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ABSTRACT: For near-neutrally buoyant colloids, retention on
surfaces is dramatically reduced for radii in the range from
approximately 100 nm to 1 ym (i.e., n—u transition) under
unfavorable conditions (energy barrier present). Given that
unfavorable conditions are predominant in the environment,
the above-described characteristic is underutilized in strategies
for targeted delivery of nano- to microscale particles (colloids)
in porous media. We present herein, a strategy that involves
tuning colloid size within the n—p transition range to minimize
retention in non-target porous media, followed by solution
chemistry-triggered disaggregation to yield nanoscale colloids
and promote retention in target porous media. Toward this
purpose we examined the transport properties of aggregated
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and disaggregated carboxylate-modified latex (CML) nanospheres (55 nm radius) and novel shell cross-linked knedel-like
(SCK) nanoparticles (10—S0 nm radius). Colloid retention was measured on soda-lime glass (silica) in an impinging jet system
representing upstream sides of porous media grains. Continuum scale attachment rate coefficients (k;) were determined from
the experimental colloid retention and were then utilized to predict the distribution of retained colloids from source in target
porous media at field scales. These experiments and simulations demonstrate the viability of size-tuning colloids to the n—pu
transition range in order to facilitate their transport through non-target porous media. Disaggregation triggered by, for example,
reduced ionic strength achieved by preferential advection of colloids, was demonstrated to greatly increase retention in target
porous media, with an expectation of increased surface area and enhanced reactivity.

B INTRODUCTION

Targeted delivery of novel nano- and microparticles (herein
referred to as colloids) in porous media is a major aspect of
remediation of subsurface contamination. A primary motivator
for targeted delivery is the need to minimize loss of colloids in
non-target porous media, including cases where the goal is to
avoid clogging the area of injection,l_4 as well as cases where
the target media is not accessible to direct injection (e.g.,
beneath a permanent structure).

A size-based transport-triggered strategy for targeted delivery
of humic acid-stabilized (HA) iron oxide goethite (FeO,)
nanoparticles (NPs) (~S0 nm radius) in environmentally
relevant media (quartz sand) was recently demonstrated.”
After arrival at the target location, HA-FeO, NPs were
immobilized by aggregation through cation bridging with Ca>".
This aggregation was triggered by faster advection of the HA-
FeO, NPs relative to a leading Ca®* solution that was
previously injected. That colloids can transport faster than
solutes in groundwater is a well-recognized phenomenon that
arises from their lower diffusion into low-advective zones
relative to solutes. While this property is most clearly
recognized in fractured media,® the differential advection of
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colloids relative to a solute is well recognized in a variety of
granular media.””"* HA-FeO, NPs were destabilized where
they reached the leading Ca** solution.’

Delivery of novel colloids for enhanced in situ subsurface
contaminant degradation is a common goal for both metallic'
and carbonaceous colloids."*~"” Because pore size and fluid
velocity are often unalterable in a given environmental context,
colloid size is often the primary parameter to optimize. Colloid
size is often misunderstood to favor greater transport of smaller
colloids. However, the physics of mass transport underlying
colloid filtration theory (CFT)'®' dictates that delivery to
grain surfaces in porous media (quantified as collector
efficiency, ) is least for the size range with the lowest
combined diffusion and sedimentation. For near-neutrally
buoyant colloids under typical groundwater velocities, this
range is from approximately 100 nm to 1.0 gm (radius), which
we refer to as the n—u transition.*’
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Upon delivery to the grain surface, colloid attachment is
mediated by multiple forces (electric double layer, van der
Waals, and others) acting over contrasting distances that may
produce net repulsion (energy barrier) unfavorable to
attachment, as considered typical of environmental condi-
tions.”’ Nanoscale charge heterogeneity (e.g, charge and
roughness®”**™*’) on surfaces has long been invoked to
explain observed colloid attachment despite unfavorable
conditions, wherein colloid attachment is otherwise predicted
to be insignificant.”® Recently, it was demonstrated that the
minimum # observed for n—pu transition colloids under
favorable conditions is exaggerated under unfavorable con-
ditions,”® and this can be mechanistically explained by colloid
interaction with nanoscale heterogeneity on grain surfaces.”’

