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a  b  s  t  r  a  c  t

An  experimental  study  was  performed  to investigate  the  potential  use of  highly  charged,  spherical
nanoparticles  to control  the  forces  between  spherical  microparticles,  with  the  aim of developing  novel
methods  for  reversibly  controlling  the  stability  of a colloidal  dispersion.  A  specific  focus  of  the  project
was to  determine  the  degree  to which  the  nanoparticles  strongly  adsorb  to  the  microparticles,  as  such
adsorption  would  severely  limit  reversibly  controlling  forces  and  stability.  Colloidal  probe  atomic  force
microscopy  (CP-AFM)  was  used  to measure  the  force  between  a  silica  microparticle  and  a silica  plate
in solutions  of  highly  charged  polystyrene  nanoparticles  at varying  pH,  covering  the range  over  which
the  silica  surfaces  were  very  weakly  charged  (e.g.,  pH ≤ 3) to  highly  charged  (e.g.,  pH  6.0).  It was found
that except  for the  highest  pH,  where  the silica  zeta  potential  was  approximately  −60  mV,  addition  of
relatively  low  concentrations  of  the  nanoparticles  (e.g.,  0.1%  vol.)  led  to  an increased  repulsion  between
the  microparticle  and  plate.  This  increased  repulsion  was evident  even  at pH 4.0  when  the  fractional  sur-
face coverage  of the  nanoparticles  was  only  1%.  At  low  nanoparticle  concentrations,  this  force  decayed
exponentially  with  a decay  length  equal  to the  bulk  Debye  length,  indicating  that  it  was  electrostatic

in  origin.  At higher  nanoparticle  concentrations  (1.0%  vol.),  long-range  depletion  forces  became  signifi-
cant,  causing  a deviation  from  the exponential  behavior.  This  increased  repulsion  did  not  disappear  upon
flushing  the  nanoparticles  out  of  the system,  indicating  that  the nanoparticles  were  held  in  relatively
deep  energy  wells.  These  results  suggest  that  strong  adsorption  of  nanoparticles  should  be  expected  in
all but  the  most  highly  repulsive  systems  and  also  illustrate  the  challenges  associated  with  using charged
nanoparticles  as a tool  for controlling  stability.

© 2012 Elsevier B.V. All rights reserved.
. Introduction and background

The use of nanometer-sized particles (nanoparticles) to alter
he interaction force between larger colloidal particles (micropar-
icles) has been investigated for well over 50 years and continues
o be a topic of interest. In the early 1950s, Asakura and Oosawa
erived a simple algebraic expression for the interaction between
wo hard spherical particles in a solution of nonadsorbing hard
pherical ‘macromolecules’ that was based on the increase in free
olume available to the macromolecules upon close approach of
he two particles [1,2]. (An identical expression can also be derived
y calculating the osmotic pressure gradient due to exclusion of the
anoparticles from the gap region [3].)

Since the initial work of Asakura and Oosawa, other researchers
ave investigated the effects of nanoparticle charge and shape

n the resulting depletion force [3–15]. It is also recognized
hat as the concentration of nanoparticles increases beyond the
ilute limit, interactions between the nanoparticles can lead to

∗ Corresponding author. Tel.: +1 540 231 4213; fax: +1 540 231 5022.
E-mail address: jywalz@vt.edu (J.Y. Walz).

927-7757/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfa.2011.12.040
oscillations in the local density of nanoparticles next to the sur-
face of a microparticle, and the overlap of these density oscillations
leads to an oscillatory force profile between the microparticles.
These structural forces have also been studied in great detail, both
computationally and experimentally [16–27].

In the majority of the studies referenced above, the assumption
has been that the nanoparticles and microparticles are mutually
repulsive, such as hard sphere or electrostatic repulsions arising
from surface charges. Such repulsion leads to negative adsorption
of the nanoparticles onto the surface. Recently, however, sev-
eral researchers have begun investigating systems in which the
microparticle–nanoparticle interaction is much weaker, or even
locally attractive. For example, McKee and Walz [28] used col-
loid probe atomic force microscopy to measure the force profile
between a large glass sphere and a glass substrate in solutions
of either polystyrene or zirconia nanoparticles. The systems were
conducted at pH values near the isoelectric point of the glass such
that the average zeta potential of these surfaces was quite low. In

addition, the impurities present in the glass (e.g., potassium, alu-
minum, calcium, and magnesium) allowed significant deposition
of the nanoparticles to occur. Unlike the results at high pH when all
surfaces were highly negatively charged, McKee and Walz found

dx.doi.org/10.1016/j.colsurfa.2011.12.040
http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
mailto:jywalz@vt.edu
dx.doi.org/10.1016/j.colsurfa.2011.12.040
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hat the initial effect of the nanoparticles in their system was  to
ncrease the repulsion between the microparticle and surface from
he deposition of the highly charged nanoparticles.

