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Abstract Laboratory-scale virus transport experiments were conducted in columns packed
with sand under saturated and unsaturated conditions. The viruses employed were the male-
specific RNA coliphage, MS2, and the Salmonella typhimurium phage, PRD1. The mathe-
matical model developed by Sim and Chrysikopoulos (Water Resour Res 36:173–179, 2000)
that accounts for processes responsible for removal of viruses during vertical transport in one-
dimensional, unsaturated porous media was used to fit the data collected from the laboratory
experiments. The liquid to liquid–solid and liquid to air–liquid interface mass transfer rate
coefficients were shown to increase for both bacteriophage as saturation levels were reduced.
The experimental results indicate that even for unfavorable attachment conditions within
a sand column (e.g., phosphate-buffered saline solution; pH = 7.5; ionic strength = 2 mM),
saturation levels can affect virus transport through porous media.

Keywords Bacteriophage · Virus transport · Unsaturated flow · Virus inactivation ·
Interface mass transfer · Mathematical modeling

Notations
aT Specific liquid–solid interface area, L2/L3

a�
T Specific air–liquid interface area, L2/L3

b Empirical constant
C Virus concentration in liquid phase, M/L3

C0 Pulse-type source concentration, M/L3
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C∗ Deposited virus concentration at the liquid–solid interface
(virus mass/solid mass), M/M

C� Absorbed virus concentration at the air–liquid interface, M/L3

Cg Concentration of viruses in direct contact with solids, M/L3

dv Virus diameter, L
D Molecular diffusion coefficient, L2/t
De Effective molecular diffusion coefficient, L2/t
Dz Vertical hydrodynamic dispersion coefficient, L2/t
g Gravitational constant, L/t2

h Soil water pressure head, L
h0 Air-entry value, L
k Liquid to liquid–solid interface mass transfer rate coefficient, t−1

kB Boltzman constant, (M L2)/(t2 T)
k� Liquid to air–liquid interface mass transfer rate coefficient, t−1

K Unsaturated hydraulic conductivity, L/t
Kd Partition or distribution coefficient, L3/M
m Empirical constant
n Empirical constant
q Specific discharge (Darcian fluid flux), L/t
q0 Prescribed specific discharge, L/t
r0 Effective pore radius at air entry, L
rp Average radius of soil particles, L
Se Effective degree of saturation
t Time, t
tp Duration of source pulse, t
U Average interstitial velocity, (U = q/θm), L/t
z Spatial coordinate in vertical direction, L

Greek Letters
α Empirical coefficient, L−1

αz Vertical dispersivity, L/t
ζ Empirical coefficient
θm Moisture content (liquid volume/porous medium volume), L3/L3

θr Residual or monolayer volumetric moisture content, L3/L3

θs Volumetric water content of a saturated porous medium, L3/L3

κ Liquid to liquid–solid interface mass transfer coefficient, L/t
κ� Liquid to air–liquid interface mass transfer coefficient, L/t
λ Inactivation rate coefficient of suspended viruses, t−1

λ∗ Inactivation rate coefficient of sorbed viruses at the liquid–solid interface, t−1

λ� Inactivation rate coefficient of sorbed viruses at the air–liquid interface, t−1

µ Viscosity of the liquid, M/(L t)
ρ Bulk density of the solid matrix (solids mass/aquifer volume), M/L3

ρw Density of water, M/L3

σ Surface tension of water, M/t2

τ Tortuosity (τ ≥ 1)
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Abbreviations
ATCC American type culture collection
PBS Phosphate buffered saline
PFU Plaque forming units
SSE Sum of squared error
TSA Trypticase soy agar
TSB Trypticase soy broth

1 Introduction

Virus contamination can originate from a number of different sources, including landfills,
septic tanks, and recharge basins (National Research Council 1994). In each of these cases,
the viruses would travel through the unsaturated zone before reaching the ground water. The
major processes controlling the transport of viruses in the subsurface are sorption and/or
inactivation (Gerba and Keswick 1981; Chrysikopoulos and Sim 1996). The degree of virus
attachment is affected by several factors including viral surface properties, groundwater
quality, and sediment surface charges (Gerba 1984). Lance and Gerba (1984) reported that a
reduction in soil moisture content enhances virus sorption by forcing viruses to move into a
thin film of water surrounding soil particles. Other investigators have noted that virus sorption
is strongly correlated with the degree of soil moisture due to the presence of solid–water and
air–water interfaces in unsaturated porous media (Powelson et al. 1990; Wan and Wilson
1994). By conducting well-controlled studies under unsaturated conditions, Jin et al. (2000)
contributed the presence of an air–water interface for the observed increase in the removal
of two bacteriophage. Chu et al. (2001) suggested that in the absence of a reactive solid–
water interface the reactions at the air–water interface may become more pronounced and
accentuated at low water contents.

