. The other DBP®éok at concentrations less thanutoL™

in the raw and treated waters, which was too lowaionit meaningful regression analyses.

Although pH control of all alum treated samples wHected with sodium carbonate,
some drift occurred. The pH of each sample immedbjidollowing the decanting step of the jar
tests was indicated at the top of each bar inJig.

As expected, chloroform was the dominant DBP limaal- and alum treated-waters and
formed in concentrations between 30 and 175 pdierd was temporal and spatial variability in
chloroform formation potential in the raw water sa@s. For example, on 5/13/11, chloroform
ranged from 58 pg/L at CB to 149 pg/L at TT; simylachloroform at CB ranged from 58 pg/L
on 5/13/11 to 128 pg/L on 7/14/11. These resulggsst that (1) the location of the source water
intake structure within a watershed can be an itapbraspect of DBP control strategies, and (2)
the reactivity of precursors at a given location shift quite rapidly. For chloroform, average
percent removals and associated standard devidtoeach DWTP are shown in Table 3 as a
function of coagulation pH. The data for each DWaF# the pooled data (e.g., the four DWTPs
and five sampling dates) indicate that alum treatdecreased chloroform formation, which
was positively correlated with coagulation pBE@.67). Dichloroacetonitrile formation
potentials ranged from 0.5 to 7.5 pg/L, bromodiotioethane ranged from 3.5 to 10 pg/L, and

1,1,1-trichloro-2-propanone ranged between 0.15qug/L, with one extreme case of 17.3 pug/L.
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Dichloroacetonitrile, bromodichloromethane, and I-ttichloro-2-propanone were removed to
lower extents (8-35%), and were uncorrelated waiagulation pH (Table S3). Overall, these
results indicate that decreasing coagulation pH beag useful tool for DBP reduction in treated
Beaver Lake water where chloroform dominates thad foBP formation during chlorination.
3.5.Correlations between DBP formation and DOM properties

Linear correlations were sought between DBPFPHDM properties such as SUVA,
chlorine demand, andykxx for the individual PARAFAC components. There wessak,
positive correlations (Fig. 4) between chlorofomu &UVAps, (*=0.51) and chlorine demand
(r*=0.58). Correlations between chloroform and PARAFAGx components 2 and 3 were
weak (f < 0.40, data not shown). Stronger linear corretetiwere found between chloroform
and PARAFAC Fax component 1 fr= 0.84, Fig. 4) and component 4 £0.76, Fig. S3); in
these plots, linear best-fit regression lines va&i@vn along with 95% prediction intervals. This
result indicates that the fluorescence-PARAFAC apph used here was an improvement on
SUVA,s, i.e., fluorescence-based measurements were margitatively representative of
chloroform precursors.Jax values from component 1 could be used to predizsequent
formation of chloroform for the waters from the fdWTPs and treatments (raw water and
alum coagulation at pH 6, 7, and 8). This corretasuggests that humic-like fluorophores were
important chloroform precursors and was particylattong at low fax values (e.g., alum
treated waters), indicating that this metric maybeful in optimizing DBP control strategies
such as enhanced coagulation. Similarly, Johnstbaé (2009) used PARAFAC on raw- and
alum-treated waters and found multi-linear regmssbrrelations fr= 0.77) between
chloroform and the combination of two other PARAFA&@Nponents (one humic-like and one

protein-like fluorophore group).
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No correlations were found with dichloroacetongyibromodichloromethane, and 1,1,1-
trichloro-2-propanone and SU\ (* < 0.26, data not shown), perhaps due to the low
concentrations of these three DBPs in the raw saaded waters. Interestingly,
dichloroacetonitrile, a nitrogen containing DBP ,snmncorrelated to the protein-like Component
2 as well as the three humic-like components, sstgggethat predicting formation of nitrogen
containing DBPs by fluorescence-based techniqugsb@a&hallenge. Bromodichloromethane
was uncorrelated with any of the PARAFAC componérits 0.21), perhaps due to the low
bromide concentrations in the source waters, whrelrented bromodichloromethane formation
at levels similar to chloroform. Similarly, althdud,1,1-trichloro-2-propanone has been
identified as a chloroform precursor (Suffet etl®76), it was uncorrelated with the PARAFAC
components and chloroform. Studies are neededamitirray of water sources (e.g., varying
bromide and DOC) and treatment types (e.g., ioh&xge) to determine if the,kx correlations
determined here were source water specific orey ttould be applied broadly.

4. CONCLUSIONS

AF4-UV;54 and fluorescence-PARAFAC characterizations of aag alum coagulated
Beaver Lake water samples provided the followirgights into DOM removal using enhanced
coagulation and DBPFP with free chlorine:

o Spatial and temporal variation of DOM chemical mies within Beaver Lake

impacted DBP formation.

o AF4-UV,5, data indicated that DOM was of similar size thitomgg Beaver Lake

and that coagulation at pH 6 preferentially remolaeder DOM whereas that at pH 8

removed all DOM size fractions uniformly, althougha lesser extent.
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o Fluorescence-PARAFAC analyses identified the presefthree humic-like
fluorophore groups and one protein-like fluorophgireup in Beaver Lake water.

o Humic-like PARAFAC component 1 was more stronglyretated (f = 0.84) to
chloroform formation potential compared to SUM¥A(* = 0.51) and was preferentially
removed by alum coagulation.

J AF4-UVys4 fluorescence-PARAFAC, SUVA, and DBPFP showed that alum
coagulation at pH 6 removed DOM more effectivelgritat pH 8.
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Table 1— Maxima locations and characteristics of the #isgence-PARAFAC components.

Component Expitation Emission Identification
Maxima (nm) Maxima (nm)
1 238 (329) 430 Humic-like (Pifer et al. 2011)
z e "
3 344 (203, 228) 426 Humic-like (Coble 1996)
4 395 (269, 213) 471 Humic-like (Pifer et al. 2011)

Values in parentheses are secondary and tertianyainn maxima
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Table 2 — Average percent contribution and percent remoi#lorescence-PARAFAC
component 1 as a result of alum coagulation aseétifun of coagulation pH and sampling
location.

Treatment BWD TT CB MC All

Average Contribution

Raw 53+8 50+4 54 +2 55+4 53+5
Alum, pH 6 40+ 3 387 337 38+2 37+5
Alum, pH 7 41 +6 44 + 3 42 +3 40 £ 3 42 +4
Alum pH 8 48 + 2 48 +£5 46 £ 5 46 + 4 47 + 4

Average Removal

Alum, pH 6 74+9 79+8 80+6 73+5 767
Alum, pH 7 65+8 68 + 10 62+11 63 +13 65+ 10
Alum pH 8 44 + 18 42 + 24 387 42 +11 41 + 15

Values are averages * standard deviations.

BWoD is the Beaver Water District, TT is the Bent®ashington Regional Public Water
Authority (Two Ton), CB is the Carroll Boone Wafaistrict, MC is the Madison County
Regional Water District, and All represents comHbidata from the four sampling locations.

Table 2 — Average percent removal of chloroform as a tesfullum coagulation as a function
of coagulation pH and sampling location.

Coagulation pH BWD TT CB MC All
pH 6 60 + 4 64+ 12 61+11 58+ 6 62+8
pH 7 534 55+ 14 48 + 11 52+11 52+10
pH 8 40+ 6 41 + 15 28+3 37+11 379

Values are averages * standard deviations

BWD is the Beaver Water District, TT is the Benidashington Regional Public Water
Authority (Two Ton), CB is the Carroll Boone Wafaistrict, MC is the Madison County
Regional Water District, and All represents comHbidata from the four sampling locations.
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Fig. 2— Fluorescence-PARAFAC component maximumsgf by drinking water treatment
plant and treatment for sample dates: (a) May 0312(b) May 31, 2011, (c) June 28, 2011, (d)
July 14, 2011, and (e) August 4, 2011. R indicatesw water sample, and 6, 7, and 8 indicate
the target coagulation pH values; the number aleach bar indicates the measured pH of the
sample after alum coagulation. BWD is the BeavetéMBistrict, TT is the Benton/Washington
Regional Public Water Authority (commonly refertedas Two Ton), CB is the Carroll-Boone
Water District, and MC is the Madison County Regilowater District. Fluorescence-
PARAFAC components are indicated as follofis: congpwrd,[ 1 component ] component
3, andll component 4.

73



(d)

R 6 78

Fig. 2, continued- Fluorescence-PARAFAC component maximumsf by drinking water
treatment plant and treatment for sample datedvi&g)13, 2011, (b) May 31, 2011, (c) June 28,
2011, (d) July 14, 2011, and (e) August 4, 201ihdRcates a raw water sample, and 6, 7, and 8
indicate the target coagulation pH values; the remabove each bar indicates the measured pH
of the sample after alum coagulation. BWD is the\B& Water District, TT is the
Benton/Washington Regional Public Water Authoraggrimonly referred to as Two Ton), CB is
the Carroll-Boone Water District, and MC is the Nsaoh County Regional Water District.
Fluorescence-PARAFAC components are indicatedlbsnws: LAcomponent 1 component 2,
I component 3, anll  component 4.
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Fig. 3 - Disinfection byproducts (DBPs) in pg/L as eaddF>formed during free chlorine
formation potential tests by drinking water treatrtnglant and treatment for sample dates: (a)
May 13, 2011, (b) May 31, 2011, (c) June 28, 2@d}LJuly 14, 2011, and (e) August 4, 2011. R
indicates a raw water sample, and 6, 7, and 8aelithe target coagulation pH values; the
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are indicated as followgd

bromodichloromethane (BDCM), alll

chloroform (TCN_}
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Fig. 3, continued- Disinfection byproducts (DBPs) in ug/L as eaddF>formed during free
chlorine formation potential tests by drinking waieatment plant and treatment for sample
dates: (a) May 13, 2011, (b) May 31, 2011, (c) 282011, (d) July 14, 2011, and (e) August
4, 2011. R indicates a raw water sample, and &)d 8 indicate the target coagulation pH
values; the number above each bar indicates theureshpH of the sample after alum
coagulation. DBPs are indicated as follofis:  cHlamm (TCM), ] dichloroacetonitrile
(DCAN), K bromodichloromethane (BDCM), ali 1,1 ithtoro-propanone (TCP).
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“Improving on SUVA »54 Using Fluorescence-PARAFAC Analysis and Asymmetric Flow-

Field Flow Fractionation for Assessing Disinfection ByproducFormation and Control”
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1. MATERIALS AND METHODS
1.1.Sample collection and handling.

At the BWD, the samples were collected from intdkpth at the plant’s intake structure
using a 6-L Van Dorn bottle (Wildco, Model 1960-H641lee, FL) and transferred to pre-rinsed
(Milli-Q water) 9-L HDPE carboys. At TT and CB, ramater samples were collected in the 9-L
HDPE carboys from taps within the DWTPs followinéeav minutes of flushing. At MC,
samples were collected directly from Beaver Lake t@the plant’s intake structure using the
carboys.

1.2. Water Quality Tests.

Bromide was measured in filtered samples usingoam®&{ DX-120 ion chromatograph
with an lonPac AS4A-SC column according to EPA B000 measure particulate phosphorus
concentrations, raw water samples were filteredutin acid-rinsed GFFs, which were then
digested with a 2% (w/v) persulfate solution towem particulate phosphorus to soluble reactive
phosphorus. For dissolved phosphorus measurentleatfltrate was collected and refrigerated
until analysis. The soluble reactive phosphoruthefdigested samples and filtrate was
guantified on a Trilogy fluorometer with Spreadshe¢erface Software for Trilogy software
(Turner Designs) following Standard Methods 450(&ton et al. 2005). Total phosphorus (TP)
was obtained by summing particulate phosphorusiaslved phosphorus.
1.3.Fluorescence-PARAFAC analysis.

