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to the preparation of 1, 3-propanediol . In one aspect, the invention
relates to a cobalt-catal yzed process for manufacturing

1, 3-propanediol. In a specific aspect, the invention 5 relates to the
preparati on oW®®%18889c| abl e cobal t catalyst in a cobgﬁ&k%%%%ed
process for manufacturing 1, 3- propanedi ol .

1, 3-propanediol (PDO) is an internediate in the

PROCESS FOR PREPARING 1, 3-PROPANEDIOL

This invention relates to the preparation of
1,3-propanediol. In one aspect, the invention relates to
a cobalt-catalyzed process for manufacturing
1,3-propanediol. 1In a specific aspect, the invention
5 relates to the'preparation of a recyclable cobalt
catalyst in a cobalt-catalyzed process for manufacturing
1,3-propanediol. ,
1, 3-propanediol (PDO) is an intermediate in the
production of polyesters for fibers and films. It is
10 known that PDO can be prepared in a two-step process
involving (1) the cobalt-catalyzed hydroformylation
(reaction with synthesis gas, Hy/CO) of ethylene oxide to
intermediate 3-hydroxypropanal (HPA), and (2)
hydrogenation of the HPA to PDO. An improved synthesis
15 process has been developed permitting the hydroformyla-
tion step to be carried out selectively at relatively low
temperature and pressure. For the process to be
economical, it is necessary that .essentially all the
cobalt hydroformylation catalyst be simply recovered and
20 recycled to the hydroformylation reactor.

The active cobalt catalyst for the hydroformylation
step is a cobalt carbonyl compound. For reasons of
process economics, the cobalt carbonyl catalyst is
typically prepared from cobalt (II) salts such as cobalt

25 octoate or cobalt acetate. Such salts are generally
converted to cobalt carbonyls by reduction of the
carboxylic acid salts of cobalt at elevated temperature
and pressure. Concurrent with the production of the
desired cobalt carbonyls, however, free organic acid is

30 also generated. The inventors have found that, in the
hydroformylation of ethylene oxide in the improved PDO
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onyfq%;droformylation catalyst is prepared without
generating by-products which interfere with catalyst
recovery and/or recycle. '

According to the invention, a process for preparing
1,3-propanediol is providéd éomprising'the steps of:

(a) reacting a cobalt salt selected from at least
one of cobalt hydroxide, cobalt (II, III) oxide and
cobalt carbonate with synthesis gas in an essentially
non-water-miscible liguid medium under conditions
effective to produce a cobalt carbonyl reaction product
mixture comprising at least one active cobalt carbonyl
hydroformylation catalyst species;

(b) contacting ethylene oxide with carbon monoxide
and hydrogen in ah essentially non-water miscible solvent
in the presence of a catalytic amount of the cobalt '
carbonyl reaction product mixture and an effective amount
of a catalyst promoter under reaction conditions
effective to produce an intermediate product mixture
comprising less than 15 wt% 3-hydroxypropanal;

(c) adding an aqueous liquid to said intermediate
product mixture and extracting into said aqueous liquid a
major portion of the 3-hydroxypropanal so as to provide
an aquecus phase comprising 3-hydroxypropanal in greater
concentration than the concentration of 3-hydroxypropanal
in the intermediate product mixture, and an organic phase
comprising a major portion of the at least one cobalt
carbonyl;
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- 2- preparation process, these carboxylic acids act to alter

th -
recycle. It would be desirable to generate cobalt carbonyls in the
PDO preparation process without 5 generating side reactions which can
interfere with catal yst recovery and recycle. t s .
t herefore an WBPHM25H! the invention to provide a FIITSPE%%%%%@on
process in which a recycl abl e cobalt car bonyl hydrofornyl ation
catal yst is prepared w thout 10 gener at png by-products which interfere
wi th catal yst recovery and/or recycle. According to the

phase; _

(e) returning at least a major portion of the

organic phase to the process of step (b);

5 (f)  contacting the aqueous phase comprising
‘3-hydroxypropanal with hydrogen in the presence of a
hydrogenation catalyst under hydrogenation conditions to
provide a hydrogenation product mixture comprising
1,3-propanediol; and ,

10 {g) recovering 1,3-propanediol from the
hydrogenation product mixture.

The invention enables the preparation of PDO in a
process in which active cobalt carbonyl species for the
hydro-formylation step are generated without the creation

15 of by-products which interfere with efficient recovery
and recycle of the catalyst.

FIGURE 1 is a schematic flow diagram of one
embodiment of the invention 1,3-propanediol preparation
process.

