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APPLICATION OF CATALYSTS FOR
DESTRUCTION OF ORGANIC COMPOUNDS
IN LIQUID MEDIA

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 09/468,034, filed Dec. 20, 1999, now
U.S. Pat. No. 6,458,741. issued Oct. 1, 2002, which appli-
cation is hereby incorporated by reference to the extent not
inconsistent with the disclosure herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with United States Government
support under Contract Number 68-D-02-019, awarded by
the Environmental Protection Agency. The United States
Government has certain rights in the invention.

BACKGROUND OF THE INVENTION

This invention relates generally to catalysts for purifica-
tion of liquid media.

Contamination of liquids, including water, with organic
compounds is of great concern. Organic compounds con-
taminate liquids by various methods, including accidental
discharge of organic compounds into water streams, leaks in
vessels transporting organic compounds such as oil, and
other ways. Water contaminated with organic compounds
has direct and secondary effects on health and the environ-
ment.

Numerous processes have been developed for the purifi-
cation of wastewater. Wet air oxidation (WAQO) systems
employ relatively severe operating temperatures (up to 350°
C.) and high pressures (up to about 20 MPa) to decompose
high concentrations of organic materials. In a typical WAO
system, waste is pumped through a heat exchanger into a
reactor along with compressed air. The oxidized content of
the reactor is passed to a separator that partitions the gas and
liquid fractions. The high temperature and pressure in the
reactor maintains water in the liquid state and increases the
solubility of oxygen supplied by the compressed air. These
conditions result in a highly oxidizing environment that can
be used to decontaminate a wide variety of industrial waste
streams, such as those generated from pulp and paper mills,
breweries, and chemical processing plants. One of the major
uses of WAO is for treatment of sewage sludge, where the
sludge is either completely oxidized or rendered suitable for
disposal or biological treatment.

Through the use of appropriate catalysts in WAO systems,
the severity of the processing conditions can be reduced to
improve the economics of the operation. Moreover, non-
catalyzed WAO produces lower molecular weight com-
pounds as major byproducts of incomplete oxidation
(Mishra, V. S. et al,, Ind. Eng. Chem. Res. (1995) 32, 2;
Leitenburg, et al, Appl. Catal. B: Environ. (1996) 11,
1.29-1.35; Luck, F. Catal. Today (1999) 53, 81-91). These
lower molecular weight compounds typically are carboxylic
acids, alcohols, and aldehydes that are resistant to decom-
position and can dictate the kinetics and resulting cost of the
process. However, catalytic wet-air oxidation (CWAO) leads
to complete oxidation of organic material to CO, and H,O,
thereby minimizing post-treatment processing of the con-
taminated water.
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Both homogeneous and heterogeneous catalysts have
been applied to WAO with some success; however, homo-
geneous catalysts are less desirable because they are difficult
to remove from the treated effluent, which adds process steps
and expense. Binary and ternary heterogenous catalysts
based on Co/Bi, Cu/Co, Cu/Co/Bi, Ru/Ce, Mn/Ce (1:1), and
Ru/Mn/Ce have been tested for acetic acid destruction with
varying degrees of success (Mishra, V. S, et al. Ind. Eng.
Chem. Res. (1995) 34, 2-48).

Imamura et al. compared the activity of 5% Pt, Ru, or Rh
supported on CeO, for destruction of poly(ethylene glycol)
at 473 K and reported that Ru/CeO, was most active
(Imamura, et al. Ind. Eng. Chem. Res. (1988) 27, 718).

de Leitenburg et al tested CeO,, 80% CeO,-20% ZrO,,
76% Ce0,-19% Zr0,-5% CuO, 76% Ce0,-19% ZrO,-5%
MnO,, and 5% CuO on Al,O; for the destruction of 2000
ppm acetic acid in water at 190° C. and 3 MPa. de Leiten-
burg et al reported a 14% destruction of 2000 ppm acetic
acid using undoped CeO, and up to 96% destruction of 2000
ppm acetic acid using 76% CeO,-19% Zr0,-5% MnO, (de
Leitenburg, et al., Appl. Catal B: Environ. (1996) 11, [.29-
L39).

Zhang and Chuang studied the effect of adding 4 wt. % Ce
to 1 wt. % Pt or Pd supported on Al,O; for oxidation of
water from paper and pulp mills at 433-463K and pressures
of 1.5 to 2.2 MPa and reported that 50% TOC reduction can
be achieved at about an hour at 1.5 MPa and 463K (Zhang,
Q. and Chuang, K. T. Applied Catalysis B: Environmental
(1998) 17, 321-332).

Hocevar et al. studied the effect of catalyst preparation on
phenol destruction at 432K and 7.3 bar oxygen partial
pressure (total pressure in the reactor 12.1 bar) using Ce,_
*Cu,0,_g catalysts, where 0.07<x<0.27 and reported
samples prepared by sol-gel techniques were more active
than samples prepared by co-precipitation (Hocevar, S. et
al., Applied Catalysis B: Environmental (2000) 28, 113-
125).

European Patent EP0514177 (Ishii) describes the use of
catalysts having one component which is 90-99.95% by
weight which contains 4.95 to 95 wt. % iron oxide along
with the balance at least one of titanium, silicon and zirco-
nium; and another component which is 0.05 to 10% by
weight cobalt, nickel, cerium, silver, gold, platinum, palla-
dium, rhodium, ruthenium and iridium to treat wastewater.

Mitsui describes a catalyst containing zirconium oxide
(5-98 wt. %), a lanthanum oxide (2-95 wt. %) and at least
one of manganese, iron, cobalt, nickel, tungsten, copper,
silver, gold, platinum, palladium, rhodium, ruthenium and
iridium (0.05-25 wt. %) for treating wastewater at tempera-
tures less than or equal to 370° C. (JP4100595A2).

There is a need in the art for improved catalysts and
catalytic methods for removing organic compounds from
liquid media.

BRIEF SUMMARY OF THE INVENTION

Provided are methods for destroying organic compounds
in liquid media comprising contacting said liquid media with
a catalyst comprising: at least one of cerium and zirconium
with at least one member of the group consisting of: Gd, La,
Sc, Cr, T1, V, Mn, Fe, Co, Ni, Au, Ag, Cu Pt, Pd, Rh, Ru, Re,
Os and Ir at a temperature and pressure sufficient to destroy
at least one organic compound.

More particularly, the catalyst useful in the methods
comprise one or more first metals selected from the group
consisting of: Ce and Zr; and at least one of ((a) (b) or (¢))
where (a) is one or more second metals selected from the
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group consisting of: Gd, La, Sr and Sc; (b) is one or more
third metals selected from the group consisting of: Ti, V, Mn,
Fe, Co, Cr, Ni, Au, Ag and Cu; and (c) is one or more fourth
metals selected from the group consisting of Pt, Pd, Rh, Ru,
Re, Os and Ir. Preferably the second metals are one or more
of' Gd, Sr and La. Preferably the third metals are one or more
of Mn, Fe, Co, Cr and Cu. The second and third metals
together preferably comprise more than about 30% of said
catalyst. Preferably the fourth metals are Pt, Pd and mixtures
thereof, with Pt being more preferred than Pd. The catalysts
preferably comprise less than about 25% of fourth metals,
and more preferably comprise less than about 5% of fourth
metals, and most preferably comprise less than about 2% of
fourth metals. Preferably, the catalyst comprises 70% or less
cerium.

One class of catalysts useful in the invention has one
member from the group of second and third metals com-
bined. Another class of catalysts of the invention has one
member from the group of second metals and one member
from the group of third metals. Another class of catalysts of
the invention has more than one member from the group of
second metals. Another class of catalysts of the invention
has more than one member from the group of third metals.
Another class of catalysts of the invention has more than one
member from the group of second and third metals com-
bined. Each of the above classes may optionally contain one
or more members of the group of fourth metals.

Another class of catalysts useful in the invention are those
having formula (I):

nN/Ce;_ Zr A A"A" BB ,B",0s s O
wherein n is a percentage from 0 to 25; N is one or more
metals selected from the group consisting of Pt, Pd, Rh, Ru,
Re, Os and Ir; x=a+a'+a"+b+b"+b"+c; a, a', a", b, b', b" and
¢ are each, independently of one another, 0 to 0.99; 3 is a
number which renders the catalyst charge neutral; A, A' and
A" are independently selected from the group consisting of
Gd, La, Sr and Sc; B, B' and B" are independently selected
from the group consisting of Ti, V, Mn, Fe, Co, Cr, Ni, Au,
Ag and Cu; provided that at least one of a, a', a", b, b', b" or
¢ is nonzero. In this class of compounds, preferably, N is
selected from the group consisting of Pt and Pd. Preferably,
n is a percentage from 0 to 10, more preferably, n is a
percentage from O to 5, and most preferably, n is a percent-
age from 0 to 3. In this class of compounds, preferably A, A’
and A" are selected from the group consisting of Gd, La and
Sr. In this class of compounds, preferably B, B' and B" are
selected from the group consisting of Mn, Cu, Fe, Co and Cr.
Preferably, ¢ is between 0 to 0.2. Preferably, a+a'+a" is
between 0 and 0.1. Preferably b+b'+b" is between 0.05 and
0.5. Preferably, x=0.7.

Another class of catalysts useful in the invention are those
of Formula I wherein a" and b" are zero and a, a', b, b' and
¢ are each, independently of one another, 0 to 0.5.

