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Pore-Scale Numerical and
Experimental Investigation of
Colloid Retention at the Secondary
Energy Minimum

Mechanistic understanding of colloid retention and transport in porous media is impor-
tant in many environmental processes and applications. In this study, we characterized and
quantified colloid retention under unfavorable attachment conditions through modeling
coupled with pore-scale experiments, focusing on the effects of solution ionic strength and
interstitial flow speed. A computational approach was developed to simulate the motion
of colloids suspended in pore-scale flow through a network of grain packing in a bounded
channel. Simulation results showed that colloids could only be retained at the secondary
energy minimum (SEmin) due to the presence of the high repulsive energy barrier (above
1500 kT). The fraction of colloids that can move into the SEmin well and be subsequently
retained by the attractive van der Waals force is controlled by the competition of hydro-
dynamic transport along the streamline and Brownian shifting across the streamline. The
tangential hydrodynamic force could slowly drive retained colloids toward the rear stagna-
tion region along the surface, leading to accumulation of retained colloids. The retention
at SEmin is dynamically irreversible when the SEmin depth reaches about -4 kT. These
mechanistic insights explain well the dependence of the retention ratio on flow speed at
a given ionic strength as well as the saturation of the retention ratio with ionic strength
at a prescribed flow speed. Furthermore, for a given ionic strength, there is a critical flow
speed below which Brownian motion dominates the colloid retention rate, leading to a
very strong dependence of surface coverage on flow speed. These simulation results were
confirmed by experimental confocal-microscopy observations in capillary porous channels
as well as by other published results, supporting the mechanistic findings.

Abbreviations: DLVO, Derjaguin—Landau—-Verwey—Overbeek; SEmin, secondary energy minimum.

Knowledge of the fate and transport of colloidal-sized particles in porous
media is important in many processes and applications. These include better design of
sand and membrane filtration systems for water and wastewater treatment, improving
the efficiency of bioremediation and bioaugmentation, and more accurate prediction of
the transport potential of colloid-bound contaminants, pathogens, and nanoparticles
(McCarthy and Zachara, 1989; Saiers and Hornberger, 1996; Kretzschmar et al., 1999;
Saiers, 2002; Zhuang et al., 2003, 2005; Grolimund and Borkovec, 2005; Chen et al.,
2005). The concerns about contamination of groundwater with pathogens (e.g., viruses,
bacteria, and protozoa, also referred to as biocolloids) and colloid-facilitated transport of
radionuclides, metals, and strongly sorbing organics have led to intensive research in recent

years on colloid retention, release, and transport behavior in subsurface porous media.

Most previous studies on colloid retention and transport in porous media used the

approach of conducting laboratory column experiments and numerical simulations of the

resulting breakthrough curves (Elimelech and O’Melia, 1990a; Ryan and Elimelech, 1996;
Saiers and Lenhart, 2003; Bradford et al., 2003, 2007; Shen et al., 2007), which presents

normalized colloidal concentrations in effluent as a function of time or pore volumes. These

macroscopic-scale experiments and corresponding model exercises have provided informa-
tion on the extent of colloid retention as the colloids in suspension move through columns

packed with sand, glass beads, or soil. This “black box” approach of monitoring colloid

concentrations in effluent and analyzing breakthrough curves is not conducive, however,
for elucidating the mechanisms that are responsible for colloid retention.

In recent years, there has been significant effort devoted to using microscopic tech-
niques and micromodels of various designs (Wan and Wilson, 1994; Sirivithayapakorn




and Keller, 2003; Lazouskaya et al., 2006) for studying colloid
transport and retention behavior at the pore scale (1 pm-1 mm).
Direct visualization of colloid interfacial reactions using micro-
models is a promising alternative complementing the traditional
approaches and providing a unique opportunity for mechanistic
investigations at the pore scale. This microscopic approach has
been successfully used to help explain and clarify phenomena
observed in macroscopic experiments and simulations. Colloid
retention mechanisms, such as deposition at the solid—water inter-
face; removal at grain—grain contacts; attachment at the air—water
interface, air—water—solid interface, or the contact line; and film
straining, have been identified through visualization and analysis
of pore-scale images (Wan and Wilson, 1994; Wan and Tokunaga
1997; Sirivithayapakorn and Keller, 2003; Weisbrod et al., 2003;
Cristetal,, 2004, 2005; Zevi et al., 2005; Lazouskaya et al., 2006).

While pore-scale experiments have contributed significantly to
the mechanistic investigation of colloid retention in porous media,
parallel developments in conceptual models and related numerical
methods are rather limited. In general, there are two components
to pore-scale dynamic modeling: simulation of liquid flow and
simulation of transport of colloids by liquid flow and interactions
of colloids with grain surfaces. Simulation of colloid retention and
transport could be performed in either an Eulerian or a Lagrangian
fashion. The Eulerian approach considers the distribution of par-
ticle concentrations (a mean-field variable) across space and time
(Bradford et al., 2003; Bradford and Toride, 2007) and yields an
extended advection—dispersion equation with source—sink terms
that parameterize the effects of colloid—surface interactions. The
specification of these source—sink terms involves modeling assump-
tions (i.e., constant deposition and release rate coefficients) that may
not be applicable to the so-called unfavorable conditions where
colloids and collectors have the same charge, which are commonly
encountered in natural porous media (Bradford and Toride, 2007).
Moreover, due to the associated coarse-graining or averaging, the
Eulerian approach cannot provide detailed description of pore-scale
colloid retention and movement within the secondary energy mini-
mum. The Lagrangian approach focuses on individual colloids and
tracks their position with time according to Newton’s second law.
While the Lagrangian approach is computationally more expen-
sive than the Eulerian approach, it provides a direct mechanistic
description of transport that can be helpful for elucidating the rel-
evant processes. Furthermore, the discrete nature of the Lagrangian
approach makes it much more feasible to include complex inter-
actions with the grain surface. For these reasons, most previous

mechanistic studies adopted the Lagrangian trajectory approach.

Under the Lagrangian trajectory approach, unit-cell-based flow
representation found widespread use in previous studies, includ-
ing the sphere-in-cell model (Happel, 1958; Rajagopalan and Tien,
1976) and two-dimensional (Payatakes et al., 1974a,b) and three-
dimensional (Paraskeva et al., 1991; Burganos et al., 1992, 1994)
constriction tube models. These unit-cell models take advantage of

the symmetrical properties of flow passage and make use of either
the available analytical creeping-flow solution or numerical solu-
tion of viscous flow in simple model geometries, but they provide
only a phenomenological representation of soil pore-scale geometry
without consideration of grain—grain contact and grain surface
irregularities. Cushing and Lawler (1998) considered grain—grain
contact in a unit cell representing a densely packed regular array of
spheres and solved the creeping fluid flow using Galerkin’s method
developed by Snyder and Stewart (1966). They then solved the trajec-
tories of the colloids to study colloid attachment efficiency. Johnson
etal. (2007) adopted the same unit-cell approach to solve pore-scale
flow and a trajectory approach for colloids; they confirmed colloid
retention in flow stagnation zones and wedging in grain-to-grain
contacts. They also indicated the need to solve viscous flows through
pore domains rendered from actual porous media in order for such

an approach to become a useful quantitative tool.

