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The adhesion of a well-characterized Escherichia coli
bacterial strain to quartz sediment grains in the presence
of repulsive electrostatic interactions is systematically
examined. An increase in the ionic strength of the pore
fluid results in an increase in bacterial attachment, despite
DLVO calculations indicating a sizable electrostatic
energy barrier to deposition. Bacterial deposition is likely
occurring in the secondary energy minimum, which

DLVO calculations indicate increases in depth with ionic
strength. A decrease in the ionic strength of the pore fluid—
thereby eliminating the secondary energy minimum—
resulted in release of the majority of previously deposited
bacteria, suggesting that these cells were deposited
reversibly in the secondary minimum. Additionally, bacterial
attachment to a quartz surface in a radial stagnation
point flow system was absent at ionic strengths less than
0.01 M and resulted in attachment efficiencies over an
order of magnitude lower than in the packed-bed column
experiments at higher ionic strengths. Because of the
hydrodynamics in the radial stagnation point flow system,
this observation supports our conclusion that the majority
of bacterial deposition in the packed bed occurs in a secondary
energy minimum.

Introduction

Bacterial adhesion to solid surfaces is an important aspect
in a number of disciplines, ranging from the development
of biomedical materials to water quality control technologies.
With regard to subsurface environments, understanding the
processes controlling bacterial adhesion and transport is
critical. For example, in situ bioremediation efforts often
rely on bacterial strains that have low adhesion and enhanced
transport (1). A mechanistic understanding of bacterial
adhesion will also lead to greater insight into natural filtration
of pathogenic microorganisms in groundwater (2).

The physical and chemical factors governing the transport
and adhesion of bacteria in aquatic systems have been studied
extensively in the past two decades. The factors investigated
included cell type (3, 4), hydrophobic interactions (4—6),
motility (7, 8), surface charge characteristics (6, 9), and surface
features (e.g., lipopolysaccharides, fimbriae) (10—12). Despite
these efforts, the mechanisms governing the adhesion of
bacterial cells onto sediment grains are not fully understood.
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Under controlled laboratory conditions, the initial adhe-
sion of bacterial cells onto solid surfaces in aquatic systems
isgenerally thought to be similar to that of depositing colloidal
particles. For such cases, classic Derjaguin—Landau—Ver-
wey—Overbeek (DLVO) theory has been applied to explain
this attachment behavior (7, 11, 13—19). Specifically, DLVO
theory states that the interactions between a colloidal particle
and a collector surface can be expressed as the sum of the
attractive van der Waals and electrostatic double layer
interactions, which can be either attractive or repulsive. In
some cases, attempts have been made to reconcile discrep-
ancies between DLVO predictions and observations by
including non-DLVO forces, such as Lewis acid—base in-
teractions, into the so-called extended DLVO calculations
(11, 12, 15, 20, 21).

In many natural and engineered systems, both the
bacterial cells and the collector surfaces have negative surface
potentials, giving rise to repulsive electrostatic interactions
on close approach. Under such conditions, bacteria are
frequently observed to deposit, despite DLVO predictions to
the contrary (11, 19). For example, Truesdail et al. (17) found
attachment of several different bacterial strains to Ottawa
sand, in the presence of calculated energy barriers ranging
up to 1000 kT. This observation was attributed to bacterial
deposition onto local surface charge heterogeneities on the
sand grains, which are not accounted for by classical DLVO
theory. In astudy utilizing a parallel plate deposition system,
Meinders et al. (21) observed a similar behavior, where
several bacterial strains attached to glass surfaces despite
the very large calculated energy barriers. Meinders et al.
postulated that bacterial deposition occurred in the secondary
energy minimum, based on a correlation between the
deposition rate and the calculated secondary minimum
depth.

The studies discussed previously were unsuccessful in
quantitatively describing bacterial adhesion with DLVO
theory. Moreover, many of these investigations used columns
packed with sand (21) or soda-lime glass beads (10, 16, 19).
While these collector grains may be uniform in size, they
exhibit chemical heterogeneities that have been shown to
influence deposition behavior (22). Similarly, studies exam-
ining bacterial adhesion in other experimental systems, such
as parallel plate and stagnation point flow chambers, often
use glass surfaces that also contain chemical heterogeneities
(21). These heterogeneities provide locally favorable regions
in which bacteria can adhere in a primary energy minimum,
which otherwise cannot be predicted by classical DLVO
theory that assumes a uniform surface charge of collector
surfaces.

In this study, the transport and deposition kinetics of a
well-characterized Escherichia coli strain under repulsive
electrostatic conditions are systematically investigated. Em-
phasis is placed on the role of electrostatic double layer
interactions in the initial adhesion of bacteria to sediment
grains and on whether the observed deposition behavior can
be explained by classical DLVO theory. To minimize charge
heterogeneity effects, highly cleaned, ultrapure quartz grains
were selected as the porous media. In addition to the packed-
bed column experiments, we also use a well-characterized
experimental system, a radial stagnation point flow cell, where
individual bacteria are visualized as they deposit onto a
uniformly charged, flat quartz surface. Analysis of the results
from these two deposition systems suggests that the second-
ary minimum plays an important role in the adhesion of
bacterial cells to sediment grains in flow through porous
media.
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Materials and Methods

