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ABSTRACT: Deposition of engineered nanoparticles onto
porous media from flowing suspensions is important for soil and
groundwater quality. The deposition mechanism is controlled by
interaction forces between particles and collectors. We investigated
the origin and magnitude of opposing forces between silver and
mica surfaces (representing nanosilver and sand grains) in
solutions relevant to agricultural soils with direct measurements
using a surface force apparatus. Solutions of variable NaNO3,
Ca(NO3)2, and humic acid (HA) concentrations were used to
differentiate individual contributing forces and quantify surface
properties. The measured Hamaker constant for silver−water−
mica was consistent with Lifshitz theory. Our results indicate that
HA forms an adsorbed surface layer, but its charge, thicknesses,
compressibility, and mass are significantly larger on mica than silver. Ca2+ primarily reduced the differences between the initially
adsorbed HA layer properties on each surface, making them more similar. Force−distance profiles indicate that, when silver−mica
systems were exposed to HA, osmotic−steric, electrostatic, and van der Waals forces dominate. Soft particle theory was deemed
inappropriate for this system. Derjaguin’s approximation was utilized to translate force measurements into interaction energy
between nanosilver particles and mica collectors. We propose attachment efficiency estimates from measured surface properties,
which suggest high particle mobility when nanosilver is applied to HA-rich agricultural soils with modest ionic strength.

■ INTRODUCTION
The expanding application of engineered nanoparticles
(ENPs) in medical products, textiles, paints, cleaning agents,
electric appliances, and cosmetics is increasing their presence
in the natural environment.1−5 Nanosilver (n-Ag) in particular
is broadly used because of its biocidal properties.6−8 Several
studies have found that n-Ag erodes from consumer products
and is released into wastewater treatment plants, where it is
removed from the wastewater and accumulated in the
sludge.1,3,9,10 In the United States, sludge is commonly applied
to agricultural soils to recycle nutrients, which serves as a major
entry route for ENPs into soil and water environments.11,12

Excessive n-Ag release into the subsurface raises concerns
regarding the impact it could have on the quality of
groundwater used for potable water production and the
potential toxic or detrimental effects on beneficial soil
microorganisms.13−16 Toxicity mitigation of n-Ag toward soil
bacteria has been observed when ENPs are coated with humic
acid and other organic materials in soil pore water.17

Understanding the transport and fate processes of ENPs in
natural matrices like agricultural soils is therefore essential to
the protection and future use of soil and groundwater
resources.
Transport and deposition of suspended particles onto the

surface of porous media is commonly modeled with colloid

filtration theory (CFT). In CFT, deposition is described as a
first-order kinetic process that depends on two sequential
steps. First, the single-collector contact efficiency, η0, captures
the mass transfer rate from the bulk fluid to the solid surface
controlled by diffusion, interception, and sedimentation.18

Second, the attachment efficiency, α, captures the energy of
interaction between the particle and the solid.19 Classic
Derjaguin−Landau−Verwey−Overbeek (DLVO) theory,20,21

and extensions to it (e.g., Ohshima, Grasso et al., Dwivedi et
al.,22−24 and references therein), are the gold standard for
describing the additive attractive and repulsive interactions as a
function of separation distance. The one-dimensional form of
CFT describes colloid concentration, C, in time and space as
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where D and v are the dispersive and advective terms,
respectively. kd is the irreversible deposition rate coefficient,
which is related to contact and attachment efficiency terms
via25,26

θ αη= −
k

R
v

3
4

(1 )
d

M
0

(2)

Here, θ is the porosity of the medium, and RM is the mean
radius of the soil grains (collectors). While η0 can be evaluated
from well-accepted correlations,18,27 there is not yet a similarly
accepted and general correlation to determine α from
suspension properties or DLVO profiles, although several
different approaches have been proposed.28−32 Specifically, a
general validated model for α that describes both bare and
polymer-coated particles is still lacking.
Deposition of ENPs within the soil environment by either

individual particles or homoaggregates/heteroaggregates is
greatly influenced by the combined effects of solution ionic
strength (IS), ionic composition, pH, stabilizing agent, and
organic matter.4 Macromolecular interactions with dissolved
organic matter (DOM), such as humic and fulvic acids in soil
pore water, have been found to have a profound impact on
ENP stability in terrestrial and aquatic environments.33−37 On
one hand, humic substances readily adsorb to surfaces and act
as stabilizing agents for colloids and ENPs in DOM-rich
solutions,38−40 thereby potentially altering their transport in
granular media.41,42 On the other hand, the presence of Ca2+

