This article was originally published in a journal published by
Elsevier, and the attached copy is provided by Elsevier for the
author’s benefit and for the benefit of the author’s institution, for
non-commercial research and educational use including without
limitation use in instruction at your institution, sending it to specific
colleagues that you know, and providing a copy to your institution’s
administrator.
All other uses, reproduction and distribution, including without
limitation commercial reprints, selling or licensing copies or access,
or posting on open internet sites, your personal or institution’s
website or repository, are prohibited. For exceptions, permission
may be sought for such use through Elsevier’s permissions site at:
http://www.elsevier.com/locate/permissionusematerial

Advances in Water Resources 30 (2007) 1432–1454
www.elsevier.com/locate/advwatres

co

py

Deposition and re-entrainment dynamics of microbes and
non-biological colloids during non-perturbed transport in porous media
in the presence of an energy barrier to deposition
William P. Johnson *, Xiqing Li, Shoeleh Assemi

Department of Geology and Geophysics, University of Utah, 135 South 1460 East, Salt Lake City, UT 84112-0111, United States

al

Received 12 April 2005; received in revised form 27 October 2005; accepted 5 May 2006
Available online 12 September 2006

on

Abstract

pe

rs

This paper examines the non-perturbed deposition and re-entrainment dynamics of biological and non-biological colloids in porous
media in the presence of an energy barrier to deposition at the grain surface. Deposition and re-entrainment rate coeﬃcients were determined from numerical simulation of breakthrough–elution behavior and the proﬁles of retained colloids. We present composite trends
from original and previously published data for biological and non-biological colloids which demonstrate that hydrodynamic drag mitigates deposition and drives re-entrainment of both biological and non-biological colloids in the presence of an energy barrier under nonperturbed conditions. Original data is presented for two sizes of colloids (1.1 and 5.7 lm microspheres) under a variety of ionic strength
and ﬂuid velocity conditions to examine the torque balance governing re-entrainment of colloids attached to the grain surfaces. The analysis indicates that in the presence of an energy barrier to deposition, hydrodynamic drag may inﬂuence deposition and re-entrainment of
colloids associated directly with the grain surface via primary energy minima. However, the hydrodynamic ﬁeld would also be expected
to inﬂuence deposition and re-entrainment of colloids associated with the surface via secondary energy minima. Hence, the observed
inﬂuences of ﬂuid velocity are consistent with colloid association via either mechanism. These results call for the development of colloid
transport theories that explicitly account for the inﬂuence of the hydrodynamic ﬁeld at the grain surface.
 2006 Elsevier Ltd. All rights reserved.
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Biological and non-biological colloid transport behaviors in porous media are controlled by a deceptively short
list of processes: advection, dispersion, deposition and
re-entrainment, which are governed by complex characteristics of the subsurface and the colloid. Advection and
dispersion are dominantly controlled by macro- to microscale physical characteristics of porous media, speciﬁcally,
by permeability and permeability contrasts in the subsurface [20,24,4,130,56,145,91,101,154,76]. Deposition and
re-entrainment are controlled by a larger set of characteristics of the system that range from the micro- to the nano*
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scale, that include both physical and chemical characteristics [11,119], and that shift in response to perturbations in
groundwater ﬂow and solution chemistry [44,117,109,110,
79,111].
Biological colloids (e.g. viruses, bacteria, and protozoa)
and non-biological colloids (e.g. microspheres and mineral
colloids) diﬀer fundamentally in terms of potential physiological controls on their transport in porous media. For
example, the attachment and detachment behaviors of
microbes may vary due to physiologic processes or features
such as growth [55,46,92], starvation [55], polymer secretion
[94,73], and the presence of appendages, e.g. ﬂagella
[23,143,144]. Even when these diﬀerences are neutralized
(e.g. by starvation); biological and non-biological colloids
may diﬀer in terms of the contribution of polymeric materials to their surface characteristics [98,99,74,90,22,58,141,
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Nomenclature
representative elementary volume ðL3waterþgrains Þ
mass
length
time
colloid deposition rate coeﬃcient (t1)
porous media grain (collector) diameter (L)
is the volumetric water content of the saturated
porous media ðL3water L3
REV Þ
v
ﬂuid velocity (LREVt1)
g
collector eﬃciency (collisions/approaches)
a
deposition eﬃciency (attachments/collisions)
C
number concentration of colloids in aqueous
phase ð#-L3
water Þ
C0
number concentration of colloids in aqueous
phase at source ð#-L3
water Þ
x
distance from source (L)
k
Boltzmann’s constant (1.38E23 ML2t2K)
T
temperature (298.2 K)
acolloid radius of colloid (L)
l
dynamic viscosity of the aqueous phase (Mt2)
Fhydrodynamic hydrodynamic drag force (MLt2)
Thydrodynamic hydrodynamic torque (ML2t2)
dz
diameter of pore (L)
z
distance along the pore (L)
dcon
equivalent diameter of the pore constriction (L)
dmax
the maximum pore diameter (L)

the pore length (L)
hp
vcolloid ﬂuid velocity at the center point of the retained
colloid (LREVt1)
Npore number of pores in the column cross section
FA
adhesion force (MLt2)
lx
lever arm (L)
TA
adhesive torque (ML2t2)
ao
radius of colloid-surface contact (L)
K
elastic interaction constant (ML1t2)
E
Young’s modulus (ML1t2)
t
Poisson ratio (dimensionless)
D
dispersion coeﬃcient of the colloids (L2t1)
qb
bulk density of porous media ðMsed L3
REV Þ
kr
re-entrainment rate coeﬃcient (t1)
Sr
number concentration of retained colloids that
are reversibly retained ð#-M1
sed Þ
S
total number concentration of retained colloids
ð#-M1
sed Þ
fir
fraction of retained colloids that are irreversibly
retained
A11, A22 and A33 individual Hamaker constants for
polystyrene, water, and glass, respectively
(ML2t2)
DG
total energy of colloid-surface interaction (electric double layer and van der Waals components) at a given separation distance (ML2t2)
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21,1,128]. Despite the prevalence of diﬀerences between
biological and non-biological colloids, their transport
behaviors in porous media share important similarities,
such as:
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(1) They undergo deposition in porous media even when
their interaction energies with the porous media indicate that direct attachment to the surface should be
prevented by a formidable energy barrier.
(2) Their retained proﬁles on porous media deviate from
the log-linear shape expected from classic ﬁltration
theory if an energy barrier to deposition is present.
(3) Their deposition rates decrease with increasing ﬂuid
velocity, in opposition to expectations from existing
theory.
(4) They undergo slow re-entrainment from the porous
media even in the absence of perturbations in solution chemistry or ﬂow.
These common attributes (further substantiated below)
of the deposition behaviors of biological and non-biological colloids indicate processes underlying deposition that
occur independently of the characteristics of the particular
colloid. The purpose of this paper is to demonstrate that
even in the absence of permeability contrasts and perturbations in ground water ﬂow and solution chemistry, the

transport behaviors of biological and non-biological
colloids in porous media are signiﬁcantly inﬂuenced by
hydrodynamic forces that mitigate deposition to, and drive
re-entrainment from, porous media. These hydrodynamic
inﬂuences are currently absent from existing colloid transport models, yet they are here demonstrated to be signiﬁcant for both biological and non-biological colloids even
in the absence of ﬂow perturbations, in the presence of
an energy barrier to deposition, as is prevalent under environmental conditions.
2. Background
2.1. Deposition in the presence of an energy barrier
Interaction forces between colloids and porous media
are classically estimated based on the respective contributions from electric double layer and van der Waals interaction energies [38,142,137,136]. Surfaces of environmental
colloids (biological and non-biological) and porous media
tend to display overall like charge (negative), yielding overall repulsive electric double layer energies between them.
The overall negative surface charge emanates from acidic
functional groups, which dominate the surfaces of biological colloids and the surfaces of silicate mineral grains under
most environmentally relevant groundwater conditions
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parameter accounting for the probability of deposition
upon collision (deposition eﬃciency, a) is multiplied
against the right hand side of Eq. (1). Reconciliation of theory to practice (deposition despite a large estimated energy
barrier) has been advanced by invoking a variety of processes that have not yet been comprehensively incorporated
into theory: (1) localized nanoscale patches of attractive
surface charge [41,122,123,64]; (2) surface roughness
[11,119]; (3) deposition at grain–grain contacts [29], (4)
straining [17,16,133]; and (5) deposition in the weakly
attractive energy minimum (secondary energy minimum)
outboard (at greater separation distances) from the interaction energy barrier [52,51].
2.2. Deviation of retained colloid proﬁles from classic
ﬁltration theory

al

Colloid deposition in the presence of an energy barrier
yields proﬁles of retained colloids that deviate from the
log-linear behavior expected from classic ﬁltration theory
(Eq. (2)). This result was originally observed in the bacterial transport literature, and was ascribed to heterogeneity
among the bacterial population [57,3,37,7,120,12,13,153];
the practical implication being that classic ﬁltration theory
under-estimates microbial transport distances, since the
colloidal population becomes less sticky with increasing
distance of transport. This observation was quickly
extended to virus transport [5,103,116,106], and was demonstrated in a recent compilation of ﬁeld data [100], where
the observed ‘‘ﬁltration factors’’ decreased greatly over
transport distances ranging from tens to hundreds of
meters from the source.
Recently, deviation from classic ﬁltration theory has
been recognized as a general aspect of colloid ﬁltration in
the presence of an energy barrier to deposition
[81,132,66]. The retained colloid proﬁles obtained in the
presence of an energy barrier to deposition indicate that
the deposition rate coeﬃcient is spatially variable, typically
showing apparent decreases in the deposition rate coeﬃcient with increasing transport distance. However, nonmonotonic variations in the deposition rate coeﬃcient with
transport distance are also observed, e.g. apparent
increases in the deposition rate coeﬃcient with transport
distance at relatively short distances, followed by apparent
decreases in the deposition rate coeﬃcient with increasing
transport distance [80,129]. The energy barrier to deposition that drives deviation from classic ﬁltration theory is
not necessarily strictly electrostatic or osmotic in origin,
but rather may result from steric interactions [128]. Additionally, physical straining may contribute to deviation
from log-linear retained colloid proﬁles under some circumstances [17,16,15].