To our knowledge, there have been very few attempts in the col-
loidal literature to simulate colloid transport and retention in
complex pore-scale flows beyond unit cells. Berry et al. (2004) used
a mesoscopic approach known as smoothed particle hydrodynamics
to study contaminant transport and deposition in a complex two-
dimensional porous flow. Very recently, the lattice-Boltzmann
approach has been applied to simulate pore-scale flow in realistic
three-dimensional porous media to help quantify the transport and
retention of colloids and contaminants in complex systems (e.g., Li
etal., 2010; Long and Hilpert, 2008, 2009; Long et al., 2010).

In the subsurface environment, where colloids and grain sediments
typically carry a negative surface charge under the prevailing pH
conditions, colloid retention occurs mainly in the secondary
energy minimum (SEmin) due to the presence of repulsive energy.
The SEmin well is located at a finite distance from the collector
surface, resulting from the attractive van der Waals interaction.
Retention at the SEmin differs from deposition at the primary
energy minimum in several ways. First, if the SEmin well is not
very deep, retention at the SEmin can be dynamically reversible
due to Brownian motion or unsteady hydrodynamics. Second,
the retention at SEmin is chemically reversible when the solu-
tion chemical conditions are altered, as shown experimentally by
Hahn etal. (2004) and Shen et al. (2007), who found that retained
colloids could be released back to the low once the SEmin was
removed, for example, by flushing the column with deionized
water. Third, retained colloids at the SEmin could drift tangen-
tially along the collector surface (Johnson et al., 2007; Li et al.,
2010), leading to often nonuniform concentrations of retained
colloids. Experimentally, Kuznar and Elimelech (2007) observed
particle aggregation around rear stagnation points.

These unique and complex characteristics of colloid retention at the
SEmin also motivated some recent computational studies. Hahn
and O’Melia (2004) developed a Brownian dynamics—Monte

Carlo model to simulate the movement of Brownian particles near
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a rotating disk collector under unfavorable chemical conditions.
They explicitly demonstrated colloid retention at the SEmin in
their simulation. Johnson et al. (2007), using a three-dimensional
unit-cell low model, examined colloid retention under unfavor-
able conditions and demonstrated capture of the colloids by the
SEmin. Reversibility of colloid retention in the SEmin was inves-
tigated by Li et al. (2010), who showed that this reversible capture
could increase the colloid residence time in porous media. It is
reasonable to expect that colloid retention increases as the depth of
the SEmin increases (Johnson et al., 2007; Li et al., 2010); however,
the transition process from reversible transport to nonreversible

retention has not been fully studied.

Another general observation is that the colloid retention ratio (i.c.,
the ratio of the number of retained colloids to the total number of
colloids injected) decreases as the flow speed increases (Unni and
Yang, 2005; Yiantsios and Karabelas, 2003; Prieve and Lin, 1980;
Shen et al., 2010). Most studies, however, are qualitative in nature.
In this study, we developed a computational approach targeted for
modeling colloid transport and retention in a pore network with
arbitrary grain packing by combining a general pore-scale flow simu-
lation using the lattice-Boltzmann approach with direct Lagrangian
tracking of individual colloids. The main focus of our study was to
examine the effects of solution ionic strength and interstitial flow
speed on colloid retention at the SEmin in saturated porous media.
In addition, visualization experiments were conducted via confocal
microscopy and the results were compared with model simulations.
The colloids considered in this study were sulfate-modified latex
microspheres, which are amphiphilic in nature and may serve as a

good model for biocolloids such as viruses.

was assumed to equal the cylinder radius (dcyl =0.077 mm) and
one cell pore volume was defined as the volume of the pore space
area shown in Fig. la times 0.077 mm. In view of the relatively slow
retention rate at the grain scale and because such a long physical
time interval is required for reliable statistics, a two-dimensional
model is computationally more efficient than a three-dimensional
model. A no-slip velocity condition was applied on the two side-
walls at x = 0 and x = H and on the surfaces of the seven glass
cylinders. The centers of the seven cylinders were located at (0.2,
0.0 mm), (0.4, 0.0 mm), (0.6, 0.0 mm), (0.1, 0.141 mm), (0.3, 0.141
mm), (0.5, 0.141 mm), and (0.7, 0.141 mm), respectively.

Ataninitial time #= 0, the fluid is at rest. Flow is then driven by a
constant pressure gradient or a body force in the y direction. The
body force per unit volume was set to Fg= 8vac/H2, where v and
p are the fluid kinematic viscosity and density, respectively, and
U.is the centerline velocity of the channel at long times when the
body force is balanced by the viscous effects if there are no glass
cylinders in the channel. The magnitude of U, is adjusted to yield
a Darcy or interstitial velocity relevant to the environmental con-
ditions (1-8 m/d, similar to the values used in Tong and Johnson
[2006] and Bradford et al. [2007]). A steady-state flow develops
when the driving force is balanced by the sum of the viscous drags
on the seven cylinders and the channel walls. This steady-state vis-
cous flow is used to study the transport of colloids.

The methods to simulate slow viscous flow in the model geometry
have been described in Gao et al. (2008) and the physical param-
eters were detailed in Gao etal. (2008, Table 1). Two computational

The Computational
Approach

Pore Geometry Model and
Viscous Flow Simulation

In this study, we adopted a two-dimensional
model approach (Gao et al., 2008). The grains
were modeled as circular cylinders. The ele-
mental flow domain consisted of seven grain
cylinders (Fig. 1a), and periodic extension in
the y direction was used to represent a porous
channel of arbitrary length. This two-dimen-

Confocal
Microscope

Colloid suspension
from micromodel to

Colloid suspension
from syringe pump
to micromodel

sional setting was used to mimic a plane slice of
a three-dimensional channel of 0.8- by 0.8-mm
cross-section, packed with spherical glass beads
of 0.20-mm diameter, as used in our confocal
visualization microchannel experiments (Fig.
1b). The channel width A was thus set to 0.8 mm
and the periodic length Z in the y direction was
0.282 mm, while the diameter of the cylinders
was set to 0.154 mm. The channel depth in the
direction normal to the plane shown in Fig. 1a

syringe pump

(b)

Fig. 1. (a) A two-dimensional geometric model, where the elemental flow domain marked
by the two dashed lines consists of seven grain cylinders in a channel and the periodic exten-
sion of the domain provides a porous channel of any length in the y direction, with U as the
interstitial mean flow velocity; (b) a schematic diagram of the experimental setup—the glass
channel packed with glass beads was observed with a confocal microscope.



