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ABSTRACT: Colloid aggregation and retention in the presence
of macromolecular coatings (e.g., adsorbed polymers, surfactants,
proteins, biological exudates, and humic materials) have previously
been correlated with electric double layer interactions or repulsive
steric interactions, but the underlying causes are not fully resolved.
An interaction energy model that accounts for double layer, van
der Waals, Born, and steric interactions as well as nanoscale
roughness and charge heterogeneity on both surfaces was
extended, and theoretical calculations were conducted to address
this gap in knowledge. Macromolecular coatings may produce
steric interactions in the model, but non-uniform or incomplete
surface coverage may also create compressible nanoscale roughness
with a charge that is different from the underlying surface. Model results reveal that compressible nanoscale roughness reduces the
energy barrier height and the magnitude of the primary minimum at separation distances exterior to the adsorbed organic layer. The
depth of the primary minimum initially alters (e.g., increases or decreases) at separation distances smaller than the adsorbed organic
coating because of a decrease in the compressible roughness height and an increase in the roughness fraction. However, further
decreases in the separation distance create strong steric repulsion that dominates the interaction energy profile and limits the colloid
approach distance. Consequently, adsorbed organic coatings on colloids can create shallow primary minimum interactions adjacent
to organic coatings that can explain enhanced stability and limited amounts of aggregation and retention that have commonly been
observed. The approach outlined in this manuscript provides an improved tool that can be used to design adsorbed organic coatings
for specific colloid applications or interpret experimental observations.

■ INTRODUCTION

Knowledge of processes that influence colloid transport and
fate, including microorganisms and nanoparticles (NPs), is
needed for many industrial and environmental applications.1,2

However, many colloid suspensions are found to aggregate
and/or be retained on surfaces rapidly.3 This limits colloid
mobility and hampers their utility in specific processes.4 To
overcome this limitation, colloid suspensions are frequently
designed to minimize aggregation and retention.5

Interaction energy calculations are commonly used to
predict conditions that are favorable or unfavorable for colloid
aggregation and/or retention.3−5 Typically, van der Waals and
electrostatic double-layer interactions for spherical particles are
considered in these calculations, but they may be extended to
include other particle shapes,6,7 particle orientations,7,8 and
forces.3,4,9 The ability of colloids to interact with a surface
depends on the depths of the primary and secondary minima,
and the height of the energy barrier. When the secondary
minimum is insignificant (e.g., for NPs), a colloid’s ability to
interact in a primary minimum depends on the height of the
energy barrier. It is not possible for a colloid to diffuse over an

energy barrier into a primary minimum when it is greater than
around 6−10kBTK

10−12 (where kB is the Boltzmann constant
and TK is the absolute temperature). Therefore, diminished
aggregation and retention can be achieved when the energy
barrier is increased above this level. Interaction energy
calculations usually predict that the energy barrier between
two negatively charged surfaces increases with increasing
colloid size, lower ionic strength, high pH, more negatively
charged systems, and/or lower Hamaker constants.13

Incompressible nanoscale roughness on mineral and metal
surfaces will reduce colloid mass transfer to this surface by
increasing the hydrodynamic slip.14−16 In addition, interaction
energies have frequently been demonstrated to be highly
dependent on the incompressible nanoscale roughness proper-
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ties of both surfaces.17 In particular, small amounts of
incompressible nanoscale roughness protrusions that are
specific to a colloid or porous medium9,14,15,17,18 have been
shown to dramatically decrease the magnitudes of the primary
minimum, energy barrier height, and the secondary mini-
mum,19−29 especially when nanoscale roughness occurs on
both interacting surfaces.12,30 Furthermore, the influence of
incompressible nanoscale roughness will change with the
solution chemistry, the colloid size, the surface charges, and the
water velocity.12,16,28,31 Theoretical calculations have demon-
strated that specific incompressible nanoscale roughness
properties can greatly diminish colloid retention and
aggregation, even when interactions for smooth surfaces are
predicted to be favorable.12,32 Spatial variability of incompres-
sible roughness properties can explain why limited amounts of
colloid aggregation and retention can occur.17,31,33

Compressible roughness may also occur on natural or
engineered surfaces because of the adsorption of organic
compounds such as polymers, surfactants, proteins, biological
exudates, and humic materials.5 These macromolecular
coatings can exhibit different configurations on a surface
depending on its curvature and the adsorbed layer properties
(e.g., molecular weight, adsorption density, and layer thick-
ness).5,34−36 Organic layers on surfaces frequently exhibit non-
uniform or incomplete surface coverage, so that portions of the
underlying surface are likely to be exposed.5 For example,
globular proteins and polyelectrolytes are known to create
patchy coatings.37−40 Molecular coatings can either enhance or
inhibit colloid aggregation and retention behavior. Enhanced
colloid interactions have been attributed to charge neutraliza-
tion or bridging of macromolecules.5 In contrast, inhibited
aggregation or retention has been explained by an increase in
repulsive electrostatic, steric, or electrosteric interactions.41−43

