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Bacteria and carboxylate-modified microsphere transport
experiments were performed in glass bead packed columns
in order to examine the distribution of retained colloids
on the sediment. Solution pH was allowed to vary from 6.0
to 9.4 across the length of the column (20 cm) in order

to examine potential effects of solution chemistry on the
retained profiles. Both the microspheres and the bacteria
showed retained profiles that deviated strongly from log-
linear behavior expected from a spatially invariant colloid
deposition rate coefficient. Deviation for the microspheres
was in the form of steeper-than-expected decreases in
retained concentrations with distance from source. Deviation
for the bacteria was in the form of maximum retained
concentrations that were located down-gradient from the
column inlet. Subsidiary experiments with varying elution
times showed that detachment during elution moved the
peak of mass of retained bacteria down-gradient of the column
inlet; however, the disproportional translation of the

peak of mass relative to elution time indicated that processes
operating during injection produced the initial down-
gradient translation of peak concentrations of retained
cells.

Introduction

Theories governing colloid transport in porous media
characterize colloid deposition rate coefficients as being
invariant with transport distance; e.g. clean bed filtration
theory (I—3). For a system in which colloid deposition rate
coefficients are invariant with transport distance, one
observes log linear decreases in mobile and retained colloid
concentrations with increasing distance from source (log-
linear profiles).

Changes in colloid deposition rate coefficients with
distance are increasingly reported, the most common being
decreases in colloid deposition rate coefficient with transport
distance, as evidenced by concentrations of retained colloids
that decrease with distance from source faster than the log-
linear rate expected from a spatially invariant deposition
rate coefficient (hyperexponential decrease).

Hyperexponential decreases have been widely reported
in experiments examining the transport of bacteria in the
laboratory (4—7), bacteria in the field (8—10), protists in the
laboratory (11), viruses in the laboratory (12, 13), viruses in
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the field (14—18), and microspheres in the laboratory (19,
20). In the biological colloid literature, the observed hyper-
exponential decrease has been largely attributed to distribu-
tions in surface properties among the microbial population
(4—7, 13) and the collector surfaces (11, 17, 18).

In the nonbiological colloid literature, hyperexponential
decreases of retained microsphere concentrations have also
been recently observed (19, 20). In the experiments of
Bradford et al. (19) this was attributed to straining on the
basis that deposition rates increased directly with increasing
colloid size. In contrast, Li et al. (20) concluded that straining
may play a significant role only at low ionic strength and
determined that this behavior could indeed be attributed to
a distribution in surface properties among the microsphere
population. More recently, Li et al. (21) showed that other
forms of deviation from log-linear behavior may occur,
specifically, the center of mass of the retained colloids may
occur some distance down-gradient of the column inlet, even
in the absence of significant colloid detachment.

Colloid deposition rate coefficients can also change
temporally due to blocking (22—27) and filter ripening (23,
26) effects. However, this paper will restrict the analysis to
apparent spatial changes in colloid deposition rate coef-
ficients in the absence of these temporal effects.

Colloid detachment has mostly been considered negligible
during filtration, except under conditions where retained
colloids are subjected to a perturbation in flow or solution
chemistry (28—32). The assumption of negligible colloid
detachment is based on the relatively low rates of colloid
re-entrainment following breakthrough of an injected pulse.
However, some investigators have suggested (based on
numerical simulations) that in some contexts a high degree
of reversible attachment might be observed and might lead
to significant down-gradient translation of the retained
colloids (10, 33).

Contexts in which changes in solution chemistry along
the flowpath might be of concern include riverbank filtration,
aprocess in which impaired river water is treated by passage
through riverbank sediments during transit to a water supply
well (34). Riverbank filtration requires maintenance of
sufficient colloid deposition rates to ensure treatment of the
water to a specified level. However, water—rock interaction
during transit to the well may change water chemistry to an
extent governed by constituent mineral solubilities under
the chemical conditions of the system (35). The general
processes of water—rock equilibration can be expected to
yield increased pH and increased ionic strength (35).