Table 1. Properties of colloids and glass beads at 20°C.

Sulfate
Property colloids Glass beads
Diameter 1 pm 0.18- 0.25 mm
Zeta potential at ionic strength, mV
0.001 mol/L —85.13 —68.74t
0.01 mol/L -87.97 —66.25t
0.03 mol/L =75.00 —60.00
0.05 mol/L —-60.00 -55.001
0.1 mol/L —-45.56 —41.31t
0.3 mol/L —26.91 —-18.00%
Solid surface tension component, mJ/m?
Lifshitz—van der Waals component (yg"V)  43.59 41.70§
Electron-acceptor component (g *) 0 1.100§
Electron-donor component (™) 5.584 44.508§
Solid total surface tension (yg) from Eq. [4] 43.59 55.69§

+ From Johnson et al. (2007).
# From Elimelech and O’Melia (1990b).
§ From Chen and Flury (2005).

methods were simultancously applied: a mesoscopic method known
as the lattice-Boltzmann method and a macroscopic Navier—Stokes-
based hybrid method (Physalis) developed by Zhang and Prosperetti
(2003, 2005). The mesoscopic lattice-Boltzmann method (Chen
and Doolen, 1998; Yu et al., 2003) is an unconventional approach
based on a kinetic formulation and has several advantages over the
traditional Navier—Stokes-based computational fluid dynamics,
especially when irregular grains and random packing of grains are
to be represented. Both methods are capable of accurately resolv-
ing the viscous flow field. Using two completely different methods

enabled us to self-validate the computational approach because
direct experimental measurement of pore-scale viscous flow is not
feasible. Thorough descriptions of the two methods and their rigor-
ous validation were presented in Gao et al. (2008), who showed that
the two methods led to almost identical local flow fields.

The pore-scale flow is characterized by strong variations in the
local flow speed and direction, as well as variations in the cur-
vature of flow streamlines. Vector plots of flow velocity fields
are displayed in Fig. 2. There is a front stagnation point and rear
stagnation point on each grain collector. The transverse flow
(x-component) velocity is comparable to the velocity in the y
direction due to the distortion of the flow by the grain particles.
The grain particles create a very strong resistance to the flow, as
evidenced by the fact that the mean flow speed is only 0.26% of

the centerline velocity U_ in an open or empty channel.

Simulation of Transport and Retention

of Colloids

Once the pore-scale fluid flow reached steady state, colloids were
injected uniformly from the inlet of the channel with a velocity
equal to the local fluid velocity. The concentration of colloids was
set to 5 mg/L. This corresponds to a concentration of 9050 colloids/
mL of the liquid volume. If the two-dimensional geometric model
is assumed to represent a slice of thickness equal to the glass bead
radius, then the above concentration corresponds to 66.3 colloids in
the periodic fluid domain shown in Fig. la. Because this concentra-
tion is very low, the fluid flow was assumed to be unaffected by the
presence of the colloids. Each colloid was tracked using the follow-
ing equations of motion in the normal and tangential directions:

a7 .
¢ dr

m —FYs L FC 4 FP (1]

Fig. 2. Vector plots of the flow velocity field from the model simulation: (a) the left half of the first periodic domain (note that the symmetry and peri-
odic nature of the flow can be used to generate flow in other regions); (b) a close-up view of the flow field around the rear stagnation point for the glass

bead on the very left in (a). The unit for the coordinates is 1 pm.



dr;.
m, —t _Fdrag +FB [2]
dz

where 7, and ¥}  (m/s) are the velocities of a colloid in the normal
and tangential directions, respectively, 7 (kg) is the mass of the
colloid, and # (s) is time. The forces acting on the colloid include
the colloidal interaction force , €, normal and tangential hydro-
dynamic drag components F; drag and F; drag and normal and
tangential Brownian force componcnts F ‘B and F, B Their for-
mulations are described in the Appendix. The normal direction is
defined as the direction perpendicular to the nearest solid surface
(grain or channel wall), pointing into the fluid domain. Due to
the similar magnitude of colloid density (1055 kg/m?) and that of
water (1000 kg/m?), gravity and the buoyant force almost cancel

each other out and thus were not considered.

Away from a collector surface, a colloid trajectory is only affected by
the drag force and Brownian force and the time step can be made
larger than the Stokes relaxation time of a colloid, Ty as longas the
flow velocity changes slowly. The proper requirement for the time
step size is dr << Dg/ Uy where Dg is the grain diameter and Uy is
the interstitial flow velocity. Close to a collector surface, however,
the time step has to be made much smaller (by as much as two
orders of magnitude in our simulations) so that the colloidal force
will not change significantly during dz. We reduced the time step
size when the colloid approached a collector and the Derjaguin—
Landau-Verwey—Overbeek (DLVO) force became active (with a
gap distance at 200 nm or less depending on the DLVO profile).
More precisely, when a colloid entered the SEmin region, the time
step was reduced such that any change in the DLVO energy during
the colloid displacement within one time step was much smaller
than the height of the repulsive energy barrier. For the physical con-
ditions considered in this study, the energy barrier is high (typically
>1500 kT') and colloids cannot cross the energy barrier to deposit
at the primary energy minimum. Colloids could enter the SEmin,
however, due to the attractive Lifshitz—van der Waals force and
Brownian motion. This aspect is discussed in more detail below.
It is very important to use a small enough time step to avoid any

numerical artifact that causes colloids to cross the energy barrier.

Colloid transport in the model porous media was simulated for
a range of interstitial flow velocities (2-150 m/d). In the simula-
tions, we used the properties measured for sulfate-modified latex
particles and glass beads (see below) as input parameters so that the
modeling results could be directly compared with the experimental
results. The colloid concentration was fixed at 5 mg/L in all simula-
tions. Up to 6000 colloids were injected at the inlet depending on
the flow speed. Note that the computation time is roughly inversely
proportional to the flow speed.

We must note that a fine mesh is needed to accurately capture the

trajectory of a colloid near a glass bead. As shown in Fig. 2, the flow

velocity exhibits a high local gradient, particularly near the front
and rear stagnation points. We found that an insufficient mesh
resolution tended to overestimate the local fluid velocity at a col-
loid location near a collector surface, leading to a higher number
of colloids retained at the SEmin. For example, we tested three
flow-simulation mesh resolutions (regular mesh 400 by 141, fine
mesh 800 by 282, and extremely fine mesh 1600 by 564) for the
case of an ionic strength (IS) = 0.1 mol/L and a flow speed of 8 m/d
and obtained 1444, 864, and 810 retained colloids, respectively,
when 6000 colloids were injected. This demonstrates that the
result appears to converge at the higher mesh resolutions. All the
results shown below are based on the fine flow mesh of 800 by 282.

