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PHASE STABLE METAL OXIDE ARTICLE
AND PROCESS FOR MAKING THE SAME

C_ROSS-REFERENCE TO A RELATED APPLICATION

This application claims the benefit of U.S. Provisional Application No.
61/009,243, filed December 27, 2007, and incorporated by reference.

BACKGROUND OF THE INVENTION

This invention telates to a shaped ceramic article and the process for
making the same. More particularly, this invention pertains to a catalyst carrier
made from a sulfated metal oxide such as sulfated zirconia.

Previous attempts to manufacture articles from zirconia or sulfated
zirconia are disclosed in the following patents and published international patent
applications. US 7,015,175, entitled High-Activity Isomerization Catalyst and
Process, describes a catalyst comprising a support comprising a sulfated oxide or
hydroxide of at least one of the elements of Group IVB (IUPAC 4) of the Periodic
Table, a first component of at least one lanthanide element, and at least one
platinum-group metal component which is preferably platinum and a refractory
oxide binder having at least one platinum-group metal component dispersed
thereon. US 5,269,990, entitled Preparation of Shaped Zirconia Particles,
describes a method of making shaped zirconia patticles by mixing zirconia
powder with an aqueous colloidal zirconia solution or an aqueous acid solution so
as to obtain a shapable mixture containing about 4-40 weight % water, shaping the
mixture, and heating the shaped particles at a temperature in excess of about
90°C. WO 94/08914, entitled Shaped Articles of Zirconia, discloses a method of
making a shaped green body that is suitable for firing to form a zirconia based
article of a desired shape. The process includes mixing zirconium hydroxide and

at feast one binder that comprises a different zirconium compound which is
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thermally decomposable to zirconia, WO 2004/065002, entitled Zirconia
Extrudates, is directed to a process for preparing calcined zirconia extrudate. The
particulate zirconia comprises no more than 15% by weight of zirconia which is

other than monoclinic zirconia.

SUMMARY

Embodiments of the present invention provides a sulfated metal oxide
article, such as a catalyst or support for a catalyst that may have a stable tetragonal
crystalline phase and crush strength sufficient to resist crushing at pressures
commonly experienced in chemical reactors that utilize a catalyst to facilitate
desirable chemical reactions.

In one embodiment, a ceramic article comprises at [east 90 weight percent
zirconia, at least 2 weight percent sulfur and at least 2 weight percent silica
measured as Si0,. The article comprises a crystalline microstructure and at least
60 percent of the crystalline microstructure is tetragonal. The article has initial
crush strength greater than 4 kg.

Embodiments may also relate to a process that may include the following
steps. Mixing a quantity of an amorphous metal hydroxide powder comprising at
least 2 weight silica, measured as SiO,, with at least a first acidic compound
comprising zirconium; a second acidic compound comprising sulfur, and a
quantity of liquid, thereby forming a mixture, Forming the mixture into a shaped
greenware article. Heating the shaped greenware atticle to a first temperature,
which is the lowest temperature needed to thermally decompose the first
compound and at least initiate conversion of the metal hydroxide’s amorphous
phase to a crystalline phase. Maintaining the temperature of the shaped article
equal to or below a second temperature, which is the lowest temperature needed to
sinter the article, until the amorphous metal hydroxide converts to a crystalline

phase and at least 60 percent of the crystalline phase comprises a tetragonal
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crystalline microstructure. Heating the shaped article above the second

temperature thereby forming a sintered ceramic article.
BRIEF DESCRIPTION OF THE DRAWING