modifies ENP−DOM complexes through cation bridging,
which can cause charge neutralization or reversal and enhance
retention with delayed breakthrough.43,44 Despite numerous
studies of aggregation, adsorption, and deposition of ENPs
with DOM,42,45−49 direct quantification of the relative
contribution from specific interactions between the surfaces
of ENPs and soil grain forces at work in ENP−DOM
complexes (van der Waals, electrostatic, osmotic−steric,
elastic−steric, etc.) to the resulting total force and, thus, to
particle deposition, is lacking. This is due in part to the limited
experimental methods available to directly evaluate colloidal
forces (e.g., by atomic force microscopy50 or surface force
apparatus51), substantial guess-work involved in modeling the
theoretical energy of interaction, and difficulty in properly
characterizing adsorbed layer properties needed to parametrize
existing models. Such information is highly dependent on the
characteristics of the bare substrates and is required to
parametrize transport models to improve particle migration
predictions. These knowledge gaps are addressed in this study.
The objective of this work was to directly measure the

interaction force profile between silver and mica surfaces in
solutions representative of agricultural soils. The actual surface
potentials, DOM adsorbed layer thickness, and compressibility,
as well as total colloid forces were determined experimentally.
Separation of the force profiles into their individual
contributions allowed us to establish their origin. The
measured force profiles for different solution conditions were
translated into energy of interaction profiles for cases of n-Ag
particles interacting with sandlike collectors. Each suspension’s
expected attachment efficiency was parametrized by precise
measurements of surface and adsorbed layer properties and
modeled with CFT.

■ MATERIALS AND METHODS

Materials. Measurements were made under three different
solution conditions. The first (termed “control”) was
composed of an electrolyte solution of 0.5 mM NaNO3
(99.995%, Sigma, St. Louis, MO) to define the physical
contact between the surfaces and their surface charge
properties. The second (termed “-HA”) was composed of 0.5
mM NaNO3 with 20 mg/L Eliott Soil humic acid (HA)
(International Humic Substances Society, St. Paul, MN). The
concentration of 20 mg/L was selected to mimic DOM-rich
groundwater conditions (18−20 mg C/L).52 The third
(termed “-HA-Ca”) was composed of 0.5 mM NaNO3, 0.25
mM Ca(NO3)2 (99.995%, Sigma, St. Louis, MO), and 20 mg/
L HA. Milli-Q gradient water (resistivity of 18 MΩ·cm) was
used to prepare the solutions, and the pH was adjusted to 7 by
addition of NaOH. The surfaces studied were silver and ruby
muscovite mica (S&J Trading, New York), which are described
in detail in the next section. Silver particles of 100 nm diameter
stabilized with sodium citrate (Sigma-Aldrich) were used in ζ-
potential measurements.

Surface Force Measurements. A custom-automated
surface force apparatus (SFA) was used to measure interaction
forces between silver and mica surfaces. This methodology was
chosen, because it allows for direct and precise measurements
at separation distances down to 0.1 nm, thus providing a
“ground truth force profile” of the system.53 Additionally, the
use of SFA facilitated the definition of an absolute reference for
contact between the surfaces, which is a limitation of
alternative methodologies. SFA uses multiple-beam interfer-
ometry to directly measure surface separation and contact
geometry.54 The technique is described in detail else-
where.51,53,55 Briefly, one surface (mica) was mounted on a
fixed stage, while the second (mica/silver) was mounted on a
double-cantilever spring of known stiffness (∼2.4 × 10−5 mN/
m), which can be displaced vertically. Mica was chosen as the
model for collector in porous media, because it is a layered
alumina−silicate mineral that can be cleaved along the basal
plane <001> to yield a molecularly smooth surface of uniform
thickness (here 2−3 μm) over large areas. Due to its atomic
smoothness, mica is an ideal substrate for high-resolution force
profile measurements of adsorption layers. It is noted that
nanoscale roughness is prevalent in the subsurface and has
been shown to affect ENP transport.56 Nevertheless, the aim of
our work is on better characterizing the force responsible for
attachment for HA-coated surfaces. Importantly, for studies of
HA adsorption, the basal plane of mica has negatively charged
lattice sites, similar in density to those of highly negatively
charged silica or sand.57 Mica surfaces were coated on one side
with a 55 nm thick silver layer deposited by evaporation (Alfa
Asear 99.99%). This layer permits the partial transmission of
light normally directed through the surfaces, which con-
structively interferes and produces fringes of equal chromatic
order (FECO) for surface separation determination.
Within 2 days of depositing the silver coating, the surfaces