Since environmental conditions involve colloids and
sediment surfaces that each display bulk negative charge
(electrostatically repulsive); increases in ionic strength would
be expected to yield increased particle retention (36—44),
via compression of the electrostatic double layer of coun-
terions that balance the surface charge of the colloids and
the sediment. Increases in pH would be expected to yield
greater bulk negative surface charge and decreased particle
retention (45—50). However, the opposite trend has also been
reported even for negatively charged bacteria (40), likely due
to the complex chemistries associated with bacterial extra-
cellular polymers, which include polysaccharides, proteins,
and nucleic acids (51). Hence, as water chemistry changes
due to water—rock interaction, colloid deposition rates may
be expected to increase or decrease depending on the specific
effects of changes in pH and ionic strength, which themselves
will depend on the surface and aquatic chemical attributes
of the system.
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The purpose of this paper is to demonstrate changes in
colloid (microsphere and bacteria) retention rates with
distance in reactive porous media. The porous media (glass
beads) was chosen such that the dominant change in water
chemistry during transit was an increase in pH from 6.0 to
9.4 from the influent to the effluent ends of the column. A
steady-state breakthrough plateau was achieved in all
experiments, indicating a lack of temporal changes in
deposition rate coefficient. The steady-state breakthrough
plateau provided no evidence of the surprising distributions
of retained colloid concentrations that were achieved on the
sediment column. Significant, and in some cases drastic,
deviation from theory-based expectations were observed.
The profiles of retained microspheres showed faster than
log-linear decreases in retained concentrations with distance
from the inlet. The profiles of retained bacteria showed
maximum retained concentrations down-gradient from the
inlet. Detachment was shown to contribute to the observed
profiles of retained bacteria. These deviations carry important
implications for filtration processes in many contexts,
including riverbank filtration.

Materials and Methods

Microsphere Preparation. The microspheres used in column
experiments were spherical fluorescent carboxylate-modified
polystyrene latex microspheres (1.1 um diameter, 0.18 meq
g ! surface charge density). The microsphere stock suspen-
sions (Molecular Probes, Inc., Eugene, OR) were used as
received with a particle concentration of 2.7 x 101 mL~! and
2 mM of NaNj as the antibacterial agent. Prior to injection,
an aliquot of stock suspensions was diluted to achieve an
influent concentration (C,) of 1.35 x 107 &+ 10% particles
mL! in salt solution with the desired ionic strength. The
influent concentration of each experiment was normalized
to 1.35 x 107 particles mL™! to allow comparison between
experiments.

Bacteria Preparation. Bacteria used in the experiments
were Comamonas DA001, an adhesion-deficient, nonmotile
strain isolated from a site near Oyster, VA. DA001 was
approximately 1.1 um by 0.3 um in size and has a density
equal to 1.06 g cm™ (10). Cells were grown at room
temperature (22 °C) overnight while shaking at 120 rpm in
filter-sterilized basal salts medium (BSM), supplemented with
filter-sterilized 0.012 M sodium lactate. BSM consisted of
4.25 g of K,HPO,4-3H,O, 1 g of NaH,PO,-H,0, 2 g of NH,CI,
0.123 g of N(CH,CO;Na)3*H,0, 0.2 g of MgS0,4:7H,0, 0.012
g of FeSO4-7H,0, 0.003 g of MnSO4-H,0, 0.003 g of Zn SO4-
7H,0, and 0.001 g of CoCl,-6H,0 dissolved in 1000 mL of
Milli-Q water and autoclaved at 121 °C. Cells were reinocu-
lated under the same conditions upon reaching visible light
absorbance (A = 660 nm) equal to 0.6 (Beckman DU 650,
Fullerton, CA) and were harvested by centrifugation (10,000
gfor 10 min at4 °C) upon reaching the stationary phase (~12
h) with ABSgs0 about 1.2. Cells were resuspended in Narrow
Channel artificial groundwater NCAGW). NCAGW consisted
of 60 mg of MgSO,:7H,0, 10 mg of KNO3, 60 mg of NaHCOs,
60 mg of CaCl,-2H,0, 70 mg of Ca(NOs3),-4H,0, 25 mg of
CaS0,-2H,0, and 0.4 mg of NaH,PO, dissolved in 1000 mL
of deionized water, and 2 N HCI was used to adjust the pH
to0 6.0. The centrifugation-resuspension process was repeated
three times. Cells were subsequently starved at 15 °C for
48—72 h (shaking at 60 rpm) to stabilize surface properties.
Following starvation, cells were centrifuged and resuspended
three times as described above. Cells were stained using DAPI
(4',6-diamidino-2-phenylindole) (Pierce, Rockford, IL) at a
concentration of 25 ug mL~! with gentle vortexing for 20
min. Following staining, cells were centrifuged and resus-
pended three times in NCAGW with the desired ionic strength
(NaCl). Direct counts on an epifluoresence microscope were
used to determine the stock concentration, which was diluted

to obtain the target influent concentration of 2.0 x 10* +
50% cells mL™1, to reflect the relatively low concentrations
of cells in environmental waters. The influent concentrations
of different experiments were normalized to 1.0 x 10* cells
mL™! for ease in comparison.

