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a reactive derivative thereof in the presence of an iridiumcatalyst and as
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PROCESS FOR THE PRODUCTION OF ACETf[C ACID
The present invention relates to a process for the production
of acetic acid by carbonylation of methanol or a reactive derivative
thereof in the presence of an iridium catalyst and as promoter, at |
least one of ruthenium and osmium.
5 . Carbonylation processes iﬁ the presence of ifidium catalysts

are knowﬁ and are described for example in US 3772380. UK patent GB

‘osmium catalysts are also known. Thus, UK patents GB 1234641 and GB
1234642 describe a process for the production of an organic acid or

15 -an ester by carbonylation of an alcohol, halide,:ester, ether or
‘phenol in the presence of a noble metal catalyst selected from
iridium, platinum, palladium, osmium and ruthenium and their
compounds and a.proﬁoter'which is halogen or halogen compound.
According to Jenner et al in J.Mol. Catalysis 40 (1987) 71-82

20 ruthenium compounds are éffective:carbonylation catalyts for
convérting primary alcoh&is into acids and eéters-at high co
pressures. Standard conditions of 450 bar cb pressure were used in
the reported experiments and low CO pressures were said to lead to
high yields of hydrocarbons and a lower yield of ester. UK patent

25  application GB 2029409 describes a process for the preparation of

\__
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1234642 describe a process for the production of an organic acid or 15 an
ester by carbonylation of an al cohol, halide, ester, ether or phenol in the
presence of a noble netal catalyst selected from:ridium platinum
pal | adi um osm um and rut heni um and their conpounds and a pronoter which is
hal ogen or hal ogen conpound. According to Jenner et al in J.MIl. Catalysis
40 (1987) 71-82 20 rutheniun1conpounds are effective carbonyl ation

catal yis 1ol HRBiechl MRl L Mis A0BA ! £ Qo805 AMorThBbRA N 0N CO

pressures. Standar t1ons of press re were use n the
reported e¥idr pheaheds ftd ap Ryewersst é’§§%ﬁ‘€§ oRPd amcapharep ceri greatnirgh yi el ds

of hydrocardbens pdedcd @es Hucbshwafl cosh19E: anb)ﬁxaaaamco%umaepl ication GB
2029409 descrlges a process for the preparation of
5 US patent US 5568505 describes'the preparation of adipic acid
by hydrocarboxylating a pentenic acid in the presence of rhodium
catalyst and a co-catalxst of at least one of iridium, ruthenium and
osmium. ' _ _ |
'.European patent publication EP 0031606-A describes a process
10 for the co-production of carboxylic acids and esters by reaction of
esters and/or ethers wiﬁh-carbon monoxide and hydrogen in the
presence of a catalyst system which comprises a ruthenium compound,
a Group II metal iodide and/or bromide or transition metal iodide
and/or bromide, and a further Group VIII ﬁetal compound. The Group
15  VIII metal is said to be especially rhodium and palladium. Only
| - these Group VIII metalé are illustrated in the examples.
According to European patent publications EP 0075335-A and EP
0075337-A the Group II or transition metal iodide and/or bromide in
the catalytic system of EP 0031606-A can be replaced by methyl
20 iodide or bromide or acetyl iodide or bromide or any mixture thereof
provided that the reaction is carried out in the presence of an
amine or phosphine respectively in an amount not exceeding a certain
level. The use of iridium is not disclésed.
It has now been found that ruthenium and/or osﬁium have
25 Dbeneficial effects on the rate of carbonylation of methanol or a
reactive derivative thereof in the presencé of an iridiuﬁ catalyst.
Thus, éccofding to the present ihvention there is provided a
process for the production of acetic acid by carbonylation of
methanol and/or a reactive derivative thereof which process
30 comprises contacting methanol andfor a reactive derivative thereof
with carbon monoxide in a liquid reaction composition in a
carbonylation resactor characterised in that the liquid reaction
composition comprises : _
(a) acetiq acid, (b).an iridium catalyst, (c) methyl iodide, (d) at

35 least a finite concentration of water, (e) methyl acetate and (f) as
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2 aliphatic carboxylic acids and esters_by reacting carbon nonoxide with
al cohol s at an el evated pressure of 34 it nospheres or greater in the
presence of a ruthenium catalyst and hal ogen-containing pronoter. 5

US patent US 5268505 describes the preparation of ‘adi pic acid by

hydrocar boxyl ating a pentenic acid in the presence of rhodium catal yst and
a co-catalyst of at |east one of iridium rutheniumand osm u][n EuLopean
atent publication EP 0031606- descri bes a process 10 or the

Eo pr Ole,)ICtIOﬁm% ereahdTHrT c°n3c‘jé€ gﬂ?f"'é‘g‘t%ﬂdfw eaction of esters and/or
ethers with carfdsonorroxdileg tadheyregen invehtibnptigaentie prbviieaahal yst

syst em whi chltgﬂmy k?@éemaf&“ttﬂ& 'B%Hh&t“@?xogf‘%enc acid by carbonylation
of methanol or a reactive derivative thereof ;n the presence of at
5 least a finite concentration of water which catalyst system '
comprises: | .
(ﬁ) an iridium catalyst, (b) meﬁhyl'iodide and (¢) at least one of
ruthenium and osmium. _
Suitable reactive derivatives of methanol includé methyl

10 acetate, dimethyl ether and methyl iodide. A mixture of methanol
and reactive derivétives.thereof may be used as reactants in the
process of the present invention. Preferably, methanol and/or
methyl acetate are used as reactants. At least some of the methanol
and/or reactive derivative thereof will be converted to, and hence

15 present as, methyi acetate in the liquid reaction composition by
reaction with acetic acid product or solvent. The concentration in
the liquid reaction composition, of'methyl-acetate is suitably in
the_fange 1 to 70% by weight, preferably 2 to 50% by weight, most
preferably 3 to 35% by weight.

20 Water may be formed in situ in the liquid reaction
composition, for example, by the ésterification reaction between
methanol reactant and acetic acid pfoduct. Water may be introduced
to the carbonylation reactor ﬁogethér with or separately from other
components of the liquid reaction composition. Water may be .

25 separated from other components of reaction composition withdrawn
from the reactor and may be recycled in controlled amounts to
maintain the required concentration of water in the liquid reaction
composition. Preferably, the concentration of water in the liquid
reaction composition is in the range 0.1 to 15% by weight, more

30 preferably 1 to 15% by weight, most preferably 1 to 10% by weight.

The iridium catalyst in the liquid carbonylation reaction
composition may comprise any iridium containing compound which is
soluble in the liquid reaction composition. The iridium catalyst
may be added to the liquid reaction composition for the

35 carbonylation reaction in any suitable form which dissolves in the
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a Goup Il netal iodide and/or brom de or transition nmetal iodide and/or
‘brom de, and a further Goup VIII netal” conpound. The G oup 15 VIIT netal
is said to be especially rhodiumand palladium- Only these Goup VIII
metals are illustrated in the exanples. According to European patent
publications EP 0075335-A and EP 0075337-A the Group |l or transition netal
i odi de and/ or bromide in the catal yt I c system of EP 0031606- A can be

repl aced b ' i odi de ,or m de. or acet i odi de or broni de or

. et hyl
oyt ur SAPHE, FRCTPRVATIRIE AR Thae SRPFUTIP o Ar P90 LD o t he
presence oiaxam_olaaicmasottthles:}:ﬂﬁdmem-rmpenﬁhye&c}npbﬁhcanwmmumiy met addeaeedi ng a

certain | e\églthe g?&lﬁergaqtll&k (yo %i% Qt:.ng!lsc?e 9% 3éf lt[t ha?rQOW been found

t hat ruthenium an osm um hav I Ccia edrs OnH he rate of
car bonyl at il &S9N 2Fkt-h &FRACOY2CH 21 ehk!t(icﬂ?mﬁ}'dm vEri( ¢ 28hEre 6Tr (O9) pBren )Pr esence

of an i§idi,up.qabpimit, [Ir(CH3)I3(C0)3]17, Iry(CO);y Ircly.dH,0, IrBrz.4H,0,
Ir3(C0) 12, iridium metal, Ir,03, IroO,, Ir(acac)(CO)j, Ir(acac)3; |
iridium acetate [Ir30(OAc)g(H0)3][OAc]}, and hexachloroiridic acid
[HpIrClg] preferably, chloride~free complexes of iridium such as
acetates, oxalates and acetoacetates. '

10 Preferably, the iridium catalyst concentration in the liquid
reaction composition is in the range 100 to 6000 ppm by weight of
iridium.

The ruthenium énd/or osmium promoter may comprise any
ruthenium and/or osmium containing bompound which is soluble in the

15 ligquid reaction composition. The promoter may be.added to the
liquid reaction composition for the carbonylation reaction in any
suitable form which dissolves in the liQuid reaction composition or
is convertible to soluble form.

Examples of suitable ruthenium-containing compounds which may

20 be used include ruthenium (III) chloride, ruthenium (III) éhloride
trihydrate, ruthenium (IV) chloride, ruthenium (III) bromide,
ruthenium metal, ruthenium oxides, ruthenium (III) formate,
[Ru(CO)3I3]“H+, tetra(aceto)chlororuthenium(II,III), ruthenium (IXI)
acetate, ruthenium (III) propionate, ruthenium (IiI) butyrate,

25 - ruthenium pentacarbonyl, trirutheniumdodecacarbonyl and mixed
ruthenium halocarbonyls such as dichlorotricarbonylruthenium (II)
dimer, dibromotricarbonylruthenium (II) dimer, and other
organoruthenium complexes such as tetrachlorobis(4-
cymepe)diruthenium(li), tetrachlorobis({benzene)diruthenium(II),

30 dichloro(cycloocta-1,5~diene)ruthenium (II) polymer and
tris(acetylacetonate)ruthenium (III).

Examples of suitable osmium containing compounds which may be
used include osmium (III) chloride hydrate and anhydrous, osmium
metal, osmium tetraoxide, triosmiumdodecacarbonyl, pentachloro-u-—

35 nitrododiosmium and ﬁixed osmiﬁm halocaxbonyls such as
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fhus, according to the present inventign there is provided a process for
the production of acetic acid by carbonyl ati on of methanol and/or a
reactive derivative thereof which process 30 conpri ses contacting

nmet hanol and/or a reactive derivative thereof with carbon nonoxide in a
liquid reaction conposition in a carbonylation reactor characterised in
that the liquid reaction conposition conprises (a) acetic acid, (b) an

concent  a; FoIfoEPHEPAP B eisf 1 it Bhuqinet pragroomms Ty oot r , at
| east one oémplekéwni um and osm um

The molar ratio of each promoter to iridium catalyst is
suitably in the rangé 0.1:1 to 15:1, preferabl& 0.5:1 to 10:1.

b Preferably, the concentration of methyl iodide in the liquia
reaction composition is in the range 1 to 20% by weight, preferably
-é to 15% by weight.

The carbon monoxide reactant may be essentially pure or may

contain inert impurities such as carbon dioxide, methane, ditrogen,

10 noble gases, water and C; to-c4 paraffinic hydrocarbons. The
'presence of hydrogen in the carbon monoxide and generated in-situ by
the water gas shift.reaction is preferably kept low, for example,
less than 1 bar partial pressure, as its presence may result in the
formation of hydrogenation products. The partial pressure of carbon

15  monoxide in the reaction is suitably in the range 1 to 70 bar
preferably 1 to 35 bar and most.preferably 1 to 15 bar.

The catalyst system of the present invention has been found to
be partiéularly beneficial at relatively low partial pressures of
carbon monoxide where the rate of reaction may be dependent upon the:

- 20  carbon monoxide partial pressure. Under these conditions, it has
been found that the catalyst system of the present invention has the
advantage of providing an increased rate of reaction over catalyst
systems without the promoters of the present invention. This
advantage allows for increased rate of reaction under conditions

.25 when the carbon monoxide partial pressure is relatively low, for
example due to a low total pressure in the carbonylation reactor or
due to high vapour pressure of components of the liquid reaction
composition, for example at high methyl acetate'concentration in the
liquid reaction composition or due to a high concentration of inert

30 gases (for example nitrogen and carbon dioxide) in the carbonylation

' reactor. The catalyst system may also have advantages of increasing
rate of carbonylation when the rate of reaction is reduced by the
availability of carbon monoxide in solution in tﬁe liquid reaction
composition resulting from mass transfer limitations, for example

35 due to poor agitation. .
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Al so according to the present invention there is provided a catalyst system
for the production of acetic acid by carbonyl ation of nethanol or a
reactive derivative thereof in the presence of at 5 least a finite
concentration of water which catal yst system conprises; (a) an iridium
catalyst, (b) nethyl iodide and (c) at |east one of rutheniumand osm um
Suitable reactive derivatives of methanol include nethyl 10 acetate,

dlnethyl ether and neth i Qdj de. m xt ur.e of nethanol and reacti ve
derivatives ther8%f° rﬁ?ﬂ?g °e°“§é‘éjcf“§s§? é‘&c‘?%ﬁf%ec} ROPHE 1B TEST YR t he present
I nvent i on. aRpwfter ablohe feidianotatahybtomayrgiehydlandbé.at et arscbebiatdeas

reactants. wAbe LGash: AL e L@elegge NRBRLN AR LRs! P BEIMEL) & T her eof

will be converte , hence resent as, acetate fhe l'iquid
reaction (36hﬁcﬁ;igigﬁ]cbyalyst._ Also, the use of ruthenium or osmium :

b promoter, by increasing the cafbonylation rate may allow opération
lat reduced iridium concentration which can have benefits for redﬁced
by-product. formation.

The pressure of the carbonylation reaction is suitably in the
range 10 to 200 barg, preferably 10 to 100 barg, most preferably 15

10 to 50 barg. The temperature of:the carbonylation reaction is
suitably in the range 100 to 300°C, preferably in the range 150 to
.220°c. _

Aceﬁic acid may be used as a solvent fof the reaction.
Corrosion métals, barticularly nickel, iron and chromium

15 .should be kept to a minimum in the liquid reaction composition as

these'may have an adverse effect in the reaction.
The process of the present invention may be performed as a
batch or continuous process, preferably as a continuous process.
The acetic acid product may be removed from the reactor by
. 20 withdrawing liquid reaction composition and separating the acetic
acid product by one or more flash and/or fractional distillation
stages from the other components of the liquid reactioh composition.
such as iridium catalyst, ruthenium and/or osmium promoter, methyl
iodide, water and unconsumed reactants which may be recycled to the.

25 reactor to maintain their concentrations in the liquid reaction
composition. The carboxylic acid and/or ester product may also be
removed as a vapour from the reactor.

The invention will now be illustrated by way of example only
by reference to the followiﬁg examples.

30 Inlthe examples réaction rates are quoted as numbér of moles
of product/reactant produced/consumed per litre of cold degassed
reactor composition per hour (mol/l/hr).

A 150ml Hastelloy B2 (Trade Mark) autoclave equipped with a
Magnedrive (Trade Mark) stirrer and';iquid injection.facility was

35 used for a series of baﬁch carbonylation experiments. A gas supply
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reaction with acetic acid product or solvent. The concentration in the

|l iquid reaction conposition, of nethyl Acetate is suitably in the range 1
to 70% by weight, preferably 2 to 50% by wei ght, nost preferably 3 to 35%
by wei ght. 20 ' Water may be formed in situ in the liquid reaction
conposi tion, for exanple, by the esterification reaction between methanol
reactant and acetic acid product. Water may be introduced to the

car bonyl ation reactor_ together with or separately from ot her corrponents of

the 1iqui d iRt iWhoctsoLtt |96ﬂ"i"\ﬁ§t Eromnfgagebaidast yegaely £8°4 (%8 ot her
conponent s kefing eaoliden ¢ompausntaizorthm durdepave it @Teédtaneqiessundndry be

recycled i 0 e Q. maj he e ui red concentration of
water in tknlceh(:é PAJ& hkr%ac'g?on cd lngsc?PCU§ Y& abt accflﬁaecycg%ié'eﬁf ation of

water in tHe P? qm-a%r xoni the GQ?&)@SI vhigh trse pneStslqee rfaﬂ;ge i@. the¢ ga&5% by
wei ght , 5MOR11ast vessel.

At the end of each experiment liquid and gas samples from the
autoclave were analysed by gas chromatography.

For each batch carbonylation experiment the autoclave was
charged with the ruthenium or osmium promoter and the liquid

10 components of the liquid reaction composition excluding part'of the
acetic acid and water charge, in which the iridium catalyst was
dissolved. \

' The autoclave was flushed.once with nitrogen and once with
carbon monoxide_and was Ehen_heated with stirring (1006 rpm) to

15 195°C. After allowing the system to stabilise for about 30 minutes,
the iridium catalyst in écetic acid/water solution was then injected
into the autoclave under pressure of carbon monoxide. .The pressure
in the autoclave was subseduently maintained at 30 barg with carbon
monoxide fed from the gas ballast vessel through the liquid

20 injection facility.

| Gas uptake from the ballast vessel was measured every 30
seconds and from this was calculatéd the rate of carbonylation,
expressed as moles of carbon monoxide per litre of liquid reaction
composition per hour (mol/l/hr). 'After uptake of carbon monoxide

25 from the ballast vessel had ceaséd the autoclave was isolated from
the gas supply, wés cooled to room temperature and the gases were
'vented from the autoclave, sampled and analysed. The liquid
reaction composition was discharged from the autoclave and was
analysed for liquid products and by-products.

30 To obtain a reliable baseline a number of identical baseline
runs may have to be performed tb condition the autoclave such that
'consistent rates are achieved. This conditioning period ig& often
different from autoclave to autoclave and maf depend upon its
previous history. An induction period is also sometimes obsérved,

35 . particuiarly at low préssure in the absence of any promoters. This
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30 preferably 1 to 15% by wei ght, nost preferably 1 to 10% by wei ght. The
iridiumcatalyst in the liquid carbonylation reaction conposition nay
conprise any iridiumcontaining conpound which is soluble in the liquid
reacti on conposition. The iridiumcatalyst my be added to the liquid
reaction conposition for the 35 carbonylation reaction in any suitable form
whi ch dissolves in the ~ liquid reaction conposition or is convertible to
a soluble form Exanples of suitable inidiumcontaini ng conmpounds whi ch may
be added t dPEREiPPgRATG Rt PPBPRESRTo YPER dfe| PROMOERF S ef rthe[ Rresenpr ef er abl vy,
chl ori de- f riaeexapl £ prédentt i di um such as acetates, oxal ates and

acet oacet atE?:S'eri.ment A
: axperiment A

A baseline experiment was performed with thé autoclave charged
5 with methyl aceﬁate (419'mmol), water (383 mmol), methyl iodide (27
mmol), and acetic acid (806 mmol).
The iridium catalyst solution comprised Irclj.3320 (0.54 mmol)
dissolved in acetic acid (83 mmol) and water (50 mmol).
The reaction was performed at a constant pressure of 30 barg'

10 and at a temperature of 195°C. The rate of reaction, measured 5
minutes after injection of the iridium catalyst solution, based upon
carbon monoxide uptake rate was 9.8 mol/l/hr. High conversion to
‘acetic acid was observed with only 20 mmol methyl acetate remaining
in the liquid reaction composition at the end of the experiment.

15  The non-condensible gases in the autoclave at room température at
the end of the experiment were analysed and were found to contain by
volume, 3.6% carbon dioxide and 1.6% methane, the balance comprising
hydrogen (not measured) and carbon monoxide.

This is not an example according to the present invention

20 because no ruthenium dr osmium promoter was present in the liquid

reaction composition.
Experiment B

Experiment A was repeated.- The reaction rate, measured in an
identical manner to Experiment A was io.l mol/l/hr. The amount of

25 methyl acetate remainihg in the liquid reaction composition at the
end of the experiment was 25 mmol.

The vented gas at the end of the experiment was analysed as in
Experiment A and was found to contain 1.5% carbon dioxide and 1.1%
methane.

30 Example 1

Experiment A was repeated with dichlorotricarbonyl ruthenium
(II) dimer (0.54 mmol) charged to the autoclave at the start before
the iridium catalyst'solution was added. The total amount of acetic
acid charged (884 mmol) was adjusted so that the percentage

35 concentrations by weight of the iridium catalyst, methyl acetate,
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10 Preferabl y, the iridiumcatalyst concentration in the Iiquid
reaction conposition is in the range 109 to 6000 ppm by wei ght of iridium
The rutheni um and/ or osmi um pronoter may conprise any rutheni um and/ or

osm um cont ai ni ng conmpound which is soluble in the 15 liquid reaction
conposi tion. The pronoter may be added to the Iiquid reaction conposition
for the carbonylation reaction in any suitable form which dissolves in the
liquid reaction conposition or is convertible to soluble form Exanples of
suit abl e r Jiekbrl iPAedm Al ivatgr cernsothrl Samt iashinr@xre0imente Aused] B.ncl ude

ruthenium (111) #al pidedes :.Fé&:h.%}i BELdd bibdn @am;ﬂ qgns,{;hby&ytak& rut heni um
(I'V) chloride, ruthenlumélll braom de, ruthenium netal, rutheni um oxi des,

rut heni um (EPPITSDP Rt WEeP AEEPT B PSienPt HhR| TALSL YAt SALHIER (was| 13,7

rut heni um (nollf)/hr which is about 19% and 16% higher than the rates measured
5' in Experiments A and B respectively. '

. The liquid reaction composition at the end'of the'experiment
was analysed and was found to contain 17.7mmol methyl acetate. The
gas vented at the end of the experiment was found to contain by
volume 0.7% methane and 0.6% carbon dioxide.

10 This Example is according to the present invention and shows
the benefit of the presence of ruthenium in the'liquid reaction
composition on the carbonylatidn rate.

Example 2 ' )
Example 1 was repeated except that 1.6 mmol of

15 dichlorotribarbonyl ruthenium (XII) dimer and 88b mmol of acetic acid
were charged to the autoclave.

The rate of reaction based upon carbon monoxide uptake,
measured 5 minutes after injection of the catalyst, was 15.7
mol/l/hr which is about 60% and 55.5% higher than the rates measured

20 in Experiments A and B respectively.

The liquid reaction composition at the end of the experiment
contained 13.8 mmol methyl acetate. .

. The gas vented at the end of the experiment contained by
volume 1.3% methane and 1.9% carbon dioxide.

25 This Example is according to the present invention and shows
the benefit of an increase in the concentration of ruthenium in the
‘liquid reaction composition on the carbonylation rate.

Example 3 |
Example 1 was repeated except that 2.7 mmol of

30 dxchlorotricarbonyl ruthenium (II) dimer and 876 mmol of acetic acid
were charged to the autoclave.

The rate of reaction based upon ca;bon monoxide uptake,
measured 5 minutes after injectioh of the catalyst solution, was
16.5 mol/1/hr which is about 68% and 63% higher than the rates

35 measured in the baseline Experiments A and B respectively.
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A

acetate, ruthenium (I'11) propionate, -ruthenium (l11) butyrate, 25 _

rut heni um pent acar bonyl, trirutheniunmdd8ecacarbonyl and mi xed rutheni um

hal ocar bonyl s such as di chl orotricar bonyl rut henium (I1'1) dimer,

di bronotri carbonyl ruthenium (11) dinmer, and ot her organorut henl um corrpl exes
such as tetrachl orobi s(4- cynene)dirutheniun(ll),

‘tetrachl or obi s(benzene) di rut heniunm(11), 30

di chl oro(cycl ooct a- 1, 5- di ene) ruut heni um (11) pol yner and

tris(acetyl acet ditgt byquishesfichher IcPryosibiempk etheofnd wift bl @xperiment

osm um contc@haamdcgrm%gﬁsne\emlcIgcg@,%ebe used include osmum (lI11) chloride
hydrate and anhydrous, osm um net al osm um t etraoxide,

triosm undodecacRFhSHy Ventishahtheores o ths exPerl’rF‘?‘P‘b§8€l‘f%‘§ﬁ*FlHﬂ and m xed
osm um hal seandonyll st gehars addils 1i & daBBon dioxide.

5 This Example is according to the present invention-and shows
the benefit of a furthgr increase in the concentration of ruthenium
in the liquid reaction composition on the carbonylation rate.
Example 4 ' '

Example 1 was repeated except that 3.8 mmol of

10 dichlorotricarbonyl ruthenium (II) dimer and 871 mmol of acetic acid

were charged to the autoclave. '
The rate of reaction based upon carbon monoxide uptake,

measured 5 minutes after injection of the catalyst solution was 15.9

mol/l/hr which is about 62% and 57.5% higher than the rates measured

15  in the baseline Experiments A and B respectively. _

The liquid reaction composition at the end of the experiment
contained 8.7 mmol methyl acetate.

The gas vented at the end of the experimenﬁ contained by
volume 1.5% methane and .2.2% carbon dioxide.

20 - This Example is according to the present invention and shows
that, at least under the reaction conditions given in.Experiments A
and B, the increase in reaction rate with increasing ruthenium

'~ concentration reached a maximum.
Example 5 '

25 Example 1 was repeated except that 5.4 mmol of - _

. dichlorotricarbonyl ruthenium (IX) dimer and 802 mmol of acetic acid
were charged to the autoclave.

The rate of reaction based upon carbon monoxide uﬁtake,
measured 5 minutes after injection of the cataiyét solution was 15.1

30 mol/l/hr which is about 54% and 49.5% higher than the rates measured
in Experiments A and B respect;vely. _ )

The liquid reaction composition at the end of the reaction
contaihed 5.2 mmol methyl acetate.
The gas vented at the end of the experiment contained by

35 volume 1.9 % methane and 2.8% carbon dioxide.
—_—
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5 tr| car bonyl di chlorosmium (11) di mer and ot her or ganoosmi um corrpl exes. The
mol ar ratio of each pronoter to iridiuhcatalyst is suitably in the range
0.1:1 to 15:1, preferably 0.5:1 to 10:1. 5 Preferably, the
concentration of nmethyl iodide in the liquid reaction conposition is in the
range 1 to 20% by weight, preferably 2 to 15% by weight. The carbon®
nonoxi de reactant nay be essentially pure or nmay contain inert inpurities
such as carbon di oxi de, nethane, ni trogen, 10 nobl e gases, water and
[err] to [err] &Wiaf$’fﬁw&etﬁﬁdﬁﬁﬁ%ﬂb%§° theherefgess einventiorhpad ohomsi n t he

car bon nonaxade andefHRNahadL@ne NreSibt ibnD¥onditions given in Experiments A
and B, that above a certain concentration of ruthenium the degree of
rate enhancement began to decline.

5 Experiment C _ _

The autoclave was charged with methyl acetate (420 mmol),
“water (434 mmol), methyl iodide (27 mmol), acetic acid (802 mmol)
and dichlorotricarbonyl ruthenium (II) dimer (4.1 mmol). No iridium
catalyst solution was added to the autoclave. _ |

10 The autoclave was heated at 195°C at a constant pressure of 30
barg for about 1 hour but no uptake of carbon monoxide gas from the
ballast vessel was observed.

The amount of methyl acefate in the liquid reaction
composition at the end of the experiment was measured to be about

15 338 mmol (this might be subject to some degree of calibration error
at this high level). . _

The non-condensible gases in the autocla&e at room temperature
at the end of the experiment were analysed as before and contained,
. by volume, 0.4 % methane and 0.4 % carbon dioxide.

20 This is not an example according to the present invention
because no iridium catalyst was present in the liquid reaction
composition. This example shows that ruthenium alone did not act as
a catalyst for the carbonylation of methyl acetate. |
Experiment D

25 _ Experiments A and B were repeated at higher methyl iodide
concentration. The autoclave was charged with methyl acetate (420

~mmol), water (384 mmol), methyl iodide (56 mmol), and acetic acid
(737 mmol). The amount of acetic acid was adjusted so that the
‘percentage concentrations by weights of iridium catalyst, methyl

30 aéetate and water were the same as in Experiments A and B.

' The rate of reaction based upon carbon monoxide uptake,
measured 5 minutes after injection of the catalyst solution was 12.2
mol/l/hr.

