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JOURNAL OF NANOSCIENCE AND NANOTECHNOLOGY

Dispersion Properties of an Alumina
Nanopowder Using Molecular,
Polyelectrolyte, and Steric Stabilization

Nelson S. Bell* and Mark A. Rodriguez

Sandia National Laboratories, Albuquerque, New Mexico, USA

A commercial alumina nanopowder was characterized and its dispersion was studied using elec-
trostatic, electrosteric, and steric surfactants. Citric acid was used as the electrostatic dispersant,
ammonium polymethacrylic acid (Darvan C) as the electrosteric dispersant, and Hypermer KD-1 in
a-terpineol as a purely steric system. Phase stability in water was examined by X-ray diffraction,
and the surface chemistry was characterized by zeta potential and isoelectric points. Rheology
measurements were used to study the impact of each dispersant type on maximum solids loading,
with the maximum loading being achieved for the polyelectrolyte dispersant. Differences in maxi-
mum solids loading are related to the excluded volume of the particle separation distance induced

by each stabilizing interaction.

Keywords: Nanoparticle, Dispersion, Alumina, Rheology, Acoustic Spectrometry.

1. INTRODUCTION

Nanomatcrials raise a number of possibilities for improve-
ment of material properties. Examples of the exploitation
of nanomaterial properties include development of ultra-
fine grain size products or nanostructured composites.’ In
addition, nanoparticles are also used to lower the reaction
temperature or conversion rate of bulk materials.>™* The
production of nanoparticles has great potential to impact
processing science, but use of these materials raises a nuni-
ber of questions beyond traditional powder processing
technology because of their small size. These questions
include the formation of hard (i.e.. sintered) aggregates
during synthesis or processing, phase stability of the nano-
sized materials, variation in surface chemistry, and dis-
persion forces between nanoparticles. When dispersion of
naneparticles is considered, a robust dispersion mecha-
nism is increasingly important, because the number con-
centration of a nanosized dispersion is much higher than
that with conventional powders, and the frequency of
potential aggregation events is increased.

. With conventional powder processing methods, the
* achievement of maximum solids loading in a suspension
directly relates to improvements in final performance by
reducing flaw size and concentration, increasing grain size
uniformity, and reducing shrinkage, stress, and other beiie-
fits. The solids loading of conventional powders can be as
high as 60 vol % or greater for the proper mixtures of par-
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ticle sizes. In these systems, the length of the interaction
used to stabilize the suspension is nearly negligible com-
pared with particle diameters; however, with nanoparti-
cles, the samie stabilizing interactions are a significant frac-
tion of the particle diameter and begin to have a deleterious
cffect on the achievable solids content of a fluid disper-
sion. These effects are generally related by the following
equation for monosized particles:

8 3
b :¢(1+;) (1)

Here & is the thickness of the dispersant interaction
length, and r is the radius of the particle. The effective
packing fraction ¢y is often taken as that of randomly
packed uniform spheres (0.63) but can vary based on parti-
cle size distribution, and ¢ is the true volume fraction of
the powder. The effective volume fraction is always higher
than the true volume fraction. This relationship sets a
boundary for discussion of what constitutes a nanosized
powder. From colloidal probe measurements of a number
of typical commercial surfactants, the separation distances
generated are on the order of 5-15 nm.>™® Figure 1 shows
that for particle sizes below 100 nm, the separation dis-
tance generated by the dispersant begins to affect the max-
imum attainable solids loading. The severity of the phe-
nomenon increases as the particle size is lowered and as
the steric length increases. In a previous study in 6 nm tita-
nia suspensions it was stated that only polyacrylamide of
molecular weight near 100,000 was sufficient to stabilize
the particles against aggregation by providing a steric layer

doi: 10.1166/jnn.2004.027
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Fig. 1. True solids loading curves for nanopowder suspensions with
purticle steric barriers of 5 and 20 nm. The maximum packing fraction is
taken to be the same as random monodisperse sphere packing. The verti-
cal line indicates the disparity between true volume fractions for a S0-nm-
diameler particle suspension.

thickness of 6 nm.” This steric length is equal to the parti-

cle diameter and limits the applications of these kinds of

nanoparticle dispersions.

