
PREPARATION OF PALLADIUM-GOLD CATALYSTS  FIELD OF THE
INVENTION 5 The invention relates to supported
palladium-gold catalysts. More  particularly, the
invention relates to supported palladium-gold
catalysts that have  increased catalytic activity and
activity stability in acetoxylation. BACKGROUND OF THE
INVENTION 10 Palladium-gold catalysts are known. They
are used in acetoxylation. For  instance, the
oxidation of ethylene in the presence of a
palladium-gold catalyst and  acetic acid produces
vinyl acetate, which is a useful monomer for the
polymer  industry. Acetoxylation is commonly performed
by the vapor phase reaction using  15 supported
palladium-gold catalyst. Methods for supporting
palladium-gold catalysts  are known. In general, the
method involves depositing a mixture of palladium and
gold salts onto a support and then reducing the
palladium and gold to metals. Palladium and gold are
both precious metals. Therefore, many efforts have
been made to increase the catalytic activity and
reduce the amount of catalyst  zo needed. For example,
U.S. Pat. No. 6,022,823 teaches calcining the support
impregnated with palladium and gold salts prior to
reducing the metals. The catalyst  shows improved
activity. One challenge still facing the industry is
that the supported palladium-gold  catalysts are often
deactivated in acetoxylation. Thus, it is important to
the industry  25 to increase the activity stability of
the supported palladium-gold catalysts. Ideally, the
catalyst would have increased activity or productivity
but would not incur  increased cost. SUMMARY OF THE
INVENTION 30 The invention is a method for preparing a
supported palladium-gold catalyst.  The method
comprises sulfating a titanium dioxide support. The
sulfated support is  1 



calcined. The calcined support is then treated with a
solution containing a palladium  salt, a gold salt,
and an alkali metal or ammonium compound. The alkali
metal or  ammonium compound reacts with the palladium
and gold salts during impregnation  of the support.
The impregnated support is calcined to cause partial
decomposition s of the palladium and gold salts. The
calcined product undergoes reduction to  reduce
palladium and gold to metals. The invention includes
the palladium-gold catalyst prepared according to the
method of the invention. The invention also includes
the use- of the catalyst in  acetoxylation for
preparing vinyl acetate and allyl acetate. Compared to
the to palladium-gold catalysts known in the art, the
catalysts prepared according to the  method of the
invention show improved catalytic activity stability
in acetoxylation.  DETAILED DESCRIPTION OF THE
INVENTION The method of the Invention comprises
sulfating a titanium dioxide support.  is By
"sulfating," I mean introducing sulfate into titanium
dioxide support. Sulfating can  be done either in the
titanium dioxide production process or by post
treatment after  the titanium dioxide is made. In the
sulfate titanium dioxide process, one may  control the
amount of sulfate residue. Alternatively, the
sulfating step can be done  by treating a titanium
dioxide with a sulfating agent. The sulfate-containing
titanium 20 dioxide from a sulfate titanium dioxide
process or any other sources may, or may  not, be
further sulfated. Suitable sulfating agents include
sulfuric acid, persulfuric acid, and their salts,  the
like, and mixtures thereof. Preferably, the sulfating
agent is a salt of sulfuric acid  or persulfuric acid.
The salts are more convenient to handle than the acid
because  25 they are less hazardous. Preferably, the
above sulfated titanium dioxide contains greater than
or equal  to 0.01 wt % of sulfur (S). More preferably,
the sulfated titanium dioxide contains  from 0.01 wt %
to about 5 wt % of S. Most preferably, the sulfated
titanium dioxide  contains from 0.1 wt% to about 1.0
wt % of S. 