Another class of catalysts useful in the invention include
those having formula (II):

nN/Ce, Zr B,B',B",.0, (IT)

wherein n is a percentage from 0 to 25; N is one or more
metals selected from the group consisting of Pt, Pd, Rh, Ru,
Re, Os and Ir; x=b+b'+b"+c; b, b', and b" are each, inde-
pendently of one another, 0 to 0.99; x=0.7; B, B' and B" are
independently selected from the group consisting of Ti, V,
Mn, Fe, Co, Cr, Ni, Au, Ag and Cu; c is between 0 and 0.2;
d is a number which renders the catalyst charge neutral;
provided that at least one of b, b' and b" is nonzero; provided
that when B is Mn, b' or ¢ or n is nonzero.
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Another class of catalysts useful in the invention are those
having formula (III):

nN/Ce, , Zr, M0, 4 (1
wherein n is a percentage from 0.01 to 15; N is one or more
metals selected from the group consisting of Pt, Pd, Rh, Ru,
Re, Os and Ir; x is (c+y); ¢ is between 0 and 0.2; y is between
0 to 0.95 and is the sum of the amounts of the M’s present,
which may be the same or different; M is one or more
transition metals, preferably selected from the group con-
sisting of: Mn, Fe, Co, Cr and Cu, where each individual
member may be present in a different amount than the other
members;  is a number which renders the catalyst charge
neutral; provided that when n is zero, at least one of c or y
is nonzero. In this class of compounds, preferably, N is Pt.
Preferably, n is a percentage from 0.01 to 10, more prefer-
ably, n is a percentage from 0.01 to 5, and most preferably,
n is a percentage from0.1 to3.
Another class of catalysts useful in the invention are those
having formula (IV):
nN/m Ce,_ A A", B,B',O,_¢/Zr,_,
Al By B 055 av)
wherein n is a percentage from 0 to 15; m is a percentage
greater than 0; N is one or more metals selected from the
group consisting of Pt, Pd, Rh, Ru, Re, Os and Ir; x=a+a'+
b+b'; z=a"+a"+b"+b™; a, a', a", a™, b, b', b" and b™ are each,
independently of one another, 0 to 0.5; 3 is a number which
renders the catalyst charge neutral; A, A', A" and A™ are
independently selected from the group consisting of Gd, La,
Srand Sc; B, B', B" and B" are independently selected from
the group consisting of Ti, V, Mn, Fe, Co, Cr, Ni, Au, Ag and
Cu; provided that when n is zero, at least one of a, a', a", a™,
b, b', b" or b™ isnonzero.
Another class of catalysts useful in the invention include
those having formula (V):

nN/m Ce;_ M, 0, V)
wherein n is a percentage from 0 to 15; m is a percentage
greater than 0; N is one or more metals selected from the
group consisting of Pt, Pd, Rh, Ru, Re, Os and Ir; M is one
or more transition metals, preferably selected from the group
consisting of: Mn, Fe, Co, Cr and Cu where each individual
member may be present in a different amount than the other
members; z is a number which renders the catalyst charge
neutral; y is the sum of the amounts of the M’s present,
which can be the same or different; provided that when n is
zero, y is nonzero. In this class of compounds, preferably, N
is Pt. Preferably, n is a percentage from 0.01 to 10, more
preferably, n is a percentage from 0.01 to 5, and most
preferably, n is a percentage from 0.01 to 3. Preferably m is
a percentage from 0.5 to 25.

Another class of catalysts useful in the invention include
those having formula (VI):

nN/m(Ce0,)/(pM,0,)/a(M.0,) (VD)
wherein n, p and q are percentages from 0 to 50; m is a
percentage greater than 0; N is one or more metals selected
from the group consisting of Pt, Pd, Rh, Ru, Re, Os and Ir;
y is a number which renders the catalyst charge neutral; M
is one or more transition metals, preferably selected from the
group consisting of: Mn, Fe, Co, Cr and Cu; provided that
when n is zero, at least one of p and q is nonzero and at least
one of r and s is nonzero. In this class of compounds,
preferably N is Pt. Preferably, p and q are less than 50%.
Preferably m is 10% to 50%. Preferably n is 5% or less.
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Another class of catalysts useful in the invention are those
with formula (VII):

MX(M'Oy)z(Ceozfa) 1—(x+2) (VID)
where M is a particle or cluster of one or more transition
metals, M'O,, is a transition metal oxide or a mixture of
transition metal oxides where y and 8 are the appropriate
stoichiometry for the oxide(s), and 0.3=(x+z)=1; z and x
are between 0 and 1. In the class above, preferably M and M'
are independently selected from the group consisting of:
Mn, Fe, Co, Cr and Cu.

A class of catalysts useful in the invention are those
catalysts described herein which are not iron oxide and at
least one element selected from the group consisting of:
titanium, zirconium, cobalt, nickel, cerium, silver, gold,
platinum, palladium, rhodium, ruthenium and iridium;
which are not zirconium oxide, a lanthanum oxide and at
least one metal selected from the group consisting of man-
ganese, iron, cobalt, nickel, tungsten, copper, silver, gold,
platinum, palladium, rhodium, ruthenium and iridium; and
which are not a mixed oxide of cerium oxide and zirconium
oxide, where cerium oxide is 75-80 mol % of the catalyst.

A preferred class of catalysts useful in the invention are
those containing cerium and manganese, and optionally
containing platinum. Another preferred class of catalysts are
those containing cerium and manganese and at least one
other metal, and optionally containing platinum. Catalysts
containing only cerium and manganese preferably contain
more than 10 wt. % manganese. In one class of catalysts,
cerium is 70% or less of the catalyst. Another preferred class
of catalysts includes those containing cerium, along with
one or more of Mn, Co, Cr and Cu. Another preferred class
of catalysts includes those containing cerium and zirconium,
along with one or more of Mn, Co, Cr and Cu. Another
preferred class of catalysts includes those containing both
Mn and Cu. Another preferred class of catalysts includes
those containing cerium, manganese and one or more of Co,
Cr and Cu. When Fe is used in the catalysts, it is preferred
that it be combined with cerium and one or more of Mn, Co,
Cr and Cu. Catalysts containing only cerium and cobalt
preferably contain more than 20 wt. % cobalt. The classes of
catalysts described herein are useful in the methods of the
invention for destroying an organic compound in liquid
media.

Catalysts of the invention may be a mixture of oxides,
they may be single-phase materials, or multi-phase materi-
als.

When used in a method for destroying organic com-
pounds in liquid media and the only components of the
catalyst are cerium and copper, the amount of cerium in the
catalyst is less than or equal to 70 wt. %. When used in a
method for destroying organic compounds in liquid media,
the catalyst of the invention does not contain only manga-
nese and cerium in a 1:1 ratio.

Temperatures used in the methods of the invention are
typically low temperatures (from about 300° C. and below).
Preferably, temperatures below 250° C. are used. The pres-
sure used in the methods of the invention is preferably
sufficient to maintain at least one component of the liquid
media in the liquid phase. When wastewater is treated, these
pressures are typically from 0.5 to 20 MPa. The methods
may further comprise both a combination of temperature and
pressure sufficient to reduce the concentration of at least one
organic compound in said liquid media to a selected value.
Determination of such temperature and pressure is well
within the skill of one of ordinary skill in the art without
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undue experimentation. The compositions of the invention
and methods of the invention may be used to treat any
aqueous stream where wet air oxidation is used.

Also provided are catalyst compositions for destruction of
organic compounds in liquid media comprising: at least one
of cerium and zirconium with at least one member of the
group consisting of: Gd, La, Sc, Cr, Ti, V, Mn, Fe, Co, Ni,
Au, Ag, Cu Pt, Pd, Rh, Ru, Re, Os and Ir; and a support. All
catalysts described herein, including those described as
useful for the methods of the invention, may also be used in
the catalyst compositions for destroying an organic com-
pound in liquid media.

A vparticular catalyst composition for destroying an
organic compound in liquid media comprising a catalyst
having the formula (VIII):

nN/Ce,_Zr,B,B’,B" /05 s (VIID)
wherein n is a percentage from 0 to 25; N is one or more
metals selected from the group consisting of Pt, Pd, Rh, Ru,
Re, Os and Ir; x=b+b'+b"+c; b, b' and b" are each, indepen-
dently of one another, 0 to 0.99; ¢ is between 0 and 0.2; 8
is a number which renders the catalyst charge neutral; B, B'
and B" are independently selected from the group consisting
of Ti, V, Mn, Fe, Co, Cr, Ni, Au, Ag and Cu; provided that
at least one of b, b', b" is nonzero; and a support. The various
useful supports are described further herein.

Catalysts useful in the invention include those with a
variety of surface areas, typically ranging from about 20 to
about 220 m*/g and preferably above 40 m*/g.

As used herein, “liquid media” is defined as a substance
that contains at least one component in the liquid phase.
“Liquid media” includes organics and inorganics, and mix-
tures thereof, and includes solutions or suspensions, and
may include particulate matter and other components. Some
of these substances include organics, inorganics (such as
salts) and biologicals. “Wastewater” is defined as the liquid
media that comprises water and one or more organic com-
pounds. “Wastewater” is one class of liquid media, and all
characteristics of liquid media also apply to “wastewater”.
For example, wastewater may include other substances such
as particulate matter, and components other than water and
one or more organic compounds. Liquid media and waste-
water may come from a variety of sources, including pulp
and paper mills, sewage, breweries, and chemical processing
plants. Preferably, the liquid media and wastewater are
oxygen-containing or are contacted with an oxygen-contain-
ing substance, and most preferably, the oxygen-containing
substance is air. As used herein, “catalyst” includes those
catalysts useful for destruction of at least one organic
compound in liquid media and wastewater. The catalysts of
the invention function in the presence of potentially inter-
fering substances, such as halogen- and nitrogen-, sulfur-,
and phosphorous-containing compounds. As used herein,
“destruction” refers to reducing the concentration of one or
more organic compounds in liquid media and/or wastewater.
“Destruction” does not necessarily mean reduction of the
concentration of one or all organic compounds in the liquid
media or wastewater to zero. As used herein, “mixed metal
oxides” include one or more metal oxides. As used herein,
“single-phase material” is a material that comprises a single
crystallographic phase. As used herein, “multi-phase mate-
rial” refers to a material wherein some components are
single-phase and other components are mixed metal oxides.
As used herein, a “precipitating reagent” is a substance or
mixture of substances that causes precipitation of a desired
substance. Preferred precipitating reagents include NH,OH,
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(NH,),CO;, Na,CO;, NaOH, urea and K,CO;. As used
herein, “contacting” substances is meant to indicate that
substances are physically near each other, but is not intended
to mean a homogeneous solution is formed. Preferably,
reducing occurs in a hydrogen-containing atmosphere and
oxidation occurs in air, but any reaction conditions that
produce the desired result may be used. In the catalysts and
compositions described herein, the “y” in O, and the *“2-6”
in O, 4 are both intended to render the catalyst charge
neutral, without intending to specify a specific crystal struc-
ture or stoichiometry.

Organic compounds destroyed by the catalysts and com-
positions of the invention include, but are not limited to:
acetates, alkanes, alkenes, alcohols, phenols, cyanides,
nitrites, aldehydes, ethers, esters, organic acids such as
acetic acid or formic acid, amine compounds, amide com-
pounds, amino acid compounds, aromatics, carboxylic
acids, ketones, and halogenated hydrocarbons. Amine com-
pounds may be primary, secondary, tertiary or a quaternary
amine salt.

