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Abstract

The effect of pH, ionic strength (IS) and Ca2+ on virus transport is
known to play a large role in virus removal. This study builds upon re-
cent work by Sadeghi (2012), which studied the effect of hydrochemical
conditions on virus fate and transport. Through experimental column
studies using bacteriophage PRD1, Sadeghi (2012) found that virus
attachment processes could be quantitatively described by changes to
IS, pH and Ca2+. However, no correlation between chemical condi-
tions and the coefficient for kinetic detachment were found. In this
study, the effect of Ca2+ on attachment processes was explored at pH
6, thus expanding on the work of Sadeghi et al. (2012), which was
conducted at pH 7. A 3-D sigmoidal relationship was found to relate
pH, Ca2+ concentration, and sticking efficiency at a constant IS of
10. Additionally, the effect of hydrochemical step-changes in Ca2+

and IS were included, with the purpose of quantifying instantaneous
step-changes to virus transport processes. Through modeling of the
remobilization processes, it was shown that coefficient for kinetic de-
tachment could be modeled as a function of changing IS and Ca2+

conditions with respect to time.
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1 Introduction

Groundwater is used as the primary source of drinking water in the major-
ity of countries (Krauss and Griebler, 2011). Aquifers are known to filter
contaminants and groundwater is often considered to be a good source for
drinking water (Tufenkji et al., 2002). However, groundwater carries a risk of
pathogen contamination and in many cases worldwide has been linked with
waterborne disease outbreaks (Fong et al., 2007; Gerba, 2004). Thus, an
understanding of virus removal properties is of high importance.

The source and fate of viruses in groundwater is a particularly relevant
public health concern (Blanc and Nasser, 1996b). Groundwater contamina-
tion is often attributed to agricultural infiltration, landfills, leaking septic
tanks and urban runoff (Gerba, 2004; Reynolds and Barrett, 2003; Schijven,
2001). Viruses are an important microbiological contaminant for study given
that viruses are found in very high concentrations in fecal sources, specifically
between 105 to 1011 infective viruses per gram fecal material (Fong and Lipp,
2005). Additionally, viruses are more infectious and can survive longer in
groundwater than most intestinal bacteria (Krauss and Griebler, 2011; Fong
and Lipp, 2005; Schijven, 2001). Under normal groundwater temperatures,
viruses can remain infectious for several hundred days (Krauss and Griebler,
2011).

Understanding removal processes is not only important from a public
health perspective but also in terms of optimizing water re-use strategies.
This is especially relevant in countries where there is increased water de-
mand due to urbanization and irrigation water shortages (Meinzen-Dick and
Appasamy, 2002). River bank filtration is a type of artificial recharge method
which is becoming an increasingly popular for microbial filtration of surface
water (Tufenkji et al., 2002; Kuznar and Elimelech, 2007). In the Nether-
lands, about 14% of drinking water is from artificially recharged surface water
(Schijven, 2001).

To assure that drinking water is safe, adequate protection zones of ground-
water well systems are required. The distance needed for well protection
zones and artificial recharge areas are based upon the travel time of the
groundwater (Schijven, 2001). In European countries such as in Austria,
Denmark, Germany and the Netherlands, protection zone regulations stip-
ulate that this travel time is between 50 to 60 days (Chave et al., 2006).
However, virus removal is known to be dependent on aquifer characteristics
and conditions (Schijven and Hassanizadeh, 2000). Thus, knowledge of virus
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removal helps further improve protection zone regulations.
Aquifer and groundwater hydrochemical conditions, such as soil and wa-

ter organic matter level, Ca2+ content, ionic strength and pH of groundwater
have shown to be important to virus fate and transport (Sadeghi et al., 2013).
Hydrochemical conditions should also be seen as part of a dynamic environ-
ment. Groundwater is, for example, affected by daily and seasonal weather
events and patterns, which can influence groundwater chemical composition,
temperature and flow rates (Alley et al., 2002). These changes can occur
slowly or instantaneously, as in the case of a high intensity rain event. When
there is a change in the chemical composition of the groundwater, attached
viruses may be remobilized (Harvey and Ryan, 2004; Sadeghi et al., 2013).
Quantitative analysis between hydrochemical conditions and virus ground-
water removal allows for improved drinking water quality standards.

1.1 Objectives

This study builds upon recent work by Sadeghi et al. (2012) on the effect of
hydrochemical conditions on virus fate and transport. Through experimen-
tal column studies using bacteriophage PRD1, Sadeghi et al. (2012) found
that virus attachment processes could be quantitatively described by changes
in IS, pH and Ca2+. However, no correlation between chemical conditions
and the coefficient for kinetic detachment were found. Sadeghi et al. (2012)
explored the relationship between Ca2+ and attachment processes at a pH
of 7. This study further developed these relationships at a pH of 6, using
the same experimental methods described by Sadeghi (2012). Additionally,
the effect of hydrochemical step-changes were introduced with the purpose
of quantifying the effect of pulse hydrochemical changes, which are known to
occur in the environment and effect virus transport processes.

The objectives of the study were as follows:

1. To expand the quantitative relationship developed by Sadeghi (2012)
between Ca2+ and katt at pH 7 and IS of 10 for pH 6, with IS constant.

2. To develop a kinetic transport model which relates transient hydro-
chemical conditions to detachment and attachment processes.

3. To relate the quantitative results for attachment and detachment to
the DLVO theory.
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The outline of the study includes a literature review, which introduces
the physical, chemical and mathematical theory of virus fate and transport
processes. Subsequent chapters include the methodology and results of the
six column experiments conducted. A discussion and conclusion follow in the
final two chapters, which integrates the findings of Sadeghi (2012) with the
current study.

2 Virus Fate and Transport: Literature Re-

view

The processes which affect the fate of viruses in groundwater can be explained
by both hydrologic transport behavior and the characteristics of virus re-
moval (Tufenkji, 2007). There are three types of experimental methods used
to collect observation data regarding virus removal processes. These include
batch, column and field experiments. In batch experiments, the transport
terms are neglected. However, it has been shown that analysis of virus pa-
rameters in batch experiments are not well translated to columns or field
conditions (Sadeghi et al., 2013). Thus, column and field experiments are
the most preferred approaches, given that they include both transport and
removal processes (Schijven, 2001; Tufenkji, 2007). In field experiments it is
easier to simulate the complexity and heterogeneity of the natural environ-
ment, whereas in column experiments physiochemical relationships can be
better defined and controlled.

Hydrologic transport processes include advection and dispersion. Disper-
sion contributes to the spreading of viruses due to diffusion processes and
inter- and intra-pore velocity heterogeneities. Advection is the transport of
viruses due to the average flow velocity. The transport of viruses due to the
process of advection and dispersion is found for column and field experiments
using a conservative tracer (Yates and Yates, 1991). The advection-dispersion
transport equation is shown below for a one dimensional case.

∂C

∂t
= Dx

∂2C

∂x2
− v

∂C

∂x
(1)

Dispersion of tracer studies has been shown to accurately simulate the
flow of viruses in homogenous grained material (Pieper et al., 1997). However,
in aquifers where fractured flow or preferential flow paths exist, breakthrough
of micro-organisms may be faster compared to tracers (Harvey, 1997). This is
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due to the smaller size of tracer ions, such as bromide and chloride, compared
to microorganisms (Harvey, 1997).

