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[1] Considerable research suggests that colloid deposition in porous media is
frequently not consistent with filtration theory predictions under unfavorable attachment
conditions. Filtration theory was developed from an analysis of colloid attachment to
the solid-water interface of a single spherical grain collector and therefore does not include
the potential influence of pore structure, grain-grain junctions, and surface roughness
on straining deposition. This work highlights recent experimental evidence that indicates
that straining can play an important role in colloid deposition under unfavorable
attachment conditions and may explain many of the reported limitations of filtration
theory. This conclusion is based upon pore size distribution information, size exclusion,
time- and concentration-dependent deposition behavior, colloid size distribution
information, hyperexponential deposition profiles, the dependence of deposition on
colloid and porous medium size, batch release rates, micromodel observations, and
deposition at textural interfaces. The implications of straining in unsaturated and
heterogeneous systems are also discussed, as well as the potential influence of system
solution chemistry and hydrodynamics. The inability of attachment theory predictions to
describe experimental colloid transport data under unfavorable conditions is
demonstrated. Specific tests to identify the occurrence and/or absence of straining and

attachment are proposed.
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1. Introduction

[2] Accurate knowledge of the processes that control the
transport and deposition of colloids in subsurface environ-
ments is needed to protect water resources from a wide
variety of contaminants. For example, pathogenic micro-
organisms pose a serious threat to water quality [Craun and
Calderon, 1996; U.S. Environmental Protection Agency,
2000] in many regions of the world due to their low
infectious dose [Loge et al., 2002]. Many treatment techni-
ques for surface water or effluent from sewage treatment
plants rely on soil passage to remove pathogens (e.g.,
riverbank filtration, infiltration basins and trenches, and
sand filters). An understanding of microbe transport is also
essential for engineered bioaugmentation and bioremedia-
tion strategies [Wilson et al., 1986; Rockhold et al., 2004]
and microbially enhanced oil recovery systems [MacLeod et
al., 1988]. Furthermore, the environmental fate of many
organic and inorganic contaminants can be influenced by
colloid-facilitated transport due to partitioning onto high
surface area colloids (i.e., clays and dissolved organic
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matter) that are mobile [Kretzschmar et al., 1999; Ouyang
et al., 1996; de Jonge et al., 2004].

[3] Clean bed filtration theory (CFT) has been developed
and is now often used to characterize colloid attachment in
porous media [e.g., Logan et al., 1995; Tufenkji and
Elimelech, 2004a]. This theory invokes a first-order attach-
ment term to describe a spatially constant rate of deposition,
which leads to an exponential spatial distribution of retained
colloids in porous media. In the absence of an energy barrier
to deposition (favorable attachment conditions), attachment
is undoubtedly an important mechanism of colloid deposi-
tion and profiles are well-described by filtration theory [e.g.,
Li and Johnson, 2005]. In this case, filtration theory
provides a very useful tool for predicting attachment be-
havior over a wide range of conditions.

[4] Many environmentally relevant colloids (microorgan-
isms and clays) and porous media (quartz) possess a net
negative charge at a neutral pH, and groundwater and surface
water resources typically have a low ionic strength. Under
these conditions an energy barrier to attachment may occur
(unfavorable conditions), and colloids that collide with
collector surfaces (soil grains) are not expected to attach to
the solid-water interface. In practice, however, a finite
number of colloids are retained in porous media even under
unfavorable attachment conditions. In contrast to CFT pre-
dictions, colloid deposition rates have also frequently been
found to vary spatially with depth under unfavorable attach-
ment conditions [Camesano and Logan, 1998; Bolster et al.,
1999; Redman et al., 2001; Bradford et al., 2002; Tufenkji et
al., 2003; Li et al., 2004; Tufenkji and Elimelech, 2005a,
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2005b]. Deviations between observed and CFT predicted
deposition profiles have been reported to increase for larger
colloids and relatively fine textured sand [Bradford et al.,
2002; Tufenkji and Elimelech, 2005a]. Bradford et al. [2003]
reported that CFT predictions did not adequately describe
measured deposition profiles when the ratio of the colloid
diameter to the median grain diameter was greater than
around 0.005. This ratio corresponds to bacterial and proto-
zoan sized microbes in fine sand.

[s] A variety of explanations for attachment under unfa-
vorable conditions and for spatial variations in the deposi-
tion rate coefficient have been proposed in the literature.
Explanations can be broadly classified as chemically or
physically based. Proposed chemical explanations include
porous media charge variability [Johnson and Elimelech,
1995], heterogeneity in surface charge characteristics of
colloids [Bolster et al., 1999; Li et al., 2004], deposition
of colloids in a secondary energy minimum [Redman et al.,
2004; Hahn et al., 2004; Tufenkji and Elimelech, 2005a],
and colloid detachment [Zufenkji et al., 2003]. Sometimes
several of these explanations are invoked simultaneously to
explain observed deposition behavior. For example, hetero-
geneity of surface charge characteristics and deposition of
colloids in a secondary energy minimum have been used to
explain nonexponential deposition profiles [7ufenkji and
Elimelech, 2005a].

[6] Colloid filtration theory was developed from an
analysis of deposition behavior on a single spherical grain
collector. The Happel sphere-in-cell model is used in
filtration theory to preserve overall porosity by representing
the liquid as a continuous sheath completely surrounding
the grains of a porous medium. Hence filtration theory
neglects pore structure and grain-grain junctions. Other
researchers have therefore suggested that deposition may
occur as a result of physical factors that are not included in
filtration theory, such as straining [Cushing and Lawler,
1998; Bradford et al., 2002, 2003, 2004, 2005, 2006a; Li et
al., 2004; Tufenkji et al., 2004; Bradford and Bettahar,
2005, 2006; Foppen et al., 2005], soil surface roughness
[Kretzschmar et al., 1997, Redman et al., 2001], and
hydrodynamic drag [Li et al., 2005].

[7] Review of the literature indicates that the extent of
colloid attachment and the range of applicability of clean
bed filtration theory is much less certain in the presence of
repulsive interactions between colloids and grain surfaces
than in the presence of attractive interactions. The objective
of this work is to highlight reported discrepancies in
experimental observations and filtration theory predictions,
and to present experimental evidence that straining can play
a significant role in colloid deposition under unfavorable
attachment conditions. Implications for colloid straining on
transport in saturated systems, the vadose zone, and hetero-
geneous formations will also be discussed. For the remain-
der of this manuscript we will limit our discussion to
unfavorable attachment conditions.

2. Mechanisms of Colloid Deposition

[8] Three mechanisms of colloid deposition in saturated
porous media have commonly been identified [e.g.,
McDowell-Boyer et al., 1986], namely, (1) attachment,
(2) mechanical filtration, and (3) straining. Each of these
deposition mechanisms will be briefly discussed below
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to provide a common reference point for subsequent
discussion.

2.1. Attachment

[0] Attachment is a well-known mechanism of colloid
deposition that involves collision with and subsequent
retention of colloids at the solid-water interface. Mass
transfer of colloids to the solid-water interface occurs via
diffusion, interception, and sedimentation [Yao et al., 1971].
Once a colloid collides with the solid-water interface,
attachment depends on a force and/or torque balance that
acts on the colloids [Cushing and Lawler, 1998; Li et al.,
2005] at this location. Cushing and Lawler [1998] indicated
that as colloids approach the solid-water interface they
experience forces due to gravity and buoyancy, fluid
drag, electrical double-layer repulsion (or attraction), and
London—van der Waals interaction. Variations in the fluid
drag force with distance from the solid-water interface
creates a torque on colloids near the solid surface.

[10] Colloid transport and fate models commonly
employ a modified form of the advective-dispersive equation
which incorporates colloid attachment theory [Harvey and
Garabedian, 1991; Corapcioglu and Choi, 1996; Bolster et
al., 1999; Schijven and Hassanizadeh, 2000]. In this case,
the aqueous phase mass balance equation for colloids may be
written as

:—V.JT—ESW (1)

where C [N. L3, N, and L denote the number of
colloids and length, respectively] is the colloid concen-
tration in the aqueous phase, ¢ [T; T denotes units of
time] is time, 6,, (dimensionless) is the volumetric water
content, Jr [N, L™> T~ '] is the total colloid flux (sum of
advective, dispersive, and diffusive fluxes), and Ej,
[Ne L™ T7'] is the colloid mass transfer terms between
the aqueous and solid phases.

[11] When attachment between colloids and grain surfa-
ces control deposition the £y, term can be written as

O(Sauu)
ot

where p, [M L™%; M denotes mass] is the soil bulk density,
Sae [Ne M '] is the solid phase concentration of attached
colloids, w,, (dimensionless) is a dimensionless colloid
attachment function, and k,, [T'] and kg, [T'] are the
first-order colloid attachment and detachment coefficients,
respectively. Clean bed attachment is assumed and filtration
theory is incorporated into the k,, term of equation (2) when
V= 1 and k., = 0 [e.g., Yao et al., 1971; Logan et al.,
1995] as

Esw = py, = 0¥ yikarC — pykaerSan (2)

3(1 — ew)

Fan = 2
it 2ds

nav (3)
where 77 (dimensionless) is the collector (porous medium)
efficiency, « (dimensionless) is the colloid sticking
efficiency, ds) [L] is the median porous medium grain
diameter, and v [L T '] is the pore water velocity. The
collector efficiency is related to the frequency of colloid
collisions on the grain surfaces and accounts for colloid
removal due to diffusion, interception, and gravitational
sedimentation [Logan et al., 1995]. The value of 7 is
frequently calculated using correlations written in terms of
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Strained
Colloids

Figure 1. Illustration of strained colloids in the smallest
regions of the soil pore space formed adjacent to points of
grain-grain contact.

dimensionless variables [e.g., Rajagopalan and Tien, 1976;
Logan et al., 1995; Tufenkji and Elimelech, 2004a]. The
sticking efficiency is defined as the ratio of the deposition
flux under unfavorable relative to favorable conditions, and
it depends on the surface chemistries of the colloids and
the grain surfaces [Ryan and Elimelech, 1996]. The value of
« is typically assumed to be independent of the size of the
colloid and the grain surface, which is accounted for by 7 in
equation (3). In practice « is usually derived from
experimental breakthrough curves, or from fitted values of
k.; and calculated values of 7, although theoretical
approaches have also been proposed to predict o [Ryan et
al., 1999].

