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David Herman

ABSTRACT

This dissertation focused on the potential use of highly charged nanoparticles to stabilize
dispersions of weakly charged microparticles. The experimental components of the project
centered on a model colloidal system containing silica microparticles at the isoelectric point
where the suspensions are unstable and prone to flocculation. The stability of the silica
suspensions was studied in the presence of highly charged nanoparticles. Initial experiments used
polystyrene latex with either sulfate or amidine surface groups. Effective zeta potentials were
measured with nanoparticle concentrations ranging from 0.001% to 0.5% vol. Adsorption levels
were determined through direct SEM imaging of the silica microparticles, showing that the
nanoparticles directly adsorbed to the microparticles (amidine more than sulfate), producing
relatively large effective zeta potentials. However, stability experiments showed that the latex
nanoparticles did not stabilize the silica but merely provided a reduction in overall flocculation
rate. It was concluded that the zeta potential was an insufficient predictor of stability as there was
still sufficient patchiness on the surface to allow for the silica surfaces to aggregate.

Experiments using zirconia and alumina nanoparticles did achieve effective stabilization;
both types stabilized the silica suspensions for longer than the observation period of
approximately 15 hours. Stability was observed at concentrations of 10*% to 1.0% (zirconia)
and 102% vol. (alumina). These particles adsorbed directly to the microparticles (confirmed via
SEM) and produced increasing effective zeta potentials with increasing nanoparticle
concentrations. The adsorption resulted in significant electrostatic repulsion that was determined
to be effectively irreversible using colloidal probe AFM. The improved stabilizing ability was
attributed to the increased van der Waals attraction between the oxide nanoparticles (compared
to polystyrene).

Finally, an unexpected result of the CP-AFM force measurements showed that the
repulsive forces between a nanoparticle-coated particle and plate lacked the normal dependence
on the radius of the probe as predicted by the Derjaguin approximation. The forces observed in
nanoparticle suspensions were virtually identical for 5 um and 30 pum probes. Based on
calculations of the shear rate in the gap, it was theorized that this phenomenon may have resulted
from the shearing of adsorbed particles from the surfaces, which leads to similar interaction
geometries for the two probe sizes.
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Chapter 1: Overview of Dissertation

1.1 Introduction

Colloidal dispersions are instrumental in a wide array of applications, ranging from inks,
environmental systems, petroleum processes, self-assembled materials, and bio-colloids.[1-10] In
each case the ability to control the particle interactions within the suspension is essential for
tailoring of the colloidal properties for a particular application. A stable colloid requires
balancing the multiple forces, both attractive and repulsive, that are present between individual
particles. Stability can be achieved through direct modification of particle surfaces to increase
repulsive forces, such as the addition of charged surface groups or polymer layers. This can
provide electrostatic or steric forces that counteract long range attractive forces, such as the van
der Waals interaction.[8]

Depending on the use, different levels of stability may be desired, and they require
control of aggregation behavior. In inks or paint and many processing applications, need the
colloid to remain as individual particles. Self-assembly typically needs a regulated aggregation
or deposition process, and environmental processes may require quick and simple aggregation
mechanisms to easily remove colloidal contaminants from a system. Given many applications for
colloidal dispersions require suspensions containing multiple particle types, it is important to
investigate and understand how different combinations of particles interact with one another and
how it relates to the stability of the suspension. The results and understanding gained from
studies using model colloidal systems can be applied to a broad range of more specific
applications. Furthermore, it is beneficial to produce colloids that are stable without requiring
extensive surface modifications that may be detrimental to the desired application of the
suspension. Understanding and implementing particle interactions to control the stability of
colloidal suspensions is essential to creating novel methods of stabilization.

1.2 Motivation

The purpose of this dissertation was to investigate the stability behavior of model
colloidal systems in the presence of highly charged nanoparticles. The specific systems studied
involved silica suspensions which are weakly charged and unstable, which are in suspension with
either polystyrene or metal oxide nanoparticles. These systems were chosen for the ability to
easily control the electrostatic interaction between the particles by adjusting the pH. The silica
microparticles are unstable near the IEP, which can easily be determined; the polystyrene
particles are highly charged (either positive or negative) across the entire pH range, and the oxide
nanoparticles are highly positively charged at low pH (when the silica is weakly charged). This
allows for tuning the net interactions between microparticles and nanoparticles; both weak and
strong interactions are possible, both repulsive and attractive.

The silica-based suspensions were previously used to investigate the nanoparticle haloing
effect, as well as more recent studies that indicated that repulsive electrostatic forces result from



direct nanoparticle adsorption. Prior to these studies, there was very little research available in
the literature that studied bidisperse systems of microparticles and nanoparticles where
significant adsorption occurred. The goals of the following work are to clarify the adsorption
behavior of the nanoparticles as well as to further understand the role the adsorption played in
the stability of weakly (or negligibly charged) silica suspensions. Additionally, there have been
very few studies where colloidal probe force measurements were performed in systems of
adsorbing nanoparticles, and this work

1.3 Overview of chapters

This dissertation follows the manuscript format, in which the primary experimental work
is presented in chapters as journal article manuscripts that either have been published in peer
review journals, or will be submitted for future publication; therefore, Chapters 4 through 7 are
co-authored by John Y. Walz. Chapters 2 and 3 give the background on the relevant topics and
techniques that are utilized in the work presented in this dissertation, including a review of the
literature in Chapter 2, and in Chapter 3 an overview of the AFM technique used in this
dissertation.

Chapter 4 presents the initial investigations into the adsorption potential stabilizing
effects of charged nanoparticles. The experiments use a model system of silica microparticles
and charged polystyrene nanoparticles to explore the relationships between zeta potential,
adsorption, and stability. These experiments indicate that stabilization is possible through direct
adsorption of nanoparticles, but that the zeta potential is an insufficient measure of the potential
effectiveness of the adsorbed particle layer. Chapter 5 continues the work with latex
nanoparticles, and aims to clarify the effects that were initially observed. The resulting
conclusions were that the adsorption of the nanoparticles merely reduced the flocculation rate,
and that ultimately the nanoparticles were insufficient stabilizers.

Chapter 6 presents further stability work utilizing metal oxide nanoparticles, rather than
latex nanoparticles. Zirconia and alumina nanoparticles were both used. The experiments
involved the different measurements performed previously, including zeta potential, adsorption,
stability, and colloidal probe force measurements. The findings in this chapter show that long
term stabilization is achievable, as both the zirconia and alumina nanoparticles were observed to
consistently and effectively prevent flocculation for the duration of the observation period.

Chapter 7 presents work focusing on the scaling of measured forces in systems of
adsorbing nanoparticles. The unexpected results show that the apparent force lacks the scaling
based on the colloidal probe radius that is predicted by the Derjaguin approximation.

Chapter 8 summarizes the results and overall conclusions from this dissertation, along
with discussing the contributions to the field and recommendations for future work. Finally, a set
of appendices are included, which contain additional experiments, data, and information on
methods used in the body of the dissertation.



Chapter 2: Literature Review

2.1 Introduction

The field of colloid and interface science dates back to the 19" century. Early
investigations of dispersed systems include the work of physicist Michael Faraday, who studied
the effects of salt on gold suspensions. His experiments showed that added salt caused rapid
destabilization of the gold particles and that particle detection was possible using focused
light.[11]

The term “colloid” was first used by Thomas Graham in 1861. In a publication on liquid
diffusion, Graham described two types of substances: crystalloids and colloids. He categorized
crystalloids as a “volatile” class of substances with regards to diffusion. This category includes
compounds such as salts and sugars which form crystals on their own but would readily diffuse
through a membrane when dissolved in a solvent. In contrast a colloid was “fixed” and would
not pass through the separation membrane, yet was able to still be dispersed in a fluid. Graham
commented on the often gelatinous nature of hydrated colloidal suspensions, and listed materials
such as various gums, tannins, and starches as possessing the “colloidal condition of matter”.[12]

The modern definition can vary between sources, but the designation of a substance as a
colloid is typically based on size. A colloidal particle is that which has at least one characteristic
length that falls on the nano-scale between the molecular and macroscopic regimes, with a size
range roughly spanning 10 A to 1 pm.[11, 13] This size yields unique functionality due the high
surface area to volume ratio of the particles. This is a size regime where the Brownian motion of
the particles begins to dominate the gravitational sedimentation forces acting on the dispersed
particles, such that dispersions of small particles can remain suspended indefinitely if
aggregation is prevented.

Additionally, the substance is usually composed of two or more discrete phases, a
dispersed (or colloidal) phase and the continuous phase, within which many different
interactions, forces, and behaviors can be observed. These systems can arise both in nature as
well as in manufactured systems. As such, the study of colloidal science often intersects with
many different fields, ranging from physics, biology, and chemistry to manufacturing and
environmental science.[13]

2.2 Colloidal forces and stability

The behavior of a colloidal system is typically defined by the cumulative forces acting
between the dispersed particles. The most significant forces are the electrostatic force and van
der Waals force, though other significant forces include depletion interactions, steric or
polymeric forces, and hydrophobic forces.[11, 13-15]



2.2.1 Electrostatic double layer

At the interface of two phases, there is almost always an electric potential present.[15]
One of the most common cases, and one that is very relevant to most colloidal systems, is the
immersion of a particle or surface (including solids, liquids, micelles, polymers) in a liquid,
where the a charge or electric potential is generated at the interface.[14, 15] This can occur by
various means: the surface molecules or atoms can ionize or charge groups can dissociate, or
ions that are present in the continuous phase can preferentially adsorb to the surface. However,
these systems must follow the requirement of electroneutrality, and therefore any charges
generated on the surface must be balanced by counterions in solution at the interface.

This behavior forms what is known as the “electrical-double layer”. This was first
observed by Helmholtz, in the mid-19" century.[16] The layers are composed of the fixed ions of
the surface, and the more diffuse layer of counterions, as shown in Figure 2-1. This double-layer
can be effectively treated as capacitors; however there have been many investigations and
proposed models as to the exact structure of the double-layer.

One of the prominent models is the Gouy-Chapman theory, which was developed
concurrently by the two researchers.[17, 18] The model improved on the understanding with the
observation that the capacitance was not constant in the diffuse layer. The primary assumptions
of the theory are that of an infinite flat surface, the ions are point charges uniformly spread over
the surface, and that the solvent properties are uniform and independent of the surface. One of
the limitations is that this model breaks down at high electrostatic charges. From this theory was
developed the Poisson-Boltzmann equation to calculate the electrostatic potential as a function of
distance from the charged surface. Further modifications include those by Stern who proposed
that in addition to the diffuse layer of counterions there is an immobile layer directly fixed to the
surface (Stern layer), and also by Grahame who proposed that it was possible for some ions to
penetrate the Stern layer.[14]

The effects of the double layer are directly tied to the ionic strength of the solution. The
electrostatic potential decays exponentially from the surface and the characteristic decay length
is tied to the Debye length of the system (which is a function of ionic strength). As the quantity
of ions in the system increases, the effective range of the charged surface is reduced as the
additional ions screen the surface charge from the rest of the system. Furthermore, the type and
valency of ion has an effect on the critical concentration of ions required to aggregate a
suspension.[13]

2.2.2 Zeta potential

In charged colloidal systems, the exact determination of the surface potential or surface
charge is quite difficult. Instead, the much more easily measured quantity known as the zeta
potential is used. The zeta potential is the potential at the plane of shear, which is the distance
from the surface at which the fluid molecules are not bound to the surface relative to the bulk
solution. While not equal to the surface potential, the zeta potential is commonly used as an



approximate value, given the close proximity to the surface. Figure 2-1 shows a schematic of the
charged double layer with corresponding potential curve indicating the location of the zeta
potential. The zeta potential is typically measured using one of the different electrokinetic
techniques. The most prominent techniques are electrophoresis and streaming potential, but
others exist, including electro-osmosis.
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Figure 2-1: Schematic of the electrical double layer, with corresponding surfaces and zeta potential.

Electrophoresis is one of the earliest observed electrokinetic phenomena, with the first
observations published by Ruess in 1809.[11] In those experiments, clay particles were observed
to migrate based on the application of an electric field. The velocity of the particles was later
related to the electrostatics and applied field by Helmholtz and Smoluchowski.[11] These
measurements are quite straightforward and the zeta potential can be simply calculated using the
particle velocity to determine the electrophoretic mobility. The velocity can be measured with
various techniques; larger particles can be observed optically, while the potential of nano-scale
particles can be determined using light scattering.

While electrophoresis applies an electric field to a stationary fluid and measures the
velocity of particles, streaming potential can be used to measure the zeta potential of a stationary
surface by flowing a fluid across the surface and measuring the induced potential.[19] This is
useful for measuring large surface areas (e.g. slides or packed columns).



One of the primary drawbacks for using zeta potential to characterize the effective charge
or predict the behavior of particles is that the measurement assumes that the surfaces are
homogeneous. The measurements do not account for uneven or patchy charge distribution. It has
been observed that suspensions where stability is predicted can still aggregate due to charge
nonuniformity. This can cause fluctuations in the interaction energy at a given separation
distance, as colloidal particles with uneven charge distribution move in solution, with the
movement due to Brownian motion or fluid velocity.[20] Methods of characterizing the charge
nonuniformity or zeta potential distribution is rotational electrophoresis which can also be
combined with light scattering for improved practicality.[21, 22] However, the application of
these techniques can be limited by the size of the particles as well as the extent and type of
charge distribution.

2.2.3 Colloidal stability

The stability of a suspension can be discussed in terms of either kinetic or
thermodynamic stability. Thermodynamic stability refers to a system that is at a minimum
overall free energy. Micellar suspensions and macromolecular are the types of systems are
typically dealt with in terms of thermodynamic stability, though colloidal crystal structures are
also examples.[13] However, given that the dispersed phase often has inherent thermodynamic
instability, discussions of colloidal stability predominantly refer to kinetic stability. In a
kinetically stable system, the system is not at a free energy minimum, however the time required
to reach this minimum is so large that the system essentially behaves as stable. In order to
achieve this, there must be a significant interaction energy barrier, often occurring due to
electrostatic forces as the van der Waals forces are usually strongly attractive at short separation
distances. Without a repulsive barrier, the Brownian motion of the colloidal particles is sufficient
to bring the surfaces into close contact and cause aggregation (or destabilization).

This approach is known as DLVO theory, and it states that the total interaction is can be
reached by summing the attractive and repulsive interactions. The standard DLVO interactions
are simply the double layer and van der Waals forces, which are assumed to be additive.[15] This
was initially proposed by Derjaguin and Landau, and later through separate work by Verwey and
Overbeek. Based on this approach, it is assumed that as the surfaces approach contact, there will
always be an infinitely attractive interaction (due to the van der Waals, which is essentially
independent of solution conditions such as ionic strength). In reality, it is assumed that a truly
infinite attraction is not physically possible, however this can be dealt with in calculations simply
with slight adjustments to the separation distance.[15] The shape of the rest of the curve results
from the magnitude the double layer force which may be either attractive or repulsive. In a
purely DLVO system, kinetic stability is achieved when the energy barrier is sufficiently large to
prevent particles from approaching or reaching contact. Figure 2-2 shows a simple depiction of
an energy barrier (AE) in a system with DLVO interaction. It is possible with the standard double
layer and van der Waals forces to cause a secondary minimum as well at larger separations.



Given that the size and shape of the electrostatic barrier is what provides the stability in
DLVO theory, being able to control the electrostatics is a way to control the aggregation. Many
materials have a relatively fixed surface potential in a given solvent, however (as mentioned
previously) the ionic strength can be used to greatly affect the range of the electrostatic force.
Increasing the ionic strength to the critical coagulation concentration lowers the energy barrier to
the point where the energy of the particles can easily overcome the barrier. Additionally,
materials such as metal oxides can be sensitive to pH, as the surface charge is sensitive to the
bulk hydrogen ion concentration. The surfaces typically are dominated by hydroxyl groups and
the hydrogen dissociates at high pH leaving a negative charged. Increasing the H' concentration
(lower pH) pushes the zeta potential towards the positive. The isoelectric point is where the
surface is effectively neutral (i.e. equal number of positive and negative charge sites) and is
likely to allow aggregation; therefore a careful adjustment of the pH can either stabilize or
flocculate a system.
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Figure 2-2: Simple schematic of DLVO energy barrier.

2.2.4 van der Waals forces

In general, it can be assumed that there is always a component of the overall force due to
the van der Waals interaction. This interaction effectively the sum of the molecular interactions,
which arise due to dipoles of interacting molecules (dipoles can either be permanent or induced
by other dipoles). The “classical” theoretical approach forms the basis Hamaker theory, which
separates the interaction into two parts: a purely geometrical equation, and a constant 4 (now
known as the Hamaker constant) which is dependent on the number of interacting atoms and the
coefficient from the pair potential between two interacting atoms.[14, 23]



A different approach, termed Lifshitz theory, can be used as well. It is a more
“macroscopic”, or continuum, approach based on the electromagnetic properties of the
system.[15, 24] This method incorporates many-body effects of the system, and can be applied to
systems with retardation effects as well as various geometries including multilayered surfaces,
spheres, and cylinders.[24, 25] The van der Waals interaction energy per unit area, E, s, between
two surfaces can be calculated by using a modified Hamaker-like term, 4(/), as a function of the
separation distance /, which is shown in.[24] A(l) is a function of material and dielectric
properties of the interacting materials and medium and is given in the literature.[26-28] One of
the primary drawbacks from this procedure is the necessity of obtaining dielectric spectral
information, the availability of which is limited to a relatively small selection of materials.

Generally, the net van der Waals interaction is attractive; however certain conditions can
lead to repulsive van der Waals forces. This can occur in systems with highly dissimilar surfaces
separated by a non-polar medium. Examples of repulsive systems are the interaction between
PTFE and materials such as alumina, silica, or gold.[29, 30] These surfaces are attractive in
intervening media such as air or polar solvents; however in non-polar solvents such cyclohexane,
the force is repulsive. These interactions have quantitatively predicted by multiple researchers,
and when using either Hamaker theory or Lifshitz theory, the calculated interaction is repulsive
(e.g. results in negative Hamaker constants). These interactions have been confirmed with
colloidal probe force measurements and exhibit a high degree of agreement with the theoretical
predictions.[29, 30]

2.2.5 Steric forces

Steric stabilization typically occurs through the use of polymer chains which can be
adsorbed, grafted, or otherwise attached to the surface of the dispersed particles.[31-35] This
interaction has stabilized suspensions such as inks and paints as far back as the ancient
Egyptians, and naturally occurring environmental colloids often have a steric organic layer
adsorbed.[15, 36] The polymer chains extend away from the particle surface and physically
inhibit the particles from approaching other particles close enough to be in the range of the van
der Waals attraction. In order for polymers to be effective steric stabilizers, it is necessary for the
thickness of the polymer layer to be greater than the interaction range of the attractive forces
between the particles in solution. The necessary thickness will vary, but for some materials, such
as heavy metals, this may require polymer layer thicknesses on the order of the particle size
itself.[34] The most effective stabilization occurs when the molecules extend perpendicular to
the surface, such as block copolymers that have one segment that strongly adsorbs, while the
other segment has a high affinity for the continuous phase.[15] The diversity of available
polymers allows for customization of the surface, with different combinations of polymer blocks
leading to different levels of stability, such as by combining polymers that attach strongly to the
particle surfaces with long chains that provide steric repulsion.[33] The polymer adsorption must
be controlled, as adverse effects such as bridging flocculation can occur when a polymer chains



adsorb to more than one particle simultaneously.[37] Ultimately, steric effects on stabilization
are most effective when coupled with electrostatic repulsion.[31, 32]

Sterically stabilized colloids can be created in situ, in which the colloidal particles
themselves are grown or formed in an environment that already contains the stabilizer.
Alternately, the stabilizer can be added to already formed dispersions; this requires some level of
initial stability in order for the individual particles to be properly coated with polymer.[36] The
molecular weight and concentration of a polymer is usually related to how effective it is as a
stabilizer. At lower concentrations, polymers tend to promote bridging flocculation, reducing the
stability, and in this regime it has been shown to have little dependence on molecular weight. In
general, once the concentration has increased to where stabilization occurs, higher molecular
weight polymers are more effective stabilizers at a given polymer fraction.[38]

The drawback of steric stabilization is that significant modification to the particles is
sometimes required. The stabilizers must be strongly anchored to the colloidal particle in order to
be fully effective. Without sufficient attachment, the molecules can migrate across the surface
(which is reduced with a fully coated surface) or can even desorb.[36] Directly altering the
surfaces can significantly affect the properties and behavior of the dispersion, potentially
reducing the performance or usefulness of the suspension in the desired application.
Additionally, these modifications can be difficult to reverse. To avoid these complications, it is
desirable to develop stabilization methods that do not directly alter the properties of the unstable
particles and allow for reversible control of stability. Whether it is with the addition of
macromolecules, polyelectrolytes, nanoparticles, or even other microparticles, the behavior and
stability of these suspensions can be significantly altered through specific interactions between
the distinct colloidal species[38-42], either to provide stability or to induce flocculation.

2.2.6 Depletion and structural forces

An area of particular interest since the early 20™ century is the depletion force, which
occurs in multi-particle systems containing some particles (or other solute) that are much smaller
than others. The first publications on this force were focused on concentrating rubber latex
suspensions through “creaming”, where negatively adsorbing polymer was added to induce
flocculation and separating the rubber from the suspending liquid.[43] This mechanism was not
completely described until the 1950s, when Asakura and Oosawa produced the first depletion
model.[44, 45] The depletion force occurs in systems of larger particles dispersed with smaller
charged “depletants”, such as small particles, polymer, or macromolecules which are repelled
from the surface of the larger particles. Depletion attraction occurs when two of the larger
approaching surfaces in suspensions of depletants exclude the smaller particles from the gap
between surfaces. This results in an osmotic pressure differential between the gap and the bulk,
which can produce a net attractive force between the two otherwise repulsive surfaces. This
produces an energy well at a given separation which can be deep enough to result in flocculation.
As such, if there was no repulsion between depletant and the larger colloidal surfaces, the
exclusion does not occur and the force is not present.[46, 47]



In terms of concentration dependence, the added depletants have no effect on the
colloidal stability until a critical flocculation concentration is reached. The attractive depletion
force increases with the concentration until the concentration is large enough to result in a long
range oscillatory force.[48, 49] These forces are due to the ordering or structuring of the high
concentrations depletants in the gap region. This can effectively restabilize the system, which is
sometimes referred to “depletion stabilization”.[50] This type of stabilization results entirely
from free or negatively adsorbing species, in contrast to steric stabilization, which relies on direct
adsorption or attachment of the stabilizers.

2.2.7 Nanoparticle haloing

A recently discovered phenomenon in colloidal stability is the “nanoparticle halo”, which
was first described by Tohver et al.[8, 35, 51-58] The basic principle is that larger weakly
charged microparticles in suspension with highly charged nanoparticles (both are of like charge),
there is sufficient electrostatic repulsion to prevent nanoparticle adsorption, yet a van der Waals
or other attractive force is sufficient to attract the nanoparticles to relatively short separation
distances. In systems that were explored both experimentally and through simulations, it was
shown that this allows a small energy well to develop a short distance from the weakly-charged
microparticle surfaces which are in suspension with the highly charged nanoparticles. The
nanoparticles then can form a highly-charged “halo” around the microparticle, which could
essentially stabilize the microparticles. The key feature of this interaction is that the
nanoparticles are not in direct contact with the surface, but are essentially adsorbed a short
distance (on the order of a Debye length[59]) from the surface.

Nanoparticle halos have been reported in various micro-nanoparticle systems including
alumina-ceria,[52] silica-zirconia,[60] and silica-polystyrene[55]. Various experimental methods
were used, including measuring the sedimentation velocity, and confocal microscopy of settled
particles to observe packing structures, as well as numerical studies of the interaction energies.
Ultra-small x-ray scattering was to determine a microparticle-nanoparticle separation distance of
2.15 nm for a silica-zirconia system; this compared to a solution Debye length of 1.8 nm at pH
1.5.[54] Other researchers have used colloidal probe AFM to investigate this mechanism. Force
measurements between silica surfaces in increasing concentrations of zirconia nanoparticles
indicated a transition between purely attractive and purely repulsive forces occurred at a volume
fraction of 10”. Additionally, a small peak at approximately 2.3 nm separation was observed at
this concentration, which was attributed to the distance that the nanoparticles were separated
from the surface.[61] These studies indicated that the nanoparticles prevented flocculation of the
microparticles, that they formed an electrostatically charged layer at a non-zero separation
distance, and that this was due to small energy wells.

Additionally, a similar behavior has been predicted in three-particle systems of micron,
submicron, and nanoparticles in a computational study.[62] In this system, the nanoparticles
produce a depletion attraction between the micron and submicron particles with an energy well at
non-zero separation distances. This attraction is predicted to be sufficient to hold the submicron
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particles in a halo around the microparticles. Additional long range features in the calculated
particle distribution were predicted, although they have not been experimentally investigated.

2.2.8 Nanoparticle adsorption

In contrast to the nanoparticle haloing, other researchers have concluded that repulsive
interactions resulting from charged nanoparticles are due to the direct adsorption of the particles
onto the weakly charged surface. Monte Carlo simulations by Trulsson and coworkers have
demonstrated that even in the case of a weak repulsion between silica spheres and zirconia
nanoparticles (which was the system previously predicted to allow a halo to form), the
nanoparticles will adsorb to the silica and produce a purely electrostatic stabilization.[59] One
interesting detail that the authors discussed was that in the weakly repulsive system a charge-
regulation occurs and the highly positive zirconia nanoparticles actually induce a deprotonation
of the silanol groups on the surface of the weakly positive silica. This leads to the silica surface
becoming weakly negatively charged, and thus being attractive to the zirconia, which then leads
to direct adsorption of the nanoparticles.

Experimentally, McKee and Walz investigated the forces present between glass surfaces
interacting in suspensions of either zirconia or polystyrene nanoparticles. With the zirconia,
experiments were done at pH 1.5 (weakly positive glass and highly positive zirconia), and the
results provided further evidence of direct adsorption. AFM images of the surface in the presence
of the nanoparticle solution showed distinct protrusions from the surface with sizes comparable
to the size of the nanoparticles (compared to the very smooth images with no nanoparticles
present), and the authors concluded this would only occur in the event of strong adsorption on
the glass surface. Additional force measurements indicated increasingly repulsive forces as the
nanoparticle concentrations increased. The forces were measured both where the glass was
effectively uncharged, as well as weakly like-charged (positive for the zirconia, negative for the
polystyrene).

