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ABSTRACT: A balance of applied hydrodynamic (TH) and
resisting adhesive (TA) torques was conducted over a
chemically heterogeneous porous medium that contained
random roughness of height hr to determine the fraction of the
solid surface area that contributes to colloid immobilization
(Sf*) under unfavorable attachment conditions. This model
considers resistance due to deformation and the horizontal
component of the adhesive force (FAT), spatial variations in the
pore scale velocity distribution, and the influence of hr on lever
arms for TH and TA. Values of Sf* were calculated for a wide
range of physicochemical properties to gain insight into
mechanisms and factors influencing colloid immobilization.
Colloid attachment processes were demonstrated to depend
on solution ionic strength (IS), the colloid radius (rc), the Young’s modulus (K), the amount of chemical heterogeneity (P+), and
the Darcy velocity (q). Colloid immobilization was also demonstrated to occur on a rough surface in the absence of attachment.
In this case, Sf* depended on IS, rc, the roughness fraction ( f 0), hr, and q. Roughness tended to enhance TA and diminish TH.
Consequently, the effect of IS on Sf* was enhanced by hr relative to attachment. In contrast, the effects of rc and q on Sf* were
diminished by hr in comparison to attachment. Colloid immobilization adjacent to macroscopic roughness locations shares many
similarities to grain−grain contact points and may be viewed as a type of straining process. In general, attachment was more
important for higher IS and variance in the secondary minimum, and for smaller rc, q, and K, but diffusion decreased these values.
Conversely, straining was dominant for the opposite conditions. Discrepancies in the literature on mechanisms of colloid
retention are likely due to a lack of consideration of all of these factors.

■ INTRODUCTION

An understanding of and ability to predict conditions that
influence colloid immobilization and release are needed for
numerous environmental and industrial applications. Colloid
retention and release are well-known to depend on the solution
and solid phase chemistry conditions1−5 and on the system
hydrodynamics.6−9 Rolling has been demonstrated to be the
dominant hydrodynamic mechanism of colloid removal from
the solid−water interface (SWI) under laminar flow con-
ditions.6,7,10,11 Consequently, a balance of applied hydro-
dynamic (TH, M L2 T−2, where M, L, and T denote units of
mass, length, and time, respectively) and resisting adhesive (TA,
M L2 T−2) torques can be used to determine criteria for colloid
immobilization and release.6,8,9,11,12 Colloids will roll over the
SWI when TH >TA and will be immobilized when TH ≤ TA.
The equations to determine TH from the pore scale water

velocity distribution are well-known and accepted.12−14 In
contrast, the proper formulation for forces and torques
associated with adhesive interactions are much less certain,
especially for conditions unfavorable for colloid attachment.15,16

Derjaguin−Landau−Verwey−Overbeek (DLVO) theory is

commonly used to estimate the adhesive force that acts
perpendicular to the SWI (FAP; M L T−2) from electrostatic and
van der Waals forces.17,18 A tangential component of the
adhesive force (FAT; M L T−2) also occurs in the presence of
nanoscale physical and/or chemical heterogeneity19−24 that will
produce a corresponding value of TA.
Methods to characterize the influence of physical and/or

chemical heterogeneity on TA have not yet been fully resolved
at the interface scale, let alone the representative elementary
area (REA) scale. Johnson, Kendall, and Roberts (JKR)
theory25 has been employed to determine TA due to
deformation.8,26−28 Other researchers have used an empirical
frictional force (FF, M L T−2) that acts tangential to the SWI to
create TA.

