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ABSTRACT

Natural organic matter is a complex mixture of various orgamcisiding humic
substances, carbohydrates, amino acids and carboxylic acids tatneratural waters.
Integrated treatment processes that combine oxidation processeactwated carbon
biofilters have been shown to be effective at reducing naturahiorgaatter (NOM) levels.
The current research project investigated the effect of ozoneadwahced oxidation at
various doses on specific parameters including: biodegradabilityGi¥, formation of
disinfection by-products (DBPs), change in apparent molecular w@yiVv) of NOM and
dissolved organic carbon content (DOC).

Overall, ozonation of the raw water at 2mgrdg DOC resulted in significant reductions
in aromatic material, resulting in lowered DBPFP. In addition, dammavas successful at
transforming NOM from high AMW to low AMW, rendering the orgamnaterial more
biodegradable and preferentially removed during biofiltration.

While the high-dose oxidants (ozonation at 25m@gn@ DOC and AOP treatment at
4000mJ/crhand 10mg/L HO,) were successful at reducing DOC, UVA, AMW and DBPFP,
the elevated dose required make these options less realistic. tiOz@@mg @mg DOC
and AOP treatment at 2000mJfcmnd 10mg/L HO, provide good reduction of UVA,
AMW and DBPFP.

The high dose oxidants are unsuitable as pre-treatment options fliratioh given that
they result in highly oxidized NOM that exhibited very little biodetation during
biofiltration. The lower dose oxidants are suitable pre-treatroptibns for biofiltration
given the high reductions in UVA, AMW and DBPFP exhibited, and thmilasi
biodegradation kinetics observed. Pre-oxidation prior to biofiltration is eddentiamoval
of non-biodegradable DOC. The rate kinetics governing biodegradatremaesensitive to
oxidant type or dose.

Overall, this project provided beneficial insight into the operationntégrated
treatment processes and the effect of these on several bl@vhcteristics including

biodegradation.
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1.0INTRODUCTION

1.1 Overview

Conventional water treatment processes combine coagulation, floooulitration
and chlorination as the key steps towards the creation of safe addqgality drinking
water. However, these processes face extensive limitasi®rdrinking water guidelines
become more stringent. While chlorination represents an inexpeaisd widely accepted
form of disinfection, it may potentially lead to the formation ofirdection by-products
(DBPs) which are currently regulated in both Canada and the UnittesS In Canada
specifically, the Guidelines for Drinking Water Quality suggesiximum acceptable
concentrations of 0.1 mg/L for trihalomethanes (THMs) and 0.08 mg/bdlwaceticacids
(HAAs) (Health Canada, 2010). Water utilities are faced with dhallenge of finding
suitable and economical treatment processes that are able tothese new rigorous
guidelines.

Natural Organic Matter (NOM) is a complex mixture of migamaterials found in
most drinking water sources. There is no known direct negataihheffects associated
with the presence of NOM in drinking water. However, water quality water treatment
objectives may be significantly impacted by the presence of N€dde it can lead to the
formation of DBPs as well as the potential of biological regnowithin the distribution
system (Hozalski et al., 1999). Many water treatment techieslogre currently being
developed to reduce levels of NOM in drinking water. Ozonation and adlaxaation
processes such as UVWBL have gained considerable attention as viable alternatives to the
conventional treatment methods. In recent years, integrated érgagmnocesses that
combine the power of oxidation processes with subsequent treatnpeEnsigtd as biological
filtration have gained popularity as they can effectively reduo®INevels in drinking water
(van der Kooij et al., 1989; Hozalski et al., 1999; Toor and Mohseni, 2007). HgQweve
oxidation increases biodegradability of NOM, potentially enhancin@dicdl growth within
the distribution system (Hozalski et al., 1999; Sarathy and Mohseni, .2008¢refore,
biofiltration is necessary in order to remove biodegradable dissabvgdnic content
(BDOC) matter prior to distribution.



This present research project investigated the effect of omareatid advanced oxidation
(UV/H20,) on the characteristics of NOM, and its removal in an activeaeloon biofilter.
Of particular interest were the rate and extent of BDOCowamin activated carbon
biofilters, and the effect of different oxidation doses on thess.ratsitially, biodegradation
of BDOC occurs rapidly in activated carbon biofilters (Yavichlet2004). However, a
residual amount of BDOC typically remains in the effluent & bhofilter. This residual
BDOC can result in microbial growth in water distribution egss. Very little is known
regarding the effect of different types of oxidants and oxidantsdmsehe rate of change of

biodegradable dissolved organic carbon (BDOC) with time in a biofilter.

1.2 Research Objectives

The principle aim of the present research project was to inviestlgaextent and rate
of removal of BDOC in a biofilter over time for different oxidation processes and.dose
The overall objectives of this project were twofold:

Part 1 - Biofiltration Experiments: To assess the removal@# through biological

activated carbon filtration.

Part 2 - Biodegradation Experiments: To assess the effextiddition on the rate of

biodegradation.
The sub-objectives that contributed towards the aims of this project were:

Part 1:

* To assess the impact of ozonation and biofiltration on source wadétyqu
including TOC, UVA, SUVA, AMW and DBPFP.

* To acclimatize biomass in order to perform the biodegradation exgr@smm
Part 2.

Part 2:

* To establish the effect of ozonation or UVL@G4 in combination with
biological activated carbon filtration on the rate of biodegradaifoorganic
matter and source water quality parameters including TOC, UWA/AS
AMW and DBPFP.



e« To develop a technique to evaluate biodegradation within activaidxbrc
biofilters by determining the rate kinetics governing the removBI@€ over
time.

A detailed schema of this research plan is illustrated in Figure 1-1.
1.3 Contributions

This project was designed to evaluate the overall efficiesfcintegrated treatment
processes that combine oxidation processes with biological @lratiSpecifically, this
project sheds light on operational advantages and limitations of ozonatieanced
oxidation and biofiltration. The results of this study will alloar fa more in-depth
understanding of the removal of biological organic matter (BOMhiwia biofilter and the
degradation of NOM throughout this treatment process. This studypadsides insight
from a water utility perspective on the viability of these nemovative treatment processes

within the water sector.
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2.0LITERATURE REVIEW

2.1 Natural Organic Matter (NOM)
2.1.1 Sources and Characteristics

Natural Organic Matter (NOM) is a complex mixture of orgamaterials found in
most water sources. NOM can contain carbohydrates, lipids, anoids, groteins,
polysaccharides, and biopolymers. NOM can comprise organic nwtémen many
different sources, including human activities. It can be cladsifi®m humic or non-humic
substances. Sources are typically dominated by humic subst@mezatgd from biological
activity within and surrounding a water source (Croue et al., 198Rimic fractions can
represent anywhere from 40 - 60% of the total dissolved orgarbhorcgdDOC). Humic
substances can be further subdivided into humic acids or fulvic acki®(lFA). Humic
acids contain many functional groups such as hydroxyl-, carbongthaxyl, phenolic and
carboxyl groups (Wang and Hsieh, 2001). Furthermore, humic acids arallfypic
hydrophobic, while non-humic acids are typically transphilic or hydrapkiluhna et al.,
2006).

The non-humic fractions are typically present as amino acids, ssugad
polysaccharides, though sugars and amino acids are less abundant ther toigh
biodegradation rates (Croue, 1999). The non-humic fractions are lypicare
biodegradable (Yavich, 1998). Non-humic substances are typicallyregtfdo as
biodegradable organic matter (BOM). .

2.1.2 Problems Posed to Drinking Water

Due to the complexity of NOM, water quality and water treattrobjectives can be
significantly impacted by its presence in source watetserelis currently no known direct
negative health effects associated with NOM in drinking waterz@it$éki et al., 1999).
However, NOM is a concern in drinking water treatment becausanifpotentially lead to
other consequences including: taste and odour properties, disinfectiproducts, high

disinfection demand, membrane fouling, biological instability and otheforpeance
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difficulties within treatment systems. Reduction in NOM levieéfore disinfection and
distribution is vital for production of safe, high-quality drinking w&tdozalski et al., 1999).
In terms of treatment in North America, NOM is typicallyn@ved through chemical
coagulation, anion exchange, nanomembrane filtration and/or granular exttivatbon
(GAC) filtration (Juhna et al., 2006).

2.1.2.1 Disinfection By-Products

Chlorine has been cited as one of the greatest public health adwafntes 23
century (Okun, 2003). Chlorine is a simple and effective disinfefdartiie inactivation of
pathogens, as well as acting as valuable protection against footit@mination within the
distribution system by providing disinfection residual. Although chloiméhe most
common disinfectant, ozone, chlorine dioxide, chloramines and UV radaoalso in use
(USEPA, 2006).

As was mentioned in the previous Section, chlorine can react vtk kb form
disinfection by-products (DBPs). DBPs have been a concern $iaaatly 1970s because
of their potential adverse health effects (Wang and Hsieh, 2001; Koran] 2004; USEPA,
2006). NOM is a precursor to most common DBPs such as trihddanes (THMS),
haloacetic acids (HAAs), chlorinated ketones and haloacetonitntgsh are formed from
the reaction of chlorine with naturally occurring organic precursoch as high molecular
weight substances, humic and fulvic acids and aromatic structuseg,(E977; Reckhow et
al., 1990; Singer, 1994; Croue et al., 1999; Kleiser and Frimmel, 2000; Wdnigséeh,
2001; Nikolaou and Lekkas, 2001; Chin and Bérubé, 2005; Krasner et al., 2006; WHO, 2008;
Sarathy and Mohseni, 2009).

In recent years, the USEPA has imposed maximum allowable coeto@msr for
chloroform to 0.07mg/l, trichloroacetic acid (TCAA) at 0.02mg/L , anshachloroacetic
acid (MCAA) at 0.07mg/L. The limits for total THMs (TTHM$ 0.08mg/L, and five of the
nine known HAAs, HAA is 0.06mg/L (USEPA, 2006). These values are based on its Stage
2 Disinfectant and DBP Rule. Health Canada regulates THMslatg/L and HAAs at
0.08mg/L (2010). THMS and HAAs are a concern to human health because of their potential
carcinogenic properties and suspected effects on reproductive andpiesetal health
(Singer 1994; Toledano et al., 2005; USEPA, 2006, WHO 2008).



The formation of DBPs can be reduced by using non-chlorinated primary
disinfectants, or by removing NOM prior to chlorination. A largetiparof research has
been devoted to the latter. Different treatment strategesNDM characteristics in various
ways, thereby subsequently affecting its reactivity witloigne. Although non-chlorinated
primary disinfectants can be used, chlorine is always use@dondary disinfection, as it is
long-lasting, and therefore present throughout the distribution sygtemgnting the growth
of pathogens from source to tap. The WHO warns that disinfection shouldbenot
compromised in attempting to control DBPs as the health implicatsssciated with
inadequate disinfection are potentially far worse than the thmgaised by DBPs (WHO,
2008).

2.1.2.2 Biological Stability

The creation of biologically stable drinking water is vitaklie delivery of safe, high
quality drinking water. Biologically stable drinking water dasdefined as water in which
the microbial quality does not change from treatment systeapto Presence of microbial
growth within the distribution system supports the reproduction of colgaand bacteria,
and leads to delivery of unsafe drinking water to the consumer. As was dispussgiously,
chlorine is applied as a secondary disinfectant to inhibit biologrcalth in the distribution
system.

NOM is a precursor for biogrowth in water treatment and distohugystems
(LeChevalier et al., 1996; Croue et al., 1999; Gottschalk et al., 200@th$and Mohseni,
2007). As discussed previously, the non-humic fraction of NOM iscdilpi more
biodegradable than the humic fractions, and therefore is typitadlyleading cause for
bacterial regrowth within the distribution system (Yavich, 199&eduction in NOM prior
to distribution reduces the potential for microbial growth.

The USEPA regulates chlorine residuals at a minimum of 0.2n&90Q6). Health
Canada however suggests an acceptable range of free chloritee eroeed 5mg/L (2010).
In Canada, each drinking water authority stipulates a spefi#ie chlorine residual
requirement in its jurisdiction. Treatment processes that target theioedoicNOM, prior to

distribution, lead to the formation of biologically stable drinking water.



2.1.3 Characterization of NOM
2.1.3.1 Total Organic Carbon (TOC)

NOM is typically measured as total organic carbon (TOC}uatic sources. TOC is
composed of dissolved organic carbon (DOC) and particulate organia¢®0€). DOC is
defined as the organic carbon that passes through @@ #%er. Typically, NOM is present
at low concentrations in water sources, between 2 to 10 mg/L DOC (Croue et al., 1999).

Another term important in this discussion is biodegradable dissolved orgguion
(BDOC). BDOC is the fraction of DOC that can be utilizedalsstrate by microorganisms
(Allgiers et al., 1996). It typically represents between d@@% of DOC (Servais et al.,
1987). Similarly, assimilable organic carbon (AOC) refers taetion of the total organic
carbon (TOC), which can be utilized by specific strains or defmedures of bacteria,
resulting in an increase in biomass concentration that is quamifi®dDC typically

comprises just a small fraction (i.e. 0.1 to 9.0%) of the TOC (van der kooij et al., 1989).
2.1.3.2 Ultraviolet Absorbance (UVA)

UV absorbance, measured at 254nm £4J\V in drinking water treatment analyses
can provide insight into the composition of NOM in the source water. p@gges through a
body of water and is absorbed by organic compounds leading to aioeductransmitted
light, the amount of which is proportional to the concentration of orgampounds in the
solution.  U\ks,4 radiation is typically absorbed by aromatic rings and conjdgdteible
bonds; therefore a reduction khyindicates a loss of aromatic and double-bonded structures.
UV2s4 has been shown to correlate well with the content of aromatieriedaand DBP
formation potential (Najm et al., 1994; Owen et al., 1995; Li et al., 2KiD8; et al., 2001;
Nikolaou and Lekkas, 2001). The value of thesk)\depends strongly on the concentration
of humic acids in the water; when these are low, theski¥ not accurate (Wang and Hsieh,
2001).

Specific UV absorbance (SUVA) is the ratio of kd¥absorbance to DOC. SUVA
provides insight into the aromaticity and hydrophobicity of NOMa@dfrer et al., 1993;
Croue et al., 1999). A higher SUVA can be indicative of NOM with laromaticity or



other unsaturated configurations, which is typically indicative @M that is poorly
biodegradable (Goel et al., 1995).

2.1.3.3 Polarity

Measurement of polarity allows for determination of the hydrophatichydrophilic
fractions of NOM present in the source water. Hydrophobic fratymnally represents 30 -
50% of the DOC in natural waters (Kim et al., 2006).

2.1.3.4 Molecular Weight (MW)

NOM molecular weight can vary from 100 to 10000 Da and is very divensature
(Pelekani et al., 1999. Apparent molecular weight (AMW) is an irapbrproperty in
drinking water treatment as changes can effect DBPFP andgiaal stability of the
distribution system (Speitel et al., 2000; Thomson et al., 2002a; Parkatsaln, 2003;
Buchanan et al., 2004; Buchanan et al., 2005; Wang et al., 2006). Higheérs@bstances
tend to be more aromatic in nature so may have a larger numigerction sites (Westerhoff
et al., 1999). The molecular weight of NOM is an important conadph discussing
biodegradability. Lower molecular weight compounds tend to be maily é@nsported
across cell membranes, attacked by metabolic enzymes and bamtedtaisinger et al.,
1981). Kennedy et al., (2005) reported that NOM could be classified into diftategories
based on its AMW. According to this work, lower molecular weiglganrcs would be on
the order of less than 350Da, building blocks at 300-500Da, humic fractionguaida
1000Da and biopolymers at greater than 20kDa.

2.1.3.5 Disinfection By-Product Formation Potential (DBPFP)

As discussed previously, DBPs are an important element to consid#inking
water treatment. It can be difficult to characterize N@Ml its tendency to form DBPs
(Wang and Hsieh, 2001). The disinfection by-product formation potentBPFP) is a
determination of the potential for formation of DBPs including THMd &AAs. Factors
affecting DBP formation include pH, temperature, chlorine concémtratbromide
concentration, DOC, and chlorine reaction time (Ko et al., 2000).



Depending on the characteristics of NOM, DBPFP reduction cansigmificantly.
Chowdhury et al., (2008), observed that different NOM characteristick as AMW and
polarity are greatly impacted the DBPFP.

2.2 Technologies for Removal of NOM

2.2.1 Ozonation
2.2.1.1 Principles of Ozonation

Ozone has been used in water treatment for over 100 years begmhiicg France
in 1906. Since then, it has seen widespread use across the world (Rakness, 1996; von Gunten
2003a). Ozone has been traditionally used as a disinfectant or oxidaeh used as an
oxidant, ozone can help to reduce taste and odour compounds, colours and o®iklize N
Recently it has been shown to be effective at the removal sbpaitutants such as some
antibiotics/antibacterials (Dodd et al., 2009).

Ozone is unstable in water. Ozone reacts with organic matsriglectrophillic
addition to double bonds, producing carboxylic acids, alcohols and/or aldehyisme
reaction kinetics are governed by a rapid first phase, commonlyre@fé¢o as the
instantaneous ozone demand (IOD), followed by a slower secondtphasellows a first
order rate (Cho et al., 2003; von Gunten, 2003a). The ozone reactiofordteth phases
are dependent on water quality, pH, DOC and alkalinity (Cho et al., 2003).

Ozonation can occur via two pathways, direct or indirect. The gietbtvay favours
reactions primarily with unsaturated double bonds and aromatic compounds) tkaation
with amines or sulphides is common (Gottschalk et al., 2000; von Gunten 200@ajlirect
pathway is limited by the availability of dissolved molecular ozonghe water phase
(Amirsadari et al., 2001). Alkalinity plays an important roldghe direct pathway; at higher
alkalinity, the direct pathway is favoured.

With the indirect pathway, hydroxyl radicals are formed andtreath NOM.
Hydroxyl radicals are strong, unselective oxidants. At highey, pie indirect pathway is
favoured (Hoigne and Bader, 1975). There are many different watfseie OH radicals to
react, a detailed description is provided elsewhere (Glaze 4982). Alkalinity plays an
important role in the indirect pathway. Carbonates are considesengers of hydroxyl
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radicals and as alkalinity increases, less hydroxyl radar@savailable (AWWARF 1999).
Depending on the alkalinity, production of OH radicals is typicailych less than what is
seen with advanced oxidation processes (AOPs) which is discussed in subsediors. Sec

If the goal of ozonation is disinfection, only enough ozone should be added to
inactivate the microorganisms and the formation of BOM is uraldsir BOM can cause
significant bacterial regrowth in the distribution systenit i not removed in subsequent
treatment steps (Van der Kooij, 1989; Huang et al., 2004). If thecjaaonation is to
eliminate/reduce DBPS, then the production of BDOC should be maxirsizédat it can be
removed by subsequent degradation within a biofilter.

Disadvantages to the use of ozone are the formation of ozone-by-pr¢O&ss)
such as aldehydes (formaldehyde, acetaldehyde, glyoxal, Ingtbyal, etc.), ketoacids and
carboxylic acids (Singer, 1999; von Gunten 2003a; von Gunten 2003b; Huang et al, 2004,
Karnik et al., 2005a and Hammes et al, 2006). One of the main osngdromate formed
during oxidation of bromide. (von Gunten, 2003b; WHO, 2008). Most of the ozonation by-
products are highly biodegradable and can be removed through biofilpatono releasing
the water into the distribution system (Krasner et al., 1993; Swietlik et al., 2004).

2.2.1.2 Effect on NOM

During ozonation, NOM is oxidized and transformed into intermediatépissent
as DOC (Fahmi and Okada, 2003; Bérubé et al., 2004). Thereforeittlergebuction in
DOC is observed during low-dose ozonation. The reaction of ozone withrdneatic
structures and double bonds of NOM results in a significant decired$é,s, (Kim et al.,
1997; Kleiser and Frimmel, 2000).

Ozonation greatly impacts the molecular weight of NOM. Ozoaetsewith NOM
resulting in fragmentation of organic material, and transfaomngtom high to low AMW
(Kaastrup and Halmo, 1987; Owen et al., 1995).

Ozone has been shown to be effective at removing certain DBP swecuaturally
present in drinking water sources (Hu et al., 1999; Singer, 1999: Gaktpat, 2001; Chin
and Bérubé, 2005). Some work has shown that ozonation typically redec&CRAA,
TCAA and THM formation potentials (Glaze et al.,, 1982; Owenlgt1895; Kim et al.,

1997; Chowdhury et al., 2008). However, other work has shown that ozonation @an als

11



increase DBPFP (Langlais et al., 1991; Siddiqui et al., 1997; Gaskdn 2007; Toor and

Mohseni, 2007).

Ozonation has also been shown to lead to the formation ofdrom

MBAA and DBAA (Huang et al., 2004; WHO, 2008).
The oxidation of NOM by ozone can enhance its biodegradabilitseycing the

size of NOM molecules, reducing aromaticity and increasarpaxylic acid functionality

(Kaastrup and Halmo, 1987; Langlais et al., 1991; Westerhoff et al.,.1989previous
work, BDOC and AOC contents tended to increase after ozonation (Owan &995;
(Rittman and Huck, 1989, Kim et al., 1997; Sarathy and Mohseni, 2008jne ®ork has
shown that doses from 1 to 2 mg/mg TOC were optimal for enhancinggbéald¢ion of
NOM (Werner and Hambsh, 1986; Murphy, 1993; Siddiqui et al., 1997; Hozdlski, e
1999; AWWARF, 1999; Uhl, 2000; Kim et al., 2006; Melin et al., 2006). A summitye
reported effects of ozonation on NOM characteristics is presented in Table 2-1.

Table 2-1 - Summary of reported effects of ozonation on NOM characteriss

)

Parameter Reported Effect
Negligible effect (Kleiser and Frimmel, 2000; Kaaét2000; Chin and Bérubé, 2005;
Chowdhury et al, 2008; Gunten et al., 2009)
2-10% reduction (Westerhoff et al 1999)
4% reduction (Amirsadari et al., 2001)
10-30% reduction for ozone doses of 1 - 5mg/gmg pC@parone et al., 1997)

TOC 12% reduction of DOC at 1 mgshg TOC (Kim et al., 2006).

20% reduction in DOC following ozonation (Kim et, d1997)
16-33% TOC reduction (Hozalski et al., 1999) fot Bag Q/mg TOC
0-20% reduction in TOC (AWWARF 1999)
6.4% reduction in DOC following ozonation (up tdrhg Q/mg DOC (Galapate et al,
2001)
Reduction in UV and SUVA (Ko et al, 2000; Chin &gdubé, 2005; Gunten et al., 2004
54% reduction in UVA260 (Galapate et al., 2001)
45% reduction (Kaastrup and Halmo, 1989)
50 - 75% reduction for doses of 0.5 - 1.5 mgn@ DOC(Kleiser and Frimmel, 2000)

UVA/SUVA 35-70% reduction (Chowdhury et al., 2008)
28% reduction (Amirsadari et al., 2001)
50% reduction at 1mg £img DOC (Kim et al., 2006)
50% reduction (Kim et al., 1997)
56% reduction up to 1mg4ng DOC (Owen et al. 19950
Decreased hydrophobicity, increased hydrophili¢iyesterhoff et al, 1999; Galapate e

Polarity al 200;, Chowdhury et al 2008)
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Parameter Reported Effect

Decrease in hydrophobic fraction from 54% to 5%dwing ozonation (Swietlik et al.,

Polarity 2004)
Shift from higher MW to lower MW (von Gunten at24103b)
Higher MW oxidised preferentially, resultin in oaidowered MW (Swietlik et al., 2004)
MW

88% increase in compounds less than 500Da, largefstim HMW to LMW. (Hozalski
et al., 1999)

No effect (Kim et al., 1997)

5% increase in HAAFP following ozonation (Siddigtial., 1997)
Roughly 50% decreased in HAAFP and Chloroform faiomapotential (Chin and
Bérubé, 2005)

Observed increases in DCAA following ozonation, éxaw this could be the result of the
formation of diketones and oxidation to aldehydbgtwhas been shown to increase
HAAFP DCAA amounts (Reckhow and Singer, 1994).

63% reduction in TCAA values at a dose of 3.5migf_dt al., 2000)

34% reduction in HAAFP (Hu et al., 1999)

10 - 60% reduction observed for ozone doses frerh thhg Q/mg DOC (Cipparone et
al., 1997)

-117% to 38% reduction of HAAFP, mostly due to midun in DCAA and TCAA
formation potentials of the hydrophilic NOM (Chowd et al., 2008)

18-32% reduction observed (Kleiser and Frimmel 2000

8% reduction at low doses, higher removal of 43%ate of 3 mg £mg DOC(Galapate
et al., 2001)

-21% to 47% reduction observed (Chowdhury et &I08)

20-50% reduction in THMFP for 3.5mg/L preozonat{&wo et al., 2000)

THMFP 27% reduction (Hu et al., 1999)

5-80% reduction for ozone doses of 1 -5 mfg DOC (Cipparone et al., 1997)

5% increase in THMFP following ozonation (Siddietial., 1997)

50% reduction of chloroform (Bérubé et al., 2004)

5-20% reduction in THMFP for 0.4 - 1.2 mg/dg DOC

Increased BDOC and AOC content (Owen et al., 1995)
Increased in BDOC by 5 - 50% (Hozalski et al., Z9®®@parone et al., 1997; Digiano et
Biodegradability | @l 2001)

NOM with a higher percentage of high molecular istigpmpounds experienced the
greatest enhancement in biodegradability by ozemafiHozalski et al., 1999).

2.2.2 UV/ H,0, Advanced Oxidation
2.2.2.1 Principles of UV/ H,O, Oxidation

Processes that use OH radicals as the main oxidant ard adilanced oxidation

processes (AOPs). These hydroxyl radicals are very shed land extremely strong
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oxidizing agents. They react with double bonds, or H-atom abstractidorrh carbon
centred radicals.

UV/ H,0, can be used to generate OH radicals, as presented in Equatiom2kis
process, OH radicals are formed from cleavage of the hydrogen peroxizutaol

Equation 2-1 H,0, + hlv — 20H »

The units of UV are represented as mJ/cnMost important wavelengths for UV when
discussing water treatment are in the range of 200 - 280nm.

The rate of photolysis of #, is dependent on the pH, and increases in more alkaline
conditions (Legrini et al., 1993). In addition, the rate of reactidngkly dependent on the
concentration of kKD, and the UV light intensity, in addition to the chemical structurthef
material being oxidized (Sundstrom et al., 1986). UV light tendsaict with HO, making
less light photons available for the target pollutants at higby ldoses (Wang et al., 2006).
As a result, there exists an optimuraGd dose, after which hydroxyl radicals become less
available (Kleiser and Frimmel 2000; Litter, 2005; Wang et28l06; Sarathy 2009). Wang
et al., reported that the formation of OH radicals was optimal at@pddbse of 1% (2000).

While UV/ H,O, is not typically used for drinking water treatment, UV dosesoup
1500mJ/crh and HO, doses up to 20mg/L have been suggested (Sarathy and Mohseni,
2009).

2.2.2.2 Effect on NOM

At high doses, UV/ KD, can mineralize NOM and decrease the TOC concentration
(Sundstrom et al., 1986; Langlais et al., 1991; Beltran et al., 1993 cfak<st al., 2000;
Kleiser and Frimmel, 2000; Speitel et al., 2000; Thomson et al., 2004; Waalg 2006;
Toor and Mohseni, 2007). However, the high amount of energy required toalzime
NOM makes this option economically unfeasible. At lower, moren@wically feasible
doses, UV/ HO, does not mineralize NOM. Lower removal rates of DOC arervbd at
these doses given that NOM is partially oxidized and transformtedintermediates still
present as DOC (Fahmi and Okada, 2003; Bérubé et al., 2004).

At the lower, more economically feasible doses, NOM is oxilinéo intermediate

compounds that are less aromatic and have been shown to lower thmeyetodi®rm DBPs
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(Thomson et al., 2002b; Oppenlander, 2003; Thomson et al., 2004; Tuhkanen, 2004; Chin
and Bérubé, 2005; Sarathy and Mohseni, 2007). High removal rates for UV25hdwave
observed (Goslan et al., 2006; Bond et al., 2009). Some work has shown tHdiQj\i$
not efficient at removing DBPs and can lead to increasedatoym of DBPs (Toor &
Mohseni, 2007). Transformations from high AMW to low AMW have been obderve
(Thomson et al., 2004; Sarathy, 2009)

AOPs can also lead to an increase in biodegradable organicgel(8pal., 2000, Liu
et al., 2002; Thomson et al., 2004; Toor and Mohseni, 2007) The lower easaeints
have been shown to increase the biodegradability of NOM (Lid.ef@02; Toor and
Mohseni, 2007). A summary of the reported effects of UMd+bn NOM characteristics is
presented in Table 2-2.

Table 2-2 - Summary of reported effects of UV/KHD, on NOM characteristics

Parameter Reported Effect

14.5 % reduction at 1500mJ/émnd 20 mg/L KO,. Higher Reduction of 27% observed
for a water with lower initial TOC concentration d@bsence of high molecular weight
compounds (Sarathy and Mohseni, 2009)

TOC Up to 78% reduction for UV/HD, (Goslan et al, 2006)

Up to 91% reduction for UV/4D, for 4700-4800 mJ/chrand 78% reduction for
2100mJ/crh(Bond et al., 2009).

55% reduction mostly due to the loss of aromatid double bonded compounds (Sarathy
and Mohseni, 2009)

Up to 94% reduction (Goslan et al 2006).

Decrease in UV254 after AOP, especially at highddges (Toor and Mohseni, 2007)
Higher MW oxidised preferentially, resulting in oak lowered MW (Sarathy, 2009;
Thomson et al., 2004)

Milder AOP conditions led to degradation of NOM dndmation of smaller species,
MW overall reduction in MW (Sarathy and Mohseni, 2007)

At H,O, of 5mg/L, and 1350UV reduction of 65, 53 & 29%8660-1100, 1100-1400 and
greater than 1400mJ/cm Greatest impact was achieved using 850 - 140@nm.J
(Sarathy and Mohseni, 2009)

25 % hydrophobic compounds converted to hydropbdimpounds (Sarathy, 2009)
Significant reduction in hydrophobic compoundsdaihg UV irradiaiton (Buchanan et
Polarity al., 2005)

AOPs are non selective oxidizers that don't necéggaeferentially remove
hydrophobic compounds (Crittenden et al., 2005 &dBet al., 2009).

