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Deposition of 36-µm gold-coated hollow microspheres in
two porous media (glass beads and quartz sand, 710-850
µm) was examined using X-ray microtomography (XMT)
in the presence of an energy barrier to deposition under fluid
velocity conditions representative of engineered filtration
systems. XMT allowed examination of the deposition at
different locations at the grain surfaces (deposition at grainto-grain contacts versus single-contact deposition). We
demonstrate that in the presence of an energy barrier to
deposition, grain-to-grain contacts strongly influence colloid
deposition and the spatial distribution of retained colloids
in porous media. This result contrasts drastically with
observations in the absence of an energy barrier to deposition,
where consistency with filtration theory was observed.
In the presence of an energy barrier, colloids were dominantly
retained at grain-to-grain contacts, and the concentration
of retained particles varied nonmonotonically with
transport distance. It is proposed that the nonmonotonic
profiles resulted from translation of surface-associated
microspheres and subsequent immobilization at grain-tograin contacts. This hypothesis is demonstrated using
a conceptual model. The mutability and sensitivity of retained
profiles to system conditions (from hyper-exponential to
nonmonotonic) may reflect the interplay of different deposition
mechanisms under different conditions.

Introduction
Colloid transport in porous media is most commonly
described by classic filtration theory (1-4), in which a spatially
constant first-order deposition rate coefficient is estimated
based on the physical attributes of the system. The assumed
spatial invariance of the deposition rate coefficient yields
exponential decreases in retained colloid concentrations with
transport distance. In the absence of an energy barrier to
deposition, e.g., for oppositely charged colloids and collectors
(porous media grains), filtration theory predicts well the
observed magnitude of the deposition rate coefficient and
the observed exponential decrease in retained colloid
concentrations (e.g., refs 5-7). Filtration theory idealizes the
porous media as a collection of spherical grains that are
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completely surrounded by fluid envelopes (2, 8); whereas
the packed structure in an actual porous media is supported
via grain-to-grain contacts, and grains cannot, in reality, be
completely surrounded by fluid. Despite this idealization,
filtration theory clearly provides an excellent approximation
of the deposition process in the absence of an energy barrier
to deposition (e.g., refs 5, 6).
In the presence of a significant energy barrier to deposition
(e.g., like-charged colloids and collectors), deposition is
theoretically precluded by the repulsive colloid-collector
interaction energy (e.g., ref 9), whereas deposition is observed.
A number of possible mechanisms exist by which to allow
colloid deposition onto overall like-charged surfaces, e.g.,
surface roughness (10, 11), surface charge heterogeneity (9,
12-15), deposition in the weakly attractive energy minimum
(secondary energy minimum) at greater separation distances
than from the interaction energy barrier (16-20), and
straining (physical entrapment in pore constrictions too small
to pass) (21-23). Deposition “in” secondary energy minima
requires the presence of physical features that allow colloids
to be retained despite their loose association with grains
surfaces which renders them subject to fluid drag. Retention
of these secondary-minimum associated colloids has been
thought to occur in so-called rear stagnation points on the
downstream side of grains and asperities (18-20). However,
it is also possible that grain-to-grain contacts serve as the
zones in which secondary-minimum associated colloids are
retained.
It has also been recently demonstrated that for deposition
in the presence of an energy barrier, the concentrations of
retained colloids do not decrease exponentially with distance
from the source (e.g., refs 5-7). The most commonly observed
form of deviation from expectations from filtration theory is
hyper-exponential (faster than exponential) decreases of
retained colloid concentrations with transport distance (e.g.,
refs 5, 7, 24, 25). Recently, an increasing number of studies
demonstrate nonmonotonic variation of retained colloid
concentrations with transport distance (6, 26-30). The form
of deviation of the retained profile has been demonstrated
to be highly sensitive to system conditions, and can switch
from hyper-exponential to nonmonotonic as a result of minor
changes in solution chemistry, or surface properties of the
colloid or the porous media (6, 30). The mechanisms that
produce these deviations from filtration theory, and their
mutability, are poorly understood. In the case of hyperexponential deviations, heterogeneity in surface characteristics among the colloid population is a well-accepted
mechanism to drive this deviation (5, 7, 24, 25). At this time,
no mechanism has been proposed to drive the observed
nonmonotonic deviation.
Elucidation of the role of grain-to-grain contacts on colloid
deposition requires direct observation at the pore-scale. To
examine the resulting profile of retained colloids, pore-scale
observation must be made across assemblage-scale domains,
as provided by X-ray microtomography (XMT) (31). XMT
investigations performed under conditions absent an energy
barrier demonstrated that the presence of grain-to-grain
contacts somewhat alters the environment of deposition,
i.e., a significant fraction of deposition occurs in grain-tograin contacts. However, the magnitude of the deposition
rate coefficient and the spatial distribution of retained colloid
concentrations were well predicted by filtration theory (31),
demonstrating that the mechanism of colloid deposition was
consistent with that assumed in filtration theory (collision
with the grain surfaces). Therefore, in the absence of an energy
barrier to deposition, filtration theory captures the essential
VOL. 40, NO. 12, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY

