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TITLE: ZIRCONIUM OXIDE CERAMICS FOR SURFACES
EXPOSED TO HIGH TEMPERATURE WATER

OXIDATION ENVIRONMENTS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to wet oxidation
processes and apparatus. More particularly, this
invention relates to apparatus which utilize
zirconium oxide ceramics for surfaces exposed to
high temperature water oxidation environments, and
to water oxidation processes conducted therein.

2. Description of the Related Art

Wet oxidation 1s a process that involves the
addition of an oxidizing agent, generally air or
oxygen, to an agueous stream, at temperatures and
pressures sufficient to cause the "combustion" of
oxidizable materials directly within the aqgqueous
phase. Typical wet oxidation temperatures and
pressures are generally in the range of about 150° C
+o about 370° C and in the range of about 30 to
about 250 bar (3626 psia). Wet oxidation has been
used for the treatment of agqueous streams for many
years. For example, U.S. 2,665,249, 1issued January
5, 1954 to Zimmermann discloses oxidation in the
agqueous phase of carbonaceous dispersions.

Wet oxidation as such is limited by the degree
of oxidation achievable, an inability to adeguately

handle refractory compounds, slow reaction times,
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and lack of usefulness for power recovery due to the
low temperature of the process. Much development in
the process of wet oxidation has been in the
direction of increasing the operating temperatures
and pressures. |

In an effort to overcome some of the prior art
limitations, U.S. Patent No. 2,944,396, issued July
12, 1960 to Barton et al. disclosed the addition of
a second wet oxidation stage. The unoxidized
volatile combustibles which accumulate in the vapor
phase of the first stage are sent to complete their
oxidation in the second stage, which is operated at
temperatures above the critical temperature of water
of about 374°C. U.S. Patent No. 4,292,953, 1issued
October 6, 1981 to Dickinson, disclosed a modified
wet oxidation process for power generation from coal
and other fuels in which, as heat is liberated by
combustion, the entire reaction mixture exceeds the
critical temperature of water of about 374°C, with
operative presSures of about 69 bar (1000 psi) to
about 690 bar (10,000 psi) spanning both the sub-
and supercritical water pressure ranges. U.S.
Patent No; 4,338,199 1ssued July 6, 1982, to Modell,
disclosed a wet oxidation process, sometimes known
as supercritical water oxidation, in which the
oxidation is initiated and carried out at
supercritical temperatures (above about 374°C) and
pressures (above about 3200 psi or about 220 bar).
With supercritical water oxidation (SCWO), almost
any compound can be substantially completely

{
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oxidized in a matter of seconds, with destruction
efficiencies on the order of 99.9999% easily
obtainable. As a result, supercritical water
oxidation is contemplated for the destruction of

hazardous and toxic wastes, as an alternative to

incineration.

For wet oxidation at temperatures below about
300°C titanium metal has proven to be resistant to a
wide spectrum of environments, and is an acceptable
material of construction for such processes.
Furthermore,‘stainless steel has proven suiltable for
high temperature ligquid oxidation research 1in
dealing with mixtures of water, oxygen and
hydrocarbons, but it is anticipated that stainless
steel will be inadequate for commercial systems
which will have a variety of acidic, alkaline, and
salty streams. The various processes for oxidation
in an agqueous matrix will hereinafter be referred to
collectively as high temperature water oxidation
(HTWO) if carried out at temperatures above about
300°C, and at pressures generally 1n the range of
about 27.5 bar (400 psi) to about 690 bar (10,000
psi). In high temperature water oxidation of toxic
and hazardous wastes the unique operating conditions
and chemical environment greatly limit the selection
of materials of construction. This environment 1is
described below for the particular case of SCWO,
though other HTWO environments will have much in

common.
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As for describing the chemical environment, the
products of complete oxidation 1in supercritical
water oxidation are fairly well known. Carbon and
hydrogen form the conventional combustion products
CO, and H,O0. Chlorinated hydrocarbons also give rise
to HCl, which will react with available cations to
form chloride salts. Alkall may be intentionally
added to the reactor to avoid high concentrations of
hydrochloric acid. In contrast to normal
combustion, which forms SO,, the final product of
sulfur oxidation in SCWO is sulfate anion. As in
the case of chloride, alkali may be intentionally
added to avoid high concentrations of sulfuric acid.
Similarly, the product of phosphorus oxidation is
phosphate anion.