2.1 Attachment and Detachment Processes

The fate of viruses is described by the process of inactivation, detachment and
attachment (Yates et al., 1987; Schijven and Hassanizadeh, 2000). Attach-
ment and detachment processes are determined by interactions of viruses at
the solid-water interface (Tufenkji, 2007). Inactivation is the destruction of
viruses through geochemical or biological processes (Yates and Yates, 1991).

The processes of attachment can be described as either irreversible or re-
versible. When it is irreversible it is assumed that no detachment takes place.
Under reversible conditions, both attachment and detachment processes are
involved. Under reversible conditions, the rate at which the adsorption pro-
cess occurs relative to flow velocity is important (Tufenkji, 2007). When
attachment is slow relative to the flow velocity, adsorption is considered to
be kinetically limited.

Under kinetic attachment, viruses are first transferred from the aqueous
phase to the grain surface and then attached to the surface through physical
and chemical interactions (Tufenkji, 2007). The rate of attachment depends
on which of the aforementioned processes is rate limiting (Schijven, 2001).
Kinetic behavior has been shown to be the predominant transport and re-
moval process in columns and at the field scale (Bales et al., 1997; Schijven
and Hassanizadeh, 2000). Subsequent detachment can also be described as
kinetic. The governing transport equations are as follows (Schijven et al.,
2000b),

∂C

∂t
=

∂

∂x
(αLv

∂C

∂x
)− v

∂C

∂x
− kattC + kdet

ρb

n
S − nµlC (2)

∂S

∂t
=

n

ρb
kattC − kdetS − µsS (3)

where C [pfp L−1] is the number of free viruses in solution, S [pfp M−1] is
the number of attached viruses per unit mass of soil, ρb [M L−3] is the dry
bulk density, αL [L] is the dispersivity, v [L T−1] is the pore water velocity,
n [-] is the porosity, katt and kdet [T

−1] are the attachment and detachment
rate coefficients, respectively, µs [T

−1] is the inactivation rate coefficients for
attached to viruses and µl [T

−1] is the inactivation rate coefficient for free
viruses.
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2.2 Inactivation

Inactivation or death of viruses occurs when virus components are damaged
and are no longer able to infect host cells (Harvey and Ryan, 2004). Inacti-
vation of viruses occurs to both viruses which are attached and in the bulk
phase. However, the inactivation rates may not be the same for these two
groups (Schijven, 2001). The inactivation rate for attached particles is very
difficult to accurately measure and is often found by fitting breakthrough
curves (Harvey and Ryan, 2004). The inactivation rate of free viruses is
most often measured directly by calculating the rate of decrease of virus
concentration in solution with respect to time.

Modeling of virus inactivation is dependent on the environmental condi-
tions. Virus inactivation is usually modeled using first-order kinetics (Schi-
jven, 2001). However, viruses may be sensitive to numerous factors such
as temperature, solution composition, pH, conductivity and turbidity (Pang
et al., 1997). Additionally, different subsets of the virus population may ex-
perience different degrees of sensitivity to physiochemical conditions (Yates
et al., 1987). However, temperature is considered to play the largest role in
inactivation (Tufenkji, 2007). The equation for inactivation is described by,

µl =
−2.3 log10(

C
C0
)

t
(4)

Where C0 is the initial free virus concentration [pfp L−1], t [T] is the travel
time, x is the distance [L] and v is the average pore water velocity [m day−1].

2.3 Colloid Filtration Theory

Colloid filtration theory (CFT) is a commonly used to describe colloid at-
tachment, originally developed by Yao et al. (1971). In the classic clean-bed
filtration theory, the removal of colloids is described by a first-order kinetic
relationship where the removal of suspended and attached particles is a func-
tion of distance (Tufenkji and Elimelech, 2005). In this theory a suspended
particle collides with a grain, or collector, through the process of intercep-
tion, diffusion or sedimentation (Yao et al., 1971). The collision efficiency,
α, represents the ratio of collisions between particles and collector soil grains
which lead to attachment (Yao et al., 1971) and is described as follows,

katt =
3

2

(1− n)

dc
vαη0 (5)
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Here, α is the sticking efficiency (or the collision efficiency), dc is the grain
size diameter and n is the porosity. The single collector contact efficiency,
η0, is found through empirical relationships and is the rate at which colloids
colloid with soil grains (Yao et al., 1971). The sticking efficiency is assumed
to be independent of hydrodynamic forces, such as advection and dispersion
and can be found from fitting experimental breakthrough curves or from
values of katt (Bradford et al., 2002; Schijven, 2001; Pieper et al., 1997; Ryan
et al., 1999).

The sticking efficiency can be described as the combined effect of attrac-
tive and repulsive forces between the colloids and grains. Thus, the stick-
ing efficiency is dependent upon conditions which affect intersurface forces.
Tufenkji and Elimelech (2004a) considered the additional influence of hy-
drodynamic interactions and van der Waals forces. Through experimental
research they found these forces to have a significant affect on η0. The single
collector contact efficiency, η0, can be determined by the following empirical
formula (Tufenkji and Elimelech, 2004a),

η0 = 2.44A1/3
s N−0.081

R N−0.715
Pe

N−0.052
vdW

+0.55AsN
−1.675
R N−0.125

A +0.22N−0.24
R N1.11

G N−0.053
vdW

(6)

where As is a porosity dependent correction factor from Happels model,
NR is the aspect ratio, NPe is the Peclet number, NvdW is London-van der
Waals attractive forces number, NA is the attraction number; and NG is the
gravitional number.

Recent studies have shown classical CFT to be most applicable on cer-
tain chemical and physical conditions (Tufenkji, 2007; Harvey and Ryan,
2004). Under unfavorable conditions some studies have found classical CFT
to overestimate experimental results (Tufenkji and Elimelech, 2004b). This
inaccuracy may be due to chemical and charge heterogeneities of collector
surfaces (Tufenkji and Elimelech, 2005). Physical characteristics which have
been shown to influence sticking efficiency include surface roughness, het-
erogeneous size distributions, and the non-spherical nature of the collectors
(Redman et al., 2001a,b; Bradford et al., 2012).

2.4 Forces Governing Attachment Processes and the

DLVO theory

Virus attachment and detachment processes are governed by interactions
at the soil-particle interface (Harvey and Ryan, 2004; Schijven and Has-
sanizadeh, 2000). These interactions are characterized by repulsive and at-
tractive forces. The governing forces are determined by hydrochemical and
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physical characteristics of the virus, grain and bulk solution (Harvey and
Ryan, 2004).

Electrostatic interactions are one of the primary forces which affect virus-
grain interactions. Electrostatic interactions come about due to the charged
surfaces of both viruses and minerals. Viruses have a surface charge due to
the ionization of amino and carboxyl groups on the protein surface. The pro-
tonation and deprotonation of these groups depends upon the pH and ionic
strength of the groundwater. The pH value at which the virus has a zero net
charge, the isoelectric point (pHIEP), varies with the specific type and strain
of virus (Harvey and Ryan, 2004; Schijven and Hassanizadeh, 2000). Soils
are also most often negatively charged under normal groundwater conditions
(pH 4-9). Positive sites are thought to occur due to micro-level heterogene-
ity, such as from patches of aluminum, iron and manganese oxides (Schijven,
2001; Ryan and Elimelech, 1996; Loveland et al., 1996).