9

3769

elements of the deposition process despite a lack of accounting for grain-to-grain contacts.
The purpose of this paper is to demonstrate using XMT
that in the presence of an energy barrier to deposition, near
neutrally buoyant particles (36 µm) were dominantly retained
at grain-to-grain contacts in two porous media (quartz sand
and glass beads, 710-850 µm), and the profiles of retained
particles deviated dramatically (nonmonotonically) from the
exponential profiles expected from filtration theory. The
observations demonstrate that the role of grain-to-grain
contacts in deposition is drastically different in the presence
versus the absence of an energy barrier to deposition.
Relevance of these observations to smaller particles and
colloids is discussed, and we demonstrate that the physicochemical mechanisms governing the deposition of these
larger particles are equivalent to those governing the deposition of smaller particles and colloids. A conceptual model is
presented to demonstrate a potential mechanism that yields
the observed nonmonotonic profile of retained particles in
the presence of an energy barrier.

Methods
Preparation of Gold-Coated Hollow Microspheres. Hollow
ceramic microspheres (Trelleborg Fillite Inc., Norcross, GA)
with an initial density range of 0.6-0.8 g-cm-3 were used as
the starting material. The fraction of microspheres with sizes
between 30 and 38 µm were separated using a stainless steel
sieve (opening size 38 µm) and a mesh screen (opening size
30 µm). About 2 g of the separated fraction of microspheres
were put into Milli-Q water (Millipore Corp. Bedford, MA)
to remove whole from broken microspheres by flotation.
The floating (whole) microspheres were dried in air, and put
into ethyl ether (density 0.71 g-cm-3) to further narrow the
density range. Floating microspheres (density between 0.6
and 0.71 g-cm-3) were filtered, rinsed with water, and airdried.
About 0.05 g dried microspheres were spread evenly into
an aluminum dish (diameter 2.5 in.) and placed into the
vacuum chamber of the Denton Discovery-18 sputtering
system (Denton Vacuum, Moorestown, NJ). Gold sputtering
was performed at vacuum pressure less than 4 × 10-6 Torr.
Following sputtering, the microspheres were suspended using
ethanol, filtered, and rinsed sequentially with Milli-Q water
and methanol. To produce negatively charged hydrophilic
surfaces on the microspheres in aqueous solution, the
methanol-rinsed gold-coated microspheres were reacted with
10 mL 5 mM mercaptoacetic acid (Sigma-Aldrich, St. Louis,
MO) solution in methanol for at least 24 h. The treated goldcoated microspheres were filtered, rinsed repeatedly with
water, and re-suspended into water in a 50 mL centrifuge
tube. The fraction of microspheres with a density range
between 1.06 and 1.26 g-cm-3 was separated (for column
experiments) based on settling velocity calculation.
Porous Media. The porous media used in the column
experiments was 20-25 mesh (average size 780 µm) soda
lime glass beads (Cataphote Inc., Jackson, MS) and quartz
sand (Fisher Scientific, Fair Lawn, NJ). The glass beads were
first rinsed sequentially with acetone and hexane and then
soaked with concentrated HCl for about 24 h, followed by
repeated rinsing with Milli-Q water. The quartz sand was
cleaned by soaking in concentrated HCl for at least 24 h,
followed by repeated rinsing with ultrapure water, drying at
105 °C and baking overnight at 850 °C.
Column Experiment Conditions. Borosilicate glass columns (75 mm in length and 8 mm in inner diameter) were
wet packed with the cleaned porous media to a packed length
of 50 mm. Since the sample stage of the XMT facility cannot
accommodate samples longer than 40 mm, the glass column
consisted of two pieces (each 37 mm long) which can be
scanned separately. The two pieces had flanges (2.5 mm thick)
3770
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at one end to allow connection, which was sealed using
Parafilm. The porosities of the packed glass beads and quartz
sand was 0.404 and 0.376, respectively.