.~ While it is frequently desirable to neutralize
oxidation product anions via alkall addition, the
reverse is not usually true. Feedstocks containing
excess noncombustible cations are generally self-
neutralized by the CO, evolved from oxidation. For
example, a stream containing organic sodium salts
will yield sodium carbonate or bicarbonate as a
product. Ammonium, another common cation, can be
converted to water and dinitrogen (N,) or nitrous
oxide (N,0) in the SCWO process, and so may not
require neutralization.

A key advantage of SCWO over incineration 1is
the lack of NO, formation due to the relatively low
temperature of operation. Oxidized forms'of
nitrogen, e.g., organic nitro-compounds and nitrate
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anion, have been found to form N, or N,O to a greater
or lesser degree, just as in the case of ammonia and
other reduced forms such as proteins. When air is
used as the process oxidant, the N, passes through
the system as an inert.

The chemical environment of supercritical water
oxidation when used for waste processing will
frequently include mineral acids HCl, H,S0,, HNOj,
and H,PO,, the alkaline materials NaOH and Na,COj,
and various salts with cations such as Na, K, Ca,
and Mg.

While the chemical components present in SCWO
reactions are well documented, much remains to be
learned about chemical kinetics and reaction
mechanisms. The situation is complicated by the
wide range of densities which can exist in
supercritical water systems. At the typical reactor
conditions the supercritical phase density 1s on the
order of 0.1 g/cc. Reaction mechanisms are of the
free radical type, as with normal combustion,
through greatly affected by the much higher density
and water concentration. On the other hand, at

temperatures closer to the critical point, or 1in

dense brine phases, densities of 0.5 to 1 g/cc and

higher are obtained and ionic reaction mechanisms
will dominate. Similarly, corrosion mechanisms will
differ depending on operating conditions.

The corrosivity of a particular chemical is
partly dependent upon its phase state. At typical

' SCWO reactor conditions with densities 1n the range
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of 0.1 g/cc, water molecules are considerably
farther apart than in normal ligquid water. Hydrogen
bonding, a short-range phenomenon, has been almost
entirely disrupted, and the water molecules lose the
ordering responsible for many of liquid'water's
characteristic properties. 1In particular,
solubility behavior is closer to that of high
pressure steam than to liquid water. Smaller polar
and nonpolar organic compounds, with relatively high

volatility, will exist as vapors at typical SCWO

conditions, and hence be completely miscible with

supercritical water. Gases such as N,, 0,, and CO,
show similar complete miscibility. Larger organic
compounds and polymers will largely pyrolyze to
smaller molecules at typical SCWO conditions,
resulting in solubilization via chemical reaction.
The loss of bulk polarity by the water phase has
striking effects on normally water-soluble salts, as

well. No longer readily solvated by water
molecules, they precipitate out as solids or dense

brines. The small salt residual in the
supercritical phase 1s largely present in molecular
form, e.g., as NaCl molecules. Heavy metal oxides,
of low solubility in liquid water, retain their low
solubility at supercritical water conditions.
Exceptions exist and high solubilities occur,
however, when a metal can form a volatile salt,

. a
oxide, or elemental compound at reactor

temperatures.

N WY
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The preceding characterization of solubility
behavior has been given in relation to pure
supercritical water. In actual SCWO systems, this
behavior can be greatly altered by the presence of
large guantities of gases and salts. In many
applications, for example, the mass of
"noncondensible" gases such as N, and O, 1in the
reactor may exceed the mass of water present. The
presence of noncondensible gases and salts in the
SCWO reactor encourages the separation of phases,
similar to the familiar phenomenon of "salting out"”
of gases from solution.

