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ABSTRACT: This study theoretically evaluated interactions between spherical
colloids and rough surfaces in three-dimensional space using Derjaguin−Landau−
Verwey− Overbeek (DLVO) energy/force map and curve. The rough surfaces were
modeled as a flat surface covered by hemispherical protrusions. A modified Derjaguin
approach was employed to calculate the interaction energies and forces. Results show
that more irreversible attachments in primary minima occur at higher ionic strengths,
which theoretically explains the observed hysteresis of colloid attachment and
detachment during transients in solution chemistry. Secondary minimum depths can
be increased significantly in concave regions (e.g., areas aside of asperities or between
asperities) due to sidewall interactions. Through comparing the tangential attractive
forces from asperities and the hydrodynamic drag forces in three-dimensional space,
we showed that attachment in secondary minima can be located on open collector
surfaces of a porous medium. This result challenges the usual belief that the
attachment in secondary minima only occurs in stagnation point regions of the porous medium and is absent in shear flow
systems such as parallel plate flow chamber and impinging jet apparatus. Despite the argument about the role of secondary
minima in colloid attachment remained, our study theoretically justified the existence of attachment in secondary minima in the
presence of surface roughness. Further, our study implied that the presence of surface roughness is more favorable for attachment
in secondary minima than in primary minima under unfavorable chemical conditions.

1. INTRODUCTION

Knowledge of the interaction energy between a colloid and a
collector surface is of primary importance in prediction of
colloid attachment behavior in porous media. The theoretical
framework for determining the colloid−collector interaction
energy is provided by a landmark theory developed by
Derjaguin and Landau1 and Verwey and Overbeek2 (i.e.,
DLVO theory). The interaction energy curve is frequently
adopted in this theory to quantitatively describe the colloid−
collector interaction energy including van der Waals attraction
(VDW) and double layer energy (DL).3−5 The energy curve is
commonly constructed by summing the VDW and DL over the
surface-to-surface separation distance between the colloid and
collector. When both colloid and collector surfaces are like-
charged, a typical potential energy curve is characterized by an
infinitely deep attractive well (i.e., primary minimum) at a small
separation distance, a maximum energy barrier, and an
attractive well (i.e., secondary minimum) at larger distances.
Both energy barrier and secondary minimum disappear and
only primary minimum exist in the DLVO interaction energy
curve if the colloid and collector surfaces are oppositely
charged. The depth of primary minimum is finite if short-range

repulsion (e.g., hydration and steric repulsion) is included in
the total potential energy.6

The use of interaction energy curve greatly assists evaluation
of colloid transport behavior. For example, a large energy
barrier indicates that attachment in primary minima is
impossible, while a deep secondary minimum illustrates its
ability to capture colloids. However, it should be mentioned
that the interaction energy curves with aforementioned shapes
are obtained by calculating the interaction energy in one
dimension. When both colloid and collector have ideal surface
properties (e.g., physically smooth and chemically homoge-
neous surface), only one interaction energy curve is capable of
describing the interaction energy of the colloid with the
collector surface. However, if surface heterogeneity (e.g.,
roughness) is present, the interaction energy curve varies
from place to place on the collector surface. Hence, it is difficult
to completely characterize the colloid−collector interaction
through using the energy curve. Recently, Hoek et al.7 and
Kemps and Bhattacharjee8 presented a new technique, i.e.,
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interaction energy map, to describe the interactions between
colloids and rough surfaces. The interaction energy map has
advantage over the energy curve to describe the colloid−
collector surface interaction in the presence of surface
morphological heterogeneity.7,8

The objective of this study was to theoretically examine the
DLVO interaction energies between spherical colloids and
rough surfaces in three-dimensional space using both
interaction energy map and curve. Spatial attention was paid
to the interaction of a colloid with its lateral asperities (i.e.,
sidewall interaction) that has been ignored in existing
literature.7−12 A modified Derjaguin approach was adopted to
calculate the DLVO interaction energies. We showed that more
irreversible attachments in primary minima occur at higher
ionic strengths. We highlighted that the presence of surface
roughness favors colloid attachment at secondary minima in
concave regions where the secondary minimum energy is
increased and hydrodynamic shear is decreased. Whereas
colloid attachment in secondary minima is commonly regarded
to occur only in stagnation point regions of a porous medium,
results of this study show that the attachment can be located on
open collector surfaces in the porous medium.

