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Aggregation of boehmite particles in sols was studied by dynamic light scattering and corresponding
gels were examined by DTA, XRD, BET, SEM, and TEM. Commercial Condea boehmite particles of the
size 3—5 nm aggregated in sols into fibres. An aggregation and deaggregation was a reversible process.
Fibres were disintegrated during drying, but the repulsive forces between particles oriented them into
characteristic microstructures. These microstructures were less dependent on the composition of sols.
Similarly, nucleation density of 0-Al,Oy increased slightly (from N = 6.1 x 108 to 3.1 x 109 em™3) with the

content of boehmite in sols from 10.0 and 14.7 mass %, respectively.

Boehmite, contrary to other oxide compounds of alu-
minium, is easily available in the form of nanometer-
sized particles. Usually it is prepared from Al alkoxides
[1, 2] and for large scale application it comes from the
synthesis of higher alcohols (e.g. Condea or Capatal) as
a by-product. Boehmite, however, is not generally suit-
able for the production of balk a-alumina ceramics.
Strong aggregates of boehmite particles are a main ob-
stacle for shaping by dry pressing. For colloidal process-
ing, the disadvantage is the large volume changes dur-
ing drying and sintering [3] and the difficult nucleation
of the @-Al,03 phase {4].

Boehmite, on the other hand, is the most important
precursor for -Al,05 phase for the applications such as
catalysts supports [5] or functional layers of ceramic
membranes [6].

The above-mentioned large volume changes of boeh-
mite gels during the heat treatment are linked to the
properties of boehmite particles in water, which limits
the content of boehmite in peptized sol to 18—20 mass
% (7, 8]. So the formed gel microstructure has then spe-
cific relationship to the difficult nucleation of «-Al;03
[8, 9]. Due to low nucleation density of o-Al,O3 (= 108
cm™®), sintering leads to the vermicular microstructure
with high porosity (= 25 vol. %) and low strength [10].
This problem was effectively solved by seeding of gels
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by a-Al,03, a-Fey03 or Fe(NOj);, [7—12] allowing thus
the transformation of transition alumina phases to
a-Al,O5 to occur at a reasonable rate at lower tempera-
tures. Sol-gel technology of a-Al,03 abrasive grains pro-
duction is based on this principle [13].

Nucleation density of a-Al;O3; in unseeded boeh-
mite gel =~ 108 cm™ is enhanced by seeding to the level
from 102 to 10 ecm™ [7—12]. Nucleation density of
unseeded gels is given by number of nucleation sites
[7—14]. The stability of the microstructure, from the
viewpoint of nucleation, is demonstrated by the fact
that the same nucleation density = 108 em™ is report-
ed by several authors (Kumagai and Messing [15],
Dynys and Halloran [16]) and it cannot be influenced
by heat treatment.

Microstructure of gels is a result of mechanism of
particles aggregation and formation of particle network
in gel and of its drying process. Aggregation of particles
in water depends on the shape and size of particles and
the pH, which determines attractive and repulsive forc-
es. Aggregation of boehmite particles at hydrothermal
condition as reported by Buining et al. [17, 18] leads to
the formation of relatively long (25—400 nm) poly-
crystalline fibres with aspect ratio 2.7—14.5. Elongat-
ed hexagonal boehmite plates are connected by the edge
planes of crystals.
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Fig. 1. Change in particle size with aging time for various con-
tent of boehmite in sols (10.0 (¢), 13.0 (&), and 14.7 (m)
mass %), G. P. — gel point.

The aim of this work is to investigate the aggrega-
tion of peptized boehmite particles in water at pH = 2.5
as a function of concentration and time. The relation-
ship between their aggregation, resulting microstruc-
ture, and crystallization of a-Al,05 was also studied.

