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Abstract

Colloid transport through saturated media is an integral component of predicting the fate
and transport of groundwater contaminants. Developing sound predictive capabilities
and establishing effective methodologies for remediation relies heavily on our ability to
understand the pertinent physical and chemical mechanisms. Traditionally, colloid
transport through saturated media has been described by classical colloid filtration theory
(CFT), which predicts an exponential decrease in colloid concentration with travel
distance. Furthermore, colloid stability as determined by Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory predicts permanent attachment of unstable particles in a
primary energy minimum. However, recent studies show significant deviations from
these traditional theories. Deposition in the secondary energy minimum has been
suggested as a mechanism by which observed deviations can occur. This work
investigates the existence of the secondary energy minimum as predicted by DLVO
theory using direct force measurements obtained by Atomic Forces Microscopy.
Interaction energy as a function of separation distance between a colloid and a quartz
surface in electrolyte solutions of varying ionic strength are obtained. Preliminary force
measurements show promise and necessary modifications to the current experimental
methodology have been identified. Stringent surface cleaning procedures and the use of
high-purity water for all injectant solutions is necessary for the most accurate and precise
measurements. Comparisons between direct physical measurements by Atomic Forces
Microscopy with theoretical calculations and existing experimental findings will allow
the evaluation of the existence or absence of a secondary energy minimum.
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1. Introduction

Anthropogenic introduction of contaminants into the subsurface has occurred
historically and continues to occur, exacerbating contamination by natural sources, due to
intentional land application of fertilizers and pesticides, accidental chemical spills,
general waste disposal practices, and geologic isolation of radioactive waste. Developing
sound predictive capabilities and establishing effective methodologies for remediation
relies heavily on our ability to understand the physical and chemical mechanisms of
contaminant transport in the vadose and saturated zones. Colloids, particles with linear
dimensions between 1 and 1000 nm, consisting of natural organic and inorganic materials
including viruses, bacteria, humic acids, and mineral fragments [Reimus, 1995], were
identified as a mobile third phase capable of having a significant influence on
contaminant transport and mobility in the saturated subsurface [McCarthy and Zachara,
1989]. Since then colloids have become an integral component of numerous transport
studies in both porous and fractured media. For example, a series of studies have shown
that trace metals and radionuclides, which strongly adsorb onto porous media and are
generally considered immobile, migrated much further than the distance predicted when
the influences of colloids were ignored [McKay et al., 1993; Kersting et al., 1999]. In
more general terms, colloids have garnered much attention because they are known to
move faster than a conservative dissolved species in groundwater, due to charge and size
exclusion, and low diffusivity [Bales et al., 1989; Grindrod, 1993; Reimus, 1995; James
and Chrysikopoulos, 2003; Sirivithayapakorn and Keller, 2003; Keller et al., 2004].

The transport of colloids through saturated media has traditionally been predicted
by accounting for particle advection, hydrodynamic dispersion, and deposition,
employing the model of Yao et al. [1971], originally introduced as a conceptual model to
explain water and wastewater filtration processes. This model is commonly referred to as
classical colloid filtration theory (CFT) and, in its simplest form, predicts an exponential
decrease in particle concentration with travel distance, where observed concentration
varies directly with initial particle concentration and exponentially with particle filtration
rate coefficient, travel distance, and interstitial particle velocity. In addition to the
predictions based on CFT, with modifications where necessary, it is common in the
literature to see additional calculations performed to more clearly elucidate observed
concentration breakthrough profiles. These calculations are made using
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, which sums the London-van der
Waals attractive interaction, the electrostatic double-layer repulsive interaction, and the
Born repulsive interaction to provide the total interaction energy between two surfaces of
interest. For some systems (e.g., two surfaces of like charge interacting across an
interstitial fluid of relatively high ionic strength), the total interaction energy curve
includes both a primary energy minimum, primary energy barrier, and secondary energy
minimum, providing two discrete locations (i.e., surface separations) where colloid
deposition can occur (see Figure 1) . The secondary energy minimum occurs at a greater
separation distance than the primary and, unlike the primary minimum, is not always
present. Both CFT and DLVO are given an in-depth treatment in section 2.
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Figure 1: Example interaction energy curves. (a) Primary minimum. (b) Primary and secondary
minimum.

Though successful in many cases, the predictive capabilities of colloid filtration
and DLVO theories have been heavily scrutinized as the results of numerous
porous-media studies that couple experimental breakthrough results with these theoretical
predictions show significant deviations. For a packed-bed column of spherical soda-lime
glass beads and polystyrene latex colloids, deviations from CFT are evident as ionic
strength decreases [Li et al., 2004; Tufenkji and Elimelech, 2004b] and become even
more pronounced when particle size increases [Tufenkji and Elimelech, 2005].
Observations contrary to the predictions of classical CFT have also been observed when
surface-charge heterogeneities exist in a system of polystyrene latex spheres interacting
with both spherical soda-lime glass beads [Tufenkji and Elimelech, 2005] and
non-uniform sands [Roy and Dzombak, 1996], recombinant Norwalk virus particles
interacting with a uniform quartz sand [Redman et al., 2001], and nanolatex particles
(95% methyl methacrylate, 5% methacrylic acid) interacting with various mineral
substrates [Antelmi and Spalla, 1999]. Deviations have also been shown to arise when
steric interactions occur [Tong et al., 2005], exclusion [Bradford et al., 2003; Tufenkji et
al., 2003] or straining [Bradford et al., 2002; Bradford et al., 2003] mechanisms exist,
and for certain experiment length-scales [Bolster et al., 1999].

