Pd/Au shell catalyst containing HfO,, process for the

preparation and use thereof

The present invention relates to a shell catalyst for the
preparation of vinyl acetate monomer (VAM), comprising an
oxidic porous catalyst support which contains hafnium oxide
units, said support having an outer shell which contains

metallic Pd and Au, and also the preparation thereof.

VAM is an important monomer building block in the
preparation o©of plastic polymers. The main fields of use of
VAM are i1.a. the preparation of polyvinyl acetate, polyvinyl
alcohol and polyvinyl acetal and also co- and
terpolymerization with other monomers such as for example
ethylene, vinyl chloride, acrylate, maleinate, fumarate and

vinyl laurate.

VAM is prepared predominantly in the gas phase from acetic
acid and ethylené by xeaction with oxygen, wherein the
catalysts used for this synthesis preferably contain P4 and
Au as catalytically active metals and alsc an alkall metal
component ag promoter, preferably potassium in the form of
1ts acetate. The catalytically active metals Pd and Au are
presumably not in the form of metal particles of the
respective pure metal, but rather in the form of Pd/Au alloy
particles of possibly different composition, although non-
alloyed particles cannoct be ruled ocut.

Currently, VAM is predominantly prepared by wmeans of so-

called shell catalysts in which the catalytically active
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metals of the catalyst having a catalyst support formed as a

shaped body are not completely present in the entire shaped
body, but rather are contained only in. an outer area of
greater or lesser width, the so-called shell of the catalyst
support shaped body {c¢cf. on this EP 565 952 Al, EP 634 214
Al, EP 634 209 Al and EP 634 208 Al). The areas of the
support lying further inside are almost free of the
catalytically active metals. With the help of ghell
catalysts, a more selective reaction control is possible in
many cases than with catalysts in which the supports are
impregnated into the core o©of the sgupport with the

catalytically active compeonents (“impregnated through").

The shell catalysts known from the prior art for the
preparation of VAM have for example catalyst supports basged
on silicon oxide, aluminium oxide, aluminosilicates,
titanium oxide or =zirconium oxide (cf. on this EP 839 793
Al, WO 98/018553 Al, WO 2000/058008 Al and WO 2005/061107
Al}. However, catalyst supports based on titanium oxide or
zirconium oxide are currently rarely wused, since these
catalyst supports display no long-term resistance to acetic

aclid and are relatively expensive.

Most catalysts used at present for the preparation of VAM
are shell catalysts with a Pd/Au shell on an oxidic porous
catalyst support formed as a shaped body, for example a
porous, amorphous aluminosilicate support in the form of a
sphere based on natural, acid-treated calcined bentonites.
The catalyst support i1s wusually full impregnated with

potassium acetate as a so-called promoter.

Such VAM shell catalysts are usually prepared by wet-
chemical meansg, in which the catalyst support is loaded with

corresponding solutions of metal precurscr compounds, for
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example by dipping the support in the solutions or by means

of the incipient wetness process (pore-filling process), in
which the support i1s loaded with a volume of sgsolution

corresponding to its pore volume by steeping.

The Pd/Au shell of the catalyst can be produced for example
by first steeping the catalyst support in a first step in a
gsolution of a Pd salt, e.g. an Na,PdCl, soclution, and then in
a subsequent second step fixing the Pd component by applying
an NaOH solution onto the catalyst support in the form of
its Pd-hydroxide compound. In a subseguent separate third

step, the catalyst support can be steeped in a solution of a
| gold salt, e.g. an NaAuCl, sclution, and the Au components
are then likewise fixed by means of NaOH. After the fixing
of the noble-metal components in an outer shell of the
catalyst support, the loaded catalyst support is then very
largely washed free of chloride and Na ions, then dried and
finally reduced with ethylene at 150°C. The produced Pd/Au
ghell usually has a thickness of about 100 to 500 um.

The catalyst support lcaded with the noble metals is usually
loaded with potassium acetate (the promoter) after the
fixing and/or reducing step wherein, rather than the loading
with potassium acetate taking place only in the outer shell
loaded with noble metals, the catalyst support is completely
impregnated through with the promoter. A Sud-Chemie AG
spherical support called "KA-160" Dbased on naturally
occurring acid-treated calcined bentonites which has a BET
surface area of approx. 160 m°/g can be used for example as

catalyst support.

The selectivities in the preparation of VAM using the Pd/Au
shell catalysts known from the state of the art are about 90

mol-%, relative to the ethylene used, wherein the
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remaining 10 mol-% of the reaction products substantially

consist of CO, which is formed by total oxidation of the

organic educts/products.

Various possibilities have been proposed to increase the
activity of such shell catalysts, in particular the doping
of the catalyst support or the shell with further promoter

metals.

Thus US 6,849,243 Bl describes, in addition to the use of
TiC, as a constituent of the catalyst support, the use of
barium and cadmium as additional promoter metal components.
In particular, neodymium, titanium, magnesium, zirconium,
vitrium, praseodymium, lanthancoids and zrubidium and also
their binary combinations are discleosed in US 2006/01358009
Al as additional promoters 1in the shell of the shell
catalyst.

Furthermore, the use of MoVNbX catalysts for the preparation
of VAM is known from US 6,605,739, wherein X ig selected
from phosphorus, boron, hafnium, tellurium, arsenic or

mixtures thereof.

EP 1 102 635 Bl also teaches the use of one or more hafnium
compounds which are arranged on the support, in particular
in the ghell of the shell catalyst, with the result that the
catalytically active component conforms to the formula

PA/AU/HEO,.

In particular the concepts of the three above-mentioned
documents of introducing hafnium into the ghell of the ghell
catalyst in addition to palladium and gold have proven to be
ineffectual, in particular because of the inadequate

solubility of hafnium compounds.
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Furthermore, it has been established that although these
catalysts have an increased activity in terms of VAM
conversion compared with the previously known catalysts with
a pure Pd/Au shell, their activity is increased only for a
relatively short pericd of time and rapidly decreases again

after a maximum.

It was therefore an object of the pregent invention to
provide a new shell catalyst, in particular £for the
preparation of VAM, which 1s characterized by a high
activity and VAM selectivity and which further retaing the
increased activity and selectivity over a long period of

time.

This object 1is achieved by the provision of a shell
cdtalyst, in particular for the preparation of vinyl acetate
monomer (VAM), comprising an oxidic porous catalyst support
with an outer shell, wherein the outer shell contains
metallic Pd and Au and wherein the framework. structure of
the porous catalyst support contains hafnium oxide units

(HEOz) .

In a first aspect, there is provided a shell catalyst for
the preparation of wvinyl acetate monomer (VAM), compriging
an oxidic porous catalyst support with an outer shell,
containing metallic PAd and Au, characterized 1in that the
framework structure of the porous catalyst support contains
hafnium oxide wunits (HEC;), wherein the catalyst support
containing hafnium oxide units is obtainable or obtained by

means of the following process, comprising the steps of:

2) mixing a powdery oxidic porous support material with a
powdery hafnium compound and/or a solution or

suspension of a hafnium salt;
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B) shaping a shaped body from the mixture obtained

according to step A); and

<) calcining the shaped body obtained according to step
B).

In another aspect, there 1is provided a process for the
preparation of a shell catalyst, as defined above,

comprising the steps of:

a) providing an oxidic porous catalyst support, the
framework  structure o0f which contains  hafnium oxide
(HEO,) wunits, wherein the <catalyst support containing
hafnium oxide units is obtainable or obtained by means
of the following process, comprising the steps of:

A) mixing a powdery oxidic porous support material
with a powdery hafnium compound and/or a solution
or suspension oﬁ a hafnium salt;

B) shaping a shaped body from the wmixture obtained

according to step A); and

C) calcining the shaped ©body obtained according to
step B),
b) depositing a solution of a Pd precursor compound

onto the catalyst support;

<) depositing a solution of an Au precursor compound
onto the catalyst support the framework structure

of which contains hafnium oxide units (HEfO,) ;

d) converting the Pd component of the Pd precursor

compound into the metal form; and

e) converting the Au component of the Au precursor

compound into the metal form.
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By the expression "hafnium oxide units {HfO,)" is meant here
discrete hafnium oxide in particle form which adheres firmly
to the framework structure of the catalyst support for
example by sintering and thus forms an integral constituent
of the framework structure o¢f the support. A further
possibility particularly preferred according to the
invention is the replacement of for example gilicon dioxide,
aluminium oxide or Zrx0O; units of the corresponding support
materials with HfC, units which can take the place of the
104, AlQC, or Zr0, tetrahedrons in the structure for example
in the form of HfO, tetrahedrons and thus have a chemical
bond to the framework structure and therefore are likewige

an integral part of the framework structure. Thus, it is
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important according to the invention that HfO, in one or

other form i1s an integral constituent of the framework

structure.