Suspensions of NPs are normally stabilized by adsorption of
organic compounds on their surface.4,5,44 The enhanced
stability of NPs with organic coatings has typically been
attributed to steric effects when adsorbed organic layers
overlap.3 Indeed, interaction energy calculations that have been
extended to include steric interactions predict that the energy
barrier dramatically increases, and the primary minimum is
eliminated when organic layers overlap.4 However, NP
suspensions that are stabilized by adsorbed organics frequently
show various amounts of aggregation and retention that cannot
be explained by steric effects.18,45−48 One plausible explanation
that will be investigated in this work is that the interaction
energy profiles have been altered by compressible nanoscale
roughness from adsorbed organic layers.49 However, previous
research has not yet simultaneously considered the influence of
both steric and incompressible and/or compressible roughness
effects on interaction energies. Furthermore, the relative
importance of steric and roughness effects on colloid
aggregation and retention has not been determined.
The retention of NPs and colloids have been reported to

become stronger and more irreversible over time.50−60 This
implies that the strength of the adhesive interaction has
increased with the residence time on a surface. Some
researchers have attributed this to the formation of chemical
bonds55,56 when the separation distance approaches the size of
molecules. Others indicate that an increase in the residence
time is associated with an increase in the probability to diffuse
into a deeper minimum in the interaction energy.33,60,61

However, the potential role of adsorbed organic coatings and
surface roughness on changes in the adhesive interaction has

not yet been considered. It should be noted that consideration
of steric interaction predicts that the energy barrier will
increase when the organic layer is compressed or deformed.34

Conversely, compression of an organic layer is also expected to
decrease the compressible roughness height and increase the
contact area between interacting surfaces. However, no
published research to date has investigated the role of
changing compressible surface roughness properties during
aging on the strength of the adhesive interaction.
This research aims to theoretically investigate the influence

of compressible and incompressible roughness on colloid
aggregation and retention. This is achieved by considering the
influence of steric interactions and nanoscale roughness on
interaction energies. Furthermore, the potential role of
changing roughness properties when organic coatings are
compressed is addressed for the first time. Results from this
work highlight the need to consider steric stabilization,
incompressible nanoscale roughness, and changes in compres-
sible nanoscale roughness properties to explain experimental
observations of colloid retention, release, and aggregation.

■ MATERIALS AND METHODS
Interaction Energies for Homogeneous Surfaces. The total

interaction energy between a colloid and the solid water interface
(SWI) (Φs, M L2 T−2 where M, L, and T denote units of mass, length,
and time, respectively) that are smooth and chemically homogeneous
is assumed to be the sum of electrostatic, van der Waals, Born
repulsion, and steric interaction energies as

h h h h h( ) ( ) ( ) ( ) ( )s
el vdW Born stericΦ = Φ + Φ + Φ + Φ (1)

where h is the separation distance between the two surfaces, and Φel

[M L2 T−2], ΦvdW [M L2 T−2], ΦBorn [M L2 T−2], and Φsteric [M L2

T−2] are the electric double layer, van der Waals, Born, and steric
interaction energies, respectively. The value of Φs was made
dimensionless by dividing by the product of the kB and TK.

The value of Φel was determined using the constant surface
potential interaction expression of Hogg et al.62 for a sphere-plate
interaction as follows
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where ε (dimensionless) is the dielectric constant of the medium, ε0
[M−1 L−3 T4 A−2, where A denotes ampere] is the permittivity in a
vacuum, rc [L] is the colloid radius, ζc [ M L2 T−3 A−1] is the zeta
potential of the colloid, ζs [M L2 T−3 A−1] is the zeta potential of the
solid, and κ [L−1] is the Debye−Huckel parameter. Unless otherwise
noted, ζc = −49 mV, ζs = −22 mV, and solution IS = 10 mM NaCl.63

The value of ΦvdWfor a retarded sphere-plate interaction was
determined using the expression by Gregory64 as follows

h
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where Acws [M L2 T−2] is the combined Hamaker constant of the
colloid−water−solid system that was taken to be 6.5 × 10−21 J,65,66

and λ is a characteristic wavelength that was taken as 100 nm.64

The value of ΦBorn was calculated from Oliveira67 for sphere-plate
interactions as follows

h
A r h

h
( )