When deviations arise and are correlated with ionic strength or particle size
variations, and/or surface charge heterogeneities, the mechanism which has been
suggested to be acting is deposition in the secondary energy minimum, as predicted by
DLVO theory. The work by Tufenkji and Elimelech show deviations from CFT arising
from both decreases in ionic strength [ Tufenkji and Elimelech, 2004b] and increases in
particle size [Tufenkji and Elimelech, 2005]. The latter work shows that deviations
associated with ionic strength decreases are less pronounced for smaller particle sizes.
These results are consistent with deposition in the secondary energy minimum, which
becomes less influential (i.e., its depth decreases) with decreasing particle size. Hahn et
al. [2004] conducted several deposition and reentrainment experiments, using
sulfate-modified latex spherical particles and packed-bed spherical glass bead columns,
where solution ionic strength, particle size, and system Hamaker constant were varied.
They observed a release of deposited particles following a decrease in ionic strength,
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which is not consistent with deposition in a primary minimum, but is consistent with
deposition in a secondary minimum. Similarly, Redman et al. [2004] show an increase in
deposition of bacteria onto quartz grains as solution ionic strength increases and a
subsequent release of deposited particles when a solution of lower ionic strength is
introduced, phenomena again consistent with deposition in the secondary energy
minimum.

Direct measurement of the interaction forces predicted by DLVO theory is
possible by the Surface Forces Apparatus (SFA), Total Internal Reflection Microscopy
(TIRM), and the Atomic Force Microscope (AFM) [Israelachvili, 1992]. It is therefore
not unreasonable to assume it possible to directly detect the secondary energy minimum
as predicted by DLVO theory. Direct measurement of the forces between a single
colloidal particle and substrate of interest is well documented [Ducker et al., 1992;
Toikka et al., 1996; Bowen et al., 1999; Bowen and Doneva, 2000; Bowen et al., 2002;
Brant and Childress, 2002; Assemi et al., 2004]; however, the measurement of the
secondary energy minimum is not. The one case where it has been measured is for an
induced depletion interaction between silica surfaces when a nonadsorbing
polyelectrolyte is introduced [Biggs et al., 2000].

This study seeks to directly investigate the existence of a secondary energy
minimum using the AFM and colloid probe technique [Ducker et al., 1991]. As a base
case, the system presented in Tufenkji and Elimelech [2005] will be examined. This work
has the potential to contribute to the advancement of colloid transport research because,
as the body of evidence showing deviations from traditional CFT grows, so do the
number of works proposing mechanisms to explain these deviations (e.g., straining,
exclusion, deposition at grain-grain contacts, deposition in the secondary energy
minimum). To date, no single mechanism has unanimous support. Direct observation of
the secondary energy minimum in one of the systems for which it is argued would
therefore be a valuable addition to this area of science.

2. Theory

2.1. DLVO Theory

The total interaction energy between any two surfaces, including colloidal
particles, will determine whether or not the system is unstable (i.e., surfaces are attracted
to one another; flocculation occurs) or stable (i.e., surfaces are not attracted to one
another; dispersion occurs). In terms of colloid transport, negative total interaction
energy indicates the dominance of attractive forces and filtration of colloids can occur.
Alternatively, positive total interaction energy indicates the dominance of repulsive
forces and we expect relatively uninhibited transport in the absence of physical filtering.
The total interaction energy between two surfaces is commonly described by the DLVO
theory of colloid stability, named after its developers Derjaguin and Landau [1941] and
Verwey and Overbeek [1948], which quantitatively combines the attractive van der Waals
interaction, the repulsive electrostatic double layer interaction, and the repulsive Born
interaction.
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Attractive van der Waals forces are always present in intermolecular interactions,
and therefore are a critical component to consider, even though they may be weak
compared to other intermolecular forces such as Coulombic (ionic) or H-bonding
interactions. The attractive van der Waals force for a sphere-plate interaction (W, z.sp)
can be calculated as follows, after Israelachvili [1992]:

AR

W ogusp = 6D (1)

where 4 is the Hamaker constant, R is the sphere radius, and D is the distance separating
the sphere and the plate. It is important to note that D ranges from D’ to oo, where D is
the closest approach distance. Of the three parameters on which W, 4,sp depends, the
Hamaker constant is the most difficult to determine. The conventional form of 4, after
Israelachvili [1992] and Adamson and Gast [1997], is denoted

A=7nCp,p, (2)

where C is a constant that depends on the type of interaction (e.g., atom-atom,
sphere-sphere, atom-surface, sphere-surface, etc), and p; and p; are the number of atoms
per unit volume in the two interacting bodies. For media 1 and 2 interacting across
medium 3, Israelachvili [1992] reports the Hamaker constant based on Lifshitz theory as

A~ ikT E =& | & & +% O]‘ 81(ivn)_ 83(ivn) 82(ivn)_ 83(ivn) v (3)
4 E T & N\ & T & 4r n=0.1,..\ €1 (ivn)+ &3 (ivn) & (ivn)+ &3 (ivn)
where k is Boltzmann’s constant (1.38x107J/K), T is absolute temperature, & denotes the
real dielectric constant (or relative permittivity) of media 7, 4 is Planck’s constant
(6.625x107*J's), &(iv) are the values of ¢ at imaginary frequencies, and v, = 2nk7/h)n.
The quotient kT represents the thermal energy of a system and is often used to gauge the

strength of interaction forces, where a force must be greater than k7 to overcome the
effects of random thermal motion.

