
Geochimica et Cosmochimica Acta, Vol. 69, No. 12, pp. 2959–2969, 2005
Copyright © 2005 Elsevier Ltd

Printed in the USA. All rights reserved
doi:10.1016/j.gca.2005.01.017

The effects of solution chemistry on the sticking efficiencies of viable Enterococcus faecalis:
An atomic force microscopy and modeling study

TRACY L. CAIL,*,† and MICHAEL F. HOCHELLA, JR.
Department of Geosciences, 4044 Derring Hall, Virginia Tech, Blacksburg, Virginia 24061-0420, USA

(Received October 25, 2004; accepted in revised form January 18, 2005)

Abstract—Atomic force microscopy (AFM) and Derjaguin-Landau-Verwey-Overbeek (DLVO) theory in
combination with the interaction force boundary layer (IFBL) model have been used to empirically and
theoretically calculate sticking efficiencies (�) of Enterococcus faecalis cells against a silica glass surface.
Sticking efficiencies were calculated in solutions of varying pH and ionic strength and related to maximum
distances of transport through a hypothetical soil block using colloid filtration theory.

AFM measurements show that the repulsive and attractive forces between E. faecalis cells and a glass
surface are a function of ionic strength but are less sensitive to changes in solution pH. Zeta (�)-potential
measurements of the cells and glass surfaces correlate with these trends. Calculated DLVO energy profiles
predict much greater sensitivity to changing solution chemistry. Sticking efficiencies derived from AFM
measurements range from 9.6 � 10�17 to 1 in solutions of low ionic strength (IS) and from 2.6 � 10�33 to
1 at higher IS. Corresponding � values determined from DLVO theory are essentially zero in all tested
solutions.

Sticking efficiencies calculated in this study are smaller than values determined from column and field
studies in similar systems; however, � derived from AFM data and the IFBL model more closely represent
field data than do values calculated from DLVO energy values. A comparison with different methods of
calculating � suggests that reversible adhesion may be significant in column-scale transport
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1. INTRODUCTION

Microbes are ubiquitous: They exist, and often thrive, in
nearly every imaginable environment on Earth. It is estimated
that 5 � 1030 prokaryotes exist on Earth and although less than
1% of that total number, including both Bacteria and Archaea,
are freely suspended in groundwater, almost 50% are attached
to unconsolidated sediment in the terrestrial subsurface (Whit-
man et al., 1998). The adhesion of microorganisms to uncon-
solidated sediment surfaces has widespread consequences
and/or applications in the natural environment including min-
eral dissolution, contaminant stabilization and destabilization,
microbe-facilitated or microbe-impeded contaminant transport,
and public health. The processes that control the attachment of
microbes to mineral surfaces are therefore important factors
that control contaminant migration and resilience in the sub-
surface. It is vital that we understand how microbes and other
colloid-sized particles attach to and detach from natural sedi-
ments and ultimately how they are transported through porous
media.

Colloidal particles, such as prokaryotes, are transported
through porous media by convective diffusion and are removed
from suspension predominately by filtration (Yao et al., 1971).
Several models that describe particle transport through uncon-
solidated media have been developed (for a review see Logan,
1999); however most are constrained to very specific physical
and chemical conditions and few apply to real heterogeneous
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systems. Very few descriptions of particle transport account for
the nanoscale interactions, including both attractive and repul-
sive interactions, which control particle attachment to surfaces.

One factor that is used to estimate colloidal particle attach-
ment is sticking efficiency (�), which is defined as the fraction
of particles colliding with a collector surface that remain at-
tached to that surface. Accurate predictions of sticking effi-
ciency are vital to successfully modeling particle transport in
natural sediments. Unfortunately, there is rarely any agreement
between predicted and measured transport of colloidal particles
in real systems (Tobiason, 1989), and there are no published
reports that successfully predict bacterial transport in aquifer
materials based on independently determined sticking efficien-
cies (Harvey and Harms, 2002).

The goal of this research is to investigate particle adhesion at
the nanoscale and to relate it to the large scale phenomenon of
particle transport. In this study, sticking efficiency was calcu-
lated using forces measured by atomic force microscopy
(AFM) and applied to the interaction force boundary layer
(IFBL) model of Spielman and Friedlander (1974). Specifi-
cally, the sticking efficiencies of live Enterococcus faecalis
cells adhering to a glass collector were examined in aqueous
solutions of varying pH and ionic strength. Zeta (�)-potential
measurements were used to qualitatively predict the electro-
static interactions between E. faecalis cells and a glass collector
and to help rationalize the relationship between bacterial adhe-
sion and solution chemistry. Sticking efficiencies calculated
using AFM data and the IFBL model were then compared to
values calculated using Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory and the IFBL model. Finally, sticking efficien-
cies were related to particle travel distances through a hypo-

thetical soil block and compared to field studies.
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This research is the first to use the IFBL model and AFM
measurements to calculate sticking efficiencies of live bacterial
cells and the first to provide a direct comparison of AFM- and
DLVO-derived energy profiles of individual cells. The data are
also presented as distances of travel through soil for a more
lucid comparison with field data. The results of this study show
that sticking efficiency estimates are sensitive to the methods
used in their derivation.