6,12 In contrast, some have neglected TA altogether
and implicitly assumed that colloid immobilization only occurs
in the primary minimum.29,30 However, this approach does not
allow for colloid immobilization in a secondary minimum in the
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presence of water flow which contradicts many experimental
observations.4,16

As mentioned above, torque balance calculations can be used
to determine colloid immobilization and rolling at a particular
location. The value of TH is spatially distributed in a porous
medium because of differences in the pore scale velocity
distribution. Bradford et al.11 calculated and developed
predictive procedures to determine the log-normal cumulative
density function (CDF) of TH on well-defined sphere packs for
various average water velocities, grain sizes, and colloid sizes.
These authors evaluated the CDF for TH at a given value of TA

to determine the fraction of the porous medium surface (Sf*)
that may contribute to colloid immobilization. Bradford and
Torkzaban31 further extended this approach to the case of a
chemically heterogeneous porous media. Previous attempts to
determine Sf* have employed JKR theory to determine TA

based on resistance due to deformation28,31 and neglected the
potential contribution of FAT on TA. Furthermore, this analysis
applied to colloid attachment in a primary and/or secondary
minimum on a smooth SWI and neglected the potential
influence of larger scale roughness and grain−grain contacts on
colloid retention. Consequently, predicted values of Sf* were
likely underestimated.
The pore space geometry is known to influence the

determination of TA and TH.
32−34 In particular, larger scale

roughness has been demonstrated to enhance TA and reduce
TH.

32,33 Consequently, higher values of Sf* are expected on a
collector with large scale roughness than on a smooth collector.
Indeed, enhanced colloid retention has been microscopically
observed to occur near larger scale roughness locations35−37

and at grain−grain contact points.38,39 Colloid retention at
larger scale surface roughness locations and grain−grain
contacts share many similarities, including low velocity regions,
multiple SWI interfaces, and different lever arms for TA and TH

than on smooth surfaces.40 Consequently, colloid retention at
locations of larger scale roughness and grain−grain contacts
may be viewed as a type of straining process (e.g., preferential
retention occurring in the smallest regions of the pore space
near multiple SWIs).40 Consistent with this terminology,
Tufenkji et al.41 indicated that straining behavior was strongly
dependent on the roughness properties of the sand.
Theoretically sound procedures are needed to determine

colloid immobilization and release in porous medium under
various solution chemistry and hydrodynamic conditions.
Accurate determination of the parameter Sf* is therefore
critically important. For example, Sf* may be used in
continuum scale transport models to determine the maximum
solid phase concentration of retained colloids,42 to estimate the
effects of velocity on the colloid sticking efficiency (α),9 and to
determine the rate of colloid immobilization.28 Furthermore,
release of colloids due to transient solution chemistry and
hydrodynamic conditions can be directly related to changes in
Sf*.

43,44 The objective of this work is to develop improved
approaches to predict TA in chemically heterogeneous porous
media and then use this information to determine meaningful
estimates of Sf* under saturated conditions. The effects of
chemical heterogeneity, larger scale roughness, solution ionic
strength (IS), and colloid size on Sf* were subsequently
investigated and used to improve our understanding of colloid
attachment and straining processes.

■ TORQUE BALANCE
Our torque balance considers forces and torques that act on a
colloid adjacent to the SWI as a result of fluid flow and adhesive
interactions. Relevant forces, lever arms, and torques are
illustrated in Figure 1 for a deforming colloid adjacent to a

homogeneous SWI (Figure 1a), a nondeforming colloid
adjacent to a chemically heterogeneous SWI (Figure 1b), and
a deforming colloid adjacent to a homogeneous SWI and a
roughness of height hr [L] (Figure 1c). The pore scale water
velocity distribution creates a lift force that acts on the colloid
perpendicular to the SWI and a drag force (FD, M L T−2) that
acts on the colloid tangential to the SWI. The lift force is
negligible when the flow is laminar.45 Conversely, FD is
significant and it produces TH. It should be mentioned that we
have assumed that the colloid is neutrally buoyant, so that
gravity can be neglected. Colloid diffusion will be discussed at
the end of the next section.