The replacement of the framework <constituents can be
achieved by a person skilled in the art using methods known
per se, for example already during the direct sgynthesis of
such support materials or by solid ion exchange or liguid

ion exchange, for example in the case of aluminosilicates.

The disadvantages of the hafnium oxide additions known
hitherto are avoided by the integraticn of the hafnium oxide
units into the framework structure of the support or intc
the support, instead of onto the support, as previously
known from the prior art. The catalyst according to the
invention is thereby characterized by a higher activity and
higher VAM selectivity than the hafnium oxide-containing VAM
catalysts known from the prior art. It maintains this

activity and selectivity over long service lives.

The activity and selectivity were related to the conditions
during the customary VAM preparation: usually, the reaction
for the preparation of VAM is carried out in installations
with a 45% oxygen conversion and the space-time yield (STY)
of VAM (kg VAM per litre of catalyst per hour) is then

measured.

A hafnium doping according to the invention 1leads to an
increase in the 8TY of »5%, preferably even >10%. The
activity advantage can further be transformed into a
selectivity improvement of the catalyst according to the
invention of >1% by a targeted adaptation of the surface
area and porosity of the support (smaller surface area and
larger pores). The rule is: the higher the Hf0, doping is,

the smaller the support surface area must be. Typical values
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are 20-40 m‘/g (BET) for pure HfO, and about 60-120 m?/g

(BET) for calcined acid-treated sheet sgilicates with an EHfO.
content (framework doping) of 0.01 to 50 wt.-%, preferably
0.01 to 25 wt.-%.

According to the invention, the oxidic porous catalyst
support is either already formed per se as a homogeneous
shaped body or is applied to a porous or non-porous shaped
body of e.g. steatite, bentonite, aluminium dioxide, etc. or
other sultable material, such as 210, or mixtures cf these

materials.

In the following, the terms "catalyst" and "“shell catalyst®

are used synonymously.

The hafnium oxide units are preferably evenly distributed in
the framework structure of the catalyst support, but an
uneven distribution in the framework structure i1is also

provided for according tc the invention.

By the term "evenly distributed" used above is meant either
that the hafnium oxide units are homogeneousgly distributed,
as already said, in corresponding form in the structure of
the porous catalyst support as individual hafnium oxide
units or groups of same or that the hafnium oxide is present
in the structure of the catalyst support in the form of
hafnium oxide particles which are evenly distributed in the
framework structure of the catalyst support. In other words,
the 1latter means that the framework structure of the
catalyst support is formed of a solid structure of particlesg
of porous oxidic catalyst support and hafnium oxide units
sintered together. In the case of Zr0, which is framework-
doped with HfO;, HfO,-Zr0; mixed oxides, which are preferred

according to the invention, often are formed.
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The expression '"evenly distributed" used according to the

invention consequently excludes catalyst supports where only
the inner or the inner and outer surface of the porous
catalyst support is covered or coated with the doping oxide
oxr where the HfO, is concentrated only in an outer shell,
such as 1is known £from the above-cited prior art. Such
catalyst supports are obtained for example by impregnating
the surface of a porous oxidic catalyst support shaped body
with a solution of a corresponding compound and then

converting the compound into the corresponding oxide.

The catalyst support containing hafnium oxide wunits (in
other words: the catalyst suppert doped with hafnium oxide)
can be obtained for example by means of the following

process, comprising the stepsg of:

a) mixing a powdery oxidic porous support material with a
powdery hafnium compound and/or a solution or

suspension of a hafnium salt;

b) shaping a shaped body from the mixture obtained

according to step a);

¢) calcining the shaped body obtained according to step

b) .

The hafnium compound is preferably converted into the oxide
during the calcining, unless it is already hafnium oxide.
Suitable hafnium compounds include, but are not limited to,
(NH,) 2 [HEF;] , HEC1,, HEQ,, HEfI,, HECL,, HECL,, HEfOCl,,
HfO (NO;),, HfO(OAc),, HEBs, Ks[Hf(CN):], [HE(bipy)sl, HE(SQ;),,
Na HfC;, Na,HfO,.
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According to a preferred embodiment of the shell catalyst

according te the invention 1t 1s provided that the porous
oxidic catalyst support comprises or is constructed from a
silicon oxide, aluminiam ozride, alumincsilicate (e.q.
zeolites), zirconium oxide, titanium oxids, a calcined acid-
treated bentonite, very generally sheet silicates or a
mixture of two or more of the above-named oxides. Pure
zirconium dioxide and calcined bentonites/sheet silicates

which contain up to Z0 wt.-% Zr0; are particularly prefsarred.

It is guite particularly preferred i1f the hafnium oxide
units are contained 1n  the framework structure of the
catalyst support in a proportion of 0.03 to 20 wt.-%,
relative to the weight of the pure catalyst support. If the
nafnium oxide units are present in the framework structurs
of the catalyst support in a proportion of less than (.03
wt.-%, then the effect of the properties of the hafnium
oxide which increase the activity of the shell catalyst
acoording to the dnvention is only small, while above &
propoxrtion ¢ 25 wt.-% the increase in the activity of the
catalyst 1s accompanied by a clear decrease in  VAM

selectivity.

It has besen established that, the =smaller the surface area
of the catalyst support, the higher the VAM selectivity cf

the shell catalyst according to the invention. In addition,
the smaller the surface aresz of the catalyst support is, the
greater the chosen thickness of the Pd/Au shell can be,

without appreciable losses of VAM selectivity.

According to  a preferred embodiment of the catalyst
according to the inventicon, the specific surface area of the

C

5]
s

talyst support has a value of less than/egqual to 160 m%/q,

preferably less than 140 n@/g, preferably less than 135 m?/g,
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further preferably less than 120 m‘/g, more preferably lese
than 100 m’/g, still more preferably less than 80 m®/g and

'

guite particularly preferably less than 65 m®/g.

t:

By "specific surface area" of the catalyst support is meant
within the framework of the present dinvention the BET
surface area of the suppert which is determined by means of

adsorption of nitrogen according to DIN 66132.

According to a guite particularly advantageous development
of the shell catalyst according Lo the invention, it can be
provided that the catalyst support has a specific surface
area in the range of 160 to 40 m®/g, preferably hetween 140
and 50 m’/g, preferably between 135 and 50 m®/g, further
referably between 120 and 50 m'/g, gquite particularly

preferably between 100 and 50 n’/g.

Accorging toe  the invention, Tcatalyst support™ denotes
elther a shaped body made of the above-named materials or
mixtures thereof or a layer which has been applied to a
porous or non-porous shaped body e.g. in the form of a
washcoat, 1.e. an aguecus suspencion of the above-named
materlials o©r mixtures therecf, and thus likewise forms a
"shell™. Functionally according to the invention, "catalyst
support” thus means the part of the shell catalyst according
te the invention that carries the metallic shell which
containsg the Pd/Au catalyst. In the present case it is clear
from the context whether shaped bodies consisting of the
porous  catalyst support material are meant. Otherwise,
"catalyst support” refers both fto a shell containing or
consisting of zhe catalysﬁ support meterial and to a shaped

body made of the materials.
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The porous catalyst support shaped body of the catalyst
according to the invention can be prepared for example on
the basis of an iron oxide-doped, calcined, acid-treated
bentonite by grinding a powdery {uncalicined) acid-treated
bentonite with a powdery i1roen compound and/or an  iron
solution and also water and then mixing thoroughly until
homogeneous. There are also naturally occurring beantonites
which already contain iron az an impurity, from which a
greater or lesser qguantity of iron can be washed out with
acid in order to prepare an iron-doped suppoert, without
having to add additional iron. The resulting mixturs is
shaped accompanied by compression to form a shaped body by
means of devices familiar per ss to a person skilled in the
art, such as for example extruders or tablet presseszs, and
the uncured shaped body 1s then calcined to form a stable
shaped body. The calcining is preferably carried out at
temperatures at which a solid structure i1s cbhtained and
cptionally the iron compound is converted inte ilroni{III)
oxide. The size of fthe specific surface area of the doped
catalyst support depends in particular on the gquality of the
(untreated) bentonite used, the acid-treatment method of ths
bentonite used, i.e. for example the nature and the guantity,
relative to the bentonite, and the concentration of the
incrganic acid  used, the acid-treatment duration and
temperature, on the moulding pressure and on the calcining

duration and temperature and also the calcining atmosphere,

Acid-treated Dbentonites can be obtained by treating
bentonites with strong {Bronstedt) acids, such as for
example sulphuric acid, phosphoric acid or hydrochleric acid.
The definition, used within the Zframework of the present
invention, of the term “"bentonite" is given in: Rompp,
Lexikon Chemie, 10% edition, Georg Thieme Verlag. Bentonites

particularly preferred within the framework of the present
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invention are natural aluminium-containing sheet sgilicates
which contain montmorillonite {in the form of smectite) as
main mineral. After the acid ftreatment, the bentonite is

normally washed with water, dried and ground to a powder.

