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j 1. A process for the production of substantially
| unagglomerated metal oxide particles having a mean diameter
{ of up ot about 1 micron and a substantially uniform particle

size, said process comprising:
(a) providing a solution of an oxygen-containing 

nitrate of a first metal selected from the group consisting
; of alkaline earth metals, lanthanide metals, transition
ί metaX©· exclusive of vanadium, tungsten, molybdenum, niobium

and fceBfcsluffi, and mixtures of these; the solution having a
solvent capable of being readily volatilized in step (d);

(b) adding bo the solution a chelating agent selected
j from the group consisting of barbaric acid, citric acid, and
, mixtures of these;

—ysl (c) adding to the solution a base selected from the
group consisting of ammonium hydroxide, urea, and mixtures of 

these;
(d) drying the solution by heating for a time and at a 

temperature sufficient to remove substantially all the 
Solvent from the solution to leave a solid residue; and

(e) calcining the solid residue for a time and at a /
temperature sufficient to form particles of said metal oxide.
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12. A process for the production of substantially 
unagglomerated metal oxide particles having a mean diameter 
of up to about 1 micron and a substantially uniform particle 
size, said process comprising:

(a) providing an alkaline solution of a salt of a first 
metal having an ammonium cation and a carbonate anion, said 
rirst metal being selected from the group consisting of 
alkaline earth metals, lanthanide metals, transition metals 
exclusive of vanadium, tungsten, molybdenum, niobium and 
tantalum, and mixtures of these; the solution having a 
solvent capable of being readily volatilized in step (c);

(b) adding a chelating agent to the solution to form a 
chelated solution, said chelating agent being a sodium salt 
of an acid selected from the group consisting of EDTA, 
H-EDTA, NTA, DTPA, lactic acid, glycolic acid, phthallic 
acid, succinic acid, and mixtures of these;

(c) drying the chelated solution by heating for a time 
and at a temperature sufficient to remove substantially all 
the solvent from the solution to leave a solid residue; and

(d) heating the solid residue for a time and at a 
temperature sufficient to convert at least a substantial 
portion of the residue to said metal oxide.

35. A process for the production of substantially 
unagglomerated metal oxide particles having a substantially 
uniform particle size distribution and a n.w<»n· diameter of 
less than about 1 micron, said process comprising:

(a) providing a chelated solution selected from the 
group consisting of:

(1) a solution of a chelated complex of an oxygen 
containing nitrate of a first metti selected from the group 
consisting of alkaline earth metals, lanthanide metals, 
transition metals exclusive of vanadium, tungsten, 
molybdenum, niobium and tantalum, and a chelating agent 
selected from the group consisting of tartaric acid, citric 

acid, and mixtures of these; and
(2) a solution of a chelated complex of an 

oxygen-containing salt of a first metal selected from the 
group consisting of alkaline earth metals, lanthanide metals,

.../3
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transition metals exclusive of vanadium, tungsten, 
molybdenum, niobium and tantalum, and a chelating agent 
selected from the group consisting of: EDTA; H-EDTA: NTA; 
DTPA; lactic acid; succinic acid; sodium, rubidium, or cesium 
salts of the foregoing acids; and a mixture of these; the 
solution having a solvent capable of being readily 
volatilized in step (b);

(b) heating the chelated solution under alkaline 
conditions, said heating step carried out for a time and at a 
temperature sufficient to remove substantially all the 
solvent from the solution to leave a solid residue; and

(c) heating the solid residue for a time and at a 
temperature sufficient to form particles of said metal oxide.

it
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BACKGROUND OF THE INVENTION
This invention relates to unagglomerated metal 

oxide particles and methods for their production, More 
particularly, this invention relates to methods for the 
production of metal oxide particles by drying and thermal 
decomposition of chelated solutions of oxygen containing 
metal salts.

The uses for metal oxide particles are numerous 

and varied, ranging from active ingredients in 
antiperspirants to ceramic raw materials. In a vast 

majority of these applications, the siz?>, shape, and 

density of the particles which make up the powder are of 
critical importance. The effects of one aspect of 

particle morphology, the particle size distribution, On 

sintering behavior and the properties of the final ceramic 
articles are well known. For example, substantially 

unagglomerated metal oxide particles of a relatively 
uniform particle size tend to sinter at low temperatures, 

saving time and energy in the production of ceramic 

articles based thereon. In addition, particles of this 

type tend to pack into a highly dense green body with 

uniform pore structure during processing, thus leading to 

a highly-dense, pore-free sintered body with uniform 

microstructure, uniform particle size is also helpful in 
the prevention of localized exaggerated grain growth which £
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may cause flaws and thereby adversely affect strength and 

other desirable properties of ceramic articles.

In some applications, it is highly desirable to 
produce multicomponent metal oxide particles having the 

characteristics mentioned above. For example, many 

ceramic articles of zirconium oxide (zirconia) are 

stabilized when doped with a relatively small fraction of 
a second metal oxide. In particular, it is known that 

zirconia has three allotropes: monoclinic, tetragonal, and 

cubic, A transition between the monoclinic and the 

tetragonal phases occurs at about 12OO°C and involves a 
disruptive 4% change in volume. Because of this sharp 

volume change, "pure" or "unstabilized" zirconia is not 
generally useful for articles exposed to temperature 

fluctuations through the range at which the transformation 

occurs. It is known, however, that zirconia can be 

"/holly" or "partially" stabilized against this 

crystalline phase change by doping with such oxides as 

magnesium oxide, calcium oxide, and yttrium oxide, such 
multiphase, stabilized materials, particularly the 
partially stabilized zirconias, have useful mechanical 

properties over a wide temperature range. It is important 
in making materials of this type that the stabilizing 

oxide be homogeneously dispersed throughout the ceramic 

article. Accordingly, a process for the production of 
multi-component metal oxide powders of homogeneous 

component distribution and in narrow particle-size ranges 

is highly desirable.

* SUMMARY OF THE INVENTION
-w 30 It is an object of the present invention to

provide a method for producing substantially * 
unagglomerated submicron metal oxide particles having 

uniform size distribution wherein said process is readily

ί



adaptable
i

\ particles
to the production of multicomponent metal oxide

I ■ zt is another object of the present invention to
B provide a
j I method for producing metal oxide powders capable of
jj sintering at lower temperatures because of their morphology.
jj : It is a further object of the present invention to
jj provide a method for producing high purity metal oxide
jj particles.