Further force measurement work by Ji et al. showed that in systems of silica and
negatively charged polystyrene latex, the repulsive forces due to nanoparticle adsorption were
largely irreversible.[63] Force profiles were measured before and after the introduction of
nanoparticles, as well as after the nanoparticles were rinsed from the system. These showed that
while the nanoparticles increased the total force upon introduction, the force remained virtually
unchanged after the nanoparticle solution was flushed from the cell. Additionally, direct imaging
of silica surfaces that had been exposed to the polystyrene were imaged (using SEM) and
showed that a significant number of particles remained attached to the surfaces. From the force
measurements, a charge density was determined and converted to an approximate number of
particles per square micrometer; these values were in reasonable agreement with the approximate
number density of adsorbed particles observed in the SEM images. The authors concluded that
even a relatively small number density could have a significant effect on the total force.[63]
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2.3 Measurement of colloidal and surface forces

Given the importance that colloidal forces have on stability and particle or surface
interactions, different methods of experimentally measuring these forces have been developed.
Some of the earliest force measurements were carried out by Overbeek and Sparnaay, in which
experiments were conducted using flat glass and quartz plates in air.[64] The forces were
calculated from the bending of a stiff spring, determined using the electric capacity method with
an accuracy of about 10 A. These experiments were used to investigate long range attractive
forces, and Hamaker constants were calculated for the different systems, though at short
separations dust or surface roughness caused significant difficulties. This experimental setup was
later used to measure interactions between metal plates, such as chromium.[65]

Experiments by Derjaguin and co-workers were performed to measure repulsive as well
as attractive forces between metal filaments in liquid environments.[66] Platinum filaments were
used in various electrolytic solutions (including potassium chloride, magnesium sulfide, and
butyric acid). The filaments were polarized and the force was measured while moving one
filament using a potentiometer attached to the second. These measurements indicated the
presence of non-electrostatic repulsion due to films on the filaments in addition to repulsive
electrostatic forces. Further measurements were done with gold filaments at the point of zero
charge and Hamaker constants were determined.

In order to effectively measure interactions at very small separation distances, the surface
forces apparatus (SFA) was developed.[67] The technique was first described in 1968 by Tabor
and Winterton, where the van der Waals interactions were measured between two crossed
cylinders of mica in air. The movement of the surfaces was controlled by a piezoelectric
transducer, the separation distances were determined using multiple beam interferometry, and the
force was calculated from the deflection of a spring. This method was capable of operating at
separation distances as small as 5-30 nm with accuracy of 0.3 nm.[68]

The SFA technique was further modified by Israelachvilli and Tabor, reducing the
separation to 1.5 nm.[69] Different measurement methods included the “jump method” for short
separations as well as the “resonance method” using oscillatory measurements at known
frequencies for larger separations. Additional measurements between monolayer coatings on the
mica cylinders were performed.[70] Subsequent iterations of the device allowed for
measurements to be carried out in liquid systems, and the addition of lateral movement strain
gauges made possible the measurement of friction in various conditions. In the following years,
many modifications and attachments have been implemented, permitting a very wide variety of
measurements. Currently, separation distances less than 1 A can be resolved, equilibrium and
dynamic experiments can be made even in biological or electrochemical systems, and the
measurements can be simultaneously performed with techniques such as x-ray scattering and IR
spectroscopy on a single sample.[70]

The development of the technique known as total internal reflection microscopy (TIRM)
allowed for the measurement of forces between microscopic surfaces.[71, 72] Using TIRM, the
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forces and interactions can be measured between a single colloidal particle and a flat, transparent
plate. One of the primary advantages of TIRM is that the method is non-invasive. This method
utilizes an evanescent light wave, which is reflected off the plate (at an angle where total
reflection occurs) and illuminates a colloidal particle. The light scattered from the particle then
can be used to determine the instantaneous separation distance between the particle and plate
which, due to Brownian motion of the particle, is constantly fluctuating. Statistical analysis of a
large number of separation measurements can then be used to form a probability density
function, which can be converted to the interaction potential energy using the Boltzmann
equation. The scattering intensity is very sensitive to the separation distance, allowing for
nanometer-scale resolution.[71] To prevent migration around the surface, the particle can be
effectively trapped in the sampling area using optical radiation pressure without affecting the
measured energy profiles.[73]

TIRM can be used to measure van der Waals, electrostatic, and even gravitational forces,
but it is particularly useful for measuring the depletion force, as the technique can measure
depletion attractions with much greater sensitivity than other methods, including SFA.[71] Walz
and coworkers have measured depletion interactions with a charged polystyrene particle in
suspensions of charged silica nanoparticles as well as in the presence of surfactant micelles.[73,
74] The high degree of sensitivity allowed for the detection of depletion forces with as little as
0.02% vol. micelles at separation distances greater than 100 nm. Forces as small as 0.01 pN can
be detected with this technique however other methods may be more appropriate for the stronger
forces such as adhesion.[71]

Other less common force measurement techniques between colloidal particles (rather
than macroscopic surfaces) include the osmotic stress method[75] and colloidal particle
scattering[76]. The osmotic stress method relies on using osmotic pressure to control the
structure of colloidal dispersions, which is characterized using x-ray diffraction. The particle
interactions are described in terms of pressure versus distance curves.[77] The colloidal particle
scattering technique is a dynamic method that characterizes individual collisions between two
particles in solution, and by determining the particle positions before and after colliding the
position data can be fitted to trajectory equation to determine the interaction forces as a function
of separation distance.[76]

Finally, one of the most common colloidal force techniques is colloidal probe atomic force
microscopy (and which is used experimentally in this dissertation) will be discussed in more
detail in the following chapter.
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Chapter 3: AFM Force Measurements and Technique

3.1 Introduction and background

The atomic force microscope was developed in 1986 by Binnig, Quate, and Gerber.[78]
The instrument effectively combines the function of a scanning tunneling microscope and a
stylus profilometer, and allows for sub-nanometer scale imaging and investigation of surfaces.
Imaging is carried out by monitoring the deflection of a cantilever tip across a surface and
typically relies on short-range repulsive forces (Born repulsion) to provide image contrast.[77] In
addition to imaging, the AFM is naturally suited to measuring surface forces, as the cantilever
tips can be functionalized to perform measurements between a variety of materials or even single
molecules.[79] The force experiments in this dissertation (Chapters 6, and 7) utilize the
technique of colloidal-probe atomic force microscopy (CP-AFM) in which a colloidal
microsphere is attached to an AFM cantilever, allowing for highly sensitive force measurements
between an even wider variety of surfaces and in various fluid environments.[80]

CP-AFM measurements have been used to measure many different colloidal forces,
including DLVO interactions[81, 82], steric forces[83], depletion and structural forces[84-86],
adhesion forces[87-89], hydrodynamics[90], and friction[91-93]. Early measurements by Ducker
et al. included silica sphere-silica plate interactions as a function of pH and salt concentration, as
well as gold coated surfaces[80, 94]. The measurements can be carried out at low enough
velocities to avoid hydrodynamic contributions to the force. The silica measurements showed
very close agreement with predicted DLVO interactions at separation distances greater than 2-3
nm. The measured decay lengths were consistent with predictions and demonstrated a high level
of precision and reproducibility.

Non-DLVO forces, including steric, depletion, and adhesion interactions, can also be
measured. In the case of polymer adsorption, these forces can be present more than 200 nm from
the surface, with the increased range attributed to compression of the polymer layer.[83]
Depletion forces are easily measured between surfaces in various suspensions, including
nanoparticles and micelles, with good agreement to theoretical predictions, and can clearly show
oscillatory structural interactions.[84, 85] Finally, adhesion measurements focus on the force
required to remove the colloidal probe from surface contact. The contact time and applied forces
can be controlled before measuring the maximum force required to withdraw the cantilever from
the surface. This dissertation contains further discussion and experiments on DLVO, steric,
depletion and adhesion (either the main experiments or in the appendices).

Occasionally, particularly in the case of non-DLVO forces, it can become difficult to
determine the zero-separation point from the raw force data. In these cases, a more precise
determination of the separation distance can be achieved when CP-AFM is used in conjunction
with additional independent methods, including evanescent wave measurements.[95] This is
most important when comparing different systems. However even without the additional
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measurement, the CP-AFM data can still be useful in understanding the stability of a dispersion,
as an absolute value for contact is not required for evaluating a single system.[77]

3.2 AFM force measurements

The basic components of an AFM are shown in Figure 3-1. The sample surface is
typically mounted on an XY scanner, and the cantilever is attached to a piezoelectric translator,
which can precisely control the cantilever position. Cantilevers usually have a sharp tip with a
nanometer-scale radius for better imaging resolution, though they may have other surfaces
mounted or even be tip-less. A laser beam is directed onto the cantilever reflected onto a photo-
detector, which is used to determine the deflection of the cantilever.

Z-axis Detector

Piezo drive
Laser

Cantilever

Sample surface

XY Scanner

Figure 3-1: Simple schematic of an AFM.

Imaging of a surface can be done by applying a force to the cantilever and scanning it
across a surface. Through a feedback loop, the instrument maintains a constant force by adjusting
the height of the cantilever via the piezo drive. The surface image can be produced from the
measured deflection of the cantilever as well as from the recorded height position of the
piezo.[77] This method is typically referred to as “contact mode” imaging; however images may
be taken in “tapping mode”, which is useful for more delicate surfaces. In tapping mode, the
cantilever is vibrated at its resonance frequency while scanning across a surface (without making
contact). Surface features cause deviations in the vibration, which is then used to produce an
image.

Force measurements with an AFM are simply done by driving the cantilever to the
sample surface while measuring the deflection as the cantilever approaches and withdraws. The
linear spring constant of the cantilever, which is needed to relate deflection to force, can be
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obtained from the frequency of the thermal vibrations of the cantilever.[96] Equation 3.1 shows
the relationship between the spring constant £ and the thermal vibrations in the form of the mean
square deflection of a freely vibrating cantilever, <AZ>>.

kyT

k=5 (3.1)

Here, kp is the Boltzmann constant, and 7 is the temperature. The quantity <AZ*>is equal to the
integral of the primary resonant frequency (the area under the peak). The instrument software
contains functions that allow for quick determination of the resonant frequency, from which the
spring constant can then be calculated.

3.2.1 Colloidal probe preparation

To better mimic the interaction of specific surfaces, the technique of CP-AFM was
developed in 1991.[77, 80, 94] This technique utilizes a colloidal microspheres (“probe”) that is
attached to the end of a cantilever. This provides a custom surface instead of the standard tip,
which can be easily characterized for more accurate measurements. The probes can be
functionalized further either before or after being attached to a cantilever. Depending on the
desired application, the probes can be attached by glue, through sintering, or even through
adsorption.[77] A schematic of the “colloidal probe mount”, used to glue a microsphere to a
cantilever for the experiments in this dissertation, is shown in Figure 3-2.
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Figure 3-2: Schematic of the colloidal probe mounting apparatus used for mounting microspheres to
AFM cantilevers.
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To glue a microsphere, a cantilever is loaded into the holder. Two clean substrates are
used and one dusted with microspheres, the other with glue. The cantilever is positioned over,
and then dipped in, the desired adhesive (typically epoxy that is either heat-setting or UV-
curable), before being moved to a region with spheres. The cantilever is gently lowered to pick
up a single sphere. Once set, the cantilever (with sphere) is cleaned in a UV-ozone cleaner.
Figure 3-3 shows an SEM image of a cantilever with attached colloidal probe. The cantilever
shown has an approximately 3 um pyramidal tip, which has no effect on the measurements,
provided the probe is larger than the tip. Tip-less cantilevers can be used in situations where
smaller spheres are desired.

Figure 3-3: SEM micrograph of cantilever with attached spherical probe.

The surface clean sphere is then imaged using a reverse tip grating, which consists of an
array of nano-scale tips arranged on a surface. The standard imaging procedure is used, with the
grating acting as scanning probe, with the mounted sphere as the surface being imaged. Figure
3-4 shows a 3D contour image of a 5 um silica sphere. The primary image of the sphere is in the
center, and the clipped portions along the edges of the image are simply repetitions of the same
sphere (because the grating has an array of tips, when imaging a single sphere the instrument
produces an array of images of the sphere surface). These images can be flattened using the
AFM software, and from the flattened image the probe roughness can be assessed. For the
experiments in the following chapters, only spheres with an RMS roughness of less than 1 nm
were used (typically the spheres were in the range of 600-800 pm roughness).
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Figure 3-4: 3D AFM image of a 5 um silica sphere that has been mounted on a cantilever. Small
asperities are visible on the surface.

The final step before a force measurement is to determine the spring constant of the
cantilever with the attached sphere. CP-AFM measurements then proceed identically to standard
force measurements.

3.2.2 AFM Data Analysis

The raw data curves, as recorded by the instrument, are in terms of cantilever deflection
(volts) vs. the piezo drive (nm). Figure 3-5 shows a single raw data curve, which is in terms of
arbitrary deflection and position of the piezo. The data is divided into three regions. The region
at large separation distances, where it can be assumed that there are no surface interactions, is
considered to be zero deflection at low drive velocities. The interaction region is the range of
separation where the colloidal interactions of interest occur. The constant compliance region is
where the tip or probe is in contact with the sample surface and has a linear relationship between
the deflection of the cantilever and position of the piezo.
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Figure 3-5: Raw data curve from AFM. The three important regions are designated.

The constant compliance region is used to convert the deflection vs. drive data into force
vs. separation. Equation 3.2 defines the optical lever sensitivity (OLS), which is the ratio of the
deflection to the drive distance, and is equal to the slope of the constant compliance region.

oL — _4DefL (V)

"~ dDrive (nm) (3-2)

The underlying assumption is that in the constant compliance region the two hard surfaces are in
hard contact and therefore the distance the piezo drives the cantilever is equal to the distance the
cantilever deflects.[94]

dDefl (nm) B
dDrive (nm) (3-3)

With the constant compliance assumption, we can take the inverse OLS (invOLS) and use it to
convert the measured deflection (in volts) to deflection in nanometers.

Defl(nm) = invOLS X Defl(V) (3.4)
To complete the conversion to absolute deflection, the average value of the deflection in the

“zero deflection” region is subtracted from the entire curve.

Finally, the separation distance / of the colloidal probe from the surface is simply defined
by the sum of the deflection, drive, and arbitrary initial starting separation, 4, (Equation 3.5). The
deflection and drive are known, and /4, is found by setting #=0 within the constant compliance
region (hard contact).
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h = Defl + Drive + h, (3.5

The force is simply determined from the deflection using the spring constant and the
deflection, using Hooke’s Law (f = kx) with x as the deflection. A single converted force curve
is shown in Figure 3-6.
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Figure 3-6: Final individual force curve.

Multiple such curves from a single sample measurement are typically averaged together
into the final curve. The averaging procedure consists of dividing the curve into bins of varying
size (e.g. smaller, <1 nm, bins for the interaction region to preserve fine details in the measured
forces, larger bins for the zero deflection region) and averaging the bins into single points at a
given separation. Once the force curves are averaged into a single measurement, any signal drift
(or “virtual deflection”, which is a steady change in the deflection signal that is not due to the
measured surface forces) is removed from the curve by fitting a linear equation to the data at

large separations (the zero force region) and subtracting the resulting equation from the overall
curve.
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Chapter 4: Nanoparticle Adsorption and Stability in Binary
Colloidal Suspensions

This chapter consists of work that has been published. Reprinted with permission from: D. Herman,
J.Y. Walz, Stabilization of weakly charged microparticles using highly charged nanoparticles. Langmuir,
2013. 29, 5982-5994. Copyright 2013 American Chemical Society.

Experimental studies were performed to understand the ability of highly-charged
nanoparticles to stabilize weakly-charged microsphere dispersions. The experiments involved
adding either anionic (sulfate) or cationic (amidine) latex nanoparticles to dispersions of micron-
sized silica spheres near the silica IEP. Although both nanoparticles increased the zeta potential
of the microspheres above the value at which the silica-only dispersions were stable, only the
amidine/silica dispersions were stable. Adsorption tests on silica slides indicated that amidine
nanoparticles deposited more densely than sulfate nanoparticles, producing multi-layer surface
coverage. Calculated DLVO energy profiles between nanoparticle-coated microspheres predicted
stability for both systems. It is hypothesized that the relatively low coverage of the sulfate
nanoparticles (<25%) led to bare silica patches on the microspheres that could align during
interaction due to Brownian motion. This indicates highly-charged nanoparticles can be effective
stabilizers, provided sufficient levels of adsorption, and that zeta potential alone is insufficient
for predicting coated microsphere stability.

4.1 Introduction and background

The impact of charged nanoparticles on the stability of a dispersion of colloidal
‘microparticles’ has been studied by several different groups. In 1997, Sharma et al. showed that
negatively-charged silica nanoparticles added to an aqueous dispersion of negatively-charged
polystyrene latex particles (approximately 0.5 and 1.0 pm in diameter) could induce flocculation
at nanoparticle concentrations above approximately 2% vol.[39] The mechanism proposed was
long range attractive depletion forces that created secondary energy wells (beyond the range of
repulsive electrostatic forces between the charged latex particles). At nanoparticle concentrations
above roughly 5% vol., the flocculation was no longer observed, which the authors postulated
was due to the development of longer range structural forces caused by the layering of the free
nanoparticles in the gap region. These structural forces, which are caused by repulsive
interactions between the nanoparticles themselves, have been studied in great detail by numerous
researchers.[41, 48, 49, 97-101] The critical flocculation and restabilization concentrations
observed experimentally by Sharma et al. were consistent with predictions made using a force-
balance model developed earlier by Walz and Sharma[47].

Several years later, the phenomenon of nanoparticle halos was proposed by Tohver et al.
to explain some interesting stability behavior of a dispersion of weakly-charged silica
particles.[8] Specifically, when highly positively-charged zirconia nanoparticles (6 nm in

21



diameter) were added at low concentrations (as low as 10™ vol. fraction) to a dispersion of 0.570
or 1.18 um diameter silica particles at pH 1.5 (slightly below the IEP of silica), gelation of the
system was arrested. At higher nanoparticle concentrations, a re-entrant gelation concentration
was noted.

Tohver et al. proposed that the strong electrostatic repulsion between the nanoparticles
themselves, coupled with the weak repulsion between the nanoparticles and silica microparticles,
led to the formation of a halo of nanoparticles around the microparticles. A key feature of this
halo, which distinguished it from simple deposition, was that the nanoparticles were kept a fine
distance from the microparticle surfaces by short-range electrostatic repulsion, a hypothesis that
was supported by subsequent ultra-small angle X-ray scattering studies by Zhang et al.[54]
Tohver et al. postulated that the re-entrant gelation observed at higher nanoparticle
concentrations arose from attractive depletion forces between the microparticle/nanoparticle
complexes caused by excess zirconia nanoparticles in solution.

This formation of a nanoparticle halo was later supported by Monte Carlo simulations of
Luijten and coworkers, who suggested that in addition to the nanoparticle-nanoparticle repulsion,
attractive forces between the microparticles and nanoparticles could also play a role in the
formation of the halos.[35, 58, 102] The authors suggested that these attractions could arise from
either van der Waals forces or from electrostatic attractions that can arise between two surfaces
with charge of the same sign but greatly different magnitude.

Additional experimental work on the topic of nanoparticle halos has been performed by
several different groups. Hong and Willing[61] measured the force between silica surfaces
(micron-sized silica sphere and flat silica plate) in dispersions of zirconia nanoparticles using
colloidal probe atomic force microscopy (CP-AFM) at conditions similar to those used by
Tohver et al. The authors observed a slight inflection in the force profile measured at a
nanoparticle volume fraction of 10 which they attributed to the formation of a nanoparticle
halo. Chang et al. measured the effect of adding weakly positively-charged zirconia
nanoparticles on the gravitational settling rate of polystyrene late particles (highly negatively-
charged).[103] At low concentrations, the nanoparticles were able to reduce the settling rate,
suggesting a more stable dispersion, which the authors attributed to nanoparticle halos.

In addition to these studies, focused specifically on nanoparticle halos, Walz and
coworkers used CP-AFM to measure the general effect of highly-charged nanoparticles on the
force profile between weakly-charged surfaces. McKee and Walz measured the force profile
between a micron-sized glass sphere and glass plate in solutions of zirconia and polystyrene
nanoparticles at pH values near the IEP of glass, such that significant deposition of the
nanoparticles occurred.[84] The authors found that at low nanoparticle concentrations, both
nanoparticles produced a significant increase in the repulsive force between the glass surfaces
and that the decay length of the force was similar to that of the solution Debye length, suggesting
a screened electrostatic repulsion arising from the deposition of the charged nanoparticles.
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Ji et al. conducted a similar though more comprehensive study using weakly-charged
silica surfaces with highly negatively-charged polystyrene latex nanoparticles.[63] It was found
that the increased repulsion between the silica surfaces upon introduction of the nanoparticles
was caused by nanoparticle deposition and that this force did not disappear upon flushing the
nanoparticles from the solution. This latter finding indicated that the nanoparticles were
depositing onto the silica surface into deep energy wells (i.e., essentially irreversible deposition).

These prior results suggest that whatever the fundamental mechanism (i.e., strong
deposition of nanoparticles directly onto the surface or a weakly-bound halo of nanoparticles
displaced slightly from the surface), highly-charged nanoparticles could be an effective means
for stabilizing weakly-charged microspheres that would otherwise flocculation. Motivated by
these findings, we decided to undertake a relatively comprehensive study to understand the
general capability of using charged nanoparticles as stabilizers. Specifically, unlike polymeric
stabilizers which can create a tightly-packed brush layer of polymer chains uniformly over the
surface leading to repulsive electrostatic and steric forces, it was unclear to us whether charged
spherical nanoparticles would consistently produce strong enough repulsive forces to overcome
the attractive van der Waals forces driving aggregation.

Our experimental system consisted of weakly-charged silica microspheres (near the IEP
of silica) in solutions of either anionic or cationic polystyrene latex nanoparticles. The
nanoparticles were of similar average size and absolute zeta potential, though the cationic
nanoparticles were significantly more polydisperse in size. Stability of the dispersions with and
without added nanoparticles was measured visually and using optical absorbance, and the degree
of nanoparticle adsorption was measured using direct visualization (scanning electron
microscopy) and with a quartz crystal microbalance.

4.2 Materials and methods

4.2.1 Materials

Filtered, deionized water was used for all experiments, and was produced by a RiOs 8
reverse osmosis system (Millipore, catalog #ZR0S6008Y), followed by a Barnstead EASYpure
IT UV Ultrapure water system (Thermo Scientific, catalog #D7401). The water had a resistivity
of 18.2 MQ-cm. Fused silica slides (Corning 7980 fused quartz silica, item #3x1x1mm) were
obtained from TGP (Technical Glass Products, Inc., Painesville, OH). The silica microspheres
(Polysciences, Inc., Warrington, PA, catalog #24326-15) were supplied at a concentration of
10%w/v in water at a size specification of 1.0 um. The nanoparticles used in the experiments
were IDC brand latex nanoparticles ordered through the Invitrogen Corporation (Life
Technologies, Carlsbad, CA). Both types of nanoparticles were specified to be 0.02 um; the
sulfate latex nanoparticles (catalog #S37200) were supplied as an 8%w/v suspension in water
and the amidine latex nanoparticles (catalog #A37309) were supplied at 4%w/v.
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4.2.2 Zeta potential

The zeta potential of the silica slide surfaces was determined using a SurPASS
Electrokinetic Analyzer (Anton Paar GmbH, Graz, Austria). The SurPASS tubing was rinsed
using the extended rinse program instructions with very dilute isopropanol (<1% vol. in water)
and then with deionized water; rinse cycles were approximately 5 min for each. The fused silica
microscope slides were cleaned with pure ethanol, rinsed in deionized water, and cleaned for 30
min in a UV/Ozone ProCleaner (BioForce Nanosciences, Inc., Ames, [A), before being mounted
in the SurPASS “clamping cell” configuration. A 5 min rinse cycle was then run using the
chosen electrolyte, which had been adjusted using 0.2 M NaOH to the highest pH to be used.
After rinsing, the zeta potential was measured at pH intervals from high to low pH, using 0.2 M
HCI as the titrant.

Measurements of the zeta potential of microspheres and nanoparticles (separately) were
done via Dynamic Light Scattering (DLS) using a Zetasizer Nano ZS (Malvern Instruments Ltd,
Worcestershire, UK), with samples measured in disposable folded capillary cells (catalog
#DTS1060C), which were rinsed first with ethanol then deionized water and dried with
compressed nitrogen gas. To measure zeta potentials across a range of pH values, the Malvern
MPT-2 Autotitrator was used, with 0.25 M HCI, 0.25 M NaOH, and 0.01 M HCI used as titrants.

To measure the effective microsphere zeta potentials in binary microsphere/nanoparticle
solutions, a Micro-Electrophoresis Apparatus Mk II (Rank Brothers Ltd., Cambridge, England)
was used. The rectangular cell configuration was used to avoid the effect of sedimentation on
observed particle velocity. Nanoparticle concentrations used with this instrument corresponded
to those used in the flocculation and adsorption measurements, while the microsphere
concentration was relatively dilute (<0.01% vol.) in order to be able to observe individual
particles. All the measurements were taken at the stationary plane in the cell in order to eliminate
the effects of the counter-flow of electrolyte in the cell. An electric potential was applied across
the cell and the velocity of the particles was determined visually using a stopwatch to measure
the time a particle took to travel a fixed distance.

4.2.3 Nanoparticle adsorption

Scanning electron microscopy (SEM) was used to determine the degree of nanoparticle
adsorption onto fused silica slides. The slides were cleaned by sonication in ethanol. Initially, the
slides were subsequently cleaned via UV/Ozone treatment; however this step was discontinued
after the test images showed no difference in behavior between surfaces treated with and without
the UV/Ozone cleaning. An appropriate volume of nanoparticle solution at the desired volume
fraction was prepared, briefly sonicated, and then titrated to the desired pH using 0.2 M HCI or
0.2 M NaOH.

A beaker of deionized water to be used as the rinse solution was prepared and titrated
using 0.2 M HCI to the same pH as the nanoparticle solution. The cleaned and dried silica slides
were briefly immersed in the rinse solution before being placed in a beaker containing the
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nanoparticle solution. After 30 minutes in the nanoparticle solution, the silica slide was removed
from solution and gently rinsed in the rinse solution in order to remove any excess (non-
adsorbed) nanoparticles from the slide. By using the same pH for both the adsorption and rinse
solutions, the surface charge should remain approximately the same and the adsorbed particles (if
they were present) would remain on the slide. The silica was then allowed to air dry, after which
the surfaces were sputter-coated with a 1-2 nm layer of gold in preparation for SEM imaging.

4.2.4 Stability and flocculation

The stability of the silica microsphere dispersions was studied using both visual
observation and optical turbidity measurements. To prepare samples for the flocculation
experiments, appropriate concentrations of latex nanoparticles (either amidine or sulfate) were
prepared and titrated to the desired pH using either 0.2 M HCI or 0.2 M NaOH (for experiments
without added nanoparticles, only deionized water was titrated, using the same titrants). Equal
volumes of the titrated solutions were then sonicated to help disperse the nanoparticles and then
transferred to cuvettes. The appropriate amount of microspheres was sonicated and then added to
the cuvettes to reach 0.1% vol. silica in each cuvette. The cuvettes were capped and inverted in
order to evenly distribute the particles. When using the UV/Vis spectrometer, the samples were
all sonicated briefly one more time before the experiment, as there was additional time in
between the sample preparation and experiment.