The combination of highly oxidizing conditions,
acid gases, and caustic or high salt solids and
dense brines described here is an extremely
aggressive chemical environment. In addition to the
harsh chemical environment, the operating conditions
in HTWO are also very demanding. Any materials
utilized in a high temperature liquid oxidation
system will have to withstand temperatures and
pressures of at least about 300°C and about 27.5 bar
(400 psi), and in some instances even ranging up to
and exceeding 600°C and 690 bar (10,000 psi). The
materials must also withstand thermal shock which
may be imposed intentionally or under upset
conditilions.

Although high nickel alloys such as Hastelloy
Cc-276 or Inconel Alloy 625 have been suggested for
use as materials of construction for high
temperature wet oxidation reactors (see U.S. Pat.

PCT/US92/02907
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No. 4,543,190), test data indicate that such
materials exhibit unacceptably high corrosion rates
at reactor conditions. Furthermore, prolonged
exposure at and cycling of these materials to
reactor temperatures leads to a degradation of theilr
mechanical properties. Both alloys are subject to
embrittlement, giving rise to the possibility of
cracking and catastrophic failure. A large number
of other metals and alloys have been tested with the
hope of finding one suitable. Nevertheless, with
the possible exception of certalin noble metals too
expensive for general usage, it now appears that no
metal or alloy exists which has satisfactory
corrosion resistance to commercially envisioned HTWO
environments. Firebrick has also been suggested as
a material of construction in large diameter SCWO
reactors. Due to relatively high solubility,
however, the alumina/silica composition of firebrick
is unsuitable for many HTWO environments, especially
when caustic materials such as NaOH and Na,CO; are
present.

Stubican et al., suggested in Science and
Technology of Zirconia (1981) that stabilized
zirconia ceramics might have appliéation as heat-
resistant linings in furnaces and as protective
coatings on alloys. However, Stublcan et al., did
not disclose or suggest that such stabilized
zirconia ceramics would be able to face the harsh
environment of high temperature water oxidation.
Furthermore, Swab, in Low Temperature Degradation of

PCT/US92/02907
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Y-TZP Materials (U.S Army Materials Technology
Laboratory Report No. MTL TR 90-4, January 1990)
while investigating the suitability of yttria
stabilized zirconia for use in heat engines,
discloses that such materials are susceptible to
reactions with water vapor at temperatures from
200°C to 400°C. This finding would suggest that
such stabilized zirconia materials would be
unsuitable for high temperature water oxidation.
Because of the unsuitability of metals and
conventional ceramics for use as materials of
construction for water oxidation systems in which
temperatures above 300°C are encountered, a need
exists for a resistant material for use 1n

constructing such systens.
SUMMARY OF THE INVENTION

According to an embodiment of the present
invention there is provided a process for high
temperature water oxidation of combustible material
in a high temperature water oxidation apparatus, 1in
which corrosive material is present and contacts the
apparatus over a contact area on the apparatus, the
process comprising contacting in an aqueous phase
the combustible material and an oxidizing agent
under conditions suitable to cause the combustion of
the combustible material, wherein the combustion 1is
at temperatures exceeding 300°C, and at pressures
exceeding about 27.5 bar (400 psi), and the contact
area comprises a zirconia based ceramic.

PCT/US92/02907
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According to another embodiment of the present
invention there is‘provided an improvement to
apparatus for high temperature water oxidation of
combustibles at temperatures in excess of 300°C and
at pressures in excess of about 27.5 bar (400 psi),
in which during at least a part of the oxidation,
corrosive material is present and contacts at least
a portion of the apparatus over a contact area on
the apparatus, wherein the improvement 1s
characterized by a contact surface area comprising a
zirconia based ceramic.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows the equilibrium phase diagram
for yttria stabilized zirconila.

Figure 2 shows the equilibrium phase diagram
for magnesia stabilized zirconia.