were glued onto a cylindrical lens and mounted into the SFA.
Contact in air was measured. Afterward, the SFA was filled
with one of the three aqueous solutions and allowed to
equilibrate for at least 2 h for measurements in control solution
and at least 24 h for measurements in the -HA and -HA-Ca
solutions in a temperature-controlled room at 25 °C. Minimal
hysteresis was observed between subsequent force profile
measurements (compare approach and separation in Figure 1)
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indicating that the force measurements were carried out at
essentially equilibrium conditions. Two configurations of
silver-coated mica surfaces were used. In the symmetric
configuration, the silver coating faced the back of both surfaces
to measure mica−mica forces. In the asymmetric configuration,
the silver coating faced the front of one surface and the back of
the other surface to measure silver−mica forces. Determination
of forces between the surfaces in a cross cylinder configuration
was obtained from the deflection of the cantilever spring
supporting the lower surface.53 The distance between the
surfaces (D) was measured by the position of FECO peak
wavelengths within a spectrometer using a computer-
automated acquisition system. Final data obtained from the
SFA consisted of force profiles as a function of separation
distance between the two surfaces. The measured force
between crossed cylinders was normalized by the geometric
mean radius of curvature, R. At least two independent SFA
experiments were carried out for each configuration and
solution combination tested. The results below show one
representative data set, but replicates were consistent.
Interpretation of SFA Data. The following describes the

approach followed to separate the individual force contribu-
tions to the net force measured by SFA. Repulsive electrostatic
double layer force, FEDL/R, contributions were determined for
each experiment by numerically fitting the nonlinear Poisson−
Boltzmann (NLPB) model to SFA data for D > 10 nm, where
the interacting forces were purely electrostatic.58,59 The
effective Debye length, κ−1, was determined from the
exponentially decaying force and compared to the expected
κ−1 based on solution properties. Deviations enabled an
estimate of HA’s contribution to the system’s overall
electrostatics. Attractive van der Waals force, FVDW/R,
contributions were obtained from the control solution data,
after subtracting the electrostatic force. The van der Waals
attractive force is the same across all experiments of equivalent
surface configuration. The Hamaker constant, A, for the
silver−water−mica system was determined as53

= −
F

R
A
D6

VDW
2 (3)

Additional repulsive force contributions from adsorption of
HA were estimated as the residual after subtraction of both the
fitted electrostatic and van der Waals forces (classic DLVO)
from SFA measurements of the total interaction force profile.
Electrophoretic mobility values were collected on nanosilver

suspensions matching the solutions described above using the
ZetaPlus analyzer (Brookhaven Instruments Corp., Holtsville,
NY). Ten measurements were collected for each sample, with
replicate samples for each solution. ζ-potentials (ζ) were
determined from average electrophoretic mobilities using the
Smoluchowski equation.60 These values were compared to the
surface potential data obtained from the SFA measurements.

■ RESULTS AND DISCUSSION
Interaction Forces. Control Solution. Measured force

profiles in the control solution (no HA) between opposing
silver−mica (red markers) and mica−mica surfaces (gray
markers) are shown in Figure 1. Classic DLVO surface forces
are observed with long-range electrostatic repulsion and short-
range van der Waals attraction. The adhesive contact of the
surfaces in air was defined as D = 0 nm. We note that the
mica−mica contact is well-defined for molecularly smooth
surfaces. The mica−silver contact, however, was slightly
compressible (i.e., the surfaces were elastically flattened upon
compression), consistent with a surface roughness of ∼5 Å on
the silver surface from evaporation deposition.61

Electrostatic repulsion is captured by the NLPB model,
whereby the boundary conditions of constant charge or
constant potential describe the two extremes. Real systems lie
somewhere in between due to charge regulation,59 as is shown
in the inset of Figure 1. The control data more closely
resemble a constant charge behavior (as described in the next
section). The empirically determined effective κ−1 in the
control solution was 14 ± 0.3 nm, consistent with the expected
value from solution properties (see Table 1). Semilog plots
showing κ−1 for each solution are shown in Figure S1.
The van der Waals attraction is obtained from data with the

control solution and is assumed to be the same across all
experiments of equivalent surface configuration. The Hamaker
constant for silver−mica interacting through water has a range
of A = [2.2, 6.4] × 10−20 J, consistent with Lifshitz theory
estimations of A = 4.2 × 10−20 J.62 Uncertainty in A is reflected
in the orange shaded region of van der Waals attractive forces
shown in the inset of Figure 1. Both constant charge and
constant potential fits to the data are shown. The best fit to the
total profile is obtained with constant charge and A = 4.3 ×
10−20 J (middle line in shaded region) as demonstrated by the
solid line, FT. The value of A was assumed constant across
experiments based on refractive index measurements (data not
shown), whose results were equivalent in the control and HA-
rich solutions.