Fig. 1 discloses shapes of articles that may be manufactured by a process

of this invention.
DETAILED DESCRIPTION

Sulfated metal oxides have been used as catalysts and catalyst supports in
hydrocarbon transformation chemical reactions that require the use of an acid type
catalyst. Examples of such reactions include, for example, isomerization,
alkylation, oligomerization or even light hydrocarbon dehydration and also
heavier hydrocarbon cracking and hydroisometization. Other fypes of reactions
include esterification and transesterification. In many applications, the sulfated
metal hydroxide powder itself may be used as the catalyst or as a support onto
which a catalytically active material, such as palladium or platinum, may be
deposited. However, this invention specifically benefits those applications that
use formed, granular articles, which may be referred to herein as supports, carriers
or catalysts. The carriers are made by mixing metal oxide powder comprising
silica with other ingredients and then forming articles such as beads or pellets
which are then heated to form the carrier. The carriers may be used in fixed bed
reactors or fluidized bed reactors. In a fixed bed reactor, the carriers remain
stationary while reactants arc made to pass through the bed thereby flowing over
and around the carriers. The carriers must be resistant to the crushing force that is
inherently applied to the carriers at the bottom of the reactor by the carriers
located in the middle and top portions of the reactor. In contrast, carriers in a
fluidized bed are suspended in a liquid and gaseous reactants flow as bubbles

through the liquid. As the carriers tumble through the liquid, they repeatedly
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contact each other and the interior surface of the reactor. Consequently, carriers
used in fluidized bed reactors must be resistant to attrition which would physically
degrade the carriers.

Shown in Fig. 1 are three examples of formed, porous ceramic carriers.
First shape 20 is a generally spherical body. Second shape 22 is a rod shaped
pellet. Third shape 24 is a tubular shaped body, also known as a ring, which has a
length 26, a generally constant inside diameter 28 and a generally constant outside
diameter 30, Any shape may be used that provides the desired crush strength,
attrition resistance, pressure drop, and/or other properties for a given application.
Processes used to produce the formed ceramic catriers according to embodiments
of this invention include any process adapted to the formation of ceramic bodies
from powders, such as: extrusion; pressing; pan agglomeration; oil drop and spray
drying.

The physical characteristics of the ceramic articles, such as: a stable
tetragonal crystalline phase; desirable surface area; adequate sulfate loading;
porosity; and resistance to crushing may be important to the functioning of the
articles as catriers. Although forming sulfated metal oxide carrier has been
generally disclosed, there is a long standing problem with forming a carrier (1)
that has sufficiently high initial crush strength and adequate strength maintenance,
and (2) the sulfate loading remains propetly attached to the carrier after repeated
exposure to catalytic conditions experienced in a reactor. As used herein, strength
maintenance is determined by dividing the crush strength of the carrier after
exposure to 600°C for 75 hours by the same carrier’s initial crush strength,
Strength maintenance may be expressed as a percentage of the initial crush
strength. In some sulfated zirconia catalysts that are not considered to represent
an embodiment of this invention, the sulfate may not be properly bonded to the
carrier thereby resulting in the degradation of the catalyst and the generation of
dust after the catalyst has been exposed to an accelerated aging test for a brief
period of time. If the sulfur containing compound on the carrier is separated from

the carrier, the acidic properties of the catalyst system using this carrier may be
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too low to efficiently catalyze the desired reaction. In other catalyst that are not
considered to be an embodiment of this invention, the sulfate may be properly
secured to the carrier but the catrier may be easily crushed and therefore would
not be able to withstand the weight of the other carriers located in the reactor and
above the subject catalyst. If the catalyst cannot resist crushing to a minimum bed
depth in a reactor, then the reactor cannot be loaded with the needed quantity of
catalyst without crushing the catalyst at the bottom of the bed, typically leading to
undesirable pressure drop within the bed. In yet other possible embodiments of
known sulfated catalysts, the catalyst may suffer because the sulfate is not
properly dispersed across the surface of the catalyst. Poor dispersion may reduce
the efficiency of the catalyst relative to a catalyst that has sulfate loading properly
dispersed on and secured to the carrier.

With regard to the catalyst’s microstructure, the catalytic activity of the
sulfated metal oxide may be improved if the sintered oxide’s crystalline phase is
the less thermodynamically stable tetragonal phase rather than the more stable
monoclinic phase. Unfortunately, because the monoclinic form is more stable, the
metal oxide prefers to convert from tetragonal to menoclinic during the carrier or
catalyst manufacturing processes or after the catalyst has been formed and
inserted into a chemical reactor and begun to function as a catalyst. Therefore,
developing the ability to stabilize the tetragonal phase of formed sulfated zirconia
has been a desirable goal for carrier manufacturers. The inventors of this
application have discovered and applied the knowledge that the stability of the
metal oxide’s crystalline phase may be significantly improved, for example, by
selecting the correct combination of additives to mix with the metal hydroxide
powder during the carrier formation process. Furthermore, the stability of the
metal oxide’s crystalline phase may be improved by adding a form of silica to the
metal hydroxide powder before mixing the metal hydroxide powder with the other
ingredients. In particular embodiments, combining a silicated metal hydroxide
powder with a combination of additives and then heating the formed articles in a