In 2001, Tohver et al. [29] proposed the idea of nanoparticle
alos that can arise in systems of mutually but weakly repulsive
icroparticle/nanoparticle dispersions. The specific system was

arger particles with a very low electric surface charge in solu-
ion with smaller particles that have a surface charge of the same
ign but of much greater magnitude. The experimental system of
ohver et al. consisted of silica microparticles (radius of either
85 or 590 nm)  in an aqueous solution of zirconia nanoparticles
radius of 3 nm)  at pH 1.5. At these conditions, the silica particles
ere slightly positively charged (zeta potential of approximately

11 mV)  while the zirconia particles were highly positively charged
zeta potential estimated to be +70 mV). Without the presence of
he zirconia nanoparticles, the silica system was found to gel, pre-
umably because the electrostatic repulsion between the weakly
harged particles was insufficient to overcome the van der Waals
ttraction. However, upon addition of even low concentrations of
he zirconia nanoparticles (nanoparticles volume fractions ranging
etween approximately 10−4 and 4 × 10−3), the system remained
table against gellation. At higher nanoparticle volume fractions,
he system again became unstable, presumably due to attrac-
ive depletion forces. Follow-up work on this topic by Chan and
ewis [30] used the system of silica microparticles and polystyrene
anoparticles.

The fundamental basis for a nanoparticle halo is that nanopar-
icles become trapped in shallow energy wells close to the larger
urface. In their initial work, Lewis and coworkers proposed that
hese energy wells arose from many-body interactions involving
he highly charged nanoparticles and the weakly charged micropar-
icle surface (i.e., the nanoparticles were essentially ‘crowded’
ext to the microparticles). In subsequent Monte Carlo simula-
ions, Luijten and coworkers [31–33] showed that the halos could
lso arise from weak attractive forces between the microparti-
le and nanoparticles, and that such attractions were likely the
ominant mechanism at low nanoparticle concentrations (e.g., vol-
me  fractions of 10−4 or less). Liu and Luijten [31,32] employed a
eak electrostatic attraction that arose from the large difference

etween the surface potentials of the microparticle and nanoparti-
le under boundary conditions of constant surface potentials. The
icroparticle–nanoparticle pair potential at contact in their system
as approximately −8 kT.  In later work, Barr and Luijten [33] added

 van der Waals attraction between the nanoparticle and micropar-
icle, however the depth of the attractive energy well near contact
as truncated at either −5, −7.5 or −10 kT to avoid the contact

ingularity predicted for the van der Waals attraction.
One particularly interesting result from the simulations of Barr

nd Luijten was that the predicted characteristic decay length of
he repulsive interaction between the microparticles, caused by the
dsorbed nanoparticles, was significantly greater (roughly a factor
f two) than the solution Debye length of the system. This would
uggest that the repulsive interaction arising from a nanoparti-
le halo is fundamentally different from that which would arise
rom irreversible deposition of the nanoparticles into deep, primary
nergy wells onto the microparticle surface. The repulsion arising
rom the latter case would be a straightforward electrostatic repul-
ion that would have a decay length at large separations equal to
he known Debye length.

Several additional studies of the nanoparticle halo effect have
een recently published that deserve mentioning here. Hong and
illing [34] used colloidal probe atomic force microscopy to mea-
ure the force profile between silica surfaces in solutions of zirconia
anoparticles at volume fractions of 10−6, 10−5, 10−4 and 10−3.
t 10−5, the authors observed a slight dip in the force profile
hich the authors attributed to nanoparticle haloing. This feature,
hem. Eng. Aspects 396 (2012) 51– 62

however, was not observed consistently and was  never observed
at any other volume fraction.

Chávez-Páez et al. [35] used integral equation theory to
predict both the distribution of highly charged nanoparti-
cles around weakly charged microparticles and the resulting
microparticle–microparticle interaction. All interactions
(microparticle–nanoparticle and nanoparticle–nanoparticle)
were modeled as electrostatic repulsions. At nanoparticle volume
fractions of 3 × 10−3, the authors predicted that the nanoparticles
would adsorb to the microparticle surfaces. When the size ratio
(microparticle/nanoparticle) was  greater than approximately 20,
the nanoparticles were adsorbed as a ‘sharply defined’ monolayer.
Interestingly, as this size ratio decreased below 20, the adsorbed
layer became less distinct (or ‘blurred’), which the authors termed
a nanoparticle halo.

The studies discussed above clearly showed that highly charged
nanoparticles can either induce flocculation of an otherwise stable
dispersion (i.e., through attractive depletion forces, such as demon-
strated by Sharma et al. [36]), or stabilize an otherwise unstable
system (i.e., via nanoparticle halos, as demonstrated by Tohver et al.
[29]). These findings suggest the possibility of using nanoparticles
as a tool for reversibly controlling the stability of a dispersion. For
example, the nanoparticle haloing mechanism suggests that the
addition of highly charged nanoparticles to a dispersion of weakly
charged and unstable microparticles could lead to stability, and
subsequent removal of the nanoparticles in some manner would
allow flocculation.

One issue that arises in considering such an application, how-
ever, is the degree to which the nanoparticles irreversibly deposit
onto the surface. In the computational studies mentioned above,
the microparticle–nanoparticle attraction at contact was  either
arbitrarily limited (Barr and Luijten [32]) or ignored (Chávez-Páez
et al. [35]). The depth of such attraction in real systems could clearly
be much greater. While irreversible deposition, such as observed in
the experiments of McKee and Walz, could obviously promote sta-
bility, the mechanism involved would simply be an increase in the
effective surface charge density of the microparticles that would
remain upon removing the nanoparticle from the bulk solution. On
the other hand, nanoparticles trapped in sufficiently weak energy
wells (i.e., order kT)  should rapidly disperse upon removal or dilu-
tion.