Micromodel Experiments Using

Confocal Microscopy

Colloids and Glass Beads

Glass beads (Potters Industries, Chelmsford, MA) with diameters
of 0.18 to 0.25 mm were used in the micromodel experiments.
A procedure following Han et al. (2006) was used to remove
impurities from the glass bead surfaces. The colloids used were
sulfate-modified yellow-green latex microspheres (Invitrogen
Corp., Carlsbad, CA) with a mean diameter of 1 pm and a den-
sity of 1.055 g/cm?. These microspheres are stabilized by sulfate
functional groups with a low pK, (<2, where pK_, is the negative
logarithm of the acid dissociation constant) and therefore are nega-
tively charged at pH > 2. They are also hydrophobic and have a
contact angle with water at ~#80°C so are considered amphiphilic.
Colloidal suspensions, according to the manufacturer, are stable
up to 0.3 mol/L univalent electrolyte concentrations. Zeta poten-
tials of the colloids were determined in pH 7.5 buffered solutions
(NaCl and NaHCOj) at ionic strengths of 0.001, 0.01, 0.1, and
0.3 mol/L by measuring their electrophoretic mobility using a
zetasizer (Zetasizer nano series ZS, Malvern Instruments, Malvern,
UK). Electrophoretic mobility was converted to ¢ potential using
the Smoluchowski equation (Overbeek, 1952). Calculated ¢ poten-
tial values from the measured electrophoretic mobilities at different
ionic strengths and pH 7.5 are summarized in Table 1.

Solid (glass or colloid) surface thermodynamic parameters
(Lifshitz—van der Waals component, ’\{SLW; electron-acceptor
component, Y*; and electron-donor component, ~¢~) used for
the colloidal force calculations (Eq. [A9-A10], v, for glass surface
and ~y, for colloid) can be determined using contact angle values
of colloids and glass beads with one apolar liquid (diiodomethane)
and two polar liquids (water and glycerol). We measured the con-
tact angles of colloids in the three liquids following the procedure

described below.

A droplet of colloid suspension obtained from the manufacturer
(without further treatment) was put on a glass cover slip and dried
at room temperature to form a uniform monolayer of colloidal film.

Contact angle measurements were made using a light microscope
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Table 2. Values of the surface tension components (total surface tension
Alis Lifshitz—van der Waals component ’\(LLW, Lewis acid-base com-
ponent A{LAB, electron-acceptor parameter ~; ¥, and clectron-donor
parameter y; ~) of test liquids used for contact angle measurements
(Wu et al. 1995) and measured contact angle of sulfate-latex micro-

spheres with each test liquid.

Contact
Liquid 1 A{LLW A{LAB Nt T angle
mJ/m? °
Diiodomethane  50.8 50.8 0 ~0 0 31.51
Glycerol 64 34 30 392 57.4 74.74
Water 72.8 21.8 S1 25.5 25.5 79.94

connected with an AxioCam (Zeiss Axioskop 2 microscope, Carl
Zeiss Microlmaging, Thornwood, NY). For each liquid (i.., diio-
domethane, water, or glycerol), a tiny droplet of that liquid was
placed on the colloidal film with a syringe needle, and pictures
were captured and analyzed. A total of three measurements were
taken to obtain an averaged contact angle value for each liquid.

Surface thermodynamic properties of a solid and a liquid are
related to each other by the liquid—solid contact angle 6 accord-
ing to the van Oss—Chaudhury-Good equation (van Oss, 1994):

(14+cos)~y, :2(\/~{§Wwiw +\/’\{§r"{f +\/’Y§’Yf) (3]

where ~ is the component of surface tension (J/m?) with subscript
S denoting solid and Z denoting liquid. The parameters ~, Y, v+,
and N~ are related through the following relationship:

N=A"Y 2yt (4]

The components of surface tension for each liquid are known and
listed in Table 2. Three equations with three unknowns (vg*, g™,
and \¢"V) were written by incorporating the surface tension
components of each liquid and its corresponding contact angle
and solved to obtain the surface thermodynamic properties of the
colloids and glass beads. Sulfate-latex microspheres have contact
angles of 31.51, 74.74, and 79.94° with diiodomethane, glycerol,
and water, respectively (Table 2). Calculated surface tension com-
ponents indicated a close relationship between colloidal surface
hydrophobicity and the electron-donor component of the surface
tension (7¢~), which is much greater than the electron-acceptor
component (g*). A similar trend has also been observed in other

studies (Chen and Flury, 2005; Wu, 2001).

Experimental Setup and Procedures

Components of the experimental setup included a glass capil-
lary packed with glass beads (referred to as a micromodel), a
syringe pump, and a confocal microscope (Fig. 1b). The capil-
lary used in this study had a square cross-section of 0.8 by 0.8

mm and a porosity of 0.425. The inlet and outlet ends of the
capillary were each covered with a nylon membrane with 20-pm
pore openings (Spectra/Mesh, Spectrum Laboratories, Rancho
Dominguez, CA) to keep the glass beads tightly packed in the
capillary. A syringe pump (PHD 22/2000, Harvard Apparatus,
Holliston, MA) was used to provide saturated and stable flow
at a constant rate to the micromodel. A new micromodel was
used for each experiment.

Experiments examining the retention and transport behavior
of sulfate-latex microspheres in the packed capillaries under
saturated flow were conducted and images were recorded with a
laser scanning confocal microscope (Carl Zeiss Axiovert 200M
equipped with LSM 510, Carl Zeiss, Stuttgart, Germany) at dif-
ferent solution ionic strengths (0.001 and 0.1 mol/L) and fluid
velocities (5.3 and 53 m/d) with pH adjusted to 7.5. Ten mil-
ligrams per liter fluorescein with a fluorescence emission peak
at 545 nm (Uthirakumar et al., 2005) was added to the buffer
solution to provide the fluid with a yellow-green background
that facilitated better viewing and acquisition of higher quality
images. For each experiment, colloid-free buffer solution was first
pumped through the micromodel (for at least 10 pore volumes)
until chemical equilibrium and steady-state flow had been estab-
lished; the input was then switched to the colloidal suspension
containing 5 mg/L sulfate-latex microspheres.

