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Abstract

Three tiers of bench-scale experiments were conducted to evaluate the use of laboratory column
investigations for studying the transport and removal of pathogenic microorganisms (i.e. disease causing
viruses, bacteria and protozoa) and pathogen-surrogates (i.e. (bio)colloids) in saturated porous media
(filtration). These experiments were used to explore the effects of individual and concurrent factors on the
transport and removal of a suite of (bio)colloids at a range of environmentally relevant conditions typical
of natural riverbank filtration and engineered drinking water filters. Several bench-scale column designs
were investigated to elucidate laboratory-scale column size factors that may affect reproducibility of
(bio)colloid passage through granular media filtration. The physical and chemical factors investigated for
their individual and concurrent effects on the transport of a suite of (bio)colloids included: media grain
size, media uniformity coefficient, ionic strength, and the presence of natural organic matter. The suite of
pathogens and (bio)colloids utilized in this study included PR772 bacteriophage, Escherichia coli RS2g
bacteria, Salmonella typhimurium bacterial pathogen, and two sizes of fluorescent polycarbonate
microspheres (1.1 um and 4.5 pum). In addition to S. #yphimurium, pathogenic bacterial strains of E. coli
and Pseudomonas aeruginosa were isolated and used in an experiment to investigate the effects of
bacterial exposure to different environmental water matrices (impacted by various land-uses) on the
transport of pathogenic bacteria. Additionally, the effects of bacterial exposure to the different water
matrices on cell size and surface EPS composition of the suite of bacterial pathogens were investigated.
Pathogen and (bio)colloid removal was assessed for the three experiments by plotting breakthrough
curves and/or removal value from each trial, followed by ANOVA to determine the statistical
significance of the effect of each parameter studied on (bio)colloid removal. The outcomes of this work
have several implications for the use of bench-scale column studies in (bio)colloid transport

investigations to improve the understanding of natural and engineered filter performance.

Laboratory bench-scale experiments using replicate glass columns proved to be a useful tool in
investigating factors that affect (bio)colloid transport in saturated porous media. In contrasts to common
recommendations for experimental design (e.g., column diameter (D) to collector diameter (d) ratio > 50),
column and collector media designs with D/d between 15 and 116 did not have a significant effect on the
reproducibility and removal of a suite of (bio)colloids in transport investigations using varying ionic
strengths and flow velocities representative of natural subsurface environments. Accordingly, small scale
column studies of (bio)colloid removal by filtration that are conducted at D/d < 50 should not be

universally disregarded because of wall effects concerns.
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Observations of (bio)colloid removal by granular media filtration were generally consistent with colloid
filtration theory. Grain size, ionic strength and the presence of natural organic matter significantly
affected the removal of a suite of (bio)colloids at values representative of natural field conditions.
Interaction effects were also identified between the chemical factors of ionic strength and natural organic
matter, as well as between physical media characteristics of grain size and uniformity coefficient. These
results suggest that synergistic effects within physical and chemical factors known to effect pathogen
transport in saturated porous media should be considered when assessing pilot- and full-scale filter

performance demonstrations.

Differences in removal between the suite of bacterial pathogens investigated at conditions representative
of subsurface filtration were small (<0.5 log), suggesting that nuances between the removal of various
strains of bacteria that are present at the micro-scale may not be substantial at the macro- or field-scale.
The effects of bacterial EPS on (bio)colloid transport may be more important in environments with
profuse biofilm formation (unlike the “clean-bed” environments used in this study). Established and
standardised methods for EPS extraction and characterization for a range of applications are necessary to
improve our understanding of bacterial EPS production, and the effects of these compounds in a range of
saturated porous media environments. A conceptual model was developed to encompass the current state

of knowledge on bacterial EPS effects on bacterial removal and the results presented herein.
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Chapter 1 Introduction

1.1 Introduction

Water filtration through granular porous media is an effective process to reduce the pathogen (i.e. disease
causing organism) load to drinking water sources and the risk of waterborne illness. A multi-barrier
approach to drinking water protection often includes filtration; through the subsurface in groundwater
flow and recharge and/or through engineered filters in drinking water treatment plants. Subsurface
filtration is impacted by both surface landscape activities and subsurface physico-chemical conditions (i.e.
water quality, geology and local biogeochemistry), while plant performance is typically driven by
treatment process design and operations. Improving pathogen removal by various types of granular media
filtration processes requires a mechanistic understanding of pathogen transport through saturated porous
media. At present, this understanding is relatively poor and non-predictive; it is limited by several factors,
including available tools (e.g. column and pilot trials) for investigating pathogen transport and the use of
surrogates for pathogens in place of etiological agents. Accordingly, production of safe drinking water
requires further research into the transport of pathogens to: 1) evaluate the use of bench-scale column
studies to represent larger-scale pilot-testing and performance demonstrations, 2) elucidate both
individual and concurrent factors that affect pathogen transport/passage through natural and engineered
filtration processes, and 3) recognize the effects of various land-uses on groundwater contamination.
Improving the understanding of pathogen transport through porous media in these treatment scenarios
will help to better inform watershed management and drinking water treatment decision making (e.g.,
assessment of groundwater under the direct influence of surface water [GUDI], quantitative microbial risk

assessment [QMRAY]), as well as granting of regulatory treatment credits for filtration processes.