2. THEORETICAL CONSIDERATIONS
2.1. Model of Rough Surfaces. Similar to previous

studies,7,9−18 surface roughness was modeled as hemispherical
asperities on flat surfaces. We employed three elemental rough
models: a hemisphere on a flat surface and two or three
hemispheres against each other on a flat surface (see Figure 1).
These elemental models were used to represent two typical
rough configurations according to atomic force microscopy
(AFM) examinations:7,13,14,19,20 convex asperities and concave
valleys aside and between the asperities.
2.2. Calculation of DLVO Interaction Energy in Three-

Dimensional Space. Surface element integration (SEI) has
been frequently used to calculate DLVO interaction energies
between colloids and rough surfaces.7−11,21,22 The technique
provides exact evaluation of the interaction energy provided
that one of the interaction surfaces is flat.21 Thus, the SEI has
made a remarkable breakthrough in the interaction energy
calculation based on Derjaguin's approximation. However,
there is an assumption in the SEI if it is used for the case where
both interacting surfaces are curved. Specifically, the SEI has to
take the interaction of a colloid surface element with the entire
of real collector surface same as the interaction of the element
with an infinite flat plate parallel to it. As such, the developed
analytical equations used to exactly calculate the VDW23 and
DL24 for the interaction of an element with an infinite flat plate
parallel to it can be utilized by the SEI. Such treatment causes
discrepancies between the true interaction energies and the
calculated results for colloid−rough surface interaction. For
example, there is a limitation in the SEI that it only considers
the interactions with the rough surface area that overlaps with
the projected area of an approaching colloid.9 Hence, the SEI
underestimates interaction energies if sidewall interactions are
significant. Details about why the SEI cannot accurately
estimate colloid−rough surface interaction energy are given in
the Supporting Information. On the basis of the SEI, Duffadar
and Davis25 and Bendersky and Davis22 developed grid-surface
integration (GSI) to calculate DLVO interaction energy in the
presence of both surface roughness and charge heterogeneity.
The only difference between the SEI and GSI is that the SEI
discretizes colloid surface whereas the GSI discretizes collector

surface. Therefore, the GSI does not eliminate the afore-
mentioned limitations in the SEI and also cannot accurately
estimate the interaction energy between a colloid and rough
surface.
Similar to previous studies,10,11,13−15,17,18,26 the interaction

energies between a colloid and the rough surfaces in Figure 1
were determined as a sum of particle−surface (sphere−plate)
and particle−asperity (sphere−sphere) DLVO interaction
energies. The Cartesian coordinate system was used to
determine the surface-to-surface separation distances between
the colloid and the plate/asperity in three-dimensional space.
For interaction of a colloid with a hemisphere on a flat surface
(Figure 1a), the center of the hemisphere is assigned as the
origin and the bottom of the hemisphere is located on the x−y
plane. For the interaction of a colloid with two hemispheres on
a flat surface, the contact point of the two hemispheres is
defined as the origin of the coordinate system, and the bottoms
of the two hemispheres are located on the x−y plane. The
centers of the two hemispheres are assigned coordinates (−ag,
0, 0) and (ag, 0, 0), respectively, where ag is asperity radius. For
the interaction of a colloid with three hemispheres on a flat
surface, a contact point of any two hemispheres is taken as the
origin of the coordinate system, and the bottoms of the three
hemispheres are located on the x−y plane. The centers of the
three hemispheres are assigned coordinates (−ag, 0, 0), (ag, 0,
0), and (0, −√3ag, 0), respectively. The center of the colloid is
assigned coordinates (x, y, z). The separation distances
between the colloid and a hemisphere (h) or the flat surface

Figure 1. Coordinate systems used to describe a spherical particle
interacting with three elemental rough models: (a) a hemisphere on a
flat surface; (b) two hemispheres against each other on a flat surface;
(c) three hemispheres against each other on a flat surface. Parts (a2),
(b2), and (c2) are plan view images of parts (a1), (b1), and (c1),
respectively. ATOP, ASIDE, and BETWEEN represent regions atop of
asperities, aside asperities, and between asperities. Modified from Shen
et al.27
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(H) for the three rough models are given in Table S1 of the
Supporting Information.