Our goal in this work was  to conduct a comprehensive exper-
imental study in a relatively model system to determine how
nanoparticles alter forces between microparticles as a function
of the nature of the microparticle–nanoparticle interaction, and
specifically to probe the issue of strong nanoparticle adsorp-
tion. Our experimental system consists of silica microparticles or
surfaces in aqueous dispersions containing polystyrene nanoparti-
cles. Because the surface potential of the silica surfaces depends
sensitively on pH while that of the polystyrene does not,
this system allowed accurately controlling the nature of the
microparticle–nanoparticle interaction.

Two different types of experiments were performed. First, direct
measurement of the force profile between a silica microparticle
and silica plate in the presence of highly charged nanoparti-
cles were obtained using the technique of colloidal probe atomic
force microscopy. Such measurements allow precise determina-
tion of the characteristic decay length of the force produced by
the nanoparticles and thus provide some clues as to the nature
of the force. While the nature of these experiments are clearly
similar to those performed by Hong and Willing [34] and also
McKee and Walz [28], our focus here was  to evaluate how the

nature of the nanoparticle–microparticle interaction alters the
microparticle–plate force profile. In addition to measuring the
force profile in the presence of the nanoparticles, we also inves-
tigated how the force profile changes when the nanoparticles were
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ubsequently flushed from the system, as reversibility of the force
rofiles upon adding and removing the nanoparticles would sup-
ort the idea that the nanoparticles are weakly held near the
urface.

Second, simple adsorption studies were performed to determine
hether the polystyrene nanoparticles irreversibly adsorb to the

ilica at the conditions of interest. The tests consisted of using scan-
ing electron microscopy to image the surfaces of slides that had
een exposed to a solution of nanoparticles, gently washed and
ir-dried using scanning electron microscopy.

. Materials and methods

.1. Materials

The water used in the experiments was deionized and filtered
y a Barnstead EASYpure II system (Thermo Scientific, catalog
D7401). The water had a resistivity of 18.2 M�-cm. The force mea-
urements were conducted with an AFM (Asylum Research, model
FP-3D). The cantilevers had nominal spring constants of 0.02 N/m

Asylum Research, model TR400PSA, catalog #950831).
The AFM measurements were made between a 5 �m diame-

er silica sphere (Polysciences, Inc., catalog #24332-15) and a silica
lide with dimension of 10 mm × 10 mm × 1.0 mm (MTI Corpora-
ion, Richmond, CA, catalog #SOZ101010S2). The raw data from
he AFM (cantilever deflection vs. piezo position) was converted
o force versus separation using the method of Ducker et al. [37],
he slides were polished z-cut single crystal with a manufacturer-
eported rms  roughness of <1 nm over 1 �m2. Elemental analysis on
he slides performed using X-ray spectroscopy (Bruker AXS, MiKro-
nalysis Gmbh, Berlin, Germany) showed the presence of only
ilicon and oxygen. The nanoparticles used in the measurements
ere polystyrene sulfate latex (Invitrogen Corporation, catalog
S37200) with a manufacturer reported diameter of 20 nm.

.2. Methods

.2.1. Particle size and zeta potential measurements
The size and zeta potentials of the polystyrene nanoparti-

les were measured with a Malvern Zetasizer Nano-ZS (Malvern
nstruments, Ltd., Worcestershire, UK). For size distribution mea-
urements, a disposable sizing cuvette was used, while a disposable
eta cell was used for zeta potential measurements. Both contain-
rs were rinsed with ethanol and deionized water and dried with
itrogen gas prior to use. Prior to running an AFM experiment, each
uspension was sonicated for approximately 15 min  to completely
isperse the solutions.

The average diameter of the latex nanoparticles was found to be
2 nm,  which is consistent with the manufacturer-reported diame-
er of 20 nm.  The zeta potential of the nanoparticles was measured
t pH values ranging from 2.0 to 9.0

Because of complications arising from the size of the silica par-
icles and the size and shape of the silica slides, it was not possible
o obtain zeta potential measurements on these exact materials.
nstead, measurements were performed on smaller silica spheres
that did not gravity settle so rapidly) and larger silica slides. Fused
ilica microscope slides (Corning 7980 fused quartz silica) were
urchased from TGP (Technical Glass Products, Inc., Painesville,
H), while 1 �m diameter silica microspheres were purchased from
olysciences, Inc. (Warrington, PA). The zeta potential of the sil-
ca slides was determined from streaming potential measurements
sing a SurPASS Electrokinetic Analyzer (Anton Paar GmbH, Graz,

ustria). The SurPASS tubing was rinsed, using the extended rinse
rogram instructions, with very dilute isopropanol (<1% by volume

n water) and then with deionized water; rinse cycles were approx-
mately 5 min  for each. The fused silica microscope slides were
hem. Eng. Aspects 396 (2012) 51– 62 53

cleaned with pure ethanol, rinsed in deionized water, and cleaned
for 30 min  in a UV/Ozone ProCleaner (BioForce Nanosciences, Inc.,
Ames, IA). Once clean, the slides were mounted in the SurPASS
clamping cell. A 5 min  rinse cycle was then run using the chosen
electrolyte, which had been adjusted to the highest pH that was to
be measured using 0.2 M NaOH. After rinsing, the measurement
program was run and the zeta potential was determined at pH
intervals from high to low pH, being titrated using 0.2 M HCl.