5 These and other objects of the present invention are
10 satisfied by a method in which precipitation of certain

Π chelated solutes is precisely controlled.
I
j The present invention provides a process for the
j production of substantially unagglomerated metal oxide
» ’ ·
j particles having a mean diameter of up ot about 1 micron and
\ < s t s

(’ ί a substantially uniform particle size, said process
■j ; comprising:
j (a) providing a solution of an oxygen-containing

nitrate of a first metal selected from the group consisting
1 of alkaline earth metals, lanthanide metals, transition

20 metals exclusive of vanadium, tungsten, molybdenum, niobium 
ij and tantalum, and mixtures of these; the solution having a

i solvent capable of being readily volatilized in step (d);
i (b) adding to the solution a chelating agent selected

from the group consisting of tartaric acid, citric acid, and 
:i mixtures of these;
J (c) adding to the solution a base selected from the
k group consisting of ammonium hydroxide, urea, and mixtures of

these;

y

(d) drying the solution by heating for a time and at a 
30 temperature sufficient to remove substantially all the

solvent from the solution to leave a solid residue; and
(e) calcining the solid residue for a time and at a 

temperature sufficient to form particles of said metal oxide.
The present invention also provides a process for the 

production of substantially unagglomerated metal oxide 
particles having a mean diameter of up to about 1 micron and 
a substantially uniform particle size, said process 
comprising:

(a) providing an alkaline solution of a salt of a first

3
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metal having an ammonium cation and a carbonate anion, said 
first metal being selected from the group consisting of 
alkaline earth metals, lanthanide metals, transition metals 
exclusive of vanadium, tungsten, molybdenum, niobium and 
tantalum, and mixtures of these; the solution having a 
solvent capable of being readily volatilized in step (c);

(b) adding a chelating agent to the solution to form a 
chelated solution, said chelating agent being a sodium salt 
of an acid selected from the group consisting of EDTA, 
H-EDTA, NTA, DTPA, lactic acid, glycolic acid, phthallic 
acid, succinic acid, and mixtures of these;

(c) drying the chelated solution by heating for a time 
and at a temperature sufficient to remove substantially all 
the solvent from the solution to leave a solid residue; and

(d) heating the solid residue for a time and at a 
temperature sufficient to convert at least a substantial 
portion of the residue to said metal oxide.

The present invention further provides a process for 
the production of substantially unagglomerated metal oxide 
particles having a mean diameter of up to abou 1 micron and 
a substantially uniform particle size distribution, said 
process comprising:

(a) providing a solution of a chelated complex of a 
salt of a first metal having an ammonium cation and a 
carbonate amion and a chelating agent, said chelating agent 
being a rubidium, cesium, or sodium salt of an acid selected 
from the group consisting of EDTA, H-EDTA, NTA, DTPA, 
glycolic acid, succinic acid, lactic acid, and mixtures of 
these, said first metal being selected from the group 
consisting of alkaline eatch metals, lanthanide metals, 
transition metals exclusive of vanadium, tungsten, 
molybdenum, niobium and tantalum, and mixtures Of these; the 
solution having a solvent capable of being readily 
volatilized in step (b);

(b) heating the solution under alkaline conditions for 
a time and at a temperature sufficient to remove 
substantially ail of the solvent from the solution to leave a

ή
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solid residue; and

(c) heating the solid residue for a time and at a

4
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temperature sufficient to form particles of said metal oxide.
Further still, the present invention provides a process 

for the production of substantially unagglomerated metal 
oxide particles having a substantially uniform particle size 
distribution and a mean diameter of less than about 1 micron, 
said process comprising:

(a) providing a chelated solution selected from the 
group consisting of:

(1) a solution of a chelated complex of an oxygen 
10 containing nitrate of a first metal selected from the group 

consisting of alkaline earth metals, lanthanide metals, 
metals exclusive of vanadium, tungsten, 
niobium and tantalum, and a chelating agent

selected from the group consisting of tartaric acid, citric 
acid, and mixtures of these; and

(2) a solution of a chelated complex of an 
oxygen-containing salt of a first metal selected from the 
group consisting of alkaline earth metals, lanthanide metals, 
transition metals exclusive of vanadium, tungsten,

ο2Θ molybdenum, niobium and tantalum, and a chelating agent 
Selected from the group consisting of:
DTPA; lactic acid; succinic acid; sodium,
salts of the foregoing acids; and a mixture of these; the 
solution having a solvent capable of being readily 
volatilized, in step (b) ;

(b) heating the chelated solution under alkaline 
conditions, said heating step carried out for a time and at a 
temperature sufficient to remove substantially all the 
solvent from the solution to leave a solid residue; and

(c) heating the solid residue for a time and at a 
temperature sufficient to form particles of said metal oxide.

The present invention also provides a process for the 
production of substantially unagglomerated metal oxide 
particles having a substantial uniform particle size 
distribution and a mean diameter of less than about 1 micron, 
said process comprising:

(a) providing a solution of chelated complex of an 
oxygen containing salt of a first metal selected from the

39 group cortsisting of alkaline earth metals/ lanthanide metals,

EDTA; H-EDTA; NTA; 
rubidium, or cesium
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transition metals 
molybdenum, niobium 
selected from the group consisting
DTPA; glycolic acid; lactic acid; 
acid; citric acid; phthalic acid;

exclusive of vanadium, tungsten, 
and tantalum, and a chelating agent 

of: EDTA; H-EDTA; NTA; 
succinic acid; tartaric 

alkali salts of the
foregoing acids; and mixtures of these; the solution having a 
solvent capable of being readily volatilized in step (b);

(b) heating the chelated solution under alkaline 
conditions, said heating step carried out for a time and at a

10 temperature sufficient all the

'♦ <
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to remove substantially 
solvent from the solution to leave a solid residue; and

(c) heating the solid residue for a time and at a 
temperature sufficient to convert at least a substantial 
portion of the residue to said metal oxide.

It is believed that solutions according to the present 
invention which are dried as described above produce a 
controlled generation and precipitation of solutes which in 
turn produces unagglomerated particles of relatively uniform 
size.

Applicant believes an important feature of the present 
invention resides in heating the chelated solutions under 
alkaline conditions.

BRIEF DESCRIPTION OF THE DRAWINGS.
FIGURES 1-9 are scanning electron micrographs (SEM) of 

the particles described in the Examples.
DETAILED DESCRIPTION OF THE INVENTION

An important feature of the present invention resides 
in the selection of the particular combination of solvents, 
oxygen-containing metal salts, and chelating agents which 
constitute the starting chelated solutio

The chelated solution is prepa: 
solvent an oxygen-containing n 

chelating agent capable of forming a complex with 
The chelating agent is preferably added 
sufficient to complex with substantially 
ptesent in the solvent.