Porous Media. Spherical soda lime glass beads with sizes
ranging from 300 to 417 um (Cataphote Inc. Jackson, MS)
were used as the porous media for microsphere transport
experiments. Bead sizes ranging from 417 to 600 um
(Cataphote Inc. Jackson, MS) were used as the porous media
for bacteria transport experiments.

The glass beads were first rinsed sequentially with acetone
and hexane for 5 min, respectively, and then soaked with
concentrated HCl for about 12 h. The beads were rinsed with
deionized water until the conductivity was negligible relative
to 0.1 M NaOH, as determined using a conductivity meter
(Conductance/TDS Model 72, Engineered Systems & Design,
Newark, DE). The glass beads were soaked with 0.1 M NaOH
for another 12 h, followed by repeated rinsing with Milli-Q
water (Millipore Corp. Bedford, MA) until the ionic strength
of the glass beads was negligible relative to the experimental
ionic strength. The glass beads were dried in an oven (105
°O).

Column Experiments. Cylindrical Plexiglass columns (20
cm long, 3.81 cm inner diameter) were dry-packed after the
glass beads were dried and cooled. Packing was performed
by adding glass beads in small increments (~2 cm) with mild
vibration of the column. Two 60 mesh stainless steel screens
(Gerard Daniel Worldwide, Hanover, PA) were placed at each
end of the column. To spread the flow upon entry into the
column, 3.5 gof coarse sand (> 30 mesh, cleaned as described
above) were added to the top of the influent screen, forming
a 2 mm-thick layer that was covered by another screen. The
mass of packed glass beads in each column differed by less
than 2 g. The porosity of the packed glass beads was 0.38,
as determined by weighing before and after saturating the
column and dividing aqueous phase volume derived from
the mass difference by the total volume of the column.

The packed columns were purged with CO, for 25 min to
replace air (since CO, is soluble in water) and were pre-
equilibrated with salt solution at the desired ionic strength
(NaCl) for 6 pore volumes. The 6-pore volume preequili-
bration required 16 h. Prior to preequilibration, a discon-
tinuous air film was observed on the wall of the column. The
air film was removed by the end of the first pore volume of
preequilibration, as determined using a magnifying glass.
One pore volume was equal to 83 mL (determined gravi-
metrically). After preequilibration, 3 pore volumes of colloid
suspension were injected, followed by 7 pore volumes (14
and 21 for longer elution) of salt solution (without micro-
sphere/ bacteria) at the same ionic strength. Ionic strength
conditions varied over the range 0.006—0.02 M for micro-
sphere transport experiments and 0.0038—0.02 M for bacteria
experiments.

In the absence of buffer, the solution pH increased from
6.0 to 9.4 from the influent to the effluent end of the column,
due to dissolution of Na,O and CaO on the glass bead surfaces
(52). Since this pH range reflects the range observed between
surface water and groundwater (35), unbuffered solutions
offered a convenient means of representing solution chem-
istry changes along a representative flowpath from surface
to groundwater. Flow rate was varied to produce pore water
velocities ranging between 2 and 8 m day !, since detachment
was implicated as a contributor to the shape of the retained
profiles (as described below). Parallel experiments examining
effluent pH showed that the same change from influent to
effluent (6.0 to 9.4) was obtained for all three flow rates.
Furthermore, these experiments showed that the pH of the
effluent was constant (9.4) throughout the course of each

VOL. 39, NO. 8, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 2501



experiment. The reservoir containing the bacteria solution
also contained tritium as a tracer at a concentration of 160
uCi L.

The bacterial transport experiments were run with au-
toclaved water in the refrigerator at temperature 8 °C to limit
or prevent possible growth and death of bacteria during the
experiment.

Sample Collection and Analysis. Samples from the
column effluent were collected every 0.037 pore volumes
(3.1 mL) in sterile 5 mL polypropylene culture tubes (VWR,
West Chester PA) using a fraction collector (CF-1, Spectrum
Chromatography, Houston TX). The collected bacteria
samples were preserved using formaldehyde (1%) and were
refrigerated at 4 °C until analysis (within several days).