EXPERIMENTAL

The boehmite sol used in this work was prepared
from commercial boehmite (Condea Pural SB-1), using
the procedure described in [8, 14]. Water boehmite sus-
pension (15 mass %) was peptized by mixing it with
HNOj; (pH = 2.5) at 55 °C. Unpeptized part of boehmite
(= 2 mass %) was removed from the sol by centrifuga-
tion (10 000 min?). Obtained sol was softly turbid,
transparent colloidal solution. Sols of chosen content
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Fig. 3. Variation in particle size with aging time for 5 mass %
boehmite sol: @) boehmite sol obtained by dilution of fresh-
ly prepared 14.7 mass % sol, ) boehmite sol prepared di-
rectly.
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Fig. 2. Variation in particle size with aging time for diluted boeh-
mite sols (2.5 (¥) and 5.0 (®) mass %).

of boehmite (14.7, 5.0, and 2.5 mass %) were prepared
either directly as described or by dilution (13.0, 10.0,
5.0, and 2.5 mass %) of the most concentrated solution
(14.7 mass %). Aggregation of boehmite particles at 25
°C in closed vessel was studied by dynamic-elastic light
scattering using the Brookhaven Instrument BI-200SM
goniometry system with argon ion laser. The autocor-
relation function was measured using a BI-2030AT dig-
ital correlator. Particle diameters were determined by
the second-order cumulative analysis [19]. The gel point
was determined visually as a moment when sols lost
their fluidity.

Thermal analyses (DTA, TGA) of dried crushed
(0.8—1.0 mm) gel grains were carried out in air at a
heating rate of 10 °C min™! in the temperature range of
25—1250 °C, using derivatograph, type 3427. The sur-
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Fig. 4. Variation in particle size with aging time for 2.5 mass %
boehmite sol: a) boehmite sol obtained by dilution of fresh-
ly prepared 14.7 mass % sol, &) boehmite sol prepared di-
rectly.
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Fig. 5. TEM micrographs of boeh-
mite crystals and their aggre-
gates.

60nm, -1

face area and the pore size distribution were measured
by Ns adsorption and desorption isotherms (BET) us-
ing Sorptomatic 1900 (Erba, Milan). The size of hoeh-
mite particles and microstructure of the gel were ob-
served by TEM (ATEM 2000FX). The microstructures
of the sintered samples were analyzed by SEM (Tesla
BS 300). Bulk density of the sintered samples was meas-
ured by the Archimedes method.

RESULTS

The size of boehmite particle aggregates depends on
the aging time and the composition of the sols (Figs.
1—4). All studied contents of boehmite in the sols (2.5,
5.0, 10.0, 13.0, and 14.7 mass %) were prepared by dilu-
tion of the most concentrated one (14.7 mass %). Ac-
cording to the growth of aggregates, sols can be divided
into two groups. In more concentrated sols (10 mass %
and more) aggregation takes place and in the less con-
centrated (2.5 and 5.0 mass %), on the contrary, deag-
gregation (peptization) occurs. There should be a de-
fined content of boehmite in the sols at which the size
of aggregates is stable for a long time.

The size of aggregates vs. time changes similarly for
all observed sols (Fig. 1). The exponential growth of ag-
gregates beyond of the gel point (GP) is caused by the
aggregation of aggregates, i.e. multiple aggregations. The
size of aggregates at a gelling point increases with de-
creasing content of boehmite in the colloidal solution.
The growth of aggregates continued at the gel point. One
part (= 1/3) [3] of aggregates is fixed into primary net-
work of particles, but most of them can grow further in
the limited areas. This tendency continues to a maximal
size of aggregates and then, as larger aggregates are
linked to the network, decrease of the size of free aggre-
gates and free volume for motion of aggregates begins.

Continuous decrease of the size of aggregates is ob-
served in the sols of 5.0 and 2.5 mass % of boehmite ob-
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tained by dilution of freshly prepared 14.7 mass % sol
(Fig. 2). The size of aggregates is after 300 d stabilized
on a level of = 35 nm in both cases. If sols of the content
5.0 and 2.5 mass % are prepared directly (Figs. 3 and 4),
the size of aggregates is about 40 nm and changes slight-
ly with aging time on the level of = 35 nm after 20 d.