Figure 1. Relevant forces, lever arms, and torques for a deforming
colloid adjacent to a homogeneous SWI (a), a nondeforming colloid
adjacent to a chemically heterogeneous SWI (b), and a deforming
colloid adjacent to a homogeneous SWI and a roughness of height hr
(c).
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The value of FD at a separation distance (h, L) shown in
Figure 1 is given as12−14

πμ τ= +F r r h C6 ( )D w w c c h (1)

where rc [L] is the colloid radius, τw [T
−1] is the hydrodynamic

shear, μw [M L−1T−1] is the water viscosity, and Ch is a
dimensionless function that depends on h as12

=
+

+ −
C

h r
h r h r

1.7007337 1.0221616( / )
1 1.0458291( / ) 0.0014884708( / )h

c

c c
2

(2)

The value of TH for a given h is33

= +T l F MH H D E (3)

where ME [M L2 T−2] is the external moment of surface
stresses and lH [L] is the lever arm associated with FD. The
value of ME is given as12

πμ τ=M r C4E w w c h
3

2 (4)

where C2h is a second dimensionless function that depends on h
as12

= − −C h r0.054651334[18.276952 exp( 1.422943( / ))]h c2
(5)

The value of lH (Figure 1) is given as33

= − + −l r a h hH c r
2

0
2

(6)

where is a0 [L] is the contact radius. When hr > (rc
2 − a0

2)1/2 +
h, the value of lH = 0 because the rolling point occurs at a height
of (rc

2 − a0
2)1/2 + h. The determination of a0 will be discussed

shortly.
The value of FAP shown in Figure 1 is required to mobilize a

colloid from a secondary minimum in the interaction energy,
Φ2min [ML2T−2], and it can be calculated as46,47

=
∂Φ

∂
⎛
⎝⎜

⎞
⎠⎟F

h
maxAP

2min

(7)

Here “max” denotes the maximum value of the derivative in the
interaction energy adjacent to Φ2min. Similarly, a value of FAT on
a heterogeneous surface may be determined as19

=
∂Φ

∂
F

zAT
2min

(8)

where z [L] is the distance in the tangential direction on the
SWI.
JKR theory can be used to estimate a0 (found in eq 6) due to

particle deformation that arises from FAP. When the colloid is in
adhesive contact with the surface, the value of a0 is given as25

= ⎜ ⎟⎛
⎝

⎞
⎠a

F r
K

4 AP c
0

1/3

(9)

where K [M L−1 T−2] is the composite Young’s modulus.
Conversely, at separation (assumed in this work) this value of
a0 is multiplied by 0.63.26 It should be mentioned that other
approaches may also be employed to determine a0.

48,49

A value of TA arising from both FAP and FAT is given as

= +T l F l FA AP AP AT AT (10)

where lAP [L] and lAT [L] are the lever arms associated with FAP
and FAT, respectively. When hr > h, the values of lAP

33 and lAT
are given as

= −l r lAP c H
2 2

(11)

= −l r aAT c
2

0
2

(12)

When hr ≤ h, then lAP = a0, whereas lAT is still given by eq 12. In
the absence of nanoscale physical and chemical heterogeneity,
the second term on the right-hand side of eq 10 is zero.
Conversely, in the absence of deformation and large scale
roughness the first term on the right side of eq 10 is zero.

■ COLLOID IMMOBILIZATION AT THE REA SCALE
Values of the mean and standard deviation for the secondary
minimum at the REA scale (Φ2min*) in a chemically
heterogeneous porous medium were determined.31,50 In brief,
only a portion of the SWI contributes to the colloid−SWI
interaction energy at any particular location.12 This area of
electrostatic influence (Az, L

2) was discretized into a number of
equally sized cells to represent the smallest sized chemical
heterogeneity of interest. Each cell was associated with a zeta
potential (ζ− or ζ+) and a cross-sectional area of Ah (L

2). Mean
values of Φ2min were calculated for possible charge realizations
within Az using a linear combination of interaction energies
from cells with ζ− and ζ+.

