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Abstract

Porous structures based on aluminum oxide-hydroxide (Al,O3;-Al(OH);) show high refractoriness. Regarding their use as thermal insulators,
the preparation of aqueous castable suspensions requires suitable conditions to produce stable co-dispersions and a deeper knowledge on their
porogenic-sintering behaviors. This study reports on the characterization of a commercial grade of AI(OH); and several transition phases of
Al,O5 (attained through the calcination of AI(OH);) aiming at their use as porogenic agents for castable porous ceramics. X-ray diffraction,
thermogravimetry, Helium picnometer method, specific surface area and electron microscopy were used. The dispersion and rheology of AI(OH);
and Al,O; were investigated with pH variations and dispersants. Aluminum oxide and hydroxide particles showed high compatibility in aqueous
medium and favored the preparation of suspensions. As porogenic agents, the transition phases showed a large quantity of meso-macro pores and
a huge variation in the specific surface area, which highlight their potential to produce high refractoriness porous structures.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Aluminum hydroxide (Al(OH)3) has been used as anti-flame
additive for polymers, abrasive medium for soft polishing oper-
ations (in toothpaste, for instance), as a precursor for catalysts
and in filters for water treatment.'™* Nevertheless, it has been
mostly applied in the production of metallic aluminum through
the electrolysis of aluminum oxide (Al,O3), attained after its
calcination.” The most common route to produce AI(OH)3 is
known as Bayer process and bauxite (composed mainly of
Al(OH)3) and impurities such as SiO;, Fe,O3 and TiO; is
its main raw material.* Initially, bauxite is dissolved in a
hot (70-90°C) NaOH solution for the formation of sodium

* Corresponding author. Tel.: +55 16 33739576; fax: +55 16 33739590.
E-mail addresses: rsalomao@sc.usp.br, rflsim @gmail.com (R. Salomao).
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aluminate, according to the general expression:

Bauxite(Al(OH)3 + impurities) + NaOH

— Nap Al Oy (Dissolved) + Impurities Undissolved) (1)

After filtration steps for the removal of undissolved impuri-
ties, the clarified sodium aluminate solution is cooled down to
precipitate Al(OH)3:

Na Al> Oy pissolvedy—> 2ALOH)3(precipitated) + NaOH(Dissolved)
(2)

After another filtering and washing steps, the NaOH solution
can be recycled and the AI(OH)3 pulp is spray-dried. Further
heating in rotary kilns (1200-1600 °C) produces calcined alu-
mina (a-Al;O3).
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Table 1
Characteristics of the as-received raw materials.

Characteristics Calcined alumina (a-Al,O3)* Aluminum hydroxide (AI(OH)3 )P
Composition (Wt%) Al 03: 99.8; NayO: 0.08; Fe,03: 0.02; AI(OH)3: 99.7; NayO: 0.2; Fe>03: 0.07; SiO;: 0.03
Si0O,: 0.03; CaO: 0.02; MgO: 0.07
Solid density (gcm™3) 3.99+0.07 2.42+£0.03
Specific surface area (m”> g~!) 72+1.0 5.8+1.0
Particle size (Dso/Dgg, pm) 0.61/1.03 0.89/1.19
Loss of ignition (wt%, 900 °C) 0.81 36.43
2 CT3000SG.

b Hydral 710: Almatis, USA.

Due to its technological importance, the Al,O3-AI(OH)3 sys-
tem has been intensely investigated over the past decades and
two fields, in particular, can be highlighted.

(1) The strong relationship between the AI(OH)3 calcina-
tion conditions and the physic-chemical properties and
microstructure of the Al;O3 phases produced.”'” The ther-
mal decomposition of AI(OH); is a complex process with an
intense crystallographic rearrangement that occurs accord-
ing to the general expression:

2A1(0H); — Al O3 +3H,0 A3)

A 34 wt% mass loss can be observed in this stage due to
the endothermic release of water vapor, followed by den-
sity increase and huge variation in the specific surface area
(results above 300m” g~ ! are frequently reported)’-''~!3.
Several studies on the use of this system as a catalyst
support have reported the effects of varying particle size dis-
tribution, impurities content, specific surface area, degree
of crystallinity, heating rate (assisted or not by vacuum)
and maximum temperature achieved.'*'? By varying these
parameters, significant differences can be observed in the
atomic mobility and diffusivity of the precursor particles,
which leads to different mass loss intensities and rates,
specific surface area levels and phase changes temperature