The liquid reaction composition at the end of the experiment

35 was analysed and contained 8.5 mmol methyl acetate.
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the water gas shift reaction is prefer Qly kept Iow, for exanple, |ess than
1 bar partial pressure, as its presencé”may result in the formation of _
hydr ogenati on products. The partial pressure of carbon 15 nonoxi de in the
reaction is suitably in the range 1 to 70 bar, preferably 1 to 35 bar, and
nost preferably 1 to 15 bar. The catal yst systemof the present invention
has been found to be particularly beneficial at relatively | ow parti al
pressures of ca&gon non g@gre the_rate of reaction may be dependent

2

upon the 20  carbof ndn 'bx d Pt ¢ °Brté‘§sﬁ’?‘@nmt9ﬁdé?“ttaﬁé§% B¥ondi tions, it
“has been f vahdet hats methayet ahq/s&.tlsy@treamaﬁokm present invention has the

advant age of pr | C d.rate qf reactian_ov cat al yst systens
wi t hout the pro%%tsejresqgg FL{Q {s(ragggn " ?’ﬁ?/mq' |%°r?°r%n|gstad:\?‘§n?%egs§n |l ows for
i ncreased AHAYRNESPN r’@&éﬂ?%ﬁ%ﬂmte&m@ﬁwmswan thehdhquilderesatiion nonoxi de -

parti alg presrsiwseti&, relatively- low, for
' Experiment 6
' Experiment D was repeated with dichlorotricarbonyl ruthenlum
(IXI) dimer (5. 4 mmol) charged to the reactor at the start before the
catalyst was added. The total amount of acetic acid charged (796

10 mmol) was adjusted so that ﬁhe percentage concentrations by weight
of the iridium catalyst, methyl acetate, methyl iodide and water
were the same as in Experiment D.

The rate of reaction based upon carbon monoxide uptake,
measured 5 minutes after injection of the catalyst solution was 23.9

15 mol/1/hr which is about 96% higher than the rate measured in
comparative Experiment D.

The liquid reaction composition at the end of the experiment'
was analysed and was found to contain 7.3 mmol methyl acetate.

The gas vented at the end of the experiment contained by

20 volume 1.4 % methane and 2.4 % carbon dioxide.

This experiment is an éxample according to the present
ihvention and éhows that at a higher methyl iodide concentration
ruthenium was more effective as a promoter for the iridium catalysed
carbonylation of methyl acetate. | . '

25 Experiment E

The autoclave was charged with methyl acetate (420 mmol),
water (430 mmol), methyl iodide (57 mmol), acetic acid (871 mmol)
and dichlorotricarbonyl ruthenium (II) dimer (5.4 mmol). No iridium
catalyst solution was added to the autoclave. ' .

30 The autoclave was heated at 195°C at a constant pressure of 30
barg for about 1 hour but no uptake of carboﬁ monoxide gas from the '
ballast vessel was observed.

The amount of methyl acetate in the liquid reaction
composition at the end of the experiment was meésured as éreviously

35 to be about 357 mmol.
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éxanple due to a low total pressure in_ the carbonylation reactor or due to
hi gh vapour pressure of conponents of the I|iquid reaction conposition, for
exanpl e at high nethyl "acetate concentration in the liquid reaction
conposition or due to a high concentration of inert 30 gases (for exanple
nitrogen and carbon dioxide) in the carbonylation reactor. The catalyst
system may al so have advantages of increasing rate of carbonylation when
the rate of reaction is reduced by the availability of carbon nonoxide in
sol ution in theThediAngeendeseihe gefqfosn tihenavtosiave aYy fooontempssaturansf er

limtationas §HY eRXFPLRe Jrperididht tWerBOa1 Jed @hd WRre foulld not to
contain any methane or carbon dioxide. ' .
This is not an gxample accordiﬁg to the present invention
5 because no iridium catalyst was present in the liquid reaction
- composition. This example shows ‘that ruthenium alone did not act as
a catalyst for tﬁe caxbonylation of methyl acetate under the
conditions of this experiment.
Exanmple 7

10 The autoclave was charged withimethyl acetate (419 mmol),
water (434 mmol), methyl iodide (27 mmol), acetic acid {864 mmol)
and osmium trichloride 0sCljz (0.54 mmol).

The autoclave was heated as previously at 195°C at a constant
pfessure of 30 barg. | '

15 The reaction rate measured as previously was 13.9 mol/l/hr.
The.amount of methyl acetate in the liquid composition at the end of
the experiment was measured to be 12.8 mmol. The methane and carbon
dioxide were measured as previously to be 0.9% aﬂd 0.8% by volume
respectively.

20 ~This is an example according to the present invention.

Further Experiments Using a Solid Injection Facility
These further experiments were performed using a 150 ml Hastelloy
- B2 (Trade Mark) autoclave equipped with a Dispersimax (Trade Mark)
stirrer, solid catalyst injection facility and cooling coils., A gas

25 supply'to the autoclave was provided from a gas ballast vessel, feed gas
being provided to maintain the autoclave at a constant pressure. The
rate of gas uptake at a certgin point in a reaction run was used to
calculate the rate at'a'pa:ticular reactor composition (reactor
composition based on a cold degassed volume).

30 For each batch carbonylation experiment a small glass vial charged
with the cataiyst and optionally a catalyst promoter was placed in the
injection facility which facility was fitted to the underside of the lid
of the autoclave. The autoclave was sealed, pressure tested with
nitrogen and flushed with carbon monoxide (2 x 3 barg). The liquid

35 components of the reaction composition were then charged to the autoclave
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Under some conditions it is believed possible that small amounts of the
iridiumcatal yst may be volatile. It i d4pelieved that the presence of at

| east ruthenium may reduce the volatility of the iridiumcatalyst. Al so,

t he use of rutheniumor osmumb5 pronoter, by increasing the carbonyl ation
rate may allow operation at reduced iridiumconcentration which can have
benefits for reduced by-product formation. The pressure of the

carbonyl ation reactjon is suitably in the range 10 to 200 barg, preferably
10 to 100 BaR LABeid gAgttdonppqrers By autaslaye waf henrespuriredavifte of the
car bonyl at icafbdrea6hdaBel Brypitialy ¥ bdigh hénd' REGRALMN eil@ind (AB0bar.@hhy) in

LD ronoe ARl thiefRLLE, Sk Bk SRR o5 BpEs el Lo
approximately 4 barg below the desired operating pressure by feeding
5 carbon monoxide from a ballast vessel. Once stable at temperature (15

minutes) the catalyst and optionally the catalyst'promoter were injected
using an overpressure of c&rbon monoxide. The reactor pressure was
maintained constant (+/;0.5 barg) by feeding gas from the ballast vessel
throughout the course of the'experiment. Gas uptake from the ballast

10 vessel was measured using datalogging facilities throughout the course of
the experiment. The reaction temperature was maintained within +/-1°C of -
the desired reaction temperature by means of a heating mantle connected
to a Eurotherm (Trade Mark) conéroller. In addition, excess heat of
reaction was removed by means of cooling coils. |

15 At the end of each experiment liquid and gas samples from the
autoclave were analysed by gas cﬁromatography and water
concentrations in liquid samples were determined by the Karl Fischer
method. -

Experiments F to.H show how an iridium catalysed carbonylation

20 reaction is affected by reduced total pressure of carbon monoxide and by
reduced stirrer speed.
Experiment F ‘

The batch autoclave was charged with methyl iodide (7.5g, 0.053

molesﬁ, acetic acid (80g, 1.33 moles), methyl acetate (48.1g, 0.65 moles)

25 and water (1l4g, 0.780 moles). The autoclave was flushed with carbon
monoxide and then pressurised with carbon monoxide to an ambient pressure
of 6 barg. The autoclave contents were stirred (1500 r.p.m.) and heated
to 195°C. Once stable at température the catalyst (IrClj.hydrate;
0.289g,.0.78 mmoles) was introduced using an over pressure of .carbon

30 monoxide to give a reaction pressure of 20 barg. The reaction was
carried out at constant pressure (20 barg) for a period of one hour. The
experiment was repeated and the mean of the reaction compositions at the
end of the two experiments is as follows:

85.1 % Acetic Acid
35 ' 3.9 $  Methyl Iodide
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15 shoul d be kept to a minimumin the liquid reaction conposition as
these may have an adverse effect in t het eact i on. The process of the
present invention may be perforned as a batch or continuous process,
preferably as a continuous process. The acetic acid product may be renoved
fromthe reactor by 20 wthdrawing |iquid reaction conposition and
separating the acetic acid product by one or nore flash and/or fractional
distillation stages fromthe other conponents of -the liquid reaction
conposi tion such as iridium cat&t4st, *rut hetdvlirficskator osmi um pronoter,
met hyl iodi'de, water and unconssimed reactgfdeg Whi ch nay be recycl ed to the
25 reactor to gmintain.their co%ﬁgntrations itplg he |.iquid reaction
conposi ti on. Theﬂ%ﬂgrebf';exvi/a Pt i Y(ﬁr°§gft€r (BrBdu ‘T"‘ﬁﬁy efhEy asstrtsaved
as a vapourprepieniichacidaendraasghes bpvertduors watdonndivxdide |Hydsbgenrt afd by way |
of exangl e RRh¥ne were formed. '
The methyl acetate concentrations in the liquid reaction
compositions decreased during the two reactions and were calculated from
the carbon monoxide uptakes as the reactions progressed. No allowance
was made in these calculations for the partitioning of liquid reaction
10 components to the vapour space of the autoclave, the compositions being
calculated as cold degassed liguid.
When the methyl acetate concentrations were calculated to be 26% by
weight the mean of the two experiments reaction rate was calculated to be
3.4 mol/l/hr. At 16% by weight methyl acetate concentration the mean
15 reaction rate was 2.9 mol/l/hr.
This is not an example according to the present invention because
no promoter was used.
Experiment G
Experimént F was repeated except that the total pressure in the
20 autoclave was maintained at 28 barg after injecting the catalyst. The
reaction was carried out at constant pressure (28 barg) for a period of
one hour, yielding a solution containing the following distribution of

'products by weight:

88.5 % Acetic Acid
25 3.2 ‘% Methyl Iodide
| | 0.8 % Methyl Acetate
5.3 % Water

Trace levels of liquid by-products (ethyl iodide, ethyl acetate and
propionic acid) and gaseous by-products (carbon dioxide, hydrogen and
30 methane) were formed. When the methyl acetate concentration was
calculated from gas uptake to be 26% by weight the reaction fate was
calculated to be 10.0 mol/l/hr. At 16% by weight methyl acetate the
reaction rate was 6.0 mol/l/hr.
This is not an example according to the present invention because

35 no promoter was used.
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by reference to the foll ow ng exanples. 30 In the exanpl es
reaction rates are quoted as nunber of ¥l es of product/react ant

produced/ consuned per litre of cold degassed reactor conposition per hour
(mol/1/hr). A 150m Hastelloy B2 (Trade Mark) autoclave equipped with a
Magnedrive (Trade Mark) stirrer and liquid injection facility was 35 used

for a series of batch carbonylation experinments. A gas supply 7 to the
aut ocl ave was provided froma gas ballast vessel, feed gas being provided
to maint ai ExpaeimenkdE| ave at a constant pressure and the rate of gas uptake

bei ng cal cul at eden(i¥ didped InettC ¥i ARt rBedd eHEGfrect of stirrer speed on the
carbonylation rate ét a totél pressure of 28 barg.
Experiment G was repeated except that the stirrer speed was reduced
5 to 750 r.p.m.. When the methyl acetate concentration was calculated from
gas dptgke to be 26% by weight the reaction rate was calculated to be 6.5
mol/l/hr. At 16% by weight methyl acetate the reaction rate was 3.8
mol/l/hr. '
Example 8 _ .
10 This example demonstrates ﬁhe promotional effect of iﬁtroducing
. ruthenium promoter, one molar equivalenﬁ, to an iridium catalysed
carbonylation at low total pressure.
Experiment F was repeated except that some of the acetic acid
charge (0.20g) was substituted with an equal weight of [{Ru(C0O)3Clz}5]
15 (0.39 mmoles), such that the total autoclave charge weight remained
constant. The ruthenium was injected, together with the IrClj.hydrate.
The reaction was carried out at constant pressure (20 barg) for a period
of one hour, yielding a'solution containing the following distribution of

products by weight:

20 _ 89.1 %  Acetic Acid
2.8 % Methyl Iodide
3.5 % Methyl Acetate
- 4.8 % Water

Trace levels of.liquid by-products (ethyi iodide, ethyl aéetate and
25 propionic acid) and gaseous by-products (carbon dioxide, hydrogen and
methane) were formed.
. When the methyl acetate concentration was calculated from gas _
uptake to be 26% by weight fhe reaction rate was calculated to be 8.1
mol/l/hr. At 16% by weight.methyl acetate the reaction rate was 5.3
30 mol/l/hr. Thelrates quotea are the mean of two identical experiments.
Example S '
This example démonstrates the promotional effect of introducing
ruthenium promoter, two molar equivélents, to an iridium catalysed
carbonylation at low total pressure. .

35 Experiment F was repeated except that some of the acetic acid

-_—
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to be +/-19§ fromthe rate at which the pressure falls in the gas 5

bal | ast vessel. At the end-of eac

h expéli nent

| iquid and gas sanples from

the autoclave were anal ysed by gas chromatography. For each batch
carbonyl ation experinment the autoclave was charged with the ruthenium or
conponents of the liquid reaction

osm um pronoter and the liquid 10

conposition excluding part of the acetic acid and water charge, .
st was_di ssolved. The autoclave was flushed once with
o1 vaf FURshiSHEST déthmd Gralt Helohkeef ddRWIAN 38 40l i ng

the iridium cat al

ni trogen aft aﬂﬁ%éx

i n which

(1000 rpn) (Po7e mmo1dsAr, I duch AﬁitelthaH&WlL ratbbﬁ@ysﬁﬁ@et@eﬁjhab&énﬂaﬁﬁeé or about

30 m nutes,,
i nj ected i T

&%em. m wa

FAvVE U EF

phdiank! |

I n, _gcetic aci

s ettt Efsetnrn.

solution was t hen

tﬂo‘?ﬁx?’é@% -W¥EFaseessure

The reaction was carried out at constant pressure (20 barg) for a period

5

of one hour.

When the methyl acetate concentration was calculated to be 26% by

weight the reaction rate was calculated to be 8.7 mol/l/hr.

At 16% by

weight methyl acetate the reaction rate was 7.2 mol/l/hr.

Example 10
10

This example demonstrates the bfomotional effect of introducing

ruthenium promoter, half a molar equivalent, to an iridium catalysed

carbonylation at low total pressure.

Experiment F was repeated except that some of the acetic acid

charge (0.10g) was substituted with an equal weight of [ {Ru(CO)3Cly}5])

15

congtant.

(0.20 mmoles), such that the total autoclave charge weight remained

The ruthenium was injected, together with the IrClj.hydrate.

The reaction was carried out at constant pressure (20 barg) for a period

of one hour.

When the methyl acetate concentration was calculated to be 26% by

20

weight the reaction rate was calculated to be 5.6 mol/l/hr.

At 16% by

weight methyl acetate the reaction rate was 4.5 mol/l/hr.

Example 11

This example demonstrates the promotional effect of introducing

ruthenium promoter, one molar equivalent, to an iridium catalysed

25

carbonylation at reduced stirrer speed (750 r.p.m.).

Experiment H was repeated except that some of the acetic acid

charge (0.20g) was substituted with an equal wexght of [{Ru(CO)3Cly}5]

(0 39 mmoles), such that the total autoclave charge weight remained

constant.

30

The ruthenium was injected, together with the IrCly.hydrate.

The reaction was carried out at constant pressure (28 barg), with the

stirrer set at 750 r.p.m., for a period of one hour, yielding a solution

containing the following distribution of products by weight:

91.5

2.8

35 1.9

% Acetic Acid
%

%

17

Methyl Iodide
. Methyl Acetate
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in the autoclave was subsequently maintained at 30 barg with carbon
nonoxi de fed fromthe gas ballast vess¥ through the liquid 20 I nj ection
facility. Gas uptake fromthe ballast vessel was neasured every 30 seconds
and fromthis was cal cul ated the rate of carbonylation, expressed as noles
of carbon nonoxide per litre of liquid reaction conposition per hour
(nmol /1 /hr). After uptake of carbon nonoxi de 25 fromthe ballast vessel
had ceased t he autocl ave was isolated fromthe gas supply, was cooled to
roomtenperature and the gases“wkre \fent #88*9% om t he autocl ave, sanpl ed and
anal ysed. The | rgabded 160G bON 1GRIPBF-pidAlck S ehIC A3 QR &1 hdtadsitH@l ave

and was anal ysed. f or £rodu ts and b -@%oduct Tg obt ai n
a b

) | id . 30
a el | abl cPTRRERHH Al BRBCFATEPTS ByApF et (EAPPHL AR iridenhvdngeer epdpe

perfor med kecranajiverentddmedautwheh aahe sathlyltdigtate concentration was
5 - calculated to be 26% by weight the reaction rate was calculated to be
10.5 mol/l/hr. At 16% by weight methyl acetate the reaction rate was 7.3
mol/l/hr.
The reactor charges are given in Table 1.
_ The gaseous and liquid product yields for Comparative Experiments

10 F-H and Examples 8-11 are given in Tables 2a and 2b. These product .
yields'are not directly comparative to those recorded for Comparative
Examples A-G and Examples 1-7 because the autoclaves wéfe different in
particular being operated with different amounts of reagents and having

different headspaces and stirrer speeds.

15
20
25
30

35

(T
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consistent rates are achieved. This conditioning period is often different
from aut ocl ave to autocl ave and may depg@nd upon its previous history. An

i nduction period is also sonetines observed, 35 particularly at |ow
pressure in the absence of any pronoters. This 8 induction period is
not present when the pronoters of the present invention are present.
Experi nment A (Conparative) A baseline experinent was perfornmed with the
aut ocl ave charged with nethyl acetate (419 mmol), water (383 mol), methyl
i odi de (27 mmol), and acetic acid (806 ZARRE)L

REACTOR AUTOCLAVE CHARGES

' EXPERIMENT ' COMPONENTS (g
Methyl Acetic Water Methyl Promoter
Acetate Acid _ ' Iodide
F 48.1 80.1  14.1 7.5 ' -
48.1 80.1 14.0 7.6 -
G 48.1 T 80.1 14.0 7.5 -
48.1 80.2 . 14.1 ' 7.6 -
8 . 48.2 80.1 14.0 7.5 0.20
48.1 80.2 14.0 7.6 0.20
9 . 48.1 79.9 14.1 7.4 0.40
10 . 48.1 80.3 : 14.5 7.5 0.10
11 48.2 80.3 14.0 7.4 . 0.20
12 48.2 80.2 14.1 7.6 0.20
13 48.1 79.9 14.3 7.6 0.46
| ' Table 2a
5 ' Gaseous Products in Off-gas
Experiment Gasebus B -producf.s (3v/v) Gaseous By-products '(mmol)
Hy coy CH, Hy COq CHy
F* 1.6 2.0 6.8 | 2.8 3.4 12.0
1.4 1.0 2.1 5.6 4.0 7.9
1.3 1.1 2.2 5.4 4.6 8.7
8* . 1.5 |2.3. 7.7 3.1 4.7 16.6
9 1.4 2.1 6.6 2.8 4.2 13.3
10- 1.7 2.1 6.8 3.5 4.3 14.0
11 1.9 0.7 0.8 6.9 2.6 3.0

* Mean of two experiments.

10
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The iridium catalyst solution conprised [err] (0.54 nmol) dissolved in
acetic acid (83 mmol) and water (50 ). The reaction was perforned at ‘a
constant pressure of 30 barg and at a tenperature of [err]. The rate of
reaction, nmeasured 5 mnutes after injection of the iridiumcatalyst

sol ution, based upon carbon nonoxi de uptake rate was 9.8 nol/1/hr. High
conversion to acetic acid was observed wth only 20 nmmol nethyl acetate
remaining in the liquid reaction conposition at the end of the experinent.
The non-condensi bl e gases in the autoclave at roomtenperature at the end
of the experinent were anal ysed and were found to contain by volune, 3.6%
car bon di oxi de and 1. 6% net hane, thel%ggyuggconprising hydr ogen {( not
measur ed) and .carbon nonoxi de. This i sSHUt—an exanpl e according to the

present invention because no r (kiwedd Broductsshy \Weightonpt er was present in
the |iogid :
Experiment Ethyl iodide | Ethyl acetate | Propoionic Acid Acétic Acid
% I %
Fr 0.02 0.01  0.02 85.1
0.05 ' 0.03 : 0.03 ' 88.5
H . 0.03 ' 0.02 0.03 . 92.2
8% 0.07 - 0.02. 0.03 89.1
9 0.04 0.01 0.04 90.2
10 0.02  0.02 0.02 - 88.8
11 - 0.09 0.02 . 0.06 - 91.5

* Mean of two experiments
Example 12
This experiment illustrates the effect of addihg ruthénium
promoter, one molar equivalent, on the carbonylation rate at a total
10 pressure of 28 barg. The experiment also illustrates that the relative
promotional effect of addition of one molar equivalent of ruthenium is
greater at lower total préssure such as 20 bafg then at higher pressures
such as 28 barg. _
Experiment G was repeated except that some of the acetic
16 acid charge (0.20g) was substituted with an egual weight of
[{Ru(CO)3Cly}y) (0.39 mmoles), such that the total autoclave charge
weight remained constant. The ruthenium was injected, tdgether with the
'Ircl3.hydrate. The reaction was carried out at constant pressure (28
barg) for a period of one hour, yielding a solution.containing the

20 following distribution of products by weight:

88.8 % Acetic Acid
3.0 % Methyl Iodide
1.9 % Methyl Acetate
. 5.3 % Water
25 Trace levels of liquid by-products (ethyl iodide, ethyl acetate and

\.

—_—
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reacti on conposition. Experinment B’ (Cﬁ;rpar ative) Experiment A was _
repeated. The reaction rate, neasured an identical manner to Experinent
A was 10.1 nol/1/hr. The anount of mnethyl acetate remmining in the liquid
reaction conposition at the end of the experinent was 25 mmol . The vented
gas at the end of the experiment was analysed as in Experinment A and was
found to contain 1.5% carbon dioxide and 1. 1% net hanej Exarrpl ((30154Efxper: ;rent
A was repeated with dichlorotricarbonyl ruthenium (I]I i mer : nol )
char ged F OPITRECR GELDN ANt IBREUS (P PEIWEBF o CBFRPN g'miem duriEPgan a3d| uti on
was added. mékibant ptweke aftrned. OWhat ahieCneathiyll 42846 dohddd rd8iRn) wakAS adj ust ed

so that th@al%@igteé&t ggebe 26% by weight the reaction rate was calculated to be
11.3 ﬁol/l/hr. At 16% w/w methyl acetate the reaction rate was 7.9
5 mol/l/hr. Table 3 below shows the levéls of by-products. -
' Table 3

Exgeriment 12

Gaseous By-products $ by volume (mmol) | Liquid By-products % by weight

Hy COy CHg . EtI - EtOAc Propionic
' Acid

1.3 (4.5) [1.0 (3.7) | 1.4 (4.9) 0.11 0.01 0.04

Thus, a comparison of Example 8 against Experiment F shows that at

10 20 barg the rate of réaction at 26% by weight methyl acetate is 2.4 times
greater with ruthenium promoter whereas at 28 barg a comparison of
Example 12 against’Experiment G shows the improvement with ruthenium in
reaction rate at 26% by weight methyl acetate is only 1.1 times. '
Example 13 | _

15 This example demonstrates the promotional effect of introducing
osmium promoter, approximately two molar equivalents, to an iridium
catalyéed.carbonylation ét low total pressure..

Experiment F was repeated except that some of the acetic acid
charge (0.46g) was substituted with an equal weight of osmium trichloride

20 nydrate (0.46g), such that the total autoclave charge weight remained
constant. The dsmium_was injected, together with the IrClj.hydrate. The
reaction was carried out at constant pressure (20 barg) for a period of
one hour, yielding a solution containing the following distribution of

products by weight:

25 -89.4 % Acetic Acid
3.4 %  Methyl Iodide
2.2 % Methyl Acetate
5.4 % Water

Trace levels of liquid by-products (ethyl iodide,-ethyl acetate and

30 propionic acid) and gaseous by-products carbon dioxide, hydrogen and

_—
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concentrations by weight. of the iridiumcatalyst, nethyl acetate, 9

met hyl iodide and water were the sane 4% in Experinents A and B. The rate
of reaction based upon carbon nonoxi de uptake, neasured 5 minutes after
injection of the catalyst solution was 11.7 nol/1/hr which is-about 19% and
16% hi gher than the rates neasured 5 in Experinments A and B respectively.
The liquid reaction conposition at the end of the experinent was anal ysed
and was found to contain 17. 7mol nethyl acetate. The gas vented at the end
of the expBfH@AtvSHSSEPHFAd to contain by vol ume 0.7% met hane and 0. 6%
carbon di oxi de. when the methyl acetate concentration was calculated to be 26% by

weight the reaction rate was calculated to be 8.4 mol/l/hr. At 16% w/w
" methyl acetate, the reaction rate was 6.6 mol/l/hr.
5 The by-product concentrations are shown in Tables 4 and 5§ below.

Table 4
Example 13

Gaseous By-prodﬁcts (3v/v) Gaseous By-products mmol

Hy co, CH,4 Hp co, CH,

1.6 1.1 2.4 5 3.7 4.9 12.1

Table 5_

10 Example 13

Ligquid by-products (% w/w)

Ethyl iodide BEthyl acetate Propionic Acid

Further Experiments Using a Liquid Injection Facility
These further ekperiments were performed using a 150ml Hastelloy B2
15 (Trade Mark) autoclave equipped with a Dispersimax (Trade Mark)
~stirrer, a liquid catalyst injection facilitf and cooling coils. A
gas supply to the autoclave was provided from a gas ballast vessel,
feed gas being provided to maintain the autoclave at a constant
pressure. The rate of gas uptake a£ a certain point in a reaction
20 run was used to caiculate the rate at a particular reactor
composition (reactor composition based on a cbld degassed volume).
For each batch carbonylation experiment the catalyst,
dissolved in a portion of the acetic acid]water liquid reactor
charge, was charged to the liquid injection facility. The autoclave

25 was ‘sealed, pressure tested with nitrogen and was vented via a gas

Thls Sheet Has Been Re

R

22



10 This Exanple is according to the present invention and shows the
benefit of the presence of rutheniumif@3the liquid reaction conposition on
the carbonyl ation rate. Exanple 2 Exanple 1 was repeated except that 1.6
mmol of 15 di chl orotricarbonyl ruthenium (11) dinmer and 880 nmol of
acetic acid were charged to the autoclave. The rate of reaction based upon
carbon nonoxi de uptake, neasured 5 mnutes after injection of the catalyst,.
was 15.7 nol/|/hr which is about 60% and 55.5% hi gher than the rates
measur ed 2FaPHPIERTEePnefhe FutasdaTe was pgdeni Slaished Pith |daghdrl reacti on
conposi t i Omoabxidae (£Rd306arghe “evpRelifmat céripBhéitaese tReSrdidplod et Nyl
acetate. Tr}:%m g‘ssit\n{gy ta%g ggtigggl ecrzlga](.)ystt Qx?om%)égre relxg]?unc}i.ngO‘l'[]t}eaggretqmgyof
the liquid reaction composition in which the catalyst was dissolved,
5 were then charged to the autoclave via a liquid addition port. The
autoclave was then pressurised with carbon monoxide:(typically 6.
barg) and heated with stirring (1500.rpm) to reaction temperature.
The total pressure was then raised to approximately 3 barg below the
desired operating pressure by feeding carbon monoxide from a ballast
10 vessel. Once stable at temperature (about 15 minutes) the catalyst
solution was injected'uéing an overpressuré of carbon monoxide. The
reactor pressure was maintained constant (+/- 0.5 barg) by feeding
gas from the ballast vessel throughout the course of the experiment.
Gas uptake from the ballast vessel was measured using datalogging
15  facilities throughout the course of the experiment. The reaction
temperature was maintained within +/-1°C of the desired reaction
temperature by means of a heating mantle connected to a Eurotherm
(Trade Mark) cbntroller. .In addition, excess heat of reaction was
removed by means of cooling coils.
20 _ At the end of each experiment liquid and gas samples from the
autoclave were analysed by gas chromatography.
Experiment I | _
The batch autoclave was chargéd with methyl iodide (7.5g, 0.053
moles), acetic acid (69g, 1.15 moles), methyl acetate (48.0q, 0.6§
25 moles) and water (8.4g, 0.47 moles). The autoclave was flushed with
carbon monoxide and then pressurised with carbon monoxide to an
ambient pressure of 12 barg."The autoclave contents were stirred
{1500 rpm) and heated to 190°C. Once stable at temperature the
total pressure was increased to 24 barg by feeding carbon monoxide
30 from the ballast vessel. The catalyst (HyIrClg; 0.97g, 2.34 mmoles)
dissolved in 8.6g water and 7.5g of acetic acid was then intréduced'
using an over pressure of carbon monoxide to give a reaction
pressure of 27.4 barg. The reaction was carried out at constant
pressure (27.4 barg) for a period of one hour. '

35 The methyl acetate concentration in the liquid reaction composition
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volune 1 3% met hane and 1. 9% car bon d|9X|de 25 This Exanple is
according to the present invention and %homs the benefit of an increase in
the concentration of rutheniumin the liquid reaction conposition on the
carbonyl ation rate. Exanple 3 Exanple 1 was repeated except that 2.7 nmol
of 30 di chl orotricarbonyl ruthenium (11) dinmer and 876 nmol of acetic
acid were charged to the autoclave. The rate of reaction based upon carbon
nonoxi de upt ake, nmeasured 5 mnutes after injection of the catalyst

sol ution, WAS °FACRIaRSe from therPeR “‘85‘8&["‘*6%&5?1(?363% F*§REr°™ han t he
rates 35 phegsEssed. | Mhéhahbaseihyheadexpes icoheintrdt idndwid caS@Oaked aloy .

