
Canadian Fusion Fuels
Technology Project c

CFFTP-G--86042: — . — CA9200101

The Application of Sol-Gel
and Ge -Precipitation
Technology To The
Preparation of Spheres
of Lithium Aluminate
Authors

Carl W Turner and B C Oatworihy

Corp. Authors

Atomic Energy ol Canada Limited

Research Company

CFFTP Report Number Cross Reference Report Number
CFFTP-G-86042 AECL-9727 August 26.1988



THE APPLICATION OF SOL-GEL AND GEL-PRECIPITATION TECHNOLOGY
TO THE PREPARATION OF SPHERES OF LITHIUM ALUMINATE

by Carl W. Turner and B.C. Clatworthy

Atomic Energy of Canada Limited Research Company,
Chalk River Nuclear Laboratories, Chalk River, KOJ 1J0, Canada

'C - Copyright Ontario Hydro, Canada - 1986
Enquiries about Copyright and reproduction
should be addressed to:

Program Manager, CFFTP
2700 Lakeshore Road West
Mississauga, Ontario

L5J 1K3'

Report No. CFFTP-P-86042
Cross-Ref. No. AECL-9727



This report has been prepared under contract to the Canada Fusion Fuels

Technology Project, with joint funding from Atomic Energy of Canada Limited,

by Carl W. Turner and B.C. Clatworthy of Chalk River Nuclear Laboratories.

Report No. CFFTP-P-86042
Cross-Ref. No. AECL-9727



- ii -

ABSTRACT

A concept for preparing spheres of lithium aluminate by either a sol-gel or
gel-precipitation process based on the precipitation of a lithium salt in the
pores of an aluminum hydroxide gel has been tested and has proved to be not
feasible.

The addition of any of the following salts -- lithium formate, lithium
oxalate, or lithium carbonate - - to a solution of aluminum nitrate hydrolysed
to a hydroxyl number greater than 2.85 caused the hydrolysed solution, or sol,
to gel immediately. The addition of lithium formate to a dialysed sol caused
it to flocculate at low pH and prevented the transformation from a sol to a
gel from occurring at elevated pH. This behaviour was linked to the
adsorption of the anions - formate, oxalate, or carbonate - onto the surface
of the sol particles.

Hydrolysis of solutions of aluminum nitrate together with either lithium
formate, lithium oxalate, or lithium carbonate, such that the mole ratio of
aluminum to lithium was 1:1, resulted in the formation of a crystalline
precipitate containing both lithium and aluminum. The lithium to aluminum
ratio of the precipitate was 0.44:1 when lithium was introduced as either the
formate or the oxalate and 0.63'l when lithium was introduced as the
carbonate. Spheres could be made by gel-precipitation if the viscosity of the
feed solution was first increased to 200 cps by the addition of polyvinyl
alcohol. However, the lithium not chemically bound in the precipitate
diffused out of the spheres during gelation. Heating of the lithium-deficient
spheres to 95O°C produced a mixture of lithium aluminate and the spinel phase,
LiAl5O8.
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INTRODUCTION

Lithium aluminate is one of the compounds being considered as a tritiun'-
breeding material for future fusion reactors. Many factors such as the
tritium breeding ratio, the ease of removal of tritium from the blanket
material, and the thermal conductivity of the blanket itself will determine
which compound and geometry, either conolith or sphere, will eventually be
chosen. There are several routes available for the production of spheres of a
ceramic material: the solidification of drops of molten material, the
agglomeration of powders, or either a sol-gel process or gel-precipitation
process.

Sol-gel and gel-precipitation processes have been successfully applied to the
production of ceramic nuclear fuel for fission reactors. A survey of these
processes and the underlying colloidal chemistry is presented elsewhere (1).
The chemical reactions used in a sol-gel process to convert solutions of metal
nitrates to metal hydroxide gels are:

disperse
(1)...M(N03)x + XNH4OH > M(OH)X + XNH4NO3, stable sol,

ammonia
(2)...M(0H)x (sol, pH 3) > M(OH)X, (gel, pH > 7).

In a gel-pre^.pitation, the metal nitrate solution is precipitated directly to
the gel without forming a sol in an intermediate step. Ammonium nitrate is a
by-product in both processes and must be washed out of the spheres before
sintering.