Considering natural filtration processes, the United States Environmental Protection Agency’s (USEPA)
Long-Term 2 Enhanced Surface Water Treatment Rule (LT2ESWTR) recognizes riverbank filtration
(RBF) as an effective treatment barrier to Cryptosporidium passage into treated water supplies (Federal
Register, 2006). RBF is a natural, sustainable (due to low material and energy demands) and relatively
low-cost drinking water treatment process that can be utilized to improve surface water quality (e.g. from
a river or lake source) (Emelko et al. 2010; Tufenkji et al. 2002). Specifically, it is the active process of
drawing water from a surface source through porous media in the subsurface and into an abstraction well.
This method of treatment has been used for centuries in Europe (Kuehn and Mueller, 2000; Ray, 2008),
and can effectively reduce the chemical and microbial contaminant load to subsequent water treatment
processes (Bertelkamp et al. 2012; Ing, 2012; Schijven et al. 2002). With rapid urbanization and climatic

events that are leading to increasingly variable source water quality, utilities can achieve more consistent



effluent water quality and benefit economically with the use of RBF (Emelko et al. 2010). RBF can be
relied upon for consistent long-term production of improved water quality and has been cited to act as a
barrier against contaminant shock loads resulting from precipitation (e.g. snow melt or heavy rainfall) and
anthropogenically induced events (e.g. manure spreading) (Kuehn and Mueller, 2000). Nonetheless,
further investigation into the mechanisms that drive pathogen transport in saturated porous media
environments is required to evaluate RBF performance in various settings, and to assess the associated
health risks due to potential pathogen passage into subsequent treatment processes (Emelko et al. 2010;
Hiscock and Grischeck, 2002; Matthess and Pekdeger, 1985). The LT2ESWTR prescribes treatment
credits for processes such as RBF and also allows performance demonstrations for processes seeking
treatment credits not specified in the regulation (Federal Register, 2006). Field and laboratory studies
have demonstrated the performance of RBF sites to remove pathogens (Kuehn and Mueller, 2000);
including viruses (Schijven et al. 2000; Havelaar et al. 1995) and Cryptosporidium oocysts (Gollnitz et al.
2003; Weiss et al. 2005); however, this capacity can be highly site specific. Field studies are limited by
poor consideration for groundwater flow, reliance on unproven “surrogate” parameters, non-detects in
process effluents, and unsatisfactory sampling abilities. Variable flow paths and fluxes also complicate
performance assessments of subsurface filtration (Unc and Gross, 2004). Issues such as inadequate
reproducibility, experimental scale and variable subsurface settings/filtration media characteristics make
it difficult to extrapolate laboratory outcomes to field/plant performance in both natural subsurface

filtration and engineered filtration systems (Ray et al. 2003; Hiscock and Grischek, 2002).

Pathogen removal by RBF is dependent on several physico-chemical factors including contaminant
loading and raw water quality; pumping-induced groundwater flow and retention time; media
characteristics (e.g. porosity); and water chemistry (e.g. ionic strength, NOM content, temperature, pH,
and oxygen concentration) (Kuehn and Mueller, 2000; Tufenkji et al. 2002; Abudalo et al. 2010; Emelko
et al. 2010; Sen, 2011). Unlike conventional chemically-assisted filtration processes (that most heavily
rely on chemical coagulants to enhance particle and pathogen removal by physico-chemical filtration),
pathogen removal during RBF is dependent upon environmental conditions (such as source water quality
and aquifer setting) that affect physico-chemical filtration and inactivation during the treatment process.
Accordingly, it is important to determine the environmental and anthropogenic conditions that affect raw
water quality and impact pathogen removal by filtration. This includes consideration of various land-uses
that can greatly affect surface source water quality, which in turn can impact pathogen removal by RBF

(Harvey and Harms, 2002; Unc and Gross, 2004; Gerba and Smith, 2005).

Land-uses can considerably impact the physical, chemical and biological characteristics of surface water

and groundwater. Certain land-uses and aquifer characteristics increase the risk of source water



contamination (Eckhardt and Stackelberg, 1995; Honisch et al. 2002; Scanlon et al. 2005), particularly by
pathogens (Jamieson et al. 2002). A substantial pathogen load can be introduced into water systems by
heavy rainfall, snowmelt and climatic events; agricultural practices and manure application; sewage/septic
system leaks and wastewater effluent discharges; urbanization and increased impervious land surfaces
(Scanlon et al. 2005; Emelko et al. 2010; Emelko et al. 2011). Several types of waterborne pathogens

threaten the safety of drinking water supplies and include strains of viruses, bacteria and protozoa.

Pathogen transport through porous media is often studied with the use of surrogate (bio)colloids (e.g.
bacteriophage as virus surrogates; harmless laboratory strains of bacteria; polycarbonate microsphere
particles of varying sizes), typically for ease of use in the laboratory and to prevent harm to the laboratory
worker. Suitable surrogates must be selected carefully as substantial differences in transport can be
observed between (bio)colloids of different sizes, shapes, origin, surface characteristics, and survival
ability (Schijven et al. 2003; Brookes et al. 2005; Wilkes et al. 2009). It is often necessary to study the
etiological agents themselves, or select suitable surrogates that have similar characteristics to pathogens
(density, surface charge, etc), which are likely to affect their passage through, and retention within,

porous media systems.