2. BACKGROUND

2.1. Terminology

The terminologies that are used to describe the removal of
colloidal particles from suspension by adhesion onto a collector
surface are inconsistent in published literature and, at times,
counterintuitive. The terms used in this paper are defined be-
low. For clarity, Figure 1 illustrates the processes that are
involved in particle transport and three key definitions.

2.1.1. Collision efficiency (�)

Collision efficiency (�), which is sometimes called collector
or contact efficiency, is the probability that a particle approach-
ing a collector surface collides with that surface. Because � is
a probability, its value always falls between 0 and 1. Collision
efficiency can be calculated using the Smoluchowski-Levich
equation (Levich, 1962; Spielman and Friedlander, 1974):

� � 4As
1⁄3� D

2Ur�
2⁄3

(1)

where D is the particle diffusion coefficient, U is the undis-
turbed fluid velocity, and r is the particle radius (for units, see
the list of symbols at the end of the article). As is Happel’s cell
model constant which is a porosity dependent flow model
parameter that has a value of 38 for a given porosity of 0.4
(Elimelech and O’Melia, 1990a). Other forms of the Smolu-
chowski-Levich equation have been derived to include effects
of particle-particle interactions (Logan, 1999).

2.1.2. Sticking efficiency (�)

Sticking efficiency, sometimes called sticking probability,
attachment efficiency, or the collision efficiency factor, is a

Fig. 1. Schematic representations of collision (�), sticking (�), and
collection (C) efficiencies that are used in this paper.
function of solution chemistry and the surface properties of the
particle and collector. Estimates of �, which should always be
between 0 and 1, have been obtained using colloid filtration
theory (Yao et al., 1971), the kinetic energy (KE) method
(Hahn and O’Melia, 2004), and the IFBL model (Elimelech and
O’Melia, 1990a, 1990b; Dong et al., 2002b). There is wide
variability in the published sticking efficiencies of similar systems
that are calculated using these three methods (e.g., �IFBL � 1 �
10�181 and �KE � 0.02 Dong et al., 2002b).

2.1.3. Collector efficiency (C)

Collector efficiency is the combined probability that a par-
ticle approaching a collector surface both collides with and
remains attached to the surface (C � ��). It is the collector
efficiency that ultimately describes the total removal of parti-
cles from solution and is used to predict total distances of
particle transport (Yao et al., 1971). Collector efficiency is
sometimes referred to as removal or deposition efficiency.

2.2. Interaction Force Boundary Layer Model

The IFBL model was derived by Spielman and Friedlander
(1974) to describe spherical particle interactions with a spher-
ical collector surface. Their model is specific to particles that
are small enough to experience significant brownian motion,
which limits the model to particles �2 �m in diameter (parti-
cles larger than 2 �m typically fall out of suspension owing to
gravitational settling). The model assumes that particle-collec-
tor adhesion is irreversible and occurs when the potential
energy between the particle and collector is minimized. The
sticking efficiency is equal to the probability that a particle
overcomes a potential energy barrier to reach a potential energy
minimum. By definition of the IFBL model, particles and
surfaces tht do not experience any interfacial repulsion have a
sticking efficiency value of 1.

In the IFBL derivation, the convective diffusion equation
with a term to describe particle-particle interactions is solved
using two boundary conditions: (1) Convective transport is
negligible when separation distances are extremely small, and
(2) convective transport dominates over particle-particle inter-
actions at large distances of separation. Details of the solution
are available in Spielman and Friedlander (1974).

The IFBL model calculates sticking efficiencies as a function
of the intersurface potential energy (�) between a particle and
collector. In this study, forces measured by AFM have been
integrated over separation distance to obtain �. Classical
DLVO theory has also been used to calculate � directly. The
intersurface potential energy is integrated to calculate the sur-
face reaction rate (k=) which is the ratio of the rate of diffusive
transfer of colloidal particles to the collector surface to the
overall rate of adhesion:

k′ �
D

�0

�

(e�⁄kT 	 1) 
 y
(2)

where D is the diffusion coefficient (kT/6��r), k is Boltz-
mann’s constant, T is temperature, � is fluid viscosity, r is
particle radius, y is the particle-collector separation distance,
and � is the intersurface potential energy. A modification to the

rate of reaction equation that approximates the retarding effects
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of hydrodynamics on particle mobility has been suggested
(Dahneke, 1974):

k′ �
D

�0

� ��1 �
r

y� � e�⁄kT 	 1� 
 y

(3)

The surface reaction rate is then used in the IFBL model to
determine the sticking parameter, 
, which is defined by


 �
1

3
(2)1⁄3��1

3�As
	1⁄3� D

Ur�
1⁄3�k′r

D � (4)

where � is the mathematical gamma function, As, D, U, and r
are the Happel’s cell model constant, diffusion coefficient,
undisturbed velocity, and particle radius defined previously.

Finally, sticking efficiency is calculated from 
 using the
equation

� � � 



 � 1� � S(
) (5)

where S(
) is a dimensionless function describing collection by
a sphere. S(
) has been determined numerically and is tabu-
lated in Spielman and Friedlander (1974).

