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CHAPTER 1
General introduction

Chapter 1

1.1.Motivation and Background
Groundwater is the most abundant source of readily available freshwater in
the world making up 97% of all freshwater (excluding glaciers and polar caps).
Groundwater is a major resource for irrigation, domestic use and industry.
Groundwater monitoring, scientific research and investigation have shown that
pollutants can penetrate the soil and the unsaturated zone and enter groundwater.
This also applies to pathogenic microorganisms and since long there is a concern
about the impacts of soil and groundwater contamination with pathogens and the
associated effects on human health (Gerba, 1984). Microbial contamination of
drinking water contributes to disease outbreaks and background rates of disease in
developed and developing countries worldwide (Reynolds et al., 2008). In this regard,
viruses are considered to be the most critical pathogens for groundwater
contamination, because of their ability to travel through the subsurface and their
high infectivity (Schijven and Hassanizadeh, 2000). Consumption of groundwater with
human pathogenic viruses may lead to infections that may be without symptoms, or
lead to gastrointestinal illness. Illness is often mild (diarrhea), but may also be severe,
or even lead to death (Borchardt et al., 2012; Gallay et al., 2006; Jean et al., 2006;
Kim et al., 2005; Maurer and Sturchler,2000; Parshionikar et al., 2003).
Control of waterborne diseases is an important element of public health
policy and an objective of water suppliers. Their aim and job are to protect
groundwater from contaminating sources. Viral contamination of groundwater may
originate from a variety of sources, including landfills, open dumps, broken sewer
pipelines, leaking septic tanks, urban runoff, and crop irrigation with treated sewage
effluent (Fong et al., 2007; Gallay et al., 2006; Jean et al., 2006; Keswick and Gerba,
1980; Parshionikar et al., 2003; Reynolds et al., 2008; Yates et al., 1985; Zelikson,
1994). Contaminations usually occur in vulnerable situations, like fractured rock
aquifers, cross-connecting well bores or leaking well cases together with the
presence of significant contamination sources (Schijven et al., 2010).
To prevent microbial contamination of groundwater, sources of
contamination should be kept at such a distance from the abstraction well that the
produced groundwater complies with a health-based target concentration. Such a
setback distance would allow for adequate reduction of pathogen concentrations by
means of natural attenuation processes in the subsurface. This leads to the definition
of protection zones within which potential sources of faecal contamination, such as
sewers, septic tanks, and manure depots are not allowed (Schijven et al., 2010). For
protection against pathogens, usually a zone based on travel time is applied, and this
is a travel time of 50–60 days in several countries, e.g. in Austria, Denmark, Germany,
Ghana, Indonesia, UK (Chave et al., 2006). Also, in the Netherlands protection of
18
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groundwater wells is still based on the assumption that a travel time of 60 days is
sufficient for die-off of pathogenic bacteria in contaminated groundwater to the
extent that no health risks would exist (CBW, 1980). However, it is known that
pathogenic viruses and protozoa as well as bacteria can survive much longer than 60
days in soil and groundwater (Pedley et al., 2006). Given the persistence of
pathogens, a protection zone of 60 days may not be sufficient to protect public
health (Schijven et al., 2010). Based on WHO guidelines, Dutch legislation for drinking
water has implemented as a microbiological health-based target that pathogenic
microorganisms in drinking water may not exceed a limit associated with a risk of
infection of one per ten thousand persons per year (VROM, 2001; De Roda Husman
and Medema, 2005). That this maximum risk is met in a given situation has to be
demonstrated by means of a Quantitative Microbiological Risk Assessment (QMRA).
In order to predict adequate protection zones around abstraction wells to prevent
contamination of groundwater from human and animal sources and thus to protect
public health, data need to be collected and empirical relations need to be developed
to be able to quantify the removal processes during subsurface transport. In this
context, Schijven at al. (2006) simulated a situation where a sewer was continuously
leaking viruses at the groundwater table. Processes that attenuate virus
concentration were assumed to be virus inactivation, attachment of virus particle to
sand grains, and dilution. Steady-state one-dimensional flow and transport were
assumed and parameter uncertainties were included. Protection zones were
calculated for shallow unconfined aquifers using a stochastic steady-state model.
Using literature data for virus inactivation in groundwater (from Pedley et al., 2006)
and a conservative estimate of the attachment rate coefficient (from Schijven et al.,
2000), Schijven et al. (2006) calculated protection zones for shallow unconfined
sandy aquifers that would allow protection against virus contamination to the level
that the infection risk of one per 10000 persons per year is not exceeded with a 95%
certainty. In those cases, instead of 60 days, one to two years of travel time were
needed, corresponding to setback distances of about 200–400 m. As only horizontal
transport was considered, in a following study, an empirical formula was developed
for simulating the transport of viruses from a contamination source at or near the
land surface to a groundwater abstraction well, in which effects of vertical flow and
transport were taken into account (Schijven et al. 2010). The latter model can be
used to demonstrate that a deeper aquifer, especially with deeply located well
screen, and, even more, in an anisotropic aquifer is less vulnerable to contamination.
In that case, vertical transport is of major importance and a considerably smaller
horizontal setback distance may be needed than the one calculated when only
considering horizontal transport.
19
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In the calculation of protection zones by Schijven et al. (2006, 2010), a
conservatively low values for virus attachment and inactivation rate coefficients,
were used based on a large number of studies. In a sensitivity analysis, Schijven et al.
(2006) demonstrated that the size of the protection zone is highly dependent on the
values of the attachment rate coefficient and the inactivation rate coefficient to such
an extent that, in particular cases, only 29 days of travel time would be needed for
sufficient protection. The conservative value for attachment was derived from a field
study, performed under anoxic conditions, and only a small number of sites were
available for attachment (Schijven et al., 2000). Under certain conditions, attachment
of viruses can be much higher and sand filtration can be an effective removal process
(Schijven et al., 1999, 2000). Hence, quantitative expressions for describing virus
removal in soils and aquifers are required for assessing the risks of virus
contamination in groundwater and for establishing measures to protect public
health. Attachment and inactivation of viruses depend on physico-chemical
conditions in the system. Many studies, mostly at laboratory scale, have been
conducted to investigate the effects of physico-chemical conditions on virus
attachment and inactivation and were reviewed by Schijven and Hassanizadeh
(2000). General trends linking virus removal to physic- chemical properties are
known, but quantitative relations have not been established. This thesis aims at
contributing to the development of quantitative relations, which helps to constrain
virus removal in subsurface environments based on the knowledge of solid and
solution composition.
1.2. Virus attachment and inactivation in the subsurface
1.2.1 Introduction
Many factors have been identified that impact attachment of viruses onto
soil particles, such as the size and isoelectric point of viruses, ionic strength (IS) and
pH of the groundwater (Fontes et al. 1991; Torkzaban et al. 2006), concentration of
organic matter in the groundwater (Foppen et al. 2006; Pieper et al. 1997; Zhuang
and Jin 2003b), aquifer substrate grain size (Fontes et al. 1991) and soil water
content (Jin et al. 2000; Torkzaban et al. 2006). Other hydrological factors are also
important such as flow velocity and the heterogeneity of the aquifer substrate
(Bhattacharjee et al. 2002; Walshe et al. 2010). Among these factors, pH and IS seem
to have the largest influence on virus removal (Schijven and Hassanizadeh, 2000).
1.2.2 Viruses
20
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Viruses are the smallest intracellular parasites known. They are colloidal in size and
generally range from 20 to 200 nm (Bitton, 1975). They consist of a nucleic acid
genome enclosed in a protective protein coat called a capsid. The surface chemical
and charge characteristics of viruses are very important in determining their
transport in subsurface environment. A virus capsid contains many ionizable proteins
that are subject to protonation and deprotonation reactions in water, depending on
the pH and ionic strength of the water. The majority of the functional groups are of
the carboxyl and amino type (Taylor, 1981). Figure 1.1 shows the ionization of surface
carboxylic and amino groups. The surface charge at any pH depends on the surface
concentration of the ionizable groups and their apparent dissociation constants. The
pH at which a virus has no net charge, the isoelectric point (pI), varies with capsid
composition. At pH lower than pI, the net protonation of ionizable groups produces
positive charge, whereas at higher pH, deprotonation dominates to give a net
negative charge. As a result, viruses can carry a positive or negative surface charge,
depending on the pH. The isoelectric point of virus may be different not only by the
types of the virus but also for their strains (Gerba, 1984).

COO 

COOH

R

R

COO 

R



NH

NH 3


3

NH2

pI
Increasing pH

Figure 1.1: The ionization of surface carboxylic and amino groups.

Bacteriophages (phages) are viruses that are not pathogenic to human, but
infect a specific host bacterium. Bacteriophages have proven to be valuable tools in
research on viruses because they can easily and rapidly be cultivated in laboratories,
whereas analysis of pathogenic viruses is complex, time consuming, and sometimes
not possible at all. Bacteriophages can be prepared in large quantities (1010 to 1012
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phages per ml), allowing to perform experiments with high seeding concentrations.
This makes it possible to detect virus removal over 11 log10 units (Schijven and
Hassanizadeh, 2000). Bacteriophages MS2 and PRD1 are often used as model the fate
of other enteric viruses on the basis of size and structural similarities to other enteric
viruses. These viruses are used extensively in the field because they pose no threat to
human health (Powelson et al., 1991). PRD1 is an icosahedral phage with a diameter
of 62 nm and an isoelectric point between pH 3 and 4, implying it is negatively
charged in the natural groundwater pH range of 5 to 8 (Loveland et al., 1996). PRD1
may be considered as a worst-case model virus because of its low inactivation rate
between 10-23 °C (Bertrand et al., 2012; Blanc and Nasser, 1996; Harvey and Ryan,
2004).
1.2.3 DLVO theory
Virus attachment to solid particles is often explained based on the DLVO
theory. The concepts of the DLVO theory have been established independently by
Derjaguin and Landau (1941), and Verwey and Overbreek in Netherlands (1948). The
DLVO theory takes account of mainly two types of interactions that act between
colloids and between colloids and larger particles in suspension: attractive van der
Waals interactions and electrostatic interactions which can be attractive or repulsive.
The total interaction potential can be calculated as a function of distance. In addition
to the electrostatic and van der Waals interactions, poorly characterized short-range
forces such as hydration and steric repulsion can be included when calculating
interaction profiles (Ryan and Elimelech, 1996; Hahn and O’Melia, 2004). An example
of such a profile for two identically charged particles is shown in Figure 1.2. The total
potential energy curve is characterized by an attractive energy well at a very small
separation distance (δ), a primary minimum (φmin1), a repulsive energy barrier (φmax),
and a shallow secondary minimum (φmin2) at a larger separation distance. The van der
Waals attraction is an electrical force between induced dipole moments between
involved atoms or molecules (Gerba, 1984). For particles consisting of many atoms or
molecules, the van der Waals interactions can be described as a linear function of the
Hamaker constant. The Hamaker constant depends on the nature of the interacting
materials (Swanton, 1995). The Hamaker constants of most forms of organic matter
are similar to those of water, hence the van der Waals interactions between organic
colloids are weak. Inorganic matter tends to have large Hamaker constants and thus
a stronger inherent attraction for virus (Moore et al., 1981).
Regarding the attachment of viruses to quartz sand, the shape of the DLVO
profile is determined by the surface characteristics of the virus and the sand grain-,
and by solution chemistry (pH, ionic strength, ion composition). Despite the
22

General introduction

numerous applications of DLVO theory for virus attachment, quantitative predictions
can be difficult due to several factors which are not included in the theory. These
factors include hydrophobic forces, steric forces and hydration forces.

Figure 1.2. DLVO energy as a function of separation distance between a colloid and a
Total
collector. The total potential energy (φ ) is the sum of the double layer potential energy
DL
vdW
Born
(φ ), the van der Waals potential energy (φ ), and the Born potential energy (φ ). The
total potential energy curve is characterized by an attractive well at a very small separation
distance (φ), the primary minimum (φmin1), a repulsive energy barrier (φmax), and a shallow
attractive well at a larger separation distance (φmin2). The potential energy is normalized by
kBT (Schijven and Hassanizadeh, 2000).

1.2.4 Effect of pH on virus attachment
Schijven and Hassanizadeh (2000) have reviewed literature on virus transport
and summarized the most important trends regarding the dependency of attachment
rate coefficients on conditions in the system. The mechanisms whereby pH affects
virus attachment to soil particles have been explained in terms of electrostatic
interactions between the virus and the solid surfaces (Gerba and Bitton, 1984;
23
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Sobsey, 1983). The outer surface of the enteric viruses is made of protein and the
surface charge is predominately controlled by the ionization of carboxyl and amino
groups in the capsid. The isoelectric point (pI) of many enteric viruses is below 7
(Gerba, 1984), thus, at neutral pH, most viruses are negatively charged. The surface
charge of minerals is controlled by the chemisorptions of ions onto the surface.
Among the reactions with the, so called potential-determining ions, protonation and
deprotonation of functional groups at the mineral surface are the most important
ones. Hence, the surface charge of most minerals is pH dependent and many
minerals, in particular silicates, in soils and aquifers are also negatively charged at
neutral pH, and virus attachment is not favored because of the mutual repulsion.
Exceptions are iron and aluminium oxides which typically exhibit a positive charge at
neutral pH. Coating of sand grains with iron oxides can lead therefore to an increase
in virus attachment (Schijven et al., 2000; Torkzaban et al, 2006). Due to the pH
dependence of surface charge densities, also virus attachment shows a pH
dependency. At basic pH, the surface charge densities tend to be more negative and
the electrostatic repulsion is expected to increase. In contrast, at slightly acidic pH,
repulsion becomes less when the pH approaches the point of zero charge. When the
pH is below the point of zero charge of either the virus or the mineral surface,
electrostatic repulsion changes into electrostatic attraction.
These conceptual considerations have been supported by various studies and
virus attachment was found to be lower at higher pH (Grant et al., 1993; Gerba at al.,
1981). For example, bacteriophage PRD1 has been shown to attach to silica beads in
a column at pH 5.5 but not at all at pH 7 (Bales et al., 1995). Likewise, Loveland et al.
(1996) showed that at higher pH, attachment of PRD1 is slower and also detachment
is faster. Although the trend for the effect of pH on attachment is well established, to
our knowledge, a quantitative relation which links pH to virus attachment has not
been reported so far.
1.2.5 Effect of ionic strength on virus attachment
The surface potential of a variable-charge surface is not only controlled by
the sorption of potential determining ions but the potential is also modulated by the
ionic strength. Additionally, the shielding effect of counterions in solution
compresses the electric field of charged surfaces and by this reduces the electrostatic
repulsion between particles of identical charge. As a consequence, viruses tend to
adsorb strongly to various materials at high ionic strength (Lipson and Stotzky, 1983;
Grant et al., 1993) and, in general, virus attachment increases with increasing ionic
strength (Schijven and Hassanizadeh, 2000). Other studies also demonstrated this
effect for different bacteriophages (e.g. McCarthy et al., 2002; Walshe et al. 2010;
24
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Zhuang and Jin, 2003a). However, quantitative relationships between attachment
parameters and ionic strength are still lacking.
1.2.6 Effect of calcium on virus attachment
The effect of divalent cations like calcium on deposition of colloids and
microbial particles has been investigated in a number of studies (Ryan and Elimelich,
1996; Redman et al., 1999; McCarthy et al., 2002&2004; Zhuang and Jin, 2003a;
Xiqing et al., 2004). Bales et al. (1991) showed in a batch experiment at pH 5 that
attachment of MS2 to silica beads was at least 10 times higher in the presence of
Ca2+. Redman et al. (1999) found that the attachment of bacteriophage SJC3 to
quartz was more pronounced when using a bivalent cation (Ca2+ or Mg2+) instead of a
monovalent one (Na+). This trend seems to be consistent when virus and mineral
surfaces are negatively charged. However, the underlying mechanism of this effect is
less understood and several possible explanations have been given. Multivalent
cations have, in general, a stronger tendency to form inner sphere complexes with
functional groups at mineral surfaces than Na+. Carlson et al. (1968) demonstrated
that virus adsorption was greatly enhanced, when the surface charge of the mineral
changes from negative to positive as a result of presence of multivalent cations such
as Ca2+ and Al3+. Additionally, multivalent ions have a stronger shielding effect than
monovalent ions, so that, the electrostatic repulsion of identically charged particles
might be reduced in the presence of multivalent ions. However, the net effect of the
presence of bivalent cations on repulsive double layer interactions can be more
complex. Therefore, quantitative assessment of the double layer interactions is
required to determine whether increased attachment can be attributed to the effect
on electrostatic interactions. When replacing NaCl solution with CaCl2 solution of
identical concentration, the ionic strength changes. To our knowledge, no studies
have been performed so far which aim at separating the effects of counterion
valence on virus attachment from those of changing ionic strength.
1.2.7 Virus inactivation
Viruses can be inactivated because of the disruption of coat proteins and the
degradation of nucleic acids (Gerba, 1984). Virus inactivation may occur when viruses
are suspended in liquid or when adsorbed onto surfaces (Sobsey et al. 1980).
Important factors that influence virus inactivation rates during saturated subsurface
transport are virus type and temperature (Hurst et al. 1980; Yates et al., 1985, 1987;
Jansons et al, 1989; Nasser et al. 1993; Blanc and Nasser, 1996; Harvey, 2004),
adsorption to particulate matter (Gerba, 1984), soil microbial activity (Hurst, 1988;
25
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Nasser et al, 2002; Davies et al 2006), presence of metal oxide (Chu et al., 2000;
Schijven and Hassanizadeh, 2002), calcium concentration (Yates et al., 1985) , pH (
Feng et al., 2003; Yates et al., 1987) and soil moisture (Song et al., 2005; Yates et al.,
1987). Yates et al (1987) developed a linear equation for the inactivation of
bacteriophage MS2 as a function of temperature, but for other physico-chemical
conditions, only a correlation coefficient was calculated.
Harvey and Ryan (2004) collected literature data for inactivation of PRD1 in
the groundwater and developed a linear relationship with temperature. They have
emphasized that, Although a first order dependence of PRD1 inactivation rate
coefficient on temperature may be valid for PRD1 for the experimental conditions
reported, it is not clear that this relationship would hold under more extreme
conditions; e.g., pH values outside the range of 4–9, temperatures outside the range
of 1–20 °C, or groundwaters with disparate chemistries. Bertrand et al (2012)
established for a large number of viruses in different matrices a quantitative
relationship between virus inactivation rate coefficient and temperature. Also Hurst
(1991) developed both linear and polynomial regressions to describe the influence of
environmental factors and material characteristics on the stability of viral infectivity
in soils, fresh waters and wastewater sludge. In that study, the published data for
Poliovirus1, bacteriophage MS2, and bacteriophage T2 have been used. However, it
can be concluded there still is a lack of quantitative relationships for virus
inactivation rate coefficients as a function of physico-chemical conditions.

