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Seeded growth of monodisperse gibbsite platelets to adjustable si
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Abstract

Nanosized hexagonal gibbsite seeds are grown from a mixture of dissolved alumina alkoxides at 85◦C. Centrifugation reduces the pol
dispersity by 30%. The seeds can be grown further by adding them to a fresh alkoxide mixture and heating it. This procedure wa
several times to obtain particles of 570 nm± 11% diameter and a thickness of 47± 23%. No indications of a size limit were observed. T
thus obtained particles may form easily a columnar phase. Individual gibbsite particles in solution can be seen by confocal micros
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Gibbsite,γ -Al(OH)3, has been studied for at least thr
reasons. Firstly, it is an important semi-manufacture prod
from the Bayer process in the aluminum production[1–3].
Studies on Bayer liquors are largely motivated by the
portance to improve the crystallization. Gibbsite partic
obtained from Bayer liquors have particles size ranging fr
a few micrometers to 150 µm. The shape differs; lozen
hexagons, prisms, and their aggregates are the mos
quently observed[4]. Secondly, gibbsite is studied for a
plications as a product as such: as polishing agent in to
paste[5,6], as a fire retardant[5], as coating and filler in
paper manufacturing[6], or as rheology enhancer in drillin
muds[7]. And thirdly, since gibbsite is an important pa
of soils, people have studied its surface chemistry ex
sively [8–11].

Nanosized gibbsite particles are synthesized accordin
a few different methods[9,12–17]. These methods have
common that gibbsite is formed at moderate pH (4.5–9)
contrast to the Bayer process, where the crystallization t
place at very high pH.

Here, a mixture of aluminum alkoxides dissolved in
luted HCl is used[17]. It produces fairly monodisperse gib

E-mail address: j.e.g.j.wijnhoven@chem.uu.nl.
0021-9797/$ – see front matter 2005 Elsevier Inc. All rights reserved.
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-

site platelets with an average diameter of 150–200 nm.
size of the particles can be varied slightly by varying the
action conditions. Particles prepared following this meth
are used as model colloids for studies on dynamics[18,19]
and phase behavior of platelets[20–22].

In order to further study the phase behavior and dyn
ics of these particles, it is necessary to be able to manipu
their size and to reduce their polydispersity. Simple meth
to achieve these goals, i.e., centrifugation to lower poly
persity and seeded growth to increase size are reported
potential of these new particles for further fundamental c
loidal studies is also demonstrated.

2. Experimental

All chemicals are used as received from the supp
Gibbsite seeds are synthesized according to the lit
ture [16,17] with slight modifications: 0.08 mol, 19.7
aluminum secondary butoxide (ASB,�95%, Fluka) and
0.08 mol, 16.3 g aluminum isopropoxide (AIP, 98+%,
Acros) are dissolved in 1 L 0.09 M hydrochloric acid (H
37%, p.a., Merck) solution by stirring for 7–10 days. The
sulting mixture, which varies from clear to turbid, is hea
in a polyethylene bottle in a water bath at 85◦C for 72 h. Af-
ter cooling to room temperature, the dispersion is dialy
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1 week against a continuous flow of demineralized wa
in regenerated cellulose tubes (Visking, MWCO 12,00
14,000).

To reduce the polydispersity and to concentrate the
ticles, dispersions are centrifuged at 1100g in glass bottles
until the supernatant is bluish (overnight, 15–20 h). The s
iment is easily redispersed by stirring, either in water to s
the particles or in an ASB/AIP mixture to use them as se

One half to two third (4–6 g/L for the first step) of the
product of a synthesis is used as seeds for the follow
growing step (which is at the same scale). Sedimented s
are redispersed in a fresh solution of dissolved alkox
ASB/AIP. The mixture is heated at 85◦C for 72 h in an oil
bath and is stirred to prevent the particles from sedime
tion. It is important that through the whole sample se
are available, otherwise a secondary nucleation of g
site takes place. For particles with a diameter larger t
350 nm stirring should be very vigorous. Mechanical s
ring is needed, since the use of a magnetic stirring ba
not sufficient: particles sediment. After growth, the result
particles are treated as above: dialysis against deminera
water for 1 week and centrifugation to remove small p
ticles. During dialysis, the suspensions are mixed onc
twice a day by turning the dialysis tubes to avoid sedim
tation and consequently slow dialysis. The centrifugatio
done at lowerg forces than for the seeds because large
ticles sediment faster. In general, centrifugation should
15–20 h. Too fast centrifugation may cause aggregation.
sequence of sedimentation–growth–dialysis is repeated
times.