The inactivation of viruses is enhanced due to the presence of an air–liquid interface
(Thompson et al. 1998). Thompson and Yates (1999) suggested that the presence of air–
liquid–solid interfacial forces increased the inactivation of a relatively hydrophobic virus in
tubes composed of hydrophobic solid surfaces but not in tubes composed of hydrophilic solid
surfaces. However, there is no quantitative relationship between the inactivation rate coeffi-
cients of viruses in the liquid phase and viruses sorbed at the air–liquid interface available in
the literature. Given that the presence of air–water interfaces may serve as sorption sites for
viruses and enhance inactivation, an attempt to predict the degree of virus attenuation during
vertical transport through unsaturated soil requires a relationship among moisture content,
sorption, and inactivation of viruses at the air–liquid interface as well as at the solid–liquid
interface.

For this work, laboratory-scale transport experiments were conducted in packed sand
columns under saturated and unsaturated conditions using: (1) the male-specific RNA coli-
phage MS2; (2) the Salmonella typhimurium phage, PRD1; and (3) bromide as the nonreactive
tracer. The mathematical model developed by Sim and Chrysikopoulos (2000) to quantify
the processes responsible for removal of viruses during vertical transport in one-dimensional,
unsaturated porous media was used to obtain the liquid to liquid–solid and liquid to air–liquid
interface mass transfer rate coefficients corresponding to the data collected from the labora-
tory experiments. The ability to more accurately predict the transport of viruses in saturated
and unsaturated porous media using interface mass transfer rate coefficients normalized by
the specific liquid–solid and air–liquid interface areas is discussed.
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2 Materials and Methods

2.1 Bacteriophage Assays

The model viruses employed for this study were MS2 and PRD1. MS2 is an icosahedral,
single-stranded RNA male-specific coliphage with an average diameter of ∼ 25 nm and an
isoelectric point (pHiep) of 3.9 (Zerda 1982). PRD1 is an icosahedral, double-stranded DNA
somatic Salmonella typhimurium phage, 62 nm in diameter, with pHiep ∼ 4.5 measured in
a calcium phosphate buffer solution containing 10−4 M calcium (Bales et al. 1991). These
bacteriophage have been used extensively in virus transport and inactivation studies and
are considered to be good model viruses because they behave more conservatively (attach
poorly) than many pathogenic viruses and are relatively persistent during transport through
the subsurface (Hurst et al. 1980; Yates et al. 1985; Yahya et al. 1993; Bales et al. 1997; Ryan
et al. 1999, 2002; Schijven et al. 1999; Harvey and Ryan 2004; Keller et al. 2004; Anders
and Chrysikopoulos 2005; Masciopinto et al. 2008).

The effluent concentrations of each bacteriophage were measured using the single-agar-
layer assay method (U.S. Environmental Protection Agency 2001). Trypticase soy broth
(TSB) (Difco), TSB (Difco) soft agar (containing 0.05% 1 N CaCl2) and trypticase soy agar
(TSA) (Difco) bottom agar were used for analyzing PRD1 bacteriophage using Salmonella
typhimurium LT2 (ATCC #15277) as the host bacterium. For the analysis of MS2 bacte-
riophage, E. coli F− amp (ATCC #700981) were used as the host bacterium with the same
concentration of antibiotics as described by Debartolomeis and Cabelli (1991). In order to
ensure that all host bacteria were in log-phase growth, 0.1 ml of prepared stocks of each host
were transferred to a test tube containing 10 ml of TSB and placed in a shaker at 37◦C for
4 h or until cultures were visibly turbid. The mixture was gently mixed and poured onto the
appropriate plating medium. The plates were incubated at 37◦C for 24 h. The virus concen-
trations were determined by counting the number of circular lysis zones (plaques) on each
plate. Plates were made in duplicate and the concentrations were averaged from the plaques
counted on each plate. Following Method 1602 of the U.S. Environmental Protection Agency
(2001), the single-agar-layer assay used in this study was estimated to have a detection limit
of 0.5 plaque forming units (PFU)/ml.