51 The interaction energies considered
electrostatics,52 retarded London−van der Waals attraction,53

and Born repulsion54 and assumed a sphere−plate geometry.
The probability of a given charge realization in Az was
calculated using a binomial mass distribution, assuming that the
heterogeneity was randomly distributed and that the total
fraction of cells with ζ+ was known at the REA scale (P+). The
probability density function (PDF) for Φ2min* on the
chemically heterogeneous surface was subsequently calculated
and used to determine mean and standard deviations for
Φ2min*. Simulation values were in excellent agreement with
Monte Carlo simulation output using computationally intensive
grid surface integration techniques.
In this work, the SWI was discretized into segments of length

dz [L], where dz is the diameter of Az. Mean values and
standard deviations for Φ2min* on the chemically heterogeneous
surface were calculated as described above and then used to
randomly generate Φ2min on the SWI with these same statistical
properties (see the graphical abstract). Binary values of hr
(equal to 0 or hr) were also randomly assigned to each segment,
so that the total fraction of segments with hr = 0 and hr were
equal to the selected probabilities of (1 − f 0) and f 0,
respectively. It should be mentioned that the value of hr does
not influence Φ2min when the cross-sectional area of hr is equal
to Az.

50

Values of FAP and FAT at a particular location i were
approximated as

≅
Φ

*F
hAP

i
i
2min

2min (13)

≅
Φ − Φ +

F
dAT

i
i i

z

2min 2min
1

(14)

where the superscripts i and i + 1 are used to denote adjacent
spatial Az locations, and h2min* [L] is the separation distance
associated with Φ2min*. Equation 13 is based on approximations
from Derjaguin and Langbein.55 Simulation results demon-
strated that this approximation was consistent with values
determined using eq 7 (data not shown). Equation 14 follows
directly from eq 8. The value of TA is given as (eq 10)
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= +T l F l FA
i

AP
i

AP
i

AT
i

AT
i

(15)

Here the values of lAP
i and lAT

i are functions of Φ2min
i (eq 9). In

addition, the value of lAP
i is also a function of hr (eq 6), but it

only applies at a location i (hr = 0) when location i + 1 has hr.
The pore scale velocity distribution adjacent to the SWI of a

porous medium can be quantified using a log-normal CDF.11

The corresponding probability of obtaining a velocity (v),
dProb(v), that acts on a colloid of given radius adjacent to the
SWI is given as

σ π σ
= −

−⎛
⎝⎜

⎞
⎠⎟v

v
v v

vdProb( )
1

2
exp

(ln[ ] ln[ ])
2

d50
2

2
(16)

where v50 [M L2 T−2] and σ [−] are the median and variance of
the log-normal distribution of velocity adjacent to the SWI,
respectively. Bradford et al.11 presented a method to predict the
CDF of v for various colloid radii, Darcy velocities, and
collector grain sizes based on the solution of Stokes and
continuity equations in sphere packs using scaling procedures.
In the current work, the PDF of v was discretized into a number
of categories (k = 1−100), denoted as vk. Values of TH were
calculated (eq 3) for each location on the SWI for all vk
categories (denoted as TH

ik). It is very computationally expensive
to try to explicitly determine separate values of vk near each hr.
Consequently, values of vk near areas containing hr have been
assumed to be the same as on the smooth SWI, and the
influence of hr was implicitly included in TH by lH (eq 6).33 This
assumption is expected to provide a high estimate of vk and TH
near hr and therefore a conservative prediction of colloid
retention at this location.
A torque balance was calculated for each TA

i and TH
ik on the

SWI. Positive values of TA
i act in the opposite direction as TH

ik to
decelerate and/or to immobilize colloids (TH

ik ≤ TA
i ) when

water flow is in the direction of increasing z. Conversely,
negative values of TA

i act in the same direction to TH
ik to

promote rolling (TH
ik > TA

i ). The fraction of the SWI that
contributes to colloid immobilization (Sk = nf/(nf + nuf), where
nf and nuf are the number of segments that were favorable and
unfavorable for colloid immobilization) was determined for
each vk based on the torque balance. The total value of Sf* at
the REA scale was calculated as