In practice, several researchers investigating sphere-plate interactions [Hahn and
O'Melia, 2004; Tufenkji and Elimelech, 2004b, 2005] use in the place (1) of an
expression proposed by [Gregory, 1981], which claims to be a more accurate expression
for Wyawsp because it includes a term to correct for the fact that the Hamaker constant
expression was originally derived for a plate-plate interaction (note that equation 3 is an
approximate expression). The corrected equation is given by

ol 2]
6D A

where A is the characteristic wavelength of the dispersion interaction and is often taken to
be 100 nm [Gregory, 1981].

There are very few cases where van der Waals forces alone determine the
interaction between two surfaces. In systems where colloidal particles are concerned, the
presence of a fluid phase introduces a tremendous amount of complexity, including the
occurrence of long-range electrostatic forces. Surfaces become charged in liquid when
surface functional groups dissociate or become ionized (i.e., -COOH « -COO- + H+), or
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when ions from solution adsorb onto a previously uncharged surface. Independent of the
charging mechanism, the equilibrium surface charge will be balanced by the presence of
an equal but oppositely charged region of counterions. Counterions that are bound to the
surface comprise the Stern or Helmholtz layer, while those counterions at some close
separation from the surface form the diffuse electrical double layer. The repulsive
electrostatic contribution to the total interaction energy is determined by the nature of the
overlap between the diffuse electrical double layers of the interacting surfaces, requiring
characterization of the double layer of each surface independently, followed by
determination of the nature of overlap between the two. Characterization of individual
double layers is generally done using the modified Gouy-Chapman theory, which
describes the ions in the diffuse part of the electrical double layers as point charges
distributed according to the Poisson-Boltzmann equation [Swanton, 1995]. For a sphere
interacting with a planar surface, the repulsive electrostatic contribution to the total
interaction energy (Wxsp), arising from the overlap of the electrical double layers of the
sphere and planar surface respectively, is given by Hogg et al. [1965]:

Wesp = HSOSR{zl//le h{%} + (1//12 +y )ln[l —exp(- 2K‘D)]} ®))

where ¢ is the dielectric constant (or relative permittivity) of the medium, & is the
permittivity of free space (8.854x10™2 C2J'm™), y and y» are the surface potentials of
the sphere and flat plate, respectively, and « is the Debye length. The Debye length is,
calculated as

112
K= (z p.ez /6‘80ij m”' (6)

where subscript i denotes the ion of interest, 0. is the number density of ions in the bulk
solution, e is the elementary charge (1.602x10™"° C), and z is the valency of ion i.
Equation (5) only holds exactly for y; and/or y; less than 25 mV and for solution
conditions such that the double layer thickness is small compared to the particle size. In
practice, zeta-potentials are used in the place of surface potentials, due to the fact that
surface potentials are not directly measurable.

The third and final component to the total interaction energy is the repulsive Born
interaction energy, valid only at very close separations, accounting for the excluded
volume effect at contact [Swanton, 1995]. The Born interaction energy is a measure of
the free energy associated with the electric field around an ion, i.e., the electrostatic free
energy equal to the electrostatic work done in forming the ion, bringing it from zero
charge to its full charge [Israelachvili, 1992; Swanton, 1995]). After Hahn et al. [2004],
the Born repulsion energy for a sphere-flat plate interaction (Wpsp) is calculated as

Aoy | 8R+D 6R-D
WBSP = -+ 7
7560| 2R+D) D

(7

where op is the Born collision diameter, derived experimentally, but generally taken to be
0.5 nm.
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The combination of 4, 5, and 7 give the total interaction energy as a function of
separation distance for a sphere and a flat plate:

Wotase =Woawse + Wrsp + Wasp (8)

Vi

2.2, Extensions of Traditional DLVO Theory

Several modifications have been made to the traditional DLVO theory and a
thorough review is given by Swanton [1995]. The modifications are of two general
types: those that offer additional physical processes not included in classical theory, and
those that specifically alter the equations for the attractive van der Waals interaction (4)
and the repulsive electrostatic interaction (5).

Additional physical processes that have been identified and taken into
consideration are non-spherical particles and non-spherical or non-plate collector
surfaces. Calculations using expressions developed for both the attractive van der Waals
W.aw and repulsive electrostatic (W) interactions that include smooth particles of various
geometries (e.g., Lyklema [1991]) have given results suggesting little influence on W, 4,
[Czarnecki, 1986a], while the affect on Wy has not been critically evaluated. Expressions
for W,a, and Wy when spherical particles interact in pore-spaces (i.e., cylindrical pore
[Smith III and Deen, 1980, 1983; Papadopoulos and Kuo, 1990] and spherical cavity
[Sengupta and Papadopoulos, 1992a, b] collectors) have also been developed.

