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Abstract

The objective of drinking water treatment is to\pde water which is free of pathogens, is
chemically and biologically stable, and is of g@m$thetic quality. Natural organic matter
(NOM) is present in all natural waters and can maketing these goals more challenging.
Not only does it undergo adverse reactions witintéstants such as chlorine, it also impacts
the biological stability of water within the diditition system and contributes to undesirable
aesthetic qualities such as taste and odour. N@dvhlso been implicated in membrane
fouling, which continues to be a significant opemaal problem preventing wider
implementation of this process. Due to its higidyiable heterogeneous nature, NOM can
be difficult to characterize in terms of its spacdomposition, however recent analytical

advancements are allowing for a better understgnafiits behaviour in water treatment.

Two promising tools for NOM characterization inckudiquid Chromatography Organic
Carbon Detection (LC-OCD) and Fluorescence ExocitaEmission Matrix (FEEM)
analyses. In this research both techniques weréedgp samples taken from five full scale
facilities in Ontario, Canada over all four seasdr®e source waters for these treatment
locations consisted of both river (Grand River,a@th River) and Great Lake waters (Lake
Huron, Lake Erie, Lake Ontario), and an additiaaa source (Saugeen River) was also
monitored. The plants all employed granular metti@afion, but had differences including
enhanced coagulation, ozonation, biofiltration aadd ballasted flocculation. Other relevant
water quality parameters were also monitored (TDGC, UV,s,4, pH, conductivity etc.) as
well as plant operating conditions (dosages, fldikter run times etc.) to investigate their
impact on removal of specific NOM fractions. Fadithe waters (Grand River, Ottawa
River, Lake Erie and Lake Ontario) were selecteskdaon the initial survey due to their
NOM composition, for bench scale ultrafiltrationKlmembrane fouling experiments. The

experiments were run at constant flux for a peabfive days, with an automated



permeation cycle and backwash. The impact of biopets on hydraulically reversible and

irreversible fouling was of specific interest.

Important seasonal trends were identified for altexs, with biopolymer content increasing
at higher temperatures. Useful comparisons couslol la¢ made between different treatment
processes including conventional and enhanced &tagqu The enhanced process while
significantly improving the removal of humic substas, was not beneficial in terms of
biopolymer removal, suggesting a different remauachanism for these two fractions. The
removal of low molecular weight ozonation by-protduduring full scale biofiltration was
well demonstrated, and other fractions (buildingckk, biopolymers) had varying degrees of
removal, which was more dependent on temperatureciple component analysis (PCA),
an advanced multivariate statistical method, wasessfully applied to a FEEM data set
containing five different waters at varying degreétreatment. Three principle components
related to humic-like, protein-like and particulatdloidal material were identified, and
served as useful complementary information to t68eQCD results. The humic-like
component was found to have relatively good cotiglao the humic fraction from LC-
OCD analysis, with some deviation in the post-otionesamples (which underwent greater
structural changes not captured by LC-OCD). Thedlymer fraction was shown to have
good correlation to hydraulically reversible mem@douling across all four waters. The
same could not be said for hydraulically irrevesilouling for which a combined fouling

layer (with particulate and colloidal materialhigpothesized.

This research provides those working in the watsatiment sector with greater insight into
NOM behaviour during various levels of treatmerd.Aopolymers were demonstrated to
impact hydraulically reversible fouling (relativelydependent of water quality), their
removal prior to membrane filtration could sign#idly extend operational cycles by
extending time between backwashes, thereby red@tiaggy requirements. As biopolymers
are also suspected in forming a combined fouliggratheir removal can potentially
minimize chemical cleaning requirements (and exteedife cycle of the membranes). The

iv



removal of biopolymers through coagulation was wlelinonstrated. Biofiltration is also
expected to perform well as a membrane pre-tredtchenits ability to remove biopolymers
and particulate/colloidal matter. The ability obbitration to control biological re-growth in
the distribution system (by removing low moleculagight biodegradable products) was also

shown using LC-OCD and FEEM analysis.
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Chapter 1

Introduction

1.1 Problem Statement

Natural organic matter (NOM) is implicated in sooféhe major challenges currently facing
drinking water treatment. Initially its presenceswaostly of aesthetic concern due to its
contribution to taste, odour and colour, howeveeaty as the 1970’s its role as a precursor to
disinfection by-products (DBPs) was recognizedpgobng greater interest in its removal. In
addition to being a DBP pre-cursor certain NOM fii@ts act as substrates for biological re-
growth in the distribution system, especially afigidation. Other problems associated with
NOM during treatment include higher coagulant dedsatransport of metals and hydrophobic
chemicals, corrosion during distribution, and thieiference in adsorption processes for the
removal of other contaminants (Jacangelo et al5198is recognized that not only the amount
of NOM but also its character can have a significgarpact on the efficiency of drinking water
treatment (Baghoth et al. 2011b) and having a beléa of its composition and associated
removal is therefore of interest . Considering th@M is a complex mixture of thousands of
different organic molecules, it is not practicakctwaracterize it in terms of individual
constituents and hence it is valuable to groupedfit compounds of similar chemical

properties.

Finding appropriate characterizing methods whiahdascribe the behaviour of individual

NOM fractions during treatment will ultimately leédl a better understanding of NOM removal
and may allow for better selection and optimisatbthese processes. Liquid Chromatography
Organic- Carbon Detection (LC-OCD) and Fluorescdfxatation Emission Matrix (FEEM)
analytical techniques are two relatively new meththdit can provide further insight into the
nature of NOM. LC-OCD is capable of separating NO&&sed on apparent molecular weight

into fractions of interest including biopolymerolysaccharides and proteins), humic substances

(humic and fulvic acids), building blocks, low molgar weight acids and neutrals (Huber et al.



2011). FEEM spectroscopy acts as an excellent camgaitary analytical technique, which can
identity differences in humic and protein-like comsgion, while also providing some

information relating to the particulate/colloidaatarial (Peiris et al. 2010).

NOM has also been identified as playing an impantale in membrane fouling, which
significantly increases operational costs, and mesnas a major obstacle for wider
implementation (Gao et al. 2011). Different fran8af NOM have been implicated in
membrane fouling, but a general consensus on thet eature of this fouling has still not been
reached. In low pressure membrane (LPM) filtratioe majority of the material which is
deposited on the membrane surface or within thegpausing fouling), can be removed during
backwash (hydraulically reversible). The portibattremains contributes to hydraulically
irreversible fouling, and must be removed throulgérgical cleaning. Although hydraulically
irreversible fouling has a significant impact oreotical and maintenance costs, reversible
fouling is also a concern due to its impact on apenal cycles and backwash frequency (Amy
2008). Using LC-OCD analysis, biopolymers have bdamwn to act as LPM foulants,
contributing to hydraulically reversible fouling idog surface water filtration (Hallé et al. 2009).
Biopolymer composition (protein content) has alserbshown to impact irreversible fouling, in
addition to particulate and colloidal content (Relas et al. 2011). This work was performed on
one water type however, and it remains to be séwther biopolymer content (and
composition) can be used as a predictor for menabi@ning potential across a number of

different water types.

1.2 Objectives

To address the above knowledge gaps this reseasctwio major goals;

1. NOM characterizing during full scale drinking watezatment at several different
locations
2. Investigating the role of specific NOM fractionsnmrembrane fouling across different

waters.



The specific objectives relating to the first majoal are as follows:

Characterize a range of surface waters with vargamgwater characteristics, using LC-
OCD and FEEM analysis, to get a better understgnofiNOM composition as well as
seasonal variability.

Investigate the removal of specific NOM fractiottgough a variety of full scale
treatment processes, and determine whether thesegses are impacted by seasonal
variation in raw water NOM composition. Biofiltrat at full scale is of specific interest,
as are differences between the filters and thesfief up-stream ozonation.

Determine how well the results from FEEM analysiste to the fractions identified
using LC-OCD.

The specific objectives of the second major goalea follows:

Determine how well hydraulically reversible foulingn be related to the biopolymer
content of the different waters with significantlifferent NOM composition and raw
water quality.

Investigate which NOM fractions are most likelydwgirreversibly deposited on the
membrane surface.

Determine how well hydraulically irreversible foudj can be related to biopolymer
content and evaluate the role of biopolymer contms{protein content using FEEM).

1.3 Thesis Structure

Chapter 2 consists of a literature review to prevatt overview of the published material which

is relevant to this work. Research needs are ifilethtbased on the review, and are presented at

the end of the chapter. The remaining chapters e&ech written as separate articles, and

therefore they are intended to stand on their @roviding experimental procedure as well as

discussion for the results and conclusions. Chépiera detailed study of NOM characterization



for six different waters during full scale watezdtment over four seasons. Removals through a
variety of processes including enhanced coagulatinoanation, and biofiltration are reported for
five full scale facilities. Four of the waters fraims investigation were used in the membrane
fouling study which is outlined in Chapter 4. Usitmmmercially available bench scale
membrane modules, hydraulically reversible and/érsible fouling was assessed in prolonged
constant flux experiments which included mainteearieaning and automated backwash.
Chapter 5 presents some of the major implicatidriseoresults from Chapters 3 & 4, and offers
recommendations for future work.



Chapter 2

Literature Review

2.1 Natural Organic Matter Characterization

Natural organic matter (NOM) is a complex heteragers mixture of organic material found in
all natural waters. Its presence can be attribtdeshurces which are both allochthonous (soll
derived decaying plant material) and autochthorfousrobial by-products produced in-situ) as
well as certain anthropogenic sources (wastewagehdrge etc.). NOM composition is highly
variable, but is generally expected to consistohsajor compound classes including humic
substances (humic and fulvic acids), hydrohphiticig, carboxylic acids, amino acids,
carbohydrates and hydrocarbons (Thurman 1985)t i8saivariable mixture containing
thousands of different chemical constituents, iaspractical to investigate NOM composition
on an individual compound basis. It is therefoesichble to group different fractions with
similar chemical properties. Many different analgt techniques have been developed to
describe NOM composition, each offering certainaadages and disadvantages. Some of the

major characterization methods of interest arecnged in the following sections

2.1.1 Bulk Parameters

Total organic carbon (TOC) is most commonly used asrrogate parameter to describe the
total quantity of NOM. Typically it is measured byidizing NOM to carbon dioxide which is
qguantified using an infrared detector. Dissolvegboic carbon (DOC) is operationally defined
as the organic carbon which is smaller than @ 5wvhile the content which is larger is referred
to as particulate organic carbon (POC). Ultravialesorbance at a wavelength of 254nm
(UVA 254 is also commonly used as a surrogate parameat&@d/, taking advantage of the
light absorbing chromophore (often aromatic) sues which will vary depending on
composition (Crittenden and MWH, 2005). Other sfegvavelengths are also of interest,



including absorbance at 220nm which is associaiddaarboxylic —like chromophores
(Korshin et al. 2009). Specific UV absorbance (SU\dafined as UVAg, divided by DOC in
mgC/L is another important parameter which can gmme indication of
hydrophobicity/hydrophilicity. A water with SUVA>i considered to have NOM with greater
hydrophobicity (mostly aquatic humics ), while a\BAx2 is indicative of low hydrophobicity
(less humic content) (Edzwald and Tobiason, 1999).

2.1.2 Resin Fractionation

Resin fractionation is one of the earlier develofethniques for characterizing NOM, and is
still commonly used to distinguish between the loypthobic and hydrophilic fractions of the
DOC. The most widely employed method involves comuiadly available Amberlite XAD
resins which were adopted by the International Hugibstances Society (IHSS) as a
standardized way of isolating fulvic (FA) and huramds (HA) (Matilainen et al. 2011). This
approach involves passing organic matter throughgpecific resins (Amberlite XAD-8 and
XAD-4) which are configured in series. The XAD-&ireadsorbs the hydrophobic material,
while the XAD-4 resin adsorbs the weakly hydropledbaction (referred to as transphilic),
leaving the hydrophilic material (not adsorbingetther) to pass through (Croué 2004; Sharp et
al. 2006). Through modification of this methodhatresearchers have further divided these
fractions to include the common classificationdinat in Table 2.1(Source: Swietlik et al.
2004).

Table2.1: Resin isolated fraction composition (Source: Swietlik et al. 2004)

Fraction Organic Compound Class Reference

Humic Acid Humic substances fraction which precipitate at Peuravuori et al. 1997
(HA) pH<1

Hydrophobic  Sail fulvic acids, G-Cg aliphatic carboxylic acids, Leenheer 1981; Marhaba
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Fraction Organic Compound Class Reference
acid (HOA) 1- and 2-ring aromatic carboxylic acids, 1- and 2et al. 2000;Aiken et al.
ring phenols 1992
Hydrophobic Humic substances retained by XAD-8 resin at Leenheer 1981; Marhaba
base (HOB) pH=7 (eluted by HCI); 1- and 2-ring aromatic et al. 2000
amines except pyridine, proteinaceous substan
Hydrophobic  Mix of hydrocarbons; >€aliphatic alcohols, Leenheer 1981; Marhaba
neutral amides, esters, ketones, aldehydes; long chain et al. 2000
(HON) (>C9) aliphatic carboxylic acids and amines; > 3-
ring aromatic carboxylic acids and amines
Hydrophilic ~ <Cs aliphatic carboxylic acids, polyfunctional  Aiken et al.
acid (HIA) carboxylic acids, mixture of various hydroxyl 1992;Leenheer 1981,
acids Marhaba et al. 2000
Hydrophilic ~ Amphoteric proteinaceous material containing Leenheer 1981; Marhaba
base (HIB) aliphatic amino acids, amino sugars, peptides aret al. 2000
proteins; <@ aliphatic amines pyridine
Hydrophilic ~ Short chain aliphatic amines, alcohols, aldehyd Leenheer 1981; Marhaba
neutral (HIN) esters, ketones; <C5 aliphatic amides; et al. 2000

polyfunctional alcohols; carbohydrates; cyclic
amides; polysaccharides

Although the composition will vary significantly amg sources, humic substances (humic and

fulvic acids) are generally recognized as constituthe largest fraction of the DOC (50-75%)

and correspond to the hydrophobic material whicdodak to XAD resin at a pH of 2 (Thurman
1985). The hydrophilic fraction which is not adsedlgenerally represents 20 to 30% of the

DOC (Croué 2004; Thurman 1985). As many earlied @me recent) studies characterized

NOM using the classifications presented in Tableiis important to have an understanding of

how they relate to other fractions of interest.emhleeer (1981) reported that the hydrophilic

neutral (HIN) fraction had similar infrared specaspolysaccharides, suggesting that a portion

of biopolymers (discussed further in section 2.a4) part of this classification. This is
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consistent with Amy (2008) who stated that if onigasolloids (which were found to have a
polysaccharide and protein-like identity) were pi-isolated by dialysis (prior to resin
fractionation), they would end up in the hydrophitiaction. This fraction would also be
expected to contain lower molecular weight matenmluding short chain amines, alcohols,
aldehydes, ketones and esters (Leenheer 1981)e @2604) used resin fractionation in addition
to size exclusion chromatography (SEC) to providéearer relationship between the two
characterization methods. The authors found tiet solating the large colloids, the remaining
hydrophilic material largely consisted of a peakresponding to low molecular weight acids.
They also stated that transphilic material elued ahoulder corresponding to low molecular
weight aromatic acids. This shoulder appears tairnéar to the building block fraction which is
defined by LC-OCD analysis (see section 2.1.4th@dgh resin fractionation has been widely
used to characterize NOM, there are important diaidhges which must be considered when
using this method. These include physical altenastivpom pH extremes, irreversible adsorption

and contamination from resin bleeding (Matilain¢ale2011).

2.1.3 Molecular weight distribution (membrane filtr ation)

Some studies have also characterized NOM by apipar@ecular weight (AMW), using
progressive filtration through membranes with dasiteg pore sizes. Owen et al. (1995) used
hydrophilic ultrafiltration membranes (UF) with negular weight cut offs (MWCO) ranging
from 500-30,000Da to describe NOM transformatiorirdutreatment. Although the results are
useful in describing relative removals of differsiged fractions, the limitations of this method
have been widely reported (Aiken 1984; Assemi €2@04). Amy et al. (1987) found the
majority of NOM from a number of natural sourced®in the 500-10,000 and 10,000-20,000
AMW ranges using successive membrane filtratiopsst&€he authors also recognized the
inherent problems with this approach, which wesoamted with adherence of NOM in the
membrane pores as well as surface deposition caosimideal rejection. Assemi et al. (2004)
reported that the results for UF fractionation weoéin good agreement with flow field

fractionation (chromatography method). The autisoigyested that the molecular structure of
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organics also impacted rejection, and found sigaifily smaller fractions being rejected by high
MWCO membranes. Although characterization studgesg this approach may still be useful,
the limitations must be considered when interpcetire results.

2.1.4 High Pressure (Performance) Size Exclusion Ch  romatography (HP-SEC)

High pressure size exclusion chromatography isséutiand relatively recent tool for separating
NOM into different fractions based on apparent roolar weight (AMW) and chemical
interaction. This process involves a mobile phaséfér solution of specific ionic strength
containing the dissolved sample) which passes gtraustationary phase (polymer or silica
based column) where molecules are separated angdaltheir size, shape, and interaction.
Large molecules elute first, while smaller molesutdute later (due to greater diffusion into
pores of column) and are then measured by meaas ofline detector (UV-vis, DOC etc.)
(Lankes et al. 2009). One specific type of HP-3&GwnN as liquid chromatography organic
carbon detection (LC-OCD) developed by Huber amchifiel (1991) is increasingly being used
due its high degree of sensitivity and minimal sknge-treatment. Using this instrument, NOM
can be characterized in terms of biopolymers, higulistances, building blocks, low molecular
weight (LMW) acids and neutrals. The integratiombaaries for a typical fresh water
chromatogram (organic carbon signal) are illustrateFigure 2.1 for the various fractions. The
LC-OCD instrument also has online ultraviolet datet(UVD) and organic nitrogen detection

(OND) which provides additional information whichuseful for NOM characterization.



Infrared Signal -

Elution Time (min)}=>

Figure2.1: LC-OCD chromatogram integration boundariesfor different NOM fractions
(Source: DOC-Labor Huber; 2010)

Biopolymers are a high molecular weight (>10,000B¢Jrophilic fraction consisting largely of
polysaccharide and protein like material (HubealeR011). They are the first fraction to elute
from the SEC column, and generally do not resporidD due to a lack of unsaturated
structures (Huber et al. 2011). Produced throughearaus biological processes, biopolymers are
the major component of extracellular polymeric sabses (EPS), soluble microbial products
(SMP) and effluent organic matter (EfOM)(Haberkaea@l. 2011). Polysaccharides make up a
large proportion of this material, being used ath l@onutrient source (released from living and
decaying cells) and structural component for tHevealls of bacteria and algae. Polysaccharides
are expected to have greater short term stabaityle the protein fraction is known to be more

rapidly degraded through biological activity (Flemgrand Wingender 2001).
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The second fraction to leave the column is the lkowsubstances (humic and fulvic acids)
fraction which forms the dominant peak of the LCIDEhromatogram. The average molecular
weight of this group is approximately 1000Da (Vel&t al. 2011) however it can be expected to
contain molecules up to and greater than 10,00abadik and Amy, 1988). The humic acids
are larger and generally elute first, while fulaiwids are known to be smaller, and contain a
higher phenolic and carboxylic content. The husubstances have a significant response in the
UV signal, which arises from its aromatic and unsated structures (Huber et al. 2011). The
building block fraction which elutes as a shoulatethe humic peak consists of the degradation
products of the humic substances in the range @4%DDa and has variable degrees of UV
absorbance. The low molecular weight (LMW) acidsan aliphatic fraction which co-elutes
with LMW humics as a compressed peak. A correasanade during integration based on UV
absorbance (only the LMW humics absorb UV), toat#htiate between the two fractions.
Finally the LMW neutrals elute last, which are wigatharged hydrophilic or slightly

hydrophobic compounds such as alcohols, aldehkessnes or amino acids (Huber et al. 2011).