The choice of solvent is not critical so long as it is 
capable of being readily volatilized in the drying step 
described below. Because of its ready availability

invention. 
into the

of the )present
I by introducing
al salt and a
witfι the metal.
in an amount

all the metal
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and low cost, water is a preferred solvent, as are 
alcohols containing one to three carbon atoms.

The metal salts particularly useful in the 

practice of the invention are the oxygen-containing salts
5 of metals whose oxides are useful in ceramic or refractory 

articles, preferably the metal is zirconium and mixtures 

thereof with its stabilizing metals, notably calcium, 

magnesium, or yttrium. Preferably the salts are nitrates, 

carbonates, or oxychloride salts. in a preferred
10 embodiment, the salt is a complex salt including an 

ammonium cation in addition to the metal itself. An 
example is ammonium zirconium carbonate (AZC).

chelating agents selected from the group 
consisting of amine-containing acids, hydroxy carboxylic

i 15 acids- dicarboxylic acids, alkali metal salts of the
ί foregoing acids, and mixtures of these are generally

adaptable for use according to the present invention. As 

! it the term is used herein, a chelating agent is a

·'· polydentate ligand capable of forming a complex with a

20 metal ion. Accordingly, a chelated solution is a solution
Ί in which a metal ion is complexed with a chelating agent,

ί Because of the stabilizing influence of the chelating
| agent upon metal ions in solution, the solubility of many
| metal salts is increased by the addition thereof,
ί 25 Accordingly, the addition of certain chelating agents to
i

:j systems in which the metal salt is dispersed in the liquid
f solvent will produce a clear homogeneous solution,

/ According to a preferred embodiment, the
ί chelating agents of the present invention are selected

30 from the group consisting of EDTA, H-EDTAr NTA? DTPA,

glycolic acid, lactic acid, succinic acid, tartaric acid, 
citric acid, alkali salts of the foregoing acids, and 

mixtures of these. While the foregoing chelating agents 
are generally adaptable for use with the oxygen-containing

Λ·



salts described above, as those skilled in the art will 

understand from this specification, not all combinations 
of the metal salts and chelating agents are compatible 

according to the present invention. On the other hand, 
there are several combinations of oxygen containing metal 
salts and chelating agents which appear to work 

exceptionally well in satisfying the objects of the 

present invention. All specific desirable and undesirable 

combinations will be discussed in further detail below.
In the further conduct of the present invention, 

the chelated solution is dried by heating it for a time 

and at a temperature sufficient to remove substantially 
all of the solvent from the solution, leaving a solid 

residue of precipitated chelate complex. It will be 
appreciated by those skilled in the art that the time and 

temperature required will depend in any particular case 
upon the particular solvent, metal salt, and chelating 

agent used, and the concentrations of each, When water is 
used as solvent, it is preferred that the heating step of 

the present invention be conducted at a temperature of 

less than about 100°c in order to avoid boiling of the 

solution. It is also preferred that the temperature be 
above about 5O0c in order to minimize the time for the 

drying step, it is anticipated that most chelated 

solutions having water as a solvent will have a drying 

time that ranges between about 4 hrs. and 2 days.
It is especially preferred that drying of the 

solution be conducted under alkaline conditions, by which 
it is meant that the solution remains basic throughout a 
substantial portion of the drying step, In the context of 
aqueous solutions, the pH of the solution should remain 

above about 7, and most preferably above about 9, during a 

substantial portion the drying step, While applicant does 

not wish to be bound by or to any particular theory, it is
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believed that the maintenance of alkaline conditions 
during the drying step produces controlled precipitation 

and nucleation of the solute by providing a strongly 

chelated solution up until the point of precipitation. 

Since chelate ring formation is characterized by multiple 

coordinate bonding between the electron pair donor groups 

of the multidentate ligand and the electron acceptor pair 
metal ion, maintaining alkaline conditions in the solution 

encourages stable chelation of the metal ion.

Accordingly, it is preferred that the starting chelated 
solution be basic in nature and remain so upon drying, in 
Which case the drying step inherently would be conducted 

under essentially alkaline conditions, in particular, 
applicant believes that the use of certain alkali salts to 

chelate the metal ion will produce solutions which are 

basic in nature and remain so upon drying. It will be 
understood by those skilled in the art, however, that 

other means are available and well known for heating 

solutions under alkaline conditions, For example, it is 

contemplated that a strong base can be added to the 
solution prior to or during the drying process to maintain 
and/or increase its alkalinity during the drying step,

According to the final step of the present 
invention, the precipitated solid residue is calcined for 

a time and at a temperature sufficient to generate the 
metal oxide itself from the chelate complex and to burn 
off the organic materials. During calcination

substantially unagglomerated metal oxide particles having 
a mean diameter of up to about 1 micron are generated. As 

the term is used herein, substantially unagglomerated 
metal oxide particles are individual primary particles 

which contain at least a measurable portion of the metal 

oxide therein, and which are essentially free from strong 

interparticle contact and/or forces, m contrast,

$/'



y

·** ί i

- 8 -

agglomerated metal oxide particles are primary particles 
which have joined or fused together to form large chunks 

of metal oxide material. In addition, the metal oxide 
particles formed according to the methods of the present

5 invention generally have a very uniform size
distribution. As the term is used herein, particles 
having a uniform size distribution are particles in which 

the standard deviation of the particle sizes in a 

representative sample of the particles is within plus or
10 minus about 30% of the mean (number) particle size, as a 

point of contrast, a collection of particles having a 
bimodal particle distribution is one in which a 

significant number of particles are of a size an order of 
magnitude removed from the mean particle size, particle

15 size can he determined by scanning or transmission
electron microscopy, through which the particle size 
Itself and other particle characteristics can be 
observed. Accordingly, the present invention provides a 
method for producing substantially unagglomerated mecal

20 oxide particles having a mean diameter of less than about 
1 micron and a uniform particle size distribution,

ί{ The present invention is bei/· ' • ί capable
I
i of producing metal oxides of most 1 > ,’.s '‘"hod isj

particularly well adapted for the prods», ··■ oxides o
25 alkaline earth metals, lanthanide meta,U‘< t ,> morals in

Group iVb of the periodic table, In addition, Uiddes , *
transition m«itals, i,e, f metals s. Groups ϊ lib through
lib, can generally be produced according to the present 

J Invention, Applicant believes, however,, that the
ί 30 following metal oxides are not particularly well abeitsd

'-Τμι$»

for production according to the present invention; 
vanadium, tin, tungsten, molybdenum, niobium, 
tantalum, The above references t* •'Tdio table
should be interpreted accord* ration of the

1

*1.4·«*
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periodic table on page B-4 of the 57th edition of the CRC 
“Handbook of Chemistry and Phyfsics".