168
Born cws c 0

6

7Φ =
(4)

where h0 [L] is the value of the closest approach that was taken to be
0.157 nm.68 The steric interaction because of the presence of
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adsorbed organic coating was determined using theory from
Alexander69 and de Gennes70 as follows

h H F h h

h H

( ) ( )d

( ) 0

h
steric steric

steric

∫Φ ≤ = −

Φ > =

∞

(5)

where Fsteric [M L T−2] is the steric force and H [L] is the thickness of
the adsorbed organic coating. The value of H equals the sum of the
adsorbed layer thickness on the colloid and the SWI,3 and Fsteric is
given by Byrd and Walz71 as follows
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where σ [L] is the distance between the organic chains on the surface
and is taken to be 5 nm45 on both surfaces.
Equations 1−6 may also be adapted to describe colloid−colloid

interactions by replacing rc with rc1rc2/(rc1 + rc2), where the radii of
the two colloids are rc1 and rc2, respectively. Limitations in the
applicability of these interaction energy expressions are given in the
literature.62,64,67,69−71 Equations 1−6 implicitly assume that the
electric double layer, van der Waals, and Born interactions are not
influenced by the geometry of adsorbed organics in the region h ≤ H.
Interaction Energies for Heterogeneous Surfaces. The

approach of Bradford et al.12 was used to account for the influence
of nanoscale roughness on the interaction energy between a spherical
colloid suspended in a monovalent electrolyte solution and a planar
solid surface or another colloid. In this case, the mean dimensionless
interaction energy between a colloid and SWI that contains nanoscale
roughness on both surfaces (Φ) can be determined as a linear
combination of interaction energies for the various nanoscale
roughness components as follows12

h a h a h h a h h

a h h h

( ) ( ) ( ) ( )

( )
r1 S r2 s cr r3 s sr

r4 s cr sr

Φ = Φ + Φ − + Φ −

+ Φ − − (7)

where hsr and hcr are the surface roughness heights on the SWI and
colloid, respectively, and ar1 [-], ar2 [-], ar3 [-], and ar4 [-] are
constants that determine the contributions of the various possible
roughness combinations that are equal to

a f f

a f f

a f f

a f f

(1 )(1 )

(1 )

(1 )

r1 sr cr

r2 sr cr

r3 sr cr

r4 sr cr

= − −

= −

= −

= (8)

where fsr and fcr are the fractions of the electrostatic zone of influence
occupied by roughness heights hsr and hcr, respectively. The value of h
in eq 7 is the separation distance from the leading face of the
underlying surface of the colloid to the center of the zone of
electrostatic influence on the underlying surface of the SWI.
Equations 7 and 8 are consistent with previous studies that have
demonstrated that the mean interaction energy for heterogeneous
surfaces can be determined as a linear combination of interaction
energies associated with the various heterogeneity types.23,24,26 The
lower limit for fsr, fcr, hsr, and hcr is 0. The upper limit for fsr and fcr is 1,
whereas there is no theoretical upper limit for hsr and hcr. However,
the contribution of the underlying surface to the interaction energy
rapidly approaches zero when hsr or hcr is greater than around 100−
200 nm.
It should be mentioned that eqs 7 and 8 have previously been

extended to account for random distributions of binary heterogeneity
of zeta potential, Hamaker constant, and/or hydrophobicity on the
SWI and/or the colloid.12,30 The same heterogeneity was assumed to

occur on the roughness pillars and underlying surface of a colloid or
SWI in these publications. In contrast, separate zeta potential
properties were sometimes used for the roughness pillars and the
underlying surface of a colloid or SWI in this work. In this case, the
first, second, third, and fourth terms on the right-hand side of eq 7
employ zeta potential values for the underlying surface of the SWI and
colloid, the underlying surface of the SWI and the roughness pillars on
the colloid, the roughness pillars on the SWI and the underlying
surface of the colloid, and the roughness pillars of the SWI and
colloid, respectively. This same approach may also be employed to
account for differences in the Hamaker constant or hydrophobicity of
the underlying surface and roughness pillars as well. Unless otherwise
noted, the properties of the underlying surface and the roughness
pillars were assumed to be the same.

Bradford et al.12 previously assumed constant values of hsr, hcr, fsr,
and fcr and, therefore, implicitly neglected roughness deformation or
compression. In the present study, values of hsr, hcr, fsr, and fcr change
with compression for electrostatic, van der Waals, and Born
interactions. Equations 7 and 8 assume that roughness on the SWI
and colloid do not overlap so that the lateral components of the
interaction force can be neglected or canceled out. In this case, the
minimum separation distance (hmin) is, therefore, ho + (1 − ωsd)hsri +
(1 − ωcd)hcri, where hsri and hcri denote values of hsr and hcr before
compression, and ωsd and ωcd are parameters that determine whether
hsri and hcri, respectively, are incompressible (ω = 0) or compressible
(ω = 1). Compression occurs when hmin < h ≤ (hsri + hcri + ho) and hsr,
hcr, fsr, and fcr change as follows

h h h h
h

h h
(1 ) ( )sr sd sri min

sd sri

sd sri cd cri
ω

ω
ω ω

= − + −
+ (9)

h h h h
h

h h
(1 ) ( )cr cd cri min

cd cri

sd sri cd cri
ω

ω
ω ω

= − + −
+ (10)

f f
h
hsr sri

sri

sr
=

(11)

f f
h
hcr cri

cri

cr
=

(12)

where fsri and fcri denote values of fsr and fcr before compression (h >
hsri + hcri + ho), respectively. Note that the first term on the right-hand
side of eqs 9 and 10 determines if hsri and hcri are incompressible,
whereas the second term linearly scales the compressible roughness
heights with h−hmin when (h − hmin) < (ho + ωsdhsri + ωcdhcri).
Equations 11 and 12 assume that the volume of the roughness is
constant during compression (completely elastic), and a decrease in
the roughness height during compression, therefore, leads to a
corresponding increase in the roughness fraction (e.g., related to the
surface area of the roughness). Figure 1a presents an illustration of
changes in the roughness height and fraction during compression.

