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Effect of kind of acid and the solid fraction on the viscosity by the γ-Al2O3 

nanofiber in the form of precursor slurry for the final ceramic
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Nanofibers of gamma alumina were dispersed in acid aqueous media and the effect of hydrochloric and nitric acid on viscosity
was investigated. The viscosities of the aqueous suspensions were determined under controlled shear rate conditions, varying
the pH and solid concentration. A lower viscosity is observed with nitric acid because the nitrate ion produces stronger double
layer repulsion, in comparison with that obtained with the chloride ion. It was found that the maximum solid loading in the
suspension at pH 4.5 adjusted with HNO3 and HCl was 42 and 35 wt%, respectively. The isoelectric point (IEP) of the alumina
powder in the suspension occurs at pH 8.5. High solid concentrations and a pH close to the IEP produced high viscosity and
shear thinning at the low shear rates due to slurry agglomeration. This increases the viscosity of the suspension and diminishes
the final relative density of the slip casting body.
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Introduction

Porous materials have been associated mainly with
their specific properties, such as high surface area, high
permeability, low thermal conductivity, and low mass [1-4].
Recently, considerable attention has been focused towards
porous body gamma  alumina (γ-Al2O3) nanostructures due
to their widespread application, such as catalyst supports,
porous electrodes, gas distributors, membranes, coatings,
adsorbents and insulators [5-8]. Aqueous solutions (slurries)
must fulfill certain requirements in somemethods that are
used for shaping ceramic products such as tape casting, gel
casting, slip casting or spray-drying [9-10]. The slurries
should have a high solid content and fine particle with
homogeneous size distributions and shape to achieve
reasonable casting rates. However, nanofibers with
high surface area tend to agglomerate due to the high
surface energy [11]. Consequently, the particle–particle
interactions induce high viscosity and the handling
difficulty of the slurry increases [12]. The fabrication
of porous bodies is achieved by stacking the particles
using aqueous slip casts, and evaluating certain
parameters (zeta potential (ζ-potential), viscosity, and
solid loading) [13, 14].
The stability of a colloidal suspension is related to

the ζ-potential, which is determined by particle type,
suspension formulation, and pH. In order to improve

the quality of the final ceramic it is crucial to evaluate the
behavior of the starting materials during processing. These
materials must form calibrated slurry with convenient
viscosity properties, which depend on pH, solid loading,
particle shape, and size [15]. Colloidal suspensions are
commonly analyzed by rheological techniques, which are
also used as quality control standards, which attempt to
minimize the variation in suspensions prior to performing
the consolidation procedure, i.e. slip casting, so as to
control and optimize the microstructure of the final
product [16]. Thus, the suspension requires a source
containing the highest particle concentration and lowest
viscosity, which depend on the pH and the ζ-potential.
The purpose of this study is to evaluate the effects of

HCl and HNO3 and the solid loading on the viscosity
of fibrillar γ-Al2O3 suspensions in order to determine
the dispersed maximum solids loading.

Experimental Procedure

The γ-Al2O3 was prepared following the homogeneous
precipitation method. Spherical submicron particles of
basic aluminum sulfate were synthesized from a mixture
of aluminum sulfate and ammonium bisulfite solutions.
This basic aluminum sulfate is then neutralized by a solid/
liquid reaction with an ammonia solution in order to
transform it to aluminum hydroxides. Then, the hydroxides
are oven dried at 120 oC to obtain pseudoboehmite (γ-
AlOOH), which was used as γ-Al2O3 precursor since it
transforms to this phase at 450 oC [17-19].
The morphology and particle size of γ-Al2O3

powders were examined by Field Emission Scanning
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Electron Microscopy (FE-SEM; JEOL JSM 7401F)
and Transmission Electron Microscopy (TEM; Phillips
Tecnai F-20 Field Emission Microscope). The specific
surface area was measured by single-point BET
measurements (ASAP 2010 Micromeritrics Instrument
Corp., USA). The variation of the ζ-potential was
measured using a 10 mM solution of KCl by the
electroacoustic technique with a particle size analyzer
(AcoustoSizer II, ESA; Colloidal Dynamics, USA). The
viscosities of the dispersions were evaluated using an
AR2000 rheometer (AR-2000, TA Instruments) at 25 oC.
Dispersions of γ-Al2O3 nanofibers were prepared