Catalysts and compositions of the invention may be used
to destroy organic compounds in liquid media containing
any concentration of organic compounds. In one application,
catalysts and compositions of the invention may reduce the
concentration of organic compounds in liquid media where
there is between 10 ppm and percent levels of organic
compounds.

All individual values and ranges of values disclosed
herein are included in the invention, unless they are known
in the art. All catalysts and compositions described herein
are included in the invention, unless they are known in the
art to be useful in catalytic wet-air oxidation of organic
compounds.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is the crystallographic structure of doped fluorite-
type oxides.

FIG. 2 shows XRD patterns for ZrO, and CeO,.

FIG. 3 shows XRD patterns for CeCo, sCu, sO,_g pre-
pared by co-precipitation and from the constituent oxides
using ceramic processing.

FIG. 4 shows an overlay of the EDX spectra for CeO, and
7ZrO,.

FIG. 5 shows the EDX spectra for ZrO, wash-coated with
CeO, (25 wt. % CeO,/7r0,).

FIG. 6 shows the EDX spectra for Ce, 371, ,0,_s.

FIG. 7 shows an overlay of the EDX spectra for 1 wt.-%
Pt, 5 wt.-% Pt, and 10 wt.-% Pt on CeO.,.

FIG. 8 shows FTIR spectra of 5% Pt/CeQO, prepared by
different methods.

FIG. 9 shows XRD results for Ce,_,Cu, O, s without Pt,
where x is 0.1 (A), 0.2 (B), 0.3 (C), 0.4 (D), and 0.5 (E).

FIG. 10 shows the XRD pattern for Ce, (Cu, ,O, 4 pre-
cipitated with NaOH.

FIG. 11 shows a schematic illustration of a ceramic
honeycomb monolith coated with active catalyst.

FIG. 12 shows a cross-section diagram of a quartz reactor
tube packed with catalyst-coated pellets.

FIG. 13 shows a schematic diagram of the testing appa-
ratus used.

FIG. 14 shows catalyst performance for catalysts A-I in
Table 1.

FIG. 15 shows catalyst performance for some Ce—Mn
catalysts.

FIG. 16 shows catalyst performance for some Ce—Co
catalysts.
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FIG. 17 shows catalyst performance for some Ce—Cr
catalysts.

FIG. 18 shows catalyst performance for some Ce—Fe
catalysts.

FIG. 19 shows catalyst performance for some Ce—Mn—
Cu, Ce—Mn—Co, and Mn—Fe catalysts.

FIG. 20 shows TOC removal over time for several mixed-
metal-oxide catalysts.

FIG. 21 shows TOC removal over time for Pt supported
on Cu-doped CeO,.

FIG. 22 shows TOC removal over time for Pt supported
on Mn-doped CeQ,.

FIG. 23 shows TOC removal over time for commercial 1
wt. % Pt/y-Al,O, catalyst (Aldrich, 200 m*/g).

FIG. 24 shows TOC removal over time for a hydrophobic
catalyst.

FIG. 25 compares Ce,, 5sCu,, 1sO,_g-supported Pt, Pt—Pd
(1:1) and Ru catalyst activity for TOC removal in water. The
metal loading was 3 wt. % for each catalyst.

FIG. 26 shows TOC removal over time for several cycles
of 3 wt. % Pt/Ce, 4sCu, (50, -

FIG. 27 shows TOC removal over time for several cycles
of Ce, ;Mny 45Cug 450, s

FIG. 28 shows XRD patterns for Ce, sMn, sO,_g before
and after catalyst evaluation.

FIG. 29 shows XRD patterns for
Ceg 4571 osMng, 4sCu, sO,_5 before and after catalyst
evaluation.

FIG. 30 compares the activity of powder and saddle-
supported Ce, sMn, sO,_s.

FIG. 31 compares the activity of powder and saddle-
supported Ce, ;Mg 45210 55CU0,0505_s.-

DETAILED DESCRIPTION OF THE
INVENTION

The catalysts and compositions described in this inven-
tion are useful for increasing the activity for the destruction
of organic compounds in liquid media at lower temperatures
and pressures than previously reported. High activity for the
destruction of organic compounds is achieved through a
combination of appropriate catalyst elements and prepara-
tion procedures that optimize material qualities such as
oxygen mobility, oxygen storage capacity, resistance to
poisons, textural properties, metal dispersion, and active
sites for a range of organic functional groups.

Although applicant does not wish to be bound by theory,
the relevant catalytic mechanisms in CWAOQO are believed to
be promoted by increasing the reducibility of the metal
oxide component. Specifically, oxygen diffusivity and sur-
face mobility, creation of reactive oxygen species, and
synergy between catalytic metal and metal oxide all depend
on the ease of the M" V*sM™ couple of the oxide
component. Oxidation activity of CeO,-based catalysts has
been reported to be promoted by introducing Zr into the
CeOQ, fluorite lattice, which produces a structural modifica-
tion that enhances Ce**—Ce>* reduction (Leitenburg, C. d.,
Goi, D., Primavera, A., Trovarelli, A., Dolcetti, G. Appl.
Catal. B: Environ. 1996, 11, 1L29-L35; Terribile, D., Tro-
varelli, A., Leitenburg, C. d., Primavera, A., Dolcetti, G.
Catal. Today 1999, 47, 133). A similar effect is afforded by
incorporation of certain transition metals. (Leitenburg, C. d.,
Goi, D., Primavera, A., Trovarelli, A., Dolcetti, G. Appl.
Catal. B: Environ. 1996, 11, 1L29-L35; Terribile, D., Tro-
varelli, A., Leitenburg, C. d., Primavera, A., Dolcetti, G.
Catal. Today 1999, 47, 133). Specifically, the indicated
transition metals have multiple oxidation states, relatively
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weak bonding to oxygen and high surface oxygen exchange
rates, and are known oxidation catalysts (Spivey, J. I. Ind.
Eng. Chem. Res. 1987, 26, 2165-2180). Additionally, Cu can
produce small highly-dispersed metallic clusters that act as
additional active sites (Liu, W., Flytzani-Stephanoupoulous,
M. J. Catal. 1995, 153, 317-332). Furthermore, Cu imparts
water tolerance, (Liu, W., Flytzani-Stephanoupoulous, M. J.
Catal. 1995, 153, 317-332) and the electrophilicity of Cu*
increases activation for organic compounds with m bonds.

In order to increase the water tolerance and oxidation rate
in water, the catalysts can be composited with fluorinated
carbon, polytetrafiuoroethylene fibers, hydrophobic styrene
divinylbenzene copolymer (SDB) may be used as a support,
or any other support or means known to the art to increase
the water tolerance of the catalysts may be used. Although
applicant does not wish to be bound by theory, it is believed
that increasing the hydrophobicity of the support promotes
catalytic activity by favoring adsorption and concentration
of the organic compounds at the catalyst surface.

The specific components of the catalysts useful in the
compositions and methods of the invention can be separated
into four categories. The first category includes Ce, which
comprises the major portion of the metal oxide component
either as CeO, or doped CeO,. This component acts both as
a support in synergy with noble metals, and an active metal
oxide oxidation catalyst. An equilibrium between Ce** and
Ce™ results in an exceptionally high oxygen storage and
release capacity that facilitates catalytic combustion by
providing oxygen directly to catalytically active sites. Fur-
thermore, CeO,-containing catalysts are less susceptible to
deactivation from water vapor and more resistant to sinter-
ing than catalysts employing inactive metal oxide supports
such as Al,O,. Also included in this category is Zr, which
has qualities similar to Ce and improves the low-temperature
reducibility of CeO,. The second category includes the
metals Gd, La, Sc, and Sr which are incorporated as dopants
in CeQO, to promote oxygen vacancies and increase oxygen
mobility within the catalyst. The oxygen vacancy associa-
tion energy for these elements increases in the order
Gd<La<Sc<Sr; therefore, varying the identity and concen-
tration of these dopants allows control over the bulk oxygen
mobility. The third category includes the metals Ti, V, Co,
Cr, Ni, Au, Ag, Mn, Fe, and Cu. These metals contain
multiple oxidation states and the corresponding oxides are
also good oxidation catalysts. When combined with CeO,,
they provide additional catalytic active sites with metal
oxygen bond strengths conducive to complete destruction of
organic compounds. Finally, the fourth category includes the
metals Pt, Pd, Rh, Re, Os, Ru, and Ir. These elements are
included in the catalysts mostly in the reduced state dis-
persed over the surface and within the pores of the metal
oxide. Generally, inclusion of one of these fourth category
metals in the catalyst significantly improves activity at low
temperatures.

Using fluorite-type oxides (such as CeO, and ZrO,) with
appropriate dopants, in combination with other materials
that have high oxygen exchange rates and demonstrated
oxidation activity as metal supports (such as MnO, and
Fe,0,), significant improvements in the materials used for
supported metal catalysts are achieved. The crystallographic
structure for a doped defect fluorite oxide is shown in FIG.
1. The fluorite-type metal oxides have a face-centered-cubic
structure, with each tetravalent metal atom (O) surrounded
by eight O~ ions (A) forming the vertices of a cube. Doping
fluorite oxides with divalent or trivalent metals (M™*) pro-
duces high oxygen vacancy concentrations, which can be
controlled by the degree of doping and the specific dopant
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used. Therefore, choosing dopants with lower association
energies will produce oxides with higher oxygen mobility.
Catalysts of the invention include those with predominantly
fluorite crystal structures. Other structures that may be
present include defect fluorite, pyrochlore (A,B,0,) and
perovskite-like phases. Cerium and zirconium oxide with
some amount of dopants are generally present as fluorite
structures. Dopants may also be present as oxides.

The catalysts may be coated onto the support material by
any method which produces a suitable coating of catalyst,
including the method of: (a) treating a mixture of metal salt
precursors with a precipitating reagent to form a precipitate;
(b) preparing a slurry of said precipitate; (c) coating said
slurry onto said support; and (d) calcining said slurry. The
catalysts may also be coated onto a support material by: (a)
mixing a solution of metal salt precursors with the support;
and (b) calcining said precursors. The catalysts may also be
coated onto said support material by: (a) mixing the support
with one or more metal salt precursors to form a mixture; (b)
treating said mixture with a precipitating reagent to form a
precipitate; and (c) calcining said precipitate.