This paper describes a strategy for targeted delivery of
colloids in porous media that capitalizes on the newly
recognized exaggerated minimum retention for n—y transition
colloids observed under unfavorable conditions. The strategy
involves aggregating nanoparticles to the n—y transition size
range in order to minimize their retention in non-target porous
media, and then disaggregating them to maximize retention in
target porous media, as triggered by altered solution chemistry,
e.g, via differential transport of solutes and colloids. We
demonstrate this strategy via experimentally observed colloid
retention on surfaces, experimentally measured size distribu-
tions, and calculated surface interactions, in response to
changes in solution chemistry for carboxylate-modified
polystyrene latex (CML) nanospheres (55 nm radius). We
also demonstrate the relevance of the concept to novel shell
cross-linked knedel-like (SCK) polymeric nanoparticles (10—
50 nm radius), which were developed to have a high capacity
for solubilizing hydrocarbons.*

B MATERIALS AND METHODS

Colloidal Suspensions and Collector Surfaces. Experi-
ments examined SS nm radius fluorescent CML (A, = 505, A,
= 515 nm) nanospheres (Molecular Probes Inc., Eugene, OR)
and shell cross-linked knedel-like (SCK) nanoparticles. These
particular SCKs were core—shell nanoparticles composed of a
polystyrene hydrophobic core enveloped by a poly(acrylic
acid) hydrophilic corona supported by an ethylamine-derived
cross-linker (2,2'-(ethylenedioxy)bis(ethylamine)) with a
block copolymer structure of polystyrene,s,-block-poly(acrylic
acid),, (PS,g,-b-PAA..)>’ (Figure S13). A detailed description
of SCK preparation is provided in the Supporting Information.

Colloid suspensions were prepared as described in the
Supporting Information. Hydrodynamic radii and electro-
phoretic mobilities (EPM) were measured using a {-potential
analyzer (Mobiu¢, Wyatt Technology Corp., Santa Barbara,
CA) (Table S1).

Soda-lime glass (herein referred to silica) coverslips (Fisher
Scientific, Inc.) were used as the collector surface in transport
experiments. Cleaning and characterization are described in
the Supporting Information.

Impinging Jet Experiments. A custom-made stainless-
steel impinging jet flow cell (radially symmetric) (Figure S4)
was used to observe attachment, as described in previous
studies”* %% as well as in the Supporting Information.
Attachment was quantified as a single cell collector efficiency
(7 = number attached/number injected)**** under both
favorable (77;,,) and unfavorable (77,,;) conditions. The ratio of
unfavorable to favorable attachment was quantified as a
collision efficiency (& = Nyne/Ngay)-
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Extended DLVO Profiles. Particle—particle and particle—
collector interactions were calculated using sphere—sphere and
sphere—plate geometries, respectively. Surface interactions
included van der Waals (vdW), electric double layer (EDL),
Lewis acid—base (LAB), steric, and Born, as described in
previous publications”****°™** and in the Supporting In-
formation. For SCKs, equations describing vdW interactions
for layered systems were derived in order to account for the
materials present in SCK cores and coronas (Supporting
Information).

Pore-Scale and Macroscale Particle Trajectory Simu-
lations. To translate the impinging jet results to porous media,
pore-scale trajectory simulations were performed in a Happel
sphere-in-cell collector'®** on the basis of a Lagrangian
solution of forces and torques acting on the colloid at each
time step,”””**" as described in the Supporting Information.
Pore-scale trajectory simulations incorporate discrete repre-
sentative nanoscale heterogeneity (DRNH)? and account for
the effects of roughness on hydrodynamic slip and colloid—
collector interactions,”® as described in the Supporting
Information. The Happel collector efficiencies (17) were
determined by matching simulated a to experimentally
observed a under unfavorable conditions (Supporting
Information). Happel 7 values under unfavorable conditions
were then upscaled to produce continuum scale attachment
rate coefficients (k;) by accounting for the compounded loss of
colloids during transport through successive Happel collectors
in a series representing a given porous media (e.g, Johnson
and Hilpert™). Upscaling to ki via 1 was moderated by
efficiencies of fast and slow attachment as previously
described.*

Values of k; determined from upscaling of Happel 5 values
were used to predict the distribution of retained colloids with a
distance from the source. Transport was predicted using a
continuum-scale Lagrangian transport model as described in
Johnson et al.>* to account for distributions of residence times
prior to attachment under unfavorable conditions. Another
upscaling option accounts for the impact of colloid size
distribution on blocking of colloid attachment by previously
attached colloids,*® which generates transient breakthrough in
response to sustained colloid injection. The upscaling utilized
here corresponds to a steady-state breakthrough obtained
during step injection of the colloids.”