Bacterial Cell Preparation and Growth. The mutant of the
E. coli K12 strain, D21, used in this study was obtained from
the E. coli Genetic Stock Center at Yale University. To visualize
the cells in the radial stagnation point flow system, a plasmid
coding for an enhanced green fluorescing protein and
gentamicin resistance (23) was introduced to the native D21
cell by electroporation (24). The resulting transformed D21
cell line is referred to as D21g. Cells were grown in Luria—
Bertani broth (LB broth, Fisher, Fair Lawn, NJ) at 37 °C in
the presence of 0.03 mg/L gentamicin (Sigma, St. Louis, MO)
until reaching mid-exponential phase (3 h), at which time
they were harvested for use. Exponential-phase cells were
pelleted by centrifugation (Sorvall RC26 Plus Centrifuge) for
15minat3823ginaSS34 rotor (Kendro Laboratory Products,
Newtown, CT). The growth medium was decanted, and the
pellet was resuspended in a KCI electrolyte solution. The
cells were pelleted and rinsed with fresh electrolyte solution
in this manner two additional times to remove any trace of
the growth medium. Electrolyte solutions were prepared with
deionized water (Barnstead Thermolyne Corporation, Dubu-
que, 1A) and reagent-grade KCI (Fisher) with no pH adjust-
ment (pH 5.6-5.8).

Bacterial Cell Size Determination. An inverted fluores-
cent microscope (Axiovert 200m, Zeiss, Thornwood, NY)
operating in phase contrast mode and connected to a
computer was used to take images of the D21g cells
suspended in electrolyte solution (approximately 107 cells/
mL in 10 mM KCI). The images were imported into an image
processing program (ImageJ, NIH) and analyzed using the
built-in routines. The average major and minor axes of the
D21g cells were determined to be 3.7 + 1.2 um (+1 standard
deviation) and 1.2 + 0.2 um in length, which corresponds to
an equivalent spherical diameter of 1.7 um.

Granular Porous Media. Ultrapure quartz sand (Unimin
Corporation, Spruce Pine, NC) was used as the packing
material for column experiments. The sand was size-
fractioned with nylon sieves (U.S. standard size 60 and 100
and 250 and 150 um openings, respectively). Prior to use, the
sand was cleaned thoroughly to remove metal and organic
impurities (22, 25). The cleaning steps included soaking the
sand in 12 N HCI (Fisher) for at least 24 h, washing in
deionized water (Barnstead), and baking the sand at 800 °C
for 8 h minimum. Cleaned sand was stored under a vacuum
and rehydrated by boiling in deionized water for 1 h prior
to packing in the column. Microscopic examination of the
quartz sand revealed the grains to be irregular in shape. Sieve
analysis resulted in an average grain diameter (dso) of 205
um and a coefficient of uniformity (deo/dig) of 1.26. For
transport experiments under favorable (nonrepulsive) elec-
trostatic conditions, the quartz was silanized by suspension
in a 1% (vol/vol) solution of 3-aminopropyl-triethoxysilane
(Sigma) for 5 min, followed by thorough rinsing in deionized
water and curing at 80 °C for 24 h (26).

Quartz Cover Slip. Round quartz cover slips with a 25
mm diameter and 0.1 mm thickness (Electron Microscopy
Sciences, Ft. Washington, PA) were cleaned by soaking
initially in a 2% Extran MAOQ2 solution (EM Science, Gibbs-
town, NJ), followed by a thorough rinsing with ethanol
(Pharmco Products, Inc. Brookfield, CT) and deionized water.
Cover slips were next sonicated for 10—15 min while
submerged in a 2% RBS 35 detergent solution (Pierce,
Rockford, IL) followed by a second rinsing with ethanol and
deionized water (27). The covers slips were soaked overnight
in NOCHROMIX solution (Godax Laboratories, Inc., Takoma
Park, MD). After removal from NOCHROMIX solution and
rinsing with deionized water, cover slips were mounted in
the glass flow cell used in the radial stagnation point flow
system as described next. For experiments under favorable
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electrostatic conditions, the slides were chemically modified
with aminosilane. One side of the quartz cover slip was
exposed to a 0.2% (vol/vol) mixture of (aminoethylaminom-
ethyl)-phenethyltrimethoxysilane (Gelest, Inc. Tullytown, PA)
in ethanol for 3—5 min at room temperature and then cured
for 90 min at 130 °C. The slide was then rinsed with deionized
water and installed in the radial stagnation point flow cell.

Electrokinetic Characterization of Bacterial Cells. The
electrophoretic mobility of the bacterial cells was determined
immediately prior to a column transport experiment by
diluting the rinsed stock cell suspension into a KCl electrolyte
solution at a final concentration between 10° and 10° cells/
mL. Electrophoretic mobility measurements were conducted
at 25 °C using a ZetaPALS analyzer (Brookhaven Instruments
Corporation, Holtsville, NY) and were repeated between two
and eight times at each ionic strength using freshly rinsed
cells. Electrophoretic mobilities were converted to zeta
potentials using tabulated numerical calculations of Ottewill
and Shaw (28).

Electrokinetic Characterization of Porous Media. The
electrokinetic properties of the quartz grains were determined
by a streaming potential analyzer (EKA, Brookhaven Instru-
ments Corporation). Measurements were conducted by
packing a cylindrical cell with quartz grains to a bed depth
of 3 cm and then extensively rinsing with deionized water
(1 L) followed by electrolyte solution (0.5 L), and finally the
sample was equilibrated with fresh electrolyte solution (0.5
L) for 10 min (29). A range of ionic strengths, from 1 to 100
mM KClI, at an unadjusted pH and room temperature was
examined. Measurements above 100 mM KCI were not
conducted as they exceed the limitation of the instrument.
The zeta potential was calculated from the measured
streaming potentials as described elsewhere (29).

