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Abstract

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 coeflicients were deter-
mined 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 mit-
igates deposition and drives re-entrainment of both biological and non-biological colloids in the presence of an energy barrier under non-
perturbed conditions. Original data is presented for two sizes of colloids (1.1 and 5.7 pm 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 anal-
ysis 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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1. Introduction

Biological and non-biological colloid transport behav-
iors in porous media are controlled by a deceptively short
list of processes: advection, dispersion, deposition and
re-entrainment, which are governed by complex character-
istics of the subsurface and the colloid. Advection and
dispersion are dominantly controlled by macro- to micro-
scale physical characteristics of porous media, specifically,
by permeability and permeability contrasts in the subsur-
face [20,24,4,130,56,145,91,101,154,76]. Deposition and
re-entrainment are controlled by a larger set of characteris-
tics of the system that range from the micro- to the nano-
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scale, that include both physical and chemical characteris-
tics [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 physio-
logical 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 materi-
als to their surface characteristics [98,99,74,90,22,58,141,
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Nomenclature

REV  representative elementary volume (L2 .. +grains)

M mass

L length

t time

ke colloid deposition rate coefficient (t™")

d, porous media grain (collector) diameter (L)

0 is the volumetric water content of the saturated
porous media (L3 . Lgiy)

v fluid velocity (LREVt*I)

n collector efficiency (collisions/approaches)

o deposition efficiency (attachments/collisions)

C number concentration of colloids in aqueous
phase (#-Ly,)

Co number concentration of colloids in aqueous
phase at source (#-L2.,)

x distance from source (L)

k Boltzmann’s constant (1.38E—23 ML %t °K)

T temperature (298.2 K)

deolloia Tadius of colloid (L)

u dynamic viscosity of the aqueous phase (Mt 2)

Fhydrodynamic hydrodynamic drag force (MLt*Z)
Thydrodynamic hydrodynamic torque (ML%t?)

d, diameter of pore (L)

z distance along the pore (L)

deon equivalent diameter of the pore constriction (L)

dmax  the maximum pore diameter (L)

hp, the pore length (L)

fluid velocity at the center point of the retained

colloid (Lreyt™h)

number of pores in the column cross section

adhesion force (MLt ?)

lever arm (L)

adhesive torque (MLt ?)

radius of colloid-surface contact (L)

elastic interaction constant (ML 't~

Young’s modulus (ML~ 't™?)

Poisson ratio (dimensionless)

dispersion coefficient of the colloids (L*t ™)

bulk density of porous media (MeqLgiy)

re-entrainment rate coefficient (t~)

number concentration of retained colloids that

are reversibly retained (#-Mz))

total number concentration of retained colloids

(#-Mgq)

fir fraction of retained colloids that are irreversibly
retained

Ayq, A» and As; individual Hamaker constants for
polystyrene, water, and glass, respectively
(ML*t?)

AG total energy of colloid-surface interaction (elec-
tric double layer and van der Waals compo-
nents) at a given separation distance (ML*t?)

Ucolloid

Npore

PEP O mAS ST

05)

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:

(1) They undergo deposition in porous media even when
their interaction energies with the porous media indi-
cate 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 solu-
tion chemistry or flow.

These common attributes (further substantiated below)
of the deposition behaviors of biological and non-biologi-
cal 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 perturba-
tions 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 trans-
port models, yet they are here demonstrated to be signifi-
cant 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 envi-
ronmental 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 contribu-
tions from electric double layer and van der Waals interac-
tion energies [38,142,137,136]. Surfaces of environmental
colloids (biological and non-biological) and porous media
tend to display overall like charge (negative), yielding over-
all repulsive electric double layer energies between them.
The overall negative surface charge emanates from acidic
functional groups, which dominate the surfaces of biologi-
cal colloids and the surfaces of silicate mineral grains under
most environmentally relevant groundwater conditions
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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 mat-
ter, which carries negative charge derived from carboxylic
and phenolic functional groups [126,127,35]. The overall
negative surface charge on colloids and porous media sur-
faces in environmental systems yields an electric double
layer energy barrier to deposition at colloid-surface separa-
tion distances ranging from a few to more than one hun-
dred nm, depending on system conditions.