Particle diameters are determined from images m
by use of a Tecnai 12 (FEI Company) transmission e
tron microscope (TEM) operated at 120 kV. The area o
least 100 particles is measured with the help of an ima
processing program (AnalySIS Pro, Soft Imaging System
From the area, the diameter is calculated assuming the p
cles are perfect hexagons. Atomic force microscopy (AF
is used to determine the thickness of the particles. A
pension of gibbsite is spread over a freshly cleaved m
substrate and dried in air. AFM measurements (more
100 per sample, except for the largest particles where
11 measurements were possible due to the tendenc
the particles to group on the substate) are done in tap
mode on a MultiMode scanning probe microscope (D
ital Instruments) with a standard TESP silicon tip (Di
tal Instruments). The largest particles are imaged usin
Nikon Eclipse TE2000 confocal scanning laser microsc
(CSLM) in reflection mode.

By X-ray diffraction the crystallinity of the particles wa
tested. Room temperature XRD measurements on dry p
der are carried out on a Bruker-Nonius CPS 120 pow
diffractometer system, equipped with a Inel position s
sitive detector with 2θ up to 120◦. The radiation used i
CoKα1, λ = 1.78897 Å. High resolution XRD on aqueou
suspensions are also performed at Swiss–Norwegian b
line BM-1 at the ESRF, Grenoble, France, withλ = 0.375 Å.
s

d

r

-

f

3. Results and discussion

3.1. Reducing polydispersity by centrifugation

During synthesis of colloids, unwanted material like a
gregates or secondary nucleation particles might be form
Centrifugation has proven to be a suitable technique
remove aggregates[23]. Centrifugation is also applied a
a method to remove unwanted small material like pa
cles from a secondary nucleation in seeded growth pr
dures[24]. In that case the supernatant contains the wa
Here, centrifugation has proven to be a quick method to
duce the high polydispersity of a sample. Small and li
particles remain in the supernatant whereas large part
(the sample) sediment.

A gibbsite dispersion obtained directly after synthesis
dialysis is used as starting material (Fig. 1a). Such a system
is polydisperse and contains unidentified material in betw

(a)

(b)

Fig. 1. TEM images. (a) Hexagonal gibbsite platelets directly after synth
and dialysis, diameter is 170 nm± 30%. Small platelets and unidentifie
material are also visible. (b) Gibbsite platelets after short centrifugatio
the batch ofFig. 1a, diameter is 220 nm± 21%.
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the gibbsite hexagons. The average size of the particl
170 nm± 30%, as determined by TEM. After centrifug
tion for 7.5 h at 330g a fraction with a size of 220 nm± 21%
has been sedimented (Fig. 1b). Not only the polydispersity
is reduced but the average particle size is also increase
centrifugation. Since the supernatant is still turbid, it is c
trifuged further at a higher speed and for a longer per
910g and 48 h. The sediment contains gibbsite particle
170 nm± 20%. Even after this period the supernatant is
clear but still slightly turbid.

3.2. Tailor made sizes

The increase of the size range of gibbsite particles
been subject of a few small tests in our laboratory[25]. Re-
action conditions have been varied: the composition of
reaction mixture, stirring time before heating, reaction te
perature, and reaction time. Although small influences
observed, no significant larger gibbsite plates were obtai
Particles can also be formed at room temperature (Fig. 2).
The reaction is very slow (about a year) and particles
not grow to large sizes. All in all, reaction at room te
perature turns out to be a method to obtain smaller gibb
particles; on average a diameter of 90 nm± 30%. The par-
ticles are so small because a very large number of see
formed.

As it is known from literature[16], tetraethoxy silane
(TEOS) influences the formation of boehmite. The need
are elongated by the addition of TEOS, presumably bec
the TEOS attaches selectively to certain lattice planes o
crystal promoting the growth of the uncovered faces. H
the addition of TEOS on the formation of gibbsite is
vestigated. Experiments were performed in five steps w
concentrations of TEOS of 0.8, 1.6, 2.4, 3.2, and 4.0 g/L.
As can be seen fromFig. 3, the addition of TEOS cause
the formation of long structures, likely boehmite rods, am
the gibbsite particles. The gibbsite formation itself is a

Fig. 2. TEM images of small gibbsite platelets formed at room tempera
in three years, diameter is 90 nm± 30%.
.

s

influenced. By increasing TEOS concentration, the size
the gibbsite particles increases whilst the polydispersity
creases, both by 10%. Because of the coprecipitation of o
materials and the slight influence on the particle size,
method has not been studied further.

