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PREPARING 01'~'GEN:~TES AND C:~TALZ'STS THEREFOR This application is a
continuation-in-part of U.S. Patent .Application Serial No. 09/192,134,
filed November 13, 1998 which is ~i continuation-in-part of U.S. Patent
application Serial No. 09/01,24U, filed January 29, 1998. Brief Summar y of
the Invention Technical Field This invention relates in part to processes
for converting carbon monoxide- and hydrogen-containing feedstocks, e.g.)
synthesis gas, to oxygenated products, e.g., esters, acids, acid anhydrides
and mixtures thereof, and t.o catalysts for said processes. This invention
also relates in par t to processes for converting an alcohol, ether and/or
ether alcohol feedstock to oxygenated products, e.g., esters, acids, acid
anhydrides and mixtures thereof. and t.o catalysts for said processes.
Background of the Invention It is known that carboxylic esters, acids,
anhydrides and mixtures thereof can be prepared from feedstock comprising
carbon monoxide and hydrogen gases by first forming an alcohol, such as
methanol. and the corresponding ether (e.g., dimethyl ether), according to
the theoretical reaction: 2C0 + 4H~ = 2CH;~OH~(CH3)~z0 + H20 IN~1~~~~~
*166166*   17 J U l 2002 WO 99l38836 PCT/US99/02024 -t in the presence of a
known alcohol conversion catalyst, and then 



separately converting the alcohol and/or ether in the presence of a known
carbonylation catalyst into esters, acids, anhydrides and mixtures thereof
containing one carbon atom more than the starting alcohol and ether, for
example (theoretically): CHsOH + CO = CH;;COOH or (CHs)~a0 + 2C0 + Hz0 =
2CHsCOOH or CHaOH -+ (CH;3)z0 + 3C0 + H~~O = 3CH;;COOH Known two step
catalytic processes for producing oxygenates are described in U.S. Patent
Nos. 5,189,203 and 5,286,900. In each of the processes described in these
patents, the alcohol conversion from carbon monoxide and hydrogen is
carried out in a first reaction zone wherein the alcohol, and optionally
the corresponding ether, are refined to a product stream and the product
stream is then passed from the first reaction zone to a second reaction
zone wherein the alcohol and ether are converted by a carbonylation
reaction to ester, acid, anhydride or mixtures thereof. As disclosed, the
useful temperature and pressure ranges for carrying out the separate
reactions are different. Specifically, the alcohol synthesis reactor
temperatures and pressures are selected from the ranges of from about 150C
to about 400C and from about 70 to 3000 psig, respectively, whereas the
carbonylation reactor temperatures and pressures are selected from the
ranges of from about 100C to about 500C and about 15 to 12,000 psig,
respectively. It has been disclosed that oxygenates can be produced from a
synthesis gas from rhodium catalysts. JA 62/14843 7 and JA   17 J U L 2002
WO 99I38836 PCT/US99/02024 -3G2/148438 disclose the simultaneous production
of acetic acid, acetaldehyde and ethanol from a synthesis gas reacted in
the presence of a rhodium cataly st pretreated with sulfur-containing
compounds. JA G111 i8933 discloses producing oxygenates from a synthesis
gas wherein the reaction is carried out in the presence of a rhodium
catalyst pr ovided with an accelerator metal such a5 scandium, iridium or
an alkali earth metal. JA01/294643 discloses the production of oxygenated
compounds such as acetic acid in which a synthesis gas is reacted in the
presence of a rhodium catalyst. on a silica substrate. The cited prior art
processes for producing oxygenates from a synthesis gas have taken one of
two routes: a first route wherein two separate reaction zones are used - a
first reaction zone to produce the alcohol, followed by separation and
purification, and a second reaction zone to effectuate the carbonylation
reaction to produce oxygenates, wherein the temperatures and pressures are
selected from different ranges; and, a second route wherein a rhodium
catalyst) contained on a substrate or treated with a specific compound
(such as sulfur-containing compounds) or enhanced by an accelerator, is
used to produce oxygenates and/or mixtures thereof along with aldehydes and
alcohols. The first route is inefficient and capital intensive) requiring
separate reaction zones, alcohol purification and complex equipment. The
second route suffers from poor selectivity, resulting in a broad range of
oxygenated products) because one catalytic component is being used to
catalyze both reactions. Known catalytic carbonylation processes for
producing oxygenates are described in U.S. Patent NUS. 5,218.140 and
5,330,9;i. Such processes involve the carbonylation of one or more
alcohols. ethers and ether alcohols to esters and carboxylic acids. The
processes   17 J U L 2002 WO 99I38836 PCT/US99/02024 -flare carried out in
the vapor state over a solid catalyst comprising a polyoxometalate anion in
which the metal is at least one taken from Groups 5 and 6 (such as
molybdenum; tungsten, vanadium, niobium, chromium and tantalum) complexed
with at least one Group 8, cJ or 10 ration (such as Fe, Ru, Os, Co, Rh, Ir,
Ni, Pd and Pt). Currently, commercial processes for the production of
acetic acid from methanol and carbon monoxide employ iodide pr omoter s
which ar a essential to obtain an acceptable level of catalyst activity .
Iodide pr omoters are highly corrosive, requiring the use of exotic metals
in the construction of the reaction vessels and expensive processing
equipment (e.g., separation and refining equipment) to recover the
homogeneous promoter from the product stream. The oxygenates industry,
particularly the acetic acid industry, would benefit significantly from a
process that would simplify and/or eliminate complex, expensive equipment
while simultaneously enabling more control over reaction rates and product
selectivity. A solution enabling these advantages would provide a highly
desirable industrial advance. Improved carbonylation catalysts for making
oxygenates with respect to catalyst stability and carbonylation activitST
and selectivity would also be a highly desirable industrial advance. 



Disclosure of the Invention This invention relates in part to a process for
converting a feedstock comprising carbon monoxide and hydrogen to a product
stream comprising at least one of an ester, acid, acid anhydride and
mixtures thereof which comprises reacting the carbon monoxide and hydrogen
in the presence of a catalyst comprising an alcohol synthesis   17 J U L
2002 WO 99/38836 PCT/US99102024 catalytic component and an alcohol
carboylation catalytic component, the composition of the components being
different from one another, under conditions of temperature and pressure
sufficient to produce said product stream. This process is preferably a gas
or vapor phase reaction of synthesis gas to produce oxygenates therefrom,
and is especially advantageous for the production of acetic acid and/or
methyl acetate utilizing a single reaction vessel. This invention also
relates in part to a process for converting a feedstock comprising carbon
monoxide and hydrogen to a product stream comprising at least one of an
ester, acid, acid anhydride and mixtures thereof which comprises (a)
reacting the carbon monoxide and hydrogen in the presence of a catalyst
under conditions of temperature and pressure sufficient to produce at least
one of an alcohol, ether, ether alcohol and mixtures thereof and (b)
reacting carbon monoxide and said at least one of an alcohol, ether, ether
alcohol and mixtures thereof in the presence of a catalyst comprising a
solid super acid, clay, zeolite or molecular Sieve under conditions of
temperature and pressure sufficient to produce said product stream. This
process is preferably a gas or vapor phase reaction, and is especially
advantageous for the production of acetic acid andlor methyl acetate
utilizing separate r eaction vessels for steps (a) and (b). This invention
further relates in part to a process for converting a feedstock comprising
at least one of an alcohol, ether, ether alcohol and mixtures thereof to a
product stream comprising at least one of an ester, acid, acid anhydride
and mixtures thereof by reacting carbon monoxide and said at least one of
<~n alcohol, ether, ether alcohol and mixtures thereof in the presence of a
catalyst   17 J U L 2002 WO 99/38836 PCT/US99/02024 -6_ comprising a solid
super acid, cla~, zeolite or moleculaz sieve under conditions of
temperature and pressure sufficient to produce said product stream. This
process is preferably a gas or vapor phase reaction, and is especially
advantageous for the production of acetic acid andlor methyl acetate
utilizing one or more reaction vessels. This invention yet further relates
in part to a multicomponent catalyst comprising (a) a first component
capable of catalyzing a reaction of carbon monoxide and hydrogen to produce
at least one of an alcohol, ether, ether alcohol and mixtures thereof and,
(b) a second component having a composition different from that of the
first component and capable of catalyzing a reaction of carbon monoxide and
said at least one alcohol, ether, ether alcohol and mixtures thereof
produced in the presence of the first component to produce at least one of
an ester, acid, acid anhydride and mixtures then eof. This invention also
relates in part to a solid catalyst for the carbonylation of a feedstock
comprising at least one of an alcohol) ether, ether alcohol and mixtures
thereof to a product stream COmprlSlllg at least one of an ester, acid,
acid anhydride and mixtures thereof, by reaction thereof in the vapor
state, said catalyst selected from a solid super acid, clay, zeolite or
molecular sieve. The processes and catalysts of this invention are
particularly unique in that they enable the production of oxygenates from
carbon monoxide- and hydr ogen-containing feedstocks or alcohol, ether or
ether alcohol feedstocks in one or more reactors and in which no halides
are required in the liquid or vapor phases of the feedstock streams and/or
recycle streams of the processes) thus providing substantial economic
benefits in the design of equipment to carry out   



17 J U L 2002 WO 99/38836 PCT/US99J02024 the processes. l~~Ioreover, the
multicomponent catalysts of this invention enable substantial control over
the composition of the reaction product simply by varying the composition
of one component of the catalyst andlor its concentration relative to the
other component. Further, the processes and catalysts of this invention
enable the pr oduction of oxygenates under one or more sets of r eaction
conditions. The carbonylation cattily sts of this invention provide
improved catalyst stability and improved carbonylation activity and
selectivity as described herein. In a preferred embodiment, the alcohol
producing reaction, i.e., step (a) above, and carbonylat.ion reaction,
i.e., step (b) above, can be carried out in separate reactors and each
reactor can be operated at different reaction conditions. The product
stream exiting the alcohol synthesis reactor can be fed directly into the
carbonylation reactor . Brief Description of the Drawings Figure 1 is a
schematic representation of a one-reactor process flow diagram to make
acetic acid from a feedstock gaseous mixture comprising carbon monoxide and
hydrogen gases prepared from a hydrocarbon feed to a "synthesis gas"
or'`syn gas" generator. Figur a 2 is a schematic representation of a
two-reactor process flow diagram to make acetic acid from a feedstock
gaseous mixture comprising carbon monoxide and hydrogen gases prepared from
a hydrocarbon feed to a "synthesis gas" or "syn gas" generator. Detailed
Description According to one embodiment of this invention, a feedstock
comprising carbon monoxide and hydrogen is converted to a   17 J U L 2002
WO 99l38836 PCT/US99/02024 .8. product stream comprising at least one of an
ester, acid, acid anhydride and mixtures thereof by reacting the carbon
monoxide and hydrogen, in the presence of a catalyst, to convert the same
t.o the product stream, wherein the catalyst comprises an alcohol synthesis
catalytic component and an alcohol carbonylation cattily tic component. In
par titular, a gaseous feedstock comprising carbon monoxide and hydrogen
gases is converted to the product stream in a vapor phase, controlled
temperature and pressure, reaction in the presence of a solid catalyst
comprising a metal based alcohol synthesis catalytic component and an
alcohol carbonylation Catalytic Component. More particularly, the gas
feedstock is converted to the product stream in the presence of a solid
catalyst comprising a metal based alcohol synthesis catalytic component and
a heterogeneous alcohol carbonylation catalytic component. Preferably, such
processes yield a product stream comprising at least one of acetic acid,
methyl ester , acetic anhydride and mixtur es thereof and is care ied out
in the presence of a solid catalyst system comprising a metal-based alcohol
synthesis catalytic component and a solid super acid alcohol carbonylation
catalytic Component. More preferably, a synthesis gas feedstock is
converted substantially to acetic acid in a vapor phase, catalyzed,
temperature and pressure Controlled reaction wherein the catalyst is a
solid catalyst consisting essentially of a metal-based alcohol synthesis
catalytic component and a solid super acid impregnated with a Group 7, 8.
9, 10 and/or 11 metal. This embodiment is simple and unique. The processes
to produce the product stream are carried out in a single reaction zone in
the presence of a multicomponent cattily st whose composition can be varied
by Changing the catalytic components so as to control the rate   17 JUl
2002 WO 99I38836 PCT/US99/02024 _g_ 