20 The invention 1,3-propanediol preparation process can
be conveniently described by reference to Figure 1.
Separate or combined streams of carbon monoxide and
hydrogen-i and the cobalt carbonyl precursor 2 selected
from cobalt hydroxide, cobalt oxide and cobalt carbonate

25 are charged to mixing vessel 3 and are contacted under
reducing conditions in a liquid medium. The medium
selected for the cobalt carbonyl preparation is
preferably, for greatest economy of the overall process,
the same as that chosen for the hydroformylation step, as

30 . described in detail below. The currently preferxred
medium is methyl-t-butyl ether. The precursor cobalt
salt can be cobalt hydroxide, cobalt oxide or cobalt
carbonate. Of these, cobalt hydroxide is preferred
because of its fast rate and water by-product.
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synthesis gas is present at a ratio of H,:CO within the
range of about 1:2 to about 8:1, preferably about 1:1 to
about 5:1. Under these conditions, the conversion to the

10 desired cobalt carbonyl speciés occurs very rapidly and
holding time of less than about 60 minutes will generally
be required. '

It is preferred to initiate the catalyst preparation
step in the presence of a minor amount of a "seed"

15 compound. Suitable seed compounds include compounds of
noble metals such as platinum and palladium and amines
such as nonylpyridine. The preferred seed compound is
cobalt octacarbonyl. The seed cobalt carbonyl is present
in an amount sufficient to promote the conversion of Co*2

20 to Col and to assist in .the dissolution of the cobalt
precursor in the liquid medium, generally an amount of at
leasﬁ about 0.4 mole percent, based on total moles of
cobalt. The seed compound is used only in start-up of
the reaction, which is “"self-seeding" once initiated.

25 Initiation of catalyst preparation can be carried out by
adding the catalyst preéursor and the seed compound at
room temperature to the reaction slurry prior to
introduction of syngas to the reactor. Once the reaction
has been initiated, the catalyst precursor can be

30. injected directly into the reaction wmixture, preferably
as a concentrated solution, under catalyst preparation
conditions. The product of the catalyst preparation step
includes at least one of dicobaltoctacarbonyl and cobalt
hydridocarbonyl, generally a mixture of these cobalt

35 carbonyls.
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i nternedi ate product mixture, and an organi c phase conprising a major
portion of the at |east one cobalt 5 car bonyl ; WO 97/ 16250
PCT/ EP96/ 04700 X
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- 5 -

It is optional but preferable, for increased reaction
rate, for the catalyst preparation reaction mixture to
include a minor amount of water. An optimum amount of
water will be achieved by adding sufficient water to the

S liquid medium to bring the water level therein to about
0.5 to about 3 wt%, based on the weight of the liquid
medium. Excess water should be avoided to prevent
formation of a separate water phase as the reaction
proceeds. '

10 The catalyst reaction mixture containing active
cobalt carbonyl catalyst species is passed via 4 to
hydroformylation vessel 5. Although Figure 1 illustrates
an embodiment in which cobalt carbonyl preparation takes
place in a separate reaction vessel the products of which

15 feed into the hydroformylation vessel, it is also
possible to prepare the active cobalt carbonyl species in
the hydroformylation vessei, ideally by adding the
precursor cobalt salt directly to the hydroformylation
vessel and prepéring the cobalt carbonyl species in situ.

20 In hydroformyiation vessel 5, the active catalyst is
mixed with ethylene oxide 6 and synthesis gas 7 in a
non-water-miscible liquid medium. The hydroformylation
vessel is a suitable pressure reaction vessel such as a
bubble column and/or agitated tank, operated batchwise or

25 continuously. The hydrogen and carbon monoxide will
generally be introduced into the reaction vessel in a
molar ratio within the range of about 1:2 to about 8:1,
preferably about 1.5:1 to about 5:1. The amount of
cobalt present in the hydroformylation reaction mixture

30 will vary depending upon the other reaction conditions,
but will generally fall within the range of about 0.01 to
about 1 wt%, preferably about 0.05 to about 0.3 wt¥,
based on the weight of the reaction mixture.

The reaction is carried out under conditions

35 effective to produce a hydroformylation reaction product
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concentration of HPA in the reaction mixture can be
expressed in molarity, i.e., less than 1.5M, preferably
within the range of about 0.5 to about 1M.)

10 Generally, the hydroformylation reaction is carried
out at elevated temperature less than 100 °C, preferably
about 60 to about 90 °C, most preferably about 75 to
about 85 °C, and at a pressure within the range of about
500 to about 5000 psig, preferably (for process

15 economics) about 1000 to about 3500 psig, with higher
pressures within this range preferred for greater
selectivity. The concentration of 3-hydroxypropanal in
the intermediate product mixture can be controlled by
regulation of process conditions such as ethylene oxide

20 concentration, catalyst concentration, reaction
temperature and residence time. 1In general, relatively
low reaction temperatures (below about 90 °C} and
relatively short residence times (about 20 minutes to
about 1 hour) are preferred. 1In the practice of the

25 invention method, it is possible to achieve HPA yields
{based on ethylene oxide conversion) of greater than 80%,
with formation of greater than 7 wt¥% HPA, at rates
greater than 30 h-l. (Catalytic rates are referred to
herein in terms of "turnover frequency" or "TOF" and are

. 30 expressed in units of moles per mole of cobalt per hour,
or h-1.)