B RESULTS AND DISCUSSION

Minimum « for n—u Transition Colloids in Porous
Media. That colloid retention under favorable conditions is
lowest for the colloid size range with the least combined
diffusion and sedimentation has long been predicted by
CET'®" and is corroborated by experimentally observed
collector efficiencies (1) (e.g., Pazmino et al,** Rasmuson et
al.>®) where 7 is the ratio of retained colloids relative to all
colloids that entered the collector. In CFT, the collector is a
solid spherical grain surrounded by a fluid shell'® that when
repeated in series represents a given porous media. More
recently, collision efficiencies (), which are the ratios of 7
values under unfavorable relative to favorable conditions, were
shown to yield a minimum for the n— transition colloid size
range,zo which corresponds to the least combined diffusion and
fluid drag, and hence reduced likelihood of finding
heterodomains on which to attach.*

Whereas the existence of a minimum « for n—u transition
colloids was established in an impinging jet (silica surface),*
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this characteristic also exists for transport in porous media
(e.g., glass beads),”” as demonstrated by comparison of results
from both systems (Figure 1, triangles). The observed
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Figure 1. Experimental collision efficiencies (a) for transport of
primary size CML (open triangles),20 n—yu-tuned and disaggregated
CML (open squares), and n—u-tuned SCKs (open circles) on silica
slides in an impinging jet, and for transport of primary size CML on
silica glass beads porous media in a packed column (closed triangles
symbols).”” Solution conditions are as indicated in the legend, and
fluid velocities were 1.7 X 107> and 4.6 X 107> ms™" in the impinging
jet and porous media, respectively. Primary and disaggregated SCKs
were too small for observation via our optical setup. Thus, transport
experiments utilized SCKs with high fluorescein labeling, which
yielded SCKs primary size distribution in the n—u transition range
(Figure S3). CML stands for carboxylate-modified latex nanospheres,
whereas SCK stands for shell cross-linked knedel-like nanoparticles.

minimum @ for n—pu transition colloids decreases with
decreased favorability of the colloid—surface interaction, with
the most unfavorable interaction (highest pH, lowest ionic
strength (IS)) yielding the lowest a, and vice versa (Figure 1).
The order of magnitude lower a for glass beads (porous

media) relative to the glass slide (impinging jet) is due to the
contrasting flow fields in porous media (convergent—
divergent) versus impinging jets (divergent only). Whereas
the above observation was established using CML, it was also
indicated for a wide variety of nonbiological and biological
colloids including silica colloids, engineered nanoparticles
(ENP), viruses, bacteria, and protozoa,20 demonstrating that
materials of contrasting surface properties (e.g., hydro-
phobicity, Lewis acid—base) display this behavior.

Tuning Colloid Size within the n—u Transition Range.
Under primary conditions (pH 8.0, IS 3.0 mM NaCl) prior to
size tuning, DLS measurements demonstrate a narrow size
distribution for CML of approximately S5 nm radius (Figure
2b) and for SCKs ranging between 10 and 50 nm (Figure 2c).
Calculated colloid—colloid interactions (XDLVO) under
primary conditions indicate that the repulsive barrier to
aggregation exceeded 10 kT for primary CML (Figure 3a) as
well as for primary SCKs (Figure 3c), and both nanoscale
colloids lacked attractive primary minima, consistent with their
measured stable nanoscale hydrodynamic radii (Figure 2b,c).
Because SCKs have core—shell layering, we provide XDLVO
formulas for layered systems in the Supporting Information.

To tune colloid size to lie within the n—p transition range,
IS was modified with MgCl, to achieve 20.0 mM IS (5.6 mM
MgCl, + 3.0 mM NaCl), which according to XDLVO
calculations, eliminated the repulsive barrier to aggregation
for both CML (Figure 3a) and SCKs (Figure 3c). The
XDLVO calculations indicated the existence of attractive
primary minima of approximately —25 kT (CML) and —13 kT
(SCKs). Under this condition, CML and SCK sizes increased
(Figure 2b,c), yielding aggregate sizes in the n—p transition
range with hydrodynamic radii ranging 120—1000 nm (CML)
and 115—450 nm (SCKs) according to DLS measurements.

Because our goal was to trigger colloid disaggregation upon
reaching the target porous media via altered solution
chemistry, we examined the impact of diluting the n—p-
tuned colloid solutions by a factor of 10 in pH-equivalent low
IS solution to reduce solution IS to 5.0 mM (0.56 MgCl, + 3.3
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Figure 2. (a) Predicted distribution of retained n—u-tuned CML (blue squares) and disaggregated CML (red squares) in a system composed of
medium-grained sand (0.51 mm grains) with porosity of 0.35 and an average pore water velocity of 4 m/day. Transparent squares correspond to
predicted distribution of retained n—pu-tuned CML if disaggregation is not triggered. Indicated concentrations correspond to CML in the aqueous
phase. (b) Number-based dynamic light scattering (DLS) hydrodynamic radius distribution for CML and (c) SCKs. Conditions were pH 8.0 and
IS 3.0, 20.0, and 5.0 mM, for primary, n—u tuned, and disaggregated colloids, respectively.
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Figure 3. XDLVO energy profiles for (a) CML—CML, (b) CML—silica, (¢) SCK—SCK, and (d) SCK-silica surface interactions. Solution
conditions were pH 8.0 and IS as described in legend. Solid lines correspond to mean-field (MF) XDLVO interactions. Dashed lines correspond to
XDLVO interactions incorporating discrete representative nanoscale heterogeneity (DRNH).