Results and Discussion
Electrokinetic Potentials and Colloidal
Interaction Energy
As shown in Table 1, the C potentials of both colloids and glass
beads are negative across the range of solution ionic strength tested,
indicating that the experimental conditions were unfavorable for
colloid deposition at the primary energy minimum. For the col-
loids, a slight decrease in the  potential was observed as the ionic
strength increased from 0.001 to 0.01 mol/L, while a much more
significant increase occurred when the ionic strength increased
from 0.01 to 0.3 mol/L. The minimum ( potential observed at
0.01 mol/L is a common feature of sulfate-modified latex colloids,
which was also reported elsewhere (Elimelech and O’Melia 1990b).
Asionic strength increases, co-ions (Cl™ in this study) entering into
the region adjacent to the colloidal surfaces due to hydrophobic
interactions (sulfate microspheres have a contact angle of ~80°
with water) reduce the electrokinetic potential of the particles and
are responsible for the initial decrease in the ¢ potential. At the
same time, shrinking of the electrostatic double layer and neutral-
ization of the surface charge as the ionic strength increases tends
to increase the electrokinetic potential. These two processes reach
equilibrium at 0.01 mol/L, above which compression of the elec-
trostatic double layer and charge screening become the dominate
mechanisms and therefore result in a constant increase in the C
potential as the ionic strength continues to increase (Elimelech

and O’Melia, 1990c).
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Fig. 3. Energy profiles under different solution and surface conditions: (a) profiles near the repulsive primary energy (PE) barrier; and (b) profiles near
the secondary energy minimum (SEmin). The filled circles in (a) mark the peak of the repulsive energy barrier and the vertical line in (a) denotes gap
distance / = equilibrium distance 4, (Eq. [A9]) = 0.157 nm (h/a_ = 3.14 x 1074 where 2 . is the colloid radius). The filled circles in (b) mark the
SEmin locations. Two vertical lines in (b) at a gap distance of 50 nm (h/4, = 0.10) and 150 nm (h/a_= 0.30) show threshold distances used to define
the SEmin retention; 50 nm is the distance used to specify SEmin retention for ionic strengths (IS) of 0.01 mol/L and above, and 150 nm is used for

SEmin retention at IS below 0.01 mol/L.

The total DLVO energy profiles are plotted in Fig. 3. For the condi-
tions considered here, the repulsive energy barrier is located very
close to the collector surface. For the higher ionic strength cases,
it is rather close to the equilibrium distance 4, (0.157 nm) where
physical contact is assumed to occur (the vertical line drawn in Fig.
3a). Figure 3b shows that, for different ionic strengths, the energy
profiles immediately outside the SEmin overlap. This is because,
outside the SEmin region, the van der Waals force dominates the
net DLVO force. The repulsive energy barrier height, the SEmin
depth and location, and the double layer thickness for the physical
conditions studied are shown in Table 3. In general, the calcu-
lated repulsive energy barrier height and the gap distance where
the SEmin occurred both decrease as the solution ionic strength
increases. The high values of the energy barrier imply that it is not
possible for colloids to overcome this barrier. For very low ionic
strength (IS < 0.03 mol/L), the energy barrier between a suspended
colloid and a glass surface increases slightly with increasing ionic
strength as a result of the initial increase in the ¢ potential of the
colloid (Table 1). On the other hand, as the solution ionic strength
further increases, the SEmin depth also increases, indicating that
colloids could be retained at SEmin. Indeed, these general physical
scenarios will be predicted quantitatively by our model simulations.

Model Simulation: Effect of Flow Speed
on Colloid Retention
In the simulation, no colloids were found to overcome the repul-

sive energy barrier and deposit in the primary energy minimum.

Table 3. Maximum energy barrier (P ), secondary energy minimum
(®,.;,) and corresponding separation distance at the secondary energy
minimum (d), electrical double layer thickness (1/k) between colloids
and glass beads, and the gap distance S (and DLVO energy @) used to
identify retention at the secondary energy minimum at different ionic

strengths (7).

1 D D i d 1/k (nm) ()
mol/L kT nm nm (kT)
0.001 4600 =13 106 9.55 150 (-1.0)
0.003 4866 -2.05 56.5 5.56 150 (-1.0)
0.005 5045 =27 44.6 4.31 150 (-1.0)
0.01 5389 =355 30.0 3.02 50 (-2.7)
0.03 5232 -7.31 16.3 1.74 50 (-2.7)
0.05 4527 =597, 11.8 1.35 50 (-2.7)
0.1 3324 =152, 7.61 0.95 50 (-2.7)
03 1729 2296 379 055 50 (<2.7)

A certain fraction of colloids was found to enter the SEmin well.
At any given time, a colloid was assumed to be retained if it was
located within a threshold gap distance from the collector surface.
Such a retained colloid could still move along the collector surface
tangentially within the SEmin well region or return to the bulk
flow when a strong thermal fluctuation disturbance occurred. The
threshold gap distance was set to 50 nm when the solution ionic
strength was 0.01 mol/L or higher. This distance corresponds to
a DLVO energy of —2.7 kT (see the last column of Table 3) and is
larger than the gap distance corresponding to the SEmin location
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Fig. 4. Locations of colloids after injection of 6000 colloids at an interstitial velocity of (a) 0.6 mL/h or 53 m/d in 0.001 mol/L buffer solution, (b) 0.06
mL/h or 5.3 m/d in 0.001 mol/L buffer solution, (c) 0.6 mL/h or 53 m/d in 0.1 mol/L buffer solution, and (d) 0.06 mL/h or 5.3 m/d in 0.1 mol/L
buffer solution. The red dots represent colloids retained at the secondary energy minimum on the glass beads or the channel walls and the blue dots
represent suspended colloids. Hollow squares mark front and rear stagnation points on the glass beads. Only those colloids located in the second and

third pore volumes are plotted. The unit used for the axis coordinates is 1 pum.

(see Table 3). For the lower ionic strengths (0.001, 0003, and 0.005
mol/L) considered, however, the SEmin well is shallow and is
almost outside the 50-nm gap distance. In this case, the threshold
location was adjusted to 150 nm. While the quantitative value of
the colloid retention ratio could depend on this threshold distance,
especially at low solution ionic strength, the overall conclusion to
be drawn later remains unchanged.

Figure 4 shows the locations of colloids at two flow speeds and 0.1
mol/L ionic strength after 6000 colloids had been injected. These
plots show the status of the colloids (suspended or retained) and
their locations in the first two pore volumes. Suspended colloids
are marked as blue circles and retained colloids are marked as red
circles (not in scale with channel and glass bead dimensions). The
number of colloids retained on the glass beads within the domain
shown in Fig. 4 is 24, 31, 32, 161 for Fig. 4a, 4b, 4c, and 4d, respec-
tively. It is clear that most colloids retained by the glass surfaces

were located in the rear stagnation region or were in the process of
approaching the region as a result of the slow tangential motion
of retained colloids within the SEmin. The colloid retention ratio
increased significantly as the ionic strength changed from 0.001 to
0.1 mol/L. Furthermore, more colloids were retained at flow speed

of 5.3 than at 53 m/d.