Several modifications to the classical model have been employed in attempts to
better match observed data. To account for the repeptisation (i.e., deflocculation) of
colloids coagulated in the primary minimum, W has been formulated assuming constant
charge instead of constant potential, the potential of the outer Hemholtz plane instead of
the surface has been used to calculate W,4,, and a distance of closest approach (D) has
been defined as equal to twice the distance of the outer Hemholtz plane from the particles
surface (0.4 to 1 nm) [Frens and Overbeek, 1972; Frens, 1978]. In order to interpret
anomalous behavior in clay dispersions, researchers have defined Wi,sp as Wiawsp +
Wrgsp + W where Wyp is the force contribution from Lewis acid-base interactions (i.e.,
electron-acceptor—electron-donor interactions). This modification is typically referred
to as the extended-DLVO or XDLVO approach (e.g., [ Meinders et al., 1995; Brant and
Childress, 2002]). Classical DLVO theory has also been altered to account for the effects
of ion frictional resistance to colloid coagulation [van de Ven, 1988; Warszynski and van
de Ven, 1990], electrostatic double layer relaxation (i.e., temporally variable potential)
[Dukhin and Lyklema, 1990], fluctuations in the interaction energy arising from surface
roughness and irregular shape or charge of particles [Adamczyk et al., 1985; Czarnecki,
1986b], a polydisperse population of particles [Prieve and Lin, 1982], a distribution of
surface potentials [Cooper, 1972], and surface roughness [van Bree et al., 1974].
Electrostatic double layer relaxation gives an additional repulsive force at small
separations and can contribute two or three orders of magnitude increase in stability ratio,
which is not directly included in the formulation for the total interaction energy, but is an
indicator of dispersion or coagulation. The impact of polydisperse population of particles
was investigated and found to be too small to be significant. A similar conclusion came
of the work investigating a distribution of surface potentials, where the impact was
determined negligible for potentials less than 20 mV. On the other hand, surface
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roughness has been shown to be an important influence at small separations and
corrections to the expressions for W, 4, and W5 proposed.

2.3. Traditional Colloid Filtration Theory

For the past 30 years, classical colloid filtration theory (CFT), originally
conceptualized by Yao et al. [1971], has been used to describe the attachment of colloidal
particles to a particle or collector under saturated, steady-state conditions. The
development by Yao was for water and waste water filtration processes where a spherical
particle was modeled as being capable of being filtered out of the bulk solution by three
mechanisms: interception, sedimentation, and diffusion. The temporal and spatial
variation of concentration in such a system is described as follows:

€ vvC=D, VC+|1-L | M8 C 9)
ot p, )3mud oz

where C is the local concentration of suspended particles, ¢ is time, v is the local velocity
of interstitial fluid, Dy, is the diffusion coefficient of suspended particles, p and p, are
the densities of water and suspended particles respectively, m and d,, are the mass and
diameter of the suspended particles, and z is the coordinate in the direction of the
gravitational force. This equation cannot be solved analytically, hence numerical
techniques or simplifying assumptions must be employed. Yao ef al. [1971] define a
single-collector efficiency (7) as:

rate at which particles strike collector
n= P (10)

]
vOC'O[ 2 j

where the ‘0’ subscripts indicate properties upstream from the collector and d. is the
collector (i.e., grain) diameter. The single-collector efficiency is then used to describe
the spatial component of particle concentration in a packed bed, where steady-state
conditions are assumed:

dc _ 3(1-1)
a2 a1 (b

where L is bed depth, fis porosity and a is the collision/attachment efficiency factor.
Integration of (11) yields a form very similar to that which is commonly referred to as the
classical colloid filtration model:

I =21 —f)om[cﬂ (12)

where C and C, are the effluent and influent concentrations for a packed bed.

For steady-state transport through saturated porous media, the concept elucidated
in equations (9)—(12) above has been modified to account for the mechanisms governing
colloid transport, which are advection, hydrodynamic dispersion, and filtration. The
resulting model is the one-dimensional advection—dispersion equation with a first-order
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kinetic deposition term and describes the concentration of colloidal particles suspended in
the fluid phase, C(x,?) [Kretzschmar et al., 1997; Grolimund et al., 1998], as well as the
concentration of retained particles, S(x,?) [Tufenkji and Elimelech, 2004b], both as a
function of column depth x and time #:

2
oc _ ,a°C_ ac

o Dar Ve ()
ke =295 (14)
f ot

where v is the interstitial particle velocity, D is the hydrodynamic dispersion coefficient,
v 1s the medium bulk density, and £ is the particle deposition rate coefficient, commonly

related to 7 via the following equation (as shown in [Yao et al., 1971; Grolimund et al.,
1998; Tufenkji and Elimelech, 2004a)):

k= 3(12_ f)vom (15)

For most applications, hydrodynamic dispersion is considered negligible and & is
specified as a single value (i.e., it is both spatially and temporally invariant). Equations
(13) and (14) can be solved by employing these two simplifications in addition to the
assumption of a continuous injection of colloidal particles at initial concentration Cy and
time period fy into a column with initial concentration of zero. The resulting solutions
are, after Tufenkji and Elimelech [2004b]:

C(x)=¢, exp[— Ex} (16)
\ %
S(x):MC(x):tOfk—Coexp{—kx} 17)
P P v

Equations (12), (15), (16), and (17) serve as the basis for, or comprise the entirety of, the
modeling efforts elucidated in the next section.