2.2 Bromide Analysis

Bromide, in the form of potassium bromide, was chosen as the nonreactive tracer for the
transport column experiments. The nonreactive tracer solution was prepared with 0.6 mM
KBr in water purified to a specific conductance of 17.8 µS/cm with a Milli-Q UV plus
water purification system (Millipore Corp., MA) containing a filter with 0.22 µm pore size
and UV sterilization. It should be noted that alkali halides are the most commonly used
salts for subsurface fluid tracing owing to a minimal effect on solution ionic strength (Chry-
sikopoulos 1993). All effluent samples for bromide were collected into borosilicate test tubes.
Bromide concentrations were measured using ion chromatography (ICS-1500, Dionex Corp.,
Sunnyvale, CA).

2.3 Sand Preparation

Clean, graded, kiln-dried Monterey sand (RMC Industries, Decatur, GA) was used in this
study. The mean diameter of the sand was determined to be approximately 250 µm. The
sand was soaked in UV-disinfected distilled water for several days to remove any salts and
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oven-dried for 24 h at 105◦C. The sand was placed in sterile containers to reduce the possibility
of microbial contamination.

Analysis by X-ray powder diffractometry found that the sieved sand is composed of
quartz as the major phase (>25% by weight) with minor amounts (between 5 and 25% by
weight) of microcline and albite and trace amounts (<5% by weight) of muscovite and phlo-
gopite. Reflectance spectroscopic analysis with an Analytical Spectral Devices Full Range
Spectrometer© over the visible to near-infrared wavelength range (0.4–2.5 µm) using a halo-
gen lamp for illumination and Spectralon© panel for reference (Clark et al. 2007) identified
hematite coatings on the grains. Total carbon was measured with a carbon analyzer (LECO,
Model CR-412) and found to be less than 0.05 g/kg of sand (Taggart 2002).

2.4 Preparation of Virus Suspension

An aliquot of stock suspensions of both bacteriophage was diluted with a low-ionic-strength
phosphate-buffered saline (PBS) solution. The PBS solution was prepared with 0.25 mM
Na2HPO4, 1.2 mM NaCl, 0.037 mM KCl in UV-disinfected distilled water with a specific
conductance of 17.8 µS/cm, and adjusted to a pH of 7.5 with HCl. The final virus suspension
was prepared by combining the diluted stock suspensions with the nonreactive tracer. The
resulting virus suspension contained bacteriophage MS2 and PRD1 concentrations of 5.0 ×
105 and 5.5×105 PFU/ml, respectively. The specific conductance of the final virus suspension
was 212 µS/cm, which corresponds to an ionic strength of about 2 mM.

2.5 Transport Experiments

The transport column experiments were conducted under saturated conditions and under
decreasing levels of water saturation. For each experiment, the prewashed sand was dry-
packed into 15.2 cm long Plexiglas© columns with 5.1 cm diameter. Several pore volumes
of the de-aired PBS solution were passed through each column from the bottom at a rate of
1 ml/min to avoid the capture of air bubbles. The porosity and bulk density of each column
were determined by noting the weight difference before and after each column was completely
saturated with the PBS solution. Initial bacteriophage concentrations were measured from
samples collected through the tubing before the tubing was attached to the column. The
saturated transport experiments were conducted using the laboratory setup shown in Fig. 1.
The virus suspension was introduced from the bottom of the column and effluent samples
were collected from the top exit of the column.

For the unsaturated experiments, the packed columns were attached to the special apparatus
shown in Fig. 2 that allowed for various levels of water saturation. The apparatus (Soil
Measurement Systems, Tucson, AZ) includes a fraction collector, which is located inside a
vacuum chamber. The packed column was placed above the vacuum chamber with its lower
outlet connected to the vacuum chamber. The virus suspension was applied using a syringe
pump in order to maintain the injection rates necessary to create a constant water potential
throughout the packed column. The water potential was measured by tensiometers placed into
the upper and lower ends of each packed column. The water potential values were recorded
with a datalogger (Campbell Scientific, Inc., Logan, UT). Liquid samples were collected at
regular time intervals from the column effluent in small fractions with the automatic fraction
collector. The pressure inside the vacuum chamber was controlled by the pressure regulator
and monitored by a hand-held tensiometer attached to the tensiometer port. The amount
of water saturation for each column was determined by measuring the volumetric moisture
content after each unsaturated experiment. It should be noted that the volumetric moisture
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Fig. 1 Schematic illustration of the experimental setup for column studies under saturated conditions
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Fig. 2 Schematic illustration of the experimental setup for column studies under unsaturated conditions

content is equal to the mass of water retained in the column divided by the total inner volume
of the column (the initial volumetric moisture content is assumed equal to the porosity).
Upon completion of each experiment, the Plexiglas© column apparatus was disassembled,
cleaned, and reassembled.