Fig. 1. SEM and TEM for Al(OH)3 samples (a and b) as-received and (c and d) treated at 300 °C for 5h.
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Fig. 2. X-ray diffraction patterns for samples of AI(OH); calcined at different temperatures (5°Cmin~! heating rate, 5h hold, 10°Cmin~! cooling rate). The
numbers in brackets correspond to the JCPDS file used for identification.

2

interval. The term transition alumina describes a family of
compounds formed at the end of the dehydroxilation of
Al(OH)3 and before the total stabilization as a-Al,O3 and
has been intensely explored.’”-'? Such phases are based on
a fixed face-centered cubic array of oxygen anions where
aluminum cations, placed at their interstices, can be rear-
ranged at different extents, depending on the temperatures
involved. For instance, transition aluminas attained from
the flash calcination (heating rates higher than 100°Cs™!)
of gibbsite can produce low crystallinity and defect-rich
phases (such as p-A1203),14"° whereas, when the material
is gradually decomposed in the same temperature interval,
crystalline phases (x-Al,O3 and k-Al,O3) are attained.®’-10
Porous structures based on the Al,O3-Al(OH)3 system
have found applications in hot gas filtration,” scaffolds for

growing biological tissues and microorganisms,'” bioma-
terial for bone replacement'® and thermal insulation.'”~>?
To produce such structures, AI(OH)3 particles (in contents
of up to 90 wt%) must be inserted into a dense calcined or
tabular alumina matrix (comprised by a-AlpO3) and consol-
idated by pressing'® or using binding agents.'®?!*> After
the AI(OH)3 decomposition, high-porosity structures are
attained due to the loss of water and the large volume of
micro- and meso-pores formed on their surface.'” More-
over, these phase transformations are strongly affected by
the seeding effect of the surrounding a-Al,O3 particles.
In the presence of calcined or tabular alumina, the transi-
tion phases are converted to a-Al, O3 at temperatures below
1000 °C, which leads to an early sintering.®>'->> The poros-
ity levels remain high up to 900 °C, when the pores and
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have received less attention in the recent literature, specially
considering commercial or non-analytical grades. Therefore,
the present study provides novel insights on: (1) the dispersion,
rheological and Zeta potential behavior of AI(OH); and Al,O3 Fig. 3. Particle size distribution of the AI(OH)3; and Al,O3 samples tested.
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Particle size (nm)

Stage 1 (208-370°C):  Stage 2 (370-1100°C):  Stage 3 (above 1000°C):
Dehydroxylation Phase changes Sintering
ST e v R
4.0 3 1000 = ©0
. TPV (% E IR
I ,,r‘;}'_;::-_i—--—-,—.ifé ~~~~~ . ---(. .>) ] e §
& 35 F }'/ S~ ﬁ__f__%,—*"ﬁ 4 100 NE e
g ' / B % o
o | 4/ VARt \\\ ] s Z
& o I SN R 837
=~ 30t % et Ry 3 10 =
> I R S T E O
5 | 8§84 (O)----= >h Ty ] o 2
o e ] S O
S . - Rl
I IR -
' ] 2 &
2.0 L . \ L . \ L . I \ . H— 0.1 g <
Asreceived 300500 700 900 1100 1300 1500 1700 5 S
sample 2
100 | 1 0.100 —
L b) Q
- - } °.
e 90 1 -0.075 X
C I ] ~
< Dehydroxilati 2
enydroxiiation. <
n 80 F 1 -0.250
2 _ 208-370°C | o
= 8
70 + 4 -0.425 ”
- LOI 36.43 % 3
>

60 b——r b 600
100 300 500 700 900 1100 1300 1500 1700

¢)

Dehydroxilation:
208-370°C

Enthalpy (mW.mg)
(=)

100 300 500 700 900 1100 1300 1500 1700
Temperature (°C)