2.1.5 Fluorescence Excitation Emission Matrix (FEEM ) and Principal Component
Analysis (PCA)

Fluorescence spectroscopy is a superior technmuehfiracterizing NOM when compared to
more traditional methods (UV-vis) due to its higkensitivity and selectivity (Bieroza et al.
2009; Peiris et al. 2010; Matilainen et al. 20Ihis method involves the excitation of electrons
to higher energy levels by the adsorption of enépiyton of light), and the subsequent
fluorescence which occurs as energy loss (emiggibight) while the electrons return to their
original ground state. The compound structures Wwhlzsorb light are called chromophores
while those that absorb and remit light (fluoresame) referred to as fluorophores. Three
dimensional FEEM data is generated by measuringgeamadiation intensity values at various
wavelengths, in response to excitation at diffevestelengths. Due to the energy sharing,
unpaired electron structure which is characteristimany aromatic organic compounds, several

NOM constituents are readily detected using thieess (Hudson et al. 2007). In addition to
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humic and fulvic-like material, protein-like (tynog and tryptophan-like) substances have also
been reported (Baker et al. 2008; Coble 1996; @hah 2003; Liu et al. 2011; Spencer et al.
2007). A summary of intensity peaks which are regggbm the literature for different NOM

fractions are presented in Table 2.2 (Source: siagh et al. 2011).

Table 2.2: Reported excitation-emission ranges for humic and protein-like material
(Source: Matilainen et al. 2011)

Excitation Emission NOM Component References
Range (nm) Range (nm)

270-280 310-320 Protein (Tyrosine)-like Coble (1996), Baghoth et al. (2009)

270-285 340-360 Protein (Tryptophan)- Coble (1996),Spencer et al. (2007),
like Baker et al. (2008), Hudson et al.

(220-235) (2008), Baghoth et al. (2009)

320-350 400-450 Fulvic-like Spencer et al. (2007), Baker et al.

(2008)
310-320 380-420 Humic-like (Marine) Coble (1996), Baghotlak (2009)
330-390 420-500 Humic-like Coble (1996),Spencer et al. (2007),

Baghoth et al. (2009)

In addition to NOM related intensity peaks FEEMpe are also known to contain various light
scattering regions. Raman scattering which re$ulis the light scattering property of water
(vibration of the O-H covalent bond) can be comeddby subtraction using an ultrapure blank
(Hudson et al. 2007; Peiris et al. 2010). Collomladl particulate matter also contribute to light
scattering (Stramski and Wozniak 2005), and moeeifipally Peiris et al. (2010) demonstrated
that this relationship is significant in the fiestd second order Raleigh scattering regions. The
typical fluorescence features for the Grand Rivatenreported by Peiris et al. (2010) are

outlined in Figure 2.2.
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Figure 2.2: Typical FEEM fluorescence featuresfor the Grand River: primary fulvic-like
peak (a), secondary humic substances peak (B), protein-like peak (8), first and second order

Raleigh scattering regions (FORS/SORS) (Peiris et al. 2010)

One of the major challenges in interpreting FEEMc$ma is the quantity of data which is
generated by scanning such a wide array of waviiesambinations. Traditionally “peak
picking” methods have had some success in desgriddM composition differences based on
maximum fluorescence intensity values for speaifavelength combinations of interest (Coble
1996, Bieroza et al. 2010; Liu et al. 2011). Duéhi® heterogeneous nature of NOM however
these simplistic methods may not adequately captiréformation contained in the full FEEM
spectrum which may have more than 10,000 datagdntferent investigations have
highlighted the importance of analysing the ergpectrum through a variety of advanced data
analysis techniques used to decompose multi-dirneakdata (Persson and Wedborg 2001,
Chen et al. 2003; Stedmon et al. 2003).

Principal component analysis (PCA) is one suchrtegle which is capable of extracting new

variables (known as principal components) whichueareorrelated, orthogonal and capture a

large portion of variance in the original matride(fs et al. 2010). The model created by PCA
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analysis breaks down the original matrix X as tin@ ®f the product of two vectors scores)
and p (loadings) with a remaining matrix E(variation mafptured by the model) as outlined in
Equation 2.1 (Eriksson et al. 2001).

k
X=Zti><pi+E
i=1

(2.1)

The number of linear principal components is selgsb that the model describes the physical
and chemical differences between the samples whikiding fluctuations due to measurement
error. Prior to performing PCA, each three dimensgisample matrix needs to be unfolded into
a column matrix (2 dimensions) with each excitatonission pair being a variable and it's
corresponding intensity reading being the dependarmdble (Stedmon et al. 2003). The
remainder of the analysis is performed within comuiadly available computer software. The
data set is first scaled and mean centered byrtggam, in order to remove the effects of
differences in the magnitude of the numbers anudstal deviations. The principal components
are then calculated based on the directions of maxi variance, through an iterative approach
to minimize the residual error and fit the vectpase to the original data set (Persson and
Wedborg, 2001). The model can then be cross valijad determine how well it could be
applied to an independent data set. This can be dsing a variety of approaches, which
normally involve removing a portion of the data ampblying a model which is built based on

the remaining data set to see how well it carhBt\ariation.

The physical significance of the loading varialitas be assessed after the model results are
obtained, by comparing the loading plot (FEEM repreation of the loading vector), to see
whether it corresponds to regions of interest. Comept scores describe how well each new
loading variable (i.e. principal component) is eeteed in an individual sample, thereby
providing a simple comparison basis for differeniceSEEM data. Other multivariate data
analysis techniques have also been applied to F&&®including regional integration (Chen et
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al. 2003) and PARAFAC analysis (Baghoth et al. 20 Htedmon et al. 2003) and have also
proved to be useful.

2.1.6 Other NOM characterization methods

Other techniques which have been used to charaetd®M include nuclear magnetic
resonance (NMR) spectroscopy, pyrolysis gas chrognaphy/mass spectrometry (Pyr-GC-
MS), and Fourier transform infrared spectroscopMi (Croué et al. 2004; Lankes et al. 2008;
Frimmel et al. 2004). NMR is capable of detectieg&in functional groups of interest
(carboxylic structures etc.) by applying a magniél and measuring the resonance frequency
of different sample nuclei (typically carbon or hgden nuclei). FTIR methods are also useful in
identifying different functional groups by makingeuof the absorption spectrum from infrared
light (resulting from the vibrational energy of at@ bonds) which acts as specific fingerprint
for different compounds (Matilainen et al. 2011)thdugh these characterization techniques are
useful they typically require NOM to be concentdatieie to the low concentrations which are
normally present in natural waters (Peiris et @D&). These methods can also be relatively
difficult to interpret due to the similar overlapgi spectral features of many different NOM

components (Matilainen et al. 2011).

2.2 NOM removal in drinking water treatment

Prior to the 1970’s interest in NOM removal wagyidy driven by the desire to remove colour,
as an aesthetic goal for treatment. With the intobidn of disinfection by-product regulations
however, there has been an increased amount a@frobsi® further the understanding of NOM
removal (Jacangelo et al. 1995). Typically the peses which are applied to remove NOM
include coagulation /flocculation /sedimentatioifittration, membrane filtration, activated
carbon filtration, advanced oxidation processesianexchange resins (MIEX) (Matilainen et
al. 2011). A number of these processes are relégahe current investigation and therefore the

related processes for NOM removal are reviewetierfallowing sections.
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2.2.1 Coagulation/Flocculation/Sedimentation

Coagulation has historically been used for de-Btitg particulate and colloids, but as it is also
capable of removing dissolved NOM, it has becomgairtant for minimizing DBP formation as
well as reducing NOM related aesthetic problemished water (taste, odour and colour). It
has been demonstrated that for many surface watagulant demand is actually controlled by
NOM concentration rather than by turbidity duetsohigher charge density (Edzwald 1993;
O’Melia et al 1999; Budd et al. 2004). To meet DiBBuirements certain water treatment
facilities have in fact optimized this processdamyet NOM removal (through enhanced
coagulation). Inorganic salts (usually aluminunmron based) are typically employed, and when
added to water they will dissociate to form trivalens (Al3+, Fe3+), which then undergo
hydrolysis to form positively charged complexesit€nden and MWH, 2005; Matilainen et al.
2010; Edzwald and Tobiason, 1999). Depending orcdineentration and pH, these complexes
can be either dissolved or precipitate from solytend are responsible for NOM removal

through several mechanisms.

The primary mechanisms for NOM’s removal includargfe neutralization (or destabilization),
entrapment, adsorption and complexation. As NOMmagition is highly variable, different
mechanisms will apply to different organic fracsofsharp et al. 2006; Parsons et al. 2004).
Due to its predominantly negative charge, positiomplexes as well as pre-hydrolyzed positive
ions can act to destabilize NOM colloids by redgdime electrical double layer (EDL). The EDL
consists of the Helmoltz layer (cations adsorbegegative surface) and the diffuse layer (excess
cations that extend in the bulk solution until &leceutrality is reached). When the EDL is
compressed (reduction of charge due to attachnieqgpmsitely charged ions) particles can
more easily come together and attach due to VaiM@es forces (Crittenden and MWH, 2005).
As this is a particle removal mechanism, it onlpléas to NOM in particulate or colloidal form,
while truly dissolved material is removed by pré@pon or co-precipitation (Jacangelo 1995).
Adsorption and complexation mechanisms occur wiussitigely charged hydrolysis products

form complexes with negatively charged NOM, whielm ¢hen either precipitate directly or
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become adsorbed to precipitated hydroxide solidsié@a et al. 1999). Enmeshment (or
entrapment) involves the aggregation of these mtsdand is achieved during flocculation. This
mechanism occurs more effectively when the hydrslgsoducts are high molecular weight
polymers while the other mechanisms (complexatoisprption, charge neutralization) have a
higher ability to remove NOM when they are of medipolymer or monomer size which occurs

when pH is slightly lower than minimum solubilitydn et al. 2008).

There are several operational factors impacting N@ioval including coagulant type, dose,
pH, mixing, temperature, changes in NOM compositiod water quality. There has been some
indication that ferric based coagulants are supariterms of NOM removal when compared to
aluminum based coagulants (Jacangelo et al. 19@&laihen et al. 2010; Budd et al. 2004)
although alum is most commonly used in water treatmPre-hydrolyzed coagulants (ex. Poly-
aluminum chloride (PACL)) are also increasinglyrgeused due to their low temperature
dependence and controlled formation of hydrolysiglpcts which are immediately available for
coagulation (Edzwald 1993). Organic polyelectradyti@ve also been used as coagulant aids, and
can be beneficial in terms of organics removal (Mdeten et al. 2010). Generally they are more
effective in removing particulate and high molecwigight NOM, while relatively ineffective in
removing dissolved NOM, and are not expected tfoparas well as a primary coagulant when

compared to metal salts (Jacangelo et al. 1995).

The pH has an important impact on NOM removal Wwiadses from its effect on the speciation
of certain NOM fractions as well as the hydrolysieducts which are formed during
coagulation. The carboxyl functional group of tleeminant humic fraction for example loses a
proton under higher pH conditions causing it tavime negatively charged. The positive charge
of the coagulant species is also decreased atmpiheand therefore coagulation for NOM
removal is less effective (Crittenden and MWH, 200herefore the maximum removal occurs
under acidic conditions in the range of the isateie point of the coagulant and NOM which is
pH 4.5-5.5 for iron based coagulants and pH 5-@&feminum based coagulants (Sharp et al.
2006). Higher coagulant dosages are required aehigH, both to overcome the higher NOM
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charge density and also to allow for the precitadf hydroxide products. Enhanced
coagulation (optimized for the removal of organitcaddition to particles) typically involves pH
adjustment as well as higher coagulant dosages;amgrovide significantly higher NOM
removal (Volk et al. 2000; Bud et al. 2004). Inargaions also have an important impact on
NOM removal during coagulation. Divalent cations ¢awer the required coagulant dosage by
binding to NOM functional groups, while certain @ns (hydroxide, sulfate) compete with
anionic NOM for adsorption sites (Jacangelo 1995).

The nature of NOM will also determine how suscdptibis to removal during coagulation.
Many studies have reported the effect of hydroptibhiwith the hydrophobic fraction generally
identified as having a higher removal (Sharp e2@06; Parsons et al. 2004; Edzwald 1993).
Hydrophobic acids (humic and fulvic) are known torhore aromatic in nature containing
conjugated double bonds which are responsibladbt Absorption (represented as SUVA).
Waters with high SUVA values have been shown tehagher NOM removal during
coagulation with SUVA reduction being proportioaiigher than overall DOC removal (Volk
et al. 2000). The difference in DOC removal faggthBUVA (>4) and low SUVA (<2.5) waters
is presented in Figure 2.3, which consists of tesubm a variety of coagulation studies
(Parsons et al. 2004).

For high molecular weight organic material, the maiechanism for removal is charge
neutralization, while low molecular weight NOM recps adsorption onto hydroxide surfaces
and therefore requires higher doses (Matilaineal.é2010). Generally high molecular weight
fractions are more easily removed than low moleownkEight NOM (Chadik and Amy 1988;
Edzwald 1993) and higher charged fractions arelasoamenable to coagulation. Fulvic acids
for example which have a higher carboxylic acid phdnolic content (higher charge density)
are more difficult to chemically coagulate by chargputralization than humic acids with their
lower charge density (Sharp et al. 2006). Haviggad understanding of NOM character will
allow for better prediction in its removal duringagulation. The removal of non humic fractions

such as biopolymers is not well reported in theréditure.
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Figure 2.3: SUVA vs. DOC removal (Source: Parsons et al. 2004)

2.2.2 Ozonation

Ozonation is employed in water treatment for a neindd purposes including disinfection, taste
and odour control, oxidation of iron and manganeasd,the removal of colour. Ozone also
reacts with NOM to create low molecular weight lagohdable by-products which can cause
biological re-growth in distribution systems iftieintreated. Additional effects include the loss
of double bond and aromatic structure, increasg/drophilicity and polarity as well as the
formation of hydroxyl, carbonyl and carboxyl groupsfer et al. 1997). Principal organic
ozonation by-products include aldehydes, ketondscarboxylic acids (Westerhoff et al. 1999).
When ozone reacts with NOM, hydroxyl radicals anerfed and will further react with organic

material or other compounds as shown in the folhgweaction pathway.
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O3 + NOM — HO-e + byproducts
HOe« + NOM— byproducts (Crittenden and MWH, 2005)

The degree of NOM transformation and removal ghlyi dependent on the ozone dose and
specifically its ratio to NOM content. At very higloses (7.5mg&@mgC) up to 40% of TOC has
been shown to be converted to specific organicsa@salic, acetic, fomic etc.), while at lower
dosage (<2mgemgC) these products account for approximately bb¥he TOC (Edwards and
Benjamin, 1992). Owen et al. (1995) found little ©@duction (0-24%) with ozone doses of
1mgQ;/mgC however noted significant reduction in SUVAlicating a change in structural
character. The authors also found an increasesimdable organic carbon (AOC),
biodegradable dissolved organic carbon (BDOC) andity (6.4 to 12.6 meq/gC) after
ozonation, and the degree of by-product formatias thought to be controlled by the original
NOM composition. At a similar ozone dose (1mg@dgC) Chandrakanth et al. (1998) reported a
significant increase (8 to 43%) in low molecularigid NOM (<500Da) after ozonation, and
also found that the production of oxalic acid waselated to the applied ozone dose. Swietlik et
al. (2004) also demonstrated considerable NOM caitipa change during ozonation, reporting
significant reductions in hydrophobic acids (50l ancreases in hydrophilic acids (19%) and
bases (7%). In a subsequent study by the sameraugimg both fluorescence spectroscopy and
resin fractionation, an increase in small aminalaan the hydrophilic acid and base fractions
was also observed following ozonation (Swietlik &iklorska, 2004). The transformation from
hydrophobic material to hydrophilic material wasaateported by Marhaba et al. (2000),
however this group found the hydrophobic base ifvadb have the highest reduction during
ozonation. Although ozonation does not normallyi@ed significant NOM removal, it has
important impact on NOM character in water treatmen

2.2.3 Biological Filtration

Biological filtration is an effective treatment ess for reducing biodegradable organic matter
(BOM), which may otherwise promote biological rexgth in the distribution system. Although
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traditionally biological treatment consisted ofwleand or bank filtration, rapid sand filters are
also capable of producing biologically stable watbile meeting turbidity requirements
(Bouwer and Crowe, 1988; Le Chevalier et al. 1992ditional interest in rapid biological
filtration has largely been driven by increased afsezonation, which results in an increase in
NOM biodegradability (Huck et al. 2000; Hozalskiakt1995). The typical surrogate parameters
for BOM include assimilable organic carbon (AOCydnodegradable organic carbon (BDOC).
AOC is a measure of biodegradable material whichb@aconverted to cell mass (reported as a
carbon concentration), while BDOC measures thercgaarbon which is removed by
heterotrophic microorganisms either under batchbation conditions, or in specialized media
columns. Although both measurement techniquessefilin representing BOM, they are both
subject to certain limitations (Huck 1990). Havm@etter understanding of the different
fractions which constitute BOM (including humic sténces, amino acids, carbohydrates and

ozonation by-products) is of interest (Urfer etl&l97).

A single stage biological filter is essentially@eentional filter which is operated to promote
the growth and attachment of heterotrophic bactermle still meeting particle removal
requirements. Bacteria attach to the filter medithe form of a biofilm, and use BOM as a
source of energy and carbon (Huck et al. 2000) r&pmal parameters can have a significant
impact on biological removal including the preseatexidants (in the influent or backwash),
water temperature, empty bed contact time (EBQIt¢y imedia type, filter run time and
backwash procedure. Temperature has an impact@wolmal kinetics and mass transfer rates
and therefore theoretically should have an impadB®M removal (Urfer et al. 1997). Emelko
et al. (2006) demonstrated such a temperatureteffiating that oxalate removals were higher
during warmer conditions for both GAC and dual naddters, and also finding GAC media was
superior during cold water temperatures. Simil&ngsner et al. (1993) found that glyoxal had
higher removals for GAC-sand filtration at highemiperature, and that the time to reach this
steady state removal was lower for GAC (comparezhtbracite) under lower temperature
conditions. Lower biopolymer removal was reportgdHallé et al. (2009) in the winter, and the
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operationally defined active phase for the biofdtevas found to occur when temperature ranged
from 10 to 25°C.

The importance of empty bed contact time (EBCT)dlas been highlighted by a number of
investigations and is defined as the occupied veloirthe filter media divided by the
volumetric feed flow rate (Hozalski et al. 1995).onger EBCTs have been shown to improve
the removal of TOC, DOC, AOC and BDOC (Le Chevaléeal. 1992; Huck et al. 2000). Huck
et al. (2000) stated that this relationship is tess proportional, and found a diminishing
improvement when contact time is increased. Theesauthors found that easily biodegradable
ozonation products require relatively short contawes while the removal of DBP pre-cursors
required the longest. The diminishing returns cféased EBCT were also demonstrated
theoretically through a kinetic model in a sepasttely (Zhang and Huck, 1996). The
importance of contact time on the removal of bigpwérs has also been shown in anthracite-

sand pilot scale filters, where EBCT ranged from5sain (Peldszus et al. 2012).