70(Chin Bérubé 2005) for Ozone UV

No effect (Sarathy, 2009)

Observed increases in DCAA following AOP treatnuenid be the result of the
formation of diketones and oxidation to aldehydbegtwhas been shown to increase
DCAA amounts (Reckhow and Singer, 1994).

Upwards of 1000mJ/chand 100mg/L kO, required to reduce DBPs (Liu et al, 2002).

UVA

HAAFP
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Parameter Reported Effect

Increase of THMFP by 40% (Kleiser and Frimmel 2000)
80% reduction for Ozone/UV (Chin and Bérubé 2005)

UV fluence greater than 1500 required for THMFPuetion (Toor and Mohseni, 2007)
woth H,0, of 23

THMFP No effect (Toor and Mohseni, 2007; Sarathy, 2009)
THMFP
Upwards of 1000mJ/chand 100mg/L kD, required to reduce DBPs (Liu et a.l, 2002)

Upwards of 1500mJ/chand 23mg HO, required for reduction in THMFP (Toor and
Mohseni, 2007)
Limited reduction in chloroform potential (Bérubigad, 2004)

Increased in BDOC and biodgradability of NOM (Spkdt al., 2000; Liu et al., 2002;

Biodegradabilit
g Y Toor and Mohseni, 2007)

2.2.3 Oxidation/Biofiltration
2.2.3.1 Principles of Combined Oxidation/Biofiltration

Conventional treatment processes may not necessarily meettamcefuture water
guality requirements. Oxidation treatment processes alone manecesgsarily be practical
due to high energy demands, partial oxidation of NOM, insufficient teatuoc DBPs and
formation of biodegradable oxidation byproducts. Integrated treatmewcegses that
combine oxidation processes and activated carbon biofilters have lh@en & be very
effective at reducing natural organic matter (NOM) levetsokidising NOM in to more
biodegradable DOC, which is subsequently removed by biofiltration (Owen £995).

The use of BAC following oxidation treatment processes has the adearmf
preferentially removing biodegradable material formed during oxidati Biological
activated carbon (BAC) is a filtration system where granaddéivated carbon (GAC) is used
as a growth medium, rather than for adsorption (AWWARF, 1994). GAC ssppante
dense populations than sand or anthracite (i.e. 4 to 8 times more bgengsam of media),
likely due to many factors including porosity, surface area, seifaughness, surface charge
and adsorption capacity (Speitel 2000; Wang et al., 2006). GAQGidiftdaas been shown
to be effective at reducing DBP precursors, lowering nutrientladlty for bacterial
regrowth, and producing more biologically stable water (USEPA, 20@6)also extremely
good at reducing DOC levels and high AMW and humic fractions (Owen et al., 1995).

According to research, combined oxidation and biofiltration systems tieere
potential of resulting in the production of biological stable watex, minimization of the

potential for bacterial regrowth within the distribution systéne removal of biodegradable
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organic matter (BOM) and disinfection by-product precursors; thect®n in chlorine
demand; and the potential removal/control of oxidation by-products (Cippataige 1997;
Wu et al., 2003; Fahmi and Okada, 2003).

Empty bed contact time (EBCT) is one of the single most impogarameters for
removal of BOM in biofilters. Many previous studies have found @raiorval of NOM was
directly proportional to EBCT. (Lechevalier et al., 1992; Hucllet1994; Hozalski et al.,
1995; Carlson and Amy, 1998) . However, some research has shown thBChén&s no
effect on TOC removal (Hozalski et al., 1995). Typical EBCT @y however, EBCTs of
15 - 20 minutes have been reported (Yavich et al., 2004; Wang et al., 1995).

Another important parameter to consider with biofiltration is atafion.
Acclimation of biofilters ensures the filters are operatgteady-state conditions, which
allow filters to maximize the amount of BOM removed duringdtitsn. Typical acclimation
periods required to reach steady-state can vary widely andhdidggely on source water
characteristics and temperature. Acclimation periods in the raing - 6 months have been
reported (Wang et al., 1995; Yavich et al., 2004).

2.2.3.2 Effect on NOM

The use of oxidation processes requires biofiltration since thesegses increase
the amount of BOM ((Speitel et al., 2000, Liu et al., 2002 and Thomson &0@#; Toor
and Mohseni, 2007). Biologically-active filtration is an approachigoroving NOM from
water to limit both concerns of DBP formation and microbial regrowth (ldkizat al., 1999;
Thomson et al., 2002a; Buchanan et al., 2004).

Biologically active filtration has been shown to reduce the corat@rt of DOC
(Krasner et al., 1993; Fonseca and Summers, 2003). Hozalski €t98P),(found that
removal of organic carbon by biodegradation was directly proportionthlet percentage of
low molecular weight compounds, and inversely proportional to SUVA.

BAC alone does not provide significant reduction in DCAA, TCAA or THM
formation potentials (Toor and Mohseni, 2007). Standalone AOP or oxidatitemsyare
generally not viable given that they results in partial oxidatdnNOM, insufficient
reduction in DBPs and formation of biodegradable oxidation byproducts. /H}@,

followed by biofiltration has been shown to have a significant impaaemoval of THMs
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(Speitel et al., 2000; Xie and Zhou, 2002). However some research hastblabwiological
treatment can also increase HAAFP (Bond et al., 2009).

According to several researchers, there is presence of ayrbmdegradable fraction
of NOM that can be substantially removed in the biofiltration pro@S©Cr), and a slowly
biodegradable fraction that is largely released to the distribsyistem (BDOCSs) (Prévost et
al., 1992; Servais et al., 1994; Wang and Summers, 1994; Carlson et al., 1988, Gad
Amy, 1997). BDOCr provides an indication of the DOC that can beoved during
biofiltration and therefore its formation is desired. BDOCr dao aotentially lead to the
formation of DBPs when chlorinated. BDOCs gives an estimateeoNOM that is not
significantly removed during biofiltration but can contribute to thedgimial instability of
the treated water.

In previous work, the fraction of initial DOC that was converie®DOCr during
ozonation was reported not to be sensitive to DOC concentration forrdagasy from 0.2 -
1.4mgQ/mgDOC (Carlson and Amy, 1997).

On the other hand, the formation of BDOCs was almost always aduraftsource
water composition rather than ozone dose (Carlson and Amy, 1997). BDG€ased with
source water DOC for ozone doses between 1 and 2/mgOC (Carlson and Amy,
1997).

With respect to the biodegradation kinetics, according to Huck €é1298), a first
order relationship was found for BDOC removal through a full-scAl€ Gontactor. Yavich
et al. (2001), found that biodegradation rates increased with inogeasone dose (2004).
Carlson and Amy found that there was some maximal value of ozomgdabove which
BDOCr rate of biodegradation was not increasing. A summary ofejpa@rted effects of
combined oxidation and biofiltration on NOM characteristics is provided in Table 2-3.

Table 2-3 - Summary of reported effects of oxidation and biofiltrabn on NOM characteristics

Parameter Reported Effect

NOM with higher % of high MW had substantial imprment of TOC removal followed
by biodegradation (Goel et al., 1995).

30% reduction in DOC for ozone doses of 1.5 ghg@ DOC and subsequent
biofiltration (Fonseca and Summers, 2003).

21-29% reduction (Wang et al., 1995)

TOC

52% reduction (Toor and Mohseni, 2007)
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Parameter Reported Effect
15-40% reduction for ozone doses 1 - 5 ig@ DOC with biofiltration (Cipparone et
al., 1997)
ToC 14-15% (Servais et al., 1994)
14-23% reduction (Klevens et al., 1996)
20-40% reduction by biodegradation (with startin@Q@ of 4mg/L) (Hozalski et al., 1999)
Further Decrease in UV254 after AOP and biofiltmati- 59% reduction after 500Mj an
UVA 20mg/L in comparison to 22% reduction with BAC &loff oor and Mohseni, 2007)
59% reduction (Toor and Mohseni 2007)
60-80% reduction in SUVA (Hozalski et al., 1999)
Polarity 20% decrease in hydrophobicity (Fahmi et al., 2002)
MW 15-50% reduction in MW (Hozalski et al., 1999)
37% reduction in DCAA to 50% reduction in TCAA %60 mJ/crhand 20mg/L KO,
with BAC as compared to 0 and 7% with BAC alone(®Bmd Mohseni, 2007).
Observed increases in DCAA following AOP treatnfenbzonation) could be the resul
of the formation of diketones and oxidation to &lgtbes which has been shown to
increase DCAA amounts but this would be reducdubgequent biofiltration (Reckhow
and Singer, 1994).
Reduction in TCAA by 69%, and DCAA by 74% for 3®00cn? and 10-20mg/L kD,
(Toor and Mohseni, 2007).
HAAFEP 38% of HAAFP following ozonation and biofiltrati¢ghoslyn and Summers, 1992)
DBPFP was the lowest for biofilters treating ozathtvate, as compared to ozonation
alone (Fonseca and Summers, 2003)
No significant additional reduction over biotreatmealone (Wang et al., 1995)
47% reduction of HAAFP (Siddiqui et al., 1997)
Near complete removal of 5 HAAs with BAC (Xie ahdw 2001)
46% reduction of HAAFP following ozonation and Bicdtion (Joslyn and Summers,
1992)
Additional 15% to almost 100% with ozone doses-05 IngQ/mg DOC (Cipparone et
al., 1997)
42% reduction for 500mJ/cdnand 20mg/L KO, with BAC as compared to 11% with
BAC alone (Toor and Mohseni, 2007).
69% for high dose of 3000mJ/¢and 10-20mg/L kD, (Toor and Mohseni, 2007)
Significant Reduction in THMs (Speitel et al., 2000
Reduction in THMFP of 45% as compared to 25% withventional treatment
(AWWARF, 1994).
THMFP

50% removal (Wang et al., 1995)

40-80% for ozone doses of 1 -5 miay DOC (Cipparone et al., 1997)

DBPFP was the lowest for biofilters treating ozathtvater, as compared to ozonatior
alone (Fonseca and Summers, 2003)

46% removal of THMFP (Siddiqui et al., 1997)

40-59% removal of THMFP (Shukiary et al., 1992)

Biodegradability

Substantial reduction in BDOCr during oxidation apidfiltration (Carlson et al., 1996;
Carlson and Amy, 1997).

BDOCr formed during ozonation was sensitive to D&d@centration while BDOC s wal

"z

not (Carlson and Amy, 1997)
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3.0MATERIALS AND METHODS

3.1 Part 1: Biofiltration Experiments
3.1.1 Raw Water Preparation

The raw water used for the study consisted of a mixture of pond amadetap water. The

pond water was obtained from Jericho Beach Park, Vancouver, BritishmBial (Figure
3-1).

English Bay

Jericho Beach

Pand Park '?d“:\\

Arbutus St
Burrard St
Granville St
Qak 5t

4th Ave.
Broadway
10th Ave.
12th Ava. > to HWH #1 .
{Grandview Exit)
v
te Hwy #59
(Qak St. Bridge)

Figure 3-1 - Jericho Beach pond park

Pond water was collected every 2 months throughout the duration of thetprdjee
collected pond water was stored at 4°C for at least 1 weekaw & large particles to
settle, and then filtered through binder-free borosilicate glisssf(Whatman Binder-Free
Glass Microfiber Filters Type GF/D, Fisher Scientific)apTwater was added to the filtered
pond water to achieve a DOC concentration of approximately Sm@He resulting raw
water had the characteristics outlined in Table 3-1.
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Table 3-1 - Raw water characteristics

Parameter Value

DOC (mg/L) 5+ 0.2

pH 7+0.3
Temperature°C) 21+ 1
Hardness (mg/L as CaGp 50+ 10
Alkaligi;)é(g)g/L as 50+ 10

3.1.2 Feed Water Preparation

Feed water for the biofiltration system (Section 3.1.3) consddteaw water treated
with ozone to a dose of 2mgsfhg DOC. Ozone was generated by coronal discharge
through compressed air. The ®as bubbled using a stainless steel diffusesugh a 2.b
amber bottle which was tightly fitted with a rubber fittinglitoit off-gas release into the
atmosphere. Exactlyl2of raw water was placed in the contactor for treatment.tulihg
consisted of PTFE Teflon® tubing. Figure 3-2 illustrates a schemétthe ozonation

system.
PRESSURE GAUGE
____________ I 200mL
: > @ : prmmemmmmmeneeed >
: : ; Kl Trap
: \2 '
; FLOW METER FTTT :
5 i
| s
: 200mL
COMPRESSED 1 o
Vi Kl Trap
AIR | L0
! i @)
OZONE | Lo
GENERATOR L
: Lo o
O3 é .0
' o
-/

....................

Figure 3-2 - Schematic of ozonation apparatus
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To determine the ozone flow rate an initial calibration of the appsiwas necessary. The

following procedure was used to calibrate the ozonation apparatus:

1. A 2L potassium iodide (KI) calibration solution was prepared based amd&d
Method 423.A (APHA, 1989). Exactly 40of potassium iodide (Fisher Scientific)
was dissolved in 12 of ultra-pure water. The lodometric method for ozone
concentration determination has also been used in previous studiapaiéaet al.,
2001).

2. Two secondary 200L Kl trap were prepared by dissolving df potassium iodide in
200mL of ultra-pure water.

3. The 4 solution was placed in a 2.@mber bottle contactor (the same vessel used for
subsequent raw water treatment). A secure rubber stop wasd plattes top of the
vessel. Ozone off-gas was directed from the headspace &ed¢bedary Kl traps
using PTFE Teflon® tubing.

4. The 4 solution was ozonated for a specific time period and purged for enorimiof
5 minutes at a flow rate of 0.2 L/min to ensure that all ozone was swept from the
sample.

5. Ozone production is calculated based on the volume obtained from subsequent
titration with sodium thiosulfate (Fisher Scientific). A 0.01Nusi@in of sodium
thiosulfate was prepared daily. Exactly 100ml of Kl solution wasqa in a 400ml
beaker on a stir plate. 5ml of sulphuric acid (Pure, Fishent#ag was placed in
the beaker with the sample. The sample was titrated with sddiasulfate until the
yellow colour was almost discharged. 1ml of starch indicator isnluvas then
added to impart a blue colour. The sample was then quickly titratédhenblue

colour was discharged. Equation 3-1 was used to determine the ozoeetaimm.

(A% B)x N x24000
2l mg/ LD, =
Equation 3-1 g 3 m|_|__$amp|e

where A = mL titration for sample, B = mL titration for blankdaN is
the normality of NgS,03
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6. The final ozone production amount was determined as using Equation 3-2.

. M produced __ M aqueous _ M gaseous _ M gaseous
Equation 3-2 v = v v v
sample sample Kl Mrapd Kl Mrap2

where MagueousaNd Mgaseousare determined based on the KI method
described above.

7. Calibration was repeated for several treatment times to ndeterthe ozone
production rate.

Figure 3-3 illustrates the calibration curve for ozonation conagoitr versus time. A full
summary of raw data is provided in Appendix A.

250 -
200 -
- y = 15.367x + 1.9025
3 R2 = 0.9995
[@)] J
£ 150
c
RS
] O Ozone Production (mg/L)
€ 100 -
[¢]
g
o —— Trendline: Ozone
© Production (mg/L)
50 -
0 T T T T T T T 1
0 2 4 6 8 10 12 14 16
Treatment Time (min)

Figure 3-3 - Ozone concentration versus time

Ozone consumption was then determined by treating ea® water sample for a
given time. Captured ozone in the secondary Kl traps was subtifactedotal ozone

production to determine the finak@ose as described in Equation 3-3.
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Equation 3-3

M M M M

consumed — produced gaseous gaseous

V \Y

sample VKI Mrapd VKI Trapl2

sample

whereMproduced IS determined during calibration (as described above)
and Maqueous aNd Mgaseous are determined based on the Kl method
described above.

Ozone consumption was highly dependent on the raw water matrix aretl vari

substantially for a given dissolved organic carbon content. Fores®m, it was necessary

to calibrate and calculate the final ozone dose prior to each analysis.

3.1.3 Biofiltration System

A laboratory scale filtration apparatus was assembled in therdanvental Engineering

Laboratory at the University of British Columbia. A schemafithe system is presented in

Figure 3-4, and details of the system operation and geometry are summainiabtki3-2.

I N
Column 1 Column 2
EBCT EBCT
15 min 3 Days

AN

Eftluent Eftluent
Tank 1 Tank 2

Ozonated

Water
(Feed)

| T gy — !

Sample Sample

Figure 3-4 - A schematic of the laboratory scale apparatus.
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Feed water (Section 3.1.2) was fed to the first column usinjCd RPM Masterflex
L/S variable apeed console drive and multi-channel 8-cartridge puatp (G®le Parmer).
Filtered water from Column 1 was then collected from effluank 1 for sampling and the
remaining water was pumped to the second column using a 1-100 RPkdsfrehannel
compact pump (Cole Parmer). Filtered water from Column 2 Wwes tollected for
sampling.

Table 3-2 - Laboratory apparatus characteristics

Parameter Setting
Temperature°C) 21+1
- Volume (mL) 22+ 1
E Diameter (cm) 1
L_é; Flow Rate (ml//min) 1.1
EBCT 20 min
o~ Volume (mL) 1000
= Diameter (cm) 6.5
:3) Flow Rate (ml/min) 0.2
EBCT 3 Days

For quality control and assurance, a total of 4 separate @lirapparatuses were constructed
and operated in parallel.  The filtration apparatus was construsiag the following

materials/

* 4 -1 cm diameter glass Pyrex® columns, 30 cm long

* 4 -1000mL plastic Nalgene® graduated cylinders

* 4 - 2L amber bottles for feed water

* 8- 1L amber bottles for filtered water collection

%" and Y4 PTFE Teflon® tubing for water circulation

* 4 - 3-stop Tygon® red/red/red tubing (1.14mm ID)

* 4 - 3-stop Tygon® yellow/blue/yellow tubing (1.5mm ID)
» 8 - stainless steel Swagelok® fittings”(té 4" diameter)

» 8-% PTFE Teflon® ferrules

* 8-%"PTFE Teflon® ferrules

* 6- 4" stainless steel compression fittings, union tees (Cole Parmer)
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Amber bottles were used for feed and effluent tanks to minimiznpak effects of
exposure to light. In addition, all tubing, columns walls and openings emered using
aluminum foil. Feed water was replenished daily. An imageebench-scale apparatus is

shown in Figure 3-5.

| o
C Column

~‘«1|

Figure 3-5 - Bench-scale apparatus

Each column contained wood-base Picabiol® granular activated carbGA (PI
Carbon). Table 3-3 identifies the properties of the GAC used in this project.
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Table 3-3 - Picabiol® granular activated carbon properties

Properties Specification Actual
Apparent Density (dry, g/mL) 0.18 - 0.26 0.22
Moisture (as packed, %) 5 Max 3.3
Ash (wt. %) 5% Max 3.4%
lodine No. (mg 12/g GAC) 900 min 1125
Uniformity Coefficient <15 1.41
Effective Size 0.85-1.1 mm 1.04
On 10 mesh 3.2%
10x12 mesh 16.7%
12x14 mesh 27.6%
Particle Size Distribution 14x16 mesh 27.2%
16x18 mesh 18.5%
18x20 mesh 5.4%
Through 20 mesh 1.4%

The empty bed contact time (EBCT) of 20 minutes for Column 1 wested based
on the previous work of Allgeier et al. (1996), Carlson and Amy (1997) awkly et al.
(2004) to remove the rapidly biodegradable fractions of NOM (BDpO®@n EBCT of 20
minutes is also representative of EBCTs at full-scale B&@tment plants. The EBCT for
Column 2 was selected to approximate the extent of biodegradatibnodbars in
distribution systems. . The maximum average residence tiraedistribution system was
assumed to be approximately 3 days. In order to ensure consistererysanel reproducible
results, the EBCT was carefully monitored for each column. Equafigrtant was biofilter
acclimatization which can impact DOC removal rates. It wagortant to operate the
biofilter process as close to steady-state as possible #®vaabptimum results (Carlson and
Amy, 1996; Prévost et al.,1997; Urfer et al., 1997).

Filter acclimatization can be roughly estimated by monitotiregremoval efficiency
of DOC, or the number of bed volumes filtered. Figure 3-6 illustrite removal of DOC
through the filter as a function of time to indicate when fiteclimatization was achieved.
Figure 3-6 also illustrates the approximate number of bed voluittesed prior to

acclimatization.
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Figure 3-6 - Biofilter effluent DOC versus bed volumes filteed

Acclimatization or assurance that the filter was operatrgjeady-state was essential
in order to begin any analysis. An excess of 4 months and approximM&@00 bed
volumes was necessary in order to ensure acclimatization of the filter.

As evidenced in other research, it was important to closely ma@mtbmanage water
temperature, NOM source and ozone dose in order to ensure constant blistitmyia the
system (Hozalski et al., 1999). Though the NOM source remainedsiemts seasonal
changes may have affected the performance of the biofilters.

3.2 Biodegradation Experiments
3.2.1 Raw water preparation

Please refer to Section 3.1.1 for relevant discussion regarding raw wedargtion.

28



3.2.2 Feed Water Preparation
3.2.2.1 Ozonation

A description of the apparatus used for ozonation of the raw wafmesented in Section
3.1.2. For the batch biodegradation experiments, the target ozone alodes feed water
were 1 mg@mg DOC, 2mg @mg DOC and an extended ozone dose. The extended ozone
dose in this case was in the order of 25m@DOC.

3.2.2.2 UV/H 0,

The UV/H0O, oxidation apparatus consisted of a semi-batch reactor comprising a
storage tank, UV light source, recirculation line and heat exchahggrated in Figure 3-7.
The low-pressure mercury lamp (Light Sources Inc., G10T5 Yzk)oapable of an output of
5.7W at 254nm. The lamp was enclosed in a glass sleeve givingvaluete capacity of

85mL. Raw water was re-circulated through the reactor at a constant feow rat

UV Lamp
AR
il D —
Et
Pump
Y
1| Photoreactor Storage
Tank
Et
U< —
Heat G
Exchanger

Figure 3-7 - Experimental semi-batch UV/HO, reactor

UV fluence was calculated using potassium ferrioxalate actitrgrae described elsewhere

(Murov, 1993). Based on the desired UV dose and the characteristlos sdurce water,
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irradiation times were calculated based on Equation 3-4 and Eqéalioas described in
Bolten and Linden (2003).

: V, 1
Equation 3-4 IT [{min) = D x—%x
Vi Jyy xwi x608

1_10—PL><AbS
wf =
P x AbsxIn(10)

Equation 3-5

where D is the desired UV dose,, \6 the volume of water treated; V
is the volume of the reactor,Jis the output of the lamprw/cn?), wf
is the water factor, Pis the path length (OcB) and Abs is the
absorbance of the sample at 6%

The storage tank contained & %olution of raw water to which an,8, solution (30%,
Fisher Scientific) was added to achieve a final concentratiapmbximately 16hg/L. H,O»

concentration was calculated using Equation 3-6 as described in Klassen et al. (1994).

Equation 3-6 H,O,[ppn] = (A-A))x10xDx (0.7776" S)

where A is the absorbance of the prepared sample atr824, is the
absorbance of the blank at 34 D is the additional dilution (1 if
none), and S is the sample volume Lk

Following UV/H,O, treatment of the raw water samplesOklwas quenched using Ong/L
bovine liver catalase (lyophilized powder10,000units/mgprotein, Sigma Aldrich Canada)
as recommended by Liu et al. (2003). There was no observablesmdreahe DOC

following the addition of 0.&xg/L of catalase.

For the batch biodegradation experiments, the target U} Hoses for the feed water are

summarized in. A full summary of raw data is provided in Appendix B.
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Table 3-4 - UV/H,0, experiment conditions

Desired Dose, D H20, Volume of Irradiation
(md/cm?) '~ Concentration Water Treated  Time, IT
(mg/L) (mL) (min)
4000 0 1000 65.5
2000 10 1500 49.1
4000 10 1500 99.0

3.2.3 Batch Biodegradation Experiments
3.2.3.1 Batch System

The biodegradation experiments were completed based on similabwédlgeier et al.
(1996), Carlson and Amy (1997) and Yavich et al. (2004) and is described as follows.

1. GAC is first harvested from the acclimated filter bed. Idleorto ensure a
representative sample of biomass was selected, the entiratsasftéhe column were
removed and mixed prior to harvesting. The amount harvested wasedelec
achieve a specific biomass load in the batch biodegradation test 8ddrour period

that was similar to that in BAC Column 1. Equation 3-7 describes this relationship:

Equation 3-7 Vh — ( Vsample Jx VCqumrtI] .
quation 3- arvest Qcommrﬂ] 24hrs GOmI%r

whereVhanes is the amount of GAC to be harvested (in mM¥gampleiS
the amount of sample used in the biodegradation experimemt)50
Qcolumn1is the flow rate of Column 1 (IniL/min) andVcoumn1is the
volume of GAC in Column 1.
Approximately 0.fL of GAC was harvested for each batch biodegradation
experiment. The same amount was used for biodegradation experpagotsned
on Column 2.

2. The harvested GAC was placed in amh(Erlenmeyer flask. Prior to analysis, the
flasks were meticulously cleaned with detergent and rinséshst three times with
tap water, distilled water and ultra-pure water (Millipore AqudJltra-Pure Water
System) and baked in a muffle oven at 450°C for a minimum of 4 hours. t®tise,
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the muffled flasks were stored in a clean container with alumifmiincovering the
openings.

3. Exactly 50nL of feed water was added to each Erlenmeyer flask. Table 3:6bdss
the type of sample water that was considered for each biodegradation erperime

4. Batch reactors were then placed in an incubated shaker (NBS@&B0nc.) at 100
RPM and temperature controlled at 21°C for each of the follotiimes: 4, 8, 12, 18
hours and 1, 2, 3, 4, 5, 6 and 7 days. The temperature was selected tadtentons
with the temperature observied during biofiltration (Section 3.1.3)sumary of

each of the different scenarios is presented in Table 3-5.

Table 3-5 - Biodegradation experiment description

Source of Biomass Oxidant Dose R_?.""Ct'on
imes
None -
Ozone 1 mg/ mg DOC
. Ozone
Separate experiments 2 mg/ mg DOC 4,8,12,18
. Extended Dose ]
performed using both Ozone (x25 mg/mg DOC) hrs; 1, 2, 3, 4,
BAC Column 1 & 2 5, 6, 7 days
AOP 2000 mJ/cm2 & 10 mg/H,0,
AOP 4000 mJ/cm2 & 10 mg/H,O,
AOP

4000 mJ/cm2 & 0 mg/H»0,

5. Once the reaction time was complete, the samples were reraodeonmediately
filtered through 0.4pm filter paper (Millipore, Fisher Scientific) and stored at 4°C
for subsequent analysis of DOC, UVA and molecular weight by HPSEC.

All batch biodegradation tests were fully randomized so as tamzeipotential human
and experimental error. For each of the conditions described in 3dbl@ minimum of
three replicates was performed.

A simple decay curve was used to analyze all data obtained Hrategradation

experiments. Equation 3-8 was used for analysis of biodegradation curves.
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Equation 3-8 y=a+hbexpcx)

where, a represents the Concentration of non-biodegradable DOC
(DOChor), b represents the initial Concentration of DOC, less the
DOGC,n (DOG), c represents the kinetic rate constant for the
biodegradation reaction (kinetic rate constapgdk

For each of the biodegradation curves obtained, the values of a,dveer@ averaged for
each scenario. This allowed for comparison of each of these values to deterntivex ahg

trends existed with respect to biodegradation. The most imp@dasatneter was of course
the kinetic rate constant which was indicative of the rate athMDOC was biodegraded by

the available biomass.
3.2.3.2 Biomass Analysis

As a secondary confirmation of acclimatization, it was necgs$eaconfirm the presence of
biomass within the filter and to confirm that the removal of D&#S due to biodegradation
and not adsorption to GAC. The biomass was qualitatively examinegl asiidine orange
staining similar to the technique described in Hobbie et al. (1977mpl8a of activated
carbon from each of the columns were collected and stained with 0.€1dine orange
prepared with ultra-pure laboratory water and preserved with 2ftafdehyde. Samples
were rinsed with ultra-pure water prior to analysis by ridsgaing microscope. Because of
the shape, size and contour of the granular activated carbon particles it vesaneteuse a
laser scanning confocal microscope capable of examining fluoteso@ssions. A Zeiss
Laser Scanning Microscope 510 DuoScan equipped with an LSM 5 Pastal Bxd Zeiss
AxioCam High Resolution camera was used. Results are provided in Appendix C.

In addition to analysis by microscopy, total volatile solids wése determined in
accordance with Standard Methods 2540 (APHA, 2005) as an indicator cddsiggrowth.
Biomass growth was also confirmed through visual inspection of tinatibh apparatus.
Results are provided in Appendix C.