‘be 26% by weight the reaction rate was calculated to be 16.5
mol/l/hr._ At 16% by weight methyl acetate concentration the
b reaction rate was 11.8 mol/l/hr. _

This is not an example according to the present invention because no
promoter was used. ' '
Example 14
Experiment I was gepeated except that the autoclave was charged with

10 [{Ru(cO)3Cly}s] (0.60g, 1.17 mmoles), methyl iodide (7.5g, 0.053
moles), acetic acid (70.9g, 1.18 moles), methyl acetate (48.0g, 0.65
moles) and water (8.4g, 0.466 moles). The catalyst (HpIrClg; 0.97g,
2.34 mmoles) was dissolved in 8.6g water and 7.0g acetié acid.

When the methyl acetate concentration was calculatd to be 26%

15 by weight the reaction rate was calculated to be 20.9 mol/l/hr. At
16% by weight methyl acetate concentration the reaction rate was
15.1 mol/l/hr.
Experiment J
The batch autoclave was chargedlwith methyl iodide (8.6g, 0.060

20 moles), acetic acid {67.9g, 1.13 moles), methyl acetate (48.0g, 0.65
moles) and water (8.4qg, 0;47 moles). The autoclave was flushed with
carbon monoxide and then pressurised with carbon monoxide to an
ambient pressure of 8 barg. The autoclave contents were stirred
(1560 rpm})- and heated to 190°C. Once stable at temperature the

25 total pressure was increased to 17 barg by feeding carbon monoxide

. from the ballast vessel. The catalyst (HyIrClg; 1.51g, 3.72 mmoles)
dissolved in'a.sg water and 7.5g acetic acid was then introduced
using an overpressure of carbon monoxide to give a reaction pressure
of 19.6 barg. The reaction was carried out at a constant pressure

.30 (19.6 barg) for a . period of 36 minutes. The methyl acetate
concentration in the liquid reaction composition was calculated from
the carbon monoxide ﬁptake as the reaction progressed. When the
methyl acetate concentration was calculated to be 26% by weight the
reaction rate was calculated to be 15.2 mol/l/hr. At 16 and 6% by

35 weight methyl acetate concentration the reaction rate was 11.0 and
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'10 The I|qU|d reacti on conposition at the end of the experinment contained
6.4 mol nethyl acetate. The gas vented®at the end of the experinent

contai ned by volume 1.1 % nethane and 1.1 % carbon dioxide. 5 Thi s
Exanpl e is according to the present invention and shows the benefit of a
further increase in the concentration of rutheniumin the liquid reaction
conposition on the carbonylation rate. Exanple 4 Exanple 1 was repeated
except that 3.8 mmol of 10 di chl orotricarbonyl ruthenium (I1) diner and
871 nmol of- e/ é/hciraspeatévetiar ged to the autocl ave. The rate of reaction

based uponggash@nigonoxi de upt ake,

Experiment J was repeated except that the autoclave was charged with
[{Ru(CO)3Cly}5] (0.95g, 1.19 mmoles), methyl iodide (8.5g, 0.06
5 moles), acetic acid (66.6g, 1.10 moles), methyl acetate (48.0g, 0.65
moles) and water (8.4g, 0.46 moles). The autoclave was flushed with
carbon monoxide and then pressurised with carbon monoxide to an
ambient pressure of 6 barg. The autoclave contents were stirred
(1500rpm) and heated to 190°C. After about 15 minutes the pressure
10 was increased to 17 barg by feeding cérbon monoxide. The catalyst
(HoIrClg; 1.51g, 3.72 mmoles) dissolved in 8.6g watexr and 7.5g
acetic acid was then introduced using an overpressure of carbon
monoxide to give a reaction ﬁressure of 19.8 barg. The reaction was
carried out at a constant pressure (19.8 barg) for a period of one
15 hour.
When the methyl acetate concentration was calculated to be 26%
by weight the reaction rate was calculated to be 26.5 mol/l/hr. At
16 and 6% by weight methyl acetate concentration the reaction rate
was 20.9 and 12.8 mol/l/hr respectively. This experiment shows the
20 promotional affect of the promoter even at low (6%) methyl acetate
concentration. |
Experiment K )
Experiment J was repeated using methyl iodide (8.6 g 0.060 molés);
acetic acid (67.6g 1.13 moles), methyl acetate (48.0 g 0.65 moles)
25 and water (8.4 g, 0.47 moles).  After flushing and pressurising to
10 barg with carbon monoxide the reactor contents were stirred (1500
rpm) and heated to 190°C before pressurising to 24 barg with carbon
monoxide. The catalyst HyIrClg (1.51 g, 3.72 moles) dissolved in
8.6 g water and 7.5 g of acetic acid was introduced to ‘give a
30 pressure of 27.2 barg. The reaction was continued for 30 minutes.
When the methyl acetate concentration was calculated to be 26% by
weight the reaction ratelwas calculatéd to be 24.3 mol/1/hr; at 16%
- w/w methyl acetate the reaction rate was 17.0 mol/l/hr. This is not

an example according to the present invention.

35 High Pressure Infrared Experiments
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‘measured 5 minutes after injection of the catalyst solution was 15.9
nmol /1 / hr which is about 62% and 57. 5% ﬁ?gher than the rates neasured 15
in the baseline Experinments A and B respectively. The liquid reaction
conposition at the end of the experinment contained 8.7 mml nethyl acetate.
The gas vented at the end of the experinent contained by volune 1.5%
nmet hane and 2. 2% car bon di oxi de. 20 This Exanple is according to
the present invention and shows that, at |east under the reaction
condi tions givef PW}E?ﬁ%?"'I“I‘FEn’t%frﬂ\r%"n&eBI eaREPRefcYERs ]rj'r‘i“f"éa?é'tj%‘ff'qnat e wWith
I Nncreasi Ngsa¢cilieni wiE a8EL Gt tind Ifamd’vﬂa@ hwattiee rmxmmnp:éi&aﬁalmfsa%
Exanpl e 1 was r.epeat ed except tha he :. rare‘; cdhcula(s)rotrigad'l%

provide ro

rut heni um ffﬁn& xr‘rti'ae‘r' afhd®¥o u?ﬁ’ré’l ic acl

gas ballast vessel, feed gas.bexng provided to maintain the high
5 pressure infrared cell at a constant pressure and the rate of gas

| uptake being'calculated from the rate at which the pressure falls in
the gas ballast vessel.

Throughout the course of eéch experiment the liquid reaction
composition was analysed by infrared spectroscopy.

10 At the end of each experiment liquid samples from the high
pressure infrared cell were analysed by gas chromatography.

For each high pressure infrared experiment the high pressure
infrared cell was charged with ruthenium promoter and the liquid
components of the liquid reaction composition excluding a portion of

15 the liquid components, in which the iridium catalyst was dissolved.

The high pressure infrared cell was flushed 3 times with
carbon monoxide, pressurised with carbon monoxide to a pressure of
15 barg and heated to 190°C with stirring. The system was allowed
to stabilise for 15 minutes. The iridium catalyst solution was

20 charged to the liquid iﬂjection facility and was then injected into
the high pressure infrared cell under CO pressure. The pressure in
the high pressure infrared cell was subsequently maintained at 27.5
barg with carbon monoxide fed from the gas ballast vessel through a
back pressure regulator.

25 After ﬁptake of carbon monoxide from the gas ballast vessel
had ceased the contents of the high pressure infrared cell wére
‘cooled to room temperature and the gasés vented from the high
pressure infrared cell were sampled and analysed. The reaction

_composition was discharged from the high pressure infrared cell and

30 was analysed for liquid products and by-products. -

' Experiment L |

The liquid components of thé initial liquid reaction

composition consisted of methyl acetate (5.0g), methyl iodide
_ {1.0g), water (2.05g) and acetic acid (16.95g).
35 The iridium catalyst solution consisted of IrCl3.4H0 (0.188g)
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‘were charged to the autoclave. The rate of reaction based upon carbon
monoxi de uptake, measured 5 minutes aff®r injection of the catal yst
solution was 15.1 30 nmol /1 /hr which is about 54% and 49. 5% hi gher than
the rates neasured in Experinents A and B respectively. The liquid reaction
conposition at the end of the reaction contained 5.2 nmol nethyl acetate.
The gas vented at the end of the experinent contained by 35 volume 1.9 %
nmet hane and 2. 8% car bon di oxi de. This Exanple is according to the
present i ndésrolyed dimdastgveoritian, ofthe chdanid meeponsits rafathe dAaebhdi ti ons

glven in E¥£§Hﬂlgﬁrgéﬁpésltlon.

The final liquid reaction composition was:

0.23g Methyl Acetate
5 0.92g - Methyl Iodide

1.09g Water

20.99g Acetic Acid

Trace levels of liquid by-products (ethyl iodide, ethyl

acetate and propionic acid) and gaseous by-products (carbon dioxide)
10 were detected.

Wheﬁ the methyl acetate concentration was calculated from the
carbon monoxide gas uptake to be 20% by weight the reaction rate was
calculated to be 11.55 mol/l/hr. At 15 and 10% by weight methyl
acetate concentrations the reaction rates were calculated to be

15 10.41 and 8.38 mol/1/hr respectively.
This is not an example according to the present invention
because no promoter was used.
Example 16 _
This example demonstrates the promotional effect of
20 introducing ruthenium promoter, 2 molar equivalents, to an iridium
catalysed carbonylation reaction.
Experiment L was repeated except that [Ru(CO)3Cly],; (0.266g, Ir:Ru
molar ratio of 2:1) was charged to a high pressure infrared cell.

The final reaction composition was :

25 0.33g Methyl Acetate
0.98g Methyl Iodide
0.99g Water
20.82g Acetic Acid

The reaction rates at 20, 15 and 10% by weight methyl acetate
30 concentrations were calculated to be 13.93, 12.88 and 10.42 mol/l/hr
respectively (20.6, 23.0 and 24.3% increase in rate respectively
compared with the corresponding rates in the absence of ruthenium
promoter).

Experiment M
35 Experiment L was repeated except that the initial liquid

\
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"and B, that above a certain concentratjon of rutheniumthe degree of rate
enhancenment began to decline. Experi mett C (Conparative) The autocl ave was
charged with nmethyl acetate (420 mmol ), water (434 nmmol), nethyl iodide (27
.mol ), acetic acid (802 mvol) and dichlorotricarbonyl ruthenium (I1) dimer
(4.1 mmol). No iridiumcatal yst solution was added to the autoclave. The
“autocl ave was heated at [err] at a constant pressure of 30 barg for about 1
hour but no upt ake of carbon nonoxi de. gas fromthe ball ast vessel was

obser ved. BB PPt TS ERAKEAPR GORPRHE PR foratesedcs BRt M Gnpositi on
at the endacdétatbe(isxpey, meahylnasdideaslrseg, tvatbe @hazdg) 338 aveblc (dchas mi ght

be subj ect "(é .q}l%? rTt!.ao %%gé eae hgéhe%azlnétm’ygt ;.é)e a é rc%'ﬁcg‘rgtrg .Jj.osn. hi '.glhe l:.r.ei\./cﬁlu)n
catalyst solution consisted of IrCl3.4H,0 (0;0579) dissolved in a
5 2ml -portion of the liquid components of the liquid reaction
composition. _

The reaction rates at 30, 25, 20, 15 and 10% be weight methyl
acetate concentrations were calculated to be 3.11, 2.74, 2.22, 1.75
.and 1.28 mol/l/hr respectively.

10 Example 17 ' ‘ |
- Experiment M was'repeated except that [{Ru(CO)3Cls};] (0.42g;
Ir:Ru molar ratio of 5.5:1) was charged to the high pressure
infrared cell. |
- The reaction rates at 30, 25, 20% by weight methyl acetate
15  concentrations were all calculated to be 10.5 mol/l/hr.

The reaction fates at 15 and 10% by weight methyl acetate
concentration were calculated to be 9.5 and 6.43 mol/l/hr
respectively.

This example shows a promotional effect of the promoter at a

20 high methyl acetate concentration. o
Further Experiments (Continuous OQération)

Carbon.monoxide was fed to a 300ml Hastelloy (Trade Mark)
autoclave equipped with a Dispersimax (Trade Mark) stirrer under
pressure control (i.e. on demand) from a carbon monoxide supply

25 line. A liquid feed comprising methanol, methyl iodide, catalyst,
water, methyl acetate, acetic acid and optionally ruthenium promoter
was pumped to the autoclave at a constant rate of typically 250
ml/hr from a feed tank. The composition of the liquid feed was
chosen so as to give a desired reaction composition under steady.

30 'state conditions (i.e. at a particular carbonylation rate and feed
rate).

The contents of the autoclave were heated by means of electric.
windings; the temperature of the reaction being adjusted until the
desired carbonylation rate was achieved. A liquid reaction

35 composition stream was removed from the reactor under level control.
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‘The non-condensi bl e .gases in the autoclave at roomtenperature at the end
of the experinent were anal ysed as befdt e and cont ai ned, by volune, 0.4 %
nmet hane and 0.4 % carbon dioxide. This is not an exanple according to the
present invention because no iridiumcatalyst was present in the liquid
reaction conposition. This exanple shows that ruthenium alone did not act
as a catalyst for the carbonylation of nethyl acetate. Experinent D
(Conparative) Experinments A and B were_ repeated at hi gher nethyl iodide
concent r at FBR. SEFRE™ H3E0TIAFR REEST iPargHFine t HhenRETaprr 4@t atParavt 9ol ) ,

wat er (384 tAEDdtrealtinlyla Il@d\hﬂflpﬁ% Bfﬁ&ﬂa) gaé’é&ﬂlsaﬁﬁstwmhdga(s&ﬂs mol ). The
amount of a ete %oam cé was an: t ed S0 th 1¢ 3 ger.cent tratlons by
Wi ght s of FRPTEOREAPE SEPaoat FyTool AR AR AR P LB ke as
Exper i ment $hé\ ]a.lqdiB.phase was collected in a storage vessel and the gaseous
5 phase was vented after on-line analysis by gas chromatography and
cooling to remove condensibles. The ligquid phase was periodically
sampled on-line and was analysed off-line by gas bhromatography.
To prevent build up of inert gases (from the feed and gaseous
.by-products) in the head space of the reactor, a high pressure bleed
10 vent was provided. The gaseoﬁs stream removed via the high pressure
bleed vent was cooled to remove condensibles and was vented after
analysis by gas chromatography. Alternatively, this gaseous stream
was combined with the gaseous phase derived from the liquid reaction
composition stream for analysis.
15 The reaction was carried out at the desired temperature and
pressure for a period of 6 to 7 hours. |
Experiment N
- The reaction was carried out at a constant total preésure of
27.6 barg (tﬁe partial pressures of carbon monoxide and hydrogen
20 . were calculated to be 12.5 and 0.17 bara respectively) and at a
Itemperature of 194°C. The steady state reaétion composition at a

carbonylation rate of 8.3 mol/l/hr was as follows:

14% Methyl acetate
7%--_ Water

25 _ 2.6% Methyl Iodide
1000ppm IrClz.3Hy0

This ig not an example according to the present invention because no
promoter was used.
Example 18

30 The example demonstrates the promotional effect of introducing
ruthenium promoter, 0.5 molar equivalents, to an iridium catalysed
carbonylation reaction. .
Experiment N was repeated except that ruthenium promoter
({Ru(CO)3Cly},) was added to the liguid feed so as to achieve an

35" iridium:ruthenium molar ratio in the reaction composition of 1:0.5.
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"The rate of reaction based upon carbon_nonoxi de uptake, measured 5 minutes
after injection of the catal yst solutidfh was 12.2 nol/1/hr. The liquid '
reaction conposition at the end of the experinment was anal ysed and
‘contained 8.5 nmol nethyl acetate. 12 The gas vented at the end of the.
experinment contained by volunme 1.4% net hane and 2. 4% carbon di oxi de. This
experinment is not an exanple according to the present. invention because no
pronoter was present in the liquid reaction 5 conposi tion.

The temperature of the reaction was adjusted until the carbonylation

rate was approximately the same as in Experiment N. The steady

state reaction composgition was as follows:

14.5% Methyl acetate
5 _ 7.2% - Water

2,.2% Methyl iodide

1000ppm “iridium

It was found that at an iridiumsruthenium molar ratio of 1:0.5 a

temperature of 191°C was required to achieve a carbonylation rate of
10 8.0 mol/L/hr compared with a temperature of 194°C to achieve a

~ carbonylation rate of 8.3 mol/l/hr in the absence of ruthenium

pfomoter (Experiment N).

The decrease in reaction temperature resulted in an increase in the

calculated partial pressures of carbon monoxide and hydrogen in the
15 reactor (13.4 and 0.19 bara respectively).

Example 19 .

Example 18 was repeated except that the Ir:Ru molar ratid in the

reaction composition was 1:1. The steady state reaction composition

was as follows:

20 15.2% Methyl acetate
. 7.3% Water
2.1% Methyl Iodide

1000 ppm' Iridium _
It was found that at an iridium:ruthenium molar ratio of lzi a
25 temperature of 188.5°C was required to achieve a carbonylation rate
of 8.1 mol/l/hr compared with a temperature of 191°C to achieve a
-carbonylation rate of 8.0 mol/l/hr for Example 18 (iridium:ruthenium
molar ratio of 1:0.5). _ |
The fﬁrther decrease in reaction temperature resulted in an inérease
30 in the calculated partial pressure of cafbon monoxide and hydrogen
in the reactor (13.9 and 0.22 bara respectively). '
Example 20 . L .
Experiment N was repeated except that ruthenium promoter was added
to the liquid feed to achieve an iridium:ruthenium molar ratio of

35 1:1. The partial pressures of carbon monoxide and hydrogen in the

——
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'Exarrpl e 6 Experinent D was repeated wi th dichlorotricarbonyl ruthenium(I1l)
dimer (5.4 mmol) charged to the reactor~at the start before the catal yst
was added. The total ampbunt of acetic acid charged (796 10 nmol ) was

adj usted so that the percentage concentrations by weight of the iridium
catal yst, nmethyl acetate, nethyl iodide and water were the sanme as

i n. Experiment D. The rate of reaction based upon carbon nonoxi de uptake, -
nmeasured 5 mnutes after injectiopn of the catalyst solution was_23.9 15 -
mol /1 / hr mﬁ’ff&ﬁt?rswﬁ’beoﬁfﬂ@%’%tﬁ&gtﬁe *tHaR el rafe hessBred VP coftpar at i ve
Experi ment rBte Tdfe1bi4moll/ X AachaDachivRasat monstehdy tatadreattidre experi nent
was anal ys ' fQund to contain 7.3 mol nethyl acetate. The gas
vent ed at t%%‘é'g%% Y%’?Otfﬁe experiment contai ned by

14.3 % Methyl acetate
5 7.3 %  Water '
2.1 % Methyl iodide

1000 ppm Iir

This experimeﬁt shows that under these conditions, the presence of

ruthenium promoter, at a molar ratio of iridium:ruthenium of 1:1
10 resulted in an increase in the carbonylation rate from 8.3 to 10.4

mol/l/hr (a 25% increase).

The methane make rate and water gas shift (WGS) reaction rate for

Experiment N and Examples 18-20 are recorded in Table 6 togethér

withlthe calcuiated concentration éf propionic acid in the liquid
15 phése of the liquid reaction composition (assuming all propionic

acid precursors found in the product are converted to propionic

aciaqd).
Table 6 S
20 _
Experiment CH5 make WGS WGS Propionic Acid
mo;/i/h: mol/l/hr % of Rate . ppm
N 0.08 0.13 1.6 . 391
18 0.074 0.14 1.69 435
19 0.062 0.12 1.43 - 401
- 20 0.096 0.16 1.51 397

Further Experiments (Continuous Operation)

Methanol was continuously carbonylatgd'in the presence of an
iridium carbonylation catalyst, methyl iodide, optionally ruthenium
carbonyl iodide reaction promoter, water and methyl acetate, in a 6'

25 litre zirconium, stirred reactor with a working mass of 3.5 kg
(measured at ambient temperature in a bubble free state) at a
pressure between 25 and 30 barg (dépendent on the required carbon
monoxide partial pressure) and a temperature between 189 and 191°cC.

—_—
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' 20 volune 1.4 % net hane and 2.4 % carbaon dioxide. This experinment is.an
exanpl e according to the present i nventith and shows that at a hi gher
met hyl i odi de concentration rutheniumwas nore effective as a pronoter for
the iridiumcatal ysed carbonyl ation of nethyl acetate. 25 Experiment E

" (Conparative) The autocl ave was charged with nethyl acetate (420 mmol),
wat er (430 mmol ), nethyl iodide (57 nmmol), acetic acid (871 nmol) and
di chlorotricarbonyl ruthenium (11) dinmer (5.4 mol). No iridium catalyst
sol uti on wasThel8®PSratyFRe iguthe Fagetorawas maintainedripy & oscPidy daGkas-heat ed

at [err] at Gar®oRASMBkidy @asUfda @b tHe bédgof Un pRs¥dlrd dealia Wik £0 upt ake
“of carbon nobnoxi de)%eﬁ.as frorrldt he ball ast _ vessel was observed. The anopunt of
w|?QﬁJF 1 on was :

‘methyl acet J¥REPR TRBACL | fo1d reaction Caposic

continuously withdrawn from the reactor and passed to a flash tank

5 - operated at a pressure of 1.48 barg 'and a temperature of about
128°C. A vapour fraction comprising acetic acid product, propionic
acid by-product, methyl iodide, methyl acetate and water passed
overhead from the flash tank through an irrigated section and
through a demister and was fed as a vapour into a distillation

10 column. The liquid fraction from the flashtank comprising
involatile caﬁalyst, involatile promoter, acetic acid, water and the
remainder of the methyl iodide and methyl acetate was recycled to
the reactor. To maintain.the required carbon monoxide partial
pressure in the reactor a bleed of gas was optionally taken from the

15 head space of the reactor. _

The unit was operated with a corrosion metal removal.system.
A reactor product stream continuously was removed from the reactor
upstream of the flashing valve. The stream was cooled to ambient
temperature and depressurised across a control valve to 1.48 Barg.

20 .The stream was fed downflow to a corrosion metal removal bed at 400-
500 ml/hr. The bed contained approximately 300 ml of a strong acid
ion exchange resin (Amberlyst 15).' The béd operated at 1.48 Barg
and ambient temperature. The stream on exiting the bed was combined
with the liquid fraction from the flashtank for return to the

25 reactor. The bed was operated to maintain the level of corrosion
metals in the reactor to <100 ppm total.

in the distillation column the acetic acid was removed from
the base. The methyl iodide, methyl acetate and water, together
with some of the acetic acid pass overhead and were condensed into

30 two phases. The heavy, methyl iodide rich phase was recycled to the
reactor. The lighter, aqueous phase was split: some used as reflux
to the column, the remainder was recycled to the reactor. Methanol
could be fed to the column to react with any hydrogen iodide
present; the methyl iodide and water produced being removed

35 overhead. —
-_—
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conposition at the end of the experinment was neasured as previously 35 to
be about 357 nmol . 13 The non-conderd$i bl e gases in the autoclave at room
tenperature at the end of the experinment were anal ysed and were found not
~to contain any nethane or carbon dioxide. This is not an exanpl e according
to the present invention because no iridiumcatalyst was present in the

| i quid reaction conposition. This exanple shows that ruthenium al one did
not act as a catalyst for the carbonylation of nmethyl acetate under the
condi ti ons of tfhe @gqngpp¢ﬁgﬁpples from the head of the column were first

chilled to minimise the loss of volati;es from the process. The
offgas steam was then passed to a scrubber where it was contacted
countercurrently with chilled methanol. The methanol leaving the

5 base of the scrubber was added to pure methénol and used as feed to
the reactor.

The results (average compositions over at léast 24 hdurs) from

the experiments carried out on the above-described plant are given
in table 7 below, which shows the benefits to reaction rate and

10 reaction selectiyity of using the reaction promoter rutheniumf
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"Exanpl e 7 The autoclave was charged with methyl acetate (419 nmol), water
(434 mol ), nethyl iodide (27 mol ), acetic acid (864 nmmol) and osm um
trichloride [err] (0.54 s heated as previously at

34

[err] at a constant prgsgure off 30 barg. The rleaction rate neasured as
previously was 13.9 rmI/H;/hr he amount of ngthyl acetate in the liquid
conposition at the end Jof§ t§e xperiment was deasured to be 12.8 mml . The
nmet hane and carbon di oqi ge gerq neasured as previ ously to be 0.9% and 0. 8%
by vol ume respectively.| Thi§ i an &x8m# eJacording to the present
I nvention. Further Exp rmegtsp‘Um ng a ol | d“fnj ection Facility These
further experinents vvere_gpedfor med using a 30q m Hastell oy
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BZ (Trade Ivar k) autoclave equipped with a mm ﬂe Mark) stirrer,
solid catalyst injection facility and cool ﬂlﬁmml\lmm\ u S supply to the
aut ocl ave was provided froma gas ball ast vessel,tfeéed gas bei ng provide

to maintain the autoclave at a constant pressure. The rate of gas uptake at
a certain point in a reaction-run was used to calculate the rate at a
particul ar reactor conposition (reactor conposition based on a cold
degassed vol une). For each batch carbonyl ati on experinment a small gl ass
vial charged with the catalyst and optionally a cafasey81634B28R#u(@)cams
placed in the injection facility which facility was fitted to the underside
of the Iid of the autoclave. The autoclave was seal ed, pressure tested with
nitrogen and flushed with carbon nonoxide (2 x 3 barg) The liquid
conponents of the reaction corrp05|t|on were then charged to the autocl ave

clalms'

1. A process for the production of acetic acid by carbonylation

of methanol or a reactive derivative thereof which process comprises

contacting methanol or a reactive derivative thereof with carbon

monoxide in a liquid reaction composition in a carbonylation reactor
5 characterised in that the liquid reaction composition comprises:

(a) acetic acid, {b) an iridium catalyst, (c) méthyl iodide, (4)

at least a finite quantity of water, (e) methyl acetate and (f) as

promoter, at least 6ne of ruthenium and osmium. .