~i11C1 selectivity of the fir st and/or second reactions, then ehy
effectivel~~ contr olling the composition of the product stream and the
rate of production of the stream constituents. Iii a preferred embodiment
of such processes, the multicomponent catalyst is a solid catalyst
consisting essentially of a metal-based alcohol synthesis catalytic
component and a heterogeneous alcohol carbonylation component. The unique
catalyst enables highly selective and r ate controllable pr ocesses which
can be carried out under a singular set of reaction condition temperatures
and pressures. The multicomponent catalyst rnay comprise one or more
catalyst beds in a single reaction vessel, e.g., a dual bed catalyst which
comprises one bed containing the alcohol synthesis catalytic component and
another separate bed containing the ~ilCUhol carbonylation catalytic
component, or a single bed catalyst mixture, e.g., a mixture of the alcohol
synthesis catalytic component and the alcohol carbonylation catalytic
component. It has been discovered that hydrogen or a feedstock containing
hydrogen, e.g.) synthesis gas, has an unexpected stabilizing effect tin the
heterogeneous alcohol carbonylation catalytic component of the catalyst as
compared to reactions in which only methanol and carbon monoxide are
present in the system as described more fully below. This unexpected effect
is especially valuable for the pr oduction of acetic acid. In another
embodiment, this invention is directed to pr ocesses and catalysts for
converting a feedstock comps icing carbon monoxide and hydrogen to a
product stream comprising at least Ulle Uf an ester, acid, anhydride and
mixtures thereof, which comprises (a) reacting the carbon monoxide and
hydrogen in the presence of a catalyst under conditions of temperature and
pressure sufficient to   17 J U L 2D02 WO 99I38836 PCT/US99/02024 -lo
produce at least one of all alcohol; ether) ether alcohol and mixtures
thereof and (b) reacting carbon monoxide and said at least one of an
alcohol, ether, ether alcohol and mixtures thereof in the presence of a
catalyst comprising a solid super acid, clay, zeolite or molecular sieve
and under conditions of temperature and pressure sufficient t.o produce
said product stream. In this embodiment, the processes are preferably
carried out in two linked reaction vessels with the first reaction vessel
containing the alcohol synthesis catalyst and the second reaction vessel
containing the carbony lation catalyst. As with the multicomponent cataly
st above, it has been discovered that hydrogen or a feedstock containing
hydrogen, e.g., synthesis gas, has an unexpected stabilizing effect on the
carbonylation catalyst employed in step (b) above as compared to reactions
in which only methanol and carbon monoxide are present in the system as
described more fully below. This unexpected effect is especially valuable
for the production of acetic acid. tln illustrative overall reaction of the
processes of this invention in a single reaction zone can be represented as
follows: xH2 + yC0 ~ (RC-)mOR'n -~ zH~aO O wherein R is an alkyl group from
1 to about 12 carbon atoms, and R' is hydrogen or an alkyl group from 1 to
about 12 carbon atoms, and wherein m is an integer of 1 or 2. n is 0 when m
is 2, and n is 1 when m is 1, x and y are the stoichiometric coefficients
for a particular r eaction, and z is one less than the number of carbon
atoms of R.   17 JUL 2Q02 WO 99I38836 PCT/US99/02024 -11 .~nother
illustrative overall reaction of the processes of this invention in
separate reaction zones can be represented as follows: xH2 + yC0 --~ ROH
ROH+ xH2 + 5'CO -~ (RC-)mOR'n '-~ zH_~O 



O wherein R is an alkyl group from 1 to about 12 carbon atoms, and R' is
hydrogen or an alky1 group from 1 to about 12 carbon atoms) and wherein m
is an integer of 1 or 2, n is 0 when m is 2, and n is 1 When m is 1, x and
yT are the stoichiometric coefficients for a particular reaction, and z is
one less than the number of carbon atoms of R. Processes for reforming
hydrocarbons to produce synthesis gas are well known. Each has its
advantages and disadvantages and the choice of using a particular refor
ming process is dictated by economic and available feed stream
considerations, as well as by the desired mole ratio of H~a:CO in the
feedstock resulting from the reforming reaction. Steam reforming typically
produces a hydrogen to carbon monoxide mole ratio greater than about 2.5:1.
Partial oxidation r efor ming can typically produce smaller hydrogen to
carbon monoxide mole ratios. Partial oxidation reforming of alkane is a
controlled combustion reaction in which a feed stream of alkane
hydrocarbon, such as methane, and oxygen is introduced into a combustion
chamber. The combustion conditions are controlled to selectively make the
desired hydrohen-carbon monoxide ratio in the feedstock. Steam reforming
and partial oxidation of hydrocarbons are well known processes and are
described, for example, in Kirk-Othmer,   17 J U l 2002 WO 99I38836
PCT/US99/02024 -12Encyclopedia of Chemical Technology, Fourth Edition. 19;
16, the pertinent portions of which are incorporated herein by reference.
.any hydrocarbon-contalnlng feed stream that can be converted 111tU ~
feedstock comprising carbon monoxide and h5-drogen, most prefer ably a
synthesis gas (or "sy n gas"), is useful in the processes of the invention.
The ratio of hydrogen to carbon monoxide in the reaction zone is in the
range of about 50:1 to l:ai0, preferably in the range of about 20:1 to
1:20, more preferably in the r tinge of about 10:1 to 1:10. Useful feed
streams include natural gas (mainh= methane) but natural gas composition
can vary depending on location and sour ce), naphtha, refiner y off-gas,
LPG, gas oil, vacuum residuals, shale oils) asphalt.5, various types of
fuel oils, and hydrocarbon containing process recycle streams. In a
preferred embodiment, methanol can be converted into feed components
comprising carbon monoxide and hydrogen, e.g., synthesis gas. Further,
hydrogen may be formed in situ, for example, by water-gas shift. Feedstocks
comprising carbon monoxide and hydrogen. e.g., synthesis gas, may undergo
purification prior to being fed to any reaction zones. For use in the
processes of this invention, the synthesis gas should be essentially free
of catalyst poisons and inhibitors such as hydrogen sulfide, carbonyl
sulfide, metal carbonyls, e.g., iron carbonyl and nickel carbonyl, ammonia,
basic or ganic compounds, e.g., methyl amine and ethyl amine, and generally
any compounds that will neutralize an acid. Synthesis gas purification may
be carried out by processes known in the art. See, for example, Weissermel,
Ii.. and Arpe H.-J., Industr ial Organic Chemistry, Second, Revised and
Extended Edition, 1993, pp. 19-21.   17 J U L 200Z WO 99I38836
PCTIUS99/02024 -13 The particular reaction conditions for both the sinble
reactor and separate reactor embodiments described below are not nar rowly
cr itical and can be any effective reaction conditions sufficient to
produce at least one of an ester, acid, acid anhydride and mixtures
thereof. The exact reaction conditions will he governed by the best
compromise between achieving high catah~st Selectivity, activity. lifetime
and ease of operability, as w ell as the intrinsic reactivity of the
starting mater ials in question and the stability of the starting materials
and the desir ed reaction pr oduct to the r eaction conditions. In one
embodiment of this invention, feedstock comprising the desired molar ratio
of Hz:CO is fed to a single reactor at a controlled rate and the reaction
is carried out in a reaction zone under controlled conditions of
temperature and pressure in the presence of a catalyst to convert the
feedstock into one or more oxygenates. The temperature in the reaction zone
is selected from the range of from about 100C to about 500C, preferably a
temperature in the range of from about 170C to about 4U0C, with an
especially preferred temperature in the range of from about 1 r 5C to about
375C. The gas hourly space velocity- (GHS~ of the feedstock (liters of
feedstock/hr/liter of catalyst) passing through the reaction zone can var y
significantly) depending upon a variety of factor s such as, for example,
reaction conditions) composition of the feedstock and quantity and type of
catalyst being used. The GHS~~ can be maintained at any rate in the range
of from about 1 to about 30.OOOhr-~ or more, preferably will be maintained
at a rate of at least about 500hr-~, and more preferably will be maintained
at a rate of at least 1,OOUhr-~ . The pressure in the single reaction zone
may be selected from the range of from about 1 to about lU,UUU psig,
preferably a   17 J l1 L 2002 WO 99I38836 PCT/US99/02024 -14 



pressure in the range of from about 50 to about. p,000 prig, with an
especially preferred pressure in the range of from about 500 to about 3,000
prig. The hydrogen and carbon monoxide partial pressures should be
sufficient. to enable the production of one or more oxygenates.
Additionally, the hydrogen partial pressure should be sufficient to impart
stabilization to the carbonylation catalytic component. Illustrative
hydrogen partial pressures may range, for example, fiom about 0.1 prig or
less to about 9000 psig or greater, or from about 0.1 prig or less to about
4500 psig or greater, or from about 0.1 psig or less to about 2?00 prig or
greater. Illustrative carbon monoxide partial pressures may range, for
example, from about 0.1 prig or less to about 9000 prig or greater, or from
about 0.1 psig or less to about 4500 prig or greater, or from about 0.1
prig or less to about 2700 prig or greater. Hydrogen and carbon monoxide
may be fed separately to the single reactor or in combination, e.g.,
s~~nthesis gas. In another embodiment of this invention, when the alcohol
producing reaction and carbonylation r eact.ion ar a carried out in
separate reaction vessels, a feedstock comprising the desired molar ratio
of H~~:CO is fed to the alcohol producing reactor at a controlled rate and
the reaction is carried out in a reaction zone under controlled conditions
of temperature and pressure in the presence of a catalyst to convey t the
feedstock into one or more alcohols, ethers, ether alcohols and mixtures
thereof. Such reactions may be carried out by conventional methods known in
the art. See, for example, U.S. Patent Nos. 5,189,203 and 5,286,900. The
product stxeam exiting the alcohol reactor may then be fed to the
carbonylation reactor at a controlled rate and the reaction is carried out
in a reaction zone under controlled   17 J U L 2002 WO 99/38836
PCT/U599I02024 -15 conditions of temperature and pressure in the presence
of a catalyst as defined herein to convert the feed5tock into one or more
oxygenates. The temperature in the carbony lation reaction zone is selected
from the range of from about 100C to about. 500C, prefer ably a temperature
in the range of from about 150C to about 400C, with an especially preferred
temperature in the range of from about 175C to about 375C. The gas hourly
space velocity (GHSV) of the feedstock (lit.ers of feedstock/hr/liter of
catalyst) pausing through the carbonylation reaction zone can vary
significantly, depending upon a var iety of factor s such as) for example,
r a action conditions, composition of the feedst.ock and quantity and type
of catalyst being used. The GHSV can be maintained at any rate in the range
of from about 1 to about. 30,OOOhr-' or more, preferably will be maintained
at a rate of at least about 500hr-~, and more preferably will be maintained
at a rate of at least 1,OOOhr-~ . Likewise, the liquid hourly space
velocity (LHS~~ of the feedstock passing through the carbonylation reaction
zone can vary significantly, depending upon a variety of factors such as,
fox' example, reaction conditions, composition of the feedstock and
quantity and type of catalyst being used. The LHSV to the reactor when the
feed is vaporized prior to entering or within the reactor may range from
about 0.001 to about 100hr -~ ) prefer ably from about. 0.01 to about
l0hr-~. The GHSV and LHSV accommodate the amount of alcohol, ether, ether
alcohol and mixtures thereof fed to the carbonylation r eactor. The
pressure in the carbonylation reaction zone may be selected from the range
of from about 1 to about 10,000 psig, preferably a pressure in the range of
from about 50 to about 5,000 prig. with an especially preferred pressure in
the range of from about 500 to   17 JUL 2002 WO 99/38836 PCTNS99102024 -16
about 3,000 psig. The carbon monoxide partial pressure should be sufficient
to per mit the reaction with an alcohol, ether. ether alcohol or mixtures
thereof to produce one or more oxygenates. The hydrogen partial pressure
should be sufficient to impart stabilization to the carbonylation catalyst.
Illustrative hydr ogen par tial pressures may range, for example, from
about 0.1 psig or less to about J000 psig or greater, or from about 0.1
psig or less to about 4500 psig or greater. or from about 0.1 psig or less
to about 2700 psig or greater. Illustrative carbon monoxide partial
pressures may r ange, for example, from about 0.1 prig or less to about
9000 prig or greater, or from about 0.1 psig or less to about 4500 prig or
greater, or from about 0.1 prig or less to about. 2700 psig or greater.
Hydrogen andlor carbon monoxide may be fed separately to the carbonylation
reactor or in combination. e.g., as synthesis gas or as part of a feed
stream from a separate reactor as described herein. In a preferred
embodiment, methanol can be converted into feed components comprising
carbon monoxide and hydrogen, e.g., synthesis gas. For purposes of this
invention, GHSV is gas hourly space velocity which is the rate of gas flow
over the catalyst. It is determined by dividing the volume of gas {at 25C
and 1 atmosphere) which passes over the catalyst in one hour by the volume
of the catalyst. LHSV is liquid hourly space velocity which is the rate
that the liquid organic substrate is fed to the carbonylation reactor. It
is determined by dividing the liquid volume pumped in one hour by the
volume of catalyst. The carbonylation reaction can be carried out by
passing the substrate to be carbonylated and carbon monoxide and optionally
hydrogen over the catalyst as a vapor phase reaction or as a liquid   17 J
U L 2002 WO 99I38836 PCT/US99/02024 