To quantitatively compare the retention rate, we introduce surface
coverage (SC), defined as the ratio of the total projection arca of
all the colloids retained in the SEmin to the total area of the col-

lector surface:
2
N
sC=T% e (5]
A

where s the colloid radius, IV s the number of colloids retained

in the SEmin and A is the total surface area of glass cylinders and



channel walls within the region from the inlet containing the same
amount of solution that has been injected at the inlet. The total
fluid volume injected during a time interval 7" can be expressed
as UOHaCYIOLT, where o is the porosity. The fluid volume in the
elemental simulation domain is «H{Lz_; and the collector surface
area in this domain is 2Lacyl + l4ma, 12. Therefore, the collec-
tor surface area 4 covered by the injected fluid volume can be
expressed as

UyHa o T
A=(2Lay, +1m, LT
cy Cy &HLﬂCyI
(6]
—U,Ta.y| 2+ 1472
=U, ﬂcyl + 'TTT

In our model, ﬂcyl/l‘ = 0.273, which implies that the glass cylin-
ders contribute to 86% of the collector surface. Figure 5 shows
the surface coverage as a function of the flow speed after 6000
colloids have been injected at the inlet. Ten different flow speeds
from 2 to 150 m/d were considered, with the ionic strength fixed
at 0.1 mol/L. To reveal the exact role of Brownian motion, results
without Brownian motion are also shown. For a given number of
injected colloids, the surface coverage decreased with increasing
fluid speed. At lower flow speeds (<25 m/d), the surface coverage
depended strongly on the flow speed, and Brownian motion was
found to be the dominant mechanism for this strong dependence.
More specifically, Brownian motion led to an increase in surface
coverage by factor of 2 to 7 when compared with the results with
Brownian motion switched off. At higher flow speeds, the over-
all effect of Brownian motion appears to be independent of flow
speed; namely, the surface coverage including Brownian motion is
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Fig. 5. Predicted surface coverage of 1-pum sulfate latex colloids at dif-
ferent flow speeds at an ionic strength of 0.1 mol/L after 6000 colloids
have been injected at the inlet.

roughly twice that without Brownian motion. A scaling analysis
also showed that the magnitude of the Brownian force is compa-
rable to the drag force at the critical flow speed of 25 m/d. A similar
dependence of surface coverage on flow speed was shown by Unni
and Yang (2005, Fig. 5) using a simple parallel plate channel as the
flow passage, although they did not identify a critical flow speed.

We must point out that the critical flow speed noted here is very
different from the critical flow speed studied in Shen et al. (2010),
who showed that, for a similar colloid size (~1 jum), there exists
a critical flow speed (~0.05 m/d) below which the attachment
efficiency is independent of the flow speed. While we did not study
such alow flow speed range here, Fig. 5 does imply that Brownian
motion will control the retention when the flow speed is signifi-
cantly less than 1 m/d.

Physically, the effect of flow speed on colloidal retention is deter-
mined by the balance between transport by hydrodynamic drag
force and interaction with the collector surface via Brownian and
colloidal forces. These forces depend on the distance from the col-
lector surface and the fluid chemistry. Hydrodynamic drag and
Brownian forces dominate in the majority of the domains, while
colloidal forces are only important in the vicinity of the collec-
tor surfaces. The drag force increases with the flow speed, leading
to a higher colloid transport velocity that decreases the transit or
residence time of suspended colloids. While the drag force moves
suspended particles along the streamlines that are nearly tangential
to the surface of the glass cylinders or channel walls, the random
motion due to the Brownian force tends to shift colloids across
the streamlines. The cumulative effect of Brownian motion on
a colloid trajectory increases with the residence time of a colloid
within a given pore volume. Therefore, the Brownian force plays a
relatively more significant role at lower flow speeds because of the
relatively longer residence time. At sufficiently short separation dis-
tances near the SEmin well, the attractive van der Waals force can
drive the colloid toward the SEmin region. In regions very close
to collectors, Brownian motion could play a more significant role
than the hydrodynamic drag because of the very low fluid velocities.

This competing effect between Brownian motion and convective
transport is illustrated further in Fig. 6, where we compare the dis-
tribution of the injection locations of those colloids retained by a
collector surface. Namely, for each retained colloid, we trace them
back to their initial injection location at the inlet with and with-
out Brownian motion. When the flow speed is low, colloids have
to be injected at specific locations to approach a collector surface
without Brownian motion (Fig. 6a), while with Brownian motion,
colloids injected at almost all locations in the bulk solution at the
inlet could reach a collector (Fig. 6¢). At the higher flow speed, the
effect of Brownian diffusion is less significant, as shown by the very
spiky distribution at the inlet (Fig. 6b and 6d). This explains why
the surface coverage is very sensitive to the flow speed when the

speed is <25 m/d (Fig. 5).
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Fig. 6. The distribution of injection locations for those colloids retained by the channel walls and the glass beads when 6000 colloids had been injected:
(a) no Brownian motion at 5.3 m/d, (b) no Brownian motion at 53 m/d, (c) with Brownian at 5.3 m/d, (d) with Brownian motion at 53 m/d. Eight

hundred bins were used.

Flow speed also affects colloid retention by changing the hydrody-
namic force and torque through local flow shear near a collector
surface, leading to reduced retention (Yiantsios and Karabelas
2003). The local shear rate increases with increasing fluid velocity.
Torque and lift associated with shear flow might also drive reen-
trainment of colloids that are not strongly attached on collector
surfaces (i.c., via secondary-minimum retention; see Bradford and
Toride, 2007; Torkzaban et al., 2007). The exact force and torque
formulation in this case, however, is still debated (Johnson et al.,
2009; Torkzaban et al., 2009). These aspects were not considered

in our simulations and uncertainties remain.

Model Simulation: Effect of lonic Strength on
Colloid Retention

Figure 7 compares surface coverages for various ionic strengths
at a flow speed of 8 m/d. Surface coverage increased with increas-
ing ionic strength until it reached saturation; namely, any further
increase in ionic strength would no longer change the surface
coverage. The saturated surface coverage was achieved at an ionic
strength close to 0.01 mol/L, which corresponds to a SEmin depth
of —4 kT (Table 3) in our numerical simulations. At low ionic
strengths, the surface coverage was smaller and at the same time
showed increasing fluctuations as the ionic strength was reduced,
representing the stochastic nature of retention by the SEmin asso-

ciated with a lower probability of capture.
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Fig. 7. Surface coverage of 1-pum sulfate latex colloids at different ionic
strengths at a flow speed of 8 m/d. All colloids were retained at the sec-
ondary energy minimum. In addition, surface coverage for a favorable
condition is plotted for comparison (with attractive electrostatic force
that matches the magnitude of the repulsive electrostatic force for our
0.1 mol/L case). For this favorable condition, colloids were deposited
at the primary energy minimum.