-HA and -HA-Ca Solutions. Measured force profiles in the
-HA (green circles) and -HA-Ca (blue squares) solutions
between opposing mica−mica and silver−mica surfaces are
shown in Figure 2, in parts a and b, respectively. Generally, the
force maximum is higher for the symmetric compared to the
asymmetric system, signaling that HA adsorption on mica is
greater than on silver and that the solution composition
impacts the adsorption behavior. Long-range electrostatic
repulsion was well-described by the NLPB model at constant

Figure 1. Force−distance profiles between opposing mica−mica (gray
markers) and silver−mica (red markers) surfaces in the control
solution. D = 0 nm is defined as the contact between the surface pairs.
Inset shows the predicted electric double layer at constant charge
(FEDLCC) and constant potential (FEDLCP) boundary conditions, as
well as van der Waals (FVDW) contributions to the total force for the
silver−mica experiments.
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charge boundary conditions (shown by the solid, dotted, and
dashed lines for the control, -HA, and -HA-Ca solutions,
respectively). Distances where the force measurements
deviated from a purely electrostatic interaction (arrows)
denote the onset of repulsion due to adsorbed HA. We note
that it was impossible to bring the surfaces into contact (D = 0
nm) due to the HA adsorption layers and hydrating water.
Importantly, for both solutions, short-range van der Waals
attraction is masked by the overwhelming net repulsive forces
imparted by electrostatics and adsorbed HA. This is discussed
in greater detail below. The effective κ−1 (see Table 1) for -HA
was 2 nm lower than for the control solution and its expected
value, signifying an increase in IS due to a release of ions from
charged HA functional groups. Similarly, for -HA-Ca, the
effective κ−1 was lower than its expected value. The effective IS
in solutions containing HA was ∼0.16 mM higher than was
expected (from only added salt), accounting for the ions
released from HA. It should be noted that released ions from
HA affect electrostatics in non-negligible ways; therefore, the
effective IS should be considered in DLVO calculations,
particularly in low IS solutions.
Surface Potential. Surface potential measurements for all

tested treatments, shown in Table 1, reveal that silver and mica
surfaces are very highly charged (|ψ0| > 40 mV) and require
estimation of electrostatic interactions by NLPB, rather than
well-known analytical approximations to DLVO theory (e.g.,
Hogg et al.,63 Wiese and Healy,64 Bell et al.65) that assume low
potential (|ψ0| < 25 mV). Estimated ψ0 values in the control
solution, in the absence of HA, are in agreement with values
reported in the literature. ψ0

M = −110 mV for mica is within the
range reported by Israelachvili and Adams58 of [−50, −130]
mV, while ψ0

S = −50 mV for silver is consistent with reported
ζ-potential measurements of silver colloids and nano-
particles,66,67 including our own collected values (see ζS in
Table 1). Excellent agreement between SFA-determined ψ0
and ζ-potential measurements demonstrates the statistical
equivalence between the two methods. For the -HA solution,
adsorption of negatively charged HA moieties onto silver and

mica surfaces resulted in more negative ψ0 relative to that of
experiments in the control solution. Adsorption of polydisperse
macromolecules onto like-charged surfaces in the presence of
monovalent ions has been reported before.68,69 We propose
that the major mechanisms of adsorption in the -HA solution
are charge screening by NaNO3 and attractive interactions
between cations adsorbed on the negatively charged surfaces
and the aromatic moieties in HA. The cation−π interaction is
well-recognized as an intermolecular, noncovalent attraction
(including a substantial electrostatic component) between
cations and aromatic π-systems, and it is comparable in
strength to hydrogen bonding.70,71 For the -HA-Ca solution,
ψ0 on both surfaces was more neutral compared to that of the
-HA solution. In this case, Ca2+ neutralized some functional
groups by forming coordination complexes with ligands (e.g.,
HA, silver, and mica surfaces).40 In both HA-containing
solutions, the relative change in ψ0 was larger on mica, which is
more negatively charged than that on silver.