kf ¼

3 ð1  hÞ
vg
2 dc
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(e.g. pH 6–9) [35,127]. However, some of the minor mineral
phases in porous media such as iron oxides may display
positive surface charge at environmental pH conditions.
One can characterize the bulk of subsurface media as being
negatively charged, but with varying extents of surface
charge heterogeneity arising from mineral phases such as
iron oxides [123,122,27,64]. The prevalence of natural
organic matter in the environment results in masking of
positive surface charges by adsorbed natural organic matter, which carries negative charge derived from carboxylic
and phenolic functional groups [126,127,35]. The overall
negative surface charge on colloids and porous media surfaces in environmental systems yields an electric double
layer energy barrier to deposition at colloid-surface separation distances ranging from a few to more than one hundred nm, depending on system conditions.
Colloid deposition is mediated not only by colloid-surface interaction energies, but also by the likelihood of colloid collision with porous media grain surfaces. This
probability of collision is estimable on the basis of the physical properties of the system, as enveloped in ﬁltration theory [151,105,83]. The probability of collision is estimated
from an easily implemented expression that correlates readily measured physical parameters to numerical simulations
accounting for advection of colloids on streamlines that will
result in collision with grain surfaces, as well as colloid
crossing of streamlines via diﬀusion and gravitational settling [131,93]. Filtration theory is a highly useful construct
that has been demonstrated to predict accurately the probability of colloid collision with porous media surfaces in
ideal systems (e.g. lacking an energy barrier to deposition).
The probability of colloid collision with porous media
grain surfaces (collector eﬃciency, g) yields a colloid deposition rate coeﬃcient (kf):

on
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ð1Þ

Ln

C
kf
¼ x
C0
v
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where h is the porosity of the porous media, dc is the porous media grain diameter, and v is the ﬂuid velocity. In an
ideal system lacking an energy barrier, the colloid deposition rate coeﬃcient accurately predicts a log-linear decrease
in the concentration (C) of suspended (and retained) colloids as a function of distance (x) from the source:
ð2Þ

where C0 is the concentration at the source. In the presence
of a signiﬁcant energy barrier to deposition (e.g. >10 kT),
the explicit numerical models of colloid deposition predict
no colloid deposition [e.g. 41]. However, the prevalence of
colloid deposition in environmental systems despite the
presence of signiﬁcant energy barriers to deposition is well
demonstrated; for example, by the general success of ﬁltration as a water treatment technology and by the generally
higher quality of ground water relative to surface water.
To quantify deposition in the presence relative to the
absence of an energy barrier to deposition, an additional

2.3. Re-entrainment in the absence of perturbations
Another important aspect of colloidal transport in the
presence of an energy barrier to deposition is the slow
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In the case where a colloid is attached directly to the collector surface (i.e. via primary minimum), the process of reentrainment can be referred to more speciﬁcally as detachment. Most colloid detachment studies performed to date
concern detachment in response to macroscopic perturbations in ﬂow or solution chemistry [109,110,75,8], resulting
in greater understanding of the balance between hydrodynamic and adhesion forces that drive and resist detachment, respectively [62,33,8]. Since rolling is the dominant
mechanism of incipient detachment from collector surfaces
[62,118,33,152], detachment is governed by the balance
between the hydrodynamic and adhesive torques on an
attached particle.
The hydrodynamic drag force experienced by an
attached colloid is related to the ﬂuid velocity (v), the
radius of the colloid (acolloid), and the viscosity of the ﬂuid
(l) [45,96,118], where the leading coeﬃcient below (1.7)
results from wall eﬀects at close proximity to the grain
surface:

ð4Þ
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T hydrodynamic ¼ 1:399acolloid F hydrodynamic
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Most research has considered the balance of hydrodynamic and adhesive torques on an attached particle in simple shear systems where it is relatively easy to estimate ﬂuid
velocities. The ﬂuid velocity at the center point of the
retained colloid in porous media can be derived from a representative pore structure using constricted tube model
[102,8], in which the pore space is comprised of a series
of parabolic constrictions, the diameter (dz) of which is a
function of distance along the pore (z):
(
" 
 2 #)

d max
d con d max
z
þ 4

dz ¼ 2
ð5Þ
0:5 
hp
2
2
2
where dcon is the equivalent diameter of the constriction
(=dc/2.57 [8]), dmax is the maximum pore diameter, and
hp is the pore length. The ﬂuid velocity at the center point
of the retained colloid can be determined as follows [8]:
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2.4. Re-entrainment evaluated via torque balance

ð3Þ

The hydrodynamic torque driving detachment is the
product of the hydrodynamic force and the lever arm
that causes the hydrodynamic force to act at an eﬀective
distance from the grain surface equal to 1.399acolloid
[118]:

rs

steady re-entrainment of colloids, sometimes referred to as
extended tailing, which is observed ubiquitously for both
biological and non-biological colloids in laboratory and
ﬁeld contexts. Extended tailing has been observed in laboratory experiments examining transport of carboxylated
latex microspheres [149,95,58,28], natural mineral colloids
[49], bacteria [44,61,125,82,85,68], and protists [55,53].
Extended tailing has also been well-observed in ﬁeld transport of natural mineral colloids [84], bacteria
[57,117,55,153], and bacteriophage [111,36,116]. Since
extended tailing is observed in the absence of perturbations
in solution chemistry or ﬂow, the observed slow re-entrainment likely represents shifts in the microscale environment
of the retained colloid.
Re-entrainment often is dwarfed by deposition, and so
can often be neglected relative to other processes governing
net deposition. The signiﬁcance of re-entrainment is that it
may potentially increase the transport distance of colloids
over the long term (years), as demonstrated in simulations
examining colloid transport using deposition and reentrainment rate coeﬃcients estimated from a ﬁeld study
of bacterial transport [153]. In the short term, however,
re-entrainment provides insight into the mechanism of
deposition. In experiments examining deposition of polystyrene latex microspheres, deposition in the absence of
an energy barrier resulted in negligible re-entrainment;
whereas deposition in the presence of an energy barrier
resulted in signiﬁcant re-entrainment (Li et al., 2005). In
some contexts, deposition is highly reversible, e.g. recent
laboratory experiments demonstrated re-entrainment-driven translation of the center of mass of retained bacteria
in glass beads over distances of several cm in a few hours
[129]. Determining the generality of this phenomenon
requires examination of the retained proﬁles of other bacterial strains.

1435

vcolloid ¼

Q=N pore 4ðd z =2  acolloid Þ
2
ðp=4Þd 2z
ðd z =2Þ

ð6Þ

where Q is the volumetric ﬂow rate in the porous media,
Npore is the number of pores in the column cross section.
The adhesive torque (TA) is represented by the adhesion
force (FA) acting on a lever arm lx:
T A ¼ F A lx

ð7Þ

The lever arm is provided by the radius of colloid-surface
contact (ao), which results from deformation of the microsphere [71,146,70] or deformation of the grain surface. In
our system, deformation of the grain surface is expected
to be negligible compared to that of the microsphere since
the Young’s modulus of elasticity of glass, 6.9 · 1010
N m2, is much greater than that of polystyrene, 0.28 ·
1010 N m2 [10]. Therefore, the microsphere will deform
to yield a contact radius that is proportional to the adhesion force [71,63]:
a0 ¼ ð4F A acolloid =KÞ