The selection of filter media may also impact teef@mance of biologically active filters.
Although the pores of GAC are too small (1-100nar)the growth of bacteria (>200nm), its
irregular surface provides added protection froeesistress (during backwash).lts specific
surface area for attachment is lower than thaantisrowever (Urfer et al. 1997). Huck et al.
(2000) concluded that media type (anthracite vsCHéid not have a major impact on removals
at higher temperatures, however GAC performed bettder cold water conditions. GAC was
also found to be more resilient to shock due torehétion and periods when the filters were out
of service. Conversely, Le Chevallier et al. (198@) find that GAC-sand filters had slightly
better performance considering AOC removal thahractte-sand filters, and also found better
GAC performance at lower temperatures. The authiotisis study recognized however that the
GAC media may not have been fully exhausted in $esfradsorption capacity, and attributed
some of the AOC removal benefit to this. Krasneale(1993) also concluded that the biological
population in GAC was more resilient to operatigpaiturbations, and stated that biological
activity developed sooner for this media.
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Biological filters need to be backwashed propeslyemove the build-up of solids, but also to
minimize the detachment of biomass which may imparformance. Some studies have found
that while conventional performance parameters wigjpe backwash procedure, BOM removal
is not very sensitive to these conditions (Emelkal €2006). It has been demonstrated that a
significant amount of biomass is not lost duringhvaash (Servais et al. 1991), which suggests
that it has better attachment than non-biologieatigles (Urfer et al. 1997). Filter run time has
been shown to have an impact on BOM removal whihtbe caused by solids building up
and inhibiting bacterial activity (Prévost et @9b) and therefore the backwash frequency is
also important. The effect of chlorine in backwasdter has also been investigated. Miltner et al.
(1995) concluded that chlorine in the backwash ordy have a small impact on BOM
removals, although it does significantly lower #mount of biomass (measured as
phospholipids) especially in the top portion of fitiers. Similarly Huck et al. (2000) found no
measurable impact of chlorine in backwash watetHeremoval of oxalate, AOC or DOC in a

GAC/sand filters, however did observe some effEmtsanthracite/sand.

2.3 Membrane Filtration

2.3.1 Background

Membrane filtration is increasingly becoming amaatitive technology for water treatment.
Depending on the application (turbidity reductiorganics removal, softening, desalination

etc.), there are generally four types of membraoesmonly used in the provision of drinking
water; Microfiltration (MF), Ultrafiltration(UF), Mnofiltration (NF) and Reverse Osmosis(RO)
(Viessman et al. 2009). Lower pressure membran&sgil UF) which act as effective barriers
against bacteria and parasites have lower enepgy requirements, while high pressure
membranes are relatively energy intensive. Higlssuree membranes are more typically used for
desalination applications as they are able to rentlissolved organic material and inorganic
salts. In addition to removing colloids, bactedad parasites, UF membranes are also capable
of achieving varying degrees of virus removal (d@edo et al. 1995b; AWWA 2005). The
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general pore size range and level of rejectioniferdifferent membrane types are presented in
Figure 2.4. While MF membranes are typically rateterms of pore size, the lower porosity
membranes are more often rated in terms of moleadaght cutoff (MWCO). The retention
ratings of UF membranes have been reported beth@@m Da to 500,000 Da (Crittenden and
MWH, 2005).

Particles
Sediment

Algae
" Microfiltration Protozoa
01 -um pores Bacteria
9 .
Ultrafiltration Small colloids
0.01-um pores Viruses

h

Membrane
filtration

" Nanofiltration Dissolved organic matter
0.001-um pores Divalent ions (Ca2+, Mg2*)

Reverse
0SMOsis
A

Reverse osmosis
Nonporous Monovalent Species (Na*, CI)

) \

Water

Figure 2.4: Summary of different membrane removals (Source: Crittenden and MWH,
2005).

Low pressure membrane (LPM) filtration consistpashing water through a porous material by
means of a pressure gradient otherwise known as-treembrane pressure (TMP). Water
passing the membrane is referred to as permeatie, tive remaining concentrated fraction is
known as the retentate. The specific rate of petioreéypically reported in units of L/fhr),

is called flux. While many configurations are pbési(flat sheet, tubular, spiral wound), hollow
fibre membranes are increasingly becoming the wmsimon in water treatment using LPM
(AWWA, 2005). Hollow fibre membranes can eitherdodmerged (for vacuum driven
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permeation) or configured in pressurized vessedsdéposited material builds up on, and within
the membrane, it subsequently causes a loss iugtiody (increase in required TMP to
maintain constant flux or declining flux at congtpressure) and is referred to as fouling
(Zularism et al. 2006). LPM fouling can be contedllby periodic backwashing involving flow
reversal and is often accompanied by an air sasillri{e discussed further based on membrane

fouling in the following section).

Important mechanisms for particle removal duringnmheane filtration include straining, cake
layer formation and adsorption. Straining is thecpss by which the particles or molecules
which are larger than the membrane pores are estawhile smaller constituents pass through.
Considering non uniform pore size distribution amduosity, electrostatic interactions, as well
as the varying orientation and flexibility of mamacromolecules, there is evidently no absolute
rejection which can be stated for particles/moleswbhich are in the same size order as the
membrane pores. For UF membranes MWCO is norrbakgd on the molecular weight at
which 90% rejection is achieved for dextran sohsi¢Crittenden et al. 2005). NOM can also
become adsorbed on the membrane surface or withimembrane pores which can provide
rejection of smaller dissolved organic matter (&urcknd Clark 1994). This also causes further
constriction of the membrane pores which increasgistance to flux. Finally cake layer
formation consists of the deposited solids whichenejected by the membrane, and provides
additional filtration (and rejection) on the sudaaf the membrane. These mechanisms are
represented in the modified Darcy’s law equatiarnflicx decline, which is dependent on TMP,

viscosity and membrane resistance.

_1av AP
]_Adt_u(Rm+Rt)

2.2)
Where J= Flux (L /fn*hr)

AP=Transmembrane pressure drop (bar) (AWWA 2005)
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1 =dynamic viscosity (kg/m*s)
Rn= Clean water membrane resistance™)m
R = Total fouling resistance (due to pore blockings@ption and cake layer)

As flux is related to water viscosity, it also lestrong dependence on temperature. Flux can be
corrected to ambient temperature@Pusing equation 1.3. Flux can also be furthemadized
by dividing it by the applied TMP to obtain specifiux (also called permeability).

J20 = Jambient X % (2.3) (AWWA 2005)

In addition to pore size and MWCO, important memiergroperties include material
composition, pure water permeability, contact angggta potential (surface charge) and surface
roughness (Amy 2008). Contact angle is a measuiteediydrophobicity/ hydrophilicity of the
membrane surface which is quantified by the angteben the surface of a water droplet and
the membrane. Hydrophobic materials have highamrangles while hydrophilic surfaces have
low contact angles (Lee et al. 2004). Due to them-polar nature, hydrophobic materials
“dislike” water and also tend to be more proneawlihg than membranes which are more
hydrophilic (Zularism et al. 2006, Laine et al. 838LPMs are typically made of synthetic
polymers (polymeric) or ceramic material. Some camrmolymeric materials include
polyvinylidene fluoride (PVDF), polysulfone (PSylgethersulfone (PES), polypropylene (PP)
and cellulose acetate (CA) which each offer cers@ivantages/ disadvantages in terms of
hydrophilicity and chemical resistance. CA membsaioe example are hydrophilic making
them resistant to fouling, however they can onlybed in the presence of low oxidant
concentrations (AWWA 2005). PVDF which is relatiyélydrophobic is increasingly being used
due to its high strength, durability and chemiealistance (Kennedy et al. 2008, Huang et al.
2007). Membrane surface charge and roughness alsoam impact on fouling. Many

membranes are negatively charged and thereforevzaymg degrees of repulsion with NOM
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and particles which are also predominately neghtiefearged. Rough membranes have also

been shown to experience greater fouling than smaatfaces (Crittenden and MWH, 2005).

2.3.2 Membrane Fouling

Although the use of low pressure membranes fopthduction of drinking water continues to
grow, membrane fouling still remains as a signiftcaperational challenge, as it increases
maintenance and energy costs (Gao et al. 2011). fidakhg can be both hydraulically
reversible and irreversible depending on whethempability can be recovered after backwash.
The majority of the hydraulically irreversible faond can be removed through chemical cleaning
(chemically reversible) and a very small portiol wveémain as truly irreversible fouling as
illustrated in Figure 2.5. Although hydraulicallyaversible fouling has a significant impact on
chemical and maintenance costs, reversible fousimdso a concern due to its impact on

operational cycles and backwash frequency (Amy 2008

Chemical Clean
_~ (Chemically Reversible)

A /|/l/ » | |}— Backwash |
{(Hydraulically Reversible)

Hydraulically Irreversible Chemically Irreversible

Trans-membrane Pressure (TIMP)
T

Time

Figure 2.5: Fouling components during constant flux L PM filtration
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There are generally four types of fouling classifions including organic fouling, inorganic
fouling (scaling), colloidal fouling and bio-foulin(Amy, 2008). Inorganic fouling occurs when
the solubility of inorganic salts is exceeded rtbarsurface of the membrane (due to
concentration) which can result in precipitation @&bsequent scaling. As the pores of low
pressure membranes allow easy passage of inongasicsignificant inorganic fouling is not to
be expected. This type of fouling is more oftenaemtered in high pressure membrane filtration,
where higher rejection of multivalent ions is actei@ (Li and Elimelech, 2006). Bio-fouling is
associated with the growth of microorganisms omtieenbrane surface forming a gel layer
known as biofilm. This is achieved by the releakextracellular polymeric substances (EPS)
(polysaccharides, glycoproteins, lipoproteins ettich adhere to the membrane and act to hold
the biofilm together causing significant problemgerms of fouling (Flemming et al. 1997).
Bio-fouling is of increased importance in wastewaeplications (bioreactors), and is generally
controlled through chlorinated backwash in drinkimater treatment (Crittenden and MWH,
2005).

Natural organic matter (NOM) which has already baescribed in detail plays an integral role
in fouling of UF membranes during surface watdrdtion (Amy and Cho, 1999). As humic
substances often comprise the largest fraction@¥INmany early investigations for both
surface and wastewater focused on its role inénsble fouling. Jucker and Clark (1994) who
used humic substances from the Suwannee River finatdhere was significant humic
adsorption on different UF membrane types with wagyydrophilicity, surface roughness, and
zeta potential. They also concluded that highesigal content and lower pH increased this
adsorption. Similarly Combe et al. (1999) demortsttaignificant humic adsorptive fouling on
UF membranes with surface modification, howeverctated that decreased hydrophobicity and
increased negative charge did not significantlyioedthis adsorption. The importance of the
carboxyl functional group of the humic substanceas wroposed by Lin et al (2001), who found
its contribution to flux decline to be greater thhat of fractions with more phenolic character
and emphasized the importance of ionic strengttinedesearch groups also highlighted the
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significance of solution chemistry (pH, ionic stgém) in contributing to the degree of humic
adsorptive flux decline (Jones and O’Melia, 200¥)ile these early investigations were able
provide important insight into the behaviour of hammaterial during membrane filtration, the
humic solutions may not accurately reflect the claxipy of natural waters which are known to
contain higher molecular weight hydrophilic fractso(polysaccharides and proteins) as well as
inorganic particulates. More recent studies caito investigate the role of humic substances
in UF fouling (Mousa 2007; Sutzkover et al. 2016)Mever it is important to note that they often
use membranes with lower MWCO (20-150kDa), andtytally looser membranes are

employed in practice.

Further investigations using model solutions whigdluded not only humic substances but also
surrogates for inorganic particulate (or colloidsyl high molecular weight (HMW) hydrophilic
material, were able to improve the understandintp@fcontributions and synergistic effects of
these compounds to a certain extent. Such antigagen was performed by Jermann et al.
(2008), who used humic acid (2mgC/L), alginate ftyZ/L) and kaolinite (100mg/L) as part of
a synthetic solution which was subjected to filmatthrough flat sheet PES filters. The most
detrimental flux decline was found to be due tgresgistic effect between NOM and the
colloidal particles (kaolinite), while kaoliniteaie did not cause significant fouling. They also
concluded that polysaccharides (alginate) wereoresiple for initial pore blocking and
subsequent cake layer formation. A similar investan performed by Zularism et al. (2011)
made comparable conclusions concerning synergftcts, and identified the hydrophilic
surrogate material (dextran) as being the mosindefrtal foulant due to adsorptive fouling

mechanisms.

Model solution experiments can be very helpfullurcEating fouling mechanisms due to their
controlled nature, however they may not fully captiine complexity of natural waters, which
are heterogeneous mixtures of NOM components dsag/@horganic particles of varying sizes.
Using a number of natural waters (and membranesjyidewe and Clark (2002) demonstrated
that the majority of observed UF fouling was cauggdmall colloids (3-20nm), which were
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both inorganic and organic in origin. Similarly,d.et al. (2004) attributed the majority of flux
decline in their investigation using natural wateréarge hydrophilic organic colloids and
macromolecules. Both of these investigations howesxaze run over short periods of time at
constant pressure, and only the second study dieauteackwash by “turning over” the flat sheet
membranes to investigate permeability recoverypréctice irreversible fouling layers form
over prolonged periods of time, and therefore meithvestigation was able to significantly
differentiate between hydraulically reversible ameversible fouling. In a study using Chitose
river water (Japan) polysaccharides were identifigtheing responsible for irreversible fouling
on UF membrane fibres from a pilot plant that hadrbin operation for over five months
(Kimura et al. 2004). Making use of FTIR analytioathods and a series of cleanings of fouled
membrane fibres with various chemical reagentsthiikors concluded that polysaccharide like

material was responsible for irreversibly fouliig tmembrane.

The importance of biopolymers (polysaccharides@oteins) in surface water was further
confirmed by Hallé et al. (2009), who found thag teduction of this fraction through direct
biofiltration pre-treatment had a significant impaa the degree of hydraulically reversible and
irreversible fouling in commercially available UFembranes. These results were also
demonstrated at pilot scale in an investigationclwhwas performed over a two year period
(Peldszus et al. 2012).The authors stated thatdimposition (specifically protein content) rather
than the absolute concentration may be more impbita hydraulically irreversible fouling.
This was later confirmed using FEEM data and PCéaiwelate protein content to irreversible
fouling under normal operating conditions. The authalso recognized the possible role of
colloidal/particulate matter in forming a combirfedling layer, which in addition to protein
content contributed to irreversible fouling. Simi@nclusions were made in an investigation
using wastewater effluent (Haberkamp et al. 201ign& total biopolymer concentration was
also well correlated to hydraulically reversibleltiag. An earlier study using both wastewater
effluent and surface water with two different meare types(PES and PVDF) also found
hydraulically reversible fouling was related toloaal/HMW NOM (Huang et al. 2007).
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2.4 Research Needs

2.4.1 NOM characterization through full scale water  treatment

Although many studies have contributed to the cursaderstanding of NOM removal during
drinking water treatment, the introduction of meggphisticated analytical techniques has
provided greater opportunities for furthering thislerstanding. LC-OCD is a relatively new
analytical tool available for NOM characterizatiamd has the potential to accurately quantify a
number of NOM fractions which were previously pgatkfined. Recently a limited number of
studies have investigated NOM removal throughdoéle drinking water treatment using LC-
OCD (Baghoth et al. 2011a; Baghoth et al. 2009ilkalla et al. 2011) however they typically
only focus on one water source and treatment locafio get a better understanding of the
impact which NOM character has on its removal,auld be beneficial to compare multiple
waters with significantly different NOM compositienSampling multiple treatment locations
would also provide important information relatirmgthe effectiveness of different treatment
processes (enhanced vs. conventional coagulatonoet different water types. As LC-OCD
analysis has proved to be useful in quantifyingdbgradation of biopolymers during direct pilot
scale biofiltration (Peldszus et al. 2012), it wibalso be beneficial to relate this to full scale
biofiltration (evaluating the effects of upstreanogesses). The removal of biodegradable LC-
OCD fractions for full scale biological filtratios not apparent in the literature, and it would be
useful to investigate the effects of ozonationtaa process.

Similarly there are a limited number of investigat which have used FEEM analysis to
characterize NOM removal during treatment (Bierezal. 2010) and which have applied
multivariate data analysis techniques (PARAFACthis data (Baghoth et al. 2011a; Baghoth et
al. 2011b). As FEEM may be capable of serving asrdine (or near online) monitoring tool for
NOM removal (Bieroza et al. 2010; Peiris et al. @)having reliable data analysis techniques is
of interest. Peiris et al. (2010) demonstratedl @A of FEEM spectra could be used to

monitor the performance of membrane pre-treatmaafiltration) as well as UF and NF. PCA
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has not been applied to NOM removal during fullsegater treatment however, where it may
also serve as an important tool for assessing pedoace. Typically only one water source is
included while performing PCA, however having a mloghich could describe NOM removal

for multiple water types would also be beneficial.

2.4.2 Role of NOM in membrane fouling

It is apparent in the current literature that aggahconsensus on the relative contributions of
different organic and inorganic constituents to LRMIing has not yet been achieved. Many
earlier investigations highlighted the importan€&wamic substances (Combe et al. 1999; Jones
and O’Melia, 2001; Jucker and Clark, 1994) in fogliand some studies continue to report their
significance (Mousa 2007; Sutzkover et al. 201Bg#lfor tighter UF membranes. More
recently, the role of HMW hydrophilics (polysaccidas etc.) has been reported, using model
solutions (Jermann et al. 2008; Zularism et al.1204nd in some small bench scale flat sheet
studies using natural surface water (Lee et al420rhe role of biopolymers in the fouling of
commercially available hollow fibre membranes usérgnd River water was demonstrated by
Hallé et al. (2009), especially in terms of hydreaily reversible fouling. The impact of
biopolymer composition (protein content) on hydizally irreversible fouling using FEEM
analysis was later confirmed (Peldszus et al. 20Li@mains to be seen however if the absolute
biopolymer concentration and its composition camded to predict membrane fouling potential
across a number of different natural water typeth) different NOM and inorganic

compositions. If biopolymer content (and compasi}ialone (or in combination with other
readily available water quality parameters) camnided as a predictor for membrane fouling

potential, this may reduce the need for long tetlot ptudies.
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Chapter 3
NOM Characterization in Full Scale Water Treatment

This chapter is based on an article with the tltlsing LCOCD and FEEM analyses in parallel
to better understand differences in raw water NOW iés removal during treatment” submitted
for potential publication in a scientific journal August 2012. As such, it contains individual
sections including introduction, materials and roe#t) results and conclusions. More detailed
background is provided in Chapter 2, while Chaptdrscusses some implications of this work
for the water treatment industry. References ansaldated in the bibliography at the end of the

thesis.

3.1 Introduction

Natural organic matter (NOM) has a significant irtipan water treatment. Its heterogeneous
nature makes it especially difficult to characterias it is a complex mixture of organic
molecules with varying sizes and functional gro(disurman 1985). Having a good
understanding of its character is important in ptaty removal efficiency as well as minimising
adverse reactions at different stages of treatnN@M quantification parameters which are
most commonly used in drinking water treatmentudel total organic carbon (TOC), dissolved
organic carbon (DOC) and absorption of UV light (Rbs). These traditional parameters
however provide only limited insight into NOM chatar (Matilainen et al. 2010). Specific UV
absorbance (SUVA) (defined as Uy divided by DOC in mgC/L) can provide some
indication of NOM character in terms of aromatiqi@handrakanth et al. 1998).

More sophisticated characterization techniques ssalesin fractionation and high pressure size
exclusion chromatography (HP-SEC) have also beed tessseparate NOM according to
hydrophobicity, hydrophilicity and apparent molesmulveight (Croué 2004; Swietlik et al.

2004). A specific type of HP-SEC known as Liquidr@hatography Organic Carbon Detection
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(LC-OCD) developed by Huber and Frimmel (1991) teently gained popularity due to its
high degree of sensitivity and minimal sample peatiment. It is capable of separating NOM
into different distinct fractions of the DOC; bidpmers (polysaccharides and protein-like
material), humic substances (humic and fulvic g¢idgilding blocks, low molecular weight
(LMW) acids and neutrals (Huber et al. 2011).

Fluorescence excitation-emission matrix (FEEM) gpscopy has also been widely used in
NOM characterisation and has been applied to batiiwral and treated waters (Her et al. 2003;
Baghoth et al. 2011a). This technique is capabldeasitifying both humic and protein-like
material as well as providing information on théume of colloidal and particulate matter (Peiris
et al. 2010). Multivariate data analysis such a&sggal component analysis (PCA) (Peiris et al.
2010), or parallel factor analysis (PARAFAC) (Stexnet al. 2003) have been used to capture
different NOM fractions in complex FEEM spectra.