The hydroformylation reaction is carried out in a
liquid solvent inert to the reactants. By "inert " is
meant that the solvent is not consumed during the course

as of the reaction. In general, ideal solvents for the
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hydrbgen 1 and the cobalt carbonyl precursor 2 selected
hye - 68 -de—a S1s e - t-e—c 118 6
vessel 3 and are contacted under reducing conditions in a |liquid
medi um The nedi um selected for the cobalt carbonyl preparation is
preferably, for greatest econony of the overall process, ane
as that choséﬁof’gﬂ‘zﬁﬁe ‘hydr of ornyl ati on step, as 30 desc'FrTTbe tﬁ{ﬂ%‘v etail
below. The currently preferred mediumis methyl-t-butyl ether. The
precursor cobalt salt can be cobalt hydroxide, cobalt- oxide or

cobal t carbonate. -Of these, cobalt hydroxide is preferred

because of its fasocessewild felubibizererikon monoxide, will be

-4 Tha setlcdlallly REAPRLEEE ORi S HPLd arfdPhillad eRUEbAL low to
moderate polarity such that the_3-hydroxy-propanal

fron1pobalt

intermediate will be solubilized to the desired

5 concentration of at least about 5 wt% under hydroformyla-
tion conditions, while significant sclvent will remain as
a separate phase upon water extraction. By "egsentially
non-water-miscible® is meant that the solvent has a
solubility in water at 25 °C of less than 25 wt%, so as

10 .ﬁo form a separéte hydrocarbon-rich phase upon water
extraction of HPA from the hydroformylation reaction
mixture. Preferably this solubility is less than about
10%, most preferably less than about 5 wt%. The
solubilization of carbon monoxide in the selected solvent

15 will generally be greater than 0.15 v/v (1 atm, 25 °C),
preferably greater than 0.25 v/v, as expressed in terms
of Ostwald coefficients.

The preferred class of solvents are alcohols and
ethers which can be described according to the formula
Ry~0-Ry '

20 in which Rj is hydrogen or Ci.3¢ linear, branched, cyclic
"or aromatic hydrocarbyl or mono- or polyalkylene oxide
and Ry is C3.3¢0 linear, branched, cyclic or aromatic

" hydrocarbyl, alkoxy or mono- or polyalkylene oxide. The
most preferred hydroformylation solvents can be described

25 by the formula '

in which Ry is hydrogen or Cj_g hydrocarbyl and Rz, Ry
and Rg are independently selected from C3_g hydrocarbyl,
alkoxy and alkylene oxide. Such ethers include, for

T —ab




el evat ed tenperature, suitably at a tenperature within the range of

about 60 to about 160 [err]C, preferably within the range of about
80 to about 120 [err]C, and at el evated pres- 5 sure, suitably within
the range of 2.9 to 17.3 MPa (400 to 2500 psig), preferably 7.0 to
11.1 MPa (1%(;7;1&50 1600 psig). The synthesis gas i S PCHEPIG04700 2
rati o of :COwthin the range of about 1:2 to about 8:1,
preferably about 1:1 to about 5:1. Under these 10 conditions, the
conyg{siondtﬁ.fge desired cobalt carbonyl g - speci es occurs very
rapidly an ol din | re_of, l.ess ) Jut ||
general ly be reﬁﬁ?ﬁbiﬁ' methyl;%-b&gggigtg?gferr E%F##ﬁ#% §?§E¥%e cat al yst

preparati on dietkykpethen hohenyddgobubylsethenr erhamietdyly ethexy 15

conpound.  Sui t 3b}ReFEE te HUP UHII A1 BePHEPyLO8EREAIS Blends of stARlenmtEetals
such as plati numand pa

| adi u d ami nes such.as. non ridine. The
preferred seed &8 o%nﬂeﬁééhY5¥5¥h%§86§P?“88Facs?iiﬁk¥¢r°ﬁﬁ§ (ﬁ?ﬁﬁﬁﬁﬁt
car bonyl si s preardtt-butylaleohol /hexane sahf atesenbetwsed dimtachieve the

conversion of (gg2;20a sol¥éhtCHRigertaed  t OTASSEskrét 1y prlisesdlad i on of

t he cobal t precursor 1nthe |liquid. nmedi | '1.y. an anmoynt of at
| east about O. 4S%T’%nberé%?ﬂ?s%é%,fed:hﬁnyﬁlgpay;‘ﬁgig%sggﬁéfw 1cq'bcﬁ5‘g’f € The
seed conpound i achsededmiydén midexatep rehcthion conditiemgtiim, which is
"sel f-seeding” goegyl LLLALPH- edilll -

10 The hydroformylation reaction mixture will preferably
include a catalyst promoter to accelerate the reaction
rate. Suitable promoters include sources of mono- and
multivalent metal cations of weak bases such as alkali,
alkaline earth and rare earth metal salts of carboxylic

15 acids. Also suitable and preferred are lipophilic
promoters such as lipophilic phos-phonium salts and
lipophilic amines, which accelerate the rate of
hydroformylation without imparting hydrophilicity (water
solubility) to the active catalyst. As used herein,

20 nljpophilic" means that the promoter tends to remain in
the organic phase after extraction of HPA with water.