Dispersant molecules can be characterized by the forces
they gencrate, which counter the attractive van der Waals
interaction. Small molecule dispersants are low molecular
weight additives that specifically adsorb to the surface and
often generate a strong surface charge. Lipids fall into this
category as well as multicharged acids that chemically com-
plex with the surface. Their small size generally prevents
the formation of a significant steric barrier tc agglomera-
tion, so their stabilization mechanism is largely electrosta-
tic. Electrostatic stabilization is also possible on the native
particle surface under the proper conditions of pH if there
are enough ionizable surface groups. Electrostatic methods
will be increasingly defeated at high salt concentrations
due to screening effects and counterion condensation at the
interface. Steric stabilization is generated by the adsorp-
tion of uncharged polymers that have extended loops and
tails. When particles are in close proximity, there are en-
tropic and osmotic repulsions generated between the parti-
dﬁ surfaces. Polyelectrolytes are also commonly used as
dlspersants that combine both the electrostatic repulsion
and steric interactions between surfaces. Polyelectrolytes
have.been 1cported to act as efficient dispersants for 20-nm
ceria partldes ;

In this study, we analyzed the impact of these three
classes of dispersants on a newly available nanosized alu-
mina powder. The powder was characterized for its mor-
phology, phase stability, and dispersabili_ty,,Ihe,rheo':log}
of the powder was éxaiined in ifs native state as well as
with a small molecule electrostatic dispersant, a linear
polyelectrolyte, and a nonaqueous, steric copolymer. Both
the rheological profile versus shear rate and the rise in vis-
cosity with solids loading were examined to describe the

cffectiveness and processing range of these dispersants.
Conclusions are drawn about the potential for using nano-
particle materials in conventional processing methods and
about the type of molecules needed to promote the most
etfective dispersion of nanosized powders.

2. EXPERIMENTAL DETAILS

The alumina powder was generously donated by TAL
Materials. It is produced by liquid-feed flame spray pyrol-
ysis of metalloorganic [N(CH,CH,0);N| alumatrane by a
vapor phase condensation method.'" It is composed of a
mixture of transition alumina phases, primarily 6. The den-
sity of the powder was measured using a helium pycnome-
ter and found to be 3.5 g/em’.

The powder surface aiea was measured using an accel-
erated surface area and porosimetry system (ASAP) 2010
by Micromeritics. The sample was degassed at 350°C for
12 h to remove adsorbed water and CO,. The surface area
is 42.20 + 0.07 m%/g. Transmission electron microscopy
was performed on the as-received powder dried on a car-
bon grid from aqueous suspension. The transmission elec-
tron microscope was a Phillips CM30 operating at 300 kV.

X-ray diffraction was performed using a Siemens D500
powder diffractometer equipped with a Cu sealed tube
source and a diffracted beam graphite monochromator. A
1° silt size was used for divergence, scatter, and receiving
slits. Diffraction scans were collected from 10-80° 26
using a step-size of 0.05° and a 4-second count time. The
powder phase stability in aqueous suspension was studied
by aging in aqueous suspension at pH 9 and characterizing
the recovered powder.

Characterization of the particle size distribution in sus-
pension and zeta potential was performed using 2 DT 1200
acoustic spectrometer (Dispersion Technology, Mount
Kisko, NY). The operational details of the instrument are
described in Refs. 12 and 13. Samples were prepared at
1 vol % in water and dispersed using an ultrasonic horn
programmed to emit {5 W in 1-s intervals for a duration of
6 min. Dispersant additions for the aqueous samples were
made before sonication, and any pH adjustment was per-
formed after sonication.