manner that allows the metal oxide to convert to a crystalline phase and then
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convert at least 60 weight percent of the crystalline phase to tetragonal crystalline
phase and then sintering the particles of powder to one another to form a carrier is
one way to produce a carrier having the desired performance characteristics.

In particular embodiments, the microstructure of a carrier of this invention
does not need to be 100% tetragonal in order to operate in an efficient manner
within a reactor. Many carriers, including embodiments of the carriers of this
invention, may be a mixture of amorphous and crystalline phases. Embodiments
of a carrier of this invention may have at least 50 weight percent crystalline phase
material which inherently limits the amount of amotphous phase material to no
more than 50 weight percent based on the weight of the carrier. Furthermore, not
all of the crystalline phase must be tetragonal. However, in order to provide an
efficient carrier, at least 60 weight percent of the carrier’s initial crystalline phase
is generally desired to be tetragonal. A carrier’s initial crystalline phase is
determined after the carrier has been sintered and before the carrier is exposed to
the operating conditions within a reactor.

A catrier’s crystalline phase may be determined using a Philips X-ray
Diffractometer which utilizes Philips X’Pert software and is equipped with a high
efficiency X’ Celerator detector. The scan range is 10-80 degrees 2 theta and the
step size is 0.167 degrees 2 theta. When sulfated zirconia is the base material
from which the catalyst is made, the weight percent of the tetragonal crystalline
phase is determined by: (a) measuring the intensity at a d-spacing of 2.96
angstroms which is the tetragonal ZrO, peak; (b) measuring the intensities at a d-
spacing of 3.16 angstroms and 2.84 angstroms which are the monoclinic ZrO,
peaks; and then (c) dividing the intensity of the tetragonal peak by the sum of the
intensities of the monoclinic peaks and the tetragonal peak. The intensity is
determined by measuring the peak height (cps) and then subtracting out the
background which is determined using the Treatment/Determine
Background/Manual/Subtract options in the X‘Pert software. The weight
percentages of the sulfated zirconia’s crystalline phases are determined after the

ceramic body has been sintered and allowed to cool to room temperature, which is
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defined as 22°C, If a portion of the sulfated zirconia is amorphous, the
amorphous portion is not considered when calculating the weight percent of the
sulfated zirconia’s crystalline phases. In one embodiment, at least 60 weight
percent of the sulfated zirconia’s crystalline phase is tetragonal. In another
embodiment, at least 80 weight percent of the sulfated zirconia’s crystalline phase
is tetragonal. In yet another embodiment, at least 90 weight percent of the
sulfated zirconia’s crystalline phase is tetragonal.

One advantage of some embodiments of this invention may be the stability
of the tetragonal phase after the catalyst is exposed to conventional processing
conditions within a reactor. The stability of a catalyst’s crystalline phase may be
described herein as “phase maintenance” which is determined by dividing the
weight percent of the catalyst’s desired (i.e. tetragonal) crystalline phase after
exposure to operating conditions in a reactor by the same catalyst’s initial weight
percent of the same crystalline phase. For example, if 60 weight percent of the
carrier’s initial crystalline phase was tetragonal and the carrier’s percentage of
tetragonal crystalline phrase dropped to 45 weight percent after use in a reactor,
the carrier would be described as having a 75% phase maintenance which was
determined by dividing 45 by 60. While 100% phase maintenance after
prolonged use in a reactor may be desirable, many carriers, including
embodiments of this invention, may convert from tetragonal to monoclinic during
use in reactor. In particular uses, a carrier having tetragonal phase maintenance
above 50 percent after exposure to 600°C for twenty hours may be economically
viable, Carriers having at least 65 percent, 80 percent, 85 percent or even 90
percent tetragonal phase maintenance over such period may have even greater
economic value.