Fig. 4. (a) Density (Helium picnometry), specific surface area (SSA, BET method) and total pore volume (TPV, N, adsorption method) for samples of AI(OH)3
calcined at different temperatures (5°C min~! heating rate, 5h hold, 10°C min~! cooling rate); (b) thermogravimetric analysis (TGA) and (c) differential scanning
calorimetry (DSC) for AI(OH)3; (5°C min~! heating rate).
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Fig. 5. Adsorption/desorption isotherms for AI(OH); samples calcined at different temperatures (5 °C min~! heating rate, 5 h hold, 10°C min~! cooling rate).

microstructures); (2) the thermal decomposition of AI(OH)3 (to
enable safer and faster heating schedules to produce transition
aluminas); (3) the sintering behavior of transition alumina par-
ticles and the densification of their micro- and meso-porosity
(to produce structures of higher porosity and improved thermo-
mechanical properties).

2. Experimental

The aluminum hydroxide employed in the tests (Hydral 710,
Almatis, Germany) is a high-purity commercial grade originally
used as an anti-flame agent and reinforcement in polymeric com-
posites. Calcined alumina (CT3000 SG, Almatis, Germany) of
similar particle size distribution was tested as a reference under
the same conditions. The as-received raw materials (Table 1)
were physically characterized as follows: (a) Composition (X-
ray dispersive spectroscopy, Shimadzu, EDX 720, Japan); (b)
Solid density (psolig) was determined by Helium pycnome-
ter method (Ultrapyc 1200e, Quantachrome Instruments, USA;
samples were previously dried overnight at 110 °C); (c) specific
surface area (SSA, Nova 1200e, Quantachrome Instruments,
USA, ASTM C1069-09) was measured by BET method (sam-
ples were previously degassed at 200 °C for 3 h, prior to each
measurements; 99.999% purity N, was employed as the adsorp-
tion gas; P/P( varied from 0.05 up to 0.3); (d) the loss of ignition
(LOI) was attained for samples dried overnight at 110°C and
after calcination at 900 °C, for 5h, at 5°C min~! heating rate.

Aqueous suspensions containing 30 vol.% of solid of each
raw material were individually prepared in a paddler mixer

(PowerVisc, Ika, Germany) with no dispersant and at 1000 rpm
for 5min. After the addition of small amounts of dispersants
(ammonium citrate dibasic, HOC(CO,H)(CH,CO;NHy4),,
DAC, Sigma; and poly(ethylene glycol)-based, FS20 Castment,
BASF, Germany), the suspensions were homogenized for 60s.
Their apparent viscosities (1, Pas) were measured (Brookfield
Viscosimeter, VLDV-II+PRO, USA) with a coaxial cylinder
configuration (barrel: 19 mm diameter by 65 mm length and
spindle 17.47 mm diameter by 31.85mm height) at a 505!
shear rate for 60 s (this period had been previously determined
as sufficient for the achievement of steady-state conditions).
The apparent viscosity of the suspensions were measured in
shear rate cycles from 0.15-80-0.15 g1 (the same solid content,
30vol.%, was employed in these tests) and using the optimum
dispersant (FS20) content previously determined for each raw
material

The Zeta potential of the AI(OH)3 and Al,O3 particles was
measured in different pH ranges and using 2 vol.% of diluted
aqueous suspensions (DT-1202, Dispersion Technology Inc.,
USA) containing DAC or FS20 (optimum content previously
determined by viscosimetry). A 2-min sonication was applied
to improve particle individualization. The pH was continuously
shifted toward acid and alkaline ranges using 0.5M NH4,OH
and HCl solutions, with a 1-min interval between each measure-
ment for stabilization. The particle size distribution (D5¢/Dgg,
pm) was determined for the suspension containing the opti-
mum dispersant content (DAC) at pH 10 (DT-1202, Dispersion
Technology Inc., USA). During the dispersion and rheological
tests and Zeta potential measurements, the temperature of the
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Fig. 6. (a) Effect of dispersants (ammonium citrate dibasic, DAC, and poly(ethylene glycol)-based, FS20) on AI(OH)3 and Al,O3 aqueous suspensions (the numbers
in brackets indicate the ideal dispersant content for a minimum apparent viscosity); (b) effect of shear rate on the apparent viscosity for AI(OH)3 and Al,O3 aqueous

suspensions (containing the ideal FS20 content).

suspensions was kept at 25°C £0.5°C (thermal bath, Brook-
field TC-550, USA).