The shell catalyst according to the invention is usually
prepared by subjecting a pliurality of shaped bodies to a
batch process during the individual process steps of which
the shaped bodies are for example subjected to relatively
high mechanical load stresses communicated by stirring and
mixing tools. In addition, the catalyst according to the
invention can be subjected to a strong mechanical load
stress during the fiiling of a reactor, which can result in
an undesired formation of dust and damage to the catalyst
support, in particular to its catalytically active shell

lying in an outer area.

In particular to keep the abrasion of the catalyst according
to the invention within reasonable limits, the catalyst
support  therefore preferably has a hardness greater
than/equal to 20 N, preferably greater than/equal to 25 N,
quite particularly preferably greater than/equal to 35 N and
most preferably greater than/equal to 40 N. The hardness is
ascertained in the present case by means of an 8M tablet-
hardness testing machine from Dr. Schlieuniger Pharmatron AG,
determining the average for 99 shell catalysts after drying
of the catalyst at 130°C for 2 h, wherein the apparatus

settings are as follows:

Hardness: N

Distance from the shaped body: 5.00 mm

Time delay: .80 s
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Feed ftType: 6D

Speed: .60 mm/s

The hardness of the catalyst support can also bes influsnced
for example by varying the process parameters during lts
preparation, for example through the selection of the

support material and the type of hafnium starting material
and also its guantity, the calcining duration and/or the
calcining temperature of an uncured shaped body formed from
a correspcending support mixture, or by particular optional
lcading materials, such as for exampie methyl cellulose or

magnesium stearate.

The catalyst according to the invention therefore comprises
a shaped body as an actual catalyst support, preferably
based on a correspondingly doped, calcined acid-treated
bentonite or on a mixed oxide based on zirconium oxide or

mixtures theresof,

The ezpression "based on" means that in this case ths
catalyst according to the invention comprisss a doped
calcined acid-treated bentonite. It i1s preferred that the
proportion of the calcined, acid-treated Dbentonite is
greatsr than/egual to 50 wb.-%, preferably  greater
than/equal to 60 wt.-%, preferably greater than/equal to 70
wt.-%, further preferably greater than/equal to 80 wt.-%,
relative to the weilght of the catalyst support containing

hafrnivm dioxide units.

It was found that the VaM selectivity of the catalyst
according to the invention was raised when the integral porse

volume of the catalyst support increases. According o a
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further preferred embodiment of the catalyst according to
the invention, the «catalyst suppert therefore has an
integral pore volume according to BJH of more than 0.25 ml/g,
preferably more than 0.30 ml/g, and most preferably more
than .32 ml/g. In the case of pure Zr0;, as a comparison,

the pore volume lies in the range of 0.2 - 0.4 ml/g.

The integral pore volume of the catalyst support is

determined according to the BJH method by means of nitrog

B

n
adgorption. The surface area of the catalyst support and its
integral pore volume are determined according to the BET or
according te the BJH method. The RBET surface area is
determined according to the BET method according to DIN
©6131; a publicaticn of the BET method is alse found in J.
Am, Chem. Soc. 60, 308 (1838). In order to determine the
surface area and the integral pore volume ¢f the catalys:
support or the catalyst, the sample can be measured for
example with a fully automatic nitrogen porosimeter from
Micromeritics, <type ASAP 2010, by means o¢f which an

adsorption and desorption isotherm is recocrded.

To determine the surface area and the porosity of the
catalyst support or the catalyst according to the BET
process, the datz are evaluated according to DIN 66131. The
pore volume is determined from the measurement data using
the BJH method (E. P. Barret, L. G. Joiner, P.P. Haienda, J.
Am., Chem. Sco. 73 {1851, 373y, Effects of capillary
condensation are also taken into account when using this
method. Pore wvolumes of specific pore size ranges are
determined by totalling incremental pore volumes which are
obtained from the evaluastion of the adsorption isotherms
according to BJH. The integral pore volume according to the

BSH method relates to pores with a diameter of 1.7 to 200 nm.
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It is further advantageous according to a further preferred

embodiment of the shell catalyst according to the invention
if the water absorbency of the catalyst support is 40 to
75%, preferably 50 to 70% calculated as the weight increase
due to water absorption. The absorbency is determined by
steeping 10 g of the support sample in deionized water for
3¢ min until gas bubbles no longer escape frxom the support
sample. The excess water 1s then decanted and the steeped
sample blotted with a cotton towel to remove adhering
moisture from the sample. The water-loaded support is then

welghed and the absorbency calculated as follows:

(amount weighed out {(g) - amount weighed in (g)) x 10 =

water absorbency (%)

It is advantageous 1f the catalyst support has an integral
pore volume according to BJH in the range of 0.25 to 0.7
ml/g, preferably in a range of 0.3 to 0.55 ml/g and quite
particularly preferably in the range of 0.35 to 0.5 ml/g.

It is preferred according to a further preferred embodiment
of the catalyst according to the invention that at least
8C0%, preferably at least 85% and preferably at least 90%, of
the integral pore volume of the catalyst support according
to BJH is formed by mesopores and macropores. This
counteracts a reduced activity, effected Dby diffusion
limitation, of the catalyst according to the invention, in
particular with relatively thick Pd/Au shellg. By
micropores, mesopores and macropores are meant in this case
pores which have a diameter of less than 1 nm, a diameter of

1 to 50 nm and a diameter of more than 50 nm respectively.

Likewise in view of a small pore diffusion limitation, it is

preferred according to a further embodiment of the catalyst
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according to the invention that the catalyst support has an
average pore diameter of 8 to 50 nm, preferably 9 to 20 nm

and preferably 10 te 1% nm.

The catalyst according te the invention should preferably
have z bulk density of more than 0.4 g/ml, preferably more
than 0.45 g/ml and particulerly preferably a bulk density of

between .45 and .75 g/ml.

In crder fc ensure a sufficient chemical stability of the
catalyst according to the inventlion, in the case that the
support contains calcined acid-treated bentonite, it has an
SiC; content of at least 6% mass-%, preferably at least 80
mass—-% and preferably 25 to 929%.5 wmass-%, relative to the

mass of the undoped calcined acid-~trested bentonite.

In the gas-phase synthesis of VAM from acetic acid and
ethene, a relatively low Al:0; content in the calcined acid-
treated bentonite is scarcely disadvantageous, whsreas with
high A1:0; centents a marked reductlion iIn  indentation
hardness must be expscted. According to a preferred
embodiment of the catalyst according to the invention, the
acid-treated bentonite therefore contains lass than 10
mass—% Aly0s, preferably C¢.1 to 3 mass-% and preferably 0.3
to 1.0 mass-%, relative to the mass of the calcined acid-

treated bhentonite.

The acidity of  the catalyst support advantageously
influences the activity of <the catalyst according to the
inventicn during the gas phase synthesis of VAM from acetic
acid and sthene. According to a further preferred embodiment
£

of the catalyst according to the invention, the catalyst

support has a Baver acildity of between 1 and 150 uval/g,
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preferably betweern 5 and 130 wuval/g and particularly

preferably between 10 and 100 pval/g.

As already mentioned, the catalyst support of the catalyst
according to the invention is preferably present as a so-
called "shaped body". The cartalyst support can in principle
assume the form of any geometric body to which a shell,
explained in detail below, which contains catalytically
active metals can be applied. However, it is preferred 1if
the catalyst support is formed as a sphere, cylinder (alsc
with rounded end surfaces), perforated cylinder (alsc with
rounded end surfaces), trilicbe, "capped tablset®™, tetralobe,
ring, doughnut, star, cartwheel, "reverse" cartwhesl, or as
a strand, preferably as & ribbed strand or star strand. The
spherical shape is guite particularly preferred, since it

can also be easily provided with a "shell",

The diameter or the length and thickness of the catalyst

suppert  of the catalyst according to the invention is

Hh
s
oy
6]

preferably 2 to ¢ mm, depending on thes geometry oi
reactor tube in which the catalyst i1s to ke used. If the
catalyst suppoext 1ls formed as a sphere, then the catalyst
support preferably has a diameter of more than 2 mm,
preferably a diameter of more than 3 mm and preferably a

=

diameter of 4 mm to 9 mm.