2.4. Extensions of Traditional Colloid Filtration Theory

As the complexity of natural systems has come to be better quantified, classical
colloid filtration theory as described by equations (12), (15), (16), and (17) has been
modified in several attempts to capture various types of complexity, including the
implementation of multiple or a distribution of rate constants, addition of terms to
account for transport mechanisms other than advection, dispersion, and filtration,
including the consideration of surface forces using advanced numerical schemes.

Li et al. [2004] propose a distribution to account for deposition under unfavorable
conditions (i.e., particles and collector surfaces of like surface charge), where £ takes the
form
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k, = eXp(Vio'lnk + ﬂlnk) (18)

where j; is a standard, normally distributed random number with mean g equal to 0 and
standard deviation o equal to 1 for each particle 7, and 4,4 and oy, are the mean and
standard deviation of the natural logarithm of the deposition rate coefficient. Also in
attempt to account for the occurrence of deposition under unfavorable conditions, and
additionally to account for deposition under favorable conditions (i.e., particles and
collector surfaces of unlike surface charge), Tufenkji and Elimelech [2004b] propose a
bimodal distribution of &, which is the linear combination of two Gaussian distributions:

1

— 2 — 2
1 k—k 1 1k =k
pk :f:vow—/_exp - +fast—exp . (19)
( ) l Gslow 272- [ 2[ Gslow J ] g O-fastV 272' 2 O-fast

where ES,UW and 1; s are the mean deposition rate coefficients, oy, and oy, are the
standard deviations, and f,,, and fz, are the fractions of the total particle population
associated with each mode of deposition.

An earlier study by Tufenkji et al. [2003] similarly defines distributions p(k) of the
deposition rate coefficient; however, the distributions here are normal (20) and
log-normal (21), aimed at capturing nonexponential deposition patterns, as predicted by
(16) and (17), that arise from charge heterogeneity of microbial particles:

—\2
1 1(k—k
p(k)n()rmal = —eXp[— —[—J ] (20)
o227 2 o
1 1(k—k ’
K Dog-normal = ——exp| —— 7 Mog-normal o)
p( )log n | ko_loginormal 27[ p 2( O-log—normal J (

where k is the mean deposition rate coefficient and o the standard deviation associated
with the normal distribution of k, while kiog-normat and Giog-normat are the same parameters
corresponding to the log-normally distributed k. Another effort to capture heterogeneity,
by Redman et al. [2001], employed and evaluated a power-law distribution of & of the
from k(&,0) = AE™ where 4 and exponent a are both constants.

The spatial distribution of bacteria in variable length columns is modeled by
Bolster et al. [1999] using classical CFT where appropriate and a second-order model
coupled with dual-deposition rate coefficients where CFT proves inadequate to explain
experimental observations. The second-order model, used in the place of (14),
implemented by Bolster et al. [1999] was originally developed by Saiers et al. [1994] and
takes the form

i Koo =S Py g P OS 22)
X JAEar”

where £k, is the entrainment coefficient, X, 1s the maximum retention capacity of the
collector grains, and the quantity involving X, indicates the fraction of collector grains
available for deposition. Transport predictions are further improved by including a
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dual-alpha model, which involves breaking the bacteria population down into two
subpopulations and defining attachment efficiencies for each. This modification
manifests itself in a new S value for implementation in (14) and is calculated as follows:

S roal (x,l) = (F)Sah[gh (xst)+ (1 - F)Salow (x,t) (23)

where F is the fraction of influent bacteria with a high attachment efficiency otpign, and
Sanigh and Sqo are the concentrations of deposited bacteria with high and low attachment
efficiencies respectively.

The traditional CFT model has also been modified by addition of terms while
retaining the first-order rate expressions that use a single-value for k. Bradford et al.
[2003] develop a model to account for attachment, straining and exclusion. Arising from
Fick’s Law, the mass balance for this model is given as

8(0—WC) = _V.JT —_E _ 5T (24)
ot
where 6, is the volumetric water content, Jr is the sum of advective, dispersive and
diffusive colloid fluxes, and E“" and E™ are the colloid mass transfer terms between the
aqueous and soil phases due to colloid attachment and straining, respectively.

Last, the Interaction Force Boundary Layer Model has been proposed [Speilman
and Friedlander, 1974], which is very similar to the one-dimensional
advection-dispersion equation (13) but adds an external F force field

5 -VC:V-[ﬁ-VC—D—CFj (25)
o ° kT

where V, is the particle velocity vector arising from bulk fluid flow, D is the
spatially-dependent particle diffusion coefficient, and F is an external force vector that
can be represented as the gradient of the total interaction energy. Hahn and O'Melia
[2004] demonstrate the use of the Interaction Force Boundary Layer model coupled with
Monte Carlo and Brownian Dynamics methods to simulate particle trajectories, replacing

(14).

3. Materials and Methods

Direct force measurements between colloidal particles of various diameters and a
mineral substrate were performed in KCI solutions of varying ionic strength using atomic
forces microscopy. These measurements can provide direct physical evidence for the
existence or absence of a secondary energy minimum as predicted by DLVO theory
(equation 8).