Fluorescence excitation-emission matrices (EEMsgwellected for a given sample in 1
nm increments between 200 and 400 nm for excitarm@h270 and 600 nm for emission. The
scans were scatter-corrected ugheganscan for MATLAB (Zepp et al. 2004). PARAFAC

modeling, using the DOM-Fluor toolbox (available émwnload at
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http://www.models.life.ku.dk/algorithms), identiflegroups of fluorophores that made up the
EEMs. The model requires removal of outlier samplssause they can bias the model. A
combination of visual identification and the fumetiOutlier Test was used to ensure that outliers
were removed. The PARAFAC model was validated uSptgHalfAnalysis and
SolitHalfValidation.

2. RESULTS AND DISCUSSION

2.1.Raw Water Parameters.

Throughout the sampling period, all four DWTPs haa waters with slightly alkaline
pH, with a range of 7.1-8.9 and a mean of 7.7.tReffirst sampling date (5/13/11), BWD and
TT had high turbidity (~120 NTU) and low alkaliniy33 mg L-CaCQ), likely due to 28-cm
of rainfall in Northwest Arkansas between April 28; 2011 (NOAA Satellite and Information
Service 2011). Turbidities decreased thereaftgatoes less than 20 NTU for the last three
sampling dates, with the exception of TT on 5/3¥AA.NTU). Values of alkalinity remained
consistent throughout the sampling period, witarage of 33-56 mg -=CaCQ. Bromide and
ammonia concentrations were consistently belovpthetical quantitation limits or method
detection limits (0.05 mgtas Br and 0.1 mgtas N, respectively) and were not reported in
Table S1.

TDN measurements were low throughout the samplanmpg, with a range of 0.36-1.47
mg L*-N, and had no consistent spatial or temporal 8ef& was highest for BWD, TT, and
MC in the 5/13/11 samples, suggesting that theffdremn the heavy rainfall event carried a
significant phosphorus load that did not make €& prior to sampling. TP and TDN were
uncorrelated throughout the sampling period, sugggesarying sources of these limiting

nutrients throughout Beaver Lake. Trophic statex@ Sl) was calculated from TP using log-

83



linear regression equations developed by Carls®@Ail The TSI for BWD, TT, and MC was
highest on 5/13/11 (>70) and lowest on 6/28/11 Jvffere each increase in TSI major division
(e.g., from 40-50 to 50-60) represents a doublingigal biomass. For all four DWTPs, the
average TSI based was 51, with a high for the B\B&) é&nd a low of CB (46), suggesting only

a modest spatial trophic gradient.
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Table S1— Raw water quality parameters for Beaver Lakepsasn

Alkalinity

G8

Sampling . Turbidity Conductivity 1 TDN TP DOC SUVA254

Location pH - mg L-- ) ; TSI - 1o
Date PP INTUY (uS omd) (Ca%q) (mg L-N) (ug L-P) (mg LY (L mg*m?
5/13/11 BWD 7.3 125 108 33 0.98 105 71 3.2 11.6
TT 7.6 120 110 34 0.91 100 71 3.6 12.4

CB 7.5 3 174 64 0.52 14 42 2.2 1.6

MC 7.7 36 138 51 0.80 113 72 2.9 4.8

5/31/11 BWD 7.7 81 105 37 0.90 79 67 5.9 4.9
TT 7.4 37 121 46 1.12 47 60 5.9 3.0

CB 7.7 11 154 58 0.80 22 49 6.7 1.4

MC 7.4 33 123 38 1.47 91 69 9.4 2.2

6/28/11 BWD 7.6 4 87 49 0.65 7 32 2.3 3.4
TT 7.3 60 79 43 1.07 15 43 2.4 11.1

CB 7.6 12 100 54 0.77 15 43 2.0 5.8

MC 8.6 4 90 52 0.64 4 24 1.8 3.6

7/14/11 BWD 8.2 2 144 50 0.36 23 49 2.0 3.6
TT 7.1 12 145 33 0.85 11 39 1.4 6.8

CB 7.6 12 162 54 0.67 13 41 2.3 5.6

MC 8.1 1 154 54 0.29 10 37 2.1 2.7

8/4/11 BWD 8.3 2 141 56 0.58 46 59 2.8 2.6
TT 7.2 14 135 46 1.11 32 54 2.2 6.8

CB 7.1 10 161 56 0.99 32 54 2.0 5.4

MC 8.9 1 150 54 0.54 23 49 2.3 2.6

Mean 7.7 29 129 48 0.80 33 51 1.5 5.1
Median 7.6 12 137 51 0.80 23 49 1.2 4.2

TDN - total dissolved nitrogen; TP — total phospispfT SI — trophic state index calculated from TRM- dissolved organic
carbon; SUVAs,— specific ultraviolet absorbance at 254 nm; BWBeaver Water District; TT — Two Ton; CB — Carroll
Boone; MC — Madison Country.




Table £2 — Average contribution and removal percentages for each fluoresceR#&-RE
component

Treatment Component 1 Component 2 Component 3 Component 4

Average Contribution

Raw 53+5 17+3 13+5 172
pH 6 375 307 19+7 14+2
pH 7 42+ 4 307 15+4 14+2
pH 8 47+ 4 275 11+4 14+1

Average Removal

pH 6 67 39 + 26 37 +37 72 +13
pH 7 65+ 10 22+ 29 36 + 32 61+18
pH 8 41 + 15 -7+29 34 + 26 41 +19

Values are averages * standard deviations

Table SZ— Average percent removal from alum coagulatioa asiction
of pH for each disinfection byproduct

Treatment TCM DCAN BDCM TCP
pH 6 62+8 29+ 30 24 +7 35+42
pH 7 52+10 25+ 33 22+11 9+79
pH 8 379 8+35 17+11 14 +79

Values are averages = standard deviations
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Fig. S1- Map of Beaver Lake Reservoir in Northwest ArkemnsThe locations of the four
drinking water treatment plants that take sourceem@om Beaver Lake are noted, where BWD
is the Beaver Water District, TT is the Benton/Wagton Regional Public Water Authority
(commonly referred to as Two Ton), CB is the CdBadone Water District, and MC is the
Madison County Regional Water District.
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Fig. S2— Fluorescence-PARAFAC component excitation-errssnatrices (EEMs) for the
array of 190 EEMs consisting of raw and alum-coatpd waters from the four drinking water
treatment plants.
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CHAPTER 4
Tracking Disinfection Byproduct Precursor Removal by Magnetic lon ExchangeResin and

Alum Coagulation Using Fluorescence-PARAFAC

Beaver Lake Reservoir
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ABSTRACT

Removal of disinfection byproduct (DBP) precursiaysmagnetic ion exchange (MIEXresin

at pH 6, 7, and 8 was evaluated using DBP formagiaiential (DBPFP) tests. Chloroform was
the predominant DBP and its formation potential)(WBs reduced the greatest extent (75-82%)
by MIEX® treatment, with no apparent trends with treatnpehtFluorescence excitation
emission matrices (EEMs) were collected from ragl BHEX®-treated samples. Parallel factor
(PARAFAC) analysis was used to decompose the EBkdsprincipal component fluorophore
groups, each with a maximum intensity,ak. This model was compared to a second model
from a previously reported alum coagulation stuag # a third model resulting from the
combination of EEMs from both MIE% and alum-treated samples. The combined model’s
Fuax values for two humic-like fluorophore groups warere strongly correlated with
chloroform FP (r= 0.87 and 0.83) than specific ultraviolet absndgaat 254 nm (SUVA,,

with r? = 0.03). The three chloroformakx models showed no statistically significant diffeces
(p values for slopes and intercepts were greagar @5 and 0.1, respectively). The models also
allowed identification of 2 components that hadrated Fax values from a heavy rainfall event
(28 cm from April 24-26, 2011), but these were unelated to chloroform FP. The
corresponding SUV4, values were also elevated and chloroform FP piedi based on them
were inaccurate. These results highlight the agbility of fluorescence-PARAFAC models to
multiple DBP precursor removal processes and stuidfgaishyax may be a more selective metric
than SUVAs, for choosing and optimizing DBP precursor remgualcesses. In addition, the
results indicate the usefulness @fak values for predicting changes in DBPFP resultiogf

heavy rainfall events.
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KEYWORDS
Enhanced coagulation; anion exchange; drinking mvdtesolved organic matter; chloroform;
extreme weather events
ABBREVIATIONS
BWD (Beaver Water District); CB (Carroll Boone Wiaiistrict); DBP (disinfection
byproduct); DBPFP (DBP formation potential); DOGs@blved organic carbon); DOM
(dissolved organic matter); DWTPs (drinking wateatment plants); EEMs (excitation and
emission matrices);Max (maximum fluorescence intensity); GFFs (glassrfibers); HAAS
(five regulated haloacetic acids); MC (Madison CiyuRegional Water District); MIEX
(magnetic ion exchange); N-DBPs (nitrogen-contgridBPs ); NOM (natural organic matter);
PARAFAC (parallel factor analysis); SUVA (specific ultraviolet absorbance at 254 nm);
THM4 (four regulated trihalomethanes); TT (BentoaadNington Regional Public Water
Authority, commonly referred to as Two Ton); USER4nited States Environmental Protection
Agency); UVss, (ultraviolet absorbance at 254 nm)
1. INTRODUCTION AND MOTIVATION

Disinfection byproducts (DBPs) are a concern imsfied drinking waters due to their
suspected carcinogenic (Cantor et al. 1998) aadagenic properties (Nieuwenhuijsen et al.
2000). The United States Environmental Protectigecy (USEPA) currently regulates 11
DBPs (four trihalomethanes (THM4), five of the nimdoacetic acids (HAAS), chlorite, and
bromate) in finished drinking waters under the 8tadisinfection/Disinfection By-Product
Rule. Other DBPs, including nitrogen-containing BER-DBPSs), are being considered for

regulation due to high toxicities relative to THMAd HAAS. Despite nearly 40 years of DBP
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research, DBP control remains an ongoing challengeany drinking water treatment plants
(DWTPS).

DBPs form when drinking water disinfectants (echlprine, chloramines, ozone, etc.)
react with natural organic matter (NONDBP speciation and concentrations are influenced by
the disinfectant used and the quantity and charatts of NOM. NOM is ubiquitous in natural
waters and is a complex chemical mixture considangely of organic carbon. NOM is derived
from both terrestrial and aquatic sources, anghisical and chemical properties can vary
temporally (Miller and McKnight 2010) and spatia{Rifer et al. 2011). Upon introduction to an
aquatic environment, NOM can be altered throughidand abiotic processes. As such, NOM
exists as a dynamic carbon pool, which makesficdif for DWTPs to control DBP formation
in finished drinking water.

DWTPs attempt to curb DBPs by changing their destdnt and/or removing more DBP
precursors (i.e., NOM). Changing disinfectants igult in formation of different DBPs with
potentially higher toxicities and/or increased osion in the distribution system (Zhang et al.
2008; Zhang et al. 2009). As such, enhanced DBBupser removal has received renewed
interest in recent years.

Although enhanced coagulation is the most commathaaefor improving NOM
removal in DWTPs, alternatives such as anion exghdiave been investigated (Bolto et al.
2002). Typical ion exchange processes are openmagg@ssurized columns which require
prefiltration to prevent column plugging (Drikasagt 2002). The Commonwealth Scientific &
Industrial Research Organization and Orica Austraty Ltd developed magnetic ion exchange
(MIEX®) resin, an anion exchange resin that has a higbtaéty for NOM and can be

employed in completely mixed reactors (Drikas eR@D2).
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An extensive body of research exists regardingbikty of MIEX® to reduce DBP
formation potential (DBPFP) (Drikas et al. 2003¢r et al. 2007; Jarvis et al. 2008). However,
additional research is needed to better understendapabilities and limitations of MIEXIn
particular, the impact of source water pH duringMf treatment has not been extensively
documented. Some have speculated that pH haseant eff the removal of DBP-precursors by
MIEX® due to changes in the protonation state of th#/lz@se NOM functional groups (Neale
and Schafer 2009), but a significant research ggarding the optimum operating pH for
MIEX® treatment remains.