Colloid deposition is mediated not only by colloid-sur-
face interaction energies, but also by the likelihood of col-
loid collision with porous media grain surfaces. This
probability of collision is estimable on the basis of the phys-
ical properties of the system, as enveloped in filtration the-
ory [151,105,83]. The probability of collision is estimated
from an easily implemented expression that correlates read-
ily 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 set-
tling [131,93]. Filtration theory is a highly useful construct
that has been demonstrated to predict accurately the prob-
ability 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, #) yields a colloid depo-
sition rate coefficient (ky):

3(1-9)
k=3 d.

where 0 is the porosity of the porous media, d, is the por-
ous media grain diameter, and v is the fluid velocity. In an
ideal system lacking an energy barrier, the colloid deposi-
tion rate coefficient accurately predicts a log-linear decrease
in the concentration (C) of suspended (and retained) col-
loids as a function of distance (x) from the source:

v (1)

In—=——x (2)

where Cj 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 filtra-
tion 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

parameter accounting for the probability of deposition
upon collision (deposition efficiency, «) is multiplied
against the right hand side of Eq. (1). Reconciliation of the-
ory to practice (deposition despite a large estimated energy
barrier) has been advanced by invoking a variety of pro-
cesses 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 interac-
tion energy barrier [52,51].

2.2. Deviation of retained colloid profiles from classic
filtration theory

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 bacte-
rial 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 dem-
onstrated 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 coeffi-
cient with increasing transport distance. However, non-
monotonic 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 deposi-
tion that drives deviation from classic filtration theory is
not necessarily strictly electrostatic or osmotic in origin,
but rather may result from steric interactions [128]. Addi-
tionally, physical straining may contribute to deviation
from log-linear retained colloid profiles under some cir-
cumstances [17,16,15].

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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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 labo-
ratory 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 trans-
port 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-entrain-
ment 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 re-
entrainment 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 poly-
styrene 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-dri-
ven 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 bac-
terial strains.

2.4. Re-entrainment evaluated via torque balance

In the case where a colloid is attached directly to the col-
lector surface (i.e. via primary minimum), the process of re-
entrainment can be referred to more specifically as detach-
ment. Most colloid detachment studies performed to date
concern detachment in response to macroscopic perturba-
tions in flow or solution chemistry [109,110,75,8], resulting
in greater understanding of the balance between hydrody-
namic and adhesion forces that drive and resist detach-
ment, 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 (acon0iq), and the viscosity of the fluid
(1) [45,96,118], where the leading coefficient below (1.7)
results from wall effects at close proximity to the grain
surface:

thdrodynamic = ( L. 7) 6ntua00110idv (3)

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 1.399acon0iq
[118]:

Thydrodynamic = 1-399acolloithydrodyuamic (4)

Most research has considered the balance of hydrody-
namic and adhesive torques on an attached particle in sim-
ple 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 rep-
resentative pore structure using constricted tube model
[102,8], in which the pore space is comprised of a series
of parabolic constrictions, the diameter (d.) of which is a
function of distance along the pore (z):

d. = z{d“z“““ + [4 <d02°" - d';*‘*) (0.5 = h%,) Z] } (5)

where d.., 1s the equivalent diameter of the constriction
(=d./2.57 [8]), dmax is the maximum pore diameter, and
hy is the pore length. The fluid velocity at the center point
of the retained colloid can be determined as follows [8]:

Q/Npore 4(dz/2 - acolloid)
(n/4)d;  (d-/2)
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 (7'4) is represented by the adhesion
force (F) acting on a lever arm /,:

Ta = Fal, (7)

(6)

Ucolloid =

The lever arm is provided by the radius of colloid-surface
contact (a,), which results from deformation of the micro-
sphere [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 x 10"
N m 2, is much greater than that of polystyrene, 0.28 x
10' N m~2 [10]. Therefore, the microsphere will deform
to yield a contact radius that is proportional to the adhe-
sion force [71,63]:

ap = (4FA(lcouoid/K)l/3 (8)

where K is the elastic interaction constant, which is calcu-
lated from the Poisson ratio (v) and the Young’s modulus
(E) as follows:

—1
4 (1 =0 . 1—02,

K=— colloid + glass 9
3{ Ecolloid Eglass ( )

For the glass—polystyrene system used here, K was calcu-

lated as 4.0 x 10° N-m 2 using published values of the

Poisson ratio and Young’s Modulus for these materials
[10].
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3. Methods
3.1. Experimental conditions

The microspheres used in these porous media experi-
ments were spherical fluorescent carboxylate-modified
polystyrene latex microspheres of two sizes (1.1 and
5.7 um in diameter). The 1.1 um microsphere stock suspen-
sion (Molecular Probes, Inc., Eugene, OR) was used as
received with a particle concentration of 2.7 x 10" mL ™!,
and a NaNj concentration of 2 mM. Prior to injection,
an aliquot of the 1.1 um stock suspension was diluted by
a factor of 2000 in salt solution with the desired ionic
strength  (C, = 1.35x 107 particles mL™"). The 5.7 pm
microsphere suspension (Bangs Laboratories, Inc., Fishers,
IN) was used as received with 0.01% of Tween-20, 2 mM of
NaNj, and 9.4 x 107 particles mL ™. Prior to injection, the
stock 5.7 pm microsphere suspension was diluted in salt
solution by a factor of 100 (C, = 9.4 x 10° particles mL ).

Spherical soda lime glass beads (Cataphote Inc., Jack-
son, MS) were used as the porous media. The glass beads
were dry-sieved using 40 and 50 mesh USA standard test-
ing sieves (The W.S Tyler Company, Mentor, OH), result-
ing in glass bead sizes ranging from 300 to 417 um.
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, sed-
iments 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 concen-
trated HCI 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 rins-
ing with ultra pure water (Millipore Corp. Bedford, MA)
until the ionic strength was negligible relative to the exper-
imental 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 per-
formed 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 break-
through) were 0.37 and 0.39, respectively for the two
batches of glass beads used.

The packed columns were purged with CO, for at least
30 min to remove air, and were then pre-equilibrated by
salt solution with the desired ionic strength for six pore vol-
umes. One pore volume was equal to 83 mL and 89 mL at
the porosities of 0.37 and 0.39, respectively. After pre-
equilibration, three pore volumes of microsphere suspen-
sion 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 aggrega-
tion, as verified by flow cytometric analyses. The ionic
strengths of the pre-equilibration and the injection solu-
tions 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 atmo-
sphere. 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 veloci-
ties ranging between 1 and 8 m day . It should be noted
that although the fluid velocities examined here are low rel-
ative to those typically examined in colloid transport stud-
ies, 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 gra-
dient conditions (e.g. riverbank filtration systems).

The solutions were injected in up-flow mode using a syr-
inge pump (Harvard Apparatus, Inc, Holliston, MA). Dur-
ing injection the syringes were refilled every 23 mL at a
refill rate of 46 mL min~' for flow rates between 1 and
4mday !, and at a refill rate of 60 mL min~' at the
8 m day ! flow rate.

The 5.7 um microspheres were subject to a minor
amount of settling within the syringe during injection by
the syringe pump. A study of the microsphere concentra-
tion 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 day ', respectively. This factor was applied to
the influent concentration prior to calculation of normal-
ized effluent microsphere concentrations and mass
balances.

Column effluent samples were collected in 5 mL poly-
styrene tubes (Becton Dickinson & Co., Franklin Lakes,
NJ) using a fraction collector (CF-1, Spectrum Chroma-
tography, 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 grav-
ity. 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 subse-
quent segments.
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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 pL-min~' 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 R* 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 sedi-
ment 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.