∑* =
=

S v SdProb( )f
k

k k
1

100

(17)

The kinetic energy of a diffusing colloid produces a Brownian
force and torque that acts in a random direction and with a
variable magnitude over time. The torque arising from the
Brownian force was therefore not explicitly considered in our
torque balance to determine Sf*. However, the Maxwellian
kinetic energy model for diffusing colloids31,56,57 has been used
to estimate α as a function of Φ2min* as

α φ
φ
π

φ= * −
*

− *erf( )
4

exp( )2min
2min

2min (18)

Here φ2min* = Φ2min* /(kbTk), where kb is the Boltzmann constant
and Tk is the absolute temperature. This approach considers the
relative strengths of the Brownian kinetic energy and the
interaction energy for colloids to determine α but neglects the
observed influence of hydrodynamic forces on experimental
values of α.9,58 Some researchers have attempted to account for
this velocity dependency by multiplying α by Sf*.

9,43 This same

approach (multiplying α by Sf*) may also be viewed as a way to
correct Sf* for diffusion.

■ RESULTS AND DISCUSSION

Below we present calculated values of Sf* for various IS (1, 5,
10, 25, 50, 75, and 100 mM) and rc (50, 250, 500, 1250, and
2500 nm) under unfavorable attachment conditions. The
parameter values of K, P+, FAT, Darcy velocity (q), and hr were
selected to study colloid attachment and straining processes.
For these calculations the Hamaker constant equaled 5 × 10−21

J, the characteristic wavelength was 100 nm, the collision
diameter was 0.5 nm, Ah = 50 nm2, ζ+ = 50 mV, ζ− = −70 mV,
the colloid zeta potential equaled −27 mV, and the median
sand grain size was 360 μm.

Colloid Attachment. Previous research has largely
neglected the contribution of FAT and hr on colloid
immobilization. In this case, colloid immobilization in the
presence of fluid flow may occur as a result of deformation.
Deformation of the colloid and/or SWI may occur in the
presence of water flow because of FAP.

10 Figure 2 presents
simulated values of Sf* on a chemically heterogeneous SWI (P+
= 0.25) for various rc and IS when only deformation (FAT = 0
and hr = 0) was considered in the torque balance calculations.
Three values of K were considered in these simulations,
namely, 4.014E8 (Figure 2a), 4.014E9 (Figure 2b), and
4.014E10 N m−2 (Figure 2c). For a given rc the value of Sf*
tended to increase with IS due to an increase in Φ2min* and FAP.
Conversely, for a given IS the value of Sf* decreased with rc, in
spite of the larger value of Φ2min*. The value of TH increases
with the cube of rc when h = 0 (eq 1). Consequently, TH
increases more rapidly than TA with rc, and the value of Sf*
therefore rapidly decreased with increasing rc. Similar trends for
Sf* with rc were obtained from fitted values to colloid
breakthrough curves in column studies and earlier torque
balance calculations.8,31,43 Figure 2 also demonstrates that Sf* is
a strong function of K that increases with decreasing K. This
result has important implications for colloid transport,
retention, and release. In particular, this observation indicates
that more rigid colloids will experience less retention than
flexible colloids (such as bacteria) even if they have identical
interaction energies. In support of this finding, the hydro-
dynamic threshold was lower to remove similarly sized glass
than polystyrene particles from a glass surface in parallel flow
chamber experiments.10