Sample blanks were completed by repeating the biodegradation itbstthe
harvested GAC using distilled and deionized ultrapure water (Mlg@er). In addition,

sodium azide was used to kill the existing biomass so that ankeupyaadsorption could be
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accounted for. A solution of 0.1N Sodium Azide was required. Nufisignt amount of
DOC loss or gain can be attributed to the biomass and, therdfiseexpected that the
biodegradation curves obtained in this study reflect the biodegradatitmmtial of the

harvested biomass. Results are illustrated in Figure 3-8.
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45 14
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4+\o /= T T===
3.5 1% o
g 3 , gel - -A - 0.1 Sodium Azide
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8 , o —@— 0.05 Sodium Azide
D -
-3 Blank 1
1.5 - —%— Blank 2
1 |
0.5 -
0 .
0 1 2 3 4 5 6 7

Time (Days)

Figure 3-8 - Quality control biodegradation curves

In addition, a secondary quality control method was employed. Abnandouble
biomass or half of the biomass used in the original biodegradatjmeriment was used and
these results were compared to the rest of the biodegradegtoresults. When double the
amount of biomass was placed in the reactor, it was expéeter would removed the same
amount of DOC, but in half the time. When half of the biomass vea®glin the reactor, it
was expected that it would take twice the time to removedhee amount of DOC. Results
achieved during this process were as expected and repeated ah,rdodensure good

behaviour during the biodegradation test.
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3.3 Analytical Methods
3.3.1 Glassware

Due to low concentrations of each of the various parameters examimeth the
raw, feed, biofiltered and biodegraded water matrix, glasswaie meticulously cleaned
prior to use in order to minimize any potential contamination. gldssware, lids, Teflon-
lined septa, lids and sampling vials were washed with detergentiased at least three
times with tap water, distilled water and ultrapure wateitliidre Aqua-Q Ultra-Pure Water
System). In addition, all non-volumetric glassware and sampling wiere then baked in a
muffle oven at 450°C for a minimum of 4 hours. Volumetric glasswa® baked at 105°C
in an oven for a minimum of 1 hour. After cleaning and baking, all glasswarstevad in a

clean, dry place with aluminum foil covering all openings.
3.3.2 pH

Throughout the duration of the experiments, pH was measured using amefquH
Meter 50 (Fisher Scientific). Prior to analysis, the pHanetas calibrated using three
standard buffer solutions of pH 4.0, 7.0 and 10.0. The target pH of the preparevater

was 7.0.
3.3.3 Temperature

Temperature was measured using a Fisherbrand* general purpose teB@mom
(Fisher Scientific). Measurements were recorded to the nearest degree.

3.3.4 Alkalinity

Alkalinity was measured in accordance with Standard Methods 232BAA2005)

described below.

* 100ml of water sample was measured and place in Erlenmeyer flagrop
of 0.1N sodium thiosulfate was then added to the sample.
» The sample was placed on stir plate with stir bar and one aliquot of

phenolphthalein indicator was added.
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* The sample was then titrated with standard acid solution untikethealour
was almost discharged.
* One aliquot of bromcresol green was then added and the water saawmple

titrated until the colour changed from blue to yellow.

Alkalinity was calculated using Equation 3-9.

Viwea X N ¥50,000
Equation 3-9 mgCaCQ/ L = —ttred

sample

where Viireq IS the volume of titrant used, N is the normality of the

standard acid andsampieiS the volume of sample used (b0I0.
The target alkalinity of the prepared raw water wan@l as CaCQ@
3.3.5 Hardness

Total hardness was measured in accordance with Standard Methods 2FHDTE.
Titrimetric Method (APHA, 2005) described below:

» 25mls of sample was diluted to B with distilled water and placed in a
250ml Erlenmeyer flask. The flask was then placed on a ste pligh a stir
bar.

e 1-2ml of buffer solution and one aliquot of Total Hardness Indicator were
added to the sample.

» The sample was then titrated with EDTA until the reddish tinges w
discharged and a pure blue colour remained. The entire titratien wa

completed within 5 minutes to minimize Cag@ecipitation.

Total hardness was calculated using Equation 3-10.

V... X1000
Equation 3-10 mgCaCQ/L =-tred —~—~

sample

whereViired iS the volume of titrant used, aMdampieis the volume of

sample used (2BL).
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The target total hardness of the prepared raw water wag/b@s CaCQ.
3.3.6 Total Organic Carbon (TOC)

For the raw, feed, biofiltered and biodegraded water analyzed irexpisriment,
nearly all (90%) of the TOC was present as DOC.

DOC concentrations were measured in accordance with the Rersulfraviolet
Oxidation Method in Standard Methods 5310C (APHA, 2005). A Dohrman Pheonix 8000
UV-Persulfate Analyzer was used with a calculated method taetetmit (MDL) of
0.1Img/L (Standard Methods 1030C, APHA 2005). Samples were filtered throughn®.45
filter paper (Millipore, Fisher Scientific) prior to analysiBue to the low concentrations of
DOC present in the waters analyzed, the lowest analyticglerah the instrument was
employed (0.1 - 2@ag/L). Three replicates of each sample were collected and eacatasne
analyzed three times. Ang/L standard was analyzed for each instrument run. Blanks were

prepared using ultra-pure laboratory water.
3.3.7 Ultraviolet Absorbance (UVA) & Specific Ultraviolet Absorbance (SJVA)

Ultraviolet absorbance (UVA) was measured atr2b4UV,s4) in accordance with
Standard Methods 5910B (APHA, 2005). A UV 300 UV-Visible spectron{&geectronic
Unicam) with a 1cm pathlength quartz cuvette was used. Samptesfiltered through
0.45um filter paper (Millipore, Fisher Scientific) prior to anakysi Three replicates of each
sample were collected and each one was analyzed three timesng/A standard was
analyzed for each instrument run. Blanks were prepared using ultra-puredabwaer.

Specific UV was calculated based on thetidnd DOC values using Equation 3-11.
SUVA values were multiplied by 100 given that measurements dare with a tm UV
cell (Xie, 2004).

UV,
Equation 3-11 SUV#WZSSX10QL/mgH‘n]

where UV254 is the absorbance at 254nm (cm-1) and DOC is the
dissolved organic carbon content (mg/L).
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3.3.8 Molecular Weight Determination by High Performance Size Exclgion
Chromatography (HPSEC)

3.3.8.1 HPSEC Analysis

HPSEC analysis was performed using a Waters 2695 Separation eMdélC
system equipped with a Waters 2998 Photodiode Array Detector, sdetbiaie at 260nm.
The carrier solvent consisted of 0.02 M phosphate buffer (Laborat@ge grFisher
Scientific), at pH 6.8, adjusted with sodium chloride (Certified A.E&iSher Scientific) to
0.1M ionic strength and the column flowrate was 0.7 mL/min. Refwoits the HPSEC
provided the detector response for a given retention time. AMW ceaeglated to the
retention time by performing a calibration with Polystyrenddalte Standards (American
Polymer Standards Corporation) with defined molecular weights160, 4000, 5000 and
7000 Da. A calibration curve with a coefficient of determination of 598 illustrated in
Figure 3-9. Molecular weights of the standards did not cover the etwmmphnge of
molecular weights considered in the present study; thereforedlif@ration curve was

extrapolated using the equation displayed in Figure 3-9 for analysis.
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Figure 3-9 - HPSEC calibration curve

Each HPSEC run included standards that were verified aghestriginal calibration curve

to ensure consistency and are also shown in Figure 3-9.

A typical HPSEC chromatogram for the sample water is shawngure 3-10. The

different NOM fractions are depicted in Figure 3-10, as descritmdgusly. The molecular

weight estimates of these fractions were used for subsequent analysis.
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Figure 3-10 - Typical HPSEC chromatogram

It is important to note that baselines varied between runs, rgsuitsmall shifts in
chromatogram results. Baselines were therefore adjustednale® the data and allow for
proper peak resolution. Baselines were adjusted using SystalditPeersion 4.12
“Baseline Fit and Subtract” function. To ensure reproducibilityulteswvere confirmed

through the analysis of replicates.
3.3.8.2 Resolution of HPSEC Chromatograms

Although the chromatograms provide insight into the characterddtibe NOM, it is
difficult to quantitatively compare the chromatograms from dffiéranalyses. To overcome
this limitation, the chromatograms were deconvoluted into a sefieSaussian peaks
(Thomson et al., 2004; Sarathy and Mohseni, 2007). Using Systakit Be&ware version
4.12, the “Autofit Peak Il Deconvolution” function was applied with theapeeters outlined
in Table 3-6 .
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Table 3-6 - Autofit Peak 11l deconvolution parameters

Parameter Setting

Extreme Value 4 Parametér

Peak Type Tailed (Amplitude)
Response Width 20s
Response Width Defined at Full Width at Half-
Maximum
Frequency Domain Filter 60%
Amplitude Rejection 4%
Threshold
Minimum R Value >0.99

The above settings were selected based on the miniMwhtRe fit and yielded a minimum
R? of 0.99 for all fitted chromatograms. These settings resultadlirpeak chromatogram
that was used to fit all HPSEC data, presented in Figure 3-11.sureation of the 14
peaks corresponds to the original HPSEC chromatogram (Figure 3-11).
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Figure 3-11 - HPSEC chromatogram resolution.
Showing the actual response, and the generated response from summation of &ke fitque
Peaks were categorized based on molecular weight (Da): >1350 (F1), 1050 - 1336qHAD50
(F3), 500-750 (F4), 300-500 (F5), <300 (F6)).

The resolved peaks were categorized based on molecular weight ard pito
apparent molecular weight (AMW) fractions based on their retentimes using the
calibration procedure discussed in Section 3.3.8.1. The largest fragjpvasented
molecular weights greater than 1350Da and corresponded to the les=dijegof the
chromatogram (F1). The remaining peaks were resolved intoltbeihg fractions: 1050 -
1350 (F2), 750-1050 (F3), 500-750 (F4), 300-500 (F5), <300 (F6). The fractioRg,F3,
and F4 roughly corresponded to the humic substances, F5, to the buildingadridcks, to
the lower molecular weight organics and neutrals, as depictégure 3-10 (Kennedy et al.,
2005). The areas of each individual peak were quantified to determineréae
corresponding to each fraction.
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3.3.9 Disinfection By-Product Formation Potential (DBPFP)

To quantify the disinfection by-product formation potential (DBPFPaof, treated

and biodegraded waters the Uniform Formation Conditions (UFC) Methedherdormed
(Summers et al., 1996). This method was chosen over the traditionatdsgvéormation
potential test outlined in Standard Methods 5710 (APHA, 2005) as thaamatlimethod

applies high chlorine doses over long incubation time, which may teadhigher

concentrations of DBPs, and higher chlorine-based over bromine-based ®BRms et al.,
1993; Symons et al., 1996; Shukairy and Summers, 1995). The UFC procedatg targ

conditions outlined in Table 3-7 .

Table 3-7 - Uniform formation conditions

Uniform Formation Conditions

pH 8.0+0.2
Temperature 20.0£1.0
Incubation Time 24+ 1 hr

Chlorine Residual (as Free

Chlorine after 24 hrs) 1.0£0.4 mg/L

The UFC procedure used was as follows:

1.

Samples were removed from storage at 4°C and allowed to egeilitratoom
temperature (approximately 1 hour).

2mL/L of pH 8 borate buffer (described in Summers et al., 1996) was auldiee t
water sample and the pH was adjusted to 8.0 using sulphuric acid (Fisher Scientific)
An aliquot of the sample was placed into pre-cleanadl48mber glass vials until
three quarters full.

Dosing of the aliquot was then done using the combined hypochlorite-baftgion
(described in Summers et al., 1996), and inverted twice using a TeRkmhdcrew
cap.

Vials were then filled with remaining sample and capped heaeddpae. The vials

were inverted a minimum of ten times.
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6. Vials were incubated for 24 hours at 20.0°C. Following incubation, test wexe

opened to measure the chlorine residual and pH, and quenched for subsequent
analysis.

In order to determine the correct dosing amount, trial and erx@riaus C4:TOC ratios
was used to determine the required dose to allow for & 4nfg/L chlorine residual after 24
hours of incubation.

Prior to trihalomethane analysis, the aliquots of sample were lgeenegith %/50mL
sodium thiosulfate (Fisher Scientific). Prior to haloaceiiid analysis, the aliquots of

sample were quenched with @/50mL ammonium chloride (Fisher Scientific).

3.3.10 Trihalomethanes (THMs)

Trihalomethane (THM) concentrations were measured based on the-Liquid
Extraction Gas Chromatography Method described in Standard Me@23#8 (APHA,
2005). Pentane was used as the extraction solvent. Pentane wad aheaccordance with
the method developed at the UBC Environmental Engineering Laboratoch has been
shown to produce pentane which is below the MDL for chloroform concemtréBush,
2008). The following procedure was used to clean pentane:

1. A gas chromatograph column was packed with basic alumina and plaeed
Hewlett-Packard 5880A Series GC and heated to 220°C while pasdiam he
carrier gas through the column. To ensure negligible concentratbns
chloroforms, the column was heated for minimum of 24 hours.

2. Pentane was then passed through the alumina-packed column with tled &elp
100cc glass syringe (Benton Dickinson Luer-Lock Reusable SyringderFi
Scientific). Clean pentane was collected in a pre-cleaned amber bottle.

To minimize re-contamination of the pentane, cleaned pentane wdswithin 2

days, or it was necessary to repeat this procedure.
The following procedure was then used for trihalomethane extraction andisinalys
1. Pre-quenched samples were removed from storage at 4°C and alboeuilibrate

to room temperature (approximately 1 hour).

2. Clean pentane was spiked with 1,2 dibromopropane as the internal stamdard

achieve a final concentration of G§/L.
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3. Calibration standards were prepared from commercially dlail@HM calibration
mixes (approximately 99% purity) in methanol (Supelco AnalyticA)minimum of
5 standards covering the expected range of results were prepared.

4. Calibration standards and blanks were made using a commerwiaillgtde brand of
ozonated spring water (Safeway Select Refreshe, Canada $afielv#o reduce the
potential for contamination from chloroform.

5. Exactly 5mL of sample was removed and discarded.

6. Exactly 4mL of clean pentane was added to each sample viah iaovas then
shaken vigorously for 5 minutes. Phases were allowed to separaat least 2
minutes.

7. The upper layer was then removed from each vial and placed in a pre-cleaned GC vi
using disposable Pasteur pipettes (Fisher Scientific).

8. Extracts were analyzed immediately or stored in the freezet @tC.

Extracts were analyzed for chloroform, bromoform, dibromochloromethame
bromodichloromethane using a Hewlett Packard 6890 Series GC Niffi electron capture
detector (ECD) affixed with a Hewlett Packard 7672A autosampfiedium was used as the
carrier gas. One microlitepl() of extract was injected in the GC column for each analysis

The GC-ECD properties for the THM analysis are outlined in Table 3-8.

Table 3-8 - GC-ECD properties for THM analysis

Parameter Setting
Injector
Type Splitless
Temperature 90°C
Detector
Type ECD
Temperature 260°C
Oven
Initial Temperature 30°C, hold for 2 minutes
Ramp 6°C/min
Final Temperature 120°C

Retention times for each of the compounds are summarized in Table 3-9.
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Table 3-9 - THM retention times (min)

Compound Retention Time (min)

Chloroform 6.552
Bromodichloromethane 9.876
Dibromochloromethane 13.553

IS (1,2 DBP) 15.6

Bromoform 17.307

The sum of each of the above compounds (excluding the internal starvdare)used to

determine the total THM (THW) concentration in the source water.

3.3.11 Haloacetic Acids (HAAS)

Haloacetic acids (HAAs) were measured based on the Liquid-Liqiatb®ktraction

Gas Chromatography Method described in USEPA 552.3 (USEPA, 2003).
The following procedure was used for haloacetic acid extraction and analysis

1.

Pre-quenched samples were removed from storage at 4°C and aloeuailibrate

to room temperature (approximately 1 hour).

30mL of sample was measured in a pre-cleaned graduate cylifides.remaining
sample was discarded and exactlynBOof sample was placed back in the vial. The
graduate cylinder was rinsed with ultra-pure laboratory water betvaesples.
Calibration standards were prepared from commercially aveild®lA calibration
mixes (approximately 99% purity) in methanol (Supelco AnalyticA)minimum of

5 standards covering the expected range of results were prepared.

Calibration standards and blanks were made using a commersiailgtde brand of
ozonated spring water (Safeway Select Refreshe, Canada $afielv#o reduce the
potential for contamination.

An 8Qug/L surrogate solution of 2,3 dibromopropionic acid was prepared in methyl
tert butyl ether (MTBE). Exactly Q. of surrogate standard was added to the water
sample using a disposable-tip pipette. The tip was placed belosutfaze of the
water and the vial was capped and inverted a minimum of 3 times.

The pH was adjusted through the additionml2f concentrated sulphuric acid.
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7. Approximately 14g of sodium sulphate (muffled at 400°C for 4 hours andd)oole
was added immediately after addition of sulphuric acid. Thewade capped and
shaken using a Burrell Wrist-Action Shaker (Burrell Scientifar) approximately 1
minute.

8. A 1ug/mL internal standard solution was prepared using 1,2,3 trichloropropane.
Exactly 4mL of internal standard was added to the samplehahkeis using a Burrell
Wrist-Action Shaker for approximately 3 minutes.

9. Phases were allowed to separate for 5 minutes. The upper laydransferred to a
pre-cleaned COD vial using a disposable Pasteur pipette.

10.3mL of 10% sulphuric acid in methanol was added to each COD vial using a
disposable-tip pipette. Vials were capped and inverted.

11.Vials were placed capped in an uncovered water bath at a tearpes&60°C for 2
hours. The water level was carefully monitored so as not tedxtaf the depth of
the COD vial. If the tube walls are heated, the tubes can evamome of the
measured compounds, leading to higher variability in analytical resulés @oR3).

12.Vials were removed and allowed to cool.

13.5mL of 150g/L sodium sulphate solution was added to each COD vial and vbrtexe
using a vortex mixer (Fisher Scientific) for 5 seconds.

14.Phases were allowed to separate for no more than 2 minutesitttfmof HAA-
esters.

15.The upper layer was then transferred to a second pre-cleaned COD vial.

16.1mL of saturated sodium bicarbonate solution was added to the vial ugipgtiz.
Each vial was then vortexted four times for five seconds each tiRteaises were
allowed to separate for 1 minute.

17.The upper layer was then removed from each vial and placed in a pre-cleaned GC vi
using disposable Pasteur pipettes.

18. Extracts were analyzed immediately or stored in the freezet@tC.

Extracts were analyzed for all 9 HAAs including bromoacedicid (MBAA),
bromochloroacetic acid (BCAA), bromodichloroacetic acid (BDCAA)Jomacetic acid
(MCAA), chlorodibromoacetic acid (CDBAA), dibromoacetic acid (DB)A dichloroacetic
acid (DCAA), tribromoacetic acid (TBAA), and trichloroaceticda€TCAA). Analysis was
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performed using a Hewlett Packard 6890 Series GC affixed wiilevelett Packard 5973
Mass Selective (MS) detector and Hewlett Packard 6890 Seriesaanpler. Helium was
used as the carrier gas. One microlifdr) (of extract was injected in the GC column for
each analysis. The GC-MS properties for the HAA analysis are outlined in3rable

Table 3-10 - GC-MS properties for HAA analysis

Parameter Setting
Injector
Type Splitless
Temperature 200°C
Detector
Type MS
Oven
Initial Temperature 30°C, hold for 8 minutes
Ramp 5°C/min for 16 minutes
Final Temperature 110°C

Retention times for each of the compounds are summarized in Table 3-11.

Table 3-11 - HAA retention times (min)

Secondar Retention
Compound Quantification lon y Time
lons .
(min)
MCAA 105 64, 77 9.124
MBAA 152 93,121 12.218
DCAA 83 87, 85 12.81
TCAA 117 119, 141 16.002
BCAA 127 129, 131 16.264
IS (1,2,3 TCP) 75 110, 112 16.481
DBAA 173 171, 175 19.27
BDCAA 163 141, 161 19.468
CDBAA 205 207, 209 22.658
Surrogate (2,3 DBPA) 165 167 22.72
TBAA 251 253, 231 25.65

The sum of each of the above compounds (excluding the internal stamtheiirrogate),

were used to determine the total HAA (HQA&oncentration in the source water.
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3.4 Quality Control/Quality Assurance
3.4.1 Sample Collection and Storage

QA/QC measures were implemented to verify integrity of thenges during
collection and storage. All samples collected throughout the duratitime gbroject were
collected in amber glass vials and bottles to minimize armgngiat effects from exposure to
light. All bottles were meticulously cleaned with detergent, uagter, distilled water,
Millipore Aqua-Q Ultrapure water and baked at 400°C for a mininafith hour prior to use.

All samples were immediately stored at 4°C and analysed within one weekectiool
3.4.2 Reagents and Laboratory Blanks

All reagents used were laboratory quality unless otherwisalst&mrage blanks and
laboratory blanks were used to determine if there was any cordom of the samples
during sampling, storage or analysis. All blanks were made udiligpore Aqua-Q
Ultrapure Water.

3.4.3 Instrument Reproducibility

Instrument reproducibility was determined through the analysis of kntamdeards for
each of the analysis performed. The reproducibility of each darthyses was validated by
conducting recovery tests where an amount of known standard is spikeghetof the
samples being analyzed. Recovery is expressed as the perdéajageovered from the
initial spiked samples. Method detection limits were also perfdrageording to Standard
Methods 1030C (APHA, 2005).
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4.0RESULTS AND DISCUSSION

4.1 Part 1 - Biofiltration Experiments

41.1

Effect of Biofiltration on Dissolved Organic Carbon (DOC)

The effect of oxidation and subsequent biofiltration on DOC was detedm

throughout the course of this research project. Figure 4-1 illustitaeeffect of oxidation
and subsequent biofiltration on each of the four BAC Column 1 filters landour BAC

Column 2 filters. A full of summary of results obtained candasdl in Appendix C. Note
that the DOC reduction achieved by each of the replicates fro@® 8&lumn 1 and BAC

Column 2 were similar.

Dissolved Organic Carbon (mg/L)

O T T T T T T T T T 1

Raw Feed Effluent Effluent Effluent Effluent Effluent Effluent Effluent Effluent
Water Water from from from from from from from from
(2mg/mg BAC BAC BAC BAC BAC BAC BAC BAC

DOC) Column Column Column Column Column Column Column Column
1.1 1.2 1.3 1.4 2.1 2.2 2.3 24

Figure 4-1 - Effect of combined oxidation and biofiltration on DOC.
(Error bars represent the 90% confidence intervals)

Figure 4-2 illustrates the average percent reductions in DOGQughout the

biofiltration process.
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Figure 4-2 - Average percent reductions in DOC throughout the bioters
(Error bars represent the 90% confidence intervals of the avefageh replicate experiment, and
data labels represent the average percent reductions)

Ozonation at 2 mgémg DOC did not result in a significant reduction in DOC.
These results are consistent with those from other researchtefWaf et al., 1999;
Amirsadari et al., 2001; AWWAREF, 1999; Galapate et al., 2001). Biofiltration through BA
Column 1 resulted in significant removal of DOC of 48%. These seatdt consistent with
those from other studies (Hozalski et al., 1999; Fonseca and Summers,T2003nd
Mohseni, 2007). The reduction in DOC observed is, however, 20% to 30% thighehat
reported in other studies (Wang et al., 1995; Klevens et al., 1996; Cippatrahe 1997).
However, it is difficult to compare different studies that uséeddht raw waters, EBCT,
temperatures, etc. An additional 26% removal of DOC was observedifai biofiltration
through BAC Column 2.
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These results suggest that ozonation at the doses considered is aestsfsiicat
reducing overall DOC levels, while biofiltration significantgduces the DOC levels of the

raw water.
4.1.2 Effect of Biofiltration on Specific Ultraviolet Absorbance (SUVA)

The effect of oxidation and subsequent biofiltration on SUVA was méted
throughout the course of this research project. Figure 4-3 illustitadeeffect of oxidation
and subsequent biofiltration on SUVA on each of the four BAC Column dsfdéted the four

BAC Column 2 filters. A full of summary of results obtained can be found in Appendix C.
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) 1
O T T T T T T T T T 1
Raw Feed Effluent Effluent Effluent Effluent Effluent Effluent Effluent Effluent
Water Water from from from from from from from from
(2mg/mg BAC BAC BAC BAC BAC BAC BAC BAC
DOC) Column Column Column Column Column Column Column Column
1.1 1.2 1.3 1.4 2.1 2.2 2.3 2.4

Figure 4-3 - Effect of combined oxidation and bicfiltration on SUVA leels throughout the filter
(Error bars represent the 90% confidence intervals)

Figure 4-4 illustrates the average percent reductions in DOGQughout the
biofiltration process.
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Figure 4-4 - Average percent reductions in SUVA throughout the bidfers.
Solid lines represent the SUVA, and the dashed line represents the UV
(Error bars represent the 90% confidence intervals of the avefageh replicate experiment, and
data labels represent the average percent reductions)

Ozonation at 2mgémg DOC resulted in a significant reduction in SUVA of 30%.
This result is consistent with those from previous work (Amirsaetaal., 2001; Gunten et
al., 2009; Ko et al., 2000). Biofiltration through BAC Column 1 resulteda significant
additional reduction in SUVA, but an additional 35% reduction in UVA. Theselts are
consistent with those from previous work (Hozalski et al., 1999; TabMohseni, 2007).
An additional 21% removal of SUVA and 23% removal in UVA was observdawioig
biofiltration through BAC Column 2.

These results suggest that, while ozonation did not successfully rBduCdevels
(Section 4.1.1), it did significantly transform the NOM into lassmatic material. Although

biofiltration in BAC Column 1 did not substantially change the foactof the organic
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material that was aromatic, it did significantly reduce theoant of aromatic material

present in the feed water, given the high reduction in DOC observed in Section 4.1.1.
4.1.3 Effect of Biofiltration on Apparent Molecular Weight (AMW)

The effect of oxidation and biofiltration on the apparent moleculagiwgAMW)
was determined and is presented in Figure 4-5. The resultsesented as averages of all
replicate samples analyzed. Results from each of the repkeenples are presented in

Appendix E.

9.00E-03 1 Raw Water

8.00E-03 -
Q = = Feed Water (2mg 0O3/mg DOC)
S 7.00E-03-
~ Effluent from BAC Column 1
© 6.00e-03-
3! Effluent from BAC Column 2
8 5.00E-03-
@]
3
< 4.00E-03-
[}
2
S 3.00E-03 -
o
3
o 2.00E-03-

1.00E-03 -

0.00E+00 -

0.01 0.1 1 10 100
MW [kDa]

Figure 4-5 - Effect of combined oxidation and biofiltration on AMW distibution.

Ozonation at 2mgémg DOC resulted in moderate reductions in the amount of NOM
of most AMW. Further reduction in the amount of NOM of most AMWsvedserved
following biofiltration through BAC Column 1 and BAC Column 2.

As discussed previously, although AMW chromatograms provide insightthe
characteristics of NOM, it is difficult to quantitativelyoropare results from different
analyses. For this reason, the AMW chromatograms were deconvaklitdscussed in

Section 3.3.8.2. The area below each of the peaks provided a quantitatnageesf the

54



amount of organic material in that particular AMW range. Thsulte from the
deconvolution of AMW chromatograms are presented in Figure 4-6 and 4-dbldetailed

results for each analysis is presented in Appendix F.

0.25
B Raw Water
OFeed Water (2 mgO3/mg DOC)
0.2 - 0 EEffluent from BAC Column 1
0 ®m Effluent from BAC Column 2
= 0.15 -
3
O -47
v
Q
< 0.1 - -55
0.05 -
-91
O .
> 1350 1050-1350 750 -1050 500 -750 300 -500 <300
(F1) (F2) (F3) (F4) (F5) (F6)
Apparent Molecular Weight (Da)

Figure 4-6 - Effects of oxidation and biofiltration on AMW
(Error Bars represent the 90% confidence interval of the averagebfof the replicate samples, data
labels correspond to average percent reductions from raw water samples

Table 4-1 - Summary of percent reduction in AMW fractions throughoutbiofiltration
(90% confidence intervals of the average of each of the replgatesles are shown in parentheses)

1050 - 750 - 500 - 300 -

> 1350 < 300
Source 1350 1050 750 500

) F ® F  Fs O

Raw Water 0(15) 0(7) 0(7) 0l 0(13 0l

2 mgO3/mg DOC 47 (39) 52(20) -52(4) -35(l4) -23(17) -2(18)

BAC Column 1 55(21) -64(8) -68(7) -70(l0) -69(6) -68 (6)

BAC Column 2 91 (26) -90 (17) -89 (18) -89 (21) -88 (17) -86 (16)

Ozonation at 2mgémg DOC resulted in significant reductions in the amount of
organic material for most of the AMW ranges, particularly tigher AMW NOM.
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Biofiltration through BAC Column 1 resulted in overall reductions inah@unt of organic
material, in excess of 55%. A higher reduction in lower AMW eontvas observed. These
results are consistent with previous work (Hozalski et al., 1999)19% to 36% reduction
of organic material was observed following biofiltration through BB&@umn 2. In contrast
to BAC Column 1, larger reductions in the amount of AMW were obsemwethé larger
AMW ranges for BAC Column 2.

These results suggest that BAC Column 1 preferentially biodegréhe smaller
molecular weight NOM. Lower molecular weight compounds tend to bee mor
biodegradable, therefore BAC Column 1 preferentially removed ther |&W8N, more
biodegradable organic compounds (Leisinger et al., 1981). The efflue®@id®lumn 1
contained larger NOM that was less biodegradable (i.e. mateaiaivas not preferentially
biodegraded in BAC Column 1). Although not readily biodegradable théeg@aount of
larger molecular weight NOM in the BAC Column 1 effluent, resultehigher removal of
this fraction in BAC Column 2, compared to the removal of lower molecular NOM.

It should be noted that the approach used to measure the molecudgat we
distribution of the NOM can only detect chromophoric NOM and ignored NOM thatrdiie

adsorb light at 200nm (such as biopolymers).
4.1.4 Effect of Biofiltration on Disinfection By-Produce Formation Potertial (DBPFP)

The effect of oxidation and biofiltration on the disinfection by-pradiacmation
potential was determined and is presented in Figure 4-7. Affslimmary of the raw data
obtained can be found in Appendix G and Appendix H. THM4 formation potential
corresponds to the formation potential of all four THMs; similatiAA9 formation
potential corresponds to the formation potential of all nine known HAAs.
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Figure 4-7 - Reduction in THMFP and HAAFP throughout biofiltrati on

(Each point represents an average of at least 6 replicates, eaafatédh incubated and analyzed
separately. Data labels indicate the percent reduction based on aauage Error bars represent
the 90% confidence interval for the average of the replicateszacl)y

Ozonation at 2mgégmg DOC resulted in significant reductions in THMFP and HAARFP o
44% and 45% respectively. These results are consisted withpfessmted in other studies

(Chin and Bérubé, 2004; Chowdhury et al., 2008).

Biofiltration through BAC Column 1

resulted in additional reduction in THMFP and HAAFP of 23% and 15%gecésply.