3.1. Colloidal Particles and Substrate

Surfactant-free fluorescent polystyrene carboxylate-modified microspheres with
nominal diameters of 3.2, 2.0 and 1.0 micron (um) were used as model colloids. The
3.2 um particles were purchased from Bangs Laboratories (Fishers, IN), product code
FCO5F/6934. The 2.0 and 1.0 um particles were purchased from Molecular Probes, now
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Invitrogen Corporation (Carlsbad, CA), product codes F8825 and F8819. These particles
have a density of 1.055 g/ml and carry a slightly negative surface charge for pH greater
than approximately 4 to 5. These particles were chosen based on their size (i.e., they are
within the range of natural colloidal particles and big enough to use for the colloid-probe)
and ubiquitous use in subsurface transport studies [Reimus, 1995], including the study by
Tufenkji and Elimelech [2005]. Individual colloids were mounted to the ends of tipless
silicon nitride probe cantilevers from Veeco Probes (Figure 2). Particle mounting, probe
calibration, and spring constant determination were performed by Novascan
Technologies.

A polished quartz surface (10-mm diameter, 2-mm thickness) was used as the
substrate of interest. The surface was polished to remove any topography that may have
compromised the seal between the quartz surface and the fluid cell (discussed below),
and also to minimize potential complications arising from micron-scale drift of the
colloidal particle once engaged with the surface (i.e., even after the colloid and the
surface are engaged, the cantilever-colloid apparatus can drift laterally and if the colloid
collides with an obtruding portion of the substrate surface, it may detach from the
cantilever). Polishing was performed by Sandia National Laboratories’ Processing and
Environmental Technology Laboratory. Both surfaces were cleaned prior to making
measurements. Ultraviolet (UV) exposure [Biggs et al., 2000], ethanol treatment [Bowen
et al., 1999; Lower et al., 2000; Assemi et al., 2004], and thorough rinsing with DI
[Bowen and Doneva, 2000; Assemi et al., 2004] were used for the quartz surface, while
only the ethanol treatment and thorough rinsing with DI was employed for the colloid
probes, as it is possible that exposure to an intense UV source could damage the carboxyl

surface groups of the colloids.
'

Figure 2: Example colloid probe, cantilever and 3.2 pm colloid only.

3.2 Solution Chemistry

Analytical reagent-grade KCI (Fisher Scientific) and deionized (DI) water were
used to prepare all electrolyte solutions. Electrolyte concentrations were prepared such
that a range of ionic strengths (10 to 300 mM) could be studied. The pH of all solutions
was 6 (non-adjusted pH of DI).

19



3.3. Electrokinetic Characterization

Electrokinetic characteristics of the individual surfaces (i.e., zeta-potentials,
calculated via electrophoretic mobility measurements) and the colloid-electrolyte-quartz
system (i.e., the Hamaker constant) as employed in the theoretical calculations that
follow are the same as those used for a system of identical colloids and electrolyte
solutions, but for soda-lime glass beads [Tufenkji and Elimelech, 2004b]. Relevant
values are shown in Table 1. For a first approximation, where the relative trends between
interaction energies are of primary concern, these values are sufficient; however, it will
be advantageous to have direct measurements of the properties of the specific systems
employed in this work, and therefore these measurements will be taken at a future date.

A ) 1x107%
R (um) 1.0,2.0,3.2
& (CT'm™") [8.85x 10"
g 78.5

e (C) 1.60x 107"
k (J/K) 1.38x 107
T (K) 298.15

z 1

A (nm) 1x107

Table 1: Electrokinetic properties used for DLVO calculations [ Tufenkji and Elimelech, 2004b].

34. AFM Methods

All interaction forces reported on here were measured using a Digital Instruments
MultiMode Scanning Probe Microscope with a NanoScope I1la Controller. A schematic
of the instrument is shown in Figure 3. When operated in force mode (a selection made
via the NanoScope software), the instrument is referred to as an Atomic Force
Microscope (AFM).

With the head of the AFM removed, the sample, in this case the quartz surface
mounted with epoxy to a stainless steel disc, is placed on the magnetic sample stage. The
colloid probe is placed in the fluid cell (Figure 4) and the fluid cell mounted in the AFM
head. The head is then mounted atop the piezoelectric scanner, as shown in the
schematic, and the cantilever, sample, and laser aligned. The fluid cell and the sample
are then sealed, taking care not to bring the colloid probe into contact with the sample
surface. Once all components are properly sealed and aligned, ethanol is introduced into
the fluid cell as a final cleaning mechanism. The system is then thoroughly flushed with
DI. Electrolyte solutions are then introduced in order of ascending ionic strength (DI,

10 mM, 30 mM, 100 mM, 300 mM). All solutions remained in the flow cell for
30 minutes before the series of force measurements was obtained (see 4.3 Equilibration
Time).
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Figure 3: Schematic of the basic components of the Nanoscope MultiMode SPM [Lord, 2001].
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D-ring
Figure 4: Schematic of fluid cell.

In contact mode, the cantilever (i.e., colloid probe) remains stationary while the
sample stage is translated up and down (by the NanoScope Illa Controller). Deflection of
the cantilever results in a change of position of the laser as it enters the photodiode,
which is registered and output as voltage (see ‘Vertical Difference’ in Figure 3). Voltage
values (V) were recorded every 1.9 nanometers (nm) with a maximum separation of

3.335 um. All force measurements were obtained using a scan size of 200 nm and scan
rate of 0.250 Hz.