1.3 Description of research
The main goal of this research has been to develop quantitative relationships
needed for the prediction transport of viruses through groundwater on the basis of
the hydrochemical properties of the groundwater. The research comprises laboratory
experiments and modeling. To reach these aims bacteriophage PRD1 was used as a
model virus (see section 1.2.2). Column and batch experiments were preformed at a
range of pH values, ionic strengths and calcium concentrations. From these
experiments, attachment rate coefficients and inactivation rate coefficients were
derived. The ranges of the experimental conditions encompass those found in Dutch
groundwaters. In this thesis, experimental results were used to develop quantitative
relationships for attachment and inactivation rate coefficients as a function of
hydrochemical conditions.
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1.4 Thesis outline
Kinetic transport models were used to reproduce the breakthrough curves
and, by this, values for the kinetic parameters were determined. These data were the
basis for developing quantitative empirical formulas that can be used to predict virus
transport under various physico-chemical conditions, is described in chapters 2 – 4. In
chapter 2, we report on a set of comprehensive column experiments carried out at
various combinations of pH and ionic strength values. The analysis of data and the
calculation of attachment/detachment rate coefficients as well as inactivation rate
coefficients of free and attached viruses are explained. A quantitative formula for the
sticking efficiency as a function of pH and ionic strength is presented. Chapter 3
extends this for the role of Ca2+ concentration on the attachment rate coefficient of
PRD1. An empirical relationship has been presented in this chapter for the effect of
Ca2+ on attachment coefficient rate as well as sticking efficiency. In chapter 4 the
inactivation rate coefficient of PRD1 at different pH, ionic strength and calcium
concentrations is evaluated. Chapter 5 discusses the use of batch experiments to
obtain kinetic parameters for virus attachment and inactivation. The analytical
solution for estimation of parameters in kinetic batch experiments is presented in
this chapter. Finally, chapter 6 summarizes our findings and discusses the
implications of this research. In this chapter a combined empirical formula for
calculation of sticking efficiency as a function of pH, Ca2+, and Na+ is become
available. Indeed a combined formula for calculation of indicative values for
inactivation coefficient rate of PRD1 as function of temperature, pH, Ca2+, and Na+ is
discussed.
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Chapter 2

2.1. Abstract
Objectives of this work are to investigate effects of pH and ionic strength (IS)
on virus transport in saturated soil and to develop a quantitative relationship for
these effects. A series of 50-cm column experiments with clean quartz sand under
saturated conditions and with pH values of 5, 6, 7 , 8, and IS values of 1, 10 and 20
mM were conducted. Bacteriophage PRD1 was used as a model virus. Applying a
one-site kinetic model, attachment, detachment and inactivation rate coefficients
were determined from fitting breakthrough curves using the software package
Hydrus-1D. Attachment rate coefficients increased with decreasing pH and increasing
ionic strength, in agreement with DLVO theory. Sticking efficiencies were calculated
from the attachment rate coefficients and used to develop an empirical formula for
sticking efficiency as a function of pH and IS. This relationship is applicable under
unfavourable conditions for virus attachment. We compared sticking efficiencies
predicted by the empirical formula with those from field and column experiments.
Within the calibrated range of pH and IS, the predicted and observed sticking
efficiencies are in reasonable agreement for bacteriophages PRD1 and MS2. However,
the formula significantly overestimates sticking efficiencies for IS higher than 100
mM. Also, it performs less well for viruses with different surface reactivity than PRD1
and MS2. Effects of pH and ionic strength on detachment and inactivation rate
coefficients were also investigated but the experimental results do not allow
constraining these parameters with sufficient certainty.
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2.2. Introduction
Ground water is a major source for drinking water, because of its good
microbial quality in its natural state as compared with fresh surface water.
Nevertheless, it may be contaminated with pathogenic microorganisms (Schijven et
al. 2010), especially viruses, and that may hamper drinking water production
(Schijven and Hassanizadeh 2000).
Ground water can be protected from
contamination with pathogenic microorganisms by applying adequate setback
distances between sources of contamination and production wells, using soil as a
barrier (Schijven and Hassanizadeh 2002). In order to establish protection zones
around abstraction wells, data need to be collected and deterministic relations need
to be developed for quantifying the removal processes during subsurface transport.
In that regard, removal processes (attachment and inactivation) largely determine
the size of the required protection zones.
According to current regulations in the Netherlands, protection zones of
shallow unconfined sandy aquifers should ensure a travel time of 60 days (Schijven et
al. 2006). However, using conservative estimates of removal processes, Schijven et al.
(2006) found that a travel time of one to two years may be required for shallow,
unconfined sandy aquifers. Nevertheless, to date, the uncertainties with respect to
the extent of removal processes are large and therefore the required extension of
protection zones cannot be estimated accurately. Greater certainty about the
requirements for protecting drinking water wells from virus contamination is
urgently needed as the enlargement of the protection zones has great consequences
for spatial planning. To identify and reduce these uncertainties, the relation between
removal processes and physicochemical conditions of the ground water and
sediments needs to be quantified at different scales. The two most significant
processes controlling virus mobility in the subsurface environment are virus
attachment and inactivation (Schijven et al. 2006). Based on previous studies, many
factors have been identified that impact these processes, such as the size and
isoelectric point of viruses (Dowd et al. 1998), ionic strength (IS) and pH of the
ground water (Fontes et al. 1991; Torkzaban et al. 2006), organic content of the
ground water (Foppen et al. 2006; Pieper et al. 1997; Zhuang and Jin 2003), aquifer
substrate grain size (Fontes et al. 1991) and soil water content (Jin et al. 2000;
Torkzaban et al. 2006). Other hydrological factors are also important such as flow
velocity and the heterogeneity of the aquifer substrate (Bhattacharjee et al. 2002;
Walshe et al. 2010).
Among previously mentioned factors, pH and IS seem to have the largest
influence on virus removal (Schijven and Hassanizadeh, 2000). As Schijven and
Hassanizadeh (2000) reviewed, in many studies it has been shown that virus
attachment is generally much less at higher pH. This can be explained, according to
the DLVO-theory, by the increased electrostatic repulsion at higher pH. Also, it is in
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agreement with DLVO-theory that attachment rates of viruses to solid particles
increase with increasing IS because of compression of double layers around soil
grains (Israelachvili 1992). Comprehensive studies on the effect of pH on virus
attachment have been conducted by Grant et al. (1993) and Loveland et al. (1996)
and on the effect of IS by Grant et al. (1993) and Penrod et al. (1996). Nevertheless,
so far, a quantitative relationship for the combined effect of pH and IS on virus
attachment for a wide range of values of pH and ionic strength is not yet established.
The objectives of this work have been to investigate the effects of pH and IS
on virus removal in saturated porous media and to develop quantitative relations for
these effects. In order to do so, a systematic study in columns with clean sand under
saturated conditions at various pH and IS values, within the range of field conditions
typically encountered in sand aquifers, was conducted using bacteriophage PRD1 as a
model virus.

2.3. Material and methods
2.3.1. Column set-up and operation
A cylindrical polymethylmethacrylate column with an inner diameter of 5 cm
and length of 50 cm was packed with quartz sand. Top and bottom lids were made of
polyoxymethylene with an inlet in the middle for the water flow. Between lid and
column two 80-130 µm pore size hydrophilic polyethylene screens were placed to
distribute the water evenly over the entrance/exit area.
Quartz sand (H31, Sibelcoo, Belgium) with an average grain size of 0.44 mm
was used to pack the column. In order to remove potential impurities, the procedure
used by Foppen et al. (2007) was adopted to clean the sand. The sand was heated to
850±50°C for 4 hours followed by acid-washing in 12N HCl for 48 hours and rinsing
with de-ionized water until electrical conductivity of rinse water was less than 1
µS/cm. Before packing, the sand was boiled in de-ionized water to facilitate
hydration of the sand grain surfaces and remove air. Columns were packed
incrementally under saturated conditions. During column packing the sand was
stirred with a steel spatula to prevent particle size separation during settling. To
support settling, vibration via a rubber mallet was applied to each increment of sand.
Columns were packed with new sand for each experiment.
2.3.2. Preparation of solution
For the preparation of the solution used in batch and column experiments,
the following procedure was used. With the aid of thermodynamic equilibrium
calculations (MINEQL+ 4.6), the amount of bicarbonate required to achieve a desired
value of pH in equilibrium with the atmospheric CO2 pressure was calculated. Then
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NaCl was added to adjust ionic strength (IS) by taking into consideration the amount
of NaHCO3. In total 12 different solutions with various combination of pH values of 5,
6, 7, 8 and IS values of 1, 10, and 20 mM were used in experiments. The composition
of the experimental solutions is listed in Table 2.1. Prior to the column experiments,
the solution was equilibrated open to the atmosphere over several days in which the
pH was regularly readjusted with NaOH or HCl. The additionally added amounts of
NaOH and HCl did not alter IS significantly.
Columns were flushed with several pore volumes of water of the desired pH
and IS until the difference in pH and electric conductivity of the influent and effluent
was not more than 0.05 and 10 µS/cm, respectively. Columns were operated under
saturated conditions and at steady-state flow. Flow rate was measured just before
seeding the column and a second time before the arrival of breakthrough curve.
Effluent samples were collected in 20-ml glass tubes using a multi position fraction
collector. All column experiments were conducted in a temperature controlled room
(11±1C) to mimic typical conditions in Dutch aquifers.
A pulse of 10 mM NaCl solution with the length of 0.25 – 0.40 pore volumes
in the inflow was used as a tracer in order to determine dispersivity and porosity of
each column. Salt breakthrough data were analyzed using Hydrus-1D (Simunek et al.
2005).

Table 2.1 The composition of inflow solution

pH
5
6
7
8

IS 1
(mM)

NaHCO3
IS 10
(mM)

IS 20
(mM)

0.01
0.07
0.72

0.01
0.08
0.76

0.01
0.08
0.79

IS 1
(mM)
1.00
0.99
0.93
0.28

NaCl
IS 10
(mM)
10.00
9.99
9.92
9.24

IS 20
(mM)
20.00
19.99
19.92
19.21

2.3.3. Bacteriophage PRD1
Bacteriophage PRD1 was used as a model virus in our experiments. PRD1 is
an icosahedral phage with a diameter of 62 nm and an isoelectric point between pH 3
and 4, implying it is strongly negatively charged at pH values of 5 and higher
(Loveland et al. 1996). A suspension of 1013 plaque forming particles (pfp) /ml was
prepared as described in ISO 10705-1 and stored at 53C. For each column
experiment, seeding suspensions of bacteriophage PRD1 containing about 105 pfp
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/ml were prepared from the stock suspension by diluting with the solution set to the
pH and ionic strength that was used for running the column experiment. Each
seeding suspension was introduced into the column for about seven hours at a
constant flow rate. The influent was then switched to a bacteriophage-free solution
after a given number of pore volumes as listed in Table 2.2.
Salmonella typhimurium LT-2 was the host bacteria for PRD1. Host bacteria
and bacteriophage were obtained from the National Institute of Public Health and
the Environment, Bilthoven, The Netherlands (RIVM). The samples were assayed
using the plaque forming technique described by ISO 10705-1 (1995), with the
omission of nalidixic acid. All samples were analyzed within 24 hours of collection
and samples with anomalous values were retested the following day.
2.3.4. Inactivation experiments
Inactivation of PRD1 in water, defined as gradual loss of the ability to infect
its bacterial host, was measured in batch experiments under controlled room
temperature (11±1C). For this purpose, 100-ml glass bottles were filled with water
at ionic strength of 1 mM and five different pH values ranging from 4 to 8 (NaHCO 3
/NaCl). The initial concentration of bacteriophages was about 4000 pfp/ml. The
concentration of active bacteriophages was monitored over a period of three weeks
by regularly taking subsamples. From these data, the inactivation rate coefficient in
water, l, was calculated for different pH values at IS=1 mM. Additionally,
inactivation experiments were conducted at ionic strength of 20 mM but only at pH 7.
The same l values as for IS=20 mM were used for IS=10 mM, as they are expected to
be close to each other. Values for the inactivation rate coefficients, l, were
estimated by means of linear regression analysis.
2.3.5. Modelling of transport and fate of viruses in saturated sand columns
The governing equations for modelling virus transport, including advection,
dispersion, attachment, detachment and inactivation are (Bales et al. 1991):

C 
C
C

 (  Lv
)v
 kattC  l C  kdet B S
t x
x
x
n

(2.1)

S
n

kattC  kdet S   s S
t  B

(2.2)
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where C is the number density of viruses in water [# of virus particles L -3 ], S is the
number of attached viruses per unit mass of soil [# of virus particles M-1],  B is the
dry bulk density [ML-3], αL is dispersivity [L], ν is the pore water velocity [LT-1], n is the
porosity [-], µl and µs are the inactivation rate coefficients for bacteriophages in
water and attached to the solid surface, respectively [T-1]. katt and kdet are the
attachment and detachment rate coefficients [T-1], respectively. The following
boundary conditions were applied:
C=C0 at x=0 and

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

Commonly, the attachment coefficient is assumed to be related to the average flow
velocity. The formula that is often used is (Tufenkji and Elimelech 2004):

k att 

3 (1  n)
v0
2 dc

(2.3)

where dc is diameter of grain size [L],  is sticking efficiency [-], and  0 is singlecollector contact efficiency [-], representing the ratio of the rate of particles
approaching the collector to the rate of particles striking a collector (Tufenkji and
Elimelech 2004). The single-collector contact efficiency  0 can be calculated
independently (Tufenkji and Elimelech 2004). Hence, for a given katt the sticking
efficiency parameter (  ) can be calculated from Equation 2.3. The sticking efficiency
is defined as the ratio of the number of collisions that result in attachment versus the
total number of collisions. Essentially,  represents the probability that collision will
end in attachment. The significance of the sticking efficiency is that, in contrast to katt,
it is considered to be independent of hydrologic conditions.
2.3.6. Parameter estimation
Breakthrough curves were fitted for parameter estimation using Hydrus-1D
(Simunek et al. 2005). Values for medium porosity (n) and dispersivity (αL) were
obtained by fitting the salt breakthrough curves. Pore water velocity v was
calculated from n and the measured superficial velocity. The inactivation rate of free
phage was determined directly from laboratory measurements as described in
inactivation experiment section. Using v and  L from the salt breakthrough curves
as fixed values, values for katt, kdet and µs were obtained from fitting the virus
breakthrough curves to resident concentration values. The concentration values of
the tails of the breakthrough curves are two to three orders of magnitude lower than
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the maximum breakthrough concentrations. In order to insure their influence in the
fitting procedure, they were therefore, given weights of ten in order to achieve
proper fitting of the tails, whilst maintaining proper fitting of the maximum
breakthrough concentrations.
The katt values that were obtained from fitting the breakthrough curves were
used to calculate sticking efficiencies using Equation (2.3). An empirical formula was
then developed to relate α to pH and ionic strength using the function
NonlinearModelFit in Mathematica (version 7, Wolfram Inc.).
2.4. Results and discussion
Figure 2.1 presents the measured and fitted breakthrough curves from the
column experiments with clean quartz sand conducted at the various pH and IS
values. In these graphs, the normalized effluent concentration is plotted versus the
number of pore volumes passed through the column. Breakthrough of the injected
bacteriophage was measured in the effluent after approximately 0.70 pore volumes.
In all cases, a tail was observed except for the experiment at pH 5 and ionic strength
20 mM, where there was a rapid decline to concentrations below the detection limit
for 1 ml of sample. This tail shows that detachment of bacteriophage particles takes
place. The height of this tail is mainly determined by the detachment rate, whereas
the slope of the tail is mainly determined by the inactivation rate of attached phage
particles (Schijven et al., 1999). There was no time difference between the arrival of
the NaCl tracer and the bacteriophage. Parameter values for katt, kdet and µs obtained
from fitting the breakthrough curves with the one-site kinetic model are listed in
Table 2.2.
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Figure 2.1 Measured breakthrough concentration of bacteriophage PRD1 (open circles) fitted
with a one-site kinetic model (solid line).

