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Abstract. The effects of pH and the concentration of the nano fibers of -alumina on the relative
density of porous material have been investigated. The viscosity of the aqueous suspensions
were determined under controlled rate conditions, varying the pH and solid concentration. It was
found that the maximum solid loading in the suspension at pH 4 and 4.5 was 40 and 35 wt.%
respectively, and the isoelectric point (IEP) of the powder in the suspension occurs at pH 8.5. The
pH values used below the IEP and the resulting agglomeration of the particles affect the relative
viscosity of the suspension, and consequently the final relative density of the slip cast body, which
at a low pH was higher than that obtained close to the IEP.

1. INTRODUCTION
Porous materials have a network structure with channels and cages that are required in many industrial
applications such as electronic sensors, catalysts,
high-temperature thermal insulation, filters,
biomaterials, etc. Al2O3, ZrO2, TiO2, and SiO2 are
the most promising candidates due to their thermal
and chemical properties. Ceramic materials designed
for each specific application require controlling some
factors that affect their properties, such as the initial particle morphology and processing technique,
including heat treatment. Some of these techniques
are partial sintering, direct-foaming, replicating, and
removing the template. Partial sintering is a simple
processing route for manufacturing porous ceramics starting from porous powder compacts. The fabrication of green compact bodies is achieved by
stacking the particles using aqueous slip cast, evaluating certain parameters ( -potential, viscosity and
solid loading) [1-4]. The fluidity and stability of a
colloidal suspension depends on its -potential which
is determined by the nature of the suspension such

as the type of particles, suspension formulation and
pH.
It is well-known that the properties achieved in
the final products strongly depend on the morphology
of the powders employed [5]. So, in order to improve
ceramic quality, it is crucial to evaluate the
characteristics of the starting materials and their
behavior during processing. They should comprise
a calibrated powder or paste with convenient
rheological properties which depend on pH, particle
size, particle morphology and solid content [6,7].
Colloidal suspensions are commonly analyzed by
rheological techniques which are also used as
quality control standards that attempt to minimize
the variation in suspensions prior to performing the
consolidation procedure, i.e. slip cast, so as to
control and optimize the microstructure of the final
ceramic [8,9]. Thus, the suspension requires a
source containing the highest particle content and
lowest viscosity possible, which can be related to a
high particle mobility and consequently its -potential. As it is known, alumina tends to be positively

Corresponding author: A. Zamorategui, e-mail: zamorategui@ugto.mx
n % 3Rd
OQ
SREb
cRg5S b
S 5] b
R

69

Fibrillar -alumina porous body prepared by slip casting
charged at low pH values and negatively charged at
high pH values [10,11]. As described by Sugita et
al. [12], homogeneous precipitation is a suitable
method for obtaining fibrillar -alumina, consisting of
agglomerates with a narrow particle size distribution [13-15]. In the -phase, alumina possesses a
large surface area, high pore volume, and great catalytic properties which strongly depend on its crystalline structure [16-18]. The purpose of this study
is to prepare porous bodies with fibrillar -alumina
obtained by homogeneous precipitation, evaluating
the maximum solid loading, viscosity and the agglomerate size varying the pH of the suspensions.

2. EXPERIMENTAL PROCEDURE
Gamma alumina was prepared in the laboratory
following the methodology of homogeneous
precipitation as described by Sugita et al.: spherical
submicron particles of basic aluminum sulfate (BAS)
are synthesized from a mixture of aluminum sulfate
and ammonium bisulfite solutions. This BAS is then
neutralized in a solid/liquid reaction with an ammonia
solution in order to transform it to aluminum
hydroxides. Then, the hydroxides are oven dried at
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The morphology and size of the powders were
examined by transmission electron microscopy
(TEM; Phillips Tecnai F-20 field emission
microscope) and a specific surface area was
measured for the g-alumina (determined by singlepoint BET measurements (ASAP 2010
Micromeritrics Instrument Corp., USA,). X-ray
diffractometry was used to determine the purity of
the phase using CuK radiation (XRD, MO3XHF22;
Mac Science Ltd., Japan). The variation on potential and the average diameter of the
agglomerates were measured using a 10 mM
solution of KCl by the electroacoustic technique with
a particle size analyzer (AcoustoSizer II, ESA;
Colloidal Dynamics, USA).
Dispersions of -alumina were prepared using
10, 15, 20, 25, 30, and 35 wt.% of solid content
with a milling medium of 90 g of 2-mm zirconia beads
introduced into an attrition mill. Hydrochloric acid
and ammonium hydroxide were added to adjust the
pH (from 4 to 10), milling for 6 h. The viscosity of the
suspensions was evaluated using a standard
concentric cylinder rheometer (Physica MCR 300
3b
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amples were slip
cast in 25 mm diameter cylindrical rubber molds,
allowing the green bodies obtained to dry under at-

Fig. 1. TEM and SEM images of powder -A2O3.