These results are consisted with previous work (Shukiary et al. .Tdpgarone et al.,
1997). However, these results are between 10% to 30% higher thauprewrk (Joslyn
and Summer, 1992; Wang et al., 1995; Siddiqui et al., 1997). An additional @@Xateof
HAAFP and THMFP was observed following biofiltration through BAC Calula Given

the very high DBPFP in the raw water, only subsequent treatngeBAG Column 2 was
able to lower the DBPFP under the Guidelines for Canadian Drinking WatgtyQiuats of

0.1(THMs) and 0.08 mg/L (HAAS).
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These results suggest that ozonation caused a transformation in MQNing in
less aromatic compound (as discussed in Section 4.1.2) and thereforaglytsigmificantly
reduced the DBPFP. Similarly, BAC Column 1 and BAC Column 2 essuft additional
decreases IN DBPFP due to the reduction in aromatic compoundsg¢asseéid in Section
4.1.2).

Further work was completed in order to determine the effect alaban and

biofiltration on each of the DBPs. Figure 4-8 illustrates timeoral efficiency of oxidation
and biofiltration on the four known THMs.
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Figure 4-8 - Reduction of each of the four THMs through biofiltration
(Each point represents an average of at least 6 replicates, eaatmtddh incubated and analyzed
separately. Data labels indicate the percent reduction based on aausge Error bars represent
the 90% confidence interval for the average of the replicateszaad)y

Ozonation at 2mgO3/mg DOC resulted in significant reductions irMHP
Biofiltration through BAC Column 1 resulted in significant additiomalductions in
chloroform, bromodichloroform formation potential. An additional 25% removal o
chloroform formation potential was observed following biofiltration thioB\C Column 2.

These results suggest that ozonation is successful at reducingH;Hdwever, the overall
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reduction was not significant enough to meet current Guideline€dmadian Drinking
Water Quality limits. Subsequent biofiltration is necessaryoveer the THMFP below
guideline levels.

Figure 4-9 Iillustrates the removal efficiency of each oxetatondition on the three
main HAAs; TCAA, MCAA and DCAA. Bromoacetic acids were notgent in significant

guantities, and have therefore been omitted from this discussion.
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Figure 4-9 - Reduction in each of the three HAAs (DCAA, MCAA and TAA) through
biofiltration
(Each point represents an average of at least 6 replicates, eaatmtédh incubated and analyzed
separately. Data labels indicate the percent reduction based on aauage Errors bars represent
the 90% confidence interval for the average of the replicateszadad)y

Ozonation at 2mgémg DOC resulted in significant reductions in HAAFP. A
significant additional reduction of 33% was observed for TCAAFP level®wing
biofiltration through BAC Column 1. An additional 27% reduction of DGAAwas
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observed following biofiltration through BAC Column 2. No significardididnal reduction
of DCAAFP was observed following BAC Column 1.

These results suggest that ozonation was successful at redueikfgPHhowever,
the overall reduction was not significant enough to meet currentrHéahada guidelines.

Subsequent biofiltration is necessary to lower the HAAFP below guidelins.leve
4.2 Part 2 - Biodegradation Experiments
4.2.1 Feed Water Analysis

4.2.1.1 Effect of Oxidation on Dissolved Organic Carbon (DOC)

The effect of oxidation on the dissolved organic carbon content wasndesedr for
the six conditions described previously and are presented in FHgl@e Raw data is

provided in Appendix J.
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Figure 4-10 - Effect of oxidation on DOC (mg/L)
(Bars represent the average of all samples analyzed. Errorgj@sant the 90% confidence
interval and the data labels represent the average percent reduction

60



As expected, ozonation at 1 and 2 mfg@y DOC did not result in a significant
reduction in DOC. These results are consistent with those fromretearch (Westerhoff et
al., 1999; Amirsadari et al., 2001; AWWARF, 1999; Galapate et al., 20Q0kpnation at an
extended dose of 25mglhg DOC achieved a high removal of DOC, reducing the raw water
DOC concentration by 38%. Compared to oxidation using ozone, oxidatiog WSYH,O,
resulted in greater reduction in DOC for the doses considered. ,O¥tHatment at of 2000
and 4000 mJ/cfmand 10 mg/L HO,, resulted in significant reductions in DOC of 44% and
60% respectively. These results are consistent with thoseofitten research (Goslan et al.,
2006; Bond et al., 2009). UV, treatment at 4000mJ/énand Omg/L HO, resulted in a
DOC reduction of 13%. This result was not expected, and the psdadgtwas unable to
further determine the cause for this elevated DOC removal rate.

These results suggest that significant reduction in DOC is avdgrved following
excessive oxidation of raw water, therefore at oxidation ddsssare not economically
feasible. In addition, high dose UVJ/B, was more successful at reducing the DOC levels of

raw water than ¢) at the doses considered.
4.2.1.2 Effect of Oxidation on Specific Ultraviolet Absorbance (SUVA)

The effect of oxidation on the specific UV absorbance was detedrfor the six
conditions described previously and are presented in Figure 4-11. A fsllnoihary of
results obtained can be found in Appendix J. For further comparison, a graph depicting UVA

and SUVA removal resulting from oxidation is illustrated in Figure 4-11.

61



3.5 - - 0.18
- 0.16
3 .
< - 0.14
25| 3 <
e S | o012
w N—r'
Q (D)
c o
21 8 g - 01
o 2
[72) (@)
2 3
151 S < [ 0.08
D >
o 5
= - 0.06
[&]
118
n - 0.04
-79% x
0.5 - i
-81%  0.02
O T T T T T T 0
Raw Ozonated Ozonated Ozonated uv uv uv
Water 1mg/mg 2mg/mg Extended 4000mJ/cm22000mJ/cm24000mJ/cm2
DOC DOC Dose &0mg/L & 10mg/L & 10mg/L
H202 H202 H202

Figure 4-11 - Effect of oxidation on UVA and SUVA
(Data points represent the average of all samples analyzed. lEarsmepresent the 90% confidence
interval and the data labels represent the average percent reduction.)

Ozonation at 1 and 2 mgnhg DOC achieved overall UVA reductions of 18% and
30% respectively. These results are consistent with those frenresearch (Amirsadari et
al., 2001; Gunten et al.,, 2009; Ko et al., 2000) as well as the resudtmenbtin the
biofiltration experiments (Section 4.1.2). However, these result)@reonsistent with
those from some previous research, where UVA reductions in excB88%wivere achieved
(Kim et al., 2006; Kim et al., 1997; Owen et al., 1995; Kaastrup and H4l9&9, Kleiser
and Frimmel, 2000; Galapate et al., 2001). However, it is difficutampare different
studies that use different raw waters, EBCT, temperatures, @tonation at an extended
dose of 25mgemg DOC achieved an overall UVA reduction of 79%.

Compared to oxidation using ozone, oxidation using W@Hresulted in greater
reduction in UVA at the doses considered. UMbitreatment at of 2000 and 4000 mJcm

and 10 mg/L HO;, resulted in reductions of UVA in excess of 70% and 81%, respectively.
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These results are consistent with those from other reseaachtt{$$ and Mohseni, 2009;
Goslan et al., 2006; Toor and Mohseni, 2007). W@Htreatment at 4000mJ/émand
Omg/L KO, resulted in a UVA reduction of 19% .

These results suggest that, while ozonation did not successfully rBduCdevels
(Section 4.2.1), it did significantly transform the NOM into lessnaatic material. High
dose ozonation, as well as AOPs, were successful at sign¥itanwtring the fraction of the
organic material that was aromatic, and the amount of aromatierial present in the feed

water.
4.2.1.3 Effect of Oxidation on Apparent Molecular Weight (AMW)

The effect of oxidation on the apparent molecular weight (AMW) aedermined for
the six conditions described previously by HPSEC. Graphical remdtshown in Figure
4-12. The results are presented as averages of all repbrapdes analyzed. Results from

each of the replicate samples are presented in Appendix E.
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Figure 4-12 - Effect of oxidation on apparent molecular weight

Ozonation at 1 and 2mg@ng DOC resulted in moderate reductions in the amount of
NOM of most AMW as observed in Figure 4-12. UW treatment at of 2000 and 4000
mJ/cnt and 10 mg/L HO,, resulted in large reductions in the amount of NOM of most
AMW. As expected, the 4000mJ/€mnd 0 mg/L HO, resulted in what visually appeared to
be the least impact on raw water levels.

As discussed previously, although AMW chromatograms provide insightthe
characteristics of NOM, it is difficult to quantitativelyoropare results from different
analyses. For this reason, the AMW chromatograms were deconvahstetiscussed in
Section 3.3.8.2. The area below each of the peaks provided a quantitatnageesf the
amount of organic material in that particular AMW range. Thsulte from the
deconvolution of AMW chromatograms are presented in Figure 4-13 and Z%able

Detailed results for each analysis are presented in Appendix F.
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Figure 4-13 - Effects of oxidation on AMW.
Peaks were categorized based on molecular weight (Da): >1350 (F1), 1050 - 1338@HAD50 (F3), 500-750 (F4), 300-500 (F5), <300 (F6)).
Error Bars represent the 90% confidence interval, data labelsmamnce average percent reductions.
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Table 4-2 - Summary of average percent reduction in AMW fractionsdr each oxidation
condition
(90% confidence intervals of reported reductions shown in parentheses)

1050 - 750 - 500 - 300 -

Oxidation Scenario > 1350 1350 1050 750 500 <300
) Fy ® F  Fs O

Raw Water 0(15) 0(7) 0(7) 0(11) 0(13) 0(11)

1 mgQ/mg DOC -55 (13) -37(19) -22(19) -8(9) 4 (5) 19 (9)

2 mgQ/mg DOC -47 (39) -52(20) -52(4) -35(14) -23(17) -2(18)

2000 mJ/crh& 10mg/L H,0, -80(28) -80(13) -70(7) -61(7) -67(6) -50 (6)
4000 mJ/crh& 10mg/L H,0, -95(13) -94 (34) -90 (16) -85(8) -86(20) -78 (19)
4000 mJ/crh& Omg/L H,0,  -45(21) -24(10) -11(2) -8(3) -7(15) 10(18)

Extended Ozonation -92 (0) -98(0) -100(0) -99(0) -97(0) -96(0)

Ozonation at 1 mgémg DOC resulted in a shift from high molecular weight to low
molecular weight NOM. Ozonation at 1mg resulted in a sigmfid@crease in compounds
greater than 750Da, while an increase in the smaller fractiaasobserved. However, this
effect was not as noticeable at the higher dose of 2mgODOC. This is most likely
explained by the fact that the smaller organic materiahéol during oxidation was also
oxidized at this higher dose. These results are consisténthege from other research (von
Gunten et al., 2003b; Swietlik et al., 2004). Ozonation at an extended d28engfQ/mg
DOC did not result in an apparent shift from high molecular wemkaw molecular weight
compounds, due to the high oxidation of NOM. U¥Itreatment at a dose of 2000mJ7cm
and 10 mg/L HO, resulted in a shift from high molecular weight to low molecwlarght.
These results are consistent with those from other research §dhagh al., 2004; Sarathy,
2009) However, this effect was not as noticeable at the higherdd®00mJ/cfhand 10
mg/L H,O, and is most likely explained by the fact that the smalleern@tformed during
oxidation was also oxidized at this higher dose. The resultvéoage percent removals are
somewhat higher than previous research (Sarathy and Mohseni, 208ffyySa2009). It
should be noted that the approach used to measure the molecular wargtitain of the
NOM can only detect chromophoric NOM and ignores NOM that does notbalgbrt at

200nm (such as biopolymers).
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4.2.1.4 Effect of Oxidation on Disinfection By-Produce Formation Poteril (DBPFP)

The effect of oxidation on the disinfection by-product formation patentas

determined for the six conditions described previously and are shdvgure 4-14. A full

of summary of results obtained can be found in Appendix G and Appendix HM4 T

formation potential corresponds to the formation potential of all fouM3;Hsimilarly,

HAA9 formation potential corresponds to the formation potential of all nine known HAAs.
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Figure 4-14 - Effect of oxidation on THMFP and HAAFP
(Each bar represents an average of at least 3 replicatesngncases, over 10 replicates were
performed), each chlorinated, incubated and analyzed separately. Ditdnidicate the percent
reduction based on average values. Errors bars represent the 90%ncerifiterval).

Ozonation at 1 mgé@mgDOC resulted in no statistically significant reduction in

either HAAFP or THMFP. This result is consistent with thasenf previous work that

found either no effect or slight increases in both THM and HAAn&iion potential
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following low-dose ozonation (Sidiqui et al., 1997; Galapate et al., 20@patone et al.,
1997; Chowdhury et al.,, 2008). Ozonation at 2 gig@DOC resulted in an overall
reduction of 45% for both THM and HAA formation potentials. These tesué consistent
with previous work that achieved between 30 - 60% removals at sidaites (Kleiser and
Frimmel, 2000; Chin and Bérubé, 2005; Hu et al., 1999; Cipparone et al., 1997; Chowdhury
et al., 2008; Ko et al., 2000). Ozonation at the extended dose of 26nggDOC resulted in
extremely high reductions in THMFP and HAAFP, achieving 64% and 82%ovals,
respectively. UV/ KO, treatment at a dose of 2000mJ?@nd 10 mg/L HO, did not result
in a significant reduction in DBPFP. However, UV treatment at a dose of 4000
mJ/cnt and 10 mg/L HO, resulted in significant reductions in excess of 44% for both
HAAFP and THMFP. UV/ HO, treatment at a dose of 4000mJ?cand 0 mg/L HO,
resulted in an increased in HAAFP, which was consistent witthirfgs with those from
previous work where HAAFP increased at low dose applications (Chowdhury et al., 2008).

Previous studies have reported quite varied results in terms offélce & AOP on
both HAAFP and THMFP, and therefore, further research is neeagdento confirm these
findings. Total HAA and THM formation potentials were well abdke Health Canada
standards of 0.1mg/L for THMs and 0.08 mg/L for HAAs, with only thiemcked ozonation
dose of 25mg/mg DOC resulting in concentrations of THMs and HAAssmet the current
Guidelines for Canadian Drinking Water Quality limits for HAAs.

Further work was completed in order to determine the effeckidation on each of
the DBPs. Figure 4-15 illustrates the removal efficiencyasheoxidation condition on the

four known THMSs.
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Figure 4-15 - Effect of oxidation on the formation potential of edt of the four THMs
(Each point represents an average of at least 6 replicates, eaatmtddh incubated and analyzed
separately. Data labels indicate the percent reduction based on aauage ¥rrors bars represent
the 90% confidence interval for the average of the replicateszaadd)y

Ozonation at the lower dose of 1m@@g DOC resulted in increases in all THMs
with the exception of chloroform. Slight increases in all bromthdiMs were observed,
but results remain inconclusive. In contrast, ozonation at the higheotidsngQ/mg DOC
resulted in significant decreases for all four THMFPs. @hesults are consistent with
those from previous work (Cipparone et al., 1997; Kleiser and Frimmel, B3¥8pate et
al., 2001; Bérubé et al., 2004). Ozonation at 25 ghg® DOC resulted in significant
decreases in bromodichloroform and chloroform formation potentials,abstibstantial
increase in bromoform formation potential levels was observed folipvazonation.
Compared to oxidation using ozone, oxidation using UMdHesulted in similar reductions
in THMFP for all doses considered. UVWB} treatment at the lower dose of 2000mJ/cm
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and 10 mg/L HO, resulted in no significant reduction in THMFP In contrast, U\YD,
treatment at the higher dose of 4000m3/@nd 10 mg/L HO, resulted in significant
decreases in all four THMs with reductions in excess of 40%.seThesults are consistent
with previous work (Toor and Mohseni, 2007). However, these results dochigive
similar reduction in THMFP as those from previous studies (Lial.e2002; Bérubé et al.,
2004; Sarathy, 2009). UV/#, treatment at 4000mJ/émand Omg/L HO, did not result in
any significant reductions in THMFP.

Oxidation appeared to increase the brominated THMFP at the loweragpBcations
for ozonation and UV/ kD, treatment. However, the THMFP substantially decreasttat
higher oxidation doses for ozonation and UV{Ohl treatment. Therefore, high-dose
treatment is required in order to reduce THMFP levels to meet water quatislines.

Figure 4-16 illustrates the removal efficiency of each oledatondition on the three
main HAAs present; TCAA, MCAA, and DCAA. Bromoacetic acidsrevaot present in

significant quantities, and have therefore been omitted from this discussion.
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Figure 4-16 - Effect of oxidation on the formation potential of edt of the three main HAAs
(TCAA, MCAA, and DCAA).
(Each point represents an average of at least 6 replicates, eaatmtédh incubated and analyzed
separately. Data labels indicate the percent reduction based on aauage Errors bars represent
the 90% confidence interval for the average of the replicateszaol)y

Ozonation at the lower dose of 1mg@g DOC did not result in any significant
reduction in HAAFP. An increase of 8% in DCAAFP levels was observed. Thess agsult
consistent with previous work (Siddiqui et al., 1997; Reckhow and Sid§&4). In
contrast, ozonation at the higher dose of 2gig@ DOC resulted in significant decreases in
DCAAFP levels. These results are consistent with previous (karlet al., 1999; Chin and
Bérubé, 2004; Chowdhuyry et al., 2008). Ozonation at 25 sy DOC resulted in
significant decreases in all three HAAs. Compared to oxidasorg ozone, oxidation using
UV/ H,0O; resulted in higher reductions in HAAFP. U\4B} treatment at the lower dose of
2000mJ/crhiand 10 mg/L HO, resulted in decreases in DCAAFP and TCAAFP of 27% and
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37% respectively. UV/ pD.treatment at the higher dose of 4000m3/amd 10 mg/L HO,
resulted in significant decreases in the FP of all three Hltk reductions of 33% to 88%.
These results achieve much higher reductions than some reportediouprstudies (Liu et
al., 2002; Sarathy, 2009). UV/.E, treatment at 4000mJ/érand Omg/L HO, resulted in

increases in FP for each of the HAAs.
4.2.2 Batch Biodegradation Experiments
4.2.2.1 Effect of Oxidation on Biodegradation Kinetics

The effect of oxidation on biofiltration kinetics was examined éach of the
oxidation scenarios outlined previously. Note that for all conditions tigedsd, the
coefficient of correlation (B obtained by fitting Equation 3-8 (see Section 3.2.3.1) using
Systat software Table Curve 2D to the biodegradation data was OyprcalTresults from
the biodegradation experiments are presented in Figure 4-17.1 gufaimary of results is

provided in Appendix K.
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Figure 4-17 - Typical biodegradation curve
(Showing 90% confidence interval of fitted curve)
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The average values of a,b and ¢ (see Section 3.2.3.1) for both BAC ccduenns

summarized in Table 4-3, Figure 4-18 and Figure 4-19. Appendix L providdssammary

of the analysis of results.

Table 4-3 - Biodegradation average curve parameters for BAC Column 1 ar8AC Column 2
(Error shown in parentheses corresponds to the 90% interval for theeawéedigreplicates

analyzed).
o Average
Oxidation .
DOCnon (a) DOCi (b) kDOC(c)
Raw Water 2.546 (+0.182)  2.069 (+0.857) 1.857 (+0.505)
4000 m%‘;’gf‘ Omgll ) 464 (+0.248)  1.760 (+0.169) 1.751 (+0.834)
2000 mJ/crh& 10
Biomass Al O, 1.288 (+0.227)  1.425 (x0.605)  2.300 (+0.668)
from 4000 mJ/crh& 10
BAC Al O, 0.878 (+0.136)  1.070 (+0.301)  2.604 (+0.389)
Column
1 Ozonate[gjo(cl)mg MY 5942 (+0.320)  2.102 (+0.692)  1.632 (0.686)
Ozonat%do(égng MY 5 816 (+0.105)  1.807 (20.219)  1.632 (+0.462)
Extended Ozonation
(25mp O3/mg DOC) 0-8467 (0.018) 1,947 (£0.240)  0.626 (+0.062)
Raw Water 2.383 (x0.250) 2.680 (¥0.280) 2.223 (x0.907)
4000 m%“z@f‘ Omgll 5030 (+0.300)  2.087 (+0.076)  1.687 (+1.149)
2000 mJ/crh& 10
Biomass Al O, 1.255 (+0.653) 1.302 (+0.419) 1.780 (20.527)
from 4000 mJ/crh& 10
BAC mall HO, 0.962 (+0.010) 0.863 (+0.417)  1.490 (20.589)
Col
o Ozonate[gjo(cl)mg MY 5570 (£0.153)  2.509 (+0.563) 1.916 (+1.180)
Ozonat%do(égng MY 5 429 (+0.176) 2.127 (:0.101)  1.614 (£0.940)

Extended Ozonation
(25mg O3/mg DOC)

0.650 (+0.250)

1.842 (+0.294)

0.449 (+0.096)

Figure 4-18 illustrates the amount of non-biodegradable DOC remdinliogving

biodegradation for each of the oxidation scenarios.
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Figure 4-18 - Non-biodegradable DOC (DOgon) for each oxidation scenario for BAC Column 1
and BAC Column 2
(Bars represent the average of all replicates analyzed bam®shown correspond to the 90%
interval for the average of all replicates analyzed. Datddaidicate the average percent reduction).

Ozonation at 1Imggmg DOC and 2 mgémg DOC did not result in a significant
effect on the DOGn Of the raw water. Extended ozonation at 25 gligi@ DOC did result
in a 67% decrease in DQ& Compared to oxidation using ozone, oxidation using U@H
resulted in significant reductions in DQ& UV/ H,O, treatment at 2000 mJ/érand 4000
mJ/cnf with 10mg/L HO, resulted in 49% and 66% reductions in D@respectively.

Similar results were obtained for BAC Column 2. Thereforeantlme concluded that
the ability of the biomass present in both Column 1 and Column 2 biodegratablevas
not significantly different despite the fact that they weaeh acclimated to different feed
waters (as discussed in Section 3.1.3). Recall that the feed fedtéo BAC Column 2
contained primarily the larger AMW, slow biodegradable matesatliacussed in Section

4.1.3. Therefore, the biomass acclimatized to the feed water riagtaihe slowly
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biodegradable organic matter (BAC Column 2) was no better at biodegréue non-
biodegradable material (DOCnon) than the biomass in BAC Column 1.

Overall, the extended ozonation dose, and the AOPs that combined 1(HpQy/L
and both the 2000 and 4000 mJ?coV doses were successful at sufficiently altering the
NOM such that the removal of biodegradable organic matter wasmizad during
biodegradation, (i.e. the DOCnon levels were lowest). These results areerdngith those
presented in Section 4.2.1, whereby it was concluded that these oxisletioawrios were
superior at reducing DOC levels, reducing both the fraction and amoamroftic content
of the NOM, and decreasing the overall AMW of the NOM in the waater. These results
suggest that the non-biodegradable DOC, (RECis a function of the type and dose of
oxidation used. However, it is not a function of acclimation conditions of the biomass.

Figure 4-19 illustrates the kinetic rate constant for biodegmad&br each of the

oxidation scenarios.
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Figure 4-19 - Parameterc for each oxidation scenario for BAC Column 1
(Bars represent the average of all replicates analyzed bem®shown correspond to the 90%
interval for the average of all replicates analyzed. Dataddahdicate the average percent reduction).
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With the exception of the ozonation at 25 mfgy DOC, the different oxidation
types and doses did not have a significant effect on the rate Gflilddegradation. Similar
results were obtained for BAC Column 2. The lowkalue obtained for ozonation at 25
mgOs/mg DOC may be due to the fact that most of the DOC is oxidiseing extensive
ozonation and only very slowly biodegradable DOC remained.

These results indicate that rate of biodegradationp&, ks not a function of the type

and dose of oxidation, or to the acclimation conditions of the biomass.
4.2.2.2 Effect of Biodegradation on Ultraviolet Absorbance (UVA)

The effect of oxidation on biofiltration kinetics for UVA was exaed for each of
the oxidation scenarios outlined previously. The results obtained ntinmoge for DOC
presented in Section 4.2.2.1. Full results are provided in Appendix M anchdipge.
Similar results were obtained for both BAC Column 1 and BAC Column 2.

These results provided further certainty that the ability obtbenass present in both
BAC Column 1 and BAC Column 2 to biodegrade NOM, was not significatiffgrent
despite the fact that each were acclimated to different viegdr as discussed in Section
3.1.3. Recall that the feed water fed to BAC Column 2 containedplynthe larger AMW,
less aromatic, slowly biodegradable material (as discussefedtion 4.1.2 and 4.1.3).
Therefore the biomass acclimatized to the feed water camgaihe less aromatic material
(BAC Column 2) was no better at biodegrading the organic material than BAC &alum

Overall, the high ozonation dose and the AOPs that combined 10m@4aAd both
the 2000 and 4000 mJ/nUV doses were successful at significantly lowering the
aromaticity of the raw water (thereby increasing its bgoddability) such that removal of
biodegradable organic material was maximized during biodegoadatlThese results are
consistent with those presented in Section 4.2.2, whereby it waduded that these
particular oxidation scenarios were superior at lowering D@ycing both the fraction and
amount of aromatic content of NOM, and decreasing the overall AM¥eoNOM in the
raw water. These results suggest that the amount of remaiMAg(jhresent in NOM as
DOGq) is sensitive to the type and dose of oxidation used.

With the exception of the ozonation at 25mg O3/mg DOC, the diffenadation

types and doses did not have a significant effect on the rate ofdibtegradation. These
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results indicate that the rate of biodegradation of UVA, @k kis not a function of the type

and dose of oxidation or to the acclimation conditions of the biomass.
4.2.2.3 Effect of Biodegradation on Apparent Molecular Weight (AMW)

The effect of each oxidation and biodegradation was evaluated for eaitte of
oxidation scenarios considered. Apparent Molecular Weight (AMW§ determined for
each of the biodegradation samples. Figure 4-20 illustratesRB&E chromatograms that

were obtained for each of the biodegradation experiments considered.
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Figure 4-20 - Typical chromatogram for each phase of biodegradation expsent

For the analysis that follows, results are presented for trh8s 1 and 7 days. As
discussed in Section 3.2.3.1, a batch test duration of 1 day is equiva@mtBBCT of
approximately 15 minutes in a BAC Column (i.e. similar to BACuGut 1). Raw results
for the batch biodegradation tests for each duration analyzed are presentedidiAQpeA

typical chromatogram showing these three points is illustrated in HgRie
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Figure 4-21 - Typical chromatogram result showing raw water, time O (&ated), time 1 day and
time 7 days.

As discussed previously, although AMW chromatograms provide insightthe
characteristics of NOM, it is difficult to quantitativelyoropare results from different
analyses. For this reason, the AMW chromatograms were deconvalsiteliscussed in
Section 3.3.8.2. The area below each of the peaks provided a quantitativeteesti the
amount of organic material in that particular AMW range. Tlsults from the
deconvolution of AMW chromatograms are presented below. Detedlgats for each
analysis is presented in Appendix P, Appendix Q and Appendix R.

In the case of raw water samples (no treatment applied pribrottegradation)
results are presented in Figure 4-22.
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(Error bars represent the 90% confidence intervals. Data |l&petsent the percent reductions at time 1 day and time 7day.)

Figure 4-22 - Deconvolution results for raw water biodegradation.
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For each of the molecular weight ranges shown in Figure 4-22fisagrireduction
in the amount of NOM present in each AMW range was observed faljowoth 1 day and 7
day biodegradation. High removal percentages were observed for tHer amaecular
weight ranges during the 1 day biodegradation (also correspondind@o lumn 1).
Significant additional reduction in AMW was observed following theay biodegradation,
including biodegradation of the larger AMW material. Thesault®ssuggest that
insufficient removal of biodegradable compounds occurred during the hiodggradation
(corresponding to an EBCT of 15minutes) and therefore there exsgiaiicant amount of
residual biodegradable organic matter present following 1 day biatigma. This residual
organic matter, as discussed in Section 2.2.3, can lead to the forrm&tidBPs during
chlorination and potential regrowth with the distribution system. ®selts for the raw
water biodegradation provide a basis for comparison for the feeer Wwaidegradation
experiments with oxidized feed water.

For ozonation at 1 mg4ng DOC, results are presented in Figure 4-23.
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Figure 4-23 - Deconvolution results for ozonation at 1mg £mg DOC feed water biodegradation.
(Error bars represent the 90% confidence intervals. Data |a@petsent the percent reductions at time 1 day and time 7day.)
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For each of the molecular weight ranges shown on Figure 4-23ficaghireduction
in the amount of NOM in each AMW range was observed following biajegradation. In
contrast to the raw water biodegradation experiments, in maes, gas significant additional
reduction in AMW was observed following the 7 day biodegradation. Tessdts suggest
that ozonation at 1mg g DOC successfully transformed the NOM present in the raw

water (Section 4.2.1.2), such that this material was preferentially biodegratdedinday.

For ozonation at 2 mg4ng DOC, results are presented in Figure 4-24.
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Figure 4-24 - Deconvolution results for ozonation at 2mg £mg DOC feed water biodegradation.
(Error bars represent the 90% confidence intervals. Data |l&petsent the percent reductions at time 1 day and time 7day.)



For each of the molecular weight ranges shown in Figure 4-24fisagrireduction
in the amount of NOM in each AMW range was observed following botly add 7 day
biodegradation. In most cases, no significant additional reducti&wW was observed
following the 7 day biodegradation. These results suggest that ozoatfiorg @Q/mg DOC
successfully transformed the NOM present in the raw watsti(h 4.2.1.3), such that this
material was preferentially biodegraded within 1 day. In ceht@the 1mg @mg DOC,
lower removal percentages (in the order of 20% less removag) abserved following 1 day
biodegradation for most fractions investigated (F2 - F5). Thes#tsesuggest that the rapid
phase biodegradation (BDOC) is a function of the oxidant dose.

For ozonation at the extended dose of 25 mgm@ DOC, results are presented in
Figure 4-25.
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Figure 4-25 - Deconvolution results for ozonation at 25mg £img DOC feed water biodegradation.
(Error Bars represent the 90% confidence intervals. Data lapekssent the percent reductions at time 1 day and time 7day.)