Relative to other types of pathogens, bacteria are of particular interest due to their detection in
groundwater and surface water sources, and association with drinking water-associated outbreaks of
human illness (Holme, 2003; Harvey and Harms, 2002; Macler and Merkle, 2000). Although bacterial
pathogens in water are relatively easily disinfected, disinfection of groundwater (GW) supplies is not
required in some jurisdictions (e.g. parts of the US) (Federal Register, 2006). Bacterial pathogens have
been detected in subsurface water supplies (Ibekwe and Lyon, 2008), and sources that are susceptible to
fecal contamination are often designated as groundwater under the direct influence of surface water
(GUDI or GWUDI) (Clancy, 2012; Federal Register, 2006; Hiscock and Grischek, 2002). Bacteria can
enter RBF sites in elevated concentrations during river bed disturbances (Hiscock and Grischek, 2002;
Matthes and Pekdeger, 1985). Colloid filtration theory (CFT) describes that pathogens of bacterial size
may be preferentially transported through saturated porous media (Gregory, 2006; Tufenkji and
Elimelech, 2004; Yao et al. 1971); however, this theory has been shown not to hold true at the field-scale
due to the effects of several factors including reversible attachment, hydrophobic forces, steric repulsion,
and colloid-colloid interactions (Ford and Harvey, 2007; Tufenkji, 2006; Harvey and Harms, 2002;
Shijven et al. 2002). In addition to size impacts (which affects colloid transport to the surface of media
grain collectors in a filter), many factors can affect the removal of bacteria (i.e. attachment and retention),
including their intricate surfaces and EPS characteristics. For example, bacterial surface characteristics

can influence whether attachment to media grains occurs permanently or reversibly (Kim et al. 2009;



Camesano et al. 2007; Jucker et al. 1998). Consequently, not all ~1 um colloids will be transported

through and removed by porous media to the same extent.

Many bacterial strains excrete extracellular polymeric substances (EPS) onto their surfaces to various
thicknesses and compositions. EPS is a complex matrix of polysaccharides, proteins, nucleic acids, and
lipids produced by bacteria in response to environmental conditions. Changes in EPS production and
composition can impact bacteria transport through porous media by altering cell surface electrophoretic
mobility (i.e. zeta potential), charge density, hydrophobicity, as well as size and shape (Rozatos et al.
1998; Walker et al. 2005; Bolster et al. 2009). It has been demonstrated that the variation in EPS
production in response to changing environmental conditions may impact bacterial transport and retention
in porous media (Juker et al. 1998; Tsuneda et al. 2004; Liu et al. 2007; Long et al. 2009; Kim et al. 2009;
Tong et al. 2010). Investigating the natural conditions by which bacteria exude EPS will contribute to a
better understanding of bacterial transport in saturated porous media. Numerous studies have compared
various physical, chemical or combined methods for the extraction and characterization of EPS, but a
standardized method for bacterial cultures in aqueous suspensions has yet to be established. Limitations
of existing methods include relatively low yields of EPS for characterization and interferences from

chemicals used in extraction procedures (Jucker et al. 1998; Comte et al. 2007).

In addition to developing better pathogen characterization and enumeration techniques, developing
reliable methods and techniques for evaluating pathogen transport in porous media environments will
enable better extrapolation of laboratory results to circumstances encountered in the field. Pilot- and
laboratory-scale column experiments are versatile and useful tools for determining design and operational
factors that affect filtration efficiency; however, demonstrated reproducibility and experimental design
guidelines are lacking. A design recommendation that column experiments are often limited by is the
column diameter (D) to collector (i.e. media grain) diameter (d) ratio (D/d). It has been suggested that a
low D/d (e.g. < 100) could cause variable flow paths across the column, where the porosity is possibly
lower in the interior of the bed than next to the wall (Shankararman and Wiesner, 1993). A D/d of 50:1 or
higher has been suggested for column experiments investigating rapid granular media filtration with
backwashing (AWWA, 1982; Lang et al. 1993); however, the relevance of this ratio for investigations of
(bio)colloid transport through natural or engineered filters has not been established. This limitation
restricts efficient study design and necessitates increased material/infrastructure costs than would be

required if investigations were conducted at a lower D/d.



1.2 Research Objectives

This study involved three research goals and associated tiers of experimentation and analysis to
investigate a variety factors that impact pathogen transport through saturated porous media. They were
designed to: 1) determine appropriate limitations to column experiment designs (D/d) for investigating
(bio)colloid transport through saturated porous media; 2) investigate the concurrent effects of physico-
chemical factors affecting pathogen and (bio)colloid removal by filtration; and 3) study the effects of
different water matrices (impacted by various land-uses) on bacterial EPS production and composition,
and elucidate the effects of these impacts on transport of bacterial pathogens through saturated porous
media at environmentally relevant conditions. The specific research objectives for each of these research

goals are outlined below.

1.2.1 Experiment 1: Effects of Column D/d Conditions on (Bio)Colloid Transport

Investigations

1. To discern an appropriate, practically relevant lower-limit ratio of D/d conditions for

investigating of (bio)colloid removal by granular media filtration at bench-scale.

1.2.2 Experiment 2: Concurrent Effects of Physico-Chemical Factors on (Bio)Colloid

Transport in Saturated Porous Media Filtration

2. To evaluate the use of bench-scale column experiments for investigating factors effecting
pathogen and (bio)colloid transport.