This saturation is consistent with the fact that the thermal energy
of colloids is not likely to exceed —4 kT according to the Maxwell
model for thermal fluctuations first proposed by Maxwell in 1859
(Kubo, 1966). Namely, when the SEmin well is deep enough, col-
loids cannot escape the SEmin well once they are captured. The
amount of colloids that can be driven into the near-surface region,
however, is not determined by the solution ionic strength but
rather by the competition of the hydrodynamic transport along
the streamline and Brownian cross-streamline shifting. This is
because (i) the energy profiles outside the SEmin region overlap
for different ionic strengths (Fig. 3b) and (ii) the net colloidal force
is negligible outside the SEmin region when compared with the
hydrodynamic and Brownian forces. These explain why saturation
must occur with increasing ionic strength for a prescribed flow
speed. Therefore, the effect of ionic strength on colloid retention
(and virus removal) seems to be only important below a certain
threshold value, beyond which changes in ionic strength have little
impact on colloid transport and retention. This can be seen by com-
paring the results for ionic strengths of 0.01 and 0.3 mol/L in Fig. 7.
The —4 kT interaction energy found in our simulations agrees well
with the Maxwell model prediction by Shen et al. (2007, Fig. 1a).
The modeling results are also consistent with experimental obser-
vations of virus removal in response to changes in ionic strength
in previous studies (Chu et al., 2000; Thompson et al., 1998;
Penrod et al., 1996). Thompson et al. (1998) found that removal
of bacteriophage MS-2 was not affected by solution ionic strength

Retained
colloids

at electrolyte concentrations <0.03 mol/L but increased rapidly
with increasing ionic strength between 0.03 and 0.1 mol/L and
increased slowly above 0.1 mol/L. In column experiments where
the solution ionic strength was continuously increased, Chu et
al. (2000) found that the removal of MS-2 was sensitive to ionic
strength changes only in the range between 0.03 and 0.1 mol/L.
The phenomenon that removal of viruses seems to be affected by
solution ionic strength within a range bounded by certain critical
or threshold values has also been observed for other types of col-

loids (Penrod et al., 1996).

Comparison of Model Predictions with
Microscopic Observations

Results from the confocal visualization experiments with sulfate-
latex microspheres at flow rates of 0.06 and 0.6 mL/h (interstitial
velocity of 5.3 and 53 m/d, respectively) at ionic strengths of 0.001
and 0.1 mol/L are shown in Fig. 8. To be consistent with the model
simulations, confocal images were taken after the same pore
volume of colloidal suspension had flowed through the focused
area. The images in Fig. 8 show the distribution of colloids after
approximately 0.1 mL of colloidal suspension had moved through
the observation area. There was very little colloid deposition in
0.001 mol/L buffer solution at a flow rate of 0.6 mL/h (Fig. 8a),
which is consistent with the simulation results under the same
physicochemical conditions. As the flow rate was reduced to 0.06
mL/h, more retained colloids were observed on glass beads (Fig.

Retained
colloids

Buffer Solution

Fig. 8. Visualization of retained colloids at two different flow rates and two different ionic strengths: (a) 0.6 mL/h or 53 m/d in 0.001 mol/L buffer
solution, (b) 0.06 mL/h or 5.3 m/d in 0.001 mol/L buffer solution, (c) 0.6 mL/h or 53 m/d in 0.1 mol/L buffer solution, and (d) 0.06 mL/h or 5.3 m/d

in 0.1 mol/L buffer solution. The mean flow is from left to right.
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8b). The number of deposited colloids increased significantly as
the solution ionic strength increased to 0.1 mol/L (Fig. 8c and 8d).
The same trend was observed in the model simulations: a much
larger number of colloids were retained at glass bead surfaces at
an ionic strength of 0.1 mol/L than at 0.001 mol/L, especially at
the flow speed of 5.3 m/d. While the general results are qualita-
tively similar, there are some quantitative discrepancies between
the model results and the pore-scale experimental observations.
This is to be expected for several possible reasons. First, unlike the
assumption for the model calculations that collectors have uni-
form surface properties and are smooth, the glass beads used in
the micromodel experiments may not have been perfect spheres
and may have had a certain degree of surface roughness as well as
surface charge heterogeneity. Some colloids may experience net
attractive force or hydrophobic interaction due to surface hetero-
geneity. Surface roughness may produce a stronger friction and
distribution of adhesive torque on the colloids, which can pre-
vent reentrainment of a portion of the deposited colloids. Second,
while the two-dimensional model simulation captures the essential
features of the experimental system, it is unlikely to completely
represent the three-dimensional flow and all the geometric features.
For example, colloids strained at grain—grain contacts can occur in
the three-dimensional micromodel and can contribute to colloid
retention in saturated porous media (Bradford et al., 2003, 2007;
Johnson et al., 2007).

Concluding Remarks

In this study, we developed a two-dimensional simulation model
to study the transport and retention of colloids in saturated
porous media under unfavorable surface conditions. Despite the
limitations associated with the two-dimensional model, it provides
mechanistic insights for improved understanding of colloid reten-
tion and transport processes and how these processes are affected
by relevant parameters. Given the large range of length and time
scales involved in a pore-scale trajectory based approach, a two-
dimensional simulation model does have the unique advantage of
covering different physical conditions (here, different flow speeds
and ionic strengths) in a computationally efficient manner. In this
regard, the two-dimensional model developed here could continue
to serve as a qualitative and semiquantitative mechanistic research
tool. The successful simulation of the ionic strength effects on the
complex retention behavior of amphiphilic colloids shows that this
computational approach does properly capture the physical effects
of pore-scale hydrodynamic and colloid—surface interactions.
Conducting experiments to quantify the retention of biocolloids
such as viruses across a wide range of ionic strengths with sufficient
detail is very labor intensive and the large errors involved in virus
assays compromises our ability to obtain the results needed for
accurate analysis. The modeling exercise presented in this study

significantly improves our ability to tackle such research problems.

The simulation results led to the following mechanistic insights
into colloid retention at the SEmin. The fraction of colloids that
can move into the SEmin well, where the attractive van der Waals
force operates to retain the colloids, is controlled by the com-
petition of hydrodynamic transport along the streamline and
Brownian shifting across the streamline. Once a colloid is retained,
it could continue to drift slowly toward the rear stagnation region
along the surface due to the tangential hydrodynamic force, caus-
ing the accumulation of retained colloids near the rear stagnation
region. This is consistent with previous experimental observations
(i.e., Kuznar and Elimelech, 2007) and numerical results (Johnson
etal., 2007). Retention was found to be dynamically irreversible
when the SEmin depth reached about —4 kT. Furthermore, for a
given ionic strength, a critical flow speed was found below which
Brownian motion dominated the retention rate, leading to a strong
dependence of surface coverage on the flow velocity. This compet-
ing effect between Brownian motion and convective transport was
also demonstrated by examining the distribution of the injection
locations of the retained colloids.