In order to demonstrate production of metal oxide 

particles according to the present invention, several 
experiments were performed. These experiments are the 

basis for the examples which follow, which are intended to 
be illustrative, but not limiting, of the present 

invention.

Example 1

Zirconium Oxide Particles from Ammonium zirconium 
Carbonate Solute And Disodium Salt of EDTA 
As chelating Agent

Ammonium zirconium carbonate (azc) having the 

formula ()2[Zr(OH)2(CO3)2] was dissolved in 

water in an amount sufficient to produce a 0.2 molar 
solution. With the solution at between about 50-80ώα, 
disodium salt of EDTA was added to the solution in an 

amount sufficient to produce a one to one molar ratio 

between disodium salt of EDTA and the AZC. Disodium salt 

of EDTA Was prepared by reacting reagent grade EDTA 
obtained from Baker Chemical co. with sodium carbonate.
The resulting chelated solution was strongly alkaline.
The chelated solution Was then heated to a temperature of 

about 1QO°C and maintained at that temperature for 
approximately 2 days to produce a solid residue in the 

form of white flakes or powder. Upon testing, the white 
flakes were found to be readily soluble in water„ The 
flakes were then calcined at 600°C for 6 hours to produce 
metal oxide p (tides having Na CO as an impurity

mixed therewith. The Na2co3 was then removed by
Washing with distilled water to obtain ZrO2 containing 

an impurity of about 0.3 mole % Na2O. The resultant 
metal oxide powder was comprised of metal oxide particles

30
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having a mean diameter of approximately 250 angstroms and 
a uniform size distribution. The particles were generally 
spherical and substantially unagglomerated as shown by the 

SEM in Figure 1.
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Example 1A

Zirconium Oxide particles from Ammonium Zirconium 
Carbonate solute without a Chelating Agent

The procedure of Example 1 was repeated except 

that the disodium salt of EDTA was not added to the 

solution. The resulting solution was alkaline. Drying of 

the solution produced a gel. Calcination of the gal 
produced highly agglomerated particles having a mean 

diameter of about 300 angstroms as shown by the SEM in 

Figure 2.
It is clear from a comparison of Examples 1 ana 

1A that the addition of a chelating agent to the solution 

to form a chelated solution is an important aspect of the 

present invention which is required in order to achieve 
the objects of the present invention,

Example 2
Zirconium OXide particles from Ammonium zirconium 
Carbonate solute And edta chelating Agent

The procedure of Example 1 was repeated except 

that the disodium salt of EDTA was replaced by EDTA on a 
one to one molar basis. The resulting chelated solution 

was not strongly alkaline, The resulting calcined 

particles Were highly agglomerated and formed chunks of 
metal oxide having wide size distributions, as seen by the 

SEM in Figuie 3.
This example indicates that the use of edta to 

complex ammonium zirconium carbonate according to the 

present invention does not fully satisfy the objects of

30
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the present invention. In comparison to the chelated 

solution of Example 1, the chelated solution of Example 2 

is relatively weakly alkaline and does not contain alkali 

metal ions. Although applicant does not wish to be bound 
by or to any theory, it is believed that these two factors 

contributed to the failure to produce unagglomerated metal 
oxide particles in the process of this example. As 
mentioned previously, it is believed that weakly alkaline 

conditions do not promote the controlled precipitation and 

nucleation of the solute. In addition, applicant believes 

that the presence of sodium ions in solution during the 

drying step and the calcining step as per Example 1 is 

very beneficial to the process of the present invention. 

Applicant believes that the participation of the sodium 
ions in the process of the present invention can be 

summarized as follows:

AZC+Na-EDx '•Nat Zr-EDTA]+CO2 + (NH4 )2CO3 

600qC
Na[ zr-EDTA]---------- ·> ZrO2+Na2CO3+H2O+N2+CO2

02

In addition, it is believed that the use of alkali metal 
salts in general and sodium salts in particular provides a 
chelated solution ’ hich is strongly alkaline and which 
maintains its alkalinity throughout a substantial portion 

of the drying process. Accordingly, the failure of the 

process according to the present example to produce 
particles in accordance with the objects of the present 

invention may be attributed in large part to Weak 

alkalinity of the chelated solution and what is believed 

to be a resultant failure to carry out the drying step 
under alkalihe conditions-.

j
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Example 3
Zirconium Oxide Particles from Ammonium
Zirconium Carbonate Solute And Disodium Salt of
EDTA as Chelating Agent in Various proportions

The procedure of Example 1 was repeated except 
that the molar ratio of disodium salt of EDTA to ammonium 
zirconium carbonate was varied from 0.01 to 1.0. These 
experiments indicate that there is a correlation between 
the extent of chelation, which in the present example 
increases with increasing molar ratio, and the formation 
of unagglomerated particles having a uniform size 
distribution? as indicated by Table 1 below and the 
figures referred to therein.

TABLE 1

15
ft ft ft ft

ft ft ft 9 ft fl ft ftft
ft ft ft ftft ftftft

Molar Ratio 
0.01 
0.1 
0,5 
1.0

Particle Quality 
Highly Agglomerated (see Fig. 4) 
Substantially Agglomerated (see Fig. 5) 
Substantially Unagglomerated (see Fig, 6) 
Highly Unagglomerated (see Fig, 1)

ft ft ft ftft U:

20 Example 4
Zirconium Oxide Particles from Ammonium Zirconium 
Carbonate Solute And Various Alkali Salts of 
EDTA as cheating Agent

The procedure of Example 1 was repeated several
25 times using different alkali salts of EDTA in place of the

disodium salt of EDTA each time, The results of these
experiments in terms of resultant particle morphology is
summarized in Table 2 below.
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TABLE 2

Alkali Salt
Mg-EDTA
Ca-EDTA
Li-EDTA
K-EDTA
Rb-EDTA
CS-EDTA

Particle Quality 
Highly Agglomerated 
Highly Agglomerated 
Highly Agglomerated 
Highly Agglomerated 
Somewhat unagglomerated 
Somewhat Unagglomerated

* * * * f 
< ί
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15

20
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30
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It would appear from the above results that 
rubidium and cesium salts of EDTA are generally applicable 
as chelating agents according to the present invention, at 
least when used with ammonium zirconium carbonate as 
solute. For reasons which are yet unclear, however, it 
would appear that magnesium, calcium, lithium and 
potassium salts of EDTA do not produce particles in 
accordance with the objects of the present invention .