3. To investigate the independent and concurrent effects of ionic strength (IS), natural organic
matter (NOM), grain size (GS), and media uniformity coefficient (UC) on the transport and
attachment of a suite of (bio)colloids.

4. To observe the effects of a range of physico-chemical conditions on the transport of a suite of

(bio)colloids.

1.2.3 Experiment 3: Water Matrix Effects on Bacterial Pathogen EPS, Size and Transport

in Saturated Porous Media Filtration

5. To critically review the current state of knowledge on bacterial EPS production and effects on
bacterial transport.

6. To critically review and evaluate methods for the extraction and characterization of bacterial EPS.



7. To identify the effects of bacterial exposure to a range of natural source waters (influenced by
different land-uses) on bacterial size, surface characteristics, and transport of a suite of
pathogenic bacteria.

8. To elucidate the significance of EPS production in natural environments and the degree of effects

on bacterial attachment to media grains.

1.3 Research Approach

Three studies were designed to address the above-mentioned objectives related to microbial transport in
saturated porous media environments. Laboratory bench-scale column experiments were utilized in all of
the studies. Solute tracer tests were performed for each media type investigated to allow for accurate PV
determination and to compare solute breakthrough with that of the (bio)colloids studied. (Bio)colloid
breakthrough curves and/or box-and-whisker plots were graphed to compare removal levels observed (log
or percent removal) for the various scenarios. When possible, ANOVA was used to quantitatively analyze
the experimental results. In Experiment 3, bacterial cell size was also monitored to determine correlations

between this factor and bacterial removal.
1.3.1 Experiment 1

Three paired column experiments were designed to utilize two columns (@ 16 and 50 mm), two granular
quartz media (0.43 and 1.1 mm D), two ionic strength conditions (0.01 and 10 mM KCl), and two
loading rates (1 and 5.5 m/h) to investigate the effects of D/d design on (bio)colloid transport in saturated
porous media. The resulting D/d ratios investigated for comparison were 37 and 116, as well as 15 and
45, which effectively span the commonly used values (between 50 — 100) and also challenge the use of
designs resulting in D/d < 50. Four (bio)colloids were used concurrently to represent a suite of protozoan,
bacterial, and virus particle sizes. They included 1.1 and 4.5 pm polystyrene fluorescent microspheres

(spheres), Escherichia coli RS2g bacteria, and PR772 bacteriophage as a virus surrogate.
1.3.2 Experiment 2

To provide guidance for assessing the efficacy of RBF processes, a factorial experimental investigation
on the concurrent impacts of the four parameters was conducted. Column studies were performed in
duplicate to evaluate the transport and breakthrough of four colloids: two sizes of fluorescent
microspheres (1.1 um and 4.5 pm); Salmonella typhimurium bacteria, a known human pathogen; and

PR772 bacteriophage.



1.3.3 Experiment 3

To determine bacterial pathogen responses (such as EPS production) to different water matrices
(impacted by various land-uses) at environmentally relevant conditions, three pathogenic strains of
bacteria were isolated from a surface water source (E. coli, Pseudomonas aeruginosa, and Salmonella
typhimurium). These pathogenic bacterial strains were then passed through saturated porous media
columns (at controlled physico-chemical conditions) and differences in removal were quantified. Free-
and bound-EPS extracts were characterized for carbohydrate and protein content. In addition to column
experiments and EPS characterization, the results of a thorough literature review on the current state of
knowledge of bacterial surface EPS effects on bacterial transport in saturated porous media environments

is reported herein.

1.4 Thesis Organization

Chapter two contains a literature review detailing background information on factors known to affect
pathogen and (bio)colloid transport through saturated porous media; a thorough discussion of the current
state of knowledge on the effects of bacterial EPS on (bio)colloid transport through saturated porous
media; followed by a review of column experiment design considerations (i.e. D/d specifications and
concerns). Experimental procedures, materials and methods are described in Chapter 3. The results from
the three experiments described in the above Research Approach section are presented in Chapters 4, 5,
and 6, respectively. Chapter 7 lists the conclusions drawn from these investigations, and Chapter 8
outlines recommendations for bench-scale investigations into (bio)colloid transport research and provides

recommendations for future work.



Chapter 2: Literature Review

2.1 Colloid Filtration Theory

Understanding the interaction between pathogens and solid media surfaces in water filtration requires
investigating and quantifying the transport of microbial pathogens ([bio]colloids) in saturated porous
media environments and attachment to media grains. Colloids are described as particles in the size range
of several nanometers to ten microns (Tchobanoglous and Schroeder, 1985). Colloids in water are of
various shapes (i.e. rods, plates, spheres and other variations) (Gregory, 2006), and include pathogenic
microorganisms such as viruses, bacteria, and most protozoa. Colloids are effectively removed by
physico-chemical filtration when they are transported and attach, either permanently or reversibly, to the
surface of collectors (i.e. media grains in packed beds of engineered filters or aquifers) (Yao et al. 1971).
The mechanisms by which particles come into contact and attach to collectors are described by colloid

filtration theory.