The promoter will generally be present in an amount
within the range of about 0.01 to about 0.6 moles per
mole of cobalt. Suitable metal salts include sodium,

25 potassium and cesium acetates, propionates and octoates;
calcium carbonate and lanthanum acetate. The currently
preferred hydroformylation catalyst promoter is
tetrabutylphosphonium acetate.

It is generally preferred to regulate the

30 concentration of water in the hydfoformylation reaction
mixture, as excessive amounts of water reduce (HPA + PDO)
selectivity below acceptable levels and may induce
formation of a second liquid phase. At low
concentrations, water can agsist in promoting the

35 formation of the desired cobalt carbonyl catalyst




25 ation of catalyst preparation can be carried out by adding
the catalyst precursor and the-seed—conpotha—ai—room tenmperature to
the reaction slurry prior to introduction of syngas to the reactor.

Once the reaction has been initiated, the catal yst precursor can be
injected directly 30 into the reaction mxture, prefera 6/G4700
concentr at edwo 97/16250 sol uti on,

under catal yst preparation conditions. The
product of the catal yst preparation step includes at |east

- 5- one of dicobal toctacarbonyl and go_balt hydri docar bonyl ,
generally a m xture of these cobalt carbonyls.

but preferabl e, dperciiescr eAceeptabiewater levelgwilk (ﬂeﬂeﬁ'{éit d’:ﬁ%é’logé’lteonal
preparation reac%d'l%rm et W9tR morei pslaiesslventsy gurmrdllyf bedingr.  An
OptL mum amount ?h:re tolerant of higher water concentrations. For
example, optimum water levels for hydroformylation in
5 methyl-t-butylether solvent are believed to be within the
| range of about 1 to about 2.5 wt%.

Following the hydroformylation reaction, hydroformy-
lation reaction product mixture 8 containing
3-hydroxypropanal, the reaction solvent, 1,3-propanediol,

10 the cobalt catalyst and a minor amount of reaction
by-products, is cooled and passed to extraction vessel 9,
wherein an aqueous liquid, generally water and optional
miscibilizing solvent, are added via 10 for extraction
and concentration of the HPA for the subsequent

15 hydrogenation step. Liquid extraction can be effected by
any suitable means, such as mixer-settlers, packed or
trayed extraction columns, or rotating disk contactors.
Extraction can, if desired, be carried out in multiple
stages. The water-containing hydroformylation reaction

20 product mixture can optionally be passed to a settling
tank (not shown) for resolution of the mixture into
" agqueous and organic phases. The amount of water added to
the hydroformylation-reaction product mixture will
'generally be such as to provide a water:mixture ratio

25 within the range of about 1:1 to about 1:20, preferably
about 1:5 to about 1:15. The addition of water at this
stage of the reaction may have the additional advantage
of suppressing formation of undesirable heavy ends.
Extraction with a relatively small amount of water

30 provides an aqueous phase which is greater than 20 wt%
HPA, preferably greater than 35 wt% HPA, permitting
economical hydrogenation of the HPA to PDO and recovery
of PDO product. The water extraction is preferably
carried out at a temperature within the range of about 25

35 to about 55 °C, with higher temperatures avoided to
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water will be achieved by adding sufficient water to the : l'iquid

mredt-umto bring the water |evel therein to about 0.5 to about 3 W%
based on the weight of the Iiquid medi um Excess wat er should be
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reaction via 11. Agueous extract 12 is optionally passed

10 through one or more acid ion exchange resin beds 13 for
removal of any cobalt catalyst present, and the
decobalted aqueous product mixture 14 is passed to
hydrogenation vessel 15 and reacted with hydrogen 16 in
the presence of a hydrogenation catalyst to produce a

15 hydrogenation product mixture 17 containing
1,3-propanediocl. The hydrogenation step may alsoc revert
some heavy ends to PDO. The solvent and extractant water
19 can be recovered by distillation in column 18 and
recycled to the water extraction process via a further

20 distillation (not shown) for separation and purge of
light ends. PDO-containing stream product 20 can be
passed to distillation column 21 for recovery of PDO 22
from heavy ends 23. '

Hydrogenation of the HPA to PDO can be carried out in

25 aqueous solution at an elevated temperature during at
least a portion of the hydrogenation step of about 40 °C,
generally within the range of about 50 to about 175 °C,
under a hydrogen pressure of at least about 100 psig,
generally within the range of about 200 to about

30 2000 psig. The reaction is carried out in the presence
of a hydrogenation catalyst such as any of those based
upon Group VIII metals, including nickel, cobalt,
ruthenium, platinum and palladium, as well as copper,
zinc and chromium and mixtures and alloys thereof.