The solubility of lithium salts in aqueous solutions for the pH range used for
gelation presents a problem in applying sol-gel or gel-precipitation
technology to the preparation of lithium aluminate spheres. Yang et al. (2)
developed a sol-gel process for lithium aluminate spheres that involved
soaking gelled spheres of aluminum hydroxide in concentrated solutions of
lithium hydroxide for up to sixteen hours. The impregnated spheres were then
washed with propanol, dried, and sintered to form lithium aluminate. The
washing had to be carefully controlled so as to leave a 1:1 ratio of lithium
and aluminum in the spheres. If excess lithium hydroxide is present, it may
adversely effect the sintering behaviour by forming a liquid phase.

Alvani et al. (3) have reported the preparation of lithium aluminate powders
by sol-gel methods but not the production of spheres. They spray-dried a
mixture of an alumina sol plus lithium nitrate at 200°C to produce a powder
which reacted to form the alpha phase of lithium aluminate at 650°C. The
gamma phase of lithium aluminate was prepared by a gel-supported precipitation
starting from a "broth" containing aluminum nitrate and an appropriate excess
of lithium carbonate. To this "broth" were added methylcellulose and
tetrahydrofurfurilic alcohol, ingredients which are normally associated with
the making of spheres by a gel-precipitation. The "broth" was then added
dropwise to a solution of concentrated ammonium hydroxide with an appropriate
content of lithium hydroxide. The gelled precipitate was aged, washed, dried,



and calcined at 650°C to form gamma lithium aluminate. A small (<10%) excess
of lichium in the spheres produced a dramatic reduction in the surface area of
the calcined powders.

The preparation of gamma lithium aluminate reported by Alvani et al. by a gel-
supported precipitation is couched in terms that obscurt important details of
the process. For example, the lithium to aluminum ratio in the powder is
controlled by using an appropriate excess of lithium carbonate and an
appropriate content of lithium hydroxide. The procedure for washing, which is
critical for ensuring that the product has the correct ratio of lithium to
aluminum, was not even described. It is not clear why they are making powders
using a procedure that was developed specifically for making spheres of
ceramic fuel for fission reactors (4). Whether spheres of lithium aluminate
could be prepared by this route was not addressed. Yang et al. (2) reported
that a gel-precipitation process starting from a solution of lithium and
aluminum nitrate plus polyvinyl alcohol (PVA) was unsuccessful since the
lithium was leached from the gelled spheres during washing. No further
details were provided.

Both Yang et al. and Alvani et al. have dealt with the problem of lithium
solubility by adding excess quantities of lithium during the process and then
controlling the washing conditions to leave a stoichiometric ratio of lithium
and aluminum in the gel. The purpose of the work described here is to
evaluate a new concept for preparing lithium aluminate gelled spheres that, if
successful, will not require the addition of excess lithium during the process
nor an elaborate washing procedure to maintain the correct lithium to aluminum
ratio in the gelled spheres. The concept that we propose is to prepare gelled
spheres of aluminum hydroxide from a mixture containing an aqueous sol or
solution plus a lithium salt that is relatively insoluble in alcohol. Both
the gelation and washing of the spheres will be done in an alcoholic solution
in which the lithium salt will precipitate. The principle behind this
approach is that the precipitation of the lithium salt in the pores of the
aluminum hydroxide gel should reduce, and perhaps eliminate, the diffusion of
lithium out of the spheres during gelation and washing.

SOL/GEL PREPARATION AND ANALYSIS

All chemicals used in this study were Fischer reagent grade. Aluminum and
lithium concentrations were determined by either Inductively Coupled Plasma
Emission Spectroscopy (ICP) or Atomic Absorption (AA).

The aluminum hydroxide sols were made by hydrolysing 2 M solutions of
at a temperature of 70°C with concentrated ammonia. The solutions were
continuously stirred during hydrolysis in order to disperse the precipitate to
form a colloid. The average number of hydroxides per aluminum in the
hydrolysed solution, known as the hydroxyl number, was determined by titrating
with standardized sodium hydroxide. A 0.1 molar solution of aluminum nitrate
shows an inflection at a pH corresponding to the addition of 3.0 moles of
hydroxide per mole of aluminum. Hence, the hydroxyl number of a hydrolysed
solution that requires the addition of x moles of hydroxide per aluminum to
reach the inflection is equal to 3 - x.