Rheological measurements were performed on a Haake
RS300 rheometer using a cone and plate configuration
with 1° cone angle and 60-mm diameter. The plate temper-
ature was maintained at 25°C by a recirculating fluid
pump. Rheological characterization was performed using a
120-s preshear at 400 s~ with I min of no motion, fol-
lowed by a shear rate ramp from 0.1 to 400 s~ over 120s,
a hold at 400 s™' for 30's, and then a decrease in the shear
rate back to 0.1 s™' over 120 s. Samples for testing were
made by adding dispersants to solvent in the proper pro-
portion to form a 30 vol % suspension, and powder was
added and mixed using an ultrasonic horn as needed to
generate a fluid dispersion. For suspensions that did not
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flow under gravity. an ultrasonic bath was used to remove
air bubbles from the suspension and prepare samples for
rheological characterization. Successive measurements in
the rheometer were performed by diluting the sample with
pure solvent and remixing using the ultrasonic horn for
the initial samples and the ultrasonic bath once viscosity
became low and the sample exhibited fluid behavior. For
the determination of relative viscosity, the solvent viscos-
ity of o-terpineol was measured from 200 to 2000 s ! and
gave an average value of 29.4776 mPa.

3. RESULTS

Figure 2 shows the powder morphology via transmission
electron microscopy. The micrographs indicate that the
powder is composed of primarily spherical or equiaxed
particles that appear to be single crystals. The variance in
particle size is between approximately 10 and 400 nm. The
sizes of some of the particles are greater than 100 nm, but
a majority of particles are less than 100 nm in size. Most
striking about this powder is the absence of any discernible
agglomerates. A number of micrographs were examined,
and no aggloinerates were visible in any of the photos.
This result is remarkable in that hard (i.e. sintered) agglom-
eration 1s typical of a number of nanopowders produced
via vapor phase decomposition. Hard agglomerate forma-
tion is often a critical concern in forming a dispersion of
low viscosity.

Figure 3 shows x-ray ditfraction data taken from native
powder and after weeks of aging at pH 9. The as-received
sample showed the presence of at least three phases: 6-

: ,
Fig. 2. Transmission electron micrograph of the as-received alumina
powder. .- ~
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Fig. 3. Phase composition of the powder as a function of aging time in
aqueous suspension. The insets show the increase in bayerile peaks after
aging at pH 9.

alumina (PDF 86-1410), (tet)-alumina (PDF 46-1131),
and 6(ort)-alumina PDF (46-1215). It does not indicate any
of the gamma phase identitied in powders described in
prior publications.'* For the aged samples, an additional
minor phase of bayerite (PDF 83-2256) was also observed
as indicated by the asterisks in Figure 2 (inset). Using the
diffraction data in the 18-22° 26 range, we were able to
estimate the phase fraction of bayerite. By using reference
intensity-ratios'® from the PDF cards and quantified data
from a prior publication’’ and by assuming that the peak at
~19.5% 26 is due entirely to the #-alumina phase, phase
fractions for the bayerite were determined to be approxi-
mately 1-2 wt % for the three aged samples.

Figure 4 presents the zeta potential data collected for the
native powder, powder dispersed with Darvan C, and sev-
eral dispersions with varying levels of citric acid additions.
The isoelectric point can be adjusted easily by using citric
acid. The concentration of Darvan C used in this pH titra-
tion was chosen by monitoring the zeta potential of the
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Fig. 4. Zeta potential characterization of the powder as received, with
Darvan C dispersant, and varying concentrations of citric acid (Na Cit).
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Fig. 5. Acoustic attenuation spectra versus frequency for the as-received
TAL alumina powder as a function of pH.

native powder at pH 9 as the dispersant was titrated into
the suspension, and surface coverage was assumed to be
complete when the zeta potential remained constant against
additional titration {not shown). The isoelectric point for
this concentration of Darvun C is approximately 6 and pro-
duced the highest values of zeta potential at pH 9, at which
both citric acid and the Darvan C dispersant are expected
to be fully deprotonated and generate the maximum nega-
tive zeta potential. The zeta potential values had a magni-
tude of less than —40 mV for any dispersant addition or pH
condition.

Figure 5 shows the acoustic spectra of the native powder
as measured for each pH during the titration from pH 4 o0
pH 1. These scans show excellent uniformity of the data
points at frequencies greater than 20 MHz, but at lower fre-
quencies, there is a progressive increase in attenuation as
pH increases until a rongh equilibrium is established above
pH 6.58. Table I presents the particle distribution estimates
determined from the acoustic spectroscopy data during the
titration using data between 8 and 100 MHz and indicates
that the mean particle size begins to increase near pH 6.58.