Optimization of DBP precursor removal is often lthea specific ultraviolet absorbance
(SUVA,s,), the ultraviolet absorbance at 254 nm ¢gly/in units of m* normalized by dissolved
organic carbon (DOC). This measurement requirgsatiibn, and is thus taken on the portion of
NOM operationally defined as dissolved organic eratbOM). SUVAs, can be obtained using
equipment common at DWTPs and is the most commaampater used to predict DBP
formation (Ates et al. 2007). Unfortunately, ndtOM is sensitive to U¥s, (Kitis et al. 2001)
and the relationships between DBPs and Skiyare source water dependent (Weishaar et al.
2003) and unreliable at low SU\4 values (Ates et al. 2007).

Fluorescence spectroscopy has become a common D@bdaterization technique. It is
sensitive to aromatic and unsaturated aliphaticpmmds, but is subject to quenching by
dissolved oxygen and metal ions (Senesi 1990).retoence spectroscopy has the benefits of
higher sensitivity and selectivity relative to atissmce measurements. Fluorescence excitation
and emission matrices (EEMs) decomposed into feaenet components using parallel factor
analysis (PARAFAC) have been used to identify DGivhponents in natural waters (Stedmon

et al. 2003) and DBP precursors in raw waters (étued. 2010). Although only a fraction of
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DOM fluoresces, DBPFP was correlated to the maxirfluorescence intensitiesgkx) of
PARAFAC components for raw and alum treated sanfpdes two watersheds. These
correlations were stronger than the correspondiBBEP-SUVAs, correlations (Johnstone et al.
2009; Pifer and Fairey 2012). However, correlatibesveen PARAFAC components and
DBPFP have not been tested after alternative tesat81or across source waters.

The objectives of this study were to examine thedots of pH on MIER treatment,
evaluate the effects of a heavy rainfall event @MDproperties, compare DOM removal
achieved with alum coagulation (Pifer and Fairey2with that of MIEX’ treatment, and test
the consistency of DBPFP-PARAFAC component con@hgtwhen applied to alum coagulated
and MIEX® treated waters. A DBP precursor surrogate thaaehconsistently between
treatments would be a valuable tool to help DWTdsct and optimize treatment processes to
reduce DBPs. Raw source waters were collected riyointim May to August 2011 from four
DWTPs located on the Beaver Lake reservoir in Neegt Arkansas. These samples underwent
MIEX® treatment and alum coagulation (the alum coaguiakperiments are published in Pifer
and Fairey (2012)). For the MIEXexperiments, treatment was conducted at pH &, &, and
the water was filtered and underwent DBPFP tedis free chlorine. Fluorescence-PARAFAC
Models 1-3 were constructed using EEMs from 1) Bettd, raw and MIEX treated water, 2)
Dataset 2, raw and alum coagulated water sampikes @ad Fairey 2012), and 3) Dataset 3, the
combination of the first two datasets. The restlEax values for individual PARAFAC
components in Models 1-3 were correlated with DBPH#ese correlations were compared with

each other and to correlations between SkiYAnd DBPFP.
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MATERIALS AND METHODS
2.1. Sampling Locations

Raw water samples (18 L each) were collected on MayY011, June 28, 2011, July 14,
2011, and August 4, 2011, at the intake of four DR¥Dn the Beaver Lake reservoir: Beaver
Water District (BWD), Benton-Washington RegionabRc Water Authority, commonly
referred to as Two Ton (TT), Carroll Boone Watestidct (CB), and Madison County Regional
Water District (MC). These sampling locations weegected to assess the spatial variability of
DBP-precursors on Beaver Lake and determine thactrgf this variability on MIEX treatment
and DBP formation. These raw water samples weceussd in a parallel alum coagulation
study (Pifer and Fairey 2012).
2.2.Water Quality Tests

All glassware, with the exception of volumetricsika, was washed with a solution of tap
water and Alconox detergent, rinsed multiple timéh Milli-Q water (18.2 M2-cm), and
baked for 30 minutes at 400°C. Volumetric flaskd plastic-ware were washed with an
Alconox and tap water solution, rinsed with Millis@ater and air-dried at room temperature. For
vacuum filtration, 1-micron glass fiber filters (E$) were pre-combusted (400°C for 30 min)
and pre-rinsed (1-L Milli-Q water). Therefore, img work DOM is operationally defined as the
portion of NOM passing a 1-micron GFF.

Raw water quality parameters, i.e., pH, alkalinitypidity, DOC, total dissolved
nitrogen, ammonia, and total phosphorus, were medsas part of the alum coagulation study
(Pifer and Fairey 2012), and a description of tlethmds can be found in its Supplementary
Data. U\bs4 measurements were taken on filtered samples follp®tandard Methods 5910-B

(Eaton et al. 2005) on the UV-Vis 2450, which wimnked with Milli-Q water before the first
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sample and after every six samples. Thereafter,AlMvas calculated by dividing the Uy
absorbance by the product of the UV cell path leri@t01 m) and the DOC concentration
(mg/L).

2.3.MIEX ® Experiments

MIEX® resin (Orica Watercare, Watkins, CO) was obtaineti5% brine solution. The
resin was prepared by decanting with glass Paptpattes and rinsing with Milli-Q water until
the conductivity of the supernatant, measured witbur-cell conductivity probe (Accumet), was
less than or equal to 1 mS/cm. The MfEdésin/Milli-Q water slurry was transferred to arh@
graduated cylinder and allowed to settle for appnately 10 minutes before use. A resin dose
of 6 mL/L was chosen for all MIEXtreatments based on preliminary experiments tiaved
significant DOC reduction (greater than 50%).

MIEX® experiments were conducted at pH 6, 7, and 8 ohtral pH, 10 mL of
phosphate buffer (68.1 g/L KRO, and 11.7 g/L NaOH) was added to each 490 mL ratgwa
sample. The pH of the samples was further adjusted) HCI or NaOH. The samples were
transferred to 500 mL amber glass bottles, andsglgeettes were used to deliver settled resin to
the pH-buffered raw water samples. The samples tuenbled end-over-end at 45 rpm for
approximately 18 hours, a time sufficient to ensgailibrium was achieved based on
preliminary experiments (data not shown). The sasplere filtered using dm GFFs before
further analyses.
2.4.Disinfection Byproduct Formation Potential Tests

DBPFP tests were conducted on 250 mL portionswefaiad MIEX®-treated water
samples according to Standard Methods 5710 B witliications. The samples were adjusted

to pH 7.0 with phosphate buffer and spiked with I€&€olution such the chlorine residual was
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between 3 and 7 mg/L as,Glfter 7 days in the dark at 25°C. Chlorine redislugre measured
using DPD total chlorine powder pillows (Hach Comypgand a UV-Vis 2450
spectrophotometer (Shimadzu) calibrated at a wagéteof 552 nm with a standard curve
between 1.0 and 7.0 mg/L as(Precisely 30 mL of each chlorinated sample waker for
DBP analysis, and the remainder was quenched byraalilfate and reserved for further
analyses. The 30 mL portions were quenched usimgamum chloride to preserve
haloacetonitriles, and DBPs were extracted by didigjuid extraction following EPA 551.1 with
modifications described in Pifer and Fairey (2002)e extraction solvent and internal standard
were combined as 0.5 mg/L 1,1,1-trichloroethangentane (Wahman 2006). A GC-2010 with
an electron capture detector (Shimadzu Corp.) wed to quantify DBPs. A standard curve (1,
2,5, 10, 20, 40, 60, 80, and 10§/L) containing eight DBPs (chloroform,
dichlorobromomethane, dibromochloromethane, brommofd,1,1-trichloro-2-propanone,
dichloroacetonitrile, trichloroacetonitrile, andbddbmoacetonitrile) was run prior to the samples.
Blanks and 10 pg/L check standards were run avenygwelfth injection, and all check
standards were within + 25% of the standard comaganh, considered to be acceptable based on
EPA 551.1.
2.5.Fluorescence-PARAFAC Analysis

Fluorescence EEMs of 200 raw and MiEiteated waters were collected using a dual
monochromator fluorescence detector (Agilent Tetdmes, Model G1321A) at excitation
wavelengths from 200 to 400 nm and emission waggtenfrom 270 to 600 nm, each in 1-nm
increments. EEMs were corrected for Raleigh and &eascattering usinGleanscan in
MATLAB (Zepp et al. 2004). Three PARAFAC models weonstructed for this work using

three datasets. Model 1 was based on Dataset IE2B13 total), which contained the corrected
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EEMs from the MIEX experiments combined with raw Beaver Lake WateviEE improve
stability of the model. Model 2 was based on Ddtasehich contained 190 EEMs from raw
and alum coagulated waters and was described ail OgtPifer and Fairey (2012). Model 3 was
based on Dataset 3, which contained the EEMs usktbdels 1 and 2 (378 EEMs). PARAFAC
modeling was done in MATLAB using the DOM-Fluor tbox (available for download at
http://www.models.life.ku.kd/algorithms). The PARAE algorithm decomposed the datasets
into their principal fluorophore groups (called gooments) and reported the signatures of these
fluorophore groups, and the gk values for each component in each sample. All isodere
validated using th&plitHalfAnalysis andSplitHalfValidation functions. Additional details of the
PARAFAC procedure are provided elsewhere (Pifel.e2011; Pifer and Fairey 2012).

RESULTS AND DISCUSSION
3.1.Raw Water Parameters

Raw water parameters are presented and discustsz Supplementary Data of Pifer
and Fairey (2012). SUVA,, often considered the most useful predictor of D&nation,
ranged from 0.3-12.4 L migm'*, with a mean of 4.8 L mgm™. Along with turbidity, SUVAs,4
spiked at BWD and TT following a heavy rainfall ev¢28 cm from April 24-26, 2011, NOAA
Satellite and Information Service), suggestingrtheff material was rich in aromatic organics.
3.2.Fluorescence-PARAFAC Analysis

The EEMSs in Dataset 1 resulted in a 5-component AARC model, but one component
was identified as instrument noise (EEM not shobaged on a previous study (Pifer et al.
2011), leaving a 4-component model for analysi® [Dlgations of the excitation and emission
maxima for these components are listed in Table @lal, C1.2, C1.3, and C1.4. Based on the

location of the excitation and emission maxima, ponents 1.1, 1.2, and 1.4 were identified as
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humic-like fluorophore groups (Pifer et al. 20140d were correlated to the formation of THM4
(Pifer and Fairey 2012). Component 1.3 had an eomsaaximum less than 400 nm, and has
been identified as a protein-like fluorophore grdM@arhaba and Lippincott 2000; Dubnick et al.
2010). Such fluorophores contain nitrogen and may a role in the formation of N-DBPs.

Model 2, based on Dataset 2 EEMs, was also a éugonent model with three humic-
like components, 1 protein-like component, and isencomponent, and component EEMs and a
description of the model was previously publisheidlef and Fairey 2012). C2.1, C2.2, C2.3 and
C2.4 were equivalent to C1.1, C1.3, C1.2, and G#&shectively.

A 6-component model was validated by split halflgsia for Dataset 3, likely due to the
increased number of samples, and showed improveonventa valid 5-component model in
terms of sum of squared error. As before, one compiowas identified as instrument noise,
leaving five meaningful components. C3.1, C3.3, @3 were equivalent to C1.1, C1.3, and
C1.2, respectively. The combination gfadx from two humic-like components, C3.2 and C3.4,
were strongly correlated ta s from C1.4 (f = 0.95, data not shown). For consistency, Model
3 was used in comparisons between samples.

Figure 1 contains theysx values for Model 3 as a function of sampling diteation,
and treatment. The total)kx values for the raw water samples for each DWTPsamapling
date were higher than for the corresponding treatsdrs. This indicated that both alum and
MIEX® resin removed portions of DOM from raw water. AdModel 2 (Pifer and Fairey 2012),
the alum-treated samples showed increasing DOMvahwath decreasing pH (Fig. 1e-h).
However, there was no apparent impact of treatmpirfor the MIEX®-treated samples (Fig. 1a-

d). The absence of aykx removal trend by pH for MIEX treatment may indicate that the
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portions of DOM removed by ion exchange are reddyivnsensitive to pH changes between 6
and 8 (Boyer et al. 2008).