From Figure 2.1, it can be seen that for a given IS (1, 10 and 20 mM) the
breakthrough concentration decreases with decreasing pH. While for a given pH the
breakthrough concentration increases with decreasing IS. The effect of pH on the
breakthrough concentration is stronger at higher IS. Because the breakthrough
concentration is mainly determined by attachment (Schijven et al. 1999), it implies
that attachment increases with decreasing pH and increasing IS. These trends are
also apparent from the k att values given in Table 2.2.
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Table 2.2 Measured and estimated parameter values for various pH and IS
pH

8
7
6
5
8
7
6
5
8
7
6
5
1

IS
mM
1
1
1
1
10
10
10
10
20
20
20
20

n

L

PD1

v

95%-CI

k det

95%-CI

l

s

R2

Lo
hi
Lo
hi
-1
-1
-1
-1
md
PV
h
h
h
h
h
h-1
h-1
h-1
0.20 2.09 1.12 0.0045
0
0.0093 0.2000
0
0.89 0.003 0.015 98%
0.20 2.17 1.08 0.041 0.023 0.060 0.0019
0
0.015 0.005 0.025 95%
0.22 2.11 1.05 0.070 0.044 0.095 0.0009
0
0.0091 0.004 0.025 92%
0.20 1.95 1.22 0.11
0.10
0.12 0.0031
0
0.0068 0.006 0.035 97%
0.20 2.11 1.02 0.038 0.028 0.049 0.0036
0
0.0112 0.007 0.040 97%
0.20 2.05 1.04 0.040 0.028 0.052 0.0026
0
0.0094 0.007 0.035 97%
0.20 2.16 1.57 0.14
0.12
0.16 0.0030
0
0.0073 0.007 0.035 92%
0.20 2.09 1.50 0.80
0.79
0.82 0.0070 0.0059 0.081 0.007 0.035 95%
0.20 2.09 1.28 0.11
0.089
0.12 0.0045
0
0.0094 0.007 0.027 95%
0.20 2.12 1.41 0.21
0.19
0.22
0.014 0.011 0.0167 0.007 0.027 94%
0.20 2.04 1.51 0.55
0.54
0.57 0.0036 0.0026 0.0046 0.007 0.027 94%
0.200 2.11 1.40 2.08 2.0184 2.1435
0
0.0095 0.007 0.035 65%
-1

0.37
0.36
0.36
0.36
0.37
0.37
0.37
0.36
0.36
0.36
0.36
0.36

k att

Pulse duration in pore volumes (PV)



-1

0.00011
0.0011
0.0018
0.0030
0.0010
0.0011
0.0036
0.0209
0.0027
0.0053
0.015
0.0541
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The values of µl at IS of 1 mM and pH values from 5 to 8, varied between 0.003 and
0.006 h-1, whereas the value at pH 7 and IS of 20 mM was 0.007 h-1. These values are
so low that inactivation within the time span of the column experiments was
negligible. Nevertheless, a  l of 0.007 h-1 was used in the fitting of breakthrough
curves with ionic strength of 10 and 20 mM.
In a number of cases, tailing was measured up to 8–10 pore volumes. In
those cases, the slopes of the tails are similar. Because the slope of the tail is mainly
determined by the inactivation rate of attached viruses (Schijven et al. 1999),
apparently, pH and IS have little effect on this process. The values of µs varied
between 0.015 and 0.04 h-1, with the majority being near 0.035 h-1 with no obvious
effect of pH or IS. However, the value of µs is 5–6 times higher than that of µl. The
heights of the tails are mainly determined by detachment (Schijven et al. 1999). The
estimates of kdet are very uncertain (Table 2.2). When taking the 95% confidence
interval into consideration, with the exception of pH 8 and IS of 1 mM, there is no
apparent effect of pH and IS on the value of the detachment rate coefficient.
From non-linear model fitting, sticking efficiencies were determined as a
function of pH and ionic strength. R2, the square of the sample correlation coefficient,
was 99.2%. The following empirical formula was obtained:

  pH , IS   Exp a0  a1 pH  a2 IS 

(2.4)

The values of coefficients a 0 , a1 and a 2 are given in Table 2.3, including their
standard error.

Table 2.3 Values of a 0 , a1 and a 2 in equation (2.4)

Estimate
Standard error

a0

a1

a2

1.29
0.53

1.28
0.099

0.11
0.0082

Within the range of experimental conditions, the logarithm of the sticking
efficiency appears to depend linearly on pH and IS. Figure 2.2 shows the estimated
sticking efficiencies and the fitted formula. This empirical equation can be
rationalized based on the interaction force boundary layer (IBFL) model (Cail and
Hochella 2005). According to this model the sticking efficiency is exponentially
related to the intersurface potential energy. This explains the exponential form of
Equation 2.4 when relating the terms inside the exponential function to the
intersurface potential energy. This energy depends, according to DLVO theory, on the
surface potentials of the particles and the Debye length (Israelachvili 1992). Both
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bacteriophage and quartz have variable-charge surfaces and they are both negatively
charged in the investigated pH range. Consequently, the absolute value of their
surface charge densities increases with pH. At constant ionic strength, an increase in
surface charge density is accompanied by an increase in surface potential. This, in
turn, implies that the intersurface potential energy, hence the energy barrier,
becomes larger which has a negative effect on the sticking efficiency. This
relationship is reflected in the negative pH term in the exponential function given in
Equation (2.4).

Figure 2.2 Sticking efficiency of bacteriophage PRD1 as a function of pH and ionic strength

The effect of ionic strength is less straightforward. On one hand, the Debye
length is a square root function of ionic strength and the compression of the double
layer reduces the intersurface potential energy according to DLVO theory. On the
other hand, diffuse double layer theory predicts that the suppression of electrostatic
effects at elevated ionic strength facilitates the dissociation of functional groups at
the particle surfaces (Stumm 1992). As a consequence, the surface charge densities
are expected to increase but this increase has little effect on the surface potentials.
This is because the relationship between surface charge density and surface potential
is also ionic strength dependent for variable charge surfaces (Stumm 1992). In
summary, the decrease in Debye length according to the DLVO theory is the
dominating effect of increasing ionic strength on sticking efficiency. The positive term
in the exponential function accounts for this effect.
In conclusion, Equation (2.4) captures the main trends predicted by theory,
even though it is not derived from rigorous combination of IFBL model, DLVO and
double layer theory. It is also evident that only a relationship integrating the effects
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of both pH and ionic strength on the sticking efficiency can be of general applicability
when dealing with particles and collectors with variable charge surfaces. The latter is
usually the case for the transport of viruses in aquifer material. Hence, we assume
that Equation 2.4, in its general form, can be widely applied to relate sticking
efficiencies for viruses in aquifers to pH and IS. However, the general form of
Equation 2.4 is inappropriate when virus and mineral surfaces are oppositely charged.
When particle and collector are oppositely charged, particle deposition is not
controlled by the effects of electrostatic repulsion but by transport limitation
(Spielman and Friedlander 1974) and Equation 2.4 fails to account for this. In the
relevant pH range, bacteriophage PRD1 surfaces are generally negatively charged
(Bales et al. 1991). Also the main components of sedimentary aquifers, silicates and
carbonates, tend to be negatively charged at neutral pH (Stumm 1992). However,
iron and aluminium oxides have typically a pHpzc (Point of Zero Charge) above 7.0
implying that the surface charge is positive at neutral pH. Even when present in low
amounts these phases might account for a significant part of the reactive surface
area in aquifers when occurring as surface coatings or as the gibbsite layer in
kaolinite. Under these conditions pH and ionic strength might be less important
regarding virus attachment.
In order to evaluate the utility of this formula for application to field
situations, we have compiled values of sticking efficiency reported in the literature. In
particular, we have collected data from sandy aquifers, where sticking efficiencies
have been determined with reasonable certainty. Data is given in Table 2.4. The
calculated sticking efficiencies by using Equation 2.4 are given in the last column of
the table. At high IS ( 100 mM) high sticking efficiencies (>1) are predicted by using
Equation 2.4 and therefore overestimates the observed values. Equation 2.4 has only
been calibrated until an IS of 20mM and apparently fails when extrapolating to
higher IS. In Figure 2.3, sticking efficiencies obtained from field and column
experiments under conditions within the calibrated pH and IS range are plotted
against those calculated using our empirical formula. Figure 2.3 shows that the
calculated and reported sticking efficiencies are in reasonable agreement for MS2
from column experiments and for PRD1 from field studies. Like PRD1, MS2 is a
strongly negatively charged virus (Schijven and Hassanizadeh 2000). Our empirical
formula underestimates the sticking efficiencies of bacteriophage X174 and of
poliovirus, but this is evident from the fact these viruses are not so strongly
negatively charged as MS2 and PRD1 (Schijven and Hassanizadeh 2000). Nevertheless,
from Figure 2.3 it can also be seen that there is a similar trend between measured
sticking efficiency and calculated sticking efficiency for PRD1, MS2 and phage . The
latter is an icosahedral bacteriophage with a tail.
Most of the measured and predicted sticking efficiencies listed in Table 2.4
are above 4×10-4. However, in other field studies under anoxic conditions (Schijven et
al. 2000; Wielen et al. 2008) sticking efficiencies as low as 10-5 were estimated. The
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observation of very low sticking efficiencies can be attributed to scale effects. A
relation between column length and sticking efficiencies has been reported for E. coli
strains (Lutterodt et al. 2009). In longer columns, it is possible to determine
attachment under unfavourable conditions with greater accuracy. Also, the existence
of possible subpopulations of the bacteriophages with lower sticking efficiency would
become apparent in experiments with longer columns.

1

log α measured

0

-1

MS2-Column
λ-column
PRD1-field

-2

-3

-4
-4

-3

-2

-1

0

1

log α model

Figure 2.3 Comparison between sticking efficiency from previously published literature and
empirical formula used in this study
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Table 2.4 Comparison between sticking efficiency from previously published literature and empirical formula used in this study
Microbe

PRD1

MS2

Soil

sand Cape Cod

sand Cape Cod

Column

quartz

λ

Quartz

Polio1

Silica beads

pH

IS

α

Reference

α

mM

Measured

5.7

100

0.94

7

100

0.82

>1

8.2

100

0.58

5.7

100

0.007

>1
>1

7

100

0.01

8.2

100

0

3.5

10

0.12

3.5

300

0.16

>1

5

10

0.009

0.018

5

100

0.09

>1

5
3.9
5
5
5
5.5
7
7

300
10
10
100
300
50
50
50

0.04
1.25
0.045
0.53
0.65
0.014
0.004
0.0072

Model
Kinoshita et al. 1993

Kinoshita et al. 1993

>1

>1
>1
Penrod et al. 1996

Penrod et al. 1996

Bales et al. 1993

0.124

>1
0.074
0.018
>1
>1
0.779
0.114
0.114

Table 2.4 Continue
Soil

pH

IS
mM

α
Measured

PRD1

Sand

7.4

5.0

0.0029

(Borden)

8.4

5.0

0.0012

sand

5-5.7

1.3

0.011

Cape Cod

6-6.7

6.4

0.002

Sand

5.4-5.6

0.6

0.0032±.0016

Cape Cod

5.8-6

4.6

0.0016±0.005

Dune sand

7.3-8.3

14.4

0.0024

7.3-8.3

14.4

0.00043

7.3-8.3

14.4

0.02

7.3-8.3

14.4

0.00078

sand/gravel

7.2

4.6

0.006-0.311

Missoula

7.2

4.6

0.007-0.319

Sand/gravel

7.2

4.6

0.047-2.108

7.2

4.6

0.019-0.866

Field

Microbe

FRNAPH's
ØX174
Polio 1

Dune sand

Reference
Bales et al. 1997

α
Model
0.0005
0.0001

Pieper et al.1997

0.0028-0.0070
0.0007-0.0034

Ryan et al. 1999

0.0030-0.0038
0.0028-0.0036

Schijven et al.1999

0.0004-0.0015
0.0004-0.0015

Schijven et al.1998

0.0004-0.0015
0.0004-0.0015

DeBorde et al.1998

0.0006
0.0006

DeBorde et al.1998

0.0006
0.0006
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2.5. Summary and conclusions
An empirical formula for the sticking efficiency as a function of pH and ionic
strength has been developed for bacteriophage PRD1 in clean quartz sand columns
for the pH range of 5–8 and ionic strength of 1–20 mM. This is the first time that such
a quantitative formula has been presented. Sticking efficiencies were found to
increase with decreasing pH and increasing IS, in agreement with DLVO-theory. The
comparison of values of the sticking efficiency reported in literature with those
calculated using the empirical formula, show reasonable agreement for the range of
ionic strengths we have tested. Effects of pH and ionic strength on the detachment
rate coefficient as well as on the inactivation rate coefficient of attached virus
particles still needs to be determined with higher certainty.
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Chapter 3

3.1. Abstract
The objective of this work was to investigate and obtain quantitative
relations for the effects of Ca2+ concentration on virus removal in saturated soil. In
order to do so, a systematic study was performed with a range of calcium
concentrations corresponding to natural field conditions. Experiments were
conducted in a 50‐cm column with clean quartz sand under saturated conditions.
Inflow solutions were prepared by adding CaCl 2, NaCl and NaHCO 3 to de‐ionized
water. Values of pH and ionic strength were fixed at 7 and 10 mM, respectively.
Bacteriophage PRD1 was used as a conservative model virus for virus removal. The
samples were assayed using the plaque forming technique. Attachment, detachment
and inactivation rate coefficients were determined from fitting breakthrough curves.
Attachment rate coefficients were found to increase with increasing calcium
concentration. Results were used to calculate sticking efficiency, for which an
empirical formula as a function of Ca2+ was developed. Numerical solutions of the
Poisson‐Boltzmann equation were obtained to evaluate the effect of Ca2+ on the
double‐layer interactions between quartz and PRD1. Based on these results, the
DLVO interaction energies were calculated. It turned out that the experimental
findings cannot be explained with the distance profiles of the DLVO interaction. The
discrepancy between theory and experiment can be attributed to underestimation of
the van der Waals interactions, chemisorption of Ca2+ onto the surfaces, or by factors
affecting the double‐layer interactions, which are not included in the Poisson‐
Boltzmann equation. When abruptly changing from inflow solution containing Ca2+ to
a Ca2+‐free solution, pronounced mobilization of viruses was observed. This indicates
virus removal is not irreversible and that chemical perturbations of the groundwater
can cause a burst of released viruses.
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3.2. Introduction
Groundwater is the main source of drinking water for the world’s population.
It usually is of excellent microbial quality and often directly underfoot at low capital
cost. Nevertheless, it may become contaminated with pathogenic microorganisms,
especially viruses, and that may pose a public health risk. Therefore, it is extremely
important to be able to describe and quantify all processes which affect virus
transport through soil and aquifers. The two most significant processes controlling
virus mobility in the subsurface environment are virus attachment and inactivation
(Schijven and Hassanizadeh, 2000). Based on earlier studies, many factors have been
identified that impact these processes, such as ionic strength (IS) and pH of the
ground water (Fontes et al., 1991; Sadeghi et al. 2011) and organic content of the
ground water (Foppen et al., 2006; Pieper et al., 1997; Zhuang and Jin, 2003a). Also,
presence or absence of bivalent cations, in particular calcium (Redman et al., 1999)
as one of the major cations in groundwater, could be of great importance (Gerba and
Schaiberger, 1975). Dissolved calcium is a weathering product of almost all rocks and
is, consequently, ubiquitous in most ground waters. Many waters from limestone
areas may contain 30–100 mg l‐1 of calcium and those associated with gypsiferous
shale may contain several hundred milligrams per liter. In Dutch groundwaters,
calcium concentrations range from 20 to 150 mg l‐1 (Vermooten et al., 2007).
Numerous field‐scale, laboratory‐based and theoretical‐based studies have
documented the influence of divalent cations on deposition of colloid and microbial
particles (e.g. Ryan and Elimelich, 1996; Redman et al., 1999; McCarthy et al.,
2002&2004; Zhuang and Jin, 2003b; Xiqing et al., 2004). Bales et al. (1991) showed in
a batch experiment at pH 5 that attachment of MS2 to silica beads was at least 10
times higher in the presence of Ca2+. Redman et al. (1999) found that the attachment
of bacteriophage SJC3 to quartz was more pronounced when the ionic strength was
increased by using a multivalent (Ca2+ or Mg2+) instead of a monovalent (Na+) cation.
Carlson et al. (1968) demonstrated that virus adsorption was greatly enhanced, when
the surface charge of the mineral changes from negative to positive as a result of
presence of multivalent cations such as Ca2+ and Al3+.
The effect of multivalent cations on virus attachment can be attributed to the
change in electrostatic interactions between virus and mineral surfaces but other
interactions and inner sphere complexation of the cations at the particle surfaces
might also contribute to the observed effects. Furthermore, the relationship between
the ionic composition of the solution and the electrostatic interactions of charged
particles can be complex (Israelachvili, 1992). The lack in exact mechanistic
understanding of the underlying mechanism explains why the consequences of
replacing monovalent by multivalent cations on virus attachment have been
interpreted in various ways and using different terminology including: salt bridging
(Pham et al., 2009; Bales et al., 1991; Lukasik et al., 2000; Chu et al., 2003), charge
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neutralization (Bales et al., 1991; Lukasik et al., 2000), screening of repulsive surface
interaction energies between colloids and grain surfaces (McCarthy and McKay,
2004), reduction of the net charge within the electrokinetic shear plane (Simoni et
al., 2000), and compression of the double‐layer (Huysman and Verstraete, 1993).
Although there are many studies that demonstrate qualitatively the relation
between bivalent ion concentration and deposition of bacteriophages, to our
knowledge, there is no quantitative relationship between the amount of bivalent
cations and virus attachment to the sand grains and virus inactivation. Such a
quantitative relationship will be needed for predicting virus transport under various
geochemical conditions. In this work, the influence of Ca2+ on the transport of
bacteriophage PRD1 in saturated quartz sand was investigated and an empirical
formula for the effect of Ca2+ concentration on virus attachment in saturated soil was
developed. Furthermore, numerical solutions of the Poisson‐Boltzmann equation
were used in order to determine the change in double‐layer interactions upon
varying Ca2+ concentration. Based on these calculations, the agreement of the
observed trends with predictions from DLVO theory was evaluated.