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory provides a use-
ful framework for analysis of the forces involved in grain-particle interaction.
In the DLVO theory, virus adsorption processes are the result of the com-
bination of double layer interactions and van der Waals forces (Murray and
Parks, 1980). The DLVO interaction profile is dependent on the separation
distance between the colloid and surface of the collector. When these two
interfaces are of like charge, the DLVO energy profile includes an attractive
well at small separation distance, also known as the primary minimum, and
a shallow attractive well, or the secondary minimum, at a larger separation
distance (Figure 1a) (Shen et al., 2008). These two minima are separated by
energy barriers due to electrostatic repulsion (Figure 1b). Under favorable
conditions where soil-grain surfaces are of opposite charge, the energy profile
consists of a deep primary minimum and the two surfaces are attractive at
all separation distances (Figure 1b).

Double layer forces are due to excess ions which accumulate along the
charged grain surface (Ryan and Elimelech, 1996). The ions along a grain
surface attract counterions. These counterions can be bound to the surface
(also known as the Stern layer) or remain near the surface in the diffuse elec-
tric double-layer (Israelachvili, 2011). Unlike double layer forces, London-
van der Waal forces are always attractive and do not depend significantly
on bulk solution composition, such as electrolyte concentration and pH (Is-
raelachvili, 2011). London-van der Waal forces are due to the attraction
between molecules due to induced dipole moments. When surfaces are simi-
larly charged, the van der Waal forces oppose the double layer forces which
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(a) Unfavorable (b) Favorable

Figure 1: The net effect of DLVO forces on potential energy between two
charged surfaces under unfavorable (a) and favorable (b) conditions. Figures
from Loveland et al. (1996).

are repulsive. The secondary minimum is the result of van der Waal forces
overcoming the repulsive double layer forces, given the faster decay of dou-
ble layer forces with respect to distance (Ryan and Elimelech, 1996). Under
favorable conditions both forces act in tandem.

Attachment is directly relatable to the DLVO energy profile. When at-
tachment occurs in the primary minimum it is often considered to be irre-
versible or very slow (Loveland et al., 1996; Harvey and Ryan, 2004). This
is because the energy needed for colloids to overcome primary maximum
once attached in the primary minimum is much higher than their average
thermal energy (Loveland et al., 1996). When colloids attach in the pri-
mary minimum, katt is considered to be inversely related to the height of the
energy barrier (Schijven and Hassanizadeh, 2000). The kinetic detachment
coefficient describes the process in which diffusion and advection transports
viruses from the boundary layer to the bulk solution (Harvey and Ryan, 2004;
Schijven, 2001; Bradford et al., 2012). It has been hypothosized that colloid
attachment in the secondary minimum is reversible due to the shallow depth
of the secondary minimum, which under specific circumstances is compara-
ble to the thermal energy of colloids (Bradford et al., 2012; Loveland et al.,
1996).

DLVO interactions can be quantified and related to attachment and de-
tachment processes. This is done through finding the sum of potential energy

8



with respect to separation distance (x) for the two approaching colloid-grain
surfaces.

σtot(x) = σvdW (x) + σdl(x) (7)

Van der Waal forces are calculated for a specific Hamaker constant (Eq. 8).
The Hamaker constant is related to the properties of the interacting surfaces
and the medium (Ryan and Elimelech, 1996). To quantify the double layer
forces, the Poisson-Boltzman (PB) equation (Eq. 9) is used to determine the
potential, ψ, electric field, δψ/δx, and counterion density, ρ, with respect
to the distance between the two surfaces (Israelachvili, 2011). From solu-
tions to the PB equation, the electrostatic interaction of free energy can be
determined (Sadeghi, 2012; Israelachvili, 2011).

Wvdw = −A/(12πx2) (8)

δ2ψ/δx2 = −(zeρ0/ǫ0ǫ)e
−zeψ/kt (9)

where z is the valency of the ion [-], x [L] is the distance between the two
surfaces, ǫ0 is the permittivity of free space, ǫ is the permittivity of water and
k is the Boltzmanns constant [J K−1]. Analytical solutions to the equation
exist given solutions of 1:1 and 1:2 electrolyte solutions (Sadeghi, 2012).

There are additional forces not included in the DLVO theory which may
have a significant effect on accurate DLVO predictions (Bradford et al., 2002).
These forces include short range forces, such as hydration forces and steric
repulsion (Schijven and Hassanizadeh, 2000). The inclusion of these forces
has been used in extended DLVO theories and quantitative solutions have
been modified to include these forces (Simoni et al., 2000; Hermansson, 1999).
However, accurate predictions of the combined electrostatic forces is often
complex and simplifications are commonly made, which can potentially limit
the accuracy of the predictive findings (Ryan and Elimelech, 1996; Sadeghi,
2012).

Previous studies which have developed quantitative solutions for DLVO
forces have found varying results regarding the role of the secondary min-
imum. These discrepancies are in part related to colloid size; viruses are
considered to be between 20-200 nm and colloids have been defined in previ-
ous studies to be as large as 20µm (Schijven, 2001; Bradford et al., 2002). For
larger colloidal particles, reversible attachment has been directly related to
the role of secondary minimum (Kuznar and Elimelech, 2007; Elimelech and
O’Melia, 1990a,b; Tufenkji and Elimelech, 2004a, 2005). However, quantita-
tive calculations for viruses have shown that the secondary minimum is not
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deep enough to explain observed reversible attachment processes (Loveland
et al., 1996; Sadeghi, 2012). Colloid size is important given that electrostatic
forces and hydrodynamic torque are functions of the particle size (Bradford
et al., 2007; Shen et al., 2008). Additionally, the trapping of larger colloids
in pore throats, also known as straining, has been included into recent sec-
ondary minima calculations (Bradford et al., 2007).

2.5 Geochemical effects on Attachment and Detach-

ment

The process of attachment and detachment is complex due to the physical and
chemical heterogeneity of soil grains. The interactions between the surface
grains and viruses depend on virus characteristics, surface charge of aquifer
grains and chemistry of the groundwater (Harvey and Ryan, 2004). This
section will give a brief introduction to the effect of chemical heterogeneity
of aquifer media and solution chemistry on virus transport, followed by a
more detailed discussion on the effect of pH, ionic strength and bivalent
cations respectively.

Aquifer media is chemically heterogeneous and can contain varying amounts
of oxides, clay minerals, organic matter and carbonates (Ryan and Elimelech,
1996). These components affect the surface charge of the aquifer media,
which in turn affects colloid-grain interaction energy. Positively charged sur-
faces, such as oxides, for example, most often make up only small patches on
the grain surface but are known to significantly increase virus removal (Ryan
and Elimelech, 1996). Given that these patches often have small surface
areas, the sites may become filled and thus removal rates may be limited
overtime, a condition known as blocking (Schijven, 2001). Comparatively,
absorbed organic matter promotes hydrophobic interactions between grains
and viruses (Schijven, 2001).