TEM micrographs (Fig. 5) of aggregates and gels
show the individual particles of a size about 3—5 nm
with nearly isometrie shape and only with indication of
edges. The rest of ordering of particles into fibres is
evident also in the dry thin layers. Fineness of boeh-
mite crystals observed by TEM is in agreement with
broad XRD diffraction peaks of studied boehmite and
respective ~Al,O5 phase (Fig. 6).

Observed homogeneity of gels (Fig. 5) is in agree-
ment also with their measured specific surface area

a »AlOOH, dried at 100 °C
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Fig. 6. XRD patterns of boehmite gels a) dried at 100 °C, &) cal-
cined at 550 °C for 1 h, heating rate 10 °C minL.
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Fig. 7. DTA curves of boehmite gels (10.0 (3), 13.0 (2), and 14.7

(1) mass %) dried at 100 °C, heating rate 10 °C min™}, at-
mosphere: air.

(= 250 m? g1) and porosity. High porosity of gel (= 43
vol. %) is represented nearly by monomodal pores of
the diameter = 4 nm. Specific surface areas and param-
eters of pores are practically independent of the con-
centration of boehmite in original sols.

DTA patterns (Fig. 7) show only a small decrease of
a-Aly05 crystallization temperatures (maximum of ex-
othermic peaks) with composition of sols, i.e. that nu-
cleation density of a-Al,O5increases a bit with concen-
tration of boehmite in the original sols (Table 1).

Table 1. Bulk Density p after Sintering (1225 °C, 10 °C min™,
without holding time), Relative Density p,, Mean Size
of Crystals L, and Nucleation Density N in Dependence
on Boehmite (wg) Content in Sols

wp P Pr L N
mass % g em™ gcm™ um em™3
10.0 3.27 81.95 11.96 6.1 x 108
13.0 3.29 82.25 9.95 1.0 x 10°
14.7 3.35 83.96 6.96 3.1 x 10°

Table 2. Content of Boehmite in Mass % and Vol. % in Sols and
Time of Gelation

wg %]
Gelation time
mass % vol. %

25 0.08 -

5.0 1.72 -
10.0 3.56 150d
13.0 4.73 9d

152

Z. HOLKOVA, L. PACH, D. LATH, J. KRISTIN

Direct measurements of nucleation density (Table
2) by counting of monocrystal colonies [16] per plane
unit of fracture surfaces (Fig. 8) and recalculating the
results per volume unit and bulk densities of samples
support former results, both manifesting alittle increase
with the content of boehmite in sols.

In order to make the clarification of the mechanism
of aggregation of boehmite particles in aqucous solu-
tion more reliable, it is important to know the proper
volume of particles in sols or the skeletal volume of boeh-
mite particles in the gel. This volume is calculated (Ta-
ble 2) on the basis of boehmite density (3.01 g cm™)
and content of boehmite in sols.

DISCUSSION

Boehmite sols of the 2.5 and 5.0 mass % content are
probably infinitely stable in time, because they did not
change their viscosity and the size of aggregates (= 35
nm) during two years. The next of the examined sols
with 10 mass % of boehmite content turned to a gel
after 150 d. If we realize that this colloidal solution con-
tains only 3.6 vol. % of boehmite particles, it is difficult
to imagine the formation of gel by other way than by
linking of fibrous aggregates of boehmite particles to-
gether. Fibre-likeness of aggregatesis evident from TEM
{(Fig. 5) pictures. However, the strength of fibres is very
low and they are easily destroyed during drying of gels.
Primary aggregates formed in solutions by linking of
individual particles should be exclusively fibre-like, be-
cause at so low solid volume content (= 3.6 vol. %) of
boehmite, isometric aggregates would be led to floccu-
lation and sedimentation. Fractal character with very
low fractal dimension could be assumed already at ag-
gregation of aggregates, i.e. multiple aggregation.