3.3. Material and methods
3.3.1. Column set‐up and operation
A cylindrical polymethylmethacrylate column with an inner diameter of 5 cm
and length of 50 cm was packed with quartz sand. Top and bottom lids were made of
polyoxymethylene with an inlet in the middle for the water flow. Between each lid
and the column, a 80‐130 µm pore size hydrophilic polyethylene screens was placed
to distribute the water evenly over the entrance/exit area.
Quartz sand (H31, Sibelcoo, Belgium) with an average grain size (d 50 ) of 0.42, d 10 of
0.28 and d 90 of 0.63 mm was used. In order to remove potential impurities, the
procedure used by Foppen et al. (2007) was adopted to clean the sand. The cleaning
procedure included heating at 850 ±50 °C for four hours followed by washing with
12N HCL for 48 hours and rinsing with de‐ionized water until the electrical
conductivity of rinse water was less than 1 μScm‐1. Columns were packed
incrementally under saturated conditions following the procedure described in
Sadeghi et al. (2011).
Inflow solutions were prepared by adding CaCl 2, NaCl and NaHCO 3 to de‐
ionized water. The amount of added bicarbonate was sufficient to achieve
equilibrium with the atmospheric CO 2 pressure at pH 7 and ionic strength (IS) of 10
mM. NaCl was used to adjust IS by taking into consideration the amount of NaHCO 3
as well as the amount of CaCl 2 . Prior to column experiments, the solution was
equilibrated with open atmosphere for several days, during which the pH was
regularly readjusted with NaOH. The added amounts of NaOH did not alter IS
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significantly. All chemicals were of analytical grade and purchased from Merck. In
total four different experiments have been conducted with calcium concentrations
ranging from 0 to 120 mg l‐1 Ca2+, and are referred to as Ca0, Ca20, Ca60 and Ca120.
The molar composition of the experimental solutions is given in table 3.1.
Table 3.1 The molar composition of the solutions
Name
Ca0
Ca 20
Ca 60
Ca 120

NaHCO3
mM
0.08
0.08
0.08
0.08

NaCl
mM
9.92
8.42
5.42
0.92

CaCl 2
mM
0
0.5
1.5
3

IS
mM
10
10
10
10

Molar ratio
Na/Ca
16.84
3.61
0.31

Columns were flushed with several pore volumes (PV) of water of the desired
pH, Ca and IS until the differences in pH and electric conductivity of the influent and
effluent were less than 0.05 and 10 µS/cm, respectively. Columns were operated
under saturated conditions and at steady‐state flow. Flow rate was measured just
before seeding the column and after breakthrough of viruses and were found to be
constant. Measured flow rates were used to calculate the pore volumes of solution
that had passed through the column (table 3.2). Outflow samples were collected in
20‐ml glass tubes using a multi position fraction collector. All column experiments
were conducted in a temperature‐controlled room at 9.5±0.5 C, representing typical
groundwater temperature in the Netherlands.
A solution of 10 mM NaCl was input for 0.25–0.40 pore volumes as a tracer in
order to determine dispersivity and porosity of each column. Salt breakthrough data
were analyzed using Hydrus‐1D (Simunek et al., 2005) to check the packing of the
column and to estimate column porosity and dispersivity.
2+

3.3.2. Bacteriophage PRD1
Bacteriophage PRD1 was used as a model virus in our experiments. PRD1 is
an icosahedral phage with a diameter of 62 nm and an isoelectric point between pH 3
and 4, implying it is negatively charged at pH 5 to 8 (Loveland et al., 1996). PRD1 may
be considered as a worst‐case model virus because of its low inactivation rate
between 10‐23 °C (Blanc and Nasser, 1996). Because of its larger size, PRD1 is of
interest as a representative of rotaviruses and adenoviruses (Sinton et al., 1997). A
suspension of bacteriophage PRD1 containing about105‐106 plaque‐forming particles
per millilitre (pfp/ml) was introduced into the column for about one pore volume at a
constant flow rate. The seeding suspension with PRD1 was prepared in the solution
used as inflow in the corresponding experiment. The influent was then switched to a
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bacteriophage‐free solution keeping the same flow rate. In two experiments (Ca60 &
Ca120) after 25 pore volumes, the inflow was switched to calcium‐free solution with
ionic strength of 1 mM and the same pH value. This steady state condition was kept
for about 40 PV.
The samples were assayed using the plaque forming technique described by
ISO 10705‐1 (1995), with the omission of nalidixic acid. Nalidixic acid was omitted
because Salmonella typhimurium LT‐2 was the host bacteria used for the counting of
PRD1 in samples and this organism is sensitive to nalidixic acid. Nalidixic acid is added
in order to suppress the growth of other bacteria in the assay. This was not necessary
in our experiments as the solutions were clean and did not contain other bacteria.
Host bacteria and bacteriophage were obtained from the National Institute of Public
Health and the Environment, Bilthoven, The Netherlands (RIVM). All samples were
analyzed within 24 hours of collection and samples with anomalous values were
retested the following day.
3.3.3. Inactivation experiments
Inactivation of PRD1 in water was measured in batch experiments at a
controlled temperature of 9.5±0.5 C. For this purpose, 200‐ml glass bottles were
filled with water at pH 7, IS of 10mM, and four different Ca2+ concentrations (0, 20,
60 and 120 mg l‐1). The initial concentration of bacteriophages was about 105 pfp ml‐
1
. The concentration of active bacteriophages was monitored over a period of three
months by regularly taking subsamples. The length of the inactivation experiments
exceeded that of the column experiments because inactivation rates are low and a
long duration was necessary to obtain accurate values for the rate coefficient. Values
for the inactivation rate coefficients,  l , were estimated by means of linear
regression analysis.
3.3.4. Modelling of transport and fate of viruses in saturated sand columns
The governing equations for modelling virus transport, including advection,
dispersion, attachment, detachment and inactivation are (e.g. Bales et al., 1991;
Schijven et al., 2000):
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where C [# of virus particles L‐3 ] is the number density of viruses in water, S [# of
virus particles M‐1] is the number of attached viruses per unit mass of soil, ρB [ML‐3] is
the dry bulk density, α L [L] is dispersivity, ν [LT‐1] is the pore water velocity, n [‐] is the
porosity, μl and μs [T‐1] are the inactivation rate coefficients for free and attached
bacteriophages, respectively. k att and k det [T‐1] are the attachment and detachment
rate coefficients, respectively. The following boundary conditions were employed:
C=C0 at x=0 and

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

Commonly, the attachment coefficient is assumed to be related to the average flow
velocity (e.g. Tufenkji and Elimelech, 2004):

k att 

3 (1  n)
v 0
2 dc

(3.3)

where d c [L] is diameter of grain size, α [‐] is the sticking efficiency and η0 [‐] is the
single‐collector contact efficiency representing the ratio of the number of particles
approaching the collector to the number of particles striking a collector (Tufenkji and
Elimelech, 2004). The sticking efficiency parameter ( α ) is defined as the ratio of the
number of collisions that result in attachment versus the total number of collisions.
Essentially, α represents the probability that collision will end in attachment. The
significance of the sticking efficiency is that, in contrast to k att , it is considered to be
independent of flow velocity.
3.3.5. Parameter estimation
Breakthrough curves were fitted for parameter estimation using Hydrus‐1D
(Simunek et al., 2005). Values for medium porosity ( n ) and dispersivity ( α L ) were
obtained fitting the salt breakthrough curves. Pore water velocity v was calculated
from n and the measured superficial velocity. The inactivation rate of free phage
was determined directly from laboratory measurements as described in inactivation
experiment section. Using v and α L from the salt breakthrough curves as fixed
values , values for k att , k det and μs were obtained from fitting the virus breakthrough
curves. The concentration values of the tails of the breakthrough curves are orders of
magnitude lower than the maximum breakthrough concentrations. Therefore, the
tail concentrations were given a weight of ten in the fitting process. This ensured a
better fitting of the tail, whilst maintaining proper fitting of the peak breakthrough
concentrations.
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The k att values that were obtained from fitting the breakthrough curves were
used to calculate sticking efficiency, using equation (3.3). An empirical formula was
then developed to relate α to Ca2+ concentration by means of regression analysis.
3.3.6. Evaluating the effect on double‐layer interactions by replacing Na+ with Ca2+
The DLVO theory provides a conceptual framework for rationalizing virus attachment
to geological media (Harvey and Ryan, 2004). According to this theory, virus
interaction with soil particles is largely governed by double layer interactions and van
der Waals forces (Murray and Parks, 1980). Replacing Na+ with Ca2+ in a solution is
expected to affect double‐layer interactions. In order to quantify this effect, an
approach based on the treatment of interparticular electrostatic interactions, was
used as described in Chapter 12 of Intermolecular & Surface forces (Israelachvili,
1992).
First, the influence of Ca2+ on the surface potential Ψ 0 was investigated based
on the diffuse double‐layer (DDL) concept. The surface charge of PRD1 is
predominately controlled by the reaction of amino and carboxyl groups of the
protein capsid (Harvey and Ryan, 2004), which presumably have a broad range of
intrinsic acidity constants. There are no values reported for intrinsic equilibrium
constants of reactive groups on the PRD1 surface or for reactive site densities.
However, the measured change in the zeta potential of PRD1 upon pH variation
shows a similar trend as that of quartz (Bales et al., 1991). These curves further show
that PRD1 is negatively charged at neutral pH similar to quartz. Hence, it can be
assumed that the surface of PRD1 has a variable charge and surface complexation
models are, in general, suitable for describing the change in surface potential of
PRD1 due to changes in pH and ion composition of the solution. The application of a
surface complexation model to describe the surface chemistry of microorganisms is
well established for bacteria (e.g. Yee & Fein, 2003). It is also difficult to find
parameterized surface complexation models for quartz which are based on
comprehensive surface titration data (Duval et al., 2002), therefore, a generic
simplified model was used to determine the effect of Ca2+ on the surface potentials
of both constituents, PRD1 and quartz.
For simplicity, the change in surface potential of both surfaces upon
replacing Na+ with Ca2+ , was calculated for a surface site S, which contains one type
of functional group, forming a negatively‐charged surface site upon deprotonation
according to the reaction
≡S‐OH  ≡S‐O‐ + H+

(3.4)

The effect of Ca2+ solution on surface potential was calculated as a function of the
difference between the intrinsic acidity constant (K a, int ) and the pH in the solution
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for a surface with a site density (Г sites ) of 2.43 sites nm‐2. This value has been derived
by Schindler and Kamber (1968) for silicagel but the principal trends derived from
these calculations do not depend on the exact value for the site density.
Commonly‐used computer programs based on equilibrium thermodynamics,
which include surface complexation by applying the DDL concept, usually do not
account for the valences of the ions in the solution. In these programs, the
relationship between surface potential and surface charge density are calculated for
a 1:1 electrolyte. Hence, standard computer programs are not suitable for calculating
the change in surface charge density and surface potential. However, bivalent
counterions are more efficient in shielding the surface charge than monovalent ions.
The surface potential of a variable charge surface can change considerably if only a
small fraction of Na+ is replaced in the solution with the corresponding number of
moles of Ca2+ (Israelachvili 1992, Tables 12.1). For this reason, the Grahame (1953)
equation was used to relate the surface potential to the surface charge density σ
(Cm‐2) as follows:

  8 0 kT sinh( e 0 / 2kT ){[ Na  ]∞  [Ca 2 ]∞(2  exp - e

0

/ kT

)}1/ 2

(3.5)

where ε is the permittivity of water, ε 0 is the permittivity of free space, k (JK‐1) stands
for the Boltzmann's constant, e (C) is the electronic charge, Ψ 0 (V) is the electrostatic
surface potential and T (°K) is the temperature.
However, the surface charge density of a variably‐charged surface is not
constant but may vary due to a change in surface potential. This phenomenon can be
described for this surface by the following equations:

 F

sites K a ,app

K a ,app  H  

 z0 F 

K a ,app  K a ,int exp  
RT 


(3.6)

(3.7)

where K a,app [‐] is the apparent acidity constant, F [ C mol‐1] is the Faraday constant,
and ∆z is the change in charge of the surface group due to the reaction, which is ‐1
for the deprotonation reaction (Eq. 3.4). For different electrolyte compositions and
pK a,int values, the surface potential was obtained by minimizing the difference
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between the surface charge densities calculated with Eq. (3.5) and Eq. (3.6) in an
iterative procedure.
For determining the free energy of electrostatic interactions between two
planar surfaces, the electrical potential and the concentration of dissolved ions as a
function of distance between the planes was calculated. Analytical solutions for 1:1
and 2:1 electrolytes can be found in the literature, but, for mixed electrolytes with
dissimilar valences, a numerical procedure is required (Grahame, 1953). Hence, the
decrease in electrical potential with distance from the surface and the corresponding
ion distribution was approximated with an explicit numerical scheme. This was done
by simultaneously integrating Eq. (3.8) and Eq. (3.9) with a step size of 2 × 10‐10 m
starting at the surface with the surface potential obtained from Eq. (3.5). Equation
3.8 is an integrated form of the Poisson equation relating the change in potential at a
given distance from the surface to the corresponding number density of dissolved
ions. The Boltzmann equation, Eq. (3.9), is used to calculate the number density of
dissolved ions in an electric field with the potential :

∑ xi  ∑ ∞i 
i

i

 0i   ∞i exp

 0 d
2kT

(

dx

ze 0 / kT

) 2x

(3.8)

(3.9)

From this, the excess osmotic pressure P between two planar surfaces was calculated
from the concentrations of the ions in the middle between the two surfaces:



P  kT ∑ ( x / 2) i  ∑ ∞i 
i
i


(3.10)

For this, the mid‐plane potential was assumed to be simply the sum of the potentials
from each surface at half distance. That is, the surface potential was assumed not to
change when the two surfaces approach each other. The electrostatic interaction
free energy for a given distance was then obtained by numerically integrating the
excess osmotic pressure from a distance of 40 nm to the distance of interest with a
step size of 4 × 10‐11 m. Finally, the DLVO interaction potential was calculated by
adding the interaction free energy due to van der Waals interactions using a
Hamaker constant A of 4 ×10‐21 J (Eq. 3.11). This value has been reported for van der
Waals interactions between poliovirus and quartz (Penrod et al., 1996; Murray and
Parks, 1980):
W vdw = - A / ( 12 π x2 )
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3.4. Results and discussion
Figure 3.1 presents the measured and fitted breakthrough curves from the
column experiments with clean quartz sand conducted at the pH value of 7 and ionic
strength of 10 mM and the four different concentrations of Ca2+. In these graphs, the
normalized effluent concentration is plotted versus the number of pore volumes
passed through the column. The peak of breakthrough curves is related to the
removal of PRD1, which is determined by attachment and inactivation. The maximum
PRD1 concentration in the breakthrough curve for a calcium concentration of 120 mg
l‐1 is almost three orders smaller than that without Ca2+ at identical ionic strength. In
all cases, a tail of the breakthrough curves was observed, demonstrating slow
detachment of attached phage particles.
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Figure 3.1 Measured breakthrough concentrations of PRD1 (open circles) fitted with a one‐
site kinetic model (solid line) for different calcium concentrations (Ca0, Ca20, Ca60 and
Ca120).
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Table 3.2 Conditions and parameter values (pH=7; IS=10mM; n=0.36;  L =0.17 cm)
Conditions
Parameters 3
k att
kdet
l
s
[Ca2+] v
PD1 Q2
95%‐CI
95%‐CI
R2

‐1
‐1
‐1
‐1
‐1
‐1
‐1
‐1
‐1
‐1
‐1
mgl
md
PV
mlh
h
h
h
h
h
h
h
h
0
2.05 1.04 60.4
0.046
0.034 0.058
0.0016
0
0.0157
0.002 0.025 97% 0.0011
0.18
0.17
0.20
0.0010
0
0.0046
0.002 0.011 96% 0.0043
20
2.13 1.05 62.1
60
2.15 1.09 63.3
0.65
0.63
0.66
0.0012
0.0003 0.0021
0.003 0.009 93% 0.0154
120
2.15 1.08 63.3
1.35
1.34
1.37
0.0020
0.0015 0.0024
0.002 0.012 95% 0.0320
1
Pulse duration in pore volumes (PV)
2
Flow rate
3
Parameters k att , k det and µ s have been derived from optimizing the one site kinetic model while µ l is the value obtained from the
batch experiments.
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The fitted parameter values for k att , k det , µ s and the corresponding
experimental conditions are listed in table 3.2. The effect of Ca2+ on the maximum
PRD1 concentration in the outflow is also reflected in values of the optimized
transport parameters. The value for k att is more than 30 fold larger in the presence of
120 mg l‐1 Ca2+ than without Ca2+, when both solutions have the same ionic strength
(Table 3.2). In all cases, fitted values for k det were small. The values ranged from
0.0010 to 0.0020 h‐1. Regression analysis revealed that there was no significant
relation between k det and [Ca2+] based on our data. In all experiments µ s was larger
than µ l .
Figure 3.2, shows that over the range of 0‐120 mg l‐1 of [Ca2+], both
attachment rate coefficient (k att ) and sticking efficiency (α) increase linearly with Ca2+
concentration. By means of regression analysis the following empirical formulas was
obtained:

k att h -1   0.011Ca 2 

(3.12)

  0.00026Ca 2 

(3.13)

Where in [Ca2+] is the calcium concentration in mg l‐1 in water. Intercepts were not
significantly different from zero and R2 was almost 1. Although the sticking efficiency
is not significantly different from zero at pH value of 7 and IS of 10 mM, we realized it
will not be exactly zero. Accurate estimation of low sticking efficiency requires longer
columns or more measurements, or both.
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katt = 0.011[Ca 2+] (mg/l)
R2 = 1
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Figure 3.2 Attachment rate coefficient k att and sticking efficiency α as a function of calcium
concentration. Observations: black dots; Regression line: black line; Top: Empirical formula
and R2

66

Effect of dissolved calcium on the removal of bacteriophage PRD1

Obviously, removal of PRD1 during its passage through quartz sand is not
only determined by pH and ionic strength (Sadeghi et al., 2011) but the valence of
the counterions can significantly change the rates of PRD1 attachment. An increase
of virus removal in the presence of bivalent cations has been reported (McCarthy and
McKay, 2004), Here, an ionic strength of 10 mM was maintained to isolate the effect
of the valence of the counterions on PRD1 mobility. Equations 3.12 and 3.13 suggest
that the attachment rate of PRD1 increases linearly when the concentrations of
bivalent cations increase and the ionic strength remains approximately constant. This
is, for example, typically the case when water percolates through soils. The
concentration of bivalent cations in soil solutions often increases with depth along
the vertical weathering‐leaching gradient (Sverdrup and Warfvinge, 1993).
It needs to be evaluated in future experiments whether the linear
relationship holds for different substrates and under different conditions. It can be
assumed that the slope of the regression line depends on pH, ionic strength, and the
mineral composition of the substrate. Relating the empirical relationship to a
mechanistic model might help to extrapolate the relationship to other conditions.
Below, the possibility to relate the effect of Ca2+ on the double‐layer interaction
between PRD1 and quartz to the change in k att is discussed. Until a mechanistic
model will be established, the empirical relationship provides a first approximation
for quantitatively implementing the effect of changing concentrations of bivalent
cations for predicting virus transport.
Figure 3.3 demonstrates that switching to calcium‐free water with an ionic
strength of 1 mM causes high release of retained phage particles. This was observed
in the experiments with Ca2+ of 60 and 120 mg l‐1. Virus concentrations in the
observed pulse of remobilized exceed the peak values of breakthrough concentration
in the presence of Ca2+. From this observation, one can conclude that the
introduction of a lower IS and lower [Ca2+] water causes fast detachment of attached
viruses. Such chemical perturbations and the resulting peak concentrations may also
occur in natural systems. For example, a rain event can dilute ionic strength levels
near the surface and cause a burst of released viruses. For these reasons, adsorption
to soils cannot be considered as a process of absolute immobilization of viruses in the
water. Given the fact that viruses may survive long periods of time (De Roda Husman
et al., 2009), infective viruses may be released from soil particles after immobilization
for long periods of time.
An increase of k att (or sticking efficiency) with increasing Ca2+ concentration
is, in the first instance, not unexpected. Ca2+ is more efficient to shield the charge of
the surfaces than Na+, which is intuitively expected to reduce the repulsive double‐
layer interactions between surfaces with identical charge.
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Figure 3.3 Measured breakthrough concentrations at Ca60 and Ca120 of PRD1 (open circles)
fitted with a one‐site kinetic model (solid line). The second part of the breakthrough curves
show immediate high release of PRD1 (black dots) after switching to Ca2+‐free solution.