Fuax for components 3.4 and 3.5 were highest in the BAN® TT samples from May
13, 2011, which suggested that they were relatéldettieavy rainfall event. There were no
consistent trends with sampling date or locationTable 2 summarizes the average contribution
of each Model 3 component to the totahk and the average percent removal of each
component by each treatment. Component 3.1 (hukegivas the largest contributor to each
sample’s overall fluorescence before and aftetrirent, and was removed by alum and MfEX
treatment for all sample locations. Alum treatmetrpH 6 performed similarly to MIEXat pH
6, 7 and 8, but removal percentages for alum af pHd 8 were lower for all locations.
Component 3.2 (humic-like) was mostly (>80%) renbeg MIEX® treatment at pH 6-8 and
alum coagulation at pH 6, and to a lesser extemtiloy at pH 7 and 8. Component 3.3 (protein-
like), component 3.4 (humic-like), and componet @umic-like) were more significant
contributors to the totalyax of the samples after MIEXtreatment, indicating that MIEX
treatment preferentially removed the other comptmérhe resistance of components 3.4 and
3.5 were highlighted in the BWD and TT samplesoiwihg the heavy rainfall event (May 13,
2011) where their raw watekikx values were highest. Interestingly, alum treatna¢mH 6, 7,
and 8 was more effective at removing components3#3.5 than MIEX. For the remaining
samples, the percent removals of components 3.8.&rfor both alum and MIEXwere
inconsistent, as noted by the high standard dewvistof these values from the mean. Negative
values for the average percent removals indicatethie treatments achieved little-to-no

removal.
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3.3. Specific Ultraviolet Absorbance

SUVA,s, and DOC values for MIE%treated samples are shown in Figure 2 by sampling
date, location, and treatment. SUMAwas highest in the May 13, 2011 MIEXreated samples
from BWD and TT following the heavy rainfall eveitthe DOC values were between 0.70 and
2.15 mg [* as C in the MIER-treated samples throughout the study, so it appibat while
MIEX effectively reduced DOC in the May 13 sampligslid not remove a group of UV
absorbing compounds. Highwkx values for components 3.4 and 3.5 in the MiEbeated
samples also indicate that a specific group of ammps was resistant to MIEXreatment.
3.4.Disinfection Byproduct Formation Potential

Of the eight DBPs screened, only three — chlorofatichloroacetonitrile, and
bromodichloromethane — formed consistently at detde levels (>1.g/L) in the raw and
MIEX ®-treated samples (Fig. 3). There were no spatitgraporal trends in DBPFP, so the
concentrations and percent reduction in FP with Xfireatment for each DBP were averaged
and listed in Table 3. Similar data for alum-treleseamples were shown and discussed in Pifer
and Fairey (2012). Chloroform was the dominant D&#R) its FP was reduced to the greatest
extent by MIEX® treatment. Similar to the fluorescence-PARAFAC poment data (Fig. 1 and
Table 2), no pH trends in DBP formation were appadering MIEX® treatment. Interestingly,
bromodichloromethane concentrationereased in several instances following MIEX
treatment, suggesting that chemicals (such as bemn) leached from the resin were DCBM
precursors. This was a potentially troubling resaoltsidering the bromine-substituted DBPs are

generally considered to be more toxic than fullpohated DBPs.
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3.5.Correlations Between DBPs and DBP-Precursor Properties

Fig. 4 shows correlations between chloroform FP 3d¥A,s,4 (Fig. 4a) and
fluorescence-PARAFAC components 1.1, 2.1, andBd. éb). The plot of chloroform FP
versus SUVAs, for Dataset 1 showed no linear relationshfp=(.00) indicating that the
SUVA,s, data was not a good predictor for chloroform faiorafor raw and MIEX treated
water samples. These correlations were influengetidMay 13, 2011 MIEX-treated samples
from BWD and TT following the heavy rainfall evemthich had high SUVAs4 but low
chloroform FP. This indicates that the kd¥sensitive species in these samples are not
chloroform precursors. Chloroform FP was weaklyeated to SUVAs, for Dataset 2 {r=
0.52). The SUVAs, values for the May 13, 2011 alum-treated samptas BWD and TT were
similar to those throughout the study (Pifer anatldya2012), which suggests that alum was more
effective at removing the species that weredfdbsorbing but not DBP-precursors. Despite
this, SUV A, for Dataset 3 was uncorrelated to chloroform ERO(03).

Correlations were developed between thexFdata from Datasets 1-3 and the individual
DBP concentrations. Chloroform FP was positivelyreated with lgax for Components 1.1,
2.1, and 3.1 with?rvalues of 0.89, 0.84, and 0.87, respectively,thrdinear models are shown
in Figure 4b. The slopes and intercepts of theethmedels were not significantly different (p >
0.5 for slopes, p > 0.1 for intercepts), which gades that fluorescence-PARAFAC components
could be used to predict DBPFP following differ&lf®M removal processes and be used by
DWTPs to choose and optimize DBP precursor rempnadesses. Chloroform FP was also
positively correlated to component 3.250.83), another humic-like component. The lack of
correlation (f= 0.20) between the protein-like component 3.3amyof the nitrogen containing

DBPs was not unexpected due to the low formatidang@ls of these DBPs (<\8)/L).
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Components 3.4 and 3.5 were uncorrelated to DBPEPQ.10 and 0.23, respectively), which
was expected based on the similarity of their bednam the May 13, 2011 samples to that of
SUVAs. This result indicates that fluorescence-PARAFA&Sw valuable tool for measuring
DBP-precursor surrogates because the algorithilesta differentiate between components that
are strongly correlated to DBP formation (e.g., ponments 3.1 and 3.2) and those contributing
to high UVussabsorbance but not DBPFP (e.g., components 3.8.8&)dAlso, the importance
of sample size for PARAFAC models is suggested bgraparison between Models 1 and 3.
Although C1.4 and C3.2 are strongly correlatediioroform FP, C3.4 is not, and the larger
sample size in Dataset 3 likely allowed PARAFAG#parate C3.2 and C3.4.

CONCLUSIONS

MIEX® treatment followed by DBPFP tests and the comparigdluorescence-
PARAFAC models constructed from MIEXand alum-treated samples led to the following
conclusions on DBP precursor properties and trdayab

o Fluorescence-PARAFAC analysis of Dataset 3 idattifour humic-like

components and one protein-like component in thearad treated waters.

. Chloroform was the predominant DBP formed durirgyElBPFP tests in the raw

and MIEX® treated waters. MIEXtreatment (with fresh resin at 6 mL/L) reduced the

TCM formation potential by approximately 50%, with quantifiable pH effect (between

pH 6 and 8).

. On average, bromodichloromethane FP increasediiolipMIEX® treatment,

indicating the resin or chemicals (e.g., bromidejrf its polymer shell may be a source

of DBP precursors.
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° Fuax for two humic-like components from Dataset 3 wai@e strongly
correlated to TCM formation potentiaf ¢ 0.87 and 0.83) than SU\4 (* = 0.03),
indicating fluorescence-PARAFAC analysis was a nieli@able predictor of DBP
formation in alum- and MIEX-treated waters.
. Although SUVAs, and Fyax for components 3.4 and 3.5 were high in the May
13, 2011 MIEX-treated samples from BWD and TT and appeared tmpacted by the
heavy rainfall event, the chloroform FP for theamples was moderate. This highlights
the effectiveness of fluorescence-PARAFAC becalisas able to isolate these
components when SUVAA, could not distinguish them from other k¢ sensitive DBP
precursors.
. Chloroform-kyax correlations associated with Datasets 1-3 wetisttally
similar, indicating that DBPFPfax correlations were applicable to the two NOM
removal processes investigated.
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Table 1- Maxima location and characteristics of the fluoezse-PARAFAC components

Component Excitation Maxima (nm) ME'T"SS'O” Identification*
axima (nm)
Model 1
Cl1 237 (329) 429 Humic-like
Cl1.2 346 (229, 203) 427 Humic-like
C1.3 214 (298) 372 Protein-like
Cl4 398 (270, 212) 474 Humic-like
Model 2*
C2.1 238 (329) 430 Cl1
C2.2 231 362 Cl1.3
C2.3 344 (203,228) 426 C1.2
C24 395 (269, 213) 471 Ci14
Model 3
C3.1 238 (329) 428 Cl1
C3.2 271 (371, 212) 456 Cl4
C3.3 229 359 C1.3
C34 371 (229) 481 Cl4
C3.5 322 (209) 396 Cl1.2

Values in parentheses are secondary and tertianyainn Maxima
*Pifer and Fairey (2012)
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Table 2 — Average contribution and percent removal for each fluorescence-
PARAFAC component as a function of treatment

Treatment C3.1 C3.2 C3.3 C3.4 C3.5
Average Contribution

Raw 515 17+ 2 13+3 10+£5 9+3
MIEX®, pH 6 317 4+1 214 2516 20+4
MIEX®, pH 7 338 5£2 214 227 195
MIEX®, pH 8 357 52 22+5 217 18+4
Alum, pH 6 38+3 8+3 25+8 16+6 14+ 4
Alum, pH 7 41 +3 11+3 24 +7 12+ 4 12+3
Alum, pH 8 44 + 3 14 +3 23+6 9+4 10+3
Average Percent Removal

MIEX®, pH 6 82+5 94 +3 49 + 14 10+ 25 32+14
MIEX®, pH 7 7167 885 35+29 -10 + 68 11+51
MIEX®, pH 8 787 90+4 45+ 18 21 £27 36 +£19
Alum, pH 6 73+8 83+9 27+ 34 28+ 35 40 + 29
Alum, pH 7 61+11 67 £ 17 10+ 35 28+ 35 32+29
Alum, pH 8 41 + 16 42 + 20 -22 + 37 27 £31 28 £24

Values are averages * standard deviations
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Table 3- Average formation potential and percent reductioformation potential as a
function of treatment

Chloroform Dichloroacetonitrile  Bromodichlorometlgan
Average Formation Potential @1g/L)
Raw 120 + 25 4+2 81
MIEX®, pH 6 44 + 10 3+1 14 + 2
MIEX®, pH 7 49 + 12 3+1 13+2
MIEX®, pH 8 46 +9 3+1 15+ 3
Alum, pH 6 46 £7 3x1 61
Alum, pH 7 56+ 8 3x1 61
Alum, pH 8 73+14 32 61
Average Percent Reduction
MIEX®, pH 6 639 20+ 24 -86 + 31
MIEX®, pH 7 58+11 16 + 21 -76 + 38
MIEX®, pH 8 619 21 +24 -97 + 29
Alum, pH 6* 62+8 29+ 30 24 +7
Alum, pH 7* 52+10 25+ 33 22+11
Alum, pH 8* 37+9 8+35 17 +11

Values are averages * standard deviations
*From Pifer and Fairey (2012)
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Fig. 1— Fluorescence-PARAFAC component maximgaaff by sampling location and
treatment for sample dates of (a,e) May 13, 204,1), June 28, 2011, (c,g) July 14, 2011, and
(d,h) August 4, 2011. Panels (a-d) are for MfE¥eatment, and (e-h) are for alum coagulation.
R indicates a raw water sample, and 6, 7, andiBatelthe target treatment pH. BWD is the
Beaver Water District, TT is Two Ton, CB is the @drBoone Water District, and MC is the
Madison County Regional Water District.
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CHAPTER 5
Assessing FluorescencBARAFAC as aDisinfection Byproduct Formation Potential