An example of the AFM output (plot only) is shown in Figure 5. The curves
show deflection of the cantilever in volts (y-axis) versus piezo displacement in nm
(x-axis). Note that two curves result for every sweep: deflection of the cantilever as the
surface extends toward the colloid probe and deflection of the cantilever as the surface
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retreats from the colloid probe. The ‘Extending’ curve measures the attractive and
repulsive forces between the colloid and the sample, while the ‘Retracting’ curve
measures the adhesive forces between the two. This deflection versus distance data is
converted to force versus distance data as follows, where only the extending data is being
considered:

1) Define the voltage of zero force (the initial flat, horizontal portion of Figure 5)
and subtract this value from all voltage data points.

2) Calculate the slope of the region of constant compliance, that portion of the
curve where deflection becomes a linear function of displacement (negatively
sloping portion of Figure 5a) and divide all values calculated in 1) by this slope.
This gives deflection in nm.

3) Correct the deflection values calculated in 2) as well as the original piezo
displacement values by the distance of contact (the slope of the region of constant
compliance expressed in nm).

4) Convert deflection values from 3) to force in Newtons (N) by multiplying by
the cantilever spring constant (k;), given in N/m.

Force Calibration Plot

E Extending

Figure 5: Example AFM output.

4. Results and Discussion

4.1. Theoretical Predictions

Under all experimental conditions employed, it is expected that repulsive forces
dominate the interaction between the carboxylate-modified polystyrene spheres (colloids)
and quartz. However, as has been suggested, deposition (i.e., attractive interactions) is
possible under seemingly unfavorable conditions, and such deposition is attributable to
entrapment in a secondary energy minimum. Figure 6 shows the theoretical interaction
energy curves (calculated using equation 8) for 1.0, 2.0, and 3.2 um colloids interacting
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with a quartz surface in KCI solutions varying in ionic strength from 10 to 300 mM. For
(a) and (b), color designations are shown in the legend and three thicknesses of each color
appear. The thickest line is for calculations done assuming the 3.2 um colloid. The
thinner line is for the 2.0 pm colloid, and the dashed line is for the 1.0 um colloid.
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Figure 6: Calculated DLVO interaction energy plotted as a function of separation distance in nm.
(a) Interaction energy curves for all particles in KCl solutions of 10, 30, 100 and 300 mM. Line color
designates ionic strength; line thickness designates particle size (i.e., thickest = 3.2 pm, thinnest =
2.0 pm, dashed = 1.0 pm). (b) Same as (a), but replotted on a different scale to highlight the location
and depth of the secondary minimum. (c) Interaction energy curves for the 3.2 pm colloid in KCI
solutions of varying ionic strength, highlighting increasing interaction energy with decreasing ionic
strength. (d) Interaction energy curves for all three particles in a 100 mM KCl solution, plotted on a
scale similar to (b) to highlight the depth of the secondary minimum.

Figure 6a shows an increasing depth of the secondary energy minimum as ionic
strength increases from 10 to 100 mM. For an ionic strength of 300 mM, the interaction
is completely attractive. Figure 6b is the same plot as (a), replotted on a scale of smaller
range to highlight the location and depth of the secondary minimum. Note that the depth
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of the minimum not only increases with ionic strength, but its location gets closer to the
surface. Figure 6¢ highlights the increase in depth of the minimum with increasing ionic
strength, while Figure 6d highlights the increase in depth with increase in particle size.

Using the information provided by Figure 6, it is clear that, in order to prove the
existence of the secondary energy minimum using direct measurements, it will be
necessary to show increasing interaction energy with decreasing ionic strength, as well as
increasing interaction energy with decreasing particle size. It is important to note that
showing the former alone is a necessary but insufficient indication of a secondary energy
minimum. Based on DLVO theory, it is expected that, if it is the primary energy
minimum being detected, an increase in interaction energy will be observed as ionic
strength decreases (see Figure 6a). Similarly, if it is the secondary energy minimum that
is being detected, an increase in interaction energy will also be observed as ionic strength
decreases (see Figure 6b). However, as particle size increases, the interaction energy
characterizing the primary minimum increases (see Figure 6a), while the interaction
energy characterizing the secondary minimum decreases (see Figure 6d). Therefore, it
will be necessary to show increasing interaction energy with decreasing ionic strength, as
well as decreasing interaction energy with increasing particle size to argue the existence
of a secondary energy minimum using direct AFM force measurements.
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4.2. General Atomic Force Microscope Data
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Figure 7: AFM data collected for a 2 pm colloid approaching a polished quartz surface in 100 mM

KCl of pH 6. (a) Cantilever deflection versus piezo displacement in arbitrary units, (b) Force (nIN)

versus distance from zero separation (nm) plotted as discrete data points, and (c) Force (nN) versus
distance from zero separation (nm) plotted as a continuous line.