Metal hydroxide powder suitable for forming carriers or catalysts
according to embodiments of this invention, such as silicated zirconia, may be
purchased from MEL Chemicals of Manchester, England. Silicated zirconia may
be referred to herein as a doped metal hydroxide powder. In silicated zirconia, the

silica is considered to be a dopant. For particular embodiments, the powder may
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have the following physical characteristics: an amorphous structure, which is
determined by X-ray diffraction analysis; a BET surface area greater than about
350 m*/g, which is determined after outgassing the sample for two hours at
250°C; a total pore volume greater than about 0.3 cc/g; and an average pore size
greater than about 4 nm, Typically, the powder’s particle size distribution may
have a dsg between 1 and 5 microns, inclusive. A model TriStar 3000 analyzer
may be used to determine the BET surface area and average pore size.

Embodiments of a carrier of this invention may be made using a single
supply of doped zirconia powder having certain chemical and physical
characteristics such as a silicated zirconia powder having a dsq of approximately 1
micron. Alternatively, a carrier according to embodiments of this invention may
be made from two or more distinct supplies of doped zirconia powder such as a
first powder having a dsp of approximately 1 micron and a second powder having
a dsp of approximately 5 microns. If two or more distinct powder supplies are
mixed with one another to form the quantity of powder used to make an
embodiment of this invention, each powder supply generally represents at least
ten weight percent of the total weight of powder. In addition to differences in
physical characteristics, the powders may also have different chemical
characteristics. For example, a first powder, which may be described herein as a
first portion, may be sulfated zirconia having a dsy of approximately 1 micron, and
a second powder, which may be described herein as a second portion, may be
sificated zirconia having a dsq of approximately 5 microns. Ifdspisa
distinguishing characteristic between two powder supplies, the value of the
smaller dsq generally is at least 50 percent less than the value of the larger dso. For
example, if the larger dsp is 20 microns, the smaller dsq is generally less than 10
microns.

In particular embodiments, the additives include at least a first acidic
compound that includes zirconium and a fluid having a pH less than 7.0. The
acidic nature of the zirconium containing compound may be compatible with the

acidic nature of the silicated metal hydroxide. The compatibility of the first acidic
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compound and the metal hydroxide may ultimately impact the crush strength and
strength maintenance of the carrier which may be due to the influence of the
acidic zirconium containing compound on the extrudeability of the mixture used
to make the carrier. One role of the first acidic compound may be to function as a
binder which facilitates adhesion of the metal hydroxide particles to each other
during the extrusion process and early stage of the heating process. As the
temperature of the heating process exceeds the decomposition temperature of the
binder, the binder is decomposed and at least a portion of the by-products are
removed from the carrier, A portion of the binder, such as the zirconium in the
first acidic compound, may remain as a part of the carrier. Examples of suitable
zirconium containing acidic binders include zirconium nitrate solution, zirconium
acetate, zirconium orthosulfate, zirconium oxychloride, zirconium oxynitrate,
zirconium chloride and zirconium sulfate.

In some embodiments, the additives may also include a second acidic
compound that includes sulfur. An example of a suitable second acidic compound
is sulfuric acid. The sulfur in the sulfuric acid could be used to either increase or
provide the carriet’s entire sulfate loading. The acidic nature of the second
compound is generally desired to be compatible with the acidic nature of the first
acidic compound and the metal hydroxide. The chemical compatibility of the
binder, source of sulfur and metal hydroxide may impact the extrudeability of the
mixture used to make the carrier and the crush strength and strength maintenance
of the carrier. A commercially available source of acidic colloidal silica is Nalco
1034 A which may be purchased from Nalco Company of Naperville, Illinois,
USA.

An embodiment of a formed, ceramic article according to this invention
that may be used as a catalyst or as a carrier for a catalyst has a crush strength of
at least 4.0 kg when tested as described in ASTM D 4179 — 01 (Reapproved 2006}
which is entitled Standard Test Method for Single Pellet Crush Strength of

Formed Catalyst Shapes. This standard describes measuring a pellet’s radial
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crush strength and the axial crush strength. As used herein, crush strength refers
to axial crush strength.