[]a VSW
QQ
] RW
b
W
] aO R %%m
5 FVSRW
SRa SQ
W
mens were heated at temperatures of 400, 600, 900,
O R %m
5 FVSO OS bRS a
W
b
W
Sa]Tb
VSUSS
bodies were determined by the mass-volume measurement technique and the apparent densities of
the heat-treated bodies were measured by the
Archimedes method. Thus, the relative densities of
the specimens were calculated considering the
following real densities: 3, 3.37, and 3.98 g cm-3 for
the gamma, theta, and alpha alumina phases,
respectively. A scanning electron microscope (SEM)
(JEOL JSM-6400) was used to observe the
morphology on the surface of the bodies.

3. RESULTS AND DISCUSSION
3.1. Powder characterization
-A2O3 prepared by homogeneous precipitation
consists of nano fibers as shown in Fig. 1a. The
TEM image suggests that the fibers have a
dimension of 75 nm in length and 3 nm in diameter
(aspect ratio of 25), which concurs with the result
obtained by BET specific surface area of 334 m2g-1.
On the other hand, the surface morphology observed
by SEM (Fig. 1b) shows that the nanofibers tend to
form spheroidal agglomerates due to their high surface energy [22].
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Fig. 2. X-Ray Diffraction of -Al2O3 sample heated
in a temperature range from ) %q %m
5: , ,
and mean gamma, theta, and alpha phases of
alumina, respectively.

Powder X-Ray diffractometry was used to evaluate the crytalline phase evolution of the -A2O3 obtained in this study (Fig. 2). The evolution of phases
was studied in a temperature range from 450 to 1250
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3.2. Rheological characterization
The zeta potential determination helps to evaluate
the stability of suspensions. Fig. 3 shows the effect
of pH variation on viscosity, zeta potential and
agglomerate size. The profile of the zeta potential
vs pH corresponding to changes in surface charge
for particles shows the characteristic shape and
isoelectric point typical for -Al2O3. The IEP was
found to be at pH 8.5, which is consistent with
previously reported data [8,10]. As can be seen,
the -potential in the -Al2O3 suspension is high,
either below or above the IEP, i.e., for the particles
negatively and positively charged and these changes
in -potential are related with the flocculation
phenomenon and the rheological behavior of the
suspension (Fig. 4a). Thus, below pH 6.3 the
agglomerate size remains below 550 nm and has a
low viscosity, which is in agreement with the high zpotential measured at these pH values. The
agglomerate size and viscosity drastically increase
from pH 6.3, reaching their maximum value at about
pH 8.5 (IEP) (Fig. 3), denoting high flocculation be-

Fig. 3. Apparent viscosity of the 15 wt.% suspension
at a shear rate of 200 s-1, agglomerate size and potential profiles for -Al2O3 as a function of pH.

cause electrostatic repulsion forces diminish as it
becomes comparable to the interparticle van der
Waals attractive forces. Finally, the agglomerate size
and the viscosity decrease at around pH 9.5 as the
particles become increasingly negatively charged
generating deflocculation above the IEP, which yields
colloidally stable suspensions.
The relative viscosity of a suspension, r, is
defined as the ratio of the suspension viscosity, ho,
to the solvent viscosity, s. Fig. 4b shows the relative
viscosity variation of -Al2O3 suspensions for different
solid concentrations, at pH 4 and 4.5. The relative
viscosity increases with the solid concentration, and
the colloidal suspensions show shear thinning flow
behavior at high solid loading (25, 30, and 35 wt.%)
and a low shear rate, where the particles maintain a
random distribution. But, Newtonian behavior, is
achieved at a high sheer rate, indicating that the
particle agglomerates in the suspensions were
broken with increased shear rate up to 200 s-1,
resulting in ordered particle layers.
Fig. 5 shows the relative viscosity of the
suspensions as a function of solid content at a shear
rate of 200 s-1. At low solid loadings (i.e. up to 15
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(4 and 4.5). However, the relative viscosity of the
suspension starts to increase drastically once solid
loading reaches 20 wt.%. Above 35 wt.% the relative
viscosity of the suspension at a pH 4.5 rose very
sharply, and it does not flow above 40 wt.%. So, the
viscosity increases exponentially with the solid
loading which corresponds to the curve of fiber
suspension flow with a high aspect ratio [23]. For
suspensions at a pH 4, the rate of increase is much
slower according to its zeta potential. Thus, the
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Fig. 4. Relative viscosity versus shear rate of -Al2O3 suspensions: a) 15 wt.% varying the pH; b) As a
function of solid content at pH 4 and 4.5.