2. A process as claimed in claim 1 in which the partial pressure
10 of carbon monoxide in said reactor is less than 15 bar.

3.H A process as claimed in claim 1 or claim 2 in which the molar

_ratio of promoter to iridium is in the range of 0.1:1 to 15:1.

4. A process as claimed in any one of the preceding claims in

which the liquid reaction composition comprises 100 to 6000 ppm by
15  weight iridium. ' .

5. A process as claimed in any one of the preceding.claims in

which the liquid reaction composition comprises from 0.1 to 15% by

weight water.

6. A process as claimed in any one of the precediné claims in
20 which the liquid reaction composition comprises from 1 to.20% by .

weight methyl iodide. '

7. A prdcess as claimed in any one of the preceding claims in

which the liquid reaction composition comprises from 1 to 70% by

weight methyl acetate. '

25 8. A process as claimed in any one of the preceding claims in

| This Sheet Has Been Replaced
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" 14 VI a a |IC]UI d addltlon port. The autocl ave was then—pressurised with

carbon nonoxi de (typically 6 barg) and3feated vmth 1500 r.p.m)
to reaction tenperature. The total pressure was th !'M QH&M M (wm]
approximately 4 barg bel ow t he desired operating pre car bon
nonoxi de from a ball ast vessel. Once stable at tenperature (15 m nut es) the -
catal yst and optionally the catal yst pronbter were injected using an
over pressure of carbon nonoxi de. The reactor pressure was nmi ntai ned

const ant (#hiegh Shgapxppoper fiseythgnéits from t he bal | ast vessel throughout

the courseoQf thecexPgkt Blten T tiY dkadctOB iCaditlibasdiavepsel was
measur ed usi ng dat al og facilities throughout the course of

in t he
exper i ment C3FRPYLAEIRT BA TAARPhCE2 r\ﬁégt’ﬁ’ﬁl AFAVARYSWERTRSR S BT FPe of

presence of at least a finite concentration of water which catalyst
5 system comprises: (a) an iridium catalyst, (b) methyl iodide and (c)

a promoter comprising at least one of ruthenium and osmium.

10. - A catalyst system as claimed in claim 9 in which the molar

ratio of promoter to iridium is in the range 0.1:1 to 15:1.

11. A catalyst system as claimed in claim 9 or claim 10 in which

10 the promoter is ruthenium.
15
. 20
25
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35
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the desired reaction tenperature by neans of a heating mant|le connected to

a Eurotherm (Trade Mark) controller. In addition, excess heat of reaction.

was renoved by means of cooling coils. At the end of each experinment |iquid
and gas sanples fromthe autoclave were anal ysed by gas chromat ography and

wat er concentrati‘ons in |iquid sanples were determ ned by the Karl Fischer

nmet hod. Experinents F to H show how an iridium catal ysed carbonyl ati on

reaction is affected by reduced total pressure of garb j.de_and by
reduced stirrer speed. Experinent F (Conparative) gﬁ?éa gg?%g%{zg(??%ve was

charged with nethyl iodide.(7.5g, 0.053 noles), acetic acid (80g, 1.33

nol es), nethyl acetate (48.1g, 0.65 noles) and water (14g, 0.780 noles).
The autoclave was flushed with carbon

ABSTRACT
PROCESS FOR THE PRODUCTION OF ACE?IC ACID

A process for the production of acetic acid by carbonylation of
methanol or a reactive derivative thereof by contacting the methanol
or derivative with“cagbon monoxide in a liquid reaction composition
'comprising (a) acetic acid, (b) an iridium catalyst, (c) methyl
iodide,- (d) at least a finite quantity of water and (e) methyl
acetate is improved by the use as promoter of at least one of

ruthenium and osmium.

This Sheet Has Been Replaced

T




T
3

""":'dfei"de and then pressurised with carbon nonoxide to an anbi ent pressure

of 6 barg. The autoclave contents were stirred (1500 r.p. m ) and heated to

[err]. Onc
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PROCESS FOR THE PRODUCTION OF ACETIC ACID

. The present invention relates to a process for the production
of acetic acid by carbonylation of methanol or a reactive derivative
thereof in the presence of an iridium catalyst and as promoter, at
least one of ruthenium and osmium. _

Carbonylation processes in the presence of iridium catalysts
are known and are deScribed for example in US 3772380. UK patent GB
1276326 describes preparation of monocarboxylic acids and their
esters by carbonylation of alcohols, halides, ethers, esters or 1,2
epoxy aliphatic compounds in the presence of rhodium or iridium
catalysts, halogen promoters and water or an alcohol, ether or
ester. _

Carbonylation processes in the presehce of ruthenium and
osmium catalysts are also known. Thus, UK patents GB 1234641 and GB
1234642 describe a procesé for the production of an organic acid or

an ester by carbonylation of an'alcohol, halide, ester, ether or

phencl in the presence of a noble metal catalyst selected from

iridium, platinum, palladium, osmium and ruthenium and their
compounds and a promoter which is halogen or halogen compound.
According to Jenner et al in J.Mol. Catalysis 40 (1987) 71-82
ruthenium compoun@s_aréﬁeffective carbonylation catalyts for

converfing primary alcohols into acids and esters at high CO

pressures. Standard conditions of 450 bar CO pressure were used in

the reported experiments and low CO pressures were said to lead to
high yields of hydrocarbons and a Hower Yield of ester. UK patent

application GB 2029409 describes a process for the preparation of

-This is the replacement sheet
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4.4 . % Mthyl Acetate 5.7 % \Water Trace levels of liquid
by-products (ethyl iodide, ethyl acetate and propi-onic acid) and gaseous
by- product s carbon di oxi de, -hydrogen and net hane were formed. The net hyl
acetate concentrations in the liquid reaction conpositions decreased during
the two reactions and were cal cul ated fro@ the carbon nonoxi de upt akes as
the reactions progressed. No all owance was nade in.these cal cul ations for
the partitioning of liquid reaction conponents to the vapour space of the
aut ocl ave, the conpositions being cal cul ated as cold degassed |iquid. Wen
the met hyl acetate concentrations were calculated to be 26% by wei ght the
nean of the two experinents reaction rate was calculated to be 3.4

mol /1 / hr. At ab£pHayiwetagbbxyisthadidacetdabeterence rbactingncddvenmaioxide

with alcohols at an elevated pressure of 34 atmospheres or greater
in the presence of a ruthenium catalyst and halogen-containing
promoter.

5 US patent US 5268505 describes the preparation of ‘adipic acid
by hydrocarboxylating a pentenic acid in the presence of rhodium
catalyst and a co-catalyst of at least one of iridium, ruthenium and
osmium. .

European patent publication EP 0031606-3 describes a process
10 for the co-production of carboxylic acids and esters by reaction of
esters and/or ethers with carbon monoxide and hydrogen in the
presence of a catalyst systeﬁ which comprises a ruthenium compoung,
-a Group II metal iodide'and/or bromide or transition metal iodide
and/or bromide, and a further Group VIII metal compound. The Group
15  VIII metal is said to be espec¢ially rhodium and palladium. Only
these Group VIII metals are illustrated in the examples.
. According to European patent publications EP 0075335-A and EP
0075337-A the Groub II or transition ﬁetal'iodide and/or bromide in
the catalytic system of EP 0031606-A caﬁ be replaced by methyl
20 iodide or bromide or acetyl iodide or bromide or any mixture thereof
provided that the reaction is carried out in the presence of an
amine or phosphine respectively in an amount not exceeding a certain
level. The use of iridium is not disclosed.
It has now been found that ruthenium and/or osmium have
25 beneficial effects on the rate of carbonylation of methanol or a
reactive derivative thereof in the presence of an iridium catalyst.
Thus, according to the present invention there is provided a
process for the production of acefic acid by carbonylation of
methanol and/or a reactive derivative thereof which process
30 comprises contacting methanol and/or a reactive derivative thereof
with carbon monoxide in a liquid reaction composition in a
carbonylation reactor characterised in that the liquid reaction
composition comprises :
(a) acetic acid, (b) an iridium catalyst, (c) methyl iodide, (d) at

35 least a finite concentration of water, (e) methyl acetate and (f) as

This is the replacement sheet

Date: %’/%/QQ |



reaction rate was 2.9 mol/I/hr. This is not an exanpl e according to the
present invention because no pronoter was used. Experinment G (Conparative)
Experiment F was repeated except that the total pressure in the autoclave

was nmaintained at 28 barg after injecting 3 he catal yst. The reaction was
carried out at constant pressure (28 barg)” for a period of one hour,

yielding a solution containing the follow ng distribution of products by
wei ght: 88.5 % Acetic Acid 3.2 % Methyl lodide 0.8 %  Met hyl
Acetate 5.3 % \Water Trace levels of liquid by-products (ethyl iodide,
et hyl acetate and

promoter, at least one of ruthenium and osmium.

Also according to the present invention there is provided a
catalyst system for the production of acetic acid by carbonylation
of methanol or a reactive derivative thereof in the presence of at

5 least a finite concentration of water which catalyst system
comprises:
(a) an iridium catalyst, (b) methyl iodide and (c) at least one of
ruthenium and osmium. |

Suitable reactive derivatives of methanol include methyl

10  acetate, dimethyl ether and methyl iodide. A mixture of methanol
and reactive derivatives thereof may be used as reactants in the
process of the present invention. Preferably, methanol and/or
methyl acetate are used as reactants. At leést some of the methanol
aﬂd/or reactive derivative thereof will be converted to, and hence

15  present as, methyl acetate in the liquid reaction composition by
reaction with acetic acid product or solvent. The concentration in
the liquid reaction composition, of methyl acetate is suitably in
fhe range 1 to 70% by weight, preferably 2 to 50% by weight, most
preferably 3 to 35% by weight.

20 Water may be formed in situ in the liquid reaction
composition, for example, by the esterification reaction between
methanol reactant and acetic acid product. Water may be introduced
to the carbonylation reactor together with or separately from other
components of the liquid reaction composition. Water may be

25 separated from other components of reaction composition withdrawn
from the reactor and may be recycled in controlled amounts to
maintain the reéuired concentration of water in the liquid reaction
composition. Preferably, the concentration of'water'in the liquid
reaction composition is in the range 0.1 to 15% by weight, more

30 preferably 1 to 15% by weight, most preferably 1 to 10% by weight.

. The iridium catalyst in the liquid carbonylation reaction
composition may compfise any iridium containing compound which is
soluble in the liquid reaction composition. 'The iridium catalyst

may be added to the liquid reaction composition for the

35  carbonylation reaction in any suitable form which dissolves in the
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propi oni ¢ aci d) and gaseous by-products (carbon dioxi de, hydrogen and
net hane) were forned. When the nethyl acetate concentration was

cal cul ated fromgas uptake to-be 26% by wei ght the reaction rate was
calculated to be 10.0 nol/I/hr. At 16% by wei ght nethyl acetate the
reaction rate was 6.0 mol/I/hr. This is ndt an exanple according to the
present invention because no pronoter was used. 16 Experinent H
(Conparative) This experinent illustrates the effect of stirrer speed on
the carbonylation rate at a total pressure of 28 barg.

liquid reaction composition_ér is convertible to a soluble form.
Examples §f suitable iridium-containing cdmpounds which may be added

- to the liquid reaction composition include IrClj, IrI3' IrBrg,
[Ir(CO)3X)y, [Ir(CO)aClly, [Ir(CO)3Brly, [Ir(CO)pIz]~, [Ir(CO)zBrp)~

5 , [Ir(co)aI3)”, [Ir(CH3)I3(CO)z]~, Irg(CO)is IrClz.4H,0, IrBrj3.4H,0,

" Irz(CO0)y3, iridium metal, Ir,03, IrO,, Ir(acac)(CO)y, Ir(acac)j,
iridium acetate [Ir3O(OAc)g(Hy0)3)[OAc], and hexachloroiridic acid
[HoIrClg] preferably, chloride-free complexes of iridium such as
acetates, oxalates and acetoacetates.

10_ Preferably, the iridium catalyst concentration in the liquid
reaction composition is in the range 100 to 6000 ppm by weight of
iridium. - :

The ruthenium and/ox osmium promoter may comprise any
ruthenium and/or osmium containing compound which is soluble in the

15 ligquid reaction composition. ' The promoter may be added to the
liquid reaction composition for the carbonylaﬁion reaction in any
suitable form which dissolves in the liquid reaction composition or
is convertible to soluble form. _

Examples of suitable ruthenium-containing dompopnds which may

20 be used include ruthenium (III) chloride, ruthenium (III) chloride
trihydrate, ruthenium (IV) chloride, ruthenium (III) bromide,
ruthenium metal, ruthenium oxides, ruthenium (III) formate,
[Ru(CO)3I3]'H+, tetra(aceto)chlororuthenium(II,III), ruthenium (III)

" acetate, ruthenium (III) propionate, ruthenium (III) butyrate,

25 = ruthenium pentacarbdnyl, trirutheniumdodecacarbonyl and mixed
ruthenium halocarbonyls such as dichlorotricarbonylruthenium (II)
dimér, dibromotr;carbonylruthenium (II) dimer, and other
organoruthenium complexes such as tetrachlorobis(4-
cymene)diruthenium(II), tetrachlorobis(benzene)diruthenium(II),

30 dichloro(cycloocté—l,5-diene)ruthehium (II) polymer and
tris(acetylacetonate)ruthenium (III). _

Examples of suitable osmium containing compounds which may be
used include osmium (III) chloride hydrate and anhydrous, osmium

metal, osmium tetraoxide, triosmiumdodecacarbonyl, pentachloro-u-

35 nitrododiosmium and mixed osmium halocarbonyls such as _
This Sheet Has Been Replaced - This is the :rap-,mmam shest
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Experl nment G was repeated except that the stirrer speed was reduced to 750
p.m. Wien the net hyl acetate concentration was cal culated from gas
uptake to be 26% by weight the reaction rate was calculated to be 6.5
mol /I /hr. At 16% by wei ght nethyl acetate the reaction rate was 3.8
mol /1 /hr. Exanple 8 This exanple denobnstrates the pronotional effect of
I nt roduci ng rutheni um pronoter, one nolar equivalent, to an iridium
catal ysed carbonylation at |ow total pressure. Experinent F was repeated
except that some of the acetic acid charge (0.20g) was substituted with an
equal weight of [err] (0.39 nmmles), such that the total autoclave charge
wei ght renmai ned constant. The rutheniumwas injected, together with the
[err]hydrate. t¥heanoapldichlom®soiuny i(8l) Gitentandortdbanrgpnesmine (20 bar g)
for a peri od complexes.
The molar ratio of each promoter to iridium catalyst is
suitably in the range 0.1:1 to 15:1,,preferably 0.5:1 to 10:1.
5 T Preferably, the concentration of methyl iodide in the liquid
reaction composition is in the range 1 to 20% by weight, preferably
2 to 15% by weight. _

.The carbon monoxide reactant may be essentially pure or may

contain inert impurities such as carbon dioxide, methane, nitrogen,

10  noble gases, water and C; to C4 paraffinic hydrocarbons. The
presence of hydrogen in the carbon monoxide and generated in'situ by
the water gas shift.réaction is preferably kept low, for example,
less than 1 bar partial pressure, as its presence may result in the
formation of hydrogenation products. The partial pressure of carbon

15 monoxide in the reaction is suitably in the range 1 to 70 bar
preferably 1 to 35 bar and most preferably 1 to 15 bar.

The catalyst system of the present invention has been found to
be particularly beneficial at relatively low partial pressures of
carbon monoxide where the rate of reaction may be dependent upon the

20 carbon monoxide partial pressure. Under these conditions, it has
beep found that the catalyst éystem of the present.invention has the
advantage of providing an-increased rate of reaction over catalyst
systems without the promoters of the present invention. This
advantage allows for increased rate of reaction under conditions

25 when the carbon monoxide partial pressure is relatively low, for

' ‘example due to a low total pressure in the carbonylation reactor or
due to high vapour pressure of components of the liquid reaction
composition, for example at high methyl acetate concentration in the
liquid reaction composition or due to a high concentration of inert

30 gases (for example nitrogen and carbon dioxide) in the carbonylation

. reactor. The catalyst system may also have advantages of increasing
rate of carbonylation when the ¥ate of reaction is reduced by the
availability of carbon monoxide in solution in the liguid reaction
composition resulting from mass transfer limitations, for example

35 due to poor agitation.
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of_ one; hour, yielding a solution containing the follow ng distribution of
products by weight: 89.1 % Acetic Acid 2.8 % Methyl lodide 3.5
% Methyl Acetate 4.8 % Water Trace levels of liquid by-products
(ethyl iodide, ethyl acetate and propionic acid) and gaseous by-products
(carbon di oxi de, hydrogen and nmet hane) wefe forned. Wen the nmethyl acetate
concentration was cal cul ated fromgas uptake to be 26% by wei ght the
reaction rate was calculated to be 8.1 nol/I/hr. At 16% by wei ght nethyl
acetate the reaction rate was 5.3 nol/I/hr. The rates quoted are the nean
of two identical experinents. Exanple 9
Under some conditions it is believed possible that small
amounts of the iridium catalyst may be volatile. It is believed
. that the presence of at least ruthenium may reduce the volatility of
the iridium catalyst. Also, the use of ruthenium or osmium
5 promoter, by increasing the carbonylation rate may allow operation
at reduced iridium concentration.which can have benefits for reduced
by-prqduct formation. . _
The pressure of the carbonylation reaction is suitably in the
_ range 10 to 200 barg, preferably 10 to 100 barg, most preferably 15
10 to 50 barg. The temﬁéraéure of the carbonylation reaction is
suitably in the range 100 to 300°C, preferably in the range 150 to
220°cC.
Acetic acid may be used as a solvent for the reaction.
Corrosion metals, particularly nickel, iron and chromium
15  should be kept to a minimum in the liquid reaction composition as
these may have an adverse effect in the reaction.
The process of the present invention may be performed as a
batch or continuous process, preferably as a continuous process.
The aéetic acid product may be removed from the reactor by
20 withdrawing liquid reaction composition and separating the acetic
acid product by one or more flash and/or fractional distillation
stages from the other components of the liquid reaction composition
such as iridium catalyst, ruthenium and/or osmium promoter, methyl
iodide, water and unconsumed reactants which may be recycled to the
25 reactor to maintain their concentrations in the liquid reaction
composition. The carboxylic acid and/or ester product may also be
removed as a vapour from the reactor. |
The invention will now be illustrated by way of example only
by reference to the following examples. _
30 In the examples reaction rates are guoted as number of moles
of product/reactant produced/consumed per litre of cold degassed
reactor composition per hour (mol/l/hr).
. A 150ml Hastelloy B2 (Trade Mark) autoclave equipped with a
Magnedrive (Trade Mark) stirrer and liquid injection facility was

35 used for a series of batch carbonylation experiments. A gas supply
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This exanpl e denonstrates the pronotional effect of introducing ruthenium
pronoter, two nolar equivalents, to an iridiumcatal ysed carbonyl ation at

| ow total pressure. Experinent F was repeated except that sonme of the
acetic acid 17 charge (0.409) was substgtuted wi th an equal weight of
[err] (0.78 mmol-es), such that the total autoclave charge wei ght remai ned
constant. The rutheniumwas injected, together wwth the [err] The reaction
was carried out at constant pressure (20 barg) for a period 5 of one
hour. Wen the nethyl acetate concentration was calculated to be 26% by

to the autoclave was provided from a gas ballast vessel, feed gas
being provided to maintain the autoclave at a constant pressure and
the rate of gas uptake being-calcu;ated (with an accuracy believed
to be +/-1%) from the rate at which the pressure falls in the gas
5 ballast vessel. |
"~ At the end of each experiment liquid and gas samples from the
autoclave were analysed by gas chromatography.

For each batch carbonylation experiment the autoclave was
charged with the ruthenium or osmium promoter and the liquid

10 components of the liquid reaction composition excluding part of the

"acetic acid and water charge, in which the iridium éatalyst was
dissolved.

The autoclave was flushed once with nitrogen and once with
carbon monoxide and was then heated with stirring (1000 rpm) to

15  19s°c. . After allowing the system to stabilise for about 30 minutes,
the iridium catalyst in acetic acid/water solution was then injected
into the autoclave under pressure of carbonlmonoxide. The pressufe
in the autoclave was subsequently maintained at 30 barg with carbon
monoxide fed from the gas ballast vessel through the liquid

20 injection facility.

Gas uptake from the ball&st vessel was measured every 30
seconds and from this was calculated the raﬁe of carbonylation,
expressed as moles of carbon monoxide per litre of liquid reaction
composition per hour (mol/l/hr). After uptakelgf carbon monoxide

25 from the ballast vessel had ceased the autoclave was isolated from
the gas supply, was cooled to room temperature and the gases were
vented from the autoclave, sampled and analysed. The liquid
rgaction composition was discharged from the autoclave and was
analysed for liquid pfoduﬁts and by-products.

30 . To obtain a reliable baseline a number of identical baseline.
runs may have to be performed to condition the autoclave such that
consistent rates are achieved. This conditioning period is often
different from autoclave to autoclave and may depend upon its
previous history. An induction period is also sometimes observed,

35 particularly at low pressure in the absence of any promoters. This
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we'i\'ght the reaction rate was calculated to be 8.7 nmol/I/hr. At 16% by
wei ght nethyl acetate the reaction rate was 7.2 nol/I1/hr. Exanple 10 10

Thi s exanpl e denonstrates the pronotional effect of—ﬁ%t—redﬁc—l—ﬁg—%u{—hem um
pronoter, half a nolar equivalent, to an iridium cat@ﬁﬁﬁgrﬁgﬁégﬁ) %dl on at

| ow total pressure. Experinent F was repeajed except
acetic acid charge (0.10g) was substituted with an!e MW err] 15
-(0.20 nmol es), such that the total autoclave charge
constant. The rutheniumwas injected, together with the [err] The reaction
was carried out at constant pressure (20 barg) for a period of one hour.
When the nethyl acetate concentration was cal culated to be 26% by 20
vei ght the reai%tdlzgpigna%ogrjyg%sisc aﬁlogullbraétsngt tw en h5e grorxyngl:!azl's/ b:l;‘. theA'&)ré'SG:{?tby
invention are present.
Experiment A '
A baseline experiment was performed with the autoclave charged
b with methyl acetate (419 mmol), water (333 mmol), methyl iodide (27
mmol), and acetic acid {806 mmol).-
The iridium catalyst solution comprised IrCl3.3H,0 (0.54 mmol)
dissolved in acetic acid (83 mmol) and water (50 mmol).
The reaction was performed at a constant pressure of 30 barg

10 and at a temperature of 195°C. The rate of reaction, measured 5
minutes after injection_of the iridium catalyst solution, based upon
carbon monoxide uptake rate was 9.8 mol/l/hr. High conversion to
acetic acid was observed with only 20 mmol methyl acetate remaining
in the liquid reaction composition at the end of the experiment.

15 The non-condensible gases in the autoclave at room temperature at.
the end of the experiment were analysed and were found to contain by
volume, 3.6% carbon dioxide and 1. 6% methane, the balance comprising
hydrogen (not measured) and carbon monoxide.

This is not an example according to the present invention

20 because no ruthenium or osmium promoter was present in the liquid

reaction composition.
Experiment B

Experiment A was repeated. The reaction rate, measured in an
identical manner to Experiment A was 10.1 mol/l/hr. The amount of

25 methyl acetate remaining in the 1iquid reaction composition'at the
end of the experiment was 25 mmol.

The vented gas-at the end of the experiment was analysed as in
Experiment A and was found to contain 1.5% carbon dioxide and 1.1%
methane.

30 Example 1

Experiment A was repeated with dichlorotricarbonyl ruthenium
(II) dimer (0.54 mmol) charged ﬁo the autoclave at the start before
the iridium catalyst solution was added. .The total amount of acetic
acid charged (884 mmol) was adjusted so that the percentage

35 concentrations 5y weight of the iridium catalyst, methyl acetate,
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wei ght; nethyl acetate the reaction rate was 4.5 nol/I/hr. Exanple 11 This
exanpl e denonstrates the pronotional effect of introducing ruthenium
pronoter, one nolar equivalent, to an iridiumcatal ysed 25 car bonyl ati on
at reduced stirrer speed (750 r.p.m). Experinent H was repeated except
that some of the acetic acid charge (0.209g)° was substituted with an equal
wei ght of [err] (0.39 mmoles), such that the total autoclave charge wei ght
remai ned constant. The rutheniumwas injected, together with the [err] 30
The reaction was carried out at constant pressure (28 barg), with the
stirrer set at 750 r.p.m, for a period of one hour, yielding a solution
containing-the follow ng distribution of products by weight: 91.5 %
Acetic Acid 2. 8ethyl%iodidet Ayd wheelt dere the same as in Experiments A and B.

The'rate of reaction based upon carbon monoxide uptake,
measured 5 minutes after injection of the catalyst solution was 11.7
mol/l/hr which is -about 19% and 16% higher than the rates measured

5 in Experiments A and B respectively. |

The liquid reaction composition at the end of the experiment
was analysed and was found to contain 17.7mmol methyl acetate. The
gas vented at the end of the experiment was found to contain by
volume 0.7% methane and 0.6% carbon dioxide.

10 This Example is according to the present invention and shows
the bepefit of the presence of ruthenium in the liquid reaction
composition on the carbonylation rate.

Example 2
Example 1 was repeatéd except that 1.6 mmol of

15 dichlorotricarbonyl ruthenium (II) dimer and 880 mmol of acetic acid
were charged to the autoclave.

The rate of reaction baséd upon carbon monoxide uptake,
measured 5 minutes after injection of the catalyst, was 15.7
mol/l/hr which is about 60% and 55.5% higher than the rates measured

20 in Experiments A and B respectively.

The liquid reaction composition at the end of the experiment
contained 13.8 mmol methyl acetate.

The gas vented at the end of the ekperiment contained by
volume 1.3% methane and 1.9% carbon dioxide.

.25 This Example is according to the present invention and shows
the benefit of an increase in the concentration of ruthenium in the
liquid reaction composition on the carbonylation rate.

Example 3
Example 1 was repeated except that 2.7 mmol of

30 dichlorotricarbonyl ruthenium (II) dimer and 876 mmol of acetic acid
were charged to the autoclave. | '

The rate of reaction based upon carbon monoxide uptake,
measured S5 minutes after injection of the catalyst solution, was
16.5 mol/l/hr which.is about 68% ﬁnd 63% higher than the rates -

35 measured in the baseline Experiments A and B respectively.
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35. _ 1.9 % Methyl Acetate 18 4.1 %
Wit er Trace levels of li.quid by-products (ethyl iodide, ethyl acetate and
propi oni c ‘aci d) and gaseous by-products (carbon di oxide, hydrogen and

met hane) were fornmed. Wien the met hyl acetate concentration was 5

cal cul ated to be 26% by weight the reactiof rate was calculated to be 10.5
mol /1 /hr. At 16% by wei ght nethyl acetate the reaction rate was 7.3
nmol /I /hr. The reactor charges are given in Table 1. The gaseous and |iquid
product yields for Conparative Experinents

The liquid reaction composition at the end of the experiment
contaiﬁéd 6.4 mmol methyl acetate.

The gas vented at the end of the experiment contained by
volume 1.1 % methane and 1.1 $ carbon dioxide.

5 This Example is according to the present invention and shows
the benefit of a further increase in the concentration of ruthenium
in the liquid reaction composition on the carbonylation rate.
Example 4

Example 1 was repeated except that 3.8 mmol of

10 dichlorotricarbonyl ruthenium (II) dimer and 871 mmol of acetic acid
were charged to the autoclave.