-17phase reaction, e.g.) slurry reaction. The substrate comprising an
alcohol, ether, ether alcohol or mixtures thereof can be formed in Situ by
feeding synthesis gas to an appropriate catalyst that is coupled to the
carbonylation catalyst either in the same or different reactors. If
desired, such substrates, e.g., methanol, and/or synthesis gas can be
obtained from a different. source and fed directhT to the carbonylation
catalyst. The alcohol synthesis catalyst or alcohol synthesis catalytic
component is selected fr om either of two groups: a first gr oup which
includes: (a) alkali andlor metal promoted l4IoS~>-based materials, (b)
Group 7, 8, 9, 10 and/or 11 metals, supported or unsupported, with or
without metal and alkali promoters, (c) mixed metal oxides of Co or Ni with
Cu with or Without a trivalent metal ion and/or alkali promoters, and (d)
mixtures thereof; and a second group which includes (a) an alkali and/or
metal promoted ZnCrO, MnCrO and ZnMnCrO. (b) alkali and/or metal promoted
Cu/Zn0 materials, and (c) mixtures thereof, and mixtures of the first and
second groups. Pr eferably, the alcohol synthesis catalyst or alcohol
synthesis catalytic component is selected from among those catalysts used
commercially to make methanol from a synthesis gas, which are highly
developed and their activity and selectivity are known. They include: (a)
Cu/Zn0 (with or without Al), (b) Cu-rare earth metals, and (c) supported
Group 7, 8, 9 and/or 10 metals. These catalysts genes ate methanol from a
synthesis gas according to the following reaction: 2Hz + CO r~ CH;jOH
Alcohol synthesis catalysts or alcohol s~nthesis catalytic components that
typically generate from synthesis gas an AndersonSchultz-Flory product
distribution of linear alcohols include (a) alkali   17 J U L 2002 WO
99/38836 PCT/US99/02024 -18. and/or metals promoted MoS~~-bslsed materials.
(b) Group 7, 8, 9 and/or 10 metals; with or without metal promoter a and
alkali, and (c) mixed metal oxides of Co or Ni and Cu, with or without a tr
ivalent metal 10I1 and/or alkali promoters. These catalysts or catalytic
components genes ate hllear alcOholS from synthesis gas according to the
following reaction: xH~ + yC0 t~ R-CH~~OH -~ zH~~O where x, y and z are the
required stoichiometric coefficients) and R i5 H or ~~n alkyl group of 1
t.o about 12 carbon atoms. Linking together the alcohol synthesis catalyst
and alcohol ca rbonylation catalyst. from separate reactor s or coupling
the alcohol synthesis catalytic component with the alcohol carbonylation
catalytic component in a single reactor yields linear carboxylic acids
according to the overall reaction: xH2 + yC0 ~ RCH.~C(O)OH + zHzO where x,
y and z are the required stoichiometric coefficients, and in R is H or an
alkyl group of 1 to about 12 carbon atoms. Alcohol catalysts and alcohol
catalytic components that typically generate fiom synthesis gas a
non-Anderson-Schultz-Flory distr ihution of methanol, ethanol and Z-methyl
br inched higher alcohol5, e.g., isobutanol, include (a) alkali and/or
metal promoted ZnCrO, MnCrO and ZnMnCrO, and (b) alkali and/or metal
promoted Cu/Zn0 materials. These catalysts and catalytic components genes
ate branched alcohols according to the following reaction: xHa + yC0 t~
R-CHCH~~OH + zH20 I. CH3   17 J U l 2002 WO 99/38836 PCT/US99/02024 -19
whore x, y and z are the required stoichiometric coefficients, and R is H 



or an alkyl group of 1 tU about 12 carbon atoms. Linking together the
alcohol Synthesis catalyst and alcohol carbonylation catalyst from separate
reactors or coupling the alcohol synthesis catalytic component with the
alcohol carbonylation catalytic component in a single reactor yields
non-linear carboxylic acids according to the overall reaction: xH~ + yC0 -~
R-CHCH~COOH -f- zH~~O CHs where x, y and z are the required stoichiometric
coefficients, and R is H or an alkyl group of 1 t.o about 12 carbon atoms.
In the embodiment of this invention which involves converting a feedstock
comprising at least one alcohol, ether, ether alcohol or mixtures thereof
to a product stream comprising at least one of an ester, acid, acid
anhydride and mixtures thereof, suitable feedstocks may include, for
example, mono- and poly hydric alcohols, alkylethers such as alkyl or
alkylene mono- and polyethers, and alky 1 ether alcohols and mixtures
thereof. Such compounds may contain aromatic r ings. The pr efer red
alcohols, ether s and ether alcohUlS that may be carbonylated by the
processes of this invention include alkanols of 1 to about 20 carbon atoms,
alkane polyols of 2 to about 24 carbon atoms, alkyl monoethers of 2 to
about 20 carbon atoms, alkyl alkylene polyethers of 4 to about 40 carbon
atoms and alkoxyalkanols of 3 to about 20 carbon atoms. Illustrative
alcohols, ethers and ether alcohols that may be carbonylated in accor dance
with this invention are disclosed in U.S. Patent Nos. 5,218,140 and
5,330,95, the disclosures of which are incorporated herein by reference.
The feedstocks comprising at least one alcohol) ether, ether alcohol or   ?
7 J U L 2002 WO 99I38836 PCT/US99/02024 -20 mixtures thereof may be
prepared as described herein or alternatively may be obtained from a
different source and fed directly to the carbonylation catalyst. In such
carbonylation embodiment, the processes involve providing at least. one of
the alcohol, ether, ether alcohol and mixtures thereof in the vapor state
and passing the vapor over a bed containing the solid catalyst comprising a
super acid, clay, zeolite) or molecular sieve under conditions described
above. Preferably, the solid super acid, clay, zeolite and molecular sieve
are impre ;nated with a Group i, 8) ~, 10 and/or 11 metal as described
herein. The carbonylation reaction may be carried out in a tubular reactor
using a fixed bed of the catalyst. The reactants may be fed to the catalyst
by feeding down or up, or a combination of both) to a fixed bed located in
a tubular reactor. It may be desirable to use a reactor design that
operates by plug flow and causes minimal turbulence in the reactor zone.
The carbonylation reaction may be effected in a dynamic bed of the
catalyst. In such a reaction, the bed of catalyst is moving such as in the
case of a fluid bed of the catalyst. V~'here the alcohol, ether, ether
alcohol reactant is a higher boiling material not easily vaporized, it can
be diluted with a lower boiling none eactive solvent or diluent and thus tr
ansported over the solid catalyst. The degree of dilution in some cases can
be quite extreme and of course, such conditions will adversely affect the
cost of carbonylation. Suitable solvents and diluents include aliphatic and
ar omatic hydr ocarbons, esters, non-condensable ketones, and the like. The
alcohol carbonylation catalysts and alcohol carbonylation catalytic
components useful in the processes of this invention include solid acidic
materials) for example, solid super acids,   17 J U L 2002 WO 99/38836
PCT/US99/02024 -21 hetel~opol~~ acids, clays, zeolites, molecular sieves,
and the like. Two or more permissible alcohol CalllUn~'l~itlUll c~italVStS
Or a1cU11U1 carbonylation catalytic components may be used in a combined
form. Illustrative of suitable alcohol carbonylation catalysts and alcohol
carbonylation catalytic components include those permissible solid acidic
materials described in Tsutomu Yamaguchi, "Recent Progress in Solid Super
acid'', Applied Catalysis, G1, (1990), 1 and "Zeolite, Clay, and Heteropoly
Acid in Organic Reactions", by Yusuke Izumi, hazuo Ur abe and Makato Onaka,
VCH Publisher s Inc., 1992) the per tinent portions of which are
incorporated herein by reference. The alcohol carbonylation catalysts and
alcohol 



C~ll'l7Un~'1i1t1U11 cati11xt1C CUmpUnentS eXhlblt an acld strength of less
than or equal to - ~.0 (Ho <_ -5.0)) pr efer ably less than or equal to
-10.0 (Ho _< -10.0), and more preferably less than or equal to -12.5 (Ho <_
lZ.~). Acid strength of solid acids can be evaluated by conventional
methods such as by establishing Hammett acidity functions (Ho) using
organic indicators as descr ibed below. When the color of a catalyst sample
subjected to the determination is white, this sample is immersed in benzene
and a benzene solution containing an acid-base indicator of a known pha
value is added thereto. The sample is kept under observation until the
indicator on the surface of the sample assumes the color of acidity. The
smallest value of plia at which the color of acidity is assumed is repor
ted as the acid str ength of the sample. The indicators (pKa) which are
usable for this determination include, for example, mnitrotoluene (-12.0),
p-nitrotoluene (-12.4), p-nitrochlorobenzene (12.7)) m-nitrochlorobenzene
(-13.2)) 2.4-dinitrotoluene (-13.8), and 1,3.5-trinitrobenzene (-16.U).
WO 99l38836 17 J U L 2002 PCT/US99102024 -22 Solid super acid catalysts are
preferred carbonylation catalysts and carbonylation catalytic components
for use in this invention. The preferred solid super acids have an acidity
stronger than 100% H~~SO ~, i.e., Ho < -12.5. Illustrative examples of
solid super acids are FezO:;-50,, S~iO~>-SOs, TiO~~-SO.,. ZrO~~-SO, and
ZrO~>-BzOs. ZrOz-M0;3, Zr O~>-V~% O:z. Fe~~O ~-WOs, sulfated metal oxides
pr omoted with Pt, Fe, Mn, and halogen promoted SiO~a/alumina. A solid
super acid impregnated with a Group 7, 8, 9, 10 andlor 11 transition metal
is a p<irticularly preferred catalyst or catalytic component. Illustrative
of suitable solid super acids include those permissible solid super acids
described in Tsutomu Yamaguchi, "Recent Progress in Solid Superacid",
Applied Catalysis. 61, (1990), 1, supra. The solid super acids and methods
for their preparation are known. See, for example, EP Patent Application 0
685 259 A2 and U.S. Patent No. 5,'780,383, the disclosures of which are
incorporated herein by refer ence. Pr eferred alcohol carbonylation
catalysts and catalytic components are obtained when certain solid super
acids such as Group 4, 5 andlor 6 metal oxides and mixtures thereof are
impregnated with a Group 7, 8, 9, 10 and/or 11 metal and mixtures thereof.
The weight percent of Group 7, 8, 9, 10 and/or 11 metals impregnated onto
Group 4, 5 and/or 6 metal oxides can range from about zero to about 10
weight percent or greater, preferably from about 0.001 weight percent to
about 5 weight percent. The weight percent of Group 6 metal oxides, i.e.,
MoO;; and WO:;, in said Group 4, 5 and/or G metal oxide super acids can
range from about 1 to about 40 weight percent or greater , pr eferably from
about 10 weight. per cent to about 30 weight percent. The catalysts
carbonylate methanol, dimethyl ether,   17 J U L 2Q02 WO 99I38836
PCT/US99102024 -23and methyl acetate with synthesis gas in the vapor phase
or in the liquid phase, e.g., as a slurry. .~s indicated above, no halides,
e.g., methyl iodide, are required in the liquid or vapor phases of the
feedstock streams and/or recycle streams of the processes of this
invention, thus providing substantial economic benefits in the design of
equipment to carry out the processes. It is understood that halides which
are fixed onto the catalyst or otherwise are an integral part of the
catalyst are permissible in the processes of this invention. The preferred
solid super acids are based on Group 4 metal oxides impregnated with MU or
W. Thus) the preferred solid super acids are mixtures of Ti-ff, Ti-h~Io,
Zr-W, Zr-Mo, Hf-Vf, and Hf Mo oxides. Mixtures of the oxides, such as
Zr-W-Ti or Ti-l~Io-Hf, are also useful solid super acid catalysts. Tungsten
oxide, molybdenum oxide, or tungsten-molybdenum composite oxide/zirconium
oxide super acids are also preferred. These solid super acids are expressed
as W03/ZrOZ) Mo031Zr02, and VV03-Mo03/ZrOZ. Solid super acids of tungsten
oxide/tin oxide, titanium oxide, it on oxide, or composite oxide of at
least two elements selected among tin, titanium and iron are further
preferred. These solid super acids are expressed as W03/SnOZ, W03/TiOZ,
W03/FeZ03, WOg/SnOZ-TiOZ) V'Og/SnOZ_ Fe203) WOg/Ti02-Fe20g, and
W03/SnOZ-Ti02-FeZOg The solid super acids can serve as the support in
addition to serving as an integral part of the catalyst. A preferred
catalyst and catalytic component consists of a manufactured solid super
acid pellet that i impregnated by an appropriate Group 7) 8, 9) 10 and/or
11 metal. Supported catalysts are also useful in this invention. For
example, an active catalyst may be obtained by loading Group 4 or ~,   17 J
U L 2002 WO 99I38836 PCT/US99/02024 