using 10,15, 20, 25, 30 and 35 wt% and introduced into
an attrition mill where they were milled for 8 hours
using 90 g of 2 mm zirconia beads. Analytical grade
hydrochloric and nitric acid were added to adjust the
acid pH, and ammonium hydroxide was used to shift
the basic pH of the slurry. Then, the samples were slip
cast in 25 mm diameter cylindrical rubber molds,
allowing the green bodies obtained to dry under
atmospheric conditions and later at 120 oC. The dried
specimens were heat treated at temperatures of 450,
600, 900 and 1200 oC. The apparent densities of the
heat-treated bodies were measured by the Archimedes
Method.

Results and Discussion

Powder characterization
The adsorption-desorption isotherm of γ-Al2O3 powder

is of type IV according to the IUPAC definition, which is
characteristic of a mesoporous material (Fig. 1). The
irregularly shaped isotherm, with an H3 type hysteresis
loop, indicates that the pores have an inkwell-type shape
with non-uniform size. The surface area and pore size
distribution obtained by the BET method and BJH
adsorption model for the γ-Al2O3 (450 oC) were
333 m2/g and 4.7 nm respectively [20-22]. 
Fig. 2(a) shows the TEM image of the nanofiber γ-

Al2O3 prepared by homogeneous precipitation. The
TEM image suggests that the fibers are around 80 nm
long. As observed by FE-SEM, the nanofibers tend to
form amorphous agglomerates due to their high surface
energy (Fig. 2(b)) [23]. The high value of energy and
surface area is related with the high internal porosity
produced by the agglomerate of the nanofiber.

ζ-Potential and particle size
Fig. 3 shows the effect of pH variation on the zeta

potential and type of acid (HNO3 and HCl) on the
particle size of the γ-Al2O3 powder dispersed in water
(15 wt%). The profile of the zeta potential versus pH
corresponding to changes in surface charge for particles
shows the characteristic shape and isoelectric point
(IEP) typical for γ-Al2O3 (pH 8.5) [24]. As can be seen,
the ζ-potential in the γ-Al2O3 suspension is higher
using HNO3 in comparison with HCl, either below or

above the IEP, i.e., for the particles negatively and
positively charged. [25].
As can be seen in figure 3, below pH 7 the

suspension has a small particle size, which is in
agreement with the high ζ-potential measured at these
pH values. The particle size drastically increases from
pH 7.5, reaching its maximum value at about pH 8.5
(IEP), denoting high flocculation because electrostatic
repulsion forces diminish as they become comparable
to the inter-particle Van der Waals attractive forces
[26]. Finally, the particle size decreases at around pH
11 as the particles become increasingly negatively
charged generating deflocculation above the IEP, which
yields stable suspensions. 

Fig. 1. Nitrogen adsorption-desorption isotherm and pore-size
distribution curves of γ-Al2O3.

Fig. 2. Micrograph of γ-Al2O3 powder: a) TEM and b) FE-SEM.

Fig. 3. ζ-potential profiles and particle size for the γ-Al2O3

suspension as a function of pH adjusted with HNO3 and HCl.
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The particle size of the suspension increases slightly
using hydrochloric acid in comparison with the nitric
acid in all ranges of pH (4 to 12). These acids
dissociate a hydronium ion (H3O

+) and are chemically
bonded to the surface particle, increasing the surface
charge by +1 in both cases. However, the double layer
formed using HNO3 can be more extensive because the
counter nitrate ion (NO3

−) larger than the chloride
anion (Cl−) and therefore cannot be compressed as
easily. It is widely known that the Cl- anion compresses
the double layer more, and the electrostatic repulsion
force of dispersed particles is consequently reduced
[27-29]. However, the NO3

− ion produces a stronger
double layer, and the electrostatic repulsion induces the
breakdown of agglomerates into nanoparticles while
allowing for diminishing viscosity (Fig. 4).