Quantitative assessment of the rate of flocculation was performed by measuring the total
absorbance in a UV/Vis spectrophotometer and then calculating a turbidity exponent, n, that
depends on the size of the scattering particles. Specifically, for particles outside of the Rayleigh
regime, the total absorbance (turbidity) of the sample can be expressed as an exponential
equation (Equation 4.1).

A=k (4.1)

Here, A4 is the turbidity at wavelength A, n is the turbidity exponent, and & is a constant
that depends on particle size, density, and refractive index.[39, 104, 105] This equation is
derived from the classic relationship between the intensity of light scattered and wavelength in
the Rayleigh regime (size << wavelength) where the scattered intensity scales as A™*. For particle
sizes of order 4 or greater (i.e., Debye scattering, which applies to the 1.0 um silica spheres used
in these experiments), the wavelength exponent increases with increasing size of the scattering
objects.[37, 104, 106]

The spectrometer used for the UV/Vis measurements was an Ocean Optics SD2000
miniature fiber optic spectrometer with an Ocean optics DT-1000-CE Deuterium Tungsten light
source (Ocean Optics, Inc., Dunedin, FL). The absorbance spectrum was recorded at regular time
intervals in order to calculate the turbidity parameter. In the measurements, the absorbance
spectrum from 500-700 nm (wavelength) was used. The turbidity parameter was determined as
the slope of a log-log plot of absorbance versus wavelength.
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4.3 Results

4.3.1 Zeta potential of the microspheres and nanoparticles

In Figure 4-1, the measured zeta potential for both the 1.0 um silica microspheres and the
fused silica slides is shown as a function of pH. For comparison, zeta potential data for silica
slides, reported by Scales et al.[19], is also included. While there is a clear difference between
the different experiments at a given pH value, the trends are quite consistent. The isoelectric
point falls between pH 2.0 and 3.0, depending on the material geometry and type of zeta
potential measurement.
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Figure 4-1: Measured zeta potential vs. pH for 1.0 um silica microspheres and silica slides, compared
with literature values[19].

Figure 4-2 shows the zeta potentials obtained using DLS for both amidine latex and
sulfate latex polystyrene. For each data point, the Zetasizer software combined a minimum of 10
zeta potential measurements (more runs were automatically conducted if required to sufficiently
fit the data; typically there were less than 20 runs required per data point). There is significant
scatter in the data points (due to Brownian motion of the nanoparticles[63]), however for both
types of particles, the zeta potentials remain consistent over the range of pH range. Furthermore,
the average values were consistent over multiple measurements, suggesting the relatively large
standard deviation arises from variation in the particles rather than in the measurement. By
comparing the trends in Figure 4-1 and Figure 4-2, it is clear that the strength and direction of the
electrostatic interaction between the microspheres and nanoparticles can be effectively controlled
by altering the pH.
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Figure 4-2: Zeta potentials of sulfate latex (circles) and amidine latex (triangles) nanoparticles. The
standard deviation of the measured values is indicated by the error bars.

4.3.2 Zeta potential of microspheres with the nanoparticles

Table 4-1 shows the effective composite zeta potential for the binary mixtures of silica
and polystyrene particles. The values reported here for the nanoparticles were taken from Figure
4-2. The measurements on both the silica-only and the binary solutions were done at pH 2.0 and
3.0 using the Rank Brothers Micro-Electrophoresis Apparatus Mk II. Because this measurement
involves actually viewing the particles via a microscope, only the microspheres are large enough
to be visually detected in measurements involving dispersions containing both nanoparticles and
microspheres. It was noted that in solutions where the pH was near the IEP for the silica
microspheres, a significant number of microspheres were effectively stationary.

As seen, the presence of the nanoparticles substantially increases the measured zeta
potential of the silica microspheres, presumably due to adsorption of the highly-charged
nanoparticles. For both the amidine and sulfate systems, the magnitude of the zeta potential is
similar to, or even larger, than the zeta potential measured for bare silica particles at pH 6
(Figure 4-1).
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Table 4-1: Comparison of composite zeta potentials (mV) for 1.0 um silica
microspheres and polystyrene latex nanoparticles.

pH 2.0 pH 3.0
Sulfate latex nanoparticles -52+420 -57+24
Amidine latex nanoparticles +53+£26 +64+25
Silica microspheres +7.3£3 +2.1£3
o ) 1050 .
Silica microspheres + 0 ?A; vol 639415 108,147
sulfate latex nanoparticles
o . 050 '
Slhca. rr.ncrospheres 0 5'A> vol 179 6412 183 146
amidine latex nanoparticles

It is interesting to note that the zeta potential of the microspheres measured in the
microsphere/nanoparticle mixtures is actually significantly greater than that of the nanoparticles
themselves. Our hypothesis is that this discrepancy arises from the interpretation of the measured
electrophoretic mobility. Specifically, the relationship between electrophoretic mobility and zeta
potential depends on the radius of curvature, thus accurate determination of the zeta potential for
micron-sized particles with adsorbed nanoparticles is non-trivial. For this reason, the values
reported for microsphere/nanoparticle mixtures in Table 4-1 should be viewed as semi-
quantitative. The key finding here is that the adsorbed nanoparticles greatly increase the apparent
zeta potential of the microspheres.

4.3.3 Stability of dispersions containing only silica microspheres

Figure 4-3 shows the resulting turbidity curves for solutions containing only 0.1% vol.
1.0 pm silica microspheres. The pH ranged from pH 2.0 to 8.2. As particle size increases, the
turbidity exponent becomes less negative, indicating larger scatterers. From the data, there is a
clear difference between samples at pH 4.0 and lower, compared to 5.0 and higher. The
solutions, at and below pH 4.0, show a relatively large and rapid change in the turbidity
exponent, which becomes less negative. This indicates a significant increase in the size of the
suspended particles which, for this type of system, is a direct indication that the silica
microspheres are flocculating.[37, 106] From about a pH of 5.0 and higher, the microspheres are
effectively stable, with the turbidity (and therefore the particle size) remaining constant over the
observation time. The particle size, as gauged by the turbidity exponent, remains approximately
unchanged over a period of two hours, while the lower pH solutions show a rapidly increasing
particle size, with significant flocculation being visible almost immediately.
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Figure 4-3: Turbidity curves of 0.1% vol. 1.0 um silica microsphere dispersions at varying pH (no added
nanoparticles). The pH values used are labeled in the legend.

For the purposes of the plots of turbidity exponents with respect to time, the first
measurement is taken to be effectively =0. In actuality, however, there was a short interval of
approximately 10 minutes between the introduction of the microspheres into the solution and the
beginning of the measurement process. The samples were all sonicated again briefly right before
the measurements; however, it was difficult to begin the measurements before the particles began
flocculating. Since the flocculation process is quite rapid when it was observed (at low pH), the
unstable particles had already begun to aggregate before the initial turbidity measurement of
each sample (at #=0), resulting in the slightly different starting values for » for the first measured
point at each pH.

As flocculation continues, the larger flocs sediment out of solution, leaving smaller flocs
and individual particles suspended. This sedimentation causes the turbidity exponent to decrease
after reaching a peak value. Using the peak in the n-vs.-time curve as an indicator, a significant
portion of the silica microspheres flocculate and begin to sediment out of solution in about 20
minutes.

Photographs of the flocculating silica-only solutions at different times are shown in
Figure 4-4. Solutions that are stable are cloudy due to scattering of light by the suspended
microspheres. The lower pH solutions clearly flocculate and most of the particles sediment
within an hour. The pH 4.0 solution is somewhat in between the two extremes, as flocculation is
visible but much slower than pH values that are slightly lower. At pH 5.0 and higher, there is a
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very clearly defined boundary between the sedimenting spheres and the supernatant, indicating
the spheres are sedimenting individually and uniformly.

Figure 4-4: Stability of 0.1% vol. 1.0 pm silica microspheres. In each photograph, the cuvettes contain
solutions at pH (L to R) 0of 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, and 8.0.

4.3.4 Stability of dispersions containing silica microspheres and sulfate nanoparticles

A plot of turbidity vs. time at different pH values for dispersions of 0.1% vol. silica
microspheres plus 0.5% vol. sulfate nanoparticles is shown in Figure 4-5. As seen, the stability
of the microspheres remains essentially unaffected by the addition of the nanoparticles. This
concentration of nanoparticles was chosen as it is in the range (approximately 0.1 to 1.0% vol.)
suggested in the literature that would potentially exhibit a stabilizing effect.[8, 55] However, the
microsphere/nanoparticle solutions studied in Figure 4-5 behave almost identically to the
microsphere-only measurements (Figure 4-3), exhibiting the same characteristic rapid change in
turbidity at low pH values. Indeed, based solely on the turbidity values, it appears that the
microspheres may actually flocculate slightly faster or form larger aggregates when compared to
Figure 4-3. Specifically, the peak in turbidity is approximately -0.7 for pH values ranging from
2.0 to 3.0 with the added sulfate latex nanoparticles, whereas without the nanoparticles the peaks
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were between about -0.8 and -0.9. This difference could result from a slight depletion attraction
between the microspheres produced by the nanoparticles in solution, though this is not certain.
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Figure 4-5: Turbidity curves of 0.1% vol. silica microspheres in solution with 0.5% vol. sulfate latex
nanoparticles. The pH values used are labeled in the legend.

Figure 4-6 shows photographs of silica solutions at low pH values with and without the
addition of sulfate latex nanoparticles at different times. The silica-only samples flocculate as
usual, and the samples containing the sulfate latex do as well. However, in this instance the pH
2.0 sample is shown to flocculate slower than the rest. It still lacks as well of a defined boundary
between the sedimenting particles and the remaining solution, however there are clearly more
particles in suspension after 2 hours than the other cuvettes at the different pH values, and the
image clearly differs from the behavior of the pH 2.0 sample shown in Figure 4-4.

It is important to note that dispersions containing the latex nanoparticles (both sulfate and
amidine, presented below) exhibit a bluish color. When the dispersions also contain suspended
silica microspheres with the nanoparticles, the color is less noticeable. However, as the
microspheres flocculate and sediment, the remaining supernatant is distinctly bluish in color
when compared to the silica-only solutions. In Figure 4-6 (as well as Figure 4-7), the focus
should therefore be on the opacity of the solution and the interface between the uppermost silica
particles and supernatant. Non-flocculated samples will appear white in all cases. With this in
mind, as seen in Figure 4-6, every cuvette except the silica/latex at pH 2.0 is nearly transparent,
indicating almost complete flocculation and sedimentation of the microspheres by the time of the
final image (120 min).
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The silica/latex solution at pH 2.0 is noticeably bluish with a less-defined sedimentation
boundary, as some degree of flocculation has occurred, allowing the bluish nanoparticle-
containing supernatant to be visible. Nonetheless, it is quite apparent that the pH 2.0 sample in
Figure 4-6 appears to be more stable by comparison to the other pH samples. While this image
suggests that the sulfate nanoparticles are tending to stabilize the dispersion at this pH, it should
be noted that this result was not observed consistently. Furthermore, the turbidity results in
Figure 4-5 indicate that this solution does, in fact, flocculate. This may indicate that the
conditions for this sample are near a transition region between stable and unstable.

Figure 4-6: Dispersions of 0.1% vol. silica microspheres with and without 0.5% vol. sulfate latex
nanoparticles. In the cuvettes from L to R: pH 2.0 SiO, only, pH 2.0 SiO, + sulfate nanoparticles, pH 2.5
SiO; only, pH 2.5 SiO, + sulfate nanoparticles, pH 3.0 SiO, only, pH 3.0 SiO; + sulfate nanoparticles.

Figure 4-7 shows the results of an experiment investigating the effect of the concentration
of the sulfate nanoparticles on the stability of the microspheres. The solution pH was 2.5 and
nanoparticle concentrations of 0.1, 0.5 and 1.0% vol. were used. As seen, the turbidity exponent
showed the same initial increase as observed in samples without added nanoparticles (Figure
4-3), meaning that the solutions flocculated again. It was observed, however, that the turbidity
curve for the lowest nanoparticle concentration (0.1% vol.) did not exhibit quite the same peak as
observed in the higher concentrations, and appears to flocculate slightly slower.
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Figure 4-7: Turbidity curves for 0.1% vol. silica microparticles with varying concentrations of sulfate
latex nanoparticles, all at pH 2.5. The legend indicates the nanoparticle concentrations that were used.

4.3.5 Stability of dispersions containing silica microspheres and amidine nanoparticles

Shown in Figure 4-8 are photographs of dispersion containing 0.1% vol. silica
microspheres plus 0.5% vol. positively-charged amidine latex nanoparticles at varying times.
Here, at all three pH values, the amidine latex very clearly stabilized the microspheres. Each
solution has a well-defined sedimentation boundary layer, just as observed with the stable, silica-
only solutions in Figure 4-4. This is somewhat unexpected, as the magnitude of the zeta
potentials of the microspheres with the amidine nanoparticles are comparable to those with the
added sulfate nanoparticles (Table 4-1). Clearly zeta potential alone is not sufficient for
predicting the system stability.
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Figure 4-8: Dispersions of 0.1% vol. silica microspheres with and without 0.5% vol. amidine latex
nanoparticles. In the cuvettes from L to R: pH 2.0 SiO, only, pH 2.0 SiO, + amidine nanoparticles, pH 2.5
SiO; only, pH 2.5 SiO, + amidine nanoparticles, pH 3.0 SiO, only, pH 3.0 SiO; + amidine nanoparticles.

Figure 4-9 shows the turbidity exponents for amidine latex (0.5% vol.) and 1.0 um silica
(0.1% vol.) at various pH values over the course of about 2 hours. As expected, based on the
photographs in Figure 4-8, the turbidity exponents at each pH remain essentially constant over
the course of two hours. The different samples had somewhat varying starting values, which
could be due to small differences in concentration introduced during sample preparation, but the
turbidity exponents nonetheless showed little change throughout the entire experiment time.
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Figure 4-9: Flocculation behavior of 0.1% vol. silica microspheres in solution with 0.5% vol. amidine
latex nanoparticles. The dotted lines serve only to guide the eye and connect the data points for a given
sample. The pH values used are labeled in the legend.

4.3.6 Adsorption of nanoparticles on silica surfaces

In order to better understand the stability behaviors reported in Figure 4-4 through Figure
4-9, a series of tests to quantify the degree of nanoparticle adsorption were conducted. Figure
4-10 shows images of fused silica slides that had been immersed for 30 minutes in 0.1% vol.
sulfate latex solutions, at varying pH values. The level of adsorption observed is negligible for
higher pH values, and becomes noticeable at pH 3.5. Lower pH samples show significant
adsorption, as the silica becomes positively charged.

35



WD= 4mm EHT= 500KV Date:4Aug2010 WD= 4mm EHT=500KkV Date:4Aug2010
Mag = 100,00 KX Photo No. = 8818 Signal A = InLens Mag = 100,00 KX Photo No. = 8828 Signal A = InLens

WD= 4mm EHT=500kV Date:4Aug2010 WD= 5mm EHT=500kV Date:29Jul2010
Mag = 100.00 K X Photo No. = 8831 Signal A = InLens Mag = 100.00 KX Photo No. = 8340 Signal A = InLens

= WD= 5mm EHT=500kvV Date:29 Jul2010 i WD= 5mm EHT=500kV Date:29 Jul2010
pH=4.6 — Mag=10000KX  PhelaNo =834  Signal A= InLens pH=9 Mag=10000KX  PholaNo =832  Signal A= InLens

Figure 4-10: SEM images of fused silica after immersion for 30 min. in a 0.1% vol. sulfate latex
nanoparticle dispersion at various at pH values. Images are 100kX magnification, showing increasing
adsorption with decreasing pH.

Estimates of the surface density of adsorbed particles were determined from the SEM

images in Figure 4-10. Multiple images were taken at each pH and the average density was
estimated. Figure 4-11 shows the approxmate number of nanoparticles per square micron at each
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pH. Above a pH of 4.5 there are effectively no adsorbed nanoparticles. By pH 3.5 there is
noticable adsorption, which increases with decreasing pH.
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Figure 4-11: Number density of adsorbed sulfate latex nanoparticles (0.1% vol. in solution), displayed as
both number per pm? (left axis) and in percent of surface covered (right axis).

To confirm that adsorption was in fact taking place, rather than non-adsorbed particles
simply drying on the surface, quartz crystal microbalance (QCMD, Q-sense/Biolin Scientific,
Linthicum, MD) measurements were performed using the same concentration of sulfate latex
particles, 0.1% vol. The surfaces used were Q-sense silica sensors (catalog #QSX 303). The mass
adsorbed was calculated using the Sauerbrey equation.[107] The trend in the QCM results in
Figure 4-11 agrees with that obtained using the SEM micrographs, showing increasing
adsorption with decreasing pH of the solution. The difference in magnitude between the two data
sets likely results both from the difference in the measurement surface (QCM sensors are

vibrating in a flow cell), and the fact that the SEM micrographs merely provide rough estimates
of density.

By comparison, the images in Figure 4-12 show the adsorption of amidine latex
nanoparticles on silica slides at four pH values. In each case there is significant adsorption; far
more than what was observed using the sulfate nanoparticles at the same conditions. Based
solely on visual estimation of the number of adsorbed particles, the particle density on the
surfaces actually appears to decrease with increasing pH, which is essentially the opposite of
what was expected, as the silica surface becomes more negatively charged with increasing pH
while the zeta potential of the amidine latex nanoparticles remains highly positive over this pH
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range. Thus, surprisingly, the adsorbed nanoparticle density is highest when both the silica plate
and amidine latex nanoparticles are positively charged (pH 2.0).
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Figure 4-12: Silica surfaces with adsorbed amidine latex (0.5% vol. solution) at varying pH values.

A comparison of images between the sulfate and amidine nanoparticle systems at pH 2.0
is shown in Figure 4-13. Both images were done with 0.5% vol. nanoparticles. The amidine latex
particles clearly have adsorbed in much larger quantities than the sulfate particles. Because of the
large degree of adsorption, accurate estimates of the number density of nanoparticles were
difficult. Our approach was to estimate the thickness of the adsorbed layer and then calculate the
corresponding nanoparticle density. The estimation of the layer thickness was simply done
visually; the layers were discontinuous over the surface, so the edges of the multi-layered regions
were visible, so rough counts of the number of visible layers were made. For simplicity, it was
assumed that the particles were adsorbed in discrete layers with the number of particles per layer
equal to that of the visible surface layer, with the total particles per area being the visible
particles multiplied by the number of layers in that region.
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Figure 4-13: Comparison of amidine (left) and sulfate (right) latex adsorption at pH 2.0 on silica slides.
Nanoparticle solution concentration was 0.5% vol. in both cases.

The approximate adsorbed particle densities for both amidine and sulfate latex particles at
0.5% vol. bulk concentration are shown in Figure 4-14 for various pH values. As seen, the
amidine nanoparticles adsorb in substantially higher quantities at every observed pH, with at
least three times more nanoparticles per unit area than with the sulfate nanoparticles. This is a
key difference between the two systems, which can potentially explain the difference in stability
of binary solutions using the different particles.
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Figure 4-14: Comparison of approximate amidine latex and sulfate latex particle densities (both from
0.5% vol. nanoparticle solutions) on silica slides at varying pH.
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4.4 Discussion
The results presented in the previous section can be summarized as follows:

1. Comparing the zeta potential data and flocculation experiments, we see that the silica
begins to flocculate in solutions below a pH of about 4.5, where the microspheres had
absolute zeta potentials below approximately 40 mV.

2. The binary solution zeta potential measurements all showed the effective zeta potential of
the microspheres increase substantially upon the introduction of the nanoparticles.
Specifically, adding 0.5% vol. of either sulfate or amidine nanoparticles increased the
magnitude of the zeta potential to over 60 mV, which is significantly higher than the zeta
potential at which bare silica microspheres remained stable.

3. Addition of the sulfate nanoparticles to the silica microspheres had no noticeable effect of
the stability of dispersion. While some increased stability was noticed at pH 2.0, the
improvement was not consistent in all samples.

4. The amidine latex nanoparticles produced drastically different results for the binary
solutions, most notably in that they prevented flocculation of the silica at every pH value
studied. These different stability behaviors indicate that zeta potential alone is not an
accurate predictor of the stability of these binary dispersions.

5. The degree of adsorption of the sulfate and amidine nanoparticles onto a silica slide was
substantially different. Specifically, as shown in Figure 4-14, the density of the amidine
nanoparticles adsorbed on the silica slide was at least triple that of the sulfate
nanoparticles at a given pH. In addition, in many regions, there appeared to be multiple
layers of adsorbed amidine nanoparticles (perhaps 3 or 4 layers), while only single layers
of adsorbed sulfate nanoparticles were observed.

One possible cause of the differences in adsorption is the size distribution of the two
different types of nanoparticle. Both were specified by the manufacturer to be 0.02 pm in
diameter, and the batch data that was provided gave an average size of 22-23 nm for the sulfate
latex and 23 nm for the amidine. However, the coefficient of variation is 14.7% for the sulfate
latex and 21.9% for the amidine latex. This difference in size distribution can be seen clearly in
Figure 4-15, which shows SEM micrographs of silica surfaces with adsorbed sulfate and amidine
nanoparticles (the amidine nanoparticle adsorption was performed using extremely dilute
solutions to allow more easily viewing individual nanoparticles). As seen, for the amidine
nanoparticles, particles smaller than 10 nm and larger than 50 nm in diameter are observed,
which is not the case with the sulfate nanoparticles. It is possible that this wider range allows
tighter packing of the nanoparticles on the surface and thus high coverage.
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Figure 4-15: SEM micrographs showing differences in the size distribution of the latex nanoparticles.

In order to better understand these results, we developed a simple model to estimate the
effect of the adsorbed nanoparticles on the van der Waals and electrostatic interaction energies
between the silica microspheres. Our approach is to represent the layer of adsorbed nanoparticles
as a continuous film with the charge located on the outer surface. A simple schematic is shown in
Figure 4-16 (note that the silica surfaces, labeled 1 and 2, are identical in our system, however
they are labeled distinctly to maintain consistency with the general form of the model equations).

1 4 3 4 2

Figure 4-16: Schematic of the model system. The numbers correspond with the material subscripts of
Egs. (2) and (3). Specifically, the silica spheres are materials 1 and 2, the medium (water) is 3, and the

41



combined nanoparticle/water film is 4. The separation distance is designated by / and the film thickness as
b.

We calculate the van der Waals interaction using the Lifshitz-based approach[24, 25],
modified as described by Dagastine et al.[25] to include the presence of a film coating. In this
approach, the dielectric properties of the film are assumed to be between those of the two
constituents (i.e., polystyrene and water), which recognizes that the adsorbed nanoparticle layer
is porous. In this approach, the Hamaker constant (including retardation effects) between two
coated-planar half spaces is calculated using Equation 4.2.

Ai3o(D) = —;kBTZ ,j xIn{(1 — A3;A3,6™) (1 — Az Az ™)} dx (4.2)
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Here, c is the speed of light in a vacuum, k3 is the Boltzmann constant, 7 is temperature,
h is Planck’s constant divided by 2z, and & is the dielectric permittivity function evaluated at
frequency ¢&,. (Again, in our system the properties of materials 1 and 2, referring to the silica
spheres, are equal.) The A* term is the modified term introduced to the standard Hamaker
constant to account for the properties of the coating layer (of thickness b).

Once the Hamaker constant is known, the van der Waals interaction between the two
microspheres is calculated using the general expression

Ag32(D 2a,a, + 2a,a, 41 R? — (a;+ay)?
n
6 R? — (a;+ay)?  R? — (a,—ay)? R? — (a;—ay)?

Vi (D) = — (4.3)

where R is the center-center distance between the two microspheres of radii a; and a,.[15]

The dielectric properties of the nanoparticle ‘film’ were calculated using the following
two mixing rules taken from Dagastine, et al., in which the weighting variable is nanoparticle
volume fraction. Note that different expressions are used for zero and non-zero frequency terms
in the dielectric spectra.[25] In these equations, g(w); is the frequency-dependent dielectric
permittivity of material i at frequency ® and ¢; is the volume fraction of component i (in this
system either polystyrene or water) in the film. For the nanoparticle coating, €, 1s equal to &4
in the Hamaker expression of Equation 4.2.

k
S(O)mixture = 2 ¢i£(0)i (4.4)
i=1
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We assumed that the film thickness, b, to be 23 nm for the sulfate latex particles (the
diameter of a single nanoparticle) and the volume fraction of nanoparticles used was based on
the observed number density of adsorbed nanoparticles observed at each given pH value.
Specifically, these are 0.15 at pH 2.0 and 0.1 at pH 3.0. The amidine latex nanoparticle films
were estimated to be 90 nm in thickness (approximately four nanoparticle diameters), based on

approximations from the SEM images, with a volume fraction of 0.6 (assuming the spheres were
nearly uniform and approximately random close-packed).

The electrostatic interaction energy between the two microspheres is calculated using the
following expression of Bell et al. which is based on a linear superposition of potentials.[108]
Although strictly valid for gap widths greater than several Debye lengths, Bell et al. state that the
error in the predicted energy at a separation of one Debye length for cases where the absolute
surface potentials are less than 100 mV does not exceed 10%, which is sufficiently accurate for
our purposes.[63, 108]

2

kgT a,a
E132(l) - 47'[580 (%) Y,Y. 172

— = K 4.6
1 2(l+a1+a2)e (4.6)

For the electrostatic equation, egy is the dielectric constant of the medium, Y; is the
effective dimensionless surface potential of sphere i (expressions provided by Bell et al.*®) 7 is
the distance of closest approach between the two spheres, and « is the inverse Debye length.[63]
We assume the surface potentials of the microspheres to be equal to the zeta potentials reported
in Table 1.

Shown in Figure 4-17 is the distance-dependent Hamaker ‘constant’, 4;3,(/), calculated
between two planar silica half-spaces in water at pH 2.0 and coated with the sulfate
nanoparticles. It is interesting that unlike a monotonically decreasing function, as normally arises
from retardation effects, the film actually cause a peak in the Hamaker constant. Similar results
were also observed by Dagastine et al. when the volume fraction of the solids the film was
small.[25]
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Figure 4-17: Hamaker constant vs. separation distance for two silica microspheres coated with a layer of
sulfate latex nanoparticles, at pH 2.0.

The DLVO interactions between two 1.0 um silica microspheres, uncoated as well as
with sulfate latex or amidine latex, are shown in Figure 4-18 for pH 2.0 and 3.0. The plots of the
interaction energy are in units of kT versus the separation distance. In each plot, zero separation
is defined as the point of closest possible approach between the particles.