3 Model Development

3.1 Virus Transport in Unsaturated Porous Media

The mathematical model originally presented by Sim and Chrysikopoulos (2000) that des-
cribes the transport of viruses in one-dimensional, unsaturated porous media, accounting for
virus sorption and inactivation is governed by the following partial differential equation:

∂

∂t
(θmC) + ρ

∂C∗

∂t
+ ∂

∂t
(θmC�) = ∂

∂z

(
Dzθm

∂C

∂z

)
− ∂

∂z
(qC)

− λθmC − λ∗ρC∗ − λ�θmC�, (1)
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where C is the virus concentration in the liquid phase; C∗ is the deposited virus concentration
at the liquid–solid interface; C� is the adsorbed virus concentration at the air–liquid interface;
q is the specific discharge (Darcian fluid flux); θm is the volumetric moisture content (moisture
volume divided by the total volume of the porous medium); λ, λ∗, and λ� are the inactivation
rate coefficients of viruses suspended in the liquid phase, viruses sorbed at the liquid–solid
interface, and viruses sorbed at the air–liquid interface, respectively; ρ is the bulk density of
the solid matrix; t is time; and the vertical spatial coordinate z is positive downward.

The vertical hydrodynamic dispersion coefficient Dz is defined as (Nielsen et al. 1986):

Dz = αz
q

θm
+ De, (2)

where De = D/τ is the effective molecular diffusion coefficient in the unsaturated porous
medium (where D is the molecular diffusion coefficient and τ ≥ 1 is the tortuosity coeffi-
cient); and αz is the vertical dispersivity. The molecular diffusion coefficient is governed by
Brownian motion and is described by the Stokes–Einstein equation as (Atkins 1990):

D = kBT

3πµdv
, (3)

where kB = 1.38 × 10−23 (kg m2)/(s2 K) is the Boltzmann constant, dv is the virus diameter,
µ = 8.91 × 10−4 kg/(m s) is the viscosity of water, and T is the absolute temperature in
Kelvin. The molecular diffusion coefficients for bacteriophage MS2 and PRD1 at 15◦C are
7.1 × 10−4 and 2.8 × 10−4 cm2/h, respectively. The tortuosity coefficient for the sand was
assumed to be τ = 1.43 (de Marsily 1986).

The appropriate initial and boundary conditions for the transport system examined here
are:

C(0, z) = C∗(0, z) = C�(0, z) = 0, (4)

− Dzθm
∂C(t, 0)

∂z
+ q(t, 0)C(t, 0) =

⎧⎨
⎩

q(t, 0)C0, 0 ≤ t ≤ tp

0 tp ≤ t
, (5)

∂C(t,∞)

∂z
= 0, (6)

where C0 is the pulse-type source concentration, and tp is the duration of the pulse. The
condition (4) establishes that there is no initial liquid phase and adsorbed virus concentra-
tions within the porous medium. The flux-type boundary condition (5) for pulse injection
implies concentration discontinuity at the ground surface (inlet) and leads to material balance
conservation (Parker and van Genuchten 1984; Chrysikopoulos et al. 1990). The downstream
boundary condition (6) preserves concentration continuity for a vertical, semi-infinite porous
medium.

3.2 Virus Sorption onto Interfaces

The accumulation of deposited viruses at solid–liquid and air–liquid interfaces is described
by the following expressions (Sim and Chrysikopoulos 1999)

ρ
∂C∗

∂t
= kθm(C − Cg) − λ∗ρC∗, (7)

∂

∂t
(θmC�) = k�θmC − λ�θmC�, (8)
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where k and k� are the liquid to liquid–solid and liquid to air–liquid interface mass transfer
rate coefficients, respectively; and Cg(t, z) is the liquid phase concentration of viruses in
direct contact with solids. It is assumed that the following linear equilibrium relationship is
valid (Sim and Chrysikopoulos 1996)

C∗ = KdCg, (9)

where Kd is the partition or distribution coefficient and implies that virus sorption onto solids
occurs if the liquid phase virus concentration (C) is greater than liquid phase virus concen-
tration in direct contact with solids (Cg), whereas desorption occurs when C is smaller than
Cg. As discussed by Sim and Chrysikopoulos (1998), (7) and (9) represent a nonequilibrium
virus sorption model with forward rate coefficient equal to k and reverse rate coefficient
equal to k/Kd. Note that the nonequilibrium virus sorption model employed here is consi-
dered appropriate because recent experimental work by Anders and Chrysikopoulos (2005)
suggested that the detachment rate coefficients are at least one-order-of-magnitude smaller
than the forward rate coefficients for bacteriophage transport in water saturated porous media.
However, Sim and Chrysikopoulos (1996, 1998) have shown that the virus transport model
presented in this work can easily be modified to account for colloid filtration theory with
first-order reversible sorption.