Although some studies have investigated NOM chargstics in water treatment (Allpike et al.
2005; Baghoth et al. 2011a), there is generalfchk bf understanding of the change in NOM
character across different stages of treatmenth{@hget al. 2009). With the complex data sets
being generated using FEEM, reliable data anatgsisniques which can be applied to multiple
water types also need to be further investigatéeé. doncurrent use of LC-OCD and FEEM can
exploit their complementary nature and assist @midlying limitations associated with the use of
only one technique. The current study does thik anlike most studies that focus on one water,
includes FEEM data for multiple waters at differstéiges of treatment. The application of PCA
(vs. other types of data analysis) to this typdaih set is also unique and biofiltration was of
specific interest. The waters investigated areesgntative of many other waters internationally

and include several Great Lakes.
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3.2 Materials and Methods

3.2.1 Sampling Description

Five full scale drinking water treatment facilitiesated in Southern Ontario, Canada were
monitored over a period of eight to sixteen morfebruary 2011 to June 2012), depending on
the location. The surface water treatment plaatsidoth river (Grand River and Ottawa River)
and lake (Lake Ontario, Lake Erie and Lake Huroa)ewsources. In addition, a raw river
(Saugeen River) water source was also monitoredgltie study. Each location was sampled
approximately every six to eight weeks. In additio LC-OCD and FEEM analysis, TOC,

DOC, UVAys, pH, conductivity and turbidity measurements wade® taken for each sample.

All locations employed granular media filtrationtivsome individual differences as presented in
Table 3.1.

Table 3.1: Treatment Facility Description

L ocation Ottawa River  Grand River LakeOntario LakeErie LakeHuron

Treatment Enhanced Coagulation, Pre- Seasonal PAC Coagulation,
Processes  Coagulation,  Flocculation,  chlorination addition (taste and Sand Ballasted
Flocculation,  Sedimentation, Coagulation, odour)Coagulation Assisted

Sedimentation, Ozonation, Flocculation, Flocculation, Flocculation,
(Bio) Filtration (Bio) Filtration Sedimentation, Sedimentation, Sedimentation,
Filtration Pre-chlorination Pre-
Filtration chlorination,
Filtration
Treatment 1.6-2.2 0.40-0.70 2.9-7.4 0.41-0.77 0.032-0.089
Flow (m¥/s)
Coagulant  Alum (Sulfuric PACL, Alum Acidified Alum, Acidified
Description pH Polymer Polymer Alum,
adjustment), Polymer,
Silicate Silicate
Average 5.8 7.7 7.5 7.1 7.3
pH
Average 31 25 7 37 24
Dose(mg/L)

35



L ocation Ottawa River Grand River LakeOntario LakeErie LakeHuron

Filter Filter 2 &3: Filter 1&2: Filter 1,2,7,8: Filter 1,2,3,4: Filter 1,2,3,4:
Media 560mm (A) 1070mm (G)  457mm(A) 457mm(A) 457mm(A)
300mm (S) 305mm(S) 305mm(S) 305mm(S)
Anthracite Filter 3:
(A) Filter 14&17 1280(G)
610mm (A)
Sand (S) 460mm (S) Filter4:
1280(A)
GAC (G)
All
300mm (S)
3.2.2 LC-OCD

Liquid Chromatography Organic Carbon Detection gddic Nitrogen Detection (LC-OCD-
OND — DOC-Labor Dr. Huber, Karlsruhe/Germany) wag@rmed using a HW-50S SEC
column (Tosoh Bioscience Tokyo/ Japan). The mathilase (purified phosphate buffer) is
delivered along with the sample to the column usitdfPLC pump, where the sample is
fractionated according to molecular size. Non-desive UV detection (UVD) is performed
ahead of OCD and OND, allowing for the analysiSOfVA for specific fractions. NOM is
oxidized to CQ using UV light within the Graentzel thin film reac, and is then measured
using an infrared detector. A side stream is deceefter UVD which enters a 4m long helical
capillary, where organically bound nitrogen is certed to N@Q and measured using a UV
(220nm) detector (Huber et al. 2011). Integratibthe chromatograms generated by this
instrument was done using the customized ChromCsaadftvare (DOC-Labor). LC-OCD
samples were filtered through OB PES filters within 24hrs of sampling and stored a
temperature of € before being processed (generally within 48hisamfipling).
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3.2.3 FEEM

FEEM results were obtained for the samples takénd®n August 8, 2011 and June 14, 2012
using a Varian Cary Eclipse Fluorescence Spectiadimeter (Palo Alto, CA). 301 Emission
Intensities (between 300-600nm) at 10nm incremeiEsccitation wavelengths (between 250
and 380nm) were measured. The spectra obtain@édQoultrapure water was subtracted from
all sample spectra to account for Raman scattamagall samples were measured at room
temperature (ZZ) within 48h of sampling. Disposable UV-grade poéthimethacrylate
(PMMA) cuvettes were used for this analysis. Samppleanged from 5.5 to 8.4 and no pH
adjustment was made prior to analysis. Spencdr @G07) concluded that significant intensity
changes only occurred at pH extremes, and thardiites in moderate pH ranges (6 to 8) were
minimal. They also stated that adjusting the plddmmon values was not recommended, as
NOM from different waters responds differently bese pH changes. Little difference in the
FEEM spectrum (and PC scores) was observed inuttiert investigation when the pH was
altered from 6 to 8 (using NaOH) for Ottawa Riveater. The decision was therefore made to
run all samples under natural pH conditions. Ifitering and fluorescence quenching caused
by high DOC concentrations were also thought todgigible due to much lower
concentrations (1.6-7.6mgC/L) in this study tham 25mgC/L limit reported by Hudson et al.
(2008).

3.2.4 Treatment of FEEM data

Data pre-treatment was performed using the proeedtlined by Peiris et al. (2010). Each
sample FEEM contained 4214 intensity values whiehewanfolded from the initial sample
matrix into a single column form. A total of 18&FEM samples were taken over the course of
the investigation (Fluorescence analysis was tedianly after LC-OCD procedures were
established and began on Augu&2®11). Seven samples were removed due to probigtins

the instrument (missing intensity values), andysiihe samples needed to be removed due to a

peak that arose from contamination in the cuvetlédee original batch of cuvettes(with some
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contamination) was used in the Fall of 2011 anty&éinter of 2012, and hence many samples
from this period needed to be removed. The PCAyaisatherefore included a total of 112
samples, each representing a column in the 112xdtdx for which PCA was performed.
PCA is capable of extracting new variables (knowpncipal components) which are
uncorrelated, orthogonal and capture a large podfozariance in the original matrix. The
model created by PCA analysis breaks down ther@ignatrix X as the sum of the product of
two vectorsit (scores) and;floadings) with a remaining matrix E(variation maiptured by the

model) as outlined in Equation 3.1 (Eriksson e2@D1).

k
X=Zti><pi+E
i=1

(3.1)

3.2.5 Additional Parameters

TOC and DOC were measured using an Ol-AnalyticaCTaDalyzer (model 1010, College
Station, TX) by wet oxidation as described in Stadddethods (2012) 5310D.Conductivity was
determined using a conductivity meter (Hach 44609wing Standard Methods
(2012)2510.Turbidity was taken from online readiggeen at the treatment plants and using a
turbidity meter (Hach 2100P) following the Standitdthod (2012) 2130 when online data was
not available. UV was measured using a spectrophetier (Hewlett Packard 8453) as described
in Standard Methods (2012) 5910. A 5cm path cefl uged to increase the precision as the
majority of the samples had low absorption (<0.13gm

3.3 Results and Discussion

3.3.1 Raw Water Comparison for LC-OCD NOM fractions  of six different waters

The three river waters were characterized by hi@i@C when compared to the three Great
Lakes Waters (Table 3.2). Significant seasonal sxatpre variations were recorded as sampling
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covered both summer and winter months. High tutpicibnditions were consistently observed
for the Lake Erie water (6.1-240NTU), while the ethvaters had moderate to low turbidity
variation (0.54-16NTU). The Saugeen and Grand Riaglrthe highest SUVA variation (2.4-
3.5L/mg*m), which was consistent with the higher@ @ariability (2.7-6.8mgC/L) for these
waters. The lake waters conversely had much lostable SUVA (0.57-1.3L/mg*m). The
Ottawa River was relatively unique with low pH (&.4), conductivity (6.7-8.1mS/m) and high
SUVA (3.5-3.7L/mg*m).

Table 3.2: Raw water characteristics during sampling

L ocation Ottawa Grand Lake LakeErie Lake Saugeen
River River Ontario Huron River
0.60 - 21 2.0-25 3.0-17 2.1-17 1.2-22 0.50 - 22
Temperature
(°C)
6.2-7.6 5.0-6.8 1.8-2.4 19-2.2 1.6-2.1 2.7-6.8
TOC/DOC /6.1-7.6 /4.8 -6.7 1.8-23  /1.9-22  /1.6-20 [2.7-67
(mg/L)
. 2.2-42 1.9-12 0.13-1.1 6.1 - 240 0.54 - 16 3.0-6.5
Turbidity
(NTU)
oH 6.9-7.3 7.8-83 7.6-82 7.6-8.0 7628 8.0-8.2
. 6.7-8.1 51-74 29-34 25 - 30 19-23 45-61
Conductivity
(mS/m)
3.5-3.7 25-33 1.0-1.3 1.0-1.2 0.8970- 24-35
SUVA
(L/mg*m)

All of the waters surveyed had biopolymer concertrs within a similar order of magnitude
(100-710ugC/L), with the highest concentration being enceted in the Grand River (source
significantly impacted by municipal and agricultuaativity) (Figure 3.1). The Ottawa River
which, was found to have the highest humic contfrifie surveyed waters, had one of the
lowest biopolymer concentrations. Compared to iver waters, the lake waters contained a
proportionally higher content of biopolymers (122 df the DOC in the lake waters vs. 3-11%
in the river waters). This is important in the o of water treatment, as biopolymers have
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been shown to play an important role in foulindos¥ pressure membranes (Hallé et al.
2009).The relatively high content of biopolymer8%1365.gC/L) in the lake waters was not
necessarily expected. Thurman (1985) reportedctréohydrates (mainly in the form of
polysaccharides) accounted for 5-10% DOC in rivatans and 8-12% DOC in lake waters
(however biopolymers are expected to contain botiisaccharides and protein like material).
As LC-OCD is a relatively new characterization teiciue, there is still relatively limited
information on the composition of different typdssarface waters in terms of these newly-

defined fractions.
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l *Bars = Min and Max Concentration
Figure3.1: LC-OCD fractionsfor six raw watersover four seasons

Humic material was the dominant fraction in all @rat accounting for 53-77% and 41-56% of

the bulk DOC in the river and lake waters respetyivit has been widely reported that the

humic fraction typically accounts for 50-75% of tiaéal DOC (Thurman 1985; Marhaba et al.

2000). The higher humic concentrations (1730-pD8IL) in the river waters compared to the

lake waters (660-102@C/L) appear to be largely predicted by higher SUgAthese waters.
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Further insight into the character of the humicfi@ can be gained by the humic substances
diagram developed by Huber et al. (2011) preseint&igure 3.2. All of the river waters
surveyed are in the fulvic acid region and aredir@gllochthonous (soil derived) in origin based
on their higher aromaticity and molecular weighteTake waters consist rather of
autochthonous FA material derived in-situ whickhsracteristic of low aromaticity and a lower

molecular weight (Her et al. 2002).

Building blocks and low molecular weight neutradidwed similar trends to the humic
substances with higher concentrations in the nvagers. Low molecular weight (LMW) acids
accounted for less than 0.8% of the total DOC énrdw waters, and were often not detected.
Low detection of this fraction using LC-OCD wasaatgported by Baghoth et al. (2009), who
suggested this was likely due to co-elution with\Mhumic substances, and lack of distinction
between the two during integration (software pen®icalculation based on UV-absorption of

this fraction).

Biopolymer content varied seasonally with tempaeas shown in Figure 3.3. Seasonal
biopolymer fluctuations ranged from 18$C/L in the Ottawa River to 41gC/L in the Grand
River with higher concentrations being observethemwarmer summer months. This trend is
likely due to greater microbial activity within tlvgaters at the higher temperatures causing a
greater primary production of microbiological byeducts. Greater concentrations of
polysaccharides were reported by Sachse et allj2060Lake GroRe Fuchskuhle near Berlin in
July and August using SEC. In contrast, Haberka20p&) noted lower biopolymer
concentrations in treated sewage effluent in timenser, and attributed this to greater
biodegradation of biopolymers in the wastewateattreent plant at higher temperatures. The
greater production of biopolymers in the Grand Rigghought to be related to contributions
from agricultural activity and municipal wastewagé$fluents upstream of the sampling location,
which would have provided greater nutrients formmgcganisms. In some cases an increase in

temperature over a period of months did not reaudtdirect increase in biopolymer
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concentration (Lake Huron, Grand River), suggesiiege may be a delayed response in terms
of biopolymer production in the water body. It algzpears that there are annual differences in

terms of biopolymer production as biopolymer corniions in June of 2012 were much higher
than the previous year. Humic content was not fdorftlctuate significantly with changes in

seasonal temperature. This was especially truthélake water sources which had less than

20% variation in terms of mean concentration.
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Figure 3.2: Humic Substances Diagram (Huber et al. 2011) for the Ottawa River (A),
Grand River (B), Saugeen River (C), LakeErie (D), Lake Ontario (E), LakeHuron (F) in

terms of average molecular weight(M) and SUVA of the humic fraction
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The variation in humic content was more visibléha river water sources, with the Saugeen
River displaying the highest fluctuation (1.5-4.804) in the fall season. This may have been
caused by the observed increase in runoff durirsgpriod, and differences in the contributions
of allochthonous material from the catchment afé& importance of rain events in the fall
months for the Nanaimo River (British Columbia, @da) caused by leaf litter has been reported
to cause significant increases in transported lallmnous DOC (Thurman, 1985). As the
Saugeen River is the smallest river surveyed, it heave been more heavily impacted by similar
factors. The limited number of sampling pointsvergs further elucidation of these results.

3.3.2 LC-OCD NOM Fraction Removal through Coagulati  on/Flocculation/

Sedimentation

Biopolymers were generally well removed by coagatdflocculation/sedimentation.
Approximately 45 to 73% was removed in all treattq@ants excluding the Lake Ontario
location (Figure 3.4) (note: percentage removalevpéotted for biopolymer fraction as there
was significant seasonal variation). The Lake @atalant had a lower removal (21-40%), and
was the only plant not to use a coagulant aid mhifeexd alum. It is important to note that this
plant employed lower coagulant dosages (5-9mg/d)lead a higher average pH (7.5) during

coagulation.

The use of enhanced coagulation at the Ottawa Raeation did not appear to improve
biopolymer removal although it did significantly pmove the removal of the humic fraction
(Figure 3.4, 58-78% vs. 8-52% removal). The rema¥dhe humic fraction may be more
dependent on pH and coagulant dose. Humic andtfabids are known to have a high charge
density arising from phenolic and carboxylic funal groups, making them more amenable to
charge neutralization (Owen et al. 1995). This madm may be more important for the
removal of the humic fraction compared to thatha&f biopolymers. Excluding the enhanced
coagulation results, it appears that biopolymenggélst molecular size) are the most

preferentially removed fraction through coagulatilmecculation/sedimentation. A contributing
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factor may be that, due to their larger size, timay be more easily adsorbed by particles during
flocculation. An investigation using treated sewaffeient (Haberkamp et al. 2007) also
attributed preferential removal of the biopolymeaction to co-precipitation, and found the
protein content to be especially amenable to ttosgss. The chromatograms for the Grand
River treatment plant (Figure 3.5) show that latgemic substances are more easily removed
than the smaller humic fractions. This is consist@th the results of Baghoth et al. (2011b),
who also used LC OCD. Other studies using diffeckatracterization techniques (isolation, SEC
with UV detection) have also reached similar cosidaos (Jacangelo et al. 1995; Chadik and
Amy 1988; Sinsabaugh et al. 1986).

Removal of both biopolymers and humic content ligtineely consistent throughout the year.
Building block removal was lower than that for thteer two larger fractions, and low molecular

weight neutrals were essentially not removed thincargy of the treatment processes
investigated.
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Figure 3.4: Removal of Biopolymer (A) and Humic Fractions (B) through Coagulation,
Flocculation and Sedimentation

Similar trends to those which were observed for iclemoval through coagulation were seen
for SUVA reduction (results not shown). SUVA redantwas not however directly
guantitatively correlated to humic removal and wéen lower than the humic substances

removal results using LC-OCD.

3.3.3 Effect of Ozonation on LC-OCD NOM Fractions

LC-OCD chromatograms for the Grand River treatnpeatess (the only one employing
ozonation) are shown in Figure 3.5. Biopolymers lanhic substances had an average decrease
of 9% and 11% respectively after ozonation, wholeér molecular weight (LMW) acids and
humic material were consistently generated durimgnation and removed during full scale

biofiltration. On average 9@C/L of LMW acids were produced after ozonationiéating that
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the larger molecular weight humic and biopolymacfions were being oxidized into lower
molecular weight hydrophilic material. Other sesllooking at the effects of ozonation on
NOM have also reported a decomposition of highelemdar weight fractions, in part
generating lower molecular weight, hydrophilic bypgucts such as aldehydes and carboxylic
acids (Chandrakanth et al. 1998 using isolationgfiet al. 2004 using GC/ECD and HPSEC
with UVD).

[

’ [ Al Building Blocks —Raw Water
T, I //\\\ e —Post Sedimentation
E l H \\\ “ Post Ozonation
§ ] H “ —Filter 1 Effluent
£ 4 I ” \ LMW Acids/

. \ A

z \A

A4 \ LMW Neutrals
1 \__
. 4 e
25 35 45 55 65 75

Elution Time

Figure 3.5: LC-OCD Chromatogramsfor Grand River Treatment Process

3.3.4 Removal of LC-OCD NOM Fractions Through Biofi Itration

LMW acids generated during ozonation were largebglégraded in the filters at the Grand

River treatment location (Figure 3.6). The meanaeshwas 84%, with up to 100% removal

being achieved in some instances. The full schrdidiffered in both media type (GAC in
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Filters 1-3 vs. Anthracite in Filter 4) and to sodegree media depth (Filters 1 =1727mm, Filter
2= 1753mm, Filter 3= 1626mm, Filter 4=1575mm). Ehdoes not however, appear to be a
consistent superior LMW acid removal performanceby one of the filters. As BOM is known
to increase after ozonation and be removed duiimfgtbation (Huck et al. 2000), it is
reasonable to conclude that the LMW acid fractiaymontribute to traditional BOM
measurements (AOC and BDOC). Earlier studies peiddron the filters at the Grand River
location(media since topped up/changed) found nasomable difference in BDOC removal
between anthracite and GAC media, however GAC wasd to give better performance in
removing specific BOM components (oxalate) at terapees below % (Huck et al. 2000).

This temperature effect was not observed for LM\id aemoval, however it is important to note
that only two sampling days had temperatures b&fwv The study performed by Huck et al
(2000) also found increasing BOM removals with @aging EBCT, however the effects were
less than proportional. Since filter depth variedhast by 10% at the Grand River facility, it was

likely not substantial enough to observe perforneashtferences.
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Figure 3.6: LMW Acid Removal through Filtration at the Grand River Treatment Facility
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Building block material produced during ozonatioasslso observed to be partially
biodegraded through the filters (Figure 3.7). Threamremoval (10%) was much lower however
than for LMW acids. Removal efficiency was redue¢tbwer temperatures. It is possible that
this fraction was less easily biodegraded duertatiral differences (larger, more aromatic),
and had greater temperature dependence. Grunhalid2005) found that under aerobic
conditions, aliphatic carbon sources are prefeaintised (vs. aromatic structures under
anaerobic conditions). It is likely that this friaet was more aliphatic in nature after ozonation at
the Grand River location, and therefore had betieroval. A similar trend was also noted for
the building block fraction at the Ottawa Riveration (Figure 3.8), however absolute removals
were lower (126gC/L mean removal for Grand River vs & /L at Ottawa River). This is

likely because the Ottawa River facility did notgoy ozonation prior to filtration and therefore
the fraction may have been less biodegradableil&iseasonal trends for building block
removals through filtration were observed at thea®a River location, with higher removals
being observed at higher temperatures (14% meaovarfor T> 10C, and -6% for T<1{T).