Formation of fibres from boehmite particles dem-
onstrates the existence of attractive and repulsive sites
on particles resulting in an identical orientation of par-
ticles in one direction. Mechanism of boehmite particle
aggregation is governed by the surface properties of
small boehmite crystals.

Raybaud et al. [20] recently published calculated
(based on the density—function theory) surface prop-
erties of nanosized boehmite particles in water. Four
different surface —OH groups on the four relevant crys-
tallographic planes (010}, (100), (001), and (101) with
different surface-water interfacial energies were iden-
tified. The energy density is significantly lower for ba-
sal (010) planes (465 mJ m™) representing 67 % of the
particle surface, than for the edge planes (650 mJ m2
(hkl 100), 750 mJ m2 (kkl 001), and 825 mJ m™? (hkl
101)). —OH groups of edge planes are more reactive
due to the high interface energies and they are the most
preferable places for interparticle interaction. At used
experimental conditions (pH = 3.3) all —OH groups
are protonized to OHj. As properties of —OH are not
the same, the same is true for OH; groups.

From the viewpoint of —OH groups, crystallographic
planes differ by their frequency occurrence and prop-
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Fig. 8. SEM micrographs of the fracture surface of sintered (1250 °C, heating rate 10 °C min™! without holding time) samples: (A) 10.0
mass %, (B) and (D) 13.0 mass %, (C) 14.7 mass % of boehmite in original sols.

erties. This means that there are preferential sites for
attraction and others for repulsion and then they are
oppositely localized (uniformly A%{) as pairs. These lo-
calized attractive forces between particles associate
uniformly oriented particles into fibre-like polycrystal-
line structures, as already observed under hydrother-
mal conditions by several authors [17, 18, 21]. These
forces act further at drying of gel as long as the system
contains liquid phase. Capillary forces control shrink-
age of gels and the orientation of particles is a result of
attractive and repulsive forces to minimize the free sur-
face energy of the system. These processes result in sta-
ble microstructures with nearly monomial size of pores
= 4 nm dependent weakly on original composition of
the sols. The size of these pores is similar to that of
primary boehmite crystals. In such arrangement of par-
ticles, the coordination number of particles is defined
and it does not change during heat treatment and there-
fore the nucleation density of ¢-Al,04 is so stabilized.
The nucleation density may depend on properties of
used boehmite and also on gelation process. If sols were
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allowed to gel freely by aging in atmosphere, what is
reported mostly in literature, it is difficult to remark
weak effect of concentration of sols on nucleation den-
sity. In the present case, sols gelled in closed boxes with-
out evaporation. It allowed us to observe slight effect of
boehmite content in sols on @-Al;O3 nucleation densi-

ty.
CONCLUSION

The size of studied boehmite particles is according
to the TEM observation in the range from 3 to 5 nm.

Peptized (HNOj3, pH = 2.5) boehmite particles un-
dergo aggregation and gelation in dependence on the
sol composition. The size of aggregates grows and ge-
lation time increases (14.7 mass %/8 h, 10.0 mass %/
150 d) with the decrease of the boehmite content in
sols.

Aggregation is a reversible process, deaggregation
is observed at dilution of sols. Low concentrated sols
(< 5 mass %) are stable more than two years.
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Boehmite particles show preferential orientation at
gelation resulting in fibre-like aggregates. Particles have
preferential planes (edge planes) for the attraction (ag-
gregation) and the other ones (based planes) for repul-
sion.

Due to weak attraction forces, fibre-like oriented
structures are destroyed during drying of gels. The at-
tractive and repulsive forces are still active at reorgan-
ization of particles into stable microstructure.

Microstructure, nucleation density of a-Al,O3, bulk
density of sintered sample depends slightly on the con-
tent of boehmite in original sols.
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