Packed-Bed Column Experiments. Bacterial transport
experiments were conducted in glass chromatography col-
umns packed with clean quartz grains. Adjustable bed height
columns (Omnifit USA, Toms River, NJ) with a 1 cm inner
diameter were used. The columns were wet-packed by
allowing the quartz grains to settle in deionized water while
the column was agitated. Column packing porosity for this
method was determined gravimetrically to be 0.43. The
packed columns were equilibrated by sequentially pumping
(Model 200 syringe pump, KD Scientific Inc., New Hope, PA)
10 pore volumes of deionized water followed by 10 pore
volumes of the background electrolyte solution through the
column immediately prior to each experiment. The ionic
strength of the pore fluid ranged from 1 to 300 mM and was
adjusted through the addition of KCI. A typical experiment
involved pumping bacterial cells suspended in an electrolyte
solution (107—108 cells/mL) through the column for 15 min
(approximately 4 pore volumes) followed by a bacteria-free
solution of the same electrolyte composition for at least 45
min (approximately 12 pore volumes). The approach
(superficial) velocity during the column experiments was
0.021 cm/s.

In selected experiments, an additional pulse of a bacteria-
free low ionic strength solution (0.1 mM KCI) was then applied
to the column to examine release of previously deposited
bacteria. The fraction of eluted bacteria is defined as the
ratio of the amount of eluted cells to amount of deposited
cells. The amount of deposited cells was determined by taking
the difference between the total amount injected into the
column and the numerically integrated amount in the effluent
during the breakthrough curve. The amount of bacteria
released from the column was determined by numerically
integrating over all pore volumes from the time of the elution
solution injection until the cell concentration had decayed
to background levels.

In all experiments, the bacterial cell concentration in the
column effluent was monitored at 2 s intervals by measuring



the absorbance at 280 nm with a UV/vis spectrophotometer
(Hewlett-Packard Model 8453) and a 1 cm flow-through cell.
After each experiment (ca. 1—1.5 h), the syringes containing
bacterial cell solution were briefly shaken and connected
directly to the flow-through cell for determination of the
influent concentration. The length of the packed beds and
cell influent concentrations were adjusted between experi-
ments to obtain absorbance readings that were within the
detection range of the spectrophotometer. All solutions had
an unadjusted pH between 5.6 and 5.8 at room temperature
(22 °C).

Radial Stagnation Point Flow System. To further elu-
cidate bacterial adhesion mechanisms, bacterial deposition
experiments were conducted in a radial stagnation point
flow (RSPF) system. This system consisted of a specially blown
glass flow chamber installed on the stage of an inverted
fluorescent microscope (Axiovert 200m, Zeiss, Thornwood,
NY). The bacterial suspension entered the radially symmetric
flow cell through a capillary tube (1 mm inner diameter)
oriented in a downward direction. Flow impinged upon a
microscope cover glass 2 mm below the capillary opening
and traveled radially along the cover slide, exiting the RSPF
chamber through a separate capillary tube. An LD Achroplan
40x objective (1.8 mm working distance) located beneath
the flow cell was focused on the inner surface of the quartz
cover slip. The fluorescent cells were imaged using a
fluorescent filter set with an excitation wavelength of 480
nm and emission wavelength of 510 nm (Chroma Technology
Corp, Brattleboro, VT). Deposition of bacterial cells was
recorded with a digital camera (AxioCam MR monochrome,
Zeiss) acquiring images every 20 s over the course of a 20
min injection and analyzed with the supplied software
(AxioVision 3.1, Zeiss). The number of deposited bacterial
cells was determined for each image by comparing the
changes between successive images. Bacterial cell deposition
experiments in the RSPF system were conducted over arange
of ionic strength conditions (10—300 mM KCI) with a cell
concentration of 10°—108 cells/mL. The influent cell con-
centration for each deposition run was determined directly
by visualizing cells in a counting chamber (Buerker-Tuerk
chamber, Marienfield Laboratory Glassware, Lauda-Konig-
shofen, Germany). A flow rate of 5 mL/min, corresponding
to a particle Peclet number (30) of 2.4, was selected to be
comparable to the particle Peclet number estimated for the
packed column.

Results and Discussion

Electrokinetic Potentials of Bacterial Cells and Collector
Surfaces. The influence of ionic strength on the zeta
potentials of the bacteria and the quartz grains is presented
in Figure 1. As shown, the bacteria and quartz grains are
negatively charged at the pH of the experiments (5.6—5.8).
For all surfaces, the zeta potential becomes less negative
with increasing ionic strength due to compression of the
electrostatic double layer. These zeta potential values are
used later to calculate the DLVO interaction energies between
the bacterial cells and the quartz grains (Table 1) to elucidate
the bacterial adhesion mechanisms.

Packed-Bed Transport of Bacterial Cells. The adhesion
and transport of E. coli D21g was systematically examined
in saturated, packed beds of highly cleaned quartz grains.
Typical breakthrough curves demonstrating the influence of
ionic strength on transport are presented in Figure 2. In this
figure, the normalized effluent concentration is plotted
against the number of pore volumes passed through the
column. Initially, the column effluent is free of bacterial cells.
After approximately 1 pore volume, the injected bacteria cells
break through the packed bed and are detected in the effluent.
The influent is switched to a bacteria-free solution after
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FIGURE 1. Zeta potentials of D21g bacterial cells and quartz grains
as a function of ionic strength at unadjusted pH of 5.6—5.8. Error
bars represent the standard error.