Solution chemistry, which can change with respect to time, has a large
effect on virus transport processes. This includes the effect of pH, ionic
strength, and dissolved organic matter. Transients in solution chemistry have
been shown to effect particle-surface interactions (Grolimund and Borkovec,
2006). When this type of change occurs, the thickness of the electric double
layer is affected, which may result in grain-colloid repulsive forces outweigh-
ing attractive forces (Bradford et al., 2012; Tosco et al., 2009; Ryan and
Elimelech, 1996). In response to perturbations, detachment is no longer only
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a diffusive processes but characterized in terms of a large release of viruses
(Bradford et al., 2012).

2.6 Effect of pH

The pH of groundwater is important given its effect on the surface charge
of both viruses and most minerals (Israelachvili, 2011). Most viruses are
negative at a normal groundwater pH levels. Comparatively, most minerals,
such as silicates, are also negatively charged at neutral pH. Thus, the higher
the pH the more electrostatic repulsion will result between grains and viruses,
given that the pH is above the pHIEP value. Consequently, viruses with
a higher pHIEP value have a higher attachment rate to negatively charged
minerals (Schijven, 2001). Loveland et al. (1996) found that the pH had a
large effect on the attachment processes of PRD1, and that the bacteriophage
only attached to quartz grains at a pH value of 5 and below. When ferric
oxyhydroxide was partially coated on the quartz sand grains, PRD1 attached
at pH values of 7.5 and below given the introduction of positive binding sites
on the mineral surface.

2.7 Ionic Strength

Ionic strength affects the distance of overlap between aquifer media and elec-
trostatic double layers (Harvey and Ryan, 2004; Ryan and Elimelech, 1996).
Low ionic strength results in fewer ions counterbalancing the surface charge
of the grains and thus there is a larger extension of double layers into the
solution. Similarly, at high ionic strengths there is a double layer compres-
sion and a reduction of electrostatic repulsion (Harvey and Ryan, 2004; Is-
raelachvili, 2011). A reduction in ionic strength often occurs in nature due to
effects of precipitation, irrigation or artificial recharge (Ryan and Elimelech,
1996). Ionic strength has been shown to have an effect on both attachment
and on release processes in experimental studies for viruses (Bales et al.,
1993; Sadeghi, 2012). Some studies have also shown a critical decrease in IS
concentration is needed for particle release (Lenhart and Saiers, 2003).

2.8 Bivalent Counterions

The role of bivalent ions, such as Ca2+, is important in adsorption pro-
cesses because of their ability to better shield the surface charge of negatively
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charged aquifer grains compared to monovalent ions. Dissolved Ca2+ is often
found in natural groundwater systems due to the dissolution of limestone.

Given its bivalent charge, Ca2+ has a large effect on both surface potential,
ψ, and surface charge density, σ, of mineral surfaces. The valency of ions
is exponentially related to surface potential, as shown in the PB equation
(Eq. 9). Ca2+ also specifically binds to both viruses and soil grains, whereas
monovalent ions remain in the double layer boundary (Bradford et al., 2012).
This binding is often referred to as the ability of bivalent ions to form a
cation-bridge (Harvey and Ryan, 2004). Binding will likely reduce ψ and
σ even further and consequently reduce the double layer interaction energy
(Israelachvili, 2011; Schijven et al., 2000a; Harvey and Ryan, 2004). The
affect of binding on surface potential is found quantitatively through the
Grahame (1953) equation. Given the large effect of Ca2+, it has been shown
that when the divalent ion concentration is larger than 3% of the monovalent
concentration the surface potential is only determined by the divalent ion
concentration. It has been shown that given the large effect of Ca2+ on
surface potential, small amounts of Ca2+ can fully neutralize the surface of
negatively charged minerals (Israelachvili, 2011).

Sadeghi et al. (2012) found a linear relationships between Ca2+ concen-
tration and katt and α at a pH of 7 and IS of 10 (Eqs. 10 and 11). These
relationships were modeled as linear relationships with an intercept of zero.

katt(h
−1) = 0.011[Ca2+] (10)

α = 0.00026[Ca2+] (11)

2.9 Modeling of Remobilization Processes

Detachment is traditionally modeled as a diffusion-controlled process (Harvey
and Ryan, 2004; Schijven, 2001). However, it is known that viruses can
remobilize in the environment due to chemical perturbations, thus causing a
large flux in virus detachment (Bradford et al., 2002). Several recent models
have been built to simulate colloid release, primarily with respect to step-
changes in ionic strength (Bradford et al., 2012; Lenhart and Saiers, 2003;
Grolimund and Borkovec, 2006; Tosco et al., 2009; Bradford et al., 2011a).
These models will be further elaborated upon in this section.

Lenhart and Saiers (2003) and Tosco et al. (2009) modeled the relation-
ship between kinetic detachment and remobilization as a discontinuous func-
tion. This function was based on a critical IS concentration. Once the critical
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concentration was reached, a quick pulse release was induced, which for Tosco
et al. (2009) was formulated in terms of the disappearance of the detachment-
energy barrier. An assumption of these models is that the release profile does
not depend on IS once a critical IS concentration is reached. The coefficients
for describing these processes are modeled using empirical relationships that
require several fitting parameters.

Grolimund and Borkovec (2006) analyzed both the effect of Ca2+ and US,
where they relate free virus concentration to the migration of Ca2+ and IS
solution fronts. The model is described by a first-order release rate coeffi-
cient and first-order deposition rate coefficient. The attachment coefficient
is assumed to depend on a critical concentration and relationship between
monovalent and divalent ions. Although these relationships relate IS and
Ca2+ to release concentrations, the relationships are fully empirical.

Bradford et al. (2011a, 2012) proposed a model for remobilization pro-
cesses which was micro-process oriented rather than empirically based. Their
model includes two mobile regions for colloid interaction and transport (Fig-
ure 2). Region 1 is characterized by relatively high velocity where colloids are
transported by advection and dispersion. Region 2 is a low velocity region,
which interacts with the soil-water interface (SWI) and region 1.

The mass transfer coefficients were calculated as a function of the sec-
ondary minimum energy in the model proposed by Bradford et al. (2012). .
The dependency on the secondary minimum is likely insufficient to explain
virus transport behavior, which has been shown to have a very shallow sec-
ondary minima profile (Sadeghi, 2012; Loveland et al., 1996). Detachment
terms used in the model for the solid phase and region 1 include the rate
of change in adhesive force and torque due to hydrochemical changes. How-
ever, values of torque and force are based on experimental findings of larger
colloids rather than viruses (Bradford et al., 2011b). Viruses have not shown
the same effect of straining and sedimentation, which are known to influence
detachment processes of larger colloids (Bradford et al., 2002). The model
also includes a discontinuous step-function with respect to IS concentration,
which is based on the assumption that the rate of release is independent of
hydrochemical changes.
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Figure 2: In this figure the relationship between regions 1 and 2 is described
by k12, the mass transfer coefficient for colloids from region 1 to 2, k21, the
mass transfer coefficient from region 2 to 1, and k2s, the first order colloid
immobilization rate coefficient from region 2 to the solid phase. Where C is
the colloid concentration in the aqueous phase, J is the colloid flux, w is the
volumetric water content, s is the colloid concentration on the solid phase, 2s
accounts for colloid blocking, and α is the colloid sticking efficiency. Figure
from Bradford et al. (2011a).