The packed columns were preequilibrated with about 20
pore volumes of degassed 5 µM polyoxyethylene (23) lauryl
ether (Sigma-Aldrich, St. Louis, MO) solution at a pH of 10.5
(adjusted using NaOH). Polyoxyethylene lauryl ether was
added to increase the height of the energy barrier to
deposition (as evidenced by increased breakthrough concentrations relative to pure water at pH 10.5). One pore
volume was equal to 1.01 and 0.94 mL for packed glass beads
and quartz sand, respectively. Following preequilibration,
two pore volumes of the gold-coated microsphere suspension
were introduced in down-flow mode, followed by three pore
volumes of elution with polyoxyethylene lauryl ether solution
at pH of 10.5. The influent concentration of gold-coated
microspheres was adjusted to 2.3 × 103 particles-mL-1. During
the experiments, the fluid level was maintained at a given
distance above the top of the porous media and the column
effluent outlet to ensure a constant pressure head and
constant fluid velocity. The transport experiments were
carried out at a pore water velocity of 0.1 cm-s-1, and an
additional experiment with quartz sand was run at a velocity
of 0.25 cm-s-1. These fluid velocities represent the flow
conditions in engineered filtration systems (e.g., riverbank
filtration and rapid sand filtration).
The concentrations of the effluent samples were determined by counting microspheres in 25 µL of effluent under
a microscope after evaporation of water. For samples having
low effluent concentrations, up to 200 µL effluent suspensions
of the samples were counted.
Following the experiment, the two pieces of the column
were separated, sealed at both ends using Parafilm, and
scanned by XMT. The retained microspheres in the column
were counted directly from the reconstructed XMT images.
The mass balances were obtained by dividing the total
number of microspheres recovered from effluent and retained
in the column by the total number of microspheres introduced into the column. More details of gold-coated microsphere preparation and column experiments were provided
in Li et al. (31).
XMT System and Scanning Procedures. After the column
experiments, the two column pieces (with porous media
containing microspheres) were scanned using the cone beam
XMT system (Konoscope 40-130, Aracor Inc. Hawthorne,
CA) at University of Utah. The device consists of a microfocus
X-ray source, a sample positioning stage, and a digital X-ray
detection camera. The power of the X-ray source tube was
set at 16 W at which the focal spot was 20 µm in diameter.
A computer-controlled vertical/rotary positioning system
allowed the sample (column pieces) to rotate 0.72° and move
2.5 µm upward in vertical direction in the X-ray beam. The
X-ray detection system consists of a fiberoptic taper, a
scintillator/fiberoptic faceplate, and a CCD camera system.
Details of the Konoscope XMT system can be found elsewhere
(32).
Each scan produced projection data of packed porous
media segments that are approximately 8 mm long. Since
XMT cannot produce all projections for samples with a
diameter greater than 10 mm, image reconstruction of the
column at the flange connection (5 mm in length) was not
possible. Six scans (segments) were required to obtain the
projection data for the entire length of the column (45 mm),
except the flange connection. The number of retained
microspheres at the connection was interpolated by multiplying the average number retained in the 3 mm-long
segments above and below the connection by a length
correction factor of 1.67 (5 mm/3 mm). The projection data
of each segment was used to reconstruct the image of the
segment. Reconstruction was done with filtered back-

FIGURE 1. Representative cross-sectional XMT image of quartz
sand (gray areas) and gold-coated hollow microspheres (white
spots). Black areas represent pore water. The microsphere in the
white circle demonstrates single contact retention. Microspheres
in the white boxes are retained at grain-to-grain contacts.
projection algorithm, details of which are provided elsewhere
(33).