TABLE 1. Electrokinetic Pro(g)erties of Bacteria and Quartz Sand
as well as Calculated DLVO Interaction Parameters

jonic  Zetapotential (MV)  energy secondary  secondary
strength quartz  barrier minimum minimum
(mM) D21g sand (kT)  depth (kT) separation (nm)
1 —-61.4 —385 2250 0.092 120
3.2 —59.4 —-30.8 1440 0.39 57
10 —48.8 —22.2 650 1.8 25
31.6 —38.4 —13.6 140 8.1 10
100 —-215 -116 NBa NBa NBa
300 —12.9 ND?* ND? ND® ND?

2No calculated barrier to deposition. ? Not determined.
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FIGURE 2. Normalized effluent concentration of D21g plotted against
the number of pore volumes pumped through the packed bed for
different pore fluid ionic strengths. For clarity, every 40th data point
is plotted. Experimental conditions are indicated in Table 2 (first
experiment for each ionic strength is plotted here). Other experi-
mental parameters were approach velocity = 0.021 cm/s, porosity
= 0.43, mean grain diameter = 205 gm, and pH = 5.6—5.8.

approximately 4 pore volumes, and the concentration of
bacteria in the effluent decreases.

In general, an increase in the ionic strength of the pore
fluid results in increased deposition of the bacteria onto the
quartz grains. For example, at the lowest ionic strength
examined (1 mM), the normalized initial bacterial cell
breakthrough concentration (at about pore volume 2) shown
in Figure 2 is 0.97. As the ionic strength of the pore fluid is
increased, bacterial retention in the column increases, and
the normalized initial breakthrough concentration declines,
from 0.94 at 3.2 mM, and 0.83 at 10 mM, to 0.52 at 31.6 mM.
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TABLE 2. Physical and Calculated Parameters for Packed-Bed
Column Experiments

ionic column fraction
strength  length, L Co CIG? ka eluted
(mM) (cm) (cells/mL) (s
Unfavorable Deposition Experiments
1 13.6 9.3 x 10" 0.97 1.1x 10 —b
14.2 8.3 x 107 0.99 29 x 10°° -
14.0 1.1 x 108 0.95 1.7 x 107 -
225 3.2x 107 0.97 8.1 x10°® -
3.2 12.2 6.0 x 107 0.94 24 x 1074 -
11.9 9.1 x 107 0.96 15x 10 -
11.9 3.7 x 107 0.97 1.4 x 107 -
11.7 5.8 x 10’ 0.96 1.8 x 104 -
10 13.6 25 x 107 0.83 6.7 x 1074 -
14.1 1.0 x 108 0.87 5.1 x 107 -
14.2 7.9 x 107 0.90 3.7 x107* -
9.2 8.3 x 106 0.93 4.1 x 1074 0.38
9.4 1.1 x 10 0.89 6.3 x 107 0.53
31.6 14.1 1.0 x 108 0.52 2.3 x 1073 -
145 6.2 x 10 0.41 3.0 x 1078 -
13.8 1.0 x 108 0.68 1.4 x 1073 -
13.6 2.0 x 10 0.48 2.7 x 1073 -
8.9 9.1 x 10 0.66 2.3 x 1078 0.77
9.1 8.2 x 10 0.60 2.8 x 1073 0.76
9.2 1.3 x 10" 0.71 1.8 x 1073 0.78
100 14.2 8.4 x 107 0.0048 1.9 x 1072 -
135 9.8 x 107 0.0030 2.1 x 102 -
13.7 1.1 x10% 0.012 1.6 x 10?2 -
7.3 1.8 x 10’ 0.064 1.9 x 1072 0.50
7.3 7.1 x10% 0.11 1.5 x 1072 0.85
300 135 1.8 x 10’ 0.0095 3.1 x 10°? 0.54
Favorable Deposition Experiments
10 1.6 9.3 x 106 0.31 3.6 x 1072 <0.01
34 1.0 x 108 0.11 3.4 x 1072 <0.01

2 Determined by averaging over pore volumes 1.8—2, as described
in the text. ? Elution pulse (0.1 mM KCI) not applied to column.

At the highestionic strength shown, 100 mM, the normalized
initial breakthrough concentration was 0.0048. Because of
possible differences in surface properties between individual
cultures of D21g, transport experiments were generally
repeated between four and seven times at each ionic strength
(asingle experiment was conducted at 300 mM KCI). Relevant
experimental parameters of all experiments are presented in
Table 2.

To quantitatively compare the experiments, the deposition
rate coefficient kq was determined for each transport experi-
ment presented in Table 2 using (31, 32):

Ky = —% In(C%) )

where C/Cy is the normalized breakthrough concentration,
U is the approach (superficial) fluid velocity, f is the packed-
bed porosity, and L is the length of the packed bed. The
deposition rate coefficient is directly related to the single
collector removal efficiency, #, via (32, 33):

_3@-0,,

ka=2 4, @)

where d; is the collector diameter. As illustrated in Figure 2,
in some experiments the normalized cell concentration did
not achieve a steady-state concentration after the initial
dispersive region of breakthrough. Rather, the concentration
increased slowly with time indicating either simultaneous

bacterial release or blocking by previously deposited bacterial
cells. Consequently, the initial clean bed C/Cywas determined
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FIGURE 3. Influence of ionic strength on the deposition rate
coefficient, (kg) and the corresponding attachment efficiency, (otcor)
of D21g in the quartz packed column. Each data point represents
the average value determined from all experiments conducted at
a given ionic strength. Error bars represent the standard error.
Experimental conditions are given in Table 2 and Figure 2.

for each experiment by averaging the normalized break-
through concentrations measured between pore volumes
1.8 and 2.