In addition to crush strength, the carrier’s surface area may be important to
the functioning of the carrier in a reactor. “Surface area” as used herein is
understood to relate to the surface arca as determined by the B.E.T. (Brunauer-
Emmet-Teller) method as described in Journal of American Chemical Society 60
(1938) pp. 309-316. The surface area may be determined using a model TriStar
3000 analyzer made by Micromeritics after outgassing the sample for two hours at
250°C. A carrier having a surface area greater than 125 m?*/g is acceptable for
typical applications. A carrier having even higher surface areas, such as 130 m?/g,
140 m*/g or even 150 m*/g, may be acceptable.

A process that may be used to produce embodiments of a carrier of this
invention will now be described. First, mix a silicated metal hydroxide powder
having an amorphous crystalline structure with: a first acidic compound
comprising zirconium; a second acidic compound comprising sulfur; and a liquid
to form a malleable mixture. If desired, additional components, such as a
dispersant or exfrusion agent, may be included in the mixture. Form the mixture
into shaped articles. Suitable shapes are disclosed in Fig. 1. Heat the shaped
articles above a first temperature which is the lowest temperature needed to
thermally decompose the first and second acidic compounds and initiate
conversion of the silicated amorphous metal hydroxide to the tetragonal
crystalline phase. Then maintain the temperature of the shaped articles equal to or
below a second temperature, which is the lowest temperature needed to sinter the
articles, until the metal hydroxide converts to a crystalline phase and at least 60
percent of the crystalline phase is tetragonal. Then heat the shaped articles above
the second temperature thereby forming sintered ceramic atticles. While the times
and temperatures at which the first heating step takes place may be adjusted to
accommodate variations in the raw materials, the shape and/or physical
dimensions of the formed articles, and/or the formula used to produce the mixture,

embodiments of formed articles of this invention may be heated to a first
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temperature between 425°C and 475°C, such as between 450°C and 460°C, for at
least 3 hours. Similarly, during the second heating step, the temperature of the
articles may be between 500°C and 650°C. The temperature may be reached by
increasing the temperature at a rate of 1°C to 5°C per minute from room
temperature to the first temperature and at a rate of 1°C to 5°C per minute from
the first temperature to the second temperature. Between the first and second
heating steps, the temperature of the heated articles may be controlled by reducing
the amount and/or rate at which heat is applied to the heated articles so that the
temperature of the heated articles remains below the second temperature.
Controlling the temperature of the heated articles may facilitate a physical
conversion of the metal hydroxide from amorphous to tetragonal crystalline
phase, achieving a desired surface area and improving the crush strength of the
article.

Two carriers were produced as follows. The first example is a
comparative example which describes using sulfated zirconium powders and then
adding a source of silica during the carrier manufacturing process. The second
example, which is a carrier of this invention, describes using a silicated zirconium

powder and then adding sulfur during the carrier manufacturing process.
Example No 1 (Comparative Example)

Shown in Table 1A are the ingredients that were used to make a

comparative carrier,
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Table 1A
Ingredient | Quantity Designation Source
No.
1 1398 ¢ MEL XZ7.01248 MEL Chemicals of
Manchester, England
9 1466 g MEL XZ01249 MEL Chemicals of
Manchester, England
30g Cellosize QP100MH DOW Chemical
3 Company of Midland,
Michigan, USA
30¢g UCARFLOC™ DOW Chemical
4 Company of Midland,
Michigan, USA
294 ¢ Nalco Nalco Company of
5 Naperville, Illinois,
USA
500 g Zr(NO;3)4 solution (20wt%) | Magnesium Elektron
6 Inc. of Flemington,
NJ, USA
7 800 g water