The modifications produced in the Al(OH)3z powder by
heating and sintering were evaluated by thermogravimetry
(TGA-Q50, TA Instruments, 25-1250°C, and synthetic air
atmosphere) and differential scanning calorimetry (DSC 404,
Netzsch, Germany) of the as-received powder up to 800°C,
at a 5°Cmin~! heating rate. The powder was then treated at
300-1500 (5°C min~! heating rate, 5h hold, 15°C min—! cool-
ing rate). For each condition, the solid density, specific surface
area and total volume of pores were measured (samples had been
previously degassed at 200 °C for 3 h prior to each measure-
ment; 99.999% purity N, was employed as the adsorption gas
and P/Pg ranged from 0.05 up to 1; for the as-receive samples,
the degassing step was carried out at 100 °C for 24 h).

The phases formed attained at each temperature were iden-
tified by X-ray diffraction (Rotaflex RV 200B, Rigaku-Denki
Corp., Japan; with Ko = Cu radiation, A =0-15406 nm, in the
26 range from 3° to 100%at a 2° min~! scanrate). The X-ray data
were compared with JCPDS files. Their microstructures were
observed by field emission gun scanning electron microscopy
(SEM, FEI 7500F, 30kV, samples were placed upon stubs and
covered with gold) and transmission electron microscopy (TEM,

Philips CM200, 200 kV, samples were dispersed on carbon cov-
ered grids).

3. Results and discussion

3.1. Synthesis, morphology and dispersion and rheological
behavior of the as-received Al(OH)3;

The AI(OH)3 particles used in this study (Fig. 1a and b) are
a highly crystalline form of gibbsite (Fig. 2a) of regular hexag-
onal plate-like shape and narrow size distribution (Fig. 3). They
are also dense (Fig. 4a and Table 1) with practically no inner
porosity (Fig. 5a). These characteristics have been reported in
many studies on the synthesis of particles and nanoparticles by
wet precipitation methods.'>2324

AI(OH)3 and Al,O3 (tested as reference) suspensions were
suitably dispersed with ammonium citrate dibasic (DAC)
and poly(ethylene glycol)-based additive (FS20) and required,
respectively, 0.295 mg and 0.326 mg of additive per m? of sur-
face area (Fig. 6a). To the best of our knowledge, no similar
result has been found in the literature for AI(OH)s disper-
sion; on the other hand, the Al,O3 tested as reference has
shown an optimum dispersant content similar to those found
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in other reports (0.25 mg and 0.167 mg per m? of surface area,
respectively).”> >’ The similarities of the Zeta potential behavior
between AlI(OH); (Fig. 7a) and Al,O3 (Fig. 7b) particles can be
explained considering two aspects: 1 in contact with water, fine
calcined Al,Os3 particles rapidly develop a hydroxilated coat-
ing on their surfaces chemically similar to AI(OH)3. 12.18 2 Such
particles also show similar average particle size and specific sur-
face area (0.66 wm and 0.89 pmand 7.2m? g~ ! and 5.8 m? g~ !,
respectively), responsible for a similar charge density and dis-
tribution on their surfaces.

Regarding the differences about each dispersant effects, it
can be pointed out that the apparent viscosity levels achieved
were significantly lower for the suspensions containing FS20.
Moreover, whereas FS20 did not affect the Zeta potential versus
pH behavior of the suspensions significantly, DAC shifted the
isolectric point of AI(OH)3 and Al,O3 to lower pH ranges (from
9.7t0 4.5 and 8.6 to 4.1, respectively, Fig. 7). In pH ranges from
neutral to alkaline, citrate-based dispersants, such as citric acid,
sodium citrate and DAC, dissociate their hydroxyl (OH) and car-
bonyl (C=0) groups and adsorb on the particles’ surface. The
increase in the charge density shifts the isoelectric point (IEP)
toward lower pH ranges and generates an electrostatic barrier
that hinders their agglomeration.”> In suspensions of heavier
solid load (an arbitrary level is approximately 10vol.%), the
large ions dissociation enhances the ionic force of the medium
and increases the interactions among particles. Therefore, even
if the optimum dispersant content is used, relatively high
apparent viscosity levels are attained, specially for the Al,Os3-
citrate system. (b) For FS20, on the other hand, the dispersion