-241`IU UT W precur sass onto alumina, silica. various clays, etc., and
then tr ansfor wing (via calcination) the pr ecur sass 111tU a supported
solid acid. This mater ial may then be impregnated with the Group 7, 8, 9,
10 and/or 11 metal. The Group 9 and 10 metals yield particularly active
catalysts. The preferred Group 9 and 10 metals are Ir, Pd and Pt. The solid
super acids impregnated with a Group 7, 8, 9) 10 andlor 11 metal can be
used separately or as a mixture and exhibit good selectivity and thermal
stability. Pd-ZrO~~-WOs is a preferred solid super acid catalyst for use in
this invention. As indicated above, it has been discovered that hydrogen_
or a feedstock containing hydrogen) e.g., synthesis gas, has an unexpected
stabilizing effect on the heterogeneous alcohol carbonylation catalyst and
alcohol carbonylation catalytic component. as compared to reactions in
which only methanol and carbon monoxide are present in the system. While
not wishing to be bound to any particular mechanism or theory, it is
believed that the presence of hydrogen may play an important role in
generating an active alcohol carbonylation catalyst and alcohol
carbonylation catalytic component by means of hydrogen spillover, i.e.,
hydrogen atoms migrate (spill over) from the metal to the metal oxide
surface forming acidic sites when a carbonylation occur s. This stabilizing
effect is par titular ly beneficial for alcohol carbonylation catalysts and
alcohol carbonylation catalytic components such as ZrO~-WO:~ impregnated
with low levels Group 7) 8, 9, 10 and/or 11 metals) e.g., Pd, Pt, Rh, Ir,
Ru, Re and Os. Illustrative metals which pr omote this stabilizing effect
include Gr oup 7, 8, 9, 10 and 11 metals, e.g., Ag, Cu, physical mixtures
of Pd, Pt) Rh) Ir, Ru, Os supported on A1203 or SiO~~ physically mixed with
a Group 4 solid super acid and the Iike.   _ 17 J U L 2Q02 WO 99I38836 -25
PCT/US99/02024 The amount of hydrogen is not. nary owly critical and should
preferably be an amount sufficient to impart the desired stabilizing effect
on the heterogeneous alcohol carbonylation catalyst and alcohol
carbonylation catalytic component. Suitable hydrogen partial pressures may
range, for example, from about 0.1 psig or less to about J000 prig or
greater, or from about 0.1 prig or less to about 4500 prig or greater, or
from about 0.1 prig or less to about 2700 psig or greater. Hydrogen may be
fed separately to the carbonylation reactor or in combination with other
feedstock components, e.g., as synthesis gas or as part of a feed stream
from a separate reactor as described her ein. Other illustrative solid
super acids useful in this invention include sulfuric acid-carried solid
super acids such as disclosed in EP Patent Application 0 G85 259 A2. As
typical examples of these kinds, the following solid Super acids may be
cited: (1) solid super acids of S04/oxide of a metal of Groups 4 and 14,
e.g., S04/zirconium oxide, S04/titanium oxide, S04/tin oxide and
S04/hafnium oxide, represented as S04/ZrOZ, S04/Ti02, S04/Sn0~2 and
S04/Hf02 respectively. (2) S04/iron oxide solid super acid, e.g., S04/Fe
2O3. (3) S04/silicon oxide solid super acid) e.g.) S041SiOZ. (4)
S04/aluminum oxide solid super acid, e.g., 5041A1203. Another category of
alcohol carbonylation catalysts and 



catalytic components include heteropoly acids such as disclosed in U.S.
Patent Nos. 5,218,140 and ,5,330,95;5, supra. Preferred heteropoly acids
exhibit an acid strength of less than or equal to -1.0 (Ho 5 -1.0),   17 J
U L 2002 WO 99/38836 PCT/US99/02024 -26preferably less than or equal to
-5.0 (Ho <_ -5.0). Such alcohol carbonylation catalysts and catalytic
components contain a polyoxometalate ion in which a metal, or mixture of
metals, selected from Groups 4, 5, 6 and i metals is complexed with a
ration from a member of Group 7, 8. 9. 10 and/or 11 metals. lVlore
preferably this alcohol carbonylation catalyst and catalytic component.
consists of a Group 7, 8, 9, 10 and/or 11 metal ration complexed with a
heteropoly acid anion. Mixtures of heteropoly acids may be employed in the
processes of this invention. The preferred heteropoly acids are represented
by the formulae: M,~QhO Or M;,Qr,O~Za or mixtures thereof wherein M is at
least one metal selected from Group 7, 8, 9, 10 and/or 11 metals, Q is one
or more of a Group 4, 5 andlor 6 metal, e.g., tungsten, molybdenum,
vanadium, niobium, chromium and tantalum, O is oxygen, Z is one or more of
phosphorus, arsenic, silicon or antimony, and a, b, c and d are each
integers having values sufficient to fulfill the molecular stoichiometry.
In particular, ~~ is an integer having a value of from 1 to about 5 or
greater, b is an integer having a value of from 1 to about 20 or greater, c
is an integer having a value of from 1 to about 60 or greater, and d is a
value having a value of from 1 to about 5 or greater. More particularly,
one such heterogeneous alcohol carbonylation catalyst and catalytic
component is M[Q~~~ZO,~o], wherein M is a Group 7, 8, 9, 10 and/or 11
metal, or a combination of Group i) 8. 9. 10 and/or 11 metals, hl is one or
more of Group 4, 5 and/or 6 metals, e.g., tungsten, molybdenum, vanadium,
niobium, chromium,   17 J U L 2D02 WO 99/38836 PCTIUS99/02024 -27and
tantalum, Z is phosphorus, antimon~, silicon or arsenic, and O is oxygen. A
more pr efer red embodiment of thin alcohol carbonylation catalyst and
cat.aly tic component is MjC~ ~ ~~PO m], where 1~I is Rh, Pd. Co, Ir, Ru
and combinations thereof, and Q is tungsten or molybdenum. :~ most
preferred embodiment of this alcohol carbonylation catalyst and catalytic
component is MW > >PO.m, wherein 1~~I is Ir, Ru, Rh) Pd and combinations
thereof. Other preferred heteropoly acids include phosphorous tungstate
andlor an alkali metal salt thereof. These heteropoly acids are expressed
as HgPlVf1`2040 and HgxAxPl~''I2040 wherein A is an alkali metal (sodium,
potassium, rubidium, and/or cesium) and x is above U and below 3 (0<x<3).
Illustrative of suitable heteropoly acids include those permissible
heteropoly acids described in "Zeolite, Clay, and Heteropoly Acid in
Organic Reactions", by Yusuke Izumi, hazuo Urabe and Makato Onaka, VCH
Publishers Inc., 1992, supra. Other useful alcohol carbonylation catalysts
include clays. Clays may also serve as a suppor t for the alcohol
carbonylation catalysts. Preferred clays exhibit an acid strength of less
than or equal to -1.U (Ho <_ -1.U), preferably less than or equal to -5.U
(Ho 5 -5.0). The weight percent of Group 7, 8, 9, 10 andlor 11 metals that
may be impregnated onto clays can range from about zero to about 10 weight.
percent, preferably from about 0.001 weight percent to about 5 weight.
percent. Clay is a label applied to a generic class of materials comprised
of layers of aluminosilicate with complex intercalation chemistry. In genes
al, the layer s have an over a11 negative char ge which is balanced by
hydrated cations occupying the interlayer space. The acidity of clays can
be modified by exchanging the interlayer cations. The strong acidity of
clays originates in the dissociation of   17 J U L 2002 WO 99/38836
PCT/US99/02024 -28surface Si-OH groups and from the intercalated cations.
Ion oxchange with suitable large inorganic cations leads to pillared clays,
which can be potential shape selective cattily sts. Prefers ed pillared
clays have increased surface areas and thermal stability. Careful selection
of rations for clay ion exchange can lead to pillared clays with large well
defined spaces between layers (referred to as galleries), that can be
useful as selective catalysts. Suitable clays useful in this invention
include, for example, montmor illonite, bentonite, kaolinite, and the like.
including mixtur es thereof. Illustrative of suitable clays include those
permissible clays described in "Zeolite) Clay, and Heteropolyl Acid in
Organic Reactions", by Yusuke Izumi, Kazuo Urabe and lVlakato Onaka, VCH
Publishers Inc., 1992, supra. 