1=3

ð8Þ

where K is the elastic interaction constant, which is calculated from the Poisson ratio (t) and the Young’s modulus
(E) as follows:
(
)1
4 1  t2colloid 1  t2glass
K¼
þ
ð9Þ
3
Ecolloid
Eglass
For the glass–polystyrene system used here, K was calculated as 4.0 · 109 N m2 using published values of the
Poisson ratio and Young’s Modulus for these materials
[10].
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The microspheres used in these porous media experiments were spherical ﬂuorescent carboxylate-modiﬁed
polystyrene latex microspheres of two sizes (1.1 and
5.7 lm in diameter). The 1.1 lm microsphere stock suspension (Molecular Probes, Inc., Eugene, OR) was used as
received with a particle concentration of 2.7 · 1010 mL1,
and a NaN3 concentration of 2 mM. Prior to injection,
an aliquot of the 1.1 lm stock suspension was diluted by
a factor of 2000 in salt solution with the desired ionic
strength (Co = 1.35 · 107 particles mL1). The 5.7 lm
microsphere suspension (Bangs Laboratories, Inc., Fishers,
IN) was used as received with 0.01% of Tween-20, 2 mM of
NaN3, and 9.4 · 107 particles mL1. Prior to injection, the
stock 5.7 lm microsphere suspension was diluted in salt
solution by a factor of 100 (Co = 9.4 · 105 particles mL1).
Spherical soda lime glass beads (Cataphote Inc., Jackson, MS) were used as the porous media. The glass beads
were dry-sieved using 40 and 50 mesh USA standard testing sieves (The W.S Tyler Company, Mentor, OH), resulting in glass bead sizes ranging from 300 to 417 lm.
Following dry sieving, wet sieving was also performed
using the same sieves in deionized water, as suggested by
Brown et al. [19]. In some of the replicate experiments, sediments that were not wet-sieved were used in order to
examine the eﬀect of wet sieving on microsphere transport.
No signiﬁcant diﬀerences were observed in the results
regardless of sieving treatment under the ionic strength
range examined in this study. The cleaning procedure of
the glass beads was based on that used by Bergendahl
et al. (1999). The glass beads were ﬁrst rinsed sequentially
with acetone and hexane and then soaked with concentrated HCl for about 12 h. After repeated rinsing with
deionized water, the glass beads were soaked with 0.1 M
NaOH for approximately 12 h, followed by repeated rinsing with ultra pure water (Millipore Corp. Bedford, MA)
until the ionic strength was negligible relative to the experimental ionic strength, as determined using a conductivity
meter (Conductance/TDS Model 72, Engineered Systems
& Design, Newark, DE).
The cylindrical Plexiglass columns (20 cm in length and
3.81 cm in inner diameter) were dry-packed after the glass
beads were dried at 105 C and cooled. Packing was performed by adding glass beads in small increments
(2 cm) with mild vibration of the column. Two 60-mesh
stainless steel screens (Gerard Daniel Worldwide, Hanover,
PA) were placed at each end of the column. To spread the
ﬂow upon entry into the column, coarse sand (3.5 g, >30
mesh, cleaned as described above) was added to the top
of the inﬂuent screen, forming a thin layer (2 mm) that
was covered by another screen. The porosities of the
packed glass beads (determined by mass and tracer breakthrough) were 0.37 and 0.39, respectively for the two
batches of glass beads used.
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3.1. Experimental conditions

The packed columns were purged with CO2 for at least
30 min to remove air, and were then pre-equilibrated by
salt solution with the desired ionic strength for six pore volumes. One pore volume was equal to 83 mL and 89 mL at
the porosities of 0.37 and 0.39, respectively. After preequilibration, three pore volumes of microsphere suspension was injected, followed by seven pore volumes of salt
solution (without microspheres) at the same ionic strength.
During injection, the microsphere suspension reservoirs
were sonicated for 1 min each hour to minimize aggregation, as veriﬁed by ﬂow cytometric analyses. The ionic
strengths of the pre-equilibration and the injection solutions were varied over a range from 0.001 to 0.02 M
(NaCl), whereas the inﬂuent pH was measured to be 6.0
at all ionic strengths following equilibration with the atmosphere. The pH of the solution was allowed to vary in
response to solution interaction with the glass beads, as
described further in [129]. Eﬄuent pH was approximately
9.3.
The ﬂow rate was varied to produce pore water velocities ranging between 1 and 8 m day1. It should be noted
that although the ﬂuid velocities examined here are low relative to those typically examined in colloid transport studies, they are still somewhat high relative to velocities
expected in some groundwater settings. As such they can
be considered reﬂective of velocities encountered under
natural gradient conditions in relatively coarse media
(e.g. coarse sand or alluvial aquifers), or under forced gradient conditions (e.g. riverbank ﬁltration systems).
The solutions were injected in up-ﬂow mode using a syringe pump (Harvard Apparatus, Inc, Holliston, MA). During injection the syringes were reﬁlled every 23 mL at a
reﬁll rate of 46 mL min1 for ﬂow rates between 1 and
4 m day1, and at a reﬁll rate of 60 mL min1 at the
8 m day1 ﬂow rate.
The 5.7 lm microspheres were subject to a minor
amount of settling within the syringe during injection by
the syringe pump. A study of the microsphere concentration exiting the syringe showed that this concentration
was a factor of 0.88, 0.93, 0.97 relative to the concentration
in the periodically sonicated feed reservoir at ﬂow rates of
2, 4, and 8 m day1, respectively. This factor was applied to
the inﬂuent concentration prior to calculation of normalized eﬄuent microsphere concentrations and mass
balances.
Column eﬄuent samples were collected in 5 mL polystyrene tubes (Becton Dickinson & Co., Franklin Lakes,
NJ) using a fraction collector (CF-1, Spectrum Chromatography, Houston, TX). Following the experiment, the
sediment was dissected into ten 2 cm-long segments, as
the sediment was released from the column under the gravity. Attached colloids were recovered by placing sediment
segments (2 cm) into speciﬁed volumes of Milli-Q water
and sonicating for 1 min. These speciﬁed volumes were
200 mL for the ﬁrst two segments at the column inlet,
100 mL for the third segment, and 25 mL for all subsequent segments.
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The adhesion force was approximated by the pull-oﬀ
force measured using atomic force microscopy (AFM)
between a glass surface and the microspheres. The shortcomings of theory in explaining colloidal attachment–
detachment behavior provides the basis for the emergence
of atomic force microscopy (AFM) for direct measurement
of interaction and adhesion energy force proﬁles between
colloids and surfaces. In AFM, forces between the substrate and a colloidal probe can be measured in solution
[39] and characterized. This method has been extensively
used to characterize the forces between diﬀerent minerals
[39,139,54,140,60], and has more recently been utilized in
studies of microbe–surface interaction [97,22,141,21].
The 1.1 and 5.7 lm microspheres were glued to the tips
of V-shaped silicon-nitride cantilevers (Veeco, Santa Barbara, CA) using a micromanipulator and Loctite 325 adhesive and Loctite 7075 activator glue. For the 5.7 lm
microsphere, the spring constant was determined as
0.10 N m1, using the Cleveland method [25]. The forces
between the 5.7 lm microspheres and a glass slide were
measured in a quartz ﬂuid cell using a Nanoscope IIIa
atomic force microscope (Veeco, Santa Barbara, CA).
For the 1.1 lm microspheres, the spring constant of the
cantilever was determined as 0.16 N m1 using thermal
noise [113]. The forces between the 1.1 lm microsphere
and a glass slide were measured using a PicoPlus atomic
force microscope (Molecular Imaging, Tempe, AZ). Measurements were made in a droplet of solution (200 lL) on
the glass slide. Time of measurement was limited (e.g.
15–30 min) to avoid signiﬁcant concentration of electrolyte
by evaporation. The raw data (voltage versus deﬂection)
was converted to force versus distance using force analysis
software; AFM Analysis (University of Melbourne, Australia) and SPIP (Image Metrology, Denmark).
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3.2. Modeling

a distribution of deposition rate coeﬃcients (kf) [81],
Tufenkji et al. (2004b). Log-normal distributions of kf values were also utilized in the simulations presented below,
and were implemented in the manner described in detail
in [81]. The single collector eﬃciency (g) in Eq. (1) can be
calculated using the correlation equations developed by
Rajgopalan and Tien (1979), and Tufenkji and Elimelech
[131], abbreviated below as the R–T and T–E equations,
respectively.
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Aqueous eﬄuent samples, and supernatant samples
from recovery of attached microspheres, were analyzed
using ﬂow cytometry (BD FACScan, Becton Dickinson
& Co., Franklin Lakes, NJ). The samples were run using
a ﬂow rate of 12 lL-min1 at an excitation wavelength of
488 nm and were counted for 1 min. Conversion of
‘‘event’’ counts on the ﬂow cytometer into microsphere
concentrations was made using a calibration curve based
on serial dilutions of microsphere suspensions of known
concentration. The R2 of the log–log calibration curves
were consistently greater than 0.99. The ﬂow cytometer
was able to track aggregation of microspheres as doublets
and triplets based on their respective light scattering
properties.
The area under the breakthrough–elution curve was
integrated to yield the percentage of microspheres exiting
the column. The percent of injected microspheres recovered
from the sediment was determined by summing the number
of microspheres recovered from all segments of the sediment and dividing by the total number injected. The overall
recovery (mass balance) of microspheres was determined
by summing the percentages of microspheres that exited
and that were retained in the column.
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The transport of the microspheres was modeled using an
advection–dispersion equation that includes deposition
from, and re-entrainment to, the aqueous phase:

ð10Þ
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S r ¼ Sð1  fir Þ
oS
h
¼ kf C  krSr
ot qb
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where C is the microsphere concentration in aqueous phase
(particles per unit volume of ﬂuid), t the travel time, x the
travel distance, v the ﬂuid velocity, D the dispersion coeﬃcient of the colloids, h the porosity, qb the bulk density of
sediment, kf and kr are rate coeﬃcients of microsphere
deposition to and re-entrainment from solid phase respectively. Sr is the reversibly retained microsphere concentration on the solid phase (particles per unit mass of
sediment) and can be further expressed as

ð11Þ
ð12Þ

where S is the total removed concentration and fir is the
fraction of irreversibly deposited colloids. A one-dimensional discrete random-walk particle-tracking model was
used to simulate microsphere transport (Eqs. (10)–(12)).
The representation of kf, kr, and fir in the particle model
is described in detail elsewhere [153,154,115,81]. It is
important to note that the probabilistic approach used in
the particle-tracking model decouples the parameters kr
and fir, whereas this decoupling is not apparent (Eqs.
(10)–(12)). Additionally in the equations as written in continuum form , results for experiments involving an energy
barrier to deposition are typically better-represented using

3.4. DLVO interaction energy proﬁles
In order to support interpretation of trends in deposition rate coeﬃcients, the interaction energies as a function
of separation distance between the 1.1-lm microsphere and
the glass beads were calculated using DLVO theory. The
electrophoretic mobilities of the microspheres and crushed
glass beads were measured using a ZetaPALS Analyzer
(Brookhaven Instruments, Holtsville, NY) and were converted to zeta potentials using the von Smoluchowski
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approach [121]. The electric double layer repulsive interaction and retarded van der Waals attractive interaction were
calculated based on approximate expressions developed by
Gregory [47,48]. The decay length for the van der Waals
interaction was 100 nm, and the Hamaker constant was
3.8 · 1021 J for microsphere–water–glass system using
the following equation:
pﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃ
A132 ¼ ð A11  A33 Þð A22  A33 Þ
ð13Þ

0

where A11, A22 and A33 are the individual Hamaker constants for polystyrene, water, and glass taken from the literature as 6.6 · 1020 J, 3.70 · 1020 J, and 6.34 · 1020 J,
respectively [63,9].
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4. Results

Fig. 1. Zeta potentials of the microspheres and crushed glass beads as a
function of ionic strength.

the zeta potentials of the 1.1 lm microspheres decreased
from 70 to 50 mV, over the ionic strength range from
0.0038 M to 0.05 M. The zeta potentials of the crushed
glass beads ranged from 67.5 to 57.0 mV over this ionic
strength range.

on

4.3. Breakthrough–elution curves and retained colloid
proﬁles

rs

Mass recoveries (total from eﬄuent and sediment) were
virtually all between 90% and 110%, with the vast majority
showing between 95% and 105% recovery (Table 1). The
excellent mass balance shows that the microspheres were
detached by dilution into pure water, indicating that their
mechanism of retention was eliminated either by disassembling the pore structure or by increasing the magnitude of
colloid-collector electric double layer repulsion.

al

4.1. Mass balances

pe

4.2. Electrokinetic potentials
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The inﬂuence of ionic strength on the zeta potentials of
the microspheres (pH 6.0) are presented in Fig. 1. The zeta
potentials were consistently lower for the 5.7 lm microspheres relative to the 1.1 lm microspheres. The zeta
potentials of both microspheres became less negative with
increasing ionic strength due to compression of the electric
double layer. The zeta potentials of the 5.7 lm microspheres decreased from about 50 to 10 mV, whereas

The eﬄuent breakthrough–elution curves (top row)
and retained colloid proﬁles (bottom row) are shown in
Figs. 2–5. Figs. 2 and 3 display the ionic strength series
for the 1.1 lm and 5.7 lm microspheres, respectively.
Figs. 4 and 5 display the ﬂuid velocity series for the
1.1 lm and 5.7 lm microspheres, respectively. Error bars
in the eﬄuent breakthrough–elution curves and the
attached proﬁles represent standard deviations from replicate experiments, with the number of replicates ranging
between 1 and 4.

Table 1
Column experiment conditions, mass balances, and model parameters for simulations using the particle-tracking model
Conditions

1.1
1.1
1.1
1.1
1.1
1.1
5.7
5.7
5.7
5.7
5.7
5.7

Recovery

IS (M)
0.001
0.006
0.01
0.02
0.02
0.02
0.001
0.006
0.01
0.02
0.02
0.02

v (m day1)
4
4
4
4
2
8
4
4
4
4
2
8

Au

Size (lm)

N

3
1
2
4
1
2
1
3
3
3
1
2

% Rec

98.9
99.1
96.6
109.5
89.9
97.8
100.0
104.5
107.2
111.9
97.6
110.6

% Sed

2.85
17.1
34.4
67.2
65.7
21.0
5.5
15.8
34.1
71.7
92.1
53.4

Distributed kf
Mean kf (h1)
0.56
2.1
5.8
6.7
39.0
5.4
1.37
7.85
11.0
37.5
21.7
27.0

Single kf
Std. dev. kf
5.9
11.9
18.9
17.8
43.9
18.4
9.25
24.6
28.5
44.1
27.8
40.9

kr (h1)
0.34
0.33
0.27
0.25
0.16
1.0
1.0
1.2
0.70
0.61
0.4
1.21

fir
0.31
0.50
0.73
0.94
0.77
0.70
0.15
0.1
0.27
0.27
0.4
0.3

kf (h1)
a

0.050
0.15a
0.39a
0.71a
0.63a
0.48a
0.09a
0.2a
0.32a
0.93a
1.5a
1.15a

kr (h1)
a

0.26
0.33a
0.23a
0.25a
0.11a
0.38a
0.48a
0.5a
0.4a
0.3a
0.2a
0.52a

fir
0.69a
0.74a
0.92a
0.98a
0.96a
0.96a
0.5a
0.5a
0.7a
0.8a
0.75a
0.85a

‘‘IS’’ indicates ionic strength (M NaCl), ‘‘Vel’’ indicates pore water velocity. ‘‘N’’ refers to the number of replicates. ‘‘% Rec’’ refers to average percent total
injected microspheres recovered (from porous media and eﬄuent) for the experimental condition. ‘‘% Sed’’ refers to average percent of microspheres on
the porous media at the end of the experiment.
a
Refers to parameter values determined for condition std. dev. kf = 0. Where std. dev. kf 5 0, kf refers to mean.
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Fig. 2. Ionic strength series for 1.1-lm microspheres at velocity = 4 m day1, showing eﬄuent breakthrough–elution curves (top), and attached proﬁles
(bottom). Error bars represent standard deviations in results from replicate experiments (n = 2–4). Simulations using the particle transport model without
an attachment rate (kf) distribution (dashed line) are contrasted against those using an attachment rate (kf) distribution (solid line).
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Fig. 3. Ionic strength series for 5.7-lm microspheres at velocity = 4 m day1, showing eﬄuent breakthrough–elution curves (top), and attached proﬁles
(bottom). Error bars represent standard deviations in results from replicate experiments (n = 2–4). Simulations are shown using the particle transport
model with an attachment rate (kf) distribution (solid line).
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The particle transport model was able to simulate well
the eﬄuent data regardless of whether or not a distribution
in attachment rates was used (Figs. 2–5). However, the
attached proﬁles could not be simulated using a constant
rate of attachment (no kf distribution) (Fig. 2, bottom).
The distributed deposition rate coeﬃcient model provided
good simulations of the eﬄuent and retained microsphere
concentrations using a single set of parameters, except for
the 5.7 lm microspheres at the low ionic strength conditions (Fig. 3, bottom). Previous papers have explored the
origin of these ‘‘hyper-exponential’’ retained colloid proﬁles (e.g. [81,132,134,69]). In the present paper, we will
focus on contrasting values and trends in the kinetic rate

constants determined from numerical simulation of the
breakthrough–elution curves and retained colloid proﬁles.
4.4. Deposition and re-entrainment rate coeﬃcients
Trends in the deposition and re-entrainment parameters
versus ionic strength are shown in Fig. 6. The values of
mean kf, the fraction of irreversible deposition (fir), and
the standard deviation of the deposition rate coeﬃcient distribution in normal space (std. dev. kf) generally increased
with increasing ionic strength for both the 5.7 lm and the
1.1 lm microspheres (Fig. 6). In contrast, the deposition
parameters responded variably to ﬂuid velocity (Fig. 7).
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Fig. 4. Flow rate series at ionic strength = 0.006 M, for 1.1-lm microspheres showing eﬄuent breakthrough–elution curves (top), and attached proﬁles
(bottom). Simulations are shown using the particle transport model with an attachment rate (kf) distribution (solid line). As well, one simulation (dashed
line) shows the inability to simultaneously ﬁt both the attached proﬁle and the eﬄuent elution tail.
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(bottom). Simulations are shown using the particle transport model with an attachment rate (kf) distribution (solid line).

The re-entrainment parameter, kr, increased strongly with
increases in ﬂuid velocity for both the 5.7 lm and the
1.1 lm microspheres (Fig. 7), whereas this parameter
showed no strong relationship with ionic strength (Fig. 6).