Classic colloid filtration theory describes the mass transfer of suspended colloids from bulk fluid
suspensions to collector surfaces, and subsequent attachment to these surfaces (Yao et al. 1971).
Suspended colloids can be transported to the surface of collectors due to sedimentation, diffusion, and
interception, which are depicted in Figure 1 (Yao et al. 1971). Other mechanisms can also affect the
colloid trajectory towards collector surfaces and include hydrodynamic deposition, inertia, mechanical
straining in small porosity zones, and chance contact (Metcalf and Eddy, 1991). Hydrodynamic forces can
transport colloids to collector surfaces as a result of the fluid flow path intercepting with media grains in a
packed bed (Yao et al. 1971). The forces of diffusion and sedimentation can cause colloid movements to
deviate from flow paths. Colloid transport due to diffusion, also known as Brownian motion, results from
the random bombardment of molecules in the water that move due to thermal motion (Elimelech and
O’Melia, 1990b; Gregory, 2006). Sedimentation describes transport due to gravitation, and is impacted by
particle mass, density and velocity (Elimelech and O’Melia 1990b; Gregory, 2006). Fluid drag can retard

the forces of diffusion and sedimentation, and is proportional to the projected area of the particle.
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Figure 1: Three transport mechanisms illustrating colloid transport to a collector surface, describe
by classic colloid filtration theory (CFT) (modified from Yao et al. 1971).

Colloid filtration theory helps describe how particle size contributes to trends in particle removal (Yao et
al. 1971). The term single-collector efficiency is used to define the rate of particle contacts with
collectors, relative to the rate of particle flow towards the area of a collector (Yao et al. 1971; Tufenkji
and Elimelech, 2004). Colloid filtration theory indicates that the contact opportunities (with media grain
collectors) of particles of about 1 pm are at a minimum, as depicted in Figure 2 (Yao et al. 1971; Tufenkji
and Elimelech, 2004). Particles larger than 1 um experience relatively more contact opportunities with
increasing particle size due to the forces of sedimentation and interception (Yao et al. 1971), while
particles smaller than 1 pm experience increased contact opportunities with decreasing particle size due to
the forces of diffusion (Yao et al. 1971). Most pathogenic bacteria of concern in water sources are in the
size range of 1 um (Tchobanoglous and Schroeder, 1985; Gregory, 2006). Therefore, colloid filtration
theory predicts that bacterial cells will possibly experience minimal removal in saturated granular
environments due to fewer contact opportunities with collector surfaces (relative to smaller viral colloids

and larger protozoan and spore colloids).
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Figure 2: Single-collector contact efficiency model from Yao et al (1971) used to assess colloidal
attachment relative to colloid size based on transport due to diffusion, interception and
sedimentation alone.

Colloid interactions and attachment to solid surfaces are affected by colloid characteristics, including
surface charge. Suspended colloid surfaces carry a charge that can be either positive or negative. The
surfaces of biological colloids in natural waters are typically negative due to incorporated proteins that
can ionize. Colloidal surfaces can also carry a charge due to functional groups with acidic or basic groups
that can be affected by pH, isomorphuous substitutions and specific adsorption of ions at the surface of

the colloids (Gregory, 2006).

The electric double layer is depicted in Figure 3, and describes the distribution of ions in solution and in
contact with the surface of a colloid (Neubauer et al. 1998). The charge of a colloid surface creates a
resulting layer of oppositely charged ions (i.e. counterions) in solution to maintain electrical neutrality.
The “plane of shear” describes the separation between ions at the surface of a colloid that are fixed and
the ions that are free to move in the liquid (i.e. diffuse layer). The strength of this layer is impacted by the
degree of charge at the surface, and can be measured via electrophoretic mobility (from which zeta

potential is calculated) (Gregory, 2006).

10
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Figure 3: Electrical double layer model showing the inner stern layer of fixed ions and the outer
diffuse layer of fluid ions in the bulk solution (modified from Neubauer et al. 1998).

The initial adhesion of pathogenic microorganisms onto solid surfaces in aquatic systems is generally
thought to be similar to that of depositing colloidal particles (Grasso et al. 2002). The surfaces of colloids
can interact with other surfaces (i.e. those of media grains) due to a variety of repulsive and attractive
forces. These forces include attractive hydrophobic effects and polymer bridging; repulsive effects of
hydration and steric interactions; and repulsive or attractive London-van der Waals (usually attractive)
and electric-double layer forces (Gregory, 2006). London-van der Waals forces arise due to spontaneous
electrical and magnetic polarizations that creates a fluctuating electromagnetic field within the particles
and in the spaces between them (Gregory, 2006). Colloids and collectors are kept apart when their overall
surface charges repel each other; while attachment requires that attractive forces overcome repulsive

forces between the collector and the colloid (Yao et al. 1971).

The Derjaguain-Landau-Verwey-Overbeek (DLVO) theory describes the potential energy that a colloid
would need to surmount to come in contact with a collector to allow attachment (Derjaguin and Landau,
1941; Verwey and Overbeek, 1948). This theory assumes that the interactions between particles is
additive. DLVO accounts for the effects of London-van der Waals attractive dispersion forces, and
electrostatic forces resulting from the double-layer of counter ions (Elimelech and O’Melia 1990a;
Gregory, 2006) that can be attractive or repulsive depending on chemical structure, suspending medium

properties and surface potential (Grasso et al. 2002).