The lithium salts used in this study were lithium formate, lithium oxalate,
and lithium carbonate. Lithium formate and lithium oxalate were made by
adding solutions of lithium hydroxide of known concentration to formic acid
and oxalic acid, respectively. The low solubility of lithium carbonate in
water meant that it had to be used as a slurry. The lithium carbonate was
ground in a fluid energy mill before being dispersed in water in order to
reduce the particle size.

Gelled spheres were made using the apparatus assembled previously for the
preparation of thoria spheres (5). The apparatus for the formation and
gelation of the drops is shown in Figure 1. Briefly, the process consists of
forming droplets of the sol in air with a vibrating nozzle and letting them
fall through a blanket of ammonia gas into a gelation bath containing ammonia.
For the current application, the gelation bath was made by combining equal
volumes of concentrated ammonium hydroxide and ethanol, as it had already been
established that lithium formate and lithium oxalate were insoluble in this
environment at the concentrations used in the process. A skin of gelled
material is formed on the exterior of the drops when they pass through the
ammonia gas, which gives the drops enough structural integrity to survive the
impact with the gelation bath.

The viscosities of the sols were measured using a Contraves Rheomat 115
viscometer with a narrow-gap concentric cylinder measuring system. All
viscosities reported in the text are apparent viscosities measured at a shear
rate of 24 s'^. The effect of adding lithium formate and lithium oxalate to
an alumina sol. was determined by measuring the electrophoretic mobility of the
sol with a Rank Malvern Zetasizer using laser doppler velocimetry.
Measurements were made on a 0.001 M sol dispersed in 0.01 M KC1. X-ray
diffraction data were collected with a Debye-Sherrer camera.

A SOL-GEL PROCESS FOR PREPARING ALUMINA SPHERES

An aluminum hydroxide sol was made by hydrolysing a 2 M solution of aluminum
nitrate at 70°C with concentrated ammonia and dispersing the precipitate with
a magnetic stirrer. The sols were transparent even when hydrolysed to a
hydroxyl number of 2.97 and remained stable for weeks. However, the sols set
to a clear gel after being stored for several months. Once the sols were
cooled to room temperature, further addition of base produced a gelatinous
precipitate that was amorphous to x-rays.

For the preparation of the spheres, individual droplets were made by pumping a
2 M sol at a flow rate of 10 mL/min through a 0.4 mm nozzle vibrating at a
frequency of 530 Hz. These conditions were selected from previous experience
with making thoria spheres (5). The droplets deformed upon impact with the
surface of the bath unless the hydroxyl number of the sol exceeded 2.85. The
corresponding apparent viscosity of the sol was 52 mPa.s. The gelled spheres
were washed to remove ammonium nitrate and dried for 1 hour at 250°C. X-ray
diffraction showed that the crystalline phase present after drying was
boehmite. A sample of dried boehmite spheres is shown in Figure 2.

The rheological behaviour of the sols used in this process is illustrated in
Figure 3, where log-log plots of shear stress against shear rate are shown for



2 molar sols prepared with hydroxyl numbers of 2.64, 2.85, and 2.97. All
three curves are linear with slopes of less than one. The linearity of the
log-log plot shows that, over this range of shear rates, the shear stress and
shear rate are related by a simple power law. For a large number of fluids,
the relationship between shear stress and shear rate can be expressed as (6):

(3) T - -K 7n,

where,
T - shear stress (Pa),
7 - shear rate (s'1),
K - viscosity index, and,
n - flow behaviour index.

The rheological behaviour of systems that obey equation (i) is specified by
the viscosity index, K, and the flow behaviour index, n. For a Newtonian
system, where the shear stress is linearly proportional to shear raite, n is
equal to one and K is simply the dynamic viscosity and is independent of the
shear rate. When n is not equal to one the system is non-Newtonian and the
true coefficient of viscosity, defined as the derivative of the shear stress
with respect to shear rate, is a function of the shear rate. Fluids with n
less than one are described as shear thinning, or pseudoplastic, whereas
fluids with n greater than one are called shear thickening or dilatant. The
presence of shear thinning behaviour indicates that the primary particles in
the fluid are associated in some manner. In this state, the system consists
of kinetically independent units called floes which are themselves composed of
primary particles. The disruption of the floes with increasing rate of shear
accounts for the shear thinning behaviour.