An example of typical AFM output and conversion to useful force data is shown
in Figure 7 for a polished quartz surface approaching a 2 um colloid (k; = 0.305 N/m) in
100 mM KCl of pH 6. Figure 7a shows deflection of the cantilever in volts versus piezo
displacement in nm. Figure 7b gives force in nano-Newtons (nN) versus distance from
zero separation in nm, where each discrete data point collected has been converted from
the raw deflection output to a force value. Figure 7c shows the same data as Figure 7b,
but with the data plotted as a continuous line. It is important to note that only the data
collected upon extension (surface approaching cantilever) is shown, as will be the case in
all plots that follow. The distinction between Figure 7b and Figure 7c¢ is also important,
as Figure 7c makes the assumption that the interaction between 0 nN (separation distance
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of approximately 100 nm) and (approximately) -26 nN follows a linear trend. It is hard
to say whether or not this assumption is accurate, as only one data point exists between
the last point of zero force and the point of contact. For the analyses undertaken here,
whether or not the force data truly give a line like that shown in Figure 7c is not
important. What is important is the magnitude of force at contact (i.e., the difference in
force between the last point of zero force and the first point of contact); however, at this
point in this work, only qualitative trends are being examined, hence all force plots
shown in this document are shown as Figure 7c is, for ease and elucidation of
comparisons made.

4.3. Equilibration Time

A critical component of any experimental study is reproducibility of
measurements and subsequent results. As such, demonstrating reproducibility in force
measurements is initially the most important aspect of this work. Figure 8 shows raw
deflection in volts versus the piezo displacement (Z) distance in nanometers for
measurements taken after 0 (a), 20 (b), 30 (c), and 40 (d) minutes of equilibration. Each
plot shows the first ten subsequent force curves collected, while Figure 8b-d show the
fiftieth force curve (FCsp) as well.

For force curves collected after no equilibration (a), drift is observed as the
surface approaches the particle (“zero force” portion of curve, refer to Figure 5) and on
contact (“constant compliance” portion of curve). The drift observed in the region of
constant compliance is highly undesirable, recalling that it is the slope of this region that
determines the separation distance of zero needed for generation of all force versus
distance curves. As equilibration time is increased from 0 to 20 minutes, a notable
improvement is seen in repeatability of measurements in the constant compliance region.
Note however, that although improvement is observed in the constant compliance region,
significant total drift is observed over the measurement period, as shown by the location
of the FCsy. Increasing equilibration time from 20 to 30 minutes yields a notable
improvement in the entire force curve, where a strong deviation is not observed at later
times (i.e., for FCsp). The last increase in equilibration time from 30 to 40 minutes shows
a similar trend in the region of constant compliance; however, a notable and undesirable
drift in the entire force curve is observed at later times. These results suggest that an
equilibration time of 30 minutes is optimal, where times both lower and higher yield
undesirable drift in the region of constant compliance. For the system being examined
here, it is likely that the equilibration time is allowing for the temperature of the
introduced fluid and the temperature of the surface to come to equilibrium. These results
are supported by the work of Biggs et al. [2000], who report allowing 30 minutes for their
system to reach stability before force curves were obtained.
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Figure 8: Deflection (V) as a function of separation distance (nm) for a 2 um colloid approaching a
polished quartz surface for system equilibration times of 0 (a), 20 (b), 30 (c) and 40 (d) minutes.

4.4. Preliminary Force Curves

To date, 90 series of measurements (30 to 100 force curves each) have been taken
using the quartz surface, colloid-probes of varying characteristics (i.e., 1.0, 2.0 and
3.2 um colloids, cantilevers of spring constants 0.055, 0.275, 0.305 N/m), and KC1
solutions as described above. The majority of these measurements were made as an
exercise to become familiar with 1) the AFM, 2) the colloid-probe technique, and 3) the
complexities of the atmosphere in which the measurements were being made. Figure 9
shows typical data from the most recent measurements. These force curves were taken as
a polished quartz surface approached a 2 um colloid (k; = 0.305 N/m) in KCl solutions of
varying ionic strength at pH =6. It is clear that neither the relative trends between or
absolute magnitudes of the force curves are reproducible. Because sufficient time was
allowed for system equilibration, it is unlikely temperature effects are being observed. It
is more likely that the discrepancies shown are a result of improper surface preparation
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(i.e., one or both of the surfaces were dirty), or from impurities in the deionized water
used. For all future measurements, greater atmospheric controls, including strict surface
cleaning procedures, will be exercised, in addition to using high purity water (e.g., 18
MQ) for all solutions. These methodological changes will lead to more accurate, precise
AFM measurements. Because replicate direct force measurements have not yet been
made, comparisons between direct observations (Figure 9) and theoretical predictions
(Figure 6) are not possible.
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Figure 9: Replicate force (nN) versus distance from zero separation (nm) for a 2 um colloid
approaching a polished quartz surface in KCI solutions of varying ionic strength at pH =6.

5. Future Work

The work presented here provides a strong foundation for an investigation into the
existence of a secondary energy minimum using direct force measurements obtained by
Atomic Forces Microscopy. The immediate next step in this work is generating
reproducible force measurements, which should be achievable through the use of more
prudent cleaning procedures and high purity water for all electrolyte solutions. Once this
step has been completed, a systematic set of force measurements will be made for all
particle sizes with the quartz surface. This set of measurements will then be repeated for
feldspar, biotite, and Plexiglas surfaces. Direct measurements will finally be compared to
theoretical predictions (i.e., DLVO calculations made using electrokinetic properties for
the exact system employed during force measurements). The completion of this research
project is being undertaken as a Master’s Thesis project for New Mexico Institute of
Mining and Technologies’ Hydrology Program.
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