" Figure 3 shows the equilibrium phase diagram
for calcia stabilized zirconia.
DETAILED DESCRIPTION OF THE INVENTION

The zirconia based ceramics of the present
invention will comprise 2ZrO, in an amount suitable
to enable the ceramic to withstand the harsh
conditions of the high temperature water oxidation
process. Generally the ceramic will comprise 1n the
range of about 70 to about 100 weight percent 2Zr0,,
preferably, in the range of about 85 to about 100
weight percent Zro,.

The zirconium oxide of the present invention
may also be replaced by hafnium oxide (HfO,),
although at present this would be economically
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impractical. Since 2hafnium oxide is a structural
analog of zirconium oxide, it does not affect
crystal morphology. Hafnium oxide occurs as a
feedstock impurity in zirconia ceramic manufacture,
and typically comprises in the range of about 0 tTo
about 10 weight percent of the ceramic. Preferably,
hafnium oxide comprises in the range of about 0.25
to about 4 weight percent of the ceramic.

The porosity of the ceramic of the present
invention is an important variable in determining
the particular application within a high temperature
water oxidation system for which the ceramic 1is
suitable. Generally, zirconia based ceramilcs
with porosities in the range of about 0 to about 10
percent are useful as materials of construction 1in a
wide range of applications, such as for example, the
casting of parts, bricks, and loose f1ll material.
7irconia based ceramics with porosities 1in the range
of greater than about 10 to about 25 percent are
useful as materials of construction for bricks and
loose fill material. Zirconia based ceramics with
porosities exceeding 25 percent are generally
1imited for use as materials of construction for
loose fill material.

Depending on the process conditions, various
crystalline forms of zirconium oxide can be
utilized. The basic crystalline forms of zirconium
oxide are monoclinic, tetragonal, and cubic. The
stable form of essentially pure zirconium oxide

between ambient temperature and 1170°C 1is a
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monoclinic crystal. As temperatures are increased
above 1170°C the tetragonal form becomes the stable
phase, with a concomitant change in specific volume.
Because zirconia based ceramics must be fired above
5 1170°C, it is impossible to manufacture monoclinic
pieces and then cool them to ambient temperatures,
without their cracking. As a result, monoclinic
material is only available in the form of chips,
which are suitable for applications below 1170°C.

10 The problematic behavior of monoclinic zirconia
in cycling to high temperatures has led to the use
of stabilizing agents to increase its resilstance to
fracturing, the most common being yttria, magnesia,
and calcia. Figures 1, 2 and 3 show how the

15 addition of yttria, magnesia and calcia,
respectively, altér the zirconia crystal structure.
In the figures T represents the tetragonal phase, C
+he cubic phase, M the monoclinic phase, and SS
stands for solid solution. The amount of stabilizer

20 required will depend on the process conditions and
the type of crystalline structure desired.
Stabilizing agents will typically comprise in the
range of about 0 to about 20 weight percent of the

ceramic.

25 One phase that is of special interest 1s the
partially stabilized zirconia (PSZ) which exhibits
an unusual combination of high strength and
toughness. PSZ comprises a mixture of monoclinic,
cubic and metastable tetragonal phases, with the

30  latter being of key importance 1in reducing the
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ceranics' brittleness. It is believed that the
strength and toughness properties of PSZ stem from a
stress—assisted "martensitic" transformation of the
metastable tetragonal phase to the stable monoclinic
phase. The absorption of the crack tip energy by
the tetragonal phase grains in the vicinity of the
crack tip causes the transformation resulting in
reduced stress.

For yttria stabilized zirconia, the PSZ phase
is found between about 1.5 to about 7.5 mole percent
yttrium oxide at temperatures below about 500°C, see
Figure 1. The PSZ phase for magnesia stabilized
zirconia is found at temperatures less than about
900°C for magnesium oxide mole percents between
about 0 and at least about 50, see Figure 2. For
calcia stabilized zirconia, the PSZ phase is found
at temperatures less than about 1000°C for calcium
oxide mole percents between about 0 and about 20,

The choice of which stabilizing agent to use
will depend upon the environment of the particular
application. For example, magnesia stabilization
appears preferable to calcia stabilization for
sulfate and/or chloride bearing environments,
presumably due to the potential for the conversion'
of calcium oxide to the sulfate or chloride.

