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Abstract

The dispersion and stability of alumina, titania, and silicon carbide powders in ethanolic medium have been investigated. An
operational pH-scale, pH*, based on an ethanol-based reference electrode, was used to systematize the suspension properties. The
electrokinetic behavior was determined as a function of pH*. The isoelectric points in ethanol — pH{,(SiC)=7.5; pHJ,
(A1,03) =4.4 and pH;,,(TiO,) =4.2 — were discussed in relation to the dissociation constants of the charge determining reactions at
the powder surfaces. We have evaluated the long-term stability of the ethanolic dispersions through settling studies which showed
that the primary particle size could be retained for extended times providing that the surface potential and ionic strength were
optimized. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction Colloidally stable ceramic suspensions can be

Electrophoretic deposition (EPD) is a promising
method for producing ceramic materials and composites
with good control over layer thickness and interfacial
smoothness.!”7 Similar to other colloidal processing
methods like pressure filtration and centrifugal casting,
it is possible to minimize the flaw size and optimize the
processing conditions for EPD by manipulating and
controlling the interparticle forces.® EPD, which forms
the green body from a relatively dilute suspension by
applying a body force on the particles, has the potential
to produce dense, homogeneous green bodies also from
ultrafine particles. This makes EPD a prime candidate
for producing nanocrystalline materials from powders.
Nanocrystalline or nanostructured materials have
attracted much interest because of the advantageous
characteristics, e.g. higher fracture toughness, higher
strength, lowered sintering temperature and improved
magnetic properties.” !> For nanosized powders, the
control of the electrokinetic properties and colloidal
state of the suspension becomes even more essential
because small variations in the range and magnitude of
the interparticle forces may induce drastic changes in
the particle packing and deposition behavior.

* Corresponding author.

obtained by creating a high charge density on the parti-
cle surface which results in a strong double-layer repul-
sion (electrostatic stabilization), or by adsorbing
polymers on the particle surfaces where the inter-
penetration of the polymer layers generate a repulsive
force, so-called polymeric or “steric” stabilization.
Although electrostatic stabilization is considered most
effective in aqueous medium, there is experimental evi-
dence that a substantial surface charge density — with
the associated counterion layer in solution — also can
be created in ethanolic media.!3!%1® Ethanol is the most
common dispersion medium in EPD since aqueous
based suspensions have the disadvantage of electrolysis.

The surface potential and the ionic strength in the
solution are the two most important parameters con-
trolling electrostatic stabilization in aqueous as well as
nonaqueous media. In aqueous media, high surface
charge densities, corresponding to high surface poten-
tials, can be obtained by working far away from the
point of zero charge (pHp,.) of the powder. A similar
approach can be used also in non-aqueous media, pro-
viding that an operational pH scale (pH*) and thus an
isoelectric point, pHj;,, for the specific solvent can be
defined.!®32 The ionic strength controls the range of the
double-layer repulsion. Since low-dielectric-constant
media have a low degree of electrolyte dissociation, the
double-layer repulsion can be very long range resulting
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in a slowly decaying potential.!> Van der Hoeven and
Lyklema showed that there should be enough ions in
solution to render the potential decay around the parti-
cles steep, but there should not be such a high ion con-
centration that the van der Waals attraction overcomes
the double layer repulsion.!3

The objective of the present paper is to systematize
the dispersion and stabilization of ceramic powders in
ethanol. One of the investigated powders is nanometer-
sized (Ti0O,), while the two others (Al,03 and SiC) are in
the submicrometer range. Different acids and bases were
added to impart a surface charge at the powder/solvent
interface. The effect of these acids and bases on the
particle size, settling rate and electrokinetic properties
were systematized by using an operational pH scale,
which is related to an ethanol-based reference electrode
providing a fast response in ethanolic suspensions.

2. Experimental
2.1. Powders and chemicals

We have studied three different powders: Al,O; (TM-
DAR, Tamei Chemicals, Japan), SiC (MSC-20C, Mitsui
Toatsu Chemicals, Japan) and TiO, (Nanophase Tech-
nologies, USA). XRD studies (X'Pert System, Philips,
The Netherlands) of the as-received powders show that
the AlLO3 powder is pure a-phase and SiC is pure B-
phase, while the TiO, powder is a mixture of anatase
and rutile. ESCA measurements (AXIS-HS, Kratos
Analytical, UK) indicate that the powder surfaces do
not contain any major impurities except for SiC that is
covered with a SiO; layer due to oxidation. The specific
surface area was determined using single-point BET
measurements with nitrogen as the adsorption molecule
(Flowsorb II 2300, Micromeritics, USA). Table 1 sum-
marizes the characteristics of the powders.