Other non-DLVO forces that affect colloid attachment have been investigated and incorporated into
various models. Forces associated with the hydration of ions at the colloid surfaces and the presence of
adsorbed polymers can cause either be repulsive (“steric” interaction) (Ginn et al. 2002) or attractive

(“polymer bridging”) (Grasso et al. 2002; Kim et al. 2009; Kim et al. 2010). Repulsive hydration forces
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arise when particles move closer together and the fluid between them must move out of the way — the
repulsive force caused by this displacement of fluid is called hydrodynamic shear or drag (Elimelech and
O’Melia, 1990b; Ryan and Elimelech, 1996). Repulsive interactions between biological colloids due to
hydration can be particularly important because surface proteins and polysaccharides can retain high
amounts of bound water (Gregory, 2006). Steric repulsion of polymers can also cause colloids to remain a
finite distance from attachment sites, and prevent colloid interactions. Polymer bridging, however, can be
an attractive type of interaction between biological colloids, where large amounts of polymers protruding
from the cell wall form individual chains, usually of week strength (Grasso et al. 2002). Several models
and approaches have been developed to describe electrostatic interactions between colloids and media
grain collectors based on assumptions about colloid surface charge, potential and geometry (Bolster et al.
1999; Camesano et al. 1998; Tufenkji et al. 2007); however, the complex interactions between numerous
factors affecting colloid transport to collector surfaces are not well understood which complicates the

application and utility of such models.

Many investigations have made an effort to improve the understanding of pathogen attachment to porous
media, and to account for some of the inherent limitations resulting from the assumptions made in colloid
filtration theory (Murphy and Ginn, 2000; Tufenkji, 2007). Studies have been performed with the use of
laboratory columns to artificially replicate and model natural groundwater environments (Yao et al. 1971;
Ryan and Elimelech 1996; Tufenkji et al. 2003). Bradford et al (2002) found that the mechanism of
straining (i.e. blocked pores acted as dead ends for the colloids) was a predominant bacterial removal
mechanism in saturated sand, a mechanism not accounted for in classic filtration theory. In Yao et al
(1971), the original derivation of colloid-filtration theory, the assumptions include that the filtration
media is clean (or has no contaminants or particles attached); however, it has been shown that attachment
rates can be affected by previously attached particles (Tufenkj, 2007). Several other factors have been
found to contribute to deviations from colloid theory in natural groundwater environments, including
colloid-facilitated transport and surface heterogeneities on colloid deposition and transport (Ryan and
Elimelech, 1996); preferential pathways such as macropores and fractures (Stinton et al. 2005; Toran and
Palumbo, 1992); microbial motility impacts (Ford and Harvey, 2007); and inactivation on the grain

surface, in bulk solution, or during detachment from collectors (Tufenkji et al. 2003).

A variety of physicho-chemical factors can also significantly impact contact opportunities and subsequent
attachment during colloid filtration. These factors include media grain characteristics and size
distribution, the presence of organic matter, ionic strength, and pH. These factors are discussed in detail in
the following sections, however this work does not discuss or investigate pH in detail; the impacts of pH

on colloid filtration have been reviewed by others (Harvey, 1991; Stevik et al. 2004). Generally, higher
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pH conditions reduce attachment of (bio)colloids in saturated granular media environments (Scholl and
Harvey, 1992; Jewett et al. 1994; Kim et al. 2008; Kim et al. 2009), because cell surface charge can be
affected by the dissociation of carboxylic and amino groups located on the cell wall. However,
interferences such as those induced by changing ionic strength and different iso-electrical points for
different bacterial species can confound this relationship (Stevik et al. 2004); for example, Jewett et al
(1995) found that environmentally relevant changes in pH (from 5.5 to 7) did not significantly influence

attachment of Pseudomonas fluorescens under a variety of ionic strength conditions.

2.2 Media Characteristics and Pathogen Transport

Media characteristics can affect pathogen removal in saturated porous media environments. Media grain
size (GS) and uniformity coefficient (UC) are often used to describe granular media in subsurface and
engineered filtration systems. Grain size can be described by the median (Ds) or effective (Do) size of
granular media used in filtration applications, representing the media grain diameter at which 50 or 10
percent of the media by mass are smaller, respectively. The uniformity coefficient of the media is
described by Dg¢/D1o, or the ratio of the grain diameter of the 60" percentile to the 0™ percentile. It
provides an indication of the heterogeneity of the media grain sizes; a smaller UC is indicative of a more
homogeneous media size distribution. In general, smaller grain size media has been shown to provide
more removal of colloids (Bradford and Bettahar, 2006; Knappett and Emelko, 2008). Smaller grain size
media provides greater surface area for attachment and more contact opportunities with collectors.
Smaller grain sizes media also create smaller pore sizes that can enable additional removal by pore-
exclusion or “straining”, and more wedging niches (Bradford et al. 2004; Tufenkji et al. 2004). The
retention of bacterial cells in porous media may not be affected greatly by media grain size due to the
minimum transport efficiency of bacterial cells that are approximately 1 um in size. In one study, Bolster
et al (2001) found that changes from fine (0.42 to 0.50 mm) to coarse (0.707 to 0.850 mm) media grain

sizes did not significantly affect bacterial retention.

The angularity and roughness of media grains can also substantially affect the pore size between media
grains and impact contact opportunities between colloids and media grain surfaces (Bhattacharjee et al.
1998; Saiers and Ryan, 2005). For example, Tufenkji et al (2004) found that media with high angularity
significantly reduced the pore sizes between the media grains, and increased the attachment of
Cryptosporidium oocysts. Therefore, media size and uniformity should be important considerations when

investigating transport of a suite of colloids through saturated porous media.