Following completion of the experiment, the sediment
was extruded from the column and dissected into 10 segments
(each 2 cm long). The retained particles were desorbed by
placing the sediment segments into specific volumes of
Milli-Q water. The effluent samples and the supernatant
samples from the recovery of retained (desorbed) micro-
spheres were analyzed with flow cytometry (BD FACScan,
Becton Dickinson & Co., Franklin Lakes, NJ). Details were
given by Li et al. (20). The effluent samples and the retained
samples of DA001 were analyzed using a Bio-Ferrograph
(2100, Institute Guilfoyle, Belmont, MA), as described below.

Enumeration of DA0O1 in effluent and desorption samples
was accomplished using the bioferrographic technique
developed by Zhang and Johnson (53). The method used
selective immuno-magnetic tagging to ferrographically sepa-
rate the DA0QO1 cells from solution. A Bioferrograph (Institute
Guilfoyle, Belmont MA) was used to draw a sample volume
through a small chamber over a glass substrate that was
positioned over a magnetic interpolar gap. The magnetic
field was strongest at the gap, and magnetically susceptible
particles were deposited on the substrate.

The method involved combining 160 uL of fluorescein
isothiocyanate (FITC)-conjugated polyclonal rabbit antibod-
ies to DA001 (Rockland Laboratories, Gilbertsville, PA), 40
uL of goat-anti rabbit paramagnetic beads (50 nm diameter,
Miltenyi Biotec, Auburn CA), and 0.5 mL of Milli-Q water
and vortexing the solution for 15 min at room temperature
(22 °C). Antibodies which were not attached to the para-
magnetic beads were removed using Mini-MACS separation
columns (Miltenyi Biotec, Auburn CA) according to the
manufacturer’s protocol.

Bioferrographic separation has an unusually high resolu-
tion, with a quantitation limit of about 20 cells per mL (10,
53, 54). Because the method involves direct counting, high
concentration samples must be diluted to yield cell con-
centration ranging from 100 to 1000 cells per mL. 50 uL of
2 M NaCl was also added to sample aliquots to increase the
ionic strength to approximately 150 mM, which was con-
ducive to proper conformation of the antibody. Following
dilution, paramagnetic bead-antibody solution (100 xL) was
added to a 0.5 mL aliquot of cell suspension, which was then
vortexed at room temperature (22 °C) for 15 min.

The aliquots were introduced into the Bioferrograph and
drawn through the chambers at a rate of 0.008 mL min.
Once the aliquots had passed through the chambers, the
glass substrates were dismounted and glued onto glass slides
using Prolong anti-fade mounting media (Molecular Probes,
Eugene, OR). These slides were then enumerated using FITC
fluorescence on an epifluorescence microscope (Nikon,
Tokyo, Japan).

One in every 5 samples was a blank to guard against
contamination during the bioferrographic procedure. Stan-
dards were run every 16 samples to ensure that complete
recovery by antibodies was achieved. Since standards decayed
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TABLE 1. Experimental Conditions, Mass Balances, and Model
Psag?meters for Simulations Using the Particle Tracking Model

ionic flow mass
strength velocity recovery retained ki kK
colloids (M) (mday™) % % (h™") () f

~

microspheres 0.006 99.1 17.1  0.15 0.33 0.26

92.1 88.5 1.62 0.05 0.28
73.66 23.0 1.30 0.25 0.90

0.01 4 96.6 34.4 0.39 0.23 0.08
0.02 4 109.5 67.2 0.71 0.45 0.03
0.006 2 107.8 345 0.16 0.12 0.25
0.006 8 102.0 8.5 0.13 3.20 0.20
bacteria 0.0038 4 105.1 13.9 0.20 0.10 0.98
0.01 4 101.1 70.6 1.50 0.08 0.80
0.02 4 101.9 71.0 1.51 0.08 0.40
2
8

over time, the measured decay rate was used to adjust
analytical results to account for this known decay rate of the
samples.

The area under the breakthrough-elution curve was
integrated to yield the number of microspheres or bacteria
that exited the column. The colloids recovered from all
segments of the sediment were summed to determine the
total number of retained colloids. The overall recovery (mass
balance) of colloids was determined by summing the
numbers of retained colloids and colloids that exited the
column. The overall recovered number of colloids was divided
by the number of injected colloids to express the mass balance
as a percentage.