We used absolute ethyl alcohol (Kemetyl, Sweden)
with a water level around 0.1%, determined by density
measurements, as a solvent for all the suspensions. The
additives used in this study are: Acetic acid (HAc), Citric
acid, HCI 37% purum supplied by Kebo lab, LiOH 98%,
Triethanolamine (TEA) and LiCl. If not mentioned
elsewhere, the chemicals are manufactured by Merck and
have pro analysi quality. All the additives, except HCI,

Table 1
Physical characteristics of powders
ALO; SiC  TiO,
Major phases Alfa Beta Anatase, rutile
Specific surface area (m?/g) 14.7 15.5 450

Particle size® (nm) 210 (sedigraph) 150 28 (TEM)

4 Data supplied by powder manufacturer.

were dried with molecular sieves overnight, to minimize
the content of residual water.

2.2. pH measurements

We used a pH meter (Model 632, Metrohm, Switzer-
land) with a two-electrode set-up — an ordinary glass
electrode for measurement and a separate double-junc-
tion reference electrode — for the pH measurements in
ethanolic suspensions (Fig. 1). The reference electrode is
a Ag—AgCl double-junction electrode in an electrolyte
consisting of saturated LiCl in ethanol. Both chambers
of the electrode are filled with the same saturated elec-
trolyte. This choice of reference electrode makes the
experimentally determined operational pH scale less
sensitive to the water content in the solutions compared
to using an aqueous-based reference electrode.'>!” The
liquid-junction potential during the measurement is
minimized and the problem of leakage of water into the
solution from the reference electrode is eliminated. One
additional advantage of using an ethanol-based elec-
trode is the time factor. It has been reported that mea-
surements in ethanol solutions using a water-based
reference electrode may result in a sluggish response,
needing up to an hour to reach “steady state”.'® The use
of an ethanol-based reference electrode reduces this time
considerably; steady state is reached within 15 min in
pure ethanol (pH*=7.15) and with additions on the
mM level of acid or base, the time to steady state is well
below 5 min. Unfortunately, there are no ethanolic-
based buffers available. Therefore, the electrode set-up
was calibrated using ordinary aqueous-based buffers,
resulting in an operational pH scale.

2.3. Particle size measurements

Particle size measurements were used to study the effect
of the acids and bases on the dispersion and colloidal

|
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Fig. 1. Schematic figure describing the pH measurement set-up.
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stability of the ethanolic suspensions. We used dynamic
light scattering (Malvern Autosizer 2c, Malvern Instru-
ments, UK) for the size measurements; a method sui-
table for particle sizes below 1pum with relatively narrow
size distributions. All the size measurements were per-
formed at room temperature (7~20°C).

All powders were dried in a vacuum furnace contain-
ing phosporuspentoxide as a drying agent prior to dis-
persion in order to minimize the water content on the
powder surface. The pH was closely monitored during
preparation of suspensions for the size measurements.
Dried powder is mixed with ethanol and the 10 wt%
mixture is shaken for 20 s. A small amount of the cho-
sen additive is added to the suspension, pH is measured
and the mixture is ultrasonically treated (Soniprep 150,
MSE Scientific Instruments, UK) for 5 min to break up
the agglomerates. We performed a separate study with
acetic acid as additive to optimize the ultrasonication
time. It was found that 5 min of ultrasonication was
sufficient to reach a minimum in the particle size; for
longer times, there is an increasing tendency for reag-
glomeration. After deagglomeration (ultrasonication),
pH was measured and the suspension was diluted to a
concentration of 200 g/m? suitable for light scattering
measurements. This cycle is repeated with increasing
additions of acid or base until no further decrease in
particle size could be observed.

2.4. Electrophoretic mobility

We used a Zetasizer IV (Malvern Instruments, UK) to
measure the electrophoretic mobility. All measurements
were done at 20°C. We added 0.5 mM LiCl to increase
the conductivity (> 10 pS), which improved the repro-
ducibility of the electrokinetic measurements; it is very
difficult to perform accurate and reproducible electro-
kinetic measurements in solutions of low conductivity
since the electrical field may fluctuate and the current is
too low.