Figure 3 shows that the 2 M aluminum hydroxide sols are shear thinning with
n - 0.90, 0.81, and 0.79 for hydroxyl numbers of 2.64, 2.85, and 2.97
respectively. As might be expected, the trend is towards increased shear-
thinning behaviour and increased flocculation of the colloidal particles as
the hydroxyl number of the sol increases. Figure 3 also shows that the
apparent viscosity, defined as the ratio of the shear stress to shear rate at
a given shear rate, also increases with increasing hydroxyl number. This can
be taken as further evidence of increased association or flocculation of the
colloidal particles as the sol is taken closer to the point of gelation.
However, the sols were still all transparent, which indicates that the floes
were small compared to the wavelength of light.

PROCESS DEVELOPMENT USING AN ALUMINUM HYDROXIDE SOL AND A LITHIUM SALT

The first method explored for making a feed solution containing lithium and
aluminum for a sol-gel process was simply to add the lithium salt to an
aluminum hydroxide sol prepared as above. The Al:Li ratio was fixed at
1:1 and the concentration of lithium and aluminum was kept between 1 and
2 moles/L.

The addition of either lithium formate, lithium oxalate, or lithium carbonate
to an aluminum hydroxide sol with a hydroxyl number ranging from 2.85 to 2.97
caused the sol to transform immediately to a gel. There are nearly 3 moles of



ammonium nitrate present per mole of aluminum in the sols. Since high
concentrations of electrolyte are known to lower the stability of a sol by
compressing the diffuse layer of charge (7), a sol was dialysed to remove the
ammonium nitrate and increase its stability prior to the addition of the
lithium sâ .c. The subsequent addition of lithium formate to the clear,
dialysed sol caused it to flocculate to a milky-white sol. The white colour
indicates that the size of the floes is at least as great as the wavelength of
visible light. Although the viscosity measurements on the un-dialysed sol
showed that it, too, contained floes, they were much smaller than those which
formed when lithium formate was added to the dialysed sol. Dialysing the sol
did increase its stability in so far as it prevented the sol from gelling in
the presence of lithium formate. However, it was not enough to prevent the
sol from forming large floes. In a second attempt to prepare a stable sol in
the presence of lithium formate, a solution of aluminum nitrate was
precipitated with ammonia at 70°C, washed to remove ammonium nitrate, and
dispersed in a 1.2 M solution of lithium formate. This sol was also
flocculated by the presence of lithium formate.

The sols that were flocculated by the addition of lithium formate were all
thixotropic, which means that the shear stress measured at a given shear rate
decreased with time (8). This behaviour was not observed with the sols before
the addition of lithium formate, and is probably associated with the gradual
disruption of the large floes with time. The sols containing lithium formate
failed to gel when introduced to the gelation bath. Whereas the stable
aluminum hydroxide sol transformed to a gel immediately when its pH was
increased, the sol containing lithium formate remained as a viscous fluid and
could actually be poured back out of the gelation bath.

We postulate that the failure of the sol to gel at high pH is due to the fact
that the sol was already flocculated into macroscopic units before the pH was
raised. Sols are thermodynamically unstable on account of the high surface to
volume ratio of the individual sol particles. The driving force for gelation
is the reduction of the surface area and, consequently, the surface free
energy. In the case of sols containing lithium formate, the particles have
already flocculated into macroscopic units with a lower surface to volume
ratio. Hence, the driving force for gelation has been removed. A similar
effect has been observed with thoria colloids in our laboratory. Whereas
translucent thoria colloids gelled at pH > 7, a colloid that had prematurely
flocculated to form a milky-white fluid during preparation would not transform
to a gel at elevated pK.