The attachment efficiency for the packed-bed column,
Ocol, CaN be determined for each experiment by normalizing
kg by the experimentally determined deposition rate coef-
ficient under favorable electrostatic conditions (Kgfav) (31):

Kq

o -
kd,fav

©)

col —

Favorable (i.e., nonrepulsive) electrostatic conditions were
achieved by packing a column with quartz grains that had
been surface-modified with aminosilane, which imparts a
net positive zeta potential. From two experiments conducted
with silanized grains, an average value of the favorable
deposition rate, kg = 3.5 x 1072 s7%, was determined.

The influence of ionic strength on the deposition rate
coefficient kq and the corresponding attachment efficiency
0ol IS depicted in Figure 3. An increase in solution ionic
strength from 1 to 300 mM results in an increase in average
kq from 9.6 x 107% to 3.1 x 1072 s7* and a corresponding
increase in oo from 2.7 x 1072 to 0.89. These results are in
qualitative agreement with DLVO theory (30). In particular,
anincrease inionic strength reduces the electrostatic double
layer repulsive forces and hence the rate of bacterial
deposition increases. This effect is discussed in more detail
in the following section.

Interpretation Using DLVO Theory—Interaction Energy
Profiles. Under all solution conditions analyzed, both the
bacterial cells and the quartz grains have a net negative zeta
potential, and repulsive electrostatic interactions should
inhibit cell deposition. However, a clear trend of increasing
deposition with increasing ionic strength is observed (Figure
3). To gain insight into the mechanism responsible for
deposition, DLVO theory is used to calculate the total
interaction energy as a bacterial cell approaches a quartz
grain. The total interaction energy, namely, the sum of
attractive van der Waals and repulsive electrostatic interac-
tions, was calculated by modeling the bacteria-quartz grain
system with a sphere-plate interaction.

Repulsive electrostatic double layer interaction energies
were calculated using the Hogg et al. (34) expression:

1+ exp(— «h)

DO = TTEGE Ry {prwc In[l — exp(— «h)

(" + w)In[L — exp(—2«<h)]p (4)



|: L] L} L] L]

X - (a) KCI (mM)
~ LINEN B
Szooo S 10
5 . --= 32
UCJ ‘.\ —-— 100
- N - - 316
9 N, s ——1000 {
b "~ \_s.‘.-

S - L. Yy
[O)

et

E L L L

10 20 30 40 50
Separation Distance (nm)

£ 5
S3

>

>

o O

[

L

C

2 -5}

(6]

©

[ .

2

£-10 - - -

0 25 50 75 100
Separation Distance (nm)

FIGURE 4. (a) Calculated DLVO interaction energy as a function of
separation distance and ionic strength. Identical data are replotted
in panel (b) to highlight the secondary energy minimum. Interaction
energies were calculated from the experimentally determined zeta
potentials (Table 1) for a Hamaker constant of 6.5 x 1072 J and an
equivalent bacterial cell radius of 0.87 gm.

where ¢ is the dielectric permittivity in a vacuum, ¢ is the
relative dielectric permittivity of water, a, is the bacterial
radius, « is the inverse Debye length, h is the separation
distance between the bacterium and the collector surface,
and v, and vy are the surface potentials of the bacterial cell
and quartz collector, respectively. Because the bacteria are
rod shaped, the equivalent spherical radius of a spheroid
having the same average major and minor axes as the bacteria
was assumed (i.e., ap = 0.87 um). Additionally, the measured
zeta potentials of both the bacteria and the collector (Table
1) were used in place of the respective surface potentials.

The retarded van der Waals attractive interaction energy
was calculated from (35, 36):

Aa 14h7-1
Qypw = — 6_hp e ®)

where A is the Hamaker constant of the interacting media
(bacteria—water—quartz), and 1 is the characteristic wave-
length of the dielectric (assumed to be 100 nm). A value of
6.5 x 1072 J was used for the Hamaker constant (15, 17).

The variation of the DLVO interaction energy with
separation distance at different ionic strengths is illustrated
in Figure 4a. As shown, for solutions with ionic strength less
than or equal to 31.6 mM, calculations predict the presence
of a substantial repulsive energy barrier to bacterial deposi-
tion ranging from 140 KT at 31.6 mM to over 2000 kT at 1 mM
(see also Table 1). Because surface chemical heterogeneities
are probably negligible for the highly pure quartz collectors,
the huge energy barriers suggest that it is unlikely that the
bacterial cells will deposit in the primary energy minimum
at the quartz surface.