The IFBL model has been used to predict sticking efficien-
cies of live bacterial cells against quartz beads (� � 1
� 10�181, Dong et al., 2002b), latex particles against glass (�
� 1 � 10�4, Elimelech and O’Melia, 1990a; � � 1 � 10�4,
Elimelech and O’Melia, 1990b), silica particles against glass
(� � 1 � 10�265, Elimelech et al., 2000), and silica particles
against iron oxide coated sand (� � 0.3, Ryan et al., 1999) in
aqueous solutions of various pH and ionic strength. In many of
these studies, theoretically calculated sticking efficiencies are
several orders of magnitude lower than sticking efficiency
values obtained from column and field-scale experiments in
similar systems. Cited explanations for these discrepancies
include failure of the DLVO theory to accurately predict the
interfacial potential energies between a particle and collector,
failure of the IFBL model to accurately calculate sticking
efficiency, and failure of any model to predict the chemical and
physical heterogeneity of natural systems.

2.3. Other Methods That Calculate Sticking Efficiency

There have been attempts to develop more quantitative meth-
ods to assess cell stickiness (Martin et al., 1990). Two of the
most common methods are described in this section.

2.3.1. Colloid filtration method

In an empirical approach, colloid filtration theory has been
used extensively to describe particle attachment to a collector
surface (for example, Yao et al., 1971; Harvey and Garabedian,
1991; Gross et al., 1995; Shellenberger and Logan, 2002).
Using this method, sticking efficiencies are calculated from an
estimated collision efficiency and column or field influent and
effluent data using the equation developed by Yao et al. (1971):

4r
	1

N

� �

3L�
(� 	 1) ln�N0

� (6)
where N is the measured (effluent) particle concentration, N0 is
the influent particle concentration, � is porosity, L is column
length or distance, and r is radius of the collector. The differ-
ence between the influent and effluent concentrations is the
number of particles that have adhered to collector surfaces.
Various versions of this model have been published, each
weighting differently the effects of such parameters as porosity,
fluid velocity, and diffusion (Logan et al., 1995).

Using colloid filtration theory, calculated collision efficien-
cies and influent/effluent data are used to determine the sticking
efficiency of a given system. Therefore, the sticking efficiency
value obtained by colloid filtration theory is not applicable to
any other system or even the same system at different physi-
cochemical conditions. Sticking efficiency values calculated
with the filtration theory often differ from measured field
values by several orders of magnitude (Gregory and Wishart,
1980). The discrepancies may be due to erroneous estimates of
� or errors in measuring influent and effluent particle concentra-
tions. Also, the filtration method cannot distinguish particle re-
moval by sorption to sediment particles from sorption to column
sides nor does it include any term to describe fluid chemistry or the
surface chemistries of the particle and collector.

2.3.2. The kinetic energy method

Sticking efficiency has also been estimated as a function of
particle kinetic energy (Ekin) (Ryan and Gschwend, 1994; Dong
et al., 2002a, 2002b; Hahn and O’Melia, 2004):

� � 1 	 �
	�Gmin2

�

f(Ekin) 
 Ekin (7)

f(Ekin) �
2

��kT
�Ekin

kT
exp�	

Ekin

kT � (8)

In the kinetic energy method, DLVO theory is used to predict
the potential energy–distance landscape between a particle and
a collector. The method assumes that particles become revers-
ibly attached to a collector when trapped in a secondary energy
minimum (�Gmin2). The sticking efficiency is inversely related
to the probability that a particle’s kinetic energy is great enough
to escape from �Gmin2. This method assumes that particle
kinetic energy can be described by the Maxwell distribution
function and that DLVO theory accurately predicts the poten-
tial energy landscape between the particle and collector (Dong
et al., 2002b). Tangible estimates of � have been predicted
using the kinetic energy method and a latex microsphere-glass
collector system (� � 0.02, Dong et al., 2002b; � � 0.01, Hahn
and O’Melia, 2004).

The kinetic energy method of determining � is markedly
different from the IFBL model and colloid filtration method in
that it describes particle adhesion as a reversible process. Cer-
tainly both irreversible and reversible adhesion occur in most
natural systems; however, the standard model implies that
reversible adhesion is a transition step toward irreversible ad-
hesion (Marshall et al., 1971). The apparent success of the
kinetic energy method suggests that in some conditions revers-
ible adhesion, rather than irreversible adhesion, more accu-
rately models column-scale experimental results of particle

transport. For field-scale studies, however, irreversible adhe-



2962 T. L. Cail and M. F. Hochella, Jr.
sion should more accurately describe particle transport (Mar-
shall et al., 1971).

3. METHODS

3.1. Materials

Enterococcus faecalis (previously Streptococcus faecalis) was cho-
sen for investigation because of its rigid spherical form which makes it
well suited for attachment to AFM cantilevers. Previous studies have
shown that some rod-shaped bacteria have distinctly different adhesive
properties that are dependent on their orientation (Jones et al., 2003)
therefore we investigate only cocci-shaped bacteria in this study. E.
faecalis is a gram-positive, non-spore forming, nonflagellated coccus
measuring �1 �m in diameter. Gram-positive cells are rigid and
robust, which makes them ideal for imaging using scanning electron
microscopy (SEM), whereas gram-negative cells are less likely to
survive the imaging process. E. faecalis is a common soil and ground-
water microorganism and has been used as an indicator organism to
predict sources of fecal contamination. It is a facultative anaerobe that
inhabits the intestinal track of humans and other warm-blooded ani-
mals. E. faecalis is not known to cause disease in healthy adult humans
and is classified a biosafety level 1 organism by the American Type
Culture Collection.