The first ingredient, 1398g of MEL XZ01248, is a sulfated, amorphous
zirconium hydroxide powder (no silica added) that had a dso particle size of
approximately 1 micron and a sulfate loading of 7.5 weight percent calculated as
SOs. The first ingredient may also be identified as the first portion of the sulfated
zirconia powder. The second ingredient, 1466 g of MEL X701249, is a sulfated,
amorphous zirconium hydroxide powder (no silica added) that had a dsq particle
size of approximately 5 microns and a sulfate loading of 7.5 weight percent
calculated as SO;. The second ingredient may also be identified as the second
portion of the sulfated zirconia powder, The third ingredient, 30 g of Cellosize
QP100MI], is an organic binder. The fourth ingredient, 30 g of UCARFLOC™,
is polyethylene oxide that serves as an extrusion aid. The first four ingredients
were disposed into a mixer and the ingredients were dry blended for sixty seconds
thereby producing a dry blended mixture. The fifth ingredient, 294 g of Nalco,
was added to the dry blended mixture by spraying onto the mixture while

blending at high speed. The first five ingredients were mixed for three minutes.
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The sixth ingredient, 500 g of a 20 wt% Zr(NO;3)4 solution, was added by
spraying. The seventh ingredient, approximately 800 g of water, was added and
the moistened mixture was then mixed at high speed to obtain the desired
extrusion consistency. The mixture was then extruded through a die and cut at
regular intervals thereby producing greenware pellets that were approximately 4
mm in diameter and approximately 8 mm long. The pellets were then air dried
over night en masse and heated for sixteen hours at 80°C, then three hours at
150°C, then three hours at 460°C and then three hours at 600°C. The ramp rate
for all stages of thermal increase was 5°C per minute. Table 1B shows the weight
percent tetragonal, weight percent sulfur and surface area for carrier made
according to the description in Example 1 after aging at 600°C for 0, 20, 50 and

75 hours, respectively.

Table 1B
Time at 600°C | % Tetragonal | Wit % S Surface Area (m°/g)
0 73 3.4 145
20 40 2.5 104
50 30 2.4 89
75 20 2.1 93

Example No 2 (An embodiment of this invention.)
Shown in Table 2A are the ingredients that were used to make a second

embodiment of a carrier of this invention.
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Table 2A
Ingredient | Quantity Designation Source
No.
1 %00 g MEL XZ01520 MEL Chemicals of
Manchester, England
5 854 g MEL XZ01521 MEL Chemicals of
Manchester, England
225¢ Cellosize QP100MH DOW Chemical
3 Company of Midland,
Michigan, USA
25g UCARFLOC™ DOW Chemical
4 Company of Midland,
Michigan, USA
5 375 £ H2804 (ZSM)
375 g Zr(NOs)q solution (20wt%) | Magnesium Elektron
6 Inc. of Flemington,
NJ, USA
7 200 g water

The first ingredient, 900g of MEL XZ01520, is a silicated, amorphous
zirconium hydroxide powder that had a dsq particle size of approximately 1
micron and a 3.2 weight percent silica loading. The second ingredient, 854 g of
MEL XZ701521, is a silicated, amorphous zirconium hydroxide powder that had a
dso particle size of approximately 5 microns and a 3.2 weight percent silica
loading. The third ingredient, 22.5 g of Cellosize QP100MH, is an organic
binder. The fourth ingredient, 22.5 g of UCARFLOC™, is polyethylene oxide
that serves as an extrusion aid, The first four ingredients were disposed into a
mixer and the ingredients were dry blended for sixty seconds thereby producing a
dry blended mixture. The fifth ingredient, 375 g of 2.5M H,80y4, was added to the
dry blended mixture by spraying the sulfuric acid onto the mixture while blending
at high speed. The first five ingredients were mixed for five minutes. The sixth
ingredient, 375 g of a 20wt% Zr(NOs)4 solution, was added by spraying. The
seventh ingredient, approximately 200 g of water, was added and the moistened
mixture was then mixed at high speed {o obtain the desired extrusion consistency.

The mixture was then extruded through a die and cut at regular intervals thereby
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producing greenware pellets that were approximately 4 mm in diameter and
approximately 8 mm long. The pellets were then air dried over night en masse
and heated for sixteen hours at 80°C, then three hours at 150°C, then three hours
at 460°C and then three hours at 600°C. The ramp rate for all stages of thermal
increase was 5°C per minute. Table 2B shows the weight percent tetragonal,
weight percent sulfur and surface area for carrier made according to the

description in Example 2 after aging at 600°C for 0, 20, 50 and 75 hours,

respectively.
Table 2B
Time at 600°C | % Tetragonal Wt % S Surface Area (m’/g)
0 100 2.8 142
20 100 2.7 118
50 83 2.4 - 107
75 88 2.1 105

The data in tables 1B and 2B demonstrate that carrier made with
zirconium hydroxide powder comprising a phase stabilizing amount of silica and
an acidic zirconium nitrate solution provided a carrier with greater than 80 percent
phase maintenance after exposure to 600°C for 75 hours.