2 Preferably, the titanium dioxide for use in the post
treatment is produced by  hydrolysis of titanium
oxychloride or titanyl sulfate, Is nano-structured and
Is  crystalline anatase. The sulfated titanium dioxide
is then calcined. The calcination is performed by  5
heating the titanium dioxide at a temperature
preferably within the range of 500C to  900C, more
preferably 600C to 800C, and most preferably 650C to
750C. Preferably, the calcined titanium dioxide has
pore volumes within the range of  0.1 cm3/g to 0.75
cm3fg and surface areas within the range of 0.5 m2/g
to 500 m2/g.  More preferably, the pore volumes are
within the range of 0.1 Ocm3/g to 0.65 cm3/g; to the
surface areas are within the range of I mZ/g to 200
m2/g. Most preferably, the  surface area is from 2
m2/g to 50 m2/g. I surprisingly found that calcining
the sulfated support significantly increases  the
acetoxylation activity of the palladium-gold catalyst
prepared therefrom. One  possible effect of calcining
the sulfated titanium dioxide support is sintering and
15 modifying the support surface and thus makes it a
better fit for the palladium and  gold metals that are
supported thereupon. The calcined support is
impregnated. Any suitable impregnation methods  can be
used. For instance, U.S. Pat. No. 6,022,823 teaches
how to impregnate the  support. 20 The support can be
simultaneously or successively treated with a
palladium  salt, a gold salt, and an alkali metal or
ammonium compound. Preferably, the  impregnation. is
performed in aqueous solutions. The concentration of
the solutions  and the amount of each solution used is
governed by the concentration of palladium  and gold
desired in the final catalyst product. 25 Suitable
palladium salts include palladium chloride, sodium
chtoropalladite,  palladium nitrate, palladium
sulfate, the like, and mixtures thereof. Suitable gold
salts include auric chloride, tetrachloroauric acid,
sodium tetrachloroaurate, the like,  



and mixtures thereof. Sodium tetrachloroaurate and
palladium chloride or sodium  chloropalladite are most
commonly used. 30 3 Suitable alkali metal or ammonium
compounds include alkali metal or  ammonium
hydroxides, alkali metal or ammonium carbonates,
alkali metal or  ammonium bicarbonates, alkali metal
or ammonium metasilicates, the like, and  mixtures
thereof. 5 One method to impregnate the support
involves first treating the support with  an aqueous
solution of an alkali metal or ammonium compound. The
support which  has been treated with the aqueous
solution containing the alkali metal or ammonium
compound is then contacted with an aqueous solution
containing palladium and gold  salts. 10 In another
method, the impregnation with the palladium and gold
solutions is  carried out before treatment with the
aqueous solution of the alkali metal or  ammonium
compound. In this procedure the absorptive capacity of
the support is  essentially completely filled with the
aqueous solution of palladium and gold salts.
Typically, this is accomplished by dropping the
solution onto the support until 15 incipient wetness
is achieved. The support impregnated with the
palladium and gold  salts is then contacted with the
alkali metal or ammonium compound. A third method
involves mixing the alkali or ammonium compound and
precious metal compounds prior to contacting with the
support. The contact with the  support can be done by
dropping or spraying the mixture onto the support
until  20 incipient wetness or by making a slurry of a
powdered support in the solution. The impregnated
catalyst is preferably washed with water to remove
alkali  metal salts such as chlorides formed during
the Impregnation and dried prior to  calcination. The
impregnated support is calcined, i.e., heated at an
elevated temperature  



25 in a non-reducing atmosphere. Preferably, the
calcination is performed under such  a condition that
a portion of the palladium and gold salts are
decomposed. More  preferably, at least 10% of the
palladium and gold salts are decomposed during the
calcination. 4 Preferably, the calcination of the
impregnated support is carried out at a  temperature
within the range of about 100C to about 600C. More
preferably, the  temperature is within the range of
100C to 300C. Most preferably, the temperature  is
within the range of 150C to 250C. s Suitable
non-reducing gases used for the calcination include
inert or oxidizing  gases such as helium, nitrogen,
argon, neon, nitrogen oxides, oxygen, air, carbon
dioxide, the like, and mixtures thereof. Preferably,
the calcination is carried out in an  atmosphere of
nitrogen, oxygen or air or mixtures thereof. The
degree of decomposition of the palladium and gold
salts depends on the  to temperature used, the
deposited salt, and the length of time the deposited
sulfate- containing titanium dioxide is calcined and
can be followed by monitoring volatile  decomposition
products. For example, when the support is impregnated
with  palladium and gold carbonates, the amount of
carbon dioxide (C02) evolved can be  measured. 15
Following the calcination step, the resulting product
is reduced to convert the  palladium and gold salts to
the corresponding metals. The reduction is performed
by  heating in the presence of a reducing agent.
Suitable reducing agents include  ammonia, carbon
monoxide, hydrogen, hydrocarbons, olefins, aldehydes,
alcohols,  hydrazine, primary amines, carboxylic
acids, carboxylic acid salts, carboxylic acid 20
esters, the like, and mixtures thereof. Hydrogen,
ethylene, propylene, alkaline  hydrazine and alkaline
formaldehyde are preferred reducing agents and
ethylene  and hydrogen are particularly preferred.
Temperatures employed for the reduction can range from
ambient up to  