Results and Discussion
Representative XMT Image. In the cross-sectional XMT
image (Figure 1), gray areas represent porous media grains
(quartz sand in this case), whereas black areas represent
pore water. The white spots in boxes and the circle are
micropheres retained grain-to-grain contacts and at noncontact areas, respectively. Retention at grain-wall contacts
are considered equivalent to retention at grain-to-grain
contacts. No microspheres were in contact simultaneously
with three neighboring grains in either of the two porous
media. Since straining is defined as physical entrapment of
colloids by pore constrictions constrained by three neighboring porous media grains (34), our observation indicates
that straining (as traditionally defined) did not occur in our
system. That colloids retained at grain-to-grain contacts were
held via two rather than three contact points indicates that
the colloids were “wedged” between two surfaces in the
presence of an energy barrier. This environment of deposition
indicates that confinement of the colloid between the two
collector surfaces allowed drag forces to overwhelm repulsive
colloidal forces, thereby yielding direct contact with the
bounding surfaces. Like straining, wedging is driven by
physical confinement; however, we consider it useful to
distinguish straining (deposition in pore constrictions too
small to allow colloid passage) from wedging (confinement
between two bounding surfaces).
Fraction of Retention at Grain-to-Grain Contacts. In both
glass bead and quartz sand porous media, mass recoveries
(>81%) were good under all conditions examined (Table 1).
Absolute retention (total retained relative to total introduced)
was much greater in the quartz sand relative to glass beads
(fluid velocity ) 0.1 cm-s-1), as demonstrated by the percent
retained of the total number introduced (61.5% in quartz
sand, 2.0% in glass beads) (Table 1). Retention at grain-tograin contacts was also much greater in the quartz sand
(54.5%) relative to the glass beads (1.5%), where again the
percents are relative to the total number introduced (Table
1).

In both porous media, retention occurred dominantly at
grain-grain contacts. Of the total number retained, 75.0%
and 88.6% were retained at grain-to-grain contacts in the
glass beads and quartz sand, respectively (Table 1, Figure 2).
In contrast, in the absence of an energy barrier, single-contact
retention was dominant, with 20.1% and 41.4% of the total
number retained being located at grain-to-grain contacts in
the glass beads and quartz sand, respectively, at the same
fluid velocity (31).
Retained Profiles. In both glass bead and quartz sand
porous media, the total concentrations of retained microspheres varied nonmonotonically with transport distance
(increased and then decreased). The peak concentration was
located at a greater distance down-gradient from the column
inlet in the glass beads (3.25 cm) relative to the quartz sand
(1.25 cm). The down-gradient location of the peak concentration did not change with increased fluid velocity (from 0.1
to 0.25 cm-s-1) in the quartz sand (Figure 3). This velocity
increase yielded slightly increased absolute retention at
grain-grain contacts, i.e., from 54.5 to 61.4% (of total injected)
(Table 1). The nonmonotonic profiles obtained in the
presence of an energy barrier to deposition provide dramatic
contrast to the log-linear profiles obtained in the absence of
an energy barrier (31).
Mechanism Causing the Nonmonotonic Retained Profiles. The sensitivity of the retained profile shape to solution
conditions (in the absence vs presence of an energy barrier
to deposition) demonstrates that these profile shapes are
not artifacts of packing or hydrodynamic nonuniformity at
the inlet of the column. Furthermore, the mutability of these
profiles in response to solution conditions is consistent with
previous work examining smaller biological and nonbiological colloids in larger columns (e.g., 6, 30), demonstrating that the same physicochemical processes apply to
both systems.
To the best of our knowledge, no mechanism has been
proposed in the literature to explain the transition from hyperexponential to nonmonotonic retained profiles. Since the
nonmonotonic retained profiles are produced in the presence
of an energy barrier to deposition, it is reasonable to expect
that colloid accumulation in the secondary energy minimum
contributes to deposition under these conditions, as proposed
by previous authors (16-20, 35). The interaction energy
profile between gold-coated microspheres and quartz sand
surfaces was estimated using classic DLVO theory (36, 37).
The electric double-layer repulsive interaction and the
retarded van der Waals attractive interaction were calculated
based on the expressions developed by Gregory (38, 39). The
zeta potentials of the microspheres (-28.5 mV) and crushed
quartz sand (-100 mV) were measured using micro-electrophoresis (Zetaplus Analyzer, Brookhaven Inc.). The decay
length for the van der Waals interaction was 100 nm, and the
Hamaker constant was 4.63 × 10-20 J. This Hamaker constant
value was obtained by combining the Hamaker constants of
gold (4.0 × 10-19 J) (40), water (3.7 × 10-20 J) (41), and quartz
(8.86 × 10-20 J) (41). The secondary minimum depth was 4.8
kT, at a separation distance of 199 nm. A large energy barrier
(2.96 × 104 kT) existed at a separation distance of 12 nm,
which was expected to preclude any single-contact deposition
“within” primary energy minima in the absence of surface

TABLE 1. Column Experiment Conditions and Mass Recoveriesa
porous
media

fluid velocity
(cm-s-1)

total deposition
(%b

deposition at G-G
(%)b

fraction at G-G
(%)c

effluent recovery
(%)b

mass recovery
(%)

glass beads
quartz sand
quartz sand

0.1
0.1
0.25

2.0
61.5
72.6

1.5
54.5
61.4

75.0
88.6
84.6

91.3
19.8
15.8

93.3
81.3
88.4

a

“G-G” represents grain-to-grain contacts.