The rate of reaction based upon carbon monoxide uptake,
measured 5 minutes after injection of the catalyst solution was 15.9
mol/l/hr which is about 62% and 57.5% higher than the rates measured

15 in the baseline Experiments A and B respectively.

The liquid reaction composition at the end of the experiment
contained 8.7 mmol methyl acetate.

The gas vented at the end of the experiment contained by
volume 1.5% methane and 2.2% carbon dioxide.

20 This Example ie according to the present invention and shows
that, at least under the reaction conditions given in Experiments A
and B, the incfease in reaction rate with increasing ruthenium
concentration reached a maximum.

Example 5

25 - Example 1 was repeated except that 5.4 mmol of
dichlorotricarbonyl ruthenium (II) dimer and 802 mmol of acetic acid
were charged to the autoclave.

The rate of reaction based uﬁon carbon monoxide uptake,
measured 5 minutes after injection of the catalyst solution was 15.1

30 mol/l/hr which is about 54% and 49.5% higher than the rates measured
in Experiments A and B respectively.

' The liquid reaction composition at the end of the reaction
contained 5.2 mmol methyl acetate.
The gas vented at the end of the experiment contained by

35 volume 1.9 % methane and 2.8% carbon dioxide.
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10 F-H and Exanples 8-11 are given in Tables 2a and 2b. These product
ylelds are not directly conparative to those recorded for Cbnparatlve

Exanpl es A-G and Exanpl es 1-7 because the autocl aves wer ent
particul ar being operated with different anounts of,rﬁﬁgm %pd haV|n
di fferent headspaces and stirrer speeds. 1b 20 25 30 SﬁII/ [’aCed

This Example is according to the present invention and shows
that, at least under the reaction conditions given in Experiments A
and B, that above a certain concentration of ruthenium the degree of
rate enhancement ﬁegan to decline.

5 Experiment C
" The autoclave was charged with methyl acetate (420 mmol),
water (434 mmol), methyl iodide (27 mmol), acetic acid (802 mmol)
and dichlorotricarbonyl ruthenium (II) dimer (4.1 mmol). No iridium
catalyst solution was added to the autoclave.

10 The autoclave was heated at 195°C at a constant pressure of 30
‘barg for about 1 hour but no uptake of carbon monoxide gas from the
ballast vessel was observed.

The amount of methyl acetate in the liquid reaction
composition at the end of the experiment was measured to be about

15 338 mmol (this might be subject to some degree of calibration error
at this high level).

The non-condensible gases in the autoclave at room temperature
at the end of the égperiment were analysed as before and conﬁained,
by volume, 0.4 $ methane and 0.4 % carbon dioxide.

20 _ This is not an example according to the present inventibn
because no iridium catalyst was present in the liqhid reaction
composition. This example shows thgt ruthenium alone did not act as
a catalyét for the carbonylation of methyl acetate.

Experiment D | .

25 Experiments A and B were repeated at higher methyl iodide
concentration. The autoclave was charged with méthyl acetate (420
mmol), water (384 mmol), methyl iodide (56 mmol), and acetic acid
(737 mmol). The amount of écetic acid was adjusted so that the
percentage concentrations by weights of iridium catalyst, methyl

30 acetate and water were the same as in Experiments A and B.

The rate of reaction based upon carbon monoxide uptake,
measured 5 minutes after injection of the catalyst solution was 12.2
mol/l/hx. _

The liquid reaction composition at the end of the experiment

35 was analysed and contained 8.5 mmol methyl acetate.
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TABLE -1 REACTOR AUTOCLAVE CHARGES EXPERI MENT

COVPONENTS( g Met hyl Aceti c Wt er -

Acet at e Acid _ | odi de F Thxs%ﬁeeﬂ-HasBeenRe la&al

14. 1 7.5 - 48.1 1 80.1 |
e 48.1 80. 1 140 “!lmm“" "II |48
80. 2 14. 1 7.6 8 48. 2 | 114,
7.5 0.20 48.1 80. 2 : 14.0 l .

9 48. 1 79.9 14. 1 7.4 0.40 10
48. 1 - 80.3 14. 5 ' 7.5 - 0.10 11 48.
80. 3 14.0 '

10.

15

20

25

30

35

The gas vengéé4at the end og'é§% experiment cohtained by
volume 1.4% methane and 2.4% carbon dioxide. -
This experiment is not an example according to the present
invention because no promoter was present in the liquid reaction
composition.
Experiment 6 _
Experiment D was repeated with dichlorotricarbonyl ruthenium
(II) dimer (5.4 mmol) charged to the reactor at the start before the
catalyst was added. The total amount of acetic acid charged (796
mmol) was adjusted so that the percentage concentrations by weight
of the iridium catalyst, methyl acetate, methyl iodide and water
were the same as in Experiment D.
The rate of reaction based upon carbon monoxide uptake,

measured 5 minutes after injection of the catalyst solution was.23.9

-mol/l/hr which is about 96% higher than the rate measured in

comparative Experiment D.

The liquid reaction composition at the end of the experiment
was analysed and was found to contain 7.3 mmol methyl acetate.

- The gas vented at the end of the eipériment contained by
volume 1.4 % methane and 2.4 % carbon dioxide.

This experiment is an example according to the present
invention and shows that at a higher methyl iodide concentration
ruthenium was more effective as a promoter for the iridium catalysed
carbonylation of methyl acetate.

Experiment E

The autoclave was charged with methyl acetate (420 mmol),

water (430 mmol), methyl iodide (57 mmol), acetic acid (871 mmol)

and dichlorotricarbonyl ruthenium (II) dimer (5.4 mmol). No iridium

. catalyst solution was added to the autoclave.

r
.1
7.
1
0
0. 20

2

The autoclave was heated at 195°C at a constant pressure of 30

barg for about 1 hour but no uptake of carbon monoxide gas from the
ballast vessel was observed.

The amount of methyl acetate in the liquid reaction
composition at the end of the experiment was measured as previously

to be about 357 mmol.

This is the raplacement shéet
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14.1 7.6 0.20 13

O

12 . . 48.2 80. 2

48.1 - 79.9 14. 3 7.6 0.46 Table 2a 5
Gaseous Products in Of-gas Experinent Gaseous ByMu'ct’s_(i&/_/_v_)__,_
Gaseous By-products (mmol) [err] F*

2.8 3.4 12.0 G 1.4 SheetHasBe eplaced
4.0 7.9 H 1.3 1.1 “““EI‘ |“‘
8.7 8* : 1.5 2.3 7.713

16.6 9 1.4 2.1 6.6 2

13.3°10 1.7 2.1 . 6.8 3.5

14.0 11 1.9 0.7 0.8 6.9 2.6 3
* I\/Ean of two experinments.

The non-condensible gases in the autoclave at room temperature
at the end of the experiment were analysed and were found not te
_contain any methane or carbon dioxide.

This is not an example according to the present invention

5 because no iridium catalyst was present in the liquid reaction

composition. This example shows that ruthenium alone did no# act as -
& catalyst for the carbonylation of methyl ecetate.under the .
conditions of this experiment.
Example 7

10 The autoclave was charged with methyl acetate (419 mmol},
water (434 mmol), methyl iodide (27 mmol), acetic acid (864 mmol)
and osmium trichloride OsCly (0.54 mmol).

The autoclave was heated as previously at 195°C at a coﬁstant
pressure of 30 barg. )

15 The reaction rate measured as previously.was 13.9 mol/l/hr.

The amount of methyl acetate in the liquid composition at the end of
the experiment was measured to be 12.8 mmol. The methane and carbon
dioxide were measured as previously to be 0.9% and 0.8% by volume
respectively.

20 This is an exahple according to the present invention.

Further Experiments Using a Solid Injection Facility

These further experiments were rerformed using a 150 ml Hastelloy
B2 (Trade Mark) autoclave equipped with a Dispersimax (Trade Mark)
stirrer, solid catalyst injecﬁion facility and cooling coils. A gas

25 supply to the autoclave was provided from a Qas ballast vessel, feed gas
being provided to maintain the autoclave at a constant pressure. The
rate of gas uptake at a certain point in a reaction run was used to
calculate the rate at a particular reactor composition (reactor
composition based on a cold degassed volume).

30 For each batch carbonylation experiment a small glass vial charged
with the catalyst and optionally a catalyst promoter was'placed in the
injection facility which facility was fitted to the underside of the 1lid
of the autoclave. The autoclave was sealed, pressure tested with
nitrogen and flushed with carbon monoxide (2 x 3 barg). The liquid

35 components of the reaction composition were then charged to the autoclave
This is the replacement stieet
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10; '20 Tabl e 2b Liquid Products by Wight 5 Experinent  Ethyl iodide

Et hyl acetate Propionic Acid .Acetic Acid F* - 0.02 :
0.01. 0.02 - 85.1 G : 0 OR 0 03
0.03 . 88.5 H ' 0.03 0. 03

92.2 .8* 0.07 0.02 ”Be""Re'a"ed '89.1
9 0. 04 0.01 ) 0. 04 | Il III" || 90. 2

via a liquid addition port. The autoclave was then pressurised with
carbon monoxide (typically 6 barg) and heated with stirring (1500 r.p.m.)
to reaction temperature. The total pressufelwas then raised to
approximately 4 bafg below the desired operating.pressure by feeding
5 carbon monoxide from a ballast vessel. Once stable at_temperature (15
minutes) the catalyst and optionally the catalyst promoter were injected
using an overpressure of carbon monoxide. The reactor pressure was
maintained constant (+/-0.5 barg) by feeding gas from the ballast vessel
throughout the course of the experiment. Gas uptake from the ballast
10 - vessel was measured using datalogging facilities throughout the course of
the experiment. The reaction temperature was maintained within +/-1°C of
the desired reaction £emperaturé by means of 'a heating mantle connected
to a EBurotherm (Trade Mark) controller. In addition, excess heat of
reaction was removed by meahs of cooling coils.
15 At the end of each experiment liquid and gas samples from the
autoclave were analysed by gas chromatography and water
concentrations in liquid samples were determined by the Karl Fischer
method. _ .
Experiments F to H show how an iridium catalysed carbonylation
20 reaction is affected by reduced total pressure of carbon monoxide and by
reduced stirrer speed.
Experiment F .
The batch autoclave was charged with methyl iodide (7.5g, 0.053
moles), acetic acid (80g, 1.33 moles), methyl acetate (48.1g, 0.65 moles)
25 and water (14g, 0.780 moles). The autoclave was flushed with carbon
monoxide and then pressurised with carbon monoxide to an ambient pressure
of 6 barg. The autoclave contents were stirred (1500 r.p.m.) and heated
to 195°C. Once stable at temperature the catalyst (IrCls.hydrate;
0.289g, 0.78 mmoles) was introduced.using an over pressure of carbon
30 monoxide to give a reaction pressure of 20 barg. The reaction was
carried out at constant pressure (20 barg) for a period of one hour. The
experiment was repeated and the mean of the reaction compositions at the
end of the two experiments is as follows:
85.1 % Acetic Acid
35 ' , 3.9 $ Methyl Iodide
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19 0.02 0.02 0.02  88.8 11
0. 09 0. 02 0. 06 : 91 5 * Mean of tvvo
experinments Exanple 12 This experinent illustrates! the effec

rut heni um pronoter, one nol ar equival ent, on the car etcklds Been RS ISepl a
total 10 pressure of 28 barg. The experlrrent al so at the
rel ative promotional effect of addition of one noliar W’l

20 arg

rutheniumis greater at |ower total presl§'ure such ias t hi gher
pressures such as 28 barg. Experinment G was repeat'ed except that sone of
the acetic 15 acid charge (0.20g) was substituted with an equal wei ght of
[err] (0.39 nmmoles), such that the total autoclave charge wei ght remai ned
constant. The rutheniumwas i'njected, together with the

4.4 % Methyl Acetate
5.7 % Water

Trace levels of liquid by-~-products (etﬁyl iodide, ethyl acetate and .

propionic acid) and gaseous by-products.carbon dioxide, hydrogen and
5 methane were formed. .

The methyl acetate concentrations in the liquid reaction
compositions decreased during the two reactions and were calculated from
the carbon.monoxide uptakes as the reactions progressed. No allowance
was made in these calculations for the partitioning of liquid reaction

10 components to the vapour space of the autoclave, the compositions being
calculated as cold degassed liguid.

When the methyl acetate concentrations were calculated to be 26% by
weight the mean of the two experiments reaction rate was calculated to be
3.4 mol/l/hr. .At 16% by weight methyl acetate concentration the meaﬁ

15 reaction rate was 2.9 mol/l/hr. ' |
This is not an example according to the present invention because
no promoter was used.
Experiment G
Experiment F was repeated except that the total pressure in the
20  autoclave was maintained at 28 barg after injecﬁing the catalyst. The
reaction was carried out at constant pressure (28 barg) for a period of
one hour, yiélding a solution containing the follbwing distribution of
products by weight: .
88.5

% Acetic Acid
25 ' 3.2 % Methyl Iodide
"0.8 % Methyl Acetate
5.3 % Water

.Trace levels of liquid by-products (ethyl iodide, ethyl acetate and
propionic acid) and gaseous by-products (carbon dioxide, hydrogen and
30 methane) were formed. When the methyl acetate concentration was
calculated from gas uptake to be 26% by weight the reaction rate was
calculated to be 10.0 mol/l/hr. At 16% by weight methyl acetate the
reaction rate was 6.0 mol/l/hr.
This is not an exaﬁple according to the present invention because

35  no promoter was used.
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[err] The reaction was carried cut at constant pressure (28 barg) for a
peri od of one hour, yielding a solution containing the 20 fol |l ow ng

di stribution of products by weight: 88.8 % Acetic Acid 30 )
Met hyl lodide 1.9 % Methyl Acetate 5.3. % Water

Trace |l evels of liquid by-products (ethyl iodide, eﬂﬁg@heeangtméﬂ
propionic aci d) and gaseous by-products jgcarbon di ox nd
met hane) were fornmed. Wien the nethyl acetate conCenmﬁ“

Experiment H

This experiment illustrates the effect of stirrer speed on the
carbonylation fate at a total pressure of 28 barg.
Experiment G was repeated except that the‘stirrer speéd was reduced
5 to 750 r.p.m.. When the methyl acetate concentration was calculated from
gas uptake to be 26% by weight the reaction rate was calculated to be 6.5
mol/l/hr. At 16% by weight methyllacetate the.reaCtion rate was 3.8 -
mol/l/hr.
Example 8
10 This example demonstrates the promotional effect of introducing
ruthenium promoter, one molar equivalent, to an iridium catalysed
carbonylation at low total pressure.
Experiment F was repeated except that some of.the acetic acid
charge (0.20g) was substituted with an equal weight of [{Ru(CO)3Cly}5]
15 {0.39 mmoles), such that the total autoclave charge weight remained
éonstant.. The ruthenium was injected, togéther.with.the IrClj.hydrate.
The reaction was carried out at constant pressﬁre (20 barg) for a period
of one hour; yielding a solution containing the following distribution of

products by weight:

20 89.1 % Acetic Acid
l 2.8 % Methyl Xodide
3.5 % Methyl Acetate
4.8 % Water

Trace levels of liquid by-products (ethyl iodide, ethyl acetate and
25 propionic acid) and gaseous by-products (carbon dioxide, hydrogen and
methane) were formed.
When the methyl acetate concentration was calculated from gas
uptake to be 26% by weight the reaction rate was calculated to be'8.1'
mol/l/hr. At 16% by weight methyl acetate the reaction rate was 5.3

30 mol/l/hr. The rates quoted are the mean of two identical experiments.

Example 9
This example demonstrates the promotional effect of introducing

ruthenium promoter, two molar equivalents, to an iridium catalysed
carbonylation at low total pressure.

35 Experiment F was repeated except that some of the acetic acid

Thls is the . mplaeemlnt Qhoet
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calcul ated to be 26% by weight the reaction rate was calcul ated to be 11.3
mol /1 /hr. At 16% w w nethyl acetate the reaction rate was 7.9 5

nmol /I /hr. Table 3 bel ow shows the | evels of by-products. Table 3
Experiment 12 Gaseous By products % by volunme (mmol) Liquid By- roducts
by weight [err] Et | _ Et OAc : Prop Acid
1.3 (4.5) 1.0 (3.7) 1.4 (4.9) 0.11 0.01 : 0.04
Thus, a conparison of Exanpl e 8 agai nst ]éxperi ment F shows that at 10 20
barg the rate of reaction at 26% by wei ght nethyl acetate is 2.4 tines
greater with ruthenium pronoter whereas at 28 barg a conpari son of Exanple
12 agai nst. Experinent G shows the inprovenent with rutheniumin reaction
rate at 26% by wei ght nethyl acetate is only 1.1 tines.

charge (0.40g) was substituted with an equal weight of [{Ru(CO)3Clsy)5]
(0.78 mmoles), such that tﬁe,total autoclave charge weight remained
_constant. The ruthenium was .injected, together with the IrClj.hydrate.
The reaction was carried out at constant pressure (20 barg) for a period
5 of one hour.

When the methyl acetate concentfation was calculated to be 26% by
weight the reaction rate was calculated to be 8.7 mol/l/hxr. At 16% by
weight methyl acetate the reaction rate was.7.2 mol/l/hr. .
Example 10 |

10 This example demonstrates the promotional effect of introducing
ruthenium promoter, half a molar equivalent, to an iridium catalysed
carbonylation at low total pressure.

Experiment F was repeated except that some of the acetic acid
charge fo.log) was substituted with an equal weight of [{Ru(CD)3Cly}3]

15  (0.20 mmoles), such that the total autoclave:charge'weight-remainéd
constant. The ruthenium was injécted, together with the Ircl3.hydrate{
The reaction was carried out at constant pressure (20 barg) for a period
of one hour.

When the méthyl acetate concentration was calculated to be 26% by

20  weight the reaction rate was calculated to be 5.6 mol/l/hr. At 16% by
weight methyl acetate the reaction rate was 4.5 mol/l/hr.
Example 11

This example demonstrates the promotional effect of introducing

ruthenium promoter, one molar equivalent, to an iridium catalysed
25 carbonylation at reduced stirrer speed (750 r.p.m.’).

Experiment H was repeated except that some of the acetic acid
charge (0.20g) was substituted with an equal weight of [{Ru(CO)3Clj}j3]
(0.39 mmoles), such that the total autoclave charge weight remainéd
constant. The ruthenium was injected, together with the IrClj.hydrate.

30 The reaction was carried out at constant pressure (28 barg), with the
stirrer set at 750 r.p.m., for a period of one hour, yielding a solution
containing the.following distribution of products by weight:

91.5 % Acetic Acid
2.8 % Methyl Iodide
35 1.9 %  Methyl Acetate
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Exanpl 8 13- 15 Thi s exanpl e denonstrates the pronotional effect of

i ntroduci ng osm um pronoter, approxinmately two nolar equivalents, to an
iridiumcatal ysed carbonylation at |ow total pressure. Experinent F was
repeated except that sone of the acetic acid charge (0.46g) was substituted
wi th an equal weight of osmiumtrichloride 20 hydrate (0.46g), such that
the total autoclave charge weight remai ned constant. The osm um was
injected, together with the [err]. The meaction was carried out at
constant pressure (20 barg) for a period of one hour, yielding a solution
containing the follow ng distribution of products by weight: 25

89.4 % Acetic Acid 3.4 % Methyl lodide 2.2 % Methyl Acetate

4.1 % Water

Trace levels of liquid by-products (ethyl iodide, ethyl acetate and
-propionic acid) and.gaseous by-products (carbon dioxide, hydrogen and
methane) were formed. When the methyl acetate concentration was

5 calculated to be 26% by weight the reaction rate was calculated to be

10.5 mol/l/hr. At 16% by weight methyl acetate the reaction rate was-7.3
mol/1l/hr. .

The reactor charges are given in Table 1.

- The gaseous and liquid product yields for Comparative Experiments

10 F-H and Examples 8-11 are given in Tables 2a and 2b. These product

yields are not directly comparative to those recorded for Comparative
Examples A-G and Examples 1-7 bebause the autoclaves were different in
particular being operated with different amounts of reagents and having

.different headspaces and stirrer speeds.

15

20

25

30

35
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5. 4 % \Water Trace levels of liquid by-products (ethyl iodide, ethyl
acetate and 30 propi oni ¢ acid) and gaseous by-products carbon di oxi de,
hydr ogen and 22 nmet hane were formed. Wien the nmethyl acetate
concentration was calculated to be 26% by weight the reaction rate was
calculated to be 8.4 nol/I/hr. At 16% w w nethyl acetate, the reaction rate
was 6.6 nol/l/hr. 5 The by-product concentrations are shown in

Tables 4 and S bel ow. Table 4 Exanpl ei3

TABLE 1
REACTOR AUTOCLAVE CHARGES

EXPERIMENT : . COMPONENTS (g
Methfl Acetic - Water Methyl Promoter
Acetate Acid Iodide
. F 48.1 80.1 14.1 -
48.1 80.1 14.0 -
. 48.1 80.1 14.0 7.5 -
H 48.1 80.2 14.1 -
48.2 80.1 14.0 7.5 0.20
48.1 £0.2 14.0 7.6 0.20
9 48.1 79.9 14.1 7.4 0.40
10 48.1 80.3 14.5 7.5 0.10
11 48.2 80.3 14.0 7.4 0.20
12 48.2 80.2 14.1 7.6 0.20
13 48.1 79.9 14.3 7.6 - 0.46
Table 2a
5 Gaseous Products in off-gas
Experiment | Gaseous B ~-products (%v/v) Gaseous By-products (mmol)
By Coy CHy Hy - | €oq CHy
F* 1.6 2.0 6.8 2.8 3.4 12.0
\J 1.4 1.0 | 2.1 5.6 4.0 17.9
H 1.3 1.1 2.2. 5.4 4.6 8.7
ki 1.5 2.3 7.7 3.1 4.7 16.6
9 1.4 2.1 6.6 2.8 4.2 13.3
10 1.7 2.1 6.8 3.5 4.3 14.0
11 1.9 0.7 0.8 6.9 2.6 3.0

* Mean of two experiments.

10
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Gééeou§ By-product (%/v). Gaseous By-products nmmol [err] 1. 6

1.1 2.4 3.7 4.9 12.1 Table 5 10
Exanpl e 13 Liquid by-products (% ww) Ethyl iodide ~ Ethyl acetate
Propionic Acid 0.05 0. 03 0. 03 Further

Experinments Using a Liquid Injection Facility These further experinents
were perforned using a 150m Hastell oy2B82 15 (Trade Mark) autocl ave

equi pped with a D spersinmax (Trade Mark) stirrer, a liquid catal yst
injection facility and cooling coils. A gas supply to the autoclave was
provided froma gas ballast vessel, feed gas being provided to nmaintain the
aut ocl ave at a constant

Table 2b
Liguid Products by Weight

5

Expefiment Ethyl iocdide | Ethyl acetate Propoionic Acid Acetic Aciad
% $ % '

F* - 0.02 0.01 0.02 85.1

G 0.05 0.03 ‘0.03 28.5

0.03 0.02 0.03 ‘92,2

g* 0.07 0.02 0.03 . 89.1

9 0.04 ' 0.01 0.04 90.2

10 ' 0.02 0.02 0.02 88.8

11 - 0.09 0.02 0.06 91.5

* Mean of two experiments
Example 12
This experiment illustrates the effect of :adding ruthenium
promoter, one molar eguivalent, on the carbonylation rate at a total
10 pressure of 28 barg. The experiment also illustrates that the relative
promotional effect of addition of one molar equivalent of ruthenium is
greater at lower total pressure such as 20 barg then at higher pressures
such as 28 barg.
Experiment G was repeated except that some of the acetic
15  acid charge (0.20g) was substituted with an eqgual weight of
{{Ru(C0)3C1ly}2) (0.3§ mmoles), such that the total autoclave charge
weight remained constant. The ruthenium was injected, together with the
IrClj.hydrate. The reaction was carried out at constant pressure (28
barg) for a_period of one hour, yielding a solution containing the
20 following distribution of products by weight:

88.8 % Acetic Acid’

3.0 % ‘Methyl Iodide
1.9 % Methyl Acetate
5.3 % Water :
25 ' Trace levels of liquid by-products (ethyl iodide, ethyl acetate and
R
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pressute. The rate of gas uptake at a certain point in a reaction 20 run
was used to calculate the rate at a particular reactor conposition (reactor
conposition based on a cold degassed vol une). For each batch carbonyl ation
experinment the catal yst, dissolved in a portion of the acetic acid/ water
liquid reactor charge, was charged to the liquid injection facility. The
aut ocl ave 25 was seal ed, pressure tested with nitrogen and was vented via
a gas 23 sanpling system The autoclgve was then flushed with carbon
nonoxide (2 x 3 barg). The liquid conponents of the reaction conposition
and optional catal yst pronoter excluding the portion, of

propionic acid) and gaseous by-products (carbon dioxide, hydrogen and
methane) were formed. When the methyl acetate concentration was
calculated to be 26% by weight the reaction rate was calculated to be
11.3 mol/l/hr. At 16% w/w methyl acetate the reaction rate was 7.9
5 mol/l/hr. Table 3 below shows the levels of by-products.
' Table 3
Experiment 12

Gaseous By-products % by volume (mmol) | Liquid By-products % by weight

Hy coy CHy EtI - | Etoac Propionic
Acid

1.3 (4.5) | 1.0 (3.7) | 1.4 (4.9) 0.11 0.01 0.04

Thus, a comparison of Example 8 against Experiment F shows that at
10 20 barg the rate of reaction at 26% by weight methyl acetate is 2.4 times
greater with ruthenium promoter whereas at 28 barg a comparison of
Example 12 against Experiment G shows the improvement with. ruthenium in
reaction rate at 26% by weight methyl acetate is only 1.1 times. .
Example 13
15 This example demonstrates the promotional effect of introducing
osmium promoter, approximately fwo molar equivalents, to an iridium
catalysed carbonylation at low total pressure.
Experiment F was repeated except that some of the acetic acid
charge (0.46g) was substituted with an equal weight of osmium trichloride
20 nydrate (0.46g), such that the total autoclave charge weight remained
constant. The osmium-was injected, together with the Ir013.hyd;ate. fhe
reaction was carried out at constant pressure (20 barg) for a period of
one hour, yielding a solution containing the following distribution of

products by weight:

25 89.4 % Acetic Acid
3.4 % Methyl Iodide
2.2 % Methyl Acetate
5.4 % Water

Trace levels of liquid by-products (ethyl iodide, ethyl acetate and

30 propionic acid) and gaseous by-products carbon dioxide, hydrogen and
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the*liquid reaction conposition in which the catal yst was di ssol ved, were
then charged to the autoclave via a liquid addition port. The autoclave was
then pressurised with carbon nonoxide (typically 6 barg) and heated with
stirring (1500 rpm to reaction tenperature. The total pressure was then
rai'sed to approximately 3 barg bel ow the éd&sired operating pressure by
feedi ng carbon nonoxi de froma ballast vessel. Once stable at tenperature
(about 15 minutes) the catal yst solution was injected using an overpressure
of carbon nonoxi de. The reactor pressure was naintained constant (+/- 0.5
barg) by feeding gas fromthe ballast vessel throughout the course of the
experinment. Gas uptake fromthe ballast vessel was neasured using
dat al oggi ng f aoethdneegerehfauwghout t he course of the experinent. The
reaction tenperat ur gyupsnd il Daabl b ook Eld don Qs DO H88LLLTL 1RAGH U
tenperature by neans of a heating mantle connected to a Eurotherm

weight the reaction rate was calculated to be 8.4 mol/l/hr, At 16% w/w

methyl acetate, the reaction rate was 6.6 mol/l/hr.