mechanism is electrosteric. Its molecular architecture is based
on long and weakly charged main polymeric chains containing
short and periodically spaced ramifications.”’*® Therefore, its
dispersion mechanism prevents particle agglomeration by com-
bining physical impediment and electrostatic repulsion, does not
affect their Zeta potential behavior significantly and is highly
effective.

Similarly to equivalent systems described in other
reports,”>>7>% the Al,03-FS20 suspension exhibited a pseu-
doplastic (reduction in the values of apparent viscosity as shear
rate increases) and reversible (small differences on the levels
of apparent viscosity in the two steps of the shear rate cycle)
rheological behavior (Fig. 6b). The AI(OH)3-FS20 one also
behaved as a pseudoplastic fluid during the first part of the cycle
as the shear rate is increased; however, when it was reduced,
the apparent viscosity levels observed were significantly lower
(particularly below 10s'). Assuming that the AI(OH)3 particles
were perfectly dispersed and individualized in the suspension
before the beginning of the cycle, this effect can be attributed to
their slight asymmetry.’” As verified for other systems, suspen-
sions containing plate-like particles (such as clay suspensions,
for instance) may exhibit thixotropy. This time-dependent rheo-
logical behavior is generated by weak interactions amongst the
particles that are formed when the suspension is static and that
are easily broken at the first signs of movement. Under a constant
shear rate condition, the physical consequence of this behavior
is a sudden reduction in the apparent viscosity as a function of
time; in shear rate cycles (such as the present case), it can be seen
as significant differences in the viscosity levels, for a same shear
rate, at distinct moments of the cycle. Further investigations that
corroborate this hypothesis (such as oscillatory rheometry char-
acterization), but that are also beyond the scope of this study,
are under development in the authors’ research group.

The cycles employed in the rheological characterization of
the suspensions indicate that the AI(OH)3-AlpO3 system can
behave suitably under the shear rate levels typically found in the
processing of castables structures.’’ Under the high shear rate
(from 100 to 10s~!, Fig. 6b(i)) of the mixing step, both sus-
pensions developed a pseudoplastic behavior and low levels of
apparent viscosity, which are very useful to improve dispersion
and particles deagglomeration. At medium shear rates (from 10
to 1s~!, Fig. 6b(ii)), the intermediate apparent viscosity levels
enable the easy casting of the suspensions (vibration can be used
to release trapped air bubble). Finally, at low shear rates (below
1s~L, Fi g. 6(ii1)) and after casting, the thixotropy observed for
Al(OH)3 avoids particles sedimentation and water segregation,
as well as a faster strength gain when hydraulic binders are
employed.

3.2. Microstructure and phase change (i) during thermal
decomposition and (ii) at higher temperatures

For the grade of AI(OH); tested under the described condi-
tions, the thermal decomposition occurred between 208 °C and
370°C (Fig. 4b), in an intense endothermic step (Fig. 4c), fol-
lowed by a mass loss of 36.43%. Since the theoretical mass
loss for AlI(OH)s3 is 34.64%, the difference observed in the
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Fig. 8. SEM and TEM for AI(OH)3 samples thermally treated at (a and b) 500 °C, (c and d) 700 °C and (e and f) 900 °C (5 °C min~! heating rate, 5 h hold, 10°C min~!

cooling rate).

experimental result can be attributed to the loss of physically
adsorbed water. At 496 °C, there occurred a slight inflection at
the base line, resulting from the beginning of the phase trans-
formation of monoclinic gibbsite to hexagonal x-Al,O3. The
modifications continued up to higher temperatures, as seen in
Fig. 2, however, because these are second order phase changes,
no significant enthalpy variation was detected.