b

relative to total number of microspheres introduced. c relative to total number deposited.
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FIGURE 2. Profiles of total retention, grain-to-grain contact retention, and single-contact retention in glass beads and quartz sand (pore
water velocity ) 0.1 cm-s-1). Note that the scales for y-axis are different for the two porous media.
observation that retention at grain-to-grain contacts over
the first 1.5 and 3.0 cm transport distance in quartz sand and
glass beads, respectively (fluid velocity ) 0.1 cm-s-1), was
greater in the absence relative to the presence of an energy
barrier, whereas retention at grain-to-grain contacts at greater
transport distances was greater in the presence relative to
the absence of an energy barrier (ref 31 and Figure 2).

FIGURE 3. Profiles of total retention, grain-to-grain contact retention,
and single-contact retention in quartz sand at a fluid velocity of 0.25
cm-s-1.
nonidealities (e.g., surface charge heterogeneity and surface
roughness) that might locally reduce or eliminate the energy
barrier to deposition.
The concurrence of dominant deposition at grain-to-grain
contacts and nonmonotonic profiles of retained colloids
indicates an association between the two phenomena.
Although this association is not necessarily causal, the
potential cause and effect relationship is worth considering.
The “loose” association of colloids with grain surfaces via
the secondary energy minimum makes them subject to fluid
drag and down-gradient translation (18-20). Down-gradient
translation of secondary minimum-associated colloids was
recently demonstrated in an impinging jet system (15). In
porous media, down-gradient translation of secondaryminimum associated colloids may lead them to grain-tograin contacts where they may become immobilized due to
wedging. The possibility that surface-associated particles
migrate to, and are retained at, grain-to-grain contacts is
supported by the observation that absolute deposition at
grain-grain contacts in quartz sand (fluid velocity ) 0.1 cms-1 was greater in the presence (54.5%) relative to the absence
(41.4%) of an energy barrier to deposition (the latter value
comes from ref 31). This difference indicates that a portion
of microspheres that would have been immobilized via singlecontact deposition in the absence of an energy barrier were
instead captured (e.g., via wedging) at grain-to-grain contacts
in the presence of an energy barrier. That is, these microspheres have migrated to grain-to-grain contacts. Downgradient migration of microspheres in the presence of an
energy barrier to deposition is also supported by the
3772
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Based on the above observations, we propose that the
nonmonotonic profiles reflect the interplay of two processes: (1) down-gradient migration of secondary energy
minimum-associated colloids and increased likelihood of
retention at grain-to-grain contacts with increased migration;
(2) depletion of secondary minimum-associated colloids with
increased down-gradient distance due to retention upgradient. This concept is demonstrated using a simple
conceptual model that tracks the migration and retention of
surface-associated colloids, and considers the aqueous phase
solely as a steady-state source of colloids to the surfaceassociated phase.
Increased likelihood of retention at grain-to-grain contacts
with increased migration was included, implicitly, in the
conceptual model by immobilizing a fraction of the secondary
minimum-associated colloids in each segment. The likelihood
of immobilization was constant within a given segment,
yielding an overall increased probability of immobilization
for each subsequent segment entered. Depletion of secondary-minimum associated colloids with increased transport
distance resulted directly from immobilization, as well as by
depletion of colloids in the bulk mobile phase due to
association with surfaces via the secondary energy minimum.
The number of colloids entering the surface-associated
phase from the aqueous phase in each segment (Sn) during
each time step was decreased hyper-exponentially with
distance down-gradient of the first segment (S1), to reflect
retained profiles often observed in the presence of an energy
barrier, as described above. A fraction (fd) of the surfaceassociated colloids was immobilized in each segment at each
time step, yielding a number of retained colloids, which
represented colloids immobilized at grain-to-grain contacts.
Mobile surface-associated colloids migrated to adjacent
down-gradient segments where they were subject to the same
likelihood of immobilization (fd). The surface-associated
phase in all segments down-gradient of the first segment
gained colloids from both the aqueous phase and the surfaceassociated phase in the up-gradient segment. Colloid reentrainment was not considered, to be consistent with
experiments demonstrating that the nonmonotonic retained
profiles develop in the absence of significant re-entrainment
(e.g., ref 6).