The methods above may also further comprise the steps
of: (e) adding one or more metals selected from the group
consisting of Pt, Pd, Rh, Ru, Re, Os and Ir metal to form a
composition; (f) reducing said composition (preferably at
temperatures of about 200° C. or higher); and optionally (g)
oxidizing said composition (preferably at temperatures of
between about 80° C. to about 800° C.).

The invention is useful for a variety of applications,
including treatment of sewage sludge, alcohol distillery
waste, effluent from pulp and paper mills, cyanide, cyanate
and nitrile wastewaters, regeneration of spent carbon and
spent earth, oxydesulfuration of coal, energy generation, and
other applications, including other applications where cata-
Iytic wet air oxidation is used or useful.

The catalytic wet air oxidation methods described herein
may be carried out in any suitable apparatus such as bubble
columns, mechanically agitated reactors, loop reactors,
trickle bed reactors, and other apparatuses known in the art.
As long as the catalyst or composition is contacted with the
liquid media to be treated for a sufficient time and an
appropriate temperature and an appropriate pressure so that
the desired level of destruction of organic compound(s) is
achieved, the apparatus and conditions used are suitable.

Those of ordinary skill in the art will appreciate that
methods, techniques, and components other than those spe-
cifically described herein can be employed in the practice of
the invention without departing from its spirit scope. The
following examples illustrate the invention and are in no
way intended to limit its scope.

EXPERIMENTAL

A. Catalyst Synthesis

The catalysts in this invention can be prepared by meth-
ods known in the art, including coprecipitation, hydrother-
mal synthesis, calcination, wash-coating, impregnation-
deposition or ceramic processing. Methods of making the
catalysts are described herein or are well known in the art,
or readily adapted from the methods described herein or
those methods well known in the art by one of ordinary skill
in the art without undue experimentation. Such methods
known in the art are described, for example, in Perego, C.
and Villa, P, (1997) Catalysis Today, 34:281-305.

Preparation of Powder Supports. Many powder support
materials were prepared by co-precipitation. In this proce-
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dure the metal nitrate precursors were dissolved in water
(cerium-based) or methanol (zirconium-based) in the appro-
priate molar ratios. The concentration of the primary metal
cation for each support (i.e. cerium and zirconium) before
precipitation was approximately 0.4 M. Zirconyl nitrate had
to be gently heated with stirring overnight in methanol for
dissolution. The precipitant used may be NH,OH, NaOH,
KOH, Na,COj;, urea, K,CO;, sodium or potassium oxylate,
or any other substance able to perform the desired precipi-
tation. In the preparation of most of the powder supports the
precipitant used was NH,OH in concentrations as low as 1
M. During precipitation, the mixture was stirred vigorously.
Precipitant was added beyond the calculated stoichiometric
equivalence point, until the supernatant liquid tested basic.
The resulting precipitates were vacuum filtered and washed
with hot distilled water, then dried at about 100° C. for
several hours. The dried powders were finely ground and
heated in air at temperatures between 400-500° C. for 4-8
hours to produce the metal oxide support. After oxidation,
the powders were reground and passed through a 150-um
sieve. The surface areas of the catalysts used were typically
between 60 and 180 m*/g.

Coprecipitation typically results in catalyst powders with
high surface areas. However, the limitation of this method is
that some cations are preferentially precipitated or retained
by NH,OH. Therefore, it is important to note that the actual
compositions attained by coprecipitation frequently deviate
from the target compositions. This problem can be partially
overcome using alternative precipitating agents or prepara-
tion methods. For example, catalyst C in Table 1 was
prepared by completely evaporating a concentrated aqueous
solution of the precursor salts, followed by calcination of the
resulting salt mixture.

Alternatively, hydrothermal synthesis may be used, as
known in the art. Generally, hydrothermal synthesis involves
the precipitation of the oxide from the precursor salts with
a base; however, the reaction is carried out at temperatures
between 100° and 350° C. in a sealed vessel. Preferably a
pressure of less than 15 MPa is used, and the samples are
aged for 5 to 60 minutes. Following crystallite formation,
the crystallite powders are filtered, washed and dried. The
hydrothermal process tends to produce ultra fine powders
with a very narrow distribution of particle sizes and shapes.

The impregnation/decomposition method may be used, as
known in the art.

For ceramic processing, a mixture of the oxides or car-
bonates in the appropriate stoichiometric ratios was ball
milled for 24 hours, then passed through a 355-um and a
90-um sieve. The powder was then calcined in a ceramic
crucible at 1200° C. for 6 hours. After cooling, the support
powder was passed through a 150-um sieve. This process
eliminates problems associated with selective precipitation
that might be encountered with coprecipitation; however, the
high processing temperatures generally result in catalysts
with much lower surface areas.

Incorporation of Pt and Pd. The catalyst metals Pt and Pd
were added to the support powders primarily by incipient
wetness/impregnation. For the impregnation method, three
approaches were used. In the first approach, 1-mL incre-
ments of a 10-mg/mL Pt solution were added to the support
powder creating a suspension. The suspension was gently
heated and stirred until the water evaporated, followed by
addition of another 1 mL of Pt solution. This process was
repeated until the desired Pt loading was achieved. In the
second approach, only a few drops of the Pt solution were
added at a time, so that the solution was completely
absorbed by the powder. As above, this process was repeated
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with occasional stirring until the desired metal loading was
achieved. For the third approach, the desired volume of Pt
precursor solution was mixed with the support powder and
rotated under reduced pressure until dry. Following impreg-
nation, the Pt was reduced in a furnace at 300° C. for 3 hours
under H, flowing at 100-200 m[./min.

Several of the catalysts were prepared by adding platinum
before the co-precipitation step. For this simultaneous addi-
tion method, the appropriate amount of platinum salt was
added to the metal nitrate solution before precipitation with
the NH,OH so that the Pt was incorporated into the pre-
cipitate rather than only on the support surface.

Catalyst Pretreatment. Catalysts may be preconditioned
under oxidative or reductive conditions prior to testing. The
oxidative treatment involves heating in air between 100 and
500° C. The reductive treatment involves heating in hydro-
gen between 300 and 500° C. Preconditioning removes
residual precursor counter-ions and may adjust the oxidation
states of constituents to affect activity, as known in the art.

Catalysts of the invention have long lifetimes and can be
regenerated by heating for a sufficient time to drive off
adsorbed organics and moisture. For example, catalysts of
the invention may be regenerated by heating at a tempera-
ture of about 150° C. or higher.

B. Catalyst Characterization

Catalysts were characterized using various methods,
including B.E.T. surface area measurements, particle size
measurement, metal particle dispersion, Fourier transform
infrared absorption (FTIR), X-ray diffraction (XRD), energy
dispersive X-ray spectroscopy (EDX), and scanning electron
microscopy (SEM). Other methods, including oxygen tem-
perature programmed desorption (TPD) may also be used.

Surface Area Analysis. The surface area analysis was
performed using a Micromeritics ASAP-2000 surface area
analyzer/porosimeter with nitrogen/helium mixtures. For
this work, surface areas were determined from nitrogen
volume/partial pressure isotherms using the B.E.T. method.

Pore size distribution of catalysts was also determined
from the multipoint nitrogen isotherm. Initially, it is
assumed that adsorption can occur in the micropores of the
particles. This behavior is manifested as BET-type adsorp-
tion at relatively low values of x, followed by a saturation-
type (Langmuir) adsorption as the relative pressure is
increased, and the pores fill with adsorbate. The adsorption
isotherm in this case is expressed in terms of a quantity
possessing units of length.

Particle Size Measurement. Catalyst particle size mea-
surements were performed using a Shimadzu SALD-2001
Particle Size Analyzer. Measurements were obtained by
dispersing catalyst powder in ultra-pure water, which was
then passed through a flow cell. A collimated beam from a
diode laser was directed through the flow cell and the light
diffracted and scattered by the particles was detected by
sensors in appropriate positions to detect light from all
angles. This arrangement of sensors allows detection of light
diffracted and scattered from large and small particles,
which enables a particle size range of 0.03 um to 700 um to
be measured. Laser beam intensity distributions were con-
verted into particle size distributions using Shimadzu soft-
ware that combines Fraunhofer, Mie and side-scatter pro-
cessing methods. Information from this technique was used
to correlate catalyst particle sizes and distributions to prepa-
ration methods and catalytic activity.

Metal Particle Dispersion. Group VIII metals used in this
work generally adsorb H, and CO irreversibly at room
temperature. The stoichiometry is approximately one H
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atom or one CO molecule per metal atom, which allows
adsorption of these gasses to be used to calculate metal
surface area. Based on the determined surface area of the
metal and the known amount of metal present, the dispersion
of metal particles can be calculated. However, two major
factors regarding the catalysts in this work must be consid-
ered when interpreting such adsorption data. First, CeO, and
presumably CeO,-based materials adsorb H, (and O,) which
leads to erroneously high dispersion calculations. Second,
CeO,-supported Pt possibly will have some activity for the
oxidation of CO to CO,, even at low temperatures. This
second consideration highlights a major factor leading to
ambiguous results for dispersion measurements on sup-
ported metals, which is the effect of strong support-metal
interactions. It has been demonstrated that such interactions
produce unpredictable adsorption stoichiometry character-
istics leading to inaccurate calculations of metal dispersion.
This effect is particularly pronounced for metals deposited
onto supports with reductive pretreatment.

More than one method may be used to determine metal
dispersion. First, CO can be used as the probe molecule and
a correction for the amount CO converted to CO, can be
made based on mass spectrometer measurements. Second,
transmission-electron microscopy can be used to image the
metal particles on the support surface. Measurement of the
particle diameters will yield a particle size distribution that
can be correlated to particle dispersion by making assump-
tions about the particle shapes. Finally, XRD data can be
used to estimate the metal particle sizes, t, according to the
Scherrer equation,

t=0.9NB cos 05

where A is the incident wavelength, B is the peak width at
one half of the maximum intensity, and 65 is Bragg angle.
This method is only effective for small particle sizes, and is
difficult to use at very low metal loading.

XRD. XRD analysis was performed on the support pow-
ders to confirm their anticipated crystal structures, and
determine if the materials are single phase. Diffraction
patterns were obtained using wither a Rigaku Miniflex X-ray
Diffractometer (Model CN2005) or a Philips PW 1830 with
CuK_, line radiation (A=1.5418 A).