For the uncoated spheres, no repulsion is predicted at either pH, which is fully consistent
with the stability behavior presented in the Results section. By comparison, for both the amidine
and sulfate nanoparticles, the interaction is mainly repulsive and strong at both pH values. (For
the sulfate nanoparticles, a peak in the repulsive energy is predicted very close to contact.) While
these profiles are clearly consistent with the stability observed with the amidine nanoparticles,
they cannot explain the flocculation that was observed with the sulfate nanoparticles.
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Figure 4-18: Interaction energy between 1.0 um silica spheres at pH 2.0 and 3.0.

These model results clearly indicate that treating the adsorbed layer of nanoparticles as a
continuous film is not appropriate, at least not for the sulfate system. Specifically, for both the
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sulfate and amidine systems, having the charge distributed evenly over the outer surface of the
coating creates a strong electrostatic repulsion that would effectively prevent aggregation. In
other words, while the stabilizing effect of the amidine particles is correctly predicted, the
unstable nature of the sulfate nanoparticle-coated microspheres is not.

One possible reason for this model fails for the sulfate system is the patchiness of the
nanoparticle layer. As shown in Figure 4-14, even at pH 2.0, the surface coverage by the
nanoparticles was only roughly 24%. Thus it is possible, even likely, that relatively ‘bare’ spots
of could exist on each microsphere (similar to the micrographs in Figure 4-10 and Figure 4-13)
and that the random Brownian motion of the microspheres would allow such spots to eventually
align, leading to flocculation.

The interaction of heterogeneous surfaces has been studied previously by several
different researchers. In systems where the average surface or zeta potential over the whole
surface of a colloidal particle would indicate a sufficiently repulsive force to prevent aggregation
or deposition, it has been shown that attraction and deposition still occurs.[109-112] This is
typically attributed to heterogeneities in the surface charge, with surface patches that exist where
attractive forces dominate over the surface-average repulsion, leading to particle deposition, as
the local surface forces can vary greatly from attractive to repulsive depending on the orientation
of the interacting surfaces.[109, 113]

Song et al. has shown theoretical colloid deposition rates in relation to the ionic strength
of solution and the standard deviation of the local surface potential over a surface. At an ionic
strength of 10 mM, the deposition rate on a surface with a standard deviation of 5.0 mV is over
an order of magnitude greater than a homogeneously charged surface, and increasing the
deviation to 12.5 mV increased the rate to over two orders of magnitude greater than the
homogeneous surface.[114]

This influence of the charge distribution has been developed into analytical equations to
calculate electrostatic interaction potentials while accounting for non-uniform charge
distribution.[115] Subsequent force measurements by Thwar and Velegol indicated a significant
reduction in the attractive force between latex microspheres with the addition of the
polyelectrolyte NaPSS.[116] This reduced attraction was attributed to adsorption of NaPSS onto
weakly-charged regions of the latex surfaces (which had been determined to have a degree of
charge nonuniformity). Stability curves (using transmittance data from UV/Vis spectroscopy) for
latex microspheres shown by Feick et al. indicate a strong dependence on the surface charge
heterogeneity of the behavior of the suspended microspheres. The bare latex particles had highly
negative zeta potentials (-123+2 mV) with large standard deviations (103+39 mV), yet were
unstable.[21] The addition of NaPSS to the solution yielded far more stable particles, with the
stability of the particles being orders of magnitude greater than the bare latex over the same
period of time. There, the zeta potential remained highly negative (-113+3 mV) while the
standard deviation was greatly reduced (21£17 mV).[21]
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Model calculations have shown that planar surfaces[117] and spheres[113] with
heterogeneous surface charge distributions can exhibit substantial attraction, even when the net
surface charge would otherwise indicate strong repulsion. In the case of spheres, the modeling of
Holt and Chan demonstrated that, depending on the orientation of the heterogeneities of one
sphere relative to another, attractions can develop over effective ranges greater than that of the
van der Waals force. In particular, a system with a net surface charge of 25 mV and a
heterogeneous charge distribution would exhibit an energy barrier on the order of 1000 k7. By
changing the distribution to a heterogeneous periodic form, this energy barrier could be almost
completely eliminated.[113]

Still, the distribution of charge on spheres due to nanoparticle adsorption would not be a
regular periodic pattern. It has been demonstrated experimentally that similar long range
attractions can be produced with net neutral charged spheres, which have an irregular, disordered
distribution of charge.[118] Silbert et al. showed that a relatively small percentage of charge
domains contributing to the interaction, as low as 5%, was required to produce the observed
attractions. Clearly, there is a strong dependence of surface interactions on the distribution of
charge, and in comparison of the sulfate latex and amidine latex adsorption experiments, the
sphere charge distribution with sulfate latex nanoparticles on the surface would be significantly
more heterogeneous.

With respect to particle adsorption, the work of Santore and coworkers has shown that
even comparatively small densities of heterogeneous surface patches can lead to large degrees of
particle adsorption on surfaces.[110, 111] In these experiments, cationic patches 10 nm in size
were placed on negatively charged silica substrates, producing a surface that was negatively-
charged on average but containing randomly distributed attractive patches. When a solution
containing negatively-charged silica microspheres was flowed over the surface, deposition
occurred as long as the density of attractive patches on the surface exceeded a critical value. The
magnitude of this critical patch density decreased with increasing Debye length, and could be as
low as that corresponding to 10% coverage.[110, 111]

With the amidine nanoparticles, because the degree of surface coverage was so much
larger, it is postulated that the number of bare patches present was much smaller than with the
sulfate nanoparticles (see Figure 4-13). In addition, the multilayer coverage by the amidine
nanoparticles would further inhibit any bare patches that were present from actually coming into
contact.

4.5 Conclusions

An experimental study was performed to understand the ability of highly-charged
nanoparticles to stabilize weakly-charged microspheres. It was found that both positively-
charged amidine latex nanoparticles and negatively-charged sulfate latex nanoparticles
significantly increase the magnitude of the zeta potential of weakly-charge silica microspheres at
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low pH (i.e., near the IEP of silica). Specifically, with both nanoparticles, the magnitude of the
zeta potentials was above 40 mV, which was the critical value needed to stabilize bare silica
microspheres. Nonetheless, while addition of the amidine nanoparticles produced stable silica
dispersions at all pH values studies, addition of the sulfate nanoparticles resulted in no noticeable
change in stability. This finding clearly indicated that zeta potential alone is not sufficient for
predicting stability.

Adsorption tests showed that the amidine nanoparticles adsorbed at a substantially higher
degree than the sulfate ones. Specifically, the amidine nanoparticles produced multilayer
coverage with adsorbed densities (# particles/area) that were roughly three times that of the
sulfate nanoparticles. While the cause of this difference in adsorption behavior is not completely
understood, the much larger polydispersity of the amidine nanoparticles could be a contributing
cause.

A simplified model calculating the electrostatic and van der Waals forces between the
nanoparticle-coated microspheres in which the adsorbed layer was treated as a continuous film
could not explain the stability behavior, as the predicted electrostatic barrier to aggregation was
orders-of-magnitude too large to allow aggregation. Instead, it is speculated that the relatively
low level of surface coverage by the sulfate nanoparticles (about 24%) could allow uncoated
patches to exist on the surfaces, which would align during random encounters.

These results indicate that highly-charged nanoparticles are capable of stabilizing
weakly-charged microspheres provided the degree of adsorption is sufficiently large that
uncoated patches are eliminated.
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Chapter 5: Adsorption and Stabilizing Effects of Highly-Charged
Latex Nanoparticles in Dispersions of Weakly-Charged Silica
Colloids

This chapter consists of work that has been published. Reprinted with permission from: D. Herman,
J. Y. Walz, Adsorption and Stabilizing Effects of Highly-Charged Latex Nanoparticles in Dispersions of
Weakly-Charged Silica Colloids, J. Colloid Interface Sci., 2014, DOI: 10.1016/jjcis.2014.11.022.
Copyright 2014 Elsevier.

An experimental study was undertaken to determine the effectiveness of using highly
charged nanoparticles as stabilizers for colloidal dispersions. The specific systems used here
involved cationic (amidine) and anionic (sulfate) polystyrene latex nanoparticles with an
approximate diameter of 20 nm and silica microparticles of diameter 1.0 um, and experiments
were conducted at the isoelectric point of the silica. It was found that while both types of
nanoparticles adsorbed to the silica microparticles and increased the zeta potential to values
where stability was expected, long term stability was not achieved, even at bulk nanoparticle
concentrations as high as 0.5% vol. It is theorized that the incomplete coverage of the
microparticles by the nanoparticles (i.e., surface coverage never exceeded 50%) allowed either
direct contact between bare patches of the underlying microparticles or, alternatively, for
nanoparticles adsorbed on one microparticle to bridge to bare spots on a neighboring
microparticle.

5.1 Introduction and background

Control of the stability of colloidal dispersions, such as through the addition of
electrolytes or polymeric stabilizers, remains a topic of great practical importance. As such,
developing novel types of stabilizers and flocculants that allow fine tuning stability, or even
reversibly controlling stability, is still of interest in many fields.[31-34]

Over the past 20 years or so, control of stability using highly charged nanoparticles has
received growing interest. For example, numerous researchers have shown that otherwise stable
dispersions of micron-sized particles can be flocculated using the depletion interaction that arises
upon the addition of highly-charged, negatively-adsorbing nanoparticles.[39, 47, 119-121] One
attractive feature of this approach is that because the nanoparticles do not deposit onto the
surface of the microparticles, and furthermore because this depletion flocculation primarily
occurs in shallow, secondary energy wells, the flocculation is potentially reversible upon
dilution.

More recently, various researchers have investigated a phenomenon termed nanoparticle
haloing in which highly-charged nanoparticles weakly adsorb to microparticles that are near their
isoelectric point (IEP).[8, 53, 55, 56] The additional repulsive force produced by this haloing
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effect has been predicted to be strong enough to stabilize dispersions of such microparticles.[35,
59, 60, 102, 122] Other researchers have shown that in some systems, the repulsive force
actually arises from strong, irreversible deposition of the nanoparticles as opposed to the weak
adsorption suggested in the nanoparticle haloing phenomenon.[63, 84]

In previous work, the authors of this paper investigated the ability of polystyrene latex
nanoparticles that were either positively (amidine) or negatively (sulfate) charged to stabilize
dispersions of weakly-charged silica microparticles.[123] The results indicated that both
nanoparticle types adsorbed to the surface (the amidine in greater quantities than the sulfate
latex), and significantly increased the effective zeta potential of the microparticles beyond the
point where the silica alone would be electrostatically stable. In suspensions containing the
amidine latex nanoparticles, the silica suspensions were quite stable. However, the experiments
also showed that the sulfate latex nanoparticles could not reproducibly stabilize the same
suspensions at any of the concentrations used (up to 0.5% vol.). The authors concluded that
though the sulfate latex provided a net increase in the zeta potential, the lower degree of
adsorption led to a patchy surface that was ineffective in preventing flocculation of the Brownian
particles.

While this prior work clearly demonstrated the possibility of stabilizing weakly-charged
microparticles using highly-charged nanoparticles, there were nonetheless numerous issues that
remained unresolved. For example, in the previous work, while adsorption of both the amidine
and sulfate nanoparticles resulted in significant increases in the zeta potential of the silica
microparticles, only with the amidine nanoparticles was stability achieved. Furthermore, the
degree of adsorption of the amidine nanoparticles, as judged by adsorption onto flat silica slides,
appeared to be substantially greater than that of the sulfate nanoparticles, even though the
absolute magnitude of the zeta potentials of the two types of nanoparticles in the bulk were
similar and the adsorption tests were performed at the IEP of the silica slides.

The goal of this present work was to address some of these unresolved issues in order to
definitively answer the question of whether relatively low concentrations of highly-charged latex
nanoparticles can serve as effective stabilizers of weakly-charged silica microparticles. In the
present study, measurements of zeta potential, degree of adsorption, and dispersion stability were
performed using amidine and sulfate nanoparticles that had been thoroughly cleaned using
dialysis with an ion exchange resin. The purpose of the cleaning step was to ensure that any
observed stabilizing effects arose from the nanoparticles themselves and not any surfactants or
other additives that could be present in the suspension.

In addition, adsorption measurements of the amidine and sulfate nanoparticles were
performed using the silica particles themselves at the same solution conditions, specifically pH,
as those used in the stability tests. This was done to avoid possible effects of differences in
geometry or [EP resulting from the use of flat silica slides, as was used in the prior work

50



5.2 Materials and methods

5.2.1 Overview of experiments

Three different types of experiments were performed in this study to better understand
the impact of the amidine and sulfate nanoparticles on both the interparticle forces and the
stability behavior of the silica microparticles. First, a set of stability tests were performed over a
range of nanoparticle concentrations, ranging up to 0.5% vol. The experiments with suspensions
containing both silica microparticles and polystyrene nanoparticles were carried out at the
isoelectric point of the silica microparticles such that the microparticles were inherently unstable
due to insufficient net surface charge. Second, zeta potential measurements were performed to
understand how the adsorption of nanoparticles changes the surface charge of the silica
microparticles as a function of nanoparticle concentration. Finally, adsorption experiments were
performed to determine the degree of adsorption of the nanoparticles on the silica microparticles
at the silica IEP.

5.2.2 Materials

All the experimental solutions were prepared using water that had a resistivity of 18.2
MQ-cm. The water was filtered by a RiOs 8 reverse osmosis system (Millipore, catalog
#ZR0S6008Y) and subsequently treated by a Barnstead EASYpure II UV Ultrapure water
system (Thermo Scientific, catalog #D7401). Fused silica slides (Corning 7980 fused quartz
silica, item #3x1x1mm) were obtained from TGP (Technical Glass Products, Inc., Painesville,
OH). The silica microparticles used were supplied at a concentration of 10% w/v in water with a
specified average diameter of 1.0 pum (Polysciences, Inc., Warrington, PA, catalog #24326-15).
IDC brand polystyrene latex nanoparticles (Life Technologies, Carlsbad, CA) were used. The
particles had a specified diameter of 0.02 um, and experiments were done with both sulfate and
amidine latex (catalog #S37200, and catalog #A37309, respectively). The titrants used were
hydrochloric acid (Optima grade, Fisher Scientific, catalog #A466-250) and sodium hydroxide
(1.0 N Mallinckrodt Standard grade, catalog #4693-60), each diluted to 0.1 M using pure water.

5.2.3 Nanoparticle solution preparation

The nanoparticle suspensions used in these experiments were dialyzed to remove any
excess ions from the solution. The suspensions were made by diluting the stock solution with the
purified, deionized water to a concentration of 0.5% vol. The solutions were prepared in 20 ml
scintillation vials (Wheaton Science Products Inc., catalog #986540), which had been rinsed with
ethanol and deionized water. Dialysis of the suspensions was performed by adding ion-exchange
resin (Bio-Rad, catalog #143-7425) to each vial to the manufacturer specification of 5 g resin per
100 mL of solution. The vials were gently mixed for 4 hours using a continuous sample rotator
that was operating at 4 rpm to slowly invert the samples and redistribute the resin. At the end of
the dialysis period, the nanoparticle solutions were decanted from the resin into clean vials.
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5.2.4 Zeta potential measurements

Measurements of the zeta potential of silica microparticles and the two types of latex
nanoparticles (separately) were obtained using a Zetasizer Nano ZS (Malvern Instruments Ltd,
Worcestershire, UK), with measurements performed in disposable folded capillary cells (catalog
#DTS1060C). Prior to the measurements, the cells were rinsed first with pure ethanol, then DI
water, before being dried with ultra-high purity nitrogen. The measurements on the latex
nanoparticles were performed as single measurements at a given pH. For the silica
microparticles, multiple measurements were taken across a large pH range in a single experiment
in order to determine the IEP. In this experiment, the Malvern MPT-2 Autotitrator was used to
automatically adjust the pH of the sample.

A Micro-Electrophoresis Apparatus Mk II (Rank Brothers Ltd., Cambridge, England)
was used to measure the effective zeta potential of the silica microparticles in suspensions of
nanoparticles. Nanoparticle concentrations used for these measurements were equal to those used
in the stability measurements, while the microparticle concentration was more dilute
(approximately 0.01% vol.) in order to observe individual silica particles in the cell. The zeta
potential was determined from the electrophoretic mobility, which was calculated from the
visually-measured particle velocity.

5.2.5 Stability

The stability of the silica microparticle dispersions was determined from visual
observation. Suspensions of the desired concentrations of latex nanoparticles (0-0.1% vol. of
either amidine or sulfate) were prepared and titrated to the desired pH of 3.5 (the IEP of the
SiO;) using 0.1 M HCIl before being transferred to the cuvettes. A quantity of silica
microparticles was then added to the suspensions to reach 0.1% vol. microparticles. The cuvettes
were capped, inverted to evenly distribute the particles, and briefly sonicated before beginning
the experiment. Photographs of the set of samples (placed against a black background for
maximum contrast) were taken at regular intervals over a total observation period of six hours.

5.2.6 Nanoparticle adsorption and size distribution

In order to better understand the adsorption behavior of the latex nanoparticle on silica
microparticles, experiments were performed to directly visualize the adsorbed particles using
scanning electron microscopy (SEM). An approximately 0.01% vol. suspension of 1.0 um silica
microparticles was prepared and titrated to pH 3. Droplets of the suspension were spread on the
surface of cleaned silica slides and were allowed to dry thoroughly. This provided a thin layer of
microparticles (a monolayer or less over most of the surface) on the surface which were
sufficiently attached as to remain in place through gentle soaking and rinsing in nanoparticle
suspensions.

Dispersions of nanoparticles, made using the nanoparticles that had been cleaned using
ion exchange resin, were prepared at the desired concentrations (0.5% vol. and lower), and
briefly sonicated. The nanoparticle solutions were titrated to the desired pH of 3.5 using 0.1 M

52



HCI, as was a blank (nanoparticle-free) solution that was used as a rinse solution. The prepared
microparticle-coated slides were gently rinsed with the particle-free solution before being
immersed in the nanoparticle suspensions for 20 minutes. The slides were then removed from the
nanoparticles and once again very gently dipped in the pH-adjusted rinse solution to rinse away
any excess particles that had not adsorbed to the surface. The slides were allowed to air dry, after
which the surfaces were sputter-coated with a 1-2 nm layer of gold before being imaged using
SEM.

A separate set of adsorption studies were performed to determine the size distribution of
the adsorbed latex nanoparticles. For these measurements, the adsorption was done onto flat
silica slides to permit ease of viewing. In addition, the nanoparticle concentrations were low
enough (0.01% vol. for sulfate, 0.0005% vol. for amidine) that there was sufficient space
between adsorbed particles to easily distinguish the particles and evaluate the sizes. Plain silica
slides were sonicated in ethanol, rinsed clean with pure water, dried with compressed ultra-high
purity nitrogen, and then immersed in the nanoparticle solutions for 15 min before being rinsed
with the blank solution.

To determine the size distribution of the adsorbed nanoparticles, the resulting SEM
images were processed using the open source Imagel software[124]. Each image was loaded into
the software and the contrast threshold was adjusted to produce a binary black and white image
of the particles. The black and white was inverted so that the particles would show as black on a
white background. The particle analysis function was used to evaluate the area of each particle in
the image. Each measured particle area was assumed to be the cross-sectional area of a spherical
particle, from which the particle diameter could be calculated.”

5.3 Results

5.3.1 Zeta potential

Figure 5-1 shows the zeta potential for the 1.0 pm SiO, spheres used in the stability
experiments as a function of pH. The spheres are highly negatively charged above approximately
pH 4.0. The IEP was determined to be approximately pH 3.5, which was the pH used in the
stability experiments. Below the IEP, the particles acquire a weak positive charge.

" See Appendix B1 for more information.
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Figure 5-1: Zeta potential as a function of pH for the 1.0 um silica microparticles. The ionic strength of
the dispersions was not fixed.

Zeta potential measurements of the nanoparticles themselves at pH 3.5 gave values of -
40.5+16 mV for the sulfate nanoparticles and +47.2+18.6 mV for the amidine nanoparticles,
where the variability values are the standard deviations obtained using a minimum of 12
individual measurements.

5.3.2 Stability

Figure 5-2 shows the stable and unstable pH ranges for these silica microparticles. With
no added nanoparticles, the dispersion is unstable from pH 3.4 to pH 3.6, which is in agreement
with the zeta potential results presented in Figure 5-1 in which the IEP was determined to be
approximately pH 3.5. As with the zeta potential measurements, the ionic strength of the
dispersions was not fixed in these samples. Below pH 3.3 the microparticles were stable,
presumably because of the small but finite positive charged observed in the zeta potential results.
Though not shown, the microparticles remained stable until the pH was below approximately pH
2.5, at which point flocculation occurred, presumably because the ionic strength became
sufficiently large to screen the electrostatic repulsion between the particles. It is also important to
note that the silica microparticles do sediment slowly even when stable. As seen in Figure 5-2,
the stable suspensions exhibit a very sharp boundary between the settling particles and the clear
supernatant, while the unstable suspensions have no such boundary.
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Figure 5-2: Flocculation of 1.0 um silica spheres. Samples (L to R): pH 2.9, 3.1, 3.2, 3.4, 3.6, 3.9. The
unstable range is approximately pH 3.4 to 3.6.

The images in Figure 5-3 show 0.1% vol. silica suspensions with added amidine latex
nanoparticles at concentrations ranging from 0 to 0.5% vol. over the course of 6 hours. All the
samples were at the [EP of the microparticles, pH 3.5. The higher concentrations of nanoparticles
give the solution a blue color, which is unrelated to the stability of the microparticles in the
suspension. The 0% and 0.001% vol. samples were clearly unstable and began flocculating in a
time of less than one hour and the microparticles completely settled out of the suspension within
two hours. At concentrations of 0.01% vol. and greater the flocculation proceeded much more
slowly, such that complete sedimentation was not achieved until six hours.

These experiments clearly indicate that while the amidine nanoparticles may be capable
of slowing the flocculation, they were nonetheless incapable of stabilizing the suspension, even
at nanoparticle concentrations as high as 0.5% vol. This is a significant difference compared to
previous work which showed that amidine nanoparticles at a concentration of 0.5% vol. were
capable of providing long-term stability to similar dispersions.[123] This difference is addressed
further in the Discussion section.

55



Figure 5-3: Stability of 0.1% vol. 1.0 um silica microparticle dispersions in increasing concentrations of
amidine latex nanoparticles (20 nm diameter). Samples were at pH 3.5 (SiO, IEP). Nanoparticle
concentrations by volume were (L to R): 0%, 0.001%, 0.01%, 0.1%, 0.5%.

For completeness, these stability tests were repeated using sulfate nanoparticles at the
same concentrations used with the amidine nanoparticles. Having not observed any stability in
previous work using sulfate nanoparticle concentrations of 0.1, 0.5 and 1.0% vol.[123], there was
no expectation of stability with these dialyzed nanoparticles. Figure 5-4 shows photographs of
the silica dispersions with added sulfate latex nanoparticles at concentrations ranging from 0 to
0.5% vol. As expected, all samples with sulfate latex concentrations below 0.5% vol. flocculated
in less than two hours, while the 0.5% vol. dispersion completely flocculated and sedimented
within three hours.
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Figure 5-4: Stability of 0.1% vol. 1.0 um silica microparticles with sulfate latex nanoparticles.
Nanoparticle concentrations by volume were (L to R): 0%, 0.001%, 0.01%, 0.1%, 0.5%.

To determine how the zeta potential of the microparticles changes as the concentration of
nanoparticles increases, electrophoresis measurements were performed using the Rank Bros.
Microelectrophoresis Apparatus MKII. Table 5-1 shows the zeta potentials of the 1.0 um silica
spheres at a range of concentrations of added sulfate and amidine nanoparticles. As with the
flocculation experiments in Figure 5-3 and Figure 5-4, the zeta potential measurements were
carried out at pH 3.5, the IEP of the microparticles. Both the amidine latex and sulfate latex
nanoparticles show a steady increase in the absolute zeta potential with increasing nanoparticle
concentration.
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Table 5-1: Zeta potentials (mV) for 1.0 um silica microparticles in increasing
concentrations of latex nanoparticles at pH 3.5 (SiO, IEP). The error values reported
are the standard deviation of each measurement. Note that the value reported for the
0% vol. sample was measured using the Zetasizer Nano ZS, while the other values
were measured using the Rank Brothers Mk II Micro-Electrophoresis apparatus.

Bulk nanoparticle conc., % vol. Amidine Sulfate
0% +3.244.0 +3.244.0
0.001% +9.2+2.5 -4.1+0.7
0.01% +29.0+20.8 -17.4+10.1
0.1% +37.6£16.1 -23.0£5.8
0.5% +47.6+13.7 -40.84+21.0

Although there is significant variability in the data, it does appear that the amidine
nanoparticles lead to larger absolute zeta potentials, on average, than the sulfate nanoparticles.
For example, a sulfate latex concentration greater than 0.1% vol. is necessary to exceed the
magnitude of the zeta potential observed with the 0.01% vol. amidine suspensions. This
observation may explain the behavior observed in the flocculation experiments. Specifically,
though no stability was achieved with either nanoparticle type, the dispersions containing
amidine nanoparticles at or above 0.01% vol. showed a much lower flocculation rate, as did
dispersions containing sulfate nanoparticles at 0.5% vol.

It is important to note that the magnitude of the zeta potentials reported in Table 1 greatly
exceed those necessary for stability in the dispersions containing only microparticles.
Specifically, looking at the results presented in Figure 5-1 and Figure 5-2, it is seen that
dispersions containing positive zeta potentials as low as +10 mV were stable. By comparison, the
dispersion containing 0.5% vol. amidine nanoparticles at the IEP of the silica, which had a
measured zeta potential of +47.6+13.7 mV, was unstable. This result confirms the conclusion
from our earlier paper that with these systems containing added nanoparticles, the zeta potential
is not a reliable predictor of dispersion stability.

5.3.3 Nanoparticle adsorption and particle size

The images in Figure 5-5 show the characteristics of the nanoparticle adsorption of
amidine latex nanoparticles directly on the silica microparticles that were used in the stability
experiments. The bulk nanoparticle concentrations in the adsorption experiments are 0.001%,
0.01%, 0.1%, and 0.5% vol. (identical to the concentrations used in Figure 5-3). As the
nanoparticle concentration of the suspension increases, we see a clear increase in the number of
particles that are adsorbed to the silica microparticles. There is some noticeable variation
between individual microparticles, even in a single image. This is most visible at the lower
concentrations, particularly in areas where there are multiple layers of silica spheres, as well as
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locations where the microparticles are in close contact with each other. This could result from the
fact that the microparticles were dried onto a slide surface rather than having been freely
dispersed in a nanoparticle suspension. Any underlying spheres would therefore be less exposed
to the nanoparticles.