FIGURE 4. Evolution of the profiles of retained colloid concentrations over distance. Deposited colloid concentrations were developed
using a simple conceptual model that considers migration of surface-associated colloids and subsequent immobilization (e.g., at grainto-grain contacts). “PV” represents pore volume.
Since the model is purely conceptual, physically based
travel distances and velocities are not utilized. Rather,
arbitrary values are utilized to demonstrate the concept. For
purposes of illustration, a value of 20 000 was used for S1,
and a value of -1.5 was used as the exponential coefficient
in the expression of Sn:

Sn ) S1n-1.5
where n represents nth segment. The value of fd was constant
for all model segments, and was set equal to either 0.15 or
1.0 to demonstrate the effect on the resulting profile of
retained colloids. Simulations involved “injection” for two
pore volumes followed by “elution” for one pore volume,
where each pore volume was composed of 10 time steps
(since the column is comprised of 10 segments). The
simulation was performed using a spreadsheet.
The parameters used here yielded either a nonmonotonic
or hyper-exponential profile before the first pore volume
was introduced, as shown in Figure 4, where the retained
profile is shown for various times during the simulation for
the case where fd ) 0.15 (left) and fd ) 1.0 (right). fd equal
to unity indicates all surface-associated colloids are instantaneously immobilized. During additional pore volumes of
“injection”, steady-state deposition was achieved and the
profile shapes remained constant as their magnitudes
increased (Figure 4). During the first pore volume of elution,
bulk phase and surface-associated colloids continued to
migrate along the column. Some of them were immobilized,
thereby increasing the retained concentrations on downgradient segments (Figure 4 left). Following one pore volume
of elution, all retained colloids were immobile, and the peakretained colloid concentration did not shift down-gradient
with further elution, consistent with experimental observations where re-entrainment was negligible (6). The resulting
retained profiles demonstrated two characteristic shapes:
nonmonotonic (fd ) 0.15), and hyper-exponential (fd ) 1.0),
indicating that mobility of surface-associated colloids and
subsequent immobilization at grain-to-grain contacts is one
possible explanation for the observed transition from hyperexponential to nonmonotonic retained profiles.
The location of the peak concentration depends on the
value of fd, where lower values yield less deposition and peaks
that are located farther down-gradient from the column inlet
(Figure 5), a result that agrees with the observation that, in
glass beads, the magnitude of deposition was lower, and the
location of the peak was farther down-gradient, relative to

FIGURE 5. Profiles of retained colloid concentration at end of the
elution for different values of fd. Lower fd (lower likelihood of capture
of surface-associated colloids in a segment) is more likely in glass
beads than in quartz sand, due to the lower numbers of grain-tograin contacts per grain, and the shorter average length of grainto-grain contacts.
the quartz sand. The likelihood of immobilization in grainto-grain contacts is expected to be lower in the glass beads
relative to the quartz sand due to the lower number of grainto-grain contacts per grain, and the shorter average length
of grain-to-grain contacts in that porous media relative to
the quartz sand (31).
Relevance of grain-to-grain contacts to smaller colloids
is demonstrated by equivalent responses to the absence
versus the presence of an energy barrier for both the large
and the small colloids. In the absence of an energy barrier
the magnitude of deposition was well-predicted by filtration
theory for both colloid sizes (5-7, 31), and the concentration
of retained colloids decreased log-linearly with transport
distance. In the presence of an energy barrier to deposition,
the concentration of retained colloids decreased nonmonotonically with transport distance (6, 30). These similarities
indicate that equivalent physicochemical processes governed
the deposition of colloids in both systems.
The mutability of retained profiles, that is, the sensitivity
of retained profile shape (e.g., hyper-exponential versus
nonmonotonic) to system conditions (6, 30) suggests that
colloid deposition occurs via multiple mechanisms in a given
porous medium, and that the dominance of particular
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mechanisms yields particular profile shapes. The hyperexponential retained profiles may be associated with lack of
colloid mobility once the colloid is associated with the surface,
e.g., via deposition at locations where an energy barrier is
locally absent (e.g., deposition “in” primary energy minima
via surface charge heterogeneities). Colloids associated with
the surface via secondary energy minima are mobile (15,
18-20). These mobile colloids may eventually become
immobilized at grain-to-grain contacts, rear stagnation zones,
and locations where the energy barrier is locally absent,
yielding a nonmonotonic retained profile. Under the conditions examined here, grain-to-grain contacts were most
important. Since these various mechanisms of deposition
are sensitive to solution conditions, surface properties of the
colloids, and surface properties of the collectors, it is not
surprising that the profile shapes are sensitive to system
conditions.
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