about 600C. Preferably, the reduction temperature is
within the range of 300C to  25 600C. Most preferably,
the reduction temperature is within the range of 450C
to  550C. The reduction results in a supported
palladium-gold catalyst. The invention includes the
supported palladium-gold catalyst made according  to
the method of the invention. Preferably, the supported
palladium-gold catalyst  comprises 0.1 wt % to 3 wt %
of palladium and 0.1 wt % to 3 wt % of gold, and the
30 weight ratio of palladium to gold is within the
range of 5/1 to 1/3. More preferably,  the supported
palladium-gold catalyst comprises 0.5 wt % to 1.5 wt %
of palladium  5 and 0.25 wt % to 0.75 wt % of gold;
the weight ratio of palladium to gold is within the
range of 2.5/1 to 1/1.5. The supported palladium-gold
catalysts made according to the invention have  many
uses. It can be used, for example, in the partial
oxidation, hydrogenation,  5 carbonylation, ammonia
synthesis, selective hydrogenation, acetyloxylatlon,
catalytic combustion or complete oxidation, three way
catalysis, NOx removal, methanol  synthesis, hydrogen
peroxide synthesis, hydroformylation, alkylation and
alkyl  transfer, oxidative carbonylation, coupling of
olefins with aromatics, and the  preparation of methyl
isobutyl ketone from acetone. 10 The supported
palladium-gold catalysts made according to the
invention are  particularly useful for the productions
of vinyl acetate and ally) acetate. Various  processes
for the productions of vinyl acetate and allyl acetate
are known. For  instance, U.S. Pat. Nos. 3,743,607 and
3,775,342 teach how to prepare vinyl  acetate using
palladium-gold catalysts. 15 For the use in the
productions of vinyl acetate and ally) acetate, the
supported  palladium-gold catalyst is preferably
treated with a potassium compound such as  potassium
acetate. The potassium treatment can be done by mixing
the catalyst  with a potassium acetate solution,
filtering, and drying the treated catalyst. In
general, vinyl acetate can be made by the oxidation of
ethylene in the 



20 presence of acetic acid and the supported
palladium-gold catalyst. Allyl acetate can  be made by
a similar manner but using propylene rather than
ethylene I surprisingly found that the catalysts made
according to the invention give not  only high
catalytic activity but also high activity stability.
One problem in the existing  palladium-gold catalysts
is that the catalysts lose activity with time. This
Invention  25 provides a solution to the problem. The
following examples merely illustrate the invention.
Those skilled in the  art will recognize many
variations that are within the spirit of the invention
and scope  of the claims. 30 6 EXAMPLE 1  Sulfating
Titanium Dioxide A titanium dioxide (20 grams, GP350
from Millennium Chemicals, prepared  from hydrolysis
of an aqueous solution of titanium oxychioride) Is
mixed with 50 ml of  5 a 0.05 mole/I aqueous solution
of ammonium persulfate at room temperature with
stirring for at least two hours. The slurry is
filtered, and the solid is dried for at least  16
hours in an oven at a temperature of 105C to yield a
sulfated titanium dioxide.  Calcining Sulfated
Titanium Dioxide The sulfated titanium dioxide is
calcined at 700C for six hours. It has a final  io
surface area of 32.5 m2/g, a pore volume of 0.20 ml/g,
and a sulfur content of 0.23  wt %. The sulfur content
is measured according to the following method. A
titanium dioxide sample (0.5 gram) is mixed with
hydrofluoric acid (5 ml) in  a sealable microwavable
vessel. The mixture is heated under pressure in the
microwave until in solution. After cooling, it is
diluted to 50 ml with deionized water. is Measurements
are done using an IRIS Intrepid II inductively coupled
plasma  emission spectrometer and reported as percent
sulfur. Impregnation  