Surrogate in Drinking Water Sources from Diverse Watershed:
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ABSTRACT
Disinfection byproduct (DBP) control in drinking tea treatment plants (DWTPSs) could be
improved by the use of broadly applicable DBP ggaites to optimize treatment processes.
Fluorescence-PARAFAC components were evaluateotalsttihalomethane formation potential
(TTHMFP) surrogates using source waters from el@aArPs within watersheds comprising 6
of the 12 dominant soil orders in the United Staesv water samples were alum coagulated at
pH 6, 7, and 8, and underwent TTHMFP tests usiag @hlorine. Dissolved organic matter
(DOM) from the samples was characterized beforeadtea alum treatment by asymmetric flow-
field flow fractionation coupled to an ultraviolabsorbance detector (AF4-RY), specific
ultraviolet absorbance at 254 nm (SU)4, and fluorescence-PARAFAC. AF4-J34 showed
that alum coagulation preferentially removed tHatreely large chromophoric DOM fraction at
pH 6 relative to pH 8. TTHMFP was correlated to A%, and maximum fluorescence intensity
(Fmax, from PARAFAC). The TTHMFP-SUV s, correlations were weak’(= 0.15, 10
DWTPSs) relative to TTHMFP{ax correlations (2r= 0.91 for 8 DWTPs,?r= 0.77, 1.00 for 2
individual DWTPSs), which indicated thaf)kx was a stronger TTHMFP surrogate than SUMA
and could be applied across a diverse set of wateces (10 of 11 DWTPS).
1. INTRODUCTION

Disinfection byproducts (DBPs) form from reactidoetween disinfectants (particularly
free chlorine) and natural organic matter (NOM)idgdisinfection. DBPs have been associated
with adverse health risks (Cantor et al. 1998; Wenhuijsen et al. 2000), which prompted the
United States Environmental Protection Agency (USH® regulate certain groups of DBPs,
such as trihalomethanes (THMSs), in finished drigkivater. As such, the removal of NOM, a

primary pool of DBP precursors, prior to disinfectiis an important part of drinking water
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treatment. Not all NOM reacts to form DBPs (Beggd 8ummers 2011), and selective removal
of DBP precursors has been impossible in part dafficulties in relating physicochemical
NOM properties to DBP formation (Bond et al. 2010).

NOM is a complex mixture including humic substanaed proteins derived from
terrestrial and aquatic sources and thereforelgstuto spatial (Stedmon et al. 2003) and
temporal (Miller and McKnight 2010) variability. Aarray of techniques has been employed to
characterize NOM and relate NOM properties (e.grdyhobicity (Kitis et al. 2002)) to DBP
formation. Size characterizations using size exatushromatography (Chow et al. 2008) and
asymmetric flow-field flow fractionation (AF4) (Rif and Fairey 2012) have been used to
evaluate the effectiveness of alum coagulatioNfoM removal. However, bulk NOM
characterizations are preferred by DWTPs due t@#dse and low cost of obtaining them.
Metrics including total organic carbon (TOC), dissal organic carbon (DOC, the portion of
TOC passing a 0.45 um filter), and ultraviolet absace at 254 nm (U¥,) have been used to
estimate NOM quantity and reactivity, and corredate DBP formation. However, TOC and
DOC are of limited use because not all NOM is neactUV,s4 has been related to the aromatic
content of NOM (Korshin et al. 2009), and has beamalized by DOC to give specific Us4
(SUVAs4), which is commonly used to optimize NOM removailgesses for DBP control.
SUVA,s54 has successfully predicted DBP formation, buhéfective for low SUVAs, waters
(Ates et al. 2007), such as treated waters stiltaining DBP precursors. Also, SUY4-DBP
correlations are source-water dependent (Weishadr 2003; Chow et al. 2008) which
decreases its value as a surrogate.

Recently, fluorescence excitation emission matr{E#sMs) have been used to

characterize NOM. Because EEMs are data-rich sital algorithms such as parallel factor
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analysis (PARAFAC) have been used to resolve flploooe groups (components) from EEMs
(Andersen and Bro 2003). Fluorescence-PARAFAC leas lused to characterize NOM from
diverse sources (Murphy et al. 2006) and strongetations between components and DBP
formation have been reported (Johnstone et al.;20& and Fairey 2012) for individual
watersheds. Fluorescence-PARAFAC could be a sagmfiimprovement over SUVWA, as a
DBP surrogate, but its applicability to a varietysource waters remains unknown.

The objectives of this work were to (1) investigtite impacts of alum coagulation on the
physicochemical properties of NOM (e.g., AF4 wasdu® size NOM in raw and alum-treated
waters), (2) assess fluorescence-PARAFAC comporengsirrogates of DBP formation
potential (FP) in water samples collected from tieesources, and (3) compare DBPFP-
component correlations with DBPFP-SUMAcorrelations. Raw water samples were collected
from the intakes of eleven DWTPs in the United &aBecause aquatic NOM is influenced by
nearby soils (Eswaran et al. 1993; Aiken and C&4#95), the sampling locations were chosen
such that 6 of the 12 soil orders were represeftedurther increase the sample variety,
samples were taken from rivers, reservoirs, andsanface water-influenced aquifer. The raw
waters were subjected to alum coagulation (at pH énd 8) and chlorination, and fluorescence-
PARAFAC components in raw and alum-coagulated \sateare correlated to DBPFP.

2. EXPERIMENTAL
2.1. Sample collection and handling.

Raw water samples were collected from the intaketewen DWTPs (Table 1). The
DWTPs and the principal cities they serve werey GftBinghamton Water Treatment Plant
(BNY, Binghamton, NY); Miller Treatment Plant (CORBjncinnati, OH); Hannibal Water

Treatment Plant (HMO, Hannibal, MO); Platte Riveat Treatment Plant (LNE, Lincoln,
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NE); River Mountains Water Treatment Facility (LNMas Vegas, NV); Fridley Softening Plant
(MMN, Minneapolis, MN); Hays Mine Water Treatmenaft (PPA, Pittsburgh, PA); E.M.
Johnson Water Treatment Plant (RNC, Raleigh, N@hiRond Water Treatment Plant (RVA,
Richmond, VA); Hinckley Reservoir Water Treatmetdari® (UNY, Utica, NY); and Main Street
Water Treatment Facility (YAZ, Yuma, AZ). Samplitagations were chosen based on the
dominant soil order (Table 1) within each waters(i¢atural Resource Conservation Service)
and the type of water source (i.e., river, lakegrmundwater under direct influence of surface
water). At each DWTP, two pre-cleaned 9-L HDPE oggbwere filled headspace free with raw
water and overnight shipped on ice to the UniversitArkansas and stored at 4°C in the dark
until analysis.
2.2.Glassware and reagents.

Glassware and plastic-ware were washed in a saolofidconox detergent in tap water
and rinsed using water with a resistivity of 18.22Mm (Milli-Q water), produced by a Milli-Q
Integral 3 (Millipore). Non-precision glasswaredontact with organic solvents was baked at
400°C for 30 minutes, and other non-precision glass was dried at 105°C. Plastic-ware was
dried at 80°C, and precision glassware was driedah temperature. Glass fiber filters (GFFSs)
with a nominal pore size of 1 micron were usedvesuum filtration. GFFs were pre-combusted
(400°C for 30 minutes) and pre-rinsed with 1 L afliM water. As such, dissolved organic
matter (DOM) and DOC were operationally definedresorganic matter or carbon,
respectively, which passed through 1 micron GFHschfemicals were ACS grade and all

agueous solutions were prepared in Milli-Q water.
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2.3.Water quality tests.

Raw water pH, alkalinity, and turbidity were measiias described by Pifer et al. (2011),
and conductivity was measured after filtration ddavern Zetasizer Nano ZS90. For raw and
alum-treated samples, Y34 was measured on a Shimadzu UV-Vis 2450 spectropteier with
a 1-cm pathlength low volume quartz cell followi@tandard Methods 5910-B (Eaton et al.
2005). DOC was measured on a Sievers 900 Port&®Analyzer with a practical
quantification limit (PQL) of 4 ug t. SUVAzs, was calculated as Wy, (m™) divided by DOC
(mg LY. Bromide (PQL = 60 pgt) and sulfate (PQL = 160 ug')were measured on a
Dionex DX-120 ion chromatograph with an lonPac AS4@ column following USEPA 300.0.
Aluminum (PQL = 30 g 1) was measured on a Spectro Genesis ICP OES falpuSEPA
200.7.

2.4 Jar tests.

Jar tests were conducted on each raw water samplke &, 7, and 8 following Pifer and
Fairey (2012). In brief, 1-L aliquots were pH adgdsusing 1 N HCl or 1 N NaOH, and were
coagulated with alum (aluminum sulfate octadecadgjrat 60 mg t: on an eight-position
magnetic stir plate (Challenge Technology). To rreamthe coagulation pH, 1-6 mL of 10.6 g L
! Na,CO; was added simultaneously with alum. After settlithg supernatant was filtered and
stored in amber glass bottles in the dark at 4°C.

2.5. Disinfection byproducts.

DBPFP was measured following Pifer and Fairey (202summary, 250 mL aliquots
of filtered raw or alum-treated water were chlotathat pH 7.0 £ 0.2 with stock sodium
hypochlorite (5,000 mgtas C}). Chlorine doses were chosen such that residustis aetween

3.7 and 11.3 mg L as C} after 7 days in the dark at room temperature.rAfte hold time,
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chlorine residual was measured using Hach DPD tbidakine reagent packs and the UV-Vis
spectrophotometer. Thirty mL of each chlorinatemhisie was quenched using ammonium
chloride, and DBPs were extracted by liquid-ligaxdraction into pentane with 1,1,1-
trichloroethane as an internal standard (WahmagR2@bncentrations of chloroform,
bromodichloromethane, dibromochloromethane, bromofaichloroacetonitrile,
trichloroacetonitrile, and 1,1,1-trichloro-2-promane were measured by gas chromatography
with an electron capture detector following USEPAA.. Eleven-point standard curves from 0-
200 pg ! as each DBP were used to quantify DBPs, and blanétsheck standards were
included after every twelfth injection.

2.6. Asymmetric flow-field flow fractionation.

AF4 fractograms were collected in duplicate follogiiPifer and Fairey (2012) using a
1,000 Da polyethersulfone membrane and an elutio& of 30 minutes. Filtered raw waters
were fractionated at pH 6 and pH 8 for comparisith samples coagulated at pH 6 and 8. The
fractionation pH was controlled by the eluent, agghate-carbonate buffer pH-adjusted with 1
N HCI. The conductivity of the pH 8 eluent was ad@d with 1 M NaCl to match that of the pH
6 eluent (470 uS ci).
2.7.Fluorescence-PARAFAC analysis.

Fluorescence data was collected and analyzed foltpRifer and Fairey (2012). Briefly,
fluorescence EEMs were collected using a dual mamomeator fluorescence detector (Agilent
Technologies, Model G1321A) from each filtered i@vd alum coagulated sample at excitation
wavelengths of 200-400 nm and emission wavelengftR30-600 nm with 1 nm step sizes. The
EEMSs were corrected for Raleigh and Raman scagtémiMATLAB ® with Cleanscan (Zepp et

al. 2004). The 44 EEMs were added to a dataseaicomg 378 EEMs from raw, alum

123



coagulated, and magnetic ion exchange- (MiEteated waters from Beaver Lake in Northwest
Arkansas. A PARAFAC model for this dataset was troieted following Stedmon et al. (2008)
using theDOM-Fluor toolbox (available for download at
http://www.models.life.ku.dk/algorithms). One oetliwas identified using the function
OutlierTest and was removed. The remaining 421 EEMs werevedohto one noise and five
meaningful fluorophore groups (components). The @hwads validated usingolitHalfAnalysis
andSplitHalfValidation, and the least squares model was chosen &sindj nitAnal.

3. RESULTS AND DISCUSSION

3.1.Raw water parameters.