5. The by-product concentrations are shown in Tables 4 and 5 below.
' Table 4 '
Example 13
Gaseous By-products (%v/v) Gaseous By-prdducts mmo L
Hy co, CH, Hq co, | CHy
1.6 1.1 2.4 3.7 4.9 12.1
Table S
10 Example 13

Liguid by-products (% w/w)

Ethyl iodide : Ethyl acetate Propionic Acid

0.05 0.03 0.03

Further Experiments Using a Liguid Injection Facility

. These further experiments were performed using a 150ml Hastelloy B2
156 (Trade Mark) autoclave equipped with a Dispersimax (Trade Mark)
stirrer, a ligquid catalyst injection faéility and cooling coils. A
gas supply to the autoclave was provided from a gas ballast vessel,
'feed-gas being provided to maintain the autoclave at a constant
Pressure. The rate of gas uptake at a certain point in a reaction
20 run was used to calculate the rate at a particular reactor
composition (reactor composition based on a cold degassed volume).
For each batch carbonylation experiment the catalyst,
dissolved in a portion of the acetic acid/water liguid reactor
charge, was charged to the liguid injection facility. The autoclave

25 was sealed, pressure tested with nitrogen and was vented via a gas

This is the replacement sheet

._ Date: ¢ [4/( 46



(Tfadé;hhrk) controller. In addition, excess heat of reaction was renoved

by nmeans.of.cooling coils. At the end of each experirept—itegutd—and—gas

0.053 noles), acetic acid (69g, 1.15 noles), nethyl a
nol es) and water (8.4g, 0.47 noles). The autocl ave wa
nonoxi de and then pressurised with carbon nonoxide to an

sanpl es fromthe autocl ave were anal ysed by gas chrq%%% [ ARV R&g ment
| (Conparative) The batch autoclave was charged with B‘fﬁﬂﬁﬂm u . 5g,

0. 65
car bon
anbi ent pressure

of 12 barg. The autocl ave contents were stirred (1500 rpn) and heated to

[err]. Once stable at tenperature the total pressure was
barg by feeding carbon nonoxi de fromthe ballast vessel.

i ncreased to 24
The cat al yst

Lerr]: 0-970, Zupds el &ah. IuhS QL¥fald ufls Qled Fr6ined e 2fyh acetic acid

was then intro

monoxide (2 x 3 bafg). The liquid components of the reaction

composition and optional catalyst promoter excluding the portion of .

the liguid reaction composition in which the catalyst was dissolved,

5 -were then charged to the autoclave via a liquid addition port. The

autoclave was then pressurised with carbon monoxide (typically 6

barg) and heated with stirring (1500 rpm) to reaction temperature.

The total pressure was then raised to approximately 3 barg below the

desired operating pressure by feeding carbon monoxide from a ballast

10 vessel. Once stable at temperature (about 15 minutes) the catalyst

solution was injected using an overpressure of carbon monoxide. The

reactor pressure was maintained constant (+/- 0.5 barg) by feeding

gas from the ballast vessel throughout the course of the experiment.

Gas uptake from the ballast vessel was measured hsing datalogging

15 facilities throughout the course of the experiment.

The reaction

temperature was maintained within +/-1°C of the desired reaction

temperature by means of a heating mantle connected to a Eurotherm

(Trade Mark) controller. In addition, excess heat of reaction was

removed by means of cooling coils.

20 At the end of each experiment liquid and gas samples from the

autoclave were ahalysed by gas chromatography.

Experiment I

The batch autoclave was charged with methyl iodide (7.5g, 0.053

moles), acetic acid (69g, 1.15 moles), methyl acetate (48.0g, 0.65

25 moles) and water (8.4g, 0.47 moles). The autoclave was flushed with

carbon monoxide and then pressurised with carbon monoxide to an

ambient pressure of 12 barg. The autoclave contents were stirred

{1500 rpm) and heated to 190°C. Once stable at temperature the

total pressure was increased to 24 barg by feeding carbon monoxide

30 from the ballast vessel. The catalyst (H,IrClg; 0.97g, 2.34 mmoles)

dissolved in 8.6g water and 7.5g of acetic acid was then introduced

using an over pressure of carbon monoxide to give a reaction

pressure of 27.4 barg. The reaction was carried out at constant

pressure (27.4 barg) for a period of one hour.

35 The methyl acetate concentration in the liquid reaction composition
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u5|ng an over. pressure of carbon nonoxi de to give a reaction pressure of
27.4 barg:. “The reaction was carried out at constant pressure (27.4 barg)
for a period of one hour. The nethyl acetate concentran‘lnmsheetmlastmnm

as the reaction progressed. Wen the nethyl24acetate con

reaction conposition 24 was cal cul ated fromthe carb mm
at

cal cul ated to be 26% by wei ght the reaction rate was calcu
mol /1 /hr. At 16% by wei ght methyl

was 11.8 nol/I/hr. This is not an exanple according to the present
I nventi on because no

10

15

20

25

30

36

was calculated from the carbon monoxide uptake as the reaction
pProgressed. When the methyl acetate concentration was calculated to
be 26% by weight the reaction rate was calculated to be 16.5
mol/l/ﬁr. At 16% by weight méthyl acetate concentration the

reaction rate was 11.8 mol/l/hr.

ake

to be 16 5
acetate concentration the reaction rate

This is not an .example according to the present invention because no

promoter was used.

Example 14

Experiment I was repeated except that the autoclave was charged with
{{Ru(co)3Cl,}5]) (0.60g, 1.17 mmoles), methyl iodide (7.5g, 0.053
ﬁoles),_acetic acid (70.9g, 1.18 moles), methyl acetate (48.0g, 0.65
moles) and water (8.4g, 0.466 moleé)b The catalyst (HyIrClg; 0.97g,
2.34 mmoles) was dissolved in 8.6g water and 7.0g acetic acid.

When the methyl acetate concentration was calculatd to be 26%
by weight the reaction rate was calculated to be 20.9 mol/l/hr. At
16% by weight methyl acetate concentration the reaction rate was
15.1 mol/l/hr.

Experiment J

The batch autoclave was charged with methyl iodide (8.6g, 0.060
moles), acetic acid (67.9g, 1.13 moles), methyl acetate (48.0g, 0.65
moles) and water (8.4g, 0.47 moles). The autoclave was flushed with
carbon monoxide and then pressurised with carbon monoxide to an
ambient pressure of 8 barg. The autoclave contents were stirred
(1509 rpm) and heated to 190°C. Once stable at temperature the
total pressure was increased to 17 barg by feeding carbon monoxide
from the ballast vessel. The catalyst (HyIrClg; 1.51g, 3.72 mmoles)
dissolved in 8.6g water and 7.5g acetic acid.was then introduced
using an overpressure of carbon monoxide to give a reaction pressure
of 19.6 barg. The reactioh was carried oﬁt at a constant pressure
(19.6 barg) for a perigd of 36 minutes. The methyl acetate
concentration in.the.liquid reaction composition was calculated from
the carbon monoxide uptake as the reaction progressed. When the
methyl acetate concentration was calculated to be 26% by weight fhe
reaction rate was calculated to be 15.2 moi/l/hr. At 16 and 6% by

weight methyl acetate concentration the reaction rate was 11.0 and
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pronoter was used. Exanple 14 Experinent | was repeated except that the
aut ocl ave was charged with [err] (0.60g, 1.17 mmoles), nethyl iodide (7.5g,
0. 053 nol es), acetic acid (70.9g, 1.18 noles),. nethyl ;
nol es) and water (8.4g, 0.466 noles). The catalyst [err]p0. ZegHas%egf:AR

mol es) was dissolved in 8.6g water and 7.0g acetic acid

acetate concentration was calculatd to be 26% by wei ght tl}

was cal culated to be 20.9 nol/I/hr. At 16% by wei ght neth

concentration the reaction rate was 15.1 nol/|/hr. Experinment J

(Conpar ative) The b@iﬁhh@-%ggé&\ieeifﬁs charged with nethyl iodide (8.6g,
0. 060 nol es), aé:x%%i J(.:e %%i d (6 13 noles), nethyl acetate (48.0g, 0.65
Experiment J was repeated except that the autoclave was charged wlth
[{Ru(CO)3Cly}5] (0.95g, 1.19 mmoles), methyl Lodxde (8.59, 0.06
5 moles), acetic acid (66.6g, 1.10 moles), methyl acetate (48.0g, 0.65
moles) and water (8.4g, 0.46 moles). The autoclave was flushed with
carbon monoxide and then pressurised with carbon monoxide to an’
ambient preésure of 6 barg. The autoclave contents were stirred
(1500rpm) and heated to 190°C. After about 15 minutes the pressure
10  was increased to 17 barg by feeding carbon monoxide. The catalyst
(HaIxClg; 1.51g, 3.72 mmoles) dissolved in 8.6g water and 7.5g
acetic acid was then introduced using an oveipressure of carbon
monoxide to give a reaction pressure of 19.8 barg. The reaction was
carried out at a constant pressure (19.8 barg) for a period of one
15  hour.
When the methyl acetate concentration was calculated to be 26%
by weight the reaction rate was calculated to be 26.5 mol/l/hr. At
16 and 6% by weight methyl acetate concentration the reaction rate
was 20.9 and 12.8 mol/l/hr respectively. This experiment shows the
20  promotional affect of the promoter even at low (6%) methyl acetate
concentration.
'Exge:iment K
.Bxperiment J was repeated using methyl iodide (8.6 g 0.060 moles);'
acetic acid (67.6g 1.13 moles),:methyl acetate (48.0 g 0.65 moles)
25 and water (8.4 g, 0.47 moles). After fiushing and pressurising to
10 barg with carbon monoxide the reactor contents were stirred (1500
rpm) and heated to 190°C before pressurising to 24 barg with carbon
monoxide. The catalyst H21r016'(1.51 g, 3.72 moles) dissolved in
8.6 g water and 7.5 g of acetic acid was introduced to give a
30 pressure of 27.2 barg. The reaction was continued for 30 minutes.
When the methyl acetate concentration was calculated to be 26% by
weight the reaction rate was calculated to be 24.3 mol/1/hr; at 16%
w/w methyl acetate the reaction rate was 17.0 mol/l/hr. This is not

an example according to the present invention.

35  High Pressure Infrared Experiments
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rml'es) .and water (8.4g, 0.47 noles). The autoclave was flushed wi th carbon
nonoxi de and then pressurised with carbon nonoxi de to an anbi ent pressure
of 8 barg. The aut ocl ave contents were stirred (1500 rpnr}—and—heat—ed—I—e—
[err] Once stable at tenperature the total pressure was .jn
barg by feeding carbon nonoxi de fromthezbal | ast vessel. ‘{?Fr]
1.51g, 3.72 mmvol es) dissolved in 8.6g water and 7.5g acet#f _
~introduced using an overpressure of carbon nonoxide to gi
pressure of 19.6 barg. The reaction was carried out at a constant pressure
(19.6 barg) for a period of 36 m nutes. The nmethyl acetate concentration in
the liquid reaction conposition was cal cul ated fromthe carbon nonoxi de
upt ake as the reactd bihglppogisess adtratbe wel hequbbdeg| wiates atiguigohgietiat | on
5 : !
was cal cul at eded9; ggé/‘ﬁpéﬁ ‘gﬁ'tﬂgtfotﬂﬂ&ikgas%ﬁ:'i@@ e fnBEA LY ALeds to be
15.2 nol /| /hr. At 16 and y ' :
: "  experiments. A gas supply to the infrared cell was provided from a °’
gas ballast vessel, feed gas being provided to maintain the high
5 . pressure infrared cell at a constant pressure and the rate of gas'
uptake being calculated from the rate at whiqh the pressure falls in
the gas ballast vessel.
Throughout the course of each experiment the liquid reaction
composition was analysed by infrared spectroscopy.
10 At the end of each experiment liquid samples from the high
pressure infrared cell were analysed by gas chromatography.
For each high pressure infrared experiment the high pressure
infrared cell was charged with ruthenium promoter and the liquid
components of the liquid reaction composition excluding a portion of
15  the liquid components, in which the iridium catalyst was dissolved.
The high pressure infrared cell was flushed 3 times with
carbon monoxide, pressurised with carbon monoxide to a pressure of
15 barg and heated to 190°C with stirring. The system was allowed
to stabilise for 15 minutes. The iridium catalyst solution was
20 charged to theé liquid injection facility and was then injected into
the high pressure infrared cell under CO pressure. The pressure in
the high pressure infrared cell was subsequently maintained at 27.5
barg with carbon monoxide fed from the gas ballast vessel through a
back pressure regulator.
25 After uptake of carbon monoxide from the gas ballast.vessel
had ceased the contents of the high pressure infrared cell were
cooled to room temperature and the gases vented from the high
pressure infrared cell were sampled and analysed. The reaction
composition was discharged from the high pressure infrared cell and
30 was analysed for liquid products and by-products.
' Experiment L
The liguid components of the initial liquid reaction
comppsition consisted of methyl acetate (5.0g), methyl iodide
(1.0g), water (2.05g) and acetic acid (16.95g).
35 The iridium catalyst solution consisted of IrClj3.4H,0 (0.188g)
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melght ‘met hyl acetate concentration the reaction rate was 11.0 and 25
5.6 [err] respectively. Exanple 15 Experinment J was t hat

t he autocl ave was charged with [err] (0.959, 1.19 : %%let ﬁ@ﬂhyl |od| de

(8.59, 0.06 5 nol es), acetic acid (66.6g, 1.10 no|es

(48.0g, 0.65 noles) and water (8.4g, 0.46280les). The flushed
wi th carbon nonoxi de and then pressurised wth carbon

-anbi ent pressure of 6 barg. The autocl ave contents were stirred [err] and
heated to [err]. After about 15 mnutes the pressure

dissolved in a 2ml portion of the liquid components of the liquid
reaction composition. '

The final liquid reaction composition was:

0.23g Methyl Acetate
5 _ 0.92g Methyl Iodide

1.09g Water

20.99g Acetic Acid

Trace levels of liqﬁid'by-products {ethyl iodide, ethyl

acetate and propionic acid) and gaseous by-products (carbon dioxide)
10 were detected.

When the methyl acetate concentration was calculated from the
carbon monoxide gas uptake to be 20% by weight the reaction rate was
calculated to be 11.55 mol/l/hr. At 15 and 10% by'weight methyl
acetate concentrations the reaction rates were calculated to be

15 10.41 and 8.38 mol/l/hr respectively.
This is not an example according to the present invention
because no promoter was used.
Example 16 _
This example demonstrates the promotiohal effect of
20 introducing ruthenium promoter, 2 molar equivalents, to an iridiﬁm
catalysed carbdn&latibn reaction.
Experiment L was repeated except that [Ru(C0)3Cly]5 (0.266g, Ir:Ru
molar ratio of 2:1) was charged to a high pressure infrared cell.

The final reaction composition was :

25 0.33g Methyl Acetate
0.98¢g Methyl Iodide .
0.99¢g : Water
20.82g Acetic Acid

The reaction rates at 20, 15 and 10% by weight methyl acetate
30 concentrations were calculated to be 13.93, 12.88 and 10.42 mol/l/hr
respectively (20.6, 23.0 and 24.3% increase in rate respectively
compared with the corresponding rates in the ébsence of ruthenium
promoter) . '

Experiment M o
35 Experiment L was repeated except that the initial liquid
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10; \}\/as i ncreased to 17 barg by feeding carbon nonoxide. The catalyst
[err] 1.51g, 3.72 nmmol es) dissolved in 8.6g water and 7.Sg acetic acid was -
then i ntroduced using an overpressure of carbon nonoxide to give a reaction -
pressure of 19.8 barg. The reaction was earried out at a constant pressure
(19.8 barg) for a period of one 15 hour. Wien the nethyl acetate
concentration was cal cul ated to be 26% by wei ght the reaction rate was
calculated to be 26.5 nol/I/hr. At 16 and 6% by wei ght nmethyl acetate
concentration the reaction rate was 20.9 and 12.8 nol/|/hr respectively.
Thi s experinent shows the 20 pronotional effect of the pronoter even at
| ow (69 net hydomaemingt eofc Ol @ hdnriat teet idexX pawpeatiibn kecn€bsnzdr off methyl
Experinment J vas:L&P§as ) UsHeBRy TRLNAL {1064 1Cwdidr0( £49gP Mla Re8Ed ‘acia

(9.01g) to give a higher methyl acetate concentration. The iridium

catalyst solution consisted of IrClj.4H,0 (0.057g) dissélved in a

b 2ml portion of the iiquid components of the liguid reaction

" composition. -

The reaction rates at 30, 25, 20, 15 and 10% be weight methyl
acetate concentrations'we:e calculated to be 3.11, 2.74, 2.22, 1.75:
and 1.28 mol/l/hr respectively;

10 Example 17 ' | _

Experiment M was repeated excépt that {{Ru(CO)3Cly}s] (0.42g;
Ir:Ru molar ratio of 5.5:1) was charged to the high pressure.

‘infrared cell. '

The reaction rates at 30, 25, 20% by weight methyl acetate

15 concentrations were all calculated to be 10.5 mol/l/hr.

The reaction rates at 15 and 10% by weight methyl acetate
concentration were calculated to be 9.5 and 6.43 mol/l/hr
respectively.

This example shows a promotional effect of the promoter at a

20 high methyl acetate concentration.
Further Experiments (Continuous Operation)

Carbon monoxide was fed to a 300ml Hastelloy (Trade Mark)
autoclave equipped with a Dispersimax (Trade Mark) stirrer under
pressure control (i.e. on demand) from a carbon monoxide supply

25 line. A liquid feed comprising methanol, methyl iodide, catalyst,
water, methyl acetate, acetic acid and optionally ruthenium promoter
was pumped to the autoclave at a constant rate of.typically 250
ml/hr from a feed tank. The composition of the liquid feed was
chosen so as to give a desired reaction composition under steady

30 state conditions (i.e. at a particular carbonylation rate and feed
rate).

The contents of the autoclave were heated by means of electric
windings, the temperature of the reaction being adjusted until the
desired carbonylation rate was achieved. A liqﬁid reaction

35 composition stream was removed from the reactor under level control.
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aceticacid (67.69g,1.13 noles), methyl acetate (48.0 g, 0.65 noles) 25 and
water (8.4 g, 0.47 noles). After flushing and pressurising to 10 barg with
carbon nonoxi de the reactor contents were stirred (1500 rpn) and heated to
[err] before pressurising to 24 barg with carbon nonoxi de. The cat al yst
[err] (1.51 g, 3.72 nol es) dissolved in 8.6 g water and 7.5 g of acetic
acid was introduced to give a 30 pressurd of 27.2 barg. The reaction was
continued for 30 m nutes. when the nmethyl acetate concentration was
calculated to be 26% by weight the reaction rate was cal culated to be 24.3
mol /1 /hr; at 16% w w nethyl acetate the reaction rate was 17.0 nol/1/hr
This is not an exanple according to the present invenntion, 35 Hi gh

Pressure Infrared Experinents
The stream was cooled prior to reducing the pressure and separating

- the stream into a ligquid phase and a gaseous phase which gaseous
phase comprises unreacted carbon monoxide and gaseous by-products.
The liquid phase was collected in a storage vessel and the gaseous:
5 rhase was vented after on-line andalysis by gas chromatography and
cooling to remove condensibles. The iiquid phase was periodically
sampled on-line and was analysed off-line bysgas chromatography.
To prevent build up of inert gases (from the feed and gaseous
.by-products) in the head space of the reactor, a high pressure bleed
10 vent was provided. The gaseous stream removed via the high pressure
bleed vent was cooled to remove condensibles and was venfed after
analysis by gas chromatography. Alternatively, this gaseous stream
was combined with the gaseous phase derived from the liquid reaction
composition stream for analysis.
15 The reaction was carried out at the desired temperature and
pressure for a period of 6 to 7 hours.
Experiment N .
The reaction was carried out at a constant total pressure of
27.6 barg (the partial pressures of carbon monoxide and hydrogen
20 = were calculated to be 12.5 and 0.17 bara respectively) and at a
temperature of 194°C. The steady state reaction composition at a

carbonylation rate of 8.3 mol/l/hr was as follows:

14% Methyl acetate
7% - Water

25 2.6% Methyl Iodide
1000ppm IrClj3.3H,0

This is not an example according to the present invention because no

promoter was used.

Example 18 -
30 The example demonstrates the promotional effect of introducing

ruthenium promoter, 0.5 molar equivalents, to an iridium catalysed
carbonylation reaction.

Experiment N was repeated except that ruthenium promoter
({Ru(CO)3Cly])5) was added to the liquid feed éc as to achieve an

35 iridium:ruthenium molar ratio in the reaction composition of 1:0.5.
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26; A high pressure infrared cell equipped with a liquid injection facility
was used in the following series of high pressure infrared experinents. A
gas supply to the infrared cell was provided froma gas ballast vessel

feed gas being provided to maintain the hggh pressure infrared cell at a
constant pressure and the rate of gas uptake being calculated fromthe rate
at which the pressure falls in the gas ballast vessel. Throughout the
course of each experinent the liquid reaction conposition was anal ysed by
infrared spectroscopy. At the end of each experinent 1iquid sanples from
the high pressure infrared cell were anal ysed by gas chromatography. For

each high presaurmpBlidti-g o XRE HedBEon! R8s RuGhstRaeeSiNCthe carbonylation
' rate was approximately the same as in Experiment N. The steady

state reaction composition was as follows:

14.5% Methyl acetate
5 7.2% Water |

2.2% Methyl iodide

1000ppm iridium

It was found that at an iridium:ruthenium molar ratio of 1:0.5 a
temperature of 191°C was required to achievé a carbonylation rate of
10. 8.0 mol/l/hr compared with a temperature of 194°C to achieve a
carbonylation rate of 8.3 mol/l/hr in tﬁe absence of ruthenium
promoter (Experiment N).
The decrease in reaction temperature resultéd in an increasé in the
calculated partial pressures of carbon monoxide and hydrogen in the
15  reactor (13.4 and 0.19 bara respectively).
' Example 19
Example 18 was repeated except that the Ir:Ru molar ratio in the
reaction composition was 1:1. The steady étate.reaction composition

was as follows:

20 15.2% Methyl acetate
7.3% Water
2.1% Methyl Iodide

1000 ppm Iridium
It was found that at an iridium:ruthenium molar ratio of 1:1 a
25 temperature of 188.5°C was required to achieve a carbonylation rate
of 8.1 mol/l/hr compared with a temperature of 191°C to achieve a
carbonylation rate of 8.0 mol/l/hr for Example 18 (iridium:ruthenium
molar ratio of 1:0.5). . '
The further decrease in reaction temperature resulted in an increase
30 in the calculated partial pressure of carbon monoxide and hydrogen
in the reactor (13.9 and 0.22 bara reépectively).
Example 20 '
Experiment N was repeated except that ruthenium promoter was added
to the liquid feed to achieve an iridium:ruthenium molar ratio of

35 1:1. The partial pressures of .carbon monoxide and hydrogen in the
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fdfra}ﬁd cell was charged with rutheniumpronoter and the |iquid conponents
of " the liquid reaction conposition excluding a portion of the liquid
conmponents, in which the iridiumcatalyst was dissolved. The high pressure

was flushed 3 tinmes with carbon nonoxi de,  pressurised wth—

i nfrared cel

The systemwas allowed to stabilise for

15 mnutes. The |

solution was charged to the liquid injecgjon facility and
into the high pressure infrared cell under CO pressure. T

carbon nonoxide to a pressure of 15 barg and heated toﬂfﬁ; ﬂ¥h%géﬁﬁ{[%gg-

hi gh pressure infrared cel
carbon nonoxi de fed fromthe gas ballast vessel

10

15

20

25

ct ed
t he

I

was subsequently maintai ned.at 27.5 barg with

t hrough a back pressure

regul ator. After uptake of ‘carbon nonoxide fromthe gas ballast vessel had
ceased the contents of the high pressure infrared cell were
reactor were calculated to be 12.6 and 0.2 bara respectively. A

rate of 10.4 mol/l/hr was achieved at an steady state reaction

composition of:

14.3 %
7.3 %
2.1 %
1000 ppm

Methyl acetate

Methyl iodide

This experiment shows that under these conditions, the presence of

‘ruthenium promoter, at a molar ratio of iridium:ruthenium of 1:1

resulted in an increase in the carbonylatioh rate from 8.3 to 10.4

mol/l/hr (a 25% increase).

The methane make rate and water gas shift (WGS) reaction rate for

Experiment N and Examples 18-20 are recorded in Table 6 together

with the calculated concentration of propionic acid in the liquid

phase of the liquid reaction composition (assuming all propionic

acid precursors found in the product are converted to propionic

acid).
Table 6
Gaseous and Propionic Acid By-Products
Experiment CH, make WGs WGS Propionic Acid
mol/l/hr mol/l/hx $ of Rate ppm
N 0.08 0.13 - 1.6 391
i8 0.074 0.14 1.69 435
19 0.062 0.12 1.43 401
29 0.096 0.16 1.51 397

Further Experiments (Continuous Operxation)

Methanol was continuously carbonylated in the presence of an

iridium carbonylation catalyst, methyl iodide, optionally ruthenium

carbonyl iodide reaction promoter, water and methyl acetate, in a 6

litre zirxconium, stirred reactor with a working mass of 3.5 kg

(measured at ambient temperature in a bubble free state) at a

pressure between 25 and 30 barg {dependent on the required carbon

monoxide partial pressure) and a temperature between 189 and 191°C.

Fhis is the replagement §basf
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co@l ed..’t.o:ream tenperature and the gases vented fromthe high pressure
infrared cell were sanpled and anal ysed. The react_ia(jﬂ_@mwﬂ

di scharged fromthe high pressure infrared cell and.was anal ysed for |iquid
products and by-products. Experinment. L (Conparative ls'gﬁégul]dsgwndt geponent s
of the initial l'iquid reaction corrp05|t|03t? consi st e tate
(5.09), nethyl iodide (1.0g9), - water (2.05g) and ace‘t““mﬂm |maﬁ The
i ridiumcatal yst solution consisted of.[err] (0.188

The temperature in the reactor was maintained by a hot oil jacket.
Carbon monoxide was fed to the reactor on pressure demand via a
~ sparge below the stirrer. Liquid reaction composition was
continuously withdrawn from the reactor and passed to a flash tank
5 ° operated at a pressure of 1.48 barg and a temperature of about
'128°C. A vapour -fraction comprising acetic acid préduct, propionic
acid by-product, methyl iodide, methyl acetate and water passed
overhead from the flash tank through an irrigated section and
throﬁgh a demister and was fed as a vapour into a distillation
10 column. The liquid fraction from the flashtank comprising
involatile catalyst, involatile promoter, adetic acid, water and the
‘remainder of the ﬁethyl iodide and methyl acetate was recycled to
the reactor. To maintain the required carbon monoxide partial
pressure in the reactor a bleed of gas was optionally taken from the
15 head space of the reactor.

The unit was operated with a corrosion metal removal system.

A reactor product stream.continuously was removed from the reactor
upstream of the flashing valve. The stream was cooled to ambient
temperature and depressurised across a control valve to 1.48 Barg.

20 The stream was fed downflow to a corrosion metal removal bed at 400-
500 ml/hr. The bed contained approximately 300 ml of a strong acid
ion exchange resin (Amberlyst 15). The bed oﬁerated at 1.48 Barg
and ambient temperature. The stream on exiting the bed was combined

" with the liquid fraction from the flashtank for return to the

25 reactor. The bed was operated to maintain the level of corrosion
metals in the reactor to <100 ppm total.