Interpretation Using DLVO Theory—Role of the Sec-
ondary Minimum. The van der Waals and electrostatic
double layer interactions have different dependencies with
respect to separation distance (power-law and exponential,
respectively). Consequently, calculations of the total inter-
action energy predict the presence of a secondary energy
minimum at a greater separation distance than that of the
energy barrier. The DLVO profiles are replotted in Figure 4b
to emphasize the magnitude of this secondary energy
minimum. Bacteria approaching a quartz grain would first
experience an attractive force before encountering the
significant repulsive energy barrier. Cells unable to overcome
the energy barrier could remain associated with the quartz
grain within the secondary energy minimum unless they had
sufficient energy to escape (37). The magnitude of the
secondary energy minimum increases with ionic strength.
In particular, the depth of secondary minima ranges from
0.09 KT at 1 mM to 8.1 KT at 31.6 mM, with corresponding
separation distances of 120—10 nm, respectively, as listed in
Table 1. Because the thermal energy of a bacterium is on the
order of 0.5 kT, the secondary minima depths shown in Table
1 for ionic strengths greater than 10 mM should be sufficient
to retain bacterial cells in the packed-bed column (37).

The secondary minimum depths discussed previously
were calculated by assuming that the electrostatic component
of the DLVO interactions followed the Hogg et al. expression
for interaction at constant surface potentials (34). Other
models for calculating electrostatic interactions include
assuming a constant surface charge or by compromising
between the two approaches and relaxing the assumption of
constant charge or potential, the so-called linear superposi-
tion approximation (LSA) (30). The three models of elec-
trostatic interactions are similar for separation distances
greater than about 5 nm; however, at closer distances they
can exhibit markedly different behavior. At 100 mM, for
example, the constant surface potential model calculations
shown in Figure 4b predict no energy barrier to deposition.
However, for the same ionic strength, if a constant surface
charge were assumed, the DLVO calculations would indicate
the presence of an 8 kT energy barrier and a very deep
secondary energy minimum (33 kT). Consequently, predic-
tions of the presence or absence on an energy barrier and
a secondary energy minimum at moderate to high ionic
strengths are strongly dependent on the model chosen for
the calculation of electrostatic double layer interaction.

The depth of the secondary energy minimum as well as
the height of the energy barrier depend on a number of
factors, including the surface potentials of both the bacterial
cell and the quartz grain (yp and vy, respectively), the range
of the electrostatic double layer interactions (characterized
by the inverse Debye length, «), and the van der Waals
interactions between the two surfaces (characterized by the
Hamaker constant, A). Elimelech (38) formulated a dimen-
sionless parameter that incorporates these factors and
characterizes the interaction energy for unfavorable deposi-
tion:

Npyo = —<2— 6
DLVO PRETRTR (6)
where all terms have been defined earlier.

If the zeta potentials of both the cells and the quartz grains
are used instead of the surface potentials, Npvo can be
calculated for each ionic strength condition studied. The
relationship between NpLvo and the bacterial cell attachment
efficiency, acol, isshown in Figure 5. The correlation between
ool and Nppyo fits a power law having a slope near unity
(exponent=1.1,r2=0.98). The excellent agreement between
the dimensionless NpLvo parameter and oo Strongly suggests
that electrostatic and van der Waals components are the
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FIGURE 5. Dependence of the experimentally determined average
attachment efficiencies and the dimensionless DLVO number, Nowvo,
calculated at each ionic strength (excluding 300 mM, as the zeta
potential of the quartz was not determined). Error bars indicate the
standard error. Dashed line indicates best-fit power-law, which
has an exponent of 1.1. Attachment efficiencies are replotted from
Figure 3. Nowvo Was calculated from the experimentally determined
zeta potentials (Table 1), for a Hamaker constant of 6.5 x 1072 J.

dominant forces affecting the bacterial cell-quartz grain
interactions.

As indicated in Figure 4a, sizable energy barriers exist to
inhibit bacterial deposition at mostionic strengths examined.
However, experimental evidence shows a clear trend of the
deposition rate increasing with ionic strength. This ionic
strength dependence of kq parallels the increase in calculated
secondary energy minimum depths with increasing ionic
strength. It is therefore possible that bacterial deposition is
not occurring in the primary energy minimum at the grain
surface but predominantly in secondary energy minimasome
distance from the grain surface. To test this hypothesis, two
sets of supporting experiments were conducted. In the first,

A

the ionic strength of the pore fluid was adjusted to examine
therelease of previously deposited cells, while in the second,
a radial stagnation point flow system was used to examine
the deposition behavior of individual cells.

Reversibility of Deposited Cells—Evidence for Deposition
in Secondary Minima. To investigate whether the bacterial
cells retained in the packed bed during a transport experiment
were indeed deposited in secondary energy minima, a
number of release experiments were conducted (Table 2). In
these experiments, bacteria were initially deposited at
moderate to high ionic strengths (10—300 mM KCI) and
released by application of a low ionic strength solution. A0.1
mM KCI solution was selected as the background electrolyte
because it has such a sufficiently low ionic strength that it
should eliminate the presence of a secondary energy
minimum, thus releasing any bacteria that may have previ-
ously deposited there.

An example breakthrough curve demonstrating bacterial
elution is presented in Figure 6. As can be seen, a pulse of
released bacteriais eluted from the column beginning 1 pore
volume after the 0.1 mM KCI solution was applied. By
numerically integrating the breakthrough curve, itis possible
to calculate the amount of bacterial cells adhered to the quartz
grains prior to the injection of the 0.1 mM KCI solution and
the amount of cells released in the elution pulse. From these
calculations, the fraction of deposited cells that was eluted
by the change in ionic strength of the pore fluid can be
determined. As shown in Table 2, a significant fraction of the
deposited bacterial cells are eluted from the column when
the low ionic strength solution was introduced, ranging from
an average of 0.45 when the cells were deposited in 10 mM
to >0.68 when the cells were deposited at higher ionic
strengths. Release experiments were not conducted at ionic
strengths lower than 10 mM, as the breakthrough concen-
trations in the deposition portion of the experiment were
near unity (C/Co > 0.94 in all cases), indicating that a small
amount of cells were deposited in the column.