Raw water parameters are summarized in Tables 2.aRde turbidity ranged from <0.1
NTU-110 NTU, with the lowest turbidity in the grodmater sample (LNE) and the 4 highest
turbidities in river samples (YAZ, COH, HMO, and BIN Conductivity ranged from 42-1,097
1S cm®. UNY had the lowest conductivity, likely due to andeveloped, forested watershed
(Mohawk Valley Water Authority 2011) underlain bsagite bedrock, which has been shown to
be resistant to weathering (Clow et al. 1996). Ya&d LNV had the highest conductivities,
likely due to watershed characteristics (e.g. sediary rock (Apodaca et al. 1996)) and human
activities (e.qg. irrigation (Butler and von Guerd@d6)). The pH of the water samples ranged
from 6.9 at UNY to 8.5 at MMN. The remaining 9 sdesphad pH values between 7.8 and 8.2.
The alkalinity ranged from 10-232 mg'las CaC@ with the low at UNY and the high at LNE.
Similar to conductivity, sulfate ranged from 3 mg &t UNY to 277 mg L* at YAZ. DOC
ranged from 0.69-4.07 mg'Las C, and SUV#,ranged from 3.10-7.39 L rifgm™. Although
DOC was lowest at PPA and highest at MMN, SUMAvas lowest at RNC and highest at COH,

which indicated that the quantity and aromatic eahbf DOM varied across the sampling
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locations. Bromide was detectable only in raw wafesm LNE, LNV, PPA, and YAZ at
concentrations of 100, 60, 60, and 80 |I'y tespectively.
3.2.Size characterization of chromophoric dissolved organic matter.

Figure 1 shows AF4 fractograms of chromophoric DE@DOM) with 95% confidence
intervals for each raw water at pH 6 and 8 and eaelgulated water at pH 6 and 8. Each AF4
fractogram contains a void peak at approximatatyirdutes. The similar void peak heights and
times indicated that the AF4-UQY, system was sufficiently rinsed between samplestiaaid
system performance was consistent throughout thusy st

The AF4-UVss, sample peak heights for raw water CDOM varied wdmple location,
with the lowest peak maxima from PPA CDOM and tilghést from UNY CDOM. As reported
by Pifer and Fairey (2012), raw water samples ivaetted at pH 6 had higher AF4-/ peak
maxima than those fractionated at pH 8. Becausetss of DOM present in each raw water
sample was the same at pH 6 and pH 8, this rexsilittated that CDOM characteristics were
influenced by pH. CDOM in alum coagulated waterptdt6 and 8 resulted in lower AF4-Jy\{
peak maxima than the corresponding raw water, atisig CDOM removal by alum coagulation.
The reduction in AF4-UYs, peak maxima averaged 91% for coagulated pH 6 ssnapid 34%
for coagulated pH 8 samples. This result was sintoldghose of Pifer and Fairey (2012) and
Yang et al. (2010), and indicates coagulation waseneffective for CDOM removal at lower
pH. However, it is important to note that CDOM rerabmay not represent total DOM removal,
and that coupling additional detectors (e.g. DQhe AF4 could allow improved estimation of
DOM removal.

In AF4, DOM is fractionated by diffusivity, andugés from the separation channel from

highest to lowest diffusivity, or smallest to lasgisize. Therefore, the times to AF4-kd¥peak
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maxima could be used to compare relative CDOM sined are listed in Table S1. The peak
maxima for raw water CDOM occurred between 3.8&5rinutes at pH 6 and 4.08-5.37
minutes at pH 8. The CDOM remaining in alum treateders had peak maxima between 3.25-
4.15 minutes at pH 6 and 3.61-5.21 minutes at pRia8v water CDOM from COH was larger
than the other ten waters when fractionated at pk@reas raw water CDOM from HMO was
largest when fractionated at pH 8. The RNC raw n@2OM was smallest at pH 6 and 8,
suggesting certain types of CDOM were more semstovH. These results indicated the
importance of controlling pH during AF4 size chdeaizations and comparing samples
fractionated at the same pH when evaluating thaanef treatment. Alum coagulation impacted
the CDOM size distributions of many samples. Alusated samples at pH 6 had consistently
smaller CDOM than the corresponding raw water sampihich indicated preferential removal
of the larger CDOM fraction. Conversely, alum cdagjon at pH 8 did not consistently remove
larger CDOM, and, in some cases, shifted the s&dlalitions toward larger CDOM (LNV and
MMN samples). Overall, these results indicated toagulation at pH 6 preferentially removed
the larger CDOM fraction and was more effectiventhaagulation at pH 8.
3.3.Fluorescence-PARAFAC Analysis.

A six-component PARAFAC model was constructed ftbendataset consisting of 421
EEMs. Each of the six components represented &oftinore group, and was classified by
comparing the location of the excitation and emoissnaxima to previously reported fluorophore
groups. One component was identified as instrumeise (Pifer et al. 2011), and was excluded
from further analysis. The remaining five compoigi@1-C5) and their identifications are
presented in Table 3. The PARAFAC algorithm outmiritains the maximum fluorescence

intensity (fuax) of each component, which are shown in Figurelthcdugh NaCOs was added
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during alum coagulation, some pH drift occurred #re pH of each treated sample after
filtration is shown above each bar. Raw water sasmfifom MMN, HMO, and RNC had the
highest [yax values. These samples also had high DOC and AFR& p€ak maxima, but
moderate-to-low SUVAs, values (Table 2). The inconsistency of sampleirags(i.e. highest to
lowest) between the various DOM measures highliifesmportance of using multiple
techniques to acquire detailed DOM characterizateomd choosing appropriate metrics for
applications such as optimizing DBP control proesss

For all sampling locations, the sum @fdx from the five components (fzx tor) for raw
waters was higher than for waters coagulated & pHd 7. Although coagulation at pH 8 was
effective for lowering Rax ot at some locations (e.g. HMO, MMN, and RNC), Iditeno
removal was observed for LNE, LNV, PPA, RVA, and X 8amples. The percent contribution
of each component’'syfzx to a sample’s fx tor and the percent reduction igfx for each
component from alum coagulation are shown in T&82eC1 was the dominant PARAFAC
component in all raw (46-62% ofskx tor) and alum-treated (24-58% ofik tot) waters, and
was removed to varying extents by alum coagula®e®4%). On average, C1 removal
increased from 27% to 68% as coagulation pH deedefrom 8 to 6, consistent with results
reported elsewhere (Pifer and Fairey 2012). C2 cm@g 9 to 33% of each sample’gak tor,
and was present in the highest levels in HMO, MMhY RNC samples. C2 was removed by
alum coagulation at pH 6 (19-97%), but some samgilesved little-to-no removal by alum
coagulation pH 7 and 8. C3 was present at low $(B3% of ax tor) in the majority of raw
and treated samples and was removed to varyingtexbg alum coagulation (0-58%). C4 was
present at low levels (7-20% ofik tot) in raw and treated samples, and was removeduoy al

coagulation at pH 6 (54-91%) and pH 7 (20-82%) nsar¢han at pH 8 (0-39%). C5 was present
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at low levels, with highest\ax values occurring in RNC and RVA samples. Ovesathpling
locations, C5 removal varied widely (0-100%). Imgeal, C1 and C4 were removed more
effectively than the other components at all pHueal as indicated by increasing percent
contributions of C2, C3, and C5 tg 4 tor following treatment.

3.4.Disinfection Byproducts.

Three THMs — chloroform, bromodichloromethane, ditlomochloromethane — were
detected at quantifiable levels (> 0.01 uM) in¢héorinated raw and alum-treated samples.
Check standards were within £16% for chloroform2%ifor bromodichloromethane, and +8%
for dibromochloromethane. These checks were wHHA 551.1 requirements, i.e., 90% of
checks within £20% and all checks within £25%. Toacentrations of each DBP are presented
in Figure 3 in micromolar units with the exceptimintwo treated samples (HMO pH 8 and RNC
pH 7), which were lost during extraction. As in tig 2, the final pH of each treated sample is
shown above each bar in Figure 3. For convenidDB®FP is tabulated in Table S3 in units of
ng L along with percent reductions resulting from alweatment.

Chloroform was the dominant DBP, with concentraticanging from 0.58-2.03 uM in
raw waters and from 0.33-1.88 uM in alum-treatetevg In general, alum coagulation removed
chloroform precursors from raw waters. Exceptianthts were treatment at pH 7 and 8 for YAZ
and pH 8 for MMN. For BNY, COH, HMO, LNV, MMN, RNGand UNY, reduction in
chloroform FP increased with decreasing coagulgitdnBromodichloromethane was present in
all raw (0.02-0.28 uM) and treated (0.01-0.31 pNj}evs except UNY. No general trends were
observed in reduction of bromodichloromethane FBrddnochloromethane was present in raw
and treated waters from HMO, LNE, LNV, PPA, and YaiZconcentrations between 0.01-0.07

KM. Bromine incorporation factor (BIF) was calceltfollowing Chang et al. (2001), and is
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shown in Table 2. BIF was highest for the raw aprdted LNE, LNV, PPA, and YAZ samples
(0.23-0.45), as expected based on the relativgly bromide concentrations in the raw waters
(Section 3.1).

3.5.Correlations between TTHMFP and DOM properties.

Linear models were developed to relate TTHMFPaxFand SUV A5, at the individual
sampling location level, soil order level, and &irsamples. Strong linear models were
developed for fluorescence-PARAFAC components QGlLG4, but not for C2, C3, or C5.
Correlations were identified at the sampling lomatievel between TTHMFP and C1 for all
locations except LNE (the sole groundwater samplie¢refore, LNE samples were not included
in additional TTHMFP-C1 correlations. Analysis avariance (ANCOVA) was performed, and
TTHMFP-C1 correlations could be described usingslope and one y-intercept for all
sampling locations except MMN and UNY (p < 0.05MM was unique in that it was the only
softening plant in the study; however, its watealdgy parameters were moderate relative to the
other locations (Tables 1 and 2). This suggestatthiie MMN DOM responded differently to
alum coagulation than DOM from the other locatidoslY DOM had the lowest conductivity,
pH, alkalinity, and sulfate (Table 1), and was nasenable to alum coagulation at pH 6 and 7
(Table 2). Therefore, the unique slope was not peeted. Soil order level analyses confirmed
these results, and indicated that soil characiesistay be important to DBP studies because
MMN and LNE were the only Mollisol samples, and UMMs the only Spodosol sample. Three
TTHMFP-C1 models were constructed using Datasetl k\irface water data except MMN and
UNY, r*=0.91), MMN (f = 0.77), and UNY = 1.00), and are presented in Figure 4a with
grey-shaded 95% prediction intervals. The Datasebdel was compared by ANCOVA to a

TTHMFP-C1 model &= 0.85) constructed using data from Pifer andela{2012). This
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analysis indicated the slopes and intercepts watstscally similar (p > 0.5), suggesting C1
could be used to assess TTHMFP in a broad ranganople waters.

A similar analysis was performed for C4 with LN¥ckided from the correlations.
Although the correlations between TTHMFP and C4dde described by one slope for all
source waters, MMN required a different intercqp&(0.01). Therefore, Figure 4b shows
TTHMFP-C4 models for Dataset 2 (all surface waaadexcept MMN,T= 0.90) and MMN
itself ( = 0.79) with grey-shaded 95% prediction intervalse Dataset 2 model was also
compared to TTHMFP-C44F 0.76) data from Pifer and Fairey (2012), andsibpes were
significantly different (p < 0.001). This resuldicates that despite the strong correlations
between TTHMFP and C4 observed for both datasdtsy&s not a universal predictor of
TTHMFP.

These analyses were repeated for SLifAJnlike C1 and C4, SUVA, for LNE was
strongly correlated to TTHMFP%(= 0.94), and SUV4s. for MMN was uncorrelated to
TTHMFP. MMN was excluded from the dataset and ANQ@QONas performed. TTHMFP-
SUVA,s4 correlations could be described with one slopearedintercept for all sampling
locations except MMN, shown as Dataset?3=(P.15) in Figure 4c with grey-shaded 95%
prediction intervals.