Peak positions in the diffraction pattern are determined
experimentally as 20 values. Using Bragg’s law, the inter-
planar spacings, d, are determined. Using commercial soft-
ware (Micro-Index, Materials Data, Inc.), the crystal lattice
symmetry and lattice parameters are calculated from the
interplanar spacing. This information allows correlation of
catalyst powder activity with crystallographic structural
parameters, and allows determination if the support mate-
rials are single phase or mixed oxides.

FIG. 2 shows the XRD patterns for CeO, and ZrO,, and
indicates that the ceria is primarily a single-phase fluorite
structure material, whereas the ZrO, is mostly amorphous.
The majority of the doped CeO, support powders demon-
strated XRD patterns like CeO,, and were determined to be
primarily single phase. Examples of these materials include
Cep 5215 ,05 s, Ce 5Gdg 20,5, Ce 5C00,0; s,
Ceg 5Cug ,0,_ and Ceg gFeg ,0, 5, Cey 4521 sMng 430, s,
and Ce, 4571 osMn, 4sCu, sO,_s. However, some catalysts
have significant multi-phase contributions such as mixed
oxide catalysts such as 10% CuO/CeQ, (data not shown).

FIG. 3 shows the XRD patterns for CeCo, sCu, 5O, 4
prepared by co-precipitation from the metal nitrates, and
from the metal oxides using ceramic processing. Both
samples demonstrated primarily a fluorite structure (indi-
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cated with asterisks); however, the sample prepared from the
oxides had much greater crystallinity resulting from the
higher processing temperatures. Furthermore, contributions
from other phases are clearly evident in the latter sample.
Specifically, the peaks between 26 values of 30 and 50 are
from Co;0, and CuO.

EDX measurements were obtained on a PGT (Princeton
Gamma-Tech) X-ray fluorescence detector in combination
with a JEOL JSM T200 Scanning Electron Microscope. FI1G.
4 shows an overlay of the EDX spectra for CeO, and ZrO,.
For comparison, FIGS. 5 and 6 show the spectra for ZrO,
wash-coated with CeO, (25 wt. % CeO,/ZrO,) and
Ce, 71, ,0,_s, respectively. For the wash-coated sample,
the CeO, covers the majority of the surface of the ZrO,
particles, and the EDX spectra over most of the sample
surface show peaks only for Ce. However, the spectrum in
FIG. 5 is from a recess in the surface, and peaks from Zr also
are present. The XRD pattern for this support powder (data
not shown) shows broad peaks corresponding to the fluorite
structure, but the crystallinity appears intermediate between
the ZrO, and CeO, XRD patterns shown in FIG. 2, as would
be expected. Alternatively, the EDX spectrum of
Ce, 371, ;0,_g shown in FIG. 6 generates peaks for both Ce
and Zr over the entire surface, and the XRD pattern dem-
onstrates a crystallinity equivalent to the undoped CeO,.
These results suggest successful doping of Zr into the CeO,
lattice, and are indicative of the structural differences
between the two materials.

EDX also was used to qualitatively confirm the relative
amounts of Pt loading on the support materials. FIG. 7
shows an overlay of the EDX spectra for 1 wt.-% Pt, 5 wt.-%
Pt, and 10 wt.-% Pt on CeO,. The baselines are offset for
clarity. The peaks for Ce are visible in all three spectra;
however, only the 5% and 10% Pt samples show peaks for
Pt. The spectral intensities are not normalized, so a ratio of
the most intense Ce peak, I, to the most intense Pt peak,
15,, in each spectrum was used to compare the metal loading.
From this data, the I, /I ., for the 10% Pt/CeQ, catalysts was
more than 1.5 times the value for the 5% Pt/CeQ, catalyst,
which suggests the incipient wetness/impregnation method
for incorporation of Pt was successful.

FTIR. The FTIR system used was a Nicolet Impact 410
spectrometer. This system employs a mid-IR source, a
Michelson interferometer, and a deuterated triglycine sulfate
(DTGS) detector. Calibration of the FTIR for peak height,
area, and position was accomplished using 38.1- and 76.2-u
polystyrene films. The catalyst samples were prepared for
FTIR analysis by grinding approximately 1 mg of catalyst
powder with 75 mg of KBr and pressing the mixture into a
pellet. The spectrum of a pellet with KBr only was sub-
tracted from the background of all spectra.

C. Catalytic Wet Air Oxidation Studies

Testing Apparatus. Catalysts were tested in the testing
apparatus shown in FIG. 13. The apparatus consists of a
1000-mL Parr reaction vessel heated with band heaters (B).
Oxygen and nitrogen are fed to the reactor through ports
located at (A). Pressure within the vessel is monitored with
gauge (C) and controlled with a back-pressure regulator (F).
Gas flow exiting the system is monitored with a flow meter
(J). The temperature within the reaction vessel is monitored
with a thermocouple (G) and adjusted with a temperature
controller (H). The sample is stirred using the magnetic stir
plate (K), and samples are drawn through the port located at
(D). Testing conditions were 200° C. and 300 psi (2.1 MPa,
20 atm) unless otherwise indicated.
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For each test, 300 mL of a 1000-mg/L aqueous acetic acid
solution was charged into the vessel with 3 g of catalyst.
This concentration of acetic acid corresponded to a total
organic carbon (TOC) concentration of 400 mg/l.. The
vessel was sealed, pressurized, and purged with N, at a flow
rate of 100 to 300 mL/min for approximately 2 hours while
the vessel was heated to the desired test temperature. Once
the test temperature was achieved, stirring of the solution
was initiated, the gas flow was switched from N, to O,, and
the vessel pressure was fine adjusted to the desired test
pressure. Initial Percent removal of TOC was calculated
according to,

[rocy,
[Toc],

TOC Removal (%)= (1 - ]X 100

where [ TOC], was the TOC concentration at a time t into the
experiment, and [TOC], was the initial TOC concentration.

Catalysts Tested and performance tests. Table 1 lists some
of the catalysts that have been tested.

TABLE 1
Summary of Some Catalysts Tested
Designation
in FIG. 1 Catalyst Surface Area (m?/g)
A CeogsMnysO; g 120
B Mng 45Fe0.45Ce0.101 6 39
C Mg 475216,05Ce0.47501 64
D Ceg sFeg 1Cup 40,6 170
E Ceo5CugpsO; 5 172
F CeogCup-0; g 120
G Cep.oCug,10, 85
I Ceg95Cu0 0501 05 —
H Ceg.05219.0502 114
Ceg.9sMng 650y 64.2 = 0.3
CegoMng (O, 84.5 0.5
CegMng 50, 933 =03
Ceg sMng 5O, 71.8 £ 0.5
Ceo_g5C00_O5Oy —
CeO.QCOO.IOy —
Ceo.scoo.zoy —
Ceo_5C00_5Oy —
Ce,95Crg,050y —
Ceo.scro.zoy —
Ceo.gsFeo.osoy —
CeO.QFeO.IOy —
Ceg gFeq 5,0, —
Ceo_5Feo_5Oy —
Ceo_ano_45Cuo_45Oy 153 £ 2
Ceo_ano_45C00_45Oy 925 +0.9
Mny sFeq 5O, —
Ceg.9sMng 650, 64.2 = 0.3

FIG. 14 contains performance evaluation results for the
catalysts designated A-I in Table 1. The test solution was
1000 mg/L. acetic acid in water, which corresponded to an
initial TOC of 400 mg/L.. In this group of catalysts, A, B, and
C were the most active catalysts, and each contained large
quantities of Mn in the formulation. Conversely, catalysts E,
F, G, and | emphasized Cu, which resulted in very low
activity for the test application. In fact, results for these
catalyst were comparable to a “blank” run containing no
catalyst, which demonstrated less than 4% TOC removal at
the end of a 230-min test period. Catalyst D also had a high
Cu concentration, yet demonstrated intermediate activity.
Based on the results for catalyst B, the significant activity of
catalyst D likely was due to the presence of Fe in the
formulation. Results for catalyst H suggested that Zr had
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little benefit promoting activity, however, this additive adds
to catalyst stability. Although the Cu-doped catalysts had
low activity, it was noteworthy that both the activity and
surface area increased with increasing Cu content. Consid-
ering the similar performance of these samples, differences
in activity could be attributed to surface area.

FIGS. 15-18 show results for some Ce—Mn, Ce—Co,
Ce—Cr, and Ce—TFe catalysts, respectively. In FIGS. 15-18,
the test solution was 1000 mg/L. acetic acid in water, which
corresponded to an initial TOC of 400 mg/l.. The test
temperature was 200° C. and the pressure was 300 psi. Of
these categories, the Ce—Mn catalysts were clearly the most
active, with Ce, sMn,, sO,, achieving greater than 60% TOC
removal within the first 50 minutes of testing. Furthermore,
FIG. 15 shows that catalyst activity increased as the Mn
content of the catalyst increased from a fraction 0.05 to 0.5.
The Ce—Co and Ce—Cr catalysts shown in FIGS. 16 and
17 were very close in activity for Co and Cr fractions =0.2.
However, the Ce, sCo, 5O, catalyst was significantly more
active than the other analogs, achieving roughly 50% TOC
removal after 200 minutes of testing, and nearly complete
TOC removal after 330 minutes. As with the Ce—Mn
catalysts, the Ce—Co and Ce—Cr catalyst were more active
with higher transition metal additive content.

The most active Ce—Fe catalyst achieved only 22% TOC
removal after 285 minutes of testing. Moreover, unlike the
other catalysts, activity decreased with increasing Fe con-
tent.

FIG. 19 contains results for three multi-transition metal
catalysts that de-emphasize Ce. The test conditions were the
same for FIGS. 15-18. Each catalyst contained a large
quantity of Mn and were very active relative to the others.
However, only Ce, ;Mn, ,5Cu, 450, was more active than
Ce, sMn,, sO,. However, as shown in Table 1, this catalyst
had a particularly high surface area of 153x2 m?/g.

Preparation of Supported catalysts. Supported Pt analogs
were prepared by forming a slurry of approximately 3 g of
metal oxide catalyst powder and 9 mL of a 10-mg/mL. Pt
solution. The Pt precursor was (NH;),Pt(NO;), and the
precursor solution was acidified to pH=~3.5 with nitric acid.
The slurry was mixed for one hour, then roto-evaporated
under vacuum at 70° C. The resulting powder was dried at
90°to 100  C. in air, then reduced at 350° C. under 10 vol.
% H, (bal. Ar).