mM NaCl), as may occur via differential advection in targeted
delivery. The reduced IS reestablished the repulsive barrier to
approximately S kT (CML) and 0.6 kT (SCKs) and reduced
the depth of the primary minimum to —13 kT (CML) and —2
kT (SCKs) (Figure 3a,c). Disaggregation driven by reduced
attraction yielded nanoscale colloid sizes, with mean values at
approximately 75 nm (CML) and 16 nm (SCKs) (Figure
2b,c). Notably, the {-potentials of disaggregated colloids were
higher (less negative) than their primary precursors (Table
S1), 3greus)umably due to remaining Mg’* used for aggrega-
tion.”™"

The kinetics of aggregation and disaggregation to/from the
n— tuned colloid size was examined via repeated DLS. The
results demonstrate that n—p tuned CML and n—p tuned SCK
were stable within 1 min and remained stable for at least 4 h
(duration of preparation and experiment) (Figure S1).
Disaggregation yielded a target nanoparticle size within 10
min (Figure S2). In the field, the kinetics of disaggregation will
be controlled by mixing between the faster-advancing colloidal
and slower-advancing solute (e.g., low IS and/or chelating
agent) plumes. The colloidal suspensions utilized in this work
were prepared at least 1 h before performing transport
experiments to ensure steady state colloid sizes.

Retention of n—u-Tuned Colloids. Retention (on silica)
of primary, n—p-tuned, and disaggregated colloids was
examined via impinging jet transport experiments. Retention
on silica was an order of magnitude lower for n—u-tuned CML
relative to their primary components (Figure 1, squares versus
triangles), and equivalent-sized CML, as suggested by trends in
the data (Figure 1, squares versus dashed line). The greater a
for an equivalent-sized CML relative to a n—p tuned CML
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(aggregate) reflects the small radius of curvature (reduced
interaction) for primary nanoscale colloids interacting with the
surface, as reported for aggregates’' and asperities on
surfaces.”® Retention was more than a magnitude lower for
n—yu-tuned SCKs relative to primary CML (Figure 1, circle
versus triangles), suggesting that the size tuning strategy is also
viable for SCKs. Disaggregated CML were retained on silica
similarly to primary CML, both of which were retained by an
order of magnitude greater than for n—u-tuned CML (Figure
1). Primary and disaggregated SCKs were too small to quantify
retention via our optical system. XDLVO calculations under
primary conditions predicted an energy barrier to attachment
to silica of approximately 180 kT for CML and 23 kT for SCKs
(Figure 3b,d solid lines), with repulsive primary minima for
CML and attractive primary minima depth exceeding several
tens of kT for SCKs. Tuning to the n—u size range decreased
the energy barrier height by approximately half and deepened
their primary minima for both colloids (Figure 3b,d solid
lines). Repulsion decreased despite increased colloid size due
to the increased IS. Disaggregation further decreased the
energy barriers to attachment to approximately SS kT (CML)
and S kT (SCKs) (Figure 3b,d solid lines). That repulsion
decreased along with decreased ionic strength was due to
simultaneous reduction in colloid size.

Role of Nanoscale Heterogeneity in Retention of
n—u-Tuned Colloids. The n—u-tuned colloids experienced
substantially lower retention relative to their primary
precursors (Figure 1, squares versus triangles) despite their
reduced barriers to attachment and deepened primary minima
(Figure 3). This nonintuitive result reflects the influence of
nanoscale heterogeneity on the kinetics of their attachment
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under unfavorable conditions. Whereas attachment for a given-
sized colloid under unfavorable conditions qualitatively
increases with increased IS (reduced repulsive barrier),**
the rate of colloid attachment is also influenced by colloid
The XDLVO surface interaction profiles described
above (Figure 3, solid lines) are mean-field, meaning that they
do not reflect nanoscale heterogeneity, since the {-potentials
used in their calculation are insensitive to nanoscale surface
heterogeneity.** Colloid—surface interaction occurs across a
finite zone of interaction (ZOI) that is smaller than the
projected area of the colloid, but which scales with the size of
the colloid and to the Debye length (inversely to IS).”* When
the ZOI is fully occupied by a heterodomain (nanoscale
attractive zone), the energy barrier is eliminated (Figure 3b,d
dashed lines). Depending on the relative sizes of ZOls and
heterodomains (as governed by colloid size, heterodomain
size, 1S, and colloid trajectory), the surface interaction profile
will lie between the mean-field (solid lines) and favorable
(dashed lines) limits shown in Figure 3. Accordingly, slower
attachment rates correspond to colloids that require longer
residence times to encounter heterodomains, which are those
in the n—u size range because of their least combined diffusion,
settling, and fluid drag in the near surface fluid domain.*