Table I Fitting parameters and particle size predictions of the native
TAL ahimina powder in 107> M KNO; sojution versus pH titration.

) Zeta Structure Mean size Standard
pH potential factor (nm) * deviation (nm) % error
4.17 32.07 09 - 52.7 497 2.3
4.57 33.03 09 539 590 29
5.33 34.03 09 54.6 572 2.7
5.89 36.09 1.0 56.3 657 13
6.58  39.06 1.1 80.7 870 L5 !
728 - 36.12 1.0 111 B AR |
808 2854 0.1 411 . 830 3.7
874 185 02 687 690 7.1
9.39 2.87 0.1 564 890 7.0
0.1 —13.82 0.1 615 ¢ 780 6.4
10.78  —25.07 0.1 543 63 g 6.7
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Fig. 6. Rheological comparison of the TAL alumina powder dispersed
with each dispersant near the solids content of 30 vol %. The Darvan C
dispersed sample is also presented at 37.1 vol % to show its behavior at
viscosity similar to that of the other samples.

The “% errot’ column refers to the error between the mea-
sured data and the calculated values of the attenuation
spectra. The structure factor characterizes particle associa-
tion without aggregation, and it is described further in the
“Discussion.” The inclusion of data points helow 8 MHz
created very high error values, and the zeta potential val-
ues calculated tor the system differed by less than 2 mV by
exclusion of the low-frequency data. The change in attenu-
ation spectra and development of aggregates correlate for a
number of systems. '’

Figure 6 shows the rheology characterization deter-
mined for each dispersant near a solids loading of 30 vol
%. 'The rheology of the Darvan C dispersed suspension at
approximately 37 vol % is also presented to show the pro-
file near its maximum in solids loading. The native powder
was characterized at pH 5.4, the sodium citrate and Darvan
C additions were both performed at pH 9, and the Hypermer
KD1 was added in a-terpineol solvent. The added amount
of Darvan C was found qualitatively to be higher than that
determined from zeta potential measurerments. The value
chosen for rheology characterization was determined via
measurements of viscosity at 15 vol % solids as a function
of udded dispersant. Figure 7 compares the reduced vis-
cosity of each dispersant versus volume fraction and the
fit of the modified Krieger-Doughtery equation, given in
Table II.

4. DISCUSSION

The equilibrium phase of alumina at room temperature and
pressure is gibbsite, but bayerite is also stable. In process-
ing these powders, it is possible to observe a phase trans-
formation of the surface te an alumina hydroxide chem-
istry.”> In addition, nanopowders are known to be more
soluble than conventional powders because of their high
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Fig. 7. Relative viscosity versus volume fraction for each dispersant at
optimum concentration at a shear rate of 400 s™'. Lines are drawn to
guide the eye for the native and sodium citrate dispersed powders. The
solid fines for the Hypermer KD and Darvan C dispersions are the
Krieger-Doughtery equation fits with parameters given in Table 2.

surface curvature as related by the Ostwald-Freundlich
equation:

2 Vv
o Q <Y
§ =38, exp —
ro p[ RTr }

Here 8 is the solubility of a flat surface, V,, is the molar
volume of the material, ~y,; is the interfacial free energy, R
is the gas constant, T is absolute temperature, and r is the
radius of the particle. The potential for increased solubility
ot variation in phase was shown to affect future processing
of nanopowders by Kwon and Messing,'® who found that
the formation of hard agglomerates relates to the dissolu-
tion and reprecipitation of solute at particle contacts during
drying. In Figure 2, the phase stability of the powder is
slightly unstable with respect to the formation of a small
amount of bayerite phase. Because the crystalline phase
was detected, it is unlikely that a purely surface phase reac-
tion has occurred in the powder. More likely. the smallest
particles have undergone either dissolution and repre-
cipitation or an in situ phase transformation to bayerite.
Bayerite is typically produced by the slow carbonation of
sodium aluminate solutions at 30-35°C, but there are a
number of methods based on the reaction of an aluminum
sourcé with water as long as the source is of very fine
size.'S‘ 7 The solution pH for the aging study was pH 9, at