Still other useful alcohol carbonylation catalysts include molecular sieves
of the zeolitic vas iety, i.e., zeolites, and molecular sieves of the
non-zeolitic variety, i.e., molecular sieves. Prefers ed zeolites and
molecular sieves exhibit an acid strength of less than or equal to -1.0 (Ho
_< -1.0), preferably less than or edual t.o -0.0 (Ho <_ 5.0). The weight
percent of Group 7, 8, 9, 10 and/or 11 metals that may be impregnated onto
zeolites and molecular sieves can range from about zero to about 10 weight
percent, preferably from about 0.001 weight per cent to about 5 weight per
cent. Illustr ative zeolites useful in this invention include, for example,
LZ-10, LZ-20, 4A, 5A) 13h, 101, 'i', SK40, SK41, chabazite, faujasite,
levynite, gismondine, erionite, sodalite, analcime, gmelinite) harmotome,
mor denite, epistilbite, heulandite, stilbite, edingtonite, mesolite,
natrolite, scolecite, thomsonite, brewster ite, laumontite) phillipsite,
the ZSM's (ZSM-5) ZSM-20, ZSM-12, and ZSM-34), and the like, including
mixtures thereof. Illustrative zeolites useful in this invention are
disclosed in   ~ 7 J U L 2002 WO 99I38836 PCT/US99/02024 -29 U.S. Patent
Nos. 3, 70g.886, 3,972.983, 3,832,449, 4.08(i.186 and 3,308,069) the
disclosures of which are incorporated herein be reference. Illustrative
molecular sieves useful in this invention include, for example, the silica
molecular sieves, such as silicalite (S115) as depicted in U.S. Patent Nos.
4,061,7Z4 and 4,073,865, the disclosures of which ar a incorpor ated herein
by refer once. Other molecular sieves useful in this invention include
crystalline microporous molecular sieve oxides that are based tin the
presence of aluminophosphate in the framework of the crystal structures,
e.g., those commonly known by the acronyms SAPO, It`TeAPO) FAPO, nZAPO,
NIiLAPO, CoAPO, ZAPO) h~IeAPSO, FAPSO) 1VIAPSO, Mn.~PSO, CoAPSO, ZAPSO,
ElAPO, ELAPSO and the like, including mixtures thereof. Such molecular
sieves are described, for example, in U.S. Patent. Nos. 4,afi7,Og9,
4,440,871, 4,500,651, 4,554,143 and 4,310,440, the disclosures of which are
incorporated herein by reference. The zeolites and molecular sieves
preferably have a pore size greater than about 5 Angstrom units and less
than about 10 Angstrom units, preferably between about 5.2 and about 8
Angstrom units) and more preferably between about 5.5 and about 6.5
Angstrom units. Of course the zeolites and molecular sieves may contain
mesoand macro-pores along with the preferred pore sizes. Mixtures of
zeolites and molecular sieves may be employed in the processes of this
invention. Illustrative of suitable zeolites and molecular sieves include
those permissible zeolites and molecular sieve materials descr ibed in
"Zeolite) Clay, and Heteropoly Acid in Or ganic Reactions", by 1 usuke
Izumi, Iiazuo Urabe and Makato Onaka, VCH Publishers Inc.) 1992, sups a.
17 J U L 2002 WO 99/38836 PCT/US99/02024 -30~~a indicated shove, the
catalysts and catalytic components of this invention may be utilized with
or without support. However, when a support is employed, the catalyst can
be produced by depositing the catalytic components on the support either
separately or in combination. The support can be selected froze the group
of silica, gamma alumina, titania, zirconia, alumina silicates, clays, and
activated carbon, although other supports may be used. As described herein,
certain Supports such as clays may also be employed as the ~11CU11Ul ca
rbonylation catalyst or catalytic component. 1\Iixed composite supports in
which a high surface area support is deposited over a lower surface area
support may also be used. The surface area of the suppor t does not appear
to be critical to obtaining the benefits of this invention; thus, supports
within a wide range of surface areas, e.g., at least about 1 square meter
per gram or higher (as determined by BET) should suffice. The catalyst may
be present in the reactor in any of a variety of forms. It may be present
as a physical admixture or blend of each of the catalytic components, a
uniform catalyst prepared by known co-precipitation techniques, continuous
or discontinuous portions or layers of the different components impregnated
into or coated on a support, or as staggered, alternating or, simply,
distinct portions of the different components placed within the reactor.
Conventional impregnation procedures can be used in instances in which the
catalyst is impregnated into a support. The impregnation process can be as
simple as contacting the support. with <~ solution containing both
components or separ ate solutions each containing one component, followed
b~T heating the coated support. to a temperature and for a period of time
in which the solvents) is(are)   - 17 J U L 2002 WO 99/38836 PCT/US99102024
-31removed but which does not ,ignificantly adversely affect the catalytic
activity of the catalytic component(s). Typically, such temperatures may
range from about 100C to about 900C for a period of time ranging from a few
seconds up to about H hours or more. Alternatively, precipitation of one or
more of the components either in combination or separately may be uaeful in
preparing supported catalysts. The pr ecipitation can be accomplished
either on the suppor t surface or in the pores. Such precipitation may be
carried out by conventional methods. 



The use of heterogeneous alcohol carbony lation catalysts or alcohol
carbonylation catalytic components as described herein permits the reaction
to proceed without the addition of an iodide promoter, such as CH~zI and/or
HI which are highly corrosive) necessitate the use of expensive corrosion
resistant materials of construction and require extensive separation
procedures to remove the iodide from the product stream. For the
multicomponent catalysts of this invention, the weight ratio of the alcohol
synthesis catalytic component to the alcohol car bonylation catalytic
component present in the catalyst should be such that the desired product
stream is produced. The weight ratio may vary from about 70:1 to 1:70) with
an especially preferred weight ratio of these catalytic components being
about 10:1 to l:10. The specific ratio selected will depend upon such
factor s as the activity and selectivity of each catalytic component, the
reaction conditions, the desired product stream composition, etc. and can
readily be determined by one skilled in the art from routine
experimentation from the teachings provided herein.   WO 99I38836 17 J U L
2002 PCT/US99/02024 -32 The processes and catalysts of this invention
enable the production of oxygenates at desirable reaction rates. In the
embodiment which employs a multicomponent catal~=st in a single reaction
zone, the catalyst components can be varied so as to control reaction
rat.e~. In the embodiment which employs an alcohol synthesis catalyst in a
first reaction vessel and a carbonylation catalyst in a second reaction
vessel, the two catalysts can be varied so as to control reaction rates.
Reaction rates ar a not n ar rowly cr itical and prefer ably are at least
about 0.5 pounds of product per cubic foot of catalyst per hour (0.5 lb/ft3
cat/hr) and more preferably at least about 1.0 lb/ft3 cat/hr. The
particular reaction rates will be governed by the best compromise between
achieving high catalyst selectivity, lifetime and ease of operability, as
well as the intrinsic reactivity of the starting materials and the
stability of the starting materials and the desired reaction product to the
reaction conditions. Further, the processes and catalysts of this invention
enable the production of oxygenates at desirable selectivities. In the
embodiment which employs a multicomponent catalyst in a single reaction
zone, the catalyst components can be varied so as to control product
selectivities. In the embodiment which employs an alcohol synthesis
catalyst in a first reaction vessel and a carbonylation catalyst in a
second reaction vessel, the two catalysts can be varied 5U as to control
product selectivities. Product selectivities are not nar rowly cr itical
and preferably are at least about 25 per cent and more preferably at least
about 50 percent of the desired product. The particular selectivities will
be governed by the best compromise between achieving high catalyst
activity, lifetime and ease of open ability, as well as the intr insic r a
activity of the star ting mater ials   - 17 J U L 2002 WO 99/38836
PCT/U599/02024 -33and the stability of the starting materials and the
desired reaction product to the reaction conditions. Recovery and
purification of desired products may be accomplished by any appropriate
means. The desired products of this invention may be recovered in anv
conventional manner and one or more separators or separation zones may be
employed in any given process to recover the desired r eaction product from
its cr ude reaction product. Suitable separation and purification methods
include, for example, distillation, phase separation, extraction,
abSUrptlUll, crystallization, membrane) derivative formation and the like.
As described herein, the processes of this invention may involve one or
more recycle procedures. Gas and/or liquid recycle procedures may be
employed as appropriate. For example) as depicted in Figure 1, the gaseous
and liquid residuals are removed from the refining unit 12 via line 16 and
recycled to the reactor 8 via lines 16 and 18 and/or to the reformer unit 4
vial lines 16 and 20. Also, as depicted in Figure 2, the gaseous and liquid
residuals are removed fiom the refining unit 13 via line 16 and recycled to
the reactor 8 via lines 16 and 18 andlor to the reformer unit. 4 via lines
16 and 20. The following more detailed description of preferred embodiments
of this invention, the production of acetic acid in a onereactor and
two-reactor processes, is not intended to limit the scope of the invention
in any respect. as the processes and catalysts may be utilized for the
manufacture of other acids, esters, anhydrides and mixtures thereof using
the concepts heretofore and hereafter fully and adeduately disclosed. In
Figure 1, which is a Simplified flow diagram of an 



embodiment of this invention, a one-reactor process for the prepay ation
17 J U L 2002 WO 99/38836 PCT/US99/02024 -34of acetic acid from a
h~'dl'UCarboll feed stream is shown. The hydl'OCaIbUl1 feed stream is
supplied to a s~~nthesis gas generation unit. 4, via Iine 2 wherein a
synthesis gas comprising a mixture of hydrogen and carbon monoxide is
generated and provides the feedstock to the reactor. The feedstock gas
exits the synthesis gas generation unit via line G and enters the reactor
8. The reactor, containing a catalyst comprising a11 alcohUl s~-nthesis
catalytic component and an alcohol carbonylation catalytic component, is
maintained at pre-selected reaction conditions of temperature and pressure
so that. a vapor phase reaction takes place in which the feedstock gas is
converted to oxygenates, most pr eferably containing a lar ge fi~~ction of
acetic acid. The product stream, in gaseous form, exits the reactor 8 via
line 10 and enters a refining unit 12) wherein the product stream is
condensed to form a gas phase and a liquid phase. The refining unit is
controlled so that a product stream consisting essentially of acetic acid
is removed from the refining unit via line 14 and recovered essentially
free of esters, anhydrides, and mixtures thereof. The gaseous and liquid
residuals are removed from the refining unit via line 1G and recycled to
the reactor 8 via lines 16 and 18 and/or to the reformer unit 4 via lines
16 and 20. In Figure 2, which is a simplified flow diagram of an embodiment
of this invention, a two-reactor process for the preparation of acetic acid
from a hydrocarbon feed stream is shown. A hydrocarbon feed stream is
supplied to a synthesis gas generation unit, 4, via line 2 wherein a
synthesis gas comprising a mixture of hydrogen and carbon monoxide is
generated and provides the feedstock to the alcohol synthesis reactor. The
feedstock gas exits the synthesis gas generation unit via line 6 and enters
the alcohol synthesis reactor 8. The alcohol   - 17 J U L 2002 WO 99/38836
PCT/US99/02024 -35synthesis reactor, containing an alcohol s~-nthesis
catal~'st is maintained at pre-selected reaction conditions of temperature
and pressure so that a vapor phase reaction takes place in which the
feedstock gas is converted to an alcohol-containing stream, most preferably
containing a large fraction of methanol or dimethyl ether. The product.
stream, in gaseous form, exits the reactor 8 via line 10 alld enters a
carbonylation reactor 11. The carbonylation reactor. containing an alcohol
carbonylation catalyst, is maintained at preselected reaction conditions of
temperature and pressure so that a vapor phase reaction takes place in
which the alcohol-containing feedstock is converted to oxygenates, most
preferably containing a large fraction of acetic acid .or methyl acetate.
The product stream, in gaseous form, exits the reactor 11 via line 12 and
enters a refining unit 13, wherein the product stream is condensed to form
a gas phase and a liquid phase. The refining unit may be controlled so that
a product stream consisting essentially of acetic acid is removed from the
refining unit via line 14 and recovered essentially free of esters,
anhydrides, and mixtures thereof. The gaseous and liquid residuals are
removed from the refining unit. via line 16 and recycled to the reactor 8
via lines 16 and 18 andlor to the reformer unit 4 via lines 1G and 20. As
shown in Figure 2, the carbonylation reaction can be carried out by passing
the substr ate to be carbonylated and s~~nthesi5 gas over the catalyst as a
vapor phase reaction or as a liquid phase reaction, e.g., a slurry
reaction. As shown in Figure 2, methanol can be formed in situ by feeding
synthesis gas to a methanol producing catalyst that is coupled to the
carbon y lation catalyst either in the same or different reactors. If
desired, either methanol, synthesis gas or both   - 17 J U l 2002 WO
99I38836 PCT/US99/02024 -36can be obtained from a different source and fed
directly to the carbon~ylation catalyst. The reactor s described with refer
once to Figur es 1 and 2 may be a tube and shell design reactors, wherein
the catalyst. is a fixed bed catalyst and the reaction takes place in the
vapor phase. Other types of reactions and, correspondingly, reactors that
can be used include a fluidized bed) where the solid catalyst system is
fluidized by the incoming gas stream, a slurry reactor where the catalyst
is insoluble in the reaction media, or a bubble column reactor. When acetic
acid is the desired product, it will be the most core osive component in
the reactor so the material of construction for the reactor need only be
stainless steel, a relatively inexpensive material as compared to the
exotic materials, such as Hastelloy C or zirconium clad Hastelloy, used in
commercial processes employing a homogeneous iodide-promoter. From the
above description, it should be readil5y apparent that the reactor and
refining section are highly simplified when a vapor phase reaction is
utilized because there is no liquid recycle of the catalyst system.
Moreover, because iodide promoters are not. needed for this invention,
apparatus to recover the highly corrosive iodide from the product stream
can be eliminated. One embodiment of this invention provides an integrated
conversion which permits the use of a single reactor constructed of lower
cost materials to convert, in the presence of a unique multicomponent
catalyst, a feedstock comprising hydrogen and carbon monoxide to, most
preferably, acetic acid under uniform temperature and pressure processing
conditions. While specific reference in describing the Figure 1 has been
made to the manufacture of acetic  