35 Nickel catalyst, including bulk, supported and fixed-bed

—

—_—

THIS SHEET HAS BEEN
This Sheet Has REPLACED

i




nolar ratio within the r
The—amot of—coba e o
m xture will vary dependi ng upon .the ot her
wil{ generally fall i12J _
6 within the range of 0.01 to 1 wt% preferably 0.05 0.3
W % based on“@Hﬁ"ﬁﬁ*gh? of the reaction nix?ure. Y ﬁgﬁgmpgﬂgpion
is carried out under conditions effective to produce a

hydrof ornyl ation reaction product mxture_5;4 _ containing a najor portion
of 3-hydroxypropanal (HPA) and

’ forms, provide acceptable activities and selectivities at

ange of 1:2 to 8:1, preferably 30

reacti on conditions, but

moderate cost. Highest yields are achieved under
slightly'acidic reaction conditions.

Commercial operation will require efficient cobalt

5 catalyst recovery with essentially complete recycle of
cobalt to the hydroformylation reaction. The preferred
catalyst recovery process involves two'steps, beginning
with the above-described water extraction of HPA from the
hydroformylation product mixture. A portion of the

10 cobalt catalyst may remain in the organic phase, with the
remaining cobalt catalyst passing into the water phase.
The organic phase can be recycled to the hydroformylation
reactor, with optional purge of heavy ends. Optionally,
further decobalting of catalyst in the water layer can be

15 effected by any suitable method, such as complete or
partial oxidation of cobalt followed by precipitation and
filtration, distillation, deposition on a solid support,
or extraction uéing a suitable extractant, preferably
prior to final cobalt removal by ion exchange (13).

20 The invention process permits the selective and
economic synthesis of PDO at moderate temperature and
pressures with essentially complete recycle of the cobalt
carbonyl hydroformylation catalyst.

EXAMPLE: 1

25 Preparation of Cobalt Carbonyl from Cobalt Hydroxide in
Anhydrous MTBE '

Into a 30 ml stainless steel autoclave fitted with
internal infrared optics was added 404 mg (4.3 millimole)
of cobaltous hydroxide and 17 ml of anhydrous MTBE. The

30 reactor was sealed, purged with nitrogen and placed under
1200 psi of 2:1 synthesis gas (H2:CO). The sealed
reactor was heated to 140 °C over the course of several
minutes and the internal pressure was allowed to rise to
1470 psi. No conversion of cobaltous hydroxide was noted

35 within 320 minutes. No formation of cobalt carbonyls was
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a minor portion of acetal dehyde, while nmmintaining the

| evel of
3=hydroxy-propanal in the reaction mxture at | ess than 15 wt %
preferably within the range of 5 to 10 % (To provide for solvents
having different 10 densities, the desired concentration of HPA in the
reaction m xture can be expressed in nolarity, i.e., less 6/odves ~1. SM
preferably WO%162Phe range of about 0.5 to about 1|\l/l,c)-rm'9 _
Ceneral ly, the hydrofornylation reaction is carried 15 out at el evated
ten?erature | ess than 100 [err]C, preferabhy - 60 to 90 [err] C, nost
preferably 75 to 85 [err]C, and al a ressure w thi he range of
3.5 to 35.5 MPacbsewved La e 1%%%&F?Eniﬁ?°ﬁ#ﬁﬂ %fn(kgpgp#8cess °

econonmics) 7.0 1060 cm-1. 2No2s¥Pagdd Ofhswn@B50h prsgnotwidt.-h Afgear
pressures mﬁthig

D oneen. 280pinuckl Be BROP- ISR rogh (4, GiRAbactebAChiKklye The

hydr oxypr opanal in the jnternedi ate product
m xture can be wgst coPied B?dréﬁﬁlE%*EHFQﬁwﬁﬁ(ﬁﬁﬂﬂy n- B g&ear, dPtions

such as e hyl enecu¥rideseoBapeirnat ant, with ad Ymtight pink cuspentded solid

A _ it _
eacti on 1 cnper avEREEER.FEY SSAETULLGE ¢ =% po &%ﬁkﬁ‘ﬁﬁ‘r&a?’aﬁﬁa@% short

resi dence times plageutin the absence afitR_th JaliRy 2 CFRONPE-er 1 ed.
In the Exagtprge 20f the invention nmethod, it is possible to