3.2. Modeling

The transport of the microspheres was modeled using an
advection—dispersion equation that includes deposition
from, and re-entrainment to, the aqueous phase:

2

aa—f:fU%—S+D%7§fka+p—;krSr (10)
where C is the microsphere concentration in aqueous phase
(particles per unit volume of fluid), 7 the travel time, x the
travel distance, v the fluid velocity, D the dispersion coeffi-
cient of the colloids, 6 the porosity, p, the bulk density of
sediment, k; and k. are rate coefficients of microsphere
deposition to and re-entrainment from solid phase respec-
tively. S, is the reversibly retained microsphere concentra-
tion on the solid phase (particles per unit mass of
sediment) and can be further expressed as

Se=58(1— fi) (11)
S 0
o = liC — S (12)

where S is the total removed concentration and f;; is the
fraction of irreversibly deposited colloids. A one-dimen-
sional discrete random-walk particle-tracking model was
used to simulate microsphere transport (Eqgs. (10)—(12)).
The representation of k¢, k., and f;; 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 k,
and f;, whereas this decoupling is not apparent (Egs.
(10)—(12)). Additionally in the equations as written in con-
tinuum form , results for experiments involving an energy
barrier to deposition are typically better-represented using

a distribution of deposition rate coefficients (k;) [81],
Tufenkji et al. (2004b). Log-normal distributions of k¢ val-
ues were also utilized in the simulations presented below,
and were implemented in the manner described in detail
in [81]. The single collector efficiency () 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.

3.3. Atomic force microscopy measurements

The adhesion force was approximated by the pull-off
force measured using atomic force microscopy (AFM)
between a glass surface and the microspheres. The short-
comings 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 sub-
strate 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 um microspheres were glued to the tips
of V-shaped silicon-nitride cantilevers (Veeco, Santa Bar-
bara, CA) using a micromanipulator and Loctite 325 adhe-
sive and Loctite 7075 activator glue. For the 5.7 um
microsphere, the spring constant was determined as
0.10 N m™ !, using the Cleveland method [25]. The forces
between the 5.7 um microspheres and a glass slide were
measured in a quartz fluid cell using a Nanoscope Illa
atomic force microscope (Veeco, Santa Barbara, CA).
For the 1.1 um microspheres, the spring constant of the
cantilever was determined as 0.16 Nm~' using thermal
noise [113]. The forces between the 1.1 um microsphere
and a glass slide were measured using a PicoPlus atomic
force microscope (Molecular Imaging, Tempe, AZ). Mea-
surements were made in a droplet of solution (200 pnL) 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, Aus-
tralia) and SPIP (Image Metrology, Denmark).

3.4. DLV O interaction energy profiles

In order to support interpretation of trends in deposi-
tion rate coefficients, the interaction energies as a function
of separation distance between the 1.1-um 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 con-
verted to zeta potentials using the von Smoluchowski
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approach [121]. The electric double layer repulsive interac-
tion 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
3.8x 102! J for microsphere-water—glass system using
the following equation:

A = (VAn — VAs)(VAn — \/43) (13)

where A;;, A>, and A3 are the individual Hamaker con-
stants for polystyrene, water, and glass taken from the lit-
erature as 6.6 x 1072 J, 3.70 x 1072° J, and 6.34 x 1072 J,
respectively [63,9].

4. Results
4.1. Mass balances

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 disassem-
bling the pore structure or by increasing the magnitude of
colloid-collector electric double layer repulsion.

4.2. Electrokinetic potentials

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 pm micro-
spheres relative to the 1.1 um 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 um micro-
spheres decreased from about —50 to . —10 mV, whereas

0
-10 4
O
—~ =20 (] A 1.1 micron
>
§ 30 - o 0O 5.7 micron
~§ O ¢ Glass beads
§ -40
S O
50 A
o A
A *
N -60 - A .
A
04" *
-80 T T
0 0.02 0.04 0.06
Ionic Strength (M)

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

the zeta potentials of the 1.1 pm 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.

4.3. Breakthrough—elution curves and retained colloid
profiles

The effluent breakthrough—eclution 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 yum and 5.7 pum microspheres, respectively.
Figs. 4 and 5 display the fluid velocity series for the
1.1 um and 5.7 um microspheres, respectively. Error bars
in the effluent breakthrough-elution curves and the
attached profiles represent standard deviations from repli-
cate 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 Recovery Distributed k¢ Single k¢