In the distillation column the acetic acid was removed from
the base. The methyl iodide, methyl acetate and water, together
with some of the acetic acid pass overhead and were condensed into

30 two phases; The heavy, meﬁhyl iodide rich phase was recycled to the
reactor. The lighter, agueous phase was split: some used as reflux
to the column, the remainder was recycled to the reactor. Methanol
could be fed to the column to react with any hydrogeh iodide
present; the methyl iodide and water produced being removed

35 overhead.
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di ssol ved in a 2ni portion of the liquid conponents of-~the Tiquid Teaction
conposition. The final liquid reaction conposition Waﬂﬂss(ﬂeegﬁgBeen epl & t hyl
Acetate 0.92g Met hyl | odide 1.09¢g : Wat er Acid
Trace | evels of liquid by-products (ethyl iodide, et hyU’ﬁHH’H lm

propi oni ¢ ‘aci d) and gaseous by-products (e8arbon dioxid

When the nethyl acetate concentration was cal cul ated fromthe carbon
nonoxi de gas uptake to be 20% by wei ght the reaction rate was cal culated to

be 11.55 nol/I/hr. At 15 and 10% by wei ght nethyl acetate concentrations
the reaction rates were calculated to be

The non-condensables from the head of the column were first
chilled to minimise the loss of volatiles from the pf;cess. The
offgas steam was then passed to a scrubber where it was contacted
countercurrently with chilled methanol. The methanol leaving the

5 base of the scrubber was added to pure methanol.and used as feed to
the reactor. | |

The results (average compositions over at least 24 hours) from
the experiments carried out on the above-described plant are given
in table 7 below, which shows the benefits to reaction rate and

10 reaction selectivity of using thg rgaction pfomoter ruthenium.
15
20l
25

30

35 - ols Is the replacermernt sheet
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10.%1 and 8.38 nol /1 /hr respectively. This is not an exanple according to -

the present invention because no pronoter was used. Exanple 16 This exanple

denonstrates the pronotional effect of

i nt roduci ng-rut heni um pronoter, 2

nmol ar equivalents, to an iridium catal ysed carbonyl ation reaction.

Experi ment L was repeated except _that .Jerr] (0 266g.

2:1) was charged to a high pregsyre infrared cell. Th
conposition was : 0.33g | 3 Methyl Acetate (.98
| odi de 0.99g Water 208394 Aceti ¢ "Aci
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Thefrea.'ction rates at 20, 15 and 10% by wei ght nethyl acetate :
concentrations were calculated to be 13.93, 12.88 and 10.42 nol /1 /hr .
respectively (20.6, 23.0 and 24.3% increase in rate respectively conpared
with the corresponding rates in the absence of ruthemiumpronnter).
Experiment M (Conparative) Experinent L was repeated. Simﬂ

t that the
initial liquid 28 components of the liquid reactio m@’w nl ; L
o ’ﬂs,’m)

consi sted of nethyl acetate (15.0g), nethyl iodide (1.
and acetic acid (9.01g) to give a higher nmethyl acetate concentrat’ on. The

I ridium
35

Claims:

1. A process for the production of acetic acid by carbonylation

of methanol or a reactive derivative thereof which process comprises

contacting methanol or a reactive derivative thereof with carbon

monoxide in a liquid reaction composition in a carbonylation reactor

5 characterised in that the liquid reaction composition comprises:

(a) acetic acid, (b) an iridium catalyst, (c) methyl iodide, (d)

at least a finite quantity of water, (e) methyl acetate and (f) as

promoter, at least one of ruthenium.and osmium.

2. A process as claimed in claim 1 in which the partial pressure
10  of carbon monoxide in said reactor is less than 15 bar.

3. A process as claimed in claim 1 or claim 2 in which the molar

ratio of promoter to iridium is in the rangé of 0.1:1 to 15:1.

4. A process as claimed in any one of the preceding claims in

which the liquid reaction composition comprises 100 to 6000 ppm by
15 weight iridium.

5. A process as claimed in any one of the preceding claims in

which the liquid reaction composition comprises.from 0.1 to 15% by

weight water. . |

6. A process as claimed in any one of the preceding claims in
20 which the liquid reaction composition comprises from 1 to 20% by

weight methyl iodide. |

7. A prqcess as claimed in any'one of the preceding claims in

which the.liquid_reaction composition comprises from 1 to 70% by

weight methyl acetate.

25 8. A process as claimed in any one of the preceding claims in

This Is the replacement sheet .
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caIaIyst solutlon consisted of [err] (0.057g) dissolved in a 5 2m
portion of the liquid conponents of the |iquid reaction conposition. The
reaction rates at 30, 25, 20, 15 and 10% be wei ght methyl acetate
concentrations were calculated to be 3.11, 2.74, 2.22, 1. \B‘and\;h 8

mol /1 / hr respectively. 10 Exanpl e 17 Ex rlnent M xcept
that [err] (0.42g; Ir:Ru nolar ratio of 5.5:1) was C gﬁ ‘zg
pressure infrared cell. The:&eaction rates at 30, 25, 20/6by t hyl

acetate 15 concentrations were all calculated to be 10.5 nDI/I/hr The
reaction rates at 15 and 10% by wei ght net hyl -acetate concentration were
calculated to be 9.5 and 6.43 nol/1/hr :

which the promoﬁer is ruthenium.

9. A catalyst system for the production of acetic acid by

carbonylation of methanol or a reactive derivative thereof in the

presence of at least a fihite concentration of water which catalyst
5 system comprises: (a) an iridium catalyst, (b) methyl iodide and (c)

a'promoter comprising at least one of ruthenium and osmium.

10. A catalyst system as claimed in claim 9 in which the molar

ratio of promoter to iridium is in the gange 0.1:1 to 15:1.

11. A catalyst system as claimed in claim 9 or claim 10 in which

10 the promoter is ruthenium.

} \\\i‘\\i\\‘iii\ii\ii\‘i\ei’\‘ii“‘ R
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reSpectively. This exanple shows a pronotional effect of the pronoter at a
20 hi gh met hyl acetate concentration. Further Experinments (Continuous
Oper ati on) Carbon nonoxi de was fed t:i0. a:300m Hastell oy (Trade Mark)

aut ocl ave equi pped with a Dispersimax (Trade Mark) stirrer under pressure
control (i.e. on denmand) from a carbon nonoxi de supply 25 l'i ne. A
liquid feed conprising nethanol, nethyl iodide, catalyst, water, nethyl
acetate, acetic acid and optionally ruthenium pronoter was punped to the
autocl ave at a constant rate of typically 250 m/hr froma feed tank. The
conposition of the liquid feed was chosen so as to give a desired reaction
conposi tion under steady 30 state conditions (i.e. at a particular
carbonylation rate and feed rate). 37 ' :

ABSTRACT
PROCESS FOR THE PRODUCTION OF ACETIC ACID

A process for the production of acetic acid by carbonylation of
methanol or a reactive derivative thereof by contacting the methanol
or derivative with carbon mdnoxide in a iiquid reaction composition
comprising (a) acetic acid, {b) an iridium catalyst, (c) methyl
iodide, (d) at least a finite quantity of water and (e) methyl
acetate is improved by the use as promoter of at -least one of

- ruthenium and osmium.

sy

T net
-t Al
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The contents of t he ‘aut ocl ave were heat ed by neans of electrlc wi ndi ngs,

the tenperature of the reaction being adjusted until

carbonylation rate was achieved. A liquid reaction 35 ¢
was renoved fromthe reactor under

| evé¥® control.

t he:

29 Thé stream was

cool ed prior to reducing the presst+e

| i qui d phase and a gaseous phag
car bon nmonoxi de and gaseous by{p

a storage vessel and the gaseo

anal ysi s by gas chronat ogr aphy

| i qui d phase was periodically
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period of 6 to 7/ hours.
constant total

L oY

sanpl eqTonm-TTneand—was—arratysed—offt | | ne byﬂgasm;hna%§$§§ :

bui | d ﬁp(ﬁREHbACE@h&HEET$0n1SEb fepd and g a&ﬁﬁﬁﬂﬁ@ { 'E%Fm hed
space &{bhe,reaqtor, d213%%gh pressurp bl eed 108 DeseriptiataPaged vi-d8 P28 he
gaseoug “s PPEHAIPe PRI - vi-aOtAF8ethi-gh- pr egsur e blidgldinent veeged 6olledPages -~
r enpve | EbRKisS) bl:@scethu. Tiale pagert ed=af t ef anal| y&i Brabingiss: pigedrattogragshy--
Al t er N3t} Delwing(d) NipaodtRs SOUB mabseam.was conbi ned Abdtiact he: prgséotisoppaged .~
derivedt§h&g%&he.lgggid-fqg%%g%p eonpositionjstream for analysis. 15

The redcl| on Was Carried out 25t t'1&" Hesired eMEEROF REvHPPrESIAR T or 4

—

EXperT nent The react+e+
pressure of 27.6 barg (the parti al

wesS—eat-t-reooulr  dl

nonoxi de aniddhgifioogesried is wekeprsseot | iieadtheo Phenclers afnihe. EEPsbel a
respecti Vel%e@fﬂnagreapresent.

Experiment A (Comparative)

A baseline experiment was pefformed with the autoclave charged
with methyl acetate (419 mmol), water (383 mmol), methyl iodide (27
mmol), and acetic acid (806 mmol).

. The iridium catalyst éolution comprised.Irc13.3H20 (0.54 mmol)
dissolved in acetic acid (83 mmol) and water (50 mmol).

The reaction was performed at a constant pressure of 30 barg
and at a temperature of 195°C. The rate of reaction, measured §
minutes after injection of the iridium catalyst solution, based upon
carbon monoxide uptake rate was 9.8 mol/l/hr. High conversion to
acetic acid was observed with only 20 mmol methyl acetate remaining
in the liquid reaction composition at the end of the experiment.

The non-condensible gases in the autoclave at room temperature at
the end of the experiment were analysed and were found to contain by
volume, 3.6% carbon dioxide and 1.6% methane, the balance comprising
hydrogen (not measured)'and carbon monoxide.

This is not an example according to the present invention
because no ruthenium or osmium promoter was present in the liquid
reaction composition. .

Experiment B {Comparative)

Experiment A was repeated. The reaction rate, measured in an
identical manner to Experiment A was 10.1 mol/l/hr. The amount of
methyl acetate remaining in the liguid reaction ;omposition at the
end of the experiment was 25 mmol.

The vented gas at the end of the experiment was analy;ed as in
Experiment A and was found to contain 1;5% carbon dioxide and 1.1%

methane.

Example 1

Experiment A was repeated with dichlorotricarbonyl ruthenium

-(II) dimer (0.54 mmol) charged to the autoclave at the start before

ghe iridium_catalyst solution was added. The total amount of acetic
acid charged (884 mmol) was adjusted so that the percentage

concentrations by weight of the iridium catalyst, methyl acetate,

This is the seplacement shest
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tenperature of [err]. The steady state reaction conposition at a
carbonylation rate of 8.3 nol/I/hr was as follows: 14% Met hyl
acetate 7% Water 25 . 2.6% - Methyl |odide 1000
o ppm [err] This is not an exanple acgprding te the present invention =
because no pronoter was used. Exanple 18 30 The exanpl e dénonstrates the
pronotional effect of introducing rutheniumpronoter, 0.5 nolar

equi valents, to an iridiumcatal ysed carbonyl ation reaction. Experinent N
was repeated except that ruthenium pronoter [err] was added to the liquid
feed so as to achieve an _

This Example is according to the present invention and shows
that, at least under the reaction conditions given in Experiments A
and B, that above a certain concentration of ruthenium the degree of
rate enhancement began to decline;

Experiment C (Comparative)

The autoclave was charged with methyl acetate (420 mmol),
water (434 mmol), methyl iodide (27 mmol), acetic acid (80? mmol)
and dichlorotricarbonyl ruthenium (II) dimer (4.1 mmol). No iridium
catalyst solﬁtion was .added to the autoclave. '

The autoclave was heated at 195°C at a constant pressure of 30
barg for about 1 hour but no uptake of carbon monoxide gas from the
ballast vessel was observed.

The amount of methyl acetate in the liquid reaction
-composition at the end of the experiment was measured to be about
338 mmol (this might be subject to some degree of calibration error
at this high level); _

The non-condensible gases in the autoclave at room temperature
ét the end of the experiment were analysed as before and contained,
by volume, 0.4 % methane and 0.4 % carbon dioxide.

This is not an example according to the present invention
because no iridium catalfst was present in the liquid reaction
composition. This example shows that ruthenium alone did not act as
a catalyst for the carbbnylation of methyl acetate.

Experiment D (Comparative)

Experiments A and B were repeated at higher methyl iodide
concentration. The autoélave was charged with methyl acetate (420
mmol), water (384 mmol), methyl iodide (56 mmol), and acetic acid
(737 mmol). The amount of acetic acid was adjusted so that the
percentage concentrations by weights of iridium catalyst, methyl
acetate and water were.ghe same as in Expefimenﬁs A and B.

. ' The rate of reaction based upén carbon monoxide uptake,
measured 5 minutes after injection of the catalyst solution was 12.2
mol/l/hr. _

The liquid reaction composition at the end of the experiment ~

was analysed and contained 8.5 mmol methyl acetate.

This is' the replacsiment sheet
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35 ‘tiridiumrutheniumnolar ratio in the reaction conposition of 1:0.5.
30 The tenperature of the reaction was adjusted until the carbonyl ation
rate was approxi mately the sane as in Experinent -N. The steady -state
reacti on conposition was as follows: 1425% " Methyl acetate 5

7. 2%

Water 2.2% Met hyl i odi de 1000ppm iridiumlt was

found that at an iridiumrutheniumnolar ratio of 1:0.5 a tenperature of

[err] was required to achieve a carbonylation rate of

fhe gas vented at the end of the experiment contained by
volume 1.4% methane and 2.4% carbon dioxide.

This experiment is not an example according to the present.
invention because no promoter was éresent in the liquid reaction
composition. . |
Experiment 6 _

Experiment D was repeated with dichlorotricarbonyl ruthenium
(II) dimer (5.4 mmol) charged to the reactor at the start before the
catalyst was added. The total amount of acetic acid charged (796
mmol) was adjusted so that the percentage concentrations by weight
of the iridium catalyst, methyl acetate, methyl iodide and water
were the ‘same as in Experiment D.

The rate of reaction based upon carbon monoxide uptake,.
measured. 5 minutes after injection of the catalyst solution was 23.9
mol/l/hr which is about 96% higher than the rate measured in
comparative Experiment D.

The liquid reaction composition at the end of the experiment
was analysed and was found to contain 7.3 mmol methyl acetate.

The gas vented at the end of the experiment contained by
volume 1.4 % methane and 2.4 % carbon dioxide.

This experiment is an example according to the present
invention and shows that at a higher methyl iodide concentration
ruthenium was more effective as a promoter for the iridium catalysed
carbonylation of methyl acetate. |
Experiment E (Comparative) '

The autoclave was charged with methyl acetate (420 mmol),

water (430 mmol), methyl iodide (57 mmol), acetic acid (871 mmol)

~and dichlorotricarbonyl ruthenium (II) dimer (5.4 mmol). No iridium

catalyst solution was added to the autoclave.

The autoclave.was heated at 195°C at a constant pressure of 30
barg for about 1 hour but no uptake of carbon monoxide gas from the
ballast vessel was observed.

The amount of methyl acetate in the liquid reaction
composition at the end of the expériment was measured as previously

to be about 357 mmol.

This Sheet Has Been Replaced This is the r eplacement shest
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0 - 8.0 nol/I/hr conpared with a tenperature of [err] to achieve a
carbonylation rate of 8.3 nol/I/hr in the absence of ruthenium pronoter
(Experinment N). The decrease in reaction tenperature resulted in an
‘increase in the calculated parti al pre§%ures of carbon nonoxi de and
‘hydrogen in the 15 reactor (13.4 and 0.19 bara respectively). Exanple 19
Exanpl e 18 was repeated except that the Ir:Ru nolar ratio in the reaction
conposition was 1:1. The steady state reaction conposition was as foll ows:
20 15. 2% _ Met hyl acetate 7.3% Water 2.1%

Met hyl 1 odide 1000 ppm I ridium :

The non-condensible gases in the autoclave at room temperature
at the end of the experiment were analysed and were found not to
contain any methane or carbon dioxide.

This is not an example according to the present invention
because no iridium catalyst was present in the liquid reaction
composition. This example shows that ruthenium alone did not act as
a catalyst for the carbonylation of methyl acetate under the
conditions of this experiment. |
Example 7

The autoclave was charged with methyl acetate (419 mmol),
water (434 mmol), methyl iodide (27 mmol), acetic aciq (864 mmol)

And osmium trichloride OsClj (0.54 hmol).

The autoclave was heated as previously at 195°C gt a constant
pressure of 30 barg.

The reaction rate measured as previously was 13.9 mol/l/hr.

The amount of methyliacetate in the liquid composition at the end of
the experiment was measured to be 12.8 mmol. The methane and carbon
dioxide were measured as previously to be 0.9% and 0.8% by volume
respectively.

_ This is an example according to the present invention.
Further Experiments Using a Solid Injection Facility

These further experiments were performed using a 300 ml Hastelloy
B2 (Tradé Mark) autoclave equipped with a Dispersimax (Trade Mark)
stirrer, solid catalyst injection facility and cooling coils. A gas
supply to the autoclave was provided from a gas"béllast vessel, feed gas
being provided to maintain the autoclave at a constant pressure. The
rate of gas uptake at a certain point in a reaction run was used to
calculate the rate at a particular reactor composition (reactor
composition based on a cold degassed volume).

For each batch carbonylation experiment a small glass vial charged
with the catalyst and optionally a catalyst promoter was placed in the
.injection facility which facility was fitted to the underside of the lid

of the autoclave. The autoclave was séaled, pressure tested with
nitrogen and flushed with carbon monoxide (2 x 3 bargi. The liquid

. components of the reaction composition were then charged to the autoclave

This is the replacament sheet
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It was found that at an iridiumrutheniumnolar ratio of 1:1 a 25
tenperature of [err] was required to achieve a carbonylation rate of 8.1
mol /1 /hr conpared with a tenperature of [err] to achieve a .carbonylation
rate of 8.0 nol/l/hr for Exanple 18 (iridi amruthenium nolar ratio of
1:0.5). The further decrease in react i\n tenperature resulted in an
Increase 30 - in the calculated partial pressure of carbon nonoxi de and
hydrogen in the reactor (13.9 and 0.22 bara respectively). Exanple 20
Experiment N was repeated except that ruthenium pronoter was added to the
liquid feed to achieve ‘an iridiumrutheniumnolar ratio of 35 1:1. The

partial pressures of carbon nonoxi de and hydrogen in the
via a liquid addition port. The autoclave was then pressurised with

carbon monoxide (typically 6 barg) and heated with stirring (1500 r.p.m.)
to reaction temperature. The total pressure was-tben raised to «
approximately 4 barg below the desirgd operating pressure by feeding
carbon monoxide from a ballast vessel. Once stable at temperature (15
minutes) the catalyst and optionally the catalyst promoter were injécted
using an overpressure of carbon monoxide. The reactor pressure was
maintained coristant (+/-0.5 barg) by feeding gas from the ballast vessel
throughout the course of the experiment. Gas uptake from the ballast
vessel was measured using datalogéing facilities throughout the course of
the experiment. The reaction temperature was maintained within +/-1°C of
the desired reaction temperature by means of a heating mantle connected
to a Eurotherm. (Trade Mark) controller. In addition, excess heat of
reaction was removed by means of cooling coils.

At the end of each experiment liquid and gas samples from the
autoclave were analysed by gas chromatography and water
concentrations in liquid samples were determined by the Karl Fischer
method.

Experiments F to H show how an iridium catalysed carbonylation
reaction is affected by reduced total pressure of carbon monoxide and by
reduced stirrer speed.

Experiment F (Comparative)

The batch autoclave was charged with methyl jodide (7.5g, 0.053
moles), acetic acid (80g, 1.33 moles), methyl acetate (48.1g, 0.65 moies)
and water (14g, o.7éo moles). The autoclave was flushed with carbon
monoxide and then pressurised with carbon monoxide to an ambient pressure
of 6 barg. The autoclave contents were stirred (1500 r.p.m.) and heated
to 195°C. Once stable at temperature the catalyst (IrClj.hydrate;
0.289g, 0.78 mmo;es) was introduced using an over pressure of carbon.
monoxide to give a reactioﬁ pressure of 20 barg. The reaction was
carried out at constant pressure (20 barg) for a period of one hour. The
.experiment was repeated and the mean of the reaction compositions at the
end of the two experiments is as follows:

85.1 % Acetic Acid
3.9 % Methyl Iodicde .
This is the replacement sheet
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31 reactor were calculated to be 12.6 and 0.2 bara respectively. A rate of
10.4 nol /1 /hr was achieved at a steady state reaction conposition of: 14.3
% Met hyl acetate 5 _ 7.3 % Water 2.1 %  Methyl
i odi de 1000 ppm Ir This experiment shows t'hat under these conditions,
the presence of rutheniumpronoter, at a molar ratio of iridiumruthenium
of 1:1 10 resulted.in an increase in the carbonylation rate from38.3 to
10.4 mol /1 /hr (a 25% i ncrease). The nethane nake rate and water gas shift
(WES) reaction rate for

4.4 3 Methyl Acetate
5.7 % Water

Trace levels of liquid by-products (ethyl iodide, ethyl acetate and
propionic acid) and gaseous by-products carbon dioxide, hydrogen and
methane were formed.

The methyl acetate concentrations in the'liquid reaction
compositions decreased during the two reactions and were calculated from
the carbon monoxide uptakes as the reactions progressed. No allowance
was made in these calculations for the partitioning of liquid rxeaction
components to the vapour space of the autoclave, the compositions being
calculated as cold degassed liquid.

When the methyl acetate concentrations were calculated to be 26% by
weight the mean of the two experiments reaction rate was calculated to be
3.4 mol/l/hr. At 16% by weight methyl acetate concentration the mean
reaction rate was 2.9 mol/l/hr.

This is not an example according to the present invention because
no promoter was used.

Experiment G {COmQaratiQe)

Experiment F was repeated except that the total pressure in the
autoclave was maintained at 28 barg after injecting the catalyst. The
reaction was carried out at constant pressure (28 barg) for a period of
one hour, yielding a solution containing the following distribution of

products by weight:

88.5 % Acetic Acid
3.2 $  Methyl Iodide
0.8 % Methyl Acetate
5.3 % Water

Trace levels of liquid by-producté {ethyl iodide, ethyl acetate and
" propionic acid) and gaseous by-products (carbon dioxide, hydrogen and
methane) were formed. When the methyl acetate concentration was
calculated from gas uptake to be 26% by weight the reaction rate was
calculated to be 10.0 mol/l/hr. At 16% by weight methyl acetate the
reaction rate was 6.0 mol/l/hr.
This is not an example according to the present invention because

no promoter was used.
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Experi ment N and Exanples 18-20 are recorded in Table 6 together with the
cal cul ated concentration of propionic acid in the liquid 15 phase of the
| iquid reaction conposition (assunming all propionic acid precursors found
in the product are converted to propionic acid). Table 6 Gaseous and

Pr-opi oni ¢ Acid By-Products 20 Experi mdft [err] make WGS ’
WGS Propi onic Acid nol /| /hr mol /1 / hr % of Rate . '
ppm N 0.08 0.13 1.6 391 18
0.074 0.14 1.69 - 435 19 ~ 0.062
0.12 1.43 401 20 - 0.096 0. 16
1.51 397

Experiment H (Comparative)

This experiment illustrates the effect of stirrer speed on the
carbonylation rate at a total pressure of 28 barg.

Experiment G was repeated exéept‘that the stirrer speed was reduced
to 750 r.p.m.. When the methyl acetate concentration was calculated from
gas uptake to be 26% by weight the reaction rate was calculated to be 6.5
mol/l/hr. At 16% by weight methyl acetate the reaction rate was 3.8
mol/l/hr.

Example 8

This example demonstrates the promotional effect of introducing
ruthenium promoter, one molar equivalent, to an iridium catalysed
carbonylation at low teotal pressure.

Experiment F was repeated except that some of the acetic acid
charge (0.20g) was substituted with an equal weight of [{Ru(CO)3Cly}3]
(0.39 mmoles), such that the total autoclave charge weight remained
constant. The ruthenium was injected, together with the IrClji.hydrate.
The reaction was carried out at constant pressure (20 barg) for a period
of one hour, yielding a solution containing the following diétribution of

products by weight:

89.1 % Acetic Acid
2.8 % Methyl Iodide
3.5 % Methyl Acetate
4.8 % Water

Trace levels of liquid by-products (ethyl iqgide, ethyl acetate and
propionic acid) and gaseous by-products (carbon dioxide, hydrogen and
methane) were formed. i

When the methyl acetate concentration was calculated from gas
uptake to be 26% by weight the reaction réte was calculated to be 8.1
mol/l/hr. At 16% by weight methyl acetate the reaction rate was 5.3

A mol/l/hr. The rates quoted are the mean of two identical experiments.
Example 9

This example demonstrates the promotional effect of introducing
ruthenium promoter, two molar equivalents, to an iridium’ catalysed
carbonylatidn at 1oQ total pressure.

Experiment F was repeated except that some of the acetic acid
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Furt her Experiments (Continuous Operation) Methanol was continuously
carbonylated in the presence of an iridiumcarbonylation catal yst, nethyl

i odi de, optionally ruthenium carbonyl iodide reaction pronoter, water and
met hyl ‘acetate, ina 6 25 litre ziroonium stirred reactor with a working
mass of 3.5 kg (neasured at anbient tedperature in a bubble free state) at
a pressure between 25 and 30 barg (dependent on the required carbon
nonoxi de partial pressure) and a tenperature between [err] and [err] 32
The tenperature in the reactor was nmintained by a hot oil jacket. Carbon
nonoxi de was fed to the reactor on pressure demand via a

sampling system. The autoclave was then flushed with carbon
monoxide (2 x 3 barg). The liquid components of the reaction
composition and optional catalyst promoter excluding the portion, of
the liquid reaction composition in which the catalyst was dissolved,
were then charged to the autociave via a liquid addition port. The
autoclave was then pressuriseé with carbon monoxide (typically 6
barg) and heated with stirring (1500 rpm) to reaétion'temperature.
The total pressure was then raised to approximately 3 barg below the
desired operating pressure by feeding carbon monoxide from a ballast
vessel. Once stable at temperature (about 15 minutes) the catalyst
solution was injected using an overpressure of carbon monoxide. The
reactor pressure was maintained constant (+/- 0.5 barg) by feeding
gas from the ballast vessel throughout the course of the experiment.
Gas uptake from the ballast vessel was measured using datalogging
facilities thréughout the course of the experiment. The reaction
temperature was maintained within +/-1°C of the desired reaction
temperature by means'of a heating mantle connected to a Eurotherm
{(Trade Mark) controller. In addition, excess heat of reaction was
removed by means of cooling coils.

At the end of each experiment liquid and gas samples from the
autoclave were analysed by gas chroma;ography.
Experiment I (Comparative) .
The batch autoclave was charged'with methyi iodide {(7.5g, 0.053
mo;es); acetic acid (69g, 1.15 moles), methyl acetate (48.0g, 0.65
moles) and water (8.4g, 0.47 moles). The autoclave was flushed with
carbon monoxide and then pressurised with carbon monoxide to an
ambient pressure of 12 barg. The autoclave contents were stirred
(1500 rpm) énd heated to 190°C. Once stable at temperature the
total pressure was increased to 24 barg by feeding carbon monoxide
from the ballast vessel. The catalyst (HoIxrClg; 0.97g, 2.34 mmoles)
dissolved in 8.6¢g watéf and 7.Sg of acetic acid was then introduced
using an over pressure of carbon monoxide to give a reaction
pressure of 27.4 barg. The reaction was carried out at constant
pressure (27.4'barg) fof a period of onhe hour.