From the foregoing it can be concluded that the m
promising method to obtain larger crystals is the see
growth. Seeded growth is applied frequently for colloi
Spherical particles like amorphous silica[26,27] or poly-
crystalline iron[28] are used in seeded growth procedur
but also crystalline particles like gibbsite in the Bay
process[2] are suitable for seeded growth. Gibbsite pa
cles are used as seeds in a fresh mixture of alkoxide
Fig. 4a the resulting particles from a seeded growth of gi
site seeds of 210 nm± 19% in four growth steps to particle
of 570 nm± 11% are shown. The single particles spre
nicely over the grid; they are not aggregated. They sh
however, tendency to lie on top of each other. Their hexa
nal shape maintains during growth as expected and part
do not grow together in aggregates as is it seen in the B
process.

Closer inspection of the particles learns that the edge
the largest particles do not look the same as for the sm
particles (seeFig. 5b). The shape of the sides seems not
but pointed. In the last growing step less seeds than be
were used leading to a large increase in size and a hi
growth rate. Probably the higher growth rate causes the
sharp edges. The effect is only observed in this step.

In-house X-ray diffraction (XRD) measurements in
wide range of diffraction angles 2θ confirmed the mate
rial is gibbsite. For a more detailed analysis of the p
width with synchrotron radiation, a smaller 2θ range con-
taining (002), (110), and (200) XRD reflections was selec
(Fig. 5a). The (002) reflection originates from the atom
structure along the platelet normal and is clearly bro
ened well beyond the instrument resolution due to the
nite particle thickness. The experimentally determined p

Fig. 3. TEM images of gibbsite platelets formed in the presence of te
ethoxy silane (2.4 g/L). Presumably boehmite needles coprecipitate.
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Fig. 4. (a) TEM of monodisperse gibbsite particles from a seeded growth procedure (4 growing steps), diameter is 570 nm± 11%. (b) Enlargement of side
of the particles ofFig. 4a to show the different shape of the sides.

(a) (b)

Fig. 5. (a) Examples of high-resolution XRD spectra obtained from a suspension of the particles after 1 and 3 additional growth steps. The backgromostly
originating from the solvent) was fit to a second-order polynomial and subtracted from the data. The spectra are normalized and displaced verticallor clarity
(by 500 and 1500 units, respectively). (b) Development of the FWHM of the (002) reflection with growth steps (0 corresponds to the seed particles)FM
and XRD-derived particle thickness are also given (gray lines).
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file of the (002) reflection was fitted to a Gaussian. T
full-width-at-half-maximum (FWHM(002)) of the fits is dis-
played inFig. 5b. The latter was used to estimate the p
ticle thicknesst using the Debye–Scherrer formula[29],
t = 0.9λ/(FWHM(002) cosθ). One can see that in compa
ison with the AFM results the XRD data significantly ove
estimate the thickness of the seed particles and the par
after one additional growth step. This discrepancy can
(partially) explained by a very large thickness polydisper
of the particles. The contribution of a particle to XRD is pr
portional to its volume, which might enhance the role of
largest particles and, therefore, larger value oft . This effect
can be further enhanced by correlation between the par
thickness and the diameter.

Additional growth steps are seen to lead to sharper (0
XRD powder reflection. This suggests that the atomic lay
s

of the seed and the additionally grown layers are correla
Yet, the peak width reduces by less than a factor of 2 w
the AFM data indicate a seven-fold increase of the thickn
This can be partially caused by a reduction of the thi
ness polydispersity of the platelets, which can reduce
discussed above overestimation oft by the Debye–Scherre
formula. Moreover, the difference in the AFM and XRD e
timation of the thickness can also indicate that the ato
layers of the seed and the additional layers are not alw
correlated.

In Fig. 5a, the (110) and (200) reflections arise from
atomic structure along the platelets. The present data d
allow for quantitative analysis of the intrinsic width of th
(110) and (200) reflections, which are mainly instrume
limited. Yet, we have observed a reduction of their appa
width with increasing size. This suggests a certain degre
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correlation of the atomic lattices in the directions paralle
the platelets as well.