10 Aqueous MIBE :
" This experiment illustrates the promotional effect of

water on the invention catalyst separation process. Into
a 30 ml stainless steel autoclave fitted with internal
infrared optics was added 210 mg (2.16 millimoles) of

1s cobaltous hydroxide and 35 mg'(0;102 millimoles) of
dicobalt octacarbonyl seed. To this was added 17 ml of
MTBE containing 1% water. The reactor was sealed, purged
with nitrogen and placed under 980 psi of 1:1 synthesis
gas (H2:C0). The sealed reactor was heated to 120 °C

20 over the course of several minutes and the internal
pressure was allowed to rise. The progress of the
conversion of cobaltous hydroxide was monitored
quantitatively by changes in the infrared spectrum. The
concentration of cobaltous hydroxide was tracked by the

25 0-H stretching freguency at 3630 cm~1l, and the formation
of cobalt carbonyl was monitored by the growth of the
metal carbonyl bonds in the region from 2100 to
1960 cm-l. Analysis of the infrared spectra indicated a
dissolution of cobaltous hydroxide followed by a rapid

30 conversion of cobaltous hydroxide to cobalt carbonyls.
The formation of cobalt carbonyls was accompanied by a
rapid consumption of syngas. Complete conversion (>98%,
as measured by absorbance intensities of the metal
‘carbonyl region) was observed within 35 minutes of

35 reaching 120 °C. The patterns cbserved in the metal
_This Sheet Has Been Replaced - THIS SHEET HAS BEEN
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achleve HPA yi el ds (based on et hyl ene oxi de conversion) of 30 greater

t-ham80%—wrttr—formatTomof—greater—ttamr 79t HPA—at—Tates
greater than 30 h[err]. (Catalytic rates are referred to herein in
terns of "turnover frequency! or

-7- " TOE" d are expressed in units of noles per

cobalt per &99”'6‘?;%@”] P _ The hydroforrrSI ation reactl-’g‘r’] S
carried out in a Ilqufd solvent inert to the reactants. By "inert "
is 5 meant that the solvent is not congygned during t he course

of the reaction ral, .ideal vents for rocess wll
sol ubilize carboﬁaﬁﬁgﬁy dEeg&PPllfﬂﬁcateé]€L§£ﬁﬁgﬁ PG IRBN YRRt R - i sci bl e
and wi |l exhibitegaddtibrium mixture of Co4 (CO}35, Coz{CO}g and HCo(CO)4,

with a small amount of [Co(CO)4]l-. When the reaction
mixture was cooled and the liquid removed, a homogeneous,
5 dark coffee-brown solution characteristic of cobalt
carbonyl mixtures was obtained. No precipitates of any
kind were observed.
EXAMPLE 3
. pref . B . ¢ with Cobal

10 | 15.8g of cobalt acetate tetrahydrate, 3.72g
nonylpyridine promoter and 18.75g toluene marker in 1873g
methyl-t-butyl ether were heated to 120 °C under 1400 psi
2:1 Hy/CO in a one-gallon stirred reactor to preform
cobalt carbonyl catalyst. Preforming was complete in

15 2.5 hours, as evidenced by lack of solids in samples
removed from the reactor.

The reactor was cooled to 80 °C and 115g ethylene
oxide were injected. After 40 minutes, 4.8 wt% of the
desired 3-hydroxypropanal (HPA) intermediate was

20 observed. The reactor was cooled to 25 °C and of 175g
deionized water were in;roducéd for extraction of
product. 214.6g of an aqueous layer containing 24 wt¥%
HPA and 1892 ppm cobalt were isolated. The remaining
1%00.6g of organic solveht contained 2250 ppm cobalt.

25 Thus, 91% of the cobalt catalyst remained with the
organic sclvent layer and was available for recycle to
the reaction.

After removal of watexr, the reaction/extraction
sequence was twice repeated by reheating the reaction

30 mixture to 80 °C, adding 110-125g ethylene oxide,
reacting for about 1 hour, cooling and extracting with
175g deionized water. The aqueous layers contained 1463
and 893 ppm cobalt for the second and third runs,
respectively, corresponding to recycle of 88 and 93% of

35 the remaining cobalt with the upper solvent layer.

—_—

\
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noder at e polarity such that the 3-hydroxy-propanal inter- 10 medi at e

will be solubilized to the desired concentration of at |east about
5 w % uhder hydrofornyl ati on conditions, whi l e significant sol vent
vvi |l remain as a separate phase . upon water extraction. By
"essentially non-wat er-m sci bl e" is neant that the P04 a 15
solubility |an/va%“6250t 25 [err]C of less than 25 wt% so as§t6t 6 form
a separate hydrocarbon-rich phase upon water extrac- tion of HPA
fromthe hydrofornylation reaction mxture.14 - Preferablty this

c . ;
S'wi%  The sol ubi i 13 SRCbTe 70PBeTINeR wae FSRBRFAd VREN 12 Tt ed
solvent w || geneharge bf materialgeatidrh t29a3g0of5deionidedtwateds yard ]| C),