85



For each of the molecular weight ranges shown in Figure 4-25, mificagt
reduction in the amount of NOM in each AMW range was observed foliptwoth 1 day
and 7 day biodegradation. These results suggest that verpilttlegradable organic matter
remains prior to the start of biodegradation, and therefore no addibmdggradation is
able to occur. These results are consistent with those prtsente2.1 whereby it was
shown that the extended ozonation resulted in significant removal of D@&, SUVA and
AMW.,

For AOP oxidation using 4000mJ/érand 0 mg/L HO,, results are presented in
Figure 4-26.
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Figure 4-26 - Deconvolution results for for 4000mJ/cimand 0 mg/L H,0, feed water biodegradation.
(Error Bars represent the 90% confidence intervals. Data lapekssent the percent reductions at time 1 day and time 7day.)
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For each of the molecular weight ranges shown in Figure 4-26fisagrireduction
in the amount of NOM in each AMW range was observed following botly add 7 day
biodegradation. Higher removal percentages were observed for thersnaecular weight
ranges during the 1 day biodegradation (also corresponding to BA@n@dl) indicating
that smaller AMW material is more easily biodegraded dutireginitial rapid phase of
biodegradation. Significant additional reduction in AMW was observidoivimg the 7 day
biodegradation, including biodegradation of the larger AMW material. Thesesresggest
that the smaller molecular weight material is more eadégraded during the initial
biodegradation.  These results correspond well with those obtained Hiafittgation, as
presented in Section 4.1.3.

For AOP oxidation using 2000mJ/érand 10 mg/L HO,, results are presented in
Figure 4-27.
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Figure 4-27 - Deconvolution results for 2000mJ/cfrand 10 mg/L HO, feed water biodegradation.
(Error bars represent the 90% confidence intervals. Data |l&petsent the percent reductions at time 1 day and time 7day.)
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For each of the molecular weight ranges shown in Figure 4-27fisagrireduction
in the amount of NOM in each AMW range was observed following 1 day driadation.
These results suggest that the oxidant used reduced the AMWNOteresent in the raw
water (Section 4.2.1.3), such that this material was prefergntethoved during rapid
biodegradation. The material present following 1 day biodegradatio@ B&umn 1) was
therefore less aromatic and biodegradable and was not prefédyentiadoved during
biodegradation. These results are not consistent with those obtained Hiofiltration
whereby BAC Column 2 removed the larger AMW substances duriridtrdaimon (Section
4.1.3).

For AOP oxidation using 4000mJ/érand 10 mg/L HO,, results are presented in
Figure 4-28.
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Figure 4-28 - Deconvolution results for 4000mJ/cfand 10 mg/L HO, feed water biodegradation.

(Error bars represent the 90% confidence intervals. Data |a@petsent the percent reductions at time 1 day and time 7day.)
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For each of the molecular weight ranges shown in Figure 4-25, mificagt
reduction in the amount of NOM in each AMW range was observed foliptwoth 1 day
and 7 day biodegradation. These results suggest that verpilttlegradable organic matter
remains prior to the start of biodegradation, and therefore no addibmdggradation is
able to occur. These results are consistent with those prtsente2.1 whereby it was
shown that the high dose AOP resulted in significant removal o ,DOVA, SUVA and
AMW. These results are similar to those of presented for etktended ozonation
biodegradation experiment.

Overall these results suggest that the rapid phase biodegraddtioDay

biodegradation) is a function of the oxidant type and dose.
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5.0CONCLUSIONS AND RECOMMENDATIONS

5.1 Biofiltration Column Experiments

The objective of Part 1 of this project was to assess the rémmioM&®OM through biological

activated carbon filtration. Major conclusions from this work are presented below.

1. Ozonation at 2 mg £mg DOC did not result in a significant reduction in DOC from
the raw water. However, based on UVA and SUVA analysis, ozonatibn di
successfully reduce the amount and fraction of the organic material that wasi@arom
Ozonation also successfully reduced the AMW of the NOM preséhtiraw water.
DBPFP was significantly reduced following ozonation; this wasbated to the
decrease in aromatic material during ozonation. However, owezafiation was
unable to lower DBPFP below the Canadian Drinking Water Guideline values.

2. Subsequent biofiltration resulted in significant reduction in DOC ¢evBlofiltration
through BAC Column 1 did not result in a change in the fraction ohargaaterial
that was aromatic, but it significantly reduced the amount omatic material
present. BAC Column 1 preferentially biodegraded the smaller matewdight
NOM that was more biodegradable. Effluent from BAC Column 1 coadtiahigher
AMW that was less biodegradable. The effluent of BAC Column 1 served asdhe fee
water for BAC Column 2, and during biofiltration the larger AMWswgiccessfully
removed in BAC Column 2. Given the high reductions in aromatic coobseirved
during biofiltration, a significant reduction in DBPFP was observed. eédew only
BAC Column 2 was able to lower the DBPFP and generate THM ahd H
concentrations that were below the Health Canada Canadian Drinketgr W

Guideline values.

Overall, ozonation of the raw water at 2mgrdg DOC resulted in significant reductions
in aromatic material, resulting in lowered DBPFP. In addition, drmmmavas successful at
transforming NOM from high AMW to low AMW, rendering the orgamnaterial more

biodegradable and preferentially removed during biofiltration.
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5.2 Biodegradation Experiments

5.2.1 Raw Water Oxidation

The objective of Part 2 of this project was to assess thd effexidation on the rate of
biodegradation. The first sub-objective was to determine thet effedifferent oxidation
doses and types of oxidants on the removal of NOM. Major conclusiongtirenwork are

presented below.

1. High dose oxidation is required to lower DOC levels significantipn addition,
treatment of raw water using UV48, resulted in higher removal of DOC compared
to ozonation at the doses considered. While ozonation did not significadtige
DOC levels, it resulted in a decrease in aromatic mateHigh dose ozonation as
well as UV/HO, was successful at significantly lowering the fraction amdunt of
aromatic material present in feed water.

2. Ozonation at 2mg §mg DOC and UV/HO, treatment at 2000mJ/émand 10 mg/L
resulted in a shift from high AMW to low AMW NOM. This effeatas not as
noticeable for the higher ozonation and AOP doses which was likelyodhe fact
that the smaller AMW organics formed during oxidation were alsdized at the
higher doses.

3. While significant reduction in DBPFP was observed for eachhef scenarios
investigated, only the extended ozonation dose of 25;mygDOC was able to meet
the Canadian Drinking Water Guideline limits for THMs and HAAs.

Overall, while the high-dose oxidants (ozonation at 25igh@ DOC and AOP treatment at
4000mJ/crhand 10mg/L HO,) were successful at reducing DOC, UVA, AMW and DBPFP,
the elevated dose required make these options less practicallycamairecally feasible.
Ozonation at 2mg §mg DOC and AOP treatment at 2000mJ/@nd 10mg/L HO, provide
good removal of UVA and AMW and a reduction of the DBPFP.

5.2.2 Batch Biodegradation Experiments

The second sub-objective was to assess the effect of oxidatibe ozte of biodegradation.

Major conclusions from this work are presented below.
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. Ozonation at 1 and 2 mgsfihg DOC was not successful at reducing the amount of
residual DOC (or non-biodegradable DOC) remaining following biodegjcada
Extended ozonation and high dose AOPs at 2000 and 4000 Twlittm10mg/L
H,O, were successful at lowering the amount of non-biodegradable DQ€npre
following biodegradation. These results suggest that the amount of oaegbadable
DOC is a function of the type and dose of oxidant used. Reduction of non-
biodegradable DOC can, therefore, be maximized by using the ajgpeopre-
oxidation treatment or dose.

. With the exception of the ozonation at 25mgO3/mg DOC, the differenatan
doses and types of oxidants used did not have a significant effdot osté of DOC
biodegradation. Thereforepdic is not a function of the type or dose of oxidant used.
. Ozonation at 1 and 2mgsng DOC, and AOP treatment using 2000 mJ/@md
10mg/L HO,, was successful at reducing UVA and AMW of the NOM, rendeiting
more biodegradable, such that this material was preferentathpved during the
rapid phase biodegradation (1 day biodegradation). This result sugbasts t
potentials for DBPFP and regrowth within the distribution systeennainimized,
given the high reduction in biodegradable organic content.

. Extended ozonation at 25 mgO3/mg DOC and AOP treatment using 4006°radtt
10mg/L HO,, oxidized most of the NOM, significantly reducing the DOC, UVA,
AMW and DBPFP. However, very littler biodegradation occurrecmithe high
oxidation of NOM, making oxidation at these doses unsuitable asgateaent for
biofiltration systems.

. Results from both the raw water biodegradation experiment and thegbaoihtion
experiment using only 4000mJ/graf UV light suggest that lower AMW NOM is
preferentially biodegraded during biofiltration.

. Biomass from BAC Column 1 and BAC Column 2 resulted in similar lgatation
kinetics and therefore both biomasses (regardless of the exteBd£d far BAC
Column 2 and the different feed water) exhibited similar biodefmadaates.
Therefore, this may indicate that the acclimation of biomagsghly biodegradable

or slowly biodegradable NOM in the feed water would achieve a&imil

biodegradation results.
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Overall, the high dose oxidants (ozonation at 25m@gn@ DOC and AOP treatment at
4000mJ/crhand 10mg/L HO,) are unsuitable as pre-treatment options for biofiltration given
that they result in highly oxidized NOM that exhibits very dittbiodegradation during
biofiltration. The lower dose oxidants are suitable pre-treatraptibns for biofiltration,
given the high reductions in UVA, AMW and DBPFP exhibited, and thmilasi
biodegradation kinetics observed. However, ozonation resulted in the l@nestals of
non-biodegradable DOC and, therefore, the AOP dose of 2000fmdfmn10mg/L HO,
would maximize removal of non-biodegradable DOC, while also ensunirfificient

biodegradation of NOM during subsequent biofiltration.

5.3 Engineering Significance and Future Work
5.3.1 Significance

This work is useful to water utilities in evaluating the effettoxidation on the
biodegradability of NOM. Since sources of NOM vary widely heit chemical
composition, and the degree to which they are able to be biodegratiedany; it is
important that water utilities considering biological treatm@ntBAC treatment) perform
batch biodegradation experiments, to obtain a preliminary estiofiatee biodegradation
potential of the NOM particular to their area. As an al@ve, the SUVA may be a good
indicator of the biodegradation potential, which is consistent with fiisdirgn Goel et al.,
(1995).

Because of the variability in NOM, it's also important thatevautilities determine
the optimum ozone dose or AOP dose to achieve maximum biodegradabilBAC, as
demonstrated by this research. Pre-oxidation prior to biofiltrgtionides an opportunity to
maximize the removal of the non-biodegradable fraction of NOM vidid8ltration does not
appear to affect the amount of non-biodegradable DOC. In additiondiesganf the pre-
oxidant used, the rate kinetics appear to be constant when operatitepdy-sate
biofiltration system.

For small water utilities, the complexity and cost of ozone bags@ms makes UV
irradiation a more attractive alternative (AWWARF 1999). Givenresults obtained in this
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study, it may be more advantageous from a water quality pérspés employ advanced
oxidation processes using UV. However, significant financial assesswaults be required

for any of the integrated treatment processes discussed irefiart, given the potential for
high capital and operating costs.

Despite the complexities involved in treating source water, BASmple and easy
to operate and is a viable alternative for small and rural contiesihdoking to achieved
high water quality objectives with minimal operational requinetse Additional
investigation into the feasibility of ozonation and AOPs in sm@adl eemote communities

should be investigated.
5.3.2 Future work

1. Investigation into the effect of different water sources with various tyjpd®©®M and
AMW footprints on biodegradation kinetics is necessary as this siolyyused on
type of raw water.

2. Investigation of ozonation by-products removal efficiency within BAGuld be
beneficial, given that water quality standards may become morgesit with respect
to these compounds.

3. Future work should explore other alternative integrated treatnpentesses.
Exploring the feasibility of combined catalytic ozonation, or vaccuM id
combination with biofiltration biofiltration to determine whether thrgegrated
treatment process is advantageous (see work by Chen et al., 2009).

4. It would be beneficial to explore more ozone dose ranges -rcaskas shown that
the differences between ozone doses of 1 and 2 mg/mgDOC may nghifieasit
enough to observe any differences (Cipparone et al., 1997; Buchanan et al., 2004).

5. Future work should explore the effect of backwashing on BAC fiegformance ,
even though some research with sand/glass beads has shown mineogloaff
continuous flow biofilters after backwashing (Hozalski et al., 1999).

6. It would be advantageous to better articulate the degradation of amdngydrogen

peroxide in BAC filters.
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7. Future work should investigate the effect of these treatmenégses on membrane
fouling. It was shown by Karnik et al. (2005b), that ozone helped toasere

recovery of permeate flux from 60 to 95%. However, additional work is still needed.
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APPENDIX A. OZONATION CALIBRATION DATA

Table A-1 - Ozone calibration data

ID Date (Tr'nnlr;]e) S_ogium Ti”i“"” Ti”‘;‘“"” Tﬁr':tr;';n E{'-T%rg C?:l(r:gtljautsgd@ Qc;ellzl’cr:g(ldautggd (rggo%ﬂ ggchQed ggghgd
Thiosulfate Titration (mg/L) in2L (mg) | Trap 1) (mg) (mg/L)

WIS 300 0.01 20.8 21 0 0.2 50.16 100.32 0096  100.22450.112
YN | 600 0.01 38.7 39.7 0 0.3 94.08 188.16 0144  188.01 94.008

uly 20, 1 250 0.01 16.1 165 0 0.2 39.12 78.24 0.096  78.144 39.072
20N | 500 0.01 317 33.5 0 0.3 78.24 156.48 0144  186.33 78.168

W 2Lst | 250 0.01 165 16.4 0 0.2 39.48 78.96 0.046  78.854 39.432
J“%il)“' 1.00 0.01 85 8.6 0 0.1 2052 41.04 0048 40992 490
5 j::ggz(i 0.50 0.01 3.8 3.7 0 0.1 9 18 0.04 17.95¢  8.97
3 W2ist | 025 0.01 1.9 2 0 0 4.68 9.36 0 9.36 4.68
% Jl2Ist | 050 0.01 3.8 3.6 0 0.1 8.88 17.76 0.048  17.712 5®.8
o 3“3’021%”"' 0.50 0.01 3.7 3.6 0 0.1 8.76 17.52 0048 17472  3@8.7
ulyeand, | o.75 0.01 5.4 5.6 0 01 132 26.4 0.048 26332  7R.1
23 | 075 0.01 5.6 5.8 0 0.1 13.68 27.36 0.048  27.3]12 658
oo | oer | o001 5 48 0 0.1 11.76 2352 0.048 23472  GBLT

uly 2o | 050 0.01 3.8 3.8 0 0.1 9.12 18.24 0.048 18192 9.0
SISt | 1500| 0.1 96.4 96.7 0 0.1 231.72 463.44 0.048  30@3.| 231.696
A”%‘?ltosm' 5.00 0.01 337 33.9 0 0.1 81.12 162.24 0048  162.19 81.096
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Table A-2 - Ozone treatment data

_ mg O, DOC Total O3
Time N Primary  Secondary (200ml mg O Total O3 Total O3 Raw Produced
ID Date (min) S_odlum K_I Tr_ap T_rap_KI Trap (200ml Produced Produce Water (mg
Thiosulfate  Titration Titration Trap 2) (mg) d (mg/L) Os/mg
1) (mg/L)
DOC)
7031.1 July 3rd, 2010 0.75 0.01 1.9 0.1 0.838 8.04 20.1456 10.0728 4.8763 2.0657
704 1.1 July 4th, 2010 0.75 0.01 1.7 0.1 0.792 8.04 20.2416 10.1208 5.1247 1.9749
7051.1 July 5th, 2010 0.75 0.01 14 0.1 0.648 8.04 20.3856 10.1928 4.9957 2.0403
706 1.1 July 6th, 2010 0.75 0.01 1.9 0.1 0.838 8.04 20.1456 10.0728 4.9875 2.0196
7101.1 July 10th, 2010 0.75 0.01 23 0.1 1.08 8.04 19.9536 9.9768 5.3112 1.8784
7141.1 July 14th, 2010 0.75 0.01 3 0.1 1.416 0.048 19.6176 9.8088 4.8865 2.0073
7151.1 July 15th, 2010 0.75 0.01 2.6 0.1 1.224 4®.0 19.8096 9.9048 4.9876 1.985¢9
7181.1 July 18th, 2010 0.75 0.01 3.2 0.1 1.512 48.0 20.1936 10.0968 4.8995 2.0608
71914 July 19th, 2010 0.5 0.01 19 0.1 9.12 0.048 9.024 4512 5.164 0.8737
7201.1 June 20th, 2010 0.75 0.01 2.8 0.1 1.32 80.04 19.7136 9.8568 5.0134 1.9661
7211.1 July 21st, 2010 25 0.01 65 0.1 31.32 0.043 47.496 23.748 5.2443 4.5283
7212.1 July 21st, 2010 0.5 0.01 13.7 0.1 6.624 4.0 11.52 5.76 5.2853 1.0898
- 7212.2 July 21st, 2010 0.5 0.01 4.3 0.1 2.088 .04 16.056 8.028 4.8346 1.6605
o 7212.3 July 21st, 2010 0.5 0.01 0.9 0.1 0.408 8.04 17.736 8.868 4.7217 1.8781
g 7212.4 July 21st, 2010 0.5 0.01 3.1 0.1 1.488 8.04 16.656 8.328 4.596 1.8120
= 72311 July 23rd, 2010 0.75 0.01 2.8 0.1 1.3 .04 2239344 11.19672 5.0646 2.2108
8 7231.1 July 23rd, 2010 0.75 0.01 3.4 0.1 1.608 4®.0 19.4256 9.7128 4.9876 1.9474
|: 7231.2 July 23rd, 2010 0.75 0.01 3.8 0.1 1.872 48.0 25.392 12.696 5.1337 2.4731
724 1.1 July 24th, 2010 0.75 0.01 2.8 0.1 1.3 .04 19.7136 9.8568 5.0646 1.9462
7251.1 July 25th, 2010 0.75 0.01 25.1 0.1 12.096 .04® 11.328 5.664 4.7393 1.1951
7251.2 July 25th, 2010 0.75 0.01 23.9 0.1 11.424 048 12 6 4.6721 1.2842
7301.1 June 30th, 2010 0.75 0.01 25 0.1 1.176 480.0 19.8576 9.9288 5.2347 1.8967
73111 July 31st, 2010 15 0.01 46.2 0.8 22.728 84.3 440.28 220.14 4.4398 49.5833
7311.2 July 31st, 2010 0.75 0.01 3.4 0.1 1.608 48.0 25.656 12.828 4.8264 2.6579
7311.3 July 31st, 2010 30 0.01 220 80 106.56 38.4 781.824 309.576 4.0277 76.8617
8011.1  August 1st, 2010 45 0.01 305 105 147.6 50.4 1192.176 434.568 5.7945 74.9965
803 1.1  August 2nd, 2010 0.5 0.01 3.6 0.1 1.752 48.0 16.392 8.196 4.8913 1.6756
808 1.1  August 8th, 2010 5 0.01 230 0.8 110.88 £.38 50.928 25.464 4.9583 5.1356
8151.1 August 25th, 2010 0.75 0.01 1.8 0.1 0.84 0 20.1936 10.0968 4.8995 2.0608
8251.1 August 25th, 2010 2.5 0.01 74 75 35.76 0.24 42.864 21.432 5.1225 4.1839
8251.2  August 25th, 2010 5 0.01 236 234 1128 0.288 49.104 24.552 4.6883 5.2369
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APPENDIX B. UV/H,0O, TREATMENT DATA
Table B-1- UV/ H,0O, experiment conditions
iati Bovine Liver Bovine
D UVA 54 Wi UV Dose| Volume Ir;?rﬂ:tllgrn H,0, Stock Liver
(cm'l) (mJ /CmZ) (mL) ~ Dose | Concentration | Dosing
(min) (mg/L) (mL)
phn 96123} 0155 | 0.01585 2000 1000 32.7 0 mglL 500 0.4
PN 96123} 0.157 | 0.01483 2000 1000 32.7 0 mglL 500 0.4
PN 96123} 0157 | 0.01483 4000 1000 65.4 0 mglL 500 0.4
phn 96123} 0150 | 0.91381 4000 1000 65.5 0 mglL 500 0.4
Jphh 06/23 5 151 | 0o179| 2000 1000 326 | 10 500 0.4
2.1 mg/L
JPhNO6/231 o 155 | 0.01583 2000 | 1000 327 | 10 500 0.4
2.2 mg/L
JPhh 06/23) 4 157 | 091483 4000 1000 5.4 | 10 500 0.4
2.3 mg/L
JPhN 0823 o155 | 0.0173 4000 | 1000 653 | O 500 0.4
2.4 mg/L
Jphrl‘ 26/ 26| 0.154 | 091637 2000 900 29.4 mzel_ 500 0.36
Jph? 26/ 26l 0153 | 0.91688 2000 900 29.4 mlgeL 500 0.36
Jph? 26/ 26l 0142 | 092254 4000 900 58.4 mlgeL 500 0.36
Jph? 26/ 26l 0149 | 091893 4000 900 58.6 mlgeL 500 0.36
Jphn 06/26 6 175 | 0.90724 2000 | 1500 a95 | 10 500 0.6
2.1 mg/L
Jphh 06126) 5 169 | 0.00874 4000 | 1500 9gs | 10 500 0.6
2.2 mg/L
IPhD 96/26) 0.148 | 092944 4000 | 1500 97.7 | OmglL 500 0
JPhD 08128 0157 | 0.01483 4000 | 1500 982 | OmglL 500 0
PhN 06128 0156 | 001534 2000 | 1500 491 | omglL 500 0
JPhn 06128 0156 | 0.01534 4000 1500 98.1 0 mglL 500 0
JPhh 06727\ " 175 | 0.9057| 4000 | 1500 992 | 10 500 0.6
1.1 mg/L
Johh 06727\ 4 175 | 0.90721 4000 1500 990 | 10 500 0.6
1.2 mg/L
Jphh 06727 6 158 | 0.91433 2000 | 1500 491 | 10 500 0.6
1.3 mg/L
Johh O8127) " 157 | 0.01484 2000 | 1500 a91 | 1O 500 0.6
1.4 mg/L
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APPENDIX C. BIOMASS ANALYSIS AND VOLATILIZATION
RESULTS

The three biomass analysis techniques were described in the pr8emien. The first was
through the use of a modified acridine orange staining method. Rasultkistrated in Figure

C-1 - Image of stained fluorescing GAC.

b)
Figure C-1 - Image of stained fluorescing GAC
(ais GAC from BAC Column 1, b is GAC from BAC Column 2)

Given the constraints of the microscope and the complexity of theeceunf GAC particles,
it was difficult to observe the presence of rod-shaped (bacteragscing elements. The virgin
GAC did not respond similarly to this treatment, and produced no ficenee under the
microscope. Given that both particles underwent similar procedaregqrovides a qualitative
confirmation of the presence of biomass on the GAC particles.

The second analysis involved the determination of volatile solids ogrémeilar activated
carbon extracted from the columns. This analysis proved diffggudin the medium used. It
was necessary to perform a volatile solids test on both vir§@ éd GAC extracted from the

columns. Results are presented in Figure C-2 and Table C-1.
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Figure C-2 - Percent additional volatilization of harvested GAC compied to virgin GAC

The value of percent additional volatization provides a semi-quargitebnfirmation that
biomass was present on the filter media. Given the complexigpnalyzing results from this
test, it is important that secondary tests be performed in twdaynfirm presence of biomass
within filters.

The tests performed provided confirmation of presence of biomass growth withitetsofi
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Virgin GAC Volatilization

Table C-1 - Volatilization of harvested GAC

. . . Weight of Weight of .
D D|§h Dish +  After After After Weight of GAC GAC after %V|rg|_q GAC Average
Weight GAC 40°C 105°C 550°C Dry GAC after 550°C Volatilized
105°C
Virgin GAC  1.1080 3.6082 3.2279 3.2440 1.4803 2.1199 2.1360 0.3723 82.5702
V?rg?n GAC 1.0791 2.7499 2.4750 2.5583 1.3025 1.3959 1.4792 0.2234 84.8972 86.2936
Virgin GAC  1.1087 2.1020 1.8805 1.8140 1.1887 0.7718 0.7053 0.0800 88.6573 '
Virgin GAC  1.0804 1.8907 1.7017 1.7644 1.1553 0.6213 0.6840 0.0749 89.0497
Filter GAC Volatilization
Weight of Weight of Remainin " -
o Dish Dish+ After After  After  Weightof GAC GAC weight i Addtional - Addtional Average
Weight GAC 40°C 105°C 550°C Dry GAC after after Virgin GAC - .
105°C 550°C only volatilized volatilized
Slow 1.1018 5.4954 3.9964 2.0057 1.1784 2.8946 0.9039 0.0766 0.1239 0.0766 5.2320
Slow 1.0904 4.9891 3.5212 1.9736 1.1632 2.4308 0.8832 0.0728 0.1211 0.0728 5.4636
Slow 1.0962 4.6407 3.1389 1.8791 1.1611 2.0427 0.7829 0.0649 0.1073 0.0649 5.4167
Slow 1.0760 4.9307 3.2027 1.9158 1.1466 2.1267 0.8398 0.0706 0.1151 0.0706 5.2996
Slow 1.0753 2.1236 1.5761 1.3323 1.0946 0.5008 0.2570 0.0193 0.0352 0.0193 6.1830
Slow 1.1074 2.0499 1.5153 1.3559 1.1268 0.4079 0.2485 0.0194 0.0341 0.0194 5.9166 5.6976
Slow 1.0786 2.2287 1.5821 1.3652 1.1019 0.5035 0.2866 0.0233 0.0393 0.0233 5.5639
Slow 1.1014 5.7544 4.1847 2.2448 1.1926 3.0833 1.1434 0.0912 0.1567 0.0912 5.7302
Slow 1.0900 4.8918 3.4525 1.9876 1.1604 2.3625 0.8976 0.0704 0.1230 0.0704 5.8632
Slow 1.0957 3.5090 2.3734 1.6688 1.1397 1.2777 0.5731 0.0440 0.0786 0.0440 6.0288
Slow 1.0758 4.5127 2.9312 1.9011 1.1396 1.8554 0.8253 0.0638 0.1131 0.0638 5.9759
Fast 1.1008 1.8131 1.3852 1.2878 1.1177 0.2844 0.1870 0.0169 0.0256 0.0169 4.6929
Fast 1.0895 2.1716 1.6189 1.3245 1.1115 0.5294 0.2350 0.0220 0.0322 0.0220 4.3273 4.4597
Fast 1.0952 2.4319 1.8488 1.3813 1.1219 0.7536 0.2861 0.0267 0.0392 0.0267 4.3588
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APPENDIX D. BIOFILTRATION RESULTS FOR TOC AND UVA
Table D-1- DOC, UVA data for biofiltration

Raw Water Treated Water (2mg/mg DOC)
ID DOC (Std Dev) UVA SUVA ID DOC (Std Dev) UVA SUVA

7/03 1.1 4.8763 0.062566 0.173 3.548| 7/031.1 4.632485 0.077607 0.112 2.417709

7/04 1.1 5.1247 0.075093 0.156 3.038| 7/041.1 4.868465 0.072941 0.116 2.382681
7/051.1 4.9957 0.073391 0.125 2.493| 7/051.1 4.745915 0.034136 0.112 2.359924
7/06 1.1 4.9875 0.059522 0.162 3.247| 7/06 1.1 4.738125 0.064205 0.117 2.469331
7/07 1.1 5.1104 0.0673 0.194 3.802| 7/071.1 4.85488 0.030808 0.11 2.265761
7/07 1.2 4.9583 0.0489 0.136 2.743| 7/07 1.2 4.710385 0.080567 0.12 2.547562
7/101.1 5.3112 0.068035 0.190 3.585| 7/101.1 5.04564 0.09385 0.1  1.981909
7/141.1 4.8865 0.08278 0.163 3.334| 7/141.1 4.642175 0.08996 0.118 2.541912
7/151.1 4.9876 0.034424 0.130 2.598| 7/151.1 4.73822 0.065116 0.104 2.194917
7/18 1.1 4.8995 0.061799 0.166 3.396| 7/18 1.1 4.654525 0.055671 0.112 2.406261
7/191.1 5.0896 0.1007 0.173 3.399| 7/191.1 4.7845 0.0555 0.109 2.27819
7/191.4 56839 0.0821 0.176 3.096| 7/191.4 4.837635 0.048563 0.103 2.12914
7/201.1 5.0134 0.0827 0.127 2.527| 7/201.1 4.7154 0.1029 0.115 2.438817
7/211.1 5.2853 0.0576 0.181 3.425| 7/211.1 5.021035 0.003186 0.111 2.2107