The liquid to liquid–solid interface mass transfer rate coefficient is expressed as:

k = κaT, (10)

where κ is the liquid to liquid–solid interface mass transfer coefficient; and aT is the specific
liquid–solid interface area. It should be noted that the transfer of viruses from the bulk liquid
to a liquid–solid interface is assumed to be governed by virus diffusion through an outer liquid
layer surrounding the soil particle, the thickness of which depends on local hydrodynamic
conditions (Vilker and Burge 1980; Fogler 1992).

The liquid to liquid–solid interface mass transfer coefficient, κ , was calculated by defining
aT as the ratio of total surface area of soil particles to the bulk volume of the porous medium
(Fogler 1992)

aT = 3(1 − θs)

rp
(11)

where rp represents the average radius of soil particles; and θm = θs is the water content of
the saturated porous medium.

The liquid to air–liquid interface mass transfer rate coefficient is defined as

k� = κ�a�
T, (12)

where κ� is the liquid to air–liquid interface mass transfer coefficient; and a�
T is the specific

air–liquid interface area.
The capillary tube model presented by Cary (1994), which relies on experimental capillary

pressure-saturation relations to estimate the pore-size distribution, was used to calculate the
specific air–liquid interface area. This model defines a�

T as the ratio of the total air–liquid
interface area to the bulk volume of the porous medium

a�
T(θm) = 2θb

s

r0

[
ζθr

θ−b
s − θ−b

m

−b
+ θ1−b

s − θ1−b
m

1 − b

]
, (13)

where ζ and b are empirical, soil type specific constants; θr is the monolayer volumetric
moisture content; and r0 is the effective pore radius at air-entry which can be evaluated by
the capillary rise equation with zero contact angle as follows (Guymon 1994, p. 43):
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r0 = 2σ

ρwgh0
, (14)

where σ is the surface tension of water; ρw is the density of water; g is the gravitational
constant; and h0 is the air-entry value, defined as the pore water head where air begins to
enter water-saturated pores. It should be noted that a�

T is a function of moisture content
and takes a value of zero when θm = θs. Thus (12) and (13) suggest that the liquid to air–
liquid interface mass transfer rate coefficient, k�, decreases with increasing moisture content.
Consequently, the transfer of viruses at the air–liquid interface is controlled by the moisture
content. Furthermore, it should be noted that for a given moisture content the accumulation
of viruses at air–liquid interfaces, as described by (8), is assumed to be governed by irrever-
sible virus sorption onto the air–water interface and subsequent virus inactivation. Similar
assumption has been considered by other investigators (Zhuang and Jin 2003).

The governing equation for virus transport (1) in conjunction with the relationships
(7)–(14) are solved numerically subject to initial and boundary conditions (4)–(6). The
numerical solutions are obtained by using appropriate International Mathematics and Sta-
tistics Libraries, Inc. (1991) one-dimensional partial differential equation solvers.

4 Results and Discussion

4.1 Transport Parameters

In order to more accurately predict the transport of viruses in saturated and unsaturated
porous media using liquid to liquid–solid and liquid to air–liquid interface mass transfer rate
coefficients, unfavorable attachment conditions were established in the columns by preparing
the bacteriophage/bromide suspension as a low-ionic-strength PBS solution, pH-adjusted to
7.5 (Chu et al. 2001).The phosphate in the virus suspension further minimizes any attachment
of viruses by masking the effects of positively charged heterogeneities on virus transport
owing to the presence of hematite coatings on the soil grains (Chi and Amy 2004).

A set of four column experiments (two saturated and two unsaturated) were completed
using the virus suspension. Shown in Fig. 3 are the normalized bromide concentrations
observed for experiment 1 at 100% water saturation (Fig. 3a), experiment 2 at 100% water
saturation (Fig. 3b), experiment 3 at 76% water saturation (Fig. 3c) and experiment 4 at 54%
water saturation (Fig. 3d). Clearly, the bromide concentration response curves shown in Fig.
3 indicate that there was no bromide retention in the columns. The longer response curves
for the unsaturated column experiments were induced by the lower solution flow rates, which
were required in order to maintain a constant water potential throughout the packed column.

Shown in Fig. 4 are the normalized bacteriophage MS2 (solid circle) and PRD1 (solid
square) observed concentrations for the saturated (Fig. 4a, b) and unsaturated (Fig. 4c–f)
column experiments. It should be noted that normalized bacteriophage concentrations over
1 are due to slight variations in the effluent concentrations of each bacteriophage determined
by counting the number of plaques on duplicate plates.