4.5. Pull-oﬀ forces
Pull-oﬀ forces from glass measured using AFM were larger for the 5.7 lm than the 1.1 lm microspheres in qualita-
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coeﬃcient in normal space (std. dev. kf), the fraction of irreversible deposition (fir), and the re-entrainment rate coeﬃcient (kr).
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tive agreement with expectations from theory. In contrast
to expectations from theory, the pull-oﬀ forces for both
microspheres showed no clear trend with ionic strength
(Table 2), indicating that forces other than electric double
layer repulsion and van der Waals attraction (e.g. hydration forces) inﬂuenced the measured adhesion forces
(Assemi et al., 2005).
5. Discussion
5.1. The contribution of straining
That physical straining signiﬁcantly contributes to colloid deposition has been argued based on observed retained
colloid proﬁles in which deposition occurs dominantly in

the inlet segment of the porous media column [17,16,15].
That straining is expected to dominantly occur near the
inlet is expected on the basis that this physical entrapment
occurs in dead-end pores, whereas mobile colloids in continuous ﬂow paths will proceed farther along the column
[17]. This behavior is demonstrated in the retained colloid
proﬁles for the 5.7 lm microspheres at various ionic
strengths (Fig. 3), which show hyper-exponential decreases
that are increasingly dominated by deposition in the inlet
segment as the ionic strength is decreased. At the two lowest ionic strengths, the shape of the retained proﬁle of the
5.7 lm microspheres could not be simulated using a lognormal distribution in colloid deposition rate coeﬃcients.
In contrast, the retained colloid proﬁles for the 1.1 lm
microspheres (Fig. 2) were not dominated by the inlet
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Fig. 7. Kinetic parameters versus ﬂuid velocity at 0.02 M ionic strength. The kinetic parameters correspond to the simulations shown in Figs. 4 and 5, and
are comprised by the mean of the distribution of the deposition rate coeﬃcient in normal space (mean kf), the standard deviation of the deposition rate
coeﬃcient in normal space (std. dev. kf), the fraction of irreversible deposition (fir), and the re-entrainment rate coeﬃcient (kr).

segment, even at the lowest ionic strength. The results suggest that straining may be signiﬁcant for the 5.7 lm microspheres but not the 1.1 lm microspheres under low ionic
strength conditions, indicating that the threshold ratio (colloid diameter to mean collector diameter) for straining was
between 0.0031 (1.1 lm/360 lm) and 0.016 (5.7 lm/
360lm). This threshold range is consistent with the assertion of Bradford et al. [17,16,15], as well as other recent
publications [133], that straining occurs at ratios of colloid
diameter to mean collector diameter far less than the 0.05
threshold originally suggested by Sakthivadivel [114]. The

ionic strength series shown here demonstrates that while
straining may contribute signiﬁcantly to the observed
hyper-exponential retained colloid proﬁles for the 5.7 lm
microspheres, physicochemical deposition dominates at
higher ionic strengths.
5.2. Inﬂuence of ionic strength on reversibility of deposition
The increase in irreversible deposition (fir) with increasing ionic strength (Fig. 6) is general among studies that
have incorporated this irreversibility parameter (e.g. this
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Table 2
Pull-oﬀ forces for microspheres from AFM (nN) at various ionic strengths

interception
settling
diffusion
overall

1.1 micron

1.00E-02

Size (lm)

0.006 M

0.01 M

0.02 M

1.1
5.7

0.13 ± 0.02
1.52 ± 0.5

0.02 ± 0.01
1.31 ± 0.5

0.24 ± 0.03
1.38 ± 0.4

Standard errors are given for 22–30 measurements at three diﬀerent
locations on the glass slide.

1.00E-03

py

Collector efficiency (η)

1.00E+00
1.00E-01

agreement between these series on an overall trend among
the combined series.

1.00E-04
1.00E+00

5.3. Inﬂuence of hydrodynamic drag on deposition eﬃciencies
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Fig. 8. Calculated collector eﬃciencies (g) for the 1.1-lm microspheres
(top) and 5.7-lm microspheres (bottom). Individual dimensionless
contributions from interception only, diﬀusion, and sedimentation are
also shown.

on

0

Although the use of distributed deposition rate coeﬃcients improved the simulations of the retained proﬁles;
interpretation of trends in mean kf and std. dev. kf was
complicated by the fact that these two parameters co-vary
(Fig. 7). Interpretation of trends in deposition was therefore simpliﬁed by determining overall deposition rate coefﬁcients based on the steady state breakthrough plateau (as
traditionally performed). Simulations using overall deposition rate coeﬃcients generated the same trends in kr and fir
(Table 1) as those generated by simulations using distributions of deposition rate coeﬃcients.
As shown in Table 1, the overall (single) deposition rate
coeﬃcient (kf) was generally larger for the 5.7 lm microspheres relative to the 1.1 lm microspheres across the
range of ionic strength and ﬂuid ﬂow conditions, consistent
with collector eﬃciencies calculated from the T–E equation
[131,132] (Fig. 8). The process responsible for bringing the
microspheres to the grain surfaces under all conditions
examined was dominantly diﬀusion in the case of the
1.1 lm microspheres, whereas settling was the dominant
process in the case of the 5.7 lm microspheres (Fig. 8).
The overall deposition rate coeﬃcients (kf) (Table 1)
were converted to deposition eﬃciencies (a) after determination of the corresponding collector eﬃciencies using
the correlation equation recently developed by Tufenkji

al
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study, Li et al., 2005, [80,129,128]) (Fig. 10). The trend
holds for both microspheres and bacteria under the conditions examined. Many of the colloids examined showed signiﬁcant
fractions
of
reversible
deposition
at
environmentally relevant ionic strengths (e.g. 0.01 M).
The relatively ﬂat trend in fir versus ﬂow rate observed
for both microsphere sizes in Fig. 6 also holds for the
microsphere and bacterial transport data in other studies
(Li et al., 2005, [80,129,128]) (Fig. 11). Although some of
the bacteria ﬂow series do show clear trends in fir with ﬂuid
velocity for a particular colloid and substratum, there is no
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Fig. 9. Deposition eﬃciencies determined from breakthrough plateaus of the 1.1-lm and 5.7-lm microspheres at diﬀerent ionic strengths (4 m day1) (left)
and diﬀerent ﬂow rates (0.02 M) (right).

1444

W.P. Johnson et al. / Advances in Water Resources 30 (2007) 1432–1454
1.2
1
1.1 micron quartz NaHCO3 (4 m/day) - Li & Johnson, 2005

0.8
fir

1.1 micron glass (4 m/day) - this study
0.6

1.1 micron glass MOPS (4 m/day) - li et al., 2004
5.7 micron glass (4 m/day) - this study

0.4

py

DA001 quartz NaHCO3 (8 m/day) - Tong et al., 2005b
DA001 glass (4 m/day) - Tong et al., 2005a

0.2
0
0.01

0.02

0.03
0.04
Ionic Strength

0.05

0.06

co

0

al

Fig. 10. The fraction of irreversible deposition (fir) versus ionic strength for biological and non-biological colloids. Data is from the following studies: this
study, Li et al. (2005), [80,129,128]. The ﬁrst number in the series label is the size of the carboxylate-modiﬁed latex microsphere, or in the case of biological
colloids, the ﬁrst word denotes the microbe. The second word in all cases is the substratum type. Where the buﬀer is known, it is deﬁned by the third entry;
otherwise the third entry denotes the ﬂuid velocity. The series order in the legend is roughly the same as for the series in the ﬁgure. Dashed lines indicate
trends for biological colloids. Solid lines correspond to trends for carboxylate polystyrene latex microspheres.
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Fig. 11. The fraction of irreversible deposition (fir) versus ﬂuid velocity for biological and non-biological colloids. Data is from the following studies: this
study, Li et al. (2005), [80], Keller et al. (2005), [129,128]. The ﬁrst number in the series label is the size of the carboxylate-modiﬁed latex microsphere, or in
the case of biological colloids, the ﬁrst word denotes the microbe. The second word in all cases is the substratum type. Where the buﬀer is known, it is
deﬁned by the third entry; otherwise the third entry denotes the ionic strength (M). The series order in the legend is roughly the same as for the series in the
ﬁgure. Dashed lines indicate trends for biological colloids. Solid lines correspond to trends for carboxylate polystyrene latex microspheres.
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and Elimelech [131], as described in detail in Li et al.
(2005). Fig. 9 (left side) demonstrates that for both microsphere sizes, the value of the deposition eﬃciencies
increased with increasing ionic strength, concomitant with
decreasing heights of the energy barriers to deposition, and
increasing depths of the energy minima (Fig. 12). Deposition eﬃciencies for the 5.7 lm microspheres were a factor
of two to three less than those of the 1.1 lm microspheres
(Fig. 9), in qualitative agreement with larger energy barriers to deposition for the 5.7 lm microspheres relative to
the 1.1 lm microspheres at a given ionic strength
(Fig. 12). Alternatively, the lower deposition eﬃciencies
may represent the greater hydrodynamic drag experienced
by the 5.7 lm microspheres relative to the 1.1 lm microspheres at a given ﬂow rate, as discussed below.
The deposition eﬃciencies for both the 5.7 and 1.1 lm
microspheres decreased with increasing ﬂuid velocity
(Fig. 9). Similar trends were observed for the 1.1 lm micro-

spheres under equivalent ionic strength and ﬂuid velocity
conditions in an impinging jet system [18] as well as in a
similar porous media system (Li et al., 2005). The observed
decrease in deposition eﬃciency with increasing ﬂuid velocity reﬂects the diﬀerent trends of the deposition ﬂux versus
ﬂuid velocity in the presence versus the absence of an
energy barrier. Speciﬁcally, the deposition ﬂux in the presence of an energy barrier increases less with increasing ﬂuid
velocity, or may even decrease with increasing ﬂuid velocity
[78,138,88], relative to the deposition ﬂux in the absence of
an energy barrier. These diﬀerent trends in the presence relative to the absence of an energy barrier suggest vulnerability to hydrodynamic drag in the presence of an energy
barrier. Recently, decreased deposition eﬃciencies with
increasing ﬂuid velocity were reported in sand (median
grain size 350 lm) for three diﬀerent colloids (MS2 bacteriophage, 0.05 lm and 3.0 lm carboxylate-modiﬁed polystyrene latex microspheres) and ﬂuid velocities ranging