Fisher-brand glass coverslips were used as collector material in all
experiments. Silica glass was selected because it has many similarities
to quartz which is an abundant mineral in unconsolidated terrestrial
sediment. Both silica glass and quartz have fairly low solubility in
waters of near-neutral pH and similar points of zero charge (Langmuir,
1997). Although the IFBL model is derived specifically for spherical
collectors, flat collectors are used in this study. Preliminary experi-
ments using spherical collector surfaces were not reproducible owing to
piezo drift; it was not possible to consistently measure forces normal to
the curved surface. In this study, flat collectors represent spherical
particles that have a radius of curvature that is much larger than the E.
faecalis. According to the Derjaguin approximation (Derjaguin, 1934),
this estimate yields less than 10% error in calculated interaction forces
when the collector radius is more than 10 times greater than the particle
radius.

3.2. Material Preparation

Glass coverslips that were used as collectors were cleaned before all
experiments in a 3:1 H2SO4/H2O2 piranha solution for 30 min to
remove any possible organic contamination on the surface. Cleaned
glass collectors were rinsed in copious amounts of milli-Q water
following cleaning and then stored in 95% ethanol. Collectors were
rinsed again with milli-Q water and dried before AFM experiments.

E. faecalis cells were grown aerobically without shaking in tryptic
soy broth at 37°C. Cells were harvested at midgrowth phase and rinsed
in triplicate by centrifugation using sterile milli-Q water. Cells were
resuspended in sterile milli-Q water for temporary storage. Cells were
stained before their isolation onto cantilevers using the Live/Dead
BacLight viability kit (Molecular Probes). The viability stain colors
live/viable cells green and nonviable cells red.

To improve bacterial adhesion, tipless silicon nitride AFM cantile-
vers (Veeco) were functionalized using 3-aminopropyltriethoxysilane
(APTES). The APTES treatment generates a surface coating of amino
groups on the cantilever that bind to aldehyde and ketone groups that
are present on the bacterial wall (Karrasch et al., 1993). Cantilevers
were soaked in 5% APTES for 30 min and then rinsed in acetone. Cells
were attached to the ends of the APTES-treated cantilevers by lowering
the cantilever onto a dilute solution of E. faecalis cells until just one or
two viable cells were attached to the apex of the cantilever. Field
emission scanning electron microscopy (FESEM; Leo 1550) was used
to image the cantilevers and determine the exact number and position
of cells on the cantilever (Fig. 2). By using a low-voltage electron
beam, it was possible to image the sample without any coating before
and after AFM experiments.

In these experiments, three treated cantilevers with one or two
attached cells were used to collect force measurements in aqueous

solutions of varying pH and ionic strength to test the effects of solution
chemistry on sticking efficiency. Buffered aqueous solutions were
prepared using sodium acetate and acetic acid to final pH values of 4,
5, 6, and 7. The ionic strengths of each buffered solution were adjusted
to 0.05, 0.01, or 0.005 M.

3.3. Zeta-Potential Measurements

The �-potentials of E. faecalis and glass were measured in each
buffered solution using a Malvern Instruments Zetasizer 3000HS. The
piranha-cleaned glass coverslips were ground to a fine powder using an
agate mortar and pestle and suspended in the buffered solutions. Cells
were grown to midlog phase and rinsed three times in sterile milli-Q
water before being resuspended in the buffered solutions for �30 min
to one hour before �-potentials were measured. The zeta-potentials
were measured in duplicate sets of 5 measurements. The data sets were
pooled and the average results showing standard deviation are pre-
sented.

3.4. Atomic Force Microscopy Experiments

AFM experiments were conducted using a Nanoscope IIIa Digital
Instruments Multimode SPM in contact mode at room temperature. The
spring constants of the cantilevers were measured using the Cleveland
method before data collection but after cell attachment (Cleveland et
al., 1993) and were found to be equal to the manufacturer’s value (0.06
N/m). Three tipless cantilevers with attached cells were used to collect
several hundred force curves for this study.

AFM data were collected as the collector glass approached, made
contact with, and then separated from the cantilever at a rate of 600
nm/s, beginning at a maximum separation distance of 300 nm. The
approach velocity is consistent with other AFM studies (e.g., Lower et
al., 2000), comparable to motile bacterial velocities (Marshall, 1976),
and a reasonable estimate of colloidal velocities through fine porous
media (Nagasaki et al., 1993). AFM data were collected in each
buffered solution under identical conditions. Tens to hundreds of force
curves were collected in each solution to ensure reproducibility and the
averaged results are presented.

Control experiments were conducted using naked cantilevers and
cantilevers treated with APTES. Naked cantilevers experience strong
repulsive forces (up to 0.5 nN) at separation distances between 6 and 10
nm in solutions with pH �5. Cantilevers that had been treated with
APTES experienced no measurable repulsive forces and strong attrac-
tive forces toward the glass surface at separation distances smaller than
500 nm.