In general, the smaller the'thickness of the Pd/Au shell of
the catalyst, the higher the VAM selesctivity of ths catalyst
according to the Invention. Reccording to a further preferred
embodiment of the catalyst according to the invention, the
shell of the catalyst therefocre has a thickness of less than
300 wum, preferazbly less than 200 pym, preferably less than
150 um, furthern preferably less than 100 um and still mcre

preferably less than 80 uam.
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The thickness of the shell can be measursd visually by means

&£

cf a microscope. The area in which the noble metals Pd/2u
are deposited appears black, while the arsas free of nobls
metals appear white. As a rule, the houndary betwesen arsas
containing noble metals and areas free of them 1ls very sharp
and can c¢learly be reccgnized wvisually. If the above-named
boundary is not sharply defined and accordingly not clearly
recognizable visually, the thickness of the shell
corresponds to the thickness of a shell, measured starting
from the outer surface of the «c¢atalyst support, which

containsg 95% of the ncble metal deposited on the support.

However, L1t was likewise found tha

rt
for-
o]

the case of the
catalyst according to the invention, in particular the
surface arms, the Pd/Au  shell can bhe formed with a

relatively large thickness effecting a high activity of

[

%)

i

catalyst, without effecting an appreciable resduction of th

rt
m

VAM selectivity of the catalyst according to ths invention.
According to ancther, likewilse preferrved emboediment of the
catalyst according to the invention, the shell of the
catalyst therefore has a thickness in the range of 200 to
2000 um, preferably in the range of 250 to 1800 um, guite
particularly preferably in the range of 300 to 1500 um and

further preferably in the range of 400 to 1200 um.

In order to ensure an adeguate activity of the catalyst
according to the invention, the proportion of Pd in the
catalyst is 0.5 to 2.5 wi.-%, preferably 0.6 to 2.3 wt.-%
and preferably 0.7 te 2 wi.-%, relative to the weight of the

catalyst suppert lcaded with noble metal.
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It can alsc be preferred if the catalyst according to the

invention has a Pd content of 1 to 20 g/l, preferably 2 to
15 g/l and preferably 3 to 10 g/l.

In order to 1likewise ensure an adequate activity and
selectivity of the catalyst according to the invention, the
Au/Pd atomic ratic of the catalyst is preferably between 0
and 1.2, preferably between 0.1 and 1, preferably between
0.3 and 0.9 and particularly preferably between 0.4 and 0.8.

In addition it can be preferred if the catalyst according to
the invention has an Au content of 1 to 20 g/l, preferably

1.5 to 15 g/1 and preferably 2 to 10 g/l.

In order to ensure a largely uniform activity of the
catalyst according to the invention over the thickness of
the Pd/Au shell, the noble-metal concentration should vary

Only relatively little over the shell thickness. This means
that, cover an area of 90% of the sghell thickness, the area
being at a distance of 5% of the shell thickness from each
of the outer and inner shell limit, the profile of the
noble-metal concentration of the catalyst from the average
noble-metal concentration of this area varies by a maximum
of +/-~ 20%, ©preferably by a maximum of +/- 15% and

preferably by a maximum of +/- 10%.

In further preferred embodiments, hafnium oxide units are
likewise present additionally in the shell of the catalyst
according to the invention, preferably in a quantity of 0.1

- 20 wt.-%, relative to the weight of the whole catalyst.

Furthermore, the shell can also contain zirconium dioxide,
wherein the zirconium dicxide content ig in the range of 10

to 20 wt.-%, relative to the weight of the whole catalyst.
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Chloride peoisons the catalvst according to the invention and
leads to a deactivation of same. According to a further
preferred embodiment of the catalyst according to the
invention, its chleride content is therefore less than 250
ppm, preferably less than 150 ppm.
,

The catalyst according to the inventicon praferably contains
in addition to the hafnium oxide, at least one alkall metal
compound as a further promoter, preferably a potassium,
sodium, caesium or rubidium compound, preferably a potassium
compound, Suitable and particularly preferred potassium
compounds include pctassium acstate ROAC, poTassium
carbonate K;CO3;, potassium hydrogen carbonate KHCO; and
potassium hydroxide KOH and alsc all potassium compounds
which become potassium acetate (KOAc) under the respective
reaction conditions of VAM synthesis, The potassium compound
can be deposited on the catalyst support both before and
after the reduction of the metal components into the metals
Pd and Au. According to a further preferred embodiment of
the catalyst according to the invention, the catalyst
comprises an alkall metal acetate, preferably potassium

acetate.

It is particularly preferred in order to ensure an adequate
promoter activity if the alkall metal acetate content of the

catalyst is 0.1 to 0.7 mol/l, preferablv 0.3 to 0.5 mol/l.

According to a further preferred embodiment of the catalyst
according to the ilnvention, the alkall metal/Pd atomic ratio
is between 1 and 1Z, preferably between 2 and 10 and
particularly preferably betwsen 4 and 9. Preferably, the
smailer the surface area of the catalyst support, the lower

the alkalil metal/Pd atomic ratio.
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The present invention further also relates to a process for
the preparation of a shell catalyst according to  the

invention, comprising the steps of:

u

rroviding an oxidic porous catalyst support, the
framework structure of which contains hafnium oxids

(HfO=) units.

o) depositing a2 scolution of a Pd precurscr compound onio

the catalyst support:;

c) depositing a solution of an Au precursor compound onto
the catalyst support the framework structure of which

contains hafnium oxide units (HEG);

d} converting the Pd component of the Pd prscursor

compound into the metal form;

i

converting the Au component of

1
-
i

Al precursor
compound into the metal form,

In principle, a2ny Pd or Au compound by means of which a high
degree of dispersicn of the metals can be achisved can he
used as Pd and Au precurscer compound. By Vdegree of
dispersion™ 1s meant the ratic of the number of all thes
surface metal atoms of all the metal/zlloy particles of a
supported metal catalyst - to the fTotal number of 2all the
metal atoms of the metal/alloy pariicles. In general it is

¢ 1f the degree o¢f dispersion correspoends to a
relatively high numerical value, since in this case as many

netal atoms as  possible are freely accessible for a

=

catalytic reaction.
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Trhis means that, given a relatively high degree of
dispersion of a supported metal catalyst, a specific
catalytic activity of same can be achieved with a relatively
small quantity of metal used. According to 2 further
preferred embodiment of the catalvst according to ths
invention, the degree of dispersion of ths metal particles
is 1 to 20%. The values of the degree of dispersion are

determined by means of CO adsorption.

It is preferred to select the Pd and Au pracursor compounds
from the halides, in particular chlorides, oxides, nitrates,
nitrites, formates, proplonates, oxalates, acetates,
hydroxides, hydrogen carbonates, amine complexes or organic
complexes, for example triphenylphosphane complexes or
acetylacetonate complexes, of these metals.

Examples c¢f particularly preferred Pd precursor compounds

foo

are water-scoluble Pd =zalts. ceording  to  particularly
referred embediments of the process according to  the
invention, the Pd precurscr compounds are selected from the
group censisting of PA(NH3) 2 {0OH)z, PdiNOzy,, K;Pd{OAc): (0H),
Pd (NH3) » (NOp) 2, PA{NHz) 4 (NO3) 2, KePd{NOz), WazPd(NOs)4, Pd(ORC):,
PadCl, and NayPdCl, and H:PdCl,; and K;PdCl, and (NH:j:PdCl, and
Pd (NH3)4Cl: and PAINH3){BPQO;) and ammonium Pd oxalate and Pd
oxalate and HKPd(Cp04): and PA(II} trifiuvorcacstate. In

addition to PA{OAc), othe dium can also

[t
O
o]
4
o
o]
¥
e
b=t
A
e
1t
]
O
}—é'
0
W
E,A
E—J
o

ke used, preferably the

Q0
;_.1
ot
7
O
4
o
oy

s he aliphatic
monocarboxylic acids with 3 to 5 carbon atoms, for example

the propionate or butyrate salt.

According to a further preferred embodiment of the process
according te the invention, Pd nitrite precursor compounds

can also be preferred. Preferred Pd nitrite precgursor
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compounds are for example those which are obtained by

dissolving Pd{CAc)., in an NaNO, solution.

Examples of preferred Au precursor compounds are water-
soluble Au salts. According to a particularly preferred
embodiment of the process according to the invention, the Au
precursor compound is selected from the group consisting of
K2au0,, HAuCl,, NaAuO,;, KAui{NO,},, AuCl;, NahuCl., KauCl,,
(Nh4)2auCl,, KAau (OAc), (OH) , Naku (OAc}); (OH) , HAU (NG, ) 4 and
Au(CAc);. It is recommended where appropriate to prepare
fresh Au(OAc); or KAuC, each time by precipitating the
oxide/hydroxide from a gold acid solution, washing and
isolating the precipitate and taking up same in acetic acid

or KOH.