W.P. Johnson et al. / Advances in Water Resources 30 (2007) 1432–1454

2000

10

0
0. 001
0.006
0.01
0.02

-1000
-2000
0.0

1.0

2.0

6
4
2
0
-2

3.0

4.0

5.0

5.0

Separation Distance (nm)

5
0.001
0.006
0.01
0. 02

-8000

0

45.0

0.001
0.006
0.01
0.02

-5

al

ΔGTOTAL (kT)

0

-6000

35.0

co

10

2000

-4000

25.0

Separation Distance (nm)

4000

-2000

15.0

py

ΔGTOTAL (kT)

ΔGTOTAL (kT)

0. 001
0.006
0.01
0.02

8

1000

ΔGTOTAL (kT)

1445

-10

-10000
0.0

1.0

2.0

3.0

4.0

5.0

5.0

15.0

25.0

35.0

45.0

Separation Distance (nm)

on

Separation Distance (nm)

rs

Fig. 12. DLVO interaction energy proﬁles for the 1.1 mm (top) and 5.7 mm (bottom) microspheres, within 5 nm (left), and between 5 and 50 nm (right),
from the surface. Note that repulsive energies greater than 10 kT are maintained at separation distances greater than 50 nm at the 0.001 M ionic strength
condition.
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1.4–14 m day1 [76]. However, the authors did not elaborate on the possible signiﬁcance of this trend since the focus
of the article was on diﬀerential advection. Decreased
microsphere deposition eﬃciency with increasing ﬂuid
velocity was observed on a micropatterned surface (positively and negatively charged stripes) in a radial stagnation
point ﬂow system [42] suggesting that ‘‘interplay of electric
double layer and hydrodynamic forces’’ mitigated
deposition.
Fig. 13 shows trends in deposition eﬃciency (a) versus
ﬂuid velocity in porous media from various studies (this
study, Li et al., 2005, [80], Keller et al., 2005, [129,128]).
Colloid sizes among these studies ranged from 0.025 lm
bacteriophage MS2 to 1.1 mm microspheres and bacteria
to 5.7 lm microspheres. The porous media used in these
studies were either glass beads, quartz, or natural sand,
with median grain diameters of 360 lm (this study),
510 lm (Li et al., 2005, [80,129,128]), and 350 lm [76],
respectively. The diﬀerences in the magnitudes of the deposition eﬃciencies are likely related to the magnitudes of the
energy barriers to deposition among the diﬀerent studies.
The overall trend yields about factor of four decreases in
deposition eﬃciency correspondent with factor of 10
increases in ﬂuid velocity for the conditions examined.
The overall trend of decreasing deposition eﬃciency with
increasing ﬂuid velocity is not as clear for the bacteria
(DA001) in some experiments (i.e. [128]). The trends for
biological colloids are shown as dashed lines in Fig. 13.
That bacteria follow less closely the overall trend may be
due to the structural softness of bacterial cells relative to
microspheres and bacteriophage, allowing deformation in

response to hydrodynamic drag. The overall trend of
decreasing deposition eﬃciency with increasing ﬂow rate
for biological and non-biological demonstrates a mitigating
eﬀect of hydrodynamic drag on the deposition of colloids
in the presence of an energy barrier.
Simulations of colloid transport in simple shear systems
demonstrate that deposition ﬂux to the primary energy
minimum decreases with increasing ﬂow rate under conditions where the energy barrier to deposition is small relative to the secondary energy minimum. Deposition ﬂux is
reduced due to lateral translation of secondary minimumassociated colloids in response to tangential hydrodynamic
drag [104,150]. In our system, the formidable energy barriers to deposition (Fig. 12) would seem to preclude this indirect eﬀect of hydrodynamic drag as a cause of decreased
deposition eﬃciency with increasing ﬂuid velocity. It therefore seems prudent to consider other possibilities; e.g., that
the observed decrease in deposition eﬃciency with increasing ﬂuid velocity represents re-entrainment of microspheres
during incipient deposition, or that it represents other
eﬀects of hydrodynamic drag.
5.4. Inﬂuence of hydrodynamic drag on re-entrainment rate
For both colloid sizes, the re-entrainment rate (kr)
increased with increasing ﬂow rate (Fig. 9), demonstrating
that re-entrainment under non-perturbed conditions was
inﬂuenced by hydrodynamic drag. The few studies that
have previously examined bacterial detachment under
non-perturbed conditions in porous media concluded that
the re-entrainment rate coeﬃcient (kr) was independent of
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from a spectrum of studies demonstrates convincingly that
under non-perturbed conditions in the presence of an
energy barrier to deposition, hydrodynamic drag drives
re-entrainment of biological and non-biological colloids.
The relatively ﬂat trend in kr versus ionic strength
observed for the 1.1 lm microspheres. Fig. 6 also holds
for the microsphere and bacterial transport data in the
other studies (Li et al., 2005, [80,129,128]) (Fig. 15). The
overall data set may suggest even a slight decrease in kr
with increasing ionic strength, consistent with increased
fir with increasing ionic strength.
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pore water velocity under the conditions of the experiments
[125,59]. More recently, studies examining the transport of
Ca-saturated smectite clay colloids in quartz sand under
varied ionic strength and ﬂow conditions [26] showed that
the re-entrainment rate increased with increasing ﬂow rate,
and decreased with increased ionic strength. However, the
analysis did not extend beyond these useful observations.
Studies performed in simple shear systems have been
more deﬁnitive with respect to the mechanism of detachment under non-perturbed conditions. For example, Meinders and Busscher [86] used a parallel plate ﬂow chamber
and video microscope to directly observe polystyrene
microsphere detachment rates from glass. The detachment
rates ranged from 1E6 to 5E3 s1 for a shear rate range
of 15 to 200 s1, respectively, in the presence of mobile colloids; and 4E7 to 1.2E6 s1 for the same shear rate
range in the absence of mobile colloids. Although the
detachment rate increased with increased shear, the
authors focused on the observation that detachment rates
increased with increasing concentration of mobile colloids.
The latter observation was the basis for concluding that
hydrodynamic collision was an important contributor to
detachment kinetics in the presence of mobile particles.
The generality of increasing re-entrainment rate coeﬃcient with increasing ﬂuid velocity is demonstrated in
Fig. 14, which combines results from experiments examining the transport of biological and non-biological colloids
(this study, Li et al., 2005, [80], Keller et al., 2005,
[129,128]). All of the series save one show increasing kr with
increasing ﬂuid velocity. The one series that breaks from
the trend (DA001 in quartz at 0.02 M) is the sole series that
was not supported by replicate experiments [128]. The data

on

Fig. 13. Deposition eﬃciencies (a) versus ﬂow rate ionic strength for biological and non-biological colloids. Data is from the following studies: this study,
Li et al. (2005), [80], Keller et al. (2005), [129,128]. The ﬁrst number in the series label is the size of the carboxylate-modiﬁed latex microsphere, or in the
case of biological colloids, the ﬁrst word denotes the microbe. The second word in all cases is the substratum type. Where the buﬀer is known, it is deﬁned
by the third entry; otherwise the third entry denotes ionic strength. The series order in the legend is roughly the same as that from top to bottom in the
ﬁgure. Dashed lines indicate trends for biological colloids. Solid lines correspond to trends for carboxylate polystyrene latex microspheres.