The release of the majority of deposited cells suggests
that the bacteria were not irreversibly attached to the quartz
grain in a primary minimum but initially deposited within

Y [P 4.0 —
3.5 35
3.0 3.0
2.5 2.5
O 2.0 2.0
1.5 1.5
1.0 1.0
0.5 0.5
0.0 0.0
0 5 10 15 20 25 30 24 26

Pore Volumes

Pore Volumes

FIGURE 6. Example of bacterial release induced by ionic strength reduction of the pore fluid. Bacteria are initially applied to the column
in a 31.6 mM KClI solution. Arrows indicate the application of 31.6 mM bacteria-free solution (A) and 0.1 mM bacteria-free solution (B).
The pulse of released bacteria is coincident with low ionic strength pore fluid (B). Relevant experimental conditions are in Figure 2 and
Table 2 (plotted here is the first elution experiment listed for 31.6 mM KCI). Panel (a) shows complete breakthrough curve (with every
10th data point shown for clarity) and panel (b) focuses on the release portion (PV 24—26) with every data point shown.
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secondary energy minima. Release of deposited cells occurred
inall repulsive electrostatic cases examined but was less than
100% of the deposited amount. Possible explanations for
partial release include (a) physical straining, (b) surface
roughness, (c) subsequent deposition of released cells, and
(d) primary minimum deposition. Each of these is discussed
next.

(a) Physical Straining. Straining occurs when the particle
sizeis physically larger than the pore space, leading to removal
from the pore fluid by mechanical means. While traditionally
straining has been considered an important removal mech-
anism when the particle—collector size ratio is greater than
0.05 (39), Bradford et al. (40) recently proposed straining as
afeasible particle capture mechanism for systems where the
ratio of particle size to the average grain size is much smaller.
Although the size ratio (based on average grain size) for our
bacteria—quartz sand system is relatively small, on the order
0f 0.009, straining may still be possible because of the irregular
shape of the quartz grains. However, given the low degree
of removal observed at the lowest ionic strength (C/Co
between 0.95 and 0.99 at 1 mM, as shown in Table 2), it is
unlikely that straining can account for the retained bacteria
during the elution step.

(b) Surface Roughness. The quartz grains used in this
study are quite angular, with asperities comparable in size
to the bacteria visible under a scanning electron microscope
(41). Surface roughness has been documented to influence
the deposition behavior of colloidal particles (42, 43).
However, the influence of roughness on release is uncertain.
Interaction energy profiles are strongly affected by surface
features (43, 44), and the irregular surface of the quartz grains
likely gives rise to a complex distribution of interaction
energies and deposition mechanisms. Heterogeneity in the
interaction energy profiles could potentially lead to particles
irreversibly attached to the quartz surface.

(c) Release and Subsequent Deposition. Another expla-
nation for the less than complete elution of bacteria is
subsequent redeposition of bacteria that were released.
However, the near complete bacterial cell breakthrough in
a 1 mM solution (Table 2 and Figure 2) suggests otherwise.
The repulsive electrostatic interactions are greater in the 0.1
mM elution solution, which should greatly reduce the
potential for released cells to deposit in the packed bed.

(d) Primary Minimum Deposition. Despite predictions
of substantial energy barriers at most ionic strengths
examined, charge heterogeneity of the bacterial cells, both
at the local (cellular) scale (45—47) and within the bacterial
population as a whole (16, 48), could give rise to a range of
interaction energy profiles. Certain bacterial cells may thus
experience less repulsive or even attractive interaction
energies upon close approach, which may lead to primary
minimum deposition. It is possible that these bacterial cells
are still retained on the quartz grain after the ionic strength
has been lowered and the repulsive electrostatic interactions
are increased.

Conversely, at solution ionic strength =100 mM KClI, the
interaction energy calculations indicate no energy barrier to
deposition, suggesting that cells may be depositing in a
primary minimum. However, cells are observed to release
when the ionic strength is lowered. As mentioned previously,
heterogeneity at various scales likely exists, and the calculated
interaction energy at 100 mM may not accurately reflect the
interactions between individual bacteria and a quartz grain.
A portion of the bacterial population may actually be
depositing in secondary energy minima, and thus, released
upon ionic strength perturbation. Furthermore, as discussed
earlier, the choice of model used to determine electrostatic
interaction energies can dramatically affect predictions of
presence of energy barrier and secondary energy minima. It
is possible that the constant potential interaction model used
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FIGURE 7. Bacterial deposition kinetics for the radial stagnation
point flow system expressed as bacterial deposition rate coefficient,
krspr, and attachment efficiency, arspr, Versus ionic strength. The
average number of deposited cells at 10 mM KCI was less than 1
over a 20 min period; hence, krspr and arspr Values are not determined.
Error bars indicate the standard error.

in this study does not fully capture the electrostatic double
layer interactions between the bacteria and the quartz and
may erroneously predict the absence of energy barrier and
secondary minimum at higher ionic strengths. Last, invoking
short-range repulsive Born potential or a distance of closest
approach, which creates a finite and relatively shallow
primary minimum, may explain ionic strength perturbation
induced release of bacteria that were initially predicted to be
deposited in a primary minimum (49).