Table II. Krieger-Doughtery function parameters for .disperse’l‘d B

suspensions. R

; Maximum packing - Viscosity
Dispersant fraction, @pax exponent, n
Darvan C 40.471% 5.69
Hypermer KD-1 35.385 o 7.36

which the transition from the neutral AI(OH);(aq) ion to
the AXOH), ™ anion is occurring. Tt is likely that at more
alkaline pH the formation of an aluminum hydroxide pre-
cipitate will be promoted by the increased dissolution rate
of the smallest nanoparticles. For this study, the bayerite
quantity is not very significant, and the overall phase sta-
bility of the powder can be considered to be quite good.

The dispersion of conventional powders and their rheo-
logical properties relate rather closely to the calculated pro-
files of the DLVO theory.® All identical materials exhibit an
attractive interaction due to dipole interactions between
molecules, which are collectively considered as van der
Waals forces and characterized by the material Hamaker
constant.'® As determined by X-ray diffraction measure-
miends, this powder is a mixture of phases that should be
expecied to have slightly differing van der Waals inter-
actions. The particle size also impacts the strength of the
interaction and thereby its interparticle stability range.
For steric surfactants, either theories of the compression of
adsorbed polymer layers are used to counteract the attrac-
tive van der Waals interaction or a hard separation distance
is chosen based on a estimate of the adsorbed layer thick-
ness.'” In the case of electrostatic repulsion, the value of the
zeta potential is often chosen as the surface potential for
calculations of interparticle forces. These forces are also
impacted by the solution electrolyte concentration, known
to reduce the range of repulsion as ionic strength increases.
Rowlands et al.”™ showed that at extremely high salt con-
centrations (3 M) the background cations adsorb on the sur-
tace of the particles to atfect their zeta potential.

When dispersion of nanoparticles is examined, a num-
ber of factors in the typical consideration of the optimum
method for dispersion change. The powder surface area is
increased and thereby the demand for a dispersant increases.
In addition, the effects of curvature on the adsorbed amount
and the interaction energy between particles are relatively
unknown. For ionic dispersants. the higher dispersant con-
centration will introduce elevated concentrations of back-
ground electrolytes and collapse the repulsive forces be-
tween particles, especially as solids loading is maximized.
Predictions of the interactions between nanoparticles by
Kallay and Zalac®' suggest that electrostatic repulsion will
fail for nanoparticles and that nanoparticles will aggregate
more rapidly than micron-sized particles due to their
higher number concentration.

In this study, we compared the effectiveness of conven-
tional surfactants in the dispersion of a powder in which
the main particle size is small enough that the interaction
length of the stabilizing interaction significantly impacts
the maximum solids loading achievable in the system as
well as the rheological characteristics. For that reason, the
evaluated surfactants were chosen as a small molecule sur-
factant that is expected 1o have an extremely small steric
component, a linear polyelectrolyte, and a purely steric
polymer. In this study, the differences in molecular weight
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that affect polymer interactions were not able to be charac-
terized, but the products used are all commercially avail-
able and have a history of use in industrial processes.

The stability of a suspension can be evaluated from the
acoustic attenuation spectra taken by our instrument and pre-
sented in Figure 5. Under acidic pH, the acoustic attenuation
spectra versus frequency provides low adsorption that is sim-
ilar to published values for the nanosized Ludox standard
used to calibrate the instrument.'” Table I presents the parti-
cle size distribution data for the native powder as a function
of the pH titration. Aggregation occurs at and above pH 6.58
as shown by the increase in the mean particle size.