All fixed model parameter values for the model simulations are listed in Table 1. The
values for the empirical coefficients ζ and b for sand are adopted from Cary (1994). The
value of h0 was obtained by the empirical relationship developed by van Genuchten (1980)
to describe the soil water retention curve as:

Se = 1

[1 + (αh)n]m
, (15)
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(a) (b)

(c) (d)

Fig. 3 Bromide concentration breakthrough data for (a) experiment 1 at 100% water saturation, (b) experiment
2 at 100% water saturation, (c) experiment 3 at 76% water saturation and (d) experiment 4 at 54% water
saturation

where Se is the effective degree of saturation, also called the reduced moisture content
(0 ≤ Se ≤ 1); h is the soil moisture pressure head; α is an empirical coefficient whose
inverse is equal to the air-entry value, h0; and n and m are empirical constants affecting the
shape of the retention curve. Shown in Fig. 5 is the soil retention curve obtained by fitting
(15) to the measured retention data representing points along a drainage curve, collected
following the procedures outlined by Campbell and Gee (1986). The soil retention curve was
generated with use of the hydraulic parameters: θr = 0.003 cm3/cm3, θs = 0.409 cm3/cm3,
α = 0.0334 cm−1, n = 5.781, and m = 0.827.

The virus inactivation rate coefficients λ, λ∗, and λ� used to simulate the observed bacte-
riophage concentrations were obtained from static and dynamic batch experiments conducted
to study the effects of temperature and the presence of sand on bacteriophage MS2 and PRD1
inactivation (Anders and Chrysikopoulos 2006). For MS2, the inactivation rate coefficients
were λ = 2.5 × 10−3 h−1; λ∗ = 2.75 × 10−3 h−1; and λ� = 2.95 × 10−3 h−1. For PRD1,
the λ, λ∗, and λ� values were 8.75 × 10−5 h−1, 8.5 × 10−5 h−1 and 5.0 × 10−3 h−1, respec-
tively. It should be noted here that although virus inactivation rate coefficients are time- and
temperature-dependent (Sim and Chrysikopoulos 1996; Chrysikopoulos and Vogler 2004),
in this study they are assumed to be constant. Furthermore, the experiments were designed to
minimize the effect of inactivation by performing the experiments in a constant-temperature
room held at 15◦C for a period of less than 5 h.

Values of U (pore water velocity defined as q/θm) and Dz for each saturated experiment
were obtained by fitting the standard advection–dispersion equation to the bromide break-
through response. Furthermore, the values of k and Kd were obtained by fitting the virus
transport model for saturated flow conditions to the observed bacteriophage concentrations
by using the previously estimated values of U and Dz. The parameter k� was set to zero
because at 100% water saturation there is no air–liquid interfaces present in the packed
columns.
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Fig. 4 Concentration breakthrough data for bacteriophage MS2 (solid circles) and PRD1 (solid squares) at
(a, b) 100% water saturation, (c, d) 76% water saturation and (e, f) 54% water saturation. The error bars show
the standard deviation associated with the averaged concentration from the plaques counted on duplicate plates

Table 1 Fixed model parameters
for simulations

Parameter Value Units

rp 0.0125 cm
ρ 1.65 g/cm3

θr 0.003 cm3/cm3

h0 29.94 cm
b 2 –
ζ 160 –
σ 0.0728 N/m
g 980 cm/s2

Water flow in unsaturated or variably saturated, homogeneous, rigid porous media is
traditionally described with the Richards equation (Philip 1969; Bear 1972). However, in
this study all unsaturated column experiments were conducted only after a constant water
potential was achieved throughout the packed column. For constant soil moisture distribution,
the unknown values of U and Dz for the unsaturated column experiments were estimated
by using the same procedure as described above for the saturated column experiments. The
remaining unknown parameters for the unsaturated column experiments, k, Kd, and k�, were
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Fig. 5 Measured retention data (symbols) of the sand used to pack the columns and fitted model (solid curve)

obtained by fitting the virus transport model to the observed bacteriophage breakthrough
concentrations.

There are several procedures available in the literature for the estimation of the unk-
nown parameters (Beck and Arnold 1977). In this work the Levenberg–Marquardt nonlinear
least squares regression method (Levenberg 1944; Marquardt 1963) is employed. The ob-
jective of the nonlinear least squares method is to calculate values of the model parameters
that minimize the residual sum of squared error (SSE) between simulated and observed
data.