Steric interactions only occur when nanoscale roughness is
compressed. In this case, the value of H in eqs 5 and 6 is equal to
0, ωcd hcri, ωsd hsri, and ωcd hcri+ ωsd hsri for the first, second, third, and
fourth terms on the right-hand side of eq 7, respectively. Steric
interactions already explicitly consider compression and were
therefore not further modified for changes in the compressible
roughness height and fraction. The influence of roughness on steric
interactions was, therefore, only considered for the incompressible
roughness proportion by setting hsr and hcr in eq 7 equal to (1 − ωsd)
hsri and (1 − ωcd)hcri, respectively.

Figure 1 presents an illustration of the various types of surface
roughness that we will consider in this manuscript because of the
presence of adsorbed organic compounds and/or rough mineral or
colloid surfaces. Equations 1−12 allow the influence of these various
roughness types to be systematically investigated on one or two
surfaces when considering double layer, van der Waals, Born, and/or
steric interactions. Specific interaction energy calculations were
conducted to explore the roles of (i) incompressible roughness
(Figure 1b); (ii) compressible roughness in the absence of steric
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interaction (Figure 1c); (iii) compressible roughness in the presence
of steric interactions (Figure 1c); (iv) incompressible roughness on
the SWI (Figure 1b) and compressible roughness on the colloid
(Figure 1c); and (v) compressible roughness pillars with a different
charge than the underlying surface (Figure 1d). In addition, other
factors such as colloid size, solution ionic strength, zeta potential of
the SWI, and zeta potential of the roughness on the SWI were
investigated. Parameter values that were used in these calculations are
provided below and in the figure captions.
The interaction energy profiles were plotted in this paper as a

function of h−hmin to improve the presentation and interpretation of
results. Note that h−hmin is the separation distance from the tops of
the incompressible roughness heights on both the SWI and the
colloid. All interaction energy profiles were analyzed to determine the
energy barrier height and the depths of the secondary and primary
minima.

■ RESULTS AND DISCUSSION
Incompressible Nanoscale Roughness. Figure 2a

presents plots of Φ as a function of h−hmin for a smooth NP
(hcri = 0 nm, ωcd = 0, and fcri = 0) with a diameter of 100 nm
when the IS = 10 mM and the SWI exhibits different fractions
( fsri = 0.01, 0.1, 0.25, 0.50, and 1.00) of incompressible
roughness (Figure 1b; ωsd = 0) with a height of 10 nm (hsri =
10 nm). Note that a decrease in fsri produces a reduction in the
energy barrier height and the primary minimum depth. This
behavior has been previously observed19−21,23−29 and
attributed to the decrease in the contribution of roughness
pillar tops at smaller separation distances to Φ; for example,
the underlying surface at the bottom of the roughness plays a
more important role but has a smaller magnitude because it is
at a larger separation distance. The value of hsri has also been
shown to influence the calculated interaction energy profile
when fsri is relatively small (e.g., <25%), but the influence of hsri
is generally less important than fsri.

17 It should also be
mentioned that roughness parameters for a rough NP and
smooth SWI will have a similar influence on interaction
energies as for a smooth NP and rough SWI.12 Subsequently,
calculations exploring the influence of the roughness parameter
mainly focus on changes in fsri.
Figure 2b presents plots of Φ as a function of h−hmin for a

NP with a 100 nm diameter and SWI that both exhibit

incompressible roughness (Figure 1b; ωsd = ωcd = 0) when the
IS = 10 mM, hsri = hcri = 5 nm, and different roughness
fractions ( fsri = fcri = 0.01, 0.1, 0.25, 0.50, and 1.00) are
considered. Note that the same total roughness height (hsri +
hcri = 10 nm) was considered in these calculations as for Figure
2a. Similar to Figure 2a, the energy barrier height and the
depth of the primary minimum were decreased with smaller
values of fsri = fcri. In contrast to Figure 2a, the energy barrier
was smaller, and the attractive depth of the primary minimum
was eliminated. This difference occurs because the interacting
surface on the pillar tops of the SWI and the NP was smaller
when two surfaces exhibit roughness. Similar interaction
energy results for roughness on two surfaces have appeared
in the literature previously.12,30