preferably greatepr extracthssn.O. ﬁ-fe\dcguec%% @faaﬁ%%eeoheaiﬁéamaﬁo Gibntie! d
coeffi - referred. class of solvents are

al cohol s and 25 °°Q’azf'heF9"‘RﬁFEﬂ %’a‘:}’ ti‘e”&e?@"\ chgexved: iR nghe 2R Hel3br nul a
Rlerr]-OBerr] run abowe.whOnhy ek rdf ithehydbadenpoeséherwis | xe@psled
branched, cyclicCyirn theObr8iA té&lJBi-gcr q& eI}yl or nono- or polyal kyl ene
oxi de and R2 1s err] near ran cyclic or aromatic

hydr ocar byl , al k no- or polyalkylene OX|de The 30 nost
preferred hydrof aolmlat P g i W e

The preforming experiment of Example 3 was twice

10 repeated with 25g of deiocnized water added to the
reaction mixture (to simulate recycle conditions) using
10.875g of dicobaltoctacarbonyl instead of cobalt
acetate. Only 610 and 328 ppm cobalt appeared in the
aqueous product for the two runs, respectively,

15 representing cobalt recycles of 96 and 98% with the
organic layer. Cobalt recycle in the organic sclvent was
thus improved in the absence of acetic acid by-product of
catalyst preforming from cobalt acetate.

EXAMPLE 5

20 Cobalt Preforming with Cobalt 2-Ethylhexanoate (Cobalt
Octoate)

A hydroformylation reaction was conducted in a 300 ml
stirred reactor with addition of 0.87g dicobaltocta-
carbonyl, 0.30g nonylpyridine, 1.5g toluene marker, 2.0g

25 - deionized water, 143g methyl t-butyl ether and 4.5g
2-ethylhexanoic acid. The latter amount was calculated
as the steady-state concentration of organic acid
expected to accumulate in a process using cobalt
2-ethylhexanoate as the salt used to make up cobalt

30 losses, with water extraction to recover 3-HPA product.
Separate studies of equilibrium partitioning between
organic and agueous soclutions were conducted for this
assessment.

13g of ethylene oxide were charged under 1400 psi of

35 2:1 Hy/CO and were hydroformylated for 70 minutes. After

: THIS SHEET HAS BEEN
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by the formul a - 7a -

R3 - -Rett-t—c—o-R-er+
Rlerr] °~ in which Rl is hydrogen or CJerr] hydrocarbyl and R3, R4 and
Rlerr] are independently selected from{err] hydrocarbyl, al koxy and

al kyl ene oxi de. Such ethers include, for
WO 97/16250 _

PCT/EP96/04700 ~

- .15 -

cooling to room temperature, the reaction mixture was

extracted with 34g of deionized water, ylelding 38g of an

agqueous layer containing 2004 ppm cobalt and 116.8g of an

upper organic layer containing 621 ppm cobalt. Only 49%
5 of the cobalt remained with the organic layer following

water extraction. |

This experiment shows that, at octanoic acid
concentrations representative of calculated steady-state
operation, significant cobalt would be lost upon agueous

10 extraction if a "cobalt octoate" (2-ethyl hexanoate)
precursor were used to supply makeup cobalt to the
system.

EXAMPLE 6
i5 Example 5 was repeated with addition of 0.40g cobalt

hydroxide and no added acid. (Upon preforming, cobalt
hydroxide releases water as a byproduct in minute amounts
relative to the 2 weight percent water present in the
methyl t-butyl ether solvent recycled from the water

20 extraction step.) The cobalt hydroxide solution was
preformed without a promoter but was initiated with 0.10g
of dicobaltoctacarbonyl. Infrared spectra taken after
8 hours of preforming at 140 °C under 2:1 Hy/CO at
1400 psi indicated complete preforming of cobalt

25 hydroxide to cobalt carbonyls.

The temperature was reduced to 80 °C, and 0.52g of
tetra-n-butylphosphonium acetate was added to promote the
hydroformylation reaction, producing acetic acid
concentrations an order of magnitude less than those

30 obtained in Example 3. Extraction was effected by
addition of 33.3g of water at room temperature. 35.8g of
aqueous product containing 185 ppm cobalt were isolated.
97% of the cobalt catalyst was recycled with the upper
solvent layer following solvent extraction.