The particle−asperity or particle−flat surface interaction
energies were calculated by summing van der Waals attraction,

Figure 2. DLVO energy maps for interactions between a 66 nm colloid and the rough configuration in Figure 1a of 2 nm asperity radius on the x−z
plane at y = 0 at different ionic strengths (1, 0.001 M; 2, 0.01 M; 3, 0.1 M; 4, 0.2 M). (b) Zoomed maps for dashed-square regions in (a). The scale
bar to the right of each plot represents the interaction energy in units of kT. The dark blue regions below the red lines indicate the locations where
the interaction energy could not be determined due to physical overlap between the colloid and rough surface. Insets are DLVO energy curves along
the z-axis of the coordination system in Figure 1a (pink line) and for interactions of the colloid with a flat surface (dark line).
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double layer interaction energy, and short-range repulsion.
Details about the equations used to calculate the particle−plate
and particle−asperity interaction energies can be referred to
Shen et al.14,27 A Matlab program was developed to implement

the calculations in three-dimensional space. In the super-
position treatment, there is certain level of repetition. Shen et
al.,14 however, showed that the repetition does not have
significant influence on calculated results because the

Figure 3. DLVO energy maps for interactions between the 66 nm colloid and rough configuration in Figure 1a on the x−z plane at y = 0 at 0.1 M
ionic strength with different asperity radii (1, 5 nm; 2, 10 nm; 3, 20 nm; 4, 100 nm). All simulation conditions were consistent with those in Figure 2
except the interaction energy scales. Insets are DLVO energy curves along the z-axis of the coordination system in Figure 1a.
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interaction energy comes mainly from a small region around
the point of closest approach distance according to the
Derjaguin’s approximation.1,2,21

3. RESULTS
For theoretical calculations, we assumed the colloids and
collectors to be polystyrene latex microspheres (with diameters
of 66 and 1156 nm) and sand grain, respectively, having the
same properties as those used in Shen et al.26,28 The DLVO
interaction energies were calculated for the colloids in NaCl
solutions with different ionic strengths (0.001, 0.01, 0.1, and 0.2
M) at a pH value of 10. The zeta potentials of both colloids and
sand over the range of ionic strengths were adopted from the
study of Shen et al.26,28 and shown in Table S2 of the
Supporting Information. A value of 1 × 10−20 J was chosen as
the Hamaker constant for the polystyrene−water−quartz
system.13,14,17,18,28

3.1. Impact of Surface Roughness on Attachment in
Primary Minima. Figure 2 presents DLVO energy maps for
interactions between the 66 nm colloid and rough configuration
in Figure 1a of 2 nm asperity radius on the x−z plane at 0.001,
0.01, 0.1, and 0.2 M. These energy maps were obtained by
varying the vertical positions (x, z) of the colloid center in a
rasterized manner. The scale bar to the right of each plot
represents the interaction energy in units of kT (k is Boltzmann
constant and T is absolute temperature). The red line
represents the short-range repulsion. The dark blue regions
below the red lines indicate the locations where the interaction
energy could not be determined due to physical overlap
between the colloid and rough surfaces; therefore, the
interaction energies in these regions were ignored. Figure 2
shows that the interaction energy barriers are reduced in
regions atop of the asperity (denoted as ATOP) whereas
enhanced in areas aside the asperity (denoted as ASIDE).
Particularly, the energy barriers completely disappear at 0.2 M
in the ATOP. However, large energy barriers (>40 kTs,
mapped in red) still exist in the ATOP at 0.01 and 0.001 M.
The Boltzmann factor model [α = exp(−ΔΦ), where α is
attachment efficiency and ΔΦ is energy barrier] shows that
only several kTs of energy barrier can essentially restrain
colloids from being attached in primary minimum. Thus, only
at high solution ionic strengths can the energy barriers be
reduced enough to cause the colloids to be attached in the
ATOP at primary minimum.
The insets in Figure 2 present the interaction energy curves

along z-axis of the coordinate system in Figure 1a. The energy
curves for interactions of the 66 nm colloid with a flat surface
are also shown for comparison. Although the maximum energy
barriers are not evidently reduced at ionic strengths of 0.001
and 0.01 M by the presence of the 2 nm asperity, the primary
minimum depths (or detachment energy barrier from primary
minimum, obtained by subtracting primary minimum from
maximum energy barrier) are greatly lowered. Specifically, the
calculated primary minimum depths are 24.83 and 14.63 kT at
0.001 and 0.01 M for the interaction between the 66 nm colloid
and flat surface, respectively. The depths are reduced to be only
1.85 and 0.4 kT at 0.001 and 0.01 M for the interaction
between the 66 nm colloid and rough surface in the z-direction,
respectively. The depths are close to or smaller than the average
kinetic energy of a colloid (i.e., 1.5 kT). Therefore, although the
colloid is favored to be attached atop of the asperity in primary
minima at high ionic strengths (e.g., at 0.2 M), the attached
colloid will detach from primary minima by Brownian motion

upon reduction of solution ionic strength. A number of column
studies14,27,29 have shown that attachment in primary minima is
reversible upon reduction of solution ionic strength. The low
primary minimum depths or absence of primary minima are
very common in AFM approach curves under unfavorable
conditions.30−34