3.5. Data Processing

Fig. 2. FESEM image of two E. faecalis cells attached to an APES-
treated silicon nitride cantilever. Each cell is �1 �m in diameter.
Up to 100 force curves were collected for the E. faecalis–glass
system in each buffered solution. Each force curve was analyzed
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individually and those that displayed significant noise owing to the
presence of air bubbles (expressed as large plateaus), excess laser light
(expressed as periodic oscillations), or a positive or negative slope in
the region of no contact were discarded. Generally noise was minimal
but increased at larger distances from separation. Scatter in the AFM
data are small and results are reproducible to within 	0.1 nN in force
and 	5 nm in distance. The average force curves from each data set
were used to calculate sticking efficiencies for each buffered solution.

AFM data were collected as photodiode counts vs. piezo displace-
ment in the z direction and processed into force vs. distance of sepa-
ration curves using an IGOR Pro routine (WaveMetrics) and the
method outlined by Kendall and Hochella (2003). The steps involved in
converting raw AFM data into force curves and ultimately into sticking
efficiencies are outlined in Figure 3. Interfacial potential energies vs.
distance of separation profiles were calculated from force-distance
curves by integration:

Energy (�) � �
35

0

Fdx (9)

The force curves were integrated using the trapezoid rule from a
separation distance of 35 nm to the point of contact (Fig. 4). The 35 nm
boundary condition was chosen based on the lack of any significant
particle-collector interaction at separation distances greater than 35 nm.
Only one data set displayed any interaction beyond 35 nm of separation
and, for unrelated reasons to be discussed later, those data were not
used to calculate sticking efficiencies. To determine the influence of the
jump-to-contact region of the approach curve (Fig. 4) on calculated
potential energies, force curves were also integrated from 35 nm of
separation to the jump-to-contact distance. Results are identical using

Fig. 3. Flow chart showing AFM data processing and the steps
involved in calculating sticking efficiency.
both regions of integration.
Exponential energy curves (Fig. 5) were derived from the interfacial
potential energy curves and integrated to determine the surface reaction
rate coefficient k= for each experimental condition. The sticking effi-
ciency value that corresponds to each average force curve was calcu-
lated using Eqns. 2–5. Sticking efficiencies were calculated using the
reaction rate, k=, from the original IFBL model (Eqn. 2), as well as
using the correction suggested by Dahneke, 1974 (Eqn. 3).

3.6. DLVO calculations

Classical DLVO theory was used to calculate energy profiles of the
E. faecalis–glass system in identical chemical conditions. Calculations
were made using �-potentials measured in this study and a Hamaker
constant of 4.1 � 10�21 J (Dong et al., 2002b). Calculations were
completed using the Derjaguin approximation (Derjaguin, 1934) and
the electrostatic double layer interaction (Elimelech et al., 1998; Evans
and Wennerstrom, 1999). Sticking efficiencies were calculated using
the DLVO energy curves following exactly the same method that was
outlined in the previous section.

4. RESULTS AND DISCUSSION

4.1. �-Potential

The measured �-potentials of E. faecalis and glass are pre-
sented in Figure 6. Both the bacterial cells and the glass
surfaces have negative surface potentials in all solutions tested.
The �-potentials of the glass collector are consistent with
DLVO theory and become more positive with decreasing pH
and with increasing ionic strength. The �-potentials of the E.
faecalis cells do not change appreciably as pH is varied from 4
to 7 but do react to changes in solution ionic strength (Fig. 6B).
As solution ionic strength decreases, bacterial �-potentials be-
come more negative. The insensitivity of bacterial �-potential
to changes in solution pH is possibly a reflection of the numer-
ous types of functional groups with low dissociation constants
that are present on the bacterial surface (Rijnaarts et al., 1999).

4.2. AFM Experiments

The average force curves of the E. faecalis–glass collector
system in seven different aqueous solutions over a pH range
from 4 to 7 and three different solution ionic strengths are
presented in Figure 7. The force profiles collected as the par-
ticle and collector approach each other are of particular interest
to this study because they contain information about the poten-
tial energy between the surfaces and can be used to predict
sticking efficiency using the IFBL model.

Fig. 4. Schematic force vs. distance curves as measured using AFM
on approach (solid) and retraction (dashed) from a surface. Repulsive

forces are assigned positive values and attractive forces are assigned
negative values.
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Few measurable forces of interaction were detected by
AFM on approach until separation distances were smaller
than 35 nm. Only in solutions of pH 4 is there any observed
interaction between the E. faecalis and glass surfaces at
separation distances greater than 35 nm. In these acidic
conditions and at high ionic strength, relatively strong ad-
hesion forces exist between the cell and glass (Fig. 7D). In
all other solutions of pH �5, the bacteria and glass exert a
weak repulsive force that occurs at a separation distance
between 35 and 20 nm. The repulsive forces are very weak
and measure less than 0.5 nN in all experiments. At shorter
distances of separation the nanoscale interaction between the
bacteria and glass changes from repulsive to attractive and at
separation distances smaller than 20 nm the gradient of the
attractive force becomes larger than the cantilever spring

Fig. 5. Plots showing force (nN) measured by AFM, energy (aJ)
calculated from the force curve, and exponential energy (unitless)
calculated from the energy profile vs. E. faecalis-glass collector sepa-
ration distance (nm). These results are for data collected at pH 5 and IS
� 0.005 M. The exponential energy curve is used to calculate the
surface reaction rate (Eqns. 2 and 3) which is, in turn, used to calculate
sticking efficiency.
constant and the bacteria and glass surfaces jump into con-
tact. This jump-to-contact region (Fig. 4) has a slope that is
equal to the cantilever spring constant (Fig. 7A).