The model developed in our study provides a useful framework that
can be systematically made more complex and accurate by includ-
ing factors and physical processes not considered in this study.
Recently, we have extended the model to three-dimensional porous
media (Gao et al., 2010). The Lagrangian trajectory approach
allows consideration of chemical and physical heterogeneities, such
as charge variations and surface roughness. A systematic incorpora-
tion of these factors and additional processes into our simulation
model will ultimately improve our understanding and ability to
predict colloid retention and transport in natural soil and ground-
water aquifers.

Appendix
Formulation of Forces Acting on a Colloid
The hydrodynamic drag forces in the normal and tangential direc-

tions were calculated as

V.
F:lnmg =g fz”i,n ——=
h ™

F_drag :%(f?)ui,t _I/zt>

z,t

where#; andu, (m/s) are the fluid velocities in the normal and
tangential directions, respectively, § = 6pa o His the fluid viscos-
ity and 4_ is the colloid radius. The hydrodynamic correction
factors, f] to f;, account for the modification of the hydrodynamic
force due to the presence of a surface, and they are a function of
the nondimensional gap distance h = hila_ where b is the gap
distance. These correction factors  were discussed in the litera-
ture (Brenner, 1961; Goldman et al., 1967; Goren 1970; Goren and
O’Neill, 1971; Spielman and Fitzpatrick, 1973; Heimenz and
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Rajagopalan, 1997). The specific functional forms used here were
given in Gao et al. (2010). The Stokes relaxation time of a colloid,
T (s), is defined as

2
m, _ 2’pc(’zc

T = [A2]

P 6mpa, 0

where p_= 1055 kg/m? is the colloid density. An important param-
eter characterizing the dynamic response of a colloid to the flow
is the Stokes number, St, the ratio of the Stokes relaxation time to
the characteristic time of flow:

~ T.U

g
where U, is the interstitial flow velocity (defined as the volume flow
rate over the product of channel cross-sectional area and poros-
ity) and D g8 the diameter of the grain particles. For the current
application, we found that St ~2.09 x 1078 when U, = 5 m/d,
implying that colloids would essentially follow the flow stream-
lines if colloidal forces and Brownian motion were not considered.
Note that the effect of the added mass, although not explicitly
considered here, does not change this condition. Thus, colloids are

essentially inertialess particles in our simulations.

The colloidal force term includes electrostatic (EDL), Lifshitz—van
der Waals (LW), and Lewis acid—base (AB) interaction forces (van
Oss, 1994). Each interaction force acts in the direction normal to
a surface, with a positive value indicating a repulsive force and a
negative value an attractive force. The formulation of these forces
is primarily based on DLVO interaction potential (Derjaguin and
Landau, 1941; Verwey and Overbecek, 1948). The total colloidal

force was obtained as

do;Pt  derY  dop? [A4]
dbvdbh db

C_
F;',n_

The electrostatic double layer interaction energy ®,FPL between
a colloid and glass surface was calculated as (Hogg et al., 1966)

l—l—exp(—ﬂh)

PEPE — e e 2 l
i 0€r4c l\)s""l)c n l—CXp(—Rh)

[AS]
—|—(1J)52 + ﬂ)fz )ln[l —exp(— ZR}J)]}

where €, is the dielectric permittivity in a vacuum and equals to
8.85 x 10712 C%/(J m), e, is the dielectric constant of the medium,
and for water at 298 K, € _ = 78.54 (dimensionless), & (1/m) is the
inverse Debye length, and (V) and 1 _ (V) are the surface poten-
tials of the glass surface and colloid, respectively. The electrostatic
double layer interaction between suspended colloids and deposited
colloids was computed as (Elimelech et al., 1995)

2
PFPY =32me e 4 [k—T]
Ze

2
tanh[ Zep, ]
4kT

X

exp(—kh)

where £ (J/K) is the Boltzmann constant (1.38 x 10723 J/K), T’
(K) is the absolute temperature, ¢ is the charge on an electron (1.6
x 10719 C), and Z is the valence.

The surface potentials of the colloid () and glass bead surface
(1) were derived by

tanh[Ze—ﬂ;f]:tanh[%]em or Y,~( exp(kz)

where (_ (V) and ( (V) are the ( potentials of the colloid and glass
surface, respectively, measured at the slipping plane by electroki-
netic methods, and z (m) is the distance from the particle surface to
the slipping plane, a distance that is generally on the order of 3 to 5
A (Liangetal., 2007). A value of 5 A was used in the calculations
performed in this study. The thickness of the electrostatic double
layer, or Debye length, is defined as

1/2

(A8]
N> ZIM,

1 go€ kT
K

where N, is Avogadro’s number (6.02 % 1023 ions/mol), Z;
(dimensionless) is the valence of the ith ionic species, and M, (mol/

m3) is the molar concentration of the 7th ionic species.
The Lifshitz—van der Waals free energy accounts for intermolecular
interactions including London dispersion, Keesom dipole-dipole,

and Debye induction. It was calculated as (van Oss, 1994)

Lw
oY =

2
SN Ny Ny

where 4, [m] is the equilibrium distance set to 1.57 x 10710 m,
where physical contact between a colloid and cylinder surface
occurs, X is the water decay length set to 0.6 nm (van Oss, 1994),
~EW (J/m?) is the Lifshitz—van der Waals component of the sur-
face tension, with 1 denoting a colloid, 2 denoting glass, and 3
denoting water.



Finally, Lewis acid—base interaction originates from the bonding
reaction of a Lewis acid and a Lewis base. The interaction energy
was expressed as (Liang et al., 2007)

@?B =—4mhya, cxp[lg0 _h]
X

<y (VA +4hz =47 [A10]
+(\/§(ﬁ+\/€—\/¥)
—Vi =i

whereN* (J/m?) is the electron-acceptor parameter and ™ (J/m?)
is the electron-donor parameter of the Lewis acid—base component

of surface tension.

The solution was modeled as a continuum. Because the colloids are
small, their motion is affected by the Brownian motion or thermal
fluctuations of solvent molecules. At each time step, this Brownian
fluctuating motion is modeled separately by adding the follow-
ing velocity increments in the normal and tangential directions,

respectively:

B

in

mch,»,[ = Ffidr
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where the diffusivity in the bulk solution is D,= kT/¢, G(0,1) rep-
resents a Gaussian distribution whose mean is zero and standard
deviation is 1, and d# (s) is the time step size. It should be noted
that the local hydrodynamic interaction reduces the diffusion coef-
ficient in the normal and tangential directions by a factor of /| and

f4, respectively.
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