The destabilization of the sol by the addition of either lithium formate,
lithium oxalate, or lithium carbonate is not simply due to an effect of the
ionic strength. The sols were stable in the presence of high concentrations
of ammonium nitrate. Yet these same sols were unstable in the presence of the
lithium salts. For an electrolyte to exert a specific effect, one of the ions
of the electrolyte must adsorb onto the surface of the sol particle. Since an
aluminum oxide sol is positively charged in an acidic solution, the fact that
it was destabilized by the addition of the .Ithiura salts suggests that it is
the anions that were adsorbed.



Figure 4 shows the response of Che surface pocencial of an alumina sol
(containing both theta-alumina and boehmite as identified by x-ray
diffraction) to Che addition of lithium formate and lithium oxalate. The
surface potential dropped from its initial value of + 29 mV with the addition
of either lithium formate or lithium oxalate. The reduction of the surface
potential indicates that anions have adsorbed onto the surface of rhe sol
particles. The divalent oxalate ion is more effective in this regard Chan the
monovalent formate ion. This could simply be an effect of the charge per ion,
although the fraction of ions adsorbed onto the surface is also important.

The data shown in Figure 4 were obtained from a mixed alumina/boehmite sol
instead of an aluminum hydroxide sol prepared by hydrolysing a. solution of
aluminum nitrate at 70°C. The latter was not used because the particle size
in this sol was too small to be observed for the electrophoresis measurements.
The substitution of a different aluminum oxide colloid for the eleccrophoretic
measuremenCs is considered to be acceptable for a demonstration of the
adsorption of anions since all crystalline forms of aluminum oxide or
hydroxide are positively charged in acidic solutions (9).

These data show that both formate and oxalate anions adsorb onto the surface
of an alumina colloid in acidic solutions. We expect similar behaviour when
lithium formate and lithium oxalate are added to the aluminum hydroxide sols
prepared in this scudy and suggest that the adsorption of these anions is
responsible for the flocculation and gelation of the sols. Although
electrophoretic data were not measured for the addition of lithium carbonate
to the alumina colloid, we surmise that Che gelation of the aluminum hydroxide
sol by lithium carbonate is caused by the adsorption of carbonate ions as
well.

GEL-PRECIPITATION OF A SOLUTION CONTAINING ALUMINUM NITRATE PLUS EITHER
LITHIUM FORMATE, LITHIUM OXALATE OR LITHIUM CARBONATE

From the discussion in the previous section, it is clear that a sol-gel
process that requires lithium salts such as formate, oxalate, or carbonate, to
be added to a highly hydrolysed solution of aluminum nitrate, i.e. hydroxyl
number > 2.85, will not work. An alternative is to try to gel a solution of
the lithium salt plus aluminum nitrate without going Chrough the sol formation
step. Such processes have been reported and are called gel-precipitations.
Thickeners such as methylcellulose or PVA are sometimes added to the solution
to increase the viscosity prior to gelation, although a gel-precipitation
process has been reported for UO2 which does not use Chickeners (10). In the
latter case, the solution of uranyl nitrate was partially hydrolysed before
being gelled.

For a solution that was 1.5 M in both lithium formate and aluminum nitrate,
hydrolysis to a hydroxyl number of 0.30 (based on aluminum only) at 70°C
yielded a precipitate that could not be dispersed. This is to be contrasted
with the hydrolysis of aluminum nitrate by itself, where the precipitate could
be dispersed up to a hydroxyl number of 2.97. Attempts to make spheres from
this fluid by a gel- precipitation process without a thickening agent were
unsuccessful as the spheres were destroyed by the impact with the gelation
bath. For silutions hydrolysed to hydroxyl numbers of 1.0 and 2.0 the



apparent viscosities had increased to 106 and 171 raPa.s respectively, yet the
spheres still broke apart upon hitting the surface of the gelation bath.
Increasing the level of hydrolysis, such that the viscosity of the fluid
exceeded 500 mPa.s, did not remedy the situation. Hence, the gel-
precipitation of a partially hydrolysed solution of aluminum nitrate and
lithium formate without the use of thickening agents is not a feasible route
to the production of gelled spheres.

For subsequent trials, methylcellulose and PVA were added to solutions of
aluminum nitrate and lithium formate as thickening agents Co prevent the drops
from breaking apart upon entering the gelation bath. Methylcellulose proved
to be unsatisfactory because the solutions to which it was added did not break
up into uniform, spherical drops under the influence of a vibrating nozzle
unless the viscosity was less than 10 mPa.s. *r. this low viscosity,
raethylcellulose was not effective in preventing the deformation of the
spheres.