0.001%

¥

Figure 5-5: SEM micrographs of 1.0 pm silica microparticles with adsorbed amidine latex nanoparticles.
The degree of adsorption increases with increasing bulk nanoparticle concentration.

Overall, the adsorption experiments are consistent with the zeta potential measurements
in Table 5-1. Even at the lowest measured concentration (0.001% vol.) there is a very noticeable
amount of nanoparticles adsorbed onto the silica, enough to give the almost negligibly charged
silica microparticles (zeta potential of +3.2 mV at pH 3.5 with no added nanoparticles) a weak
positive zeta potential (+9.2 mV). Both the zeta potential and number of adsorbed particles
increase with the overall nanoparticle concentration. However, it is important to note that even at
the highest bulk concentration of nanoparticles (0.5% vol.), the surface coverage is far from
complete. Specifically, based on simply counting the number of nanoparticles in a given area and
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assuming that each nanoparticle covers an area equal to its cross sectional area, we roughly
estimate the fractional surface coverage to be less than 50%.

Similar adsorption tests were performed using the sulfate nanoparticles and the results are
shown in Figure 5-6. As with the amidine nanoparticles, there is a clear increase in density of
adsorbed nanoparticles, though the total number of adsorbed nanoparticles is somewhat less. For
example, with the 0.5% vol. bulk concentration of sulfate nanoparticles, we estimate the
fractional surface coverage to be less than 30%. This is consistent with the zeta potential
measurements which showed lower absolute zeta potentials with the sulfate nanoparticles
compared to the amidine nanoparticles at equal bulk concentrations. Furthermore, as with the
amidine nanoparticles, there are significant gaps between adsorbed particles, with exposed
patches of the silica surface in between.

Figure 5-6: SEM micrographs of 1.0 um silica microparticles with adsorbed sulfate latex nanoparticles.
As with the amidine nanoparticles, the degree of adsorption increases with increasing bulk concentration.

The difference between the degree of sulfate and amidine latex nanoparticle adsorption is
most apparent at the highest bulk nanoparticle concentration. A higher magnification comparison
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between the two (at 0.5% vol.) is shown in Figure 5-7. In both cases, the adsorption is relatively
uniform over the microparticle surfaces, but there is a much greater quantity of adsorbed amidine
latex particles. In addition, the amidine latex particles appear much more likely to adsorb in
clusters, while the sulfate latex largely remain adsorbed as individual particles. This difference is
discussed further below in the Discussion section.
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Figure 5-7: Comparison of the degree of adsorption of amidine latex (left) and sulfate latex nanoparticles
(right), both at a bulk nanoparticle concentration of 0.5% vol.

5.4 Discussion
The findings presented in the previous section are summarized below.

1. The amidine latex nanoparticles are capable of slowing the flocculation and
sedimentation of unstable silica microparticles using nanoparticle concentrations of
0.01% vol. and greater. However, even at the highest nanoparticle concentration used
(0.5% vol.), the sample flocculated within six hours.

2. Sulfate nanoparticles were also incapable of stabilizing the silica microparticles at any of
the concentrations tested, though the 0.5% vol. sample displayed a lower rate of
flocculation

3. The absolute magnitude of the zeta potential of negligibly charged silica microparticles
increased steadily with increasing concentrations of added latex nanoparticles. The
maximum values observed at 0.5% vol. was +47.6 mV for the amidine latex and -40.8
mV for the sulfate latex.

4. SEM micrographs of silica microparticles which had been exposed to nanoparticle
suspensions (at the silica IEP of 3.5) showed increasing levels of adsorption as the bulk
nanoparticle concentration increased. The samples in which a reduction in flocculation
rate was observed had relatively high nanoparticle coverage, though not high enough to
eliminate exposed patches of silica (i.e., surface coverage never exceeded 50%).
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5. The amidine latex nanoparticles adsorbed in greater quantities than the sulfate latex and
appeared more likely to adsorb in groups or clusters.

The differing degrees of adsorption of the sulfate and amidine nanoparticles is difficult to
understand, specifically because, as explained above, differences in the magnitude of the
electrostatic interaction are not expected to be a significant factor. One explanation considered
was that differences in the degree of polydispersity in the size distribution of the sulfate and
amidine latex particles could be a cause. The reported mean diameter of the amidine and sulfate
nanoparticles are roughly the same, however previous SEM images suggested that the standard
deviation of the size distribution for the amidine nanoparticles is larger. For example, could
different size fractions show a greater tendency to adsorb?

To test this hypothesis, adsorption tests onto a flat silica slide were performed at the IEP
of the slide, which was found to be approximately pH = 2.55. Performing these tests onto a flat
slide facilitated ease of viewing and allowed for more accurate size determination. The bulk
concentrations of the nanoparticles were adjusted independently to obtain adsorbed nanoparticle
densities that allowed easy size determination.

SEM images of the adsorbed sulfate and amidine nanoparticles are shown in Figure 5-8
and show a noticeable difference in size distribution, with the adsorbed amidine nanoparticles
appearing to be significantly more polydisperse than the sulfate nanoparticles. It should be noted
that the actual number density of adsorbed nanoparticles is not important here, as the bulk
concentration of each nanoparticle type has been adjusted to yield adsorbed densities that allow
accurate size determination of individual nanoparticles.

Figure 5-8: Example images used in determining the particle size distribution of adsorbed polystyrene
nanoparticles. The nanoparticles were adsorbed onto a silica slide from a solution at a bulk pH of 2.5,
which was the measured IEP of the slide.

From these images, histograms of the size distribution of the adsorbed nanoparticles were

constructed and are shown in Figure 5-9. In both cases, the average diameters of adsorbed
particles were close to the specified diameter for the bulk solution. Specifically, the mean
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diameter for the adsorbed sulfate nanoparticles was approximately 24 nm with a standard
deviation of 10 nm, while the mean diameter of the adsorbed amidine nanoparticles was 22 nm
with a mean diameter of 12 nm. While these values are similar, it is clear that the shape and
width of the distributions are notably different, with the sulfate having a more symmetric
distribution and the amidine being much more skewed toward smaller sizes, more akin to a log
normal distribution. (It should be noted that particles with a diameter less than 5 nm could also
be present, however such particles could not be reliably imaged.)
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Figure 5-9: Particle size histograms for adsorbed sulfate latex (top) and amidine latex (bottom).
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One additional contributing factor related to polydispersity that should be mentioned is
that the broader size distribution measured for the amidine nanoparticles allows a greater degree
of surface coverage at the jamming limit. Specifically, in the random sequential adsorption
(RSA) model, a jamming limit exists were the gaps between adsorbed particles are too small to
allow further adsorption.[125] This RSA model assumes that the particles adsorb sequentially
and irreversibly, and overlap of adsorbed particles is not allowed. In the case of monodisperse
hard spheres, the RSA jamming limit is approximately 55% surface coverage.[126] With charged
particles, the maximum surface coverage of the particles depends on the ionic strength of the
solution. Specifically, decreasing the ionic strength increases the thickness of the electric double
layer and lowers the jamming limit. As an example, experiments by Ko et al. showed that the
jamming limit can drop to as low as 10% coverage at ionic strengths below 10 M.[127]

It has also been shown that a polydisperse size distribution allows for a greater degree of
surface coverage, beyond 55%, and even small differences in the size distribution can yield
significant changes in the distribution of the adsorbed particles.[128-130] The reason for this
increase is that smaller particles are better able to fill in the gaps between larger adsorbed
particles, improving the total coverage of the surface. Numerical values from Monte Carlo
simulations of polydisperse suspensions showed that for uniform distributions of hard particles,
the jamming limit increases to about 60% when the particle radii have a normalized standard
deviation, 0 (where 7 is the standard deviation of the size distribution normalized by the mean)
of 10%, and a limit of 65% for & = 20%. In cases where the particles can interact, the maximum
coverage can exceed 70%.[128] Furthermore, the shape of the particle size distribution (e.g.
Gaussian, uniform, etc.) can affect the adsorbed coverage, particularly at long time scales.[128]
As shown in Figure 5-9, the sulfate and amidine latex distributions show a notably different
shape, which could be a contributing factor in the different degrees of adsorption.

Additionally, polydisperse particle systems often lead to differences in the distribution of
adsorbed particles versus the bulk suspension. In particular, the smaller particles adsorb
preferentially over the larger particles as the jamming limit is approached, leading to an adsorbed
layer containing a higher percentage of small particles than that which is present in the
bulk.[128-130] In charged particle systems, this preferential adsorption is most significant at
high ionic strengths, where the Debye length is significantly shorter and the effective radius of
the particle (physical radius plus the effective interaction distance of the charged surface)
approaches that of the physical radius. Since the histograms in Figure 5-9 were generated with
adsorption layers far less dense than the jamming limit (the samples were made using low
concentrations for ease of imaging and analysis), it is likely that the actual distribution of the
adsorbed amidine latex nanoparticles is even more skewed towards the smallest particles, which
could further explain the different levels of adsorption at the concentrations used in Figure 5-5,
Figure 5-6, and Figure 5-7.

It should finally be mentioned that differences in specific chemical interactions between
the latex and silica surfaces also contributes to the different degrees of adsorption observed. One
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example would be hydrogen bonding between surface groups. However, additional study would
be required to determine the exact nature of these interactions.”

Perhaps the most surprising finding of this work is the inability of either type of
nanoparticle to stabilize the microparticle dispersions, especially considering the zeta potential
values reported in Table 1 and the SEM images shown in Figure 5-5 and Figure 5-6. The fact
that flocculation was observed even with zeta potential as large as 40 mV confirms the
conclusion made in our earlier paper that with these nanoparticle-covered microparticles, the zeta
potential is not a reliable predictor of stability. A similar conclusion has been reached by
previous researchers, namely that a nonuniform distribution of surface charge can lead to
instability of a dispersion, even when the measured zeta potential is sufficiently high.[117, 131]

It is clear from the SEM images in Figure 5-5, Figure 5-6, and Figure 5-7 that even at the
highest nanoparticle coverages (i.e., 0.5% vol. amidine nanoparticles), there is still significant
patches of uncoated silica, and it is likely that this patchiness plays a key role in explaining the
stability results observed here, especially at the lower nanoparticle concentrations where the
surface coverage is relatively small. Specifically, in the aggregation of two microparticles, two
possible mechanisms are proposed. In the first, the adsorbed nanoparticles are either mobile or
are weakly adsorbed such that the presence or approach of another nanoparticle-coated
microparticle results in the creation of larger patches of bare silica that permit aggregation, due
to rearrangement of the nanoparticles. In the second mechanism, aggregation occurs via adsorbed
nanoparticles on one microparticle essentially bridging to bare spots on a nearby microparticle. It
should be noted that these mechanisms are clearly not mutually exclusive, as it is possible that
both phenomena occur to some degree.

The fact that the rate of aggregation slows noticeably at the higher concentrations of
sulfate and amidine nanoparticles indicates that degree of surface coverage is important. This
suggests that desorption of the nanoparticles during interaction of two microparticles is not a
significant factor, since such desorption could occur at any degree of surface coverage.

In previous work Ji et al. used colloidal probe atomic force microscopy to measure the
interaction force between a silica particle and silica plate in solutions of highly charged sulfate
latex nanoparticles as a function of pH and nanoparticle concentration[63]. At pH values near the
silica IEP, these authors found that deposition of the sulfate nanoparticles occurred and that this
deposition led to repulsive forces between the silica particle and plate that continually increased
as the bulk nanoparticle concentration increased. Furthermore, the characteristic decay length of
this repulsion was found to be in very good agreement with the Debye length of the solution,
meaning that the repulsion arose from electrostatic repulsive forces between the charged
surfaces. This result suggests that at least some of the adsorbed nanoparticles were remaining
within the interaction region, leading to an increased electrostatic repulsion. This result suggests
that mobility of the polystyrene nanoparticles on the silica is also not significant, since such

" See Appendix D for more information
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mobility would not result in such large increases in the magnitude of repulsion, especially at the
lower nanoparticle concentration where the surface was sparsely covered

It is thus our hypothesis that the flocculation that is observed in the experiments
described here results from the presence of the nonuniform distribution of nanoparticles on the
surface. This flocculation could involve either direct silica-to-silica contact, which would be
more likely to occur at the lowest nanoparticle coverages, or nanoparticles adsorbed on one silica
particle bridging to a bare spot on a neighboring silica particle, which would be more likely at
the higher nanoparticle coverages.

At the same time, it should be noted that if the jamming limit of adsorption had indeed
been reached in some of the stability measurements described above, then bridging of
nanoparticles from one region to another would require either some nanoparticle desorption or
translation, as otherwise there would not be sufficient space for such bridging to occur. If this
were indeed the case, it would mean that neither the sulfate nor amidine nanoparticles would be
effective stabilizers for these silica dispersions, as the energy of adsorption would be too small to
keep the nanoparticles fixed in place during interaction of two silica microparticles.

One remaining issue that needs to be addressed is the finding in our earlier work that
long-term of the silica microparticles could be achieved with amidine nanoparticles, specifically
at a concentration of 0.5% vol. [123] As mentioned previously, one of the major differences
between the earlier experiments and those described in this current paper is that the nanoparticles
used in these current experiments were ion exchanged prior to use. It is possible that the stock
amidine solutions contained a cationic, molecular additive, possibly a surfactant of some type,
which was co-adsorbing to the silica microparticles contributing to their stability. We thus
believe that these current experiments are a better test of the ability of charged nanoparticles to
stabilize these weakly-charged silica particles.

5.5 Conclusions

This work has shown that low concentrations (i.e., <0.5% vol.) of highly-charged cationic
and anionic polystyrene nanoparticles are, in general, not effective stabilizers for dispersions of
charged silica microparticles. Although the nanoparticles clearly adsorb to the weakly-charged
silica particles and, by doing so, increase the zeta potential of the microparticles to values that
would appear to be sufficient to prevent flocculation, the surfaces nonetheless remain only
partially covered (i.e., coverage <50%) and contain relatively large patches of the underlying
microparticle surface. Such patches would either allow the microparticles to contact directly,
which would be expected at low nanoparticle coverages, or alternatively allow nanoparticles
adsorbed on one microparticle to bridge to a patch on a neighboring microparticle.

Note that while these results clearly demonstrate the challenges associated with using
charged nanoparticles as effective stabilizers, they do not preclude their potential use.
Specifically, if the energy of adsorption were relatively low (which could be the case for these
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experiments) the nanoparticles could either desorb or translate on the surface, creating a bare
patch of the underlying microparticle. On the other hand, in systems where the energy of
adsorption was sufficiently high, such that nanoparticle desorption or migration was unlikely,
then stabilization should occur, especially once the jamming limit of surface coverage has been
reached. Thus experiments involving a broader range of both micro- and nanoparticles are
needed before a more definitive statement about the stabilizing ability charged nanoparticles can
be made.
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Chapter 6: Effects of Metal Oxide Nanoparticles on the Stability of
a Colloidal Dispersion

6.1 Introduction

The effects of adding charged nanoparticles on the interparticle forces and stability of
colloidal systems has been the subject of numerous studies.[48, 99, 100] In systems where the
nanoparticles are repelled from the colloids, such as through repulsive electrostatic forces,
attractive depletion forces arise that can be sufficient to induce flocculation of an otherwise-
stable dispersion.[39, 105, 132] As the nanoparticle concentration increase, long-range structural
forces arise due to ordering of the nanoparticles in the interparticle gap region that can actually
halt the depletion flocculation.[97]

Recently, various authors have become interested in the impact of adsorbing
nanoparticles. Lewis and co-workers studied the impact of highly-charged zirconia nanoparticles
on the gelation behavior of a system of silica particles that were very weakly charged (i.e., near
the silica IEP). It was found that at low nanoparticle concentrations, the zirconia arrested the
gelation, which the authors attributed to the formation of a halo of nanoparticles around the silica
particles.[8, 60] A key feature of this nanoparticle haloing phenomenon was that the
nanoparticles were trapped in weak energy wells near the surface of the silica particles.

In subsequent studies, Walz and co-workers studied the impact of highly-charged
zirconia and polystyrene nanoparticles on the interparticle forces between a silica probe particle
and silica plate, measured with colloid probe atomic force microscopy (CP-AFM).[63, 84] These
authors measured strong increased electrostatic repulsive forces between the probe particle and
plate resulting from adsorption of the nanoparticles. Unlike the nanoparticle haloing
phenomenon, these authors found that the nanoparticles were irreversibly bound to the surface of
the silica, as the additional repulsion did not disappear upon flushing the bulk nanoparticles from
the system.

Recently, the authors of this paper have become interested in the potential use of highly-
charged nanoparticles to stabilize an otherwise unstable dispersion of micron-sized colloidal
particles against flocculation. Experiments to-date have focused on anionic (sulfate) and cationic
(amidine) latex nanoparticles added to dispersions of micron-sized silica particles.[123, 133] The
pH of the dispersions was maintained at the silica IEP such that flocculation of the dispersion
occurred rapidly. While both the sulfate and amidine nanoparticles adsorbed to the silica and
increased the measured zeta potential of the silica particles to values where stability would have
been expected, neither type of nanoparticle was able to halt flocculation, even at bulk
nanoparticle concentrations as high as 1.0% vol. Two possible explanations offered for this lack
of stabilization were (1) the incomplete coverage of the silica surfaces by the nanoparticles left
gaps where flocculation could occur, or (2) the adsorbed nanoparticles either desorbed or
translated upon interaction of the silica particles, creating bare spots for flocculation to occur.
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As a follow-up to this earlier work with polystyrene, we describe in this present paper
similar experiments to those of Herman and Walz conducted with two different type of metal
oxide nanoparticles — aluminum oxide (alumina) and zirconium oxide (zirconia). The reasoning
here is that because of the stronger attractive van der Waals forces between these metal oxide
nanoparticles and silica compared to the polystyrene nanoparticles and silica, these particles may
not be displaced upon interaction of the silica colloids and thus stability could potentially be
achieved. Additionally, the particles do not require any surface modifications to maintain a large
positive surface charge (e.g. amidine groups on polystyrene).

6.2 Materials and methods

6.2.1 Overview of experiments

The experiments in this study were performed to determine the adsorption and stabilizing
properties of different metal oxide nanoparticles on systems of weakly charged, unstable silica
colloids. First, stability experiments were carried out at the isoelectric point of the silica with
nanoparticle concentrations ranging from 1x10°% to 1.0% vol. Second, zeta potential
measurements were performed to understand the effect of the added nanoparticles on the surface
charge of the silica microparticles. Additionally, adsorption experiments were performed to
observe the degree of adsorption and surface coverage of the nanoparticles on the silica
microparticles. Finally, a set of colloid probe AFM force measurements were used to confirm
that any observed repulsion was due to electrostatic forces, as well as to determine whether the
effects of the nanoparticles was reversible.

6.2.2 Materials

Deionized water was filtered by a Barnstead EASYpure II UV Ultrapure water system
(Thermo Scientific, catalog #D7401), which provided water with a resistivity of 18.2 MQ-cm.
Fused silica slides (Corning 7980 fused quartz silica, item #3x1x1mm) from Technical Glass
Products (Painesville, OH) were used as substrates. Silica microparticles with a 1.0 um average
diameter were used, and were supplied at a concentration of 10% w/v in water (Polysciences,
Inc., Warrington, PA, catalog #24326-15). Zirconia (ZrO,) nanoparticles (product #ZR10/20)
were supplied by Nyacol (Ashland, MA) at 20% by weight. The average diameter of the
nanoparticles was specified to be 5-10 nm. Alumina (Al,O3) nanoparticles (Nanostructured &
Amorphous Materials, Inc., Houston TX, stock #7016 WJWG) had a specified diameter of 10+5
nm, and were supplied at 20% by weight. Hydrochloric acid (Optima grade, Fisher Scientific,
catalog #A466-250) was used as a titrant.

For the CP-AFM force measurements, 30 um silica spheres (Microsphere-Nanosphere,
Cold Spring, NY) were used as colloid probes. The AFM cantilevers used were the D-Lever on
ORC8-10 model cantilevers (Bruker AFM Probes, Camarillo, CA). The glue used to mount the
spheres was a thermoplastic epoxy (EPON 1004F Resin, Momentive, Columbus, OH).
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6.2.3 Preparation of nanoparticle dispersions and stability measurements

In order to remove any unknown ions that were present in the bulk suspension, the
nanoparticle dispersions used in these experiments were dialyzed before being used. The bulk
suspensions were supplied as aqueous suspensions that were free of any surfactants and were
supplied at pH values of either 1.5 (for the zirconia nanoparticles) or 4.0 (for the zirconia
nanoparticles). The experimental suspensions were prepared by diluting the stock dispersions of
zirconia and alumina particles with purified, deionized water to 0.1% vol. The suspensions were
dialyzed using ion-exchange resin (Bio-Rad, Hercules, CA, catalog #143-7425) in clean
scintillation vials at the manufacturer-specified ratio of 5 g resin per 100 mL of solution. The
resin removed both cations and anions. Using a continuous sample rotator, the filled vials were
gently mixed for 4 hours in order to keep the resin well-distributed throughout the suspensions.
Once the ion-exchange step was finished, the 0.1% vol. samples were further diluted to the lower
concentrations and titrated to the desired pH value.

Additionally, the 1% vol. zirconia suspension required separate dialysis using dialysis
tubing (Sigma Aldrich, #D9652). At that concentration, the ionic strength was too great for the
ion-exchange resin to completely remove the excess ions. Instead, the 1.0% dispersion was
suspended in the dialysis tubing in a column of pure water, which was replaced periodically over
approximately three days, until the pH and conductivity of the suspension were relatively
constant.

In the case of the alumina nanoparticles, the dialyzed suspensions were placed in an
ultrasonicator for 8 hours in order to better disperse the particles which were aggregated in the
bulk supply. Even with the sonication procedure, it was not possible to fully disaggregate the
alumina nanoparticles. Sizing measurements were performed using dynamic light scattering
(DLS), with an approximate number weighted mean diameter of 99 nm and volume weighted
mean of 1337 nm (in contrast to the specified 10-15 nm). This indicates that there is significant
aggregation present in the samples, and based on the difference between the number and volume
means there is a very large range of particle sizes present in solution. In contrast, DLS
measurements of the zirconia nanoparticles gave particle diameters of approximately 4.9 nm and
5.6 nm for the number and volume weighted means, respectively, indicating a relatively uniform
size distribution.

The stability of the silica microparticle suspensions was monitored through visual
observation. Silica microparticles were added to suspensions of nanoparticles (which were at
concentrations ranging from 0 to 0.1% vol.) until a final silica concentration of 0.1% vol. was
reached Final adjustments to the pH were made in order to insure that the suspensions were at
the silica IEP (previously determined to be approximately pH 3.5[133]). The suspensions were
added to cuvettes and briefly sonicated; the stability was then recorded photographically. The
suspensions were all observed for a minimum of 12 hours.
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6.2.4 Zeta potential measurements

The zeta potentials of the oxide nanoparticles alone were measured by dynamic light
scattering using a Zetasizer Nano ZS (Malvern Instruments Ltd, Worcestershire, UK), in the
folded capillary cells (catalog #DTS1060C). Prior to the measurements, the cells were rinsed
with pure ethanol, followed by DI water, and then dried with ultra-high purity nitrogen. The
measurements were performed once the suspensions had been titrated to pH 3.5.

The effective zeta potential of the silica microparticles in suspensions of the oxide
nanoparticles was measured using a Micro-Electrophoresis Apparatus Mk II (Rank Brothers
Ltd., Cambridge, England), configured with a rectangular cell. The nanoparticle concentrations
used in these measurements matched those that were used for the stability measurements (0-0.1%
vol.), while the concentration of silica was more dilute (approximately 0.01% vol.) to allow
clearly viewing of the individual microparticles within the microelectrophoresis cell. The
velocity of individual silica microparticles was measured and used to determine the
electrophoretic mobility, from which the zeta potential could be calculated

6.2.5 Nanoparticle adsorption on silica microparticles

Adsorption experiments were performed in order to directly visualize any adsorbed
nanoparticles and to approximate the adsorption behavior of the oxide nanoparticles that occurs
in the silica microparticles suspensions. A suspension of 1.0 pum silica microparticles
(approximately 0.01% vol.) was prepared and titrated to pH 3.0. Droplets of the silica
suspensions were spread on the surfaces of clean silica slides and allowed to completely dry.
This produced a thin layer of microparticles (approximately a monolayer or less in most
locations) on the slide surface which, upon drying, were sufficiently attached as to remain on the
surface even after gentle soaking and rinsing in the various nanoparticle suspensions.

Nanoparticle dispersions, created using the ion-exchange treated oxide nanoparticles,
were prepared by diluting the stock to concentrations ranging from 10°% to 10™'% vol., and then
briefly sonicated. The nanoparticle solutions were titrated to the IEP of the silica microparticles,
pH 3.5, with 0.1 M HCI. A nanoparticle-free solution at the same pH was also prepared for use
as a rinse solution. The prepared slides (with the adsorbed 1.0 um silica microparticles) were
gently rinsed with the blank solution before being immersed in the nanoparticle suspensions for
20 minutes. The slides were then removed from the nanoparticle suspensions and very gently
rinsed in the blank solution to remove any excess particles that were not adsorbed to the
microparticle surfaces. The slides were air dried and the samples sputter-coated with a 1-2 nm
layer of gold before being imaged with SEM.

6.2.6 Colloidal probe AFM

Force measurements were performed using CP-AFM, which measured the force between
a probe sphere that is attached to the tip of an AFM cantilever and a flat slide. The silica spheres
were mounted on the cantilever chip (with a nominal spring constant of £=0.05 N/m) using a
probe mounting microscope and translating stage with a cantilever holder, and then cleaned
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using a UV/Ozone treatment (BioForce Nanosciences, Inc., Ames, IA) for 20 min. The final
spring constant for the cantilever (with attached silica sphere) was calculated using the method of
Hutter and Bechhoefer.[96] The CP-AFM force measurements were conducted using an Asylum
Research MFP-3D AFM with the closed fluid cell (model #CCELL). The silica substrates were
cleaned by ultrasonication in 100% ethanol before being rinsed and dried with ultra-high purity
nitrogen, then glued to the base plate of the AFM fluid cell with epoxy. The disassembled fluid
cell components were sonicated in pure ethanol for 1 hour before being rinsed with ultrapure
water and dried. The cell was then assembled and filled with the desired solution. Solution
exchange was performed to introduce and later flush the nanoparticles from the cell. This was
accomplished by slowly flowing 20 mL of solution through the fluid cell (volume <5 mL) to
ensure complete exchange of solutions.

The force measurements were performed at a 100 nm/s scan rate to avoid hydrodynamic
forces, with the scan range starting at 1.0 um separation. The data was recorded as cantilever
deflection versus distance and converted to force versus separation curves via the analysis
methods of Ducker et al.[94] Approximately 30 curves per sample were averaged into a single
curve to reduce noise and irregularities.