The magnitude of the maximum attractive force measured on
approach is a function of solution chemistry; the force increases
with decreasing pH and increasing ionic strength and correlates
to measured �-potentials. It is therefore likely that electrostatic
forces dominate the interaction occurring between the surfaces.
Electrostatic forces are long-range interactions which are very
sensitive to changes in both solution pH and ionic strength
(Israelachvili, 1992) and arise when the distribution of counter
ions surrounding two surfaces overlap. The magnitude of the
force is altered by changing solution pH, because the distribu-
tion of counter ions is sensitive to pH. Also, the counter ion
double layer shrinks at higher solution ionic strength, thereby
reducing the separation distance at which particles and surfaces
interact. Other forces that may contribute to the attractions and
repulsions measured between the bacteria and glass include van
der Waal’s, hydrophobic, hydration, and hydrodynamic inter-
actions (Cappella and Dietler, 1999).

The force profiles measured as the surfaces are separated
also have notable features. All the retraction curves collected in
this study exhibit a strong adhesive force and a major jump-
off-contact event with a constant slope (Fig. 4). The jump-off-
contact occurs when the cantilever spring constant is larger
than the gradient of the attractive force between the cell and the
glass surface. As the cantilever breaks away from the surface to
reach equilibrium, the recorded cantilever deflections are a
function of the spring constant (Fig. 7A). The magnitude of the
adhesive force experienced upon retraction is always greater
than the magnitude of the attractive force experienced upon
approach (Cappella and Dietler, 1999). These differences may
be attributed to the amount of surface area involved in the
interaction or may be the result of polymer bridging. Cappella
and Dietler (1999) provide a complete review and interpreta-
tion of force curves.

Our data indicate that the magnitude of the adhesive forces
measured as the surfaces separate is a function of solution
chemistry. In general, adhesion is negatively correlated to
solution pH and positively correlated to solution ionic strength.
At pH 4 and ionic strength equal to 0.01 M, the magnitude of
the adhesive force is so large that it is impossible to pull the
bacterium off the glass surface using a ramp distance of 300
nm. The adhesion is likely caused by varying surface potential
on both the particle and collector surfaces. As pH decreases, the
�-potential of the glass surface becomes significantly less neg-
atively charged and less repulsive to the negatively charged
bacterial cell. Also, at higher ionic strength the Debye length
shrinks, decreasing the separation distance at which particles
interact. Similar results have been shown in another study that
measures the force of attraction between bacterial cells and
mineral surfaces (Lower et al., 2000).

Secondary energy minima were not identified in any force
profiles measured in this study. It is possible that secondary
energy minima might be detected using a more sensitive
cantilever; however, the large adhesive forces in this system
may overpower the signal from the secondary energy mini-
mum. The force data measured in this study indicate that
adhesive forces are strong and adhesion should be domi-
nated by irreversible deposition in the primary energy min-

imum.
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4.3. DLVO Profiles

Force profiles were derived from the energy curves calcu-
lated using classic DLVO theory for a visual comparison with
the AFM data. The calculated force curves are presented in
Figure 8. Although the calculated forces show the same trends
of increasing repulsive forces and decreasing attractive forces
with more basic pH and lower ionic strength, there are signif-
icant differences in the two profiles. In each solution the max-
imum repulsive force calculated by DLVO is significantly
greater (
0.5 nN) than the force measured directly using AFM.

Fig. 6. The measured �-potentials of (A) glass and (B)
average values with standard deviation. Circles, IS �
intermediate ionic strength (IS � 0.01) fell between the

Fig. 7. Average force-distance curves for E. faecalis an

pH. Circles, IS � 0.05 M; squares, IS � 0.01 M; diamonds, IS �
closed symbols represent retraction curves. � � repulsive; � �
DLVO theory predicts smaller attractive forces and interactions
between the bacteria and glass surface at much smaller dis-
tances of separation than are measured using AFM. Secondary
energy minima are notably absent in the DLVO-generated
force profiles.

The differences between calculated and measured forces in
this study may be due to surface roughness and/or heterogene-
ity of bacterial and collector surfaces (Elimelech and O’Melia,
1990b). DLVO calculations assume perfectly smooth and ho-
mogeneous particle and collector surfaces which are unrealistic

alis in several aqueous solutions. The results shown are
iamonds, IS � 0.005. The �-potentials measured at an
d low ionic strength values.

glass in aqueous solutions of varying ionic strength and
E. faec
d silica

0.005 M. Open symbols designate approach curves and
attractive.
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in most natural systems. The force curves measured directly
using AFM, however, do not make assumptions about either
surface. It has also been postulated that charged particles in
suspension may be affected by hydrodynamic drag, thereby
affecting the lateral extent of charge and possibly altering
double layer interactions in comparison to solutions with very
little fluid movement (Elimelech and O’Melia, 1990b).

4.4. Sticking Efficiencies

The sticking efficiencies calculated using the averaged force
curves of each buffered solution are presented in Table 1.
Sticking efficiencies were calculated using both the original
equations of the IFBL model and the modified equations by
Dahneke (1974). Because no repulsive forces were measured
by AFM in the experiments conducted in solutions of pH 4,
sticking efficiencies for these conditions were not calculated.