Replacing Na+ with Ca2+ in the solution at constant ionic strength has a
significant effect on the surface potential when its absolute value exceeds about 30
mV. When the pK int is lower than the pH of the solution, the surface charge density
and the absolute value of the surface potential are low (Figure 3.4). In this case,
changing the Ca2+ concentration has only little effect of the surface potential.
However, when the pK int is lower than the pH, the surface potential strongly depends
on Ca2+ concentration. When the pK a,int is 1.2 units lower than the pH, the surface
potential changes from ‐112 to ‐88 mV when a NaCl solution is replaced with a CaCl 2
solution of identical ionic strength. In contrast, the surface potential only changes
from ‐14.2 to ‐13.3 mV when the pK a,int is 1.8 units larger than the pH. The same
effect can be observed when changing the site density (data not shown). The effect
of Ca2+ concentration is more pronounced when the site densities are high, which
leads to higher charge densities and higher absolute values of surface potential
Hence, presence of bivalent counterions can have a pronounced effect on the surface
potential of variable charge surfaces, but the difference between 1:1 and 2:1
electrolytes with identical ionic strength is only relevant when the absolute value of
the surface potential is larger than about 30 mV. The effect of Ca2+ on surface
potential increases with increasing Ca2+ concentration but the greatest relative effect
is obtained when a small fraction of Na+ is replaced with Ca2+.
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Figure 3.4 Effect of Ca2+ on surface potential. The potentials were calculated by using the
Grahame equation (Eq. 3.5) and are plotted as a function of the difference between pK a,int
and pH. The values in the legend indicate the amount of Ca2+ in the electrolyte. Besides CaCl 2
the electrolytes contain NaCl and all solutions have the same ionic strength of 10 mM. The
site density in these calculations is 2.43 sites per nm2.

Although the absolute value of the surface potential decreases when
replacing Na+ with Ca2+, the repulsive double‐layer interaction energy can be higher
at close distances. With increasing Ca2+ concentration, the absolute value of the
surface potential decreases and the electric field extends less far into the solution
(Figure 3.5a). When two surfaces approach each other, the absolute sum of the
potentials of their electric fields at a given distance is lower in the presence of Ca2+
than without it. It seems counterintuitive that the electrostatic interaction energy
can be higher in the presence of Ca2+ (Figure 3.5b). This is because the relative
enrichment of Ca2+ in an electric field with a given negative potential is larger than
that of Na+ (Eq. 3.9). Consequently, the osmotic pressure between two surfaces can
be larger when Ca2+ is added to the solution, although the absolute value of the
potential in the mid‐plane is lower. For the pK a,int , pH, and site density used in the
calculations shown in Figure 3.5, the increase in surface potential and the
compression of the double‐layer by adding Ca2+ results in lower double‐layer
interaction energies when the distance between the surfaces is larger than about 2
nm. At closer distance, the double‐layer interaction energy increases with increasing
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Ca2+ concentration. This ambivalent effect of Ca2+ has consequences when
rationalizing virus attachment based on the DLVO theory.
The effect of Ca2+ on the height of the energy barrier between the
approaching negatively charged virus and quartz surfaces also depends on the
strength of the van der Waals interactions. The energy barrier reflects the point at
which the energy gain due to van der Waals interactions upon further approach
overcompensates the increase in repulsive double‐layer interactions. This implies
that the height of the energy barrier increases with increasing Ca2+ concentration
when the barrier is located at distances below 2 nm (Figure 3.5c). This is the case
when using a Hamaker constant of 4×10‐21 J, because the energy barrier is located at
distances below 2 nm and the height of the energy barrier increases with increasing
Ca2+ concentration. An about ten times higher Hamaker constant is required to invert
this trend (data not shown).
The value and the position of the secondary minimum also depend on Ca2+
(Figure 3.5d). The value of the secondary minimum decreases with increasing Ca2+
concentration. This is because the secondary minima are located at a distance at
which the repulsive double‐layer energy is lowered by adding Ca2+. The trend of
decreasing secondary minima with increasing Ca2+ concentration is consistent for the
range of evaluated pK a,int values (Figure 3.6a) reflecting surface potentials between ‐
13 to ‐78 mV.
The height of the energy barrier slightly decreases with increasing Ca2+
concentration when the pK a,int is 1.8 larger than the pH and the absolute value of the
surface potential is relatively small between values around 13 to 14 mV, (Figure
3.6b). However, the decrease is not very significant and the height of the energy
barrier is only 6% lower at a Ca2+ concentration of 120 mg l‐1 than without Ca2+. At
higher pH values and consequently larger absolute values for the surface potential,
the trend is opposite and the height of the energy barrier increases with increasing
Ca2+ concentration. Hence, replacing 1:1 by 2:1 electrolyte with identical ionic
strength has only marginal effect on the height of the energy barrier when the
absolute values of the surface potentials are small ( ||< 15mV). This is the case
when the pK a,int values are significantly lower than the pH of the solution or the site
densities are low. However, the calculations indicate that the energy barrier can
increase with increasing Ca2+ concentration when the absolute values of the surface
potentials are high unless the Hamaker constant is significantly higher than 4×10‐21 J.
Although intuitively not expected, an increase in repulsive double‐layer interaction
upon replacing NaCl with CaCl 2 in the electrolyte at close distances can, therefore,
lead to an increase in the energy barrier.
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Figure 3.5 Effect of Ca2+ on the interaction between two approaching planar surfaces
with identical charge. Panel a shows the potential of the electric field emitted from the
isolated surfaces. Panel b is the repulsive double‐layer interaction as a function of distance
between the surfaces. In panel c, the part of the interaction energy around the energy barrier
is shown. The interaction energy around the secondary minimum is highlighted in panel d.
The interaction energy has been calculated by combining the double layer interaction with
the van der Waals interactions, calculated for a Hamaker constant of 4 ×10‐21 J. The double
layer interactions were calculated for surfaces with site densities of 2.43 sites per nm2 and a
pK a,int value 0.8 units larger than the pH .In the legends, the amounts of Ca2+ per liter
electrolyte are given. Besides CaCl 2 the electrolytes contain NaCl and all solutions have the
same ionic strength of 10 mM. The errors indicate the effect of Ca2+ on the shape of the
profiles to which we refer in the text.
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Figure 3.6 Depth of the secondary minimum (a) and height of the energy barrier (b) as a
function of Ca2+ concentration calculated for different pK a,int values.

The observed increase in PRD1 attachment with increasing Ca2+ is in line with
the increasing depth of the secondary minima of the interaction energy. However,
when putting the interacting surface area at about 3000 nm2 based on the
dimensions of PRD1 (Olsen et al., 1974), the absolute values of the secondary minima
are about 10 times smaller than one kT. Hence, the energy difference seems to be
too small to cause significant attachment of PRD1. Also the dependency of k att on Ca2+
concentration argues against the idea that trapping of PRD1 in the secondary
minimum is the predominate retardation mechanism. If this would be the case, k att
should reflect the kinetics of diffusive transport into the secondary minimum and be
independent on Ca2+concentration while k det would depend on the depth of the
minimum. Although the exact values for k det could not be determined from the
experimental data, k det seems not to vary between the different experiments. Hence,
it is unlikely that the dependence of PRD1 attachment on Ca2+ concentration can be
attributed to the effect of Ca2+ on the depth of the secondary minimum. This
conclusion is in agreement with results of Loveland et al. (1996) who found that the
shallowness of the secondary minima does not support the assertion that the depth
of the secondary minima affects PRD1 attachment behavior.
When PRD1 is attached in the primary minimum, the logarithm of k att should
inversely correlate with the height of the energy barrier (Schijven and Hassanizadeh,
2000). According to our calculations, k att increases with increasing Ca2+ concentration
although the height of the energy barrier increases. Hence, the experimental
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observations are diametrically opposed to the predictions of the DLVO theory when
the double‐layer interactions are derived from numerical integration of the Poisson‐
Boltzmann equation. This contradiction between experimental findings and theory
can be explained in multiple ways. First, the Hamaker constant for PRD1 interaction
with quartz could be higher than the value reported for the polio virus. When the van
der Waals interactions increase, the energy barrier can be located at larger distances
than the intersection point of the double‐layer energy curves for different Ca2+
concentrations. In this case, the height of the energy barrier decreases with
increasing Ca2+ concentration. Second, the enrichment of Ca2+ close to the surface
can lead to charge regulating interactions. That is, chemisorption of Ca2+ can
neutralize or even overcompensates the negative surface charge caused by the
dissociation of functional groups at the quartz or PRD1 surface. Third, the double‐
layer interactions might not be accurately described by the Poisson‐Boltzmann
equation. The accuracy of the Poisson‐Boltzmann equation can be limited by several
factors (Israelachvili, 1992). In particular, ion‐correlation effects can be significant for
bivalent counter‐ions. Ion correlation attraction can exceed double layer repulsion at
distances below 2 nm when Ca2+ is present in the solution (Israelachvili, 1992). Before
refining the theory, better knowledge of the surface properties of PRD1 is
mandatory. However, our results demonstrate that quantitative assessment of virus
mineral interactions based on the DLVO theory can lead to intuitively unexpected
results. Qualitatively attributing enhanced virus attachment in the presence of Ca2+ to
its shielding effect of the surface charge or the compression of the double‐layer
might be too simplistic and quantitative calculations are necessary to identify the
underlying mechanism.
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Chapter 4

4.1. Abstract
The two most significant processes controlling virus mobility in the
subsurface environment are virus attachment and inactivation. Virus inactivation
may occur both when viruses are suspended in water and as when adsorbed onto the
surfaces of soil particles. Virus inactivation is known to depend mainly on
temperature, but also on hydrochemical conditions. Given the high sensitivity of
models that predict subsurface virus transport to inactivation, the aim of the current
work was to study the effects of hydrochemical conditions on the inactivation of
bacteriophage PRD1 as a model virus, and to develop a quantitative relation for these
effects. Series of batch experiments under controlled temperature were conducted,
at various combination of pH values of 5, 6, 7, 8, ionic strengths of 1, 10 and 20 mM,
and calcium concentrations of 0, 20, 60 and 120 mg/l. Inactivation was assumed to
occur as a first-order process. Inactivation was found to be faster at higher
temperatures and at lower pH values. By multivariate regression analysis, empirical
formulas were developed that prescribe the inactivation rate coefficient of PRD1 as a
function of the hydrochemical conditions. We have found that µl depends linearly on
temperature, pH, and ionic strength. A significant correlation between temperature
and pH, and between pH and ionic strength was found.
In the presence of calcium, inactivation rates increased, approaching a maximum.
Therefore, an exponential relation was needed to describe this relation. Inactivation
rate coefficients of attached PRD1 were found to be larger than those of free PRD1
(in the water) under the same hydrochemical conditions.
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4.2. Introduction
The two most significant processes controlling virus mobility in the
subsurface environment are virus attachment and inactivation. The extent of a
groundwater protection zone or the removal efficiency of river bank filtration or
dune infiltration is highly dependent on attachment and inactivation rates (Schijven
et al. 2006). From a precautionary principle, predictions should be based on
conservative values for attachment and inactivation.
Both attachment and inactivation of viruses are dependent on the physicochemical conditions. Therefore, for reliable prediction of virus removal, quantitative
relations between physico-chemical conditions and the removal processes are
needed. The effects of pH, ionic strength (IS), and calcium concentration on the
attachment of bacteriophages have been studied through different batch and column
experiments (e.g. Fontes et al., 1991; McCarthy et al., 2002&2004Torkzaban et al.,
2006). PRD1 is an icosahedral phage with a diameter of 62 nm and an isoelectric
point between pH 3 and 4 (Loveland et al. 1996). Thus, it is strongly negatively
charged at pH values of 5 and higher and thus shows weak attachment. Therefore,
PRD1 may be considered as a worst-case model virus for the study of subsurface
virus transport, because of small attachment (Schijven and Hassanizadeh, 2000).
Because of its larger size, PRD1 is also of interest as a representative of rotaviruses
and adenoviruses (Sinton et al., 1997). Indeed, in terms of structural design, it is
much closer to adenovirus than any other known bacteriophage (Belnap and Stevens,
2000).
Sadeghi et al. (2011, 2012) showed that the attachment rate coefficient and
sticking efficiency increase with decreasing pH and increasing IS, which is in
agreement with the DLVO theory and the vast literature on these effects. They
developed an empirical formula for sticking efficiency as a function of pH and IS.
Furthermore, they compared sticking efficiencies predicted by their empirical
formula with those from field and column experiments. They found that, within the
calibrated range of pH and IS, the predicted and observed sticking efficiencies are in
reasonable agreement for bacteriophages PRD1 and MS2 (Sadeghi et al, 2011). In a
separate study, the attachment rate coefficient was found to increase with increasing
calcium concentration (Sadeghi et al, 2012). They calculated sticking efficiency and
developed an empirical formula for sticking efficiency as a function of Ca2+
concentration. Then, using a simplified model for calculating the interaction energy,
they could show that the observed trend can be explained by the change in
electrostatic interactions between virus and quartz surface upon replacing of Na+
with Ca2+ (Sadeghi et al, 2012).
Viruses are inactivated because of the disruption of their coat proteins and
the degradation of nucleic acids (Harvey and Ryan, 2004; Gerba, 1984). Virus
inactivation may occur when viruses are suspended in liquid as well as when
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adsorbed onto surfaces (Sobsey et al. 1980). Inactivation is usually modeled as a firstorder process and characterized by an inactivation rate coefficient.
Many factors are known to affect the inactivation rate coefficients of phages and
viruses. Schijven and Hassanizadeh (2000) summarized a number of studies and
calculated inactivation rate coefficients of suspended and attached viruses. They
found that the inactivation rate of attached viruses may be reduced or enhanced
compared to viruses free in the water, depending on the type of virus.
Important factors that influence virus inactivation rates during subsurface
transport are temperature (Hurst et al. 1980; Yates et al., 1985, 1987; Jansons et al,
1989; Nasser et al. 1993; Blanc and Nasser, 1996; Harvey and Ryan, 2004), adsorption
to particulate matter (Gerba, 1984), soil microbial activity (Hurst, 1988; Nasser et al,
2002; Davies et al 2006), presence of metal oxide (Chu et al., 2000; Schijven and
Hassanizadeh, 2002), calcium concentration (Yates et al., 1985) , pH ( Feng et al.,
2003; Yates et al., 1987) and soil moisture (Song et al., 2005; Yates et al., 1987).
In many cases, temperature is the most important factor, but its effect is also
virus-type dependent (Schijven and Hassanizadeh, 2000). Recently, Bertrand et al
(2012) published a review of virus inactivation and virus genome degradation data
from literature. They performed a statistical analysis and developed empirical
formulas to predict virus inactivation as a function of temperature. A total of 658
data points were collected from 76 published studies with 563 data on virus
infectivity and 95 data on genome degradation.
A linear model was employed by Bertrand et al. (2012) to analyse the effects
of temperature, virus species, detection method (cell culture or molecular methods),
simple matrix (drinking water, groundwater, synthetic buffer) or complex matrix
(seawater, freshwater, sewage, food, soil, biologic fluid and dairy products) and
temperature range (<50°C and ≥50°C). Obviously, virus inactivation is much higher at
higher temperatures (≥50°C), but there is also a significant temperature-matrix
effect. Virus inactivation appeared to occur faster in complex matrices. Virus genome
was shown to be more persistent than virus infectivity. They developed empirical
formulas for calculating virus inactivation and genome degradation rate coefficients
as a function of temperature and matrix for a large number of different viruses. From
the study of Bertrand et al. (2012), bacteriophages PRD1 and X174 appeared to be
highly persistent under most conditions, which implies they are useful indicators for
virus inactivation studies.
The aim of the current study is to gain insight in the effect of hydrochemical
conditions on the inactivation of PRD1 both in water and attached to soil grains.
Experiments were conducted to determine values of the inactivation rate coefficient
of PRD1 in water for a wide range of ionic strength (IS), pH, and calcium
concentration. Results were used to develop quantitative relationships. Inactivation
rate coefficients for free PRD1 particles were obtained from batch experiments.
80

Inactivation of PRD1 as a function of pH, ionic strength and calcium concentration

These values where compared with inactivation rate coefficients for attached PRD1
particles obtained from our earlier studies.