An overview of the particle diameter and thickness
all the intermediate steps is given inTable 1. In the first
three steps, the aspect ratio of the particles decreases
ing growth. This means that the different crystal planes
not grow at the same rate. This was also observed for
cumstances comparable to the Bayer process: Sweeg
al. [4] studied the strong influence of the growth conditio
on the particle shape and aspect ratio. It is expected tha
aspect ratio in our system can also be influenced by wor
at other growth conditions. An indication for this expec
tion is that in the last step, where the growth conditions w
different (lower seed concentration), the aspect ratio did
change. The different growth conditions apparently lead
more regular growth in both the thickness and the diam
of the particle.

The higher the number of seeds, the lower the incre
in size and vice versa. To try to find the limit of low se
concentration and thus the largest size increase per
a three times lower seed concentration was tested. Par
were grown from 220 to 360 nm in one step with a lit
secondary-nucleation particles (Fig. 6). The secondary nu
cleation is due to the lack of stirring during growth. Witho
secondary nucleation the size increase of the seeds w
have been even larger. Particles grown at such a high gr
rate are not so well shaped. They start to deviate from

Table 1
Dimensions of the synthesized particles

Step Diameter (TEM) Thickness (AFM) L/D

0 210 nm± 19% 7 nm± 52% 0.03
1 270 nm± 18% 15 nm± 48% 0.06
2 350 nm± 14% 26 nm± 43% 0.07
3 420 nm± 15% 38 nm± 36% 0.09
4 570 nm± 11% 47 nm± 23% 0.08

Fig. 6. TEM images of a bidisperse sample obtained from a seeded g
procedure with low seed concentration without stirring, diameter of
large particles is 360 nm.
r-

t

,
s

hexagonal form as can be seen inFig. 6. The character
istic abnormality in the platelets are notches in the s
planes. The notches are also found in small amounts in
other growth steps. Due to the other growth conditions o
planes of the crystal might be favored to grow[4].

3.3. Potential use

The possibilities to use monodisperse tailor made gibb
platelets are numerous. A study of platelet phase beha
depending on size and ionic strength will be presente
another paper[29]. Two preliminary experiments with th
prepared monodisperse large platelets are presented
formation of a columnar phase and visibility in a confo
microscope.

In the columnar phase, platelets order in stacks[22]. In
Fig. 7a, a schematic image of the columnar phase is dra
The distance between the centers of the stacks is on the
of the wavelength of light. When light with a certain angle

(a)

(b)

Fig. 7. (a) The columnar phase consisting of stacks of platelets. The dis
between the stacks is on the order of the wavelength of light. (b) Br
Bragg reflections of the same sample at different angles of incidence
to the low polydispersity, the quality of the columnar phase is very go
Particle diameter is 270 nm± 18%.
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Fig. 8. Confocal microscopy image of gibbsite plates of 570 nm (in refl
tion mode). Individual plates are clearly visible.

incidence (θ ) enters the columnar phase it is reflected wh
it obeys Bragg’s law

2d sinθ = nλ,

in which d is the distance between the centers of
columns,n is an integer, andλ is the wavelength. Becaus
it is expected that the formation of a columnar phase
enhanced by a low polydispersity, we concentrated a s
ple of low polydispersity plates to the volume fraction
particles where columnar phases are expected: 200 g/L at
an ionic strength of 10−3 M NaCl. The columnar phase
formed within a few days. Bright Bragg reflections from t
columnar phase can be seen in that sample (Fig. 7b), many
crystallites are visible. The color of the reflection is depe
ing on the angle of incidence of the light. From a white lig
source red and green Bragg reflections are obtained (am
others).

The particles from the last step of the seeded growth
large enough (570 nm) to be visible in a light microsco
Fig. 8 shows a picture taken with a confocal microscopy
reflection mode. All particles are visible as individual refle
tions, their shape cannot be determined; the particles ar
small for that.

4. Conclusion

Starting from gibbsite seeds obtained by heating of
aluminum alkoxide solution, gibbsite colloids of differe
sizes can be obtained. There was no sign of a limit of
seeded growth in the region studied (150–570 nm). Sm
particles with a lower size limit of 90 nm can be o
tained by growth at room temperature. The polydisper
g

of the particles is reduced by centrifugation and by con
ued growth. The planes of gibbsite particles grow at
ferent rates so the aspect ratio of the particles varies.
growth rates can be influenced by growth circumstan
With low polydispersity particles a columnar phase can
more easily formed, as expected. The large particles
be made visible with a confocal microscope in reflect
mode.
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