Unlike methylcellulose, PVA did not prevent the formation of uniform,
spherical drops from a vibrating nozzle. In Table 1 are shown the frequency
ranges over which '.'.niform drops of solutions cuntaining aluminum nitrate,
lithium formate, and PVA were produced from a vibrating nozzle with a bore of
0.8 mm at selected flow rates and viscosities. Data from water .ire included
for comparison. The maximum frequency at which uniform drops were produced by
the vibrating nozzle decreased steadily with increasing viscosity of the
fluids. The maximum frequency corresponds to the; minimum wavelength of a
disturbance that will lead to disruption of the jat. For a Newtonian fluid of
low viscosity, the cylindrical jet is stable with respect to a disturbance
whose wavelength is less than the circumference of the jet. The frequency of
the most unstable vibration has been shown to decrease with increasing
viscosity of a Newtonian fluid (11), but the theory does not suggest that the
maximum frequency leading to the disruption of the jet should decrease.
However, the theory has been developed for Newtonian systems only, and does
not necessarily apply to non-Newtonian systems such as a solution containing
lithium formate, aluminum nitrate, and PVA.

Solutions containing aluminum nitrate (2 M), lithium formate (2 M), and PVA
were suitable for producing gelled spheres that survived the impact with the
gelation bath provided the viscosity of the solution was greater than
200 raPa.s. At 180 mPa.s, a few percent of the spheres were damaged and at
140 raPa.s they were almost all damaged. The dried product is shown in Figure
5. Some of the particles are more egg-shaped than spherical. It is not clear
whether the deviation from sphericity originates during the break-up of the
jet or from the impact of the partially gelled drop with the gelation bath.

Chemical analyses of five different batches of spheres showed that the ratio
of lithium to aluminum in the spheres after being washed and dried was
(0.44±0.04)/l. Further investigation revealed that the lithium was being lost
mainly in the gelation bath, with negligible loss during washing. Increasing
the alcohol content of the bath from 50% to 94% by volume did not diminish the
loss of lithium from the spheres. X-ray diffraction of spheres heated to
950°C showed that 7 LiA102 was the major phase and LiA^Og, a spinel, was
present as a minor phase. No lines that could be uniquely assigned to



8

either a or & L1AIO2 were observed. From the lithium to aluminum ratio of
0.44:1, a calculation shows that 68% of the lithium is in the LiA102 phase and
the remaining 32% is in the spinel. The results were identical when lithium
oxalate was substituted for lithium formate.

The fact that over half of the lithium is being lost in the gelation bath with
negligible loss during washing suggests that the lithium that is retained in
the gelled sphere is chemically bound to the aluaiinum/oxygen matrix. This
implies that the hydrolysis of solutions of lithium and aluminum salts
proceeds via the formation of hydrolysis products in which both lithium and
aluminum are bound to the same oxygen lattice. In order to verify this, the
lithium to aluminum ratio in the precipitate produced by hydrolysing a
solution of lithium formate and aluminum nitrate at 7CPC to a hydroxyl number
of 0.30 was measured. The result was a lithium to aluminum ratio of
(0.45±0.01)/l, essentially the same as in the gelled spheres where hydrolysis
had gone to completion. The X-ray diffraction patterns of the precipitates
obtained at a hydroxyl number of 0.30 and at the completion of hydrolysis are
also essentially the same. Both patterns have a line of strong intensity at a
d spacing of 0.437 nm, lines of medium intensity of d spacings of 0.90 nm,
0.321 nm, 0.246 nm, and 0.148 nm, and a line of '/eak intensity at a d spacing
of 0.21 nm. This does not match the diffraction patterns of known compounds
containing lithium, aluminum and oxygen. Heating the precipitate to 600°C
converted it to a mixture of lithium dialuminate and a LiAl02, whereas heating
to 950°C produced a mixture of LiAl5C>3, a LiAlO2, and 7 LiA102.