NaAuCI4 (0.194 gram), Na2PdCl4 (0.496 gram), and
NaHCO3 (0.510 grams)  are dissolved in water (20 ml).
The solution is mixed with the above calcined 20
titanium dioxide (10 grams) to form a slurry. The
slurry is kept overnight to allow the  metal compounds
to deposit onto the surface of titanium dioxide. The
mixture is  filtered. The solid Is washed by mixing
with water (20 ml) and filtering again. It is  then
dried in an oven at 105C for at least 16 hours.
Calcining Impregnated Support 25 The above impregnated
titanium dioxide is calcined in a reactor at 200C in
flowing air for three hours to affect a partial
decomposition in excess of 10% of the  deposited
precious metal salts. 7 Reduction  After the above
calcination, the reactor is purged with nitrogen, and
then a mixture of 5% hydrogen In nitrogen is
introduced into the vessel. The temperature is  ramped
to 500C at a rate of 10C /min. The temperature is held
at this reading for  5 three hours. The reactor is
purged with nitrogen and the resultant catalyst is
then cooled to room temperature in flowing nitrogen.
Upon cooling, the sample is washed  to remove any
remaining chloride as determined by testing with a
silver nitrate  solution, and then dried at 105C in an
oven. Potassium Treatment 10 The above resultant
catalyst (5 grams) is contacted with an excess (>10
ml)  of 5 w% aqueous solution of potassium acetate at
room temperature for 10  minutes. The mixture is
filtered; the potassium treated catalyst is dried at
105C in  an oven for at least 4 hours. Vinyl Acetate
Preparation 15 The potassium treated catalyst is mixed
with, in a ratio of I to 9, an inert  alumina support
to minimize effects of thermal gradients. The mixture
(0.5 gram) is  placed in a quartz glass reactor. The
temperature is raised to 110C and then the  



material is exposed to a gas feed composition of 77%
ethylene, 11% helium. 9%  oxygen and 3% acetic acid at
atmospheric pressure and a gas-hourly space velocity
20 of 13,200. The reactor effluent Is analyzed using a
mass spectrometer. The  temperature is then ramped
from 110C to 160C and cooled again to 110C  repeatedly
at a rate of 2C/min. The performance of the catalyst
is compared by calculating the rate as  interpolated
at 135C at specified times on stream and is calculated
from the data  25 taken between 110C and 160C.
Calibrations are made by injecting known amounts of
vinyl acetate. The results are listed in Table 1,
which show that the  catalyst exhibits high activity.
Table 1 also lists the catalyst activities measured at
the 1st hour and the 6th hour on stream. The results
show that the catalyst activity  increases with
increased exposure to reaction conditions. 30 8 Table
I Catalyst Activity and Activity Stability in Vinyl
Acetate Production  Ex. Titanium Dioxide S% before
Activity at Activity at  No. Support Impregnation the
15 Hour the 6t' Hour umols umol/s  1 Post sulfated
0.23 wt % 4.23X103 4.63X10"3  GP350 C2 Non-sulfated 0
3.40X103 2.96X103  GP350 3 Sulfated DT51 0.14 wt %
3.02X103 3.39X103  4 Post sulfated 0.14 wt % 3.67X10"3
4.42XI0-3  DT51 COMPARATIVE EXAMPLE 2 5 The general
procedure of Example 1 is repeated with the exception
that the  



GP350 titanium oxide is not treated with ammonium
persulfate. As shown in Table  1, the catalyst
activity is significantly lower than that of Example
1, and the activity  declines from the 1st hour to the
6t' hour. 10 EXAMPLE 3 The general procedure of
Example 1 is repeated with the exceptions that the
titanium dioxide (DT51, from Millennium Chemicals) is
made using sulfate  precursors and that the titanium
dioxide is not treated with ammonium persulfate.  The
titanium dioxide contains 0.47 wt % of sulfur. After
the titanium dioxide is is calcined at 700C, its
sulfur content reduces to 0.14 wt %. As shown in Table
1, the  catalyst shows improved activity stability
compared to the catalyst of Comparative  Example 2.
EXAMPLE 4 The general procedure of Example 3 is
repeated with the exception that the  20 titanium
dioxide is treated with 0.05 molar ammonium
persulfate. As shown in Table  1, the catalyst shows
improved activity compared to the catalyst of Example
3 and  improved activity stability compared with the
catalyst of Comparative Example 2 9 Table 2 Effect of
Calcination Temperatures on Catalyst Activity Ex.
Support Calcination Impregnated Support Catalyst
Activity at  No. Temperature Calcination Temperature
6i Hour umol/s  5a Not calcined - 1.53x10"3  g9 00C
190C 3.27x10"3 00C 190C 3.30x10-3  00C 19000 3.57x104
5e 700C 220C 3.76x10-3  5f 800C 220C 3.24x10-3  5g
900C 220C 2.24x10-3  