In addition to the above stabilizing agents,
the zirconia based ceramics of the present invention
can comprise other minor components that are well
known in the ceramics arts, with the limitation of

)
course that the additional components do not

PCT/US92/02907
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severely detract from the suitability or the ceramic
for high temperature water oxidation purposes. Such
additional components include, aluminum oxide
(Al,03), titanium dioxide (TiO,), silicon dioxide
5 (S10,), and ferric oxide (Fe,05), as well as

potassium and sodium compounds. These additional
materials are generally each present in amounts
ranging from about 0 to about 10 weight percent of
the ceramic, preferably in the range of about 0 to

10 about 2 weight percent of the ceranic.

Zirconia based ceramics are useful as materials
of construction for any part of a high temperature
water oxidation system that will be exposed to the
harsh conditions of the process. 2Zirconia based

15 ceramics can be used in the construction of
reactors, linings, pump parts, piping or tubing,
nozzle parts, vessels, tanks, filters, windows,
baffles, valve parts, gaskets, filler insulation,
loose fill insulation or packing, bricks, and as

20 ineft additives and catalyst supports, for example.

The zirconia based ceramics can be made into
the system parts that are exposed to the harsh high
temperature water oxidation environment by methods
well known 1in the ceramics arts. For example, the

25 = exposed areas of such parts can be coated with a
zirconia based ceramic coating. The most common
method of applying zirconia to metal surfaces is by
plasma spraying, in which the substrate or base
metal 1s frequently first sprayed with a metallic

30 "bond coat" which has a coefficient of thermal
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expansion intermediate to the base metal and the
ceramic coating. In addition to providing thermal
expansion matching, the bond coat leaves a rough
surface to allow good adhesion of the subsequently

deposited ceramic layer.
An alternative approach to protecting metallics

with ceramics is the use of separate ceramic
structural elements. Such an approach might include
the use of a thin ceramic lining with a clean fluid
purge between the ceramic and the hot metallic wall,
or the use of a thick insulating liner within a

metallic vessel.
System parts could also be machined or cast

from zirconia based ceramics using techniques well
known in the ceramics arts.

Bricks of zirconia based ceramics could be used
to line large diameter reactors and vessels 1in much
the same fashion that firebrick is used to line

furnaces.
Loose pieces of zirconia based ceramics could be

used as loose fill insulation between an inner

zirconia brick liner and the reactor or vessel wall.

The zirconia based ceramics find utility in a
wide variety of high temperature water oxidation
conditions. At temperatures above about 300°C, the
environment of a water oxidation process is such
that zirconia based ceramics are a very sultable
material of construction. Zirconia based ceramics

are suitable at a wide range of pressures ranging
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from the sub- to the supercritical of about 27.5 bar
(400 psi) to above about 690 bar (10,000 psil).
Generally high temperature water oxidation 1s

conducted at temperatures above about 300°C and at
pressures ranging from the sub- to the supercritical
of about 400 to above 10,000 psi. Preferably, high
temperature water oxidation 1s conducted at
temperatures in the range of about 400°C to about
650°C and at pressures ranging from about 27.5 bar
(400 psi) to about 345 bar (5000 psi). Most
preferably, high temperature water oxidation is
conducted at temperatures in the range of about
500°C to about 650°C and at pressures ranging from
about 27.5 bar (400 psi) to about 275 bar (4000
psi).

The zirconia based ceramics of the present
invention find utility in a wide variety of reactor
systems, including vessel reactors, pipe reactors,

and hydraulic column reactors (deep well reactors).

The chemical environment of supercritical water
oxidation when used for waste processing will
frequently include corrosive materials which
comprise at least one moiety selected from the group
consisting of Ccl, so,, NO5, PO,, BO,, Br, OH, CO; and
at least one moiety selected from the group
consisting of H, Na, K, Ca, and Mg. Examples of
such corrosive materials include the mineral acids
HCl, H,S504, HNO3,'and H,PO,, the alkaline materials
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NaOH and Na,CO;, and various salts with cations such

as Na, K, Ca, and Mg.