There are six loss mechanisms in acoustic spectroscopy:
(1) viscous losses,(2) thermal losses, (3) scattering losses,
(4) intrinsic losses, (3) electrokinetic losses, and (6) struc-
tural losses. Usually only the first four are treated, but struc-
tural losses can be significant. For dense rigid submicron
particles at | to 100 MHz trequencies, the viscous losses
are dominant. They are due to the shear wave generated by
the particle oscillating in the acoustic pressure field. How-
ever, the theoretical treatment used by the instrument has
another fitting component called the structure factor. The
structure factor is a fitting parameter treating those losses in
the system thar relate to the forces between particles. The
theoretical treatment models these forces as flexible
“strings” connecting particles. This factor is initially large
in the region of nanoparticle stability and decreases to a
small value during the aggregation process. The acoustic
data indicate that in the region of nanoparticle stability,
there are forces between the particles that cause their asso-
ciation. Velegol et al.** showed that in systems in which the
particle zeta potential is nonuniform, tangential forces can
be developed between particles that cause a nontouching
association. For this multiphase alumina powder, it is possi-
ble that the slight variations in van der Waals attraction and
surface potential between the various phases and sizes
are forming these nontouching particle associations. Once
aggregation has occurred, these forces are no longer present
between the large particle aggregates formed in the system.
The process is more interesting in that this structure factor
parameter actually appears to attain a maximum immedi-
ately before the system instability. Considering the balance
of attractive van der Waals and stabilizing electrostatic
forces in the system, the loss of strength of the stabilizing
force as surface charge decreases would lead to a deeper
secondary minimum in.the interaction profile between par-
ticles until aggregation events are strong enough to lead to
irreversible aggregation in the primary minimum. The prior
work testing the use of the structure factor suggested that it
would become significant under conditions of high.solids
loading approaching 40 vol %."* The additional insight into
these nanoparticle suspensions is a surprising result.

" Previously, citric acid (and its variant salts) and other
molecular dispersants were studied with several alumina

23-2 . . .
powders._“3 *% The citrate ion adsorbs to alutina surfaces

by a ligand exchange process to form surface groups. Two
of the three carboxylic acid groups and the hydroxyl group
interact as part of the surface complex, and the third car-
boxylic acid group is directed toward the solvent. When
deprotonated, it generates high absolute values for the sur-
face potential. The adsorbed amount of citrate ions is pH
dependent. Hidber and Gauckler” showed that for a pow-
der with surface area of 10 m%/g, complete adsorption
occurred for concentrations under 0.2 wt % in the pH range
of 3 to 7. The isoelectric point could be shifted to 3.4 from
9.1 by the addition of 0.4 wt % citrate. When adjusted for
the surface area of the TAL powder, the amount of sodium
citrate needed to achieve the same effects is higher. The
equivalent ratio of citrale wt % of 1.7 should shift the iso-
electric potential to 3.4, but only produces a value of 5.3,
The high swface area of the powder provides a greater
number of surface charge groups than conventional alu-
mina powder. The higher ionic strength necessary to main-
tain electroneutrality will screen the electrostatic repulsion
between charged surface groups and allow for increased
citrate ion adsorption. Therefore, this powder may have a
slightly higher adsorption capacity than a conventional
alumina. Also. if there is increased dissolution of the pow-
der, some citrate will form chelate complexes in solution
rather than a surface complex.

Within the effects postulated, the behavior of citrate ion
as a dispersant is similar to that found in prior investiga-
tions. However, the comparison between zeta potential
values shows greater differences. Our measurements of
zeta potential appear to maximize at —32 mV. Hidber
et al. % found zeta potential values of approximately —65 mV
under similar conditions. In contrast, Dietrich et al.'® mea-
sured values for 20-nm ceria particles and found zeta poten-
tial values lower than —40 mV both on the native powder
and with the use of polyelectrolyte dispersants, but their
ionic strengths were not specified. All three measurements
were performed using electroacoustic methods with cali-
bration standards. Hidber and Gauckler® studied 500-nm
particles, and the larger particle size may be the difference
between the values. The low values determined for the
nanosized materials raises a potential concern for nanopar-
ticle processing, as loss of electrostatic stability at short
range will lead to irreversible aggregation. Estimates of
conditions required for nanoparticle stability suggest that
electrolyte concentration should be Iess than 107* M, and
the particle zeta potential should be high (40-50 mV).?°
Tonic strengths of 10™* M or higher were shown to lower
the zeta potential value significantly. The amount of dis-
persant, acid or base and the associated counterions increase
in concentration as the amount of water decreases. The
result is that at high solids concentration, the background
electrolyte concentration can be as high as 1 M. Therefore,
it is very important to know whether high zeta potential
values can be generated under elevated electrolyte levels.
The lower values of zeta potential measured here suggest
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that the powder will not generate strong electrostatic sur-
face interactions.