Figure 3 presents DLVO energy maps for interactions of the
66 nm colloid with the rough surface in Figure 1a on the x−z
plane at 0.1 M for different asperity radii. The energy curves
along the z-axis are also shown in the insets. The energy barrier
in the ATOP increases with increasing asperity radius from 5 to
100 nm. However, comparison of Figure 3(a1) with Figure
2(a3) shows that the energy barrier in the ATOP decreases
when the asperity radius increases from 2 to 5 nm. Therefore, at
a given ionic strength, there exists a critical value of asperity
radius for a given colloid where the energy barrier in the ATOP
reach a minimum, below and above which it increases. This is
consistent with the results in Henry et al.12 The DLVO energy
curves along the z-axis in Figure 2(a3) and in Figure 3 show
that when 2 nm ≤ ag ≤ 10 nm, the reduced energy barriers in
the ATOP are small enough (<3.2 kT) for the colloid to
overcome by Brownian motion and attach in primary minima.
Figure 4 presents DLVO interaction energy curves for

interactions between the 66 nm colloid and rough surface in
Figure 1a of different asperity radii along the z-axis at different
ionic strengths. The energy barriers are smaller than 5 kT at 0.2
M for all asperity radii considered. Particularly, the energy
barriers disappear for 2 nm ≤ ag ≤ 5 nm. Hence, colloid
attachment in primary minima is favored in the ATOP at 0.2 M
in these cases. For 2 nm ≤ ag ≤ 3 nm, the detachment energy
barriers are also reduced to be smaller than 1.5 kT at ≤0.1 M.
This indicates that these asperity radii not only favor
attachment in primary minima at high ionic strengths but
also benefit subsequent detachment upon reduction of solution
ionic strengths.
Figure 5 shows DLVO interaction energy curves for

interactions between a 1156 nm colloid and the rough surface
in Figure 1a of different asperity radii along the z-axis at
different ionic strengths. The energy barriers disappear for 2
nm ≤ ag ≤ 10 nm at 0.1 M and for 2 nm ≤ ag ≤ 30 nm at 0.2
M. Hence, colloid attachment in primary minimum is favored
in the ATOP in these case. For 2 nm ≤ ag ≤ 10 nm, the
interaction energy decreases monotonically with increasing
separation distance at 0.01 and 0.001 M, indicating that the
colloid experiences repulsive force at all separation distances.
Hence, the colloids attached atop of these asperities in primary
minima at ≥0.1 M will detach upon reduction of solution ionic
strength. For ag = 0 nm and ag ≥ 20 nm, the depth of the
primary minimum increases with decreasing ionic strength and
the potential interaction energy increases more rapidly from
zero separation distance at lower ionic strength. Attachment in
primary minima is thus irreversible to reduction of solution
ionic strength in these cases. The results in Figure 5 reveal that
more irreversible attachments occur at higher ionic strengths
(e.g., 0.2 M compared to 0.1 M), which provides plausible
explanation for the observed hysteresis of colloid attachment
and detachment during transients in solution chemistry.35

Interestingly, if the collector surface is assumed to be
perfectly smooth, the calculated maximum energy barrier is
much larger for the 1156 nm colloid than that for the 66 nm
colloid at a given ionic strength. The large energy barriers
essentially prevent the microsized colloid from being attached
in primary minima even at 0.2 M. When surface roughness is
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considered, the range of asperity radii that cause absence of
energy barrier in the ATOP is wider for the microsized colloid
than the nanoparticle at a given ionic strength. This suggests
that colloid attachment in primary minima could be more for
the microsized colloid than for the nanoparticle under
unfavorable conditions. Indeed, a number of column experi-
ments13,26,28,36 show that the attachment efficiencies are larger
for the microsized colloids than those for nanoparticles at low
ionic strengths although classic colloid filtration theory (CFT)
predicts that the attachment efficiencies for microsized colloids
are many orders of magnitude smaller than those for
nanoparticles. However, the aforementioned result is only
valid in cases where colloid−nanoasperity interaction domi-
nates attachment. Lager colloids may have lower attachment
efficiencies if hydrodynamic shear is large enough to prevent
them from being attached on asperities.
Figure 6 presents DLVO energy maps for interactions