Particle Tracking Model. Breakthrough curves and re-
tained profiles were simulated using a numerical model based
on an advection-dispersion governing equation that included
removal from, and re-entrainment to, the aqueous phase

aC_  aC  9°C Py
a— D&"‘D@ ka+ HkrSr (1)

where Cis the concentration of colloids in the aqueous phase
(colloids per unit volume of fluid), ¢ is the travel time, x is
the travel distance, v is the fluid velocity, D is the dispersion
coefficient of the colloids, 0 is the porosity, pp is the bulk
density of sediment, and kr and k; are rate coefficients for
colloid deposition to, and re-entrainment (detachment) from,
the solid phase, respectively. S, is the reversibly retained
colloid concentration on the solid phase (colloids per unit
mass of sediment) and can be further expressed as

S, = Sf, @)

where S is the total deposited colloid concentration and f;
is the fraction of reversibly retained colloids.

A one-dimensional discrete random-walk particle-track-
ing model was used to solve eq 1 under the conditions of the
column experiments. This model has been previously applied
to simulate bacteria transport with emphasis on character-
ization of long-term detachment tailing (10), size exclusion
(55), and more recently, observed deviations from log-linear
profiles of retained microspheres on glass beads (20) and
quartz sand (21). De-coupling of S, and k, occurs during
probabilistic implementation of k.. Detailed description of
the model is provided in these references.

Results

Mass Balances. Mass recoveries (total from effluent and
sediment) for microsphere transport experiment were virtu-
ally all between 96% and 110%. Mass recoveries for bacteria
transport experiments (total from effluent and sediment) were
between 73% and 105% (Table 1), with the majority between
89% and 105%.
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Breakthrough-Elution Curves. The steady-state break-
through plateaus for both the microspheres and bacteria
were, for the most part, flat, indicating temporal constancy
of the deposition rate coefficient (negligible blocking or
ripening) during the course of the majority of the experiments
(Figures 1—4, top). Exceptions included bacteria at the
intermediate ionic strength (possible mild blocking) (Figure
3, top) and bacteria at the low flow rate (mild ripening) (Figure
4, top). Breakthrough of bacteria and microspheres occurred
simultaneously with the tritium tracer (data not shown),
indicating lack of retardation and differential advection.

Steady-state breakthrough plateaus decreased with in-
creased ionic strength for both microspheres and bacteria
(Figures 1 and 3, top), consistent with the observations of
many pervious studies (20, 21, 36—44). Steady-state break-
through plateaus increased with increasing flow rate for both
microspheres and bacteria (Figures 2 and 4, top), also con-
sistent with many previous studies (11, 20, 21, 42, 56—59).

Retained Profiles. The magnitudes of the retained profiles
of microspheres and bacteria varied oppositely to the

breakthrough plateaus (Figures 1—4, bottom), as expected
from mass balance considerations (Table 1). In the case of
the microspheres, hyperexponential decreases in the retained
profiles were observed (Figures 1 and 2, bottom), as evidenced
by the greater decrease in observed retained concentrations
with distance from source relative to that expected based on
simulations using a spatially constant deposition rate coef-
ficient (Figures 1 and 2, bottom, dashed lines). The steepness
of the retained microsphere profiles increased with increased
ionic strength (Figure 1, bottom) and decreased with
increased flow rate (Figure 2, bottom).

In contrast, the shapes of the profiles of retained bacteria
varied greatly with increased ionic strength (Figure 3, bottom),
displaying hyperexponential decreases at the low ionic
strength (0.0038 M), whereas higher ionic strengths yielded
maximum retained concentrations at locations down-gradi-
ent of the inlet. The extent of divergence from expectations
is clarified by comparison of experimental results with
simulations based on a spatially constant deposition rate
coefficient (Figure 3, dashed lines). The peaks of mass of
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the profiles of retained bacteria were located further down-
gradient with increasing flow rate (Figure 4, bottom, and
Figure 5).

To examine whether detachment significantly influenced
the profile of retained cells, experiments were run under
equivalent conditions with varying elution times. Increasing
the elution time produced increasing down-gradient trans-
lation of maximum retained concentrations of cells, shown
by comparison of the retained profiles after 7, 14, and 21
pore volumes (PV) elution at flow rates of 4 and 8 m day™!
(Figure 6, top and bottom). These findings demonstrate that
detachment significantly influenced the down-gradient
translation of the peak of mass of the retained profiles.