5.5. Environment of deposition: Primary energy minimum
Under a given ionic strength and ﬂow condition, the
5.7 lm microspheres consistently showed lesser fir and
greater kr relative to the 1.1 lm microspheres. This demonstrates that the large microspheres were deposited more
reversibly than the smaller microspheres. The greater
reversibility of deposition of the 5.7 lm microspheres
may relate to the environment of deposition, e.g. the primary or secondary minimum.
Deposition of the 1.1 lm microspheres was signiﬁcant in
corresponding impinging jet cell experiments, which were
conducted under the same ionic strength and surface velocity conditions examined here [18]. In contrast to porous
media, an impinging jet system restricts observed deposition to that ‘‘within’’ the primary energy minimum, since
the ﬂat surface contains no zones of ﬂow stagnation in
which to retain secondary minimum-associated colloids.
The maximum hydrodynamic torque estimated for the
1.1 lm microspheres in the impinging jet was 9.16E20
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Fig. 14. Re-entrainment rates (kr) versus ﬂow rate for biological and non-biological colloids. Data is from the following studies: this study, Li et al. (2005),
[80,129,128]. The ﬁrst number in the series label is the size of the carboxylate-modiﬁed latex microsphere, or in the case of biological colloids, the ﬁrst word
denotes the microbe. The second word in all cases is the substratum type. Where the buﬀer is known, it is deﬁned by the third entry; otherwise the third
entry denotes ionic strength. The series order in the legend is roughly the same as that from top to bottom in the ﬁgure. Dashed lines indicate trends for
biological colloids. Solid lines correspond to trends for carboxylate polystyrene latex microspheres.
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Fig. 15. Re-entrainment rates (kr) versus ionic strength for biological and non-biological colloids. Data is from the following studies: this study, Li et al.
(2005), [80,129,128]. The ﬁrst number in the series label is the size of the carboxylate-modiﬁed latex microsphere, or in the case of biological colloids, the
ﬁrst word denotes the microbe. The second word in all cases is the substratum type. Where the buﬀer is known, it is deﬁned by the third entry; otherwise
the third entry denotes ﬂuid velocity. The series order in the legend is roughly the same as that from top to bottom in the ﬁgure. Dashed lines indicate
trends for biological colloids. Solid lines correspond to trends for carboxylate polystyrene latex microspheres.
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N m (Table 3) [18], whereas the maximum adhesive torque
for the 1.1 lm microspheres estimated based on AFM
‘‘pull-oﬀ’’ forces was 1.2E18 N m (at 4 m day1), a value
that is far higher than the maximum hydrodynamic torque,

and which thereby supports the observed deposition of the
1.1 lm microspheres in the impinging jet system.
Notably, under equivalent conditions to those described
above, the 5.7-lm microspheres were not deposited in the

Table 3
Range of measured AFM pull-oﬀ forces with corresponding contact areas and adhesive torques calculated according to Eqs. (7) and (8)
Size (lm)

AFM pull-oﬀ forces (nN)
highest/lowest

Contact radius
(nm)

Adhesive torque (N m)
highest/lowest

Hydrodynamic torque (N m)
highest/lowest 4 m day1

Fluid velocity at one radius (m s1)
highest/lowest

1.1

0.24 ± 0.03/0.020 ± 0.01

5.1/2.2

1.2E18/4.4E20

9.2E20/9.4E21

6.8E06/6.9E07

5.7

1.5 ± 0.50/1.3 ± 0.50

16.3/15.5

2.5E17/2.0E17

1.2E17/1.3E18

3.4E05/3.5E06

Range of calculated surface ﬂuid velocities at one colloid radius from the surface for the 4 m day1 average pore ﬂuid velocity condition, calculated
according to Eqs. (5) and (6). Hydrodynamic torques associated with surface velocities according to Eq. (4). The surface ﬂuid velocities and hydrodynamic
torques for the 2 m day1 and 8 m day1 are factors of 2 below and above, respectively, the values for the 4 m day1 condition.
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mated from Eq. (8) (Table 3). Alternatively, if the microspheres rested atop closely spaced surface asperities, the
actual contact areas may be decreased relative to those
expected from Eq. (8) (e.g., Eichenlaub et al., 2004). Measured root-mean-square surface roughness of glass beads
was measured to be 15.0 ± 1.9 nm, with distances between
asperities being much greater than the size of the 1.1 lm
microspheres [119], indicating that the retained microspheres may rest against asperities. The estimated contact
radii (Table 3) may either over-estimate the eﬀective lever
arm (due to microsphere deformation at contact area), or
under-estimate the eﬀective lever arm (due to asperities).
In the absence of easily implemented expressions to
account for surface roughness, we speculate that the estimated contact radii, and the corresponding adhesive torques (Table 3), represent a compromise between
considerations that were beyond our ability to quantify.
The torque balance does not disprove the possibility of
detachment from the primary energy minimum.
5.6. Environment of deposition: secondary energy minimum
The experimental results can also be interpreted to indicate reversible deposition of the microspheres ‘‘within’’ the
secondary energy minimum. The most direct evidence for
colloid deposition in secondary minima comes from experiments involving perturbation of solution chemistry.
O’Melia and co-workers [52,51] demonstrate reversibility
of deposition of the majority of colloids upon reduction
of solution ionic strength, which should not occur if the
colloids were deposited in the primary energy minimum,
since the barrier to detachment from the primary energy
minimum is increased as ionic strength is decreased
(Fig. 12). Unpublished results from our laboratory also
demonstrate elution of at least half of the deposited population upon introduction of low ionic strength water. In
contrast, introduction of low ionic strength solution to
the impinging jet cell yielded insigniﬁcant re-entrainment
of deposited microspheres, consistent with their expected
deposition ‘‘within’’ primary energy minima, as described
below.
Colloids associated with secondary energy minima
would be expected to translate across the porous media
grain surfaces due to hydrodynamic drag tangential to
the surfaces. Secondary minimum-associated colloids
would potentially be retained in porous media in zones of
ﬂow stagnation (e.g. rear stagnation points or leeward sides
of protrusions). In contrast to porous media, colloid deposition within an impinging jet system is restricted to
‘‘within’’ the primary energy minimum, since the smooth
ﬂat surface does not contain zones of ﬂow stagnation
within which to retain secondary minimum-associated colloids. Under conditions of secondary minimum deposition,
and equivalent solution chemistry and surface ﬂuid velocity
conditions, one would expect greater deposition in a porous media relative to an impinging jet due to the expected
presence of zones of ﬂow stagnation in the porous media.
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impinging jet cell [18]. The maximum hydrodynamic torque
estimated for the 5.7 lm microspheres in the impinging jet
was 1.23E17 N m (at 4 m day1 ﬂow rate) (Table 3),
whereas the maximum adhesive torque for the 5.7 lm
microspheres estimated based on AFM ‘‘pull-oﬀ’’ forces
was 2.5E17 N m. The lack of deposition of 5.7 lm microspheres in the impinging jet is consistent with the near parity of the maximum adhesive and hydrodynamic torques.
The lack of deposition of the 5.7 lm microspheres in the
impinging jet system indicates that deposition of these
microspheres in the glass bead packed column occurred
by other mechanisms, e.g. by straining or within ﬂow stagnation zones in the porous media.
The greater reversibility of deposition of the 5.7-lm
microspheres relative to the 1.1-lm microspheres in the
glass beads is also supported by the torque ratios. For
example, for the 4 m day1 ﬂow condition, the ratio of
the highest adhesive torque to the highest hydrodynamic
torque was >17 for the 1.1 lm microspheres, and was
< 2 for the 5.7 lm microspheres (Table 3). The hydrodynamic torques for the 2 m day1 and 8 m day1 conditions
are a factor of 2 below and above, respectively, those for
the 4 m day1 condition. That the lowest adhesive torque
is estimated to be within about a factor of two of the highest hydrodynamic torque for the 5.7-lm microspheres supports the possibility that the steady elution of low
concentrations of microspheres (especially the 5.7 lm
microspheres) represents re-entrainment from the primary
energy minimum. Furthermore, the estimated adhesive torques may represent averages within a distribution
[75,6,148,49,50], as demonstrated by the solution chemistry
perturbation-driven release of natural mineral colloids
from sediment, which yielded eluted colloid concentrations
that decayed according to a power law [49], indicating heterogeneity in the attached particle population that likely
originated from the diﬀerent local environments surrounding each particle. A distribution in adhesive torques may
also be expected on the basis that a distribution in deposition rate coeﬃcients is required to simulate the retained
microsphere proﬁles (e.g. [81]).
The microsphere–glass bead contact radii estimated
using Eq. (8) ranged from 6.8 to 16.3 nm. If the glass bead
surface were perfectly smooth (lacking surface asperities),
these contact radii would serve as the lever arms deﬁning
the adhesive torque, assuming that rolling is initiated by
‘‘tipping’’ the microsphere oﬀ the contact radius [112].
Because rolling is likely initiated by microsphere deformation in the contact area, rather than tipping, the lever arm
deﬁning the adhesive torque may be smaller than those estimated using Eq. (8). However, since the glass bead surfaces
are not perfectly smooth, protrusions may also enhance or
decrease the eﬀective lever arm. If the protrusions are
spaced such that microspheres rest against them, they will
enhance the eﬀective lever arm [34]. Simple trigonometry
indicates that even a 0.5 nm high protrusion can provide
an eﬀective lever arm of 23.5 nm for a 1.1 lm colloid, a
value that is greater than corresponding the lever arms esti-
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Additionally, the bimodal distribution cannot represent
heterogeneity on the porous media, since the high values
in the distribution by deﬁnition result in rapid deposition,
i.e. deposition at the inlet end of the column, which is
inconsistent with a re-packed column where the full range
of deposition rate coeﬃcients would occur anywhere along
the length of the re-packed column, not only the inlet [69].
In short, given presently articulated mechanisms, heterogeneity that is evenly distributed across a re-packed porous
media can widen the distribution of deposition rate coeﬃcients, but it cannot generate such a distribution.