4.3. Material and Methods
4.3.1. Preparation and counting of bacteriophage PRD1
A suspension of 1013 plaque forming particles per mL (pfp/mL) of PRD1 was
prepared as described in ISO 10705-1 and stored at 5°C ± 3°C. For each inactivation
experiment, seeding suspensions of PRD1 were prepared from the stock suspension
by diluting with solutions of pre-specified pH and IS, as described below. Salmonella
typhimurium LT-2 was the host bacteria for PRD1. Host bacteria and bacteriophage
were obtained from the National Institute of Public Health and the Environment
(RIVM), Bilthoven, The Netherlands. The samples were assayed using the plaque
forming technique described by ISO 10705-1 (1995), with the omission of nalidixic
acid. All samples were analyzed in duplicate within two hours of collection.
4.3.2. Preparation of Solution
For the experiments, solutions of NaHCO3, NaCl and CaCl2 were prepared.
Each solution had to have a pre-specified pH and IS. The pH was buffered using
NaHCO3. The amount required to achieve a given pH for a solution in equilibrium
with the atmospheric CO2 pressure was calculated using MINEQL+ 4.6. Then, NaCl
was added to adjust IS by taking into consideration the amount of NaHCO3. In one set
of experiments, a combination of CaCl2 and NaCl was used to have different
combination of Na+ and Ca2+ at the same IS values. The composition of different
solutions used in our experiments is given in Table 4.1. Prior to inoculation with
bacteriophage, the solutions were equilibrated open to the atmosphere over several
days and their pH was regularly readjusted with NaOH or HCl. The added amounts of
NaOH and HCl did not alter IS significantly.
4.3.3. Experimental procedure
Inactivation of PRD1 in water, defined as the gradual loss of the ability to
infect its bacterial host, was measured in batch experiments at two different room
temperatures (9.5C and 12 C). Three series of experiments were conducted.
Prevailing conditions for each experiment are given in Table 4.1. In series A, the
effect of pH on inactivation was evaluated at a constant IS value of 1mM and at 12C.
These experiments were extended in series B where the effect of combined pH and IS
on inactivation was investigated for a longer time period. In experiment series C, the
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Table 4.1: Experimental conditions
Experiment
series

A

B

C

pH

NaHCO3
IS1
mM

4
5
6
7
8
5
6
7
8
7
7
7

IS10
mM

NaCl
IS20
mM

IS1
mM

0.01
0.08
0.79

1.00
1.00
0.99
0.93
0.28
1.00
0.99
0.93
0.28

0.01
0.07
0.72
0.01
0.07
0.72

0.01
0.08
0.76
0.08
0.08
0.08

IS10
mM

10.00
9.99
9.92
9.24
8.42
5.42
0.92

CaCl2
IS20
mM

20.00
19.99
19.92
19.21

mM
0
0
0
0
0
0
0
0
0
0.5
1.5
3

Ionic Strength
1
mM
1
1
1
1
1
1
1
1
1

10
mM

10
10
10
10
10
10
10

20
mM

20
20
20
20

Temperature

C0

Nunmber
of
Data

Duration

°C
12
12
12
12
12
9.5
9.5
9.5
9.5
9.5
9.5
9.5

pfp/ml
3
4x10
3
4x10
3
4x10
3
4x10
3
4x10
5
10
5
10
5
10
5
10
5
4.6x10
6
10
5
4.8x10

point

days
19
19
19
19
19
274
274
274
274
184
100
170

6
6
6
6
6
12
12
12
13
12
7
11
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effect of Ca2+ concentration was studied. Note that the range of physicochemical
conditions (temperature, pH, ionic strength, Ca2+) were representative for Dutch
groundwater shallow aquifers (Sadeghi et al, 2011).
4.3.4. Analysis of data
A first-order inactivation model was employed to analyze the data:

C
ln
 Co


    l t


(4.1)

where C is the virus concentration [number of viral particles per volume] at time t,
and C0 is the initial virus concentration. Virus inactivation rate coefficient µl [per unit
time] was then calculated for experiments carried out at a range of values of pH,
ionic strength, and calcium concentration, reported in Table 4.1. Then, the
dependence of µl on these factors was analyzed by means of a linear fitting model
using the statistical package R (version 2.13.1). By means of stepwise model selection
by AIC (Akaike’s Information Criterion), the best formula describing the dependence
of µl was selected. The multiple number of degrees of freedom used for the penalty
in AIC, was set to 3.84. This value corresponds to a Chi-square value with 95%
confidence and one degree of freedom. The best model selected in R was used in
Mathematica 8.0.4 (Wolfram Inc, Champaign, Illinois) to obtain an empirical
relationship for the virus inactivation rate.
4.3.5. Estimation of inactivation rate coefficient of attached viruses
In our previous work (Sadeghi et al, 2011, 2012), we conducted column
experiments under the same range of hydrochemical conditions. Breakthrough
curves of PRD1 were constructed and fitted using Hydrus-1D (Simunek et al., 2005) to
obtain estimates of attachment, detachment as well as inactivation rate coefficients,
µs, of attached PRD1. Here, we summarize the µs values for comparison with µl values
under the same conditions (see Table 4.1).

4.4. Results
Virus inactivation rates may decrease over time, and this becomes more
apparent over prolonged time (De Roda Husman et al., 2010). Our data also suggest
this to be the case. But our comparision of a first-order inactivation rate model with a
biphasic inactivation rate model (for the simulation of data) did not reveal significant
83

Chapter 4

likelihood ratio’s. This is probably because our time frames for observation were not
long enough (data not shown). Hence, we only considered first-order inactivation.
Based on the regression analysis, we obtained a linear dependence of µl on
temperature, pH, and ionic strength:

l  m0  m1T  m2 pH  m3 I  m4TpH  m5 IpH

(4.2)

where, I is the ionic strength (mM), T is the temperature (°C) and mi (i=0 to 5) are
coefficients. Table 4.2 shows the values of these coefficients and corresponding
standard error values.
The dependence of µl on calcium concentration was found to be nonlinear
approaching a maximum value. This dependence (at pH 7 and IS of 10 mM) could be
described by:

l  m0 1  m1 Exp  m2 [ Ca 2 ] 

(4.3)

where, [Ca2+] is the calcium concentration (mM) and mi (i=0 to 2) are coefficients.
Table 4.3 shows the values of these coefficients and corresponding standard error
values.
Table 4.2 Estimates of coefficients in the empirical formula for  l as a function of
temperature, pH, and IS with no calcium present (equation 4.2)
Coefficient

m0
m1
m2
m3
m4
m5

R2 = 95%
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Estimate
-0.776
0.088
0.077
-0.00054
-0.0086
0.00021

Standard error
0.27
0.028
0.043
0.00045
0.0045
0.000068

Dimension
day-1
C-1day-1
pH-1day-1
mM-1day-1
C-1 pH-1day-1
pH-1C mM-1day-1
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Table 4.3 Estimates of coefficients in the empirical formula for  l as a function of
calcium concentration, in the range of 0-3 mM, at pH 7 and IS 10 mM (equation 4.3).
Coefficient

m0
m1
m2

Estimate
0.061
-0.64
-2.3

Standard error
0.0021
0.020
0. 39

Dimension
day-1
mM-1

R2 = 98%

Note that the effect of calcium concentration on inactivation of PRD1 was
only investigated at pH 7 and IS of 10 mM. Therefore, interaction between the
calcium concentration and pH or IS could not be evaluated, in other words, the effect
of calcium on inactivation at other pH and IS cannot be given, unless one would
assume that the effect of calcium concentration is independent on pH and IS, which
is not likely.
Figures 4.1 and 4.2 show the variation of µl with environmental factors. In
figure 4.1, it can be seen that an increase of pH leads to a small, but statistically
significant, decrease of the inactivation rate coefficient at 9.5 °C at all ionic strengths.
But, at 12 °C, a very strong decrease of virus inactivation with pH is found.
Apparently, there is a significant interaction between temperature and pH. Figure
(4.2) shows that the increase of PRD1 inactivation rate coefficient is asymptotic,
reaching a maximum value beyond a concentration of 2 mM Ca2+.

Figure 4.1 µl -values plotted versus temperature, pH, and ionic strength as observation and
the corresponding fitted formula (line).
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Figure 4.2 µl-values as a function of calcium concentration as observation and the
corresponding fitted formula

4.5. Discussion
Our findings are to some extent consistent with a previous study by Feng et
al. (2003) who found that the inactivation rates of bacteriophages MS2 and Qβ were
lowest within the pH range 6-8. In other words, they found that the inactivation rates
of both coliphages increased for the pH values below 6 or above 8. However, Rossi
and Aragno (1999) found that there is no change in the inactivation rate of
bacteriophage T7 in the pH range 5 to 9. Our findings on the effect of calcium is in
line with Yates et al. (1985) who, in a study on eleven groundwater samples, found
that the inactivation rate of MS2 increased with calcium concentration.
One must note that aggregation of viruses during experiment may result in
apparently high inactivation rate of viruses, as it reduces the total count of viruses.
In fact, there is some evidence that high concentrations of Ca2+ may cause
aggregation of bacteriophage. For example, Mylon et al. (2009) studied MS2 stability
in different mono-and divalent solutions including CaCl2 in the range of 10–1000
mM/L. Their observations revealed that monovalent salts did not cause phage
aggregation. In contrast, phage aggregation occurred with an increasing calcium salt
concentration. But, they did not observe any aggregation at values of Ca2+ less than
1mM. So, the result of inactivation experiments may be affected when the Ca2+
concentration is larger than 10mM. In our experiments, although we used a magnetic
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stirrer for 30 minutes before sampling to minimize aggregation, this effect cannot be
excluded.
Regression analysis of the µs values as a function of pH and ionic strength
revealed no significant effect of these conditions. Note that µs values were 5 to 6
times larger than the corresponding µl values in those column experiments (Sadeghi
et al, 2011). In the field and laboratory studies by Ryan et al. (2002), radiolabeled
PRD1 and MS2 bacteriophages showed surface inactivation at a rate much faster
than that in solution at their aquifer temperature of 15°C. They hypothesized that
strong electrostatic attractions between virus particles and charged mineral surfaces
result in surface-based inactivation through denaturation of viral proteins. However,
as can be seen from the values in Table 4.4, our findings indicate an inverse relation
between attachment rate coefficient and µs values. For example, at the same pH or
ionic strength but different calcium concentration, with the increase of attachment
rate coefficient, there is significant decrease in µs values. Enhanced virus inactivation
in the presence of soil may also be due to repeated attachment and detachment
cycles (Schijven and Hassanizadeh, 2000). Presumably, under unfavorable
attachment conditions, like low Ionic strength and high pH values, as well as when
both virus (PRD1) and soil (quartz sand) are negatively charged, the repetition of
attachment /detachment processes is frequent enough to cause damage to the virus
capsid. On the other hand, presence of Ca2+ may cause stronger attachment and less
frequency of the cycle. Note that based on our findings, longterm measurement of
the tail of breakthrough curve is essential for a reliable estimation of inactivation of
attached viruses.
Table 4.4 Inactivation rate coefficient  s determined from the tail of breakthrough
curves of columns of saturated clean quartz sand (Sadeghi et al., 2011; Sadeghi et al.,
2012)

pH
5
5
6
6
7
8
7
7
7

Ionic strength (mM)
1
10
10
20
20
20
10
10
10

Ca2+ (mM)
0
0
0
0
0
0
0.5
1.5
3.0

katt (day-1)
2.64
19.2
3.36
13.2
5.04
2.64
4.32
15.6
32.4

 s (day-1)
1.1
0.72
0.95
0.83
0.61
1.1
0.42
0.15
0.11
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We compared our results with, an equation given by Bertrand et al (2012) for
the inactivation rate coefficient of PRD1 as a function of temperature in the range of
0-50 C in a simple matrix (mostly groundwater and drinking water). According to
Bertrand et al. (2012), the inactivation rate coefficient of PRD1, including 95%prediction interval, is given by:

l  ln 10 10  T 1.96
0

1

 S 1  2T T

(4.4)

where, α0=2.5, α1=-0.036, s=0.32, 1=-0.00067, and 2=0.000019. The inactivation
rate coefficient is plotted as a function of temperature (using Equation 4.4) together
with the inactivation rate coefficients from our study. Values of pH and ionic strength
in data underlying Equation (4.4) ranged from 5.5 to 10.6 and from 0.5 mM to 12.5
mM, respectively. Figure 4.3 shows that there is excellent agreement between our
data and Equation 4.4 for pH 7-8 and IS of 1 mM at 9.5 C. All our other l values,
although above the predicted mean, are still within the 95% prediction range.

Figure 4.3 Comparison of l-values from this study (symbols) with l-values given by formula
4.4 (solid line), including 95% confidence interval.

To conclude, we now have an empirical formula for the calculating of
inactivation rate coefficient of bacteriophage PRD1 as a function of pH and ionic
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strength in ranges representive of most field conditions. We also have a relationship
between inactivation rate coefficient and calcium concentrations representative for
the field, although only for pH 7 and IS of 10 mM.
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5.1. Abstract
Knowledge of virus removal in subsurface environments is pivotal for
assessing the risk of viral contamination of drinking water wells and developing
appropriate protection measures. Laboratory and field experiments are necessary to
obtain kinetic parameters needed to describe virus transport and removal in soils and
aquifers. Columns packed with sand are commonly used to quantify attachment,
detachment and inactivation rates of viruses. Since column transport experiments
are very laborious, an alternative is believed to be batch experiments in which
viruses, soil and water are mixed. However, attachment and detachment rate
coefficients derived from batch experiments may differ from those determined using
column experiments. The aim of this study was to determine effects of the design of
kinetic batch experiment on attachment, detachment and inactivation rate
coefficients. The design of the batch experiments encompassed various combinations
of container size, the solid-water ratio (Ms/Vw) and the method of mixing. Also, the
length of time needed to reach equilibrium was investigated. Estimated rate
coefficients from batch and column experiment under the same physicochemical
conditions were compared.
Batch experiments were conducted with clean quartz sand, water at pH 7
and ionic strength of 20 mM, and using bacteriophage PRD1 as a model virus. The
samples were taken for a period of about 50 hours at different time intervals and
assayed using the plaque forming technique for calculating PRD1 concentrations. In
two series of experiments, four different combinations of solid-water ratio were
applied using 2 and 10 gram of clean quartz sand in Falcon tubes of 15 and 50 ml.
Mixing of tubes was done in two different ways: rolling the tubes around their
longitudinal axis or tumbling them. Attachment rate coefficients were found to be
systematically higher under tumbling than under rolling conditions. This indicates a
better mixing and more efficient contact of phages with the surfaces of the sand
grains. Regardless of the mixing method, more sand in the container yielded a larger
attachment rate coefficient. A linear increase in the value of detachment rate
coefficient with increased solid-water ratio under tumbling conditions was observed,
which may be ascribed to an increase in hydrodynamic forces or higher collision
frequencies between the quartz particles. Hydrodynamic forces may also be causing
the higher inactivation rate coefficient of attached virus particles that was found for
sand-water ratios equal to or greater than 0.13 gr/ml under tumbling conditions. Our
results suggest that the collision efficiency in batch experiments is not equal to that
in column experiments. Appropriate translation of the attachment rate from batch to
column experiments requires proper understanding of the mixing conditions.
However, because batch experiments, in which the kinetics are monitored, appear to
be as laborious as column experiments, there seems to be no major advantage in
performing batch experiments instead of column experiments.
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5.2. Introduction
Both groundwater and surface water may become contaminated with
pathogenic viruses from various fecal sources (Yates et al, 1985). Much interest
exists, worldwide, in the removal of viruses by soil passage, either for protection of
groundwater supplies, or as treatment of surface water that is subsequently used for
drinking water. Major processes determining virus removal during soil passage are
attachment to and detachment from soil grains, as well as virus inactivation. These
processes depend very much on a range of environmental conditions as explained in
several recent reviews (Bradford et al., 2004; Foppen and Schijven, 2006; Jonczyk et
al., 2011; Sen and Khilar, 2006; Schijven and Hassanizadeh, 2000; Sen, 2011).
In general, three types of experiments are typically conducted in order to
obtain parameter values for virus attachment, detachment and inactivation: batch,
column and field experiments. Each type of experiment has its characteristic spatial
and temporal scales with certain advantages and disadvantages. A major advantage
of field studies is the fact that the actual situation is being investigated, which may
involve 1-, 2-, or 3-dimensional transport depending upon local hydrologic
conditions. Often field studies involving pathogenic or even harmless indicator
microorganisms like bacteriophages are usually not allowed because of safety
regulations. Commonly, field studies are laborious and can be very expensive.
Physico-chemical heterogeneities further add to the complexity of field-scale studies
and may necessitate sampling at multiple locations (see e.g. Pang, 2009; Ryan et al.,
1999; Schijven et al., 1999, 2000).
Column experiments offer the advantage that permission from local
authorities is not required, and that the transport and removal processes can be
studied under well-defined physico-chemical conditions. Because of the latter,
column experiments are often used to support field observations. However, because
of spatial and temporal variations in field conditions, an extensive series of column
experiments may be required in order to encompass field heterogeneities. Also, a
large number of samples still may be needed for accurate parameter estimation, thus
rendering column experiments laborious also (Lewis and Sjöstrom, 2010). An
additional challenge is to appropriately upscale parameter values from the column to
the field scale (Pang et al. 2003). For these reasons most column studies are aimed at
understanding removal processes, rather than obtaining parameters applicable to
the field scale (e.g. Bradford and Bettahar, 2005; Kristian Stevik, 2004; Sen and Khilar,
2006).
Batch experiments can be performed with or without soil. A batch
experiment with only water is used to determine the inactivation rates of viruses in
the water phase. This is obtained from measurement of the decrease in virus
concentration of the water as a function of time. Batch experiments, in which a
suspension of viruses is agitated with a known quantity of solid material (e.g., a field
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soil or quartz sand), are used to study attachment and detachment. When
investigating saturated conditions, the container needs to be completely filled with
water and soil. While agitating the containers, virus particles attach to solid grains
and simultaneously detach from the grains. Virus particles that are free in the liquid
phase and those that are attached to solid grains may become inactivated, leading to
a gradual decrease in the number of infectious virus particles. Because of
inactivation, a true steady-state equilibrium will never be reached, but rather a quasiequilibrium condition will be established (Grant et al., 1993).
Initially, in a batch experiment, free virus concentrations decline with time
because of attachment to the sand and because of inactivation. Eventually a quasiequilibrium distribution of viruses between the solid surfaces of the sand and the
water is obtained because of reversible adsorption. This apparent quasi-equilibrium
is not achieved instantaneously. Since equilibrium is not reached instantaneously (i.e.
attachment and detachment are kinetic processes), one needs to obtain values of the
attachment and detachment rate coefficients, rather than only the distribution
coefficient. This coefficient is of little use unless augmented with a kinetic rate
coefficient.
For sampling in batch experiments, water and sand need to be separated. In
case of very coarse grains, this is relatively easy to do since, as soon as shaking of the
container is stopped, the sand will settle quickly and a sample from the supernatant
water can be taken. In case of medium and fine-textured materials, centrifugation is
required to separate water and soil. Because of these sampling issues, and to
maintain saturated conditions, a batch experiment consists of a series of containers
(tubes) that can be sampled only once.
Estimating attachment rate coefficients requires collecting a large number of
samples at different times. But in many batch studies, samples are taken only at the
beginning of an experiment and after some arbitrarily assumed final equilibration
time (e.g., 30 minutes, 3 or 8 hours). From such an experiment, only a distribution
coefficient can be calculated. Therefore, few values of the attachment and
detachment rate coefficients from batch studies are available, Unfortunately, the
results of batch experiments can vary dramatically when performed under various
experimental conditions, such as the solid-water ratio and the method of agitation
(Schijven and Hassanizadeh, 2000).Therefore, it not always clear whether results of
batch studies can be used to predict virus removal under transport conditions.
In this paper, we investigate whether the gap between batch and column
experiments for studying virus attachment, detachment and inactivation can be
bridged. The container size, the solid-water ratio, and the mixing methods were
varied in order to determine their effect on attachment, detachment and
inactivation. The batch experiments were conducted with the bacteriophage PRD1 as
a model virus. In previous work (Sadeghi et al., 2011), attachment, detachment and
inactivation were studied in saturated sand columns for a range of pH and ionic
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strength values. As we use the same coarse sand and bacteriophage, the values of
the attachment, detachment and inactivation rate coefficients can be compared
between batch and column experiments.