Fig. 8. Calculated force vs. distance profiles using cl
solutions of varying ionic strength and pH. Note that the
� 0.05 M; squares, IS � 0.01 M; diamonds, IS � 0.005

Table 1. Calculated sticking efficiencies (�) in
using data measured by AFM (�AFM) and data calcul
were calculated using the original IFBL equations
(Dahneke �).

Solution

�AFM

IFBL � Da

pH 7 IS 0.05 2.6 � 10�33 3.5
pH 6 IS 0.05 4.4 � 10�5 2.4
pH 5 IS 0.05 1
pH 4 IS 0.01 1
pH 6 IS 0.005 9.6 � 10�16 2.6
pH 5 IS 0.005 3.6 � 10�8 9.7

pH 4 IS 0.005 1 1
According to the IFBL model the sticking efficiencies in both
solutions at pH 4 are equal to 1.

The � values calculated from DLVO-generated energy
curves are many orders of magnitude smaller than those
calculated from AFM measurements; sticking efficiencies
are essentially 0 in each chemical condition investigated.
Indeed, � values are drastically lower than most published
experimental sticking efficiencies (Elimelech and O’Melia,
1990a, 1990b; Ryan et al., 1999; Dong, 2002) but are very
similar to results from other purely theoretical studies (Elim-
elech et al., 2000; Dong et al., 2002b). The implications of
these sticking efficiency values will be discussed in the
following section.

Sticking efficiencies calculated using the traditional IFBL
model are consistently one to three orders of magnitude larger
than those calculated using Dahneke’s correction. The correc-

LVO theory for E. faecalis and silica glass in aqueous
these plots is smaller than those in Figure 7. Circles, IS

d solutions of varying pH and ionic strength (IS)
ing DLVO theory (�DLVO). The sticking efficiencies
�) and the hydrodynamic correction by Dahneke

�DLVO

IFBL � Dahneke �

35 1.7 � 10�158 1.69 � 10�161

6 1.0 � 10�110 1.09 � 10�113

4.2 � 10�98 4.7 � 10�101

2.2 � 10�231 2.66 � 10�234

17 �1 � 10�307 �1 � 10�307

10 �1 � 10�307 �1 � 10�307
assic D
buffere
ated us
(IFBL

hneke �

� 10�

� 10�

1
1

� 10�

� 10�
�1 � 10�307 �1 � 10�307
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tion, which accounts for hydrodynamic interactions that can
significantly inhibit deposition, is expected to drop the calcu-
lated sticking efficiency value as shown.

The sticking efficiencies calculated using both DLVO-de-
rived and AFM data at high ionic strength display a distinct
trend that is reflective of �-potential. Sticking efficiencies cal-
culated from both data sets increase as pH decreases and as
ionic strength increases. The trend is likely present at low ionic
strength but is out of the calculated range of this study. In
solutions of nearly neutral pH, the surface potential of glass is
very strongly negative and � is low. As pH decreases and the
�-potential of glass becomes more negative, � increases. Like-
wise, at constant pH and higher ionic strength, �-potentials
become more neutral and sticking efficiencies also increase.
The results are consistent with an earlier study that measured
the sticking efficiencies of carboxylated polystyrene micropar-
ticles using the same method (Cail and Hochella, 2005).

4.5. Efficacy of the IFBL Model

As previously mentioned, the IFBL model has been criti-
cized as a poor predictor of particle adhesion (Elimelech and
O’Melia, 1990b; Ryan and Elimelech, 1996; Dong et al.,
2002b). The sticking efficiencies calculated using this model
and DLVO-generated energy curves greatly underestimate �
calculated in column and field studies in nonidentical but
similar systems (Elimelech and O’Melia, 1990a, 1990b; Ryan
et al., 1999; Elimelech et al., 2000; Dong et al., 2002b).

To make the concept of sticking efficiency more tangible,
distances of particle transport have been calculated using �
determined in this study and a hypothetical soil and the rear-
ranged filtration equation (Yao et al., 1971):

L �
4

3

r

�(� 	 1)�
ln� C

C0
� (10)

where L is the distance traveled, r is collector grain radius (500
�m, representative of a course sand), � is porosity (0.4), C0 and
C are initial and final particle concentrations, and � and � are
sticking and collision efficiencies. For these calculations, �
� 0.026 (Johnson et al., 1996). Transport distances were cal-
culated for a range of final particle concentrations from 99% to
0.1% of C0. The results are presented in Table 2. Field data
indicate that bacterial cells and inorganic colloids behave sim-
ilarly in field studies (Harvey and Bouwer, 1990); therefore
they will be treated equally in this discussion.

The distances of travel associated with very small sticking
efficiencies (i.e., � � 9.6 � 10�16) are immeasurably large.
For example, using a sticking efficiency of 9.6 � 10�16 and the
filtration equation above, �50% of a population of micropar-
ticles would travel a distance of 6.2 � 108 km (�4 times the
distance to the sun!). However, � derived from AFM data at
high ionic strength and at pH �6 correspond to travel distances
that range from a few mm to hundreds of meters. These
distances represent the maximum attainable travel distances of
colloidal particles that do not favor adhesion to the collector
surface. Naturally, colloids that favor adhesion would travel
much shorter distances. For example, bacterial transport dis-
tances in natural systems are expected to be much shorter,

owing to heterogeneous collector surfaces that may be more
favorable to adhesion, e.g., iron oxyhydroxide coatings and
organic matter.