All solvents in which the selected precursor compounds are
soluble and which, after deposition onto the catalyst
support, can be easily removed again from same by means of
drying are suitable as solvents for the precursor compounds.
Preferred solvent examples for the metal acetates as
precursor compounds are in particular unsubstituted
carboxylic acids, 1in particular acetic acid, and for the
metal chlorides in particular water or dilute hydrochloric

acid.

If the precursor compounds are not sufficiently soluble in
acetic acid, water or dilute hydrochloric acid or mixtures
thereof, other solvents can alsc be used as an alternative
or in addition to the named solvents. Solvents which are
inert and miscible with acetic acid or water preferably come
into consideration as other solvents in this case. Ketones,
for example acetone or acetylacetone, furthermore ethers,
for example tetrahydrofuran or dioxan, acetonitrile,
dimethylformamide and solvents based on hydrocarbons such as

for example benzene may be named as preferred solvents which
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are suitable for adding to acetic acid, but may also be used

in other embodiments as the only solvent.

Ketones, for example acetone, or alcohols, for example
ethanol or isopropanol or methoxyethanol, 1lyes, such as
agueous KCH or NaCH, or organic acids, such as acebtic acid,
formic acid, citric acid, tartaric acid, malic acid,
glyoxylic acid, glycolic acid, oxalic acid, pyruvic acid or
lactic acid may be named as preferred solvents which are
suitable for adding to water, but may also be used in other

embodiments as the only solvent.

If chloride compounds are used as precursor compounds, it
must be ensured that the chloride icng are reduced to a
tolerable residual quantity before using the catalyst
prepared accerding to the process according to the
inventiocn, since chloride is a catalyst poison. For this,
the catalyst support is as a rule washed with plenty of
water after the fixing of the Pd and Au components of the Pd
or Au precursor compound onto the catalyst support. In
general, this happens either immediately after the fixing by
hydroxide precipitation of the Pd and Au component by means
of lye or after the reduction of the noble-metal components

to the respective metal/alloy.

However, according to a preferred embodiment of the process
according to the invention, chloride-free Pd and Au
precursor compounds are used as well as chloride-free
solvents to keep the chloride content in the catalyst as low
as possible and avoid a laborious chloride-free washing. The
corregponding acetate compounds are preferably used as
precursor compounds, since they contaminate the catalyst

support with chloride to only a very small extent.
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The depositicn of the Pd and Au precursor compounds onto ths
catalyst support in the area of an outer shell of the
cataliyst support can be achieved according to processes
known per se. Thus the precursor sclutions can be deposited
by steeping, by dipping tThe support intc the precursor
solutions cr steeping 1t according tce the incipient wetness
method. A base, for example caustic soda sclution or potash
lye, 1is then deposited on the catalyst support, whereby the
noble-metal components are precipitated onto the suppert in
the form cf hydroxides. It iz alsoc possible for example to
firstiy steep the support in lye and then apply the
pracursor compounds to the thus-pretreatsd support. The same
applies 1f hafnium oxide 1s additionally present in the
shell, wherein water-scluble hafnium compounds are again

praeferably used.

According to & further preferred embodiment of the process
according tce the invention, it is thersfore provided that
the Pd and Au precurscor compound is deposited on  the
catalyst suppert by steeping the catalyst suppoert in the
solution of the Pd precurscr conpound and in the solution of
the Au precurscr compound or jIl.a solutlion which contains

both the Pd and the Au precursocr compound.

Acceording to the state ©f the art, the active metals Pd and
Au and also cptionally HE, starting Irom chloride compounds
in the area of a shell of the support, are applied to same
by means of steeping. However, this technigque has reached
its limits as regards minimum shell thicknesses and maxzimum
Au loading and maximum Ef lcoading. The sheil thickness of
the corresponding known VAM catelysts 1is approx. 100 um and
it is not foreseen that even thinner shells can be cbtained
by means of steeping. In addition, higher Au loadings within

the desired shell by means cf steeping can be achieved only
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with difficulty, since the Au precursor compounds tend to
diffuse from the shell into inner =zones of the catalyst
support shaped body, which results in broad Au shells, areas

of which contain very littie Pd.

The active metals, or, put a better way, their precursor
compounds, can also be deposited on the suppert for example
by means of sc-called physical processes. For this, the
support according to the invention can preferably be spraved
for example with a solution of the precursor compounds,
wherein the catalyst suppcort is mcoved in a coating drum into
which hot alr is blown, with the result that ths solvent

quickly evaporates,

Acceording to a further preferred embodiment ¢f the process
according to the invention, it is provided that the solution
of the Pd precursor ccompound and the sclution of the Au
precursor compound is deposited onte the catalyst support by
spraying the scoluticns onto a fluid bed or a fluidized bed
of the catalyst support, preferably by means of an asrcsol
of the solutions. The shell thickness ¢an thereby be
continuously adiusted and optimized, for example up Lo a
thickness o¢f 2 mm. But even wvery thin shells with =&

thickness of less than 100 um are thus possible.

The above-named embodiment of the process according to the
invention can be carried out using a fluid bed or fluidized
bed unit., It is particularly preferred if the unit contains
a so~called contrelled air-glide layer. For one thing, the
catalyst support shaped bodies are thoroughly mized by ths
controlled air-glide layer, wherein they simultanecusly
rotate about thelr own axis, whereby they are dried svenly
by the process ailr. For another, dus o the conseguent

orkbital movement, effected by the controlled air-glide laver,
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of the shaped bodies the catalyst support shaped bodies pass
through the spray procedure ({(application of the precursor

compounds) at a virtually constant freguency.

A largely uniform ghell thickness of a treated batch of
shaped bodies is thereby achieved. A further result is that
the noble-metal concentration varles only relatively
slightly over a relatively large area of the shell thickness,
i.e. such that the noble-metal concentration describes an

approximately rectangular function over a large area of the

f

shell thickness, whereby a largely uniform activity of the
resulting catalyst 1s ensured over the thickness of the
pd/Au shell. Suitable coating drums, fluid bed units and
fividized bed units for carrying out the process according
to the idnvention according tc preferred embodiments are
known in the state of the art and scold =.g. by Heinrich

Brucks GmbH {Alfeld, Germanv), ERWEEK GmbH {Heusenstamm,

Germany), Stechel (Germany), DRIAM Anlagenbau GmlbH
{(Erigkirch, Germany), Glatt GmbE (Binzen, Germany), G.S.
Divisione Verniciatura {Osteria, ITtaly), HOFER~Pharma
Maschinen  GmbH (Welil am Rheiln, Germany) , L.B. Bohle
Masckinen + Verfahren GmbH (Bnningsrioh, Germany), L&dige

Maschinenbau GmbH (Paderborn, Germany), Manest (Mersevyside,
¥
United Kingdom), Vector Corporation (Marion, IA, US4},

hAeromatic-Fielder AG (Bubendorf, 3witzerland), GEA Process

Engineering (Hampshire, United Kingdom), Filuid Air Inc.
{Aurora, Illincis, UsSh), Helnen  Systems GmbH {(Varsl,
Germany), HUttlin GmbH (Steinen, Germany), Umang Pharmatech
Pct  Ltd. {Marharashtra, India) and Innojet Technologies

(Lérrach, Germany).

According to a further preferred embodiment of the process
according to the invention, the catalyst suppeort is heated

during the depositicn of the solutions, for example by means
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of heated process air. The drying-off speed of the deposited
solutions of the noble-metal precursor compounds can be
determined wvia the degree of heating of the catalyst
supports. At relatively low temperatures the drying-off
speed is for example relatively low, with the result that
with a corresponding guantitative deposition, greater shell
thicknesses can be formed because of the high diffusion of
the precursor compounds that 1is caused by the presence of
solvent. At relatively high temperatures the drying-off
speed is for example relatively high, with the result that
solution of the precursor compounds coming into contact with
the shaped body almost immediately dries off, which is why
golution deposited on the catalyst support cannot penetrate
deep into the latter. At relatively high temperatures such
relatively small shell thicknesses can thus be cobtained with

a high noble-metal lcading.

With the process described from the state of the art for the
preparation of VAM shell catalysts based on Pd and Au
commercially availasble solutions of the precursor compounds
such as Na,PdCl,, NaauCl, or HAuCl, solutions are customarily
used. In the wmore recent literature, as already stated
previously, chloride-free Pd or Au precursor compounds such
as for example PA{NH;)},(CH)., PA(NH;),(NO;), and XAuO, are also
used. These precursoxr compounds react basic in sclution,
while the standard chloride, nitrate and acetate precursor

compounds all react acid in solution.