5.3. Material and methods
5.3.1 Experimental set-up and measurements
Bacteriophage PRD1 was used as a model virus in all experiments. For the soil
we used quartz sand (H31, Sibelcoo, Belgium) with an average grain size of 0.44 mm.
Potential impurities were removed following a procedure used by Foppen et al.
(2007) to clean sand. Our sand for this purpose was heated to 850± 50 °C for four
hours, followed by acid washing with 12 N HCl for 48 hours and rinsing with deionized water until the electrical conductivity of rinse water was less than 1 μS/cm.
Prior to use, the sand was oven-dried for 24 hours at 105 °C. A stock solution of
water with a pH of 7 and ionic strength (IS) of 20 mM was prepared using sodium
salts (NaCl, NaHCO3) and used in all experiments, similarly as Sadeghi et al. (2011). All
experiments were conducted at a controlled room temperature of 11 (±1) °C.
The stock solution was used in all batch experiments without soil and was
dosed with the same amount of PRD1. Samples were taken regularly within a 2month period to determine PRD1 concentrations according to ISO 10705-I (1995),
with the omission of nalidixic acid because our host bacteria Salmonella typhimurium
LT-2 is sensitive to it. Host bacteria and the bacteriophage were obtained from the
National Institute of Public Health and the Environment (RIVM), Bilthoven, The
Netherlands.
For batch experiments with soil, the same stock solution was used in two
series of experiments. In each series, four different combinations of solid-water
ratios were used (see Table 5.1). A total of 104 tubes were prepared for sampling at
13 different times. Two or 10 grams of dried sand were placed into small and large
tubes (15 and 50 ml Greiner Bio-One Polypropylene Falcon tubes, Cat No. 188271
and 227261). Subsequently, all tubes were filled with the stock solution and then
drained after a few hours. Filling and drainage were repeated several times during a
one-week period until constant pH and ionic strength values were obtained, as
indicated by measurements after each replacement. Then, the tubes were inoculated
with the same number of viruses. All tubes were gently filled completely so that no
air was included in the tubes upon their closure with caps. The tubes were mounted
onto two different agitators. For batch series1, an electrical rotor (Watson Marlow
505S) was used and the tubes were rolled horizontally at 4 rpm (Fig. 1a-1d). For
batch series 2, the tubes the tubes were tumbled at 9 rpm (Fig. 2a-2d).
At various times, a tube from each batch experiment was taken for sampling.
This tube was left standing for one hour to allow the sand to settle. Its supernatant
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was then sampled to determine the remaining virus concentration. All samples were
analyzed within two hours of collection.

Table 5.1 Experimental conditions and estimated parameter values
Experiment

Conditions
Ms Vw

Ms/Vw

Parameter values
C0
katt
-1

kdet
-1

µs
-1

1a
1b
1c
1d
2a
2b
2c

g
2
2
10
10
2
2
10

ml
55
15.3
52
12.3
55
15.3
52

g/ml
0.036
0.13
0.19
0.81
0.036
0.13
0.18

pfp/ml
4.18E+04
1.30E+05
5.02E+04
1.72E+05
3.45E+04
1.41E+05
3.39E+04

h
0.19
0.086
0.21
1.2
0.59
1.1
0.74

h
0.026
0.014
0.0014
0.000027
0.00037
0.00091

h
0.007
0.007
0.007
0.007
0.007
0.066
0.066

2d

10

12.5

0.80

1.37E+05

2.1

0.0036

0.066

All experiments were performed at pH 7 and ionic strength 20 mM; in series 1, the tubes were
rolled at 4 rpm; in series 2, the tubes were tumbled at 9 rpm.

5.3.2. Conceptual Model
In a batch experiment with water, sand and virus particles, the governing equations
describing changes virus concentrations in the water and attached to the sand grains,
as a function of time, are:

M
dC
 kattC  kdet s S  l C
dt
Vw

(5.1)

V
dS
 k att w C  k det S   s S
dt
Ms

(5.2)

where t is time [T], C is number concentration of free viruses in water [L-3], S is
number concentration of attached viruses [M-1], Ms is mass of sand [M]. Vw is the
volume of water [L3], katt, and kdet, are attachment and detachment rate coefficients
[T-1] and µl and µs are the inactivation rate coefficients of free and attached viruses,
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respectively [T-1]. Subject to the initial conditions that C(t=0)=C0 and S(t=0)=0, the
analytical solution for both C and S are as follows:

C t  

1 exp   4 t    2 exp   5 t 
2 3

(5.3)

S t  

 6 exp   4 t    7 exp   5 t 
2 3

(5.4)

where

1  C0 k att   l  k det   s   3   2k det

Ms
Vw

 2  C0 k att   l  k det   s   3   2k det

 3   8 2  4 9

4 

5 

8  3
2

8  3
2

S0

Ms
Vw

S0

(5.5)

(5.6)

(5.7)

(5.8)

(5.9)

99

Chapter 5

 6  S 0 k det   s  k att   l   3   2k att

Vw
Ms

 7   S 0 k det   s  k att   l   3   2k att

C0

Vw
Ms

C0

(5.10)

(5.11)

 8  k att  k det  l   S

(5.12)

 9  k att  S  k det l   l  S

(5.13)

Note that after a long time, concentrations of both free and adsorbed viruses
approach zero. In the special case that there is no inactivation, equations (5.3) and
(5.4) simplify to:




Ms 
M
k C  k
 exp  k  k t    C  s S k
S
det
att
det
o  det
 att 0
 0 V
VW 0 
W



C t  
k att  k det



V

Vw
k
 exp  k  k t    w C  S k
C

k
S
det 0 
att
det
o  att
 att M 0
M 0
s

 s

S t   
k att  k det

(5.14)

(5.15)

In this case, concentrations of free and adsorbed viruses approach equilibrium
values.
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5.3.2. Data analysis
The batch experiments were analyzed by fitting equations (5.3) to observed
concentration
data.
First,
the
objective
function

log10 C [C0 , M s ,Vw , k att , kdet , l ,  s , t ] was fitted to the data of the each
experiment separately to obtain estimates for all rate coefficients. To that aim, the
following log-likelihood function was defined (Hogg and Craig, 1995):

L [ k att , k det , l ,  s ] 
2


log 10 Ct [ C0 , M s ,Vw , k att , k det , l ,  s ,ti ]   (5.16)
 2 ln s 2 

2s 2
i 1 

n





where i is the i-th observation out of n observations. Parameter values were
obtained by minimizing the log-likelihood function using numerical optimization
options in Mathematica.
Note that the log transform of the virus concentration was used in the
optimization. This was essential since the experimental data were spread over
several orders of magnitudes. Without the log transformation, the optimization
would be biased almost exclusively by values at the beginning of the experiments
when virus concentrations are still high. For comparison, kinetic parameters were
also optimized using concentrations that were not log transformed. For some
experiments we obtained very similar values for katt and kdet irrespective of the
transformation. In several experiments, however, the optimized values differed
considerably. This was especially the case for experiments that reached quasiequilibrium. When the concentrations were not log transformed, the optimized
model did not capture the transition between initial and quasi-equilibrium phase
very well. For this reason, only the optimized parameters for the log transformed
concentrations are reported here.
In the initial phase of a batch experiment, the decrease in aqueous phase
concentrations is mainly controlled by katt and µl. But later, when quasi-equilibrium is
reached, the decrease in concentration of free viruses is determined by inactivation
of both attached and free viruses.
In all cases, the value of µl was set equal to 0.007 h-1. This value was
determined from the batch experiments without sand assuming first-order kinetic
inactivation. For experiments where the virus concentration decreased below the
detection limit before quasi-equilibrium was reached, it was not possible to estimate
a value for µs. For those cases, µs was set equal to the liquid phase inactivation
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coefficient of 0.007 h-1, in which case only katt and kdet needed to be estimated. If the
log-likelihood of both models differed less than the 95-percentile of a 2-value with
one degree of freedom (the difference in the numbers of parameters between
models), then the model with the least number of parameters was taken.
Next, we carried out an optimization in which the objective function
consisted of the sum of all eight log-likelihood functions (one for each experiment).
In this way, values of the rate coefficient for each experiment can be estimated
separately. Note that the first step to estimate those parameter values for each
experiment separately might be omitted. But here it helps to employ appropriate
starting values, while omitting kdet’s and µs’s that could not be estimated. Next,
similar log-likelihood functions were defined, whereby parameter values between
(groups of) experiments were assumed to be the same. Then, by means of the loglikelihood deviates (same as the likelihood ratio’s), it was determined if these
assumptions hold.
Finally, using multivariate regression analysis, we investigated in what
manner the batch process rate parameters were related to the experimental
parameters Ms and Vw.

5.4. Results
Figures 5.1 and 5.2 show observed and calculated virus concentrations versus time
for all eight batch experiments. As explained in the previous section, the model was
fitted to the log transformed bacteriophage concentrations. Table 5.1 presents the
fitted parameter values.
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Figure 5.1 Evolution of PRD1 concentration in experimental series 1 (rolling at a frequency of
4 rpm). Symbols are observed virus concentrations and lines are fitted model results.

Figure 5.2 Evolution of PRD1 concentration in experimental series 2 (tumbling at a frequency
of 9 rpm). Symbols are observed virus concentrations and lines are fitted model results.
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In all experiments, concentrations of free viruses dropped steeply at the
beginning (Fig 5.1 and Fig 5.2). Depending upon the Ms/Vw ratio, concentrations
changed by up to four orders of magnitude within the first ten hours of the
experiment. This period reflects the initial phase in which changes in the virus
concentration are predominately caused by an imbalance between the rates of virus
attachment and detachment. In the second phase, rates of virus attachment and
detachment are almost balanced and the system reaches quasi-equilibrium with
respect to virus attachment. In this quasi-equilibrium phase, the decrease in free
virus concentration is predominately due to inactivation. Quasi-equilibrium was not
reached in all experiments. When the samples were mixed by rolling the tubes, the
transition from the initial phase to quasi equilibrium could not be observed in the
experiments with the low Ms/Vw ratio (see Exp 1b; Fig 5.1).
When estimating the rate coefficients for each of the eight batch
experiments separately, it became apparent that for experiments 1d, 2a, 2b, 2c and
2d value of µs could be estimated. The value of µs was found not to be significantly
different from the default value of 0.007 h-1 for free viruses. In the case of
experiment 1a and 1c, quasi-equilibrium was just reached, but µs could not be
estimated. For experiment 1b, quasi-equilibrium was not reached and, hence, only
katt could be estimated. For experiments 2b, 2c and 2d, µs could be estimated and by
means of the likelihood ratio tests it was found that the value of µs did not differ
between these three experiments. Hence a single value of 0.066 (almost ten times
the default value of 0.007 h-1) is reported. Thus, depending on the experimental
conditions, there are two very distinctive estimates of µs. The higher value is for
values of Ms/Vw equal to or greater than 0.13 g/ml, or for tumbling conditions at 9
rpm.

5.5. Discussion
Batch experiments can be used to obtain information on virus attachment to
the solid surfaces of sand grains. Results of this study show that the method of
mixing has a large effect on virus attachment. We believe that complete mixing of
the sand and water was not achieved in the rolling experiments because much of the
sand remained in the lower part of the tube, and water was filling the rest of the
tube. Much better mixing was achieved by tumbling the tubes. More complete
mixing implies much better contact between free viruses and sand grains. Therefore,
in experiment 1d, under rolling conditions, virus attachment was of a similar order of
magnitude as with the tumbling experiments of series 2. This may be ascribed to the
high sand-water ratio, which provides more surface for attachment and a better
distribution of the sand within the tube leading to complete attachment.
Figure 5.3 presents katt values as a function of Ms/Vw. Within the range of
values, a linear relation between Ms/Vw and katt is apparent. From multivariate
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regression analysis, it followed that the increase in katt due to an increase in Ms/Vw
was the same for experiment series 1 and 2. In the case of experiment series 1, the
intercept was not significantly different from zero (table 5.2). Obviously, if there is no
sand in the container, there cannot be attachment to sand. In the case of experiment
series 2, at least within the range of 0.036 – 0.81 for Ms/Vw, the relation may be
linear, but in the range of 0 – 0.036, katt probably increased steeply from 0 to
approximately 0.6 h-1. Additional batch experiments with lower Ms/Vw ratios than
used in this study are required to verify this consideration. Still, the different
intercepts indicate that katt is systematically higher under tumbling than under rolling
conditions. In both series of experiments, more sand in the container leads to a
corresponding increase in katt. In column experiments, the solid phase is stationary
and the frequency of collision of viruses with soil grain surface is lower than in mixed
systems. This should be the main reason why katt values are lower in column
experiments than in batch experiments although the Ms/Vw ratio is higher than in
batch experiments. Batch experiments do not provide any information on the
possible dependence of kinetic rate coefficient on flow velocity.

Figure 5.3 Attachment rate coefficient katt as a function of Ms/Vw.

It should be noted that both the available amount of sand surface and the
number of virus particles in a given volume determine the probability with which
viruses collide with these surfaces. This collision probability is not the same as the
single collector efficiency in a sand column.
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Figure 5.4 presents kdet values as a function of Ms/Vw. Here also, there seems
to be a linear relation between Ms/Vw and kdet. Multivariate regression analysis
showed a significant correlation with Ms/Vw, which is reflected in a decrease in kdet
with increasing Ms/Vw for series 1 and an increase in kdet with increasing Ms/Vw for
series 2. In the latter case, the intercept was not significantly different from zero.
Again, obviously, there cannot be detachment from the sand, if there is no sand in
the container. For series 1, the high kdet values at low solid-water ratio are
questionable. In those experiments (1a and 1c), the estimates were inaccurate
because the transition from the kinetic phase to the quasi-equilibrium was very
gradual and the number of observations in the quasi-equilibrium stage was limited.
Notice that the kdet value of experiments 1d and 2d under rolling and
tumbling conditions respectively, were similar for the highest solid-water ratio case.
Again, this can be associated with the distribution of sand in the water phase. There
is a clear linear increase in the value of kdet with increased solid-water ratio under
tumbling conditions, which may be ascribed to an increase in hydrodynamic forces or
higher collision frequencies between the quartz particles, assuming that collision of
quartz particles facilitates virus detachment at the higher solid-water ratio.
Hydrodynamic forces may also be causing the higher μs that was found for Ms/Vw
equal to or greater than 0.13 gr/ml when tumbling at 9 rpm.

Figure 5.4 Detachment rate coefficient kdet as a function of Ms/V.