Magnitude and Origin of Nonelectrostatic Repulsive
Forces. Quantitative evidence of nonelectrostatic repulsive
forces are presented in this section. To verify that SFA
measurements can be used to discern individual surface force
contributions, we first presented evidence that total force, FT,
in the control solution was captured by the summation of FVDW

Table 1. Summary of Charge and Adsorbed Layer
Properties for Silver and Mica Surfaces at Each Tested
Solution Compositiona

solution composition

parameter control -HA -HA-Ca

κ−1 expected [nm] 13.5 13.5 11.1
κ−1 effective [nm] 14 ± 0.3 12 ± 0.2 10 ± 0.8
IS expected [mM] 0.5 0.5 0.75
IS effective [mM] 0.47 0.64 0.92
ψ0
M [mV] −110 ± 10 −130 ± 20 −80 ± 10

ψ0
S [mV] −50 ± 5 −60 ± 5 −45 ± 5

ζS
b [mV] −52 ± 4 −61 ± 3 −44 ± 3

LM [nm] 0 5.5 2.4
LS [nm] 0 0.5 4.4
λM [%] 0 48.8 14.5
λS [%] 0 53.8 66.0
ΓM [mg/m2] 0 2.24 2.24
ΓS [mg/m2] 0 0.18 1.19

aκ−1 is the Debye length, ψ0 is the surface potential, ζ is the ζ-
potential, L is the uncompressed adsorbed HA layer thickness, λ is the
layer’s compressibility, and Γ is the estimated mass of adsorbed HA.
The subscripts and superscripts indicate the surface type as mica (M)
or silver (S). bValues measured for 100 nm silver nanoparticles.

Figure 2. Force−distance profiles between opposing (a) mica−mica
and (b) silver−mica surfaces. Markers correspond to the different
solution conditions: control (orange triangles), -HA (green circles),
and -HA-Ca (blue squares). Lines show the fit of the nonlinear
Poisson−Boltzmann model at constant charge boundary conditions.
Arrows indicate the onset of nonelectrostatic force at short separation
distances.
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and FEDL alone (see FT in inset of Figure 1). The total force in
HA-containing solutions, however, shows that an additional
repulsive force (generally considered of steric origin in the
literature40,60,72) significantly contributes toward FT. To
determine the steric contribution from the adsorbed HA
layers, the FVDW and the fitted FEDL were subtracted from FT. It
is noteworthy that the presence of HA adsorbed layers
prevented the surfaces from coming into contact as defined
from the control solution (D = 0). Moreover, the minimum
separation distance for -HA and -HA-Ca solutions was the sum
of the compressed layers on each surface, that is, 2LM′ for the
symmetric system and LM′ + LS′ for the asymmetric system. At
such separations, VDW interactions between the surfaces were
essentially negligible. Figure 3 shows the magnitude of the

remaining nonelectrostatic repulsive force in -HA and -HA-Ca
solution conditions for the asymmetric mica−silver system. It
is evident that this non-DLVO force decays exponentially with
distance, with average rates of ∼2.0 and 0.8 nm−1 for -HA and
-HA-Ca solutions, respectively. The faster decay rate for the
-HA solution, compared to the -HA-Ca case, is consistent with
the thinner but denser total adsorbed layer (LM + LS) in the
former solution.73

Certainty in the origin for each contributing surface force is
necessary to make predictions of colloidal interactions in HA-
rich systems that cannot be measured directly by, for example,
SFA. Modeling approaches for calculating the structural forces
brought about from HA sorption have been heavily based on
soft particle theory (SPT).72,74,75 However, SPT requires that
three key conditions are met: the adsorbed macromolecules
must be composed of many repeating subunits (> (10 )2 ),
polydispersity of the polymer must be low, and L ≫ κ−1.
According to our measurements, none of these conditions are
satisfied for HA adsorption layers on mica or silver. First, the
molecular structure of HA is highly variable, making it unlikely
that the adsorbed macromolecule assembles into long chains of
at least hundreds of identically repeating units. Second, the
polydispersity of HA is relatively high (1.76−2.5).76,77 Highly
polydispersed materials display a complex interplay between
adsorption and configurational entropy. While larger molecules
diffuse and equilibrate more slowly onto the surfaces, their

adsorption results in a more pronounced decrease in the
interfacial energy and is thus favored at longer times.78,79

Third, in all cases tested in this study, L < κ−1 by at least a
factor of 2, indicating that elastic−steric repulsion is negligible
compared to osmotic−steric repulsion for HA. All together,
these considerations suggest that Ohshima’s soft particle
theory is not appropriate for describing repulsive forces
imparted by adsorbed HA. In sections following, we present
quantitative evidence for the osmotic origin of extra repulsive
forces in HA-rich systems.