To deposit the precursor compounds onto the catalyst
support, preferably agueous Na,PdCl, and NaAuCl; solutions
are customarily used. These metal-salt solutions are
normally applied to the support at rcom temperature and the
metal components then fixed with NaOH as insoluble Pd or Au

hydroxides. Then the loaded support is customarily washed
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free of chloride with water. In particular the Au fixing hasg
disadvantages, such as long action times of the base in
order to induce the precipitation of the sgstable A&Au
tetrachloro complex, incomplete precipitation and

concomitant inadequate Au retention.

According to a further preferred embodiment of the process
according to the invention, the process comprises the steps

in which

a) a first soclution of a Pd and/or an Au precursor

compound is provided;

b) a second solution of a Pd and/or an AU Pprecursor
compound 1is provided, wherein the first solution
effects a precipitation of the noble-metal
component (g) of the precursor compound{s) of the

second solution and vice versa;

¢) the first solution and the second solution are

deposited onto the catalyst support.

This embodiment of the process according to the invention
uges two different precursor golutions, of which for example

one contains a Pd and the other an Au precursor compound.

Generally, cone of the solutions preferably has a basic, and
the other an acidic pH. Generally, the gsolutions are
depogsited onto the catalyst support by firstly impregnating
the support with the first and then in a subsequent step
with the gecond solution, as described previously, by
gteeping. Upon deposition of the second solution the two
solutions are then combined on the support, whereby the pH

of the solutions changes and the Pd or Au component of the
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regpective precursor compound 1is precipitated ontc the
support, without an auxiliary base, customary in the state
of the art, such as NaOH or KOH, needing to be applied to
the support. - '

The above embodiment of the process according to the
invention is thus based on an impregnation of the catalyst
support with the first solution of a Pd and/or Au precursor
compound and the second solution of a Pd and/or Au precursor
compound, wherein the two solutions are incompatible with
one another, i.e. the first sclution effects a precipitation
of the noble-metal component (s) of the'precursor compound {s)
of the second solution and vice versa, with the result that
in the contact zone of the two solutions both the pre-
impregnated Pd/Au component(s) and the post-impregnated
Pd/Au component (g} precipitate almost simultaneously and
thus lead to an intimate thorough mixing of Pd/Au. Drying
can opticnally take place between the two impregnation

steps.

Suitable agqueous solutions of Pd precursor compounds for the
impregnation with incompatible soclutions are listed by way

of example in Table 1.

Takble 1:
Precursor compound Character of the solution
PdcCl, acidic
PA(NH;z) ; (NO3) » basic
Na,PAdCl, neutral
Pd {NH;) ; (OH) , basic
Pd (NG;3) 4 acidic
K.Pd (ORc) 5, (OE) , basic through dissolution of
palladium acetate in KOH
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If, with regard to a premature Au reduction, NH; were tc have

too strong a reductive effect, the corresponding diamine
complexes can also be used with ethylenediamine as ligand or
the complexes with ethancl amine as ligand instead of the

palladium amine complexes.

Suitable aqueous solutions of Au precursor compounds for the
impregnation with incompatible solutions are listed by way

of example in Table 2.

Table 2:

Precursor compound Character of the solution

2uCls acidic

KAUO, basic through dissolution of
Au(OH); in KOH

NaauCl, neutral

HauCl, acidic

KAu (OAc) ; (OH) basic through digsolution of
Au(OAc}): in ROH

HAW (NO3) 4 acidic (stable in semd -
concentrated HNGC,)

Suitable combinations of incompatible solutions for the
base-free precipitation of the noble-metal components are
for example a PdACl; and a Kau0, s=olution; a P4{NO;), and =
KAuO, solution; a Pd(NH:;).{0H), and an AuCl, or HAuCl.

golution.

According to a further preferred embodiment of the process
according to the invention, Pd can also be precipitated with
incompatibkle Pd golutions and analiogously Au with
incompatible Au solutions, e.g. by bringing a PdCl; solution

into contact with a PA(NH;),(OH}; solution or an HAuCl, with a
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KAuO; solution. In this way high Pd and/cr Au contents can
precipitate in the shell without having to use highly-

concentrated solutions.

According to a further embodiment of the process according
to the invention nmixed solutions compatible with one another
can also be used which ars brought inte contact with a
solution incompatible with the mixed sclution, for the
noble-metal precipitation. An exampls of a mized solution is
a PdCl, and AuCli~containing =oluticn, the noble-metal
components of which can be precipitated with a KAuO; sclution
or & Pd{NHz],{CH}; and KAuO;~containing sclution, the noble-
metal components of which can be precipitated with a PdCl,
and HAuCl;-containing solution. A further example of a mixed

solution is the HAuCL, and KAul; pairing.

The dimpregnation with the incompatible solutions will
preferably take place by means of steeping or by means of
spray impregnation, wherein the incompatible sclutions are
for example sprayed simultaneously by one or more double
nozzle(s) or simultaneously by means of two nozzles or
nozzle groups or seguentially by means ¢f one or more

nogzle(sy.

Because of the rapid immobilization (fixing) of the metal
components of the precursor compounds in the shell and the
concomitant shortened Pd and Au dififusion, the impregnation
with the incompatible solutions can lead to thinner shells
than the conventional use of solutions compatible with one
another. By means of the incompatible solutions, high noble-
metal contents in thin shells, improved metal retention,
more rapid and more complete precipitation of the noble
metals, the reduction 0f the disruptive residual Na content

of the support, the simultanecus fixing of Pd and Au in only
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cne fixing step and the absence of NaOH ceosts and NaOH
handling and an avoidance of a mechanical weakening of the

support through the contact with excess WNalOH can be achisved

By means ¢f the impregnation with incompatible soclutions,
greater noble-metal contents can be precipitated on the
catalyst support through a single fixing step which
comprises just the deposition of twe incompatible sclutions
than is possible with standard base (NaOH} fixing. Shell
catalysts with particularly low residuasl €1 and Na contents
can pe obtained by acid fixing of chloride-free noble metal

pPrecursors,

In particular, high Au contents with an Au/Pd atomic ratio
of 0.6 and more, which is very desirable with regard to the
increase in VAM selectivity, can be easily achisved by means

of the principle of the incompatible sclutions.

According to a further preferred embodiment of the process
according to the invention it i1s provided that, after the Bd
and/or the Au precurscr compound has/have besen deposited
onto the catalyst support, for the fixing of the noble-metal
compeonent (s} of the precursor compound(s) onto the catalyst
support, the catalyst support is subjected to a fixing step.
The fixing step can comprise, as already stated above, the
treatment of the suppcert with lve or a calcining of the
support for converting the noble-metal component(s) into a
hydroxide compound{s) or into an oxide. The fixing step can

also be omitted and directly reduced, s.g. in the gas phase.

It is likewise possible to introduce the doped catalyst
suppert as powder and to impregnate this through with the
precursor compounds ©0f the active metals. The pre-treated

powder can then be ccated in the form of a washcecat onto a
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suitable shaped body, for example a sphere of steatite ¢r a
KA-160 support, and then processed further into the catalyst

by calcining and reduction.

Accordingly the Iinvention relates to a second process for
the preparation o¢f & shell catalyst according to the

invention, comprising the steps of:

a) providing a powdery oxidig porous catalyst support
which contains hafnium oxide (HfO;) units in its
framework structure and whersin the catalyst support
igs loaded with a Pd and an Au precursor compound or

with Pd and Au particles;

b} depositing the loaded catalyst support onto a shaped

body in the form of a shell:

¢} calecining the loaded shaped bkody according to step b

et

ocpticnally converting the Pd and the Au component of

the Pd or Au pracursor compound into the metal form.

Alternatively, the named process can also be carried out by
first depesiting the powdery catalyst support not loaded
with noble metal onto a shaped body and only afterwards
applyving the noble metals.

After lcading with the precurscr compounds or after fixing
the noble-metal components the support can be calcined o
convert the noble-metal compeonents into the <Corresponding
oxides. Calcining takes place preferably at temperatures of
less than 700°C. Particularly preferably between 300-450°C
accompanied by the addition of air. The calcining time

depends on  the calcining temperature and is preferably
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chosen in the range rom 0.5-6 hours. AT & calcining
temperature of approx. 400°C, the calgiring time is

ovreferably 1-2 nours. At a calcining temperature of 300°C,

the calcining time is preferably up to 6 hours.