Seasonal differences in biopolymer removal werenlesl during biofiltration at the Ottawa
River location (Figure 3.9, 16% mean removal forIl®C, -2% for T<16C). Once again there
were differences in media depth (and hence EBCiThi® Ottawa filters (Filters 2&3: 86mm,
Filters 14&17: 107mm) however superior performabgehe deeper beds was not apparent. A
seasonal difference in biopolymer removal throuigiiilbration was not visible at the Grand
River facility. As ozonation is practiced aheaditfation, it may be possible that the microbial
community is acclimated to easily biodegradabletfoams (LMW acids, building blocks etc.),
and therefore preferentially removes this matenar biopolymers. It is also important to note
that chlorine residual was present in the backweater at this location and that EBCTs were
lower (9.8-20min) when compared to the Ottawa Rigeation (16-29min). An earlier study
performed by Huck et al. (2000) concluded thatGé&C/sand filters (at the Grand River
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location) the removal of oxalate, AOC and DOC wasimpacted by the presence of chlorine in
the backwash water. There was some indicationgpgéater impact on the anthracite/sand filters,
but the authors emphasized that the differencenmiagnal. Filter 4 (anthracite/sand) often had
the lowest biopolymer removal compared to the ofifters (GAC/sand) in the current
investigation as well, suggesting that the diffeeem media type may have had a small impact

on biopolymer removal.
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The reduction of biopolymer content through dideicfiltration (roughing filter pre-treatment
only) at pilot scale was much more significant (Fey3.10) although for operational reasons, the
pilot scale biofilters were being operated at a flow during the period when these
measurements were made. An average of 81% rem@sahchieved through the filter with the
longest EBCT (Filter C=70min), which was higherrtliae average 62% removal observed
through the combined coagulation, flocculation,iiseshtation, ozonation and filtration

processes at full scale. Previous results for tlo¢ fiters with a 15min EBCT showed an
approximate 34-62% biopolymer reduction dependimghe season (Peldszus et al. 2012). This
indicates that direct biofiltration without any preatment may be comparable to conventional
processes in terms of biopolymer removal. Theifogmtly lower biopolymer reduction in the
full scale filters (following coagulation, flocculan, sedimentation and ozonation) suggests that
the up-stream processes either preferentially rentioe more biodegradable portion of the

biopolymers, or perhaps hinder further biodegradtadif the biopolymer fraction.

The three lake water plants all employed pre-chliron as well as seasonal intake chlorination
for zebra mussel control. Biopolymer removal thiodigiration was not observed at any of these
locations, which is not surprising considering ¢thdorine residual in the filter influent. As this
difference between biopolymer removals in the lief$ vs. conventional filters was observed it
appears more likely that, when biopolymer remowaluored, biodegradation was responsible
rather than physical mechanisms. There does app&éarsome removal of the building block
fraction through filtration at the lake water plgnespecially at the Lake Ontario treatment
location (data not shown). It has been reportetl AXC removal is not inhibited for GAC/sand
filters with the application of pre-chlorinationéChevallier et al. 1992). The filters at the Lake
Ontario location are anthracite/sand however aredtduhe chlorine residual in the influent,
biological activity would not be anticipated.
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3.3.5 Raw Water Comparison for FEEM Results

FEEM plots for the different raw waters were iy qualitatively assessed based on peak
location and intensity (Figure 3.11). Primary falpeaks ¢)(Ex/Em: 320/415) and secondary
humic substances shoulder peaks(3) (EX/Em:270/466) observed in the Grand River water
in similar ranges to those which have been prelyaeported (Peiris et al. 2010; Sierra et al.
2005). These peaks are thought to represent ntusttyc- and fulvic-like content, and were also
present in the Ottawa River and Saugeen River FpBts. The Lake Ontario water also had
visible peaks in these regions, but at much lowemisities. The Lake Erie and Lake Huron
waters did not appear to have visiblpeaks, but had different distinct peaks (Ex/En©)/230)
close to thé region identified for the other waters. Deviatiaishe FEEM contours in the
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region (Ex/Em: 280/330) were visible in all watéegcluding Lake Erie) and are thought to be
related to protein-like content (Chen et al. 20@8iris et al. 2010). As the Lake Erie water often
had high turbidity (6.1-240NTU) the raw water FEEMB1sequently had irregularities
associated with reduced light transmission, anclezrefore difficult to interpret. Protein-like
peaks for this water were not visible, howeves ithiought that the problems associated with
high turbidity may have prevented distinction bezwehis peak and the scattering regions. First
and second order Raleigh scattering regions whietiheught to be related to
particulate/colloidal like material (Peiris et a010) varied in intensity for all waters, with the

higher turbidity waters displaying greater scattgri

The fluorescence measurement technique which ngfies the presence of certain NOM
structural properties (fluorophores) is quite défet from LC-OCD (and conventional DOC).
Further, there was no pre-filtration of the fluaresce samples, which was required for LC-OCD
measurement. As peak locations are known to stoftraling to different compositions and
relative concentrations, it is important to analyfze entire spectrum rather than just individual
peaks (Chen et al. 2003; Stedmon et al. 2003adtatso been demonstrated that high humic
substances concentrations may interfere with tbeepr-like substances signal (Haberkamp,
2008). This is another reason why relating conegioin to individual peak intensities may not
be possible, and why the use of further data aisalgshniques (such as PCA) are valuable for
capturing independent changes within the entireNFERectrum. Coupled with PCA,
fluorescence may act as a good monitoring toolater treatment because it can be measured

quite readily, with minimal sample preparation.
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In general, the higher DOC waters had much hiflberescence responses in the humic and
fulvic regions. The relative intensity of the hunaied fulvic like peaks did not appear to be
directly related to concentration, as the Ottaw&eR({which had the highest humic content using
LC-OCD analysis) had lower intensities than ther@rRiver. Intensities for the low-DOC lake
waters were either very low (by approximately X0ds), or sometimes not visible. The LC-
OCD humic content results for the lake waters weteas low (3-6 times lower), which
indicated that the fluorescence intensities wemngelg impacted by the presence of certain

fluorophores rather than by absolute humic coneétr.

3.3.6 PCA loading plot results

PCA was successfully applied to five different watat different stages of water treatment. In
contrast to other NOM treatment studies using FEBEMItiple waters were included in the same

model. Loading plots for three PCs generated irPtG& model are presented in

Figure 3.12. The three PCs accounted for 91% ovahi@tion in the model (78%, 8.4% and
4.5% for PC1, 2 & 3 respectively). Additional PCere not included due to low % variation
(<3%) and lack of physical significance in termdazding plots. The contour plot for PC1 has
the highest loading values in the 270-310/420-80@i{ation/emission) region which has been
largely associated with humic and fulvic like m&k(Chen et al. 2003; Sierra et al. 2005). The
contours for PC1 are relatively broad, likely doghte number of different waters included in the
model (peaks are not identical among waters, dr ggasonal changes). PC2 has the highest
loading contours in the first and secondary Raléigjit scattering regions, which have been
associated with higher particulate/colloidal mageeiris et al. 2010). The loading plot for PC3
has a peak in the 260-280/310-350 excitation/eomnssgion. This region has been associated
with protein (tyrosine and tryptophan) like substs (Her et al. 2003; Chen et al. 2003). The
PC3 loading plot also has some peaks in the Rabzigtiering regions which have been
associated with colloidal and particulate mattes.photeins can be in the colloidal size range, it

is thought that they may contribute to some oflidjfe scattering regions. Natural colloids are
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Figure 3.12: PCA loading plotsfor a)Humic and Fulvic Material (PC1) b) Colloidal and
Particulate (PC2) c)Protein like material (PC3)
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also not homogeneous, and interactions can octéweba inorganic and organic materials,

allowing combined aggregates to be formed (Bufflale1999).

The three PCs generated in the current model egelfasimilar to those presented by Peiris et
al.(2010) for Grand River water alone. The gensirailarity between the two models indicates
that this approach can include multiple water typethe same model to identify humic-like and

protein-like material.

3.3.7 Raw water PCA score comparison

PC scores were generated for each sample and tednsaextent to which the loading variable is
reflected in the FEEM spectrum. These scores cdothepositive and negative, and do not
indicate an absolute concentration, but rathefadive scale for which the spectral region is
represented in the sample. Average PC scores (mithmax bars) for five different raw waters
are shown in Figure 3.13. Lake Erie raw water sasiplere excluded from the model due to
high turbidity (6.1-240NTU) which caused erratisuts (reduced light transmission). There is
relatively good agreement between the LC-OCD huwuitcentration results and PC1.This was
expected as humic material would not be impactegrbyfiltration (much smaller than 0.45um
pre-filter) , and presumably a large portion ofdtemical structure would fluoresce. PC1
(humic) scores were generally highest in the rivaters. The high degree of variability in the
Saugeen River PC1 scores does appear to be comsvite the large variation in humic
concentration which was observed using LC-OCD. [ake waters had negative PC1 scores
indicating a much lower fluorescence responseigrdgion. The structure of the lake water
humic substances using LC-OCD results was deemlkee less aromatic, considering the lower
SUVA as presented in Figure 3.2 . The lake wateiQ@D humic concentrations were also
much lower than those of the river waters. The icumaterial structural differences between the
waters likely impacted the response of the PCleseoaddition to concentration, which may
help to explain some of the differences betweenQCD and PC1 results. The Ottawa River for
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example had the highest humic substances condenttased on LC-OCD, but had a lower

PC1 response than the Grand River.

The results for PC2 (colloidal and particulate matgonly follow turbidity trends observed in
the raw waters to a certain extent. The Grand Rivkich had the highest turbidity variation (2-
12 NTU) also had the highest PC2 variation. Theayeturbidity was lowest in the Lake
Ontario water (0.6NTU) and this water also hadlthneest PC2 scores. Turbidity could not
however act as an exact predictor for PC2. Paftigleid size distribution as well as number
impact turbidity and it would be reasonable to etpleat they would also impact the response
for PC2, although potentially in a different wayanability of PC2 for samples with similar
turbidity might be explained by differences in jpaé size distribution.

Similarly, PC3 (protein-like material) did not datéy follow the trends observed for biopolymers
from the LC-OCD results. It is possible that to sodegree pre-filtration could have contributed
to the differences between the LC-OCD and fluoneseeesults, since protein content which
may have been adsorbed to particulates largerGl&gum would be present in the FEEM
sample but not in LC-OCD. Also, only a certain pmrtof the proteins would be expected to
fluoresce. The Ottawa and Saugeen Rivers, whiclke Yoemd to have lower biopolymer
concentrations, also had lower PC3 (protein-lik@yaes. The Grand River, which had the
highest biopolymer concentration, had a moderatg $0re (similar range to Lake Ontario),
whereas Lake Huron had the highest PC3 score. Bim@ns are comprised of both
polysaccharides and protein-like materials for \hite exact composition is largely unknown.
Dissolved organic nitrogen (DON) content of thedailymers was also available from LC-OCD
analysis, and showed a similar disagreement betteetwo results. The fluorescence peak for
protein-like substances (PC3) would also be expecténclude smaller fractions which contain
amino acids (Haberkamp et al. 2011), and therefageod relationship between PC3 and

biopolymers would not necessarily be expected.
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samples)

3.3.8 NOM and Removal Efficiency using PCA scores

The reductions in PC1 during treatment of the Gramdl Ottawa Rivers are presented in Figure
3.14. The effectiveness of enhanced coagulatiotheoeremoval of humic substances appears to
be captured by the greater reduction in PC1 obdédorehe Ottawa River location. The average
reduction of PC1 through this process was 1.8 tigneater than that of conventional
coagulation, at the Grand River location. The agerremoval of humic substances using LC-
OCD results was 2.5 times greater for the enhanocadulation process, suggesting that the

fluorescence results may act as a predictor of bsnidstances removal through coagulation,
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flocculation and sedimentation. The PC1 removallteslso appear to be relatively consistent

throughout the year, similar to the LC-OCD results.

Significant reduction in PC1 scores were obserfent azonation (Figure 3.14). This was not
reflected in the LC-OCD results, where ozonatisuhed in a reduction of only 11% of the
material defined as humic substances, which wentéafda degraded to lower molecular weight
fractions. This suggests that the fluorescenadtseare capturing a greater structural change in
the humic fraction than was apparent in the LC-Q€§ults. As FEEM is sensitive to the
presence of certain fluorophores which could becorigized during ozonation, this technique
is sensitive to these changes in molecular stracitinerefore it appears that the fluorescence
results cannot be relied upon to directly predidkthumic concentration changes during
oxidation processes. The minimal reduction of BEdres through filtration was consistent with
the humic LC-OCD results.

There was little reduction of PC1 during treatmainthe Lake Huron and Lake Ontario
locations. It may be that the PCA model was nosgiee enough to capture changes in the low
intensity FEEM spectrums for these waters, howaverrms of absolute concentration removal
(using LC-OCD results), the lake water treatmeaing had much lower humic substances

removal (see Figure 3.4) than the river waters.
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The trends for PC2 were less apparent (refer teeAgix D) but in general followed those
observed for turbidity. It is reasonable to thihkttthe PC2 response is sensitive not only to the
number of particles/colloids in a sample, but atstheir size, causing some difficulty in the
interpretation of the results. There was genemliiecrease in PC2 (scattering regions) after
sedimentation, which is intuitive based on paraeilsettling. When reductions in turbidity after
sedimentation were less dramatic, the results \esseclear (small decrease, or increase in PC2).
However a consistent decrease was also obseneardilifation, which was expected. The
observed increase in PC2 scores after ozonatioun@gpected and a possible explanation may
be a slight agglomeration of dissolved content ataore colloidal size range, causing a greater
response in the light-scattering regions. Sucméions of colloidal particles during ozonation
have been noted to increase turbidity after ozondtiekel 1994). Turbidity largely remained the

same or decreased after ozonation, however thaespene instances where it increased.

Trends in PC3 removal were also more difficult ézigher, although generally there was an
increase in PC3 after sedimentation(refer to AppeB)l. As noted earlier, PC3 loading plots

not only had a response in the protein-like regibthe FEEM spectrum, but also in the colloidal
(scattering) regions as well. It is possible tihat tesponse increased after sedimentation due to
an agglomeration of dissolved content into largoddal like particles. Another possibility is
that the structure of the protein-coagulant comgdgaxay have a greater degree of fluorescence
than the raw protein structure, and that they wetenell removed during sedimentation. PC3
generally decreased during filtration, which woaither be due to physical filtration or possibly
biodegradation. The observed reduction during ation is likely due to structural changes

rather than significant removal.
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3.3.9 Comparison between LC-OCD Fractions and FEEM  PCA scores

PC1 had a relatively good correlation with the husubstances fraction from LC-OCD analysis
(Figure 3.15). Samples that were outliers weradleOttawa River water samples (region B),
and post-ozonation samples at the Grand Riveritotétegion A). The structural differences of
these samples were likely why they did not coreethtectly to concentration. For example it
was shown earlier that the fluorescence signahsities were lower for the Ottawa River than
the Grand River, even though the concentratioruafib substances was higher. The ozonated
samples are also considered to have undergondisagmistructural changes, causing lower PC1
scores, whereas little concentration change wasreégd using LC-OCD. Similar observations
were made by Bagoth et al. (2011b) who found tkanation resulted in the quenching of the

fluorescence signal.
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PC3 (protein like material) did not have a good'eation with the biopolymer content{R
=0.07) or the dissolved organic nitrogen conterthefbiopolymer fraction (=0.01). As only a
small portion of proteins are known to fluorescelyadhree amino acids), and considering they
may be present as smaller polypeptides eluting nratehthan the biopolymer fraction
(Haberkamp et al. 2011), a strong correlation n@ynecessarily be expected. It is also
important to note that the sample pre-treatmenL@OCD involved filtration (0.4pm)

whereas fluorescence samples are measured withpytre-treatment. It may be possible that
LC-OCD pre-treatment removes some of the proteimierd that is captured in fluorescence (i.e.

agglomerated colloids etc.).
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3.4 Conclusions

Characterization of NOM removal at five full scatater treatment facilities treating

substantially different types of water (includirgyeral of the Great Lakes) over several seasons

using LC-OCD and FEEM PCA analysis provided considie insight into the behaviour of

NOM. The most important conclusions are as follows:

Full scale biological filtration was found to vegjfectively remove low molecular
weight acids generated during ozonation. In addljtibe LMW building block fraction
appeared to be partially biodegraded in full séi#tiation. Little additional biopolymer
removal was observed after coagulation/flocculdsedimentation at full scale, perhaps
because of both lower concentration and removti@more easily biodegradable

biopolymers by the upstream processes.

Coagulation/flocculation/sedimentation removed 3%/0f the biopolymers and 8-78%
of the humic substances depending on the locatidritile variation was noted in terms
of seasonal removals. Enhanced coagulation providezh higher humic removals (58-
78%), however did not improve biopolymer removathus appears that biopolymers are
potentially removed through coagulation/flocculateedimentation by a different

mechanism than humic substances.

Biopolymer content was found to vary seasonallyhwamperature (higher
concentrations in the warmer months). The lake matentained proportionally higher
biopolymer content than the river waters, althotlghDOC in the former was lower.

PCA was successfully applied to capture variatitoREEMs from six different water

sources. The results could be used as a predattiné removal of humic substances
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throughout full scale treatment (excluding oxidatgrocesses).The PCA results for
humic-like material were relatively well correlatexdlhumic substance concentrations

from LC-OCD analysis.

LC-OCD and FEEM provided complementary insight ifOM removal during full
scale treatment. NOM structural changes which wetecaptured by LC-OCD were
apparent in the FEEM results. Using either tealmign its own may lead to incomplete

interpretation of changes in NOM character.
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Chapter 4
Impact of Natural Organic Matter (NOM) Composition of Four Surface

Waters on Low Pressure Membrane Fouling

This chapter is based on an article of the sarneestitomitted for potential publication in a
scientific journal in October 2012. As such, it taans individual sections including
introduction, materials and methods, results amtlcsions. More detailed background is
provided in Chapter 2, while Chapter 5 discussesesinplications of this work for the water

treatment industry. References are consolidatéoeiibliography at the end of the thesis.

4.1 Introduction

Low pressure membranes (LPM) are increasingly bessgl as a robust treatment option for
supplying safe drinking water. Organic fouling haeestill remains as an operational challenge,
as it increases maintenance and energy requirenvemtsh have a significant impact on cost
(Gao et al. 2011). Natural Organic Matter (NOM) basn identified as playing an integral role
in fouling of ultrafiltration (UF) membranes, howewarying conclusions have been made
concerning the contributions from different NOM stituents, as well as the role of inorganic
particles (Jermann et al. 2008; Zularisam et al120Although some investigations have
highlighted the importance of humic substances (et al. 1999; Jones and O’Melia, 2001,
Mousa 2007), the larger molecular weight hydropHiactions (polysaccharides, proteins) are
now recognized as being significant LPM foulants€let al. 2004; Kimura et al. 2004, Zularism
2011).

Advancements in analytical techniques availablglercharacterization of NOM have provided
important tools for furthering the understandingto$ process. Liquid chromatography organic
carbon detection (LC-OCD) is one such techniqueclvkifectively separates NOM based on

apparent molecular size to quantify the fractiohsirest (biopolymers(polysaccharides,
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proteins), humic substances, building blocks amdrilecular weight acids and
neutrals)(Huber 2011). The importance of biopolysnersurface water was demonstrated by
Hallé et al. (2009), who found that the reductiéthis fraction through direct biofiltration pre-
treatment had a significant impact on the degrdeydfaulically reversible and irreversible

ultrafiltration (UF) membrane fouling.