A colloid may also be immobilized in the presence of fluid
flow due to the contribution of FAT (nanoscale heterogeneity)
on TA, even in the absence of deformation (a0 = 0) and
roughness (hr = 0). Figure 3 presents similar information as in
Figure 2 when P+ = 0.05 (Figure 3a), 0.1 (Figure 3b), and 0.25
(Figure 3c). Other simulation parameters were the same as in
Figure 2. Colloid immobilization increased with P+. The value
of Sf*also exhibited a similar dependency on IS and rc as in
Figure 2. However, the magnitude of Sf* tended to be lower for
smaller rc when considering FAT than for only deformation. In
the presence of nanoscale chemical heterogeneity the value of
Sf*increases with the variance in Φ2min* for a given IS and rc.
Results from Bradford and Torkzaban31,50 indicate that this
variance increases with Ah and with the difference in magnitude
between ζ+ and ζ−. In addition, the height and amount of
nanoscale roughness will also influence the variance in
Φ2min*,

50 but these effects were not considered in Figure 3.
Consequently, the relative importance of FAT to deformation on
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colloid immobilization will depend on both nanoscale chemical
and physical heterogeneity parameters.
Figure 4a presents simulated values of Sf* for the various rc

and IS when both deformation (a0 > 0) and nanoscale chemical
heterogeneity (FAT > 0) are considered in the torque balance
calculations, but in the absence of roughness (hr = 0). Values of
K = 4.014E9 N m−2 and P+ = 0.25 were selected for these
simulations. Other model parameters were the same as in
Figures 2 and 3. Simulation results were nearly identical to that
shown in Figure 3c, suggesting that colloid immobilization was
dominated by the variance in Φ2min which determined FAT.
Furthermore, note that values of Sf* in Figure 4a were actually
sometimes lower than when only deformation occurred (Figure
2b). This is because positive and negative values of FAT may
occur, and the negative values of FAT diminished the influence
of deformation on colloid immobilization. However, it should

be recognized that deformation is likely to play a more
significant role in determining Sf* for lower values of K (Figure
2) and P+ (Figure 3).
Figures 4b and 4c present similar information to Figure 4a,

but for different values of q. In the case of Figures 4a, 4b, and 4c
values of q were equal to 0.1, 1, and 0.01 cm min−1,
respectively. These values of q were selected to encompass a
range in water velocities found in coarse textured porous media.
Velocity was observed to have a large impact on values of Sf*
when rc is large but had a minor influence on Sf* for smaller rc
because of the dependence of TH on the cube of rc.

8 Velocity
effects were more significant at higher IS because values of Sf*
were also larger.

Roughness and Colloid Straining. The above analyses
considered smooth surfaces and neglected the effects of larger
scale surface roughness and grain−grain contacts on colloid

Figure 2. Simulated values of Sf* for various rc and IS conditions when
only deformation was considered in the torque balance. Three values
of the K were considered in these simulations, namely, 4.014E8 (a),
4.014E9 (b), and 4.014E10 N m−2 (c). Other simulation parameters
are listed in the text.

Figure 3. Simulated values of Sf* for various rc and IS conditions when
only FAT was considered in the torque balance. Three values of the P+
were considered in these simulations, namely, 0.05 (a), 0.1 (b), and
0.25 (c). Other simulation parameters are listed in the text.
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immobilization. Figure 5a presents simulated values of Sf* on a
rough surface ( fo = 0.2 and hr = 1000 nm) for various rc and IS
when both deformation (ao = 0) and nanoscale chemical
heterogeneity (FAT = 0) were neglected in the torque balance
calculations. Other model parameters were the same as in
Figure 4a. It should be emphasized that no colloid attachment
occurred in Figure 5 in the absence of roughness.
Consequently, all values of Sf* were strictly due to the
presence of hr.
Roughness influences the lever arms that act on TA and TH

(Figure 1). The value of TA tends to be enhanced adjacent to
roughness, whereas TH is diminished. Both of these factors will
lead to greater retention adjacent to roughness locations than
on flat surfaces. Similar to Figures 2−4, the value of Sf*

increased with IS and decreased with rc. However, the
functional dependence of Sf*on IS and rc was different than
for attachment (Figures 2−4) because of the difference in the
lever arms. All values of Sf* approach a threshold with
increasing IS that was determined by f 0. Increasing hr produces
a more rapid rise to this threshold value of Sf*, especially for
smaller rc (data not shown), because lH increases with rc + h −
hr (eq 6).
Figures 5b and 5c present similar information to Figure 5a,

but for different values of q. In the case of Figures 5a, 5b, and 5c
values of q were equal to 0.1, 1, and 0.01 cm min−1,
respectively. Similar to Figure 4, larger colloids were more
susceptible to the influence of velocity than smaller colloids.