between the 66 nm colloid and rough configuration in Figure
1b of 20 nm asperity radius on the x−z plane at ionic strengths
of 0.001, 0.01, 0.1, and 0.2 M. The energy barrier is enhanced in

both ASIDE and the region between asperities (denoted as
BETWEEN). Therefore, attachment in primary minima is only
favored on convex surfaces with small curvatures at high ionic
strengths, as have been discussed previously. The enhancement
of energy barrier in the ASIDE and BETWEEN is because of
additional repulsion from the sidewalls. The sidewall
interaction, however, also increases secondary minimum
depth in the concave regions (i.e., ASIDE and BETWEEN)
(see Figures 3b and 6b). The impact of surface roughness on
secondary minimum attachment is examined in detail in the
following section.
It should be mentioned that this study used a high value of

Hamaker constant (1 × 10−20 J) to calculate van der Waals
force. The irreversible attachments in primary minima will be
less at a given ionic strength if lower values of Hamaker
constant are used. In addition, we adopted a value of 0.5 nm for
the Born collision parameter, as have been used in previous
studies.37,38 The irreversible attachments in primary minima

Figure 4. DLVO energy curves for interactions between the 66 nm
colloid and rough surface in Figure 1a of different asperity radii along
the z-axis at different ionic strengths (dark blue, 0.001 M; pink, 0.01
M; yellow, 0.1 M; turquoise, 0.2 M).

Figure 5. DLVO energy curves for interactions between a 1156 nm
colloid and rough surface in Figure 1a of different asperity radii along
the z-axis at different ionic strengths (dark blue, 0.001 M; pink, 0.01
M; yellow, 0.1 M; turquoise, 0.2 M). Note the change in scale of the y-
axes among the various graphs. Insets are replotted figures at a
different axis scale to highlight the primary minimum depth.
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will be decreased and increased with increasing and decreasing
the value of Born collision parameter, respectively.
3.2. Impact of Surface Roughness on Attachment in

Secondary Minima. If the collector surface is assumed to be

perfectly smooth (as done in the CFT), the secondary minima
are commonly shallow wells in interaction energy curves under
unfavorable conditions. For example, Figure 7 shows calculated
secondary minimum depths for colloid−flat surface interactions

Figure 6. DLVO energy maps for interactions between the 66 nm colloid and rough configuration in Figure 1b of 20 nm asperity radius on the x−z
plane at y = 0 at different ionic strengths (1, 0.001 M; 2, 0.01 M; 3, 0.1 M; 4, 0.2 M). All simulation conditions were consistent with those in Figure 2
except the interaction energy scales.
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with different diameters at 0.001, 0.01, 0.1, and 0.2 M. The
calculated secondary minimum depths are very small for the
nanoparticles even at 0.2 M (<2.5 kT for ≤100 nm colloids)
and for the large colloids at low ionic strengths (e.g., <2 kT for
1000 nm colloid at ≤0.01 M ionic strengths). Thus, attachment
in secondary minima is not expected for nanoparticles under
unfavorable conditions and for large colloids at low ionic
strengths because the colloids can easily escape from the
shallow wells by Brownian diffusion. However, attachment in
secondary minima is frequently reported in experimental
studies under these conditions. For example, Shen et al.28

showed attachment in secondary minimum for a 30 nm colloid
in sand columns at 0.001, 0.01, 0.1, and 0.2 M. Syngouna and
Chrysikopoulos39 reported attachment in secondary minima for
bacteriophage MS2 and φX174 and Escherichia coli in sand
columns at 0.002 M.
The AFM images show that the surfaces of sand grains are