The suspension preparation of samples for electro-
phoretic measurements followed a similar route as the
preparation of samples for particle size analysis. A
concentrated suspension (10 wt%) was deagglomerated
using ultrasonication. From this concentrated suspen-
sion, a small sample is diluted to a concentration of 25
g/m3, acid (HCI or HAc) or base (LIOH or TEA) is
then added followed by a 20 s shaking. The pH is
measured before the sample was injected into the
Zetasizer and the mobility was measured. This cycle
involves a 5-min equilibration period between addition
of additive and measurement of mobility. We typically
covered the operational pH range from 2 to 10 by
varying the amount acid or base added. To improve
the reliability, we collected an average of 10 separate
mobility measurements for each addition of acid or
base.

3. Results and discussion
3.1. Electrophoretic mobility

Electrophoretic mobility measurements were per-
formed at a constant background electrolyte concentra-
tion consisting of 0.5 mM LiCl. The operational pH was
controlled by the addition of acids (HCI and HAc) and
bases (LiOH and TEA). The ionic strength is also an
important parameter which is directly coupled to the
extension of the double layer, expressed as the so-called
Debye length, 1/k. The Debye length can be estimated
by applying the Debye-Hiickel approximation to the
Poisson—Boltzmann resulting in

Kk = (2ne*z* ereoks T)]/2 (1)

where 7 is the ionic concentration, e is the electron charge,
z is the valency of the ion-pair, ¢, and &g are the dielectric
constant of the solvent and vacuum, respectively, kg is the
Boltzmann constant and 7 is the absolute temperature.
This expression is also valid in low-polar and semi-polar
media when a 1:1 electrolyte (z= 1) is used.'®

The experimental results from the mobility measure-
ments are presented in Figs. 2—4 where both mobility and
zeta potentials are reported. With the added electrolyte,
we estimate «a values on the order of 5-20 depending on
particle size. We used the Henry equation?!

up = 23—8; fi(ka) 2

for calculating the zeta potential, ¢, from the electro-
phoretic mobility, u; &, n and fi (ka) are the dielectric
constant, viscosity, and the Henry correction factor,
respectively. This simple equation is accurate for sys-
tems having low zeta potentials (<25 mV). For the
higher xa values (SiC and Al,Os) the following expres-
sion for the Henry correction factor®* was used:

) 3 9 75 330
k) =5 =5t 502 " od

(€)

while, for the low ka value (TiO,), we had to resort to a
more complex expression

(ka)*  5(ca)’  (ka)*  (ka)’

Jilka) =1+ = ==~ 56 T 96
4 6 Ka —t
_ |:(K;Z) _ (K9a6) :|eKaJ er[ (4)

suggested by Henry.3*
For all three powders, the zeta potential is positive at
low operational pH values, crosses over to negative
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Fig. 2. (a) Electrophoretic mobility and (b) zeta potential of SiC in EtOH as a function of pH*. Operational pH controlled with addition of; HCI

(O), HAc (+), TEA (O); and LiOH (A).
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Fig. 3. (a) Electrophoretic mobility and (b) zeta potential of Al,O3 in EtOH as a function of pH*. Operational pH controlled with addition of; HCI

(O), HAc (+), TEA (O); and LiOH (A).

values at a certain value which can be identified as the
isoelectric point in ethanol (pHj,,), and attains negative
values at high pH*. The mobility appears to be well
defined by the operational pH except when triethanol
amine (TEA) was used a base. TEA induces a sub-
stantially higher mobility compared to the general
mobility—pH* curve for both alumina and titania (Figs.
3 and 4). This effect is probably caused by specific
adsorption of TEA at the solid/liquid interface which
induces a positive charge shifting the pHj,, to higher
values. The magnitude of this effect depends on the
affinity of the molecule to the surface and the con-
centration in solution.