6.3 Results

6.3.1 Stability

The images in Figure 6-1 show the initial stability measurements of silica microparticles
with added zirconia nanoparticles. The suspensions all contained 0.1% vol. silica microparticles
and these first set of experiments used concentrations of zirconia nanoparticles ranging from 10
%% to 1.0% vol. The images shown are from the beginning of the experiment and at the 6 hour
mark. The suspension with only silica microparticles actually flocculated within approximately 1
hour, while all three suspensions containing zirconia nanoparticles were fully stable for the entire
observation period, which extended beyond 12 hours.

It is important to note that in these experiments the 1.0 pm silica microparticles slowly
sediment on their own, even when the suspension is completely stable, due to the size and
density of the particles. It was found that with these systems, the stable silica particles will
sediment to the bottom of the cuvette in approximately 14 to 15 hours and exhibit sharply-
defined sedimentation boundaries consisting of a clear supernatant over an opaque layer of silica
microparticles. Unstable suspensions will show a visible reduction in turbidity and increasingly
unclear boundary between the supernatant and silica until the suspension has completely
aggregated and settled, leaving an effectively transparent cuvette.
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Figure 6-1: Stability of 0.1% vol. suspensions 1.0 pm silica microparticles with increasing zirconia
nanoparticle concentrations. Suspensions are at pH 3.5 (silica IEP). L to R: 0%, 102%, 10"'%, 1.0% vol.
zirconia nanoparticles.

As all the silica/zirconia suspensions in Figure 6-1 were stable, further measurements
were done to determine the threshold concentration of zirconia nanoparticles needed to
completely stabilize the silica dispersions. Figure 6-2 shows the stability with much lower
concentrations of zirconia nanoparticles, from 10%% to 107% vol. Here, we do find that the
lowest concentrations of zirconia do no stabilize the suspension. Specifically, the 10°% vol.
sample flocculates as rapidly as the silica-only sample (i.e., less than one hour). The 10°% vol.
sample aggregates more slowly than the two lower concentrations but is still clearly unstable, as
it flocculates and settles significantly in less than 2 hours. The two remaining suspensions, 10™%
and 107% vol., are visibly stable, and the samples remained so for the full observation period
(>12 h). From this we can conclude that in order to stabilize a 0.1% vol. suspension of the silica
microparticles, a minimum concentration of 10% vol. of the zirconia nanoparticles is required.
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Figure 6-2: Stability of 0.1% vol. suspensions 1.0 um silica microparticles with increasing zirconia
nanoparticle concentrations. Suspensions are at pH 3.5 (silica IEP). L to R: 0%, 10%%, 10°%, 10™%, 10"
%% vol. zirconia nanoparticles.

Similar stability experiments were performed with the alumina nanoparticles. The images
shown in Figure 6-3 include 10*%, 10°%, and 102% vol. alumina suspensions, along with a
silica-only suspension (all at pH 3.5 and with 0.1% vol. silica microparticles). Here we see that
the addition of 102% vol. alumina nanoparticles to the silica suspension results in a stable
suspension, which was fully stable for the entire observation period of more than 12 hours (as
with Figure 6-1 and 2, there were no observable changes after 6 hours, which is the last image
shown for each experiment). The two lower concentrations appear to slow the rate of
flocculation; however it was only slowed by 1-2 hours. The critical alumina concentration
required to stabilize the silica (107% vol.) is approximately 2 orders of magnitude greater than
the zirconia. However, because of the larger size of the nanoparticles (approximately 10-15 nm),
the bulk number density at this concentration was only 5 to 10 times that of the zirconia
nanoparticles (approximately 5 nm) at its critical stabilization concentration (107% vol.).

It is necessary to note that the highest concentration of alumina nanoparticles (102% vol.)
exhibits a bluish coloration. This actually arises from the alumina nanoparticles and is unrelated
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to the stability of the silica suspension. Additionally, in contrast to the zirconia, 107% was the
highest alumina concentration that was used, as the higher concentrations became too opaque to
sufficiently observe the stability behavior of the silica microparticles.

Figure 6-3: Stability of 0.1% vol. suspensions 1.0 pm silica microparticles with increasing alumina
nanoparticle concentrations. Suspensions are at pH 3.5 (silica IEP). Left to right: 0%, 10%%, 10°%, 10°%
vol. zirconia nanoparticles.

6.3.2 Zeta potential

The zeta potential measurements reported in Table 5-1 were all measured at pH 3.5. The
nanoparticles alone were each highly and positively charged, with average zeta potentials of 44.3
and 56.2 mV for the zirconia and alumina nanoparticles, respectively. This was expected as both
oxides have significantly higher isoelectric points than silica. The silica microparticles alone
were nearly uncharged, with a zeta potential of only 3.1 mV.
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The addition of zirconia nanoparticles to the silica dispersions effectively increased the
zeta potential of the microparticles at concentrations of 10*% vol. and higher (10°% was within
one standard deviation of zeta measured with no added nanoparticles). The zeta potential
increased consistently with zirconia concentration to approximately 42.1 mV at 102%. Further
increasing the zirconia nanoparticle concentration to 10™'% resulted in no further increase in the
zeta potential. The zeta potential at the critical stabilization concentration (10% vol.) was 12.9
mV, which is reasonable based on previous stability measurements which showed that the silica
dispersions alone were stable with a zeta potentials as low as roughly +10 mV (pH below the
IEP).[133]

Table 6-1: Measured zeta potentials for 1.0 pm silica microparticles in suspensions
with increasing concentrations of oxide nanoparticles (along with the nanoparticles
alone, which were measured using DLS). The zeta potentials for silica were determined
using micro-electrophoresis at pH 3.5 (the IEP of the SiO, microparticles). The
standard deviation is used for the reported error values.

Bulk nanoparticle conc., % vol. € Zirconia (mV) € Alumina (mV)
Nanoparticles only 44.3+8.9 56.2+49.9
0 3.1£2.1 3.1£2.1
107 3.240.9
10 12.945.8%* 9.9+1.2
107 30.4+11.2 14.8+2.4
107 42.1+7.3 22.8+6.4%*
107! 42.6+4.4

a
Alumina zeta potential was not measured at these concentrations

**Lowest concentration where stability was observed

The addition of alumina nanoparticles had a similar effect, with increasing concentrations
resulting in higher effective zeta potentials for the silica. In comparison to the zirconia, however,
the zeta potential was lower at equivalent bulk volume concentrations. The maximum measured
zeta potential, 22.8 mV, occurred at 102% vol., which was the concentration needed to stabilize
the suspension. While this zeta potential was higher than that found necessary to stabilize the
suspension using the zirconia nanoparticles, because measurement were only performed at factor
of 10 intervals of concentration, an precise statement about the zeta potential needed for
stabilization is difficult. It seems clear that with either nanoparticle, an effective zeta potential of
20 — 25 mV would be sufficient for stability.
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6.3.3 Nanoparticle adsorption on silica microparticles

Figure 6-4 shows five SEM micrographs of 1.0 um silica microparticles that had been
immersed in zirconia nanoparticles suspensions ranging from 10°% to 107'% vol. at pH 3.5. As
with the zeta potential measurements, there is a visible increase in the quantity of adsorbed
nanoparticles with increasing concentrations of nanoparticles in the suspension. With suspension
concentrations of 10'3%, 10'2%,and 107% vol., there are clearly visible layers of adsorbed
nanoparticles and possibly multi-layer converage at the highest two nanopaticle concentrations.
At the lower two concentrations, while there clearly appears to be nanoparticles present on the
surface, their density is markedly lower. (It should be mentioned that because of the small
average diameter of the zirconia nanoparticles — about 4.9 nm - discerning individual
nanoparticles with the SEM is difficult.)
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Figure 6-4: SEM micrographs showing the adsorption of zirconia nanoparticles on 1.0 um silica spheres.
Zirconia concentrations range from 10°% to 10™'% vol.

SEM micrographs of alumina nanoparticle adsorption on the silica microparticles are
shown in Figure 6-5. Again, the number density clearly increases with increasing bulk
concentration of nanoparticles. The sample from the suspension with the lowest bulk
concentration (10#% vol.) has very few particles visible on the silica surface; however by 102%
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(the concentration that successfully stabilized the silica suspension) there is a substantially
greater degree of adsorption.

Figure 6-5: SEM micrographs showing the adsorption of alumina nanoparticles on 1.0 um silica spheres.
Alumina concentrations range from 10% to 10"'% vol.

The alumina nanoparticles are slightly easier to image than the zirconia particles as they
are somewhat larger. Size measurements of individual alumina particles from the SEM images
indicate that most of the particles are 12 to 15 nm in diameter, which is close to the
manufacturer-specified average of 10£5 nm. However, size measurements conducted with
dynamic light scattering indicated that there was a very large amount of aggregated nanoparticles
in the suspension. The alumina obtained from the manufacturer was actually in a gel state and
even upon dilution, the observed high turbidity suggested significant aggregation. After dilution
and multiple attempts to re-disperse the nanoparticles using ultrasonication, the measured
average was still greater than 90 nm. This is likely the reason that the particles appear in clusters
in Figure 6-5, even at the lowest concentrations. Additionally, they appear more susceptible to
the effects of drying the sample prior to imaging, as in each sample the particles have
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accumulated between the silica microparticles in significantly greater quantities than what is
present on the exposed surfaces. As a result, it is not completely clear if the images in Figure 6-5
are a true representation of the degree of coverage of the silica particles in the bulk suspension.

6.3.4 CP-AFM and reversibility

A set of colloid probe force measurements were performed to investigate the forces
between the silica surfaces in the presence of nanoparticles at the silica IEP. The AFM system
had a lower IEP than that of the microparticle suspensions used for the stability tests. Since 30
um silica spheres were used as the colloidal probes, they sedimented too quickly to obtain a zeta
potential and directly determine the IEP. Instead, the effective IEP of the silica system was
determined in the AFM, by reducing the pH until the repulsive forces were essentially
eliminated. This occurred at a pH of 2.55. The measurement was performed with both zirconia
and alumina nanoparticles (separately). Figure 6-6 shows the effects of added nanoparticles on
the forces between silica surfaces at the silica IEP. In each experiment, the interaction was
measured with water only (at the same pH as the nanoparticle solutions), after which the
nanoparticle solution was introduced and the force measured again. The nanoparticle solution
was then flushed from the cell using the pure water before the final measurement (all solutions
were titrated to pH 2.55). The final rinse step was measured after approximately one hour of
equilibration time, to allow any potential desorption to occur.
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Figure 6-6: Force measurements (using CP-AFM) showing the increase in electrostatic force between a
silica sphere and plate in water only (0% Initial), upon introduction of the nanoparticles, as well as the
irreversibility of the force after flushing the system with water (0% Rinse). Measurements performed at
the silica IEP (pH 2.55). Top: Zirconia. Bottom: Alumina. Note the difference in scales on the x-axis.

With the first solution exchange, it is clear that the introduction of nanoparticles produces
a significant repulsive force between silica surfaces, both with zirconia and alumina, compared
to the initial nanoparticle-free measurement. The forces between the zirconia have a significantly
shorter range than the alumina (the two graphs have different x-axis scales in order to better
show the shape of each curve), and the force curve in the alumni systems was more noisy,
resulting from greater variability in the individual force curves obtained in the alumni system.
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Once the nanoparticle suspension has been flushed from the fluid cell and replaced with
nanoparticle-free water of identical pH, we clearly see that the repulsive force remains. Not only
that, but the forces after the rinse are effectively identical to those measured in the nanoparticle
suspensions, with the two curves overlapping almost completely. This indicates that the
nanoparticles are quite strongly adsorbed to the silica surfaces, and is consistent with previous
reversibility studies using polystyrene latex particles.[63, 84] It is possible that there may be
some long term desorption, since this rinse curve was only measured 1 hour after the flushing of
the nanoparticles from the system, however for moderate time scales, the adsorbed particles
should be expected to remain on the surfaces.

If the force curves are purely electrostatic, the forces follow an exponential decay that is
dependent on the Debye length (x').[11] From a semi-log plot (In(force) versus separation) we
can calculate a decay length of the curves and compare it to the theoretical Debye length of the
solution, which is dependent on the ionic strength (in this case we assume that the ionic strength
is equal to the concentration of titrant required to reach the experimental pH). The semi-log plot
of a purely electrostatic should yield a straight line, the slope of which is equal to the negative
inverse Debye length (k). The semi-log plots for the nanoparticle solution curves (Figure 6-6)
are shown in Figure 6-7.

The theoretical Debye length for the solutions is approximately 5.7 nm.[14] From the fit
of the slopes, we find that the zirconia measurements have decay lengths of approximately 4.8
nm and 5.5 nm (0.1% zirconia and 0% rinse, respectively). These values are sufficiently close
enough to the calculated Debye length to indicate that the repulsion in the zirconia system arises
primarily from electrostatics. Furthermore, it is reasonable for the decay length for the solution
containing nanoparticles to be somewhat shorter than the theoretical k™', since the nanoparticles
themselves release counterions into the system.[122]
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Figure 6-7: Semi-log plots of the measured force curves in the nanoparticle solutions. Top: Zirconia.
Bottom: Alumina.

The repulsive forces (Figure 6-6) for the alumina nanoparticles system show a longer
range of interaction compared to the zirconia, with decay lengths of approximately 16.2 nm and
19.3 nm for the 0.01% alumina and 0% rinse, respectively. Given that the decay lengths are
substantially larger than the Debye length of the system, these results suggest that there is an
additional, most likely steric, component to the repulsive interactions. Steric forces arise in
systems where the surface layer or features extend outward and physically interact with other
approaching surfaces.
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While we can see from the SEM images (Figure 6-5) that the alumina particles used in
the stability tests are not fully covered with nanoparticles, there are a significant number of
nanoparticle aggregates in the system (as previously mentioned, while the individual
nanoparticles were 10-15 nm, the measured average diameter was about 90 nm, indicating
aggregation of the nanoparticles in the bulk). Although it is possible that the level of coverage is
higher in the AFM system, coverage similar to that of Figure 6-5 could still result in a steric
force component. In the individual force curves (prior to averaging), there were typically small
peaks in the force before reaching full contact, which would occur if the adsorbed particles and
aggregates shifted during approach.

6.4 Discussion
The presented results can be summarized by the following points:

1. The flocculation of silica microparticle dispersions (at the IEP) can be prevented with the
addition of charged metal oxide nanoparticles. Zirconia and alumina nanoparticles were
both found to be effective stabilizers of a 0.1% suspension of 1 um diameter silica
particles at critical stabilization concentrations of 10™*% vol. (zirconia) and 10°% vol.
(alumina). At and above these concentrations, the silica microparticles remained stable
for the entire observation period (>12 h).

2. The added nanoparticles were highly positively charged, and the measured zeta potential
of the silica microparticles in suspension with the nanoparticles increased with increasing
nanoparticle concentration. The silica had a zeta potential of 12.9+5.8 mV in 10%
zirconia and reached a maximum potential of approximately 42 mV at 10°%, after which
no further increase was observed with increase zirconia concentrations. Using alumina
nanoparticles, the silica had a potential of 22.8+6.4 mV at 102% vol.

3. Both types of nanoparticles adsorbed on the silica microparticles at the stable
concentrations, as imaged by SEM. The zirconia showed significantly higher levels of
coverage (though due to particle size were more difficult to image at lower
concentrations). The alumina had significant adsorption at the lowest stable concentration
however there were still substantial gaps between adsorbed particles.

4. CP-AFM measurements showed that the adsorbed charged nanoparticles provide
significant repulsion between silica surfaces, though it appears that while the forces in the
zirconia system are only electrostatic, the alumina system may exhibit steric forces as
well.

5. After flushing the nanoparticle solution from the fluid cell, the repulsive forces persisted,
nearly unchanged from the measurements with nanoparticles. The adsorption is
effectively irreversible (at constant solution conditions), with no change in the forces
after being exposed to nanoparticle-free water at the same pH for 1 hour.

These results clearly show that complete stabilization of unstable colloids is achievable
using adsorbing, highly-charged nanoparticles. This finding is in contrast to previous studies
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conducted by these authors using both sulfate and amidine polystyrene particles.[123, 133]
Although zeta potential measurements conducted with these latex nanoparticles indicated that the
silica microparticles should be stable (i.e., zeta potentials as large as 47.6 mV were obtained),
long-term stability was never achieved.

One motivation for choosing the new nanoparticles for this study was to try particles with
a smaller diameter. The expectation was that for a given volume fraction, the smaller
nanoparticles would have a comparatively greater number density, potentially increasing the
degree of adsorption. The smaller nanoparticle size would also more effectively distribute the
charge across the surface of the microparticles and thus better approximate a uniform coating on
the sphere. This would be an improvement over the polystyrene particles, which had diameters
greater than 20 nm (compared to the 5 to 15 nm of the zirconia and alumina).

However, as seen in Figure 6-5, the alumina adsorption is still quite patchy, with
significant space between particles or aggregates. This adsorption behavior is very similar to
what was seen with polystyrene nanoparticles, in particular the negatively charged sulfate
latex.[133] Given that the silica microparticles with adsorbed polystyrene nanoparticles remained
unstable, even with bulk nanoparticle concentrations as high as 0.5% vol., the adsorbed coverage
is clearly not the determining factor controlling stability.

A second factor that needs to be considered is the strength to which the nanoparticles are
bound to the silica surface. Specifically, if the nanoparticles either desorb or laterally migrate on
the surface upon interaction of two silica particles, then bare silica particles would be created that
allow aggregation. Such desorption or migration would occur if the energy barrier preventing
nanoparticle motion were sufficiently small. Assuming that the electrostatic interactions in the
various systems were all approximately similar, then primary force holding the nanoparticles in
place would be the attractive van der Waals force.

According to Lifshitz theory, the van der Waals interaction energy per unit area, E,g,
between two half spaces separated by distance / is given by the expression[24]

A

vaw = T onl2

(7.1)

where A(/) is the distance-dependent Hamaker ‘constant’. This constant can be calculated using
the dielectric response functions for the two half-spaces, along with that of the intervening
medium.

Using dielectric spectra data taken from the literature[26-28], Hamaker constants as a
function of separation distance for various materials interacting with silica were calculated and
are plotted in Figure 6-8. It can be clearly seen that at contact (as well as larger separations) the
Hamaker constant is greater for the oxides than it is for polystyrene, which has a value of
approximately 0.99x10° J at contact. Zirconia is more than twice that of polystyrene, with a
value of approximately 2.1x102° J, and alumina is approximately 1.7x102° J. Since the van der
Waals interaction is directly proportional to the Hamaker constant (Equation 7.1), the attractive
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component of the total interaction between microparticle and nanoparticle can be more than
twice as large with zirconia than with polystyrene latex, which would result in a much lower
tendency to desorb or migrate.[133]

e Polystyrene
—7r02
=—Al203

Y203
—Ti02

Hamaker Constant /102°)

O T T T T
0 10 20 30 40 50

Separation /nm

Figure 6-8: Calculated Hamaker constants, 4(/), for the interaction between silica and other materials
(polystyrene, zirconia, alumina, yttria, titania) at separation distances less than 50 nm.

It should be mentioned that there could, of course, be other short-range contributions to
the adhesion force holding the nanoparticles in place other than simply the van der Waals force.
Furthermore, recent work has questioned the validity of using the Lifshitz theory, which is based
on interacting half-spaces, for particles of nanometer size.[134] In calculations for two identical
5.88 nm spheres, the Lifshitz approach (compared to the alternative “coupled dipole method”)
underestimated the van der Waals force by about 10% at separations greater than 2 nm, while at
near-contact, the forces were overestimated by more than 20%.[135] Nonetheless, these results
do support the idea that strength of adhesion could be an important factor in determining whether
a specific type of nanoparticle would be an effective stabilizer.

6.5 Conclusions

The experiments in this study have demonstrated that stabilization of weakly charged
silica microparticles (which, at the IEP, flocculate out of suspension in less than 1 hour) can be
effectively stabilized with both positively-charged zirconia and alumina nanoparticles. The
zirconia nanoparticles successfully stabilized suspensions of 0.1% vol. silica microparticles using
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a wide range of concentrations, from 1.0% to as low as 10*% vol., while the alumina
nanoparticles stabilized the silica at 0.01% vol. The suspensions were stable for the entire
observation period of more than 12 hours.

For both nanoparticle types, the nanoparticles directly adsorbed to the microparticles, as
observed using SEM imaging. The adsorption led to increasing zeta potentials with increasing
nanoparticle concentration. Additionally, significant repulsive forces were measured in the
nanoparticle systems that were not present with the silica surfaces alone. The nature of the
zirconia induced forces was electrostatic; however the forces produced by these particular
alumina nanoparticles were too long ranged to be purely electrostatic. It is suggested that
aggregation of the nanoparticles, in the bulk and adsorbed to the silica surface, led to significant
steric repulsion. Furthermore, with both the silica and zirconia, the forces were determined to be
effectively irreversible, as there was no detectible difference in the repulsion 1 hour after
flushing the fluid cell with particle-free water at the same pH.

It is theorized that the stabilizing ability of these metal oxide nanoparticles arises in part
from their stronger degree of adhesion to the silica surfaces, specifically as compared to
polystyrene latex nanoparticles which were previously shown to be unable to stabilize similar
silica suspensions. This increased strength of adhesion could result from a stronger attractive van
der Waals force, as the Hamaker constant for both the zirconia/silica and alumina/silica systems
was roughly twice that of the polystyrene/silica system. While additional studies with a broader
range of nanoparticles are clearly warranted, it seems clear that the strength of adhesion could be
an important factor in assessing the effectiveness of charged nanoparticles as colloidal
stabilizers.
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Chapter 7: Forces and Force-scaling in Systems of Adsorbing
Nanoparticles as Measured using Colloidal-Probe Atomic Force
Microscopy

7.1 Introduction

The forces between colloidal particles is not only fundamental interest, but of practical
importance in understanding and controlling suspension properties, including rheology,
aggregation, and colloidal stability.[136] While research into the nature and behavior of colloidal
suspensions has been conducted since the late 19" century, only within the last few decades have
instruments and techniques been created which allow for directly measuring forces between
individual particles, which has allowed for improved understanding of colloidal interactions and
related phenomena. The development of devices such as the osmotic stress device (interactions
macromolecules and semi-permeable interfaces) and the surface force apparatus (interactions
between smooth cylindrical surfaces) allow measuring interaction forces between specific
surfaces at angstrom-scale resolution at small separation distances.[67, 70, 75, 77] Another
technique, total internal reflection microscopy (TIRM), provides a noninvasive method of
measuring colloidal interactions on a single particle immersed in a liquid with sensitivity to
forces as small as 0.01 pN.[71, 72]

The development of atomic force microscopy (AFM) has led to the ability to measure
forces between a wide variety of surfaces and particles, down to the molecular level.[94]
Initially, colloidal force measurements were performed using sharp cantilever tips; however in
1991 the colloid probe AFM (CP-AFM) technique was developed, which provided a method for
measuring the forces between a micron-sized sphere and a flat substrate.[80, 94, 137] This
technique utilizes a colloidal microsphere with a known radius attached to the tip of an AFM
cantilever. CP-AFM allows for a wide selection of materials for the probe particle and substrate,
as well as significant modifications to the surfaces that are not possible with other techniques.
Furthermore, the signal-to-noise ratio in the measurements is improved due to the larger total
force exerted on the probe particle compared to a sharp tip [95].

With many of these techniques, including CP-AFM, the force can be easily scaled to
different particle sizes and shapes using the Derjaguin approximation, which provides a simple
algebraic expression relating the force between a spherical particle and plate to the interaction
energy per unit area between two infinite plates.[138] The Derjaguin approximation requires
making some assumptions about the geometry, primarily that the radii of curvature of the
interacting surfaces is much greater than both the separation distance and the characteristic
length scale of the force.[14, 136, 139] At common colloidal probe sizes, however, it has been
shown to be an accurate technique for predicting equilibrium surface forces. For the electrostatic
interaction between two charged surfaces, the accuracy of the approximation has been shown to
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improve with increasing electrostatic surface potentials.[140, 141] More details about the
Derjaguin approximation will be provided in the Theory section.

Recently, many research groups, including this one, have used CP-AFM to measure
forces between colloidal particles in suspensions of nanoparticles.[61-63, 84] In many cases, the
focus was on negatively-adsorbing nanoparticles, such that a depletion interaction was produced
at short ranges due to exclusion of the nanoparticles from the gap region.[48, 49] In other cases
the focus was on adsorbing nanoparticle systems, such as systems containing weakly-charged
micron-sized particles in a suspension of highly-charged nanoparticles.[17,18,23,24] In these
systems, adsorption of the nanoparticles creates strong electrostatic repulsive forces between the
micron-sized particles at short separations that can be sufficient to stabilize them against
flocculation.

In experiments involving CP-AFM, the Derjaguin approximation is typically used to
analyze the measured force profiles. Specifically, the measured forces are frequetly normalized
by the radius of the probe particle, since the Derjaguin approximation predicts that the force
scales linearly with particle radius. Recent measurements from our group, however, have called
into question the validity of this assumption. This manuscript reports on a comprehensive study
focused on understanding the validity of the Derjaguin approximation in systems of adsorbing
nanoparticles. CP-AFM was used to measure the force profile between a micron-sized, spherical,
silica particles and silica plate in in nanoparticle suspensions at and above the pH value of the
silica isoelectric point (IEP). The nanoparticles used were either negatively-charged polystyrene
latex nanoparticles (sulfate surface groups) or positively-charged zirconia (zirconium dioxide,
Zr0,) nanoparticles. In addition to the force measurements, adsorption experiments were used to
characterize the degree of nanoparticle adsorption at different solution conditions.

7.2 Theory

The Derjaguin approximation was first presented in 1934.[138] In general, the
approximation involves approximating the shape of a curved surface using a set of concentric
rings. Figure 7-1 shows a simple schematic of two spherical particles, each of equal radius R,
which have been approximated by a set of parallel rings, each at distance Z from the opposing
surface. For very thin rings (thickness much smaller than radius), the area each ring can be
approximated as (2mx)dx, where x is the inner radius of a ring of thickness dx. The force between
the two spheres can then be described by Equation 6.1, where f(Z) is the normal force per area
between two planar surfaces and D is the distance of closest approach between the two surfaces.
The upper integration limit of infinity is based on the assumption that the characteristic length
scale of the force is much smaller than the particle radii.
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Figure 7-1: Schematic of two interacting spherical particles, with a visual representation of the Derjaguin
approximation.