EXAMPLE 5 5 The general procedure of Example 3 is
repeated with exceptions that the  titanium dioxide
DT51 is calcined at various temperatures (no
calcination, 700, 800,  or 900C) and that the
impregnated support is also calcined at various
temperatures  (190C or 220C). The results are shown in
Table 2, which indicate that the  calcinations of the
titanium dioxide prior to and after impregnation are
both important  io to achieve high catalyst activity
and stability EXAMPLE 6 The catalyst prepared In
Example 3 is used to prepare allyl acetate, which
follows the same manner as the vinyl acetate
preparation in Example 1 with the  15 exception that
the gas composition is 29% propylene, 60% helium, 7.7%
oxygen and 3.3% acetic acid and the gas-hourly space
velocity is 12,400(mi/ml)/hr. The catalyst  has an
average rate of 4.48x10"3 micromoles/s measured at the
6th hour on stream.  10 EXAMPLE 7 The general
procedure of Example 4 is repeated with the exception
that the  ammonium persulfate concentration is varied
from 0 to 0.1 molar in 0.025 molar  increments. The
results are shown in Table 3, which indicate that an
optimum s performance may exist at the ammonium
persulfate concentrations between 0.05  and 0.075
molar. Table 3 Effect of Ammonium Persulfate
Concentration on Catalyst Activity Stability  Ex.
Ammonium Persulfate Catalyst Activity at Catalyst
Activity at  No. Concentration, mol/l 1 " Hour umoVs
63i Hour umoVs 7a No sulfate treatment 3.02x10-3
3.31x10-3  7b 0.025 3.70x10"3 3.32x103  7c 0.050
3.94x103 4.42x103  7d 0.075 4.94x10' 4.36x10-3  



7e 0.10 3.10x103 3.04x10-3  II I claim: 1. A method
for preparing 'a supported palladium-gold catalyst
having increased  catalytic activity and stability in
an acetoxylation, said method comprising (a) sulfating
a titanium dioxide support and introducing from 0.1
wt% to 1.0  5 wt% of sulfur to the support; (b)
calcining the sulfated support at a temperature within
the range of  600C to 900C; (c) impregnating the
calcined support with a palladium salt, a gold salt,
and an alkali metal or ammonium compound; 10 (d)
calcining the impregnated support at a temperature
within the range of  100C to 300C; and (e) reducing
the calcined support from step (d) to form the
supported  palladium-gold catalyst. 2. The method of
claim 1., wherein the sulfating is performed by
reacting the  15 titanium dioxide and a sulfating
agent selected from the group consisting of sulfuric
acid, persulfuric acid, their salts, and mixtures
thereof. 3. The method of claim 2, wherein the
sulfating agent is an ammonium persulfate  solution.
4. The method of claim 3, wherein the ammonium
persulfate aqueous solution  20 has a concentration
within the range of 0.05 mol/1 to 0.075 mol/l. 5. The
method of claim 4, wherein the temperature is within
the range of 650C to  750C. 6. The method. of claim 1,
wherein the alkali metal or ammonium compound is
selected from the group consisting of hydroxides,
carbonates, bicarbonates,  25 metasilicates, and
mixtures thereof. 7. The method of claim 1, wherein
the alkali metal or ammonium compound is a  



carbonate or bicarbonate. 8. The method of claim 1,
wherein the palladium and gold salts are selected from
the group consisting of palladium chloride, sodium
chloropalladite, palladium nitrate,  12 palladium
sulfate, auric chloride, tetrachloroauric acid, sodium
tetrachloroaurate, and  mixtures thereof. 9. The.
method of claim 1, wherein the calcination of step (d)
is performed in a  non-reducing atmosphere. 5 10. The
method of claim 9, the non-reducing atmosphere is
selected from the  group consisting of helium,
nitrogen, argon, neon, nitrogen oxides, oxygen, air,
carbon dioxide, and mixtures thereof.. 11. The method
of claim 9, wherein the non-reducing atmosphere is
air. 12. The method of claim 1, wherein the reduction
is performed in hydrogen or a  1o mixture of hydrogen
and an inert gas. 13. The method of claim 12, wherein
the reduction is performed at a temperature  within
the range of 300C to 600C. 14. The method of claim 12,
wherein the reduction is performed at a temperature
within the temperature of 450C to 550C. is 15. The
method of claim 1; which further comprises treating
the supported  palladium-gold catalyst from step (e)
with a potassium salt. 16. A supported palladium-gold
catalyst prepared by the method of claim 1. 17. A
method for preparing vinyl acetate comprising
oxidizing ethylene in the  presence of acetic acid and
the supported palladium-gold catalyst of claim 16. 20
18. A method for preparing' allyl acetate comprising
oxidizing propylene in the  presence of acetic acid
and the supported palladium-gold catalyst of claim 16.
13 