3 Methodology

3.1 Model Virus: Bacteriophage PRD1

The bacteriophage PRD1 was used in this column study. PRD1 is icosahedra-
shaped, 62nm and has an isolectric point between pH 3 and 4 (Harvey and
Ryan, 2004). Thus, it is negatively charged under normal groundwater con-
ditions. It was chosen given its functional and structural similarities to ade-
noviruses and rotaviruses (Sinton et al., 1997; Sadeghi, 2012). Additionally,
PRD1 is known to have a low attachment and inactivation rate and thus
provides a worst case scenario for virus removal (Blanc and Nasser, 1996a).
Given these reasons PRD1 is a commonly used bacteriophage to study virus
fate and transport (Harvey and Ryan, 2004).

3.2 Experiments Outline

The column experiments were conducted under steady state flow, saturated
conditions and transient chemical conditions. The experimental methodol-
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Experiment Phase 1: Virus Deposition Phase 2: Release Ca0 Phase 3: Release IS 1
Ca2+ IS pH Ca2+ IS pH Ca2+ IS pH

1 0 10 7 - - - 0 1 7
2 0 10 6 - - - 0 1 6
3 3 10 6 0 10 6 0 1 6
4 1.5 10 6 - - - - - 6
5 0.5 10 6 0 10 6 0 1 6
6 0.1 10 6 0 10 6 0 1 6

Table 1: Experimental outline of column studies for each of the three phases,
where Ca2+ and IS are in mM.

ogy was closely adopted from Sadeghi (2012), with slight modifications in
experimental design. The experiments included three phases. In phase 1
viruses were introduced to the column for approximately one pore volume
at an initial Ca2+ concentration (0.1mM-3mM) (Table 1). Phase 2 and 3
comprised of step changes to the chemical composition of the inflow solu-
tion. In phase 2, the inflow solution contained zero Ca2+ at a constant IS of
10 (when applicable). In phase 3, the inflow solution was switched to a low
ionic strength of 1mM and zero Ca2+. The experimental outline is shown in
Table 1.

3.3 Column Preparation

The column used for the study had a length of 50 cm and an inner diameter of
5 cm. The glass columns included a top and bottom made of polyoxymethy-
lene and included a hydrophilic polyethylene screen positioned between the
lid and column at both the top and bottom. The screens, with a pore size
of 80-130 µm, were included to further distribute water over the area of the
column. There was an inlet at the bottom for the solution inflow and an
inlet in the middle for outflow.

Quartz sand (H31, Sibelcoo, Belgium) was used and had an average grain
size of 0.44mm. Columns were packed incrementally under saturated condi-
tions following the procedure described in Sadeghi (2012) and adopted from
Foppen et al. (2007). The sand was heated to 850±50 Celcius and then
washed in HCl for 48 hours. Prior to adding the sand to the columns, the
sand was boiled in de-ionized water in order to saturate the sand and remove
gas pockets. Compaction was ensured by tapping the column with a mallet
during packing. At the end of each experiment the sand was autoclaved and
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new sand was used for the start of each experiment.
New columns were then placed in a temperature-controlled room at 9.5±0.5

degrees Celsius where the experiments were conducted. This temperature
was chosen given that it represents normal groundwater temperature in the
Netherlands (Sadeghi, 2012). To ensure that there were no remaining impu-
rities, the column was flushed with de-ionized water for several days until the
difference in electrical conductivity of the inflow and outflow was less than
10 µs/cm.

3.4 Inflow Solutions

The composition of the inflow solution was calculated using a thermodynamic
equilibrium model in MINEQL+ 4.6. The amount of bicarbonate needed to
reach pH 6 and 7 at equilibrium with atmospheric pressure was determined.
Table 2 outlines the solution composition used with respect to varying cal-
cium concentrations. When the inflow solution wsa prepared it was first
allowed to stabilize with the atmosphere. To reach the desired pH following
stabilization, small amounts of either NaOH or HCl was added to the solu-
tion without significant alteration of the IS. All chemicals were supplied from
Merck and were of analytical grade.

Experiment pH NaHCO3 (mM) NaCl (mM) CaCl2 (mM) IS (mM)
Ca2+ 0 7 0.08 10 0 10
Ca2+ 0 6 0.01 10 0 10
Ca2+ 10 6 0.01 10 0.1 10
Ca2+ 20 6 0.01 8 0.5 10
Ca2+ 60 6 0.01 5 1.5 10
Ca2+ 120 6 0.01 1 3 10

Table 2: Molar composition of the inflow solutions.

3.5 Experimental Procedure

The column was stabilized to the desired inflow solution until the differences
in pH and electrical conductivity of the inflow and outflow were less than 0.05
and 10 µS/cm, respectively. The flow rate of the solution was targeted to be
between 62 ml/hr and 64 ml/hr to simulate normal groundwater conditions
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in sand. The flow rate was measured prior to seeding and after breakthrough
of viruses to ensure consistency.

The seeding suspension was made with a high concentration of PRD1
bacteriophage (between 105 and 106 plaque forming particles per milliliter
[pfp/ml]) and inflow solution. The seeding suspension was added to the
column for approximately one pore volume before switching to bacteriophage-
free inflow solution. A steady state condition was kept for approximately 20
pore volumes, at which point the first release was initiated by a step-change
in inflow solution. This condition was continued for another 20 pore volumes
before the second release was initiated (if applicable). A fraction collector
was used to continuously collect outflow at 15 minute intervals in 20-ml glass
tubes.

3.6 Sample Analysis

The samples were analyzed using the plaque forming technique as defined by
ISO 10705-1 (1995) . Nalidixic acid was omitted from the procedure since
the host bacteria, Salmonella typhimurium LT-2, is sensitive to nalidixic
acid. Given that the samples were assumed to be pure from other bacteria,
Nalidixic acid was assumed not to be necessary. PRD1 and Salmonella ty-
phimurium LT-2 were provided by the National Institute of Public Health
and the Environment, Bilthoven, The Netherlands (RIVM).

3.7 Concentration Measurements and Procedural Qual-

ity Control

The inflow Ca2+ concentrations were measured by Optical ICP-OES analy-
ses. Following sample analysis for plaque forming units, sample tubes were
analyzed to determine the point of breakthrough in Ca2+ concentration. Sim-
ilarly, electrical conductivity (EC) measurements were taken from sample
tubes for releases measuring change in high to low ionic strength.

The virus deposition phase of the first two experiments were previously
conducted by Sadeghi (2012). The fitted parameter results, katt and kdet,
were compared to ensure procedural consistency.
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3.8 Inactivation and Parameter Estimation

The bacteriophage seeding suspension solution was sampled for at least 3
months following the end of the experiment. The inactivation rate coeffi-
cients, µl, was estimated from laboratory measurements and linear regres-
sion analysis. The pore water velocity was calculated from the measured flow
water velocity of the column. Dispersivity and porosity of the column were
previously calculated by the procedure outlined by Sadeghi (2012), using a
conservative tracer in the column.