very rough.13,14 Particularly, Shen et al.13 showed that the
average and maximum roughness for sand measured by AFM
reach 293 and 2418 nm, respectively. Even for relatively
smooth glass bead surfaces, the average and maximum
roughness reach 80 and 627 nm, respectively.13 Figures 3b
and Figure 6b show that the presence of surface roughness
enhances the secondary minimum energy in the ASIDE and
BETWEEN (i.e., concave regions). Figure 8 presents calculated
largest secondary minimum energy for interactions between the
66 nm colloid and rough surface in Figure 1c in three-
dimensional space as a function of asperity radii at 0.2 M. The
largest secondary minimum depth increases with increasing
asperity radii and has reached three times that for the colloid−
flat surface interaction within the range of asperity radii
considered. Hence, the 66 nm colloid can be attached stably at
the sites with secondary minimum energies significantly greater
than 1.5 kT.
Despite colloid attachment in secondary minima being

recognized by more and more studies,4,17,18,40 this attachment

is regarded to occur only in stagnation point region of a porous
medium and the colloids at other locations via secondary
minimum association will translate and rotate along collector
surface until reach the stagnation point region due to
hydrodynamic shear. This view, however, is also based on the
assumption that the collector surface is perfectly smooth. For
interactions of colloids with rough collector surfaces, tangential
forces are present which may balance the hydrodynamic shear
and prevent the translation and rotation. To test the hypothesis,
we calculated maps of the component of DLVO interaction
force along x-direction (FA) normalized by a hydrodynamic
drag force (FD) for interactions between the 66 nm colloid and
rough configuration in Figure 1a of 100 nm asperity radius on
the first quadrant of x−z plane at different ionic strengths
(Figure 9a). The equation used to calculate FA is written as

α= −
Φ

+
Φ⎛

⎝
⎜⎜

⎞
⎠
⎟⎟F

h h

d

d

d

d
sinA

pg
vdw

pg
dl

(1)

where dΦpg
vdw/dh and dΦpg

dl /dh represent derivatives of Φpg
vdw and

Φpg
dl with respect to h, respectively; a is the angle by rotating the

line through both centers of the colloid and the asperity
counterclockwise on the x−z plane in Figure 1a until it
coincides with the z-axis. The value of FD is calculated using the
equation

πμ=F d U3D p (2)

where μ is viscosity of water, dp is colloid diameter, and U is
flow velocity. A typical rate of groundwater flow (i.e., 4 cm/
day) was chosen for U, and the direction of U was assumed to
be along the positive x-direction of the coordinate system in
Figure 1a. The positive and negative values of FA/FD in Figure
9a represent the components of DLVO interaction force along
positive (i.e., repulsion) and negative (i.e., attraction) x-
directions, respectively. The DLVO interaction energy maps
were also shown in Figure 9b to denote the locations of
secondary minima.
A comparison of Figure 9a with Figure 9b shows that the

components of interaction forces along the x-direction are
attractive in the region down gradient of the secondary

Figure 7. Calculated secondary minimum depths for interactions
between a colloid and flat surface as a function of colloid diameter at
different ionic strengths. Measured zeta potentials for 1156 nm
colloids and sand grains from Shen et al.28 in Table S2 of the
Supporting Information were used for calculation. Note the change in
scale of the y-axes among the various graphs.

Figure 8. Largest secondary minimum depth (triangle) for interaction
between the 66 nm colloid and the rough surface in Figure 1c in three-
dimensional space as a function of asperity radii at 0.2 M. The
calculated secondary minimum depth for interaction between the 66
nm colloid and the flat surface (line) is shown for comparison.
Measured zeta potentials for the 66 nm colloid for the sand grain from
Shen et al.28 in Table S2 of the Supporting Information were used for
calculation.

Langmuir Article

dx.doi.org/10.1021/la303163c | Langmuir 2012, 28, 14681−1469214688



minimum region with respect to the flow direction [i.e., the
blue area on the right of red bar in Figure 9a], and they are
significantly larger than the values of FD at ≥0.01 M.
Particularly, the maximum value of FA in the region down
gradient of the secondary minima is about 6 × 103 times larger
than the value of FD at 0.2 M. Therefore, the colloids at
secondary minima cannot be swept away by hydrodynamic
shear due to the tangential attractive force at ≥0.01 M. Note

that the actual hydrodynamic forces acting on the colloid at
secondary minima are much smaller than the FD obtained using
eq 2 because of the shielding effect by the asperity and the wall
effect from the collector surface. The results of Figure 9
theoretically explain the microscopic observations35,41 that
attachment in secondary minima was not restricted to grain−
grain contacts of a porous medium but the attached colloids
were almost evenly distributed on open collector surfaces when