Compressible Nanoscale Roughness without Steric
Interactions. Figure 3a presents plots of Φ as a function of
h−hmin for a smooth NP (hcri = 0 nm, ωcd = 0, and fcri = 0) with
a diameter of 100 nm when the IS = 10 mM and the SWI
exhibits different fractions ( fsri = 0.01, 0.1, 0.25, 0.50, and 1.00)
of compressible (Figure 1c; ωsd = 1) roughness with a height of
10 nm (hsri = 10 nm). In this case, steric interactions were
neglected, and a decrease in hsr during compression resulted in
a corresponding increase in fsr that alters the contributions of
electrostatic, van der Waals, and Born interactions when h−
hmin ≤ 10 nm (Figure 1a). The influence of roughness on the
SWI before compression is seen in this figure when h−hmin >
10 nm. Similar to Figure 1a, smaller values of fsri produce
greater reductions in the energy barrier height. The influence
of compressible roughness becomes apparent when h−hmin ≤
10 nm. Notice that the interaction energy profile approaches
the smooth incompressible surface (e.g., Figure 1a when fsri =
1) when fsri is small. Conversely, compression does not alter
the primary minimum depth when fsri = 1 and h−hmin ≤ 10 nm

Figure 1. Illustration of the compression process of a rough surface
(a), incompressible roughness (b), compressible roughness (c), and
roughness with a different charge than the underlying surface (d).

Figure 2. Plots of the dimensionless interaction energy (Φ) as a
function of separation distance (h−hmin) for a 100 nm diameter
particle when the IS = 10 mM and the nanoscale roughness was
incompressible. In (a), particle was smooth (hcri = 0 nm, ωcd = 0, and
fcri = 0), and the SWI had the following roughness properties hsri = 10
nm, ωsd = 0, and fsri = 0.01, 0.1, 0.25, 0.50, and 1.00. In (b), both
surfaces were rough and had the following properties ωsd = ωcd = 0,
hsri = hcri = 5 nm, and fsri = fsri = 0.01, 0.1, 0.25, 0.50, and 1.00.
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because the roughness fraction does not change. Intermediate
values of 0.01 < fsri < 1 when h−hmin ≤ 10 nm tend to produce
a decrease in the depth of the primary minimum during
compression because of an increase in fsr until fsr = 1.
Interaction energy profiles that show an increase in the
strength of the primary minimum with further decreases in the
separation distance are favorable for compression (e.g., fsri =
0.25 and 0.5), whereas those that exhibit an energy barrier
(e.g., fsri = 0.01 and 0.1) are unfavorable for continued
compression. This important result highlights that compres-
sion/deformation of surface roughness when fsri = 0.25 and 0.5
may at least partially explain the reported increase in the
strength of colloid and NP interactions with time.55−60 It also
provides a potential alternative explanation for repulsion when
surface structures ( fsri = 0.01 and 0.1) are compressed that has
typically been attributed to steric repulsion.3−5

Figure 3b presents plots of Φ as a function of h−hmin for a
NP with a 100 nm diameter and SWI that both exhibit
compressible roughness (Figure 1c; ωsd = ωcd = 1) when the IS
= 10 mM, hsri = hcri = 5 nm, and different roughness fractions
( fsri = fcri = 0.01, 0.1, 0.25, 0.50, and 1.00) are considered. Note
that steric effects were neglected in these calculations. The
influence of roughness on the NP and SWI before compression
is seen in this figure when h−hmin > 10 nm. In this case, an
enhanced reduction in the energy barrier happens when
roughness occurs on two surfaces (Figure 3b) in comparison to
one (Figure 3a). The influence of compressible roughness is
apparent when h−hmin ≤ 10 nm. Similar to Figure 3a, the
interaction energy profile approaches smooth, incompressible
surfaces when fsri = fcri = 0 and a smooth, compressible surfaces
when fsri = fcri = 1. In contrast to Figure 3a, results are more
sensitive to the roughness fraction when it occurs on two ( fsri =

fcri in Figure 3b) in comparison to one ( fsri in Figure 3a)
surface. In particular, interaction energy profiles approach the
smooth, incompressible surface for smaller roughness fractions
( fsri = fcri), and conditions are generally less favorable for
continued compression because they produce larger energy
barriers when h−hmin ≤ 10.