17 J U L 2002 WO 99I38836 PCT/US99/02024 -37acid, this invention, as
described heretofore, is capable of producing any of a variet~ and/or
combination of oxygenates. A plurality of dual catalyst bed reactors may
employed in the practice of this invention. Likewise, a plurality of
separate reactors for steps (a) and (b) described above may employed in any
permissible combination. The processes of this invention may be carried out
using) for example; a fixed bed reactor, a fluid bed reactor) a continuous
stirred tank reactor (CSTR) or a slurry reactor. The optimum size and shape
of the catalysts will depend tin the type of reactor used. In general, for
fluid bed reactors, a small, spherical catalyst particle is preferred for
easy fluidization. With fixed bed reactors) larger catalyst particles are
preferred so the back pressure within the reactor is kept reasonably low.
The processes of this invention can be conducted in a batch or continuous
fashion, with recycle of unconsumed starting mater ials if required. The
reaction can be conducted in a single reaction zone or in a plurality of
reaction zones, in series or in parallel or it may be conducted batchwise
or continuously in an elongated tubul~ir zone or series of such zones. The
materials of construction employed should be inert to the materials present
during the reaction and the fabrication of the equipment should he able to
withstand the reaction temper atur es and pressur es. l~~Ieans to intr
oduce and/or adjust the quantity of starting materials or ingr edients
introduced batchwise or continuously into the reaction zone during the
course of the reaction can be conveniently utilized in the processes
especially to maintain the desired molar ratio of the starting materials.
The reaction steps m~~y be effected by the incremental addition of one of
the starting materials to the other. Also, the reaction steps can be
combined by the joint.   17 J U L 2002 WO 99I38836 PCT/US99/02024 -38
addition of the starting materials. ~~4'hen complete conversion is not
desir ed or not obtainable, the starting mater ials can be separated from
the product and the starting materials then recycled back into the
re~~ction zone. For purposes of this invention, the chemical elements are
identified in accordance with the Periodic Table of the Elements reproduced
in "Hawley's Condensed Chemical Dictionary-" 12th Edition) Revised by
Richard J. Lewis, Sr., Van Nostrand Reinhold Company, New 1 ork, 1993. The
following examples are intended to demonstrate the unexpected advantages,
uniqueness and superior ity of the invention as compared to the prior art.
Example 1 The reaction system consists of a feed system, a fixed bed
reactor, and an on-line analyzer . The system is capable of high
temperature and high pressure operation. In the feed system, a synthesis
gas feedstock is fir st passed through an activated carbon trap to remove
metal carbonyl contaminants. The purified feedstock then passes through a
mass flow meter and into the reaction tube inlet. The reaction tube is
stainless steel and is heated with an air fluidized sand bath. The gas
product stream exiting the reactor enters into an analytical section
equipped with switching valves that provide U.fi milliliter reactor off gas
samples that are analyzed in a t%arian 3700 gas chromatograph equipped with
two detectors. Hl, N~~, CO and CO~a are separated on a 10') 1I8", 80I100
Carbosieve S-2 column purchased from Supelco and detected by thermal
conductivity. A11 organic products are resolved on a 12', 1l8", 80I100
Tenax column   17 J U L 2002 WO 99I38836 PCTlUS99102024 -39obtained from
~lltech and detected using flame ionization. argon is used as the carrier
gas for both columns. reactor tube was first charged with quartz beads
followed b~ 1.0 gram of a Cu-Zn oxide methanol synthesis catalytic
component (United Catalyst No. 2537-S) that. was bulk mixed with 2 grams of
quartz beads. This catalytic component was reduced at 2 70C in a
5%Hz195%N~~ stream for ~ hours. 



As the heterogeneous alcohol car bonylation catalytic component an iridium
and palladium exchanged H:;V4'~z PO~r~ heteropoly acid catalytic component
was used. The component was prepared by the procedure described in U.S.
Patent No. 5,330,9p. as follows: Pd(NOs)z (0.23 gr ams) and IrCls 3H~~0
(0.37 gr ams) wer a added to 50 milliliters of degassed methanol under Nz
in a Schlenk flask and stirred for 0.5 hour. Next, H;SW,ZPO.,o (6.50 grams)
was added and the mixture was stirred for an additional 1 hour. Activated
Grade 12 silica gel (SiO~~) was added and the slurry stirred for 4 hours.
The methanol was then removed at 80C, under vacuum, 5-ielding IrPd-H:~W i
~aPO.,n-SiO~~. This catalytic component has essentially the same
composition reported for Example 17 of U.S. Patent No. 5,330,95 5. where
the mole r atio of M 1:M2:H;i~~' ~ ~~PO.,n is approximately 1:1:Z with M1
being iridium and M2 being palladium. The reactor tube was opened and 2.069
grams of Ir-Pd H:;W~~>PO.-SiOI mixed with 2 grams of quartz beads was added
to CuZn oxide methanol catalytic component in the reactor. The reactor tube
was then connected to the r eaction system and the entire system flushed
with nitrogen. The reactor bed was packed in such a way that the incoming
synthesis gas first contacted the Cu-Zn catalytic   17 J U L 200Z WO
99I38836 PCTNS99/02024 -40component, and then the reaction stream contacted
the Ir-PdH.;~~',.~PO.io-SiO~~. The reaction zone was maintained at. a
uniform temperature of about 235C and a uniform pressure of about 1000 prig
with the Synthesis gas having a hydrogen to carbon monoxide molar ratio of
1:1. The GHSV of the sirn gas fed to the reactor was G000/hr. After 1G
hours of reaction a sample of the reaction menstruum was analyzed. The
analysis showed the carbon monoxide conversion was about 5% and the
reaction product distribution was CH., = 15.1%) CzHc; = 4.1%, CH;;OH =
G2.1%, and CH:;COOH = 17.5%. The catalyst was relatively stable over the
test period of 1G8 hours. The stability of the catalyst was surprising
because the heter ogeneous alcohol carbony l ation catalytic compound
significantly deactivated after 8 hours when only methanol and carbon
monoxide were fed to the reactor. The presence of hydrogen and carbon
monoxide in the reactor appear s to be the reason for the unexpected
increase in the stability of the heterogeneous alcohol carbonylation
catalytic component of the catalyst. Example 2 A Ir-Pd-H:~VV~~~PO.,crCarbon
catalyst was prepared as follows. Pd(NOs)z (0.23 grams) and IrCl:~ 3H~~0
(0.37 grams) were added to 50 milliliters of degassed methanol under N~~ in
a Schlenk flask and stirred for 0.5 hour. Next, HaWi~~PO.,u (G.50 grams)
was added and the mixture was stirred for an additional 1 hour. Activated
Carbon (3.90 grams, Calgon 35-100 mesh) was added and the slurry stirred
for 4 hours. The methanol was evaporated and Ir-PdHa'f~'~zPO,,a-Carbon was
recovered.   17 J U L 2002 WO 99/38836 PCT/US99/02024 -41 2.002 grams of
Ir-Pd-H;;Vf,zPOso-Carbon was charged t.o the reactor as described in
Example 1 and the reaction was carried out similar to Example 1 at 235C and
1000 prig with Hz:CO = 1:1. After 1G hour s of reaction a sample of the
reaction menstruum was analyzed. The analysis showed the carbon monoxide
conversion was about 7% and the product distribution was CH,, = 4;i.4%,
CzH,; _ ?.7%, CHaOH = 30.1%, and CH:zCOOH = 13.1%. Example 3 .4
Ir-Pd-Cs-H:;W,zPO,io catalyst was prepared as follows. 



Pd(NO;i)z (0.23 grams) and IrCla 3Hz0 (0.3 r grams) were added to 50
milliliters of degassed methanol under N~~ in a Schlenk flask and stirred
for 0.5 hour. Next, H.;`'~'~zPO"~ (6.50 grams) was added and the mixture
was stirred for an additional 4 hours. After this time CsCO:z (0.G7 grams)
was added and within 2 minutes a precipitate formed. This mixture was
stirred for 16 hours after which the methanol was removed by vacuum and a
gray powder (Ir-Pd-Cs-H.;V~'~zPO.io) was recovered. 2.001 grams of
Ir-Pd-Cs-H;;Wo~POu~ was charged to the reactor, in the absence of a
support, as described in Example 1 and the reaction was carried out similar
to Example 1 at 23~C and 1000 psig with Hz:CO = 1:1. After 16 hours of
reaction a sample of the reaction menstruum was analyzed. The analysis
showed the carbon monoxide conversion was about fi% and the product
distribution was CHI _ 32.8%, CzH~; = 4.4%, CH;30H = 4J.1%, and CH;;COOH =
15.9%. Example 4   WO 99l38836 PCT/U~9~1~~~42~d2 -42 .=~ Ru-H;i`'~'~.~PO
~,~-SiO.~ catalyst was prepared as follows. RuCls (0.`?7 grams) was
dissolved in ~0 milliliters of degassed methanol. Next) H;iV~;.aPO.~o (G.50
grams) was added and the mixture was stirs ed for an additional 4 hours.
SiO~~ (3.90 grams. Grade 15) way added and the slurry stirred for 4 hours.
The methanol was evapor ated and Ru-H;3W' naPO "~-SiOz was recovered. 2.001
grams of Ru-H;;VV~.>PO~-SiOz was charged to the reactor as described in
Example 1 and the reaction was carried out similar to Example 1 at 235C and
1000 psig with Hz:CO = 1:1. After 1G hours of reaction a sample of the
reaction menstruum was analyzed. The analysis showed the carbon monoxide
conversion was about 5% and the product distribution was CH.i = 13.2%,
CzHc; and CaHa = 10%, CH:~OH = Q5.1%, and CHsCOOH = 21.1%. Example 5 A
Ru-HaW~~~POa,rCarbon catalyst was prepared as described in Example 4 except
3.90 grams of activated carbon was used instead of Silica. 2.003 grams of
Ru-H;;VV~zPO.~c,-Carbon was charged to the reactor as described in Example
1 and the reaction was carried out similar to Example 1 at 235C and 1000
psig with Hz:CO = 1:1. After 16 hours of reaction a sample of the reaction
menstruum was analyzed. The analysis showed the carbon monoxide conversion
was about 6% and the product distribution was CH,c = 32.G%, CzH~ and CsHa =
G.2%, CH:jOH = 45.1%, and CHsCOOH = 15.9%. Examt~le 6 A Rh-HsV~% mPO~n-SiOz
catalyst was prepared as follows. RhCla.3H0 (0.28 grams) was dissolved in
~0 milliliters of degassed   17 J U l 2002 WO 99I38836 PCT/US99/02024
-43methanol. Next, H:~~~',.>PO.,o (G.50 grams) was added and the mixture
was stirred for an additional 4 hour. Si0 (3.00 grams, Grade 15) was added
and the slurry stirred for 4 hours. The methanol was evaporated and
Rh-HsV'u~POm-SiOz was recovered. 2.000 gr ams of Rh-HsVf ~:.>PO.u~-SiO~~
was charged to the reactor as described in Example 1 and the reaction was
carried out similar to Example 1 at 235C and 1000 prig with Hz:CO = 1:1.
After 1G hours of reaction a sample of the reaction menstruum was analyzed.
The analysis showed the carbon monoxide conversion was about 7.2% and the
product distribution was CH,i = 22.8%, CzH,; and Calls = 20.1%, CH:~OH =
3G.1%, and CH:3COOH = 17.1%. 