The zeta potential of the microspheres was measured in folded
capillary cells across a range of pH values. The Malvern MPT-2
Multi Purpose titrator was  used, with 0.25 M HCl, 0.25 M NaOH,
and 0.01 M HCl as titrants.

2.2.2. Force profile measurements
The nanoparticle suspensions were made by adding a specific

amount of nanoparticle stock solution into deionized water. The
solutions were prepared in 20 ml  scintillation vials (Wheaton Sci-
ence Products Inc., catalog #986540). Prior to use, the vials were
rinsed by ethanol and deionized water. Dialysis of the suspen-
sion was  performed by adding ion exchange resin (Bio-Rad, catalog
#143-7425) to each vial and allowing each vial to stand for 4 h with
intermittent mixing.

Once dialysis was  complete, the suspensions were decanted
from the dialysis vials (the resin would easily sediment) and placed
into clean vials. The pH of the suspension was then adjusted to
the desired value using 1.0 M HCl (Mallinckrodt Standard). Force
profile measurements were obtained at pH 2.7, 3.0, 4.0 and 6.0. A
simple electrolyte (KCl) was  added to the pH 4.0 and 6.0 solutions
to keep the ionic strength of all solutions approximately the same.
The size distribution and zeta potential of the nanoparticles was
then measured as described above.

A UV-curable adhesive (Norland Products, model Norland Opti-
cal Adhesive 123L) was used to attach the 5 �m silica particles to
the tip of an AFM cantilever (Asylum Research, model TR400PSA).
An Asylum Cypher AFM was  then used to measure the spring con-
stant of the cantilever/particle system using the method of Hutter
and Bechhoefer [38], which involved determining the resonant fre-
quency of the assembly.

The roughness on the sphere was  determined by mounting the
cantilever into the Cypher AFM and then passing the sphere over a
TGT01 ultrasharp silicon grading plate (NT-MDT, Santa Clara, CA).
Typically, an rms  roughness of 2 nm was measured.

The force measurements were performed in the Asylum fluid
cell. A silica slide was  attached on the glass disc of the fluid cell
using epoxy glue. Each part except the cantilever holder and the
clamp was  immersed in ethanol and sonicated for 1 h. Those parts
were then rinsed by deionized water and dried with N2. A piece of
Kimwipe® was used to rub the top of the cantilever holder gently
with chloroform and then ethanol. The cantilever with the attached
sphere was placed under a UV lamp for 40 min.

The fluid cell was  assembled and installed on the AFM before
each experiment. The fluid cell allowed performing experiments
with nanoparticle solutions at varying concentrations using the
same cantilever, particle and slide. Solution exchange was accom-
plished by injecting 15 ml  of the new solution slowly into the fluid
cell through the connected Teflon® tubing, which forced out the
old solution.

Force profiles were obtained by moving the particle toward and
away from the surface with a scan rate of 200 nm/s and a scan range
of 1 �m.  This scan rate ensured that hydrodynamic forces acting on
the sphere and cantilever were minimal. The data collection rate
was set to 2000 Hz. An averaging program was used to eliminate the

noise in the data in order to obtain smooth curves. In this program,
all the curves that were to be averaged (50 were typically used)
were combined and then discretized into bins of widths ranging
between 0.3 nm and 2 nm (smaller bin widths were used for the
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Fig. 2. The measured zeta potential of 1 �m silica spheres and a silica plate versus

a separate experiment with a unique silica microparticle, freshly
cleaned silica slide, and fresh nanoparticle solution. Thus while
the trends in the forces obtained in these different experiments
can be compared (e.g., the variation of the force profile with

Table 1
Approximate zeta potentials of the nanoparticles, microparticle and plate at the
experimental conditions used in the experiments.

pH Solution ionic
strength (mM)

�nanoparticle (mV) �microparticle,plate (mV)
ig. 1. Zeta potential of polystyrene nanoparticles versus solution pH. The error bars
epresent standard deviation.

teeper regions of the force curves). The measured forces within
ach bin were then averaged.

.2.3. Nanoparticle adsorption measurements
The procedure used to test for adsorption of the nanoparti-

les onto the silica surfaces was to image surfaces (using scanning
lectron microscopy) that had been immersed in a nanoparticle
olution, rinsed and dried. The silica slides were first cleaned by
onication in ethanol. Initially, the slides were next cleaned via
V/ozone, however this step was discontinued after tests showed
o difference in behavior between surfaces with and without the
V/ozone cleaning. An appropriate volume of nanoparticle solution
t 0.1% vol. concentration was prepared, briefly sonicated, and then
itrated to the desired pH using 0.2 M HCl (Mallinckrodt Standard).