Compressible Nanoscale Roughness with Steric
Interactions. Additional interaction energy calculations were
conducted to further investigate the combined influence of
compressible roughness and steric interactions. Figure 4a

presents plots of Φ as a function of h−hmin when steric
interactions are considered for a smooth NP (hcri = 0 nm, ωcd
= 0, and fcri = 0) with a diameter of 100 nm when the IS = 10
mM and the SWI exhibits different fractions ( fsri = 0.01, 0.1,
0.25, 0.50, and 1.00) of compressible (Figure 1b; ωsd = 1)
roughness with a height of 10 nm (hsri = 10 nm). Note that
Figures 3a and 4a are identical when h−hmin > 10 nm, which
reflect the influence of roughness before compression. The
combined influence of compressible roughness and steric
interactions becomes apparent when h−hmin ≤ 10 nm. The
role of compressible roughness tends to control the interaction
energy profile during the initial phase of deformation (e.g.,
when 8 < h−hmin ≤ 10 nm), but then steric repulsion rapidly
increases to dominate the profile. The combined influence of
these effects produces a small energy barrier exterior to the
initial roughness height, a shallow primary minimum interior to
the initial roughness height, and a rapidly increasing energy
barrier with further compression due to steric effects. Similar to
incompressible roughness (Figure 2a), the depth of the
primary minimum increases with fsri. In contrast, the primary
minima for compressible roughness occur at much larger

Figure 3. Plots of the dimensionless interaction energy (Φ) as a
function of separation distance (h−hmin) for a 100 nm diameter
particle when the IS = 10 mM, nanoscale roughness was compressible,
and steric interaction was absent. In (a), particle was smooth (hcri = 0
nm, ωcd = 1, and fcri = 0), and the SWI had the following roughness
properties hsri = 10 nm, ωsd = 1, and fsri = 0.01, 0.1, 0.25, 0.50, and
1.00. In (b), both surfaces were rough and had the following
properties ωsd = ωcd = 1, hsri = hcri = 5 nm, and fsri = fsri = 0.01, 0.1,
0.25, 0.50, and 1.00.

Figure 4. Plots of the dimensionless interaction energy (Φ) as a
function of separation distance (h−hmin) for a 100 nm diameter
particle when the IS = 10 mM, nanoscale roughness was compressible,
and steric interaction was present. In (a), particle was smooth (hcri = 0
nm, ωcd = 1, and fcri = 0) and the SWI had the following roughness
properties hsri = 10 nm, ωsd = 1, and fsri = 0.01, 0.1, 0.25, 0.50, and
1.00. In (b), both surfaces were rough and had the following
properties ωsd = ωcd = 1, hsri = hcri = 5 nm, and fsri = fsri = 0.01, 0.1,
0.25, 0.50, and 1.00.
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values of h−hmin than for incompressible roughness. The
presence of shallow primary minima on compressible surfaces
can explain why limited amounts of aggregation and retention
have been commonly observed for NPs in the presence of
compressible organic (polymers, surfactants, and humic
material) coatings.18,45−48 The presence of patchy or
incomplete coverage of an adsorbed organic layer could also
locally eliminate steric effects to create retention, but this
hypothesis cannot explain observed differences in stability and
retention with alterations of solution or solid-phase chem-
istry.10−14

Figure 4b presents plots of Φ as a function of h−hmin when
steric interactions are considered for a NP with a 100 nm
diameter and SWI that both exhibit compressible roughness
(Figure 1b; ωsd = ωcd = 1), the IS = 10 mM, hsri = hcri = 5 nm,
and fsri = fcri = 0.01, 0.1, 0.25, 0.50, and 1.00. Results in Figure
4b are identical to Figure 4a when h−hmin > 10 nm, but they
start to diverge after a few nm of compression because of the
dominating influence of repulsive steric interactions. Similar to
Figure 4a, compressible roughness may sometimes produce a
shallow primary minimum (e.g., fsri = fcri = 0.50) at separation
distances just interior to the initial compressible height (hsri +
hcri) before steric interactions dominate the profile. In contrast
to Figure 4a, shallow primary minima occur for larger
roughness fractions when roughness occurs on two ( fsri and
fcri) than one (only fsri) surface.
Compressible Nanoscale Roughness on NP and

Incompressible Roughness on SWI. Additional interaction
energy calculations were conducted to explore the influence of
a 100 nm diameter NP with compressible roughness (Figure
1c; ωcd = 1; fcri = 0.5) on a SWI with different incompressible
roughness (Figure 1b; ωsd = 0) properties when the solution IS
= 10 mM. Figure 5a presents plots of Φ as a function of h−hmin
when values of fsri (0.01, 0.1, 0.25, 0.50, and 1.00) varied and
hsri = hcri = 5 nm. The interaction profiles exhibit three distinct
regions. The influence of roughness before compression occurs
when h−hmin > 5 nm. In this case, roughness reduces the
energy barrier height and the depth of the primary minimum.
The compression of the roughness on the NP altered the depth
of the primary minimum when 2.5 < h−hmin ≤ 5 nm. Larger
values of fsri = 0.25, 0.5, and 1 were energetically favorable for
compression, whereas smaller values of fsri = 0.01 and 0.1 were
unfavorable for compression. Steric repulsion dominated the
interaction energy profile when h−hmin ≤ 2.5 nm and increased
with fsri in this region. These results indicate that small
incompressible roughness fractions on the SWI will drastically
reduce the steric repulsion.
Figure 5b shows plots of Φ as a function of h−hmin when