A hydrophobic catalyst was prepared using a 1-to-1 ratio
of Ce, Mng 45Cu,,,50,, and fluorinated carbon (CarboF-
luor™, Advance Research Chemicals, Inc., CAS #51311-
17-2, grade 2065). The fluorinated carbon had a total fluo-
ride content of 64%, a particle size<1 um, and a surface area
of 340 m*g. An aqueous catalyst nitrate precursor was
solution was prepared in at a concentration sufficient to yield
10 g of Cey | Mng 45Cuy 450, catalyst, then mixed with 10 g
of the fluorinated carbon. Approximately 1 wt. % of Tri-
ton-X was added to the solution to enable dispersion of the
fluorinated carbon. The mixture was shaken vigorously, and
sonicated for approximately one hour. Most of the water was
roto-evaporated from the mixture under vacuum at 70° C.
The resulting powder was dried in air at 90° to 100° C., then
calcined in air at 450° C. for 16 hours.

Table 2 contains a list of some of the supported catalysts
tested.

Mixed-Metal Oxide Catalysts. FIG. 20 shows TOC results
for Mn- and Cu-doped CeO,—ZrO, catalysts. In FIG. 20,
the test conditions were the same as for FIGS. 15-18. In the
experiments shown in FIG. 20, oxygen was passed through
the reactor at ~100 to 300 ml./min during the test. The
Ce—7r—Mn catalyst was much more active than the
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Ce—Z7r—Cu catalysts, but the best results were obtained for
the two catalysts that contained both dopants. Activity of
Ceg 4210 0sMng 4Cug 150, and Ceg 45714 0sMng 45Cu4 050,
were comparable to the best metal oxide catalyst tested to
date, and the results suggested slightly less Cu in the catalyst
was preferred.

TABLE 2

Catalyst Type Catalyst

Multi-Component Metal Oxide
Multi-Component Metal Oxide
Multi-Component Metal Oxide
Multi-Component Metal Oxide
Multi-Component Metal Oxide
Supported Pt

Supported Pt

Supported Pt

Supported Pt

Supported Pt

Supported Pt

Hydrophobic Support

Ceg 8210 05Clg 150

Ceg 3210 0sM1g 650,
CeCuq 5Co4 50,
Ceg.45Z19,0sMng 45CUg 05O,
Ceg 421 0sMng 4Cug 150,
3 wt. % Pt/Ceq 95Cug 050y
3 wt. % Pt/Ceq oCuq O,

3 wt. % Pt/Ceq gCuq 50y

3 wt. % Pt/Ceq gsMng 650,
3 wt. % Pt/CeqoMn, Oy
3 wt. % Pt/Ceq gMn, 50,
Ceo 1Mng 45Cug 450,/CF,,

Testing of Supported-Pt Catalysts. FIG. 21 contains the
first data for Pt catalysts supported on Cu-doped CeO,. In
the experiments described in FIG. 21, the test conditions
were the same as described in FIG. 20. Although Cu-doped
CeO, was not very active as a metal oxide powder, previous
results (not shown) indicated favorable interactions between
Pt particles and low concentrations of Cu in CeO,. The 3 wt.
% Pt/Ce 5Cu, 50, catalyst shown in FIG. 21 was the most
active catalyst tested in this experiment, achieving nearly
complete removal of TOC in the first 50 minutes of testing.
For comparison, complete TOC removal for the best metal
oxide analogs required approximately 150 minutes.

FIG. 22 contains results for Pt supported on Mn-doped
CeOQ, catalysts. In the experiments shown in FIG. 22, the test
conditions were the same as those described for FIG. 20. In
contrast to the Cu-doped analogs, activity increased with
increasing Mn content. The most active composition was 3
wt. % Pt/Ce, yMn, ,0,, which achieved nearly complete
TOC removal in the first 100 minutes of testing.

For comparison, FIG. 23 contains results for a commer-
cial 1 wt. % Pt/y-Al,O; catalyst (Aldrich, 300 m*/g) tested
under the same conditions as above. Although the Pt loading
for this commercial catalysts was much less than those in
FIGS. 21 and 22, a maximum of only 47% TOC removal
was achieved after 120 minutes of testing. This level of
activity was substantially lower than the metal oxide cata-
lysts without Pt.

FIG. 25 shows the activity of 3 wt. % Pt/Ce, 45Cu, 50,
and analogs containing Pt—Pd (1:1) and Ru. After 50
minutes of testing, the 3 wt. % Pt/Ce; 45Cu, 450, catalyst
achieved nearly complete TOC removal, compared to ~60%
for the Pt—Pd analog, and only ~10% for the Ru analog. In
the experiments described in FIG. 25, the metal loading was
3 wt. % for each catalyst. The test solution was 1000 mg/L.
acetic acid in water, which corresponded to an initial TOC
ot 400 mg/L.. The temperature was 200° C. and the pressure
was 300 psi. A steady flow of O, was supplied to the reactor
during testing.

Hydrophobic Catalyst. To test the effect of catalyst hydro-
phobicity on activity for CWAO, fluorinated carbon was
composited with Ce, ;Mn,, ,5Cuy 450,. Catalyst fabrication
was very successful, resulting in an extremely hydrophobic
powder that was nearly impossible to wet. This character-
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istic resulted in very poor mixing of the catalyst in the test
solution, and correspondingly poor catalyst evaluation
results despite the fact that Ce, ;Mn, ,5Cu,, 450, was one of
the most active catalysts tested to date. FIG. 24 shows that
the hydrophobic catalyst only achieved 58% TOC removal
after 235 minutes of testing. The same test conditions used
for the experiments shown in FIG. 23 were used. A solution
to this problem is to produce the catalyst in pellet form and
contain the pellets within a basket submerged in the test
solution.

Catalysts Supported on Ceramic Saddles. The commercial
product for CWAO is preferred to be in the form of larger
substrates for ease of handling and post-processing retrieval.
Due to the elevated temperatures and pressures, the catalysts
also must be structurally and chemically stable. Ceramic
saddles were used for initial evaluation of structurally-
supported catalysts. Each saddle is a semicircle approxi-
mately 1 cm in diameter and 0.5 cm in width. The catalyst
deposition method used for this sample produced a very
even catalyst layer over the entire surface of the substrate
(data not shown). Furthermore, adhesion of catalyst to the
substrate surface was very good.

Supported catalysts were prepared using Intalox Porcelain
Saddles from Saint-Gobain NorPro Corporation. The sup-
port saddles were composed of 65 to 75% SiO, and 20 to
27% Al,O;. Prior to catalyst application, the saddles were
washed in methanol, then dried at 100° C. for one hour.
Aqueous nitrate solutions (~1 M) were prepared containing
the catalyst precursors in the appropriate stoichiometric
ratios. The saddles were placed in a perforated metal basket
and repeatedly submerged in the catalyst precursor solution,
followed by drying and calcining. For each application, the
saddles remained in the solution for 15 minutes, then were
removed and allowed to drip dry for 20 minutes. Next, the
coated saddles were dried for four hours at 100° C. and
calcined at 450° C. for eight hours. This process was
repeated roughly nine times until the catalyst loading was 14
to 17 wt. %.

Evaluation results for both powder and supported
Ce, sMn,, 5O, are presented in FIG. 30. The quantity of
catalyst was approximately 3 g for each test, and the ratio of
catalyst to test solution was constant. The test solution,
temperature and pressure were the same as for FIG. 26. A
steady flow of oxygen was supplied to the reactor during
testing. Equivalent quantities of catalyst and solution were
used for each test. The activity of the catalyst saddles was
very high, although lower than the powder sample. This
disparity in activity likely was the result of a higher disper-
sion of catalyst powder throughout the water sample relative
to the catalyst saddles, which remain fairly grouped and
stationary within the reactor. Using powder samples, stirring
of the test solution results in thorough mixing and high
contact efficiency between the catalyst and contaminant.
Conversely, the apparent activity of the relatively stationary
catalytic saddles likely are more limited by diffusion of
contaminants to the catalyst active sites. After completion of
the test, the catalytic saddles appeared unchanged and no
free catalyst was apparent in the solution.

FIG. 31 shows similar results for Ce, ;Mn, 45Cug 450,;
however, in this case the catalytic saddles were much less
active than the powder. The test conditions are the same as
described for FIG. 30. After 50 minutes of testing, the
catalytic saddles achieved only 13% TOC removal com-
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pared to almost 75% for the powder sample. For this
catalyst, it is likely that the difference in activity between the
two samples was the result of differences in the actual
composition. The Cu-containing catalysts prepared by
coprecipitation (powder samples) usually have much less Cu
content than the target composition due to retention Cu
cations by the Nud4OH precipitating agent. However, the
deposition method used for catalytic saddles does not suffer
from this limitation. Therefore, it is likely that the catalytic
saddles contain much more Cu than the powder, and this
excess Cu is detrimental to activity.

D. Catalyst Lifetime and Stability

Catalyst Cycling. Selected catalysts were filtered from
their original test solutions, dried, and retested under iden-
tical conditions to provide study catalyst lifetime. Results
for 3 wt. % Pt/Ce,; 45Cuy 450, are shown in FIG. 26. In the
experiments described in FIG. 26, the test solution, tem-
perature and pressure were the same as in FIG. 25. A steady
flow of oxygen was supplied to the reactor during testing.
After the first run, the catalyst was dried and reconditioned
at 300° C. (the same temperature used during Pt catalyst
preparation) in air for eight hours, then retested. Only two
data points were collected for the second run; however, the
data overlapped very well with the results from the first run.
After approximately four hours of testing, the catalyst again
was filtered, dried, and heated at 300° C. for four hours, then
retested. As evident in the figure, results from the third run
were somewhat lower than the previous two. After 50
minutes of testing, the third run demonstrated 67% TOC
removal compared to nearly complete removal for the first
run.

FIG. 27 contains similar results for Ce, ;Mng 45Cu, 450,
After the first run, the catalyst was filtered, then heated at
only 100° C. prior to retesting. The other conditions were the
same as for the experiments described in FIG. 26. Unlike
above, catalyst activity during the second run was signifi-
cantly lower, achieving only ~30% TOC removal after 50
minutes of testing compared to 68% during the first run. It
was suspected that the loss in activity might be due to the
lower reconditioning temperature relative to the Pt analog
above. Accordingly, the catalyst was filtered, dried, and
heated at 450° C. (the calcination temperature used during
catalyst preparation), then retested. As shown in FIG. 27, the
data for the third run were almost identical to the second run.