7/2121 491 0.0704 0.162 3.299| 7/212.1 4.6411 0.0346 0.108 2.327035
7/212.2 4.8346 0.1403 0.128 2.648| 7/212.2 4.7154 0.1029 0.115 2.438817
7/212.3 4.7217 0.132 0.163 3.452| 7/212.3 4.391181 0.014173 0.106 2.413929
7/1212.4 4596 0.0673 0.160 3.481| 7/212.4 4.45812 0.062726 0.117 2.624425
7/231.1 5.0646 0.0543 0.158 3.120| 7/231.1 4.8959 0.0523 0.119 2.430605
7/231.2 51337 0.0446 0.160 3.117| 7/231.2 5.0439 0.0918 0.118 2.33946
7/241.1 5.0646 0.000525 0.203 4.004| 7/241.1 4.834086 0.062503 0.116 2.399626
7/251.1 4.7393 0.1165 0.163 3.439| 7/251.1 4.765542 0.099263 0.105 2.203317
7/251.2 4.6721 0.0547 0.169 3.617| 7/251.2 4.578658 0.017186 0.105 2.293248
7/30 1.1 5.2347 0.070709 0.153 2.923| 7/301.1 5.339394 0.029089 0.108 2.022701
7/311.1 44398 0.006 0.141 3.176| 7/311.1 47633 0.077378 0.119 2.498268
7/311.2 48264 0.0809 0.174 3.605| 7/311.2 4.8694 0.0209 0.12 2.464369
7/311.3 4.0277 0.1319 0.150 3.724| 7/311.3 3.62493 0.036364 0.111 3.062128
8/011.1 57945 0.1627 0.193 3.331| 8/011.1 5.21505 0.000985 0.11 2.10928
8/031.1 4.8913 0.1422 0.159 3.251| 8/03 1.1 4.40217 0.076535 0.125 2.839509
803 1.1 4.9223 0.056908 0.152 3.088| 803 1.1 4.43007 0.065962 0.122 2.753907
8251.1 4.8995 0.007096 0.153 3.123| 8251.1 4.40955 0.077968 0.121 2.744044
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Column 1.1 Column 1.2
ID DOC (Std Dev) UVA SUVA ID DOC (Std Dev) UVA SUVA
cl.l 2.5585 0.056 0.052 2.032 «cl1.2 1.4105 0.0082 0.028 1.985
cll 2.845 0.0896 0.071 2.496 cl.2 2.1604 0.0059 0.04 1.852
cll 2915 0.0307 0.069 2367 «cl.2 2.7963 0.0471 0.063 2.253
cl.l 2.8739 0.0222 0.066 2.297 cl.2 1.3516 0.0234 0.025 1.850
cll 2.7396 0.0102 0.069 2519 «cl1.2 1.8969 0.0357 0.035 1.845
cl.l 2.6032 0.0278 0.07 2.689 cl.2 1.8712 0.0295 0.041 2191
cl.l 29943 0.1883 0.07 2.338 cl.2 2.1581 0.0174 0.053 2.456
cl.l 2.8505 0.0563 0.033 1.158 «cl1l.2 1.7933 0.0033 0.052 2.900
cl.l 1.8807 0.0353 0.037 1967 «cl1.2 1.3208 0.0513 0.023 1.741
cl.l 2.0768 0.0375 0.034 1637 cl.2 2.6759 0.0305 0.069 2.579
cll 2.567 0.0038 0.058 2.259 «cl1.2 2.8325 0.0286 0.065 2.295
cll 28731 0.0387 0.066 2.297 cl.2 2.8851 0.0411 0.067 2.322
cl.l 1.6374 0.0251 0.031 1.893 «cl.2 2.0382 0.0394 0.056 2.748
cll 1.868 0.0265 0.032 1.713 «cl.2 1.81 0.0349 0.05 2.762
cl.l 1.858 0.0146 0.036 1938 «c1.2 3.0689 0.1246 0.074 2.411
cll 2.4749 0.0263 0.058 2.344 cl.2 3.1687 0.0044 0.074 2.335
cl.l 1.8673 0.0086 0.051 2731 «cl1l.2 2.7536 0.0616 0.057 2.070
cl.l 1.6415 0.0202 0.046 2.802 cl.2 2.8848 0.2498 0.078 2.704
cl.l 21401 0.0658 0.054 2523 «cl.2 2.7341 0.0464 0.073 2.670

cl.l 19782 0.0106 0.054 2.730 Column 1.4
cl.l 3.0086 0.1572 0.075 2.493 ID DOC (Std Dev) UVA  SUVA
Column 1.3 cl.4 2.5487 0.0096 0.062 2.433
ID DOC (Std Dev) UVA SUVA <cl1.4 2.0699 0.035 0.051 2.464
cl.3 24422 0.0174 0.0568 2375 cl.4 27137 0.0279 0.072 2.653
cl.3 2.8445 0.0388 0.078 2742 «cl4 1.7791 0.0495 0.039 2.192
cl.3 2.8857 0.0093 0.072 2495 cl.4 1.863 0.0088 0.066 3.543
cl3 2.7753 0.0197 0.07 2522 cl4 2.0976 0.0214 0.038 1.812
cl.3 2.6879 0.0721 0.068 2530 cl.4 24814 0.0263 0.051 2.055
cl.3 2.658 0.0341 0.067 2521 «cl1.4 3.0319 0.0246 0.07 2.309
cl4 2.8797 0.0748 0.07 2.431
cl4 21572 0.021 0.034 1.576
cl4 2.0717 0.0316 0.04 1.931
cl4 2.2008 0.0137 0.052 2.363
cl4 19851 0.0209 0.053 2.670
cl4 2.0756 0.0087 0.045 2.168
cl4d 21134 0.0218 0.041 1.940
cl4 1.873 0.0237 0.032 1.708
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Column 2.1 Column 2.2
ID DOC (Std Dev) UVA SUVA ID DOC (Std Dev) UVA SUVA
c2.1 1.7927 0.0046 0.026 1.450 c2.2 1.4958 0.0031 0.021 1.404
c2.1 0.6786 0.0407 0.011 1.621 c2.2 0.5745 0.0109 0.01 1.741
c2.1 0.9522 0.031 0.014 1470 c2.2 0.7179 0.0148 0.011 1.532
c2.1 1.497 0.0367 0.029 1937 c2.2 0.937 0.0271 0.016 1.708
c2.1 1.3036 0.0107 0.019 1.458 c2.2 1.5214 0.0223 0.022 1.446
c2.1 1.4422 0.0196 0.023 1595 c2.2 1.4938 0.0285 0.022 1.473
c2.1 1.1268 0.0636 0.018 1597 c2.2 1.1601 0.057 0.02 1.724
c2.1 0.9713 0.0345 0.016 1.647 c2.2 1.779 0.0416 0.029 1.630
c2.1 09121 0.0203 0.014 1535 c2.2 1.1613 0.0299 0.022 1.894
c2.1 0.7126 0.0224 0.011 1544 c2.2 1.2679 0.0282 0.023 1.814
c2.1 1.3294 0.0223 0.024 1.805 c2.2 0.8409 0.0185 0.013 1.546
c2.1 1.3034 0.012 0.022 1.688 c2.2 1.0364 0.0258 0.016 1.544
c2.1 1.099 0.0109 0.02 1.820 c2.2 1.0935 0.0421 0.011 1.006
c2.1 1.8723 0.0323 0.035 1.869 c2.2 1.0643 0.0085 0.019 1.785
c2.1 0.8101 0.057 0.01 1.234 c2.2 1.6923 0.0628 0.031 1.832
c2.1 0.7984 0.0025 0.012 1503 c2.2 0.9251 0.0362 0.013 1.405
c2.1 1.1518 0.0102 0.018 1563 c2.2 0.8752 0.0384 0.014 1.600
c2.1 1.2449 0.0154 0.021 1.687 c2.2 14174 0.0087 0.026 1.834

c2.1 1.1038 0.0333 0.017 1.540 Column 2.4
Column 2.3 ID DOC (Std Dev) UVA SUVA
ID DOC (Std Dev) UVA SUVA c24 1.2809 0.0024 0.017 1.327
c2.3 1.3626 0.0099 0.019 1394 c2.4 0.9609 0.01 0.02 2.081
c2.3 0.9923 0.0105 0.012 1209 c24 1.7212 0.0101 0.037 2.150
c2.3 0.4287 0.0196 0.006 1.400 c2.4 1.2298 0.0261 0.013 1.057
c2.3 0.6108 0.0096 0.011 1801 c2.4 0.9502 0.018 0.012 1.263
c2.4 0.8915 0.0127 0.015 1.683
c2.4 0.975 0.0321 0.015 1.538
c2.4 2.142 0.0279 0.051 2.381
c2.4 0.9851 0.0103 0.014 1.421
c2.4 15226 0.0089 0.023 1.511
c2.4 1.9644 0.0018 0.037 1.884
c2.4 2.3996 0.045 0.048 2.000
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APPENDIX E. OXIDATION HPSEC CHROMATOGRAMS
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Figure E-1- HPSEC chromatogram results
1. Raw Water; 2. Influent Water (Ozonated); 3. BAC Column 1; 4. BAC Column 2; 5. Oddmatg 6. Ozonated 2mg; 7. Extended Ozonation; 8.
4000mJ/crfy Omg/L HO5; 9. 2000mJ/ch 10mg/L HO,
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Figure E-2- HPSEC chromatogram results
1. 4000mJ/cry 10mg/L HO,
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APPENDIX F.

PEAKFIT ANALYSIS OF OXIDATION HPSEC CHROMATOGRAMS
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Figure F-1 - Peakfit analysis results for each of the raw ater (ID 1-9) HPSEC chromatograms.
Using Systat Peakfit v4.12, Autofit Peak 11l Deconvolution.
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Figure F-2 - Peakfit analysis results for each of the raw ater (ID 10 -17) HPSEC chromatograms.

Using Systat Peakfit v4.12, Autofit Peak 11l Deconvolution.
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Using Systat Peakfit v4.12, Autofit Peak 11l Deconvolution.

Figure F-3 - Peakfit analysis results for each of the inflent BAC column ozonated at 2mg@mgDOC (ID 1 to 7) water HPSEC chromatograms.
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Figure F-4 - Peakfit analysis results for each of the inflent BAC Column 1 effluent (ID 1 to 9) water HPSEC chromatograms.
Using Systat Peakfit v4.12, Autofit Peak 11l Deconvolution.
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Figure F-5 - Peakfit analysis results for each of the inflent BAC Column 1 effluent (ID 10 to 16) water HPSEC chromatograms.
Using Systat Peakfit v4.12, Autofit Peak Ill Deconvolution.
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Figure F-6 -Peakfit analysis results for each of the influent BC Column 2 effluent (ID 1 to 9) water HPSEC chromatograms.

Using Systat Peakfit v4.12, Autofit Peak Ill Deconvolution.
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Figure F-7 -Peakfit analysis results for each of the influent BC Column 2 effluent (ID 10 to 17) water HPSEC chromatograms.

Using Systat Peakfit v4.12, Autofit Peak Ill Deconvolution.

126



0.01 0.01 0.01
& Ozonated Img|| @ Ozonated Img || = Ozonated lmg
E n.0o0g E 0.003 E 0.0o0s 3
£ .00 £ 0.00& £ 0.00&
a’ELIZIEIEI*I a’ELI:IEIEM a’ELIIIEIEM
3g” ag” 2g”
" nooz 2% 000z 8% ooz
-] = -l
g o g o g o=
300 500 o0 300 500 o0 300 500 o0
Retention Time (s) Retention Time (s) Retention Time (s)
nol - ool - nol -
& Ozonated Img|| @ Ozonated Img || = Ozonated Img
E 000z - E .00z 4 E ooz - 5
£ 0005 - £ 0005 - £ 0005 -
i E 2% 2% .
EE 0004 - EE 0.004 4 EE 0004 - l
§ nooz - %% 0oz - & ooz - / (
] < ] L
5 |:| al 3 |:| -r E D 4 . I" i
300 500 o0 300 500 o0 300 500 o0
Retention Time (5) Retention Time (5) Retention Time (5)
n.ol 0.00% .00z
Ozonated lmg Extended Oz ane Dose
'i§ 0008 . = ? 0.0025 - 1 'i§ 00025 -
' 0002 000z
£ _000& £ £
a'g a'gj.nms : a'gj.cu:uls :
=g 0004 22 0001 - 22 0001 -
E 0.00z B 00005 - 8 00005 -
5 0 5 0 - "'f" 8 £ 5 0 -
300 500 o0 300 500 o0 300 500 o0
Retention Time (5) Retention Time (5) Retention Time (5)

Figure F-8 - Peakfit analysis results for each of the Ozonadeat 1mgOy/mgDOC water (ID 1-7) and extended dose (ID 1 to 2) HPSEC

chromatograms.

Using Systat Peakfit v4.12, Autofit Peak 11l Deconvolution.
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Figure F-9 - Peakfit analysis results for each of the UV 4000nih? and 0 mg/L H,0, (ID 1 to 3) and 10mg/L H0,treated (ID 1 to 6) HPSEC

chromatograms.

Systat Peakfit v4.12 using Autofit Peak Ill Deconvolution.
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Figure F-10 -Peakfit analysis results for each of the UV 2000mJ/érand 10 mg/L H,0, (ID 1 to 7) HPSEC chromatograms.
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APPENDIX G. HAA RESULTS
Table G-1 - HAA datarun 1

TBAA  CDBAA BDCAA DBAA BCAA TCAA MCAA DCAA MBAA HAA9

Descripion — Sample D ;1) “(ugi)  (ug/)  (ugl)  (ugl)  (ugl)  (ugl)  (ugl)  (ugl)  (ugl)

4000,10 626 1.4 1 0.000 0.000 0.000 0.000 13.218 20.706 0.191 156.429 0.000  190.545
4000,10 626 1.3 3 0.000 0.000 0.000 0.000 12.630 21.419 1.780 159.922 0.000 195.751

Extended 805 1 4 0.000 0.000 0.000 0.000 1.681 14.225 0.000 9.441 0.000 25347
€2.1 705 5 23.673 0.000 0.000 6.238 1.651 16.900 0.091 11.707 17.810  78.069
Extended 805 1.3 6 0.000 0.000 0.000 0.000 1.743 14.551 0.000 10.321 0.000 26.614

Extended 805 1 7 0.000 0.000 0.000 0.000 1511 16.615 0.000 11.789 0.000 29.91¢
Extended 805 1.2 8 0.000 0.000 1.040 0.152 1.591 21.269 0.000 15.571 0.000 39.622
cl.2 707 9 0.000 0.000 1.606 0.000 1.907 63.269 0.000 62.623 0.000  129.405
2mg 715 11 0.000 0.000 2.956 0.000 2.746 98.658 0.000 93.285 0.000 197.645
2mg 713 12 0.000 0.000 1.937 0.000 2.665 98.687 0.000 100.573 0.000  203.862
cl.2 71 13 0.000 0.000 1.197 0.000 2.154 49.044 4.318 64.708 0.000 121.42:
4000,10 627 1.1 14 32.074 0.000 0.000 0.463 3.659 67.848 0.000 80.288 0.000 184.331
4000,10 627 1.2 14 DUP 0.000 0.000 0.000 0.000 13.072 18.071 2.106 152.449 0.000  185.698
1mg 71¢ 15 0.000 0.000 3.597 0.346 11.659 119.225 0.000 229.185 0.000  364.01:
2000,10 626 2.1 16 0.000 0.000 2.608 0.227 7.605 73.330 12.357  152.103 0.000  248.230
cl.1 707 17 0.000 0.000 2.457 0.477 31.605 39.841 0.000 115.856 0.000  190.237
4000,10 627 1.2 18 0.000 0.000 0.000 0.450 31.712 45.784 0.000 128.032 0.000 205.978
4000,10 623 1.3 19 0.000 0.000 3.072 0.331 3.479 34.942 0.000 155.932 0.000 197.756
Raw 721 2.1 20 0.000 0.000 21.567 7.238 59.843 123.438 0.000 223.440 3.484  439.010
Raw 723 1.2 21 0.000 0.000 4.902 0.281 6.998 144.009 11.926  210.777 0.000  378.893
Raw 719 1.4 22 0.000 0.000 0.000 0.416 15.614 115425 14919 233.696 0.000  380.070
Raw 719 1.4 22 DUP 0.000 0.000 3.988 0.000 14.540 105.479 14.964  208.757 0.000 347.728
1mg 71! 24 0.000 0.000 2.596 0.000 11.372 122.908 13.069 238.396 0.000  388.34:
1mg 712 25 0.000 0.000 0.000 0.000 9.448 106.585 16.637 214.176 0.000  346.846

15 Spike (6( 576.82( 314.80¢{ 102.6042 73.1738. 145.3591 197.5118 180.51¢ 374.0059 113.804:
15 Recover (%) 98 104 88 121 110 110 98 92 93
60 STD 588.6 302.7 112.59 60.18 120 59.79 184.2 178.98 122.37
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Description Sample ID TBAA CDBAA BDCAA DBAA BCAA TCAA MCAA DCAA MBAA HAA9

(ug/l)  (ugll)  (ug/l)  (ug/l)  (ug/l)  (ug/l)  (ug/ll)  (ug/l)  (ug/L)  (ug/l)

c2.2 801 26 0.000 0.000 3.038 0.000 4.074 40.979 0.000 27.590 0.000 75.681
c2.2 804 27 0.000 0.000 3.317 0.429 3.660 42.650 0.000 23.293 0.000 73.349
c2.2 806 28 0.000 0.000 3.259 0.308 3.986 46.280 0.000 31.693 0.000 85.525
c2.1801 29 0.000 0.000 4.061 0.398 3.919 49.236 0.000 33.139 0.000 90.753
c2.1 803 30 0.000 0.000 3.117 0.234 2.577 27.838 2.012 19.300 0.000 55.079
2000,10 626 1.2 31 0.000 0.000 3.052 0.325 8.823 85.144 11.950 168.803 0.000 278.095
cl.2 806 32 0.000 0.000 1.508 0.000 2.163 74.766 3.953 71.941 0.000  154.330
2mg 801 33 0.000 0.000 2.288 0.314 3.085 119.049 5,575 104.904 0.000 235214
2mg 802 33 0.000 0.000 2.735 0.000 2.854 103.478 2.345 100.035 0.000 211.447
4000,10 627 34 0.000 0.000 0.000 0.000 1.381 45.084 4399 145.094 0.000 195.958
2000,10 627 1.3 35 0.000 0.000 1.146 0.256 3.540 144.853 4.600 135.714 0.000 290.108
2mg 803 36 0.000 0.000 0.000 0.000 3.603 91.748 5425 110.487 0.000 211.263
2mg 804 37 0.000 0.000 1.823 0.239 3.766 96.803 5475 115504 0.000 223.610
4000,0 626 2.3 38 0.000 0.000 4.211 0.488 13.087 155,531 17.998 302.787 0.000 494.101
4000,0 626 2.4 39 0.000 0.000 0.000 0.355 12.487 135.827 16.292 270.210 0.000 435.171
cl.1801 40 0.000 0.000 2.336 0.422 30.549 32.661 8.597 95.381 0.000 169.946
cl1.1804 40 DUP 0.000 0.000 3.2654 0.000 32.465 31.185 8.655 86.789 0 162.359
2000,10 627 1.3 41 0.000 0.000 2.418 0.692 36.720 61.574 11592 172.901 0.000 285.897
cl.1 80: 42 0.000 0.000 4,962 0.246 5.085 61.890 4.594 83.475 0.000  16(.25:
2000,10 626 1.2 43 0.000 0.000 19.609 4.835 40.771  80.563 8.815  146.367 2.426  303.386
Raw 721 2.1 44 0.000 0.000 5.017 0.408 9.460 203.217 10.511 188.253 0.000 416.866
Raw 721 2.1 45 0.000 0.000 4.037 0.222 6.244  139.430 10.321 195.777 0.000 356.031
4000,0 623 1.1 46 0.000 0.000 0.352 0.426 13.782 167.094 13.650 292.436 0.000 487.740
2000,10 627 1.4 47 0.000 0.000 3.478 0.000 10.425 76.543 14.321 150.478 0.000 255.245

34 Spike (20) 174.618 118.053 35.654 18.656 42.540 59.500 65.361 98.060 39.566
34 Recover (%) 89 117 95 93 103 92 99 48 97
20 STD 196.2 100.9 37.53 20.06 40 19.93 61.4 59.66 40.79
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APPENDIX H. THM RESULTS

Table H-1 - THM data run 1

Bromodichloroform Dibromochloroform

Description Sample ID Chloroform (ug/L) (ugl) (ugl) Bromoform (ug/L)
Raw 802 39 250.804535 51.10706977 6.063689458 0
Raw 731 1.2 33 206.9451227 31.63243132 2.778186312 0
Raw 731 1.2 32 204.7230835 27.16993318 2.279237894 0
Raw 731 1.1 31 264.4803594 19.13325392 0 0
Raw 725 1.2 30 157.3051628 72.78095509 25.23699774 0
Raw 725 1.1 27 211.784019 101.553403 35.16377021 2.573537148
Raw 725 1.1 27 DUP 196.9861091 95.54887981 33.31593809 .461@03698
Raw 719 1.4 3 178.574 95.684 35.985 3.121
Raw 719 1.4 3 DUP 167.030 90.174 33.964 2.979
Raw 719 1.2 76 205.498856 117.8887309 65.75337216 802562
Raw 719 1.1 2 271.333 155.969 61.869 5.467
Raw 719 1.1 1 206.043 119.455 44.448 4.047
Raw 707 1.4 9 170.137 95.855 36.794 3.146
Raw 707 1.2 7 208.882 114.091 43.657 3.842
Extended 806 44 DUP 24.00932068 27.38452356 28.38760902 13.27881389
Extended 806 44 21.76928435 24.99147686 27.80790972 12.39275519
Extended 805 46 23.30938468 26.61728637 27.85598276 12.83999739
Extended 804 45 32.37661894 34.88766049 43.09139428 16.15064574
Extended 803 47 28.3646767 35.85088398 40.39216478 21.00848481
Extended 802 48 24.67935672 40.10804452 47.78671664 26.41884547
Extended 801 79 25.66645486 40.43240802 51.56573015 26.9162005
c2.2 806 62 54.45040949 12.3848969 2.961951409 0
c2.2724 71 10.65838967 12.48548776 16.0913155 10.084700
c2.2723 70 9.20241938 10.63496849 14.00835355 8.6457104
c2.2719 69 11.07243045 12.80789526 15.88505235 9.288851
c2.2719 69 DUP 9.639340614 11.06313313 14.28986189 18681881
c2.2 717 68 8.559610743 9.910030354 12.95782043 8.095g877
c2.1 806 67 26.19423468 11.90137728 10.56963021 0
c2.1 717 65 12.21923085 4.323988733 0 0
c2.1 708 63 6.566480383 7.037528097 8.953098529 5.678285
cl1.3721 13 63.941 28.919 9.514 0.000
c1.3719 40 42.92812524 33.39187239 23.46873248 5.8@6@38
cl.2 805 61 67.57416301 15.35265811 3.648219675 0
cl1.2 803 60 DUP 67.96797626 16.78824546 4.107742649 0
cl1.2 803 60 59.55193203 14.3952766 3.529976065 0
cl.2 801 72 17.51249287 20.95193513 26.70045751 12.78411
cl.2 725 59 78.80912886 19.95684368 4.52851584 0
cl.2 713 58 134.0903971 35.95916834 9.295534404 0
cl.2 713 58 DUP 120.5987487 32.42883821 8.389534854 0
cl.2 707 57 100.2366471 26.20468464 6.749745782 0
cl.1 806 56 78.25103799 19.13770853 4.349084878 0
cl.1 805 55 64.51433342 13.34929493 0 0
cl.1 801 54 89.10700381 21.96673422 0 0
cl.1 801 66 59.24951559 23.39366873 0 0
cl.1 801 66 DUP 42.91749782 18.3151619 8.025130576 0
cl1.1 723 53 136.5448694 37.42827607 7.856443882 0
cl.1718 11 DUP 64.073 37.602 20.474 2.189
cl.1718 11 58.826 33.977 18.305 2.246
cl.1 715 52 56.7601021 15.7898895 3.527770076 0
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Bromodichloroform Dibromochloroform

Description Sample ID Chloroform (ug/L) (uglL) (uglh) Bromoform (ug/L)
cl1.1710 64 9.063877698 9.751668923 111.9087153 6.86@2800
cl.1 707 51 82.81542359 19.53688122 0 0

4000,10 6301.4 18 100.097 53.831 19.970 0.000
4000,10 6301.4 16 121.961 54.528 18.432 0.000
4000,10 628 1.2 12 91.088 53.968 29.279 3.665
4000,10 628 1.2 75 93.67730639 54.51220053 28.3604886 014477014
4000,10 628 1.2 12 DUP 66.271 38.555 20.862 2.576
4000,10 628 1.1 38 DUP 160.9202888 32.35952543 3.659872 0
4000,10 628 1.1 38 152.24346 30.24480897 3.441213521 0
4000,10 627 1.3 23 81.67231363 51.95056201 28.16341428 .10274A71205
4000,10 627 1.3 23 DUP 73.65376382 47.16427986 25.®68339 3.731376557
4000,10 626 1.4 37 150.2098969 16.9799564 0 0
4000,10 626 1.4 36 175.4308497 10.76951614 0 0
4000,10 626 1.3 81 198.3206802 14.15201661 0 0
4000,10 626 1.3 26 101.5351401 46.2841196 15.54093654 0

4000,0 7311.2 35 234.06108 51.14474629 11.40636839 0

4000,0 723 1.2 22 156.5054694 99.52207248 60.46156947 014887415

4000,0 723 1.2 21 152.837 94.684 56.779 8.428
2mg 803 6 DUP 124.295 67.713 25.265 2.029

2mg 803 6 114.457 61.110 22.808 0.000
2mg 801 80 61.336 79.147 29.897 2.462
2mg7311.2 78 114.3666571 36.61431523 11.48246322 0
2mg7311.2 34 116.0322474 24.51691957 5.260213764 0
2mg723 1.2 20 116.520 72.016 42.792 6.477
2mg7231.1 24 117.8779411 70.5704658 41.12016985 5160936
2mg7231.1 25 75.83086314 44.69755575 25.6838767 3.417264377
2mg 713 17 94.709 42.827 14.493 0.000
2mg 712 14 111.095 48.608 16.276 0.000
2mg 703 28 90.59996746 53.14386964 30.45344812 3.7128142
2mg 703 28 DUP 62.59834194 35.85652179 20.5421347 293940

2000,10 627 1.4 8 DUP 135.786 71.283 26.571 2.141

2000,10 627 1.4 10 125.994 61.227 22.450 0.000

2000,10 627 1.4 8 131.299 68.275 25.107 2.000

2000,10 627 1.3 15 132.575 61.402 21.516 0.000

2000,10 628 1.4 50 142.4026778 114.4578269 79.80530419 17.57563913

2000,10 626 1.2 43 120.4717811 97.41789612 73.71977376 18.83953007

2000,10 626 1.2 42 DUP 108.5744702 90.39805444 68.53e48 17.95469006

2000,10 626 1.2 42 95.08601854 77.10942042 58.19514044 5.057175365

2000,10626 1.1 41 142.5217178 117.7229605 85.33129985 1.3823583
Img7251.1 77 158.7835577 91.30627225 50.63579869 8OB332
img7251.1 29 153.6594333 90.94253809 53.25132562
1mg7212.1 73 176.5813409 101.8294673 53.99799587
1mg7212.1 74 121.6692871 69.24695982 36.6252595
1mg7191.1 5 170.342 115.781 65.386
1mg7191.1 4 144.161 96.347 54.614

15 mg 802 81 94.30235287 56.45637264 24.67210191
15 mg 803 82 72.03931998 51.40218912 25.17019917
15 mg 804 83 75.76708134 44.1113371 14.05863986
65 Spike (20) 33.062 21.912 19.879
65 Recover (%) 107 95 106 121
20 STD 18.54884 18.85581 18.75349 18.06512
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APPENDIX I.

OXIDATION TOC AND UVA DATA
Table I-1 - Raw TOC and UVA data for oxidation conditions

Treatment ID DOC Std. Dev. UVA

JP 7125 1.1 4.7393 0.1165 0.163

JP 7/25 1.1 TREATED 4.6681 0.0655 0.134

JP 7/251.2 46721 0.0547 0.169

JP 7/25 1.2 TREATED 44361  0.01514 0.11

JP7/212.3 4.7217 0.132 0.163

JP 7/21 2.3 TREATED 4.6922 0.0386 0.152

JP7/212.4 4.596 0.0673 0.16

JP 7/21 2.4 TREATED 45131 0.0039 0.11

JP7/212.1 4.91 0.0704 0.162

@) JP 7/21 2.1 TREATED 4.3941 0.0417 0.159
@) JP 72122 4.8346 0.1403 0.128
(@] JP 7/21 2.2 TREATED 4.6293 0.0814 0.127
=2 JP 7/19 1.4 5.6839 0.0821 0.176
E JP 7/19 1.4 TREATED 5.683 0.0943 0.124
O JP7/19 1.4 5.6839 0.0821 0.176
o) JP 7/19 1.4 TREATED 5.683 0.0943 0.124
S JP7/212.1 4.91 0.0704 0.162
o JP 7/21 2.1 TREATED 5.0749 0.101 0.1298
c JP 7/251.2 4.6721 0.0547 0.169
e JP 7/25 1.2 TREATED 44361  0.01514 0.11
O JP7/251.1 4.7393 0.1165 0.163
JP 7/25 1.1 TREATED 4.7028 0.0612 0.132

JP7/251.1 4.7393 0.1165 0.163

JP7/251.1 4.7854 0.0436 0.131

JP 7/19 1.4 5.6839 0.0821 0.176

JP 7/19 1.4 TREATED 5.4763 0.0399 0.149

JP7/212.1 4.91 0.0704 0.162

JP 7/21 2.1 TREATED 4.3941 0.0417 0.159

JP7/251.1 4.7393 0.1165 0.163

JP 7/25 1.1 TREATED 4.6681 0.0655 0.134

JP7231.1 5.0646 0.0543 0.158

JP 7/23 1.1 TREATED 4.8959 0.0523 0.109

@) JP7/231.2 5.1337 0.0446 0.16
O JP 7/23 1.2 TREATED 5.0439 0.0918 0.107
a JP7/231.1 5.0646 0.0543 0.158
=2 19.0 JP 7/23 1.1 TREATED 4.7154 0.1029 0.115
E JP7/231.1 5.0646 0.0543 0.158
O 20.0 JP 7/23 1.1 TREATED 4.7154 0.1029 0.115

=2 JP7/231.2 5.1337 0.0446 0.16
c% 21.0 JP 7/23 1.2 TREATED 4.7845 0.0555 0.109

o JP7/231.2 5.1337 0.0446 0.16
c 22.0 JP 7/23 1.2 TREATED 4.6411 0.0346 0.108
e JP 731 1.2 RAW 4.8264 0.0809 0.174
@) 36.0 JP 731 1.2 TREATED 4.8694 0.0209 0.12
JP 731 1.2 RAW 4.8264 0.0809 0.174

JP 731 1.2 TREATED 4.7633 0.0609 0.119
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Treatment ID DOC Std. Dev. UVA
JP 6/26 2.3 4.8775 0.0948 0.148
JP 6/26 2.3 TREATED 4.2048 0.1682 0.123
B JP 6/26 2.4 5.1373 0.0341 0.157
C\g % JP 6/26 2.4 TREATED 4.4845 0.0303 0.134
- ] JP 6/26 2.3 4.9335 0.0955 0.156
= S JP 6/26 2.3 TREATED 4.3566 0.0561 0.133
8 e JP 6/262.32 4.8775 0.0948 0.148
o O JP 6/26 2.3 TREATED 2 4.112 0.0304 0.129
~ JP 6/262.42 4.9288 0.0442 0.156
JP 6/26 2.4 TREATED 2 4.269 0.0249 0.136
JP 6/26 1.1 4.7135 0.029 0.142
« JP 6/26 1.1 TREATED 3.6977 0.0314 0.053
Q JP 6/27 1.3 5.0687 0.0143 0.158
I JP 6/27 1.3 TREATED 2.9073 0.0316 0.065
= JP 6/27 1.4 4.8559 0.0493 0.157
CED JP 6/27 1.4 TREATED 2.2997 0.0536 0.047
o JP 6/26 2.1 4.8595 0.1124 0.172
— JP 6/26 2.1 TREATED 1.9949 0.0391 0.033
o3 JP 6/26 2.1 48595  0.1124 0.172
& JP 6/26 2.1 TREATED 1.9763 0.012 0.034
g JP 6/271.32 5.0687 0.0143 0.158
e JP 6/27 1.3 TREATED 2 3.2331 0.0133 0.059
o JP6/271.42 4.8559 0.0493 0.157
8 JP 6/27 1.4 TREATED 2 2.6893 0.0061 0.053
N JP 6/26 1.2 4.9293 0.0779 0.153
JP 6/26 1.2 TREATED 3.4552 0.0154 0.048
JP 6/26 1.3 4.7135 0.029 0.142
o3 C‘S‘ JP 6/26 1.3 TREATED 2.1466 0.0326 0.027
C\g < JP 6/27 1.2 5.0434 0.091 0.172
- JP 6/27 1.2 TREATED 1.778 0.0307 0.031
E B JP 6/26 1.4 4.7874 0.0311 0.149
8 S JP 6/26 1.4 TREATED 2.7439 0.0061 0.029
o S JP6/271.1 5.0602 0.0852 0.175
~ JP 6/27 1.1 TREATED 1.9613 0.012 0.034
% JP 731 1.3 RAW 4.0277 0.1319 0.15
8 o JP 731 1.3 T(extended) 2.6255 0.0315 0.028
8 % JP 801 1.1 RAW 5.7945 0.1627 0.193
QL c JP 801 1.1 T(45 min) 3.6678 0.0121 0.031
ﬁ 8 JP 803 1.1 RAW 4.8913 0.1422 0.159
@) JP 803 1.1 T(2 hours) 2.9117 0.0321 0.045
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APPENDIX J.