3.9 Modeling

3.9.1 Phase 1: Virus Deposition

The experimental breakthrough curves were modeled in Hydrus 1-D (4.1.4)
and COMSOL Multiphysics (4.3.1.161). The models were generated under
one-dimensional steady state flow and fully saturated conditions. The fol-
lowing boundary conditions were included,

C = C0 at x = 0 and
δC

δx
= 0 at x = L ,where L is the column length.

The results of the initial breakthrough curve for each experiment were sim-
ulated using Hydrus 1-D, where katt and kdet were fitted. The relationship
between katt and Ca2+ at a pH of 6 was developed through 2-D surface fitting
using the pyeq2 Python library. The pyeq2 Python library was also used for
the development of a 3-D model for relationship between sticking efficiency,
pH and Ca2+.

3.9.2 Phase 2 and 3: Virus Remobilization

COMSOL Multiphysics was used to simulate katt and kdet for the combined
three phases. The COMSOL Transport of Diluted Species package was used.
The general equations (Eqs. 2 and 3) were included in model to simulate
the sorbed virus mass and free virus concentrations. The transport of Ca2+

and Na+ were also modeled, with the assumption that their transport was
governed by dispersion and advective flow. The relationship developed for
katt, with respect to Ca2+ and pH at 6 in Hydrus 1-D, was included in the
COMSOL model. For experiments conducted at pH of 7, the relationship
developed by Sadeghi (2012) was used (Eq. 10).
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The coefficient for kdet was determined as a function of the change in
respective hydrochemical inflow solutions. It was hypothesized that the re-
lease rate coefficient was dependent on outflow IS and Ca2+ conditions. It
was tested whether there was a direct correlation with outflow IS and Ca2+

concentration, or whether the first or second derivative could describe the
virus concentration breakthrough profiles. The first and second derviatives
of IS and Ca2+ outflow concentrations were determined using R and included
as model parameters. The parameter µs was also through model simulations.

4 Results

4.1 Phase 1: Virus Deposition

The virus deposition breakthrough curves under varying concentrations of
Ca2+ and pH 6 at an IS 10 are given in Figure 3. The values fitted in
Hydrus 1-D are given in Table 3. The quality control breakthrough curves
in experiment 1 and 2 were found to correspond closely with the findings of
Sadeghi (2012). The results show that katt remained relatively constant for
Ca2+ values between 0.5 and 3 mM given pH 6 and IS 10 (Table 3). Values
for kdet were not found to correlate with respect to Ca2+.

Experiment Ca2+ (mM) pH katt (hr
−1) kdet (hr

−1) SSQ α
1 0 7 0.144 0.001 0.81 0.0034

±0.0559 ±0.00079
2 0 6 0.0719 0.002 0.86 0.0017

±0.403 ±0.00019
3 3 6 1.42 0.005 0.95 0.034

±0.0303 ±6.5E-05
4 1.5 6 1.31 0.008 0.78 0.032

±0.0123 ±0.00112
5 0.5 6 1.49 0.002 0.85 0.035

±0.00941 ±0.00069
6 0.1 6 1.23 0.001 0.89 0.029

±0.0088 ±0.00081

Table 3: Parameter values katt, kdet and sticking efficiency for PRD1 break-
through curves at constant IS 10.
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(a) Exp. 1 (pH 7, Ca2+ 0 mM, IS 10) (b) Exp. 2 (pH 6, Ca2+ 0 mM, IS 10)

(c) Exp. 3 (pH 6, Ca2+ 3 mM, IS 10) (d) Exp. 4 (pH 6, Ca2+ 1.5 mM, IS 10)

(e) Exp. 5 (pH 6, Ca2+ 0.5 mM, IS 10) (f) Exp. 6 (pH 6, Ca2+ 0.1 mM, IS 10)

Figure 3: PRD1 breakthrough curves modeled as 1-site kinetic in Hydrus
1D. Dots are the observed points and the line indicates the modeled fit.
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Figure 4: Relationship between Ca2+ and katt at a pH of 6 and ionic strength
of 10.

The relationship between Ca2+ and attachment at pH 6 was found to fit
the following sigmoidal relationship with an R2 of 0.99,

katt|pH=6 =
1.46

1 + exp 0.0639−Ca2+

0.0217

(12)

Where Ca2+ concentration is in mM. The sigmoidal fit plateaus at a katt of
1.46 [hr−1] and crosses the y-axis at a katt of 0.074 [hr−1](Figure 4). The
additional value at zero Ca2+ was included from the work of Sadeghi (2012).

4.2 Phase 2 and 3: Virus Remobilization

Following step-changes in inflow solution in phase 2 and 3 there was a pulse
remobilization of viruses. The outflow concentrations of IS and Ca2+ were
found to correlate with the timing and shape of δ[Ca2+]

δt
and δ(IS[Na+])

δt
(Fig-

ure 5). The rate of change of both IS and Ca2+ in the outflow is fast and
characterized by an upwards spike (Figure 5). The second derivative of IS
and Ca2+ concentrations in the outflow was not shown to correlate well with
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(a) Ca2+ 3 mM, pH 6 (b) Ca2+ 0.5 mM, pH 6

(c) Ca2+ 0.1 mM, pH 6 (d) Ca2+ 0 mM, pH 6

Figure 5: The rate of change of Ca2+ and IS (mg/l/t) related to remobilized
virus concentration for experiments conducted at a pH of 6.

the virus concentration profile. The timing of the virus concentration rela-
tive to measured concentrations of Ca2+ and IS in the outflow are included
in Appendix A.

The model developed in COMSOL Multiphysics included the equations
developed for katt with respect to Ca2+, for respective pH conditions (Eqs. 10

and 12). The kdet coefficient was modeled with respect to δ[Ca2+]
δt

and δ(IS[Na+])
δt

.
It was found that following the pulse remobilization period the steady tailing
of the releases could be modeled using the constant detachment term (13).
Given a constant detachment term, the kinetic detachment coefficient was
found to fit the following form,

kdet(hr
−1) = kdet,0 − b

δ[Ca2+]

δt
− c

δ(IS[Na+])

δt
(13)
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Where kdet,0 [T−1] is the constant kinetic detachment coefficient and b and c
[V M−1 T−1] are remobilization coefficients.

Experiment kdet,0 (hr−1) b (L mg−1hr−1) c (L mg−1hr−1) µs (hr−1) µl (hr
−1)

0 (pH 7) 0.0003 - 0.005 0.005 0.0025
0 0.0003 - 0.005 0.004 0.003
0.1 (4 mg/L) 0.0003 0.007 0.005 0.001 0.0010
0.5 (20 mg/L) 0.0003 0.007 0.005 0.001 0.0017
3 (120 mg/L) 0.0003 0.0008 0.005 0.001 0.0038

Table 4: Constant detachment coefficient kdet,0 and remobilization coefficients
b and c with respect to initial inflow Ca2+ solution.