Catalyst Leaching. Atomic absorbance spectrophotometry
(AAS) analysis was performed on water samples after
catalysts evaluation to determine the extent of catalyst
leaching into the solution. The results are summarized in
Table 3 for some of the catalysts. Prior to AAS analysis, the
samples were filtered to remove remaining catalyst, and the
pH was determined to be approximately 6. Since each of the
catalysts contained high levels of Mn, leaching of Mn was
used as the primary indicator of catalyst stability. Presum-
ably, Mn leaching indicates leaching of other cations and
overall catalyst breakdown. This presumption is supported
by the second and third entries in Table 3, which demon-
strate Cu and Co levels in the test solution comparable to
Mn.

The Fe-containing catalyst, Ce, ;Mn, 4sFeq 450, was by
far the least stable material under the test conditions. After
several hours in oxygenated water at 200° C. and 300 psi,
more than 9 mg/I, of Mn leached from the catalyst into the
water sample. The catalyst Ce, sMn, ;O, demonstrated the
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second most leaching with nearly 2 mg/L. of Mn in the water
sample after catalyst evaluation. The total sample volume at
the beginning of the catalyst evaluation was 0.3 L, which
means that less than 0.6 mg of Mn was dissolved and less
than 3 mg of catalyst was dissolved from a starting catalyst
weight of 3000 mg. These values corresponded to only 0.1%
of catalyst leaching into the water sample, and were a
worst-case scenario relative to the other catalysts in the table
(excluding the Fe-containing sample). The remaining cata-
lysts all demonstrated less than 1 mg/L. leaching of Mn.

Hydrothermal Sintering and Structural Changes. To deter-
mine the effect of CWAO operating conditions on the
physical qualities of the catalysts, surface area measure-
ments and XRD patterns were obtained on selected catalysts
before and after testing. Table 4 presents the surface area
data for three metal oxide catalysts. Two batches of
Ce, sMn, 5O, were evaluated, and the surface areas prior to
testing reflect some irreproducibility in catalyst preparation.
The surface area for each batch actually increased after
testing; however, Batch A only increased by ~10%, whereas,
Batch B increased by ~33%. In contrast, the catalyst
Cey Mn, 45Cuy 450, experienced a dramatic reduction in
surface area from 153 m?/g before testing to only 86 m?/g
after testing. It is possible that this extreme reduction in
surface area was due to the fact that this catalyst actually was
tested three times, and was maintained for roughly 12 hours
at 200° C. and 300 psi. The last catalyst in Table 4,
Ceg 452t 0sMng 45C, 50, also demonstrated a reduction
in surface area after testing, although much less severe. Such
decreases in surface area under elevated temperature and
pressure were expected, and this problem should be mini-
mized through the use of appropriate support materials.

TABLE 3

AAS results demonstrating the extent of catalyst leaching
into water samples during catalyst evaluation. The test solution
was 1000 mg/L acetic acid in water at 200° C. and 300 psi.
A steady flow of oxygen was maintained through the reactor
during each test. The error in the measurements represents + 10.

Catalyst Mn (mg/L) Co (mg/L) Cu (mg/L)
Ceg sMng 5O, 1.7698 = 0.0006 — —

Ce 1Mng 45C00 450,  0.1471 £ 0.0008  1.101 = 0.003 —

Ceg 1 Mng 45Cug 45O,  0.1668 = 0.0008 — 0.083 = 0.001

Ceo 1 Mng 45Feq 450y 9.471 = 0.002 — _
Ceg475210.0sMIg 475 0.307 = 0.001 — _
Cgo_45Zr0_05Mno_45 0.599 = 0.001 — _
Cug,050y
Ceg 421 0sMng 4 0.988 = 0.002 — _
Cuyg 150,

FIGS. 28 and 29 show the XRD patterns for Ce, sMn,, 5O,
and Ceg 4571, osMn, ,5Cu, 450, respectively, before and
after testing. The test solution, temperature and pressure
were the same as shown for FIG. 26. A steady flow of
oxygen was supplied to the reactor during testing. The
diffraction patterns were characteristic of the CeO, fluorite
structure, and no significant differences were apparent
between the samples, although FIG. 28 does show a small
unidentified peak at ~38°. Catalyst crystallite sizes and
lattice parameters were calculated from the XRD data and
are summarized in Table 5. Within error, there were no
changes in these samples during testing.
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TABLE 4
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TABLE 6-continued

Summary of powder catalyst surface areas before and after
catalyst evaluation. The test solution was 1000 mg/L acetic acid
in water at 200° C. and 300 psi. A steady flow of oxygen was
maintained through the reactor during each test. The error in the

g measurements re resents = 10. p
Surface Area Surface Area
Before Evaluation After Evaluation
Catalyst (m?/g) (m?/g)
Ceq sMn, 5O, 577 £0.2 63.9 £ 0.2
(batch A)
Ceg.sMn, 5O, 71.8 0.5 952 0.5
(batch B)
Ceg.1Mng 45Cug 450y 153 £ 2 86.5 = 0.5
Ceg.45Z10,05Mng 45CUG 050y 130.6 = 0.9 121.7 = 0.7
TABLE 5

Comparison of catalyst powder crystallite size and lattice
parameter before and after testing. The test solution was
1000 mg/L acetic acid in water at 200° C. and 300 psi.
A steady flow of oxygen was maintained through the reactor
during each test. The error in the measurements represents + 10.

Crystallite

Size (A) Lattice Parameter (A)
Catalyst Before After Before After
Ceg.sMn, 5O, 55 53 541 +002 543=x001
Ceg 45Z19,0sMng 45Clg 65Oy 49 48 544001 543001

Other catalysts that have been prepared and are useful in
the methods and compositions of the invention are listed in
Table 6.

TABLE 6

Support and Catalyst B.E.T. Surface Area Measurement;

Pt or Pd Surface Area
Support Material Metal Loading (m?/g)
CeO, none 24
1% Pt 33
5% Pt 36
10% Pt 35
5% Pd 66
Zr0O, none 125
5% P 74
25% CeO,/ZrO, none 86
12% CeOy/ZrO, 1% Pt 112
Ce 216505 5 none 107
5% Pt 101
CeCoy sCuyq 505_g(co-ppt) none 98
5% Pt 97
CeCog sCuqy s0,_s(oxides) none 0.7
Ce.oCug 055 none 89
Cey sCuy 5O, 5 none 170
Ceg.o819,05_5 none 66
Ceg 55195055 none 48
CeygGdy 05 5 none 80
CeggFep-05 5 none 95
Ce3C0-05_5 none 135
10% CeO,/CuO none 8
10% CuO/CeO, none 11
10% CuO/CeO, none 12
10% CuO/CeO, none 41
(higher surface area ceria)
10% CuO/CeO, none 41
(higher surface area ceria)
Ce(.oCup 10,0 none 85
CesCup-0; g none 120
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Support and Catalyst B.E.T. Surface Area Measurement;

Pt or Pd Surface Area

Support Material Metal Loading (m?/g)
Ceg.7Cu 30, 7 none 125
Cey 6Cu 406 none 179
Cey 5Cup 50, 5 none 172
Cey gCup-0; g none 100
Cep 6Cup 40,6 none 119
10% CeO,/MnO, none 12
10% MnO,/CeO, none 12
10% MnO,/CeO, none 12
10% MnO,/CeO, none 36
(higher surface area ceria)

10% MnO,/CeO, none 32
(higher surface area ceria)

10% CeO,/Fe,04 none 11
10% Fe,03/CeO, none 19
10% Fe,03/CeO, none 23
10% CeO,/Co30, none 9
10% Co0;0,/CeO, none 15
10% Co30,/CeO, none 16
10% ZrO,/CeO, none 18
10% ZrO,/CeO, none 26
10% Zr0O,/10% CuO/CeO, none 27
10% Zr0O,/10% MnO,/CeO, none 36
10% Zr0O,/10% Fe,03/CeO, none 35
10% Zr0O,/10% Co030,/Ce0O, none 33
Ceg 95Gdg 050, 08 none 78
Ce5Gdo0, none 73
Cey5Gdo 5O, 5 none 29
Ce 955760501 05 none 71
Ceyg519,0, ¢ none 50
Ce.95C00.0501.05 none 85
Ce 3C00-0, 5 none 112
Cey 5Co0 50, 5 none 95
Ceg 9sMng 6501 05 none 102
Cep gMn; 50, g none 111
Cep.sMny 5O, 5 none 120
Ce.95219,0501 95 none 114
Ce 2190, 5 none 64
Ceg 521050, 5 none 68
Ceg 75219 5Clg.0501.95 none 28
CeO, none 44
CuO none 5
Co30,4 none 35
MnO,(Mn,03) none 16
CeCoq 5sCuy sO5_5 none 103
CeMng sCug sO05_5 none 109
CeFeq sCugsOo_g none 144
Ceg 5Cog 1 Cug 4055 none 139
Cey sMng Cug 405 5 none 188
Ceg sFeg 1 Cug 4055 none 170
Ceg.05L.30 0502 5 none 87
Ceg 4519 0sMng 25Clig 5505 5 none 209
Mny 45Cep 0505_5 none 25
Ceg gZr9.0sMng 150 5 none 94
Ceg 9Zr0.0sMng 0502 5 none 87
Ceg gZro 0sMng 1 Clig 0505 5 none 106
Ceg a5210,05Mng 45CUG 0505 5 none 76
Ceg 9Zr0.025Mng 05CUG 02502 5 none 88
Cr,03 none 2
Ceg 5Z10.05Cp 1505 5 none 64
Ceg.45210.05C0.450> none 114

E. Incorporation of Catalysts onto Supports

A class of catalysts of the invention are those that do not
require an inert support, such as alumina or carbon. For
certain applications, such as industrial-scale processing or
treatment of liquid media, it is desired to support the
catalyst. It is preferable if the support maintains some
structural strength under the temperature and pressure con-
ditions used in the process, so that the support does not
crumble or otherwise make it difficult to retrieve from the
liquid media. One class of catalysts and catalyst composi-
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tions of the invention include a support material such as
ceramic or hydrophobic support. These supports can take
many shapes, such as a monolith, pellet, ring, disk or saddle,
as known in the art. Ceramic supports include silica, alu-
mina, Cordierite and others, as known in the art. Support
structures are known in the art. Preferably, the support
material is fabricated from ceramic materials, but may also
be fabricated from metals or ceramic or metal fibers. The
support material is preferably hydrophobic to promote par-
titioning of the organic to active sites. The catalyst may be
deposited onto a pre-formed support, or pellets or other
shapes may be made out of the catalyst, as known in the art.