The impacts of uniformity coefficient on pathogen removal by filtration have not been investigated

extensively. It has been argued that heterogeneous media (or media with greater UC) can have higher
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total surface area for attachment, and can provide more regions for removal by straining (Silliman, 1995).
Straining may only significantly impact attachment when investigating larger colloids and/or finer
granular media. Bradford et al (2004), found that straining in finer sands in the vadose zone impacted the
attachment of latex microspheres (common bacterial indicators) when the ratio of the colloid diameter
was greater than 0.5% of the media grain diameter. The effects of different media distributions and media
uniformity coefficient may be more apparent at lower loading rates and in groundwater environments, and

require further investigation under environmentally relevant conditions (Harvey et al. 1993).
2.3 Ionic Strength and Pathogen Transport

Ionic strength is a measure if ion concentration in water and can significantly affect the transport and
attachment of pathogens in subsurface environments (Scholl and Harvey, 1992). Typical ionic strength
conditions used in pathogen transport investigations range between 1 and 100 mM; often, monovalent
KCl is used to represent artificial groundwater (AGW) conditions. “High” and “low” ionic strengths are
relative to what might be found in environmental waters. Here, “low” ionic strength is defined as below
~5 mM, which would represent environmental rainwaters and many high quality rivers, while higher
values might represent typical groundwater or wastewater environments. Values closer to 100 mM and

above can be representative of marine and some wastewater environments.

In its simplest form, DLVO theory describes the overall forces (i.e. the sum of all attraction and repulsion
forces) acting on a colloidal particle as it approaches another particle, collector, or charged surface. The
overall attractive or repulsive force between a colloid and a collector depends on the ionic strength of the
suspending fluid. High ionic strength conditions reduce the size of the electric double layer on the surface
of a colloid, thereby reducing electrostatic repulsion between two approaching surfaces. DLVO theory
has been used extensively to model the effects of changes in ionic strength on the surfaces of colloids and
collectors (Bradford and Torkzaban, 2012; Schijven and Hassanizadeh, 2000; Yee et al. 1999; Ryan and
Elimelech, 1996).

In high ionic strength environments more ions in solution are available to reduce or dampen the
electrostatic repulsive charge on colloid surfaces (Franchi and O’Melia, 2003). Accordingly, high ionic
strength conditions generally favour colloid attachment. Conversely, in lower ionic strength environments
fewer ions are available to neutralize the typically negative surface charge of the colloids; here the double
layer is thicker and increases the electrostatic repulsion between colloids and collectors (Mills et al. 1994;
Franchi and O’Melia, 2003). Consequently, fewer contact opportunities can occur between colloids and

collectors in low ionic strength environments.
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In natural environments, typically negatively charged colloids come into contact with each other at higher
ionic strength conditions due to electrical double layer compression (Bolster et al. 2001). This has been
demonstrated in a variety of granular media environments, including controlled laboratory column
experiments (Mills et al. 1994; Jewett et al. 1994; Yee et al. 1999; Bunn et al. 2002; Haznedaroglu, 2009).
Schijven and Hassanizadeh (2000) found that high ionic strength environments favoured virus
attachment, while rainfall events (i.e. decreased ionic strength) were able to remobilize attached viruses.
Jewett et al. (1994) determined that bacterial collision efficiency decreased by nearly 90 percent when
ionic strength was decreased significantly from 10™" to 10° M NaCl. Bolster et al. (2001) found that
bacteria removal by porous media was consistent with DLV O theory with the use of clean silica sand
(with predominantly negatively charged collector surfaces); decreasing ionic strength (from 10" to 107 M
KCI) resulted in noticeably less attachment of bacteria to media grains. When sands with positively
charged surfaces were used, changes in ionic strength had a minimal effect on bacterial attachment to

media grains (Bolster et al. 2001).

Differences in retention of bacteria may not be significant as ionic strength is reduced in natural
environments with collectors such as ferric oxyhydroxide-coated sediments (Bunn et al. 2002;
Haznedaroglu, 2009) and quartz sand (Yee et al. 1999). It is thought that the majority of bacteria attach
reversibly to sand grains, and that a decrease in ionic strength could release previously attached pathogens
into suspension, causing bacteria to be transported further into a filter or aquifer (Redman et al. 2004); as
was demonstrated in one study, which reported that decreasing the ionic strength of the suspension
medium resulted in the release of the majority of previously deposited bacteria (Redman et al. 2004).
Therefore, although high ionic strength environments are thought to favour colloid attachment, the effects
of natural events and anthropogenic activities on water quality may effectively interfere with these
impacts. These findings suggest that a holistic approach to investigating the physico-chemical conditions
that can impact colloid transport should be taken to evaluating natural and engineered filter performance

for pathogen removal.

2.4 NOM and Pathogen Transport
2.4.1 NOM Definition

Organic matter of natural origin is primarily derived from biological processes of plants and
microorganisms. It is a complex mixture of compounds ranging from largely aliphatic to highly coloured
organics having varying molecular sizes and properties. The complexity and heterogeneity of aquatic
organics have made characterizing its structure and functional extremely difficult. Natural organic matter

(NOM) content in water can be described by fractions of total organic carbon (TOC). TOC is the sum of
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dissolved organic carbon (DOC) and particulate organic carbon (POC) (Thurman, 1985). POC is the
organic carbon retained on a 0.45 pm pore-size membrane filter and DOC is the amount that passes
through the membrane (Thurman, 1985). DOC is often used to characterize NOM in source waters
(Christman and Gjessing, 1983; Thurman, 1985). In DOC measurements, filtration removes macroscopic
particulate organic carbon (e.g. zooplankton, algae, bacteria and detrital organic matter from soil and
plants), while viruses and some ultra-small bacteria pass through the filter and are enumerated with the
dissolved component (Thurman, 1985). DOC concentrations can be determined by oxidation of the
dissolved organic load to carbon dioxide, and quantification of carbon dioxide by infrared spectrometry

(Thurman, 1985).