Example 5
Zirconium Oxide Particles from Ammonium
Zirconium carbonate Solute And
Ammonium Salt of EDTA as chelating Agent

The procedure of Example 1 was repeated except 
that the disodium salt of EDTA was replaced by ammonium 
salt of EDTA on a 1 to 1 molar basis. The resulting 
chelated solution was not strongly alkaline. The 
resulting calcined particles were highly agglomerated 
chunks of metal oxide having a wide size distribution.
This example indicates that the use of ammonium salt of 
EDTA to complex ammonium zirconium carbonate according to 
the present invention does not fully satisfy the objects 
of the present invention. It is believed that the absence 
of alkali metal ions in the chelated solution of this 
example is, in part, responsible for the poor results.

t
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A experiment similar to Example 5 was carried out 
using urea in combination with EDTA as the chelating 
agent. Results similar to those obtained with the use of 
ammonium EDTA salts were observed.

Example 6
Zirconium Oxide Particles from Ammonium
Zirconium Carbonate Solute and Disodium Salt of
Various Amine Containing Acids as chelating Agents

The procedure of Example 1 was repeated several 
times, except that each time the disodium salt of EDTA was 
replaced by the disodium salt of a different amine 
containing acid, The particular chelating agent used and 
the characteristics of the particles produced thereby are 
summarized below in Table 3.

15

Chelating Agent

20

"rt2-NTA 

Na2-HEDTA 

Na2-DTP A

TABLE 3

Particle Quality

Highly unagglomerated 
Highly Unagglomerated 

Somewhat Unagglomerated

Approximate Particle
Size, Angstroms

130
250
650

Analysis of this example indicates that the use 
of disodium salts of amine containing acids to complex 
ammonium zirconium carbonate according to the present 
invention satisfies the objects of the present invention.

—
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Example 7
Zirconium Oxide Particles Prom Ammonium Zirconium 
Carbonate Solute and Sodium Salt of Glycolic 
Acid as chelating Agent

The procedure of Example 1 was repeated except 
that the disodium salt of EDTA was replaced by the sodium 
salt of glycolic acid, i.e. sodium glycolate, in an amount 
sufficient to produce a three to one molar ratio between 
sodium glycolate and the AZC. The resultant chelated 
solution was alkaline. The resultant metal oxide powder 
was comprised of metal oxide particles having a mean 
diameter of approximately 140 angstroms and a uniform si2e 
distribution. The particles were generally spherical and 
substantially unagglomerated as shown by the SEM in Figure 
7.

An experiment similar to Example 7 was carried 
out using sodium salt of lactic acid in place of sodium 
salt of glycolic acid. Similar results were obtained.

Example 8
Metal Oxide Particles From Zirconium Oxy
Chloride Solute and Sodium Salt of Glycolic
Acid as chelating Agent

The procedure of Example 7 was repeated except 
that zirconium oxychloride having the formula 
ZrOCl2.8H2O was provided as the solute in place of the
AZC. The resultant chelated solution was alkaline. The 
resultant metal oxide powder was comprised of metal oxide 
particles having a mean diameter of approximately 400 
angstroms and a uniform size distribution. The particles 
were generally spherical and substantially unagglomerated 
as shown by the SEM in Fig. 8.

7 ’
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Example 9
Zirconium Oxide Particles From Zirconium
Basic Carbonate Solute and Sodium Salt
of Glycolic Acid as Chelating Agent

The procedure of Example 8 was repeated except 
that zirconium oxychloride was replaced by zirconium basic 
carbonate. The resultant chelated solution was not 
strongly alkaline,, The resultant metal oxide powder was 
comprised of metal oxide particles having an undesirable 
bimodal particle distribution as revealed by the SEM of 
Figure 9. It is not yet fully understood why zirconium 
basic carbonate solute does not satisfy the objects of the 
present invention when used in combination with sodium 
glycolate as chelating agent.

Example 10
Zirconium Oxide Particles From Ammonium
Zirconium Carbonate Solute and Various
Hydroxy carboxylic Acids as Chelating Agent

The procedure of Example 7 was repeated except 
that the sodium salt of glycolic acid was replaced by 
glycolic acid in one experiment and by lactic acid in 
another experiment. In neither experiment was the 
chelated solution strongly alkaline. The results of these 
experiments in terms of particle morphology are summarized 
in Table 5 below.

Hydroxy Carboxylic
Ac i d

Glycolic Acid
Lactic Acid

TABLE 5

Particle Quality

Agglomerated
Agglomerated

Approximate Particle
Size, Angstroms

100-150
100-15030



A comparison of this example with examples 7, 8, 
and 9 above indicates that the use of alkali salts of the 
hydroxy carboxylic acids produces more favorable results 
than the use of the acids themselves as chelating agents. 
Once again, it is believed that the relatively low 
alkalinity and the absence of alkali metal ions in the 
chelated solutions of this example contributed to failure 
to produce unagglomerated metal oxide particles. In 
particular, applicant believes that the drying step was 
not carried out under strongly alkaline conditions.

Example 11 ,
Zirconium Oxide Particles From Ammonium 
Zirconium Carbonate Solute And With 
Various Aliphatic Dicarboxylic Acids 
as Chelating Agent

procedure of Example 1 was repeated «several 
that each time the disodium salt of EDTA was 
different aliphatic dicarboxylic acid. In

follows, the listed dicarboxylic acid was 
solution in an amount sufficient to produce a 
ratio of acid to AZC.

The
times, except 
replaced by a 
Table 4 that 
added to the 
2 to 1 molar

Dicarboxylic
Acid

Oxalic Acid 
Malonic Acid 
Succinic Acid

TABLE 4

Particle Quality

Agglomerated
Agglomerated
UnAgglomerated

Approximate particl
Size, Angstroms

500-800
100-200
100-200

It is clear from an analysis of Example 11 that 

the use of succinic acid in combination with ammonium 
zirconium carbonate provides an effective solution 

according to this invention. While no actual experiment
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has been carried out, applicant believes that the 
substitution of an alkali salt of succinic acid for the 

succinic acid used in Example 11 would also satisfy the 
objects of tv present invention. This belief is based

5 upon an analysis of Examples 2 and 3, and 7 and 10. In 
each of these cases the substitution of sodium salt for 

the acid itself produced significantly improved results. 
It is expected, therefore, that substitution of an alkali 
salt, in particular a sodium salt, of succinic acid for

10 the succinic acid itself would produce improved results.
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Example 12

Zirconium Oxide Particles From Ammonium
Zirconium Carbonate Solute and Disodium
Salt of P.hthallic Acid as Chelating Agent

The procedure of Example 1 was repeated except 
that the disodium salt of EDTA was replaced by disodium 
salt of phtallic acid in an amount sufficient to produce a 
two to one molar ratio of disodium salt to AZC. The 

resultant metal oxide powder was comprised of metal oxide 

particles having a mean diameter Of approximately 100 
angstroms and a relatively uniform size distribution,

although some large particles were apparent. It is 
believed that the large particles may have resulted from 
incomplete chelation of the ammonium zirconium carbonate 

solution. This is so because the exact amount of the 

disodium salt of phthallic acid which is needed to complex 
zirconium is riot well established and it may be that more 

than two moles of chelating agent are required per mole of 

zirconium.