Examule 7 A Rh-H;;Vfn~POurcarbon catalyst was prepared as described in
Example G except 3.90 grams of activated carbon was used instead of silica.
2.01 grams of Rh-H;SW lzPO ~j~,-carbon was charged to the reactor and the
reaction was carried out similar to Example 1 at 235C and 1000 psig with
H~~:CO = 1:1. After 16 hours of reaction a sample of the reaction menstruum
was analyzed. The analysis showed the carbon monoxide conversion was about
G.5% and the product distribution was CH,, = 15.9%, CzHs and C,zHts =
12.1%, CHsOH = 53.2%, and CHsCOOH = 18.7%. Example 8 Prepay ation of
ZrOz-V~~O;s solid super acid 82.3 grams of ZrOCll 8H~~0 were dissolved in 1
liter of distilled Hz0 giving a clear solution. 3U% ammonium hydroxide was
added drop wise until the pH remained > 9. Addition of the hydroxide   --
17 J U L 2002 WO 99l38836 PCT/US99I02024 -44results in the immediate
hydrolysis of ZrOCI~z 8HsO to Zr(OH)~ and formation of a slurry. The slurry
was Stirred for about'/ hr and then filtered to recover the Zr (OH) ~. This
gel-like material was dr ied at 1Z0C for 16 hours and yielded 32.5 grams of
a rwhite granular solid that was crushed into a powder. 5.014 grams of
Zr(OH) ~ powder were placed in a 50 milliliter beaker . The Zr(OH).~ was
impregnated via incipient wetness with 1.2204 grams of (NH.a)c;HIV~'mO,o
dissolved in 10 milliliters of distilled H~~O. The wet. solid was dried at
120C and then calcined at 80UC in static air for 4 hours. 5.471 grams of a
lemon yellow powder were obtained. This material is considered to be the
solid super acid ZrO~~-WOs with an empirical W0:3 loading of 23 wt%.
Example 9 Preparation of TiO~~-WOi solid super acid 30 milliliters of
Ti(isopropyl),~ was added dropwise to 5U0 milliliters of deionized water at
room temperature over 30 minutes. The slurry was stirred for 1 hour,
filtered, air dried, and then placed in an oven to dry at. 120C for 16
hours. 8.834 grams of hydrated Ti02 was obtained. This powder was
impregnated with 1.J068 grams of (NH.,)~;H`~W,lOan dissolved in 15
milliliters of distilled H10. The damp mixture was well stirred, air dried
for 1 hour, and then placed in an oven to dry at 120C for 16 hour s. The
mixture was then calcined at 800C for 4 hours from which 9.85 grams of a
lemon yellow solid was obtained. This material is considered to be the
solid super acid TiO~WOs with an empirical WOs loading of 23 wt%.   WO
99I38836 -45 Example 10 Prepay ation of HfO~~-~~~ Os solid super acid PCT/
9 HfO~a-WOa was prepared essentially the same a~ ZrO~_> ~t'0:;. 50.0 grams
of HfOCI~ 8H~a0 were dissolved in 0.5 liter of distilled H~~O giving a
clear solution. 30% ammonium hydroxide was added dropwise, with rapid
stirring, until a pH of about. 10 was obtained. 



The slurry was mixed for 5 minutes, then was filtered to recover the
Hf(OH).a. The Hf(OH)., was washed with 3 liters of distilled H~>O and the
gelatinous material was dried at 120C for 1G hour s. The resulting white,
granular material was then crushed into a powder. 7.0 grams of Hf(OH)~ was
impregnated via incipient wetness with 1.0 grams of (NH s)cH~aW ~ ~~0."~
dissolved in 3 milliliter s of distilled H~~O. The wet solid was dried at
120C and then calcined at. 7UUC in static air for 3.5 hours to produce a
green powder. This material is considered to be the solid super acid HfOz-W
Os with an empirical W03 loading of 13.5 wt%. Exayole 11 Preparation of Ir-
ZrO~~-WO;s Zr02-WOs was impregnated with Ir by incipient wetness. A variety
of soluble Ir compounds can be used. For example, 0.03p) . grams of
IrCls~3H~~0 were dissolved in 3 milliliters of distilled H~~O. This
solution was added drop wise with stirring to 2.Ofi51 grams of ZrO~~-WOs.
Once the solid became damp addition of Ir was stopped and the solid was
dried at 120C. This procedure was repeated until a11 the Ir solution was
utilized. The material was dried for 16 hours at 120C yielding 2.03f 5
grams of a yellow-t.an solid. This material is   _ 1 ~ ~ a ~ zooz WO
99/38836 PCT/US99/02024 -46considered to be Ir(1)-ZrO~~-V40a(23) where (1)
indicates the Ir metal loading in wt% metal basis. Example 12 Preparation
of Pd-ZrO~~-WOa ZrO~~-WO:; was impregnated with Pd by incipient wetness. A
variety of .soluble Pd compounds can be used. For example, 0.0026 grams of
Pd(NO;;)_~ Hz0 wer a dissolved in 4.0 milliliter s of distilled H~~O and
was added drop wise with stirring to 4.0 grams of Zr01-WOs. Once the solid
became damp addition of Pd was stopped and the solid was dried at 120C.
This procedure was repeated until a11 the Pd solution was utilized. The
material was dried for 1G hours at 120C to produce a bright yellow powder.
This material is considered to be Pd(0.02)ZrO~~-WO;j(1~3) where (U.02)
indicates the Pd metal loading in wt% metal basis. Examples 13-19 For the
following examples, the reactions were carried out in a 3I8" 316 stainless
steel reactor tube capable of high pressure operation. The reactor was
housed in a convection oven. Synthesis gas was supplied to the reactor
under pressure, as was any liquid feed. The product stream exiting the
reactor was maintained as a vapor and sent to an online GC for analysis.
Regarding reactor tube loading, a reactor tube was first charged with
quartz beads followed by 2 to 3 grams of the carbonylation catalyst mixed
with 2 grams of quartz beads. The reactor tube was then connected to the
reaction system and the entire system was well flushed with nitrogen. The
gas feed was switched to synthesis gas and the reaction system brought to
operating   WO 99I38836 - 17 JUL 2002 PCT/US99/0202.~ -47 conditions.
Liquid feed, if used, was then added. In the case of coupling a methanol
catalyst with the cazrboylation catalyst, the reactor was first packed with
the methanol catalyst and then packed with the carbonylation catalyst.
Synthesis gas first contacted the 



methanol catalyst and that product stream then contacted the carbonylation
catalyst. Table A below contains data for various catalysts prepared as
described above used to carbon5late methanol to methyl acetate or a mixture
of methyl acetate and acetic acid. For a11 examples, the reaction was
carried out at 1000 psig with 1:1 Hz:CO gas feed. Methanol was fed to the
reactor as a neat liquid at the reported LHS~T. The results are set forth
in Table A. The amounts (in parenthesis) of catalyst composition components
set out in Table A are given as weight percents. Table A Cat.alvst
Temperature, C Feed, mole% H:.> CO methanol Inlet GHSV, hr-~ Inlet LHSV,
hr-' Pr oduct stream, mole
PdPdPdPtIrIrPd(0.5)-(0.5)-(0.02)(0.04)(0.04)-(0.02)-(0.1)-ZrO~~-ZrO~~-ZrO~>
-ZrO~~-ZrO~~-Pd(0.02)-ZrOz-WOaWOsWOaWO;
;WOsZrOz-l~Io03(23)(23)(18)(18)(18)WO.i(23)(12)32033030030030030030U
43.4547.845.445.445.445.445.443.4547.845.445.445.445.445.413.14.39.59.59.59
.59.51200012000950095009500950095001.50.451.51.51.51.51.7   WO 99I38836
dimethvl24. `?ethermethanol21. Gmethyl25.1acetateacetic
acid8.8methane18.2carbon1.5dioxideRate,ll~JftvcatJhracetic
acid9.3methyl32.4acetateMeOH47.3conversion)ovaCO12.0conversion,O~p 17 J U L
2002 PCT/US99/02024 -48-11.3Q9.357.9Q8.157.G5.11G.827.G25.G2
7.527.45fi.18.57.17.28.17.37.728.50000025.?1.54.51.73.227.87.04.24.54.33.92
.110.2000003.87.37.48.17.G11.4GG.212.715.115.213.G41.26.44.14.24.25.13.1
Examr~les 20-22 Various liquid feeds were carbonylated and the results are
given in Table B below. The reactions were carried out similarly to
Examples 13-1J. The results listed in column 1 demonstrate that dimethyl
ether is readily carbonylated to methyl acetate. The other results indicate
that mixtures of methyl acetate and methanol are carbonylated. These
results are important with respect to mixtures of methanol, dimethyl ether,
and methyl acetate being recycled back to the reactor. The amounts (in
parenthesis) of catalyst composition components set out in Table B are
given as weight percents. Table B Catalyst Ir (0.1)- Pd(0.1)- Pd(0.1) ZrOz-
ZrO~~- ZrOz   -- 17 J U l 2002 WO 99l38836 PCT/US99/02024
-49-V~'Os(18)WOa(23)~~'Os(23)Temper-300325310ature, CPr
essure,100010001000psigFeed, mole%Hz48.44 7
.946.2CO48.447.946.2methanol01.05.7methyl03.21.9acetatedimethy
l3.200etherInlet GHSV,900011Q008200hr-~Inlet LHSV,0. 7 51.361.36hr~
~ProductStream,moledimethyl58.G14.723.1ethermethanol14.21 7
.519.0methyl13.139.536.6acetateacetic
acid2.59.97.8methane9.112.211.7carbon1.22.71.3dioxideRate,lblft~jcat/hracet
ic acid1.28.456.3methyl7.4--acetateMethanol-?2.361.2conversion,'
CO12.08.213. 7conversion)   WO 99I38836 



-50 ~ ~ ~ a ~ 2002 PCTlUS99/02024 Examples 23-26 In the following examples,
the reactor tube was first packed with a Cu-Zn met.hanol producing catalyst
followed by Ulle Of the catalysts listed in Table C below. The tube was
placed in an oven and synthesis gas was passed through the tube contacting
the methanol catalyst first. The gas mixture then passed through the
carbonylation catalyst. The temperature and pressure were the same for both
catalysts. In no case was a liquid fed to the reactor. The results demonstr
ate that the carbonylation catalyst can be coupled to a methanol producing
catalyst and that various Group 7, 8, 9, 10 and/or 11 metals form active
catalysts. The results are set forth in Table C. The amounts (in
parenthesis) of catalyst composition components set out in Table C are
given as weight percents. Table C
CatalystIr(1.0)-Rh(0.1)-Re(1.0)-Os(1.0)-TiOz-ZrOz-ZrO~~-ZrOZ-WOs(23)WO:i(20
)WO;i(23)WOs(23)Temper-27530030027~ature,
CPressure,1000100010001000psigFeed, mole%HZ50505050CO50505050Inlet
GHSV,6300790060006000hr-~Productstream,moledimethyl38.228.223.6G1.7ethermet
hanol46.417.720.721.6methyl1.85.,53.51.9   17 J U L 2002 WO 99/38836
PCT/US99/02024 -51 acetate acetic acid methane carbon dioxide Rate,
lb/ft~scat/hr acetic acid methyl acetate 0.1 0 0.4 0.1 2.7 9.2 4.`? 1.9
10.U 33.2 42.3 11.4 0.1 0 0.2 0.1 1.1 4.7 2.0 1.1 Examples `?7-31 In each
of these examples, methanol was carbonylated to 



a mixture of methyl acetate and acetic acid. The results are given in Table
D below. The reactions were carried out in a manner similar to Examples
13-19. The results demonstr ate that Group 10 and 11 metals impregnated
onto catalysts containing tungsten oxide and zirconium oxide ar a useful in
this invention. Table D Example Catalyst Temp, C PreS- Carbonylation sure,
Rate lblft3 cat-hr'` psi 27Age";-ZrO~~-WO.;
30010003.G28Ago.~~:,-ZrOz-WOs325100010.329Cuo.;,- ZrOz-WO:;30U10003.330Pto
o.;-A120:330010003.1mixed with ZrO~~-WO:;31Pdr,.,~-Si02 mixed30010001.1with
ZYO~-WO:;*Carbonylation r ate is defined as acetic acid + acetic acid
equivalentsin methyl acetate. Examples 32-46   WO 99/3883G 17 JUl 2002
PCT/US99102024 -52 In each of these examples, methanol was carbonylated to
a mixture of methyl acetate and acetic acid. The results are given in Table
E below. The reactions were carried out in a manner similar to Examples
13-19. all examples were run at a pressure of 1000 prig , a H~z:CO ratio of
1:1, and the alcohol synthesis catal3-st was United Catalyst. No. 253 7-S.
The results demonstrate that clays may be effectively used as the alcohol
carbonylation catalyst. Table E GHSV hr-~ Productivity, lbslft~scatlhr
CatalystC1t2~~~HOAcMeOAcTotalSta~_-Stage--_HC
_-NlontmorilloniteH+30060U0300Q0.08U.100.J8Al+~30060003U000.040.080.G3Ir-Al
+330U600030000.05U.471.44Fe+3-pillared30060003000U.050.090.95Ir-Fe+~j-pilla
r ed25U60UU3U000.020.2 7U.65Ir-Fe~~;-pillared30060UU3U000.053.21G.53
BentoniteH~30U6UUU300U0.04U.040.4GIr-Al+3300G00030000.310.141.G2Ir-Fe+33006
00030000.090.051.2GIr-Al+~i-pillared30060U030000.870.1U1.21Ir-Fe+3-pillared
300600U30000.150.111.23Ir-H+-pillared300600030003.44U.044.18Ir-H+-pillared2
5U60U030002.640.023.32Ir-pillared30UG00030001.250.040.90 Examples 47-50 The
following examples were conducted in a stainless steel tube reactor heated
by a Lindberg furnace. Syn gas flows were   - ~ ~ ~ ~ a ~ zoo2 WO 99I38836
PCT/US99/02024 -53metered by a Brooks mass flow controller while liquid
feeds were delivered by a Gilson or Isco pump. The catalyst was
Zr02-WOg(18) Pd(0.05) and was obtained from Norton Corp. (.akron, Ohio),
i.e., nominally contained 82 wt% ZrOZ and 18 wt~% VVOg. This material was
supplied as an extrudate. Prior to being used, this material was calcined
at 810C for 3 hours and was then impregnated to 0.05 wt% Pd by incipient
wetness. Liquid products wer a collected in a condenser that was maintained
at room temperature. Collected liquid products were analyzed by gas
chromatography. The reaction conditions for these examples were as follows:
Temperature- 3Z5CPressure- 1000 psiSyn gas- 1:50 (H~~:CO)GHSV (hr~~)-
G000LHSV (hr-~)- 1.5 