Size (um)  IS(M) w(mday™)) N  %Rec %Sed Meank;(h7!)  Std.dev. ky k. (h7Y)  fi ke(h™) kY fi
1.1 0.001 4 3 98.9 2.85 0.56 5.9 0.34 0.31 0.050* 0.26* 0.69*
1.1 0.006 4 1 99.1 17.1 2.1 11.9 0.33 0.50  0.15% 0.33% 0.74%
1.1 0.01 4 2 96.6 34.4 5.8 18.9 0.27 0.73 0.39* 0.23% 0.92*
1.1 0.02 4 4 109.5 67.2 6.7 17.8 0.25 094  0.71% 0.25% 0.98*
1.1 0.02 2 1 89.9 65.7 39.0 439 0.16 0.77  0.63" 0.11* 0.96*
1.1 0.02 8 2 97.8 21.0 5.4 18.4 1.0 0.70  0.48* 0.38% 0.96*
5.7 0.001 4 1 100.0 5.5 1.37 9.25 1.0 0.15 0.09* 0.48" 0.5
5.7 0.006 4 3 104.5 15.8 7.85 24.6 1.2 0.1 0.2% 0.5% 0.5%
5.7 0.01 4 3 107.2 34.1 11.0 28.5 0.70 0.27  0.32°% 0.4* 0.7
5.7 0.02 4 3 111.9 71.7 37.5 44.1 0.61 0.27  0.93% 0.3% 0.8%
5.7 0.02 2 1 97.6 92.1 21.7 27.8 0.4 0.4 1.5 0.2% 0.75%
5.7 0.02 8 2 110.6 534 27.0 40.9 1.21 0.3 1.15% 0.52% 0.85*

“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.

4 Refers to parameter values determined for condition std. dev. kr = 0. Where std. dev. k¢ # 0, kg refers to mean.
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an attachment rate (k¢) distribution (dashed line) are contrasted against those using an attachment rate (ky) distribution (solid line).
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Fig. 3. Tonic strength series for 5.7-um microspheres at velocity = 4 m day ™'

, 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 (kg) distribution (solid line).

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 k; 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 um microspheres at the low ionic strength condi-
tions (Fig. 3, bottom). Previous papers have explored the
origin of these ‘“hyper-exponential” retained colloid pro-
files (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 kg, the fraction of irreversible deposition (f;;), and
the standard deviation of the deposition rate coefficient dis-
tribution in normal space (std. dev. k) generally increased
with increasing ionic strength for both the 5.7 um and the
1.1 um microspheres (Fig. 6). In contrast, the deposition
parameters responded variably to fluid velocity (Fig. 7).
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The re-entrainment parameter, k,, increased strongly with

4.5. Pull-off forces

increases in fluid velocity for both the 5.7 um and the

1.1 pm microspheres (Fig. 7), whereas this parameter
showed no strong relationship with ionic strength (Fig. 6).

Pull-off forces from

glass measured using AFM were lar-

ger for the 5.7 um than the 1.1 um microspheres in qualita-
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and are comprised by the mean of the distribution of the deposition rate coefficient in normal space (mean ky), the standard deviation of the deposition rate
coefficient in normal space (std. dev. k¢), the fraction of irreversible deposition (fi;), and the re-entrainment rate coefficient (k).

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. hydra-
tion forces) influenced the measured adhesion forces
(Assemi et al., 2005).

5. Discussion
5.1. The contribution of straining
That physical straining significantly contributes to col-

loid 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 con-
tinuous flow paths will proceed farther along the column
[17]. This behavior is demonstrated in the retained colloid
profiles for the 5.7 um 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 low-
est ionic strengths, the shape of the retained profile of the
5.7 um microspheres could not be simulated using a log-
normal distribution in colloid deposition rate coefficients.
In contrast, the retained colloid profiles for the 1.1 pm
microspheres (Fig. 2) were not dominated by the inlet
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segment, even at the lowest ionic strength. The results sug-
gest that straining may be significant for the 5.7 pm micro-
spheres but not the 1.1 um microspheres under low ionic
strength conditions, indicating that the threshold ratio (col-
loid diameter to mean collector diameter) for straining was
between 0.0031 (1.1 pm/360 um) and 0.016 (5.7 um/
360um). This threshold range is consistent with the asser-
tion 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 um
microspheres, physicochemical deposition dominates at
higher ionic strengths.