4.2 Model Simulations

Model transport parameters and SSE corresponding to the experimental data for bacterio-
phage MS2 and PRD1 during the saturated and unsaturated column experiments are listed in
Table 2. It should be noted that the slightly different aT values, obtained from (11), are due
to differences in porosity of the column that occurred by reassembling the column apparatus
between experiments. Values of a�

T, calculated from (13), increased from 95.3 to 311.1 cm−1

as the water saturation level was reduced from 76 to 54%. These specific air–liquid interface
areas, a�

T, indicate that the saturation levels achieved during the experiments conducted in
this study never exceeded the effective water film thickness necessary to produce film strai-
ning of bacteriophage MS2 or PRD1. The water film thickness is given by the ratio of the
bulk volume of the porous medium to the total air–liquid interface area (averaged over both
true water thickness and pendular water around grain–grain contacts) (Wan and Tokunaga
1998).

Shown in Fig. 6 are the model simulated bacteriophage MS2 concentration history curves
(solid curves) as a function of pore volume for the saturated (Fig. 6a) and unsaturated
(Fig. 6b, c) column experiments. The estimated values of Kd for bacteriophage MS2 varied
from 33.72 cm3/g at 100% water saturation to 380.9 cm3/g at 76% water saturation, with an
intermediate value of 136.7 at 54% water saturation. The range of Kd values suggests that a
reduction in soil moisture content can enhance virus sorption by allowing viruses to partition
more strongly onto soil particles.

The estimated parameter k increased from 3.7 × 10−4 h−1 at 100% water saturation to
3.3×10−3 h−1 at 76% water saturation, and increased further to 7.6×10−3 h−1 at 54% water
saturation. Using the Kd and k values for bacteriophage MS2 at 100, 76, and 54% water
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Table 2 Model parameters corresponding to the experimental data for bacteriophage MS2 and PRD1

Parameter Exp 1 Exp 2 Exp 3 Exp 4 Units

100% 76% 54%

θs 0.41 0.40 0.42 0.37 cm3/cm3

θm – – 0.32 0.20 cm3/cm3

U 37.8 41.4 24.6 25.2 cm/h
Dz 5.46 2.92 2.20 4.27 cm2/h
aT 141.6 144.0 139.2 151.2 cm−1

a�
T – – 95.3 311.1 cm−1

MS2
k 3.7×10−4 − 3.3×10−3 7.6×10−3 h−1

Kd 33.72 – 380.9 136.7 cm3/g
k� – – 0.012 0.18 h−1

SSE 1.32 – 0.20 0.34 –

PRD1
k − 3.2×10−5 1.6×10−3 0.012 h−1

Kd − 36.17 311.9 40.75 cm3/g
k� − − 3.5×10−3 0.10 h−1

SSE – 0.30 0.20 0.24 –

saturation, the detachment rate coefficients are estimated to be: 1.1 × 10−5, 8.7×10−6, and
5.6 × 10−5 g/cm3 h, respectively. It should be noted here that detachment rate coefficient is
given by the ratio k/Kd (Sim and Chrysikopoulos 1998).

The estimated k� value at 76% water saturation is 0.012 h−1 and increased to 0.18 h−1

at 54% water saturation. The estimated k and k� values for bacteriophage MS2 at 76 and
54% water saturation suggest that the bacteriophage are sorbed more strongly onto air–liquid
interfaces than onto liquid–solid interfaces. Studies indicating that colloidal particles are
sorbed more strongly onto air–liquid interfaces than onto liquid–solid interfaces have also
been reported by other investigators (Wan and Wilson 1994).

Shown in Fig. 7 are the model simulated bacteriophage PRD1 concentration history
curves (solid curves) as a function of pore volume for the saturated (Fig. 7a) and unsatu-
rated (Fig. 7b, c) column experiments. The estimated values of Kd for bacteriophage PRD1
ranged from 36.17 cm3/g at 100% water saturation to 311.9 cm3/g at 76% water saturation.
This result confirms that partitioning of viruses onto liquid–solid interfaces is significant
under the conditions of the unsaturated column experiments of this study, but the relationship
between the degree of water saturation and Kd is not clear and requires further investigation.

The estimated parameter k increased from 3.2 × 10−5 h−1 at 100% saturation to 1.6 ×
10−3 h−1 at 76% water saturation and increased further to 0.012 h−1 at 54% water saturation.
Using the Kd and k values for bacteriophage PRD1, estimated detachment rates increased
from 8.8 × 10−7 g/cm3 h at 100% water saturation to 5.1 × 10−6 g/cm3 h at 76% water
saturation, and increased further to 2.9×10−4 g/cm3h at 54% water saturation. The estimated
k� values increased from 3.5 × 10−3 h−1 at 76% water saturation to 0.10 h−1 at 54% water
saturation; these values are smaller than the k� values estimated for bacteriophage MS2 for
the same water saturation levels.