The noble-metal components are typically further reduced
pefore the use of the catalyst, wherein the reduction can be
carried cut in situ, 1.e. in the process reactor, or also ex
situ, 1.2. in a special reduction reactor. Reduction in situ
is preferably carried out with ethylens (5 wvoi.-%) in
nitrogen at a temperature of approx. 150°C over a pericd of
for example 5 hours. Reduction ex situ can be carried out
for example with 5 wvecl.-% hydrogen in nitrogen, for example
by means of forming gas, at temperatures in the range of

preferably 150-500°C over a period of 5 hours.

Gaseous or vaporable reducing agents such ag for example CO,
NHi, formaldshyde, methanol and hydrocarbons can likewise be
used, wherein the gaseous reducing agsnts can also be
diluted with inert gas, such as for example carbon dioxide,
nitrogen or argon. A reducing agent diluted with inert gas
is preferably used. Mixtures of hydrogen with nitrogen or
argorn, preferably with a hydrcgen content bstween 1 vol,-~%

and 15 vol.-%, are preferred.

The reducticn of the noble metals can also be undertaken in
the liquid phase, preferably by means of the reducing agents
hydrazine, K-formate, Hz04 or Na-nypophosphite, K-

hypophosphite, hypophosphoric acid.

The guantity of reducing agent 1s preferably chosen such
that during the treatment period at least the eguivalent
reguired for complete reduction of the nebhie-metal

components ls passed over the catalyst. Preferably, however,
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an excess of reducing agent is passed over the catalyst in

order to ensure a rapid and complete reduction.

The reduction 1s preferably pressureless, i.s. at an
absolute pressure of approx. 1 bar. For the preparation of
industrial guantities of catalyst according to the invention
a rotary tube oven or fluld~bed reactor is preferably used

in order tc ensure an even reduction of the catalyst.

The invention alsc relates to the use of the catalyst
according to the invention as an oxidation catalyst, as =
hycrogenation/dehydrogenation catalyst, as a catalyst in
hydrogenating desulphurization, as a hydrodenitrification
catalyst, as a hydrodeoxidation catalyst or as a catalyst in
the synthesis of alkenylalkanocates, in particular in <the
syntheslis of wvinyl acetate monomer, in particular in the
gas-phase oxidation of ethylene and acetic acid to form

vinyl acetate monomer.

The catalyst according to the invention is preferably used
for the preparation of VAM. Generally this takes place by
passing acetic acid, ethylene and oxygen or oxygen-
containing gases over the catalyst according to the
invention at temperatures of 100-200°C, preferably 120-200°C,
and at pressures of 1-25 bar, preferably 1-20 bar, wherein
nen-reacted educts can be recycled. Expediently, <he oxygen
concentration 1is  kept below 10 vol.-%. Under certain
circumstances, howsver, a dilution with insrt gasss such as
nitrogen or carbon dioxide is also advantageocus. Carbon
dioxide is particularly suitable for dilution, since it is
formed in small quantities in the course of VAM synthesis.
The formed vinyl acetate 1s isclated ith the help of
suitable methods, which are described for example in US
5,0c€,365 A.
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The following embodiment sexamples serve to explain the

invention but are not to be understeod as limiting it:
Example 1:

500 g of different acid-treated dried powdery bentonite
mixtures as sheet silicate component based on natural
bentonites with montmorilliconite as main constituent were
ground into an intimate mizture by means cf a ball mill with
up te 100 ¢ Zr0, and 10 g HfOZ, and élso 13 g methyl

cellulose customary in the trade.

The resultant mixture was taken up with water and p
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by means of a mixer into a dough from which spherica
bodies were prepared under pressure by means of a tables
press. For hardening, the spheres wsre calcined at a
temperature of 640°C over a period of 4 h. The thus-cbtained

shaped bodies have the characteristics listed in Table 3:

Tabie 3: Properties of shaped bodies according to the

invention
Geometric form Sphere
Diameter S mm
McistTure content <2.0 mass-%
Compressive strength > 30 N
Bulk density 580 —~ 080 g 17°
Water absorbency 54 - 70%
Specific surface area 102- 164 m* g °
{BET)
$i0y; content 70 to 78 wt.-%
HEO, content 1.2 ~ 1.6 wt.-%




38

Zr0O, content 3.4 to 9.2 wt.-%
Other oxides Residual masgs in
wt.~%
Loss on ignition 1000°C <0.4 wt.-%
Acidity 10 to 50 uval/g
BJH pore volume N, 0.25 - 0.42 cm® g°

A fluidized-bed device customary in the trade wags filled
with 225 g of the spheres, prepared as above, with a surface
area of 122 nﬁ/g and the spheres were put into a fluidized-
bed state by means of compressed air temperature-controlled

atr 80°C {6 bar).

Once the shaped bodies were temperature-controlled at about
75°¢C, 300 ml of an agueous noble-metal mixed solution
containing 7.5 g Na,PdCl. (sodium tetrachloropalladate)
customary in the trade and 4.6 g NaAuCl, {sodium
tetrachloroaurate) customary in the trade were sprayed onto
the fluidized bed of the shaped bodies over a period of 40

min.

After the impregnation of the catalyst supports with the
noble-metal mixed solution the support spheres were spravyed
with a 0.05 molar NaOH solution in the fluidized-bed state
under the above conditions over a period of 30 min. The NaOH

was allowed to act on the shaped bodies for 16 h.

Following exposure to the action of the NaOH, the supports
were washed with plenty of water in the fluidized-bed
device, in order to very largely remove the alkali metal and
chloride introduced into the support wvia the noble-metal

compounds and NaOH.
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After washing, the shaped bodies were dried in the

fluidized-bed device at a temperature of 200 to 250°C.

After the shaped bodies were dried they were reduced to a
Pd/Aau shell catalyst with a gas mixture of ethylene (5
vol.-%) in nitrogen at a temperature of about 150°C in the

fluidized-bed device.

The resulting shell catalyst contained about 1.2 mass-% Pd
and had an Au/Pd atomic ratio of about 0.5, a shell

thickness of about 170 um and a hardness of 37 N.

The noble-metal concentration of the thus-prepared Pd/Au
shell catalyst varied over an area of 20% of the shell
thickness, the area being at a distance of 5% of the shell
thickness from each of the outer and inner shell limit, from
the average noble-metal concentration of this area by a

maximum of +/- 10%.

Example 2:

50 g of Zr0, powder with a specific surface area of 39 m‘/g
was mixed with 8 g powdery HEfO, and ground to an intimate
mixture by means of a ball mill. The resulting average

particle gize was about 2 um.

The thus-obtained HEO,/Zr0, powder has the characterisgtics
listed in Takle 4:

Table 4: Properties of the HEfO,/Zr0, powder

Geometric form Sphere

. Dso 2 um

Molisture content <2.0 wt.-%
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Bulk density 620 g 17
Water absorbency
Specific surface area 39 m*/g
{BET)
HfC,; content 11.1%
Z2r0, content BE.8 wt.~%
Loss on ignition 1000°C < 1 wh.-%
BJH pore wolume N, 0.28 cm’® g™+

30 g of & 20% zirconium acetate

was added to the HIO,/Zr0; powd

ZrO0{0Ac), solution as binder

er, the mixture was stilrred

for 1h and then sprayved onto 7% g KA-0 (Sud-Chemie). The

thus-obtained spheres were cal

HIO;/Zr0, shell of 261 um resulte

cined at 600°C for 5h. An

d.

A fluidized-bed device customary in the trade was filled

with 225 g of the spheres, prepared as above, with a surface

area of 97 m2/g and the spheres were put into a fluidized-

bed state by means of compresse

to 80°C (6 bar).

d ailr temperature-controlled

Once the shaped bodies were temperature-controlled at approx.

75°C, 300 ml of an agueous

nohle-metal mixed solution

containing 7.5 g Na:pdCl, (sodium tetrachloropalladate)

CUSTOmMEIY in the trade and 4.6 g NaduCl, (sodium

tetrachlorcaurate) customary in

the trade were sprayved onto

the fluidized bed of the shaped bodies over a periecd of 40

min.

After the impregnation of the

nchle~metal mixed solution the

catalyst supports with the

support spheres were spraved

with a 0.05 molar WaOH scolution in the fluidized-bed state

under the above conditions over

was allowed te act on the shaped

a period of 30 min. The NaOH

bodies for 16 h.
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Following exposure to the action of the NaOH, the supports

were washed with plenty of water in the fluidized-bed
device, in order to very largely remove the alkali metal and
chloride introduced into the support wvia the noble-metal

compounds and NaOH.

After washing, the shaped bodies were dried in the

fluidized-bed device at a temperature of 200 to 250°C,.