Qualitatively, the pH*-dependent electrokinetic beha-
vior resembles the features of aqueous solutions where
the site-dissociation reactions for an amphoteric oxide
(MO) can be written as!®

MOH < MO~ —H* )
MOH} < MOH + H* (6)

with each reaction characterized by a dissociation con-
stant, K, in aqueous solutions defined as

Ka1 = [MO™ Japsur/[MOH] @)
K = [MOH]aHsurf/[MOH;] (8)

where ayq.r denotes the hydrogen ion activity at the sur-
face (in aqueous solutions). At the pHiep, dpsurr €quals the
hydrogen activity in the bulk; when the surface is charged,
however, a simple Boltzmann expression can be used to
link the two activities. A similar set of dissociation con-
stants can be defined in non-aqueous media
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Fig. 4. (a) Electrophoretic mobility and (b) zeta potential of TiO, in EtOH as a function of pH*. Operational pH controlled with addition of; HCIl

(O), HAc (+), TEA (O); and LiOH (A).

KZ] = [Moi]aik-lsurf/[MOH] (9)
K3y = MO 14{yyr/[MOH] | (10)

It is easy to show that the isoelectric point is related to
the dissociation constants according to

pHiep :pKdl +(pKa2 —PKal)/2 (11)
pHy, = Ky + (0K, — pK;y)/2 (12)

for the aqueous and non-aqueous solutions, respectively.
Comparing the isoelectric points in ethanol with the cor-
responding values in aqueous solutions suggests that there
are large differences in dissociation behavior depending on
media. The data for SiC (Fig. 2), displays an isoelectric
point at pHj,, = 7.5 which is substantially higher than the
range determined previously in aqueous media (pHjep =
2—5.5%02%)_ For the oxides, however, we obtain pH,
values which are substantially lower than the corresponding
values in aqueous solutions; pHj,,=4.4 for Al,O; and
pH;., =4.2 for TiO, compared to pHiep(Al,O5) = 8-921:23-26
and pHiey(TiO,) =5.5-7.2730 Based on the differences in
isoelectric point, ApHie,=pHip,—pHip, the dissociation
reactions appear to become more acidic for Al,O; and
TiO, but more basic for the oxidized SiC when the
powders are immersed in ethanol compared to aqueous
based suspensions.

Comparing our electrokinetic results on alumina with
the previous study by Wang et al.,' we find some
striking differences. They obtained a pHi;, = 7.1 which is
much higher than our value (pHj,,=4.4). This differ-
ence may be explained by the use of different electrode
set-ups which precludes a direct comparison of the pH*
scales in the respective studies. Another possibility,
however, is that the base — tetramethyl ammonium
hydroxide (TMAH) — used by Wang et al.'® adsorbs
specifically onto the alumina surface, thus shifting the

pHi;,, to higher values. In a previous study, it was found
that tetraethyl-ammonium ions adsorb specifically on
silicon nitride in aqueous media thus increasing the iso-
electric point with concentration.3?

3.2. Colloidal stability

We have investigated the effect of acid and base addi-
tions on the colloidal stability by particle size measure-
ments and settling rate studies. In these studies, no
background electrolyte is used to resemble the conditions
during EPD more closely. The optimum conditions for
dispersing the powders are summarized in Table 2 where
we report at what operational pH the minimum particle
size is obtained using the different additives.

No additive is able to disperse all the powders in
ethanol. One additive, citric acid, did not deagglomerate
any powder to sizes below 1 pm for any amount of
addition. We find that TiO, and SiC can be dispersed in
the acidic region, while Al,O; is dispersed at both acidic
and basic pH*. Comparing the values for pH* at the
optimum dispersion conditions with the electrokinetic
data suggests that both SiC and TiO, carry a positive
charge in the well-dispersed condition. The TiO, pow-
der apparently acts as an acid itself and decreases the
pH* of the solution substantially; a 10 wt% solution of
TiO, in ethanol has a pH*~1! Hence, only a small
amount of HAc is needed to disperse the powder.
Somewhat surprising, the base TEA is also able to dis-
perse the TiO, powder. This effect is probably related to
the specific adsorption of this additive which might
induce a high positive charge at intermediate pH*
values. It is also possible that adsorbed TEA infers a
short ranged steric repulsion that promotes the stability
of the suspension of this nanosized powder.