Discussion

Trends in Deposition Rate Coefficients: Comparison to
Theory. The overall deposition rate coefficients (determined
from breakthrough plateaus) decreased with increasing flow
rate (Figures 2 and 4, top and Table 1). This trend can be
evaluated relative to mass transport considerations enveloped
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in filtration theory (1—3). Filtration theory concerns predic-
tion of the collector efficiency (), which represents the

number of colloid-sediment collisions per number of ap-
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proaching colloids. Different correlation equations are avail-
able to estimate the collector efficiency, e.g. the R—T equation
(2, 60—62), and the T—E equation (3). Both correlation
equations evaluate the collector efficiency based on regres-
sions of dimensionless interception, sedimentation, and
diffusion parameters relative to numerical simulations of
particle transport in porous media.

Both the R—T and T—E models predict a decrease in the
collector efficiency with flow rate over the flow rate range
examined (data not shown). The deposition rate coefficient
is calculated from the collector efficiency () as follows

_30-9
k= 5 —dc onv 3)

where 0 is the sediment porosity, d. is the collector (sediment
grain) diameter, v is the fluid velocity, and o is the collision
efficiency, which is the number of colloid attachments per
number of collisions.

For the purpose of estimating the maximum deposition
rate coefficient that is supported by mass transfer consid-
erations, one can assume a value of the collision efficiency
equal to unity. Assuming that the collision efficiency is
constant with flow rate, an increase in the deposition rate
coefficient with increased flow rate is predicted. The observed
trends in ky versus flow rate for microspheres and bacteria
diverged from the trends expected from filtration theory
(Table 1, Figure 7). Theory predicts increasing k; with
increasing flow rate, whereas observed values of krdecreased
with increasing flow rate for both microspheres and bacteria.
The magnitudes of the observed deposition rate coefficients
were much smaller than the theoretical maximum values, as
expected.

That the deposition rate coefficient under unfavorable
conditions decreased with increased flow rate (Figure 7)
cannot be attributed to greater excluded areas associated

with blocking by retained colloids, since negligible blocking
was observed during the majority of experiments (Figures
1—4, top). The decreased deposition rate coefficient with
increased flow rate may result from increases in hydrody-
namic drag, as suggested based on experiments examining
microsphere transport in simple shear systems (63—65) as
well as in experiments examining microsphere transport in
porous media (21, 65). Note that previous experiments also
have shown decreasing deposition rate coefficients with
increasing flow rate (42, 56—59); however, whether these
results suggest an influence of hydrodynamic drag would
require comparison of the expected trend from theory, which
was not performed in those studies.

Factors Governing Profile Shapes. The steady-state
breakthrough plateaus of the microspheres and bacteria both
decreased with increasing ionic strength (Figures 1 and 3,
top), in qualitative agreement with Derjaguin-Landau-
Verwey-Overbeek (DLVO) interaction energy considerations.
Increasing ionic strength compressed the electrical double
layer surrounding the colloids and sediment, thereby de-
creasing the distance over which electrostatic repulsion was
significant between the colloids and the sediment surface.
The decreased effective distance of electrostatic repulsion
allowed greater deposition of microspheres and bacteria on
the glass beads.

To develop DLVO energy profiles, the electrophoretic
mobilities (EPM) of microspheres, bacteria, and crushed glass
beads were measured according to Tong et al. (66). The
measured EPMs yielded zeta potentials ranging from — 82.7
mV to —66.1 mV for microspheres, —1.9 mV to — 1.4 mV for
bacteria, and —64 mV to —42 mV for crushed glass beads
over an ionic strength range from 0.001 to 0.02 M at pH 6.0.
The Hamaker constants were 6.60 x 102°] for microspheres,
6.34 x 1072°J for crushed glass beads (67), and 5.35 x 1072
J for bacteria based on data presented in ref 68 for this strain.
The resulting DLVO energy profiles (not shown for brevity)
show an electrostatic energy barrier to microsphere attach-
ment ranging from 2416 kT at 0.006 M to 899 kT at 0.02 M
and an electrostatic energy barrier to bacterial attachment
ranging from 41 kT at 0.0038 M to absent at 0.02 M. A
significant barrier to attachment was estimated for micro-
spheres and bacteria at low ionic strength, yet deposition
was observed. Deposition under unfavorable conditions has
been well reported, and determination of its cause is beyond
the scope of this paper.