[12] Time dependency in the colloid attachment rate as a
result of blocking or ripening can be accounted for using
the v, term in equation (2). During blocking the value of
V. decreases with increasing S, as a result of filling of
favorable attachment sites such as metal oxide surfaces
or clay edges. According to the Langmuirian approach
[Adamczyk, 1994], Wy = 1- Sa/STE™; where ST [Ne M ']
is the maximum solid phase concentration of attached
colloids. In contrast, the random sequential adsorption
(RSA) approach assumes that v, is a nonlinear function
of S, [Johnson and Elimelech, 1995]. Less research has
examined colloid ripening. During ripening v, increases
with increasing S, due to favorable colloid-colloid inter-
actions (interactions between colloids in solution and those
attached to grain surfaces). Tien [1989] proposed a functional
form that could be included in the v, term to account for
ripening.

[13] More recently it has been proposed that colloids and/
or grain surfaces exhibit distributions of surface charge
characteristics that produce a corresponding distribution of
attachment coefficients and/or sticking efficiencies [Bolster
et al., 1999; Tufenkji et al., 2003; Li et al., 2004]. Various
probability density functions (pdf) for the attachment coef-
ficient distribution have been hypothesized, including nor-
mal, lognormal, power law, and bimodal formulations
[Tufenkji et al., 2003].

2.2. Mechanical Filtration

[14] Mechanical filtration refers to the complete retention
of colloids, particles, and/or aggregates at the soil surface
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that are larger than all of the soil pores [McDowell-Boyer et
al., 1986]. Hence mechanical filtration implies that particle
transport will not occur through a given porous medium
when the diameter of the particle is greater than the largest
pore size (network). Deposited particles at the soil surface
form a filter cake that decreases the permeability of the filter
cake—porous medium system over time as the cake thickens
and the porosity decreases. Mechanical filtration is com-
monly used to remove colloids and particles from suspen-
sion during membrane filtration, but it is avoided in water
treatment operations that are based on passage through
porous media (infiltration basin and trenches, riverbank
filtration, and sand filters) because of clogging problems.

2.3. Straining

[15] Figure 1 provides an illustration of strained colloids
in the smallest regions of the soil pore space formed
adjacent to points of grain-grain contact [Cushing and
Lawler, 1998]. To better understand and define straining
we will compare and contrast it to mechanical filtration and
attachment. Similar to mechanical filtration, straining of
colloids occurs in soil pores and depends on the ratio of the
colloid and pore size. In contrast to mechanical filtration,
straining only occurs in a fraction of the soil pore space, and
colloid transport can still occur in the larger portions of the
continuous pore networks. Similar to attachment, strained
colloids experience forces due to gravity and buoyancy,
fluid drag, electrical double-layer repulsion (or attraction),
and London—van der Waals interaction. In contrast to
colloid attachment, straining occurs in pores that are defined
by the intersection of at least two solid-water interfaces
(surfaces); i.e., grain-grain contacts or surface roughness.
Hence straining deposition exhibits many similarities to
both mechanical filtration and attachment.

[16] Sakthivadivel [1966, 1969] and Herzig et al. [1970]
developed geometric relations between the effective diam-
eter of colloids and soil grain size distribution character-
istics to predict mass removal by straining. Matthess and
Pekdeger [1985] generalized this rule to porous media made
up of a distribution of grain sizes and presented theoretical
criteria suggesting that the ratio of the colloid to median
grain diameter needs to be greater than 18% for straining to
occur in uniform sand, although increasing the sand grada-
tion would lower this threshold. Previous reviews on
microbe transport in saturated and unsaturated systems have
therefore mostly neglected straining as a mechanism for
colloid retention [e.g., Schijven and Hassanizadeh, 2000;
Harvey and Harms, 2002; Jin and Flury, 2002; Ginn et al.,
2002]. Recent experimental observations, however, sug-
gests that straining occurs for much lower ratios of the
colloid to median grain diameters. Below we summarize
available evidence for the significance of straining deposi-
tion under unfavorable attachment conditions, and discuss
the implications of these findings on colloid transport in
porous media.

3. Evidence and Implications for Straining
3.1.

[17] Attachment is commonly assumed a priori to be the
controlling deposition process, and little attention has been

paid to the colloid and porous media parameter ranges that
may limit filtration theory applicability. The following

Pore Size Distribution Information
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Table 1. Average Parameter Values for the Capillary Pressure—
Saturation Model of van Genuchten [1980] for 12 Major Soil
Textural Groups According to Carsel and Parrish [1988], as Well
as the Calculated Percentage of the Pore Space Smaller Than
Critical Straining Pore Diameter for Virus, Bacteria, and Protozoa

Percent Excluded Pore

Space
a, n
Soil Texture Sww cem ' (m=1-I/n) Virus Bacteria Protozoa
Sand 0.10 0.15 2.68 10.5 10.5 10.5
Loamy sand 0.14 0.12 2.28 13.9 14.0 14.4
Sandy loam 0.16 0.08 1.89 15.9 17.1 19.3
Loam 0.18 0.04 1.56 19.8  27.0 345
Silt 0.07 0.02 1.37 16.9 36.1 50.0
Silt loam 0.15 0.02 1.41 21.1 36.1 47.9
Sandy clay loam 0.26 0.06 1.48 27.7 34.4 40.4
Clay loam 0.23 0.02 1.31 34.0 50.5 61.2
Silty clay loam  0.21 0.01 1.23 422 63.2 74.4
Sandy clay 0.26 0.03 1.23 422 57.9 66.7
Silty clay 0.19 0.01 1.09 70.8 86.2 91.8
Clay 0.18 0.01 1.09 68.1 83.3 89.3

simple example illustrates that straining has significant
implications for colloid transport in field soils such as those
found in the vadose zone, at contaminated waste sites, and
during riverbank filtration. Assume that the critical straining
pore diameter for viruses, bacteria, and protozoa are 0.1, 2,
and 6 um, respectively. These pore diameters can be related
to a critical capillary pressure (P,..) for straining according to
Laplace’s equation by assuming that soil pores can be
approximated as a bundle of cylindrical capillaries that are
tortuous [e.g., Dane and Hopmans, 2002; Flint and Flint,
2002]. The fraction of pore space where straining will occur
() can then be inferred from measured capillary pressure
curves and residual saturations. If soil water retention data
are parameterized using the model of van Genuchten
[1980], then ~ is given as:

20qy,

v = (1= 58p)* {1 + ( po H s (4)

where S,,, (dimensionless) is residual water saturation,

[L 1 is the reciprocal of the air entry pressure head,
p [M L] is the density of the liquid phase, g [L T~?] is the
acceleration due to gravity, o [M T~?] is the surface tension,
R [L] is the pore radius that corresponds to a given colloid
size, and m (dimensionless) and » (dimensionless) are fitting
parameters.

[18] Table 1 presents the average capillary pressure-
saturation parameters of the 12 major soil textural groups
according to Carsel and Parrish [1988], as well as the
percentage of the pore space where straining would occur
according to equation (4). Depending on soil texture,
straining is predicted in 10.5 to 70.8, 10.5 to 86.2, and
10.5 to 91.8% of the soil pore space for virus, bacteria, and
protozoa transport, respectively. It should be noted, how-
ever, that the actual pore space of soils is expected to be
more complex than that predicted by the bundle of capillary
tubes model. Furthermore, the above analysis does not
consider the potential influence of surface roughness.
Tufenkji et al. [2004] reported that straining increases with
increasing surface roughness. Despite these acknowledged
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limitations, Table 1 is believed to provide useful informa-
tion to help identify the relative importance of straining in
the various soil textural groups.

[19] Alternatively, Herzig et al. [1970] calculated the
volume of spherical colloids that could be retained in soil
pores based on geometric considerations. Geometric esti-
mates of the straining fraction of the pore space such as
those of Herzig et al. [1970] underestimate this value
because the approach assumes a uniform grain size equal
to dsp. In reality, the smaller soil pore spaces will control
straining processes.

3.2. Size Exclusion

[20] Although size exclusion of colloids is widely
acknowledged in the colloid transport literature [Ryan and
Elimelech, 1996; Ginn, 2002], the complementary nature of
straining and size exclusion has generally not been recog-
nized. Size exclusion affects the mobility of colloids by
constraining them to more conductive flow domains and
larger pore networks that are physically accessible. As a
result, colloids can be transported faster than a conservative
solute tracer [Reimus, 1995; Cumbie and McKay, 1999;
Harter et al., 2000; Bradford et al., 2003]. Conversely, size
exclusion also implies that some pores of the medium are
smaller than the colloids. If colloids encounter these smaller
pores they can become physically entrapped as a result of
straining. Hence straining and size exclusion are comple-
mentary deposition and transport processes, respectively.
The minimum part of the pore space where straining occurs
can be estimated by v from Table 1. Mobile colloids may
move in at most the remaining fraction of the water filled
pore space (i.e., S,, — ~; where S,, is the water saturation).
When v >S,, no colloids will be mobile.