Figure 4. Simulated values of Sf* for various rc and IS conditions when
both deformation (K = 4.014E9 N m−2) and FAT (P+ = 0.25) were
considered in the torque balance. Three values of q were considered in
these simulations, namely, 0.1 (a), 1.0 (b), and 0.01 cm min−1 (c).
Other simulation parameters are listed in the text.

Figure 5. Simulated values of Sf* for various rc and IS conditions when
only hr = 1000 nm ( f 0 = 0.2) was considered in the torque balance.
Three values of q were considered in these simulations, namely, 0.1
(a), 1.0 (b), and 0.01 cm min−1 (c). Other simulation parameters are
listed in the text.
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However, velocity had a much smaller influence on values of
Sf* than for the case of only attachment (Figure 4). The value
of Sf* for larger colloids was therefore larger on rough (Figure
5) than smooth surfaces (Figure 4). Note that lH and lAP go to
zero and rc, respectively, as hr approaches rc + h (eqs 6 and 11).
Consequently, roughness provides an increasing shield against
the effects of velocity as hr increases (eqs 3 and 6) and TA
dramatically increases (see the graphical abstract).
Values of Sf* were greater on rough (Figure 5a) than on

smooth (Figure 4a) surfaces when rc > 500 nm. Consequently,
roughness had a much more significant influence on colloid
immobilization than attachment for these larger colloids.
Similarly, straining processes have been observed to play a
dominant role in colloid retention for larger colloids under
unfavorable attachment conditions.38,59 A similar torque
balance procedure (eq 18) may be applied to represent
grain−grain contact points and larger scale surface roughness
locations because TH = 0 and lAP = rc when hr > rc + h.32 Colloid
immobilization is always favorable when TH = 0, regardless of
Φ2min*. The number of grain−grain contact points within a
REV is expected to increase with a decrease in grain size.
Consequently, the value of f 0 and Sf* are also expected to
increase with a decrease in grain size. These trends are
consistent with experimental observations.59

It should be mentioned that the relative importance of
attachment to straining on colloid immobilization will depend
on the velocity and the solution chemistry (Figures 4 and 5).
Straining tends to becomes more important for higher rc and q
and for smaller IS, grain sizes, and variances in Φ2min*.
Attachment will be more important for the opposite conditions.
Consequently, some of the discrepancies reported in the
literature60 concerning mechanisms of colloid retention are
likely to be due to a lack of consideration of all of these factors.
Colloid Attachment and Straining. Figure 6a presents

simulated values of Sf* on a rough surface (with f 0 = 0.2 and hr
= 1000 nm) for various rc and IS when deformation (a0 > 0)
and nanoscale chemical heterogeneity (FAT > 0) were also
considered in the torque balance calculations. Other model
parameters were the same as in Figure 5a. The simulation
results tended to be a superposition of the behavior observed in
Figures 4a and 5a. Values of Sf* again increased with IS and
decreased with rc. Similar to behavior shown in Figure 5a, the
values of Sf* were greater in Figure 6a than those shown in
Figure 4a when rc > 500 nm as a result of roughness. In
contrast, the values of Sf* in Figure 6a were greater than those
shown in Figure 5a when rc < 500 nm because of attachment
(Figure 4a). Consequently, straining processes dominated the
retention of larger colloids, whereas retention of smaller
colloids was controlled by attachment. However, the relative
importance of these factors will also depend on K, IS, rc,
chemical heterogeneity, q, grain size, and f 0 as indicated above.
It should be emphasized that the amount of colloid retention