5.2. Influence of ionic strength on reversibility of deposition
The increase in irreversible deposition (f;) with increas-

ing ionic strength (Fig. 6) is general among studies that
have incorporated this irreversibility parameter (e.g. this
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study, Li et al., 2005, [80,129,128]) (Fig. 10). The trend
holds for both microspheres and bacteria under the condi-
tions examined. Many of the colloids examined showed sig-
nificant  fractions of reversible deposition  at
environmentally relevant ionic strengths (e.g. 0.01 M).
The relatively flat trend in f;; 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 f;; with fluid
velocity for a particular colloid and substratum, there is no

Table 2

Pull-off forces for microspheres from AFM (nN) at various ionic strengths
Size (um) 0.006 M 0.01 M 0.02M

1.1 0.13 +£0.02 0.02 +0.01 0.24 +0.03
5.7 1.52+0.5 1.31+£0.5 1.38+04

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

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

5.3. Influence of hydrodynamic drag on deposition efficiencies

Although the use of distributed deposition rate coeffi-
cients improved the simulations of the retained profiles;
interpretation of trends in mean kr and std. dev. k;y was
complicated by the fact that these two parameters co-vary
(Fig. 7). Interpretation of trends in deposition was there-
fore simplified by determining overall deposition rate coef-
ficients based on the steady state breakthrough plateau (as
traditionally performed). Simulations using overall deposi-
tion rate coefficients generated the same trends in k, and f;;
(Table 1) as those generated by simulations using distribu-
tions of deposition rate coefficients.

As shown in Table 1, the overall (single) deposition rate
coefficient (kg) was generally larger for the 5.7 pm micro-
spheres relative to the 1.1 um 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 um microspheres, whereas settling was the dominant
process in the case of the 5.7 um microspheres (Fig. 8).

The overall deposition rate coefficients (k) (Table 1)
were converted to deposition efficiencies («) after determi-
nation of the corresponding collector efficiencies using
the correlation equation recently developed by Tufenkji
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Fig. 9. Deposition efficiencies determined from breakthrough plateaus of the 1.1-um and 5.7-um microspheres at different ionic strengths (4 m day ') (left)

and different flow rates (0.02 M) (right).
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Fig. 10. The fraction of irreversible deposition (f;;) 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 (f;;) 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.

and Elimelech [131], as described in detail in Li et al.
(2005). Fig. 9 (left side) demonstrates that for both micro-
sphere 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). Deposi-
tion efficiencies for the 5.7 um microspheres were a factor
of two to three less than those of the 1.1 um microspheres
(Fig. 9), in qualitative agreement with larger energy barri-
ers to deposition for the 5.7 um microspheres relative to
the 1.1 um microspheres at a given ionic strength
(Fig. 12). Alternatively, the lower deposition efficiencies
may represent the greater hydrodynamic drag experienced
by the 5.7 um microspheres relative to the 1.1 um micro-
spheres at a given flow rate, as discussed below.

The deposition efficiencies for both the 5.7 and 1.1 pm
microspheres decreased with increasing fluid velocity
(Fig. 9). Similar trends were observed for the 1.1 pm 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 veloc-
ity 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 pres-
ence 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 rel-
ative to the absence of an energy barrier suggest vulnerabil-
ity 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 pm) for three different colloids (MS2 bacte-
riophage, 0.05 um and 3.0 pum carboxylate-modified poly-
styrene latex microspheres) and fluid velocities ranging
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1.4-14 m day ' [76]. However, the authors did not elabo-
rate 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 (posi-
tively 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 pm
bacteriophage MS2 to 1.1 mm microspheres and bacteria
to 5.7 um microspheres. The porous media used in these
studies were either glass beads, quartz, or natural sand,
with median grain diameters of 360 um (this study),
510 um (Li et al., 2005, [80,129,128]), and 350 um [76],
respectively. The differences in the magnitudes of the depo-
sition 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
(DAO001) 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 condi-
tions where the energy barrier to deposition is small rela-
tive to the secondary energy minimum. Deposition flux is
reduced due to lateral translation of secondary minimum-
associated colloids in response to tangential hydrodynamic
drag [104,150]. In our system, the formidable energy barri-
ers to deposition (Fig. 12) would seem to preclude this indi-
rect effect of hydrodynamic drag as a cause of decreased
deposition efficiency with increasing fluid velocity. It there-
fore seems prudent to consider other possibilities; e.g., that
the observed decrease in deposition efficiency with increas-
ing 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 (k)
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 (k) was independent of
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Fig. 13. Deposition efficiencies (o) 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.