[21] We note that size exclusion also has important impli-
cations for attachment because it will lead to an increase in
the colloid transport velocity [Ryan and Elimelech, 1996;
Ginn, 2002] and a decrease in the solid surface area that is
accessible for attachment; i.e., mobile colloids are trans-
ported in only a fraction of the pore space. Filtration theory
predicts a velocity dependence for the attachment coefficient
[e.g., Logan et al., 1995]. Several methods have recently
been proposed to simulate the enhanced velocity of colloids
as a result of size exclusion [Ginn, 2002; Bradford et al.,
2003] and the interested reader is referred to these publica-
tions for details on this topic. Conversely, little is known
about the potential influence that size exclusion has on the
accessibility of the solid surface area for attachment. We
propose herein that the fraction of the solid surface area (fs,)
that is available for attachment can be estimated from:

Sy

J Pe(x)dx
S

J P(x)dx

0

Sw > (5)

where P, is the capillary pressure, and x is a dummy
variable of integration. Equation (5) is developed by
integrating the area contributed by colloid accessible pores
(the numerator) and then normalizing this quantity by the
total area of the soil pore space (denominator). This
approach predicts an increasing v or decreasing S,, will
lead to a lower fg,.
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Figure 2. Cumulative size distribution (CSD) for manure effluent in 710, 360, 240, and 150 um Ottawa
sands after 95 min (around 2.5 pore volumes). The CSD of the influent manure suspension is also shown
in the figure for reference. Reprinted with permission from Bradford et al. [2006a].

3.3. Colloid Size Distribution Information

[22] Information on the mechanical filtration and/or
straining potential of soils can be deduced by considering
changes in the colloid size distribution characteristics before
and after passage through different sized porous media.
Bradford et al. [2006a] recently presented the cumulative
size distribution (CSD) of manure particles in effluent sam-
ples after 95 minutes of passage (approximately 2.5 PV)
through several sized sands, as well as the CSD for the
influent manure suspension. This same information is
presented in Figure 2. Manure particles larger than about
12, 5, 0.8, and 0.5 um were completely removed after
passage through the 710, 360, 240, and 150 um sands,
respectively, due to mechanical filtration and/or straining.
This corresponds to ratios of manure particle to median
grain size of 0.003—0.017. These ratios are significantly
smaller than the straining criterion of 0.18 proposed by
Matthess and Pekdeger [1985] but are similar to the 0.005
guideline proposed by Bradford et al. [2003].

3.4. Time- and Concentration-Dependent Deposition

[23] Time- and concentration-dependent deposition coef-
ficients have been reported in the literature [7an et al., 1994;
Lindgvist et al., 1994; Johnson and Elimelech, 1995; Liu et
al., 1995; Rijnaarts et al., 1996; Camesano and Logan,
1998; Camesano et al., 1999; Brown et al., 2002; Foppen et
al., 2005; Bradford and Bettahar, 2006]. Although blocking
of favorable attachment sites (metal oxide surfaces or clay
edges) has typically been used to explain this behavior,
filling of straining sites by colloids provides a plausible
alternative explanation [Foppen et al., 2005; Bradford and
Bettahar, 2006]. In this case, the number of colloids
required to fill v (Table 1) for a given colloid and porous
medium can be calculated [Foppen et al., 2005]. The rate of
filling of these sites is theoretically dependent on the
concentration of the colloids in suspension (e.g., higher
colloid concentrations fill straining sites more rapidly than
low concentrations). Large numbers of colloids will be
required to fill even small straining fractions of the pore
space. As accessible straining sites become filled, water and

colloids are diverted from these regions. This leads to less
deposition and increasing effluent concentrations of larger
particles that would have previously been retained in these
(unfilled) straining sites. Bradford et al. [2006a] observed
this time- and size-dependent deposition behavior for
Giardia cysts and for manure particles in several sized
sands.

3.5. Hyperexponential Deposition Profiles

[24] Under unfavorable attachment conditions deposition
profiles for many types of colloids (latex microspheres,
bacteria, viruses, protists) have been reported to follow a
hyperexponential profile distribution [Albinger et al., 1994;
Baygents et al., 1998; Simoni et al., 1998; Bolster et al.,
2000; DeFlaun et al., 1997; Zhang et al., 2001; Redman et
al., 2001; Bradford et al., 2002; Li et al., 2004; Tufenkji
and Elimelech, 2005a], implying a decreasing rate of
deposition with increasing transport distance. As an exam-
ple, Figures 3a and 3b present observed and simulated
effluent concentration curves (Figure 3a) and deposition
profiles (Figure 3b) for 1 um carboxyl latex microspheres
in 150 pym Ottawa (quartz) sand. Additional information
about the experimental conditions is provided by Bradford
and Bettahar [2006]. The simulations in Figure 3 consid-
ered (1) clean bed attachment, (2) attachment and Lang-
muirian blocking, or (3) attachment and RSA blocking.
Model parameters were fitted to the effluent concentration
curves and deposition profiles. Figures 3a and 3b indicate
that the various attachment models provided a reasonable
characterization of the effluent concentration, but a poor
description of the deposition profiles. Proper characteriza-
tion of both effluent curves and deposition profiles is
essential for predicting colloid transport at larger spatial
and temporal scales [Bolster et al., 2000].

[25] As discussed earlier in the manuscript, straining and
mechanical filtration are closely related processes of depo-
sition. It is therefore logical to anticipate that deposition
profiles for mechanical filtration and straining will share
some similarities. Similar to mechanical filtration, Bradford
et al. [2002, 2003, 2004, 2005, 2006a] observed that the
bulk of colloid straining occurred near the column inlet (see
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Figure 3. Observed and simulated (a) effluent concentration curves and (b) deposition profiles for 1 ym
carboxyl latex microspheres in 150 pum Ottawa (quartz) sand. In Figure 3a, relative effluent
concentrations (C/C;) are plotted as a function of pore volumes, whereas in Figure 3b the normalized
concentration (number of colloids, N,, divided by the total number added to the column, N,.) per gram of
dry sand is plotted as a function of dimensionless distance (distance from the column inlet divided by the
column length). The simulations in Figure 3 considered clean bed attachment, attachment and
Langmuirian blocking, or attachment and RSA blocking.

Figure 3b for dimensionless depth <0.2). Bradford et al.
[2002] hypothesized that small pores that can cause strain-
ing were more accessible to colloids at the sand surface.
One potential explanation can be obtained if we view the
porous medium as a bundle of capillary tubes. Straining
occurs primarily near the sand surface at the entrance of the
smallest capillaries in the region of the pore space defined
by ~, whereas colloid transport may still occur in the larger
capillaries in the region of the pore space defined by S,,—~.
Deposition rapidly decreased with increasing distance (see
Figure 3b for dimensionless depths >0.2) because colloids
that initially enter the pore space defined by y have been
removed upgradient. Advection, dispersion, and size exclu-
sion tend to constrain the remaining mobile colloids to the

larger more conductive pore networks (S,,—7) and thus
bypass much of the smaller pore spaces (<vy). Hence
attachment becomes relatively more important at greater
depths [Bradford et al., 2003].

[26] The potential roles of size exclusion and dispersion
on colloid transport to small pores are relatively easy to
understand. Advective transport processes can also play an
important role. The ratio of the water flux that is confined to
the region of the pore space defined by v (¢,,s — LT ) to
the total water flux (¢,, — LT~ ') can be calculated as:

Gws krs
=-— 6
qw krw ( )
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0.0

Figure 4. Relative water flux associated with straining sites (q,,/q,,) as a function of v for various
hypothetical (saturated) porous media. The value of # in the legend corresponds to the van Genuchten
[1980] capillary pressure curve parameter (m = 1—2/n).

where £k, (dimensionless) is the water relative permeability
and k,, (dimensionless) is the water relative permeability to
straining sites. The value of k.., is typically determined from
capillary pressure data using a pore size distribution model.
In analogy to this approach, the value of k,, can be
determined using the pore size distribution model of
Burdine [1953] by limiting the integration to only the
straining areas of the porous medium as follows:

}R(x)zdx
krs(SW) = S&zoli (7)

[ R(x)*dx
0

Equation (7) assumes that the value of v is independent of
the water saturation, see equation (4), and that the influence
of tortuosity of the water flow path can be quantified as S,
[Burdine, 1953]. The predicted value of g¢,/q, for a
particular porous medium as a function of = can be
calculated from equation (6) and the analytical solution for
equation (7) [e.g.., van Genuchten et al., 1991]. The values
of ¢,.s/q, as a function of  for various hypothetical
(saturated) porous media are shown in Figure 4. The value
of n in the legend corresponds to the van Genuchten [1980]
capillary pressure curve parameter (m = 1-2/n), which is
related to the slope of the capillary pressure curve at
approximately the inflection point. A higher value of n
corresponds to a more uniform pore size distribution. Hence
Figure 4 indicates that for small values of v only a small
fraction of the water flux is associated with straining sites.
Larger fractions of the water flux occur in straining sites
with increased values of v and in more uniform soils.

[27] Alternative explanations for hyperexponential depo-
sition profiles have also appeared in the literature. Colloid
surface charge heterogeneity has frequently been invoked as
a cause for observed deviations between filtration theory
predictions and measured hyperexponential deposition pro-

files [Bolster et al., 1999; Tufenkji et al., 2003; Li et al.,
2004; Tufenkji and Elimelech, 2005b]. In addition, a second
hypothesis of attachment in the secondary minimum of the
Derjaguin—Landau—Verwey—Overbeek (DLVO) potential
energy distribution is needed for unfavorable attachment
conditions. Two relatively simple experiments could be
used to test the surface charge heterogeneity hypothesis.
First, the measured zeta potential distribution for a colloid
suspension should be consistent with the assumed attach-
ment coefficient pdf. Second, a measurable change in the
zeta potential distribution must exist for this colloid sus-
pension before and after passage through the porous medi-
um. Additional research is needed to fully test the surface
charge heterogeneity hypothesis outlined above.