The methyl acetate concentration in the liquid reéction composition
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sparge beIOM/the stirrer. Liquid reaction conposition was conti nuousl y.-

w thdrawn fromthe reactor and passed to a flash tank 5 operated at a
pressure of 1.48 barg and a tenperature of about [err]. A vapour fraction
conprising acetic acid product, propionic acid by:product, nethyl iodide,
met hyl acetate and water passed overhe&d fromthe flash tank through an
irrigated section and through a dem ster .and was fed as a vapour into a
distillation 10 colum. The liquid fraction fromthe flash tank
conprising involatile catalyst, involatile pronoter, acetic acid, water and
the remai nder of the nethyl iodide and nethyl acetate was recycled to the
reactor. To nmaintain the required carbon nonoxide partial pressure in the
reactor a liasechlohlgas s epé icaBBbA Wnohalkitie hGptametdretdd reabeosh space of the

reactor. T@?’o&@éstseg"?s ngn teerrcliet\MyS. h«':lcaetgt('?er rc%rslcl:eonrt]:rggfo?ll wal.‘se rc‘:EYcula egt
be 26% by weight the reaction rate was calculated to be 16.5
mol/l/hr. At 16% by weight metﬁyl acetate concentration the
reaction rate was 11.8 mol/l/hr.
This is not an example according to the present invention because no
promoter was used.
Example 14
Experiment I was repeated except that the autoclave was charged with
[{Ru{CO)3Cly},]) (0.60g, 1.17 mmolés), methyl iodide (7.5g, 0.053
moles), acetic acid {70.9g, 1.18 moles), methyl acetate (48.0g,10.65
molés) and water (8.4g, 0.466 moles). The catalyst (HpIxClg; 0.97g,
2.34 mmoles) was dissolved in 8.6g water and 7.0g acetic acid.

When the methyl acetate coﬁcentration was calculatd to be 26%
by weight the reaction rate was calculated to be 20.9 mol/l/hr. At
16% by weight methyl acetate concentration the reaction rate was
15.1 mol/1/hr. |
.Exgeriment J_(Comparative)

The batch autoclave was charged with methyl iodide (8.6g, 0.060
moles), acetic acid (67.9g, 1.13 moles), methyl acetate . (48.0g, 0.65
moles) and water (8.4g, 0.47 moles). The autoclave was flushed with
carbon monoxide and then pressurlsed with carbon monoxide to an
ambient pressure of 8 barg. The autoclave contents were stirred
(1500 rpm) and heated to 190°C. Once stable at teﬁperéture the
-total pressure was increased to 17 barg by feeding carbon monoxide
from the ballast vessei. The catalyst (HyIrClg; 1.51g, 3.72 mmoles)
dissolved in 8.6g water and 7.5g acetic acid was then introduced
using an overpressure of carbon monoxide to give a reaction pressure-
of 19.6 barg. The reaction was carried out at a constant pressure
(19.6 barg) for a périod of 36 minutes. The methyl acetate
concentration in the liqﬁid reaction composition was calculated from
the.carbon monoxide uptake as the reaction progressed. When the
methyl acetate concentration was calculated to be 26% by weight the
reaction rate was calculated to be 15.2 mol/l/hr. At 16 and 6% by

weight methyl acetate concentration the reaction rate was 11.0 and
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A reactor product streamwas continuously renoved fromthe reactor upstream
of the flashing valve. The stream was cool ed to anbi ent tenperature and
depressurised across a control valve to 1.48 Barg. 20 The stream was fed
downflow to a corrosion netal renoval %ed at 400- 500 m/hr. The bed ’
cont ai ned approximately 300 ml of a strong acid ion exchange resin :
(Anmberlyst 15). The bed operated at 1.48 Barg and anbi ent tenperature. The
streamon exiting the bed was conbined with the liquid fraction fromthe

f I asht ankf orret urntot he 25 reactor. The bed was operated to maintain the
| evel of corrosion netals in the reactor to <100 ppmtotal. In the
distillation colum the acetic acid was renoved fromthe base. The nethyl

i odi de, neth§imddd{rn cegprrtiaedy. together with sonme of the acetic acid
pass over heagnsuedgere condensed into 30 two phases. The heavy, nethyl

I odide rich phase was recycled to the .
Experiment J was repeated except that the autoclave was charged with

[{Ru(CO)3C15}5) (0.95g, 1.19 mmoles), methyl iodide (8.5g, 0.06
moles), acetic acid (66.6g, 1.10 moles), methyl acetate (48.0g, 0.65
moles) and water (8.4g, 0.46 moles); The autoclave was'flushed with
carbon monoxide and then pressurised Qith carbon ménoxide to an’
ambient pressure of 6 barg. The autoclave contents were stirred
(1500rpm) and heated £o'190°C. After about 15 minutes the pressure
was increased to 17 barg by feeding carbon monoxide. The catalyst
(HpIrClg; 1.51g, 3.72 mmoles) dissolved in 8.6¢g water and 7.5g
acetic acid was then introduced using an overpressure.of carbon
monoxide to give a reaction pressure of 19.8 barg. The reaction was
carried out at a constant pressure (19.8 barg) for a period of one
hour.

When the methyl acetate concentration was calculated to be 26%
by weight the reaction rate was calculated to be 26.5 mol/l/hr. At
16 and 6% by weight methyl acetate concentration the reaction rate
was 20.9 and 12.8 mol/l/hr respectively. This experiment shows the
promotional affect of the promoter even at low (6%) methyl acetate
concentration.

Experiment K (Comparative) _

Experimen£ J was repeated using methyl iodide (8.6 g 0.060 moles);
acetic acid (67.6g 1.13 moles), methyl acetate (48.0 g 0.65 moles)
and water (8.4 g, 6,47 moles). After flushing aﬁd pressurising to
10 barg with carbon monoxide the reactor contents were stirred (1500
rpm) and heated to 190°c.before pressurising to ‘24 bérg with carbon
monoxide. The catalyst HoIxClg (1.51 g, 3.72 moles) dissolved in
8.6 g water and 7.5 g of acetic acid was introduced to give a
pressure of 27.2 barg. The reactidn was continued for 30 minutes.
When the methyl acetate concentration was calculated to be 26% by
weight the reaction rate was calculated to be 24.3 mol/l/hr; at 16%
w/w methyl_acetate'the reaction rate was 17.0 mol/l/hr. This is not

an example according to the present invention.

High Pressure Infrared Experiments

.
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reactor. The lighter, aqueous phase was split: some was used as reflux to
t-he col umm, the remai nder was recycled to the reactor. Methanol could be
fed to the colum to react with any hydrogen iodi de present;. the -nethyl
i-odi de and wat er produced being renoved?85" overhead. 33 The .

non- condensi bles fromthe head of the colum were first chilled to _
mnimse the loss of volatiles fromthe process. The offgas streamwas then
passed to a scrubber where it was contacted countercurrently with chilled
met hanol . ‘The net hanol |eaving the 5 base of the scrubber was added to
pure net hanol and used as feed to

A high pressure infrared cell equipped with a liquid injection
facility was used in the following series of high pressure infrared
experiments. A gas supply to the infrared cell was provided from a
gés ballast vesgel, feed gas being provided to maintain the high
pressure infrared cell at ‘a constant pressure and the rate of gas
uptake being calculated from the rate at which thé pressure falls in
the gas ballast vessel. '

Throughout the course of each experiment the liquid reaction
composition was analysed by infrared spectroscopy.

At the end of each experiment liquid samples from the high
pressure infrared cell were analysed by gas chromatography.

For each high pressure infrared experiment the high pressure’
infrared cell was charged with ruthenium promoter and the liquid
components of the-liduid reaction composition exéluding a portion of

the liquid components, in which the iridium catalyst.was dissolved.

The high pressure infrared cell was flushed 3 times with
carbon monoxide, pressurised with carbon monoxide to a pressure of
15 barg and heated to 190°C with stirring. The system was allowed
to stabilise for 15 minutes. The iridium catalyst solution was
charged to_the ligquid injection facility and was then injected into-

the high pressure infrared cell under CO preésure. The pressure in
the high pressure infrared cell was subsequently maintained at 27;5
barg with carbon monoxide fed from the gas ballast vessel through a
back pressure regulator.

Aftér uptake of carbon monoxide from the gas ballast vessel
had ceased the contents of the high pressure infrared cell were
cqoled to room temperature and the gases vented from the high '
pressure infrared cell were sampled and analysed. The reaction
composition was discharged from the high pressure infrared cell and

o was analysed for liguid products and by-products.

Experiment I, (Comparative)

The liquid components of the initial liquid reaction
composition consisted of methyl acetate (5.0g), methyl iodide
(1.0g), water (2.05g) and acetic acid (16.95g).

The iridium catalgst solution consisted of IrCl;.4H,0 (0.188g)
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the reactor. The results (aver age conpositions over at |east 24 hours) from
the experinents carried out on the above-described plant are given in table
7 bel ow, whi ch shows the benefits to reaction rate and 10 reaction
Selectivity of using the reaction pronoter ruthenium 15 20 25 30 Date;

34 27 :

dissolved in a 2ml portion of the liquid components of the liquid _
reaction composition.

The final liquid reaction composition was:

0.23g Methyl Acetate
0.92g Methyl Iodide
1.09g Water

20.99¢g Acetic Acid

Trace levels of liquid by-products (ethyl iodide, ethyl
acetate and propionic acid) and gaseous by-products (carbon dioxide)
were detected. _

When the methyl .acetate concentration was calculated from the
carbon monoxide gas uptake to be.ZO% by weight the reaction rate was
calculated to be 11.55 mol/l/hr. At 15 and 10% by weight methyl
acetate concentrations the reaction rates were calculated to Be
10.41 and 8.38 mol/l/hr respectively.

This is not an example according to the present invention
_because no promoter was used.

Example 16

This example demonstrates the promotional effect of
introducing ruthenium promoter, 2 molar equivalents, to an iridium
catalysed c;rbonylation feaction. -
Experiment L was repeated except that [Ru(CO)3Cly]), (0.266g, Ir:Ru
molar ratio of 2:1) was charged to a high pressure infrared cell.

The final reaction composition was 3

0.33g Methyl Acetate
0.98g MethyllIodide
0.99g Water

20.82g Acetic Acid

The reaction rates at 20, 15 and 10% by weight methyl acetate
concentrations were calculated to be 13.93, 12.88 and 10.42 mol/l/hr
respectively (20.6, 23.0 and 24.3% increase in rate respectively
compared with the corresponding rates in the absence of ruthenium

promoter).

Experiment M (Comparative) .
Experiment L was repeated except that the initial lxquid
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pronoter, at least one of ruthenium and osmium.

Also accdrding to the present inventién there is provided a
catalyst system for the production of acetic acid by carbonylation
of methanol or a reactive derivative thereof in the presence of at

least a finite concentration of water which catalyst system
(b) methyl iodide and (c) at least one of

Suitable reactive derivatives of methanol include methyl

. A mixture of methanol
and reactive derivatives thereof may be used as reactants in the
process of the present invention. Preferably, methanol and/or

At least some of the methanol
and/or reactive-derivative thereof will be converted to, and hence
present. as, methyl acetate in the liquid reaction composition by
reaction with acetic acid product or solvént. The concentration in
the liquid reaction composition, of methyl acetate is suitably in

the range 1 to 70% by weight, preferably 2 to 50% by weight, most

Water may be formed in situ in the liquid reaction
composition, for example, by the esterification reaction between
Water may be introduced
to the carbonylation reactor together with or separately from other
Water may be
separated from other components of reaction composition withdrawn
from the reactor and may be recycled in controlled amounts to
maintain the requiréd concentration of water in the liquid reaction
Preferably, the concentration of water in the liquid
reaction compcsition is in the range 0.1 to 15% by weight, more
preferably 1 to 15% by weight, most preferably 1 to 10% by weight.

The iridium catalyst in the liquid carbonylation reaction
composition may comprise any iridium-containing compound which is
The iridium catalyst

may be added to the liquid reaction composition for the

5
comprises: _
(a) an iridium catalyst,
ruthenium and osmium.
10 acetate, dimethyl ether and methyl icdide.
methyl acetate are used as reactants.
15
preferably 3 to 35% by weight.
20
methanol reactant and acetic acid product.
components of the liquid reaction composition.
25
composition.
30
soluble in the liguid reaction composition.
35

carbonylation reaction in any suitable form which dissolves in the
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.proroter, at |east one of rutheniumand osmum 2. A process as clai ned
In claiml in which the partial pressure 10 of carbon nonoxide in said

reactor is |less than 15 bar. 3. ‘A process as clainmed in claiml1 or claim
2 in which the nolar ratio of promoter to iridiumis in the range of 0.1:1
to 15:1. 4. A process as clained in any one of the preceding clains in
which the liquid reaction conposition @onprises 100 to 6000 ppm by 15

wei ght iridium 5. A process as clained i.n any one of the preceding

claims in whych the Liguidrreagtion conposition Gonpri,ses fhomo. 1 to 15%
by wei ght vvaJt Spid geaction Sompositign @ APnEd VPR Ry Bhé B1MPAE pPdteding
clains in 20Exanple<chbst tdidthbheliid ideattdonna dnp OSirpbamiscOlint seg He @aduddt o
20% by wei ghéo QEE:_ H%L;ujxé)(jri(eggﬁion composition include IrCly, IrI3, 6 IrBrj,
) {Ir(C0),I}y, {Ir(CO)5CLl)y, (IX(CO)yBrlay, (Ir(CO)3Iz)~, (Ir(CO);Bry)~
5 , (Ir(co)4Iz)”, [Ir(CH3)I3(CO)3]17,. Irg(CO)ys,IrCl3.4H0, IrBrj.4H,0,
Ir3(CO)y9, iridium metal, Ir,03, Ir0;, Ir(acac)(CO)Z' Ir(acac)3'
iridium acetate [Ir3O(OAc)g(H0)3)(0Ac], and hexachloroiridic acid
(HaIxrClg] preferably,'chloride—free complexes of iridium such as
acetates, oxalates and acetoacetates. _

10 ' Preferably, the iridium catalyst concentration in the liquid
reaction composition is in the rahge 100 to 6000 ppm by weight of
iridium. - |

The ruthenium and/or osmium promoter may comprise any
ruthenium and/or osmium-containing compound which is soluble in the

15  1liquid reaction composition. The prométer_may-be added to the
liquid reaction composition for the carbonylation reaction in any
suitable form which dissolves in the liquid reaction composition or
is convertible to soluble form.

Examples of suitéble ruthenium-cohtaining compoun@s which may

20 re used include ruthenium (III) chloride, ruthenium (III) chloride
t;ihydtate, ruthenium (IV) chloride, ruthenium (III) bromide,
ruthenium metal, ruthenium oxides, ruthenium (III) formate,
[Ru(CO)3I3) HY, tetra(aceto)chlororuthenium(II,III), ruthenium (III)
acetate, ruthenium (III) propionate, ruthenium (III) butyrate,

25  ruthenium pentaéarbonyl, trirutheniumdodecacarbonyl and mixed
ruthenium halocarbonyls such as dichlorotricarbonylruthenium (II)
dimer, dibromotricarbonylruthenium {(11) dimer, and othex
crganoruthenium complexes such as tetrachlorobis(4-
cymene)diruthenium(II),-tetrachlorobis(benzene)diruthenium(II),

30 dichloro(cycloocta-1,S~diene)ruthenium (II) polymer and
tris(acetylacetonate)ruthenivm (III}.

Examples of suitable osmium-—containing compounds which may be
used include osmium (III) chleride hydrate and anhydrous, osmium
metal, osmium tetraoxide, tricsmiumdodecacarbonyl, bentacﬁloro-p-

35 nitrosodiosmium and mixed osmium halocarbonyls such as
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7. " A process as clainmed in any one of the preceding clains in which the
|l iquid reaction conposition conprises from1l to 70% by wei ght net hyl _
acetate. 25 8. A process as clained in any one of the preceding clains
in 36 which the pronoter is ruthenium 9. A process according to any
one of the preceding clains wherein thegpartial pressure of hydrogen in the
carbon nonoxi de and generated in situ by the water gas shift reaction is

less than l.3bepdhyradGhiorsfidldl( Y8 et el @het RRgRERAKELH ON Of acetic

acid by carbonyl ation of nethanol or a reactive derivative thereof in the
complexes.

The molar ratio of each promoter to iridium catalyst is
suitably ia the range 0.1:1 to 15:1, preferably 0.5:1 to 10:1.

5 Preferably, the concentration of methyl iodide in the liquid
reaction compoéition is in the range 1 to 20% by weight, preferably
2 to 15% by weight.
The carbon monoxide reactant may be essentially pure or may
contain inert impurities such as carbon dioxide, methane, nitrogen,
10  noble gases, water and €3 to C4 paraffinic hydrocarbons. The B
presence of hydrogen in the carbon monoxide and generated in situ by
the water gas shift reaction is preferably kept low, for example,
less than 1 bar partial pressure, as its presence may result in the
formation of hydrogenation products. The partial pressure of carbon
15 monoxide in the reaction is suitably in the range 1 to 70 bar,
preferably 1 to 35 bar,and most preferably 1 to 15 bar. '

The catalyst system of the present invention has been found to
be particularly'beneficial at relativély low partial pressures of
carbon monoxide where the rate of reaction may be dependent upon the

20 carbon monoxide partial pressure. Under these conditions, it has
been found that the catalyst system of the present invention has the
advantage of providing an increasea rate of reaction over catalyst
systems without the promoters of the present invention. This
advantage-allowshfor increased rate of reaction under conditions'

25 when the carbon monoxide partial pressure is relatively low, for
example due to a low total pressure in the carbonylation reactor or
due to high vapour pressure of ccmponents ¢f the liquid reaction
composition, for example at high methyl acetate concentration in the
liquid reaction composition or due to a high concentration of inert

30 gases (for example nitrogen and carbon dicxide) in the carbonylation
reactor. The catalyst system may also have zdvantages of increasing
rate of carbonylation when the rzte of reaction is reduced'by the
availability of carbon monoxide in sbluticn in the liquid reaction
composition resulting from mass transfer limitations, fét.example

35 due to poor agitation. S
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presence of at least a finite concentration of water which catalyst system
conprises: (a) an iridiumcatalyst, (b) nmethyl iodide and (c) a pronoter

conprising at |east one of rutheniumand osmum 10 11. A cat al yst
systemas clained in claim10 in which the nolar ratio of pronoter to
iridiumis in the range 0-1:1 to 15:1. 1I2.~ A catal yst systemas clai ned

in claim10 or wkajd® ldnted ¥bitHa LRE J¥ €ADlRE4iteidliidoatdined &p 20 25 30

volume 1.4% methane and 2.4% carbon dioxide. o

This experiment'is not an example acccrding to the present.
inventicn because no promoter was present in the liquid reaction
5 composition.

Example 6

'é;éégiment D was repeated with dichlorotricarbonyl ruthenium
(II) dimer (5.4 mmol) charged to the reactor at the start before the
catalyst was added. The total amount of acetic acid.charged (796

10  mmol) was adjusted so that the percentage concentrations by weight
of the iridium catalyst; methyl acetate, methyl iodide-and water
were the same as in.Experiment D. _

The rate of reaction based upon ;arbon monoxide uptake,
measured 5 minutes after injection of the catalyst solution was 23.9

15 mol/l/hr which is about 96% higher than the rate measured in
comparative Experiment D. . _

The liquid reaction composition at the end of the experiment
was analysed and was found to contain 7.3 mnol methyl acetate.

The gas vented at the end of the experiment contained by

20 volume 1.4 % methane and 2.4 % carbon dioxide.

This experiment is an example according to the present
invention and shows that at a higher methyl icdide concentration
ruthenium was more effective as a promoter for the iridium catalysed
carbonylation of methyl acetate.

25 Experiment £ (Comparative)

The autoclave was charged with methyl a2cetate (420 mmol),
water (420 rmol), methyl iodide (57 mmol), zcetic acid (871 mmol)
and dichlorecsricarbonyl ruthenium (11) diger (5.4 mmol). No-iridium
catalyst solution was added to the zutoclava.

30 The autoclave was heated at 155°C at a constant pressure of 30
barg for about 1 hour but no uptzke of carzza monoxide gas from the
ballast vessel was observed.

The amount of methyl -acetzte in the :izuid reaction

composition &t the end of the exgerirent w

5 mezasured as previously
35 to be zbout 357 mmol.
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Table 25

Liguid Products by Weight

Experiment | Ethyl iodide | Ethyl acetate Propionié Acid Acetic Acid
% 3 | 3

F* 0.02 0.01 0.02 85.1

0.05 0.03 0.03 88.5
H 0.03 0.02 0.03 92.2
8* 0.07 0.02 10.03 89.1
9 0.04 0.01 0.04 90.2
10 0.02 0.02 0.02 88.8
11 0.09 0.02 0.06 91.5

* Mean of two experiments
Example 12

This experiment illustrates the effect of adding ruthenium
promoter, one molar equivalent, on the carbonylation rate at a total
pressure of 28 barg. The experiment also illustrates that the relative
promotiocnal effect of addition of one molar eguivalent of ruthenium is

greater at lcwer total pressure such as 20 barg then at higher pressures

‘'such as 28 barg.

Experizent G was repeated except that some of the acetic
acid charge (0.20g) was substituted with an egual weight of
{ {Ru(coj);Cl,y},) (0.39 mmoles), such that the total autoclave charge
weight remained constant. The ruthenium was iniected, together with the
IrCly.hydrate. The reaction was carried cut a2t constant pressure (28
barg) for a zeriod of one hour, yielding a soluticn containing the

following distribution of products by weight:

g8.8 % tcetic acid
3.0 % Vethyl lodide
1.9 % Methyl Zcetate
5.3 % wates

Trace levels of liqu.i.d by-products (ethyl iodide, ethyl acetate and

.
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"5.6 mol/l/hr vesvectively.

Examole 15

Experiment J was repeated except that the autoclave was charged with
{{Ru(CO)3Cl,y}5] (0.95g, 1.19 mmoles), methyl iodide (8.5g, 0.06
moles), acetic acid (66.6g, 1.10 moles), methyl acetate (48.0g, 0.65
moles) and water (8L4g, 0.46 moles). The autoclave was flushed with
carbon monoxide and then pressurised with carbon monoxide to an
ambient pressure of 6 barg. Thé autoclave contents were stirred
(1500rpm) and heated to 190°C. After about 15 minutes the pressure
was increased to 17 barg by feeding carbon monoxide. The catalyst
(HpIxClg; 1.51g, 3.72 mmoies) dissolved in 8.6g water and 7.5g
acetic acid was then introduceg using an overpressure of carbon
monoxide to give a reaction pressure of 19.8 barg. The reaction was
carried out at a constant pressure g19.8 barg) for a period of one
hdur.

When the methyl acetate concentration was calculated to be 26%
by weight the reaction rate was calculated to be 26.5 mol/l/hr. At
16 and 6% by weight methyl acetate concentration the reaction rate
was 20.9 and 12.8 mol/)l/hr respectively. This experiment shows the
promotional effect of the promoter even at low (6%) methyl acetate
concentration. -

Experiment X {Comparative)

Experiment J was repeated using methyl iodide (8.6 g ,0.060 mecles);
acetic acid (67.6g,1.13 moles), methyl acetate (48.0 g,0.65 moles)
and water (8.4 g, 0.47 moles). After flushing and pressurising to
10 barg with czrbon monoxide the reactor ccnﬁents were stirred (1500
rpm) and heztsd to 190°C before pressurising to 24 barg with carbon
monoxice. Trhe catalyst HpIrClg (1.51 g, 3.72 moles) dissolved in
8.6 g water arn2 7.5 g of acetic acid was introduced to give a

ressure of 27.2 barg. The reacticn was ccntinued for 30 minutes.

w/w methyl aceizte the reaction rzte wzs 17.0 mol/)l/hr. This is not
an example according to the present invention.

Hich Pressure :nfrared Experiments
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reactor were calculated to be 12.6 and 0.2 bara respectively. A
rate of 10.4 mol/l/hr was achieved at a steady state reaction

cemposition of:

4.3 % Methyl acetate
7.3 % Water
2.1 % Methyl iodide

1000 ppm Ir .

This experiment show§ that under these conditions, the presence of
ruthenium promoter, at a molar ratio of iridium:ruthenium of 1:1
resulted in an increase in the carbonylation rate from 8.3 to 10.4
nol/l/hr (a 25% increase).

The methane make rate and water gas shift (WGS) reaction rate for
Experiment N and Examélés 18-20 are recorded in Table 6 together
with the calculated concentration of propionic acid in the liquid
phase of the liquid reaction composition (assuming all propionic

acid precursors found in the product are converted to propionic

acid).
Table 6
Gaseous and Propionic Acid By-Products
Experiment CHy make HGS WGS Propionic Acid
mol/l/hr mol/l/hr % of Rate ppm
H 0.08 0.13 1.6 391
18 0.074 0.14 1.69 43S
19 0.062 0.12 1.43 401
20 0.0%6 0.16 1.51 397

Further Exverizents (Continucus Operation)

¥Yethanol was continuously carbonylated in the presence of an
iridiuvm carbonylation catalyst, methyl iodide, optionally ruthenium
carbonyl iodicde reaction promoter, water and methyl acetate, in a 6
itre zircenium, stirred reactor with a working mass of 3.5 kg
(measured at ambient temperature in a bubble free state) at a
rressure ketween 25 and 30 barg (dependent cn the required carbon

monoxide partial pressure) and a temperature between 189.and 191°c.
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The temperature in the reactor was maintaired by a hot oil jacket.
Carbon monoxice #as fed to the reactor on pressure'demand via a
sparge belcw the stirrer. Liquid reacticn composition was
continuously withdrawn from the reactor and passed to a flash tank
ocerated at a pressure of 1.48 barg and a temperature of about
128°C. A vapour fraction comprising acetic acid product, propionic
acid by-product, methyl iodide, methyl acetate and water passed
overhead from the flash tank through an irrigated section and
through a demister and was fed as a vapour into a distillation
column. The liquid fraction from the flash tank comprising

involatile catalyst, involaﬁile éromoter, acetic acid, water and the

remainder of the methyl iodide and methyl acetate was recycled to

the reactor. To maintain the required carbon monoxide partial

pressure in the reactor a bleed of gas was optionally taken from the
head space of the reactor.

The unit was'opefated with a corrosion metal removal system.

‘A reactor product stream was continuously  removed from the reactor

upstream of the flashing valve. The stream was cooled to ambient
temperature and depressurised across a control valve to 1.48 Barg.
The stream was fed downflow to a corrosion metal removal bed at 400-
500 ml/hr. The bed contained approximafely 300 m} of a strong acid
icn exchange resin (Amberlyst 15). The bed operated at 1.48 Barg
and ambient temperature. The stfeam on exiting the bed was combined
with the liguid fraction from the flash tank for return to the
reactor. 7The bed was operated to maintain the level of corrosion
retals in the reactor to <100 ppm total. |

In the distillation column t@e gcetic acid was removed from
the base. The methyl iodide, methyl scetate and water, together
with some of the aceticlacid pass overhead and were condensed into
two phases. The heavy, methyl iodide rich phase was recycled to the
reacter. The lighter, agqueous phase was split: S0meE was used as reflux

o the column, the remainder was recycled to the reactor. Methanol

et

coculd ke fed to the column to react with any hydrogen iodide
present; the methyl iodide and water produced being removed

overhead.
This is the replacement sheat

Da‘te:-~ ;3/ 5/ O(‘i

e



10

15

20

25

.30

33

The non—condeﬁsibles from the head of the column were first
chilled to minimise the loss of volatiles frcm the process. The
offgas stream was then passed to a scrubber where it was contacted
countercurrently with chilled methanol. The methanol leaving the
base of the scrubber was added_-to pure methanol and used as feed to
the reactor.

The results (average compositions over at least 24 hours) from
the experiments carried out on the above-described planﬁ are given
ih table 7 below, which shows the benefits to reaction rate and

reaction selectivity of using the reaction promoter ruthenium.
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which the promoter is ruthenium.

9. A process according to any one of the preceding claims wherein
the partial pressure of hydrogen in the carbon monoxide and generated
in situ by the water gas shift reaction is less than 1 bar.

10. A catalyst system for the production of acetic acid by
carbonylation of methanol or a reactive derivative thereof in the
presence of at least a finite concentration of water which catalyst
system comprises: {a) an iridium catalyst, ({(b) methyl iodide and {c)
a promoter comprising at least one of ruthenium and osmium.

11. A catalyst system as claimed in claim 10 in which the molar
ratio of promoter to iridium is in the range 0.1:1 to 15:1.

12. A catalyst system as claimed in claim 10 or claim 11 in which

the promoter is ruthenium.
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