Ten to twenty percent of organic matter in natural waters (e.g. aquifer and river water) is composed of
simple sugars, amino acids, fatty acids, and hydroxyl acids that are simple organic compounds from
decomposition of plants and soils (Thurman, 1985). Polysaccharides make up roughly 0-25% of
environmental organic matter (Sachse et al. 2005). The remainder of the DOC content is polymeric
molecules, called hydrophilic acids, which are also derived from the decomposition of plant and animal
tissues (Thurman, 1985), but are more persistent in the environment than their precursors (Gaffney et al.
1996). Fifty to seventy percent of the molecular DOC present in natural waters is composed of humic

substances that are yellow polymeric organic acids (Sachse et al. 2005; Thurman, 1985).

Humic substances can be separated into the higher molecular weight humic acids, and lower molecular
weight fulvic acids (Christman and Gjessing, 1983; Gaffney et al. 1996). Fulvic acids have a higher
content of carboxylic acid, phenolic and ketonic groups which make them more soluble in water at all pH
values (Gaffney et al. 1996). Humic acids are more aromatic, and when the carboxylate groups are

protonated at low pH values they become less soluble in water (Gaffney et al. 1996).
2.4.2 NOM in Natural Waters

NOM is ubiquitous in natural waters. DOC values are typically higher in surface waters than in alluvial
aquifers. DOC concentrations in North American surface waters have been reported from 0.1 to 50 mg/L
(Christman et al. 1983), while deep groundwater concentrations have been reported from 0.1 to 10 mg/L
(Gaffney et al. 1996). Average DOC values in river waters are between 2 and 10 mg/L, high quality
streams typically range from 1 to 3 mg/L, and groundwater is typically less than 1.5 mg/L, with average
values around 0.7 mg/L (Thurman, 1986). DOC concentrations in oligotrophic lakes are typically less
than 2 mg/L while eutrophic lakes may be 10 mg/L or more (Thurman, 1985). Higher environmental
DOC concentrations in water have been detected in wetlands, with values between ~10-60 mg/L, while

peatlands have been shown to have the highest DOC concentrations (> 100 mg/L) (Moore et al. 2003).
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Seasonal variations in the DOC content of surface waters may exist. Sachse et al (2005) found
that a variety of surface waters in Germany had DOC concentrations 5 to 10 percent higher in the
summer than in the winter. Additionally, polysaccharide content was twice as high in the
summer, while humic fractions were higher in winter during discharge periods (Sachse et al.
2005). Biber et al (1996) surveyed North American surface waters and also found soil-derived
organic matter was higher in winter and spring, and that aquagenic organic matter content was

higher in summer months.

Climate change may affect environmental DOC concentrations and seasonal variations (Emelko et al.
2011). Drought and rewetting cycles may impact water quality as increased temperatures can enhance
decomposition, and increased precipitation can cause flushing of organic matter into streams (Delpha et
al. 2009). Increasing DOC has been documented in North American and European environments since the
1980°s; however there is speculation as to whether this is caused by changes in climate or anthropogenic
acidification of the atmosphere (Monteith et al. 2007). Changes in temperature, carbon dioxide, rainfall
amount and intensity have been cited to affect DOC trends in the environment and source waters (Delpha

et al. 2009).
2.4.3 NOM Effects in RBF

NOM impacts the efficiency and effectiveness of water filtration processes and the final effluent water
quality. As water passes through the saturated subsurface in a RBF system, complex biological processes
and adsorption cause changes in humic substance content to occur. Longer residence times in aquifers
allow for more microbial degradation of organic carbon. For example, active subsurface bacteria can
convert humic substances into methane or oxidize it into carbon dioxide (Thurman, 1986). Consequently,
surface water drawn into RBF sites typically has DOC concentrations higher than that of the water in the
aquifer. Nissinen et al (2001) found that large and intermediate humic fractions were dominant in lake
and river samples, while artificially recharged groundwaters and natural groundwaters were predominated

by intermediate and small humic fractions.

Humic substances are negatively charged and can adsorb readily to grain surfaces (Thurman, 1986). In
RBF, DOC in the incoming surface water can adsorb onto previously positively-charged patches of the
media grains (Wagai et al. 2009; Abudalo et al. 2010), and produce a net negative charge. Relatively low
concentrations of NOM can cause charge reversal of media grains. The degree of cation saturation of the
soil may indicate the amount of NOM adsorption (Theng, 1976). Abudalo et al (2010) used streaming

potential measurements to show that DOC concentrations of approximately 1 mg/L fulvic acid could
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cause charge reversal from positive to negative on ferric oxyhydroxide-coated sand. Over time, organic
matter can continue to be adsorbed onto sand grains, further increasing the negative charge of media

grains in the subsurface (Bixby and O’Brien, 1979; Abudalo et al. 2010).

The adsorptio