Figure 9. Maps of (a) components of DLVO interaction forces along x-direction (FA) normalized by a hydrodynamic drag force (FD) and (b)
DLVO interaction energy for the 66 nm colloid interacting with the rough configuration in Figure 1a of 100 nm asperity radius on the first quadrant
of the x−z plane at y = 0 at different ionic strengths (1, 0.2 M; 2, 0.1 M; 3, 0.01 M; 4, 0.001 M). The dark regions indicate the locations where the
interaction energy could not be determined due to physical overlap between the colloid and rough surfaces. In (a), positive and negative values
represent the component of DLVO interaction force along positive and negative x-directions, respectively. In (b), the scale bar to the right of each
plot represents the interaction energy in units of kT. FD is calculated as 3πμdpU, where μ is viscosity of water, dp is colloid diameter, and U is
relatively velocity of the fluid with respect to the particle, taken as 4 cm/day.
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solution ionic strength was high (≥0.01 M). Figure 9 also
indicates that the attached colloids in shear flow (e.g.,
impinging jet systems) are not necessarily at primary minima
but could also be associated with surfaces at secondary minima.
Kalasin and Santore42 and Liu et al.43 have provided
microscopic evidence for secondary minimum attachment of
microparticles in shear flow. In addition, the column-scale
experiments13 show that surface roughness increases attach-
ment in secondary minima.
We only considered a typical rate of groundwater flow to

calculate FD in Figure 9. Because the value of FD increases with
increasing flow rate, the ionic strengths at which secondary
minima attachment can be located on open collector surfaces
will be higher for larger flow velocities. Figure S2 of the
Supporting Information presents maps of FA/FD for inter-
actions between a 500 nm colloid and rough configuration in
Figure 1a of 100 nm asperity radius on the first quadrant of the
x−z plane at different ionic strengths. Results show that, similar
to the 66 nm colloid, the 500 nm colloid can also be attached in
secondary minima on open collector surfaces at ≥0.01 M.
However, because the particle size effects are more significant
for hydrodynamic drag force than DLVO force, the values of
FA/FD are smaller for the 500 nm colloid than for the 66 nm
colloid at a given ionic strength.

4. DISCUSSION
Considerable theoretical studies7,9−15,22,27,29 illustrated that
surface roughness reduces interaction energy barrier and hence
increases colloid attachment in primary minima. The detach-
ment behavior of the excessively attached colloids, however,
was not examined. Results of this study show that although
colloids are favored to be attached atop of nanoasperities in
primary minima at high ionic strengths, a fraction of the
attached colloids are also facilitated to detach upon reduction of
solution ionic strengths. The fraction of irreversible attachment
in primary minima is larger at higher ionic strengths.
Whereas colloid attachment in secondary minima is being

recognized by more and more studies,4,17,18,37,38,41,43−45 the
argument about the role of secondary energy minima in colloid
attachment has not stopped mainly because of two reasons.
First, the secondary minima are regarded as shallow wells in the
DLVO interaction energy curves and colloids at the wells could
easily escape by Brownian motion. Second, the secondary
minimum is located at a distance from the collector surface;
thus, the colloids at the secondary minima suffer from
hydrodynamic shear in fluid and could be swept away easily.
By using DLVO interaction energy map, our study shows that
the presence of surface roughness can (i) increases secondary
minimum depths significantly in local areas (e.g., ASIDE and
BETWEEN) and (ii) provides tangential adhesive forces to
prevent colloids from being swept away by hydrodynamic
shear. Therefore, we theoretically justify the presence of
attachment in secondary minima under unfavorable chemical
conditions.
The surfaces of natural collectors all contain some degree of

physical nonuniformity at various scales.15 Interestingly, even if
only convex asperities exist on a rough surface, the interactions
of a colloid with concave-like surfaces (e.g., ASIDE and
BETWEEN) are commonly dominant over the interactions of
the colloid with convex-like surfaces (i.e., ATOP) (see Figure
10). Whereas the convex-like surfaces decreases energy barrier
and favor the colloid reaching primary minima,11 the
hydrodynamic shear is significant and both the force and the