in a particular location will depend on the rate of mass transfer
to and from locations defined by Sf*. Colloid filtration theory
has been developed to determine the rate of colloid mass
transfer from the bulk aqueous phase to the SWI.61 One
potential way to account for the influence of diffusion on Sf* is
to multiply Sf* by α (eq 18). Figure 6b presents values of αSf*
for various IS and rc when the simulation conditions were the
same as in Figure 6a. Similar to Figure 6a, the values of αSf*
increase with IS. In contrast, values of αSf* (Figure 6b) were
smaller than Sf* (Figure 6a), especially for smaller IS and rc,
and the maximum value of αSf* occurred for the intermediate rc

= 250 nm. Consequently, diffusion will tend to increase the
relative importance of straining to attachment. In addition to
diffusion, solid phase mass transfer from unfavorable (1 − Sf*)
to favorable (Sf*) locations may occur by rolling under the
influence of hydrodynamic forces.28 Additional research and
modeling techniques (trajectory analysis) are needed to fully
resolve these mass transfer issues.

■ CONCLUSIONS
A mechanistic description of TH and TA is provided for
chemically heterogeneous porous media. The value of TA
depends on the resistance due to deformation and FAT. The
model also considers the effects of spatial variations in the pore
scale velocity distribution that occurs in a porous media on TH.
In addition, the model accounts for variations in the lever arms
that occur near randomly generated larger scale surface
roughness features. A torque balance was conducted over the
heterogeneous porous medium surface to determine Sf*. Values
of Sf* were calculated for a wide range of properties (IS, rc, K,
P+, q, and hr) under unfavorable attachment conditions to gain
insight into mechanisms and factors influencing colloid
immobilization.
Results demonstrate a complex coupling between many

factors influencing colloid immobilization. Colloid attachment
processes (hr = 0) were demonstrated to depend on IS, rc, K,
P+, and q. Greater values of Sf* due to attachment occurred for
higher IS and P+ and for lower values of rc, K, and q. The value
of FAT, due to the variance in Φ2min*, mainly determined Sf*

Figure 6. Simulated values of Sf* (a) and αSf* (b) for various rc and IS
conditions when deformation (K = 4.014E9 N m−2), FAT (P+ = 0.25),
and hr = 1000 nm ( f 0 = 0.2) were considered in the torque balance.
The value of q was 0.1 cm min−1. Other simulation parameters are
listed in the text.
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when K was high (deformation is less significant). This variance
in Φ2min* depends on nanoscale chemical and/or physical
heterogeneity parameters.
Colloid immobilization was also demonstrated to occur on a

rough surface in the absence of attachment. In this case, Sf*
depended on IS, rc, fo, hr, and q. Values of Sf* approached a
threshold value determined by f 0 at higher IS. Higher values of
Sf* occurred with larger hr and smaller rc and q. Roughness
tended to enhance TA and diminish TH. Consequently, the
effect of IS on Sf* was enhanced relative to attachment. In
contrast, the effects of rc and q on Sf* were diminished by hr in
comparison to attachment. Colloid immobilization adjacent to
macroscopic roughness locations shares many similarities to
grain−grain contact points because it involves retention at
multiple SWI interfaces and similar modifications to lever arms.
Furthermore, colloid immobilization can occur at both of these
locations in the absence of attachment. Consequently, colloid
immobilization at larger surface roughness locations may be
viewed as a type of straining process.40

The relative importance of attachment and straining
processes will depend on a wide range in parameters. In
general, attachment is more important for higher IS and
variance in Φ2min* and for smaller rc, q, and K. Conversely,
straining at larger roughness locations and grain−grain contacts
will be more important for the opposite conditions. Accounting
for diffusion on Sf* with αSf* tends to decrease the relative
importance of attachment to straining, especially for smaller IS
and rc. Discrepancies in the literature on mechanisms of colloid
retention are likely due a lack of consideration of all of these
factors.
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