The reactants and observed carbonylation products for these examples were
as follows: Reactant Carbonvlation Products ethanol ethyl propionate,
propionic acid diethyl ether ethyl propionate, propionic acid propanol
n-butyric acid n-propyl ether n-butyric acid, propionic acid The foregoing
description of the preferred embodiments of this invention and the examples
are presented for purposes of best teaching one skilled in the art how to
practice the invention. It is not) nor is it intended to be, an exhaustive
description of every permutation of the invention. Obviously, many va r
iations and modifications are   17 J U L 2002 WO 99/38836 PCTlUS99l02024
-54 pos5ible in light of the disclosure and readil apparent to a person of
ordinary- skill in the art to which this invention pertains. It is intended
that the full scope of the invention be defined b~- the appended claims.
~0 i-2b00 US 009902024 . ..c. . . . .. ~. 1. .. r .. ~ ~ . . . . . f  1  .
1  1 .   . . . . . . r .  ~ ~ ~ ~ ~ 7 J U L 2002 . . . . . . . ._ .. ... .s
--- .. .. - 55  CLAIMS 1. A process for converting a feedstock comprising
carbon monoxide and hydrogen to a product stream 5 comprising at least one
of an ester, acid, acid anhydride and mixtures thereof which comprises
reacting, in a single reaction vessel, the carbon monoxide and hydrogen in
the presence of a catalyst comprising an alcohol synthesis catalytic
component 10 and an alcohol carbonylation catalytic component, the
composition of the components being different from one another, under
conditions of temperature and pressure sufficient to produce said product
stream. 15 2. The process of claim 1 wherein the alcohol carbonylation
catalytic component is a heterogeneous catalytic component. 3. The process
of claim 1 wherein the alcohol 



20 carbonylation catalytic component has an acid strength of less than or
equal to -5.0 (Hos-5.0). ~4. The process of claim 1 wherein the alcohol
carbonylation catalytic component comprises a solid 25 super acid,
heteropoly acid, clay, zeoli~e or molecular sieve. 5. The process of claim
1 wherein the alcohol carbonylation catalytic compbnent comprises a solid '
30 super acid impregnated with a Group 7, 8, 9, 10 and /or 11 metal and/or
mixtures thereof or a heteropoly acid impregnated with a Group 7, ~8, 9, 10
a~id/or 11 metal and/or mixtures thereof. 35 6. The process of claim 5
wherein the amount of Group 7, 8, 9, 10 and/or 11 metals andlor mixtures
thereof impregnated onto said super acid or said AMENDED SHEET   1-01-2000
US 00990?024 . ..~. . .~. . .. .. :~ .. r .. . ~ .. . ~ . a . a ~ ~ . ~ ~ .
. , ~ : : = ~ : :: i . ,~ "., ,. ~ . ., .. 17 J U l 2002 - 56  heteropoly
acid is from about 0.00Z to about 10 weight percent. 7. The process of
claim 4 wherein said solid super 5 acid comprises a Group 7, 8, 9, 10
and/or 11 metal and/or mixtures thereof impregnated on a Group 4, 5 and/or
6 metal oxide and/or mixtures thereof, and wherein said solid super acid
contains from about 1 to about 40 percent of at least one Group 6 metal
oxide. 'I. 0 8. The process of claim 4 wherein said solid super acid
catalyst comprises palladium and one or more zirconium oxides in
combination with one or more tungsten oxides and/or molybdenum oxides. 15
9. The process of claim 1 wherein the alcohol _ carbonylation catalytic
component comprises a heteropoly acid represented by the formulae: 2 0
MaQb~c or Ma~2bOcZa 25 or mixtures thereof wherein M is at least one metal
selected from Group 7, 8, 9, 10 and/or 11 metals, Q is one or more of a
Group 4, 5 and/or 6 metal, 0 is oxygen, Z is one or more of phosphorus,
arsenic, 30 silicon or antimony, a_ is an integer having a value of from 1
to about 5, b_ is an integer having a value of from~l to about 20, c_ is an
integer having a value of from 1 to about 60, and _d is a value having a
value of from 1 to about 5. 35 10. The process of claim 1 wherein the
reaction is a vapor phase reaction. 
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~-!   r~~ US 009902024  .. 1 1 .  t    17 J U L 2002 '.~  11. The process
of claim 1 wherein the feedstock is synthesis gas consisting essentially of
carbon monoxide and hydrogen and the product stream comprises acetic acid
and/or methyl acetate. ,0 15 5 12. A process for converting a feedstock
comprising carbon monoxide and hydrogen to a product stream comprising at
least one of an ester, acid, acid anhydride and mixtures thereof which
comprises (a) reacting the carbon monoxide and hydrogen in the presence of
a catalyst under conditions of temperature and pressure sufficient to
produce at least one of an alcohol, ether, ether alcohol and mixtures
thereof and (b) reacting carbon monoxide and said at least one of an
alcohol, ether, ether alcohol and mixtures thereof in the presence of a
catalyst comprising a solid super acid, clay, zeolite or molecular sieve
under conditions of temperature and pressure sufficient to produce said
product stream. 20 13. The process of claim 12 wherein steps (a) and (b)
are carried out in separate reaction vessels. 30 35 14. The process of
claim 12 wherein the step (b) 25 reaction is carried out in the presence of
hydrogen and/or synthesis gas. 15. A process for converting a feedstock
comprising at least, one of an alcohol, ether, ether alcohol and mixtures
thereof to a product stream comprising at least one of an ester, acid, acid
anhydride and mixturcs thereof by reacting carbon monoxide and said at
least one of an alcohol, ether, ether alcohol and mixtures thereof in the
presence of a catalyst comprising a solid super acid, clay, zeolite or
molecular sieve under conditions of temperature and pressure sufficient to
produce said product stream. AMENDED SHEET  
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-.... .. .. - 58  16. The process of claim 15 wherein the catalyst
comprises a solid super acid impregnated with a Group 7, 8, 9, 10 and/or 11
metal and/or mixtures thereof. 5 17. The process of claim 16 wherein the
amount of Group 7, 8, 9, 10 and/or 11 metals and/or mixtures thereof
impregnated onto said solid super acid is from about 0.001 to about 10
weight percent. ~0 18. The process of claim 15 wherein said solid super
acid comprises a Group 7, 8, 9, 10 and/or 11 metal and/or mixtures thereof
impregnated on a Group 4, 5 and/or 6 metal oxide and/or mixtures thereof,
and wherein said solid super acid contains from about 1 to 15 about 90
weight percent of at least one Group 6 metal oxide. w 19. The process of
claim 15 wherein said solid super acid catalyst comprises palladium and one
or more 20 zirconium oxides in combination with one or more tungsten oxides
and/or molybdenum oxides. 20. The process of claim 15 wherein the reaction
is carried out in the presence of hydrogen and/or 25 synthesis gas. 21. The
process of claim 15 wherein the reaction is a vapor phase reaction. 30 22.
A multicomponent catalyst comprising (a) a first component capable of
catalyzing a reaction of carbon monoxide.and hydrogen to produce at least
one of an alcohol, ether, ether alcohol and mixtures thereof and, (b) a
second component having a composition 35 different from that of the first
component and capable of catalyzing a reaction of carbon monoxide and said
at least one alcohol, ether, ether alcohol and AMENDED SHEET   -01-200U US
00990204 .__. . . ( .. .. a. .. . .. . r .. .  a a  ~ ~ . .    .   
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.. - 59  mixtures thereof produced in the presence of the first component
to produce at least one of an ester, acid, acid anhydride and mixtures
thereof. 5 23. The catalyst of claim 22 wherein the first and second
components are present as a physical mixture. 24. The catalyst of claim 22
wherein the first and second components are provided on a support. ~0 25.
The catalyst of claim 22 wherein the second component is a heterogeneous
alcohol carbonylation catalytic component. 15 25. A catalyst comprising (a)
an alcohol synthesis component which comprises (i) an alkali and/or metal _
promoted MoS2-based material, Group 7, 8, 9, 10 and/or 11 metals with or
without metal and alkali promoters, mixed metal oxides of Co or Ni with Cu
with or without 20 a trivalent metal ion and with or without alkali
promoters, and mixtures thereof, or (ii) an alkali and/or metal promoted
ZnCrO, MnCrO and ZnMnCrO, alkali and/or metal promoted Cu/Zn0 materials,
and mixtures thereof, or (iii) mixtures of (i) and (ii), and (b) an 25
alcohol carbonylation catalytic component comprising a solid super acid or
a heteropoly acid represented by the formulae: . . MtQbO 30 or MaQbOcZd 35
or mixtures thereof wherein M is at least one metal selected from Group '7,
8, 9, 10 and/or 11 metals, Q is one or more of a Group 4, 5 and/or 6 metal,
0 is AMENDED SHEET   -01-200G US 009902024 .~_. . . . .. .. ~. .. . .. . .
.. . . .   1 ~ . . f  f . . .  . . . . . . . . . . i . A . . . . . . . . .
. . ~ ~ J U L 2002 - 60  oxygen, Z is one or more of phosphorus, arsenic,
silicon or antimony, a_ is an integer having a value of from 1 to about 5,
b_ is an integer having a value of from 1 to about 20, c_ is an integer
having a value of 5 from 1 to about 60, and _d is a value having a value of
from 1 to about 5. 



27. A solid catalyst for the carbonylation of a feedstock comprising at
least one of an alcohol, ether, ether alcohol and mixtures thereof to a.
product stream comprising at least one of an ester, acid, acid anhydride
and mixtures thereof, by reaction thereof in the vapor state, said catalyst
selected from a solid super acid, clay, zeolite or molecular sieve. 15 28.
The catalyst of claim 27 which comprises a solid super acid impregnated
with a Group 7, 8, 9, 10 and/or 11 metal and/or mixtures thereof. 20 29.
The catalyst of claim 28 wherein the amount of Group 7, B, 9, 10 and/or 11
metals and/or mixtures thereof impregnated onto said solid super acid is
from about 0.001 to about 10 weight percent. 25 30. The catalyst of claim
27 wherein said solid super acid comprises a Group 7, 8, 9, 10 and/or 11
metal and/or mixtures thereof impregnated on a Group 4, 5 and/or 6 metal
oxide and/or mixtures thereof, and ~~rherein said.solid super acid contains
from about 1 to 30 about 40 weight percent of at least one Group 6 metal
oxide. 31. The catalyst of claim 27 wherein said solid super acid catalyst
comprises palladium and one or more 35 zirconium oxides in combination with
one or more tungsten oxides and/or molybdenum oxides. AMENDED SHEET
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