Examples
5 Table 1 is a description of the various

2irconium oxide types tested. Type Nos. 2, 5 and 9
were cubic crystalline structure, type Nos. 4 and 10
were monoclinic crystalline structure, and the
remainder of the type Nos. 1-28, were partially

10 stabilized zirconia.
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Example 1 - Zirconia Based Ceramic Coatings
Table 2 shows the results of testing zirconia

based ceramics as coatings in harsh high temperature
water oxidation environments. The coatings were
applied using plasma spray techniques well known 1n
the art. Only sample No. 1 exhibited no apparent
attack (NAA) by visual examination, and this 1s
believed to be a result of the short exposure time.
As indicated by the notes in Table 2, the primary
problem with the remainder of the samples is the
adhesion of the coating to the metallic bond coat,
not the ceramics themselves. These materials could
be utilized as coatings, provided that a proper
bonding agent could be found. Alternatively,
densification of the coatings might 1improve the
protection of the bond coat from corrosive agents,
and improve bonding. A difficulty with this
approach, however, is that denser coatings are more
rigid which in some instances may lead to poorer
adhesion of the coating during thermal cycling.
Materials of the type described here could be
suitable as higher porosity brick that could be
utilized as an insulating layer between lower
porosity zirconia ceramic brick and a vessel or
reactor wall. These materials can also find utility
as fill or loose fill insulation material.

/.

WO 92718428 210814 9 PCT/US92/02907
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Example 2 - High Porosity Zirconia Based Ceramnics

Table 3 shows the results of testing on
zirconia based ceramics having porosity greater than
10 percent. .

wWhile generally chemical resistant, these
materials are unable to retain a cohesive large
structure, developing cracks or gradually reverting
to individual grains or fibers. Thus, these
materials are suitable for use as loose fill
insulation or otherwise in confined, purged, or

clean spaces.

PCT/US92/02907
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Example 3 - Low Porosity Zirconia Based Ceramics
Table 4 shows the results of testing on

zirconia based ceramics having porosity less than

5 about 10 percent.
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Comparison of high porosity sample data from
Example 2, with low porosity sample data of this
Example for similar conditions and materials shows
5 the effects of high porosity.
For instance, sample No. 52, magnesia

stabilized with 6-8% porosity, and sample No. 40
(Tablé 3), magnesia stabilized with 22% porosity,
were both subjected to Ca, Cl, K, Li, Mg, Na, and
10 SO, at 580°C, yet the high porosity sample cracked
~ after only 67 hours and 24 thermal cycles, while the
low porosity sample showed no apparent attack (NAA)
by visual examination after 1243 hours and 240
thermal cycles. The lower silica content of the low
15 porosity sample may also contribute to 1ts greater
resistance. As mentioned, silica is fairly soluble

under certain HTWO conditions.

Examnple 4
In order to test the suitability of the high
20 nickel alloy Inconel 625 for SCWO environments, a

nonstressed coupon was exposed during a number of
“experiments over a two vear period. The sample was
"at temperatures in the range of 600°C for a total of
, 680 hours, at a pressure of approximately 230 bar

25 (3336 psia), and experienced over 100 cycles between
ambient and reactor conditions. Constituents
present in a typical experiment included water,
nitrogen, oxygen, carbon dioxide, hydrochloric acid,
sulfuric acid, sodium chloride, sodium sulfate, and