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 detach-
ment under non-perturbed conditions. For example, Mein-
ders 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 1E—6 to SE—3 s~ ' for a shear rate range
of 15 to 200 s, respectively, in the presence of mobile col-
loids; and 4E—7 to 1.2E—6s~! 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 coeffi-
cient with increasing fluid velocity is demonstrated in
Fig. 14, which combines results from experiments examin-
ing 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 k, with
increasing fluid velocity. The one series that breaks from
the trend (DAO0O1 in quartz at 0.02 M) is the sole series that
was not supported by replicate experiments [128]. The data

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 k, versus ionic strength
observed for the 1.1 um 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 k,
with increasing ionic strength, consistent with increased
fir with increasing ionic strength.

5.5. Environment of deposition: Primary energy minimum

Under a given ionic strength and flow condition, the
5.7 um microspheres consistently showed lesser f;; and
greater k, relative to the 1.1 pm microspheres. This demon-
strates that the large microspheres were deposited more
reversibly than the smaller microspheres. The greater
reversibility of deposition of the 5.7 um microspheres
may relate to the environment of deposition, e.g. the pri-
mary or secondary minimum.

Deposition of the 1.1 pm microspheres was significant in
corresponding impinging jet cell experiments, which were
conducted under the same ionic strength and surface veloc-
ity conditions examined here [18]. In contrast to porous
media, an impinging jet system restricts observed deposi-
tion 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 um microspheres in the impinging jet was 9.16E—20
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Fig. 14. Re-entrainment rates (k,) 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 (k) 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.

N m (Table 3) [18], whereas the maximum adhesive torque ~ and which thereby supports the observed deposition of the
for the 1.1 pm microspheres estimated based on AFM 1.1 um microspheres in the impinging jet system.

“pull-off”’ forces was 1.2E—18 N'm (at 4 m day '), a value Notably, under equivalent conditions to those described
that is far higher than the maximum hydrodynamic torque, above, the 5.7-um 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 Egs. (7) and (8)

Size (nm) AFM pull-off forces (nN)  Contact radius  Adhesive torque (Nm) Hydrodynamic torque (N m) Fluid velocity at one radius (m s™})

highest/lowest (nm) highest/lowest highest/lowest 4 m day ™ highest/lowest
1.1 0.24 £ 0.03/0.020 £ 0.01 5.1/2.2 1.2E—18/4.4E—-20 9.2E—20/9.4E-21 6.8E—06/6.9E—07
5.7 1.5+ 0.50/1.3 +0.50 16.3/15.5 2.5E—17/2.0E-17 1.2E—-17/1.3E—-18 3.4E—05/3.5E—-06

Range of calculated surface fluid velocities at one colloid radius from the surface for the 4 m day ™! average pore fluid velocity condition, calculated
according to Egs. (5) and (6). Hydrodynamic torques associated with surface velocities according to Eq. (4). The surface fluid velocities and hydrodynamic
torques for the 2 m day ' and 8 m day ™! are factors of 2 below and above, respectively, the values for the 4 m day~! condition.
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impinging jet cell [18]. The maximum hydrodynamic torque
estimated for the 5.7 pm microspheres in the impinging jet
was 1.23E—17 Nm (at 4mday ' flow rate) (Table 3),
whereas the maximum adhesive torque for the 5.7 um
microspheres estimated based on AFM “pull-off” forces
was 2.5E—17 N m. The lack of deposition of 5.7 um micro-
spheres in the impinging jet is consistent with the near par-
ity of the maximum adhesive and hydrodynamic torques.
The lack of deposition of the 5.7 um 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 stag-
nation zones in the porous media.