particle size, the shape of the particle and pH of the
suspension affect its viscosity drastically that can
be used to determine the maximum solid loading,
which is just enough concentration of the particles
that have been added for the viscosity to become
infinite.
The viscosity approaches infinity at a maximum
solid concentration ( m) in wt.% at which the average
separation distance between the particles tend to
zero and the suspension ceases to flow, due to the
resistance arising from increased particle to particle
contact in the suspension and the particles packed
together. The m allowable for powder suspension
can be predicted following a viscosity solid

concentration relationship proposed by the modiT
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As shown in Fig. 6, the m at which the suspension
behaves as a solid can be estimated by
extrapolating the fitted straight line to (1 - r-1/2) 
1, obtaining a m= 41 and 36 wt.% (Volumetric solid
fraction 0.188 and 0.157) at pH 4 and 4.5 respectively.
The large difference from the m and that of the
random close packing (Maximum volumetric solid
fraction ~0.64) may provide a measure of the
dominant attractive forces, considered important to
the porosity reached as a function of pH.
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Fig. 5. Relative viscosity at 200 s-1 as a function of solid loading at pH 4 and 4.5.

Fig. 6. (1-

-1/2
r

) versus solid loading for -Al2O3 suspension.

3.3. Porous bodies
Fig. 7 shows the effect of pH on the relative density
of the heat treated bodies produced by slip casting.
The green bodies from 25, 30, and 35 wt.%
suspensions were prepared varying the pH. After
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for 60 min, density was measured. In all cases, the
relative density seems to remain constant from 100
b
].%%m
5O Rb
VS ROa
b
W
Q
OZ
Z
gWQSOa
SaOb
b
VSVW
UV
b
S[ SOb
cS]T %m
5 FVW
adOW
Ob
W
] QO PS
attributed to the change of phase experienced for
-alumina which transforms to theta alumina at
O]c R.%%m
5O RT
WOZ
Z
gb
]OZVOOZ
c[WOOb
O]c R
%m
5Oaa
V]e W8W
U FVS SZ
Ob
W
d
SRS a
W
b
g]T
the heat treated bodies prepared at pH close to the
IEP remains lower than that obtained at a pH far
from the IEP. These results are consistent with the

observed effect of pH on the viscosity, z-potential
and therefore, agglomeration of the powders in the
aqueous suspensions. Also, the relative density of
heated bodies 25 wt.% was significantly lower than
that obtained for 30 and 35 wt.%, which shows the
viscosity effects in interparticle contacts. A higher
solid loading promotes more particle-particle
interactions reducing the interparticle space
occupied by water and consequently increases the
relative density.
Fig. 8 shows the structural variation observed
by SEM of two heat treated bodies (25 and 35 wt.%)
Ob
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eSS
neighboring spheroidal agglomerates for the 25 wt.%
body (Fig. 8a) can be observed than that for the 35
wt.% body resulting in a higher compact density as
shown in Fig. 8b. Such differences are an effect
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Fig. 7. Relative density of the bodies as a function of heated temperature.

Fig. 8. SEM micrographs of (a) 25 wt.% and (b) 35 wt.% bodies prepared by slip cast at pH 4 and heat
bSOb
SROb %m
5

derived from the solid concentration in agreement
with the relative density observed in Fig. 7.

Nagaoka, Japan 940-2188, for the assistance in the
use of the Physica MCR Rheometer.

4. CONCLUSIONS
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