Fluorescence excitation emission matrix (FEEM) rodthare also useful and provide
information related to the humic, fulvic and protéike composition of NOM (Sierra et al. 2005;
Her et al. 2003) as well as the particulate antbwal matter (Peiris et al. 2008). The application
of multivariate data analysis such as principal ponent analysis (PCA) to FEEM data has also
proven to be useful in relating NOM compositiorld fouling events (Peiris et al. 2010).More
recently the composition of the biopolymer fractaord specifically the protein-like content
(using FEEM analysis) has been shown to impactduaally irreversible fouling (Peldszus et
al. 2011; Haberkamp et al. 2011).

One of the major challenges remaining in implemrmgnthembrane filtration is predicting the
degree of fouling which would be expected for déf& surface waters (without performing
extensive pilot studies). Much of the work whiclsladready been done in the drinking water
field has focused on relating fouling to model siolos (Gray et al. 2011; Jermann et al. 2008;
Zularisam et al. 2011) or is performed over shitiration periods at constant pressure using
natural waters (Howe and Clark 2002; Lee et al420n practice however, membrane
treatment facilities are operated at constant frittenden 2005), and model solutions may not

be able to fully capture the complexity of NOM-@itlal interactions (Buffle et al.,1998).

The intention of this investigation was to apply-OCD and FEEM techniques to a range of
surface waters undergoing UF treatment to seeifdhling relationship to biopolymer
concentration and composition are independent ¢évigpe, and whether it can be used to

predict the fouling potential of different waters.
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4.2 Materials and Methods

4.2.1 Selection of target waters

The selection of the waters for this investigaticas done based on an earlier survey within
Ontario using LC-OCD and FEEM analysis as outlime@hapter 3. Target waters were
identified based on mean biopolymer and humic cotnagon as well as differences in mean
turbidity conditions. Two high DOC river watersrgad and Ottawa Rivers) and two low DOC
Great Lake waters (Lake Ontario and Erie) were dekto be of interest. The Grand River had
the highest mean biopolymer concentration, whiee@tawa River (with the highest humic
content) had the lowest. The two lake waters hadaraie biopolymer concentrations with Lake
Ontario displaying consistently low turbidity (<ITN), and Lake Erie having the highest
turbidity (up to 240NTU).

4.2.2 Bench Scale Apparatus Description

Experiments were run for five days at constant {R&L_MH) using a commercially available
hollow fibre polyvinylidene fluoride (PVDF) ultrdfration (UF) membrane as part of a fully
automated system outlined in Figure 4.1. The subetemodule was contained in a 1.6L vessel
and was operated using an “outside-in” dead etratibn mode whereby permeate was drawn
under vacuum. Water was collected no more thans4@tor to starting the experiment, and
stored in a 1300L stainless steel tank which predienough capacity for five days. The water
was allowed to warm to room temperature (approxay2C°C) providing temperature
corrected TMP readings (minimizing the impact cfoasity changes with temperature), The
storage tank was also mixed to prevent particidat#ing. Under normal operation, flow to the
system was controlled using a flow meter from aerbgad tank (V1 closed), to match the rate
of permeation and thereby keep the level in the brane vessel constant. Actuated solenoid
valves were controlled using a program logic cdterdPLC) (Allen Bradley model number 75
PICO-1760-L 12AWA-NC) and the reversible peristafiermeation/ backwash pump
(Masterflex L/S drive model number 07550-50; CorRer Canada) was controlled digitally
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using Masterflex Linkable Instrument Control SofterdWinLIN). The permeation cycle lasted
for thirty minutes at which point a twenty secoratkwash with air scourge (air valve V2
opened at 60PSI) was performed by reversing tleetn of the permeation/backwash pump.
After backwash the membrane vessel was fully dchared refilled in less than two minutes
from the overhead tank (by opening valves V3 anil Viansmembrane pressure (TMP) was
recorded using a pressure tranducer and data I¢ogleewood Systems, model number:
CPXA).

Maintenance cleaning was performed on day threeattite end of the experiment to investigate
its effect on recovery by submerging the modula ¥00mg/L sodium hypochlorite solution for
15min before resuming normal operation. This wase dbne to avoid excessive TMP, as the
membrane manufacturer specified a maximum recomatemtVP of 60kPa. A full chemical
clean was performed at the end of the experimergdover the original permeability by soaking
the membrane in a 200ppm sodium hypochlorite smiur 5hr followed by a 5g/L solution of
citric acid for another 5hr. Clean water permeéapbtksts using deionised (DI) water were used
to confirm the effectiveness of each chemical claath were done by measuring TMP at four
specified values of flux. Membrane integrity testse also performed regularly to ensure there
was no problems with the module used in the exparis(no more than 2kPa pressure drop

over 2mins from the initial 70kPa).
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Figure 4.1: Schematic of Experimental Setup

4.2.3 Sampling Procedure

Both LC-OCD and Fluorescence samples were takendgout the experiment in addition to
TOC, DOC, U\s4 pH and conductivity. Temperature and turbidityeveecorded manually at
regular intervals in addition to permeate flow ts@re near constant flux. To further investigate
irreversible organic deposition on the membrané&saran approximated “mass balance
approach” was taken whereby concentrations fronfigbe, permeate, concentrate and backwash
were taken across one cycle. Using known inflaewt permeate flows and concentrations, as
well as the mass of organics leaving in the backwiie intention was to quantify the
unaccounted fraction which would presumably comesito the irreversibly deposited material
on the membrane. To distinguish between concerdratdractions leaving during backwash,

the membrane vessel was drained prior to backwasted sample taken), at which point it was

filled with permeate (known concentration, similanic strength to raw water), and then the
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normal backwash was performed. The difference batviiee permeate concentration and the
solution from the drained vessel after backwashdegsned to be the fractions being released

from the membrane surface during backwash.

4.2.4 Liquid Chromatography Organic Carbon Detectio  n (LC-OCD)

Liquid Chromatography Organic Carbon Detection-@rg&litrogen Detection (LC-OCD-OND
— DOC-Labor Dr. Huber, Karlsruhe/Germany) was panied within 48hrs of sampling after
being filtered through 0.48n PES filters and stored at a temperature’6f Samples were
delivered to the HW-50S(Tosoh Bioscience Tokyo/dapg&e exclusion column (SEC) column
via mobile phase (purified 28mmol/L phosphate budftepH 6.58 and 1ml/min) using a HPLC
pump, followed by non-destructive Ultra-violet detten (UVD) at 254 nm. Organic carbon
detection was performed after the fractionated $amvps oxidized in the Graentzel thin film
reactor to CQwhich was then measured by an infrared detectoe. OND was supplied by a
side stream prior to the Graentzel reactor whegaracally bound nitrogen was converted to
NO3; and measured using a UV (220nm) detector (Hubak @011).

4.2.5 Fluorescence Excitation Emission Matrices (FE =~ EM)

FEEM measurements were done at room temperatut€)2athin 24hrs of sampling using a
Varian Cary Eclipse Fluorescence Spectrofluorom@al Alto, CA). FEEM spectra intensities
were measured for 301 emission values (300-600noh)L4 excitation wavelengths between
250 and 380nm (10nm increments). To account ford&escattering MQ ultrapure water spectra
were subtracted from all samples. Disposable U\dgzolymethimethacrylate (PMMA)
cuvettes were used and no pH adjustment was mamtdganalysis (pH ranged from 7.3-8.3).
No significant change in the FEEM spectrum was oleskfor small pH adjustments (pH 6 to 8
using NaOH), which was similar to the results régaiby Spencer et al. (2007) who found
moderate pH change had little effect on intensignges. All samples were therefore run under

natural pH conditions. As DOC for the waters welatively low (2.3-7.6mgC/L) compared to

73



the upper limit of 25mgC/L reported by Hudson ef(2008) for inner filtering and quenching

effects, no dilutions were made.

4.2.6 FEEM Data Analysis

Principal component analysis (PCA) was performethenFEEM data set using the procedure
outlined by Peiris et al. (2010) to extract the artpnt variation in the data. A total of 92
samples were taken from the four experiments. Wnfately the FEEM data from the first two
experiments (Grand River and Lake Ontario waters)dcnot be used due to an unexpected
peak that occurred across the corresponding FEEdsp It was later determined that this peak
arose from a contamination source in the disposablettes which were used for these two
experiments. Therefore only 46 samples from thawtRiver and Lake Erie experiments were
available for further analysis. New variables friva FEEM data set which are uncorrelated and
orthogonal can be generated using PCA analysishwbiapplied to the original matrix X
(containing all sample spectra unfolded into sirgglkimn form). A model which best represents
the systematic variation in the data is then crkatieich is the sum of the product of the score
(t) and loading (p vectors and has the remaining matrix (E) whigir@sents variation not

captured by the model (Peiris et al. 2010).

4.2.7 Additional Parameters

Turbidity samples were also taken at regular irglsrthroughout the experiment for the raw and
permeate streams using a Hach 2100P instrumeawioly Standard methods (2012) 2130.
Temperature was measured manually using a therneoged conductivity was determined
using a Hach 44600 instrument following Standardhdds (2012) 2510. TOC and DOC was
measured for all samples using an Ol-Analytical T&@lyzer (model 1010, College

Station, TX) by wet oxidation as described in Stadddethods (2012) 5310D. UV absorption

was measured using a spectrophotometer (HewlekbRh8453) as described in Standard
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Methods (2012) 5910 using a 5¢cm path cell for ang@es which had low absorption
(<0.15cn).

4.2.8 Fouling Analysis

The hydraulically reversible fouling was assessg@drforming linear regression on the increase
in TMP across a 30min permeation cycle. This wasedater 24hr of experimental run-time
(and subsequently at 48hr, 72hr, 96hr and 120lrensure a representative fouling increase
was calculated, the linear regression procedurergg@eated for five cycles for which the mean
was taken. The cycles that were selected were thbgd were immediately prior to sampling
so that NOM content could be related to the fouihthat time. The mean hydraulically
irreversible fouling rate was assessed by pariitgpthe fouling curve into regions of linear
TMP rise. The resulting slope (kPa/hr) correspdndse fouling rate, and the mean rate was
calculated by weight averaging these values (acogtd the length of time for each partition).
This approach was also taken when calculating ydesllically irreversible fouling rate for
each 24hr period, however for the most part themfiealing rate is discussed (result is less

sensitive to individual irregularities in the foudj curve).

4.3 Results and Discussion

4.3.1 Hydraulically Reversible and Irreversible Fou  ling

Important water quality parameters taken duringetkigeriments are summarized in Table
4.1.The water characteristics were largely as erpewith the Grand River having the highest
biopolymer concentration and the Ottawa River hgwtire lowest. The Ottawa River also had
the highest humic concentration making it imporiarterms of distinguishing between
contributing organic foulants. Lake Erie had thgheist turbidity and moderate to high
biopolymer concentration. The biopolymer concerdrain the Lake Erie water also had

relatively high variability during the experimemthich was not observed for the other waters,
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and may have been caused by interactions withcpdates considering the turbidity was much

higher in this water (which may have partially kgttdespite mixing).

Table4.1: Summary of Water Quality Parameters

Grand River LakeOntario Ottawa River LakeErie

Mean Std. Mean Std. Mean Std. Mean Std.

Dev. Dev. Dev. Dev.
Biopolymer 343 28 208 28 147 8 293 69
Concentration
(ug/L)
Humic 3864 70 1078 66 5062 357 939 207
Concentration
(uglL)
Turbidity (NTU) 2.4 1.1 0.90 0.32 3.9 0.27 7.5 1.4
pH 8.2 0.04 7.9 0.16 7.5 0.19 7.9 0.12
Conductivity 63 0.27 35 0.31 9.5 52 27 0.06
(mS/m)

Results for the five day fouling cycle of the fouaters are presented in Figure 4.2. Prior to the
first maintenance cleaning the Grand River (highegpolymer content) had the highest degree
of hydraulically irreversible fouling, reaching asimum TMP of 32.5 kPa (post backwash). It
also had the highest degree of hydraulically relskrdouling (up to 15kPa/hr). The Ottawa
River which had the lowest biopolymer concentratiso had a relatively high rate of
irreversible fouling, and reached a TMP of neaflkBa prior to maintenance cleaning. This
water had the lowest degree of hydraulically rebéedouling (maximum 4.3kPa/hr), suggesting
the biopolymer concentration is indicative of ttyipe of fouling. This trend continued for the
other two waters which had moderate degrees ofdwjidally reversible fouling and moderate to

high biopolymer content (will be discussed furthesed on individual days).
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Figure 4.2: Fouling profile of four waters

There are some irregularities on the fouling cuwagh are attributed to small problems during
the five day experiments. An example is when theng of the air scour became delayed for the
Lake Erie water (for the initial 22hrs), causinigss than effective backwash, which explains the
initial early rise in irreversible fouling. Onceetlproblem was corrected, the TMP dropped rather
drastically, which may suggest the layer causimgitial irreversible fouling was relatively
amenable to backwash if working properly (i.e. @mogir scour). This may provide some insight
into the relationship between hydraulically revielsiand irreversible fouling, as the irreversible
fouling is dependent on how well the fouling laj@removed during backwash. Lee et al.

(2004) found gel/cake layer formation to be an ingoet mechanism in UF fouling, which may

be why the air scour was critical for the removiahe fouling layer. Other problems included
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power outages for the Ottawa River (95hr) and GiRiveér (90hr) experiments which caus

some loss in recorded TMP da

As the degree of hydraulically reversible foulingsmobserved to increase over the length o
experiment (Figure 4.3)t was also investiged based on individual days to capture
additional trends. After each 24hr period, linesgression was performed on individual Tl
increase over the 30min permeation cycle to oliteerrate of fouling (kPa/hr), and this w
done over five cycles to tdin the mean value for each day (and water)L@-OCD samples

were only taken on days4l,-the results were only plotted for these d.
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Figure4.3: Hydraulically reversiblefouling rate increase by day (Note: Maintenance

cleaning performed prior to day 4).

Hydraulically reversible fouling appears to be impadig biopolymer concentratiodespite
differences in the fouvaters as demonstratedFigure 4.4 to Figure 4.7This is in gooc
agreement with Hallé et al. (2009), who demonstirbiepolymer concentration can

correlated to hydraulically revéble fouling in the Grand River Water. The reswatghe curren
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investigation have further supported this findinghat biopolymer concentration can be used to
predict hydraulically reversible fouling acrossfeiient waters with significantly different
characteristics (useful in assessing initial fogllpotential).

Similar plots were made for turbidity and humic stamces concentration, which were found to
have virtually no correlation to hydraulically resile fouling (see summary table in Appendix
E). Itis also apparent that the hydraulicallyamsible fouling rate increases by day, with greater
increases for waters with higher biopolymer con{@rand River) as shown in Figure 4.3. This
indicates that the waters with higher hydraulicalyersible fouling (and higher biopolymer
concentration) are more heavily impacted as thex@nt proceeded. The slope decreases for
day 4 results (after maintenance cleaning whiclorerd the hydraulically irreversible fouling
layer). This may imply there is a relationship begéw hydraulically reversible and irreversible
fouling. Peldszus et al. (2011) postulated thattydraulically reversible fouling layer can
transition to a hydraulically irreversible foulifayer, as the combined fouling layer becomes
less amenable to backwash. The relationship betiwg@mraulically reversible and irreversible
fouling was further investigated by plotting theotvouling rates against each other (Appendix
E).There does not appear to be any direct relditiprizetween these two fouling rates in terms of
this plot however. Refer to Appendix E for a sumynafrthe reversible and irreversible fouling

relationships.
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Figure4.4: Hydraulically reversible fouling vs. Biopolymers (Day 1)
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Figure4.5: Hydraulically reversible fouling vs. Biopolymers (Day 2)
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Figure4.7: Hydraulically reversible fouling vs. Biopolymers (Day 4)

Hydraulically irreversible fouling did not have teame correlation to biopolymer cont:
(Figure 4.8. Irreversible fouling was investigated partitioningthe fouling curve into linee
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regions of TMP rise, which were weight averagedatiog to the length of time for each
partition. This approach was also taken for indiald24hr periods to investigate hydraulically
irreversible fouling by day. The Ottawa River whitéad the lowest biopolymer content of the
waters had a relatively high mean fouling rate 38Fa/hr). This was also true for the Lake Erie
water, which had a moderate to high biopolymer eotand the highest mean turbidity
(7.5NTU). When hydraulically irreversible foulingas plotted by day, there was also essentially
no correlation to biopolymer content{®0.004 to 0.507), and little progression in thetrevith

time.

Turbidity of natural waters is largely attributexdiborganic and organic particulate/colloids
which reduce light transmission. Turbidity had argnaally better correlation to hydraulically
irreversible fouling (Figure 4.9), however it appshto develop over the fouling experiment. On
day one there was no correlation to turbidity£B.006) however with greater filtration time, a
relationship between turbidity and hydraulicallseirersible fouling appears to develop?%R
0.063, 0.444, 0.715 for days 2-4 respectively). Théy indicate that the deposited particulate
was initially well removed (not irreversibly adsed), however it may transition into a combined
fouling layer with longer filtration time (due tortaling with organic material) causing greater
hydraulically irreversible fouling as the experimenogressed. This is best illustrated by
comparing the fouling curves of the Ottawa Rived &ake Ontario in Figure 4.2. Initially, they
appear to have a similar rate of irreversible fogilffirst 24hrs), however the fouling becomes
much more detrimental for the Ottawa River (higtuebidity) as the experiment progresses. It is
likely that the particulate as well as the biopogyrfraction were involved in forming a
combined fouling layer. The importance of syneigistfects (cake layer formation and pore
blocking) between colloids (organic and inorgaminyl dissolved organic fractions has been
demonstrated in the literature using mostly modgltgons (Jermann et al. 2008; Li and
Elimelech, 2006).In this investigation the watethathe lowest rate of irreversible fouling was
Lake Ontario, which had the lowest turbidity (<IN)TE@nd a moderate biopolymer
concentration. It is postulated that the most sef@uling occurs when there are enough organic
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and inorganic particles in a certain size rangaddition to the biopolymer fractions which

largely retained on the membrane surface resultirgmore detrimental fouling conditio
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Figure 4.8: Mean hydraulically irreversible fouling rate vs. mean biopolymer content
**Note thiswas also plotted by day: Day 1 (R*=0.441), Day 2 (R?=-0.145), Day 3 (R?
=0.004), Day 4 (R*=0.507)
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Figure4.9: Mean hydraulically irreversible fouling rate vs. mean turbidity**Note thiswas
also plotted by day: Day 1 (R*=0.006), Day 2 (R*=0.063), Day 3 (R?=0.444), Day 4 (R*
=0.715)

The relationship between humic substances andeirséale fouling was also investigated. The
mean humic concentration and fouling rate showdld Gorrelation (Figure 4.10). The results
were also plotted by day (see summary table in AgpeE) and for the most part there is no
visible trend (there was good correlation on day-Hj)mic substances have also been shown to
irreversibly adsorb to UF membranes (Jucker andkCI®94), however usually to those with
lower MWCOs. As the membrane in the current stgdyniown to be looser (MWCO
approximately 400KDa) and considering the lowerepbad rejection of humic substances
(mean rejection =5%), it is believed that the migjasf the humic material was not deposited on
or within the membrane. Calcium content has béemas to play a role in terms of irreversible
fouling by humic substances in low pressure mengsadue to its effect on the agglomeration
of this fraction (Yamamura et al. 2007). Considgttine large differences in calcium hardness
between the Grand and Ottawa Rivers (265mg/L Cai@@3and River, 24.7mg/L in Ottawa
River) differences in humic substances rejectios wfanterest. Both waters were found to have

very low rejection of humic material however wittetOttawa River having a slightly higher
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(5%) mean rejection thandlGrand River (0%). Once again, due to the relbtivigh MWCO
of the membranes, it is likely that the humic mialedid not have a significant interaction w

the membrane, and therefore little to no impaaabium content was observ
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Figure 4.10: Mean hydraulically irreversible fouling rate vs. mean humic content **Note
thiswas also plotted by day: Day 1 (R*=0.216), Day 2 (R?=0.994), Day 3 (R?=0.241), Day 4
(R?=0.058)

4.3.2 Mass Balance Results

Themean percent of the influent biopolymer mass legtimough permeate, concentrate
backwash is presentedhiigure4.11for all four waters. The permeate fraction consist
biopolymers which pass through tmembrane and ranged from 3%% of the total influent fc
the Ottawa River, Lake Ontario and Lake Erie. Tmar@ River had a higher rejection
biopolymers (75%) with 25% exiting in the permeathjch may signify that the biopolymers
this water havelifferent properties than the others (e.g. mayabogdr).The higher degree «
fouling for the Grand River (caused by higher bigpmer concentration) could have al

improved the rejection biopolymers for this we
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The majority of biopolymers which entered the sgstvere removed during backwash (33-
47%), indicating that a large proportion are balegosited (at least marginally) on the
membrane surface. The differences between waiethi§ stream also indicate that the
biopolymers have different properties. Lake Ontéoioexample had a higher portion in the
retentate (bulk solution prior to backwash). Thigm suggest that the biopolymers for this
water had less interaction with the membrane sanfassibly due to size, charge effects or other
differing chemical properties. The “unaccountedtfi@an” is the percent of mass entering the
system which is not leaving through those threesmel streams. In the case of positive values,
this would be assumed to be mass which is irrelvigrdieposited on the membrane surface (not
removed during backwash). If the value is negativis,can be interpreted as excess mass being
released during backwash (which did not enter duttie 30min permeation cycle, and may be

caused by a more effective backwash for the cuoyaie.