I
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Example 13
Zirconium Oxide particles From Zirconyl Nitrate 
Solute and citric Acid as Chelating Agent

One mole of zirconyl nitrate having the formula 
ZrO(NO^)2’^H2O W3S d^ssolved *n h°t methanol while 
stirring in an amount sufficient to produce a 0,2 molar 
solution. With continuous stirring and the solution at 
50°C, citric acid was added to the solution in an amount 
sufficient to produce a one to one molar ratio between the 
zirconyl nitrate and the citric acid. With continuous 
stirring, about 2 moles of ammonium hydroxide were slowly 
added until a clear chelated solution Was attained. The 
chelated solution was then heated to a temperature of 
about 100’C and maintained at that temperature for 
approximately 1 uay to evaporate the methanol and form a 
dried cake or powder. The cake or powder was then 
calcined at 600°C for about 6 to 24 hours. The material 
foamed during the calcination process. The resultant 
metal oxide powder was comprised of metal oxide particles 
having a mean diameter of approximately 200 angstroms.
The particles were generally spherical and substantially 
unagglomerated.

It is believed that the solvent used in this 

experiment, i.e,, methanol, can be effectively replaced 

with other alcohols, such as ethanol or propanol. It is 

also believed that ammonium hydroxide can be effectively
£ nvsl 4k APkh»· gi c» -< r· h /s a oil -
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Example 14
zirconium Oxide particles From Zterconyl Nitrate 
Solute and Glycolic Acid^As-JChelating Agent

Th^puFeriedure of Example 13 was repeated except 

c acid was replaced by glycolic acid so as to

X,
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replaced with other bases, such as urea, and that the molar 
ratio between the zirconyl nitrate and the citric acid may be 
at least 0.5 to 1.
Example 14
Zirconium Oxide Particles From Zirconyl Nitrate Solute and 
Glycolic Acid as Chelating Agent

The procedure of Example 13 was repeated except that 
citric acid was replaced by glycolic acid so as to produce 3 
to 1 molar ratio of glycolic acid to zirconyl10
5424 i
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nitrate. The resultant metal oxide powder was comprised 
of highly agglomerated metal oxide particles, it is not 
yet fully understood why zircoriyl nitrate solute does not 
satisfy the objects of the present invention when used in 
combination with glycolic acid as chelating agent.

Example 15
Zirconium Oxide Particles From Zirconyl Chloride 
Solute and citric Acid as Chelating Agent

10

ftft ft ·ft ft« e © ©
ft ft © « 
ft ft ft

The procedure of Example 13 was repeated except 
that zirconyl nitrate was replaced by zirconyl chloride on 
a 1 to 1 molar basis. The resultant metal oxide powder 
was comprised of metal oxide particles which were highly 
agglomerated. It is not yet fully Understood why zirconyl

ft ft ft * « ftft ft ft »
ft ft ft ft 15

chloride solute does not satisfy the objects of the 
present invention when used in combination with citric 

acid as chelating agent ,
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Example 16

Partially Stabilized Zirconium Oxide
A chelated solution of yttrium acetate, ammonium 

zirconium carbonate, and disodium EDTA in a molar ratio of 
0,12 to 0.88 to 1 was provided, This chelated solution 
Was dried and calcined as in Example 1. The resulting 

calcined particles were substantially unagglomerated and 
had a mean particle size of about 100 angstroms, The 
crystal structure of the particles was cubic zirconium 

oxide partially doped wi th about 6 mole percent ·

The chelated solution of magnesium acetate, 
ammonium zirconium carbonate# disodium EDTA in a molar 

ratio of 0.08 to 0.92 to 1 was provided. This chelated 

solution was dried and calcined as in Example 1, The . 

resulting calcined particles were substantially 

unagglomerated and had a mean particle size of about iOO

ii
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angstroms. The crystal structure of the particles was 

tetragonal zirconium oxide partially doped with about 8 

mole percent magnesium oxide.
A chelated solution of magnesium nitrate, 

zirconium nitrate, an disodium EDTA in a molar ratio of 
0.08 to 0.92 to I was provided. This chelated solution 

was dried and calcined as in Example 1. The resulting 
calcined particles were substantially unagglomerated and 

had a mean particle size of about 100 angstroms. The 

crystal structure of the particles was tetragonal 

partially doped with about 8 mole percent magnesium oxide.

As can be seen from a comparison of the results 
disclosed in Example 16, a variation of the dopant 

precursor from one metal to another metal and from one 
-ea4-t—t-o—aiAO-the-r—has—v-e-r-y—l-i-t-t-l-e—i-mpa-e-t— on—t-be-------------------------------.

resultant particle morphology. This comp.§xi-&orr^aTso 

indicates that variation oxide salt from AZC
to zirconjjja^btTraT^%^d" little impact upon the morphology
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salt to r t salt has very little impact on the resultant
particle me. ology. However, the second metal salt is
preferably added in an amount sufficient to produce a second
metal oxide in an amount up to about 10 mole percent of the
oxide of the first metal, This comparison from Example 16
indicates that variation of the metal oxide salt from AZC to
zirconium nitrate had little impact upon the morphology of i :
the resulting particles.
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The claims defining the invention are as follows:
1. A process for the production of substantially 
uncgglomerated metal oxide particles having a mean diameter 
of up ot about 1 micron and a substantially uniform particle 
size, said process comprising:

(a) providing a solution of an oxygen-containing 
nitrate of a first metal selected from the group consisting 
of alkaline earth metals, lanthanide metals, transition 
metals exclusive of vanadium, tungsten, molybdenum, niobium

10 and tantalum, and mixtures of these; the solution having a 
solvent capable of being readily volatilized in step (a);

(b) adding to the solution a chelating agent selected 
i(» from the group consisting of tartaric acid, citric acid, and

mixtures of these;
(c) adding to the solution a base selected from the 

group consisting of ammonium hydroxide, urea, and mixtures of 
these;

(d) drying the solution by heating for a time and at a 
temperature sufficient to remove substantially all the 
solvent from the solution to leave a solid residue; and

(e) calcining the solid residue for a time and at a 
temperature sufficient to form particles of said metal oxide. 
", A process according to claim 1 wherein said first metal 
is Selected from the group consisting of alkaline earth 
metals, lanthanide metals, metals from Group IVb of the 
periodic table, and mixtures of these.ί : ' ' ' :

,. 3. A process according to cl/iim 1, or 2 wherein the solvent
is selected from the group consisting of C^-C^ alcohols.