A beaker of deionized water was then titrated, using 0.2 M HCl,
o the same pH as the nanoparticle solution. The cleaned and dried
ilica slides were briefly soaked in the pH-adjusted water before
eing placed in a beaker containing the nanoparticle solution for
0 min. After the adsorption time, the silica was removed from the

atex particles and gently rinsed in the beaker of pH-adjusted water
n order to remove any excess (non-adsorbed) nanoparticles from
he slide. By using the same pH in both solutions, the surface charge
hould remain the same and the adsorbed particles (if they were
resent) would remain on the slide. The silica was allowed to air
ry, and then sputter-coated with a 1–2 nm layer of gold for SEM

maging.

. Results

.1. Zeta potentials

Shown in Fig. 1 are the zeta potentials measured on the
olystyrene nanoparticles. While there is considerable scatter in
he results, (e.g., from Brownian movement of the nanoparticles),
t is clear that the particles maintain a strong negative charge, with
eta potentials ranging from −60 to −70 mV  over the entire pH
ange.

Fig. 2 presents the zeta potentials measured obtained on the
 �m silica spheres and silica plates. Again, it should be mentioned
hat while these were not the same slides and particles used in

he force measurements, they were pure silica and thus should be
uite similar. Also shown for comparison are the published results
f Scales et al. [39], which were obtained on silica slides in a parallel
late configuration.
solution pH. Also shown are the literature values reported by Scales et al. [39]
for  silica slides in a parallel plate configuration. The error bars represent standard
deviation.

While there are clear differences in the magnitude of the zeta
potential measured in the various experiments, the overall trends
are clearly consistent. The isolectric point varies between pH 2 and
3, depending on the geometry and type of measurement performed.

Table 1 summarizes the zeta potentials of the latex and sil-
ica nanoparticles at the four different pH values used in the force
experiments. For the polystyrene nanoparticles, the average zeta
potential measured over the entire range of pH values shown in
Fig. 1 (approximately −60 mV)  is listed. For the silica microparti-
cle and silica plate, the listed value is the average of the results
in Fig. 2 at each pH. These values were also used in the pre-
dicted nanoparticle–microparticle pair potentials described and
presented in Section 4.

3.2. Force profiles in presence of nanoparticles

The effect of the polystyrene nanoparticles on the force profile
(force-vs.-distance) between the silica microparticle and plate is
presented in Fig. 3. The measured forces have been normalized by
2�R, where R is the radius of the microparticle, as this is equivalent
to the energy per unit area between two parallel plates assuming
the Derjaguin approximation is valid for the microparticle/plate
interaction. Forces were measured at bulk pH values of 2.7, 3.0, 4.0
and 6.0, and at each pH, nanoparticle concentrations of 0, 0.1, 0.6,
and 1.0% vol. were used. As mentioned above, salt (KCl) was  added
to the pH 4 and 6 solutions to keep the ionic strength of each test
solution approximately the same (the ionic strengths are listed in
Table 1).

It should be mentioned that the results at a given pH involved
2.7 2.0 −60 −6
3.0  1.0 −60 −22
4.0  1.1 −60 −42
6.0  1.0 −60 −65
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anoparticle concentration), the differences in the nature of the
urfaces in each experiment could have altered the absolute mag-
itude of the forces.

There are several clear trends in these results. At pH 2.7 and 3.0,
he repulsive force increases consistently with increasing nanopar-
icle concentration. Even at 0.1% vol., the force is substantially
ncreased above that with no nanoparticles (at least a factor of
wo, and in some cases much more). Second, as can be seen in the
ight-hand column, in which the log of force versus separation dis-
ance is plotted, the force generally follows an exponential decay
ith distance over most of the range plotted. At very small separa-

ions (i.e., < 5 nm), a sharp deviation from this exponential decay is
learly seen in several of the graphs. We  hypothesize that this decay
rises from a short range repulsive interaction between the silica
articles, such as from steric or hydration forces. Similar behavior
as seen in the experiments of McKee and Walz [28] using glass
articles and substrates.

At pH 4.0, the same general trend is seen with the excep-
ion of the results at the highest nanoparticle concentration of

.0% vol. Specifically, the force for this concentration is actually
elow that of the 0.1 and 0.6% vol. solutions and clear deviations
rom an exponential decay are seen. The cause of this different
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Fig. 3. Measured force profiles (force-vs.-distance) at varying solution pH. T
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behavior is the onset of attractive depletion forces at these higher
nanoparticle concentrations. These can be seen more clearly in
the results presented in Fig. 4, which plots expanded views of
the force profiles at larger separations. As seen, at each pH, a
slight attractive force (negative) can be seen in the force profile
for the 1.0% vol. solution (separation distances around 60 nm). In
fact, for some of the systems (e.g., pH 3.0), clear structural forces
can also be seen, evidenced by oscillations in the force profile.
The magnitude of this depletion force will increase with decreas-
ing separation distance all the way down to contact, reducing
the magnitude of the net repulsion between the microparticle
and plate, causing the profile to deviate from an exponential
decay.