[28] It should be noted that Li et al. [2004] suggested that
small variations in the measured colloid surface charge
(<0.5% of a measured zeta potential) could yield sufficient
variations in the attachment coefficient to produce hyper-
exponential deposition profiles. We believe that this analy-
sis is only valid in the absence of an energy barrier to
attachment in the primary minima or under conditions that
are favorable to attachment in the secondary minimum of
the DLVO potential energy distribution. To illustrate this
point, the total interaction energy (sum of London—van der
Waals attraction and electrostatic double-layer repulsion)
upon approach of variously charged (zeta potentials ranging
from —40 mV to —5 mV) 1.1 pum spherical colloids to a
glass bead surface (sphere-plate interaction) was calculated
using DLVO theory [Derjaguin and Landau, 1941; Verwey
and Overbeek, 1948]. In these calculations, constant poten-
tial electrostatic double layer interactions were quantified
using the expression of Hogg et al. [1966] (zeta potentials
were used in place of surface potentials), and retarded
London—van der Waals attractive interaction was deter-
mined from the expression of Gregory [1981]. A value
of 3.8 x 1072' J was chosen for the Hamaker constant [Li
et al., 2004], and the zeta potential of the glass bead in
10 mM solution was taken to be —50.2 mV [Tufenkji and
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Table 2. Summary of Attachment Model Parameters for Column Experiments With Variously Sized Carboxyl Latex Microspheres and

Ottawa Quartz Sands (710, 360, 240, and 150 pm)?*

1

dsg, pm d., pm Column k,,, min~ Column kg, min~"! n «@ Observed Batch C/C; Predicted Batch C/C;
710 0.45 3.75E-03 3.02E-03 2.09E-02 4.92E-02 0.66 0.56
710 1.00 4.01E-03 7.50E-05 1.25E-02 9.12E-02 0.78 0.39
710 2.00 2.01E-02 1.06E-03 1.34E-02 4.03E-01 0.65 0.06
710 3.20 1.93E-02 4.10E-04 2.23E-02 2.27E-01 0.59 0.03
360 0.45 5.46E-03 2.15E-03 3.44E-02 2.00E-02 0.68 0.40
360 1.00 3.57E-03 6.65E-04 2.03E-02 2.19E-02 0.84 0.46
360 2.00 3.69E-02 8.61E-04 1.86E-02 2.43E-01 0.67 0.02
360 3.20 2.97E-02 2.87E-04 2.70E-02 1.34E-01 0.63 0.01
240 0.45 3.06E-03 4.54E-03 4.45E-02 5.22E-03 0.66 0.66
240 1.00 5.68E-02 1.00E-03 2.64E-02 1.62E-01 0.81 0.02
240 2.00 6.30E-02 6.00E-04 2.32E-02 2.12E-01 0.60 0.01
240 3.20 6.30E-02 3.75E-04 3.29E-02 1.44E-01 0.61 0.01
150 0.45 1.28E-02 1.44E-03 5.62E-02 1.07E-02 0.61 0.13
150 1.00 2.22E-02 1.24E-03 3.55E-02 3.07E-02 0.80 0.06
150 2.00 7.70E-02 7.09E-04 3.28E-02 1.16E-01 0.59 0.01
150 3.20 1.32E-01 2.40E-03 4.49E-02 1.48E-01 0.61 0.02

“See Bradford et al. [2002]. Here d.. is the colloid diameter equal to 0.45, 1, 2, and 3.2 #m. Observed and predicted (equation (8)) relative concentrations
for corresponding batch experiments are also presented. Read 3.75E-03 as 3.75 x 107,

Elimelech, 2005a). As the zeta potential of the colloid is
varied from —40 to —5 mV the height of the repulsive
energy barrier changed from 1243 to 20 k,7; (where £, is
the Boltzman constant and 7} is the temperature in degrees
Kelvin), respectively, and attachment in the primary minima
is therefore not expected for these conditions. Attachment in
the secondary energy minima is also not believed to play a
significant role in deposition over this range in zeta poten-
tials, because colloid diffusion and hydrodynamic drag are
sufficient to overcome this weak association (depth of the
secondary minima ranged from —0.4 to —0.7 kT when the
zeta potential of the colloid ranged from —40 to —5 mV).

3.6. Dependence of Deposition on Colloid and
Porous Medium Size

[20] Filtration theory predicts that the colloid sticking
efficiency, o in equation (3), depends primarily on the
surface chemistry of the colloids and the soil grains. In
contrast, the collector efficiency, 7, includes the dependence

014

0.12

Observed
Predicted

0.08 [

Koy (min )

0.04 [ o

0.02 [ d L]

fl. l. 1

of the size of the colloid and the porous medium, as well as
other factors. The value of o or a pdf of « is therefore
expected to be independent of the size of the colloid and soil
grain for a given set of chemical properties. Evidence exists
that this condition will be violated when significant strain-
ing occurs. For example, Bradford et al. [2002] measured
values of k,, and k,,, for 0.45, 1, 2, and 3.2 um carboxyl
latex microspheres in column experiments using various
sized Ottawa sands (710, 360, 240, and 150 um) and glass
beads (260 pm). The Darcy velocity and porosity in these
experiments ranged from 0.10—0.11 ¢cm min~' and 0.32—
0.38, respectively. Variability in the surface charge charac-
teristics for the latex microspheres (the standard deviation of
measured zeta potentials was less than 5.9 mV) and quartz
sands (99.9% quartz) was thought to be minimal. Table 2
presents values of 7 (from a correlation presented by
Tufenkji and Elimelech [2004a]) and « calculated from
some of this experimental data. Notice that a systematic
variability exists in the calculated values of «, which tend

1 1 J

L [
0.00 L LI

0.000 0.005 0.010

0.015 0.020 0.025
d./d;,

Figure 5. Measured and predicted values of k,; as a function of d/ds,. Predicted values of k,, were
obtained using equation (3), n from Table 2, and values of « determined from the smallest 0.45 pym
colloid (system with minimal straining) in each porous medium.
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Figure 6.

(a) Effluent concentration curves and (b) deposition profiles for 0.45, 1.0, 2.0, and 3.2 um

carboxyl latex microspheres in 150 pm Ottawa sands.

to increase with increasing size of the sand and colloid.
Figure 5 summarizes the data by means of a plot of
measured and predicted values of k,, as a function of the
ratio of the colloid diameter (d,.) to the median grain size.
Predicted values of k,, were in this case obtained using
equation (3) and 7 (Table 2), with values of « determined
from the smallest 0.45 um colloid (system with minimal
straining) in each porous medium. We believe that this
assumption is reasonable because DLVO calculations
(following a similar protocol as discussed above) for these
colloids (0.45, 1, 2, and 3.2 pm colloids with zeta potentials
of approximately —57, —77, —71, and —57 mV, respec-
tively) and experimental conditions (ionic strength of 1 mM
and zeta potential of quartz equal to —38 mV) indicate the
presence of a large energy barrier to deposition in the
primary minima (>576 k,T}), and an insignificant secondary
energy minima (> —0.09 k,T}). Predicted values of £k,
significantly underestimated deposition with increasing size
of the sand and colloid, thus suggesting that n is not a

complete descriptor of attachment under unfavorable con-
ditions or that another mechanism may be involved in the
colloid deposition.

[30] The shape of the deposition profile is also expected
to be independent of the colloid and soil size according to
filtration theory (e.g., only the magnitude of deposition
changes with 7). The same result is anticipated when using
a given distribution of k,,. Figure 6 presents effluent
concentration curves (Figure 6a) and deposition profiles
(Figure 6b) for 0.45, 1.0, 2.0, and 3.2 um carboxyl latex
microspheres in 150 pum Ottawa sand. Bradford et al.
[2002] provides details on the experimental conditions for
these data. Notice that the shape of the deposition profile
changes with colloid size. As colloid size increases, the
deposition profile exhibits a sharper initial decrease with
increasing depth (i.e., becomes more hyperexponential).
Similar behavior can be observed for a given colloid in
variously sized Ottawa sands; i.e., increasing hyperexpo-
nential deposition profiles for smaller sized sands [Bradford
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et al., 2002]. Hence deviations between filtration theory and
experimental deposition profiles tend to increase with
increasing colloid size [Bradford et al., 2002; Tufenkji and
Elimelech, 2005a] as well as decreasing sand size [Bradford
et al., 2002]. All of these observations suggest that attach-
ment (in the primary or secondary minima of the DLVO
potential energy distribution) is not the only factor control-
ling colloid deposition.

3.7. Batch Release Rates

[31] Differences in the deposition behavior of colloids in
batch and column displacement studies have frequently
been reported [Schijven and Hassanizadeh, 2000], and have
been attributed to differences in the accessibility of colloids
to the solid grains (greater accessibility in batch than
column), system hydrodynamics, and time of equilibration.
Despite these acknowledged limitations, comparison of
batch and column values of colloid deposition provides a
useful way to infer the potential role of pore structure
(largely absent in continuously mixed batch systems) on
straining deposition. The analytic solution of equation (1)
and equation (2) for batch conditions (J7= 0 and v, = 1) is
given as [Schijven and Hassanizadeh, 2000]:

g _ ket 4 Katr €XPpl— (Kass + ket)?] 8)
Ci Katt + kaet

Comparison of batch and column derived values of &, and
kge;: therefore provides one means to examine mechanisms
of colloid deposition. As an example, Bradford et al. [2002]
measured values of k,, and k., for 0.45, 1, 2, and 3.2 um
carboxyl latex microspheres in column experiments using
various sized Ottawa sands (710, 360, 240, and 150 pm)
and glass beads (260 pm). These authors also determined
relative concentrations for these same colloids after 4 hours
of batch equilibration (10 gram of sand in 10 ml of
suspension) with the various porous media. Table 2
provides values of k,, and k. determined from some of
these column experiments, as well as the measured and
predicted (equation (8)) relative concentrations for colloids
in the batch studies. The predicted relative concentrations in
the batch system were much lower than the measured values
(as low a 1% of the measured value), especially for the finer
textured sand and larger colloids. The large differences in
measured and predicted relative concentrations in the batch
systems strongly suggest that attachment is not the
dominant mechanism of deposition is these systems.