Linear models were also constructed to predict &iom of individual THMs using
PARAFAC components and SUVM4. Linear models for chloroform were similar to TTHA
models, but bromodichloromethane and dibromochletbane did not produce meaningful
models due to smaller sample sizes and lower raofgeBs.

These linear models indicated that although Skhy¥was an effective TTHMFP

surrogate for some sampling locations, it couldb@applied to waters from a wide range of
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sources, which confirmed the results from studigl fewer DOM sources (Weishaar et al.
2003; Pifer and Fairey 2012). TTHMFP was correlate@1 for the 10 surface water sources,
and a single slope and intercept was applied tti8e0l0 waters, which indicated that C1 was a
significant improvement over SUV 4, as a TTHMFP surrogate. Based on the comparisahs wi
data from Pifer and Fairey (2012), C1 was a mobeisob TTHMFP predictor than C4. The fact
that the Mollisol and Spodosol samples were owtliedicates that additional sampling should
be conducted in areas with these soil orders.gossible that effective fluorophore-DBP
correlations could be developed for areas contgitiiase soils, particularly Spodosols. Also,
further work is needed to determine if fluoresceRed&RAFAC components would be reliable
DBPFP surrogates for groundwater sources.

4. ASSOCIATED CONTENT

Supporting Information

Contains additional information as noted, includimgp of sampling locations, table of times to
AF4 peak maxima, table of the percent contributiamd removals of each PARAFAC
component, and table of the DBPFP and percent tietsowvith treatment.
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Table 1— Raw water quality parameters

Sample Dominant Turbidity Conductivity Alkalinity Sulfate

Location Source Water  Soil Orders (NTU) (MScm)  pH (mgL*-CaCQ) (mgL?
BNY Susquehanna River  Inceptisols 10 167 7.8 57 7
COH Ohio River Alfisols 60 287 7.8 60 49
HMO Mississippi River Alfisols 15 458 8.3 166 32
LNE Platte River Aquifer  Mollisols <0.1 690 8.2 23 100
LNV Lake Mead Aridisols 1 973 8.2 153 209
MMN Mississippi River Mollisols 1 544 8.5 221 18
PPA Monongahela River Alfisols 4 410 7.8 58 98
RNC Falls Lake Reservoir  Ultisols 3 150 7.8 35 10
RVA James River Ultisols 3 163 7.9 55 13
UNY Hinckley Reservoir  Spodosols 4 42 6.9 10 3
YAZ Colorado River Aridisols 110 1097 8.2 185 277

See Section 2.1 for definitions of the sample liocaabbreviations.
* http://soils.usda.gov/technical/classificatiorders/




Table 2 — Raw and treated water parameters

Sample DOC DOC SUVALs5,
Location  Treatment (mgL?) Removal (%) (L mg*m?) BIF
BNY Raw 0.95 - 5.27 0.02
Alum, pH 6 0.32 66 4.01 0.03
Alum, pH 7 0.37 61 4.88 0.02
Alum, pH 8 0.58 39 4.48 0.02
COH Raw 1.15 - 7.39 0.06
Alum, pH 6 0.61 47 2.98 0.11
Alum, pH 7 0.67 42 3.59 0.09
Alum, pH 8 0.94 18 4.47 0.08
HMO Raw 3.51 - 4.25 0.09
Alum, pH 6 1.19 66 4.29 0.13
Alum, pH 7 1.62 54 4.32 0.13
Alum, pH 8 2.60 26 4.15 ND
LNE Raw 1.23 - 4.39 0.27
Alum, pH 6 0.64 48 3.46 0.45
Alum, pH 7 0.94 24 3.40 0.33
Alum, pH 8 1.53 0 3.14 0.39
LNV Raw 1.25 - 4.24 0.23
Alum, pH 6 0.58 54 4.12 0.34
Alum, pH 7 0.89 29 3.60 0.31
Alum, pH 8 1.10 12 4.09 0.24
MMN Raw 4.07 - 3.27 0.06
Alum, pH 6 1.38 66 3.55 0.03
Alum, pH 7 1.93 53 3.63 0.03
Alum, pH 8 3.65 10 3.04 0.06
PPA Raw 0.69 - 4.90 0.19
Alum, pH 6 0.46 33 3.30 0.26
Alum, pH 7 0.42 39 4.01 0.28
Alum, pH 8 0.54 22 4.09 0.23
RNC Raw 3.00 - 3.10 0.04
Alum, pH 6 1.55 48 2.90 0.05
Alum, pH 7 1.57 48 3.38 ND
Alum, pH 8 2.02 33 3.51 0.05
RVA Raw 0.98 - 5.33 0.03
Alum, pH 6 0.42 57 3.33 0.04
Alum, pH 7 0.42 57 3.82 0.03
Alum, pH 8 0.70 29 3.99 0.03

See Section 2.1 for definitions of the sample locaabbreviations.
DOC: dissolved organic carbon; SUMA specific ultraviolet absorbance at 254 nm; BIF:
bromine incorporation factor; ND: no data.
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Table 2 — Raw and treated water parameters, continued.

Sample DOC DOC SUVALs5,
Location  Treatment (mgL') Removal (%) (L mg*m™?) BIF
UNY Raw 2.09 - 5.36 0.00
Alum, pH 6 0.43 79 3.04 0.00
Alum, pH 7 0.52 75 4.05 0.00
Alum, pH 8 1.45 31 6.07 0.00
YAZ Raw 1.44 - 3.54 0.33
Alum, pH 6 0.99 31 2.52 0.38
Alum, pH 7 1.19 17 2.77 0.34
Alum, pH 8 1.31 9 3.05 0.32

See Section 2.1 for definitions of the sample locaabbreviations.

DOC: dissolved organic carbon; SUMWA specific ultraviolet absorbance at 254 nm; BIF:
bromine incorporation factor; ND: no data.

Table 3 - Maxima location and characteristics of the fluoezsre-PARAFAC components

Component Excitation Maxima (nm) MsxTrirf:i(onnm) Identification*
C1 239 (330) 430 Humic-like*
C2 231 (298) 375 Protein-like*
C3 354 (231,<200) 427 Humic-like*
C4 374 (269, 214) 476 Humic-like*
C5 225 (272) 313 Protein-like**

Values in parentheses are secondary and tertiayainn Maxima
*Pifer and Fairey (2012)
**Dubnick et al. (2010).
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Summary: There are 6 pages, including 3 tablesldigiire.

Table S1— Times to peak maxima for duplicate dissolved organic matter sizéwtisins
obtained by asymmetric flow field-flow fractionation.
Time to Peak Maximum (min)

Sample Location Raw, pH 6 Treated, pH 6 Raw, pH 8 Treated, pH 8
BNY 4.47-4.73 3.69 - 4.09 4.54 - 4.56 4.29 - 4.52
COH 5.09-5.24 3.75-4.15 5.13-5.20 4.66 - 4.92
HMO 4.84 - 4.85 3.89-4.01 5.17 - 5.37 511-5.21
LNE 454 -4.61 3.64 -3.79 4.37 - 4.55 4.34 - 4.55
LNV 4.55 - 4.68 3.60 - 4.04 441 - 4.66 4.63 - 4.89
MMN 4.54 - 4.65 3.79-4.04 4.75-4.93 4.82 - 4.97

PPA 4.47 -4.72 3.67 - 3.93 4.58 - 5.03 4.38-4.71
RNC 3.88 - 4.07 3.35-3.80 4.08 - 4.26 3.61-4.02
RVA 4.75-5.04 3.25-3.76 4.78 - 4.96 4.47 - 4.93
UNY 4.33-4.41 3.75-4.02 4.79 - 5.03 4.49 - 4.58
YAZ 4.25 -4.69 3.78-4.12 4.63 - 4.99 4.42 - 4.82
Average + 95%
Confidence 452 +0.07 3.77 £ 0.05 4.73 £0.09 4.53 £ 0.08
Intervals

See Figure S1 for definitions of sample location abbreviations.
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Table Sz — Percent contribution of each fluorescence-PARAFAC component tallover
fluorescence intensity and percent reduction in fluorescenceitgteheach component with
treatment.

Sample Treatment C1 C2 C3 C4 C5
Locations %C WR %C %R NC %R % C %R %C %R
BNY Raw 54 - 20 - 7 - 15 - -

10 69
10 63
13 32

Alum,pH6 37 68 30 28 14
Alum,pH7 45 53 29 17 12
Alum,pH8 44 38 24 6 15

o N ©

COH Raw 53 - 20 -
Alum,pH6 36 72 26 46
Alum,pH7 42 59 27 30
Alum,pH8 48 34 24 8

- 16 -
3 11 71
33 10 67

HMO Raw 56 - 23 -
Alum,pH6 48 69 30 53
Alum,pH7 48 57 28 38
Alum,pH8 53 32 26 19

- 15 -

8 9 79
3 10 65
13 38

LNE Raw 59 - 23 -
Alum,pH6 46 64 25 50
Alum,pH7 52 36 25 21
Alum,pH8 54 8 24 0

- 12 -
0 10 62
0 11 37
0 12 0

5
9
5
5
4
6
10
27 13 39 7 0
4
6
8
5
4
2
4
5

LNV Raw 52 - 27 -
Alum,pH6 40 61 30 44
Alum,pH7 44 46 30 29
Alum,pH8 47 17 30 0

- 13 -
0 9 63 12 0
0 10 50 10 0
8 12 17 8 0

= w e w RN
W o © mO-b H O 0 OOHOOO
N

MMN Raw 59 - 25 - - 12 - 2 -
Alum,pH6 49 94 12 97 24 16 91

Alum,pH8 58 41 24 42 4 12 39

0 0

Alum,pH7 50 54 29 36 4 0 10 56 7 0
0 1
8

PPA Raw 46 - 24 - 10 - 11 -
Alum,pH6 31 61 27 34 16 10 9 54 17 0
Alum,pH7 30 52 26 18 22 0 11 31 11 0
Alum,pH8 39 24 28 0 10 11 10 23 12 0

RNC Raw 50 - 26 - 1 - 12 - 10 -
Alum,pH6 44 49 34 26 5 0 7 65 10 44
Alum,pH7 39 23 32 0 1 58 10 20 18 0
Alum,pH8 45 30 30 10 3 0 11 29 11 16

C1 — C5 are fluorescence-PARAFAC components 1-5. %C is the percenbunotrof a given
component to the overall maximum fluorescence intensigyx(Fof a sample. %R is the percent
reduction in [ax Of a given component with treatment. See Figure S1 for definitions of sample
location abbreviations.
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Table Sz, continuec — Percent contribution of each fluorescence-PARAFAC component to overall
fluorescence intensity and percent reduction in fluorescenceitgteheach component with
treatment.

Sample Treatment C1 C2 C3 C4 C5
Locations %C %R % C %R %C %R %C %R %C %R
RVA Raw 51 - 19 - 6 - 16 - 8 -

Alum,pH6 28 74 33 19 10 17 11 70 18 0
Alum,pH7 24 63 28 0 20 0 10 52 17 0
Alum,pH8 37 32 29 0 4 27 13 27 18 0

UNY Raw 62 - 9 - 8 - 20 - 2 -
Alum,pH6 26 88 20 36 33 0 12 83 10 0
Alum,pH7 42 81 19 39 15 44 13 82 10 0
Alum,pH8 55 29 14 0 8 18 17 30 6 0

YAZ Raw 50 - 27 - 3 - 13 - 7 -
Alum,pH6 43 46 30 32 7 0 9 56 11 2
Alum,pH7 45 25 31 6 4 0 10 36 11 0
Alum,pH8 46 14 29 1 3 1 12 13 10 0

C1 — C5 are fluorescence-PARAFAC components 1-5. %C is the percent utionridif a given
component to the overall maximum fluorescence intensifyx(Fof a sample. %R is the percent
reduction in lpax Of a given component with treatment. See Figure S1 for definitions of sample
location abbreviations.
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LYT

Table S: - Disinfection byproduct formation potential (FP) and percent reduction witRRreatment.