Deposition in Radial Stagnation Point Flow System. To
further investigate whether initial bacterial deposition is
occurring in secondary energy minima, a radial stagnation
point flow (RSPF) system was used to examine the micro-
scopic aspects of bacterial transport and deposition by
directly visualizing the attachment of bacterial cells to a quartz
cover slip. Specifically, the RSPF system simulates the
hydrodynamics and deposition behavior at the forward
stagnation point of a spherical collector surface. A highly
cleaned quartz cover slip was used as the collector surface
to mimic as close as possible the DLVO interactions within
the packed-bed column experiments. The hydrodynamic
conditions in the RSPF and packed-bed column were
comparable, with the particle Peclet numbers (defined on
page 75 of ref 30) equal to 2.4 for the RSPF system and 4.5
for the packed column based on a mean grain diameter (dso)
of 205 um.

Bacterial deposition onto the cover slip was quantified by
determining a bacterial transfer rate coefficient, krspe:

J
Krspr = C_o ™

where J is the bacterial deposition flux to the cover slip. The
deposition flux was determined by normalizing the observed
deposition rate of bacteria on the cover slip (i.e., the initial
slope of the number of deposited bacteria vs time curve) by
the microscope viewing area (210 x 165 um). As with the
packed-bed experiments, the attachment efficiency in the
RSPF system, ogrspr, Was calculated by normalizing the
bacterial transfer rate coefficient at each ionic strength by
the transfer rate coefficient determined under favorable
(nonrepulsive) electrostatic conditions (using an amino-
silanized cover slip). The resulting average bacterial transfer
rate coefficient under favorable conditions is Kgrspr, fay = 2.45
x 1077 m/s.

The influence of ionic strength on krspr and arser is shown
in Figure 7. Similar to the column experiments, bacterial
adhesion to the collector surface increased with increasing
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FIGURE 8. Correlation between attachment efficiencies in the
packed-bed column (o) and RSPF (owrsee) Systems. Data are
replotted from Figures 3 and 7 for ionic strengths where values of
the attachment efficiency could be determined. Dashed line indicates
a perfect correlation between RSPF and packed-bed column
attachment efficiencies. Error bars indicate the standard error.

ionic strength. However, while this trend is in general
agreement with observations from the packed-bed column
experiments, the values of orspr are much smaller than oo
for identical ionic strengths. Most conspicuous is that
experiments conducted at 10 mM KCl resulted in negligible
deposition over the duration of the deposition experiment
(i.e., average number of cells depositing over 20 min was less
than 1in four replicate experiments with cell concentrations
as high as 1.5 x 108 cells/mL). By contrast, at 10 mM KClI,
an attachment efficiency of 0.015 was measured in the
packed-bed experiments.

This striking difference in attachment efficiencies can be
understood by examining the difference in the hydro-
dynamics between the RSPF and the packed-bed column
systems. Bacteria entrained in asecondary energy minimum
experience hydrodynamic forces due to the radial component
of flow along the collector surface (50). In the RSPF system,
these bacteriawould be swept away from the stagnation point
region and the microscope’s field of view by the radial flow
parallel to the surface. In contrast, cells that deposit in
secondary energy minima on a collector grain will be
transported along the grain surface and accumulate in either
the rear stagnation point (51) or other regions of stagnant
flow on the collector grain created by the grain surface
irregularities. Thus, in the RSPF system, only cells that are
irreversibly deposited in a primary energy minimum are
enumerated, while in the packed-bed column, all cells that
are retained—either deposited in a primary energy minimum
onthe grain surface or held in asecondary energy minimum—
are accounted for. As stated earlier, bacterial deposition in
primary minimum in both systems is attributed to local
charge heterogeneities on bacterial cells as well as hetero-
geneity in the bacterial cell population. Local charge het-
erogeneity on the quartz collector may also result in primary
minimum deposition, but its impact is expected to be much
less important than cell heterogeneity, due to the high purity
of the quartz collectors and the extensive cleaning method.

The salient difference between the two experimental
systems is depicted in Figure 8, where the attachment
efficiency for the column experiments, aco, is plotted against
the attachment efficiency for the RSPF system, orspr. In this
graph, if the measured attachment efficiencies were identical
in both systems, the data would fall along the dashed line
of unity slope. However, as shown in the figure, oo is much
greater than agspe for all ionic strengths. As discussed
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previously, this discrepancy arises from enumeration of only
those cells deposited in a primary energy minimum in the
RSPF system. At the lowest ionic strength for which orspr
could be measured (31.6 mM), an almost 2 order of magnitude
discrepancy was observed in the attachment efficiencies
between the two experimental systems; however, at the
highest ionic strength examined (300 mM), the attachment
efficiencies differed by a factor of approximately 4. This
suggests that decreased electrostatic repulsive forces arising
from the increase in solution ionic strength leads to greater
primary minimum deposition and closer agreement between
the measured attachment efficiencies in the two systems.
The absence of deposition at moderate (10 mM) and lower
ionic strengths in the RSPF system, the order of magnitude
difference between the attachment efficiencies of D21g in
the RSPF system and the packed-bed experiments, and the
significant release of bacterial cells in column experiments
following reduction in ionic strength imply that the majority
of bacteria in our column experiments are weakly attached
in secondary energy minima. We therefore propose that the
secondary minimum plays an important role in bacterial
transport and deposition in granular porous media.
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