Adsorbed Layer Properties. Experimental properties
regarding adsorbed layer characteristics for each surface and
solution tested are summarized in Table 1. In the control
solution conditions, surfaces were bare, and all adsorbed layer
properties are reported as zero.

Layer Thickness and Compressibility. Uncompressed
adsorbed HA layer thickness, L, was determined by the
distance where the force profile measurements deviated from
the NLPB fit, as indicated by the arrows in Figure 2. The
compressibility of the HA layers, λ, was estimated as λ = (L −
L′)/L × 100, where L′ is the compressed layer thickness at a
separation distance recorded for an applied force of 6 mN/m.
At this range, an increase in applied force did not change the
separation distance by more than 1 nm. The symmetric
configuration was used to estimate HA layer thickness on one
mica surface as L/2 in each solution. The asymmetric
configuration then provided the layer thickness on the silver
surface by subtracting the known thickness of the layer on mica
from the measured L of the system. The same logic was used
for the estimation of λ. Here, we interpret λ as a proxi of the
density of the adsobed layer.
All measured uncompressed adsorption layers between

approaching surfaces were thinner than the solution κ−1.
This facilitated fitting the system’s electrostatics, which are
dominant at D > 10 as L < 7 nm. By subtracting electrostatics
and van der Waals from the total force profile, we distinguish
the steric contribution from the adsorbed HA layers. For -HA
solution conditions, the adsorbed layer on mica, LM, was an
order of magnitude thicker than that on silver, LS. In this
solution, the compressibility of the adsorbed layers on silver
and mica λS and λM, respectively, was close to 50%, suggesting
an intermediate layer density that is independent of the
substrate. For -HA-Ca solution conditions, LM and λM were
reduced, implying an increase in the HA layer density on mica,
while LS and λS increased, indicating that the layer on silver in
the presence of calcium was thicker and more diffuse that the
one on mica. At this solution, LM and LS were in the same
order of magnitude.

Mass Adsorbed. Mass of HA adsorbed per unit surface area
was obtained through the expression Γ = ρHAϕL′. ρHA is the
HA density taken as 1.45 g/mL.80 ϕ = 0.55 is the volumetric
fraction of HA to the solvent, from direct measurements of
similarly polydispersed polymers in a good solvent at F/R ∼ 6
mN/m.81 Substantial differences in mass of adsorbed polymer
per unit area, Γ, were observed across solution conditions. For
the -HA solution, ΓM was an order of magnitude greater than
ΓS. Our estimate for ΓM is in agreement with the report by
Taunton et al.82 for high molecular weight polymer adsorption
onto mica in good solvent conditions. Our estimate for ΓS,
however, was considerably lower than values reported
elsewhere.40 For the -HA-Ca solution, ΓS significantly
increased, suggesting that Ca2+ counterions promote adsorp-
tion of negatively charged HA onto like-charged silver.83 We

Figure 3. Non-DLVO force−distance profiles between opposing
silver−mica surfaces in -HA (green circles) and -HA-Ca (blue
squares) solutions. Solid and dashed lines show the exponential decay
of the repulsive forces with distance.
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point out that the value for ΓM in -HA-Ca reported in Table 1
is different from what was determined based on this
parameter’s definition (ΓM = 1.54 mg/m2). This original
calculation would imply that desorption of HA happened in
the presence of Ca2+. We know this result to be incorrect.
Rather, Ca2+ is expected to enhance HA adsorption and, most
importantly, to increase the density of the existing adsorbed
layer. Investigating the nature of this discrepancy is beyond the
scope of this work, so we instead report the estimated value for
ΓM from -HA solutions again.
Deposition of Silver Nanoparticles in HA-Rich Porous

Media. Nanoparticle deposition on micalike porous media at
the solution conditions relevant to this study was investigated
by estimations of the system’s attachment efficiency, α, from
colloid filtration theory (CFT). α is a kinetic transport
parameter widely used to quantify the probability of a particle
attaching to a soil grain after collision. To determine the best
model for estimating α in each solution composition, it was
first necessary to properly account for the different force
contributors to the net interaction that describes the system.
Here, we demonstrate that the interplay of the osmotic, electric
double layer, and van der Waals forces is sufficient to capture
the measured interactions.
Interaction Energy Translation. In environmental engineer-

ing applications, it is standard to employ energy of interaction
profiles to justify deposition trends of colloids/nanoparticles
transported in porous media. We used Derjaguin’s approx-
imation84 to translate the force profiles between cross-cylinders
of silver−mica surfaces from SFA measurements, F/R, into
energy of interaction, W, between hypothetical cases of silver
nanoparticles and mica collectors, viz.:

∫= −
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W D
R R

R R
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S M
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Here, RS and RM correspond to the radii of the (silver)
nanoparticle and the (mica) collector, respectively. The
translated profiles are considered empirical data for various
scenarios of nanoparticle sizes. Furthermore, these data are
used to gauge the relative effect of adsorbed HA on the energy
of interaction between collectors and nanoparticles of different
sizes.
To compleiment the empirical data, theoretical estimations

of the total energy of interaction, WT, are provided with an
extension to classic DLVO theory to account for osmotic
repulsion85 as per the following:
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We consider that RS = 10, 20, and 50 nm for different particle
size scenarios.WEDL was determined by numerically solving the
Poisson−Boltzmann equation, because the surface charges
exceeded the validity of well-knonwn analytical approximations
for electric double layer energies. It should be noted that the
set of expressions for WOSM is adapted from an approximation
for a symmetric system (Peter Kralchevsky, personal
communication, 18 March 2020). Here, ν1 is the volume of
a solvent (water) molecule. χ is the Flory−Huggins solvency
parameter. L̅ = (LM + LS)/2 is the average adsorbed layer
thickness. ΦS and ΦM are the volume fractions of the adsorbed
HA layer onto silver and mica spheres, respectively, and are
calculated as

ρ
Φ = Γ

[ + − ]
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L R R
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( )

2

HA
3 3

(9)

Figure 4 shows very good agreement between model
predictions for WT (shaded region marking the boundary
condition limits for constant charge and constant potential)
and the empirical data (markers) under all particle sizes and all
solution conditions. In estimatingWOSM, χ was treated as a free
model parameter, and ρHA was fixed at 1.45 g/cm3 (a
parameter the model was not sensitive to). It is worth noting
that the peaks at D ∼ 4 nm in model predictions for -HA
solutions are due to the large difference between LM and LS.
This discrepancy creates a discontinuity in the individual
expressions for WOSM, which is indistinguishable for the -HA-
Ca solutions where LM and LS are within the same order of
magnitude. The higher limit on the y-axis was fixed at 100 kT,
because higher energy barriers are considered insurmountable
with the particle’s kinetic energy. The complete energy profile
is shown in Figure S2. From this, it is evident that classic
DLVO is insufficient to describe the system and that an
osmotic contribution captures the physics of the additional
repulsion imparted by HA adsorption well. Two notable trends
are evident in Figure 4. First, the net energy of interaction
scales with particle size, implying that inaccuracies in the
modeled interaction energy are magnified with increasing
particle size. Second, the energy barrier increases manyfold
with solution composition complexity. That is, WT

max for
control < -HA < -HA-Ca, making it imperative to ascertain the
origin of non-DLVO forces in complex solutions. Estimations
of the elastic−steric component of steric-type forces72 did not
significantly contribute to the interaction profile and were
confirmed negligible. As an additional reference, Figure S3
shows an equivalent comparison for predictions that considers
only van der Waals and electrostatic energies, illustrating the
need to include an additional osmotic force contribution.

Attachment Efficiency. CFT is commonly employed to
describe transport kinetics of particle deposition in porous
media in dimensionless terms from breakthrough data. Various
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semiempirical correlations have been proposed to estimate the
attachment efficiency, α, of colloidal suspensions colliding with
simplified porous media.28−31 However, there is no widely
accepted unified mechanistic model for predicting α under
unfavorable deposition conditions (i.e., with energy barriers
high enough to prevent particle attachment). In the following,
we employ the proposed correlation equation for bare
electrostatically stabilized particles from Bai and Tien29 to
predict the attachment efficiency of nanoparticle suspensions
in the control solution (αbare). Similarly, we use the correlation
equation for surface-coated electrosterically stabilized particles
from Phenrat et al.30 to predict the attachment efficiency of
nanoparticles in the -HA and -HA-Ca solutions (αcoat). Details
about α calculations are provided in the Supporting
Information.