Relative viscosity
The relative viscosity of a suspension, ηr, is defined

as the ratio of the suspension viscosity, ηo, to the solvent
viscosity, ηs: (ηo/ηs) [30]. Fig. 4 shows the relative
viscosity variation of γ-Al2O3 suspensions for different
solid concentrations, at pH 4.5 adjusted with HNO3 and
HCl. As expected, the relative viscosity increases with
the solid concentration because higher resistance to flow
is generated by the increasing number of particles per
unit volume. Thus, the colloidal suspensions show shear
thinning flow behavior at high solid loading above
30 wt% and a low shear rate, where the particles
maintain a random distribution [31]. But, the Newtonian
behavior is achieved at a low solid loading below 30% and
high shear rate, indicating that the particle agglomerates in
the suspensions were broken with increased shear rate up
to 150 s−1, resulting in ordered particle layers.
As shown in Fig. 4(b), the viscosity is much higher

using HCl in comparison with that observed in figure
4a for the HNO3 for the concentrations above 25 wt%.
Thus, at the low shear rate in concentrated slurries,

where the distance between the fibers tends to zero, the
viscosity increases due to the great interaction
generated by the Brownian motion [32].
Fig. 5 shows the relative viscosity of the suspensions

as a function of solid content at a shear rate of 200 s−1 for
the pH 4, 4.5 and 5. Those were adjusted with nitric and
hydrochloric acid. At low solid loadings (i.e. up to
15 wt%) the relative viscosity remains low at all pH
variations studied. However, for the HCl the relative
viscosities of the suspensions start to increase drastically
once solid loading reaches 20 wt%. Above 25 wt% the
relative viscosity of the suspension at pH 5 rose very
sharply, and it does not flow above 35 wt%, in
comparison with the HNO3 (35 wt%). Consequently, the
viscosity increases exponentially with the solid loading.
For suspensions at pH 4.5, the rate of increase is much
slower according to its zeta potential. Additionally, the
viscosity of the dispersions of the γ-Al2O3 increased
much more with HCl than those observed with HNO3

as shown in Fig. 5(b) and Fig. 5(a) respectively. This
can be due to the better effect of the HNO3 as a
peptizing agent.  Thus, both the type of acid used and
the pH affect the viscosity drastically, which is used to
determine the maximum solid loading, related to the
particle concentration for which the viscosity become
infinite.

Maximum solid concentration
The viscosity approaches infinity at a maximum solid

concentration (φm) in wt% at which the average
separation distance between the particles tends to zero
and the dispersion ceases to flow, due to the resistance
arising from increased particle to particle contact in the
suspension and the particles packed together. The φm
allowable for powder suspension can be predicted
following a viscosity solid concentration relationship
proposed by the modified Krieger-Dougherty equation
[33-35]: 

ηr = (1 - φ/φm)
–n (1)

As shown in Fig. 6, the φm at which the suspension
behaves as a solid can be estimated by extrapolating
the fitted straight line to (1-ηr

−1/2)→ 1, obtaining a φm=
42 and 35 wt% (Volumetric solid fraction 0.183 and
0.153 respectively) at pH 4.5 adjusted with HNO3 and
HCl respectively. The large difference between the φm

Fig. 4. Relative viscosity curves of γ-Al2O3 suspensions at pH 4.5
adjusted with: a) HNO3 and b) HCl and varying the solid loading.

Fig. 5. Relative viscosity (200 s−1) as a function of solid loading at
pH 4, 4.5 and 5 adjusted with: a) HNO3 and b) HCl.

Fig. 6. (1-ηr
−1/2) versus solid loading for γ-Al2O3 suspension at pH

4, 5.5 and 5 adjusted with: a) HNO3 and b) HCl.
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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 the pH.
 