The catalysts of this invention are suitable for use in any
reactor system and can be prepared as powders or pressed
into plugs, pellets and other shapes suitable for use in a given
reactor configuration. Ceramic monoliths contain narrow
channels running parallel to the length of the tube. Coating
the interior walls of the monolith with catalyst provides a
compromise between high aqueous solution-catalyst contact
and high flow rates. The goal for supporting the catalysts is
to produce an evenly-distributed high-surface area catalyst
coating without plugging the pores of the support. As with
the catalyst powders discussed above, several techniques for
incorporating the catalysts with the supports, and for pre-
activating the supported catalysts may be used. Overall,
activity per gram of catalyst will determine the optimum
supported configuration.

a. Monolith Supports

Ceramic Cordierite monoliths are obtained from commer-
cial sources (Coming) with a cell density of 400/in®. Coating
of the ceramic monoliths with catalyst may be performed by
four methods, 1) dip-coating the monolith in a slurry of the
catalyst in a solvent, 2) decomposition of metal precursors
onto the monolith, 3) precipitation-deposition of catalyst
onto the monolith, and 4) wash-coating the monolith with
nano-scale dispersions of catalysts. The objective is to form
an evenly-distributed catalyst layer on the inside of the
monolith cell, without creating a prohibitive pressure drop.
More detailed morphological and compositional information
may be obtained using SEM and EDX. The catalyst loading
is determined by weighing the monolith sections before and
after deposition.

Slurry Coating. For slurry coating, the catalyst powder is
mixed with a solvent with sufficient viscosity to maintain
suspension of the catalyst particles, while allowing thorough
coating of the monolith surface. The slurry is added drop-
wise to one end of the monolith and allowed to flow through
the monolith lengthwise. Between additions, the slurry-
coated monolith is dried in air, for example at 120° C. for
several hours. After drying, the coated monolith is calcined
in air at 300° C., for example, for several hours.

Decomposition of the Nitrate Precursors. For this method,
a section of the monolith is completely submerged for 15
seconds in a ~0.5 M solution of Ce(NO,);, then dried in air
at 120° C. for several hours. This process is repeated until a
50 wt. % loading of Ce(NO,); relative to the weight of the
monolith is achieved. The coated monolith is then calcined
in air at 1000° C. for 3 hours resulting in a very stable 23 wt.
% loading of CeO,. Next, one end of the coated monolith is
dipped into 1 mL of a 10- mg/mL. Pt solution causing the
solution to wick into the monolith. The monolith is dried at
100° C., then reduced under H, at 3000° C. for 3 hours,
resulting in a Pt loading of 1% relative to the weight of
CeO,.

Precipitation-Deposition. This method combines the
metal precursor-decomposition technique above, with the
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coprecipitation technique described above. Specifically, the
monolith is submerged in a 1 M solution of the appropriate
metal precursors in the necessary stoichiometric ratio. Next,
a precipitating reagent is added to produce the metal hydrox-
ides. Decomposition at elevated temperatures in air gener-
ates a metal oxide coating on the monolith surface. As with
the above method, the catalyst metal can be incorporated
with the original precursor solution, or added in a second
step. Adding the metal in a second step should reduce the
amount enveloped by the metal oxide layer, and lead to
higher activity at lower metal loading This method should
yield surface structure and particle size characteristics simi-
lar to the coprecipitated powders.

Wash Coating. The wash coating technique described
above may also be used to coat the ceramic monolith.

b. Ceramic Forms

Catalyst forms can be prepared either by pressing the
catalyst material into a ceramic body of the desired shape, or
by coating the outside of pre-pressed forms with catalyst.
The former type will have greater structural integrity; how-
ever most of the catalyst material is incorporated on the
inside of the form and is not contributing to the activity. The
later configuration will be more susceptible to degradation
from loss of catalyst from the surface; however, much less
catalyst is required, which is more desirable for catalysts
containing precious metals. Two types of pellet configura-
tions have been investigated, although others are possible.
For the first type of pellet configuration, inert pellets of
alumina and silica with approximately 6-mm particle diam-
eters are obtained from commercial sources and coated with
catalyst for use as large-grain structural supports. Smaller
grain pellets are prepared by crushing and sieving the 6-mm
diameter pellets to 4- and 2-mm diameters. The method of
incorporation of the catalyst onto the pellets likely is critical
to the resulting activity, stability, and pressure drops
observed for the system. Therefore, the exact same methods
described for coating the monolith supports will be com-
pared for coating pellets. As with the monoliths, the objec-
tive is to obtain a well-distributed, reproducible layer of
catalyst on the pellet surface. The resulting catalyst-coated
pellets are loosely packed in a quartz tube to form a structure
similar to the coated monolith. The size of the pellets is an
important variable to overall performance. Pellets that are to
large will lead to bypassing and channeling of the stream;
whereas pellets that are too small might lead to impractical
pressure drops in the reactor.

The second type of pellet configuration involves prepar-
ing pellets from the active powder supports, then depositing
the catalytic precious metal(s) on the exterior of the pellet.
The pellets are formed by mixing approximately 1 g of
powder support with 1 to 3 wt.-% of a ceramic binder (e.g.
methylcellulose) and drying in an oven. The resulting pow-
der is introduced into a pellet press and pressed at 25,000 to
60,000 psi for 1 to 5 minutes. The green pellets of each
material are sintered in a bed of the same material in alumina
or zirconia crucibles. Sintering temperatures of 1200° C. to
1900° C. are used to achieve greater than 90% of the
theoretical density, as determined from unit cell volumes
calculated from the XRD patterns. Once the pellets are
centered, they are ground to the desired size range, and
immersed into a solution of the catalytic metal precursor,
followed by drying and heating under a flow of H, at 300°
C. for 3 hours. The high sintering temperatures are used to
achieve high material densities, which is desirable to mini-
mize the amount of metal precursor that wicks into the
support. However, is should be pointed out that the high
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temperatures required for sintering is not compatible with
many of the doped CeO, materials due to insolubility of the
phases.

c. Catalyst Clusters

Catalyst clusters are prepared by spreading out a layer of
active support in a Pyrex dish, and spraying a fine mist of
catalytic metal precursor over the powder using an air brush
paint sprayer. Mechanical agitation of the dish during the
spraying process results in clustering of the catalyst. The
degree of metal loading in the clusters is controlled by
varying the concentration and amount of precursor solution
applied to the powder. The resulting clusters are oven dried,
and sintered to produce structural rigidity. Then, the cata-
Iytic metal is reduced under a flow of H, at 300° C. for 3
hours. The exact sintering conditions are determined experi-
mentally and do not involve undue experimentation. Again,
if high temperatures are required to attain acceptable integ-
rity, this method might not be compatible with the doped
CeO, materials.

Other catalysts and structural supports may be used to
optimize the organic compound destruction using the meth-
ods described herein, or by modification of the methods
described herein, or the methods well known to the art.

Although the description above contains many specifici-
ties, these should not be construed as limiting the scope of
the invention but as merely providing illustrations of some
of' the presently-preferred embodiments of the invention. For
example, other methods of preparing catalysts may be used.
Different conditions may be used for destruction of an
organic compound from liquid media, and no undue experi-
mentation is required for the determination of useful treat-
ment conditions. Also, different catalysts may be used in the
methods and compositions of the invention. Thus, the scope
of the invention should be determined by the appended
claims and their legal equivalents, rather than by the
examples given. All references cited herein are hereby
incorporated by reference to the extent not inconsistent with
the disclosure herein.
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I claim:
1. A method of destroying an organic compound in liquid

media comprising:
contacting said liquid media with a catalyst of formula:

nN/Ce,_.Zr.B;B',05_5

wherein n is a percentage from 0 to 25; N is one or more
metals selected from the group consisting of Pt, Pd, Rh,
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Ru, Re, Os and Ir; x=b+b'+c; b, and b' are each,

independently of one another, between 0 to 0.99 and

both of b and b' are nonzero; x=0.7; B is Mn, and B'

is Co, or Cu; ¢ is between 0 and 0.2 and ¢ is nonzero,

d is a number which renders the catalyst charge neutral;
at a temperature and pressure sufficient to destroy said

organic compound.

2. The method of claim 1, wherein n is nonzero and N is
selected from the group consisting of: Pt, Pd and Ru.

3. The method of claim 1, wherein the catalyst comprises
cerium, zirconium, manganese and Cu; and when n is
nonzero N is one or more members of the group selected
from Pt, Pd and Ru.

4. The method of claim 1, wherein the liquid media is
wastewater.

5. The method of claim 1 wherein the catalyst further
comprises a support.

6. The method of claim 5, wherein the catalyst support is
hydrophobic.

7. The method of claim 1 wherein the catalyst is prepared
by coprecipitation.

8. The method of claim 1 wherein the temperature is 200°
C. or less.

9. A method of destroying an organic compound in liquid
media comprising:

contacting said liquid media with a catalyst, selected from

the group consisting of:
Ceg 4752r0 0sMDg 4750Y; Ceg 45210 osMng 450,
Cep 1M 45C00.450,
Ceg 421 osMn,, ,Cug 150,
Ceo 45210, 0sMlg 45CUg 50,5

wherein y is a number that renders the compound charge
neutral, at a temperature and pressure sufficient to
destroy said organic compound.

10. The method of claim 9 wherein the catalyst is
Cep.1Mng 45C0yp 450,

11. The method of claim 10 wherein the catalyst is
prepared by coprecipitation.

12. The method of claim 9 wherein the catalyst is prepared
by coprecipitation.

13. Amethod of destroying an organic compound in liquid
media comprising: contacting said liquid media with a
catalyst, selected from the group consisting of:

and

nN/Cey 475714 0sMng 4750y, nN/Ceo.4szro.05Mno.4sOy;
nN/Ce, ;Mng 45C0g 450,;
nN/Ce, 4Zr; sMng 4,Cu, 150, and

nN/Ce, 457rg 0sMn 45Cg 50, ;
wherein n is 0 to 5%, N is Pt or Ru and y is a number that
renders the compound charge neutral, at a temperature
and pressure sufficient to destroy said organic com-
pound.
14. The method of claim 13 wherein the catalyst further
comprises a suppott.
15. The method of claim 14 wherein the support is
hydrophobic.
16. The method of claim 14 wherein the catalyst is
prepared by coprecipitation.
17. The method of claim 13 wherein the temperature 200°
C. or less.
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