30 sodium carbonate, at levels commonly found in the
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treatment of hazardous waste streams. The Inconel
coupon experienced general wastage at a rate of
approximately 150 mils per year, several times
higher at least than what is normally considered
acceptable. The high corrosion rate has the
deleterious side effect of contributing toxic heavy
metal ions such as nickel and chromium to the SCWO
process effluents. There were no indications that
metal passivation was occurring, i.e., that a stable
protective scale was forming so that the corrosion
rate was slowing with time. The results obtained
with Inconel 625 are indicative of the rapid attack
that would be observed with other high nickel
alloys, for example Hastelloy C276.
Example 5 - Zirconia Based Ceramics Vs. Firebrick
In addition to zirconia sample nos. 14, 57 and
58 (Table 4), coupons of alumina-silica acid brick
(a typical firebrick), Refrax silicon carbide brick,
and Masrock silica brick were exposed to a SCWO
environment containing 5300 ppm chloride, 4100 ppm
sodium and 1600 ppm sulfate. Solids precipitated on
and adhering to the samples included sodium
chloride, sodium sulfate, and sodium carbonate.
Exposure time was 167 hours at temperatures ranging
from 220°C to 580°C. Table 5 shows the weight

change results for the various samples.
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Table 5
Nominal Assenbly No. 1
5 Tenp. °C Material Wt.Change

Change

580 MS Zirconia® 0.0%
+0.5%

580 Refrax +10.2%
Shattered 540 Acid Brick
-3.5%

440 MS Zirconia®  0.0%
1.6%

290 - -
+3.7%

200 MS Zirconia® +0.25%
20.7%

lSample No. 56 from Table 4
2Sample No. 57 from Table 4
3Sample No. 58 from Table 4

PCT/US92/02907

Assembly No. 2
Material Wt.

MS Zirconia

Masrock
+12.9%

Refrax

Acid Brick

Refrax

Zzirconia performed well over the entire

temperature range of 220°C to 580°C.

1

Refrax

Minor weight

gains as seen on some of the zirconia samples are

not a serious concern, as some surface deposition

and discoloration due to corrosion products from

other components of the test system and other

samples was observed. Substantial weight gains,

however, as observed with the acid brick samples,

indicate significant intercalation of the foreign
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material with a high likelihood of short term
cracking.
The zirconia samples listed in Table 5, and new
and used Zirbeads (Table 1, type No. 23), were
5 subjected to EDAX (energy dispersive analysils of Xx-

rays) to further define their stability. Table 6
summarizes these results, with sample numbers
corresponding to those in Table 4. EDAX 1s only
sensitive to elements of atomic number 11 (sodium)

10 and higher, so the table values unfortunately do not
include the key element oxygen. Analyses are
normalized to 100% based on elements detected. The
samples numbered 14A-C show a somewhat lower level
of hafnium at the surface as compared to the

15 interior. The constancy of the ratio between the
fwo for each sample, over such a wide temperature
and environment change, however, suggests that this
is inherent in the original samples and not due to
corrosion. (No unused sample was analyzed.) There

20 is no indication of magnesia leaching. Thus, these

samples show outstanding chemical stability.
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The samples numbered 52 compared new and used
7irbeads. As with samples 14A-~C, there appear to be
inherent composition differences between the

5 interior and surface locations. The surface
analysis of the used Zirbead shows a layer of
metallic oxide corrosion products, consistent with
+he observed discoloration. 500x scanning electron
microscopy showed no benetration of the deposition

10 to the interior, and gave no indication of interior
attack. This observation most likely indicates that
the 7% porosity of the Zirbeads 1is not connected.
T+ should be noted that the Ni, Cr, and Fe 1in the
surface layer arose from corrosion of other

15 components within the test chamber.

The samples numbered 56A-58 show the
performance of a third type of-magnesia PSZ. In
this case, the two samples exposed at 580°C, 56A and
B, evidence some leaching of MgO. With only a

20 single time data point on this material, it is
unknown whether this leaching was a continuous
process or one that had stopped or would stop at a

certain point. Sample 56A also showed significant
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penetration of the foreign elements N1 and Cl.
Despite this, there was no apparent degradation 1in
physical integrity.

It should be noted that the EDAX results, 1in
general, show magnesia levels lower than expected
based on the éompositions reported by manufacturers
(Table I), even for unused samples. The reason for
this discrepancy is unknown, but the results are

believed to at least correctly indicate trends.