[32] A second test to determine whether column—derived
values of k,; and kg, are consistent with batch systems is
outlined below. After completion of a colloid transport
experiment, the porous medium can be excavated into vials
containing excess eluant. The vials can then be slowly
shaken for several minutes, and the concentration of the
colloids in the excess solution can be measured. In the
absence of straining, equilibrium colloid concentrations in
batch systems should be consistent with the measured
detachment rates from the column experiments and there-
fore given as

o kdetpb
C B kattew S (9)
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Here parameters on the right hand side of equation (9) can
be determined from the column data. Hence low detachment
rates in the column experiments should produce low colloid
concentrations in the batch system. Conversely, if high
concentrations of colloids are recovered in the batch system
and low values of kg, were measured in the column
experiments, then this implies that deposition was not
controlled by attachment. It should be noted that protocols
similar to those outlined above were employed by Bradford
et al. [2002, 2003, 2004, 2005, 2006a] to determine
deposition profiles for various colloids (0.45-3.2 um
carboxyl and sulfate latex, Cryptosporidium oocysts, and
Giardia cysts). Reasonable mass balances were obtained in
the experiments, while column derived values for k., were
typically low. This suggests that attachment was not the
controlling mechanism for deposition in these systems.
Other researchers have altered the batch solution composi-
tion (i.e., high pH and lower ionic strength) [Tufenkji and
Elimelech, 2004b] or sonicated [Li et al., 2004] the
excavated sand from column experiments when determining
deposition profiles. In these cases, direct comparison of
batch and column values of k,, and k., is not possible.

3.8. Solution Chemistry

[33] Previous research on straining deposition has
focused on the influence of physical factors such as the
size of the colloid and the porous medium. Little is known
about the role of solution chemistry on straining deposition,
and we are unaware of any published studies on this topic. It
is, however, logical to anticipate that solution chemistry will
play an important function in straining because it influences
the force balance associated with colloids in pores.

[34] Deposition under unfavorable conditions is known to
be highly dependent on solution chemistry [e.g., Li et al.,
2004; Tufenkji and Elimelech, 2004b, 2005a]. For a given
solution composition, increasing the solution ionic strength
tends to produce an increase in the colloid deposition. This
has been attributed to changes in the DLVO total interaction
energy between colloids and collectors. Specifically, at
higher ionic strengths the energy barrier to deposition in
the primary minima decreases and the depth of the second-
ary minima increases. Enhanced attachment with increasing
ionic strength has therefore been attributed to surface charge
variability of the collector and colloids, and interactions
associated with the secondary minima.

[35] We believe that small soil pores (straining sites)
provide optimum locations for colloids that are weakly
associated with the solid phase (secondary energy minima)
to be retained because of reduced fluid drag, pore size
limitations, and enhanced DLVO interactions. Recent ex-
perimental evidence supports this hypothesis. For example,
X-ray microtomography observations by Li et al. [2006a,
2006b] indicate that deposition at grain-grain contacts is
highly dependent on the solution chemistry. Deposition
rates in impinging jet systems and in packed sand columns
under similar hydrodynamic and chemistry conditions also
demonstrate a significant role of pore structure [Redman et
al., 2004; Walker et al., 2004; Brow et al., 2005]. Hoek and
Agarwal [2006] reported that colloids in small pores can
experience an interaction energy that is up to five times
larger than the sphere-plate interaction energy profile. As an
example of the coupled influence of solution chemistry on
straining deposition consider the effluent concentration
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Figure 7.

(a) Effluent concentration curves and (b) deposition profiles for 1.0 ym modified carboxyl

latex microspheres in 150 um Ottawa sands. All of the experiments were conducted at a solution pH
of 10 (buffered with 1.7 mM NaHCO3+1.7 mM Na,CO3;) but using various Darcy velocities and/or
ionic strengths. In the legend, IS denotes ionic strength with Low = 6 mM, and High = 56 mM. IS =
High/Low indicates that the solution ionic strength was switched from 56 to 6 mM after around
8.5 pore volumes. The Darcly velocity is denoted by ¢ in the legend, and q = Low is 0.21 cm min~" and

q = High is 0.45 cm min

curves and deposition profiles for 1 pum carboxyl modified
latex microspheres (zeta potential was —110 to —70 mV at
ionic strengths ranging from 6 to 56 mM, respectively) in
150 um Ottawa sand shown in Figures 7a and 7b, respec-
tively. These transport experiments were conducted using
deionized water buffered to a pH of 10 (1.7 mM NaHCO; +
1.7 mM Na,COj3) and employed different ionic strengths
(adjusted using sodium bromide). As the ionic strength was
increased from 6 mM (IS = Low, q = Low) to 56 mM (IS =
High, q = Low), increased colloid deposition occurred and
the retention profiles became more hyperexponential. An
additional 56 mM experiment was conducted (IS = High/
Low, q = Low), but this time the input colloid pulse duration
was three times longer and the column was flushed with an
additional 2.2 pore volumes of 6 mM solution before

excavation. Because of the lower ionic strength of this
solution, a second peak in the breakthrough curve occurred
as a result of released colloids. This behavior has typically
been ascribed to colloids associated with the secondary
minima [Franchi and O’Melia, 2003; Hahn and O’Melia,
2004; Hahn et al., 2004]. We believe that secondary minima
association alone cannot explain the observed behavior for
the following reasons. First, the corresponding deposition
profile for this experiment was hyperexponential, even after
flushing with an additional 2.2 pore volumes of 6 mM
solution. Second, mass balance information indicates that
the recovered colloids in the effluent only accounted for
25% of the injected mass (IS = High/Low, q = Low),
whereas in the experiment conducted using 6 mM solution
(IS = Low, q = Low) 83% of the injected colloids was
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recovered in the effluent. Hence temporal changes in
solution ionic strength increased the total deposition in the
sand and produced more hyperexponential profiles. All of
these observations strongly indicate that the pore structure
(straining) played a coupled role with solution chemistry in
retaining these colloids. This is a research topic of ongoing
investigation.

[36] It should also be mentioned that factors that influ-
ence the particle and/or pore size distribution in a given
system are expected to influence straining. For example,
solution chemistry determines colloid stability and hence
the particle size distribution in suspension [Elimelech et al.,
1998]. Furthermore, the pore size distribution of porous
media is reported to depend on solution chemistry as a result
of dispersion and flocculation processes in fine-textured
soils [Ayers and Westcot, 1989]. Solution pH can also alter
the surface charge characteristics of colloids and porous
media [e.g., Goldberg et al., 1991] and is therefore antic-
ipated to play a role in straining.

3.9. Hydrodynamics

[37] Mechanical filtration and straining are also known to
be strong functions of the flow direction. The flow direction
is commonly reversed in sand filters to unclog pores
containing colloids and particles retained by mechanical
filtration and straining. Silliman [1995] measured the trans-
port behavior of a distribution of latex microspheres in
various configurations of three coarse textured sands. Re-
versing the direction of water flow liberated large numbers
of colloids in these systems. The detachment rate of
attached colloids is not expected to depend on the direction
of water flow. Hence all of these observations suggest that
flow reversals can be used to deduce the occurrence and/or
absence of straining. It should be noted, however, that the
recovery efficiency upon flow reversal may be low due to
reentrapment of colloids, shielding of straining sites by soil
grains (flow stagnation zones), and/or the coupled influence
of solution chemistry on straining.

[38] The deposition rate of colloids in porous media has
frequently been reported to depend on the system hydrody-
namics [Wang et al., 1981; Tan et al., 1994; Kretzschmar et
al., 1997; Compere et al., 2001; Li et al., 2005]. Filtration
theory predicts that the attachment coefficient will increase
with increasing pore water velocity. In contrast, several
studies have shown that the value of the deposition coeffi-
cient decreased with increasing flow rate under unfavorable
attachment conditions [Compere et al., 2001; Li et al.,
2005]. These studies were presumably conducted on sys-
tems that were dominated by attachment, while hydrody-
namic drag was postulated as a mechanism to release
secondary-minimum associated colloids [Li et al., 2005].

[39] It is also likely that straining will be a function of
system hydrodynamics. Cushing and Lawler [1998] studied
particle deposition using trajectory analysis on a porous
media model composed of a face-centered cubic packing of
spheres. Their analysis indicated that straining of particles at
grain contact points can be an important mechanism of
deposition due to hydrodynamic forces that funnel particle
trajectories to these locations. Straining was predicted to
decrease with increasing approach velocity. As an additional
example, consider the influence of hydrodynamics on the
effluent concentration curves and depositions profiles for
1 pm carboxyl modified latex microspheres (zeta potential
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was —70 mV) in 150 pm Ottawa sand shown in Figures 7a
and 7b, respectively. In particular, the transport experiments
that were conducted using deionized water buffered to a pH
of 10 (1.7 mM NaHCOj; + 1.7 mM Na,COs) and an ionic
strength of 56 mM. As the Darcy velocity increases (IS =
High, q = High) higher effluent concentrations occurred,
and the deposition profiles became less hyperexponential
than the experiment conducted at a lower velocity (IS =
High, q = Low). As mentioned in the section above,
deposition in these systems was strongly influenced by pore
structure. Hence it is likely that the shape and magnitude of
the deposition profiles for strained colloids is very sensitive
to hydrodynamics. The degree of sensitivity is expected to
depend on the size of the colloid and porous medium, and
on the solution chemistry (a force balance in a pore). This is
a topic of current research investigation.

[40] It is also possible that strained colloids could be
slowly mobilized by hydrodynamic shearing forces. This
could produce deposit profiles that are not hyperexponen-
tial, but rather nonmonotonic (exhibiting a peak at some
distance downgradient from the source). Nonmonotonic
deposition profiles have been reported to be a function of
pore water velocity [Tong et al., 2005; Bradford et al.,
2006b]. Additional research is warranted to more fully
understand the role of hydrodynamics on straining and the
development of deposition profiles.