4.3 Air–Liquid–Solid Interface Mass Transfer Coefficients

Figure 8 shows the calculated liquid to liquid–solid and liquid to air–liquid interface mass
transfer coefficients for bacteriophage MS2 and PRD1 by employing (10) and (12) and the
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Fig. 6 Simulated concentration
histories (solid curves) for
bacteriophage MS2 at (a) 100%
water saturation, (b) 76% water
saturation and (c) 54% water
saturation. Also shown are
corresponding bromide (open
circles) and bacteriophage MS2
(solid squares) concentration
breakthrough data

parameters listed in Table 2. For bacteriophage MS2, shown in Fig. 8a, values of κ increased
from 2.6 × 10−6 to 5.0 × 10−5 cm/h as the water saturation is reduced to 54% even as the
aT values are only slightly different throughout the saturated and unsaturated experiments.
The κ� values increase from 1.2 × 10−4 to 6.0 × 10−4 cm/h. Therefore, the reduction in
water saturation has the effect of increasing both κ� and κ . The calculated value of κ� is
approximately five times larger than the one for κ at 76% water saturation, and about 12
times larger at 54% water saturation. The observed increase in the κ� to κ ratio confirms
that bacteriophage MS2 are sorbed more strongly onto air–liquid interfaces than onto liquid–
solid interfaces. This phenomenon provides a plausible explanation for the rapid removal of
viruses observed during periods of minor changes of water saturation levels in porous media
during artificial recharge (Anders et al. 2004).

For bacteriophage PRD1, κ values shown in Fig. 8b increase from 2.2 × 10−7 to 8.2 ×
10−5 cm/h and κ� values increase from 3.7 × 10−5 to 3.2 × 10−4 cm/h as water saturation
levels are reduced from 76 to 54%. These κ and κ� values are slightly smaller than the
corresponding parameter values for bacteriophage MS2. PRD1 exhibits a calculated κ� to κ

ratio of 3 and 4 at 76 and 54% water saturation, respectively.
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Fig. 7 Simulated concentration
histories (solid curves) for
bacteriophage PRD1 at (a) 100%
water saturation, (b) 76% water
saturation and (c) 54% water
saturation. Also shown are
corresponding bromide (open
circles) and bacteriophage PRD1
(solid squares) concentration
breakthrough data

Although previous studies have suggested that attachment of viruses to liquid–solid
and air–liquid interfaces is increasing with decreasing water saturation levels due to a
more pronounced effect of electrostatic and hydrophobic interactions, such an effect was
minimized in this study by establishing unfavorable attachment conditions within the sand
columns (e.g., phosphate-buffered solution; pH = 7.5; ionic strength = 2 mM). Another pos-
sible explanation for the greater influence of saturation levels on the increased attachment of
viruses, especially for bacteriophage MS2, is the reduction in the diffusion length within the
pores at lower saturations combined with changes in the specific liquid–solid and air–liquid
interface areas. In this study, the water potential was held constant throughout each saturated
and unsaturated column experiment. However, if water saturation levels decrease during the
unsaturated experiments, the damage to specific bacteriophage PRD1 and MS2 viral com-
ponents related to infection is expected to increase due to the presence of greater air–liquid
interfaces (Anders and Chrysikopoulos 2006), which subsequently leads to a reduction in
effluent virus concentrations.
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Fig. 8 Calculated values of
liquid to liquid–solid interface
mass transfer coefficients (solid
symbols) and liquid to air–liquid
interface mass transfer
coefficients (open symbols) for
bacteriophage (a) MS2 and (b)
PRD1

5 Summary

Laboratory-scale transport experiments were conducted in packed sand columns under
saturated and unsaturated conditions using the male-specific RNA coliphage, MS2 and the
Salmonella typhimurium phage, PRD1 as model viruses. Liquid to liquid–solid and liquid
to air–liquid interface mass transfer rate coefficients were obtained by fitting a previously
developed virus transport model to the experimental data. The estimated liquid to liquid–
solid and liquid to air–liquid interface mass transfer rates increased for both bacteriophage
as water saturation levels were reduced from 100 to 54%. It was observed that bacteriophage
MS2 sorbed more strongly onto air–liquid interfaces than onto liquid–solid interfaces. For
bacteriophage PRD1 it is the combination of several processes that contribute to the lower
effluent concentrations at 54% water saturation. Therefore, even under unfavorable attach-
ment conditions within a sand column (e.g., phosphate-buffered solution; pH = 7.5; ionic
strength = 2 mM), water saturation fluctuations can affect virus transport through porous
media.
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