After the shaped bodies were dried they were reduced fo a
Pd/Au shell catalyst with a gas mixture of ethylene (5
vol.-%} in nitrogen at a temperature of about 150°C in the

fluidized-bed device.

The resulting shell catalyst contained about 1.2 mass-% Pd
and had an 2u/Pd atomic zratio of about 0.5, a shell

thickness of about 210 um and a hardness of 43 N.

The noble-metal concentration of the thus-prepared Pd/Au
shell catalyst wvaried over an area of 90% of the shell
thickness, the area being at a distance of 5% of the sghell
thickness from each of the outer and inner shell limit, from
the average nokle-metal concentration of this area by a

maximum of +/- 10%.
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Claims
1. Shell catalyst for the preparation of vinyl
acetate monomer (VAM), comprising an oxidic porcus
catalyst support with an outer shell, containing

metallic Pd and Au, characterized in that the framework
structure of the porous c¢atalyst support contains
hafnium oxide units (HfO,}), wherein the catalyst support
containing hafnium oxide units 1s obtainabkle or
obtained by means of the following process, comprising

the steps of:

2) mixing a powdery oxidic porous support material with a
powdery hafnium compound and/or a solution or

suspension of a hafnium salt;

B) shaping a shaped body from the mixture obtained

according to step A); and

C} calcining the shaped body obtained according to step
B) .

Shell catalyst according to claim 1, characterized in
that the catalyst support is selected from the group
consisting of gilicon oxides, aluminium oxides,
aluminosilicates, zirconium oxide, titanium oxide,

calcined acid-treated bentonites or mixtures thereof.

Shell catalyst according to c¢laim 2, characterized in
that the proportion of hafnium oxide units in the
framework structure of the catalyst support is from 0.01
to 50 wt.-%, relative to the weight of the catalyst

support.
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Shell catalyst according to claim 3, characterized in
that the catalyst support has a specific surface area

(BET) of less than/equal to 160 m?/g.

Shell catalyst according to claim 4, characterized in
that the specific surface area (BET) of the catalyst
support is in the range of 160 to 40 w?/g.

Shell catalyst according to c¢laim 5, characterized in
that the catalyst support has a hardness greater

than/equal toc 20 N.
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Shell catalyst according to <laim 6, characterized in
that the catalyst support has an integral BJH pors

volume of more than 0.25 ml/g.

Shell catalyst according to claim 7, characterized in
that the catalyst support has an integral BJH pore

volume in the range of 0.25 to 0.7 mi/g.

Shell catalyst according to «laim 8, characterized in
that the catalyst suppert has an average pore diamster

of 8 to 50 nm.

Shell catalyst according to claim 9, characterized in
that the catalyst support has a Bayer acidity in the

range of 1 to 150 wval/g.

Shell catalyst according to one of the previous claims,
characterized in that the catalyst support comprises a
calcined acid-treated bentonite, preferably in &
proportion of more tharn/equal to 50 wt.-%, relative to

the weight of the catalyst support.

Shell catalyst according to c¢laim 11, characterized in
that the calcined acid-treated bentonite contained in

the catalyst support has an 3510, content of at least 65

oo

WL, %,
Shell catalyst according fo claim 12, characterized in
that the calcined acid-treated bentonite contained in
the catalyst support contains less than 10 wt.~% Al.0,.

Shell catalyst according t¢ one of claims 1 to 190,
characterized in that the catalyst support consists of

ARSI



10

20

25

[FV]
w

WO 2008/145392 PCT/EPZOUS/004333

(03]

gt

17.

18.

19.

2%,

22

44

Shell catalyst according to one of the previcus claims,
characterized in that the catalyst support is applied to
& porous or non-porous shaped body which is different

from the catalyst support.

Shell catalyst szccording to one of the previous clains,
characterized In that the catalyst has a bulk density of

more than 0.4 o/ml.

Shell catalyst according to claim 16, characterized i

bh

that the outer shell o the shell catalyst has a

thickness of less than 300 um.

Shell catalyst according to one of claims 1 to 16,
characterized in that the outer shell of the shell

catalyst has & thickness in the range of 200 te 2000 um.

Shell catalyst according to claim 17 or 18,
characterized in that the Pd content is 0.5 to 2.5 wi.-%
relative tc the weight of the catalyst loaded with noble

matal.

Shell catalyst according to «laim 18, characterirzed in
that the Au/Pd atomic ratioc of the catalyst is between {

and 1.2.

Shell catalyst according to <laim 20, characferized in
that HIG; and/or Zr0,; is further contained in the outer

shell.

Shell catalyst according to one of c¢laims 17 to 21,
characterized in that the noble-metal concentration of

the catalyst varies over an area of 90% of the shell
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thickness, the area being at a distance of 5% of the
chell thickness from each of the ocuter and innexr shell
limit, £rom the average noble-metal concentration of

this area by a maximum of +/- 20%.

Shell catalyst according to claim 22, characterized in
that the shell catalyst has a chloride content of less
than 250 ppm.

Shell catalyst according to claim 23, characterized in
that the shell catalyst further contains an alkali metal

acetate.

Shell catalyst according to claim 24, characterized in
that the alkali metal acetate content of the catalyst is
0.1 to 0.7 mol/1l.

Shell catalyst according to claim 25, characterized in
that the alkali metal/Pd atomic ratic is between 1 and

12.

Process for the preparation of a shell catalyst,
according to one of the previous c¢laims, comprising the

steps of:

a) providing an oxidic porous catalyst support, the
framework structure of which contains hafnium oxide
(Bf0,) wunits, wherein the catalyst support containing
hafrium oxide units is obtainable or obtained by means
of the following process, comprising the steps of:

A) mixing a powdery oxidic porous support material
with a powdery hafnium compound and/or a solution
or suspension of a hafnium salt;

B) shaping a shaped body from the mixture obtained

according to step A}; and
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calcining the shaped body obtained according to

step B),

depositing a solution of a Pd precursor compound

onto the catalyst support;
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c) depositing a solution of an Au precursor compound
onto the catalyst support the framework structure

of which contains hafnium oxide units (HfO,;);

ad) converting the Pd component of the Pd precursor

compound intco the metal form; and

e) converting the Au component of the Au precursor

compound intc the metal form.

Process according to claim 27, characterized in that the

Pd and Au precurser compounds are selected from the

halides, in particular chlorides, oxides, nitrates,
nitrites, formates, propionates, oxalates, acetates,
hydroxides, hydrogen <carbonates, amine complexes or
organic complexes, for example triphenylphosphone

complexes or acetylacetonate complexes, of these metals.

Process according to claim 28, characterized in that the

'Pd precursor compound 1s selected from the group

congigting of PA(NH;),(0H}s, PA(NOi},, K;PA{OAc),(0H),,
Pd (NH;3) 5 (NO3) 2, K;Pd(NOz)s, NazPd(NO:),, PA(CAc)., PACl,,

NaQPdClq . and pd (NH3) 4 (NO},) 2.

Process according to claim 28, characterized in that the
Au precursor compound is selected from the group
consigsting of KAuO,, HAuCl,, KAu(NO,),, AuCl;, NaAuCl.,
KAau (OAc) 5 (CH) , HAu(Nogié and Au (OAc) ;.

Process according to one of claims 27 to 30,
characterized in that the Pd and the Au precursor'
compounds are deposited onto the catalyst support by
steeping the catalyst support in the solution of the Pd

precursor compound and in the solution of the Au
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precursgor compound or in a solution which contains both

the Pd and the Au precursor compound.

Process according to one of claimg 27 to 30,
characterized in that the solution of the Pd precursor
compound and the sclution of the Au precursor compound
is deposited onto the catalyst support by spraying the
solutions onto a £fluid bed or a fluidized bed of the
catalyst support, preferably by means of an aerosol of

the solutions.

Process according to one of claims 27 to 32,
characterized in that the catalyst support is heated

during deposition of the solutions.

Process according to one of c¢laims 27 to 33,

Characterized in that

a) a first solution of a Pd and/or an Au precursor

compound is provided;

b} a second solution of a Pd and/or an Au precursor

compound 1is provided, wherein the first solution
effects a precipitation of the noble-metal component(s)
of the precursor compound(s) of the second solution

and vice versa;

¢) the first and the second solution are depcsited onto

the catalyst support.

Process according to claim 34, characterized in that the
precursor compound of the first solution 1s acid and

that of the second solution is basic.
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Procesgs according to one of claimg 27
characterized in that the catalyst support is
to a fixing step once the Pd and/or the 2Au
compound has/have been deposited onto the

support.

toe 35,
subjected
precursor

catalyst