The change in Na+ concentration was only included in the second release
and modeled as a function of changing IS. Despite small deviations in kdet
modeled in Hydrus 1-D, a constant value of 0.003 [hr−1] provided a good fit
for all experiments (Table 4, (Fig. 6)). The remobilization coefficient, b, was
found to have high variability with respect to initial Ca2+ concentrations. It
was found that coefficient c could be fitted to a constant value of 0.005 (l
mg−1hr−1) (Table 4).
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(a) Ca2+ 0 mM, pH 6 (b) Ca2+ 0.1 mM, pH 6

(c) Ca2+ 0.5 mM, pH 6 (d) Ca2+ 3 mM, pH 6

(e) Ca2+ 0 mM, pH 7

Figure 6: Normalized observed and modeled virus concentration with initial
Ca2+ concentrations of 0, 0.1, 0.5 and 3 mM at ionic strength 10. The first
release is in response to a step-change to no Ca2+ and constant ionic strength.
The second release, or first for the experiments with no Ca2+, follows a step-
change to IS 1.
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5 Discussion

5.1 Effect of Ca2+ on katt

Fig. 7 shows the combined results of the current study with the results of
Sadeghi (2012). At pH 6, values of katt with respect to Ca2+ concentrations
are generally larger compared to the results of Sadeghi et al. (2012) at pH 7
(Fig. 7). This finding follows the expectation that with lower pH there is an
increase in katt, given the reduction in negative charge density at lower pH
(Harvey and Ryan, 2004). Previous studies with PRD1 have also confirmed
that lowering pH increases katt (Loveland et al., 1996; Sadeghi et al., 2012).
However, the sigmoidal relationship between katt and Ca2+ at pH 6 is in
contrast to the linear relationship at pH 7 found by Sadeghi (2012).

Figure 7: Relationship between sticking efficiency and pH for different IS and
Ca2+ concentrations (mM). Figure includes data from Sadeghi (2012).

The effect of Ca2+ on surface charge density and surface potential is
non-linear in accordance to the Poisson-Boltzman equation (Eq. 9). This
relationship may indicate why there is a non-linear relationship between katt
and Ca2+ at pH 6. This also raises the point of whether the relationship
between katt and Ca2+ at pH 7 would also be sigmoidal if additional ex-
periments were conducted, especially at higher Ca2+ concentrations. The
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approximate plateau value of katt is 1.46 [hr−1] at pH 6, which slightly larger
than the max katt found at pH 7, which was found to be 1.35 [hr−1] at a Ca2+

concentration of 3mM. Thus, if a plateu value was found at pH 7 it would
be reached later than at pH 6. At a Ca2+ concentration of 3mM the IS is
almost entirely determined by Ca2+ and therefore a plateau could only be
observed between 3mM and approximately 3.5 mM at IS 10.

A sigmoidal fit was generated in Python using both the results of the
current study and the results of Sadeghi (2012) at a constant IS of 10, with
an R2 value of 94% (Eq. 14). The sigmoidal relationship gives the product
of two general logistic equations, where Ca2+ is in mM.

α =
0.0343

(1 + e−27.76+4.38pH+4.95Ca2+−0.96Ca2+pH)(1 + e0.53−260.3Ca2+)
(14)

Figure 8: 3-D model of α ([Ca2+], pH) for pH 5-8, with the inclusion of ob-
servation points.

Equation 14 assumes that the relationship between Ca2+ and sticking
efficiency is sigmoidal at all pH levels (Fig. 8). Given that a higher katt of
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2.08 [hr−1] was found at pH 5 by Sadeghi (2012), the height of the plateau
was fitted such that it was specific to each pH value. Further experiments
with respect to different pH levels are needed to observe whether this plateau
effect is also observed at lower pH ranges. It would also be relevant to find
whether sticking efficiency is sensitive to Ca2+ at higher pH ranges, such as
at pH 8.

The plateau in katt with increased Ca2+ was not expected. It has been
shown in previous studies that katt increases with a decrease in the energy bar-
rier to detachment (Ryan and Elimelech, 1996; Schijven and Hassanizadeh,
2000). Thus, this plateau may indicate that above a Ca2+ concentration of
approximately 0.5 mM there is no effect on the height of the energy bar-
rier. These results could also be potentially explained by the effect of surface
charge at lower pH. Given that the functional groups on the sand grain sur-
face continuously exchange protons and anions with the bulk phase, the pH
plays a large role in the attraction of Ca2+ to the quartz surface. It could
be hypothesized that at a lower pH there is a saturation point of functional
groups for Ca2+ to bind which gives rise to a plateau.

In the study by Sadeghi (2012) it was shown that the value of the sec-
ondary minima was ten times smaller than the 1kt. Additionally, the lack
of dependence of Ca2+ on constant kdet observed in this study and Sadeghi
(2012) indicates that the effect of Ca2+ katt is not likely described by the role
of the secondary minimum.

5.2 Virus Remobilization

The objective of the remobilization experiments was to determine if a kinetic
transport model could be applied with respect to changing hydrochemical
conditions. The model developed was based on the chemical concentration
of the aqueous phase, and thus the model can be described as a macro-process
model. The proposed equation accounts for chemical inflow perturbations by
taking the derivative of the changing outflow concentrations. Given periods
of perturbation, the remobilization term plays the most important role as the
constant detachment term is too small to have a measureable effect. A critical
value of deposition was not tested given that one step-change was included
for IS and Ca2+ in each of the experiments (Grolimund and Borkovec, 2006;
Bradford et al., 2012). Incremental decreases in IS and Ca2+ need to be
conductuded to test this hypothesis further for PRD1.
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5.2.1 Constant Detachment

The tailing of all breakthrough curves within each experiment could be mod-
eled using a single constant detachment coefficient (Table 4, Eq. 13). This
constant term implies that the tailing does not change following changes to
IS or Ca2+. The constant detachment term is sensitive to fitted values of µs.
The fitted values of µs remained in the range found in previous literature
for PRD1 (Schijven, 2001). Additionally, the ratio of µs relative to µi was
similar to previous studies for PRD1 (Schijven, 2001).

The finding that kdet,0 was not noticeably affected by hydrochemical con-
ditions, including ionic strength, Ca2+ and pH, is supported by previous
literature. In the work of Sadeghi (2012) it was found that constant kdet
did not noticeably change with respect to these hydrochemical conditions.
Loveland et al. (1996) explained the process of reversible attachment, given
a shallow secondary minimum, was due to virus accumulation at the bound-
ary layer in front of the energy barrier. If this explanation is extended to the
effect of changes to IS and Ca2+, kdet,0 would only be governed by diffusion
and not a change in the height of the energy maximum. Compartively, katt
would be a function of the height of the energy maximum and hydrochemical
changes, which corresponds to the findings of this study at by Sadeghi et al.
(2012).

5.2.2 Pulse Remobilization

The release profile differs from the virus deposition profile in that the free
virus concentration spike is nearly instantaneous before dropping back to a
slow tailing. This spike was found to correlate with the rate of change of Ca2+

and IS concentration fronts. The relationship between these fronts during
periods of remobilization is in contrast to models which have described release
in terms of a discontinuous step-function (Lenhart and Saiers, 2003; Tosco
et al., 2009). The simplified approach presented in this macro-process model
provides insight to virus release characteristics under transient hydrochemical
conditions.