The largest increase in the specific surface area and pore
volume verified was observed between the values achieved
for the as-received material and the sample heated at 300 °C
(Figs. 4a and 5a). During this intermediate stage of dehy-
droxilation, gibbsite was converted into boehmite (Fig. 2b)
and experienced a huge crystallographic rearrangement and

physical changes in its on particles’ microstructure (forma-
tion of micro and meso pores, Fig. 1c and d). From 500 up
to 700 °C, the topotactic formation of transition aluminas (x-
Al>O3, at 500-700 °C, and k-Al> 03, 900 °C) of low crystallinity
and large concentration of defects (Fig. 2c—e) is pointed out by
progressively wider and less intense diffraction peaks.'”!? Dur-
ing these phase changes, at the same time that density increases
and SSA decreases (Fig. 4a), the total pore volume remains prac-
tically constant. This unusual behavior can be interpreted as a
change in the shape and size of the microcracks formed during
the dehydroxilation. At the early stages of sintering (900 °C), a
fragmented porous surface is generated and each spot behaves
as an individual and very reactive grain (average size around
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Fig. 9. SEM and TEM for AI(OH)3; samples thermally treated at (a and b) 1100 °C, (c and d) 1300 °C and (e and f) 1500 °C (5 °C min~! heating rate, 5h hold,

10°Cmin~! cooling rate).

30-80nm, Fig. 8e—f). Due to the high surface energy, these
micrograins exert a huge driving force for the grain growth and
sintering even at low temperatures as 700-900 °C.”'Y There-
fore, as heating continues: (i) the atomic rearrangement increases
the solid density, (ii) cracks and grains merge, become thicker
(Figs. 5b—c and 8e—f) and reduce SSA and, (iii) because of the
low diffusion mobility, densification is not favored and the total
pore volume remains practically constant.

At higher temperatures (1100-1500°C), density stabilizes
at around 3.5gcm™> and SSA and pore volume are dras-
tically reduced (Fig. 4a) at the same time the first traces
of the highly stable alpha-alumina (a-Al,O3z, 20=43.3°)
appear (Fig. 2f). The full conversion to a-Al,O3 ends after a

secondary recrystallization step at 1300°C (Fig. 2g), above
which no other phases are observed.” The merging and grow-
ing of cracks combined with the agglomeration and coarsening
of the a-AlO3 domains originate a co-continuous coral-like
porous structure (Fig. 9). These a-Al,O3 filaments are almost
completely dense (no significant content of inner micro or
meso pores, Figs. 4a and 5d) and surrounded by elongated
macroporous. Particularly for samples sintered at 1300 °C and
1500 °C, the boundaries of the original transition alumina grains
still being seen (Fig. 9c—f). This is an indication that the sys-
tem is an indication that the system has not yet reached its
full stabilization despite the high temperatures of heat treat-
ment.
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4. Final remarks

The aluminum hydroxide (Al(OH)3) grade tested showed
suitable potential to be used as a porogenic agent in dense
aluminum oxide (a-Al;O3) matrixes. AI(OH)3 has dispersion
and rheological compatibility with Al,Os3, in a large extent
of pH and even with the use of different dispersants. Such a
compatibility is due to the similar size distribution and residual
charge density on the surfaces of the particles, as pointed out
by the Zeta potential measurements. These results indicate
that castable Al,O3-Al(OH)s suspensions can be prepared
with suitable solid load, after a proper dispersion and homog-
enization. During its thermal dehydroxilation (208-370°C),
Al(OH)3 experienced a series of topotactic transformations,
which generated a large surface area and inner porosity
transition alumina phases, such as chi and kappa aluminas. The
large quantity of pores (micro, meso and macro) originated
(i) initially from the cracks produced during the water vapor
withdrawal and (ii) from the volumetric shrinkage caused by
the density increase (from 2.4 gcm™> up to 3.7gcm>). The
pore content and specific surface area reached the highest levels
after thermal treatments between 300 and 500 °C. Above this
temperature interval, sintering events occurred and reduced the
porosity and produced a coral-like co-continuous morphology.
The following step in the development of castables porous
thermal barriers based on the Al,O3-Al(OH)3 system is its
combination with a high refractoriness inorganic binder, such
as hydratable alumina (p-Al,O3). This aspect is currently under
investigation by the authors’ research group.
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