For a molecuiar dispersant such as sodium citrate, the
steric interaction of the particle is very short range and
most of the effectiveness of the molecule is due to the gen-
eration of a high zeta potential under alkaline pH condi-
tions. To add the additional steric component to the pow-
der stabilization, polyelectrolytes are commonly used to
disperse ceramic powders.** ! For polyelectrolyte surfac-
tants such as Darvan C {which is poly(methacrylic acid)],
there is both an electrostatic component to repulsion due to
the carboxylic acid groups in the polymer and a steric repul-
sion resulting from the polymer conformation. The polymer
conformation is a sensitive function of the salt concentra-
tion, pH, adsorbed amount, and system history. Studies of
similar surfactants such as poly(acrylic acid) show that
increasing salt concentrations lower the extension of the
polymer from the surface due to screening of electrostatic
repulsions between ionized groups on the polymer chain.>™®

The amount of dispersant needed to form a stable suspen-
sion was first considered using a titration of a suspension
with the dispersant at pH 9 until a constant zeta potential
value was obtained, and the mass of dispersant to the pow-
der was found to be 0.77%. Additional surfactant did not
raise the value of the zeta potential, and the titration of this
concentration is shown in Figure 4. When suspensions of
higher concentration were prepared, it was obvious that the
powder was not dispersed. Rheology measurements at 15
vol % TAL alumina were performed to determine the point
of minimum viscosity with added surfactant. The dispersant
concentration that stabilized the suspension was found in
this manner to be 3.16 wt % polymer. Conventional pow-
ders have required as little as 0.2 wt % polyelectrolyte to
achieve 60 vol % fluid suspensions.*? Clearly the additional
surfactant needed to disperse a concentrated suspension is
not affecting the electrostatic -repulsion between surfaces.
Pedersen and Bergstrom® postulated that repeated contacts
between zirconia surfaces with poly(acrylic acid) disper-
sants led to adhesive forces until polymer was “packed”
between the contact zones to form a repulsive barrier. The
higher required concentration of polyelectrolyte for this
powder may result from the need for dense adsorbed layers
to resist aggregation from mutltiple particle collision events.

For the steric Hypermer KD-1 surfactant, the optimum
dispersant concentration was determined by measurements
of viscosity at 20 vol %. A concentration of 4 wt % surfac-
tant was found to give the lowest viscosity values. This is

comparable with the poly(methacrylic acid) concentration
required for dispersion. Because the molecular weight of |
the dispersant is proprietary, it is likely that the-higher

mass ratio relates to a higher molecular weight for the dis-
persant molecule and potentially a larger interparticle sep-
aration distance.

Rheology data for the suspensions with each dispersant
were measured for a number of volume fractid®. In Figure

6, only the profiles near 30 vol % are shown to indicate the
difference in behavior between each dispersant type under
similar conditions in solids loading between the surfac-
tants. Because the Darvan C surfactant had greater perfor-
mance than the others, the profile at 37 vol % is also pre-
sented. The shear rate measurements show that the behavior
of the suspensions looks nearly linear on a log-log plot.
The slope in these plots is a function of volume fraction,
and at lower solids loading the slope of the log-log plots
for the Darvan C and Hypermer KD-1 dispersed systems is
very low and exhibits only mild shear thinning behavior.
For sodium citrate and native powder, the rheological
response is highly shear thinning at all solid loadings,
which suggests that these systems are flocculated. For dis-
persed systems, shear thinning is only pronounced at the
highest solid contents measured.