3.10. Micromodel Observations

[41] Several studies have recently examined colloid trans-
port and deposition processes at the pore scale using various
microscopic techniques. This research has provided valu-
able insight on colloid retention at the air-water interface
and soil-air-water contact line [Wan and Wilson, 1994a;
Sirivithayapakorn and Keller, 2003b; Crist et al., 2004;
Wan and Tokunago, 2005; Steenhuis et al., 2005; Crist et
al., 2005], colloid size exclusion [Sirivithayapakorn and
Keller, 2003a], and colloid dispersion [Auset and Keller,
2004]. Transport experiments were also recently conducted
in a specially designed micromodel to examine the deposi-
tion behavior of the colloids and microorganisms in porous
media under unfavorable attachment conditions. The micro-
model consisted of a 0.2 cm thick by 2.0 cm wide by 7 cm
long glass chamber (inside dimensions), with a glass tube
(0.5 cm inside diameter) and septum assembly joined at
both ends of the chamber. Details of the experimental setup
are found in Bradford et al. [2005]. After completion of a
transport experiment, the final deposition behavior of the
fluorescent colloids and microorganisms was microscopi-
cally examined at several locations using a Leica DM IRB
epifluorescent microscope (Leica Microsystems Inc.,
Bannockburn, IL 60015).

[42] Figure 8 presents several representative photos of E.
coli O157:H7/pGFP strain 72 deposition in 150 pum quartz
sand. These photos demonstrate that the fluorescent bacteria
can be deposited at grain junctions due to straining. Addi-
tional photos were presented by Bradford et al. [2005] for
1 and 3 pm sulfate latex colloids in Ottawa sands. In Figure
8 photos, as well as those presented by Bradford et al.
[2005], large numbers of colloids were deposited at strain-
ing sites. Aggregation of colloids in suspension cannot
explain this behavior since the uniformity of the colloid
size distribution was experimentally verified with a laser
scattering particle size and distribution analyzer. These
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Figure 8.

observations suggest that colloid-colloid interactions may
play an important role in straining behavior. We postulate
that experimental conditions favoring attractive colloid-
colloid interactions (colloids that are hydrophobic and/or
have neutral surface charges) will enhance straining. In
contrast, repulsive colloid-colloid interactions are anticipated
to diminish straining.

3.11.

[43] In unsaturated systems, the water and air distribution
within a porous medium is controlled by capillary forces. If
the porous medium is water wet, air will occupy the larger
pores and water will be found in the smaller portions of the
pore space, as well as in the form of films around solid
grains adjacent to drained pores. As the water content of the
porous medium decreases, the average size of water filled
pores decreases, while the air-water interfacial area tends to
increase [Bradford and Leij, 1997]. No published studies

Unsaturated Systems

(a and b) Micromodel photos (magnified 600 times) of E. coli O157:H7 deposition in 150 pm sand.

have yet examined pore straining behavior in unsaturated
systems. Straining is anticipated to be even more important
in unsaturated than saturated systems because water flow is
restricted to increasingly smaller pores at lower flow rates
(less hydrodynamic shear), and hence a greater fraction of
the water flows through smaller portions of the pore space.
Conversely, an infiltrating water pulse causes water to flow
through larger spaces, thereby potentially liberating strained
colloids.

[44] Changes in water content can significantly influence
colloid transport [Wan and Wilson, 1994b; Schafer et al.,
1998; Saiers and Lenhart, 2003]. Decreases in the water
content have been reported to lead to increasing colloid
deposition in a porous medium. This behavior has been
attributed to increased interfacial sorption of colloids onto
the air-water interface [Wan and Wilson, 1994a, 1994b;
Schafer et al., 1998; Saiers and Lenhart, 2003] or physical
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restrictions imposed by thin water films (film straining)
[Wan and Tokunaga, 1997]. Unsaturated colloid deposition
profiles observed by Wan and Tokunaga [1997] tended to
become more hyperexponential and greater in magnitude as
the water content decreased, the sand size decreased,
and the colloid size increased. These trends were similar
to those observed in saturated systems for strained colloids
[Bradford et al., 2002], and are consistent with our hypoth-
esis of increased straining at lower water contents.

[45] Attachment to the air-water interface depends on the
colloid’s affinity for and accessibility to this interface, as
well as on the magnitude of the interfacial area. Increased
partitioning of colloids at the air-water interface is expected
for greater interfacial areas. The air-water interfacial area is
a function of the particle size distribution, water content,
and wetting film continuity. For continuous water films, the
air-water interfacial area tends to increase with decreasing
water content [Bradford and Leij, 1997]. Although finer-
textured soils are expected to have greater interfacial areas
at a given water saturation, larger colloids may also be
physically excluded from some of the interfaces due to film
and/or pore straining. Similarly, the accessible solid surface
area for attachment is expected to decrease with decreasing
water content (equation (5)). Clearly, additional research is
needed to quantify accessible air-water interfacial areas and
surface areas for variously sized colloids in unsaturated
systems.

3.12. Heterogeneous Systems

[46] Natural soil and aquifer systems contain layers and
lenses of contrasting soil texture. Colloid transport across
such textural interfaces has received relatively little research
attention [Saiers et al., 1994; Silliman, 1995; Bradford et
al., 2004, 2005]. Bradford et al. [2005] recently observed
in saturated column experiments that the transport and
deposition of colloids were highly dependent upon the
textural interface. For a given sand and pore water velocity,
deposition of colloids was always most pronounced at the
sand (inlet) surface. Here colloids enter a new pore network
and are more likely to encounter smaller pores or dead-end
regions of the pore space that contribute to straining. Less
deposition occurred at textural interfaces within the column
than at the sand surface, presumably due to the fact that
advection, dispersion and size exclusion tends to confine
colloid transport to the larger pore networks and thus limit
accessibility to straining sites (flow focusing). Increasing
the textural contrast at an interface produced greater colloid
deposition when water flowed from coarser to finer tex-
tured sands. Conversely, when water flowed from finer to
coarser textured sands, little deposition occurred. We note
that a pdf of colloid attachment coefficients cannot explain
this observed deposition behavior. In this case, mobile
colloids should possess a more uniform distribution of
attachment coefficients as transport distance increases and
therefore should not depend on the ordering of the sand
layers.

[47] Physically heterogeneous systems will also exhibit a
spatially and temporally dependent water flow field. In
saturated systems water flow is controlled by the perme-
ability distribution, with high flow rates occurring in more
permeable zones. Conversely, the topology and geometry of
the hydraulically active network will greatly depend on the
degree of saturation in unsaturated systems (i.e., at low
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water contents flow is restricted to finer pores). Hence a
clear understanding of the role of hydrodynamics, the flow
direction, flow focusing, and the water content on straining
is needed to accurately characterize and predict colloid
transport in heterogeneous systems. Further research is
needed to adequately address these issues.

[48] Acknowledgments. This research was supported by the 206
Manure and Byproduct Utilization Project of the USDA ARS and in part
by the SAHRA Science and Technology Center through NSF grant EAR-
9876800. Mention of trade names and company names in this manuscript
does not imply any endorsement or preferential treatment by the USDA.
We would also like to acknowledge helpful discussions with William P.
Johnson and Sharon L. Walker on the role of solution chemistry and
hydrodynamics on straining deposition.

References

Adamczyk, Z., B. Siwek, M. Zembala, and P. Belouschek (1994), Kinetics
of localized adsorption of colloid particles, Adv. Colloid Int. Sci., 48,
151-280.

Albinger, O., B. K. Biesemeyer, R. G. Arnold, and B. E. Logan (1994),
Effect of bacterial heterogeneity on adhesion to uniform collectors by
monoclonal populations, FEMS Microbiol. Lett., 124(3), 321-326.

Auset, M., and A. A. Keller (2004), Pore-scale processes that control dis-
persion of colloids in saturated porous media, Water Resour. Res., 40,
W03503, doi:10.1029/2003WR002800.

Ayers, R. S., and D. W. Westcot (1989), Water quality for agriculture, /rrig.
Drain. Pap., 29.

Baygents, J. C., J. R. Glynn, Jr., O. Albinger, B. K. Biesemeyer, K. L.
Ogden, and R. G. Arnold (1998), Variation of surface charge density in
monoclonal bacterial populations: Implications for transport through por-
ous media, Environ. Sci. Technol., 32, 1596—1603.

Bolster, C. H., A. L. Mills, G. M. Hornberger, and J. S. Herman (1999),
Spatial distribution of deposited bacteria following miscible displace-
ment experiments in intact cores, Water Resour. Res., 35, 1797—1807.

Bolster, C. H., A. L. Mills, G. Hornberger, and J. Herman (2000), Effect of
intra-population variability on the long-distance transport of bacteria,
Ground Water, 38(3), 370—-375.

Bradford, S. A., and M. Bettahar (2005), Straining, attachment, and detach-
ment, of Cryptosporidium oocysts in saturated porous media, J. Environ.
Qual., 34, 469—478.

Bradford, S. A., and M. Bettahar (2006), Concentration dependent colloid
transport in saturated porous media, J. Contam. Hydrol., 82, 99—117.
Bradford, S. A., and F. J. Leij (1997), Estimating interfacial areas for multi-

fluid soil systems, J. Contam. Hydrol., 27, 83—105.

Bradford, S. A., S. R. Yates, M. Bettahar, and J. Simunek (2002), Physical
factors affecting the transport and fate of colloids in saturated porous
media, Water Resour. Res., 38(12), 1327, doi:10.1029/2002WR001340.

Bradford, S. A., J. Simunek, M. Bettahar, M. T. van Genuchten, and S. R.
Yates (2003), Modeling colloid attachment, straining, and exclusion in
saturated porous media, Environ. Sci. Technol., 37, 2242—2250.

Bradford, S. A., M. Bettahar, J. Simunek, and M. T. van Genuchten (2004),
Straining and attachment of colloids in physically heterogeneous porous
media, Vadose Zone J., 3, 384—394.

Bradford, S. A., J. Simunek, M. Bettahar, Y. F. Tadassa, M. T. van Genuchten,
and S. R. Yates (2005), Straining of colloids at textural interfaces, Water
Resour. Res., 41, W10404, doi:10.1029/2004WR003675.

Bradford, S. A., Y. F. Tadassa, and Y. A. Pachepsky (2006a), Transport of
Giardia and manure suspensions in saturated porous media, J. Environ.
Qual., 35, 749-757.

Bradford, S. A., J. Simunek, and S. L. Walker (2006b), Transport and
straining of E. coli O157:H7 in saturated porous media, Water Resour.
Res., doi:10.1029/2005WR004805, in press.