BIODEGRADATION TOC/UV RESULTS

Table J-1 - TOC/UV data for biodegradation tests

TOC TOC TOC
ID A\D/e(r);;e sta_ndgrd uv254 ID A\D/e(r);e sta_ndfard uv254 ID A\D/e(r);;e sta_ndgrd uv254
deviation deviation deviation

11 1.7211 0.0086 0.019 31 2.7633 0.0262 0.037 5.1 1.627@12%. 0.029
1.10 1221 0.0068 0.026 3.10 1645 0.0111 0.029 5.10 135840280 0.02
111 12351 0.0099 0.024 3.11 14202 0.0027 0.033 5.11 $.940.0104 0.014
12 14859 0.0102 0.018 3.2 24929 0,0198 0.035 5.2 1.5137006®. 0.026
13 1.2606 0.0109 0.017 3.3 22112 0.0289 0.031 5.3 1.4139090. 0.024
14 1.1053 0.011 0.017 34 1.1844 0.0164 0.031 54 1.2717 028®.0 0.022
15 0.9156 0.0126 0.015 35 1.651 0.0139 0.025 5.5 1.1454 08D.0 0.021
16 0.7993 0.0247 0.015 3.6 1281 0.0166 0.022 5.6 1.3972 68D.1 0.017
17 0.7692 0.0105 0.017 3.7 1.3545 0.0089 0.024 5.7 1.2346044 0. 0.014
18 1.1608 0.0136 3.8 15377 0.0133 0.024 5.8 1.1352 0.007®17 0
19 1.057 0.097  0.015 3.9 18212 0.0056 0.026 5.9 1.1861 5%.010.016
21 1.6282 0.0153 0.018 4.1 2.0119 0.0029 0.026 6.1 1.528808®. 0.019
2.10 1.0065 0.0024 0.014 4.10 1.0939 0.001 0.017 6.10 0.92€6171  0.015
211 1.0853 0.0157 0.016 411 1.1256 0.0073 0.016 6.11 5.018.0151 0.016
2.12 1.0705 0.0089 0.014 4.2 1.7643 0.063 0.024 6.12 119820081 0.015
2.2 1.1039 0.02 0.016 4.3 15557 0.00833 0.022 6.2 1.2434 7®.010.02
2.3 1.2059 0.0148 0.016 4.4 1384 0.0216 0.023 6.3 1.2189 040.0 0.016
24 1.1896 0.0059 0.018 45 1.1572 0.0081 0.018 6.4 1.1277009D. 0.014
25 1.0814 0.0078 0.015 4.6 1.0305 0.011 0.019 6.5 0.9405 08®.0 0.012
2.6 0.9359 0.0046 0.015 4.7 0.9172 0.0082 0.015 6.6 0.90730620. 0.014
2.7 0.7839 0.0072 0.013 4.8 1.1822 0.0098 0.014 6.7 1.0143008 0. 0.016
2.8 1.0864 0.0076 0.014 4.9 11714 0.0154 0.014 6.9 0.779921d. 0.013
29 1.1875 0.0114 0.015
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TOC TOC TOC
ID A\D/e(r);;e sta_ndgrd uv254 ID A\D/e(r);e sta_ndfard uv254 ID A\D/e(r);;e sta_ndgrd uv254
deviation deviation deviation
7.1 1.6137 0.0019 0.016 9.1 2.3005 0.0098 0.037 11.10 0.980®368 0.019
7.10 0.8666 0.0329 0.011 9.10 1.3997 0.0485 0.019 11.1 6.280.0167 0.017
711 0.9981 0.0236 9.11 1.3304 0.0126 0.019 11.11 0.9114 113.0 0.014
7.12 13962 0.0079 0.014 9.12 1.2377 0.0856 0.011 11.12 8®.750.0128 0.011
7.2 15228 0.0174 0.017 9.2 21872 0.0092 0.036 11.2 12920060 0.016
7.3 14156 0.0026 0.015 9.3 19324 0.0076 003 11.3 1.1752018®. 0.016
7.4 1337 0.0057 0.013 9.4 1.8218 0.0045 0.028 11.4 0.85 82.000.012
75 1.2029 0.0103 0.011 9.5 17725 0.0056 0.026 115 0.8496030 0.011
7.6 1.0057 0.0038 0.012 9.7 1.3011 0.0101 0.018 11.6 0.791013®. 0.01
7.7 11195 0.0148 0.015 9.8 14311 0.0377 0.019 11.7 0.756020®. 0.014
7.9 0.8956 0.0119 0.013 9.9 1.355 0.0122 0.026 11.8 0.796026@6. 0.016
8.1 24882 0.0074 0.042 10.10 11613 0.0344 0.016 11.9 3.320.0159 0.017
8.10 13585 0.0425 0.025 10.1 15574 0.0058 0.018 12.10 21410.053 0.026
8.11 14505 0.0545 0.026 10.11 1.0343 0.0138 0.012 12.1 42.070.0087 0.039
8.12 13751 0.0166 0.021 10.2 1.3533 0.1151 0.015 12.11 041..380.0226  0.021
8.2 24184 0.0076 0.044 10.3 13843 0.0203 0.014 12.2 1.9209241 0.031
8.3 19468 0.0066 0.033 104 12426 0.0138 0.013 12.3 1590383 0.026
8.4 1.7156 0.0068 0.031 10.5 1118 0.0251 0.012 12.4 1591018 0.026
8.5 16777 0.027 0.029 10.6 0.9766 0.0096 0.012 125 1.4865007 0 0.023
8.7 14379 0.0588 0.025 10.7 0.8365 0.0293 0.011 12.6 1.35Q10247 0.017
8.8 11641 0.0162 0.018 10.8 0.9852 0.0538 0.015 12.7 1.27620087 0.021
8.9 1.2958 0.0069 0.024 10.9 0.9891 0.0€94 0.016 12.8 1.3988%068 0.025
12.9 12938 0.0204 0.024
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TOC TOC TOC
ID A\D/e(r);;e sta_ndgrd uv254 D A\D/e(r);e sta_ndfard uv254 D A\D/e(r)i;e sta_ndgrd uv254
deviation deviation deviation

13.10 1.0863 0.071¢ 0.01 15.10 2945 0.0298 0.064 17.1 8.33@.059 0.074
13.1 14699 0.0253 0.018 15.1 45976 0.0124 0.125 17.10 84.590.0418 0.054
13.11 1154 0.0143 0.023 15.11 29911 0.0057 0.062 17.2 03.920.0674  0.06
13.2 14235 0.0163 0.014 15.2 41334 0.0754 0.113 17.3 8.596.0188 0.074
13.3 1.1877 0.0134 0.016 15.3 40656 0.1076 0.105 174 8.440.0277 0.068
134 1.0841 0.0406 0.011 154 3.63 0.024  0.092 175 3.222069D. 0.062
135 0.8675 0.022 0.013 155 3.6558 0.0451 0.093 17.6 2.71840273 0.055
13.6 1.0622 0.0641 0.016 15.6 3.6121 0.0595 0.077 17.7 &.728.0247 0.059
13.7 0.896 0.0207 0.015 15.7 3.468 0.0294 0.073 17.8 2.802398® 0.065
13.8 1.2024 0.0358 0.014 15.8 3.1172 0.1046 0.067 17.9 £.330.0318 0.052
13.9 1.2493 0.0137 0.016 15.9 2.9474 0.0508 0.067 18.1 41.590.0059
14.10 0.8251 0.031€ 0.011 16.10 24517 0.0283 0.056 18.10 507 2. 0.0088 0.036
14.1 14756 0.0078 0.014 16.1 42551 0.056 0.111 18.11 &.540.0015 0.049
14.11 0.8524 0.041¢ 0.012 16.11 25174 0.0.62 0.046 18.2 90%1.0 0.1866 0.092
14.2 1.363 0.0098 0.009 16.2 3.7525 0.1157 0.095 18.3 3.7003357 0.083
14.3 1.2497 0.0341 0.011 16.3 34011 0.0571 0.084 184 B.570.0423 0.075
14.4 1.0894 0.068  0.009 16.4 3.3019 0.0288 0.089 185 3.618®H708 0.081
145 0.9978 0.0142 0.008 16.5 3.0653 0.0099 0.068 18.6 @.709.062 0.06
14.6 0.8421 0.0225 0.0. 16.6 2.7€¢4 0.0327 0.054 18.7 2.692032® 0.062
14.7 0.7335 0.0388 0.0. 16.7 2.7639 0.0C93 0.062 18.8 2.550549  0.055
14.8 0.985 0.0021 0.009 16.8 2.6256 0.1351 0.06 18.9 2.794055D 0.054
14.9 1.0045 0.0125 0.009 16.9 24932 0.0173 0.058
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TOC TOC TOC
ID A\D/e(r);;e sta_ndgrd uv254 D A\D/e(r);e sta_ndfard uv254 D A\D/e(r);;e sta_ndgrd uv254
deviation deviation deviation

19.10 2.8091 0.063t 0.062 21.10 25881 0.0617 0052 23.10 05248. 0.0202 0.074
19.1 3.9903 0.0341 0.094 21.1 3.9295 0.031 0.088 23.1 428010847 0.113
19.11 2.6918 0.2917 0.056 21.11 2.6384 0.0.95 0,056 23.11 038B. 0.0452 0.07%
19.2 3.7961 0.0202 0.091 21.2 3.6171 0.0z284 0.081 23.2 53.9100.11 0.102
19.3 3.4684 0.0506 0.082 21.3 3.45 0.0456 0.079 23.3 3.943961H 0.1
194 3.3863 0.0141 0.07 21.4 3.5809 0.0613 0.074 234 3.733013® 0.095
195 3.4979 0.0858 0.069 215 3.5027 0.0313 0.078 235 B.53R.0276  0.09
19.6 3.083 0.0311 0.069 21.6 29661 0.033 0.068 23.6 3.26620472D 0.055
19.7 2.9624 0.062 0.065 217 2.8455 0.0242 0.065 23.7 2.600%293 0.071
19.8 3.2581 0.0094 0.063 21.8 2.9546 0.0153 0.058 23.8 29310512 0.072
19.9 2.8207 0.0275 0.065 21.9 2.6175 0.0312 0.055 23.9 27980267  0.06
20.10 2.3525 0.0904 0.043 22.10 24007 0.0.52 0038 24.10 2722. 0.0428 0.04t
20.1 3.8379 0.0687 0.088 22.1 40134 0.0537 0.085 24.1 7A.068.0427 0.104
20.11 2.1587 0.058¢ 0.042 22.11 23551 0.1722 0043 24.11 4312. 0.0386 0.04¢
20.2 3.4167 0.0292 0.078 22.2 3.8231 0.1229 0.079 24.2 3.430.0294 0.088
20.3 3.1835 0.0468 0.073 22.3 3.3906 0.0364 0.07 24.3 3.3760301 0.085
20.4 3.0144 0.0784 0.068 22.4 3.1962 0.0702 0.063 24.4 £3.138.0294  0.077
20.5 3.0861 0.0329 0.067 22.5 3.3918 0.0122 0.066 24.6 &.5630.0091 0.061
20.6 2.6976 0.0327 0.056 22.6 27616 0.049 0.057 24.7 25102162 0.054
20.7 24808 0.0148 0.0% 22.7 25125 0.0669 0.049 24.8 2.6208383 0.052
20.8 2.6255 0.0065 0.047 22.8 2.43% 0.0688 0.048 24.9 2.350.0989 0.048
20.9 2.18 0.068  0.043 229 2.3514 0.0121 0.049
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TOC TOC TOC

ID A\D/e(r);;e sta_ndgrd uv254 D A\D/e(r);e sta_ndfard uv254 D A\D/e(r);;e sta_ndgrd uv254
deviation deviation deviation

25.10 243 0.0407 0.058 27.10 2.6334 0.0098 0.059 31.10 72.390.0323 0.049
25.1 40642 0.0861 0.133 27.1 43956 0.0676 0.142 31.1 .728.0834 0.084
25.11 1.8741  0.092¢ 27.11 24792 0.0306 3111 2.3745 0.04049 0.
25.2 41683 0.0413 0.127 27.2 43513 0.039 0.134 312 3.3708288 0.092
25.3 3.7683 0.0532 0.104 27.3 41297 0.024 0.114 313 3.218M306 0.084
25.4 34682 0.0221 0.097 27.4 40908 0.0298 0.157 314 48.040.0327 0.078
25.5 3.1568 0.0175 0.095 275 3.5716 0.Cc4 0.1 31.6 2.5456 20%.0 0.061
25.6 29713 0.0154 0.083 27.6 3.5124 0.0416 0.07 317 2.58 041 0. 0.056
25.7 2.8446 0.0312 0.077 27.7 3.1599 0.0094 0.068 31.8 P.730.0307 0.051
25.8 2.8201 0.0706 0.061 27.8 2.8396 0.0123 0.066 31.9 £.400.1142 0.051
25.9 24995 0.0321 0.058 27.9 2.6344 0.0088 0.059 32.1 8.560.0439 0.096
26.10 24048 0.0644 0.059 28.10 18863 0.0435 0.039 32.10 9784. 0.0495 0.011
26.1 40836 0.0362 0.095 28.1 40337 0.0363 0.127 32.11 84.360.0245 0.034
26.11 2.2964 0.025t 0.053 28.11 1.8793 0.0234 32.2 3.1568343. 0.083
26.2 3.7604 0.0608 0.12 28.2 3.5857 0.0199 0.104 32.3 29780327 0.078
26.3 3.6107 0.0407 0.105 28.3 3.6126 0.0561 0.099 32.4 48.186.0426  0.073
26.4 3.3684 0.0111 0.095 28.4 3.2752 0.0228 0.109 32.5 2.528.0731  0.065
26.5 3.18 0.0404 0.092 28.5 2.8356 0.0353 0.071 32.6 0.029
26.6 27132 0.0447 0.074 28.6 2.0176 0.0517 0.061 32.7 1.9692038 0.036
26.7 2.6367 0.0289 0.073 28.7 2.3916  0.023 32.8 2.0413  0.08/M038
26.8 2571 0.0068 0.062 28.8 2.081 0.0269 0.078 329 2.05100540 0.036
26.9 25422 0.0351 0.06 28.9 2.0254 0.0519 0.041
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TOC TOC TOC

ID A\D/e(r);;e sta_ndgrd uv254 D A\D/e(r);e sta_ndfard uv254 D A\D/e(r)i;e sta_ndgrd uv254
deviation deviation deviation
33.1 3.7655 0.0572 0.106 35.10 25557 0.042 0.068 37.1 4.2@0842 0.103
33.10 2.3261 0.044t 0.026 35.1 3.8837 0.0838 0.112 37.10 472.7 0.0167 0.056
33.11 2.055 0.006  0.043 35.11 24554 0.0935 0.064 37.11 02.570.0171  0.057
33.2 34 0.076  0.094 35.3 3.6077 0.0659 0.111 37.2 3.7943 47%.0 0.098
33.3 3.2089 0.0464 0.087 35.4 3.4793 0.045 0.078 37.3 3.6200468  0.09
334 3.3497 0.0388 0.079 355 3.3378 0.0565 0.092 374 8.430.0748 0.087
335 3.0381 0.0416 0.076 35.6 3.0293 0.0201 0.086 375 B.140.0628 0.063
33.6 2.8636 0.0292 0.057 35.7 2.8223 0.0691 0.076 37.6 3.050.0394 0.069
33.7 25918 0.1329 0.055 35.8 2.8172 0.0918 0.035 37.7 2.8¥0599 0.065
33.8 2.3829 0.0311 0.049 35.9 25355 0.0105 0.07 37.8 3.0380579 0.067
33.9 2401 0.0328 0.051 36.1 3.8298 0.0€97 0.085 379 2.658127® 0.061
34.10 1.9434 0.039t 0.035 36.10 24859 0.0.58 0044 38.1 208.9 0.0791 0.13
34.1 3.4642 0.0374 0.092 36.11 2.4142 0.0099 0.043 38.10 142.4 0.005 0.054
34.11 1.8268 0.052z 0.033 36.2 3.4169 0.0256 0.077 38.11 322.1 0.044
34.3 2.8847 0.0368 0.07 36.3 3.3375 0.0€e08 0.059 38.2 3.2088045  0.103
34.4 2.6919 0.1416 0.06 36.4 3.13%4 0.0125 0.071 38.3 3.1083318 0.109
34.5 24311 0.0569 0.056 36.5 2.8951 0.1197 0.051 38.4 48.130.0253 0.101
34.6 2.1687 0.0317 0.045 36.6 2.655 0.035 0.055 38.5 2.70890® 0.07
34.7 21447  0.024 0.04 36.7 24744 0.0452 005 38.6 2.676018®. 0.076
34.8 22618 0.1773 0.035 36.8 27024 0.1745 0.051 38.7 $2.478.0262 0.067
34.9 18985 0.0223 0.035 36.9 24152 0.0685 0.048 38.8 2.61X0665 0.047
38.9 23019 0.0466 0.0565
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TOC TOC TOC

ID A\D/e(r);;e sta_ndgrd uv254 ID A\D/e(r);e sta_ndfard uv254 ID A\D/e(r);;e sta_ndgrd uv254
deviation deviation deviation

39.1 3.9402 0.0697 0.135 42.2 19458 0.0353 0.018 14.12¢hhkr) 14117 0.0227 0.012
39.10 2467 0.0161 0.055 42.3 2.0398 0.0395 0.019 15.009°2A4T 5.683 0.0943 0.124
39.11 2.3382 0.0046 0.052 42.4 2.0164 0.0z223 0.017 15a104(hr) 48306 0.0724 0.134
39.2 34349 0.0329 0.114 42.6 2.3904 0.021 16.0JP4IP1. 5683 0.0943 0.124
39.3 3.2178 0.0488 0.111 427 13878 0.054 0.016 16.124hg)l 45109 0.0775 0.139
39.4 3.2159 0.0466 0.105 42.8 0.8671 0.0C87 0.021 17.IRPAT 50749 0.101 0.1298
39.5 2.685 0.0968 0.074 429 0.8011 0.0143 0.014 17.12dedi2hr, 3.116 0.0232 0.062
39.7 24261 0.0154 0.064 43.1 22747 0.0406 0.026 18.RIRPAT 50749 0.101 0.1298
39.8 25873 0.0707 0.064 43.2 2.0459 0.0215 0.019 18.1@dEdl2hr) 3.2784 0.0304 0.067
39.9 24742 0.0838 0.063 43.3 19509 0.0124 0.018 19.@FAT 47154 0.1029 0.115
40.1 2487 01102 0.033 43.4 2.0319 0.0109 0.019 19.127hal) 3.7066 0.0827 0.083
40.2 2278 0.0257 0.023 43.6 15804 0.007 0.019 2.0JA826 27439 0.0061 0.029
40.3 22552 0.0328 0.023 43.7 11366 0.0246 0.015 202FAT 47154 0.1029 0.115
40.4 23193 0.0091 0.028 43.8 0.895 0.04 0.01%0.12 (half 24 hr) 3.3969 0.1189 0.081
40.6 1.2257 0.0214 0.034 43.9 0.8029 0.0212 0.0121.0JP 7/2312T 47845 0.0555 0.109
40.8 1.0203 0.0033 0.022 1.0JP 6/26 1.3 2.1466  0.032627 0.0 21.12 (half 8hr) 3.856¢ 0.2011 0.0¢1
40.9 0.9703 0.0104 0.021 1.12 (Dup 24hr) 0.9597 0.0023 160.022.0JP 7/2312T 46411 0.0346 0.108
41.1 24898 0.0925 0.034 10.0JP 6/27 1.2 1778 0.0307310.%2.12 (Half 8 hour) 4.0394 0.0865 0.078
41.2 2.641 0.0317 0.031 10.12 (half, 10.7) 0.784 0.01110110. 230JP 7/251.1T 4.7028 0.06-2 0.132
41.4 2.189 0.0304 0.027 11.0JP 6/27 1.2 1778 0.0307 10.023.12 (Dup 4 hr) 42439 00516 0.123
41.6 12314 0.0211 0.025 12.0JP 6/271.4 2.2997 0.0536470. 34.0JP 6262.4 44845 0.0303 0.134
41.7 11726 0.0411 0.022 12.12 (Double 2¢hr) 1.1783 8.04R.019 24.0JP7/251.1 4.7854  0.043 0.131
41.8 0.9857 0.0208 0.013 13.0JP 6/26 2.1 1.9949 0.0390330. 24.12 (Dup 4 hr) 4.0437 0.0258 0.105
41.9 0.9917 0.0413 0.021 13.12 (half 12 hr) 1.3599 0.0298016 250JP 7/7 1.1 51719 0.0814 0.177
42.1 2.2532 0.0227 0.025 14.0JP 6/26 2.1 19763  0.012 34 0.025.12 (half 24 hr) 3.676 0.0669 0.111

412 (Dup 24hr)  1.261& 0.0091 0.021
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TOC TOC TOC
ID DOC standard Uv254 ID DOoC standard Uv254 ID DOC standard Uv254
Average L Average L Awverage L
deviation deviation deviation

20.12 (half24 hr)  3.3969 0.1189 0.081 35.0JP 72@AW 3.9812 0.0165 0.161. 22.0JP7/231.2T 4.6411 0.03461080
21.0JP 7/231.2 4.7845 0.0555 0.109 36.0JP73112T 4.8694 0.0209 0.12.12Half8hour) 4.0394 0.0865 0.078
21.12 (half 8hr)  3.856¢ 0.2017. 0.091 37.0JP7311.2T.8694 0.0209 012 23.0JP7/251.1T 47028 008612 0.132
220JP7/231.2 46411 0.0346 0.108 38.0JP 8011.1 RAW 52779 0.1281750.1 23.12 (Dup 4hr)  4.2439 00516 0.123

22.12 (Half8 hour) 4.0394 0.086% 0.078 39.0JP 8ORAW 5.2779 0.1281 0.175  34.0 JP 626 2.4 4.4845  0.0303L340.
23.0JP7/251.1 4.7028 0.0612 0132  4.0JP6.261.2 34552 0.0154 0.048 .0JR4/251.1  4.7854 0.0436 0.131
2312 (Dup 4hr)  4.2439 0.0516 0123  4.12 (Dup 24hr) 61B2 0.0091 0021 24.12(Dup 4hr)  4.0437 0.0258 0.105
34.0JP6262.4  4.4845 0.0303 0.134 40.0JP 805 T 2.79DB348 0.036  25.0JP 7/7 1.1 51719 00814 0.177
240JP7/251.1  4.7854 0.0436 0.131 41.0JP805T  ®.79m0348 0.036 2512 (half24hr)  3.676 0.0669 0.111
24.12 (Dup 4hr)  4.0437 0.0258 0.105 42.0JP 805 T 3.790.0348 0.036 26.0JP 7/7 1.2 5.1375 0.0462 0.176

250JP7/711 51719 0.0814 0.177 6.0JP6/271.1 13.960.012 0034 26.12 (Double 121r) 3.1102 0.0717 0.084
2512 (half24hr)  3.676 0.0669 0.111  7.0JP6/271.1 961B 0012 0034 27.0JP7/713 5.0133 0.0591 0.169
43.0JP 805 T 27905 0.0343 0.036 8.0JP6/271.3 29078316 0065  27.0JP7/71.3 5.0414 00128 0.176
50JP6/271.3 32331 0.0133 0.059 9.0JP6/271.4 92.68.0061 0.053 27.12(Double 24 hr) 2.8886 0.0387 0.079
5.12 (Dup 24hr)  0.9605 0.0019 0.017 14.12 (half 12 hr).4117 0.0227 0.012  28.0JP 7/7 1.4 53385 00569 0181
26.0JP 7/7 1.2 5.1375 0.0462 0.176 150JP7/19147T6835. 0.0943 0124  28.0JP7/71.4 53562 0.0339 0.187

26.12 (Double 12 hr) 3.1102 0.0717 0.084  15.12 (hbh4 4.8306 0.0724 0134 2812 (Half12h7) 3.8895 0.0137.11 0
27.0JP7/713 50133 0.0591 0.169 16.0JP 7/191.4T6835 0.0943 0.124  3.0JP6.261.1 3.6677 00314 0053
27.0JP7/713 50414 00128 0.176  16.12 (half4rr) 1085 0.0775 0.139  3.12 (Dup 3.7) 1.1505 0.0122  0.02

27.12 (Double 24 hr) 2.8886 0.0387 0.079 17.0JP 7RT2 5.0749 0101 0.1298  31.0 JP 626 2.3 4.3566  0.056113%.0
28.0JP7/71.4 53385 0.0569 0.181 17.12(DoubleX2Brl16 0.0232 0.062 31.12(Half48hr) 2.9457 0.0457 .07

28.0IP7/71.4 53562 0.0339 0.187 18.0JP 7/2121T074% 0.101 0.1298 32.0JP 626 2.5 4.112 0.0304 0.129
28.12 (Half 12 hr)  3.889%  0.0137 0.11 18.12 (Doublé2 3.2784 0.0304 0.067 32.12 (Half 48hr) 1.8698 0.0158 03 0.
3.0JP6.261.1 3.6977 0.0314 0.053 19.0JP 7/231.1 17154+ 0.1029 0.115 33.0 JP 626 2.4 4.239 0.0249 0.136

3.12 (Dup 3.7) 1.150%5  0.0122 0.02 19.12 (half24 hr) 0&57 0.0827 0.088 35.0JP 728 1.1 RAW 3.96812 0.0165 0.161

31.0JP 626 2.3 4.35656 0.0561 0.0133 20JP6.261.4 432.7 0.0061 0.029 36.0IP7311.2T 4.8694 0.0209 0.12
31.12 (Half48 hr)  2.9457 0.0457 0.0v5 20.0JP 7/231.14.7154 0.1029 0.115 37.0JP7311.2T 4.8694 0.0209 2 0.1

32.0JP 626 2.3 4.112 0.0304 0.129 20.12 (half 24 hr).3968 0.1189 0.081 38.0JP 801 1.1 52779 01281 0.175