Z=o
F(D) =2m f(Z)x dx (6.1)
Z=D

Because of the assumption that the range of the interaction is much smaller than the radii
of the interacting particles, the interaction region will be confined to the area around the point of
closest approach between the particles. In this area, the distance between two opposing points on
the surfaces, Z, can be approximated as [14]

2

X
~ — 6.2
Z~D+ = (6.2)
yielding
2
dZ = RX dx (6.3)

Inserting the relationship for xdx obtained from this equation into Equation 6.1 and
integrating yields Equation 6.4, which is the general Derjaguin approximation for the force
between two spherical particles. As explained above, the equation assumes that the separation
distance, D, and length scale of the interaction are smaller than the particle radii.[14]

Z=00
F(D) = nR F(2)dz (6.4)

Z=D
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For the case of a spherical particle of radius R interacting with a flat plate, a similar
derivation shows that the force is simply that predicted by Equation 6.4 multiplied by 2. Finally,
using the fact that interaction force is simply the negative derivative of the interaction energy, the
following relationship can be derived relating the force between s colloidal particle and plate,
F(D), to the energy per unit area between two infinite plates, W(D)

F(D) = 2rR W(D) (6.5)

The important point of this equation is that for equal surface conditions and separation distances,
the force between a particle and plate should scale linearly with the particle radius.

The Derjaguin approximation has been shown to be accurate for a variety of colloidal
interactions, including electrostatic forces, the non-retarded van der Waals force, polymer
induced forces, adhesion, and depletion forces.[11, 14, 136, 142, 143] Various modification to
the approach, such as the surface element integration (SEI) technique, provide a wider range of
applicability (e.g., smaller particles), but typically at the expense of mathematical
simplicity.[139] As an example, Todd and Eppell showed that the SEI technique was better than
the Derjaguin approximation at predicting the electrostatic interaction between a 7 nm AFM
cantilever tip and flat substrate in a solution with a Debye length of 9.6 nm.[144] However, in
the vast majority of the measurements of colloidal forces using techniques such as CP-AFM and
TIRM, the system parameters are such that the assumptions inherent in the Derjaguin
approximation are easily met and the technique is thus applicable.

7.3 Materials and methods

7.3.1 Materials

The various solutions were prepared using water that had a resistivity of 18.2 MQ-cm,
produced by a Barnstead EASYpure II UV Ultrapure water system (Thermo Scientific, catalog
#D7401) that was fed by the in-house DI water. Fused silica slides (Corning 7980 fused quartz
silica, item #3x1xImm) were supplied from TGP (Technical Glass Products, Inc., Painesville,
OH). Two types of nanoparticles were used: sulfate latex (catalog #S37200, Life Technologies,
Carlsbad, CA) with a specified diameter of 0.02 pm, and zirconia (product #ZR10/20, Nyacol,
Ashland, MA) which had a specified diameter of 5-10 nm. To adjust the solution pH,
hydrochloric acid (Optima grade, Fisher Scientific, catalog #A466-250) and sodium hydroxide
(1.0 N Mallinckrodt Standard grade, catalog #4693-60) were used, each diluted to 0.1 M using
ultrapure water.

For the CP-AFM force measurements, two sizes of silica spheres, 5 um (Polysciences,
Inc., Warrington, PA) and 30 pm (Microsphere-Nanosphere, Cold Spring, NY) were used as
colloidal probes. The AFM cantilevers used for the force measurements were ORC8-10 model
cantilevers (Bruker AFM Probes, Camarillo, CA). The glue used to mount the spheres was a
thermoplastic epoxy (EPON 1004F Resin, Momentive, Columbus, OH).
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7.3.2 Preparation of nanoparticle suspensions

The nanoparticle suspensions used in these experiments were prepared by diluting the
supplied stock solution with the ultrapure deionized water to the desired concentration. The
solutions were prepared in 20 mL scintillation vials (Wheaton Science Products Inc., catalog
#986540), which had been cleaned with ethanol and rinsed with deionized water. In order to
remove any excess ions, dialysis of the suspensions was performed by adding ion-exchange resin
(Bio-Rad, catalog #143-7425) to each suspension at the manufacturer specified ratio of 5 g resin
per 100 mL of solution. The nanoparticle suspensions were rotated for 4 hours using a
continuous sample rotator (operating at 4 rpm) to slowly mix the samples and redistribute the
resin throughout the suspension. Once the dialysis period had finished, the nanoparticle
suspensions were decanted into clean scintillation vials. Each sample was then titrated to the
desired pH value (either pH 2.5 or 9.0) immediately prior to each experiment.

7.3.3 Nanoparticle adsorption

Dialyzed nanoparticle solutions (1.0% and 0.1% vol.) were titrated to the desired pH (pH
2.5 or 9.0) using 0.1 M HCI and 0.1 M NaOH, as was a blank (nanoparticle-free) solution for use
as a rinsing solution. Cleaned silica slides were submerged in the nanoparticle suspensions for 20
min. The slides were removed from the nanoparticles and lightly rinsed in the pH-adjusted blank
solution in order to remove any non-adsorbed particles. The slides were left to air dry and then
sputter-coated with gold (less than a 2 nm thick coating) before being imaged via scanning
electron microscopy.

7.3.4 Colloid probe atomic force microscope measurements

Particle interactions and forces between silica surfaces in suspensions of the polystyrene
latex nanoparticles were investigated using CP-AFM. For these experiments, the silica spheres to
be used as colloidal probes were cleaned by diluting the stock solution with 100% ethanol and
then shaken until the spheres were evenly distributed. The suspensions were centrifuged, the
supernatant drawn off, and the spheres dried in a low temperature oven. The clean spheres were
mounted on the D-lever (nominal spring constant £=0.05 N/m) of an ORCS cantilever chip using
a probe mounting microscope with translating stage and cantilever holder. As there was some
variation in particle size, the exact particle diameter of the sphere was determined using a
calibrated onscreen ruler before being cleaned in a UV/Ozone cleaner (BioForce Nanosciences,
Inc., Ames, [A) for 20 min. An example of each sphere type is shown in Figure 7-2 (imaged via
SEM). The contact surface of attached probes were imaged on a TGTO1 ultra-sharp tip silicon
grating (NT-MDT, Santa Clara, CA) using an Asylum Cypher AFM (Asylum Research, Santa
Barbara, CA). Each sphere that was used in an experiment had an RMS surface roughness of less
than 1.0 nm (typically less than 700 pm), which was calculated from a flattened image of the
sphere surface. The precise spring constant of the cantilever (with mounted spherical probe) was
determined via the method of Hutter and Bechhoefer[96].
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Figure 7-2: SEM micrographs of AFM cantilevers with attached probes: 30 um (left) and 5 pm (right)
diameter SiO, spheres.

The CP-AFM force profile experiments were performed using an Asylum Research
MFP-3D AFM in a closed fluid cell environment (model #CCELL). The experiments utilized a
sphere and plate geometry, with the forces being measured between the cantilever-mounted
probe and a flat silica slide. The silica slide substrates were cleaned by ultrasonication in 100%
ethanol before being rinsed and dried with ultra-high purity nitrogen, then glued to the base plate
of the AFM fluid cell with epoxy. The disassembled fluid cell components were sonicated in
pure ethanol for 1 hour before being rinsed with ultrapure water and dried. The cell was then
assembled and filled with the desired solution.

The force measurements were performed at a 100 nm/s scan rate (slow enough to avoid
hydrodynamic forces), with the scan range starting at 1.0 pm separation. The number of
deflection-distance curves (approach and withdrawal) recorded ranged from 30-50 per sample,
depending on the quality of the individual curves. The raw deflection data was converted to force
versus separation curves via the analysis methods of Ducker et al.[94] and the individual curves
were averaged into a single curve to reduce noise and other irregularities. All the force curves
reported in this paper are the curves measured as the probe approaches the surface. For each
experiment comparing two different probe sizes, the solution was withdrawn from the fluid cell,
the cantilever was switched out for one with the other probe size, and the solution was replaced
in the cell.

7.4 Results

7.4.1 Measured force profiles

The approach force curves in Figure 7-3 show the forces between a silica probe particle
and silica plate without added nanoparticles in cases in which the silica surfaces are either highly
charged (pH 9.0) or uncharged (at the IEP of pH 2.5). In the highly charged case at pH 9, the
purely repulsive force results from the electrostatic repulsion between the negatively-charged
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particle and plate, with the total force depending on the radius of the colloidal probe. The 30 um
probe experiences a greater force than the 5 um by a factor of approximately 6 and, as shown in
the adjacent graph, the two curves are nearly the identical when normalized by dividing each by
2nR as per the Derjaguin approximation. The small remaining difference likely arises from small
differences in the zeta potential between the two silica particle sizes or slight inaccuracies in
determining the exact sphere radius. At the IEP, by comparison, it is apparent that the
electrostatic interaction has effectively been eliminated. (With the 30 um probe particle, a small
van der Waals attraction is measured at separations less than approximately 20 nm; this attraction
is likely too small to be detected with the 5 um probe particle.)
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Figure 7-3: Forces between only silica surfaces at pH 2.5 (top) and pH 9.0 (bottom), for 5 and 30 pm
colloidal probes. Left: Total force measured (nN). Right: Force scaled by 2nR (mN/m).

These experimental results shown in Figure 7-3 are the comparison basis for the results
for the subsequent experiments performed in the presence of the nanoparticles. The experiments
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performed at pH 2.5 charged such that there is a strong repulsion between the silica surfaces.
Furthermore, the electrostatic repulsion scales linearly with the size of the probe particle.

Upon the introduction of charged nanoparticles to the system, a very clear repulsive force
develops. Previous results from this group have shown that this repulsion arises from adsorption
of the nanoparticles.[63, 84] Figure 7-4 shows the interaction between the 5 and 30 pum silica
sphere and plate in the presence of the negatively charged sulfate latex nanoparticles. The
experiment was carried out at bulk nanoparticle concentrations of 0.1% vol. as well as 1.0% vol.
The force is very similar, in terms of both magnitude and range of interaction, to measurements
that were previously reported by Ji, et al.[63] The magnitude of the force is slightly smaller in
the 1.0% vol. nanoparticle solution, which likely arises from the higher ionic strength produced
from the counterions of the charged nanoparticles.[122]

Surprisingly, however, the measured forces at both nanoparticle concentrations are found
to be almost completely independent of the size of the probe particle. As a result, when the force
curves are normalized by 2nR, a significant difference is now observed.
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Figure 7-4: Approach force curves for two probe diameters (30 pm, 5 pm) at pH 2.5 (silica IEP) in
solutions of sulfate latex nanoparticles. The graphs on the left show the total unscaled force (nN), while
those on the right show the forces scaled by 2nR (mN/m).

As the repulsive forces observed in the experiments at the silica IEP (pH 2.5) arise due to
the adsorption of nanoparticles, further experiments were done well above the IEP at pH 9.0
where the silica and sulfate latex are both strongly negatively charged in order to minimize the
adsorption of the nanoparticles. At pH 9.0, the silica zeta potential would be approximately -70
mV [123, 133], while the zeta potential of the sulfate latex nanoparticles was measured using a
Malvern Zetasizer to be -43.6+5 mV. As in the previous plots, Figure 7-5 shows the silica and
sulfate latex systems (1.0% and 0.1% vol., using both 5 um and 30 um probes), but at the higher
pH. Here we can see that the 0.1% vol. system effectively returns to the same relationship
between the sphere size and interaction force as was in the system with no nanoparticles (Figure
7-3). Specifically, the force measured with the larger probe particle is higher than that obtained
with the smaller particle, and when normalized by 2nR the two curves are nearly the same.
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However, the 1.0% vol. system still exhibits the non-dependence on sphere size that occurs in the
system at pH 2.5.
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Figure 7-5: Approach force curves for two probe diameters (30 um, 5 um) at pH 9.0 (minimizing
nanoparticle adsorption) in solutions of sulfate latex nanoparticles. Left column: Total unscaled force
(nN). Right column: Force scaled by 2aR (mN/m). Top row: 1.0% vol., Bottom row: 0.1% vol.

It is interesting to note that at pH 9.0, the absolute value of the force measured in the
presence of nanoparticles (Figure 7-5) is significantly less than that measured without the
nanoparticles (Figure 7-3). As an example, with the 30 um probe particle, the force at a
separation distance of 10 nm in the system without nanoparticles was approximately 3 nN. By
comparison, for the systems containing both 0.1% and 1.0% sulfate latex nanoparticles, the force
at this separation was approximately 0.4 nN. While some of this difference could be due to the
higher ionic strength arising from the nanoparticles, a more likely explanation is a different
definition of separation distance. In the CP-AFM measurements, separation is measured relative
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to the point of hard contact between the surfaces. With nanoparticles in solution, even a small
amount of adsorbed nanoparticles would mean that hard contact would involve a layer of
nanoparticles between the silica particle and plate. As a result, the distance between the actual
silica surfaces would actually be larger than that reported in Figure 7-5, which would mean a
weaker repulsive force.

Figure 7-6 shows the forces between different silica probes in systems of zirconia
nanoparticles (0.01% and 0.1% vol.) at pH 2.5. The zirconia nanoparticles were chosen because
they had a higher calculated Hamaker constant at contact with a silica surface and therefore
would have a stronger van der Waals attraction, leading to enhanced adsorption. Using Lifshitz
theory [24], the zirconia-silica system had a Hamaker constant of approximately 2.1x107%° J,
compared to 0.99x1072° J for the polystyrene-silica system. One other difference is that at pH 2.5,
the zirconia nanoparticles are positively charged, and have zeta potentials of
approximately+43.3.+7.8 mV (also measured using Malvern Zetasizer).

Nonetheless, behavior similar to that observed with the latex particles is observed. The
zirconia nanoparticles produce significant repulsion between the silica surfaces. The 0.1%
system 1is slightly more repulsive than the 0.01% but the difference is relatively small. In
addition, at equivalent volume fractions, the zirconia leads to a greater repulsive force than the
sulfate latex nanoparticles. For example, the repulsive force with the zirconia nanoparticles is
approximately twice that of the latex nanoparticles at separations of 5 — 10 nm and 0.1% vol.
(seen in Figure 7-4). This could be explained in part by the slightly higher absolute zeta potential
of the zirconia particles (+43.3+7.8 mV) relative to the latex (-35.1£5.3 mV), as well as an
increased degree of adsorption. Regardless, no dependence on probe size is observed with the
zirconia nanoparticles, indicating that this unusual behavior is not unique to the latex
nanoparticles.
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Figure 7-6: Approach force curves for two probe diameters (30 um, 5 um) at pH 2.5, in solutions of
zirconia nanoparticles. The graphs on the left show the total, unscaled force (nN), while the force scaled
by 2nR (mN/m) is shown in the graphs on the right.

From the plots in Figures 6-3 through 6-6, it is clear that while there are slight differences
between each curve, they all appear to follow an approximate exponential decay. For a purely
electrostatic repulsion, the repulsive force should decay roughly exponentially, especially at
larger separations, and therefore a semi-log plot (natural log of the force versus separation
distance) should yield a straight line with the slope of the line equal to the negative of the inverse
Debye length, k. Semi-log plots of the force for the systems containing latex nanoparticles are
shown in Figure 7-7. The decay lengths, obtained from the slope of the linear region of each plot,
are given in Table 7-1.
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Figure 7-7: Graphs of the natural log of the total force as a function of separation distance; comparisons
of different nanoparticle solutions with different colloidal probe sizes (5 um and 30 um). Top left: 1.0%
vol. sulfate latex.

Also listed in Table 7-1 are the theoretical Debye lengths (k') which were calculated
using an ionic strength determined from the known amount of titrant that was added to each
solution to reach the desired pH. In the experiments utilizing the sulfate latex nanoparticles, each
experiment results in an approximately linear plot at separation distances less than approximately
30 nm for the 1.0% vol. and less than 50 nm for the 0.1% vol. suspension (the region where the
total force is non-zero). They also deviate slightly from linearity at very small separations (< 4-5
nm), which has been observed previously [63].

At pH 2.5, the calculated Debye lengths for the sulfate latex suspensions actually agree
quite closely with the theoretical Debye length of 5.72 nm. The ionic strength is relatively high at
this pH, resulting in small values; however each sample was within a few tenths of a nanometer
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of the predicted Debye length (except the 0.1% sample using the 5 pm sphere, which was about
20% smaller). This indicates that the repulsive forces measured are electrostatic in nature.

Table 7-1: Comparison of the theoretical Debye length (k') with the decay length values calculated from
the measured force curves. All units are in nanometers.

pH 2.5 (5 pm) pH 2.5 (30 um) pH 9.0 (5 pm) pH 9.0 (30 um)

Theoretical k! 572 5.72 28.22 28.22

No nanoparticles -2 -2 17.21 20.25
0.1% Sulfate 4.68 5.47 7.91 7.98
1.0% Sulfate 5.86 5.89 4.47 431
0.01% Zirconia 5.67 4.79 S S
0.1% Zirconia 4.49 7.36 S S

Could not be calculated from force curve (at IEP). °Zirconia suspensions were not measured at pH 9.0.

At pH 9.0, there is a larger discrepancy between predicted and measured decay lengths.
The theoretical Debye length is nearly 30 nm, while the measured values with no nanoparticles
were 17.21 and 20.25 nm for the 5 um and 30 pum probes, respectively. The values for the
nanoparticle suspensions were approximately 8 and 4.5 nm (0.1% and 1.0%, respectively). This
discrepancy in the absence of nanoparticles is likely due to the difficulties in accurately
controlling the ionic strength with very little added electrolyte. In the systems containing the
nanoparticles, the smaller screening lengths arise from the counterions released in the solution
from the charged nanoparticles.[122]

One important point to note in these results is that at a given solution, the decay lengths
are essentially the same with the different particle sizes. This finding confirms that with both the
5 um and 30 um particle probes, the predominant interaction is a similar electrostatic repulsion.

7.4.2 Nanoparticle adsorption

The images in Figure 7-8 show the adsorption occurring on the silica slides for bulk
concentrations of sulfate latex nanoparticles of 0.1 and 1.0% vol. While there are noticeably
more adsorbed nanoparticles at 1.0%, it is clear that there is significant deposition at both
concentrations. Given that these images were taken on surfaces that had been dried, there could
have been rearrangement of the nanoparticle on the surface, meaning that these images may to
accurately represent the morphology of the adsorbed nanoparticles in the actual test suspensions.
Regardless, these images clearly indicate that the latex nanoparticles adsorb to the silica surfaces
at the concentrations used in the CP-AFM experiments.
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Figure 7-8: SEM micrograph of sulfate latex nanoparticle adsorption on silica slides. Nanoparticle
solutions were at pH 2.5, the IEP of silica.

Images of silica surfaces after exposure to the latex nanoparticles at pH 9.0 are shown in
Figure 7-9. While the degree of adsorption is, as expected, substantially smaller due to the higher
net surface charge on the silica, it is certainly not zero. This is especially true at the higher latex
concentration of 1.0% vol. Additionally, in each sample there was a high degree of variability in
the number of adsorbed particles at different locations on the surface, so these images are simply
a general representation of the overall characteristics. The significance of these images is
discussed in greater detail in the Discussion section.

Figure 7-9: Sulfate latex nanoparticle adsorption on silica slides at pH 9.0, for 0.1% (Left) and 1.0% vol.
(Right) nanoparticle suspensions.
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7.5 Discussion

The primary findings from the experimental results presented in the previous section can
be summarized as follows:

1. At the isoelectric point of the silica sphere and plate, the addition of highly charged
nanoparticles of either zirconia or sulfate latex to the system produced a significantly
increased repulsive force between the silica surfaces. (In the absence of the nanoparticles,
only a very weak van der Waals attraction was detected.) At equal bulk volume fractions,
the magnitude of the force was slightly greater with the zirconia nanoparticles.

2. At pH 2.5, where the underlying silica surfaces have no net charge and the measured
electrostatic interaction thus arises predominantly from the adsorbed nanoparticles, the
measured force profiles was essentially independent of the size of the probe particle.

3. In systems where there was a substantial amount of nanoparticle deposition, such the
observed electrostatic repulsion arose primarily from the adsorbed nanoparticles (i.e., at
pH 2.5 where the underlying silica surfaces are essentially uncharged), the repulsive force
was independent of the size of the probe particle.

4. At pH 9.0, where the silica is highly charged, the correct size scaling was observed at the
lowest sulfate nanoparticle volume fraction (0.1% vol.). However, at the higher
nanoparticle concentration (1.0% vol.), the force was again found to be independent of
the probe size.

In the remainder of this section, possible causes of this lack of dependence on probe size
are discussed.

7.5.1 Scaling of interparticle forces by particle size

The finding that the interaction force that arises with substantial nanoparticle adsorption
is essentially independent of the size of the probe particle was completely unexpected and calls
into question the validity of the Derjaguin approximation in these systems. When the underlying
silica substrate is essentially uncharged, which will be the case at the IEP of the silica, the
electrostatic repulsion will be predominantly determined by the adsorbed nanoparticles. Two
questions that come to mind then are (1) are the conditions for the validity of the Derjaguin
approximation still valid under these circumstances, and (2) if the Derjaguin approximation is
indeed valid, is the radius of the probe particle still the appropriate scaling length?

To address these issues, it is helpful to revisit the basic assumption inherent in the
derivation of the approximation. Essentially, the Derjaguin approximation assumes that the
surface of the probe particle can be represented as a series of thin, concentric rings and that the
force of interaction between each ring and the opposing plate can be calculated as the area of that
ring multiplied by the force per unit area between two infinite parallel plates at the same
separation as the ring and plate. The force between the probe particle and plate is then calculated
by essentially summing the force between each ring and plate. Although not explicitly stated, one
other assumption inherent in the Derjaguin approximation is that the properties on the surface of
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the particle or plate that determine the interaction force are spatially uniform (i.e., all of the rings
have identical surface properties).

An important point about the experimental results presented above that should be
emphasized is that that the observed scaling between the magnitude of the force and particle size
was not only different from that expected from the Derjaguin approximation but was actually
found to be completely independent of the probe size. Such a result could only arise if the
interaction region that determined the probe-plate interaction was independent of the probe size.
One possible scenario where this would occur would be if the measured interaction force as
essentially arising from two opposing nanoparticle — one on the probe particle and one on the
plate. In other words, the density of adsorbed nanoparticles was low enough that the probability
of more than a single nanoparticle-nanoparticle interaction occurring was sufficiently small that
it effectively did not occur.

The likelihood of this scenario can be effectively discounted for two reasons. First, as
seen in Figure 7-8, at the higher concentration of the sulfate nanoparticles (1.0% vol.), there is
substantial coverage of the silica by the nanoparticles, such that the chances of having only a
single pair of nanoparticles interacting would appear extremely small.

The second reason is the magnitude of the measured force itself. Specifically, a rough
estimate of the force between two latex nanoparticles can be obtained using the expression[11]

2

k1 ey
— 2 — 6.6
F = 32n¢g, ( . ) KR tanh <4k )exp( kD) (6.6)

where F is the electrostatic repulsive between two spheres of radius R separated by distance D,
is the surface potential of the spheres (assumed equal), € and g, are the relative permittivity and
permittivity of a vacuum, respectively, k7 is thermal energy, e is the charge of a proton, and « is
the inverse Debye length of the solution. This equation assumes a symmetric electrolyte and
linear superposition of potential, which typically requires a separation distance larger than the
Debye length.[32] In addition, the Derjaguin approximation is used to account for curvature
effects, meaning that the radius of curvature of the particles (11.5 nm in this case) should be
larger than the Debye length (5.7 nm here). While this last assumption is only marginally valid
here, Equation 6.6 should nonetheless provide a rough approximation to the interaction force
between two spherical nanoparticles.

A plot of the force predicted by this equation is shown in the left-hand graph of Figure
7-10. For these calculations, in addition to the physical values listed in the previous paragraph, a
surface potential of -40 mV was used. The value was based on the upper bound of the measured
zeta potential for the sulfate latex nanoparticles at pH 2.5 (-35.1+5.3 mV). Also shown in the
right-hand graph of Figure 7-10 is the force measured between a 30 um silica particle and plate
in 0.1% vol. sulfate latex nanoparticles at pH 2.5 (from Figure 7-4). As seen, while the shape of
the two curves are similar, the magnitude of the measured force is roughly two orders of
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magnitude greater than that predicted between the two sulfate nanoparticles, indicating that the
measured force cannot be explained by a single nanoparticle-nanoparticle interaction.
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Figure 7-10: Left: Theoretical electrostatic force between two sulfate latex nanoparticles (calculated
using Equation 6.6). Right: Measured total force of a 30 um sphere in 0.1% vol. sulfate latex at pH 2.5
(Figure 7-4). Note the difference in y-axis scales in the two graphs (the experimental curve is
approximately 2 orders of magnitude greater).

A second possibility that was considered is that the interaction is predominantly arising
from a small patch of nanoparticles and that the size of this patch remains effectively unchanged
as the probe size changes. One explanation that could possibly lead to such a phenomenon is
would be the adsorbed nanoparticles getting displaced from the surface during the actual force
measurement. Specifically, the CP-AFM force measurements are conducted by driving the probe
particle toward the plate at a constant drive velocity and them measuring the deflection of the
cantilever produced by the surface forces. (The approach speed, 100 nm/s, is small enough that
hydrodynamic forces exerted on the probe particle are not significant.) As the particle
approaches the plate, significant shear forces are produced by the squeezing flow in the gap
region. At the surface of either the particle or plate, the magnitude of the shear rate, |y|, is given
by the following equation

o 3r dD
h/lr - T'Z 2 E (67)
(0+37)

where r is the radial distance measured from the point of closest approach, R is the radius of the
probe particle, D is the distance of closest approach, and dD/d¢ is the speed at which the probe
particle approaches the plate. As expected, the shear rate is zero at the point of closest approach
due to symmetry, increases to a maximum at » equal to (2RD/ 3)1/2, then decays back to zero
near the outer edge of the particle. What is perhaps most interesting about this equation,
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however, is that at small » (i.e., » << R), the shear rate becomes independent of ». This can be
seen clearly in Figure 7-11 which plots the shear rate at the surface of the particle or plate as a
function of radial distance for two different values of D — 10 nm and 20 nm. The approach speed
was assumed to be 100 nm/s, and values are shown for both the 5 and 30 um particles. As seen,
within roughly 100 nm or so from the point of closest approach, the shear rates for both the 5 um
and 30 um particles are essentially the same.
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Figure 7-11: A comparison of the shear rate (s) at the solid/liquid interface for 5 pm and 30 pm spheres
approaching a flat plate at a velocity of 100 nm/s. The shear rate is plotted as a function of radial distance
from the point of closest approach of the sphere at two different sphere/plate separation distances (D), 10
nm and 20 nm.

What this result implies is that if there were a critical shear rate necessary to dislodge the
nanoparticles, and if this critical shear rate lied very near to the point of closest approach (i.e., in
the region where the shear rate was independent of R), then there would be a small patch of
nanoparticles remaining around the point of closest approach and the size of this patch would be
independent of the radius of the probe particle. A simple schematic illustrating this effect is
shown in Figure 7-12.