The results for the “unaccounted fraction” areiahiy somewhat ambiguous. What is clear is
that the quantity of biopolymers being irreversitdgposited on the membrane is very small and
relatively difficult to detect (in the range of @@ micrograms over 30min permeation cycle).
The detection limit of the LC-OCD is in the low ppnge (Huber et al. 2011), which is in the
same order as the mass being deposited over thie p@mmeation cycle. In some instances
negative results were also obtained (consistently&ke Erie water). The results for this
fraction are also a function of what quantity ofsms actually detectable using this technique
and how sensitive these results are to experimanthbhnalytical error (i.e. there would be errors
associated with measurement, integration of chrognams etc.). A negative result is also
physically possible if a greater quantity of thalfog layer was removed during the backwash
for the given cycle for which the measurements vpemrormed.
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Figure4.11: Mean Biopolymer Mass (as % of mass entering in influent) Results (n=5 mass

balances over 4 days) for membrane fouling experiments on four waters

Another trend which provides further insight innberof biopolymer adsorption is the
biopolymer removal by day (Figure 4.12). From day&for all of the waters, there was a
relatively consistent decrease in biopolymer rerh@@15%). This was then recovered to
different degrees after maintenance cleaning (pmed on day 3), for each water. This may
indicate that there is initially some additionabfpolymer removal due to adsorption and once

these sites are occupied, removal is lower.
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Figure 4.12: Biopolymer Removal by day for four waters

A similar mass balance approach was taken for hsolistances to see if any of this material
was being deposited on the membrane surface. Tjwitpaf the humic substances were found
to pass through the membrane however and rejeatiers only 0-7% depending on the water.
The lake waters were on the upper end of humictieje (7%), which may have been due to the
lower influent humic concentration which would iaase the time before adsorption sites
became occupied.

4.3.3 FEEM results

PCA was run on the combined Lake Erie and OttawamRiata, and loading plots for the three
principal components accounting for 95% variatiohe model (i.e. 77%, 15% and 3% for PC1,
2& 3 respectively) are presented in Figure 4.13htuld be noted that the percent variation for
PC3 (3%) is rather low for a principal componemwever due to the physical significance of its
loading plot contours, it will be further discussethe original intention in using the FEEM data
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was to determine whether there was a relationsétiyyden the composition (protein-like
material) of the biopolymer fraction and hydrauligareversible fouling rate. Unfortunately as
only two waters were available for this analys feasons discussed earlier), this objective
could not be fully realized. This data can stilbyide important qualitative information however,

and will be therefore discussed further based erCttawa River and Lake Erie results.

PC1 has a very broad peak in the 270-380/425-5CHa¢on/emission region which seems to
largely correspond to areas associated with hurmddualvic like content reported in the

literature (Chen et al. 2003,Sierra et al. 2005 Broadness of this peak may be related to the
substantial differences between the Ottawa Rivdrlake Erie waters in terms of humic content
(5mgC/L vs. 1mgC/L for the Ottawa River and Laké&Eespectively using LC-OCD results). It
was also clear in looking at the raw FEEM spectrtimas the intensity values in this region were
much lower for the Lake Erie water when comparethéoOttawa river(further analysis of

differences between the FEEMs of different watéssubsed in Chapter 3).

PC2 has the greatest response in the regions asbwith Raleigh scattering, which have been
attributed to particulate and colloidal like ma#iiPeiris et al. 2010). PC2 also contains a
response in the 260-280/310-350 excitation/emisstoriour region which has been associated
with protein like material (Chen et al. 2003, Heak 2003). It is possible that particulate and
colloids were rejected at the same time as pro&gid,hence the model cannot differentiate
between the two fractions. It has also been hypmtkd that the protein-like and the
colloidal/particulate matter undergo aggregati@suiting from concentration polarization
(Peldszus et al. 2011), and this may be why thegeresponse for both in this principal

component.
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PC3 has a sole contour peak in this same 260-2883Q excitation/emission contour region,
suggesting that it may also be related to protkerhaterial. Although it captures relatively ktl

of the variation in the model (3%) it has a verfied peak in this region, with no visible
response in other contour areas. This result difiem what has previously been observed by
Peiris et al. (2010) as well as an earlier studjopmed by the authors using these waters, where
PC3 was found to have loading contours in the ganoiein-like region but with some Raleigh

scattering interaction as well.

Differences in PC1 (humic-like) scores were attidolto water source rather than level of
treatment as seen in Figure 4.14. Lake Erie sanlésegative PC1 scores, while the samples
from the Ottawa River experiment were all positivarge differences in PC1 would not be
expected within the membrane experiments as htilaic rejection was achieved during
filtration (mean humic rejection =5% from LC-OCDstdts). Permeate samples had a
consistently lower PC2 (particulate/colloidal) ssarhen compared to the other samples, which
was true for both water types. This was expectquhasculate and colloidal material would be
retained on the membrane surface. There is al@idifference in this trend between the two
waters in that the magnitude of PC2 reductionngdain Lake Erie water. This is logical
considering that the Lake Erie water had a highdaidity and therefore a higher reduction of
particulates and colloids. It is also importanhtie that PC2 had a portion of its response in the
protein-like region, and therefore this trend coallsb be capturing the rejection of proteins
during filtration in addition to particulate remdvAs the backwash was performed into
permeate during the “mass balance” investigatios,also clear that PC2 increased within the
backwash sample capturing removal from the memlsarface during this procedure. There is
no visible difference between the raw and reterR&2 scores, indicating that the permeation
cycle was not sufficiently long enough to see akadiincrease in retained solids concentration

over this period.

The trends for PC3 (Figure 4.14b ) are relativelglear however considering its low percent

variation it may not represent a fraction of phgbgignificance. It is important to note that the
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error bars (standard deviations) are large espeaneihe direction of PC3 results, and that no
difference between the raw, permeate, retentav@ckwash can really be stated with any
significance. This may be the result of the lowgeet variation of this fraction, which is more
impacted by experimental and analytical error. paeneate samples appear to have a
marginally higher PC3 response, which is countatiiive if protein-like material is removed
during membrane filtration. Another possibility hewer is that PC3 is capturing smaller protein-
like fractions which are not necessarily retaingdhH®e membrane. FEEM peaks for protein-like
like substances may represent not only macromateduit also smaller polypeptides (Huber et
al. 2011). If PC3 consisted of these smaller foactionly, then it may be possible that there is a

greater response in the permeate, where there \beukess interference from particulate and
colloidal signals during FEEM acquisition.
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Figure 4.14:PC score plotsfor a) PC2 vs. PC1 and b) PC3 vs. PC1. Note: barsrefer to

standard deviation

As only two of the waters could be assessed udiiteMFanalysis, the PCA results could not be
related to the degree of hydraulically reversilsid areversible fouling. This approach however
provides an indication of particulate/colloidal damotentially protein) rejection by the

membrane, and therefore is expected to act assebpmsechnique for measuring foulants which

are adsorbed during filtration.
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4.4 Conclusions

» Hydraulically reversible fouling was found to haweelatively good correlation with

biopolymer content across four different waters.

» Hydraulically irreversible fouling could not be datly related to biopolymer content (or
any other fraction of the NOM). As turbidity hadgrederate correlation with irreversible
fouling, it is likely that particulate/colloids aglay an important role in forming an
irreversible fouling layer. This would suggest antoned fouling effect.

* The mass balance approach was not sensitive ertowgipture the portion of
biopolymers being irreversibly adhered to the mambrsurface. It did provide some
insight into biopolymer removal during backwashthnsome indication that there are
differences between the biopolymers of the diffexeaters and their interaction with the

membrane surface.

* PCA analysis of FEEM data was only able to cap2upeincipal components: PC1
(Humic-like) and PC2 (Colloidal/Particulate withrse response in protein-like region).
PC1 varied the greatest in terms of water type witlvisible trend in its removal (which
was consistent with LC-OCD results in that huminoteat was not removed through
membrane filtration). PC2 had consistent removad, @so increased after backwash
suggesting primarily particulate (and possibly piotlike) properties. PC3 was discussed
primarily due to its well defined response in tmetpin-like region, however due to the
fact that it represented very low percent variatmrthe PCA model (3%), little

conclusions could be drawn on this component.
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Chapter 5

Conclusions and Recommendations

The major conclusions of this work were presentadti@end of Chapters 3 and 4, which are
summarized again in this chapter, followed by irrggions and recommendations for future

work.

5.1 Summary of Conclusions

The following conclusions were made based on th&NBaracterization study which was done
at five different full scale drinking water faciéts within Ontario (which was discussed in
Chapter 3).

1. Full scale biological filtration was found to veeffectively remove low molecular
weight acids generated during ozonation. In addljtibe LMW building block fraction
appeared to be partially biodegraded in full sé#tlation. Little additional biopolymer
removal was observed after coagulation/flocculdsedimentation at full scale, perhaps
because of both lower concentration and removti@more easily biodegradable

biopolymers by the upstream processes.

2. Coagulation/ flocculation/sedimentation removed/3% of the biopolymers and 8-78%
of the humic substances depending on the locanhdritile variation was noted in terms of
seasonal removals. Enhanced coagulation providesth tmigher humic removals (58-78%),
however did not improve biopolymer removal. It tlaygpears that biopolymers are
potentially removed through coagulation/flocculatsedimentation by a different

mechanism than humic substances.
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3. Biopolymer content was found to vary seasonallyhwémperature (higher
concentrations in the warmer months). The lake matentained proportionally higher
biopolymer content than the river waters, althotlghDOC in the former was lower.

4. PCA was successfully applied to capture variatioREEMs from six different water
sources. The results are considered a good predictthe removal of humic substances
throughout full scale treatment (excluding oxidatprocesses).The PCA results for humic-
like material were relatively well correlated torhie substance concentrations from LC-
OCD analysis.

5. LC-OCD and FEEM provided complementary insight iINOM removal during full
scale treatment. NOM structural changes which wetecaptured by LC-OCD were
apparent in the FEEM results. Using either tealmign its own may lead to incomplete

interpretation of changes in NOM character.

The major conclusions from the membrane foulingkwehich was done using commercially
available ultrafiltration membranes are presentdw. The work investigated both

hydraulically reversible and irreversible foulinffour waters with different NOM composition.

1. Hydraulically reversible fouling was found to haveelatively good correlation with
biopolymer content across four different waters.

2. Hydraulically irreversible fouling could not be datly related to biopolymer content (or
any other fraction of the NOM). As turbidity hadgrepderate correlation with irreversible
fouling, it is likely that particulate/colloids aglay an important role in forming an
irreversible fouling layer. This would suggest antmned fouling effect.
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3. The mass balance approach was not sensitive ertowgipture the portion of
biopolymers being irreversibly adhered to the meambrsurface. It did provide some insight
into biopolymer removal during backwash, with sanaication that there are differences
between the biopolymers of the different waters ted interaction with the membrane

surface.

4. PCA analysis of FEEM data was only able to cap2upeincipal components: PC1
(Humic-like) and PC2 (Colloidal/Particulate withnse response in protein-like region). PC1
varied the greatest in terms of water type wittvistble trend in its removal (which was
consistent with LC-OCD results in that humic conteas not removed through membrane
filtration). PC2 had consistent removal, and atsweased after backwash suggesting
primarily particulate (and possibly protein-likeoperties. PC3 was discussed primarily due
to its well defined response in the protein-likgiom, however due to the fact that it
represented very low percent variation for the R@del (3%), little conclusions could be

drawn on this component.

5.2 Implications and Recommendations

Based on the conclusions outlined above, differecdmmendations and implications for future

work related to membrane fouling and NOM charaz&ion during conventional treatment are

summarized below.

1. Considering the lake waters had relatively littlerhic content, and biopolymers
accounted for a larger portion of the DOC, dirdofiltration for membrane pre-treatment
may be especially applicable to these waters. # st@wn that for the direct biofiltration at
pilot scale, a significant amount of biopolymersgeemoved, which was comparable to
full scale removal through coagulation/ flocculati@iopolymers were also found to be

directly related to hydraulically reversible foudilargely independent of water quality) and
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are suspected of forming a combined irreversibldirig layer with particulate and colloidal
material. As biofiltration is capable of removindgage portion of these constituents
(presumably through biological processes and physiechanisms), membrane pre-
treatment using this process may significantly eatthe time between backwash and
chemical cleaning of the membranes. Biofiltratitudges using the lake waters for larger
scale implementation would be of specific interastno humic removal would be required,
whereas river waters would likely still require gaéation/flocculation to reduce colour and
disinfection by-product formation. One importanhswmleration for biofiltration pre-
treatment using lake waters however would be amoguenching, as chlorination for the

control of zebra mussels is usually required atwater intakes.

2. Biopolymers were found to have a significant seaktrend, with higher concentrations
occurring in the summer months. This may have itgmbimplications for membrane
facilities which are currently operating with mirahpre-treatment. It would be of interest to
investigate how both hydraulically reversible amdversible fouling rates change by season
using full scale data at such locations, while afsmitoring biopolymer concentrations and
other relevant water quality parameters. For memdbmants which operate with
coagulation as a pre-treatment, optimizing for blgmer removal would be beneficial. It
was shown that the removal mechanism for biopolgnesempared to humic material is
likely different (enhanced coagulation significgnthproved humic removal while not that
of biopolymers), but generally biopolymers are wethoved through coagulation. If
significant humic reduction is not required (for BBontrol), the dose for membrane pre-
treatment could largely be determined by biopolymeenoval. Coagulation reduces
particulate and colloidal matter as well as biopody content. This is likely why it has been
used effectively as a membrane pre-treatment. Aggtated particles will still reach the
membrane surface however, and may still be irrévigrdeposited. It remains to be
determined whether biofiltration may be superiocdagulation in some instances. A direct

comparison between the two pre-treatment methodsdnme beneficial.
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3. The mass balance approach outlined in Chapter satasensitive enough to definitively
capture organic material being irreversibly depmkip the membrane (although there was
some indication that it was a very small portiorira biopolymers). One option to improve
this approach would be to choose a longer pernreatiole where presumably a greater
mass would be deposited and more easily detectesiwibuld have to be done while still
keeping the permeation cycle in a reasonable rhogever, or else it may not be
representative of typical fouling conditions forfaice water treatment. Another option
would be to perform LC-OCD and FEEM analysis on¢hemical cleaning solution. The
elevated concentration of the cleaning agent (o@dthowever may change the nature of

the original foulants.

4. Low molecular weight fractions were readily remowedull scale biological filtration
(especially LMW acids), and it is reasonable taiass that these fractions might correspond
to what is currently being measured using AOC mathés AOC is relatively labour
intensive, it would be helpful to find more rapicasurements. LC-OCD may offer an
alternative to AOC measurements, especially if A€@Gld be directly correlated to

different NOM fractions (LMW acids, building blocks even biopolymers).

5. Results from the FEEM analysis coupled with PCAenstown to act as a good
predictor of humic removal during treatment, anelytborresponded well to LC-OCD
analysis (excluding oxidation processes). As FEEW dan be acquired very rapidly, it
may serve as a good monitoring tool for treatmentgpmance from an operational
standpoint. Specifically the removal of humic gabses through coagulation (and
enhanced coagulation) was well captured usingdiis. Although the results for the PCA

model containing all waters was useful in descghgoalitative differences, it would be
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more useful from a treatment monitoring perspediivdevelop a model specific to each

water type (this would require more data than valected during this investigation).