106

Batch experiments with bacteriophage PRD1

Table 5.2 Regression analysis of katt , kdet as a function of Ms/Vw.

k att
-1

Intercept (h )
-1 -1
Slope (h .g .ml)
2
R

Series 1
0
1.59
94.3%

k det
Series 2
0.67
1.59

Series 1
0.024
-0.029
94.4%

Series 2
0
0.0046

Another important finding in our results is the time required for reaching
quasi-equilibrium. Figure 5.2 demonstrates that this time is shorter for larger solidwater ratios. For experiment 2a, the equilibrium time was about 20 hours, but for
experiment 2d only about 4 hours. This also means that for batch experiments with
viruses, soil and water, it is important to collect samples during the kinetic as well as
the quasi-equilibrium phase of the experiment. Moreover, to accurately determine
kdet as well μs, a sufficient number of samples during the latter phase is required.
The variability in kinetic parameters as a functions of Ms/Vw ratio and agitation
method indicates that obtaining kinetic parameters of virus removal in porous media
from the results of batch experiments is not straightforward. Our study indicates that
performing kinetic batch experiments is as laborious as column experiments with
regard to set up, operation, sampling and parameter estimation.
For comparing parameter values between batch and column experiments, we used
the values of rate coefficients from column experiments at pH 7 and Ionic strength of
20 mM (Sadeghli et al., 2011). The value of katt from that experiment was 0.21 h-1,
which is lower than all katt values obtained from the batch experiments under
tumbling conditions. Given the fact that the hydrochemical conditions were the
same, the sticking efficiency of the column and batch experiments may be assumed
to be the same. This implies that the probability of collision of virus particles with the
sand grains in the batch experiments is much higher than the single collector
efficiency in a sand column.
The proper way of performing batch experiments with virus encompasses
determining virus concentrations as a function of time, instead of only at one time,
when equilibrium is assumed However, since well-executed batch experiments are as
laborious as column experiments, we conclude that there is no advantages of doing
batch experiments as compared to column experiments.
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In this research, on the basis of column and batch experimental data,
quantitative relations were developed for attachment and inactivation of
bacteriophage PRD1 as a function of pH, ionic strength (IS) and calcium
concentration. An empirical formula for the sticking efficiency of PRD1 in clean quartz
sand was developed for the pH range of 5 – 8 and the IS range of 1 – 20 mM (chapter
2). Also, an empirical formula for the sticking efficiency of PRD1 in clean quartz sand
for pH 7, IS of 10 mM, and a calcium concentration range of 0 – 120 mg/l was
developed (chapter 3). It is of interest to know what the effect of calcium
concentration is on the value of the sticking efficiency at other pHs and ionic
strengths as well. Therefore, the combined data for sticking efficiency as a function of
pH and IS (chapter 2) and calcium concentration (chapter 3) were used to develop a
single empirical formula. This empirical formula has the following form:
α (pH, Na+,Ca2+) = α0 exp (a1(pH-7)+a2Na++a3Ca2++a4Na+Ca2+)

(6.1)

where Na+ and Ca2+ are the sodium and calcium concentrations in mM, respectively.
Note that in order to keep IS constant, when varying the calcium concentration, the
sodium concentration was varied as well. At pH 7 and in the absence of Na+ and Ca2+,
the sticking efficiency equals the reference sticking efficiency α0. The values of α0 and
constants a1 – a4 were estimated by fitting equation 6.1 to the combined data, using
the NonLinearModelFit command in Mathematica (Version 8.0.4; Wolfram Inc.).
Table 6.1 lists the estimated parameter values. All parameter values were
found to be highly significant, which implies that a significant interaction exists
between the sodium and calcium concentrations that determine the value of the
sticking efficiency. Figure 6.1 shows the experimental sticking efficiencies together
with fitted curves.

Table 6.1 Parameter values of empirical formula (equation 6.1)
Parameter
Estimate
α0
0.000462
a1
-1.23
a2
0.111
a3
1.25
a4
0.124
R2=99.4% and all parameter values are highly significant.
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Standard error
0.000106
0.0918
0.00782
0.0666
0.0221
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Figure 6.1 Open symbols are experimental sticking efficiencies (α), the lines are calculated
values. The gray squares are experimental values from the experiments in the presence of
calcium, with the highest values corresponding to the highest calcium concentrations. The
asterisks represent the corresponding calculated values.

It must be noted that equation (6.1) is valid only in the range of pH, Na+, and
Ca values that our experiments were performed. Beyond these ranges, predicted
values may be questionable and even unrealistic. For example, sticking efficiency
values given by Equation (6.1) at lower pH values are found to be much larger than
one. But, by definition, sticking efficiency values should always lie between 0 and 1.
In Figure 6.1, it can be seen, that the effect of sodium concentration in the pH-range
of 7 – 8 is small, therefore, it may be assumed that the effect of calcium at pH 7 – 8 is
about the same.
Figure 6.2 shows the values of pH, sodium and calcium concentrations
measured in 18 shallow unconfined aquifers in the Netherlands (Vermooten et al.,
2007), which cover most of the Dutch groundwater production areas. Included in
2+
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Figure 6.2 are also the calculated sticking efficiency values, obtained from the
empirical formula.

Figure 6.2 Values of pH, sodium, and calcium concentration, and calculated sticking
efficiencies for 18 shallow, unconfined geotopic areas in the Netherlands.

The calculated sticking efficiencies range from 4.3×10-4 to 5.4×10-3. The question
arises whether this is a realistic range. Therefore, the empirical formula was also
used to calculate sticking efficiencies for comparison with reported values from a
number of field studies. The field data and calculated sticking efficiencies are listed in
Table 6.2. Differences between calculated and observed sticking efficiencies may be
explained by the differences in surface properties of the soil. For example, on the one
hand, iron oxides on sand grains may lead to higher sticking efficiencies, and, on the
other hand, anoxic conditions, may lead to lower sticking efficiencies. These factors
are not included in our empirical formula. Also, the role of organic matter is not part
of the formula. In the case of the study of Bales et al. (1997), the model
underestimates the reported sticking efficiency. Such an underestimation may well
be explained by the fact that the empirical formula was developed from columns
packed with cleaned sand, whereas in the field more favourable sites for attachment
may be present. In the case of the two Cape Cod studies (Pieper et al., 1997; Ryan et
al., 1999), sticking efficiencies were reported for an aquifer layer with low and with
high organic matter content. For the latter layer, sticking efficiency was lower,
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because favourable sites for attachment were blocked by organic matter. The
calculated sticking efficiencies for the layer without organic matter are a bit lower.
Again, this may attributed to the cleaned sand in our column experiments and the
presence of favourable sites for attachment in the form of iron (oxy)hydroxides in the
field (Pieper et al., 1997; Ryan et al., 1999). In the layer where these sites were
blocked by organic matter very similar values were predicted by our empirical
formula. In the case of the Borden study (Bales et al., 1997), the empirical formula
strongly underestimates the reported sticking efficiency, but in the case of the dune
sand study (Schijven et al., 1999), the empirical formula overestimates the reported
sticking efficiency. For the latter study, the presence of bivalent cations may explain
the overestimation. Possibly, in the field, sites for attachment are blocked to the
extent, that the presence of calcium and magnesium do not have much effect.

Table 6.2 Field data and reported and calculated sticking efficiencies.
+

2+

2+

Sand

Dist.
(m)

pH

[Na ]
mM

[Ca ]+[Mg ]
mM

foc

Reported
-3
α (× 10 )

calculated
-3
α (× 10 )

Ref.

Borden

0.94

0.065
0.34
0.065
0.34

0.0001
0.01
0.0001
0.01

3
0.85-1.6
9-13
1.4-2.6
9-13
1.4-2.6

0.48
0.13
2.7-9.2
1.4-3.4
3.5
3.9

(1)

1

5
5
0.25
1.9
0.25
1.9

0.0003

Cape Cod

7.4
8.4
5-5.7
6-6.7
5.5
5.9

(2)
(3)

Sand/gravel

7.519.4

7.2

4.6

-

-

5-630

0.59

(4)

Dune sand

2.4

7.38.3
7.38.3

2

2.7

0.001

2.4

6.5-23

(5)

2

2.7

0.001

0.43

6.5-23

30

(1) Bales et al., 1997; (2) Pieper et al., 1997; (3) Ryan et al., 1999; (4) DeBorde et al.,
1998; (5) Schijven et al., q1999; foc is fraction of organic carbon content.
Although our empirical formula covers the range of pH, sodium and calcium
concentrations that is commonly encountered in the field, effects of organic matter,
the presence of iron oxides, clays and other fines are not accounted for. Hence, there
could still be large discrepancies between calculated and observed values for sticking
efficiency values. Furthermore, from field observations, it is known that lower
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sticking efficiencies are found after larger transport distances. Our empirical formula
has been developed on the basis of data from 50-cm columns. In particular, when
sand is so clean that the sticking efficiency would be in the order of 10-5, a longer
column would be needed to determine such low values. Note that sticking efficiency
values as low as 10-4 were obtained in our experiments, which indicates that the
measurements in our column experiments were quite accurate.
The fact that the lowering of calcium concentration was found to lead to
remobilization of attached PRD1 particles is very significant. Sudden reduction of
calcium concentration and/or ionic strength may occur in the field after heavy
rainfall, in which case release of attached viruses may occur.
So far, we can be reasonably confident in applying the empirical formula
(equation 6.1) to obtain virus attachment rate coefficient values in clean sandy soil,
but only at relatively short distances. However, at larger distances, such as the size of
a groundwater protection zone, virus removal may well be overestimated by our
formula. This will lead to setback distances that are too short. From a number of field
studies, sticking efficiencies as small as 10-5 have been reported (Schijven et al., 1999,
2000; Wielen et al, 2008), and should not be ignored. Moreover, in the presence of
organic matter, the sticking efficiency of PRD1 will be very low (Foppen et al., 2006).
So, in addition to effects of organic matter and characteristics of soils that are not
clean, upscaling to larger travel distances is also an open issue. Nevertheless, our
estimated values approach sticking efficiencies reported in field studies and,
therefore, the empirical formula can be used for the calculation of indicative values
for setback distances of protection zones. To conclude, under field conditions, the
value of α0 may be different from that given in formula (6.1). Nevertheless, changes
in physico-chemical conditions may still be predicted well by our formula.
We also used the combined data for inactivation of PRD1 under various
hydrochemical conditions (Chapter 4) in order to develop a single empirical formula
for inactivation rate coefficient of PRD1 in water as a function of temperature, pH,
Na+ and Ca2+ (Eq 6.2). Inactivation was assumed to be a first-order process (Eq 4.1).
We have found a linear dependence of µl on temperature, pH, and sodium
concentration. But, µl was not linearly dependent on calcium concentration. In the
presence of calcium, µl increased, approaching a maximum. The dependence of µl on
these factors was analyzed also by using the NonLinearModelFit command in
Mathematica 8.0.4 (Wolfram Inc, Champaign, Illinois). From this analysis, it appeared
that there was a significant correlation between pH, temperature, and sodium
concentration. No correlations between calcium concentration with other factors
were found. This is because the data for various calcium concentrations were all
collected at a constant temperature and pH. The dependence of µl on pH,
temperature, sodium, and calcium could be described by the following formula:
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l 
0 [ 1  m1 ( T  10 )  m2 ( pH  7 ) 

6.2

m3 Na   m4 ( 1  exp( m5 Ca 2 )) 
m6 ( T  10 )( pH  7 )  m7 ( pH  7 )Na  ]

where, T is the temperature (°C), and m1 to m7 are constants and µ0 is the
inactivation rate coefficient for the standard condition with pH 7 without calcium at
10°C. The values of these coefficients and corresponding standard error values are
given in table 6.3. Figure 6.3 shows the data and the fitted curves.

Table 6.3 Parameter values of empirical formula (equation 6.2)
Parameter

Estimate
0
-0.0366
0.753
m1
-0.252
m2
0.0254
m3
1.04
m4
1.25
m5
-0.235
m6
0.00574
m7
R2=95.4% and all parameter values are significant.

Standard error
0.00381
0.13
0.0794
0.00372
0.186
0.493
0.133
0.00191
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+

2+

Figure 6.3 Measured µl -values plotted versus temperature, pH, ionic strength (Na and Ca )
and the corresponding fitted formula (line).

Figure 6.3 shows that at low temperatures (<10 °C), the effect of pH and sodium
concentration on the value of the inactivation rate coefficient is small, within the
experimental range. The effect of temperature is much larger, and at higher
temperature, the effect of pH becomes large as well. No data were obtained for the
effects of sodium and calcium at higher temperatures. For the same IS (of 10 mM)
replacing sodium with calcium will double the inactivation rate coefficient. It should
be remarked again that all these effects are specific to bacteriophage PRD1. Our data
agree very well with the large database of virus inactivation produced by Bertrand et
al. (2012). This lends confidence to the utility of formula 6.2 for calculating indicative
values for the inactivation rate coefficient of PRD1.
Note that formula (6.2) provides the trend in the effect of temperature, pH,
calcium, and sodium on the inactivation rate coefficient. This trend is expected to be
valid for viruses similar to PRD1 and general situations (i.e. not only column). In other
words, this formula can be used for field applications to obtain indicative values of µl
depending on hydrochemical conditions. However the results of µ0 (and possibly m1m7) may change from case to case.
Recommendations
Given the high sensitivity of predictions of virus transport through the subsurface on
the value of the sticking efficiency, for accurate predictions, it is required to account
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for the variations in surface properties of soil. This is complex matter; therefore this
should be restricted to a few representative cases that serve as reference. One of
those would be cleaned sand under anoxic conditions, where residuals of metal
oxides are reduced. This super-clean sand would then be the lowest case, i.e. sticking
efficiencies are at a minimum. Such a condition also allows investigating the effects
of surface roughness. It needs be bared in mind, that under such experimental
conditions, with very low sticking efficiencies - that can be as low as 10-5 - columns
and/or travel times need to be long enough to allow for significant virus removal.
Probably, it is not needed to conduct such experiments for the whole range of pH
values and salt concentrations as were applied in our research, because, we already
have quantified trends. Also, of importance is investigating the role of phosphate and
organic matter. Blocking of attachment sites by phosphates and organic matter
(Foppen et al., 2006) may represent cases of low attachment as well. Finally, cases,
where sites for attachment are available, should be added. The combined
information from these references cases with existing field data may form a library.
This implies that future research should be directed to developing quantitative
relations between soil properties, such as surface coverage with iron oxides, and
virus attachment, represented by the sticking efficiency of bacteriophage PRD1. This
not only be useful for calculating adequate setback distances for groundwater
protection, but may, for example, be use to support selection of the appropriate
sands for slow sand filtration.
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Samenvatting

Kennis over virusverwijdering in de ondergrond is van belang voor risicoschattingen
met betrekking tot virusbesmetting drinkwaterputten en om grondwaterbronnen
voldoende te beschermen. Laboratorium- en veldonderzoek is nodig om waarden
van kinetic parameters te verkrijgen die virustransport en -verwijdering
watervoerende pakketten beschrijven. De twee belangrijkste processen die
virusmobiliteit in de ondergrond bepalen zijn virushechting en -inactivatie. In het
onderhavige onderzoek warden verschillende combinaties van kolom- en batchexperimenten uitgevoerd om gegevens the verzamelen voor de ontwikkeling van
kwantitatieve relaties voor hechting en inactivatie van bacteriofaag PRD1, als
modelvirus, als functie van pH, ionsterkte (IS) natrium en calcium concentratie.
Hechtingsnelheidscoëfficiënten namen toe met afnemende pH en toenemende
ionsterkte. Dit stemt overeen met DLVO-theorie. Hechtingsnelheidscoëfficiënten
namen ook toe met toenemende calciumconcentratie. Zogenaamde sticking
efficiencies werden berekend op grond van de hechtingsnelheidscoëfficiënten en
werden gebruikt voor de ontwikkeling van empirische formules voor de sticking
efficiency als functie van pH, IS, Na+, and Ca2+. Deze relatie is van toepassing onder
ongunstige omstandigheden voor virushechting. Een referentie sticking effiency werd
gedefinieerd voor pH 7, zonder calcium en natrium (nul ionsterkte). Deze
referentiewaarde kan onder veldomstandigheden verschillen, bijvoorbeeld, omdat
grond in het veld kan verschillen in eigenschappen van het schoongemaakte zand in
de kolomproeven. De effecten van pH, natrium en calcium, zoals gekwantificeerd in
de empirische formule, kunnen desondanks hetzelfde zijn.
De inactivatiesnelheidscoëfficiënt bleek lineair af te hangen van temperatuur, pH, en
natriumconcentratie, maar niet-lineair van de calciumconcentratie. In de
aanwezigheid van calcium, neemt de inactivatiesnelheid snel toe tot een maximum.
Net als voor hechting, werd een empirische formule voor de
inactivatisnelheidscoefficiënt van PRD1 in water als functie van temperatuur, pH,
natrium- en calciumconcentratie ontwikkeld. De met deze formule berekende
waarden vallen binnen het bereik van de in de literatuur gerapporteerde waarden
voor de inactivatisnelheidscoefficiënt van PRD1.
Schudproeven met virus, zand en water werden verkend voor hun nut in het
verkrijgen
van
waarden
voor
hechtings-,
onthechtingsen
de
inactivatisnelheidscoefficiënten.
Vergeleken
met
kolomproeven
blijken
schudproeven net zo arbeidsintensief te zijn. De waarden van de
snelheidscoëfficiënten, die bepaald worden met behulp van schudproeven bleken
sterk af te hangen van de manier waarop de schudproeven werden gedaan. Dit
behelst de verhouding van de hoeveelheden zand en water en de wijze van mengen,
waarvan de betekenis niet voldoende is begrepen. Om deze redenen, worden
schudproeven niet aanbevolen om hechting van virussen te kwantificeren.
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