level arm of adhesive torque are decreased at these
locations.16,46−48 In contrast, although the concave surfaces
increase energy barriers, they also increase secondary minimum
depths and colloids at these locations experience tangential
attractions and are shielded from hydrodynamic shear.
Therefore, the presence of surface roughness is likely more
favorable for attachment in secondary minima than in primary
minima. Indeed, by using AFM, Bowen and Doneva49 showed
that although the repulsion between a colloid probe and a
membrane at peaks on the membrane surface is greatly reduced
compared to that in valleys, adhesion of the colloid probe is
lower at the peaks on the membrane surface than in the valleys
with the difference increasing with decreasing salt concen-
tration. The sand column experiments13,28,37,38 also showed
that the secondary minimum plays a dominant role in colloid
attachment under unfavorable conditions.
For the colloid−flat surface interaction, smaller particles have

lower secondary minimum depths and are expected to have less
secondary minimum attachments.37,38 However, if surface
roughness is present, smaller colloids could access more
concave regions for a given rough surface geometry (see
Figure 10) and thus are more favorable for attachment in
secondary minima. Darbha et al.50,51 found that the influence of
surface roughness on colloid retention is more significant for
smaller colloids under unfavorable conditions. Shen et al.28

showed that secondary minima play a dominant role in colloid
attachment even for a 30 nm nanoparticle. Chen et al.52

demonstrated that larger rough asperities (causing larger
concave regions) result in greater colloid attachment. In
addition to the ratio of colloid size to asperity size, other
roughness properties such as the distance between asperities
also influence colloidal access to concave regions (see Figure
10) and accordingly influence the attachment in secondary
minima.
The AFM images7,13,14,19,50,51 show that the roughness of

natural collector surfaces (e.g., sand) is much more complex
compared to the model rough surfaces used in this study.
Various concave-like surfaces are present due to the fractal
nature of the roughness. Obviously, the interactions of a colloid

Figure 10. Schematics used to demonstrate interaction morphologies
influenced by the ratio of colloid size to asperity size and by the
distance between asperities. The dotted circles represent a colloid at
different locations of a rough surface. The red and blue circles
represent colloids interacting with convex-like and concave-like
surfaces, respectively.
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with the different concave-like surfaces result in a distribution
of secondary minimum depths. For given chemical and
hydrodynamic conditions, the concave sites that could cause
colloids to be attached stably in secondary minima are limited
in a porous medium. For a concave site that is favorable for the
attachment, the number of colloids can be filled is limited,
depending on the morphology of the concave site and the size
of colloid. Therefore, colloid attachment in secondary minima
is time dependent (i.e., blocking) and colloid concentration
dependent, as observed in experiments.53,54

Secondary minimum energy, surface roughness, and surface
charge heterogeneity are frequently regarded as the main
factors causing the discrepancies between experimental
deposition rates and CFT predictions.4,17,18,42,55,56 Results of
this study indicate that the impacts of secondary minimum
energy and surface roughness on colloid attachment are
coupled. The influence of surface charge heterogeneity,
however, is not considered in this study. In geologic
environments, the charge heterogeneity is common on surfaces
of natural aquifer materials. Bendersky and Davis22 showed that
the coupled influence of surface roughness and charge
heterogeneity enhances reduction of energy barrier and
accordingly increases attachment in primary minima. The
coupled influence of surface roughness and charge hetero-
geneity on attachment in secondary minima is currently a topic
of ongoing investigation but is beyond the scope of this study.

5. CONCLUSIONS
This study first examined effects of surface roughness on
attachment in and subsequent detachment from primary
minima using DLVO interaction energy map and curve.
Results show that while colloids are favored to be deposited
atop of the nanoasperities via primary minimum association at
high ionic strengths (e.g, ≥ 0.1 M in this study), a fraction of
the attached colloids are also facilitated to be detached from
primary minimum upon reduction of solution ionic strength.
The fraction of irreversible attachment in primary minima is
larger at higher ionic strengths. This theoretically explains the
observed hysteresis of colloid attachment and detachment
during transients in solution chemistry in the literature.
This study further highlights the significance of surface

roughness in colloid attachment in secondary minima. It was
shown that secondary minimum depths can be increased
significantly in concave regions. Moreover, through comparing
the tangential attractive forces from asperities and hydro-
dynamic drag forces in three-dimensional space, we showed
that the attachment in secondary minima can be located on
open collector surfaces of a porous medium. This challenges
the usual belief that attachment in secondary minima only
occurs in stagnation point regions of the porous medium and is
absent in shear flow systems such as parallel plate flow chamber
and impinging jet apparatus. Our study implies that the
presence of surface roughness is more favorable for colloid
attachment in secondary minima than in primary minima under
unfavorable chemical conditions.
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