The model (which utilized a constant deposition rate
coefficient) was not able to simulate the shape of the retained
profiles of either colloid (Figures 1—4, bottom), clearly
demonstrating that the distribution of retained colloids
deviated from expectations via existing filtration models. The
observed hyperexponential decreases in retained micro-
sphere concentrations with an increasing distance from the
source were also observed under pH-stable conditions (20).
The similarity of the retained microsphere profiles under
these pH-varying and pH-stable conditions indicate that the
pH increase from 6.0 to 9.4 along the flowpath was not the
main cause of the hyperexponential microsphere profiles
observed here. A model using a distribution of deposition
rates among the microsphere “population” successfully
simulated the combined breakthrough-elution curves and
retained profiles under pH-stable conditions (20), indicating
that distributions in interaction potentials among the mi-
crosphere “population” may account for the observed
behavior.

The profiles of retained microsphere concentrations serve
as a baseline for evaluating the observed profiles of retained
bacteria. The very different shapes of the retained profiles
observed for bacteria relative to similarly sized microspheres
at high ionic strength under conditions where pH increased
along the flowpath indicate that there are significant dif-
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FIGURE 7. Observed and mass transport-supported deposition rate
coefficients (ks at different flow rates. The mass transport-supported
deposition rate coefficients were estimated using the R—T and
T—E equations. The relatively larger effective radius of microspheres
relative to bacteria increases the mass transport-supported k; of
the former by only 10% of those for the latter. The trends of mass
transport-supported k;were the same for microspheres and bacteria.

ferences in the way their respective surface chemistries
respond to increased ionic strength and possibly pH.

In the bacterial transport experiments, increased ionic
strength increased both the magnitude and the reversibility
of deposition, since the peak concentrations of retained
bacteria were translated down-gradient (Figure 3, bottom)
even as overall deposition increased (Figure 3, top). These
bell-shaped retained profiles have been shown scarcely in
other work, for example for the protozoan Cryptosporidium
parvum (11), and Norwalk virus (13, 18). In the former
publication, the authors did not attempt to explain this
distribution. In the latter publication, the authors attributed
the bell-shaped retained profile to alteration of sediment
surface properties (greater repulsion) at the up-gradient end
of the column by dissolved organic matter and other
constituents in the wastewater used in those experiments.
Neither publication examined the possible role of detachment
in generating the observed profiles. The observation of down-
gradient maximum retained concentrations in our studies
indicates that unusual water chemistries are unnecessary to
yield such behavior; this behavior can be produced by simple
solutions (slightly elevated NaCl concentration and elevated
pH).

The increased down-gradient translation of the peak
concentrations of retained bacteria with increased elution
(Figure 6) demonstrated that detachment significantly in-
fluenced the down-gradient location of the profile of retained
bacteria. To the knowledge of the authors, this has not been
previously demonstrated in experiments. Zhang et al. (10)
and Tufenkji et al. (33) demonstrated via numerical and
analytical simulations that significant colloid detachment
could potentially translate the retained colloids significant
distances down-gradient in the column.

The effect of bacterial detachment is also manifested by
the elution portion of the effluent curves, since the con-
centrations of bacteria observed during elution were only 1
to 1.5 orders of magnitude lower than the breakthrough
plateau (Figures 3 and 4 top). In contrast, the eluted
concentrations of the microspheres were 2.5 to 3 orders of
magnitude lower than the plateau (Figures 1 and 2 top), and
experiments examining different elution times for the mi-
crospheres showed no significant differences in the retained
profiles (data not shown). These differences are captured by
the simulations (fit to breakthrough-elution curves), which
showed that under same ionic strength and flow condition
(e.g. 0.02 M ionic strength and 4 m day ! flow rate), the
fraction of attachment that was reversible (f) was much
higher for the bacteria (0.40) than the microspheres (0.03)
(Table 1). Simulated fits to the retained bacterial profiles
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were not improved regardless of the values of detachment
rate coefficient (k) and fraction of reversibility (f;) used.
Development of a model to capture the profiles of retained
bacteria will first require additional understanding of the
causes of the observed profiles.