A mixture that was 1.10 M in aluminum nitrate and 0.55 M in lithium carbonate
was prepared for gel-precipitation by adding crystals of aluminum nitrate to a
lithium carbonate slurry. When these reagents were mixed, a quantity of gas
was evolved and the slurry turned clear. The gas evolved was assumed to be
carbon dioxide from the following set of reactions.

(4) C03= + 2H+ - C02 + H20

(5) xAl 3 + + yH2O -> Alx0Hy(
3x-v>+ yH+.

The clear solution had a pH of 4 and consisted of hydrolysed aluminum ions
plus lithium, nitrate, carbonate, and bicarbonate ions. When the solution was
hydrolysed to a hydroxyl number of 1.5 it became a very viscous fluid. The
fluid could not be broken up into uniform, spherical drops with a vibrating
nozzle. However, when simply dripped from a stationary nozzle it gelled into
the irregularly shaped particles shown in Figure 6. The particles were washed
in a dilute solution of ammonia in ethanol, dried, and heated to 950°C in an
atmosphere of nitrogen. X-ray diffraction revealed that a L1AIO2 was the
major crystalline phase accompanied by 7 LiAlO2 and LiAlsOg as minor phases.
A chemical analysis showed that the lithium to aluminum ratio in the spheres
was 0.63:1. A simple calculation showed that 85% of the lithium was in a
LiAlC>2 phase and 15% was in the spinel phase.

SUMMARY

A concept for preparing spheres of lithium aluminate by either a sol-gel or
gel-precipitation process based on the precipitation of lithium salts in the



pores of an aluminum hydroxide gel has been tested and has proved to be not
feasible.

The addition of any of the following salts -- lithium formate, lithium
oxalate, or lithium carbonate - - to a solution of aluminum nitrate hydrolysed
to a hydroxyl number greater than 2.85 caused the hydrolysed solution, or sol,
to coagulate. The addition of lithium formate to a dialysed sol caused it to
flocculate at low pH and prevented the transformation from a sol to a gel from
occurring at elevated pH. This behaviour was linked to the adsorption of the
anions - formate, oxalate, or carbonate - onto the surface of the sol
particles.

Hydrolysis of solutions of aluminum nitrate together with either lithium
formate, lithium oxalate, or lithium carbonate resulted in the formation of a
crystalline precipitate containing both lithium and aluminum. The lithium to
aluminum ratio was 0.44:1 when lithium was introduced as either the formate or
the oxalate and 0.63:1 when lithium was introduced as the carbonate. Spheres
could be made in a gel-precipitation process if enough polyvinyl alcohol was
added to raise the viscosity of the feed solution to 200 cps. However, the
lithium not chemically bound in the precipitate diffused out of the spheres
into the gelation bath. Heating of the lithium-deficient spheres to 95O°C
produced a mixture of lithium aluminate and a spinel phase, LiAl5Og.
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TABLE 1

The effect of Viscosity on the Frequency Range Over which Spherical Drops are
Produced from a Vibrating Nozzle with a Bore of 0.8 mm.

Fluid

water

Li/Al/PVA broth*

Viscosity
(mPa.s)

1

60

138

217

271

Flow Rate
(mL/min)

20
25

20
25

20
25

20
25

20
25

Frequency Range
(Hz)

155

78 •
60 •

63 •

65 •

60 -
60 •

64 -
65 -

- 302
- 508

- 260
• 300

• 227
• 213

• 150

• 172

133
148

- lithium formate + aluminum nitrate + polyvinyl alcohol
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Figure 1: A sketch of the apparatus used to make gelled spheres of uniform
size by a sol-gel process.
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Figure 2: Boehmite spheres after drying for one hour at 250°C.



Figure 3: Shear stress versus shear rate for 2 molar aluminum nitrate

solutions hydrolysed to hydroxyl numbers of 2.64 •, 2.85 A, and

2.97 •.
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Figure 4: The response of the surface potential of an alumina sol to the
addition of lithium formate • and lithium oxalate •. Mole ratio
refers to the ratio of the anion (formate or oxalate) to aluminum.
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Figure 5: Dried spheres prepared by the gel-precipitation of a solution
containing aluminum nitrate, lithium formate, and PVA.
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Figure 6: Dried spheres prepared by the gel-precipitation of a partially
hydrolysed solution containing aluminum nitrate and lithium
carbonate.