The viscosity values at 400 s ™! were used for plotting
the behavior of the suspensions against solids loading in
Figure.7. Clearly, the polyelectrolyte dispersant (Darvan
C) demonstrates the greatest capability for forming high
solids content suspensions. The near linear responses of
the native and sodium citrate suspensions plotted in a semi-
log fashion are very similar to the behavior of salt floccu-
lated systems.*® Further study of rheological properties is
necessary to determine whether the suspension behaves
according to theories of gelled systems, which are based on
percolation theory. The sodium citrate suspension exhibits
lower viscosities than the native powder, and the steric
length of the adsorbate has been predicted to be approxi-
mately 0.5-1.0 nm.*" ** Because the van der Waals inter-
action is hyperbolic at very short (<5 nm) ranges, the
adsorption of the citrate ion can be expected to create this
reduction in viscosity. Luther et al.>® observed a similar
reduction in the viscoelastic properties of flocculated sus-
pensions at the native isoelectric point and at the isoelec-
tric point in the presence of citrate.

For the two dispersed systems, shear thinning is observed
and a constant viscosity is approached at high shear rates.
Plots of high shear viscosity versus volume fraction are typ-
ically fit with a modified Krieger-Doughtery relationship:®

~MPinux
0, = [1—¢—¢~] 3)

Here, 7, is the relative viscosity, ¢, is the maximum
solids loading, and » is factor describing the increase in vis-
cosity. The native and citric acid systems could not be fit
using this equation, but both the Hypermer KD-1 and
Darvan C dispersed suspensions did generate realistic fitting
parameters as given in Table 1. The rheology data predict
that maximum packing will be achieved for the KD-1 sys-
tem at 35 vol % and at 40 vol % for the Darvan C system.

From Figure 7, the slope of the relative viscosity data
points away from the maximum packing boundary is very
similar between the two dispersed systems. This indicates
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that both systems are stable until the volume fraction of pow-
der approaches the packing limit. The difference in maxi-
mum packing attainable for each system can be attributed to
the volume of the surfactant. Dietrich et al.'” used linear
polyelectrolytes and predicted a monolayer thickness of 3—
5 nm. Under high salt conditions, the electrostatic interaction
will be screened, and the dispersant will present a largely
steric interaction. Our calculation for a 50-nm particle corre-
lates well with this result, as the expected true packing frac-
tion for a 5-nm barrier is ~37 vol %. The steric length of the
Hypermer KD-1 surfactant is taken to be that of a typical
commercial surfactant near 5-10 nm. The lower maximum
volume fraction predicted from the rheology data is expected
based on these assumptions. A more defined study is needed
to characterize these interparticle separations.

5. CONCLUSIONS

The nanosized alumina powder showed properties similar
to those of conventional alomina materials for phase stabil-
ity and isoelectric point. The magnitude of the zeta poten-
tial generated by the native powder surface and in the pres-
ence of aqueous surfactants is lower than that typically
seen for conventional powders but is in agreement with
that of nanopowders. The enhanced solubility of the nano-
powder leads to some phase transformation and may be
responsible [or lower zeta potential values through disso-
lution and complexation with the surface groups.

In the dispersed state at low solids loading, particle
association was modeled from acoustic data and suggested
that particles associate at short range but do not agglomer-
ate. Once agglomeration was initiated by lowering of the
surface potential, agglomerate size was seen to increase,
and the particle association phenomena disappeared. The
phenomenon is theorized to result from the particle size
distribution and crystallographic differences that generate
variations in zeta potential and van der Waals interactions.

The dispersion of these alumina powders can be achieved
using conventional polymeric surfactants but not with the
small molecule surfactant studied here. Based on the sub-
100 nm mean particle size, the maximum attainable volume
fraction will be limited by the volume of surfactant, and a
successful route to forming materials or composites from
nanb_sjz_e_ powders will be needed to minimize the volume
of the dispersion mechanism. The optimal approach must

.be resistant to high salt concentrations, adsorb strongly to

" the powder, and have a low steric profile. Additional stud-
ies of the rheological properties of sub-100 nm powders is
necessary to understand and optimize high solids loading
dispersion. e
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