At pH 6.0, where the polystyrene nanoparticles and the silica
microparticle and plate are highly negatively charged, the addition
of the nanoparticles has a much smaller impact on the force, espe-
cially at separation distances below 30 nm (Fig. 3). Specifically, the
force profile measured at 0.1% vol. is almost identical to that with
no added nanoparticles. Again, the force at 1% volume is less than

that for 0.6% vol., and at larger separations (i.e., 30–60 nm,  Fig. 3),
the repulsive force at this concentration is actually below that at all
of the other nanoparticle concentrations, indicating the increased
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Fig. 3. 

agnitude of the depletion force in this system. (The depletion
nteraction increases as the electrostatic repulsion between the
anoparticle and microparticle/plate increases, which is the case
t pH 6.0 [3].)

From the semi-log plots given in the right-hand column of Fig. 3,
he approximate decay lengths of the repulsive force profiles could
e determined (i.e., the decay length is the reciprocal of the slope
f the semi-log plots). These decay lengths, which were only deter-
ined for the cases where the plot was linear, are given in Table 2.
lso listed in Table 2 are the theoretical Debye lengths for each sys-

em, which were calculated using the ionic strengths given in the
able (the calculated ionic strength for each solution included ions
rom any acid or based added to adjust the pH plus any added KCl).
s seen, the measured decay lengths show relatively good agree-
ent with the expected Debye lengths, with deviations of less than

0% for most of the systems.

.3. Reversibility measurements
The second type of force measurements that were performed
nvestigated the reversibility of the effects of the added nanopar-
icles on the microparticle–plate force profile. The experiments
onsisted of measuring the force profile at a given pH and ionic
Separation  Dista nce/nm

inued ).

strength without added nanoparticles, flushing into the flow cell a
0.1% vol. nanoparticle solution, measuring the force profile, flush-
ing into the flow cell a solution containing no added nanoparticles,
and finally measuring the force profile again. It should be stressed
that the pH and ionic strength of all solutions was kept the same so
that any changes observed in the force profiles were a result of the
presence of the nanoparticles.

The results of these experiments in solutions of pH 2.7, 3.0, 4.0
and 6.0 are shown in Fig. 5. It is clear that at each pH, the magnitude
of the repulsive force increases upon addition of the nanoparticles
and does not significantly decrease upon flushing the nanoparticles
back out of the flow cell, indicating that nanoparticles remain on
the microparticle and plate.

4. Discussion

The results from the experiments presented above can be sum-
marized as follows.
1. In solutions of pH 2.7, 3.0 and 4.0, the initial addition of the
nanoparticles (0.1% vol.) causes an increase in the repulsive force.
This force decays exponentially with a decay length that is in
good agreement with the bulk Debye length. At pH 6.0, little
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Fig. 4. Expanded scale plots of the measured force profiles showing the depletion force developing at the higher nanoparticle concentrations.

Table  2
Comparison of the experimentally measured decay length in each experimental system with the solution Debye length.

pH Ionic strength (mM)  Nanoparticle Conc. (% vol.) Theoretical Debye length (nm) Measured decay length (nm) % Difference

2.7 2.0 0 6.75 7.14 5.8
0.1  7.14 5.8
0.6  7.09 5.0
1.0  7.11 5.3

3.0  1.0 0 9.54 8.33 −12.7
0.1  10.15 6.4
0.6  10.12 6.1
1.0  10.29 7.9

4.0  1.1 0 9.09 9.59 5.5
0.1  9.59 5.5
0.6  9.21 1.3
1.0  –a –

6.0 1.0  0 9.54 9.32 −2.3
0.1  8.45 −11.4
0.6  8.47 −11.2
1.0  –a –

a Due to a significant depletion force, the semi-log plot of the force at these conditions was not linear, so a decay length was not determined.
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Fig. 5. Results of experiments to test the reversibility of the effec

change in the force profile is seen upon the initial addition of
nanoparticles.

. At all pH values, significant depletion forces are clearly seen at
larger separation distances as the nanoparticle concentration is
increased to 0.6 and 1.0% vol. Evidence of oscillatory structural
forces is also present in some systems. These depletion forces
are strong enough to cause significant deviations from expo-
nential behavior in the pH 4.0 and 6.0 solutions at 1.0% vol.
nanoparticles.

. At each pH studied, the increased electrostatic force caused by
the addition of 0.1% vol. nanoparticles did not disappear upon
flushing the nanoparticles out of the system.

These results clearly suggest that the nanoparticles strongly
dsorb to the surfaces of the silica microparticle and/or plate. The
esult of this adsorption is an increase in the magnitude of the
lectrostatic repulsion between the particle and plate, arising from
n increased surface charge density. The fact that this increased

epulsion does not disappear upon flushing the nanoparticles out
f the sample cell further confirms that the nanoparticles are being
eld in relatively deep energy wells, likely arising from strong van
er Waals forces. The longer-range depletion and structural forces
e nanoparticles on the microparticle–nanoparticle force profile.

seen at the higher nanonparticle concentrations are thus arising
between the nanoparticle-coated silica microparticle and plate.

Additional evidence of this adsorption can be seen in the SEM
micrographs shown in Fig. 6. As described above, these were taken
on silica slides that had been immersed in a 0.1% vol. nanoparticle
solution at the pH values indicated for a period of 30 min., gently
rinsed with a nanoparticle-free solution at the same pH, and then
air dried.

From these micrographs, rough approximations of the density of
adsorbed nanoparticles were made. These estimates were obtained
by manually counting the number of nanoparticles in a given area at
several locations on the slide and averaging the results. The results
as a function of pH are shown in Fig. 7.