incompressible hsri (1, 2.5, 5.0, 7.5, and 9 nm) and
compressible hcri = 10 − hsri are varied, and fsri = fcri = 0.5.
Note that the location of the energy barrier and primary
minimum occurs at larger values of h−hmin when hsri decreases
and hcri increases, even though the total value of hsri + hcri
always equaled 10 nm. This occurs because the value hmin
increases with the incompressible hsri, and the energy barrier
occurs just exterior to the compressible roughness hcri.
Consequently, changes in the compressible roughness height
will alter the location of these parameters. However, the energy
barrier height was not much influenced by whether the
roughness occurs on the NP or the SWI. Compressible
roughness initially dominates the interaction energy profiles at
separation distances just interior to the compressible roughness
hcri and then steric repulsions become controlling at smaller

separation distances. Compressible roughness produced deeper
primary minima when hcri was smaller because of a reduction in
steric repulsion. Conversely, steric repulsion is greater for
larger values of compressible hcri, and this produces shallower
primary minima.

Other Factors Influencing the Effect of Compressible
Nanoscale Roughness. It should be mentioned that effects
of incompressible roughness on interaction energy profiles
have been previously demonstrated to be a function of the
colloid size, the solution chemistry, the surface zeta potentials,
and the roughness height.20−29,45,58,72,73 These same factors
also influence interaction energy profiles when the nanoscale
roughness is compressible and steric effects are considered. For
example, Figures S1 and S2 show that the energy barrier height
increases and the depth of the primary minimum increases
with increasing colloid diameter (IS = 10 mM) and decreasing
IS (NP diameter of 100 nm), respectively, when the colloid is
smooth, hsri = 10 nm, ωsd = 1, fsri = 0.25 in Figure S1 and fsri =
0.5 in Figure S2. Note in Figure S2 that zeta potentials were
assumed to be independent of the IS so that effects of changes
in the double layer thickness could be more clearly identified.
Figure S3 presents plots of the interaction energy profiles for
similar conditions, except that values of ζs were varied from 10,
0, −10, −25, and −50 mV while ζc was kept at −22 mV. The
energy barrier height increased, and the depth of the primary
minimum became shallower with decreasing (more negative)
ζs because of greater electrostatic repulsion. Figure S4 shows
plots of the interaction energy profiles for the same conditions
as in Figure S3, but when fsri = 0.10, the zeta potential of the
underlying surface of the SWI was set to −49 mV and the zeta
potential of the roughness pillars on the SWI was set to 10, 0,
−10, −25, and −50 mV (Figure 1c). Similar to Figure S3, a
decrease (more negative) in the zeta potential of the roughness

Figure 5. Plots of the dimensionless interaction energy (Φ) as a
function of separation distance (h−hmin) for a 100 nm diameter
particle when the IS = 10 mM, nanoscale roughness was compressible
on the particle (ωcd = 1 and fcri = 0.5) and incompressible (ωsd = 0)
on the SWI, and steric interaction was considered. In (a), values of fsri
(0.01, 0.1, 0.25, 0.50, and 1.00) were varied and hsri = hcri = 5 nm. In
(b), values of hsri (1, 2.5, 5.0, 7.5, and 9 nm) and hcri = 10 − hsri were
varied, and fsri = fcri = 0.5.
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pillars increased the energy barrier height, and the depth of the
primary minimum became shallower. However, these effects
on the interaction energy profile were reduced compared to
when the zeta potential of the entire SWI was altered (Figure
S3). Results in Figure S4 approach those of Figure S3 as fsri
goes to 1.
Figure S5 shows the interaction energy profile for a smooth

100 nm diameter NP in 10 mM solution when it approached a
SWI with incompressible roughness (Figure S5a), compres-
sible roughness without steric interactions (Figure S5b), and
compressible roughness with steric interactions (Figure S5c).
The roughness properties on the SWI were fsri = 0.25 and hsri =
2.5, 5, 10, 25, and 50 nm. Note that increasing hsri decreases
the energy barrier in the presence of incompressible roughness
in Figure S5a because of reduced repulsion from the
underlying surface. This same effect is also seen exterior to
the compressible roughness layer (h−hmin > hsri) in Figure
S5b,c. In contrast, an increase in hsri creates compression over a
greater distance as it approaches the primary minimum of a
smooth surface in Figure S5b. The strength of steric repulsion
increases with hsri in Figure S5c, and this produces a shallower
depth in the primary minimum that occurs interior to the
compressible layer.
Applications. Table S1 summarizes published results from