Addition of a strong base, LiOH, and a strong acid, HCI,
do not create a stable TiO, suspension although the pH*
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Table 2
Operational pH and particle size at optimum addition of various acids
and bases in ethanol suspensions®

Additives ALO; sic TiO,
HAc 4.4/200 b 0.1/90
HCl - 0.1/270 -
TEA 7.6/240 - 1.9/70
LiOH 8.7/410 - -

4 pH*/particle size (nm).
® Corresponds to agglomerated systems where the particle size
never attains values smaller than 1000 nm.

values are sufficiently far away from pHj,,. Conductivity
measurements suggest that these additives increases the
ionic strength too much, thus compressing the double layer
to such an extent that the attractive van der Waals forces
induces flocculation. The poor stability of Al,O3; upon
addition of HCl can be explained by the same effect. Hence,
optimum electrostatic stability can be obtained when the
addition of acid or base shifts the pH* sufficiently far away
from pHj;, without increasing the ionic strength too much.

SiC is dispersed by addition of HCI; TEA is not an
effective dispersant for this powder probably due to the
absence of a strong specific interaction with the oxidized
SiC surface. Alumina is deagglomerated by most of the
additives. HAc and TEA, however, give the smallest par-
ticle size after deagglomeration. One major advantage with
HAc is that the small particle size is retained over a wide
range of addition. This is probably related to HAc being a
weak acid; hence, only a fraction of the added acid actually
dissociates and thus contribute to the ionic strength.

To complement the particle size measurements, we have
investigated the colloidal properties at long times of some
ethanolic suspensions by sedimentation rate measure-
ments. The settling experiments were performed using the
additives which have resulted in the smallest particle sizes
for the respective powders; i.e. HCI for SiC, HAc and
TEA for Al,O3 and TiO,. We find that HCI cannot pro-
vide a long-time stability to SiC; the suspensions were
unstable and settled within minutes. Hence, addition of
this strong acid does not stabilize any of the three powders
in ethanol, probably related to the high ionic strength.

In contrast, both the Al,O3; and TiO, suspensions
were stable for long times displaying the formation of a
cloudy top layer which is typical for the settling of a
colloidally stable, polydisperse powder. The settling rate
curves (Fig. 5) were evaluated using Stokes equation:

v18n
d= [——— 13
\ g(o — po) (13)

where d is the particle diameter, p is the particle density, g
is the density of the medium, and g is the gravitational
acceleration. This equation is strictly valid only at infi-
nite dilution; at higher solids loading, settling of the
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Fig. 5. Settling of Al,O; and TiO, in EtOH using HAc and trietha-
nolamine as dispersing additives, respectively. Concentration is chosen
for optimal dispersion, see Table 2. The data is plotted on (a) semi-
logarithmic and (b) linear scale.

particles will be retarded by multi-body hydrodynamic
effects. At the present solids loadings — 10 wt% which
corresponds to 2-3 vol% — we expect the multi-body
effects to be negligible.

We estimated the limiting settling rate, v, for the two
systems from the constant rate zone in Fig. 5(b). Using
these values, 4.2-10~% cm/min and 7.6x 10~ cm/min, we
calculate equivalent spherical diameters of 220 and 90
nm, for the alumina and titania particles, respectively.
These estimates of the particle size from the settling
studies corresponds very well with the light scattering
measurements, indicating that the fine particle size is
maintained over long times.

4. Summary and conclusions

We have presented an electrode set-up — using an
ethanol-based reference electrode — suitable for accu-
rate and relatively fast measurements of the operational
pH, pH*, in ethanol-based solutions. The electrokinetic
behavior was determined as a function of pH*; we
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obtained isoelectric points in ethanol, pHs;, that differed
significantly from the isoelectric points in aqueous media.
For SiC, we obtained pHi,,=7.5; for the oxides, we
obtained pHj., = 4.4 for Al,O3 and pHj,, = 4.2 for TiO.

We have demonstrated that electrostatically stabilized
suspensions of ceramic powders in ethanol can be
obtained by tuning the operational pH and controlling
the ionic strength. Adding an acid or base which shifts
pH* sufficiently far away from the pHj;, is generally able
to disperse the primary particles and stabilize the sus-
pension providing that the ionic strength (Debye length)
is in the right range. We found that both Al,O3 and TiO,
are stabilized over a relatively wide range of HAc addi-
tion, while SiC is best deagglomerated with controlled
addition of HCI. Settling studies, however, showed that
none of the additives can provide long-time stability to
SiC; the suspensions were unstable and settled within
minutes. A base, triethanolamine (TEA) is also able to
stabilize both Al,O3 and TiO,, which we relate to the
specific adsorption of TEA at the oxide/liquid interface.

The results in this investigation will form the base for
future studies using EPD to manufacture laminated
composites from ultrafine powders.
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