As seen, very little deposition occurs above a critical pH value
of approximately 3.0, and the number of adsorbed nanoparticles
increases rapidly as the pH decreases below this value. As shown
in Table 1, the zeta potential on the silica surfaces was  measured
to be approximately −22 mV.

One obvious question that arises in analyzing these results is

whether the adsorption of the nanoparticles should be expected at
these conditions. To answer these, we present in Fig. 8 an estimate
of the nanoparticle–microparticle pair potential at each condition
listed in Table 1. (Because of the size of the microparticles, the
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ig. 6. Scanning electron micrographs obtained on silica slides that had been imm
olution at the indicated pH, and then air dried. The white dots seen in the images a

anoparticle–plate pair potential would look essentially the same
s those shown in Fig. 8.) The pair potential was calculated as the
um of the electrostatic and van der Waals potential energy.

The van der Waals energy between the nanoparticle and
icroparticle for the results shown in Fig. 8 was  calculated using

40]

VDW(h) = − A0

6(1 + 14h/�)

×
[

2a1a2

R2 − (a1 + a2)2
+ 2a1a2

R2 − (a1 − a2)2
+ R2 − (a1 + a2)2

R2 − (a1 − a2)2

]

(1)

here R is the center-to-center distance between a micro- and
anosphere (R = a1 + a2 + h), A0 is the Hamaker constant character-
zing the interacting materials and medium, and � is the retardation
avelength. The value of A0 and � were obtained by calculating the

etarded Hamaker constant between two planar half-spaces using
ifshitz theory and fitting the results to the Hamaker expression
in a 0.1% vol. nanoparticle solution for 30 min, gently rinsed in a nanoparticle-free
 polystyrene nanoparticles.

for the retarded van der Waals interaction for this geometry. Dielec-
tric spectra data for water, polystyrene and silica was  taken from
Bergstrom et al. [41] and Parsegian and Weiss [42]. Using this
approach, the Hamaker constant and retardation wavelengths were
found to be 0.99 × 10−20 J and 105 nm,  respectively.

Calculating the electrostatic interaction is more problematic,
as there are no analytical solutions covering this system. Specifi-
cally, the energy barrier controlling deposition will likely occur at
a separation distance roughly equal to one Debye length, mean-
ing significant overlap of the double-layers, and the radius of the
nanoparticle here is approximately equal to the Debye length. The
results presented in Fig. 8 were estimated using the linear super-
position model (LSA) of Bell et al., [43] given as

Eelectric(h) = 4�εε0

(
kT

)2

Y1Y2
a1a2 exp(−�h). (2)
e (h + a1 + a2)

Here Y1 and Y2 are the effective surface potentials of the
two particles of radii a1 and a2, εε0 is the dielectric per-
mittivity of the medium, kT is thermal energy, e is the
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Table 3
The surface potentials of the silica microparticle and plate, calculated using Eq. (3),
and  corresponding surface charge densities on the silica plate, calculated using Eq.
(4), for the 0.0 and 0.1% vol. nanoparticle solutions at pH 4.0.

Nanoparticle Conc. (% vol.) Surface potential of
silica (mV)

Surface charge
density on silica
plate (C/m2)
ig. 7. Approximate surface density of adsorbed nanoparticles as a function of pH
btained from the SEM images.

harge of a proton, and � is the inverse Debye length.
he electrostatic surface potentials for the microparticle and
late used to calculate Y1 and Y2 are those listed in Table 1.
ecause this equation assumes linear superposition of potentials, it

s strictly valid only at gap widths larger than several Debye lengths.
t smaller separations, this equation overestimates the interaction,
owever the error is not unreasonable. Specifically, according to
ell et al., at a gap width of one Debye length and absolute surface
otentials less than 100 mV,  Eq. [2] overestimates the interaction
nergy by about 10%, which is more than sufficient for our purposes.
It should also be mentioned that we are assuming here that
he surfaces approach each other under the boundary condition
f constant surface potential. This assumption will yield a lower
less repulsive) estimate of the total interaction than the constant
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ig. 8. The predicted pair potential between the nanoparticle and microparticle at
he conditions listed in Table 1.
0.0 −21.8 −1.72 × 10−3

0.1 −29.8 −2.42 × 10−3

charge density condition and is thus a ‘worst-case’ condition for
estimate nanoparticle deposition.

As seen in Fig. 8, a relatively modest energy barrier (<5 kT)  is
predicted at pH 2.7, so it is not surprising that significant nanopar-
ticle adsorption is observed here. Likewise, barrier heights of over
45 and 60 kT are predicted at pH 4.0 and 6.0, respectively, which
again is consistent with the observation of very little nanoparticle
deposition in the SEM micrographs of Fig. 6.

Perhaps the most interesting case is pH 3.0, where the predicted
barrier height is approximately 23 kT.  As seen in Fig. 6, this is essen-
tially at the boundary where significant adsorption is seen. Thus
within the accuracy of the LSA approximation, these results sug-
gest that barrier heights of approximately 20 kT are required to
prevent significant deposition. It should be stressed, however, that
small amounts of deposition can still occur even when the barrier
height is much larger than this, which is likely the result of either
roughness or chemical heterogeneity.