Predictions for α corresponding to the interaction energy
profiles in the previous section are shown in Figure 5. The

results are in qualitative agreement with experimental α values
resulting from transport tests of silver nanoparticle suspensions
in monovalent salt, in the presence of HA, and in solutions
containing HA and divalent cations.86−88 It is evident that α
increases monotonically with particle size in both bare and
surface-coated model correlations. For particles of equivalent
size, αbare was much larger than αcoat at

−(10 )2 and −(10 )4 ,
respectively. This is consistent with the lowest energy barrier
found ( −(10 10 )1 2 kT, see Figure S1) for the control
solution, where only electrostatics create unfavorable con-
ditions. Similar values for αcoat were found for particles of
equivalent size in solution conditions that promote surface
coatings. Efficiencies in -HA were slightly smaller than those in
-HA-Ca solutions, which cannot be explained by trends in the
energy barrier magnitude at −(10 10 )2 3 kT (see Figure S1).
Simply, the energy barrier afforded by adsorbed HA macro-
molecules is equally insurmountable in -HA as in -HA-Ca
solutions. We propose that differences in αcoat are better
attributed to the secondary energy well, which is entirely
absent for -HA solutions and present for -HA-Ca with a deep
enough minimum (≤deeper than 5 kT) for particles RS ≥ 50
nm (see Figure S4). This implies that, within the geometry of
porous media, retention in secondary energy minima in the
presence of an insurmountable energy barrier would likley
cause particles to accumulate at grain-to-grain contacts.89

Despite the reasonable agreement found between our
authenticated energy of interaction profiles and the predictions
for α, additional work is needed to (i) confirm that elastic
forces are negligible for a broader range of DOM conditions
than those tested here and, if confirmed, (ii) revise the
correlation for αcoat to give greater importance to the osmotic
component over the elastic one for steric repulsion.

Technical and Environmental Implications for Colloid
Transport. This work investigated the surface interactions
between charged silver and mica substrates in various solution
compositions relevant to agricultural soils. We confirmed that,
in the absence of HA, the forces at play are electrostatic
repulsion and van der Waals attraction. Once the surfaces are

Figure 4. Total energy profiles (WT = WEDL + WVDW + WOSM) for
interactions between silver particles and mica collectors in (a) control,
(b) -HA, and (c) -HA-Ca solutions. Shaded regions show the model
predictions with upper and lower limits for electrostatics correspond-
ing to constant charge (solid line) and constant potential (dashed
line), respectively. Empirical data (translated from SFA force
measurements) is shown as symbols.

Figure 5. Estimated attachment efficiency, α, for suspensions of
variably sized particles colliding with simplified porous media at
different solution conditions. The solid line considers the dimension-
less semiempirical correlation for electrostatically stabilized suspen-
sions (without surface coatings) from Bai and Tien.29 Dashed lines
consider the correlation for electrosterically stabilized suspensions
(afforded by adsorbed macromolecules) from Phenrat et al.30
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exposed to DOM, macromolecules like HA readily adsorb onto
both materials. However, important differences on the
adsorbed layers were found. On mica, the HA layer was
thicker, more charged, and more dense than the one observed
on silver. Additionally, changes in the effective solution IS from
ionization of the HA moieties were detected, which affect the
overall system’s electrostatics. When the solution complexity
was increased by including calcium ions, the differences in
adsorbed layer thickness and charge between mica and silver
were reduced. The data indicate that calcium ions promote a
greater adsorbed mass and increase the HA layer thickness for
silver but increase the HA layer density for mica.
Our measurements suggest that HA has the potential to

influence the deposition of n-Ag particles onto soil grains in
three key ways: (i) by changing the electrical double layer
forces, (ii) by creating a physical barrier between particles and
collectors, and (iii) by generating additional interactions due to
compression of the HA adsorbed layers, as reflected in the
measured force profiles and estimated energy profiles. Based
on our calculations, the probability of particle deposition (α) is
expected to be the lowest in HA-rich solutions, relative to the
other solutions tested. In order to extend the use of the CFT to
model ENPs filtration in HA-rich solutions, the osmotic
repulsion arising from the overlap of adsorbed HA layers must
be considered in addition to electrostatic and van der Waals
interactions (classic DLVO theory). Because HA and other
DOM macromolecules are ubiquitous in soil, especially in
agricultural soils, these results imply that HA-coated ENPs may
travel much farther than their bare counterparts, potentially
reaching sensitive water resources. While this conclusion is
based on ideal and smooth surfaces, the authors recognize that
the combined effect of adsorbed natural macromolecules,86,88

heterogeneity of the soil surface that creates favorable
microsites for deposition,90−93 and heteroaggregation94,95

may reduce the expected travel distances of ENPs. Nonethe-
less, our study demonstrates that osmotic repulsion from
adsorbed DOM onto suspensions and collectors is the main
factor controlling interactions between ENPs and soil surfaces
and, consequently, their probability for deposition. Precise
characterization of the relevant surface coating properties on
natural and engineered materials is a first step toward
improving the accuracy of predictive models for colloid
transport in the subsurface.
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