Relative density of porous bodies
Fig. 7 shows the effect of heating temperature in the

relative density of the heat-treated bodies produced by
slip casting. The green bodies from suspensions of 25
and 30 wt% were prepared at pH 4.5. After heat
treatment at 450, 600, 900 and 1200 oC for one hour,
the density was measured. In all cases, the relative
density seems to remain constant from 450 to 900 oC
and then drastically increases at the high temperature of
1200 oC. This behavior is attributed to the change of
phase developed for γ-Al2O3, which transforms to theta
alumina at around 900°C and finally to alpha alumina
at around 1200 oC [36, 37]. Also, the relative density of
heated bodies and that were prepared with 25 wt% was
significantly lower than that obtained for 30 wt%,
which shows the effect of the inter-particle contact in
the viscosity. Higher solid loading promotes more
particle-particle interactions by reducing the inter-
particle space occupied by water and consequently
increasing the relative density. Additionally, the heat-

treated bodies prepared with nitric acid have lower
relative density than that observed using hydrochloric
acid. This can be attributable to the shrinkage effect
during the drying process of the green body. The higher
porosity is generated by the interstitial spaces created
by the nitrate ion in coordination with a water
molecule. Thus the higher shrinkage of the heat-treated
bodies promoted by the chloride ion generates a high
density in comparison with that obtained with the
nitrate ion.   
Fig. 8 shows the effect of pH on the relative density

of the heat-treated bodies (1200 oC). The green bodies
produced by slip casting (25 wt%) were prepared by
varying the pH. After heat- treatment at 1200 oC for
60 min, the density was measured by Archimedes
method. The relative density of the heat-treated bodies
prepared with HNO3 always remains lower than that
obtained by the HCl and gradually decreases with
increasing pH. These results are consistent with the
observed effect of pH on ζ-potential and the chemical
behavior of the counter ion in the aqueous suspensions.
Fig. 9 shows the morphology observed by FE-SEM of

the heat-treated bodies at 900 oC. Soft spheroidal
agglomerates and higher porosity can be observed for the
body prepared with HNO3 (Fig. 9(a)) in comparison with
the smaller and more spherical agglomerates conforming a
more compact structure for the body prepared with HCl
(Fig. 9(b)). Such differences are derived from the chemical
behavior of the nitrate and chloride ion used as a peptizing
agent. As it is known, the double layer formed for the
HNO3 can be more extensive because the counter NO3

- ion
is quite large and the Cl- ion compresses the double layer
and the electrostatic repulsion force of dispersed
particles is consequently reduced. Thus, the NO3

− ion
produces a stronger double layer and electrostatic
repulsion inducing the breakdown of agglomerates.

Conclusions

The physicochemical behavior of the hydrochloric
and nitric acid affect the viscosity of the slurry γ-Al2O3

but the flow behavior is maintained at the same pH.
The viscosity increased using HCl due to the effect of
the chloride ion that compress the electric double layer
of the particle in the suspension. Thus, the viscosity

Fig. 7. Relative densities (%) of the porous bodies as a function of
solid loading and heat treatment.

Fig. 8. Effect of pH on the relative density of the heat treated
(1200 oC) produced by slip casting (25 wt%).

Fig. 9. FE-SEM micrographs of porous bodies prepared by slip
cast (25 wt%), pH 4.5 adjusted with: a) HNO3 and b) HCl.
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increases in comparison with the low viscosity
generated using HNO3, which is a better peptizing
agent. Thus, the maximum solid loading dispersed at
pH 4.5 for easy manipulation of the suspension, using
HNO3 and HCl were 42 and 35 wt%, respectively. As
a result, final density and porosity of porous compact
bodies of fiber γ-Al2O3 were affected by the
physicochemical behavior of the nitrate and chloride
ion, solid loading and pH. The pH close to the IEP
promotes the particle agglomeration and the viscosity
increases due to the neutral surface charge of the
particle and the low repulsive forces. In concentrated
suspensions of fibrous particles the energy dissipation
related with its morphology increases the viscosity,
making it necessary to adjust the pH in order to obtain
Newtonian flow with high solid loading. 
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