Brow, C. N., X. Li, J. Ricka, and W. P. Johnson (2005), Comparison of
microsphere deposition in porous media versus simple shear systems,
Colloids Surf. A, 252, 125—-136.

Brown, D. G., J. R. Stencel, and P. R. Jaffe (2002), Effects of porous media
preparation on bacteria transport through laboratory columns, Water Res.,
36, 105—114.

Burdine, N. T. (1953), Relative permeability calculations from pore size
distribution data, Trans. Am. Inst. Min. Metall. Pet. Eng., 198, 71-178.
Camesano, T. A., and B. E. Logan (1998), Influence of fluid velocity and
cell concentration on the transport of motile and nonmotile bacteria in

porous media, Environ. Sci. Technol., 32, 1699—1708.

14 of 16



W12815

Camesano, T. A., K. M. Unice, and B. E. Logan (1999), Blocking and
ripening of colloids in porous media and their implications for bacterial
transport, Colloids Surfaces A, 160(3), 291-308.

Carsel, R. F., and R. S. Parrish (1988), Developing joint probability dis-
tributions of soil water retention characteristics, Water Resour. Res., 24,
755-769.

Compere, F., G. Porel, and F. Delay (2001), Transport and retention of clay
particles in saturated porous media: Influence of ionic strength and pore
velocity, J. Contam. Hydrol., 49, 1-21.

Corapcioglu, M. Y., and H. Choi (1996), Modeling colloid transport in
unsaturated porous media and validation with laboratory column data,
Water Resour. Res., 32, 3437—-3449.

Craun, G. F., and R. Calderon (1996), Microbial risks in groundwater
systems: Epidemiology of waterborne outbreaks, in Under the Micro-
scope: Examining Microbes in Groundwater, 9-20 pp., Am. Water
Works Assoc. Res. Found., Denver, Colo.

Crist, J. T., J. F. McCarthy, Y. Zevi, P. Baveye, J. A. Throop, and T. S.
Steenhuis (2004), Pore-scale visualization of colloid transport and reten-
tion in partly saturated porous media, Vadose Zone J., 3, 444—450.

Crist, J. T., Y. Zevi, J. F. McCarthy, J. A. Throop, and T. S. Steenuis (2005),
Transport and retention mechanisms of colloids in partially saturated
porous media, Vadose Zone J., 4, 184—195.

Cumbie, D. H., and L. D. McKay (1999), Influence of diameter on particle
transport in a fractured shale saprolite, J. Contam. Hydrol., 37, 139—157.

Cushing, R. S., and D. F. Lawler (1998), Depth filtration: Fundamental
investigation through three-dimensional trajectory analysis, Environ.
Sci. Technol., 32, 3793-3801.

Dane, J. H., and J. W. Hopmans (2002), Water retention and storage, in
Methods in Soil Analysis, part 4, Physical Methods, edited by J. H. Dane
and G. C. Topp, Soil Sci. Soc. of Am., Madison, Wis.

de Jonge, L. W., C. Kjaergaard, and P. Moldrup (2004), Colloids and
colloid-facilitated transport of contaminants in soils: An introduction,
Vadose Zone J., 3, 321-325.

DeFlaun, M. F., C. J. Murray, M. Holben, T. Scheibe, A. Mills, T. Ginn,
T. Griffin, E. Majer, and J. L. Wilson (1997), Preliminary observations
on bacterial transport in a coastal plain aquifer, FEMS Microbiol. Rev.,
20(3—-4), 473-487.

Derjaguin, B. V., and L. D. Landau (1941), Theory of the stability of strongly
charged lyophobic sols and of the adhesion of strongly charged particles in
solutions of electrolytes, Acta Physicochim. USSR, 14, 733—762.

Elimelech, M., J. Gregory, X. Jia, and R. A. Williams (1998), Particle
Deposition and Aggregation Measurement, Modeling and Simulation,
Elsevier, New York.

Flint, L. E., and A. L. Flint (2002), Porosity, in Methods in Soil Analysis,
part 4, Physical Methods, edited by J. H. Dane and G. C. Topp, Soil Sci.
Soc. of Am., Madison, Wis.

Foppen, J. W. A., A. Mporokoso, and J. F. Schijven (2005), Determining
straining of Escherichia coli from breakthrough curves, J. Contam.
Hydrol., 76, 191-210.

Franchi, A., and C. R. O’Melia (2003), Effects of natural organic matter and
solution chemistry on the deposition and reentrainment of colloids in
porous media, Environ. Sci. Technol., 37, 1122—1129.

Ginn, T. R. (2002), A travel time approach to exclusion on transport in
porous media, Water Resour. Res., 38(4), 1041, doi:10.1029/
2001WR000865.

Ginn, T. R., B. D. Wood, K. E. Nelson, T. D. Schiebe, E. M. Murphy, and
T. P. Clement (2002), Processes in microbial transport in the natural
subsurface, Adv. Water Res., 25, 1017—1042.

Goldberg, S., H. S. Forster, and E. L. Heick (1991), Flocculation of illite/
kaolinite and illite/montmorillonite mixtures as affected by sodium
adsorption ratio and pH, Clays Clay Mineral., 39, 375-380.

Gregory, J. (1981), Approximate expression for retarded van der Waals
interaction, J. Colloid Interface Sci., 83, 138—145.

Hahn, M. W,, and C. R. O’Melia (2004), Deposition and reentrainment of
Brownian particles in porous media under unfavorable chemical condi-
tions: Some concepts and applications, Environ. Sci. Technol., 38, 210—
220.

Hahn, M. W., D. Abadzic, and C. R. O’ Melia (2004), Aquasols: On the
role of secondary minima, Environ. Sci. Technol., 38, 5915—5924.

Harter, T., S. Wagner, and E. R. Atwill (2000), Colloid transport and filtra-
tion of Cryptosporidium parvum in sandy soils and aquifer sediments,
Environ. Sci. Technol., 34, 62-170.

Harvey, R. W., and S. P. Garabedian (1991), Use of colloid filtration theory
in modeling movement of bacteria through a contaminated sandy aquifer,
Environ. Sci. Technol., 25, 178—185.

Harvey, R. W., and H. Harms (2002), Transport of microorganisms in the
terrestrial subsurface: In situ and laboratory methods, in Manual of

BRADFORD ET AL.: SIGNIFICANCE OF STRAINING IN COLLOID DEPOSITION

W12815

Environmental Microbiology, 2nd ed., edited by C. J. Hurst, et al.,
pp. 753—776, ASM Press, Washington, D. C.

Herzig, J. P., D. M. Leclerc, and P. LeGoff (1970), Flow of suspension
through porous media: Application to deep filtration, /nd. Eng. Chem.,
62, 129—-157.

Hoek, E. M. V., and G. K. Agarwal (2006), Extended DLVO interactions
between spherical particles and rough surfaces, J. Colloid Interface Sci.,
298, 50-58.

Hogg, R., T. W. Healy, and D. W. Fuerstenau (1966), Mutual coagulation of
colloidal dispersions, Trans. Faraday Soc., 62, 1638—1651.

Jin, Y., and M. Flury (2002), Fate and transport of viruses in porous media,
Adv. Agron., 77, 39—-102.

Johnson, P. R., and M. Elimelech (1995), Dynamics of colloid deposition in
porous media: Blocking based on random sequential adsorption, Lang-
muir, 11, 801-812.

Kretzschmar, R., K. Barmettler, D. Grolimun, Y. D. Yan, M. Borkovec, and
H. Sticher (1997), Experimental determination of colloid deposition rates
and collision efficiencies in natural porous media, Water Resour. Res., 33,
1129-1137.

Kretzschmar, R., M. Borkovec, D. Grolimund, and M. Elimelech (1999),
Mobile subsurface colloids and their role in contaminant transport, Adv.
Agron., 66, 121—-193.

Li, X., and W. P. Johnson (2005), Nonmonotonic variations in deposition
rate coefficients of microspheres in porous media under unfavorable
deposition conditions, Environ. Sci. Technol., 39, 1658—1665.

Li, X., T. D. Scheibe, and W. P. Johnson (2004), Apparent decreases in
colloid deposition rate coefficient with distance of transport under un-
favorable deposition conditions: A general phenomenon, Environ. Sci.
Technol., 38, 5616—5625.

Li, X., P. Zhang, C. L. Lin, and W. P. Johnson (2005), Role of hydrody-
namic drag on microsphere deposition and re-entrainment in porous
media under unfavorable conditions, Environ. Sci. Technol., 39, 4012—
4020.

Li, X., C.-L. Lin, J. D. Miller, and W. P. Johnson (2006a), Pore-scale
observation of microsphere deposition at grain-to-grain contacts over
assemblage-scale porous media domains using X-ray microtomography,
Environ. Sci. Technol., 40, 3762—3768.

Li, X., C.-L. Lin, J. D. Miller, and W. P. Johnson (2006b), Role of grain-to-
grain contacts on profiles of retained colloids in porous media in the
presence of an energy barrier to deposition, Environ. Sci. Technol., 40,
3769-3774.

Lindgvist, R., J. S. Cho, and C. G. Enfield (1994), A kinetic model for cell
density dependent bacterial transport in porous media, Water Resour.
Res., 30, 3291-3299.

Liu, D., P. R. Johnson, and M. Elimelech (1995), Colloid deposition
dynamics in flow-through porous media: Role of electrolyte concentra-
tion, Environ. Sci. Technol., 29, 2963—-2973.

Logan, B. E., D. G. Jewett, R. G. Arnold, E. J. Bouwer, and C. R. O’Melia
(1995), Clarification of clean-bed filtration models, J. Environ. Eng.,
121, 869—-873.

Loge, F. J., D. E. Thompson, and R. C. Douglas (2002), PCR detection of
specific pathogens in water: A risk-based analysis, Environ. Sci. Tech-
nol., 36, 2754—2759.