Although detachment during elution was a significant
contributor to the shape of the observed profiles of retained
bacteria, it was not the only contributor. This is demonstrated
by the nonlinearity of the degree of down-gradient translation
of the peak of mass of retained bacteria relative to elution
duration. For experiments performed at a flow velocity of 4
mday~!, the maximum retained concentrations were located
9, 13, and 15 cm from the inlet for elution durations of 7, 14,
and 21 pore volumes, respectively (Figure 6, top). If detach-
ment during elution were the only contributor to down-
gradient translation of the peak concentrations, then we
would expect the maximum retained concentrations to have
been located at 18 and 27 cm from the inlet for 14 and 21
pore volumes of elution, respectively. Likewise, for experi-
ments performed at a flow velocity of 8 m day !, the maximum
retained concentrations were located 13, 15, and 17 cm from
the inlet for elution durations of 7, 14, and 21 pore volumes,
respectively (Figure 6, bottom). Clearly, the extent of transla-
tion of the maximum retained concentrations was dispro-
portional to the extent of elution. An experiment performed
with minimum elution (1.2 pore volumes, 0.02 M ionic
strength, 4 m-day~! flow rate) also showed maximum retained
concentrations that were translated down-gradient from the
inlet (data not shown), demonstrating that the bell-shaped
profile of retained bacteria was established even before
significant elution occurred.

The above results indicate that initial down-gradient
translation of the peak retained bacterial concentrations was
not related solely to elution but was established during
injection. Itis possible that detachment was enhanced during
injection, e.g. in the presence of mobile cells, leading to down-
gradient translation of the maximum retained concentrations
during injection. Enhanced detachment during injection has
been reported in the literature previously in impinging jet
flow cells (69), where it was attributed to hydrodynamic
collision between mobile and attached bacteria. It is also
possible that increased solution pH along the flow path
changed bacterial surface properties in amanner that resulted
in the observed profiles. However, the zeta potentials of the
bacteria ranged from —1.4 to —1.6 over the pH range from
6.0 to 9.4 at 0.02 M ionic strength, a range that is within the
error of the measurement. This indicates that no significant
change in the electrostatic component of the bacterial surface
chemistry resulted from that pH increase. Additionally,
experiments examining microsphere transport in quartz sand
under pH-stable conditions also showed maximum retained
microsphere concentrations down-gradient of the column
inlet (21), demonstrating that these nonmonotonic retained
profiles are generated in the absence of pH changes.

The reversibility of bacterial deposition at high ionic
strength would suggest deposition in the secondary energy
minimum, were it not for the lack of an energy barrier at
high ionic strength (discussed above). It is likely that the
DLVO profiles do not reflect the effects of bacterial surface
polymers, which may potentially disallow deposition in the
primary minimum. The prevalence of nonelectrostatic effects
on deposition of bacterial strain DA001 in porous media is
discussed in detail in a separate paper (66).

Implications. The fact that the peak of mass of retained
cells translated down-gradient through sand at rates ranging
from cm per day to cm per hour demonstrates that soil
bacteria can transit the granular subsurface at rates much
greater than is commonly assumed (in fact most filtration
models assume complete irreversibility). The detachment-
driven translation of retained bacteria demonstrated here



may contribute to the observed widespread distribution of
microbes in the subsurface. The cell surface properties driving
greater detachment at higher ionic strength should be
investigated, as should the generality of this observation
among microbes.

The soil bacterial strain examined here is not representa-
tive of all soil bacteria. Comamonas DA001 is a nonmotile
soil bacterium isolated from a site near Oyster, VA (70).
Although a number of adhesion deficient wild-type strains
were isolated from Oyster, Virginia (e.g. ref 54), these strains
are in the minority among the culturable soil bacterial strains
(Mary Deflaun, Geosyntec, personal communication). None-
theless, other studies of other soil bacteria show high
breakthroughs and high eluted concentrations during tailing,
similar to the transport behavior of DA001, e.g. bacterial strain
A0500 isolated from Savannah River Deep Subsurface Col-
lection (71, 72), and Klebsiella oxytoca (59, 73). The same is
true for some viruses examined in transport studies, e.g.
Norwalk Virus (13).

Regardless of the extent to which the observed detach-
ment-influenced translation of retained DA0O1 applies to
other microbes, deviations from log-linear decreases in
retained concentrations versus transport distance are widely
reported for microbes and (more recently) nonbiological
colloids. These deviations appear, in fact, to be the norm
rather than the exception and have important implications
for environmental filtration processes. Measuring a colloid
deposition rate coefficient (biological or nonbiological) at a
distance from a source, and extrapolating this deposition
rate coefficient log-linearly to greater distances, may not be
accurate, since extrapolation may greatly over- or under-
estimate the deposition rate coefficient at other distances.
Extrapolation of deposition rate coefficient with distance may
be utilized in design of environmental filtration processes
such as riverbank filtration as well as determination of well-
setback distances from pathogen sources.
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