*. 4. A process according to claim 3 wherein said chelating
30 agent is citric acid.

5. A process according to claim 4 wherein said first metal 
is zirconium.
6. A process according to claim 5 wherein said nitrate is 
zirconyl nitrate.
7. A process according to claim 6 wherein the citric acid 
is added in an amount sufficient to produce a molar ratio of 
citric acid to zirconyl nitrate of at least 0,5 to 1.
8. A process sccordihg to claim 5 wherein said base is 
ammonium hydroxide.

23
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9. A process according to claim 5 further comprising the 
step of adding to the solution of step (a), (b) and/or (c) an 
oxygen containing salt of a second metal.
10. A process according to claim 9 wherein said second 
metal salt is added in an amount sufficient to produce a 
second metal oxide in an amount up to about 10 mole percent 
of the oxide of the first metal.
11. A process according to claim 10 wherein said second

10

metal is selected from 
magnesium, and calcium. 
12. A process for

the group consisting of yttrium,

the production of substantially

» < I ίI

*20
exclusive of vanadium, 
tantalum, and mixture's 
solvent capable of being

« t t t I 1* ft 7 f

30

unagglomcrated metal oxide particles having a mean diameter 
of up to about 1 micron and a substantially uniform particle 
size, said process comprising:

(a) providing an alkaline solution of a salt of a first 
metal having an ammonium cation and a carbonate anion, said 
first metal being selected from the group consisting of 
alkaline earth metals, lanthanide metals, transition metals

tungsten, molybdenum, niobium and 
of these; the solution having a 

readily volatilized in step (c);
(b) adding a chelating agent to the solution to form a 

chelated solution, said chelating agent being a sodium salt 
of an acid selected from the group consisting of EDTA, 
H-EDTA, NTA, DTPA, lactic acid, glycolic acid/ phthallic 
acid, succinic acid, and mixtures of these;

(c) drying the chelated solution by heating for a time 
and at a temperature sufficient to remove substantially all 
the solvent from the solution to leave a solid residue; and

(d) heating the solid residue for a time and at a 
temperature sufficient to convert at least a substantial 
portion of the residue to said metal oxide.
13. A process according to claim 12 wherein said first 
metal is selected from the group consisting of alkaline earth 
metals, lanthanide metals, metals from Group IVb of the 
periodic table, and mixtures of these.
14. A process according to claim 13 wherein said chelating 
agent is a sodium salt of EDTA.

-.-.39
/ V,,

15. A process according to claim 14 wherein said first

- 24 -



Ύί · ·<

10

I . 30 ο ο β β 
ό 0

ο
 ©
 » ο

β 0 Oft 0 00 β
ft >0

β .> 0 ■ Ρ β
& οο 
0 9Oft © 96? »
0 β β βθ 0 0 ©’ 20

β © « ο 0 ft
ft ft © ft

ft ft V ft ft ft
« «5 ft

ft
ft ft O © ft ft ft ft
a © © a «* © «

» ft * · ft * *ft «
© « o « 4 «

metal is zirconium.
16. A process according to claim 14 wherein said salt is 
ammonium zirconium carbonate.
17. A process according to claim 16 wherein the sodium salt 
of EDTA is added in an amount sufficient to produce a molar 
ratio of sodium salt to ammonium zirconium carbonate of at 
least about 0.5 to 1.
18. A process according to claim 15 further comprising the 
step of adding to the solution of step (a), (b) and/or (c) an 
oxygen containing salt of a second metal.
19. A process according to claim 18 wherein said second 
metal salt is added in an amount sufficient to produce a 
second metal oxide in an amount up to about 10 mole percent 
of the oxide of the first metal.
20. A process according to claim 19 wherein said second 
metal is selected from the group consisting of yttrium, 
magnesium and calcium.
21. A process for the production of substantially 
unagglomerated metal oxide particles having a mean diameter 
of up to about 1 micron and a substantially uniform particle 
size distribution, said process comprising:

(a) providing a solution of a chelated complex of a 
salt of a first metal having an ammonium cation and a 
carbonate amion and a chelating agent, said chelating agent 
being a rubidium, cesium, or sodium suit of an acid selected 
from the group consisting of EDTA, H-EDTA, NTA, DTPA, 
glycolic acid, succinic acid, lactic acid, and mixtures of 
these, said first metal being selected from the group 
consisting of alkaline eatch metals, lanthanide metals, 
transition metals exclusive of vanadium, tungsten, 
molybdenum, niobium and tantalum, and mixtures of these; the 
solution having a solvent capable of being readily 
volatilized in step (b);

(b) heating the solution under alkaline conditions for 
a time and at a temperature sufficient to remove 
substantially all of the solvent from the solution to leave a 
solid residue; and

(c) heating the solid residue for 
39 temperature sufficient to form particles of

a time and at a 
said metal oxide.
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22. A. process according to claim 21 wherein said first 
metal is selected from the group consisting of alkaline earth 
metals, lanthanide metals, metals from Group IVb of the 
periodic table, and mixtures of these.
23. A process according to claim 22 wherein said chelating 
agent is a sodium salt.
24. A process according to claim 22 wherein said chelating 
agent is a disodium salt.
25. A process according to claim 24 wherein said provided 
solution is an alkaline solution.10
26. A process according to claim 25 wherein said first
metal is a metal from Group IVb of the periodic table,

» 27.© « e a c A process according to claim 26 wherein said first
β <

metal is zirconium.
28.on· A process according to any one of claims 21 to 27
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wherein the step of heating the solution under alkaline 
conditions further comprises the step of adding a base to the 
solution to produce alkaline conditions.
29. A process according to claim 28 wherein said heating is 
carried out for between 4 hours and 2 days at a temperature 
of between 50°C, and 100°G.
30. A process according to claim 28 and 29 wherein the 
solvent of said solution is water.
31. A process according to claim 21 wherein said first 
metal is zirconium,
32. A process according to claim 31 wherein said provided 
solution contains an oxygen containing salt of a second metal,
33. A process according to claim 32 wherein said second 
metal is present in an amount sufficient to produce a second 
metal oxide in an amount up to about 10 mole percent of the 
oxide of the first metal.
34. A process according to claim 33 wherein said second

themetal is selected from 
magnesium, and calcium.
35. A process for the

group consisting

production of

of yttrium,

substantially
substantiallyunagglomerated metal oxide particles having a 

uniform particle size distribution and a mean diameter of 
less than about 1 micron, said process comprising:

(a) providing a chelated solution selected from the

26
r ‘

<VT



ί

*«

I

10

«Οβνββ 0 9

ft ft ft ft ft ft» ft«ftft
ft ft $ * ft ft ft 
ft «

ft ft ft ft Oft β ftft 0 ft ft
ft«0 9
: °’2o

ft ft ft 0 fta © $ β
a o » < ft «© © «
β

4e« o a « ft
ft ♦

0 ft ft ft « » β <
ft

©ft « « 
ft ft » 
ft «
P ©ft ft ft

so<4 *

group consisting of:
(1) a solution of a chelated complex of an oxygen 

containing nitrate of a first metal selected from the group 
consisting of alkaline earth metals, lanthanide .metals, 
transition metals exclusive of vanadium, tungsten, 
molybdenum, niobium and tantalum, and a chelating agent 
selected from the group consisting of tartaric acid, citric 
acid, and mixtures of these; and

(2) a solution of a chelated complex of an 
oxygen-containing salt of a first metal selected from the 
group consisting of alkaline earth metals, lanthanide metals, 
transition metals exclusive of vanadium, tungsten, 
molybdenum, niobium and tantalum, and a chelating agent 
selected from the group consisting of; EDTA; H-EDTA; NTA; 
DTPA; lactic acid; succinic acid; sodium, rubidium, or cesium 
salts of the foregoing acids; and a mixture of these; the 
solution having a solvent capable of being readily 
volatilized in step (b);

(b) heating the chelated solution under alkaline 
conditions, said heating step carried out for a time and at a 
temperature sufficient to remove substantially all the 
solvent from the solution to leave a solid residue; and

(c) heating the solid residue for a time and at a 
temperature sufficient to form particles of said metal oxide.
36. A process according to claim 35 wherein said chelated 
solution is a solution of a chelated complex of an 
oxygen-containing nitrate of a first metal and a chelating 
agent selected from the group consisting of tartaric acid, 
citric acid, and mixtures of these.
37. A process according to claim 35 or 36 wherein said 
first metal is selected from the group consisting of alkaline 
earth metals, lanthanide metals, and metals in Group IVb of 
the periodic table.
38. A process according to claim 37 wherein said first
metal is zirconium.
39, A process according to any one of claims 35 to 38
wherein the solution has a solvent selected fromι the group
consisting of to C3 alcohols.
40. A process according to claim 35 wherein said chelated
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solution is a solution of a chelated complex of a salt of a 
first metal having an ammonium cation and a carbonate anion 
and a chelating agent selected from the group consisting of 
EDTA^ H-EDTA; NTA; DTPA; glycolic acid; lactic acid; succinic 
acid; and sodium, rubidium or cesium salts of the foregoing 
acid.
41. A process according to claim 40 wherein said chelated 
solution is a solution of a chelated complex of a salt of a 
first metal having an ammonium cation and a carbonate anion,

10 and a chelating agent consisting of succinic acid.
42. A process according to claim 41 wherein said first 
metal is selected from the group consisting of alkaline earth 
metals, lanthanide metals, and metals in Group IVb of the 
periodic table.

} 43. A process according to claim 42 wherein said first
metal is zirconium.

> 44. A process according to c?aim 35 wherein said chelatedε
J solution is a solution of a chelated complex of an oxygen
,., containng chloride of a first metal and a chelating agent
• “20 consisting of a sodium salt of glycolic acid.

45. A process according to claim 44 wherein said first 
metal is selected from the group consisting of alkaline earth

♦ *'' metals, lanthanide metals, and metals in Group IVb of the
periodic table.

, 46, A process according to claim 44 wherein said first
»«<· metal is zirconium.

j 47. A process according to claim 35 further comprising the
Step of adding to the solution of step (a), (b) and/or (c) an

« oxygen containing salt of a second metal.
30 48. A process according to claim 47 wherein said second

metal is added in an amount sufficient to produce a second
i metal oxide in an amount up to about 10 mole percent of the
j oxide of the first metal.

.. f
49. A process according to claim 48 wherein said second 
metal is selected from the group consisting of yttrium, 
magnesium and calcium,

j·

50, A process for the production of substantially 
unagcflomerated metal oxide particles having a substantial

39 uniform particle size distribution and a mean diameter of
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less than about 1 micron, said process comprising:
(a) providing a solution of chelated complex of an 

oxygen containing salt of a first metal selected from the 
group consisting of alkaline earth metals, lanthanide metals, 
transition metals exclusive of vanadium, tungsten, 
molybdenum, niobium and tantalum, and a chelating agent 
selected from the group consisting of: EDTA; H-EDTA; NTA; 
DTPA; glycolic acid; lactic acid; succinic acid; tartaric 
acid; citric acid; phthalic acid; alkali salts of the 
foregoing acids; and mixtures of these; the solution having a 
solvent capable of being readily volatilized in step (b);

(b) heating the chelated solution under alkaline 
conditions, said heating step carried out for a time and at a 
temperature sufficient to remove substantially all the 
solvent from the solution to leave a solid residue; and

(c) heating the solid residue for a time and at a 
temperature sufficient to convert at least a substantial 
portion of the residue to said metal oxide.
51. A process according to claim 50 wherein the first metal 
is selected from the group consisting of alkaline earth 
metals, lanthanide metals, and metals in group IVb of the 
periodic table.
52. A process according to claim 51 wherein said first 
metal is zirconium.
53. A process according to any one of claims 50 to 52, 
further comprising the step of adding to the solution an 
oxygen containing salt of a second metal.
54. A process according to claim 53 wherein said second 
metal salt is added in an amount sufficient to produce a 
second metal oxide in an amount up to about 10 mole percent 
of the oxide of the first metal.
55. A process according to claim 54 wherein said second
metal is selected from the group consisting of yttrium, » :
magnesium and calcium.
56. A process according to claim 1 substantially as herein 
described with reference to Example 13.
57. A process according to claim 12 substantially as herein 
described with reference to any one of Examples 3, 6, 7, 8, 
11, and 12,
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58. A process asccording to claim 21 substantially as 
herein described with reference to Example 4.
59. A process according to claim 35 substantially as herein 
described with reference to Example 16.

DATED: 23 November, 1990.

PHILLIPS ORMONDE & FITZPATRICK
ATTORNEYS FOR :-
CORNING GLASS WORKS
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