106



Large separation
dD

dt
Close approach
— r

:-:; "lllllll <’:

Figure 7-12: Schematic of proposed interaction between a colloidal probe and plate in suspensions of
adsorbing nanoparticles that are sheared from the gap region during approach (not to scale). The
nanoparticles are sheared from the surface at a certain radial distance, r, determined by the shear rate
necessary to dislodge the nanoparticles.

Bergendahl studied the removal of various types of natural colloidal particles (i.e.,
hematite, goethite, and organic matter) from soil and found that a shear rate of 55 s™ caused
significant detachment of particles of size 700 — 800 nm.[145] Later, this same author
investigated the shear detachment of 1 um polystyrene particles from glass. It was found that
approximately 90% of the polystyrene particles could be detached using a shear rate of around
130 s.[146] Finally, Meinders showed that a shear rate of 200 s reduced the number of
polystyrene particles (size greater than 700 nm) adhered to glass by more than 90%.[147]

Although the sizes of the particles in this earlier work are larger than the nanoparticles
used in the present experiments, the values of the shear rate required for particle detachment are
certainly within the values attained in the particle-plate gap region of the CP-AFM experiments.
Consider, for example, that a shear rate of 100 s is required to remove the adsorbed latex
nanoparticles. As seen in Figure 7-11, at a particle-plate separation distance of 10 nm, this shear
rate is reached for both the 5 pm and 30 pm probe particles within roughly 40 nm from the point
of closest approach. What this means is that nanoparticles would remain adsorbed in a circular
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patch of radius 40 nm centered around the point of closest approach, but the region outside of
this patch would be swept clear of the nanoparticles. Over this circular patch, the local separation
distance between the particle and plate would vary by no more than 0.3 nm for the 5 um probe
particle and no more than 0.05 nm for the 30 um probe particle, so the patches would essentially
represent flat plates. (Note that for the 5 um probe particle, the shear rate would again drop
below 100 s at a radial distance of approximately 300 nm from the point of closest approach,
however at this point the local particle-plate separation distance would have increased to some
18 nm, which is large enough that electrostatic repulsive forces would have decayed to
essentially zero.)

Using the hypothetical value of 100 s™ as the critical shear rate (occurring at approximately
40 nm radially from the point of closest approach), this would mean an area of approximately
5000 nm” of adsorbed nanoparticles. By comparison, the cross sectional area of an individual 20
nm diameter nanoparticles would be approximately 300 nm”. Thus it is clearly possible that a
patch of sufficient size to accommodate multiple nanoparticles could remain on both the 5 and
30 um probe particles (same size patch on both probe sizes) such that the nanoparticles in this
patch determine the magnitude of the electrostatic interaction between the probe particle and
plate.

In addition to the shear flow, the forces between the particles themselves may be
contributing to the changes in the effective interaction area. Specifically, the electrostatic
interactions between individual nanoparticles (on opposing silica surfaces, as well as between
adsorbed particles on the same surface) could contribute to this behavior. The repulsion between
nanoparticles could contribute to the susceptibility for the nanoparticles to move on the surface
and therefore to being pushed from the interaction area. Thus, while additional experimental
work would be required before a definitive statement about the cause of the lack of scaling
between the measured forces and the size of the probe particle, this very preliminary analysis
indicates that it is possible that removal of adsorbed nanoparticles due to factors such as the high
shear rates in the gap region outside of a patch of fixed size could be the cause.

7.6 Conclusions

In this work, experimental colloidal probe CP-AFM measurements were performed to
measure the interactions between silica surfaces in the presence of highly charged nanoparticles.
Additionally, SEM micrographs were used to confirm the presence of adsorbed nanoparticles,
along with the approximate degree of surface coverage. At the silica isoelectric point with the
bulk nanoparticle concentrations used, sufficient adsorption took place to produce measurable
electrostatic repulsive forces between the probe particle and plate.

The CP-AFM experiments utilized two different nanoparticle types, negatively charged
sulfate latex and positively charged zirconia, and two different sizes for the probe particles, 5 and
30 um. At pH 9.0, where the silica is highly charged, and without added nanoparticles, the
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measured force profile was found to scale with the size of the probe particle, in agreement with
the scaling predicted from the Derjaguin approximation. At pH 2.5 (the silica IEP) and with no
added nanoparticles, essentially no electrostatic force was detected.

In the presence of nanoparticles, a totally different behavior was observed. At pH 2.5
with either sulfate latex or zirconia nanoparticles, no dependence of the measured force on the
size of the probe particle was detected. At pH 9.0 and with added sulfate latex nanoparticles, the
expected scaling with size was observed at 0.1% vol. bulk nanoparticles, while at 1.0% bulk
nanoparticles the lack of dependence on size was again observed. These findings suggest that
when the electrostatic repulsion between the silica particle and plate results predominantly from
the charged nanoparticles adsorbed to the surfaces, the force is independent on the size of the
probe particle.

It is suggested that this lack of dependence on probe size results from removal of the
nanoparticles by the high shear rates in the gap region. Specifically, in the region around the
point of closest approach, the shear rate at the surface of the probe particle and plate becomes
independent of the size of the probe particle. (The shear rate is also exactly zero at the point of
closest approach due to symmetry.) It is therefore theorized that the nanoparticles outside of a
small patch near the point of closest approach are dislodged during the force measurement and
furthermore that the size of this patch is independent of the size of the probe particle.

These findings clearly have implications on the use of CP-AFM to measure the forces
between surfaces with adsorbed nanoparticles. Additional experimental study is nonetheless
required before a definitive statement on the precise cause of the phenomenon can be identified.
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Chapter 8: Conclusions, Contributions, and Future Work

8.1 Conclusions

The work in this dissertation focuses on the relationship between the stability of

microparticle suspensions and how it is affected by the presence and adsorption of highly
charged nanoparticles in a bidisperse system. The major conclusions are presented in the
following:

1.

Dispersions of weakly charged microparticles can be stabilized by the addition of highly
charged nanoparticles, with the nanoparticles providing an electrostatic charge layer on
the surface of the microparticles. At or near the isoelectric point, suspensions of silica
microparticles will quickly aggregate and settle out of suspension in less than 1 h. With
the addition of sufficient concentrations of zirconia or alumina nanoparticles, the silica is
restabilized and exhibits no aggregation (observation time approximately 15 h). This is
due to the direct adsorption of the nanoparticles on the surface, which occurs quickly and
is effectively irreversible.

The standard predictors of stability (e.g. zeta potential) do not necessarily apply in the
cases of adsorbing nanoparticles on uncharged surfaces. This is particularly evident in the
experiments involving polystyrene latex nanoparticles. In these cases, there were
significant increases in the effective zeta potential well beyond what would be required to
stabilize silica-only suspensions, yet the resulting suspensions were ultimately still
unstable. There was a reduction in how quickly the suspensions flocculated (slowed to 3-
6 h), however both the adsorbed coverage and zeta potential were greater than those for
the zirconia and alumina, which had proved to be effective stabilizers. This was attributed
to the lower van der Waals interactions between polystyrene and silica in comparison to
various metal oxides; the metal oxides were more strongly attached, and therefore had
less potential to migrate or desorb from the surface.

While most colloidal-probe force measurements scale with respect to the radius of the
probe, certain systems of adsorbing nanoparticles lack all scaling with probe size. This
was observed with sulfate latex, zirconia, and alumina nanoparticles. In these systems,
the observed forces that result from adsorbed particles were virtually identical when
comparing a 5 pm and 30 um sphere. One possible cause of this phenomenon is the high
shear rate that occurs in the gap region between the colloidal probe and plate. Both probe
sizes have similar contact regions, but past a critical radius, the shear rate on 30 pm
sphere increases significantly more than the 5 pm. If the nanoparticles were sheared from
the surface outside this radius, the effective interaction areas of the two particles would
be very similar, and thus would give very similar force profiles.
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8.2 Contributions

The major contribution of this work to the field of colloid science is conclusively
showing that weakly charged dispersions can be effectively stabilized through directly adsorbed
nanoparticles with low bulk concentrations. It compares the effectiveness of different
nanoparticle materials as well as the conditions and parameters that lead to stability and provides
evidence that the effects of the adsorbed nanoparticles are essentially irreversible. Previously,
there had been very little information on the adsorption behavior of charged nanoparticles and
how it relates to the zeta potential and stability of otherwise weakly charged and unstable
microparticles. This work also demonstrates that not all systems where charged nanoparticle
adsorption occurs (therefore leading to recharged microparticles) can effectively stabilize the
dispersions. This has implications in the practical application of this method to control colloidal
stability, as well as in the general understanding of the behavior of bidisperse suspensions.

Additionally, the force measurements focusing on the effects of probe size on the forces
observed in suspensions of adsorbing nanoparticles had not been studied previously. The few
literature sources where CP-AFM was performed with nanoparticle surfaces had assumed that
the force scaled by the probe radius and therefore the measurements could be easily used to
approximate the forces that would be present in systems of smaller particles. With the results
shown in this dissertation, this assumption is called into question for these systems and
demonstrates some of the limitations of these measurements, which will be important for proper
interpretation of future experiments.

Journal articles

e S.Ji, D. Herman, J.Y. Walz, Manipulating microparticle interactions using highly charged
nanoparticles. Colloids Surf., A, 2012. 396, 51-62.

e D. Herman, J.Y. Walz, Stabilization of weakly charged microparticles using highly charged
nanoparticles. Langmuir, 2013. 29, 5982-5994.

e D. Herman, J.Y. Walz, Adsorption and stabilizing effects of highly charged latex
nanoparticles in dispersions of weakly charged silica colloids. J. Colloid Interface Sci., 2014.
DOI:10.1016/j.jcis.2014.11.022

e Chapters 6 and 7 are to be submitted for publication (co-authored with J.Y. Walz).

8.3 Recommendations for future work

While the conclusions from this work have shown that the adsorption of charged
nanoparticles can be an effective stabilization method, a number of questions remain to be
investigated.

1. A more quantitative assessment is necessary to determine the effects that the van der
Waals forces have on the ability to use a certain type of nanoparticle as a stabilization
method. The conclusions in Chapter 6 were from basic Lifshitz theory on half-spaces. To
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further investigate this, a more rigorous calculation of the van der Waals interaction that
accounts for nanoparticle size is required. With this, a set of experiments can be
performed to compare the efficacy of different nanoparticle types in conditions where the
only nanoparticle-microparticle force is the van der Waals attraction.

Further clarification of the scaling effects observed in Chapter 7 is required to make a
definitive statement on the behavior of the CP-AFM measurements. The behavior was
ascribed to the shear rate in the gap; however no experiments have been done to
accurately determine the effects of shear on adsorbed particles of this small size. The
experiments would be relatively straightforward; a flow cell would have to be constructed
that would allow for accurate control of shear rates. Substrates (e.g. silica) could be
inserted and nanoparticles deposited on the surface, then a flow of particle-free solution
could be passed over the substrate at various velocities. Subsequent imaging of surfaces
(AFM, SEM) could then be performed to assess the degree of desorption at a given shear
rate.

Additionally, the experimental conditions of the CP-AFM measurements can be altered to
investigate the conditions that lead to this observed effect. Measurement parameters such
as the scan speed can be adjusted (either higher or lower) to determine if there is any
dependence for a given particle type. The particle and surface materials can be altered as
well. However, CP-AFM experiments are not truly equilibrium measurements. Even if
the scan or approach speed is reduced significantly to mitigate dynamic interactions, the
probe is still being forced into contact with the substrate. Further measurements using
techniques such as total internal reflection microscopy (TIRM) can allow for more
measurements that observe the equilibrium behavior of a colloidal sphere near a surface,
and could lead to a better approximation of the colloidal interactions of microparticles in
suspensions with adsorbing nanoparticles.

Depletion measurements have previously been carried out in the systems of adsorbing
nanoparticles (though at conditions where there was some electrostatic repulsion between
microparticle and nanoparticle), but currently there has been no work to their effect on
suspension stability when the underlying microparticle contributes no electrostatics to the
system. Given that at least two particle types (zirconia and alumina) were determined to
be effective stabilizers, additional experiments at high concentrations would provide
insight into the upper concentration limits for stability in these binary suspensions and
whether they are susceptible to standard depletion forces at expected concentrations. This
would require force measurements at greater than 1% vol., with correlated stability
measurements using nanoparticles that have been shown to stabilize the microparticle
dispersion.
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Appendix A: Colloidal Forces in Increasing Concentrations of
Nanoparticles

Before the results discussed in Chapter 7 had been observed (regarding the lack of force
scaling with probe size), measurements had been done to determine the forces between the silica
surfaces at different concentrations of nanoparticles. While the results of Chapter 7 made it
difficult to use the measurements as quantitative predictions of the stability behavior of the silica
dispersions with added nanoparticles, they do provide qualitative insight into the adsorption
behavior: the amidine and sulfate latex forces can be directly compared, and the zirconia curves
can be used to show that repulsive forces are present even at very low nanoparticle
concentrations.

A.1 Latex nanoparticles

The plots in Figure A-1 show the differences in the interaction between silica surfaces in
different nanoparticle suspensions, ranging from 0% to 0.5% vol. In solutions of sulfate latex
nanoparticles, we see a clear development of a repulsion force between the surfaces, though at
the concentrations measured there was minimal dependence of the total force on concentration,
unlike the stability and zeta potential measurements in the previous chapters. However, the
forces are qualitatively consistent with the adsorption images in Chapter 5, which show rather
minimal dependence on bulk nanoparticle concentration for the adsorbed particle density of
sulfate latex on the silica microparticles.

In comparison to the sulfate latex, the surfaces in the amidine latex suspensions show a
significantly greater interaction at each nanoparticle concentration in both magnitude and range.
At all non-zero nanoparticle concentrations, we observe a significant repulsive force with a clear
dependence on the nanoparticle concentration. The magnitude of the measured amidine forces
are a factor significantly greater than the equivalent concentration of sulfate latex, and the range
extends beyond 100 nm at the highest concentration (0.5% vol.). This qualitatively similar the
measured zeta potentials and adsorption images in Chapter 5, as well as previously observed
differences in the adsorption behavior of the two types of nanoparticles. The amidine latex
produces significantly greater levels of adsorption and higher zeta potentials, which in turn
results in much larger observed forces. Additionally, the very long range nature of the forces in
the amidine system suggests multilayer adsorption, which likely produces a steric effect in
addition to electrostatic forces.
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Figure A-1: Force versus separation for SiO, probe and substrate in increasing concentrations of
nanoparticles (0% to 0.5% vol.) at the IEP. The top plot is with sulfate latex, and the bottom is with
amidine latex.
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A.2 Zirconia nanoparticles

The goal of this measurement was to see if there was any appreciable effect of zirconia
concentration on the forces in the system, given that the stable range for the silica microparticles
spanned such a large range of nanoparticle concentrations (slowed flocculation at 10°% and
stability at 10% vol. in Chapter 6). As we can see in Figure A-2 the lowest concentration
(107°% vol.) was effectively unchanged from the nanoparticle-free measurement. However for
the next lowest measurement, 10°% vol., there was a significant repulsive force present.
Intriguingly, as the concentration of nanoparticle increases beyond this point, there was very
little increase in the magnitude or shape of the force curve, and even increasing from 10°% to
10"% vol. yielded very little variation. It is possible that the surfaces were effectively saturated
with nanoparticles, however since a 30 pm particle was used, it is also possible that the
maximum observed force is limited by the same effect of shear rate proposed in Chapter 7.
Regardless, repulsive forces were observed as low as 10°% vol., which is qualitatively consistent
with the measurements in Chapter 6.

35 - * 0%
‘ * 10%%
3 .0’ * 10_5%
25 _’3 ¢ 10%%
E . + 10%%
g 2700 ¢ 102%
N
IE D4 'S 10'1%
4_9 1.5 - g
o
[t

_0-5 T T T

0 10 20 30 40
Separation /nm

Figure A-2: CP-AFM curves showing the effects total forces between silica surfaces in solutions with
increasing concentrations of zirconia nanoparticles. Solutions were at pH 2.55. Zirconia concentrations
are % vol.
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A.3 Comparison between polystyrene and zirconia forces

Given that the all the nanoparticles that were used in experiments produced a repulsive
force between otherwise non-repulsive silica surfaces, yet only the metal oxide particles
stabilized the suspensions, a comparison between the zirconia and polystyrene was done. Figure
A-3 shows the force between a 5 pum silica sphere and plate in 0.1% vol. solutions of
nanoparticles (zirconia and sulfate latex); both systems were shown to essentially produce purely
electrostatic interactions (as opposed to the amidine and alumina, which indicated steric effects,
and therefore cannot be accurately compared). The zirconia stabilized the silica dispersions, and
the measured force is measurably larger than the sulfate latex which did not fully stabilize. The
zirconia forces were at least twice the sulfate latex at most separation distances. This is
consistent with the zeta potential measurements in Chapters 5 and 6, where the silica had larger
zeta potentials than the sulfate (approximately +43 mV versus -23 mV at 0.1% vol.). The
increased force and zeta potential is likely due simply to the greater degree of adsorption and
coverage for zirconia relative to the sulfate latex. This may result as much from the higher
number of the zirconia nanoparticles present at equal volume fractions as from the difference in
the strength of adsorption for the two particle types.
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Figure A-3: Comparison between sulfate latex and zirconia at identical concentrations by volume (0.1%
vol.). Solutions were at the silica IEP (pH 2.5).
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Appendix B: Adsorbed particle size analysis

B.1 SEM image analysis

The particle size distribution of adsorbed nanoparticles, shown as histograms in Chapter
5, was determined by analyzing SEM micrographs of adsorbed latex nanoparticles on silica
slides. The goal was to adsorb a quantity of nanoparticles so that the particles could be imaged as
individuals on the surface. The software used was ImagelJ, a free, public-domain image analysis
program.[148] Figure B-1 shows the analysis of a single SEM micrograph.
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Figure B-1: SEM micrograph analysis. Top left: Unaltered image. Top right: Threshold levels adjusted.
Bottom: Particles identified and analyzed.

The particle sizing analysis operates on the assumption that the particles are spherical and
therefore the two-dimensional area that a particle occupies in an image is simply equal to zR’,
allowing easy determination of the particle diameter. The processing technique was simple. A
suitable SEM image was opened in the program. The measurement scale was calibrated to
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nm/pixel using the SEM length scale which is present at the bottom of every image. The image is
converted to grayscale (if starting with a color image), and the image contrast adjusted and
background masked using the “threshold”. This converts the micrograph to a binary image with
the particles being 100% black and the background 100% white. The “Analyze Particles” tool
was then used, which calculates the area of each individual particle. Limits can be set for the
minimum and maximum area to be counted. The area is then used to calculate the radius of the
particle.

Due to the resolution of the SEM images, the lower limit for the particle size was set
approximately equal to that of a 5 nm diameter particle. This was to prevent detection of artifacts
and other stray pixels that would be included when the threshold was properly set. In particular,
the silica substrate, when sputter-coated, had a faint texture with a feature size on the order of 2-
3 nm and certain regions had a tendency to be more visible than others. The consequence here is
that there may be some small nanoparticles, particularly in the amidine latex, that were not
counted, however this is unavoidable as it was not possible to distinguish smaller particles from
the background.

B.2 AFM imaging

Initially, AFM imaging was used to image adsorbed nanoparticles, rather than SEM. This
was done because AFM images have the potential to resolve more detail and the smallest
amidine nanoparticles (5 nm or smaller) were approaching the limit of what was clearly visible
using SEM. Experiments were done using the Cypher, on samples prepared identically to those
discussed in the previous chapters. Samples were imaged using tapping mode, using cantilevers
with a nominal spring constant of about 42 N/m (Model# AC160TS, Asylum Research, Santa
Barbara, CA).

A selection of images is shown in Figure B-2. In each case, it was clear when there were
nanoparticles adsorbed to the surface, but the dimensions of the particles were mostly incorrect.
Typically, the projection of the imaged particle off the surface was approximately correct,
though usually somewhat smaller than expected (the average particle diameter should be 23 nm,
and the images showed particles extending, at most, about 20 nm from the surface). However,
the apparent diameter, in the plane of the surface, was typically on the order of 100 nm. This was
particularly an issue, as these dimensions were essentially the smallest observed using the AFM.
There were some that were smaller, but it was difficult getting clear images and even the best
examples were not sufficient to establish a reliable distribution of nanoparticle diameters.
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Figure B-2: AFM (Cypher) tapping mode images. Top left: Blank silica slide. Top right: Adsorption
from 0.001% vol. amidine solution. Bottom: Higher magnification for 0.001% vol. sample, with 3D plot

of surface on the right.

The examples in Figure B-2 were at the higher quality end of the (many) attempts to
image the samples. The images in Figure B-3 are better illustrations of a typical image, where at
higher magnifications the clarity and shape of the nanoparticles are significantly reduced. The
higher magnification AFM images, in particular, often looked “flattened” in a way that
eliminated any useful information. Comparing the images to those taken via the SEM, it was
decided that it would be easier to simply do analysis on the SEM micrographs rather than spend

time trying to improve the AFM images.
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Appendix C: CP-AFM Measurements using Sulfate and Amidine
Latex Colloidal Probes

One of the proposed causes of the differences in the amidine and sulfate latex adsorption
was that the amidine latex had a greater affinity for the silica surface and therefore was less
likely to desorb. If this was to be the case, it was expected that there would be a greater adhesion
force between the amidine latex and silica than there would be with sulfate latex. A set of
adhesion measurements was performed using 5 pum sulfate latex and 3.5 pm amidine latex
spheres as colloidal probes. The probes were brought into contact with a silica slide surface and
then withdrawn, and the force required to remove the sphere from the surface was measured; the
adhesion is the negative attractive force shown in Figure C-1. These measurements were carried
out at pH 2.5 (approximate IEP of the silica slides) and approximately 30 curves were taken for
each measurement

F/2xnr / mN/m

Adhesion force

0 10 20 30 40 50
Separation / nm

Figure C-1: Single withdrawal force curve: 5 um sulfate latex probe and silica slide.

The adhesion force was determined from each individual withdrawal curve and then
averaged. The resulting average adhesion forces (normalized by 2nR, since the probe sizes were
different) are 9.1£3 nN/m for the sulfate latex and 10.943 nN/m for the amidine latex (standard
deviation used as reported error). While the average amidine adhesion is indeed slightly greater
than the sulfate, they are well within one standard deviation of each other, and therefore cannot
be said to be significantly different.
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Since there was no significant difference at the IEP, additional force measurements were
done slightly above the IEP (pH 3) to see if how much the adhesion changed when the amidine
had an attractive and sulfate had a repulsive electrostatic interaction with the silica. It was
thought that the silica suspensions in the stability experiments, though unstable, may not have
been exactly at the IEP and therefore may have had a slight negative charge which would result
in higher amidine adsorption. However, at pH 3, both the amidine and sulfate showed repulsive
forces on approach, which was not expected. In subsequent zeta potential measurements of the
probes, it was observed that the amidine was not positively charged at pH 3. In order to perform
the CP-AFM measurements, the probes were dried before being mounted on a cantilever, which
apparently causes some change in the surface that leads to a vastly different zeta potential and
effectively a charge reversal for the amidine latex at some pH values (the sulfate was still
negatively charged before and after drying). Figure C-2 shows the zeta potential of the amidine
at various pH values before (diluted and pH-adjusted bulk suspension) and after drying and being
resuspended. It is clear that something changed when the particles were dried, as the bulk
amidine suspension is positively charged in all the measurements, at pH 3 and 3.5, the average
zeta potential is negative.
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Figure C-2: Amidine latex (3.5 pm probes) zeta potential before (bulk) and after drying.

While the amidine latex is still positively charged at pH 2.5 (where the adhesion
measurements in Figure C-1 were performed), since there is clearly some effect due to drying,
the adhesion measurements using dry-mounted probes are likely not reliable. In order to avoid
drying the latex particles, further measurements were attempted where the latex particles would
be trapped in filter pores and the interaction measured with a mounted silica probe (similar to
measurements performed by Byrd and Walz[149]). The latex particles were filtered through a
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polycarbonate membrane filter with 3 pm pores and then the filter was used as the substrate in
the AFM fluid cell, without allowing the latex to dry. The surface was then imaged using a
cantilever with an attached silica probe to position the probe directly over the latex sphere, at
which point the interaction forces can be measured.

Figure C-3 shows a typical image, with the scan direction indicated. With the attached
silica probe, the pores were clearly visible, as were many latex spheres. However, the latex
spheres were not trapped sufficiently to remain in place long enough to fully image, position the
cantilever, and perform force measurements. As seen in the figure, it was possible to partially
image the latex but the spheres were dislodged before the silica probe reached the center of the
latex. Different pore sizes, scan speeds, and filtering times were all varied to try to improve this
process, but ultimately an effective trapping method was not found due to the limitations of
microparticle and pore size. Furthermore, once it was determined that the amidine latex did not
fully stabilize the silica system, no additional attempts to determine the adhesion were made.
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Figure C-3: A membrane with filtered polystyrene particles that was imaged using a cantilever that has
an attached 5 pm silica probe.
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Appendix D: Chemical Structure of Sulfate and Amidine Groups

Based on the experiments in Chapters 4 and 5, the difference in the levels of adsorption
between the sulfate and amidine polystyrene latex is likely a result of the differences in the
surface groups (rather than particle size distribution, charge, etc.). The product information from
the supplier (Life Technologies, Carlsbad, CA) lists the pKa values for sulfate as <2 and 10-11
for amidine, and that the surface groups occupy approximately 5-10% of the surface area. There
was no indication as to how the groups were attached to the particle surfaces or what the actual
chemical structure of the groups was. The technical support group at this company was unable to
provide greater detail beyond the suggestion that the groups were bound to the polystyrene
molecules and that they were likely primary groups (rather than more complex secondary or
tertiary structures). The general formula of a terminal sulfate group R-O-SO; and an amidine
RLE(=NR)NR,. Amidine groups are easily protonated in solution giving them a positive charge
(e.g. R.E(=NHH")NR,).[150] Figure D-1 shows the skeletal structure of simplest sulfate and
amidine charge groups (merely used as an example, not necessarily the specific formulae for the
actual charge groups on the polystyrene nanoparticles).
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Figure D-1: Skeletal structure of amidine (left) and sulfate (right) terminal groups.

o

It is possible that the amidine has a greater affinity for the silica surface, e.g. due to
increased hydrogen bonding compared to the sulfate, which would increase the attraction and
strength of adsorption. It is also possible that the interaction between two amidine particles is
less repulsive than that of the sulfate. This could result from the aforementioned hydrogen
bonding or other chemical means. This could also result from charge heterogeneity on the
surface of the polystyrene. Specifically, polystyrene latex has a natural negative surface charge
with no IEP.[151] Given that the positive amidine charges do not occupy the entire surface, there
would likely be areas of negative charge between the adsorbed amidine groups and this charge

heterogeneity could lead to weaker repulsion between the nanoparticles and thus greater
nanoparticle adsorption.
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