py

Enhanced deposition eﬃciencies in porous media relative
to impinging jet systems were observed by Brow et al.
[18] for the 1.1 lm microspheres in quartz substrata under
the same solution ionic strength and surface velocity conditions examined here. Experiments comparing deposition
eﬃciencies in porous media relative to impinging jet systems also show enhanced deposition of bacteria in porous
media [107,147]. These results indicate that the presence
of zones of ﬂow stagnation enhances colloid deposition.
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5.7. Dual deposition

5.8. Sustaining mechanisms of re-entrainment
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An important characteristic of re-entrainment in the
absence of perturbations is that it extends over long periods
of time and appears to be self-sustaining. Likewise, the
brief pulse of large concentrations of re-entrained colloids
that results from perturbations in solution chemistry or
ﬂow are followed by sustained low concentrations of colloids (extended tailing) [52,51,49]. The sustained re-entrainment that occurs in the absence of perturbations can
potentially arise from a number of processes acting on primary minimum-attached colloids: e.g. hydrodynamic collision between mobile and attached colloids, and microscale
ﬂuctuations in the hydrodynamic ﬁeld at the grain surface.
That hydrodynamic collision between mobile and attached
colloids enhances detachment of attached particles has
been established based on force balance calculations
[32,31], and experimental studies in simple shear systems
[87,88]. These studies indicate that hydrodynamic interaction between deposited and mobile colloids in simple shear
systems causes the normal force acting on the deposited
particles to ﬂuctuate even for relatively large particle separations, resulting in the escape of weakly bound colloids.
The deformability of bacteria would be expected to
decrease the energy of hydrodynamic collision relative to
other colloids. However, after observing increased detachment of bacteria in the presence versus the absence of
mobile bacteria, Meinders et al. [89] concluded that hydrodynamic collision was relevant to bacterial re-entrainment.
Although hydrodynamic collision was suggested in ﬁeld
experiments involving adhesion deﬁcient soil bacteria, it
was not conclusively demonstrated [65,67]. Hydrodynamic
collision would dictate that colloid re-entrainment rates
should vary between the injection and elution stages of colloid transport experiments. In contrast, presently published
colloid transport models for porous media tend to relate
the overall rate of re-entrainment to the retained colloid
concentration only. Signiﬁcant hydrodynamic collision
should manifest as a dependence of the deposition rate
coeﬃcient on the inﬂuent concentration (e.g. [14]).
Microscale ﬂuctuations in the hydrodynamic ﬁeld at the
grain surface may also potentially result from re-entrainment. The grain surface excluded from subsequent colloid
deposition due to the presence of an attached colloid
(excluded area) is directly related to the repulsive energy
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The above and related work demonstrates that colloid
deposition in porous media in the presence of an energy
barrier likely involves deposition ‘‘within’’ both primary
energy minima and the secondary energy minima, with
the balance among them being determined by characteristics such as surface and solution chemistries, colloid sizes,
and ﬂuid velocity. Dual deposition modes of carboxylatemodiﬁed microspheres were previously demonstrated in
glass beads [132,134,135], where a large fraction of the
deposited colloids were eluted upon introduction of low
ionic strength water (i.e. deposited in secondary minimum).
However, an additional smaller fraction was eluted upon
introduction of high pH solution intended to reverse the
charge on localized patches of attractive surface charge
(i.e. deposited in primary minimum).
Although dual deposition modes are expected to govern
colloid transport in porous media, the relationship of this
dual deposition behavior to the observed deviations from
ﬁltration theory is not yet clear. Dual deposition may be
driven at least in part by heterogeneity in surface characteristics among the colloid population, as proposed more than
a decade ago [3]. A very wide (e.g. log-normal) distribution
in deposition rate coeﬃcients may result from very mild
distributions in surface characteristics [81]. Surface charge
heterogeneity is observed even on single microspheres
[43,124] and heterogeneity of surface characteristics has
been demonstrated for bacterial cells [72], suggesting the
possibility that the collision eﬃciency of an individual colloid may depend on its orientation upon collision with the
collector, thus eﬀectively producing heterogeneity among
an apparently homogenous colloid population.
Tufenkji and Elimelech [135] suggest that distributed
surface characteristics on both the particle and the porous
media are pre-requisite to a wide distribution of deposition
rates. Although we disagree with this notion as a requirement for wide distributions [81], we can certainly expect
that porous media heterogeneity inﬂuences deposition rate
coeﬃcients. The dual deposition model of Tufenkji and
Elimelech [135] utilized a bimodal sum of two Gaussian
distributions to represent the overall distribution of deposition rate coeﬃcients [132], implying that one of the Gaussian distributions represents particles, and the other
Gaussian distribution represents the porous media. However, a simple sum of distributions would not reﬂect the
actual interaction between two distributed properties.

1449

W.P. Johnson et al. / Advances in Water Resources 30 (2007) 1432–1454

co

py

‘‘within’’ which colloids are relatively concentrated. Lateral
translation of the secondary minimum-associated colloids
by tangential hydrodynamic drag reduces the ﬂux of colloids across the energy barrier to the primary minimum
(Prieve and Lin, 1999) [150].
Improved model boundary conditions are needed to
describe the direct inﬂuence of tangential hydrodynamic
drag on colloid deposition and re-entrainment. These
boundary conditions will need to incorporate the balance
of adhesive and hydrodynamic forces relevant to the primary and secondary energy minima. They will need to consider the hydrodynamic ﬂow ﬁeld, e.g. the volume of zones
of ﬂow stagnation relative to the overall pore domain,
which will be governed by grain morphology and ﬂuid
velocity. Development of these models will necessarily
require direct observation at the pore scale to guide upscaling to the continuum scale.

al

Acknowledgements

The authors greatly appreciate the expert eﬀorts of Dr.
Mitchell Small, Associate Editor of Environmental Science
& Technology, and his assistant Mrs. Karen Peretin, in execution of thorough and eﬃcient reviews of our recent manuscripts that formed the basis for this paper. This material is
based upon work supported by the National Science Foundation under Grant No. 0087522. Any opinions, ﬁndings,
and conclusions or recommendations expressed in this
material are those of the authors and do not necessarily reﬂect the views of the National Science Foundation.

pe

rs

between the colloids, as well as the extent to which the
attached colloid impinges on the hydrodynamic ﬁeld. The
excluded area extends asymmetrically leeward of the
attached colloid as the ﬂuid velocity increases, as observed
directly in simple shear systems [86,87,108,30,2], and as
inferred in porous media experiments [77]. We speculate
that the presence of this hydrodynamic ‘‘shadow’’ contributes to a dynamic character of the hydrodynamic ﬁeld at
the grain surface that may sustain re-entrainment. For
example, detachment of a given colloid would result in
greater hydrodynamic drag experienced by attached colloids residing within what was the hydrodynamic shadow
of a newly detached particle. Although initial colloid deposition would not be expected to occur within a hydrodynamic shadow, colloid translation following initial
deposition may concentrate colloids on the leeward sides
of grain surface asperities and attached colloids.
Deposition in the secondary minimum provides opportunities for sustained re-entrainment via hydrodynamic
drag, including: (1) decreased colloid retention capacity
due to reduction of stagnation ﬂow zone volumes; (2)
increased diﬀusion ‘‘out’’ of secondary minima (e.g. [52])
driven by increased colloid concentration gradients away
from zones of accumulation (e.g. rear stagnation points);
(3) increased magnitude of hydrodynamic collisions
between mobile and surface-associated colloids; (4)
increased dominance of hydrodynamic drag torques relative to adhesive torques created by protrusions.
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The determination that primary minimum-associated
and secondary minimum-associated colloids are vulnerable
to hydrodynamic drag presents a much greater opportunity
for re-entrainment of colloidal populations, and dynamic
deposition and re-entrainment relative to traditional expectations. Deposited colloids in porous media may under
some circumstances be held much more reversibly (and
dynamically) than has been traditionally assumed, as suggested by Johnson et al. [68], and recently inferred by
Kim and Tobiason (2004), and as recently demonstrated
by Tong et al. [129].
The above ﬁndings call for the development of models
that will take into account the inﬂuence of tangential
hydrodynamic drag on deposition ‘‘within’’, and reentrainment ‘‘from’’, the primary and secondary energy
minima. Existing models assume that deposition occurs
‘‘within’’ the primary minimum, which is treated as a perfect sink boundary where the colloid is eﬀectively removed
from solution and is no longer subject to hydrodynamic
drag [40,150]. These models are accurate when an energy
barrier is absent, but predict zero colloid attachment in
the presence of a signiﬁcant energy barrier. In some models
accounting for a small energy barrier (e.g. a few kT) and a
large secondary energy minimum (e.g. more than a few
kT), deposition ‘‘within’’ the primary minimum is moderated by the presence of a secondary energy minimum,
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