column studies examining the transport and retention of silver
NPs (AgNPs) coated by a mixture of two non-ionic surfactants
under different solution IS conditions (5, 10, 20, 40, and 50
mM) in clean quartz sand.14 Significant amounts of AgNP
retention occur in these systems; for example, the mass
percentage of retained AgNPs on the sand ranged from 20.8%
at IS = 5 mM to 100% at IS = 50 mM. Dimensionless
interaction energy parameters (maximum energy, Φmax; depth
of primary minimum interior to the compressible layer, Φ1min;
and energy barrier exterior to the compressible layer, Φbar) are
also presented in Table S1 when considering different
incompressible roughness fractions on the SWI ( fsri = 0.01,
0.05, 0.1, 0.25, 0.5, and 1), hsri = 30 nm, and steric effect when
a smooth AgNP with a 10 nm adsorbed surfactant layer is
compressed.
Steric repulsion is predicted to create huge energies when

the surfaces are assumed to be smooth, and the influence of
compressible roughness on van der Waals and double layer
interactions is neglected (Figure S6). In contrast to
experimental observations (Table S1), no AgNP attachment
is predicted under these conditions (there are no adhesive
minima). Conversely, the value of Φbar decreases with
increasing IS and for smaller values of fsri when considering
the influence of AgNP compression, steric effects, and
incompressible roughness on the SWI. Similar to experimental
observations (Table S1), AgNP attachment in a primary
minimum is possible for all IS conditions (e.g., when Φbar < 5−
10), but more roughness properties contribute to retention at
higher IS. These predictions are consistent with the significant
amounts of colloid retention that occurred in these systems.
The influence of binary roughness heterogeneity on the

surface of the colloid and the SWI on interaction energies is
accounted for in this work using a linear superposition
approach. This is a simplification of the actual roughness of
natural surfaces, which can exhibit great complexity and spatial
variability.16,20−25,45 Several approaches have been reported in
the literature to account for more realistic surface roughness
heterogeneity. For example, Bradford and Torkzaban33

accounted for spatial variability in roughness properties on a

surface by randomly sampling probability density functions for
the incompressible roughness height and fraction and then
calculated the interaction energy profile at 1000 locations using
a linear superposition approach.27 The mean and variance of
the fraction of the surface area contributing to colloid retention
were subsequently calculated from this information. This same
method could also be easily implemented for compressible
roughness with and without steric interactions, but the trends
reported in this work would not change. Alternatively, the
more computationally intensive surface element integration
approach has been used to calculate interaction energy maps
over a fractal representation of incompressible surface
roughness.32 Results from these calculations are qualitatively
consistent with the simpler linear superposition approach, and
atomic force microscope maps of measured roughness and
adhesive forces across a surface under differing IS conditions,9

for example, a reduction in the interaction energy profile
occurs at the tops of roughness asperities that change with the
solution IS. Surface element integration calculations have not
yet been extended to consider the role of steric repulsion and
compressible roughness but are also expected to be
qualitatively consistent with the results presented in this
work. Additional research is needed to resolve this issue
entirely but is beyond the scope of this research.

■ CONCLUSIONS
Colloid suspensions that have been stabilized by adsorbed
organics such as surfactants, polymers, and humic compounds
frequently show various amounts of aggregation and retention,
even though steric interactions do not predict this behavior.
Theory was developed to overcome this limitation by
considering the roles of incompressible and compressible
nanoscale roughness on interaction energy calculations. These
calculations accounted for the electric double layer, retard van
der Waals, Born, and steric interactions, as well as nanoscale
roughness.
Nanoscale roughness was predicted to significantly influence

the energy barrier height exterior to the compressible rough
coating. In this case, a decrease in the roughness fraction
produces a corresponding reduction in the energy barrier
height because of a smaller interacting surface. Steric
interactions and compression/deformation of the nanoscale
roughness occur interior to the initial compressible roughness
height. A decrease in the roughness height produces a
corresponding increase in the roughness fraction in this region.
The compression of nanoscale roughness may be energetically
favorable or unfavorable depending on the roughness, steric,
colloid, SWI, and solution chemistry properties. Smaller
roughness fractions tended to produce conditions that were
more energetically unfavorable for compression. Shallow
primary minima were predicted to occur next to the interior
side of the initial roughness height when repulsive steric
interactions were considered. In this case, the primary
minimum depth was predicted to be a strong function of the
nanoscale roughness, colloid, SWI, and solution chemistry
properties. Shallower primary minima tended to occur for
smaller roughness fractions, larger roughness heights, smaller
particle sizes, larger IS, and for more electrostatically repulsive
conditions. Steric repulsion was reduced in the presence of
incompressible roughness, especially for lower incompressible
roughness fractions and smaller compressible roughness
heights. Roughness effects on interaction energies were
magnified when roughness occurred on both surfaces of the
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colloid and the SWI, mainly due to decreased interacting
surface area on the pillar tops.
Figure 6 presents a schematic that illustrates the main

findings and contributions of this work over previous literature.
Results in this study can explain limited amounts of
aggregation and retention for colloids stabilized by adsorbed
organic compounds. They can also provide a potential
explanation for observed increases in particle adhesion strength
with the residence time. The developed approach provides a
valuable tool to improve the design of particles and surfaces for
specific applications.
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