The greater reversibility of deposition of the 5.7-pm
microspheres relative to the 1.1-pum microspheres in the
glass beads is also supported by the torque ratios. For
example, for the 4 m day ' flow condition, the ratio of
the highest adhesive torque to the highest hydrodynamic
torque was >17 for the 1.1 um microspheres, and was
<2 for the 5.7 um microspheres (Table 3). The hydrody-
namic torques for the 2 m day ' and 8 m day ' conditions
are a factor of 2 below and above, respectively, those for
the 4 m day ' condition. That the lowest adhesive torque
is estimated to be within about a factor of two of the high-
est hydrodynamic torque for the 5.7-um microspheres sup-
ports the possibility that the steady elution of low
concentrations of microspheres (especially the 5.7 um
microspheres) represents re-entrainment from the primary
energy minimum. Furthermore, the estimated adhesive tor-
ques 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 het-
erogeneity in the attached particle population that likely
originated from the different local environments surround-
ing each particle. A distribution in adhesive torques may
also be expected on the basis that a distribution in deposi-
tion 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 deforma-
tion in the contact area, rather than tipping, the lever arm
defining the adhesive torque may be smaller than those esti-
mated 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 23.5nm for a 1.1 um colloid, a
value that is greater than corresponding the lever arms esti-

mated from Eq. (8) (Table 3). Alternatively, if the micro-
spheres 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). Mea-
sured 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 pym
microspheres [119], indicating that the retained micro-
spheres 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 esti-
mated contact radii, and the corresponding adhesive tor-
ques (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 indi-
cate reversible deposition of the microspheres “within’ the
secondary energy minimum. The most direct evidence for
colloid deposition in secondary minima comes from exper-
iments 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 popu-
lation 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 depo-
sition 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 col-
loids. Under conditions of secondary minimum deposition,
and equivalent solution chemistry and surface fluid velocity
conditions, one would expect greater deposition in a por-
ous media relative to an impinging jet due to the expected
presence of zones of flow stagnation in the porous media.
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Enhanced deposition efficiencies in porous media relative
to impinging jet systems were observed by Brow et al.
[18] for the 1.1 um microspheres in quartz substrata under
the same solution ionic strength and surface velocity condi-
tions examined here. Experiments comparing deposition
efficiencies in porous media relative to impinging jet sys-
tems 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.

5.7. Dual deposition

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 characteris-
tics such as surface and solution chemistries, colloid sizes,
and fluid velocity. Dual deposition modes of carboxylate-
modified 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 character-
istics 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 col-
loid 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 require-
ment 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 deposi-
tion rate coefficients [132], implying that one of the Gauss-
ian distributions represents particles, and the other
Gaussian distribution represents the porous media. How-
ever, a simple sum of distributions would not reflect the
actual interaction between two distributed properties.

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, heteroge-
neity that is evenly distributed across a re-packed porous
media can widen the distribution of deposition rate coeffi-
cients, but it cannot generate such a distribution.

5.8. Sustaining mechanisms of re-entrainment

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 col-
loids (extended tailing) [52,51,49]. The sustained re-entrain-
ment that occurs in the absence of perturbations can
potentially arise from a number of processes acting on pri-
mary minimum-attached colloids: e.g. hydrodynamic colli-
sion 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 interac-
tion 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 sepa-
rations, 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 detach-
ment of bacteria in the presence versus the absence of
mobile bacteria, Meinders et al. [§9] concluded that hydro-
dynamic 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 col-
loid 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-entrain-
ment. 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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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’ contrib-
utes 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 col-
loids residing within what was the hydrodynamic shadow
of a newly detached particle. Although initial colloid depo-
sition would not be expected to occur within a hydrody-
namic 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 oppor-
tunities 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 rela-
tive to adhesive torques created by protrusions.

5.9. Boundary conditions and hydrodynamic drag

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 expec-
tations. Deposited colloids in porous media may under
some circumstances be held much more reversibly (and
dynamically) than has been traditionally assumed, as sug-
gested 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 re-
entrainment ‘“from”, the primary and secondary energy
minima. Existing models assume that deposition occurs
“within” the primary minimum, which is treated as a per-
fect 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 moder-
ated by the presence of a secondary energy minimum,

“within”” which colloids are relatively concentrated. Lateral
translation of the secondary minimum-associated colloids
by tangential hydrodynamic drag reduces the flux of col-
loids 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 pri-
mary and secondary energy minima. They will need to con-
sider 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 up-
scaling to the continuum scale.
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