MacLeod, F. A., H. M. Lappin-Scott, and J. W. Costerton (1988), Plugging
of a model rock system by using starved bacteria, Appl. Environ. Micro-
biol., 54, 1365—1372.

Matthess, G., and A. Pekdeger (1985), Survival and transport of pathogenic
bacteria and viruses in groundwater, in Ground Water Quality, edited by
C. H. Ward, W. Giger, and P. McCarty, pp. 472—-482, John Wiley,
Hoboken, N. J.

McDowellBoyer, L. M., J. R. Hunt, and N. Sitar (1986), Particle transport
through porous media, Water Resour. Res., 22, 1901—-1921.

Ouyang, Y., D. Shinde, R. S. Mansell, and W. Harris (1996), Colloid-
enhanced transport of chemicals in subsurface environments: A review,
Crit. Rev. Environ. Sci. Technol., 26, 189—-204.

Rajagopalan, R., and C. Tien (1976), Trajectory analysis of deep-bed filtra-
tion with the sphere-in-cell porous-media model, AIChE J., 22, 523—
533.

Redman, J. A., S. B. Grant, T. M. Olson, and M. K. Estes (2001), Pathogen
filtration, heterogeneity, and the potable reuse of wastewater, Environ.
Sci. Technol., 35, 1798—1805.

Redman, J. A., S. L. Walker, and M. Elimelech (2004), Bacterial adhesion
and transport in porous media: Role of the secondary energy minimum,
Environ. Sci. Technol., 38, 1777—1785.

Reimus, P. W. (1995), The use of synthetic colloids in tracer transport
experiments in saturated rock fractures, Rep. LA-13004-T, Los Alamos
Natl. Lab., Los Alamos, N. M.

15 of 16



W12S15

Rijnaarts, H. H. M., W. Norde, E. J. Bouwer, and J. Lyklema (1996),
Bacterial deposition in porous media related to the clean bed collision
efficiency and to substratum blocking by attached cells, Environ. Sci.
Technol., 30, 2869—2876.

Rockhold, M. L., R. R. Yarwood, and J. S. Selker (2004), Coupled micro-
bial and transport processes in soils, Vadose Zone J., 3, 368—383.

Ryan, J. N., and M. Elimelech (1996), Colloid mobilization and transport in
groundwater, Colloids Surf. 4, 107, 1-56.

Ryan, J. N., M. Elimelech, R. A. Ard, R. W. Harvey, and P. R. Johnson
(1999), Bacteriophage PRDI1 and silica colloid transport and recovery in
an iron oxide-coated sand aquifer, Environ. Sci. Technol., 33, 63—73.

Sakthivadivel, R. (1966), Theory and mechanism of filtration of non-col-
loidal fines through a porous medium, Rep. HEL 15-5, 110 pp., Hydraul.
Eng. Lab., Univ. of Calif., Berkeley.

Sakthivadivel, R. (1969), Clogging of a granular porous medium by sedi-
ment, Rep. HEL 15-7, 106 pp., Hydraul. Eng. Lab., Univ. of Calif.,
Berkeley.

Saiers, J. E., and J. J. Lenhart (2003), Ionic-strength effects on colloid
transport and interfacial reactions in partially saturated porous media,
Water Resour: Res., 39(9), 1256, doi:10.1029/2002WR001887.

Saiers, J. E., G. M. Hornberger, and C. Harvey (1994), Colloidal silica
transport through structured, heterogeneous porous media, J. Hydrol.,
163,271-288.

Schafer, A., P. Ustohal, H. Harms, F. Stauffer, T. Dracos, and A. J. B.
Zehnder (1998), Transport of bacteria in unsaturated porous media,
J. Contam. Hydrol., 33, 149—169.

Schijven, J. K., and S. M. Hassanizadeh (2000), Removal of viruses by soil
passage: Overview of modeling, processes, and parameters, Crit. Rev.
Environ. Sci. Technol., 30, 49—-127.

Silliman, S. E. (1995), Particle transport through two-dimensional, satu-
rated porous media: Influence of physical structure of the medium,
J. Hydrol., 167, 719-98.

Simoni, S. F., H. Harms, T. N. P. Bosma, and A. J. B. Zehnder (1998),
Population heterogeneity affects transport of bacteria through sand col-
umns at low flow rates, Environ. Sci. Technol., 32, 2100—-2105.

Sirivithayapakorn, S., and A. Keller (2003a), Transport o f colloids in
saturated porous media: A pore-scale observation of the size exclusion
effect and colloid acceleration, Water Resour. Res., 39(4), 1109,
doi:10.1029/2002WR001583.

Sirivithayapakorn, S., and A. Keller (2003b), Transport of colloids in un-
saturated porous media: A pore-scale observation of processes during the
dissolution of air-water interface, Water Resour. Res., 39(12), 1346,
doi:10.1029/2003WR002487.

Steenhuis, T. S., J. F. McCarthy, J. T. Crist, Y. Zevi, P. C. Baveye, J. A.
Throop, R. L. Fehrman, A. Dathe, and B. K. Richards (2005), Reply to
“Comments on ‘Pore-scale visualization of colloid transport and reten-
tion in partly saturated porous media’, Vadose Zone J., 4, 957—958.

Tan, Y., J. T. Cannon, P. Baveye, and M. Alexander (1994), Transport of
bacteria in an aquifer sand: Experiments and model simulations, Water
Resour. Res., 30, 3243-3252.

Tien, C. (1989), Granular Filtration of Aerosols and Hydrosols, Butter-
worths, London.

Tong, M., X. Li, C. N. Brow, and W. P. Johnson (2005), Detachment-
influenced transport of an adhesion-deficient bacterial strain within
water-reactive porous media, Environ. Sci. Technol., 39, 2500—2508.

Tufenkji, N., and M. Elimelech (2004a), Correlation equation for predicting
single-collector efficiency in physiochemical filtration in saturated por-
ous media, Environ. Sci. Technol., 38, 529—-536.

Tufenkji, N., and M. Elimelech (2004b), Deviation from the classical col-
loid filtration theory in the presence of repulsive DLVO interactions,
Langmuir, 20, 10,818—10,828.

BRADFORD ET AL.: SIGNIFICANCE OF STRAINING IN COLLOID DEPOSITION

W12815

Tufenkji, N., and M. Elimelech (2005a), Breakdown of colloid filtration
theory: Role of the secondary energy minimum and surface charge het-
erogeneities, Langmuir, 21, 841 —-852.

Tufenkji, N., and M. Elimelech (2005b), Spatial distributions of Cryptos-
poridium oocysts in porous media: Evidence for dual mode deposition,
Environ. Sci. Technol., 39, 3620—3629.

Tufenkji, N., J. A. Redman, and M. Elimelech (2003), Interpreting deposi-
tion patterns of microbial particles in laboratory-scale column experi-
ments, Environ. Sci. Technol., 37, 616—623.

Tufenkji, N., G. F. Miller, J. N. Ryan, R. W. Harvey, and M. Elimelech
(2004), Transport of Cryptosporidium oocysts in porous media: Role of
straining and physicochemical filtration, Environ. Sci. Technol., 38,
5932-5938.

U.S. Environmental Protection Agency (2000). National primary drinking
water regulations: Ground water rule, proposed rule, Fed. Reg., 10,
30,194-30,274.

van Genuchten, M. T. (1980), A closed-form equation for predicting the
hydraulic conductivity of unsaturated soils, Soil Sci. Soc. Am. J., 44,
892—-898.

van Genuchten, M. T., F. J. Leij, and S. R. Yates (1991), The RETC code
for quantifying the hydraulic functions of unsaturated soils, Rep. EPA
600/2-91/065, 85 pp., U. S. Environ. Prot. Agency, Washington, D. C.

Verwey, E. J. W,, and J. T. G. Overbeek (1948), Theory of the Stability of
Lyophobic Colloids, Elsevier, New York.

Walker, S. L., J. A. Redman, and M. Elimelech (2004), Role of cell surface
lipopolysaccharides in Escherichia coli K12 adhesion and transport,
Langmuir, 20, 7736—-7746.

Wan, J., and J. L. Wilson (1994a), Visualization of the role of the gas-water
interface on the fate and transport of colloids in porous media, Water
Resour. Res., 30, 11-23.

Wan, J., and J. L. Wilson (1994b), Colloid transport in unsaturated porous
media, Water Resour. Res., 30, 857—864.

Wan, J., and T. K. Tokunaga (1997), Film straining of colloids in unsatu-
rated porous media: Conceptual model and experimental testing, Environ.
Sci. Technol., 31, 2413-2420.

Wan, J., and T. K. Tokunago (2005), Comments on “Pore-scale visualiza-
tion of colloid transport and retention in partly saturated porous media”,
Vadose Zone J., 4, 954—956.

Wang, D. S., C. P. Gerba, and J. C. Lance (1981), Effect of soil permeability
on virus removal through soil, Appl. Environ. Microbiol., 42, 83—88.
Wilson, J. T., L. E. Leach, M. Henson, and J. N. Jones (1986), In situ
biorestoration as a ground water remediation technique, Ground Water

Monit. Rev., 6, 56—64.

Yao, K. M., M. T. Habibian, and C. R. O’Melia (1971), Water and waste
water filtration—Concepts and applications, Environ. Sci. Technol., 5,
1105-1112.

Zhang, P., W. P. Johnson, T. D. Scheibe, K. Choi, F. C. Dobbs, and B. J.
Mailloux (2001), Extended tailing of bacteria following breakthrough at
the Narrow Channel Focus Area, Oyster, Virginia,, Water Resour. Res.,
37, 2687-2698.

M. Bettahar, Parsons, 100 Walnut Street, Pasadena, CA 91124, USA.

S. A. Bradford, M. T. van Genuchten, and S. R. Yates, G. E. Brown Jr.
Salinity Laboratory, ARS, USDA, 450 West Big Springs Road, Riverside,
CA 92507-4617, USA. (sbradford@ussl.ars.usda.gov)

J. Simunek, Department of Environmental Sciences, University of
California, Riverside, CA 92521, USA.

16 of 16