Sample Chloroform Bromodichloromethane Dibromochloromethane
Location Treatment FP ug L™ %R FP ug L™ %R FP g L™ %R
BNY Raw 101 - 3 - 0 -
Alum, pH 6 39 61 2 32 0 -
Alum, pH 7 51 49 1 49 0 -
Alum, pH 8 69 32 2 40 0 -
COH Raw 127 - 12 - 0 -
Alum, pH 6 56 56 9 22 0 -
Alum, pH 7 63 50 9 26 0 -
Alum, pH 8 93 27 10 12 0 -
HMO Raw 243 - 32 - 2 -
Alum, pH 6 96 611 20 38 2 0
Alum, pH 7 113 53 24 25 3 0
Alum, pH 8 ND - ND - ND -
LNE Raw 139 - 45 - 14 -
Alum, pH 6 71 49 50 0 14 2
Alum, pH 7 59 57 23 49 8 40
Alum, pH 8 52 63 20 56 13 10
LNV Raw 95 - 28 - 6 -
Alum, pH 6 40 58 17 40 6 5
Alum, pH 7 47 50 18 38 6 0
Alum, pH 8 79 17 23 17 6 9
MMN Raw 222 - 20 - 0 -
Alum, pH 6 97 56 4 81 0 -
Alum, pH 7 141 36 6 69 0 -
Alum, pH 8 224 0 20 0 0 -

%R is the percent reduction in disinfection byproduct formation potentialtkgiatment. ND is no data. See
Figure S1 for the definitions of sample location abbreviations.




Table S¢, continuec — Disinfection byproduct formation potential (FP) and percent reduction inthP wi
treatment.

1214%

Sample Chloroform Bromodichloromethane Dibromochloromethane
Location Treatment FP (g LY %R FP g LY %R FP (g LY %R
PPA Raw 80 - 20 - 3 -
Alum, pH 6 52 35 20 0 3 0
Alum, pH 7 40 50 15 26 3 0
Alum, pH 8 44 45 12 39 3 0
RNC Raw 181 - 10 - 0 -
Alum, pH 6 93 49 6 35 0 -
Alum, pH 7 ND - ND - ND -
Alum, pH 8 161 11 10 0 0 -
RVA Raw 145 - 6 - 0 -
Alum, pH 6 63 56 4 36 0 -
Alum, pH 7 51 65 3 59 0 -
Alum, pH 8 75 48 2 42 0 -
UNY Raw 243 - 0 - 0 -
Alum, pH 6 52 79 0 - 0 -
Alum, pH 7 71 71 0 - 0 -
Alum, pH 8 183 25 0 - 0 -
YAZ Raw 69 - 29 - 9 0
Alum, pH 6 40 42 19 35 7 18
Alum, pH 7 58 15 26 7 8 15
Alum, pH 8 59 15 22 22 8 10

%R is the percent reduction in disinfection byproduct formation potentiatrmeiatment. ND is no data. See
Figure S1 for the definitions of sample location abbreviations.
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Figure S1— Sample locations. BNY is the City of Binghamibfater Treatment Plant, COH is
the Miller Treatment Plant, HMO is the Hannibal \fatreatment Plant, LNE is the Platte River
Water Treatment Plant, LNV is the River Mountainatéf Treatment Facility, MMN is the
Fridley Softening Plant, PPA is the Hays Mine Wateratment Plant, RNC is the E.M. Johnson
Water Treatment Plant, RVA is the Richmond Wateraiment Plant, UNY is the Hinckley
Reservoir Water Treatment Plant, and YAZ is therMBireet Water Treatment Facility.
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CHAPTER 6

Conclusion
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1. SUMMARY

In this work, dissolved organic matter (DOM) waysgibally and chemically
characterized before and after enhanced coagulatiommagnetic ion exchange resin (M{BX
treatments. Two relatively new characterizatiomtegues, asymmetric flow-field flow
fractionation (AF4) and fluorescence-parallel fagARAFAC) analysis, were used throughout
this work. Both techniques required low sample wods and no pre-concentration or extreme
pH perturbations, which made the analysis of lalooyatreated samples representative of actual
drinking water treatment conditions. These techesqorovided insights into the impacts of
treatment on DOM size distributions and chemicahposition.

Disinfection byproduct (DBP) formation potentiaRJtests on raw and treated samples
were conducted using free chlorine, and DBPFP waglated to the maximum fluorescence
intensity (fuax) of PARAFAC components. In Chapter 3, strong datrens were discovered
between chloroform FP and fluorescence componemts & set of raw and alum-coagulated
waters from Beaver Lake. This work was expandedhapter 4 to include chloroform FP and
fluorescence-PARAFAC data from a MIEXtudy which used the same raw waters from Beaver
Lake, and the correlations were affirmed. LastlyChapter 5, raw water samples were collected
from drinking water sources across the United Statel were treated by alum coagulation
followed by chlorination in Chapter 5, and stromggér correlations between DBPFP and
fluorescence-PARAFAC components were discovered.Wark reported in Chapters 4 and 5
were novel validations of the PARAFAC model andevealuable steps towards an improved

DBPFP surrogate for use in drinking water treatnptsuits (DWTPS).
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1.1.0Objective 1 — Development of AF4 and fluorescence-PARAFAC methods

In Chapter 2, detailed methods were developedaocacherize chromophoric DOM
(CDOM) physically using AF4 (with a 300 Da membraoeupled with ultraviolet absorbance
at 254 nm (UVs,) and chemically using fluorescence-PARAFAC. Thesthods were validated
by application to Beaver Lake water samples cadlgétom three depths (3, 10, and 18 m below
the surface) over a period of 8 weeks. The CDOWDan had the highest AF4-Uy¥, peak
maxima and highest fluorescence intensities, wimdttated that CDOM was stratified by depth
in Beaver Lake.

In Chapter 3, AF4 methods were adjusted to accomateaa 1,000 Da membrane, which
improved the stability of the instrument and repratility of AF4-UVas,4 fractograms. In
addition, the impact of eluent composition becapgasent. Raw water samples were
fractionated in phosphate-carbonate buffer solstetrpH 6 and 8 with conductivities of 470 uS
cm®. Peaks from samples fractionated at pH 6 wereismsly higher than at pH 8, which
indicated that pH control was important for companis of fractograms (e.g. raw vs. treated
samples). In Chapter 5, AF4-Wy/ showed differences in relative sizes of CDOM freleven
drinking water sources, further validating the noelh
1.2.Objective 2 — Impact of treatment on DOM properties

In Chapter 3, raw waters from four drinking wateatment plants on Beaver Lake were
subjected to alum coagulation at pH 6, 7, and 8-AN,s,4 fractograms showed that alum
coagulation at pH 6 consistently removed more CD@ah at pH 8. In addition, alum
coagulation at pH 6 preferentially removed larg&xd, while CDOM removal was more

uniform at pH 8. Fluorescence-PARAFAC identifiece@rotein-like and three humic-like
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components in Beaver Lake DOM. All four componemése more effectively removed at pH 6
than at pH 8, and a humic-like component, C1, watepentially removed by alum coagulation.
In Chapter 4, MIEX-treated Beaver Lake water samples were compart talum

treated samples from Chapter 3 to test the applityadsy PARAFAC across fundamentally
different treatment regimes. Two PARAFAC modelseveonstructed: (1) Model 1, from raw
and MIEX-treated samples, and (2) Model 3, from,iAEX ®-treated, and alum-treated
samples. These models were compared to Modelrd, faav and alum-treated samples. Similar
components were identified for Models 1 and 2, thiedarger dataset contributing to Model 3
resulted in resolution of an additional compon&HEX® treatment at pH 6, 7, and 8 removed
DOM with no pH impacts observable using fluoreseeRARAFAC. DOM removal using
MIEX® at pH 6, 7, and 8 was similar to that of alum ctatipn at pH 6. However, a set of
samples from a heavy rainfall event contained ikedbt high levels of a PARAFAC component,
and this component was more effectively removedlbgn than by MIEX.

In Chapter 5, raw water samples from eleven DWT&® facross the United States were
subjected to alum coagulation at pH 6, 7, and 81-AN ,s, fractionation of raw and treated
waters at pH 6 and 8 indicated that more CDOM wasoved at pH 6 than at pH 8. Further,
alum coagulation at pH 6 preferentially removegdéarCDOM for all source waters. Although
alum coagulation at pH 8 resulted in preferengahoval of large CDOM for some source
waters, the CDOM size distributions shifted towtarder CDOM for two source waters.
Fluorescence-PARAFAC identified three humic-likenmgmonents and two protein-like
components, and indicated consistent, preferemmbval of two of the humic-like components

by alum coagulation.
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1.3.Objective 3 — DBPFP-PARAFAC correlations for alum-treated waters

In Chapter 3, strong correlation$ £ 0.84) were developed between a humic-like
PARAFAC component (C1) and chloroform FP. Theseatations were an improvement on
chloroform FP-SUVAs, correlations r= 0.51) and chloroform FP-chlorine demand
correlations (r= 0.58).
1.4.0Objective 4 — Validation of DBPFP-PARAFAC correlations for two DOM renoval
processes

In Chapter 4, correlations between C1 and chlomfBP for Models 1, 2, and 3 were
statistically similar and strong (e.d’, ¥ 0.87 for Model 3). However, chloroform FP and
SUVAs,4 for Model 1 were uncorrelated @& 0.00). These results indicated that C1 was an
effective chloroform FP surrogate for alum and MfXeatments and was a significant
improvement over SUVs..
1.5.Objective 5 — Validation of DBPFP-PARAFAC correlations for eleven sourcevaters

In Chapter 5, correlations were developed betwetah trihalomethane (TTHM) FP and
PARAFAC components. Analysis of covariance (ANCO\idicated that one linear modet (r
= 0.91) could describe TTHMFP-C1 correlations fighe of eleven source waters. This linear
model was statistically similar to the models progtliin Chapters 3 and 4. C1 from the lone
groundwater source (LNE) was uncorrelated to TTHMRKo other water sources (MMN and
UNY) produced separate linear models relating Gl BIHMFP. For SUVAs, and TTHMFP, a
single linear model fr= 0.15) was used for 10 of the 11 source wateto€EMMN was
uncorrelated to TTHMFP. Interestingly, The LNE @MiWIN samples both came from

watersheds dominated by Mollisols, and the UNY damjas the sole sample from a watershed
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dominated by Spodosols. These results indicatadltttmescence-PARAFAC was a more
broadly applicable TTHMFP surrogate than SUVA

SIGNIFICANCE AND FUTURE WORK

The conclusions from this work are valuable addgito the current understanding of
DOM characterization, the impacts of treatment @iMDproperties and the relationship between
DOM properties and DBPFP. The pH effects observgthg DOM size characterizations using
AF4 indicate the importance of pH to CDOM behawaod must be kept in mind when
comparing CDOM size distributions. This highlightbeé usefulness of AF4 for understanding
CDOM in natural and engineered systems becausioimation can be done over a range of pH
values applicable to drinking water treatment. Feigtudies to better understand the impacts of
pH on CDOM properties would be beneficial to ch&gdazations of DOM in natural waters as
well as optimization of DOM removal processes.

DBPFP-PARAFAC component correlations were showpet@an improvement over
DBPFP-SUVAs, correlations for two DOM removal processes andréety of water sources.
Future studies could include investigation of seus@aters from Mollisol- and Spodosol-
dominated watersheds to determine if more broguiyieable DBPFP-PARAFAC component
correlations could be developed specifically fotersheds containing those soils.

Currently, fluorescence-PARAFAC is of limited useDWTPs, but it would likely be
useful for optimization of processes in additiodBP precursor removal. Although it could be
used for long-term process optimization studidst gtudies of online fluorescence detectors
and development of PARAFAC models capable of raesglspecified components in single

samples are needed before this technique coulddxtin daily DWTP operations.
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