The above description is considered that of exemplary embodiments only.
Maodifications of the invention will occur to those skilled in the art and to those
who make or use the invention. Therefore, it is understood that the embodiments
described above are merely for illustrative purposes and are not intended to limit
the scope of the invention, which is defined by the following claims as interpreted

according to the principles of patent law.

15




WO 2009/085589

We claim:
1.

PCT/US2008/086011

CLAIMS

A ceramic article, comprising: at least 90 weight percent zirconia; at
least 2 weight percent sulfur and at least 2 weight percent silica
measured as Si0Oy; wherein said article comprises a crystalline
microstructure and at least 60 percent of said crystaltline microstructure
is tetragonal; said article has an initial crush strength greater than 4 kg
and, after exposure to 600°C for 75 hours, said article has phase

maintenance greater than 80%.

The ceramic article of claim 1 wherein said crush strength exceeds 7

kg.

The ceramic article of claim 1 wherein said crush strength exceeds 10

ke.

The ceramic article of claim 1 wherein said article has at least 85%

phase maintenance after exposure to 600°C for 75 hours.

The ceramic article of claim 1 further comprising a surface area greater

than 125 m*/g.

The ceramic article of claim 1 wherein said article’s crystalline

microstructure is at least 80% tetragonal.

The ceramic article of claim 1 wherein said article’s crystalline

microstructure is at least 90% tetragonal.
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8. A process, for manufacturing a sintered ceramic article, comprising the

steps of:

a. mixing a quantity of an amorphous metal hydroxide powder
comprising at least 2 weight silica, measured as Si0,, with at least:
a first acidic compound comprising zirconium; a second acidic
compound comprising sulfur; and a quantity of liquid, thereby
forming a mixture;

b. forming said mixture into a shaped greenware article; and

c. heating said shaped greenware atticle to a first temperature, which
is the lowest temperature needed to thermally decompose said first
compound and at least initiate conversion of the metal hydroxide’s
amorphous phase to a crystalline phase; then maintaining the
temperature of the shaped article equal to or below a second
temperature, which is the lowest temperature needed to sinter said
article, until said amorphous metal hydroxide converts to a
crystalline phase and at least 60 percent of said crystalline phase
comprises a tetragonal crystalline microstructure; and then heating
the shaped article above said second temperature thereby forming a

sintered ceramic article.

9. The process of claim 8 wherein said metal hydroxide comprises

zirconium hydroxide.

10. The process of claim 8 wherein said first temperature exceeds 400°C

and does not exceed 475°C.

11. The process of claim 8 wherein said second temperature exceeds

500°C.
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12.

13.

14.

15,

16.

17.

18.

PCT/US2008/086011

The process of claim 8 wherein step ¢ comprises heating said article

until at least 80% of said article’s crystalline phase is tetragonal.

The process of claim 8 wherein step ¢ comprises heating said article

until at least 90% of said article’s crystalline phase is tetragonal.

The process of claim 8 wherein said first acidic compound comprises
at least one compound selected from the group consisting of zirconium
nitrate solution, zirconium acetate, zirconium orthosulfate, zirconium
oxychloride, zirconium oxynitrate, zirconium chloride and zirconium

sulfate,

The process of claim 8 wherein, prior to step a, said process further
comprises the step of mixing at least a first portion of metal hydroxide
powder with a second pottion of metal hydroxide powder, said first
and second portions each representing at least 10 weight percent of
said metal hydroxide’s total weight and said first portion’s particle size
distribution has a dsg at least 50 percent less than said second pottion’s

dso.

The process of claim 8 wherein said liquid has a pH less than 7.0.

The process of claim 16 wherein said liquid comprises sulfuric acid.

The process of claim 8 wherein said shaped article has crush strength

greater than 4 kg.
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Fig. I
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