Coefficient c describes the effect of the step-change in IS from 10 to 1
on virus concentration. The magnitude of the remobilization coefficient c
was found to be constant for all experiments (Table 4). The finding that c
was constant between experiments indicates that there is no dependence of
remobilization on previous conditions.
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Coefficient b is correlated to the effect of a step-change in Ca2+ concen-

tration. The maximum height reached by the remobilization term b δ[Ca2+]
δt

followw a non-linear trend for the three experiments (Figure 9). This finding
supports previous literature, which indicates that the virus concentration
during the pulse period is correlated to the magnitude of the step-change
(Bradford et al., 2012). Coefficient b was found to be constant for experi-
ments at 0.1mM and 0.5 mM. This is due to the fact that at 0.1 mM the
maximum concentration reached was lower (Figure 6). The results of the
current study indicate that the effect of chemical step-change on adhesive
forces for retained viruses may not be linearly correlated with the magnitude
of the hydrochemical step-change. This finding may apply particularly to
the case in which katt similarly follows a non-linear trend with respect to
hydrochemical differences in the inflow solution.

Figure 9: Relationship between the max height reached by the remobiliza-
tion term for changing Ca2+ conditions with respect to Ca2+ concentration
(mg/L).

Previous studies have found a critical value of hydrochemical change for
remobilization to occur (Lenhart and Saiers, 2003). The theory behind a
critical release value is that there is an adhesion force which must be overcome
for colloids to be released (Bradford et al., 2012). This hypothesis needs to be
explored further for viruses, which may not be affected by secondary minima
and by the effect of straining. A critical release value could also be explored
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in terms of a minimum amount of change needed for release, rather than a
critical lower bound value. A potential area of future study is whether small
perturbations at the low concentrations could also affect the amount which
is released. This could potentially help explain the low maximum height of
release found for 0.1 mM relative to 0.5 mM.

The period of fast release associated with the pulse remobilization period
is often correlated to the effect of the secondary minima (Bradford et al., 2012,
2011a). However, this implies that katt is not affected by hydrologic effects
since it is based on diffusion into the secondary minima. Thus, only kdet
would depend on changes to the hydrochemical conditions, given that related
to the depth of the secondary minima (Sadeghi, 2012). This implication is
the opposite of what was found in this study, namely that only katt depends
on hydrochemical conditions. The results of this study show that it may be
beneficial to study pulse remobilization as continuously related to the change
in interaction forces which occur under transient chemical conditions. Given
the quantitative findings of Loveland et al. (1996) and Sadeghi (2012) it
appears premature to construct a micro-process based on the effect of the
secondary minima for virus transport, as has been created for larger colloids
(Bradford et al., 2012, 2011a).

5.2.3 Rate of Concentration Change with Time

The macro-process model proposed in this study is dependent on the duration
of the hydrochemical perturbation. The length of time over which chemical
change occurs should be explored further in future studies. The results of two
previous studies are included in this discussion. In these studies the effect
on colloids when changes in chemical composition occurred more gradually
was explored (Grolimund and Borkovec, 2006; Chu et al., 2000).

In a study by Grolimund and Borkovec (2006) the remobilization period
occurs as Ca2+ levels slowly decreases and a sharp drop in Na+ is induced
(Figure 10). The study was conducted for several different homogenous soils
using different sized spherical colloids. The results indicate that the slow rate
of decrease in Ca2+ correlates with the rate of change colloid concentration.
This also implies that the rate of change of Ca2+ and IS may play varying
roles of importance on virus concentration behavior.
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(a) Na+ Concentration

(b) Ca2+ Concentration

(c) Colloid Concentration

Figure 10: The figure shows changing Na+ concentration (a), changing Ca2+

concentration (b) and colloid concentration (c). The dashed horizontal line
in the bottom left is the line for accurate observation and the two curved lines
represent different fitting simulations. Figure from Grolimund and Borkovec
(2006)

.
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Figure 11: The effect of slowly increasing ionic strength on MS2 concentra-
tion. Figure taken from Chu et al. (2000)

In a study by Chu et al. (2000) the effect of slowly increasing IS resulted
in a slow decrease in MS2, a conservative bacteriophage (Figure 11). How-
ever, the effect of a step increase rather than decrease in IS is not known
to have been studied previously. Thus, the implications of this slow rate
of change are only speculative. Further studies should include the effect of
changing time with respect to both Ca2+ and IS. Additionally, the effect of
quick perturbations with respect to either Ca2+ and IS while inducing a slow
perturbation of either IS or Ca2+, respectively, should also be explored.

5.3 Conclusions

The objective of the study was to quantitatively determine the effect of hy-
drochemical conditions, including Ca2+, pH and ionic strength, on virus at-
tachment and detachment processes in the subsurface. The work of Sadeghi
(2012) was expanded to include the effect of pH on the relationship between
Ca2+ and attachment rate coefficients. A 3-D model was created to sim-
ulate the relationship between katt, pH and Ca2+ at a constant IS of 10.
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The study included the effect of virus remobilization during step-changes to
IS and Ca2+. To simulate transient hydrochemical conditions on virus re-
mobilization, a macro-process transport model was developed. Quantitative
analysis regarding the effect of transient hydrochemical conditions on virus
transport can help guide drinking water protection zone regulations.
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A Release Experiments

Figure A.1: Experiment 1 (Ca2+ = 0, pH = 7, IS = 10) with release (IS = 1)
compared to EC breakthrough.

Figure A.2: Experiment 2 (Ca2+ = 0, pH = 6, IS = 10) with first release
results and EC breakthrough.
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(a) EC breakthrough

(b) Ca2+ concentration

Figure A.3: Experiment 6 (Ca2+ = 0.1 mM, pH = 6, IS = 10) release 1 and 2
results with respect to both (a) EC breakthrough and (b) Ca2+ concentration
and PRD1 normalized concentration.
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(a) EC breakthrough

(b) Ca2+ concentration

Figure A.4: Experiment 5 (Ca2+ = 0.5, pH = 6, IS = 10) release 1 and 2
results with respect to both (a) EC breakthrough and (b) Ca2+ concentration
and PRD1 normalized concentration.
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(a) EC breakthrough

(b) Ca2+ Concentration

Figure A.5: Experiment 3 (Ca2+ = 3, pH = 6, IS = 10) with release 1 and 2
results with respect to both (a) EC breakthrough and (b) Ca2+ concentration
and PRD1 normalized concentration.
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B ICP Analysis

Tube PV 120 (mg/L) 20 (mg/L) 4 (mg/L)
3 7.92 122.37 17.19 3.55
21 8.64 120.32 17.42 3.53
22 8.68 110.84 16.84 3.58
23 8.72 79.24 15.32 3.65
24 8.76 49.66 12.55 3.44
25 8.80 30.30 9.98 3.22
27 8.84 13.78 6.48 2.68
29 8.96 8.54 6.48 2.23
36 9.23 3.94 2.31 1.13

Table B.1: ICP Analysis of Ca2+ during first remobilization phase for exper-
iments at 3 mM (120 mg/L), 0.5 mM (20 mg/L) and 0.1 mM (4 mg/L)
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