Upscaled Distribution from Source in Porous Media.
Macroscale advection—dispersion—attachment simulations
predicted the distribution of CML with distance from the
source in a system composed of medium-grained sand (0.51
mm grains) with a porosity of 0.35, and an average pore water
velocity of 4 m/day (Figure 2a), utilizing the above-described
retention values. In porous media, colloids encounter
innumerable collectors (grains), with loss compounded for
each collector passed;** this is why direct injection of
nanoscale colloids (i.e., primary) yielded high retained
concentrations over a narrow ~1 m zone near their source,
as shown (approximately) for injection located at S m (Figure
2a, red squares). Tuning the n—u size range reduces clogging
and facilitates access to more distant zones, as shown by
reduced retention during transport through non-target media,
wherein aqueous colloid concentrations decreased by less than
a factor of 2 across the 5 m transport distance from the source
(C=1.0x 10" CML/L) to the end of the non-target zone (C
= 6.3 X 10"° CML/L) (Figure 2, blue squares). Despite the
reduced concentration upon reaching the target zone (S m),
disaggregation yielded more than 3 orders of magnitude
greater retention (10"* versus 10'"*) relative to without
disaggregation (Figure 2, red versus blue squares), and more
than 2 orders of magnitude greater retention relative to the
source at 0 m (10"*® versus 10''?) (Figure 2). Whereas these
number-based concentrations partly reflect the impact of
separating aggregates (approximately four primary per
aggregate), they mainly reflect the order of magnitude greater
experimentally observed retention of nanoscale primary CML
relative to the n—u-tuned CML (Figure 1).

Contrasts to Existing Strategies for Nanomaterial
Delivery. Our proposed targeted delivery strategy contrasts to
the Ca®*-forced destabilization (aggregation) of HA-FeO,
NPs® in two important ways: (1) disaggregation to the
nanoscale size at the target will enhance penetration into the
target media and (2) disaggregation at the target can be
expected to yield enhanced reactivity because of increased
surface area. In addition to reducing their retention on porous
media, the reduced diffusion of n—u transition colloids can be
expected to limit their mass transfer into matrix porosity (e.g.,

. 20
S1ze.
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Hunt and Johnson*’), and thereby facilitate transport through
non-target media. Because groundwater generally contains
divalent cations (e.g., Ca’* and Mg**), inhibition of
disaggregation via cation bridging is a potential concern.
However, our experiments demonstrated disaggregation of
Mg**-aggregated CML and SCKs via simple dilution (Figure
2b,c). If needed, cation bridging can be further mitigated by
addition of chelating agents (e.g., ethylenediaminetetraacetic
acid, EDTA)46748 to the leading solution.

Since colloid specific densities ranging from 1.0 to 2.6 are
demonstrated to display maximal mobility in the n—u
transition size range under favorable conditions,"”?%* our
strategy applies to other carbonaceous materials such as
activated carbon and biochar for which specific densities range
up to 2.6, and where both types of materials are injected into
groundwater for in situ remediation.">™"” For denser nano-
particles, e.g., FeO, NPs (goethite specific density ~4.3), the
maximum mobile size range dictated by physical transport
(repulsive barrier absent) lies between S0 and 250 nm (radius)
(Figure S7). For the sake of demonstration, applying the a
values for CML to the 7 values for FeO, NPs (since FeO, are
stabilized via negatively charged moieties) expands the range of
maximal mobility (repulsive barrier present) to smaller sizes
(e.g., several tens of nanometers) (Figure S7). Applicability of
the proposed delivery strategy will depend not only on colloid
density but also on colloid surface properties, and possibly
shape. Our work is a substantiated invitation for practitioners
to explore implementation of size tuning in order to optimize
colloid delivery in target zones of subsurface media.

Executable codes used in this work are available at http://
www.wpjohnsongroup.utah.edu > Research > Downloads.
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