It is worth noting that even though little nanoparticle adsorp-
tion occurred at pH 4.0, the force profile measured in a 0.1%
vol. nanoparticle solution (Fig. 3) at this pH was still significantly
more repulsive than with no nanoparticles. Specifically, using
the results shown in Fig. 7, the approximate number density of
particles at pH 4.0 was 28 particles/�m2 (average of the values
of 52 nanoparticles/�m2 at pH 3.5 and 4 nanoparticles/�m2 at
pH 4.6). Assuming a cross-sectional area of each nanoparticle of
3.8 × 10−4 �m2 (�a2) gives an approximate fractional surface cov-
erage of 1%. (By comparison at pH 2.75, the estimated adsorbed
nanoparticle density was  160 particles/�m2, giving a fractional
surface coverage of nearly 6%.) These results suggest that the elec-
trostatic repulsive force is highly sensitive to the presence of even
small numbers of the nanoparticles.

To further evaluate this observation, we used the following
expression for the electrostatic force between the microparticle and
plate to estimate the surface potential of the silica surfaces at pH
4.0 in the 0.0 and 0.1% vol. nanoparticle solutions [44]

Felectric, microparticle-plates(h)

= 64�εε0

(
kT

e

)2

�R tanh2
(

�0

4

)
exp(−�h). (3)

Here � 0 is the dimensionless surface potential on the silica particle
and plate (assumed equal) and R is the radius of the microparti-
cle. This equation assumes linear superposition of potentials and
is thus valid at separations greater than one Debye length. In addi-
tion, the Derjaguin approximation is used to account for the effects
of curvature, however this should be a very valid assumption for
the microparticle–plate interaction. According to this equation, a
semi-log plot of the force versus separation distance should yield a
straight line at large separations with a slope of the inverse Debye
length and an intercept that depends on the silica surface poten-
tials. (Such plots are shown in Fig. 3.) Because both the depletion
and van der Waals forces are small at these nanoparticle concen-

trations and separations, respectively, they were ignored in this
analysis.

Using this approach, the surface potentials on the silica surfaces
shown in Table 3 were obtained. As seen, the value of −21.8 mV  in
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he nanoparticle-free solution is in reasonable agreement with the
eta potentials reported in Fig. 2. (For example, at pH 4.1, the mea-
ured zeta potential for a 1 �m silica particle was −28.8 mV). Also
hown in Table 3 are the corresponding surface charge densities on
he silica plate calculated using [44]

 = εε0kT

ez
�
[

2 sinh
(

�0

2

)
+ 4

�a
tanh

(
�0

4

)]
. (4)

ere q is the surface charge density (C/m2), � 0 is the dimensionless
urface potential, and a is the radius of curvature of the surface
equal to infinity for the flat silica plate).

As seen, the nanoparticles increase the surface charge den-
ity on the plate by −7.2 × 10−4 C/m2. The question, then, is what
dsorption density of nanoparticles is required to provide this much
dditional charge.

Using Eq. [4],  a nanoparticle zeta potential of −60 mV  (Table 1),
nd a nanoparticle radius of 11 nm,  each nanoparticle has a
otal charge, Q (Q = 4�a2q), of −1.39 × 10−17 C (valence of approx-
mately −87). This means that an adsorption density of 52
anoparticles/�m2 would be required to provide the increased sur-

ace charge density that arises in the 0.1% vol. nanoparticle solution.
his value is in reasonably good agreement with the adsorption
ensities reported above (i.e., 52 nanoparticles/�m2 at pH 3.5 and

 nanoparticles/�m2 at pH 4.6). These results thus confirm that rel-
tively low coverages of adsorbed nanoparticles (i.e., order 1%) can
roduce significant increases in the magnitude of the electrostatic
epulsive force.

. Conclusions

An experimental investigation was performed to determine
hether highly charged nanoparticles can alter the interaction

orces between weakly charged microparticles in a reversible man-
er. Colloidal probe AFM studies clearly showed that except for
ases where the nanoparticle–microparticle pair potential was
trongly repulsive (e.g., absolute zeta potential of at least 50–60 mV
n each surface), sufficient nanoparticle deposition occurred, even
t bulk nanoparticle concentration as low as 0.1% vol., that the elec-
rostatic repulsive force between the microparticles was increased
ignificantly. Most importantly, this increased repulsion did not
isappear upon flushing the nanoparticles from the bulk solu-
ion, indicating that the nanoparticles were held in relatively deep
nergy wells. Confirmation of this adsorption was provided by SEM
mages of silica slides that had been immersed in a nanoparticle
olution.

These results illustrate the difficulty associated with using
anoparticles to reversibly stabilize a colloidal dispersion. Specif-

cally, small amounts of nanoparticles will strongly adsorb on
odestly charged microparticles, and once adsorbed do not read-

ly desorb upon dilution. Furthermore, the electrostatic force
etween the microparticles was found to be highly sensitive
o the adsorption, such that surface coverages as low as 1%
ed to significant shifts in the repulsive interaction. These find-
ngs were consistent with estimates of the number density of
dsorbed nanoparticles needed to produce the observed change in
orce.
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