PCT/US92/02907
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WE CLAIM:

1. A process for high temperature water oxidation of
combustible corrosive material in a high temperature water
oxidation apparatus, 1n which during at least part of the
oxidation, corrosive material 1s present and contacts the
apparatus over a contact area on the apparatus, the process
comprising contacting in an aqueous phase the combustible
corrosive material and an oxidizing agent under conditions
sultable to cause the combustion of the combustible
corrosive material, wherein the combustion 1is at a
temperature range of about 400°C. to about 650°C. and at
pressures from about 27.5 bar (400 psi) to about 345 bar
(5000 ps1), and the contact area comprises a zirconia based

ceramic.

2. The process of claim 1 wherein the zirconia based

ceramic has a porosity of about 10 percent or less.

3. The process of claim 1 wherein the corrosive material
comprises at least one moiety selected from the group
consisting of Cl, SO,, NO,, PO,, BO,, Br, OH, CO; and at
least one moiety selected from the group consisting of H,
Na, K, Ca, and Mg.

4 . The process of claim 3 wherein the corrosive material
comprises at least one selected from the group consisting
of HCl1l, H,80,, HNO,, H,PO,, NaOH, Na,C0,, and salts of at
least one selected from the group consisting of Na, K, Ca,

and Mg.

5. The process of claim 1 wherein the ceramic comprises
in the range of about 70 to about 100 weight percent

zlrconla.

6. The process of c¢claim 1 wherein the oxidation apparatus
comprises a reactor selected from the group of reactors

consisting of vessel reactors, hydraulic column reactors,




CA 02108142 1999-07-20

33

and pilpe reactors.

7. The process of claim 6 wherein the corrosive material
contacts at least a portion of the reactor over a reactor
contact area on the reactor, and at least a portion of the

reactor contact area comprises zirconia based ceramic.

8. The process of claim 1 wherein the oxidation is at
temperatures 1n the range of about 500° to about 650°C.,
and at pressures 1n the range of about 27.5 bar (400 psi)
to akout 275 bar (4000 psi).

9. The process of claim 1 wherein the contact area
comprises loose fill material comprising zirconia based

ceramic.

10. The process of claim 1 wherein the contact area

comprises zlrconia based ceramic brick.

11. The process of claim 1 wherein the contact area

comprises a zlrconlia based ceramilic lining.

12. The process of <c¢laim 11 wherein the 1lining 1is

comprised of zirconia based ceramic brick.

13. The process of claim 1 wherein the contact area

comprises a zirconia based ceramic coating.

14. The process of claim 1 wherein the contact area

comprises =zirconia based ceramic that has been cast or

machined.

15. The process of claim 1 wherein the oxidation 1s at
temperatures in the range of about 400° to about 650°C.,

and 2t pressures in the range of about 27.5 bar (400 psi)
to about 345 bar (5000 ps1i).
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16. A process for high temperature water oxidation of
combustible corrosive material in a high temperature water
oxidation apparatus, in which during at least part of the
corrosive material is present and contacts the apparatus
over a contact area on the apparatus, the process
comprising contacting in an agueous phase the combustible
corrosive material and an oxidizing agent under conditions
sultable to cause the combustion of the combustible
corrosive material, wherein the combustion 1s at
temperatures exceedlng 300°C., and at pressures exceeding
about 27.5 bar (400 psi), and the contact area comprises
a zlrconlia based ceramic which is stabilized with at least
one stabilizing agent selected from the group consisting

of yttria, calcia and magnesia.

17. The process of claim 16 wherein the zirconia based
ceramic has an amount of stabilizing agent necessary to

render 1t partially stabilized at the oxidation conditions.

18. A process for high temperature water oxidation of
combustible corrosive material in a high temperature water
oxidation apparatus, in which during at least part of the
corrosive material 1s present and contacts the apparatus
over a contact area on the apparatus, the process
comprising contacting in an aqueous phase the combustible
corrosive material and an oxidizing agent under conditions
suitable to cause the combustion of the combustible
corrosive material, wherein the combustion 1s at
temperatures exceeding 300°C., and at pressures exceedilng
about 27.5 bar (400 psi), and the contact area comprises

a zirconlia based ceramic which 1s stabilized with magnesia.
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