32.12 (Half 48hr) 1.869¢  0.0158 0.03 21.0JP 7/231.2 47845 0.0555 0.109 39.0JP 801 1.1 52779 01281 0.175
33.0JP 626 2.4 4.269 0.0249 0.136 21.12 (half 8hr) 568.8 0.2011 0.091 4.0JP 6.26 1.2 3.4552 0.0154 0.048
42.0JP805T 27905 0.0348 0.036 40.0JP 805 T 2.7909348. 0.036 41.0JP805T 27905 0.0348 0.036
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APPENDIX K. BIODEGRADATION CURVES FOR DOC
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Figure K-1 - Biodegradation test results for Img@mg DOC
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Figure K-2 - Biodegradation test results for iImg@mg DOC
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Figure K-3 - Biodegradation test results for 2mg@mg DOC
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Figure K-4 - Biodegradation test results for 2mg@mg DOC
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Figure K-5 - Biodegradation test results for extended ozonation
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Figure K-6 - Biodegradation test results for 4000mJ/cfand 0 mg/L H,0,
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Figure K-7 - Biodegradation test results for 2000mJ/cand 10 mg/L H0,
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Figure K-8 - Biodegradation test results for 2000mJ/cand 10 mg/L H0,
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Figure K-9 - Biodegradation test results for 4000mJ/cand 10 mg/L H0,
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Figure K-10 - Biodegradation test results for 4000mJ/cmand 10 mg/L HO,
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Figure K-11 - Biodegradation test results for raw water samples
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Figure K-12 - Biodegradation test results for raw water samples
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APPENDIX L. BIODEGRADATION TEST ANALYSIS RESULTS FOR DOC
Table L-1 - Biodegradation curve analysis results for DOC
Oxidation ID a Varlibles c a Avebrage c asiéli?dt? rsotl dDefw:tsl?dl\ #nOf tt?i Error (@)  Error (b)  Error (c)
1mg, Column 1 15 3.114 2.412 1.942 3 2.92
1mg, Column 1 17 2738 2257 1.782 2942 = 2102 1632 0190 0.410 0.407 3 2.92 0.3201  0.6915  0.6862
1mg, Column 1 23 2.973 1.637 1.171 3 2.92
1mg, Column 2 16 2.642 2.884 2612 3 2.92
1mg, Column 2 18 2599 2402 1.213 2570 2509 1916 0.091 0.334 0.700 3 2.92 0.1530  0.5627 1.1798
1mg, Column 2 24 2468 2243 1.924 3 2.92
2mg, Column 1 19 2870 1716 1.772 3 2.92
2mg, Column 1 21 2747 1.748 1.316 2816 1.807 1632 0.063 0.130 0.274 3 2.92 0.1054  0.2193 0.4623
2mg, Column 1 37 2.832 1.956 1.808 3 2.92
2mg, Column 2 20 2.336 2.155 1.567 3 2.92
2mg, Column 2 22 2409 2058 1.081 2429 = 2127 1614 0.104 0.060 0.557 3 2.92 0.1760  0.1014 0.9397
2mg, Column 2 36 2542 2168 2.193 3 2.92
Extended, Column 1 40 0.84394 1.90345 0.6164] Loa7 06% | 0.004| 0054 00142 6.314 00176 | 02402 | o0.0621
Extended, Column 1 41 0.84951 1.98462 0.62608 2 6.314
Extended, Column 2 42 068948 179511 046431 . . o, 0449 | 0.0s6! 0068l 00222 6.314 02505 | 02041 | o0.0983
Extended, Column 2 43 0.61014 1.88326 0.43379 2 6.314
4000,0 Column 1 31 250299 178627 1.88347 1760 1751 | o056l 0038 01872 6.314 02480 | 01686 | 0.8337
4000,0 Column 1 33  2.42443 1.73288 1.6194 2 6.314
4000,0 Column 2 82 1.98264 207546 150528 ., ,087 1687 0067 0017 0257 2 6314 (2998 00759  1.1485
4000,0 Column 2 34 2.0776 2.09951 1.86904 2 6.314
4000,10 Column 1 1 0.880839 1.27537 2.44539 3 2.92
4000,10 Column 1 6  0.95692 0.98943 2.8588.878 1.070 2604 0.081 0.179 0.230 3 2.92 0.1360  0.3013 = 0.3885
4000,10 Column 1 11 0.79559 0.94663 2.4986 3 2.92
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L Variables Average Standard Deviation = # of ttes
Oxidation ID a b c a b ¢ astdev bstdev cstdev n X Error (@)  Error (b)  Error (c)
4000,10 Column 2 7 0.96049 079719 158338 o) gs3 1400 0002 0093 0132 2 6314 " 50098 04169 05895
4000,10 Column2 10 0.96351 0.92925 1.39666 2 6.314
2000,10 Column 1 3 149012 2.15492 247212 4 2.132
2000,10 Column 1 8 1.32546 159285 163663 00 | o5 2300 0213 0567 0627 2132 55267 06046  0.6685
2000,10 Column1 12  1.34841 0.97498 2.00203 4 2.132
2000,10 Column1 13  0.98829 0.9759 3.08819 4 2.132
2000,10 Column 2 5 155115 157668 1.89486 3 2.92
2000,10 Column 2 9 139649 12366 1.42565255 1302 1780 0.387 0.249 0312 3 292 06530 04191  0.5267
2000,10 Column2 =~ 14  0.81642 1.09256 2.0191 3 2.92
Raw, Column 1 25 2.66683 248096 151736 3 2.92
Raw, Column 1 27 251378 222517 050368546 2069 0835 0.108 0508 0591 3 292 01821  0.8566  0.9967
Raw, Column 1 35 245825 150135 0.48051 3 2.92
Raw, Column 2 26 2.51434 2.38034 154561 4 2.132
Raw, Column 2 28 2.03146 302042 146403 .00 5600 2203 0235 0263 0851 ° 2132 o500 02804  0.9067
Raw, Column 2 38 24875 2.68266 3.16743 4 2.132
Raw, Column 2 39 249896 263664 271558 4 2.132

157



Table L-2 - Biodegradation analysis of % non-biodegradable for DOC

Variables

% non-
Oxidation ID biodegra Avwerage StdDev N T Error
a b .  dable
1mg, Column 1 15 3114 2412 1942 56%
1mg, Column 1 17 2738 2257 1782 550  59% 5% 3 292 9%
1mg, Column 1 23 2973 1637 1171 64%
1mg, Column 2 16 2642 2884 2612 48%
1mg, Column 2 18 2599 2402 1213 52% 51% 3% 3 292 4%
1mg, Column 2 24 2468 2243 1924 52%
2mg, Column 1 19 2870 1716 1.772 63%
2mg, Column 1 21 2.747 1.743 1.316 61% 61% 2% 3 2.92 3%
2mg, Column 1 37 283z 1955 1.808 599
2mg, Column 2 20 2336 2155 1.567 52%
2mg, Column 2 22 2409 2053 1.081 5404 53% 1% 3 292 2%
2mg, Column 2 36 2.54z 2.163 2.193 549%,
Extended, Column 1 40 0.84394 1.90845 0.6164131% 30% 0% 5 6314 2%
Extended, Column 1 41 0.84951 1.98462 0.6360830%
BExtended, Column 2 42 0.68948 1.79511 0.4643128% 26% 20 2 6314 11%
Extended, Column 2 43 0.61014 1.88826 0.4337924%
4000,0 Column 1 31 250299 1.78627 1.8834758% 58% 0% 2 6314 0%
4000,0 Column 1 33 242443 1.73288 1.619458%
4000,0 Column 2 32 1.98264 2.07546 1.5052449% 49% 1% 2 6314 3%
4000,0 Column 2 34 2.0776 2.09951 1.8690450%
4000,10 Column 1 1 0.88089 1.27537 2.4453941%
4000,10 Column 1 6 0095692 0.98943 2.863549% = 45% 4% 3 292 1%
4000,10 Column 1 11 0.79569 0.94663 2.4936 46%
4000,10 Column 2 7 0.96049 0.79719 1.5833955% 5304 39 2 6314 12%
4000,10 Column 2 10 0.96361. 0.92925 1.3965651%
2000,10 Column 1 3 1.49012 2.15492 2.4721241%
2000,10 Column 1 8 1.32546 1.59285 1.6365345% 49% 7% 4 2132 8%
2000,10 Column 1 12 1.34841. 0.97498 2.0020358%
2000,10 Column 1 13 0.98829 0.9759 3.0881950%
2000,10 Column 2 5 155115 1.57668 1.8943650%
2000,10 Column 2 9 139649 1.2366 1.4266553% 48% 5% 3 2.92 9%
2000,10 Column 2 14 0.81642 1.09256 2.019143%
Raw, Column 1 25 266683 2.48096 1.5173652%
Raw, Column 1 27 251378 222517 0.5063653% @ 56% 6% 3 292 9%
Raw, Column 1 35 245825 1.50135 0.4805162%
Raw, Column 2 26 251434 2.38034 1.5455151%
Raw, Column 2 28 2.03146 3.02042 1.4640540% 47% 50 4 2132 5%
Raw, Column 2 38 2.487% 2.68266 3.1674348%
Raw, Column 2 39 249896 2.63664 2.7165849%
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APPENDIX M. BIODEGRADATION CURVES FOR SUVA
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Figure M-1 - Biodegradation test results for Img@mg DOC
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Figure M-2 - Biodegradation test results for Img@mg DOC
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Figure M-3 - Biodegradation test results for 2mg@mg DOC
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Figure M-4 - Biodegradation test results for 2mg@mg DOC
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Figure M-5 - Biodegradation test results for 4000mJ/cfand Omg/L H,0,
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Figure M-6 - Biodegradation test results for 2000mJ/crhand 10mg/L H,0,
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Figure M-7 - Biodegradation test results for 2000mJ/crhand 10mg/L H,0,
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Figure M-8 - Biodegradation test results for 4000mJ/crhand 10mg/L H,0,
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Figure M-9 - Biodegradation test results for 4000mJ/cfhand 10mg/L H,0,
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Figure M-10 - Biodegradation test results for raw water sample
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Figure M-11 - Biodegrad

ation test results for raw water sample
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APPENDIX N. BIODEGRADATION TEST ANALYSIS RESULTS FOR SUVA

Table N-1 - Biodegradation curve analysis results for SUVA

Oxidation ID a Varlzbles c a Avebrage c asiézr\]dl? rsc: d[;fw:tsl?dl\ #nOf ted Error (a)  Error (o) | Error (c)
1mg, Column 1 15 0.06455 0.06255 0.83051 2 6.314
1mg, Column 1 17 0.06081 0.0686¢ 9.0581 0.067 0.060 1.058 0.004 0.004 0.322 2 6.314 0.0185 0.0173 1.4380
1mg, Column 1 23 0.07041 0.05705 1.286 2 6.314
1mg, Column 2 16 0.05602 0.06725 1.40967 3 2.92
1mg, Column 2 18 0.05183 0.07232 1.267960.053 0.072 1440 0.003 0.004 0.190 3 2.92 0.0046 0.0069 0.3200
1mg, Column 2 24 0.05085 0.07531 1.64377 3 2.92
2mg, Column 1 19 0.06302 0.05054 2.1454 3 2.92
2mg, Column 1 21 0.05852 0.04584 1.684()50.061 0.051 1773 0.002 0.006 0.337 3 2.92 0.0038 0.0101 0.5682
2mg, Column 1 37 0.06123 0.05773 1.4891 3 2.92
2mg, Column 2 20 0.04622 0.06134 1.46622 3 2.92
2mg, Column 2 22 004681 00579 1777160047 0062 2042 0002 0005 0745 3 292 00027 00084  1.2559
2mg, Column 2 36 0.04922 0.06775 2.88359 3 2.92
4000,0 Column 1 31005271 006915 17834400 76 1474 0006 0009 0438 6318 " ho2s6 00411 19540
4000,0 Column 1 33 0.04459 0.08213 1.16448 2 6.314
4000,0 Column 2 32 002958 009117 12084703 05 1543 0005 0005 0474 > 6318 " G025 00242 21143
4000,0 Column 2 34 0.0367 0.09885 1.8782 2 6.314
4000,10 Column 1 1 0.01626 0.01064 6.93199 3 2.92
4000,10 Column 1 6 0.01494 0.01873 6.735740.015 0.016 6.777  0.002 0.004 0.140 3 2.92 0.0030 0.0075 0.2352
4000,10 Column 1 11 0.0127 0.01799 6.66209 3 2.92
400010 Column2 7 001319 002085 954416\, o419 g3s0 0000 0002 1675 2 O3 00008 00084 7.4779
4000,10 Column 2 10 0.01294 0.01793 7.1755 2 6.314
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Oxidation D Variables Average Standard Deviation # of t test Error (a)  Eror(b) | Error (c)
a b c a b c a stdev bstdev cstdev n t
2000,10 Column 1 3 1 0.02651 0.02553 3.83604 3 2.92
200010 Column1 8 002407 003834 264703,,,, 030 3135 0002 0007 0622 292 00041 00123 10493
2000,10 Column 1 12 0.02165 0.02585 2.92244 3 2.92
2000,10 Column 1 13 6-6438 0-019? 91839 3 2.92
2000,10 Column 2 5 0.01608 0.01403 1.133%2 3 2.92
2000,10 Column 2 9 0.01918 0.03117 1.961%60.015 0.023 4311 0.005 0.009 4.804 3 2.92 0.0084 0.0145 8.0996
2000,10 Column 2 14 0.00938 0.024¢ 9.83805 3 2.92
Raw, Column 1 25 0.06637 0.1017 1.61297 3 2.92
Raw, Column 1 27 0.05746 0.10843 0.77662 0.066 0.097 1.544 0.008 0.015 0.736 3 2.92 0.0134 0.0253 1.2407
Raw, Column 1 35 0.07332 0.07971 2.24371 3 2.92
Raw, Column 2 26  0.06282 0.10931 1.64948 4 2.132
Raw, Column 2 28 005606 012543 2622829 (143 1801 0003 0008 0488 2132 00034 00087 05199
Raw, Column 2 38 0.05615 0.10883 1.66028 4 2.132
Raw, Column 2 39 0.05957 0.10923 1.63307 4 2.132
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Table N-2 - Biodegradation analysis of % non-biodegradable for SUVA

Variables % non-
Oxidation ID biodegra Awerage StdDev N T Error
a b C  dable
1mg, Column 1 15 0.06455 0.06255 0.830551%
1mg, Column 1 17 0.06081 0.06869 9.0581479, 51% 4% 3 292 ™%
1mg, Column 1 23 0.07041 0.05706 1.286 55%
1mg, Column 2 16  0.05602 0.06725 1.409645%
1mg, Column 2 18 0.05183 0.07232 1.2679@120  43% 3% 3 2.92 4%
1mg, Column 2 24 0.05085 0.07531 1.643720%
2mg, Column 1 19 0.06302 0.05054 2.14545504
2mg, Column 1 21 0.05852 0.04584 1.6840%6% 54% 3% 3 292 4%
2mg, Column 1 37 0.06123 0.05778 1.4€91519%
2mg, Column 2 20 0.046z2 0.06134 1.4652213%
2mg, Column 2 22 0.04681 0.0579 1.7771¢50,  43% 1% 3 292 2%
2mg, Column 2 36 0.04922 0.06775 2.8835%2%
4000,0 Column 1 31 0.05271 0.06916 1.783443% 39% 6% 3 200 | 10%
4000,0 Column 1 33 0.04459 0.08218 1.164485%
4000,0 Column 2 32 0.02958 0.09117 1.208424% 26% 2% 3 000 | 3%
4000,0 Column 2 34 0.0367 0.09€85 1.878227%
4000,10 Column 1 1 0.01626 0.01064 6.931980%
4000,10 Column 1 6 001494 0.01673 6.735744%  49% 10% 3 292 1%
4000,10 Column 1 11  0.0127 0.01799 6.6620941%
4000,10 Column 2 7 0.01319 0.02066 9.544189%
. - 40% 2% 2 6314 %
4000,10 Column 2 10 0.01294 0.01799 7.175%42%
2000,10 Column 1 3 0.02651 0.02553 3.836051%
2000,10 Column 1 8 0.02407 0'03?34 2.647039% 44% 50 4 | 2132 6%
2000,10 Column 1 12 0.02165 0.02%586 2.922446%
2000,10 Column 1 13 0.0138 0.0192 9.1839 42%
2000,10 Column 2 5 0.01608 0.01408 1.133533%
2000,10 Column 2 9 0.01918 0.03117 1.961588%  40% 13% 3 292 22%
2000,10 Column 2 14 0.00938 0.0246 9.838028%
Raw, Column 1 25 0.06637 0.10.7 1.6129B9% .
Raw, Column 1 27 0.05746 0.10843 0.775685%  41% 7% 3 2.92
Raw, Column 1 35 0.07332 0.07971 2.243718%
Raw, Column 2 26 0.06262 0.10931 1.642486%
Raw, Column 2 28 0.05606 0.12548 2.622821% 34% 0% 4 | 2132 3%
Raw, Column 2 38 0.05615 0.10883 1.660284%
Raw, Column 2 39 0.05957 0.10929 1.6330B5%
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Table N-3 - Biodegradation average curve parameters for BAC Column 1 andA&C Column 2

L Average
Oxidation

DOCnon (a) DOCi (b)

kDOC (1/c)

Raw, BAC Column1  0.066 (+0.013) 0.097 (+0.025) 0.784 (+0.749)
4000,0 BAC Column 1 0.049 (+0.026) 0.076 (20.041) 0.709 (+0.941)
2000,10 BAC Column 1 0.024 (+0.004) 0.030 (+0.012) 0.327 (+0.101)
4000,10 BAC Column 1 0.015 (20.003) 0.016 (+0.008) 0.147 (+0.005)

1mg, BAC Column 1  0.067 (+0.019) 0.060 (+0.017) 0.991 (+1.34)

2mg, BAC Column 1 0.061 (+0.004) 0.051 (+0.010) 0.577(+0.174)

Raw, BAC Column 2 0.059 (+0.003)0.113 (+0.009) 0.551 (0.120)
4000,0 BAC Column 2 0.033 (+0.022)0.095 (+0.024) 0.680 (+0.932)
2000,10 BAC Column 2  0.015 (+0.008P.023 (+0.015) 0.498 (+0.658)
4000,10 BAC Column 2  0.013 (+0.003D.019 (+0.008) 0.122 (+0.005)

1mg, BAC Column2  0.053 (x0.005)0.072 (+0.007) 0.702 (+0.152)

2mg, BAC Column 2 0.047 (+0.003)0.062 (+0.008) 0.53 (+0.286)
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0.08 -
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Figure N-1 - Parametera for each oxidation scenario for BAC Column 1 and 2
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APPENDIX O. BIODEGRADATION HPSEC CHROMATOGRAMS
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Figure O-1 - HPSEC chromatogram results for each of the biodegrade@w water samples.
Measured at time 0, 1 day, 7 days, using biomass from BAC Column 1 and BAC Column 2.
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Figure O-2 - HPSEC chromatogram results for each of the biodegradeakzonated (at 2mg@mg DOC) water samples.
Measured at time 0, 1 day, 7 days, using biomass from BAC Column 1 and BAC Column 2.
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Figure O-3 - HPSEC chromatogram results for each of the biodegradeazonated (at Img@mg DOC) water samples.
Measured at time 0, 1 day, 7 days, using biomass from BAC Column 1 and BAC Column 2.
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Figure O-4 - HPSEC chromatogram results for each of the biodegradenzonated (at the extended dose) and each of the UV4000 mJcm

and 0 mg/L H,O, water samples.

Measured at time 0, 1 day, 7 days, using biomass from BAC Column 1 and BAC Column 2.
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Figure O-5 - HPSEC chromatogram results for each of the UV2000 mJ/énand 10 mg/L HO, water samples.
Measured at time 0, 1 day, 7 days, using biomass from BAC Column 1 and BAC Column 2.
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Figure O-6 - HPSEC chromatogram results for each of the UV4000 mJ/¢rand 10 mg/L HO, water samples.
Measured at time 0, 1 day, 7 days, using biomass from BAC Column 1 and BAC Column 2.
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APPENDIX P.

PEAKFIT ANALYSIS FOR BIODEGRADED CHROMATOGRAMS
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Figure P-1 - Peakfit analysis results for each of the raw ater biodegraded HPSEC chromatograms.
Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat PeakfibutbfiPPeak Il Deconvolution.

181



Retention Time (5)

Retention Time (5)

ool ool 0005
% oo ID26 Raw || ¥ qpgs ID 26 R:'“r T o004 ID 26 Raw
2 Time0D || & Time 1 day || # Time 7 days
£ 'E 0.00& Colmon . || € 'E 0.008 Column 2 P 'E 0005 Colummn 2
2 g 8
5 & 0004 5 £ 0004 5 & 000z 4
[ ] [ ] [ ] |
" nooz 2% 000z & nom
= = - |
g o - S ; C— § 0 Fas E Q0 o
300 500 700 300 500 700 300 500 700
Retention Time (5) Retention Time (5) Retention Time (5)
ool ool o005
i 5 - ; .
% oo ID28 Raw || ¥ qpos ID 28 R:'“r 2 ooos | ID 28 Raw
2 Time0 a : Tine 1 day = ’ Time 7 days
£ 'E‘ 0.00& Colmon . || € 'E‘ 0.00& Colman? || £ E 0.003 Colummn 2
8 a | & | f
% & 0004 5 & 0004 5 & 000z 4 \
[ ] [ ] (] | [y
" nooz 2% 000z 8% o001 / [
] 7] 2] [ [
boola i f o La Poal~d
300 500 700 300 500 700 300 500 700
Retention Time (5) Retention Time (5) Retention Time (5)
ool ool 0005
: 3 - :
Y 0oe ID 38 Raw || 2 g oge ID38 Raw 1@ ID 38 Raw
g Time0 || & : Tine 1 day || & Time 7 days
£ ’E‘ 0.00& Column 2 || € ’E‘ 0.006 Column 2 £ 'E‘ 0005 Column 2
8 a [ &
0.004 0.004 0.002
" nooz 2% 000z 4 \,;\ 2% 0om
2 = | III I e
b — |§ o lad, § oo londl
300 500 700 300 500 700 300 500 700

Retention Time (5)

Figure P-2 - Peakfit analysis results for each of the raw ater biodegraded HPSEC chromatograms.

Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat Peakfit utbfiPPAak Il Deconvolution.
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Figure P-3 - Peakfit analysis results for each of the raw ater biodegraded HPSEC chromatograms.

Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat PeakfibhwtbfiRPeak 111 Deconvolution.
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Figure P-4 - Peakfit analysis results for each of the ozonated 2mgQO,/mg DOC and biodegraded HPSEC chromatograms.
Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat Peakfit utbfiPPAak Il Deconvolution.
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Figure P-5 - Peakfit analysis results for each of the ozonated 2mgQO,/mg DOC and biodegraded HPSEC chromatograms.
Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat Peakfit utbfiePAak Il Deconvolution.
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Figure P-6 - Peakfit analysis results for each of the ozonated 1mgQO,/mg DOC and biodegraded HPSEC chromatograms.
Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat Peakfit utbfiePAak Il Deconvolution.
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Figure P-7 - Peakfit analysis results for each of the ozonated 1mgQO,/mg DOC and biodegraded HPSEC chromatograms.
Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat Peakfit utbfiePAak Il Deconvolution.
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Figure P-8 - Peakfit analysis results for each of the ozonated the extended dose and biodegraded HPSEC chromatograms.
Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat Peakfit utbfiePAak Il Deconvolution.
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Figure P-9 - Peakfit analysis results for each of the ozonated the extended dose and biodegraded HPSEC chromatograms.
Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat Peakfit utbfiePAak Il Deconvolution.
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Figure P-10 - Peakfit analysis results for each of UV4000mJ/émand Omg/L H,O, and biodegraded HPSEC chromatograms.
Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat Peakfit utbfiPPAak Il Deconvolution.
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Figure P-11 - Peakfit analysis results for each of Uv4000mJ/éand Omg/L H,0, and biodegraded HPSEC chromatograms.
Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat Peakfit utbfiePAak Il Deconvolution.
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Figure P-12 - Peakfit analysis results for each of UV2000mJ/émand 10mg/L H,0, and biodegraded HPSEC chromatograms.
Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat Peakfit utbfiPPAak Il Deconvolution.

192



o0 | oons |
a 0007 ID 13 = | ID13 =) | ID 13
i 0oos UV 2000,10| (3 °0F uvzoooao| @ "M UV 2000,10
2 Egggi TimeD ||.£ Eu.nm Timel day || £ Eu.nm Time 7 days
-l Colunon 1 || 2 Cohuon 1 || 8 Column 1
%E Eggz M\ %E 0.002 %E 0.002
002 4 f 0.001 0001
s 000l 1 2 / a ? /\Aﬂm‘
é‘ o - ﬂ._ / - § 0 - ..Jm ; E 0 e .z’r )
300 50 700 300 500 700 300 500 700
Retention Time (5) Retention Time (5) Retention Time (5)
0005 D4 oo0s | oons |
] ] | ID4 = | D4
g o UV 200010/ °% 7 uvzoo0l0| @ "M UV 2000,10
£ E 0.003 Time0 £ E 0.003 Time 1 day || £ E o003 Time 7 days
2 Cohmon 2 || 8 Colunn 2 || 8 Column 2
= 3 0.002 ] 3 0.002 2 3 0.002
£ pooL 1 2% 0om A, 2% 0om P
| i : e | i
3 o - ; = E ] PN ’.r : ; E ] =, SR, :
300 500 700 300 500 700 300 500 700
Retention Time (5) Retention Time (5) Retention Time (5)
0005 oo0s | oons |
® ID 5 @ é ID S @ é DS
E 0.004 UV 2000.10 E 0004 - UV 2000.10 E 0.004 - UV 2000.10
£ . 0003 . TimeD (I 0003 Timel day ||£ _ 0.003 Time 7 days
% EU- Column 2 % ED.DEQ Column 2 % Eu.nnz Column 2
'\--'ﬁ \-'ﬁ ) \-'ﬁ
80 2% 0om . 2% 0om %
-] = = |
n@- . - 5 RS J'%\.m_ _ E o la Al .
300 500 700 300 500 700 300 500 700
Retention Time (5) Retention Time (5) Retention Time (5)

Figure P-13 - Peakfit analysis results for each of UV2000mJ/émand 10mg/L H,0, and biodegraded HPSEC chromatograms.
Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat Peakfit utbfiPPAak Il Deconvolution.
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Figure P-14 - Peakfit analysis results for each of UV2000mJ/émand 10mg/L H,0, and biodegraded HPSEC chromatograms.

Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat Peakfit utbfiPPAak Il Deconvolution.
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Figure P-15 - Peakfit analysis results for each of UV4000mJ/émand 10mg/L H,0, and biodegraded HPSEC chromatograms.

Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat Peakfit utbfiPPAak Il Deconvolution.
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Figure P-16 - Peakfit analysis results for each of UV4000mJ/émand 10mg/L H,0, and biodegraded HPSEC chromatograms.

Showing time 0, 1 day and 7days for both BAC Column 1 and BAC Column 2 using Systat Peakfit utbfiPPAak Il Deconvolution.
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APPENDIX Q. BIODEGRADATION BAR GRAPH RESULTS
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Figure Q-1 - Bar graph results for each of the raw water Peakfanalyzed HPSEC chromatograms.
Showing time 0, 1 day, 7day for BAC Column 1.
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Figure Q-2 - Bar graph results for each of the raw water Peakfanalyzed HPSEC chromatograms.

Showing time 0, 1 day, 7day for BAC Column 2.
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Figure Q-3 - Bar graph results for each of the raw water Peakfanalyzed HPSEC chromatograms.
Showing time 0, 1 day, 7day for BAC Column 2.
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Figure Q-4 - Bar graph results for each of the ozonated 2 mgfng DOC Peakfit analyzed HPSEC
chromatograms.
Showing raw, time 0, 1 day, 7day for BAC Column 1
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Figure Q-5 - Bar graph results for each of the ozonated 2 mgfing DOC Peakfit analyzed HPSEC
chromatograms.
Showing raw, time 0, 1 day, 7day for BAC Column 2
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Figure Q-6 - Bar graph results for each of the ozonated 1 mgfng DOC Peakfit analyzed HPSEC
chromatograms.
Showing raw, time 0, 1 day, 7day for BAC Column 1
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Figure Q-7 - Bar graph results for each of the ozonated 1 mgfing DOC Peakfit analyzed HPSEC

chromatograms.
Showing raw, time 0, 1 day, 7day for BAC Column 2
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Figure Q-8 - Bar graph results for each of the extended ozonat&tb mgO/mg DOC Peakfit

analyzed HPSEC chromatograms.
Showing raw, time 0, 1 day, 7day for BAC Column 1.
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Figure Q-9- Bar graph results for each of the extended ozonat25 mgO/mg DOC Peakfit
analyzed HPSEC chromatograms.
Showing raw, time 0, 1 day, 7day for BAC Column 2.
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Figure Q-10 - Bar graph results for each of the UV4000mJ/cfrand Omg/L H,O, Peakfit analyzed

HPSEC chromatograms.
Showing raw, time 0, 1 day, 7day for BAC Column 1.
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Figure Q-11 - Bar graph results for each of the UV4000mJ/cfrand Omg/L H,O, Peakfit analyzed

HPSEC chromatograms.
Showing raw, time 0, 1 day, 7day for BAC Column 2.
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Figure Q-12 - Bar graph results for each of the UV2000mJ/cfrand 10mg/L H,0, Peakfit analyzed
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Figure Q-13 - Bar graph results for each of the UV2000mJ/cfrand 10mg/L H,0, Peakfit analyzed

HPSEC chromatograms.

Showing raw, time 0, 1 day, 7day feothBAC Column 1and BAC Column 2
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Figure Q-14 - Bar graph results for each of the UV2000mJ/cfrand 10mg/L H,0, Peakfit analyzed
HPSEC chromatograms.
Showing raw, time 0, 1 day, 7day 8AC Column 2
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Figure Q-15 - Bar graph results for each of the UvV4000mJ/cfrand 10mg/L H,0, Peakfit analyzed
HPSEC chromatograms.
Showing raw, time 0, 1 day, 7day 8AC Column 1
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Figure Q-16 - Bar graph results for each of the UvV4000mJ/cfrand 10mg/L H,0, Peakfit analyzed
HPSEC chromatograms.
Showing raw, time 0, 1 day, 7day 8AC Column 2
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APPENDIX R. BIODEGRADATION PERCENT REMOVAL RESULTS
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Figure R-1 - Percent removal results for each of the Peakfit angded HPSEC chromatograms raw
water samples.
Showing raw, time 0, 1 day, 7day for both BAC Column 1 and BAC Column 2.
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Figure R-2 - Percent removal results for each of the Peakfit angded HPSEC chromatograms
ozonated 1 mg@mg DOC water samples.
Showing raw, time 0, 1 day, 7day for both BAC Column 1 and BAC Column 2.
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Figure R-3 - Percent removal results for each of the Peakfit angded HPSEC chromatograms
ozonated 2 mg@mg DOC water samples.
Showing raw, time 0, 1 day, 7day for both BAC Column 1 and BAC Column 2.
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Figure R-4 - Percent removal results for each of the Peakfit angded HPSEC chromatograms
ozonated 25 mg@mg DOC water samples.
Showing raw, time 0, 1 day, 7day for both BAC Column 1 and BAC Column 2.
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Figure R-5 - Percent removal results for each of the Peakfit angded HPSEC chromatograms

UVv4000mJ/ent and Omg/L HO, water samples.

Showing raw, time 0, 1 day, 7day for both BAC Column 1 and BAC Column 2.
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Figure R-6 - Percent removal results for each of the Peakfit angded HPSEC chromatograms
UVv2000mJ/cnt and 10mg/L HO, water samples.
Showing raw, time 0, 1 day, 7day for both BAC Column 1 and BAC Column 2.
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Figure R-7 - Percent removal results for each of the Peakfit angded HPSEC chromatograms
UVv2000mJ/cnt and 10mg/L HO, water samples.
Showing raw, time 0, 1 day, 7day for both BAC Column 1 and BAC Column
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