An important observation can be made from the calculated
distances displayed in Table 2 and Eqn. 10. Because of the
relatively high limits of detection associated with bacterial
populations (AOAC International, 1999), it is increasingly dif-
ficult to accurately measure sticking efficiencies smaller than 1
� 10�4 using columns shorter than 1 m. Laboratory scale
investigations of bacterial sticking efficiency are limited by cell
enumeration techniques.

The apparent success of the kinetic energy method in pre-
dicting sticking efficiencies of latex microspheres (Hahn and
O’Melia, 2004) suggests that reversible adhesion may be an
important process in particle removal from solution under
certain conditions. For example, at near-neutral pH conditions
the sticking efficiencies calculated in this study predict essen-
tially no adhesion of the bacteria to the glass surface. Field and
column data from similar systems report that significant parti-
cle removal does occur under unfavorable conditions and indi-
cate that sticking efficiencies of these systems are much higher.
If reversible adhesion were to dominate under these conditions,
the IFBL model would significantly underpredict sticking effi-
ciency by assuming all deposition is irreversible. Similarly, at
low solution pH, where the IFBL model predicts high sticking
efficiencies, irreversible adhesion likely dominates. Accurate
predictions of sticking efficiencies and distances of colloidal
particle transport in natural systems might be improved by
accounting for both short-term reversible adhesion and long-
term irreversible adhesion.

The sticking efficiency values calculated using the IFBL
model in this study are sensitive to small changes in interfacial
potential energy. The potential energy profiles calculated using
DLVO theory have larger maximum energy values which cor-
relate to much smaller sticking efficiencies compared to AFM
results. This observation may limit the application of the IFBL
model to systems that are adequately described by theory or are
conducive to AFM measurements. Small errors in force or
energy profiles may yield significant errors in sticking effi-
ciency.

Atomic force microscopy is a valuable tool for predicting the

Table 2. Estimated distances of transport (note that
the units of length are not consistent) corresponding to
sticking efficiencies calculated using the IFBL model.

� C/C0 L

1 � 10�307 .99 �
.50 �
.001 �

9.6 � 10�16 .99 9.0 � 106 km
.50 6.2 � 108 km
.001 6.2 � 109 km

3.6 � 10�8 .99 0.24 km
.50 17 km
.001 160 km

4.4 � 10�5 .99 0.20 m
.50 13 m
.001 130 m

1 .99 0.00086 mm
.50 0.059 mm
.001 0.59 mm
trends of increasing and decreasing � with changes in solution pH
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and ionic strength, as well as for predicting distances of transport
through porous media. In this study, the effects of solution chem-
istry on sticking efficiency were consistent and directly experi-
mentally measurable: Lowering solution pH resulted in smaller
interfacial repulsive forces and larger sticking efficiency values at
both high and low solution ionic strength. Advances in AFM,
including tapping mode force curve measurements (Todd et al.,
2001), may improve the measurement of interfacial potential en-
ergies and provide more accurate estimates of sticking efficiency
for a wider range of colloidal systems.

5. SUMMARY AND SIGNIFICANCE

The accurate prediction of particle transport in the subsur-
face is important to several fields in the geosciences. Empirical
methods to predict particle transport in porous media are
largely unsuccessful and are constrained to restricted physico-
chemical systems, whereas theoretical descriptions are rarely
applicable to real heterogeneous systems. Laboratory-scale in-
vestigations of bacterial sticking efficiencies are limited by the
accuracy of cell detection methods. This study presents a new
method of calculating sticking efficiency using measurable
force data. Using this AFM technique, bacterial sticking effi-
ciencies are, for the first time, determined directly from mea-
surable forces of interaction between the cell and collector
surfaces using the IFBL model. Under certain conditions where
irreversible adhesion is the predominate particle removal pro-
cess and/or when combined with a term that also predicts
reversible adhesion, the IFBL model may more accurately
describe the transport of microparticles in porous media by
incorporating the nanoscale interactions that control particle
attachment and have historically been left out of consideration.
Of course, the larger picture should always be considered;
improved predictions of particle adhesion at the nanoscale may
yield better estimates of particle transport at the field scale.

6. LIST OF SYMBOLS

� Sticking efficiency (unitless)
� Collision efficiency (unitless)
As Happel’s cell model constant (unitless)
D Particle diffusion coefficient (m2/s)
U Undisturbed fluid velocity (m/s)
r Particle radius (m)
C Collector efficiency (unitless)
k= Surface reaction rate coefficient (m/s)
� Intersurface potential energy (J)
k Boltzmann’s constant (J/K)
T Temperature (K)
y Particle-collector separation distance (m)

 Sticking parameter defined by Eqn. 4 (unitless)
� Mathematical gamma function
S(
) Function that describes the collection of brownian

particles onto a spherical collector (unitless)
L Column length or distance (m)
� Porosity
N0 Influent concentration
N Effluent concentration
�Gmin2 Secondary energy minima
E Particle kinetic energy
kin

F Force (nN)
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