6. Finally, LC-OCD and FEEM were shown to be good ctmgntary monitoring tools for
assessing NOM removal performance for a variefyrotesses. LC-OCD alone could not
capture some of the structural changes which oedwturing oxidation, however it is
sensitive enough to quantify lower molecular weigtttducts which were formed. It is
therefore advisable to use a combination of NOMattarization techniques when
assessing NOM behaviour during treatment, as ghdtssfrom one method alone may not

be sufficient.
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Appendix A: Additional Full Scale Information and Seasonal Data

Seasonal Humic Concentrations
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Location Grand River

May Jun Aug Oct Dec Feb Apr Jun

4th, 9th, Jul18th,| 29th, | 17th, | 12th, | 22nd, | 2nd, 14th,
Date 2011 | 2011 | 2011 2011 | 2011 | 2011 | 2012 | 2012 | 2012 | Avg Stdev| Max Min
TOC (mg/L) 5.00 6.24 6.30 6.6/1 6.47 6./8 5/33 5.63 6.04 0.64 6.78 5.00
DOC (mg/L) 4.85 6.24 6.20 6.53 6.30 6.69 521 5.62 5.95 0.66 6.69 4.85
Turbidity
(NTU) 3.03 1.92 2.87 2.64 460 12.07 2.92 2110 446 4.07 3.14 12.07 1.9p
pH 8.25 7.87 7.86 7.94 7.86 8.33 8.04 7,84 1.82 87.90.19 8.33 7.8
Conductivity
(mS/m) 515.00 591.00 539.00 534.00 540,00 541.003.004 565.00 551 568.78 68.71 743)00 515.00
UVA (m?) 15.84| 18.66 1763 1772 1719 2146 1317 15.78.37] 17.31 229 2146 13.17
SUVA
(L/mg*m) 3.26 2.99 2.84 2.72 2.73 3.21 2.63 2|81 892. 0.25 3.26 2.53
Temperature
(°C) 10.50| 21.0(Q 25.00 22.00 15.00 4,00 2,00 11.00 234.83 8.48 25.0( 2.0D
Plant Flow
(m?/s) 0.60 0.40 0.5( 0.5p 0.0 0.40 0.40 0,40 0.7 9040.11 0.70 0.4(
Coagulant 21.8 23.8 30.0 25.6 25.9 26.7 22.0 21.3 23.0 24.5 28 30.0 21.3
Dose (mg/L)
Ozone Dose 2.8 3.0 3.6 3.8 4.0 3.2 2.3 2.7 3.5 3.2 0.6 4.0 2.3
(mg/L)
Polymer 0.28 0.38 0.27 0.30 0.28 0.26 0.33 0.24 0.29 0.05 0.38 0.24
Dose (mg/L)
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Location Ottawa River

Jun Sep Oct Jan Apr Jun

27th, 12th, 25th, 4th, Mar 11th, 13th,
Date 2011 2011 2011 2012 6,2012 | 2012 2012 Avg Stdev Max Min
TOC (mg/L) 6.87 6.57 6.24 7.611 7.40 7.44 7/02 0.557.61| 6.24
DOC (mg/L) 6.85 6.44 6.12 7.7 7.41 7.04 6/94 0.617.77| 6.12
Turbidity
(NTU) 4.19 2.17 3.84 2.2Y 3.64 3.88 3.83 3|33 0.884.19| 2.17
pH 7.06 6.92 7.06 6.99 7.12 6.95 7.26 7,02 0.08 67.26.92
Conductivity
(mS/m) 66.60 67.0( 74.70 81.30 80.80 73.80 71.30 .03r4 6.38] 81.30 66.60
UVA (m™) 25.67 22.97 21.41 27.64 26.10 2644 2411 25.04 36 R 27.64| 21.4]
SUVA
(L/mg*m) 3.75 3.57 3.50 3.56 3.52 3.75 3.61 0/11 753. 3.50
Temperature
(°C) 21.00 21.00 13.00 0.60 0.70 5.60 2000 10.32 3 9.£21.00/ 0.60
Plant Flow
(m¥/s) 2.07 1.79 1.67 2.19 1.98 1.57 1,93 1,88 0.24 19P. 1.57
Coagulant 35.0 31.0 29.0 30.0 30.0 30.0 30.0 30.8 2.1 35.0 29,
Dose (mg/L)
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Location Lake Huron

Aug 8th, | Oct 6th, Dec Feb 27th, | Apr

2011 2011 6th,2011 2011 9th,2011 Average Stdev Max Min
TOC (mg/L) 1.62 1.62 2.13 1.64 1.54 1.f3 0J27 2.13 1.54
DOC (mg/L) 1.71 1.65 1.98 1.68 1.60 1./3 0]17 1.98 1.60
Turbidity (NTU) 0.54 0.78 16.50 6.10 4.36 6.94 6{75 16.50 0.54
pH 8.23 8.12 7.93 7.81 7.1 7.87 0.p1 8/23 1.61
Conductivity
(mS/m) 191.60 208.00 233.00 235.00 217,00 223.25 9712 235.00 191.6(
UVA (m™) 0.97 1.14 1.85 1.77 1.48 1.56 0.32 1{85 .97
SUVA (L/mg*m) 0.57 0.69 0.94 1.05 0.93 0.90 0.15 081 0.57
Temperature®C) 21.60 14.00 6.50 1.2p 7.20 7.23 5[24 21.60 1.22
Plant Flow (n¥/s) 0.09 0.09 0.03 0.0b 0.05 0.05 0/02 0,09 0.03
Coagulant Dose 204 215 30.9 20.9 23.0 24.09 4.63 30.9( 20.43
(mg/L)
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Location Lake Ontario
Mar

Jul 5th, Sep 19th, | Nov 9th, | Jan 17th,| 13th,

2011 2011 2011 2012 2012 Avg Stdev Max Min
TOC (mg/L) 1.82 2.42 2.14 2.10 1.98 2.6 0/18 242 1.82
DOC (mg/L) 1.86 2.29 2.06 2.08 1.97 2.10 013 229 1.86
Turbidity (NTU) 0.13 1.06 0.24 0.4D 0.27 0.50 0,38 1.06 0.13
pH 7.63 8.21 7.92 7.85 7.99 7.99 0..16 821 1.63
Conductivity
(mS/m) 306.00 290.00 340.00 330.00 320,00 320.00 .6021 340.00 290.00
UVA (m™) 2.20 2.41 2.15 2.38 2.53 2.35 0.6 2|53 2.15
SUVA (L/mg*m) 1.18 1.05 1.04 1.1p 1.28 1.13 0./11 28 1.04
Temperature®C) 10.00 17.00 8.40 3.00 4.00 8.10 6/38 17.00 3.00
Plant Flow (n¥/s) 7.35 4.06 4.38 3.3 2.86 3.67 0,68 7,35 2.86
Coagulant Dose 4.0 9.0 7.0 7.0 5.0 7.0 1.6 9.0 4.

(mg/L)
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Location Saugeen River

Aug 8th, | Oct Dec Feb 27th, | Apr

2011 6th,2011 6th,2011 2011 9th,2011 Average Stdev Max Min
TOC (mg/L) 2.74 4.87 6.86 3.66 3.31 4.68 1/60 6.86 2.74
DOC (mg/L) 2.76 4.88 6.70 3.66 3.32 4.64 1/53 6.70 2.76
Turbidity (NTU) 3.01 6.53 3.44 3.4p 4.01 4.36 147 6.53 3.01
pH 8.19 8.04 8.13 8.16 8.05 8.10 0.06 819 §.04
Conductivity
(mS/m) 566.00 606.00 449.00 600.p0 566,00 555.25 .9972 606.00 449.0(
UVA (m™) 8.60 15.27 23.76 8.9D 10.02 14.49 6|78 23.76 B.60
SUVA (L/mg*m) 3.11 3.13 3.51 2.48 3.02 3.03 0.46 55 2.43
Temperature®C) 21.60 12.00 4.00 0.50 9.00 6.38 5/12 21.60 D.50
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Location Lake Erie

Aug 15th, | Sep 27th, Nov 14th, Jan 10th, | Apr 17th,

2011 2011 2011 2011 2011 Average Stdev Max Min
TOC (mg/L) 1.91 2.05 2.17 2.01 2.13 2.09 0Jj07 2.17 1.91
DOC (mg/L) 2.02 2.14 2.37 211 2.25 2.p2 0]12 2.37 2.02
Turbidity (NTU) 6.13 17.60Q 240.30 103.80 86.P0 BBl| 93.28 240.3( 6.18
pH 7.61 7.98 8.0( 7.98 7.78 7.94 0.10 800 1.61
Conductivity
(mS/m) 261.00 275.00 304.00 254.00 268,00 275.25 .0621 304.00 254.0(
UVA (m™) 2.34 2.27 2.63 2.64 2.58 2.53 0.18 2|64 2.27
SUVA (L/mg*m) 1.16 1.06 1.11 1.25 1.14 1.14 0.08 28 1.06
Temperature®C) 15.00 17.30 10.10 2.10 8.09 9.40 6|27 17.30 2.10
Plant Flow (n¥/s) 0.41 0.63 0.77 0.41 0.41 0.55 0/18 0.77 0.41
Coagulant Dose 30.0 30.0 40.0 40.0 40.0 37.5 5.0 40.0 30.(
(mg/L)

4.0 4.0 2.0 0.0 0.0 1.5 1.9 4.0 0.0

PAC Dose (mg/L)
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Appendix B: Additional Coagulation Data
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Appendix C: Additional Biofiltration Data

Average NOM Fraction Removal Through Filtration (ppb)

Biopolymers Humic Substances Building Blocks
L ocation Mean Std. Min Max Mean Std. Min Max Mean Std. Min Max
Dev. Dev. Dev.
Mannheim 1 24 -54 57 88 139 -305 338 122 160 -210 454
Brittania 9 12 -13 32 19 91 -268 202 19 98 -196 179
Elgin -4 9 -15 21 -37 75 -187 103 36 86 -66 199
Kincardine -9 13 -26 16 23 81 -108 195 8 62 -112 84
R.L. Clark -3 13 -21 17 -39 69 -163 89 95 54 -1 169
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Seasonal Filter Humic Removal (Grand River)
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Appendix D: Additional Principal Component Data
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Biopolymer Concentration vs. PC1 Score
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Dissolved Organic Nitrogen Content of Biopolymersvs. PC3
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Chapter 3 PCA Results

Scores Scores | Scores | Hotelling | Q

on PC1 onPC2 |onPC3 | T2 Residuals

Sample (77.93%) | (8.43%) | (4.50%) | (90.66%) | (9.14%)
1 | Pilot Raw Water 73.98 30.87 -7.66 4.67 | 1220.90
2 | Pilot Filter A Eff. 64.72 -3.97 | -13.45 2.32 241.53
) 3 | Pilot Filter B Eff. 62.49 -9.86 | -12.16 2.28 175.35
88 4 | Pilot Filter C Eff. 61.41 | -15.72| -11.91 2.63 163.90
_§ 5 | Raw Water 73.77 10.14 -6.07 2.15 308.55
l'i‘:i 6 | Settled 36.45 1.28 -2.99 0.46 333.41
é 7 | Post Ozonation -36.46 5.94 -3.95 0.59 232.27
;% 8 | Filter 1 Eff. -37.46 -7.06 -4.41 0.67 177.08
& 9 | Filter 2 Eff. -39.75 | -13.40 -4.19 1.08 304.57
10 | Filter 3 Eff. -41.70 -5.03 -6.75 0.85 225.50
11 | Filter 4 Eff. -37.78 -1.43 -4.70 0.56 186.66
12 | Pilot Raw Water 79.83 6.43 -7.69 2.38 515.10
13 | Pilot Filter A Eff. 73.12 | -17.92| -11.08 3.21 338.34
E 14 | Pilot Filter B Eff. 65.44 | -22.56| -12.71 3.63 244.25
Eg 15 | Pilot Filter C Eff. 62.71 | -21.37| -15.02 3.73 213.22
% 16 | Raw Water 84.18 1.81 -3.68 2.24 818.99
i?: 17 | Settled 42.78 | -10.02 -2.79 0.88 443.15
é 18 | Post Ozonation -29.98 2.33 -7.54 0.60 187.98
g 19 | Filter 1 Eff. -34.20 -3.59 -8.51 0.79 180.82
& 20 | Filter 2 Eff. -33.83 -2.88 -5.60 0.55 119.56
21 | Filter 3 Eff. -36.17 -7.60 -1.61 0.57 62.49
22 | Filter 4 Eff. -33.09 | -10.33 -1.38 0.64 66.59
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s}

S
Eu; 23 | Raw Water 71.06 29.62 | -21.29 6.51 466.06
'§ 24 | Settled Side 1 9.53 27.66 11.51 291 | 1151.61
\(Ei 25 | Settled Side 2 0.31 10.14 -7.33 0.59 273.16
g 26 | Filter 2 Eff. -8.07 -7.10 -8.27 0.54 237.29
‘;“ 27 | Filter 3 Eff. -3.65 | -11.47 -3.67 0.45 149.80
g 28 | Filter 14 Eff. -4.58 -7.21 -5.53 0.32 213.15
29 | Filter 17 Eff. -8.04 | -12.39 -4.28 0.55 221.68
g 30 | Raw Water 62.88 26.59 | -16.24 4.65 397.83
£:~ 31 | Settled Side 1 -10.83 5.66 -6.52 0.36 256.92
% 32 | Settled Side 2 -8.75 11.61 -6.60 0.64 295.64
5?: 33 | Filter 2 Eff. -12.87 -9.57 -6.85 0.57 180.76
é 34 | Filter 3 Eff. -13.63 -6.90 -7.12 0.47 127.24
% 35 | Filter 14 Eff. -12.84 -9.60 -4.15 0.40 66.30
o 36 | Filter 17 Eff. -14.72 | -12.96 -3.74 0.62 71.02
L% 5: ~ 37 | Settled (North) -36.09 | 110.71 34.15 41.32 | 1353.21
% E 3 38 | Filter 1 Eff. -53.51 -7.19 -1.60 1.03 71.72
=< 39 | Filter 3 Eff. -56.97 -1.50 -3.80 1.07 51.99
£, 40 | Rawl -48.47 -0.26 -5.06 0.86 169.92
% 41 | Raw2 -52.39 -1.66 -5.28 1.00 170.99
g ~ 42 | Settled -52.25 -2.52 -6.37 1.07 161.05
.% § 43 | Filter 1 Eff. -53.24 9.31 -6.56 1.34 259.49
g 44 | Filter 2 Eff. -52.86 1.38 -7.31 1.15 165.99
% 45 | Filter 3 Eff. -54.20 -0.57 -1.74 0.91 55.13
- 46 | Filter 4 Eff. -54.05 6.78 6.17 1.23 745.17
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§ 47 | Raw Huron -48.45 48.03 11.31 7.91 426.96
% 48 | Huron Settled -49.32 4.91 5.51 0.98 172.74
% 49 | Huron Filter 1 Eff. -59.62 5.90 -1.77 1.20 172.20
§ g 50 | Huron Filter 2 Eff. -59.40 -2.50 -1.78 1.11 222.81
% o 51 | Huron Filter 3 Eff. -60.75 -7.26 -1.44 1.28 159.34
% 52 | Saugeen Raw 20.35 -3.87 -5.33 0.32 156.41
z 53 | Southampton Raw -42.37 -0.59 17.35 2.21 992.96

% Southampton
B 54 | Perm -49.13 12.11 6.41 1.37 426.31
é 55 | Raw Huron -49.33 42.57 0.85 5.84 211.55
% 56 | Huron Settled -57.04 1.14 -6.35 1.22 95.25
§ 57 | Huron Filter 1 Eff. -59.39 -2.98 -2.98 1.15 52.93
E = 58 | Huron Filter 2 Eff. -60.69 -1.67 -6.22 1.34 67.21
;‘Jﬂ § 59 | Huron Filter 3 Eff. -59.89 3.38 -7.17 1.41 167.49
i 60 | Saugeen Raw 18.99 456 | -10.02 0.72 176.80
g 61 | Southampton Raw -39.44 38.94 4.54 4.85 167.15

E Southampton
8 62 | Perm -49.82 -3.70 -5.44 0.96 51.09
. 63 | Pilot Raw Water 87.38 | -12.02 4.68 2.85 710.84
% 64 | Pilot Filter A Eff. 86.52 | -16.75 -2.99 3.12 207.17
‘L‘c; 65 | Pilot Filter B Eff. 98.36 | -35.12 0.18 6.42 771.28
E 66 | Pilot Filter C Eff. 95.75| -35.77 17.29 8.04 | 1258.71

oY)

3 67 | Raw Water 93.30| -23.16 4.01 4.25 329.19
g 68 | Settled 61.48 | -23.50 11.64 3.45 449.99
S_; 69 | Post Ozonation -31.27 -8.26 -1.58 0.50 154.63
g 70 | Filter 1 Eff. -35.91 -8.98 0.45 0.62 196.68
71 | Filter 2 Eff. -29.42 | -24.71 1.85 2.00 411.63
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72 | Filter 3 Eff. -35.42 -11.47 -0.01 0.75 144.53
73 | Filter 4 Eff. -29.85 -11.55 1.40 0.66 153.00
= 74 | Pilot Raw Water 120.90 6.48 66.90 29.28 | 1561.93
—
o
o 75 | Pilot Filter B Eff. 92.29 -25.75 32.00 10.11 442.52
00
A 76 | Pilot Filter C Eff. 96.25 -29.75 35.95 12.44 321.78
é 77 | Settled 64.36 -21.83 50.98 16.95 246.90
_g 78 | Post Ozonation -34.46 -3.96 33.20 6.49 | 1010.55
[a's
2 79 | Filter 1 Eff. -41.20 -15.51 23.28 419 | 1064.16
@O
G} 80 | Filter 2 Eff. -39.46 -1.56 30.70 5.68 880.04
81 | Filter 3 Eff. -35.86 -0.13 34.82 7.08 933.70
= 82 | Pilot Raw Water 164.42 47.59 -9.98 15.15 1562.06
o N 83 | Raw Water 182.49 46.12 -7.59 16.44 | 1837.45
2 s
g8
© = 84 | Filter 1 Eff. -28.12 -15.85 -0.14 0.95 249.02
5 E 85 | Raw Water 83.34 3.94 | -21.64 4.74 602.17
= O
’f, :. 86 | Settled Side 1 15.17 30.01 6.09 2.81 461.68
; -
o Lg 87 | Filter 2 Eff. 4.96 -12.25 -4.41 0.54 146.51
5= .
— 88 | Filter 17 Eff. 5.39 1.48 4.00 0.10 379.76
C
¥ 5 89 | Raw (Aug. 8 2011) 14.08 -6.63 -2.42 0.22 171.14
oo >
oo >
A - 90 | Raw (Dec. 6 2011) 166.75 13.50 | -31.39 14.42 | 1144.42
=)
i Q 91 | RLRW_230911 -44.28 -21.16 -0.44 1.86 | 1031.50
C o
O m
o N
X O
33
— 92 | RLSED_230911 -48.04 -4.50 -4.16 0.86 950.72
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93 | RLFEF1 230911 -45.65 -1.62 -2.81 0.69 888.70
e
a 94 | Raw 1 -46.28 2.95 2.36 0.71 238.67
a
O
'% 95 | Raw 2 -54.75 -3.46 -1.98 0.97 135.59
b=
(@)
=
o
3 96 | Settled -57.25 -9.99 -0.46 1.28 294.04
Q
]
% 97 | ELSEDN_110112 -55.05 6.01 -3.49 1.09 308.35
|
98 | ELFEF1_ 110112 -57.01 -5.34 -1.60 1.08 88.60
g 99 | Raw Water 95.60 8.68 -3.78 3.07 577.53
£N~ 100 | Settled 71.54 -10.69 9.64 2.39 1287.90
<t
z 101 | Post Ozonation -24.03 0.23 -6.71 0.42 223.20
c
3 102 | Filter 1 Eff. -25.17 1.22 2.42 0.23 103.05
g 103 | Filter 2 Eff. 2522 | -220| -3.25 027|  99.90
o
'g 104 | Filter 3 Eff. -25.76 -0.15 -3.14 0.26 241.29
[¢0)
6 105 | Filter 4 Eff. -17.17 17.65 4.93 1.10 398.97
- 106 | Raw Water 56.88 27.68 -3.61 3.21 482.09
% 107 | Settled Side 1 -10.31 497 -4.05 0.19 272.10
§ . 108 | Settled Side 2 -13.01 2.41 -0.21 0.07 141.07
t o
g § 109 | Filter 2 Eff. -16.45 -0.39 -3.77 0.16 275.42
g
f;\: 110 | Filter 3 Eff. -12.48 9.07 4.87 0.41 453.29
g 111 | Filter 14 Eff. -10.80 5.99 6.76 0.39 291.78
112 | Filter 17 Eff. -15.26 5.51 3.84 0.24 331.13

134




Summary of Fouling Relationship to Biopolymer, Humic substances and Turbidity

Appendix E: Additional Membrane Fouling Data

Fouling Relationship Summary Table

Day 1 Day 2 Day 3 Day 4
2
Hydraulically R 0.854 0.732 0.785 0.996
Reversible | Slope
_ Fouling | p; # / hroug) 0.025 0.036 0.055 0031
Biopolymer 5
Hydraulically R 0.441 0.146 0.004 0.507
Irreversible | Slope
Fouling
(kPa *L/ hrug) 7.15E-04) -4.65E-04| 8.00E-05| 8.94E-04
2
Hydraulically R 0.202 0 0.004 0.051
Reversible | Slope
N Fouling | (1pa / hrenTU) 0.392 0.002 0.119 0.21
Turbidity 5
, R 0.006 0.063 0.444 0.715
Hydraulically
Irreversible | Slope
Fouling |\ pa / hreNTU) 0.002 0.008 0.021|  0.031
2
Hydraulically R 0 0.039 0.003 0.079
Rlsgﬁlri?ble Slope -3.75E-
Ui 9 (kPa *L/ hr*ug) | -3.00E-05 4.10E-04| -1.28E-04 04
umics
: R® 0.216 0.994 0.241 0.138
Hydraulically
Irrggjlrizlble Slope -2 00E-
9 (kPa *L/ hriug) 3.00E-05| 6.00E-05| 2.00E-05 05
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Qualitative Fouling Summary

Grand Rive Ottawa River Lake Ontario | Lake Erie
Biopolymer High Low Moderate Moderate
Tubidity Moderatt Moderate Low High
Humics High High Low Low
Hydraulically High Low Moderate-low | Moderate-high
Reversible
Fouling
Hydraulically High High Low High
Irreversible
Fouling

Hydraulically Irreversible Fouling vs. Hydraulically reversible fouling on five separate

days
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Mean (n=4days) Hydraulically Reversible Fouling vs. Biopolymer Concentration (Note:

barsrepresent standard deviation for individual days)
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