WO 97/ 16250

10

15

20

25

30

35

PCT/ EP96/ 04700

exanpl e, nethyl-t-butyl ether, ethyl-t-butyl ether, di et hyl ether,
phenyl i sobutyl ether, ethoxyethyl ether, di phenyl ether and
di | sopropyl ether. Bl ends of sol vents such a
tetrahydrofﬁkﬁglkﬁ%uene, t et rahydr of ur an/ hept ane 5 and pCT/EP96/04700 ~
t-butyl al coho /ﬁexane can al so be used to achieve the desired
sol vent properties. The currently preferred sol vent, because of the
higg yi el ds of HPA which can be achnpeved under noderate reaction
conditions, is thyl-t-butyl ether. 10 The hydrof ornyl ati on
tTeaction nixtur@xﬁpﬁpggﬁeferably Y ke

E . i+h Cobalt Oxid

This experiment illustrates preforming of cobalt
catalyst from cobalt oxide in the presence of water and
catalyst seed.

Into a 30-ml stainless steel autoclave fitted with
internal infrared optics was added 332 milligrams
{1.38 millimoles) of powdered cobalt (II, III) oxide and
75 milligrams (0.219 millimoles) of dicobalt
octacarbonyl. ‘To this was added 17 ml of MTBE containing
1% weight water. The reactor was sealed, purged with
nitrogen and placed under 1125 psi of 1:1 synthesis gas
(H5:CO). The sealed reactor was heated to 120 °C over
the course of several minutes and the internal pressure
was allowed to rise. The progress of the reaction was
monitored quantitatively by changes in the infrared
spectrum and by the consumption of syn gas. The
formation of cobalt carbonyls was monitored by the growth
of the metal carbonyl bands in the region from 2100 to
1960 cm~1. The formation of cobalt carbonyls was
accompanied by a rapid consumption of syn gas. Complete
conversion of the cobalt oxides to cobalt carbonyls was
observed within 70 minutes of reaching 120 °C. When the
reaction mixture was cooled and the liquid removed, an
homogeneous, dark coffee brown solution characteristic of
cobalt carbonyl mixtures was obtained. No precipitates
of any kind were noted.

EXAMPLE 8 '
Cobalt Preforming with Cobalt Oxide

This experiment illustrates preforming of cobalt
catalyst from cobalt carbonate in the presence of water
and catalyst seed.

Intoc a 30-ml stainless steel autoclave fitted with
internal infrared optics was added 660 milligrams
(4.25 millimoles) of cobalt carbonate and 75 milligrams
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i ncl ude a cat al yst pronmoter to accelerate the reaction rate.

Qui = '

cations’ of weak bases such as al kali, al kaline earth and rare earth
nmetal salts of carboxylic 15 acids. Also suitable and preferred are

| i pophilic onoters such as |ipophilic phos-phoni uni?p,k o -
i pophilic a&Wﬂ@@?ﬂﬁgich accel erate the rate of hydr o or%? ation
wi t hout inparting hydrophilicity (mater solubility) to the active
catal yst. As used herein, 20 “li pophilig"-means that the pronoter

tends to remain i,n rga .ph aft rac of  HPA with
viat er . THE - Bflanﬁf'é}l%’}?” é#eldd'lclc\%agé ggg i{ u"'rf’lls was
wi thin the rangeadfledbddt md. 64 MTBEﬂnmntaininHDR&swpeght water rnﬂha(ﬁ
cobal t. Su'tablerEEE@ErSQLESsééﬁéd““bﬂ?E@dJWht%SnltroBQﬁaéﬁa

acet at es, proplonates and gct ates car nat Ianthanum
acetate. The cur FQRPI psi of"1 Bitheads ﬁ?&rg ati ec%?%f' t pronoter
i's S tet ralrrahy:l:phowpbohemdi(m! atd. °C over the course ofnmevdral
preferred to regyliaheekNgndOcne 1AURAN Presdlt! wi! BL1b0ed Mo rise.
hydr of ormyl ati on reaction as excessive anounts of water
reduce (HPA + PD&pe Pr°gres§eP%CEWQMW%PqﬁﬂQwaééc@ﬁPéEP€e¢e@%ﬂ%ﬁ%ﬁﬂF#ﬁﬁAY
i nduce f Bymehangesf iA siee drfdared dpekazam Ahdlbw the
consumption of syn gas. The formation of cobalt
10 carbonyls was monitored by the growth of the metal

carbonyl bands in the region from 2100 to 1960 cm~l. The
formation of cobalt carbonyls was accompanied by a rapid
consumptibn of syn gas. Complete conversion of the
cobalt carbonate to cobalt carbonyls was observed with

15 50 minutes of reaching 120 °C. When the reaction mixture
was cooled and the liquid removed, a homogeneous, dark,
coffee brown solution characteristic of cobalt carbonyl
mixtures was obtained. No precipitates of any kind were
noted.

20 EXAMPLE 9
Effect of Water on Preforming

Into a 50-ml stainless steel autoclave fitted with

internal infrared optics was added 450 milligramé
(4.84 millimoles) of cobaltous hydroxide. To this was

25 added 25 ml of anhydrous MTBE. The reactor was sealed,
purged with nitrogen and placed under 1000 psi of 1:1
synthesis gas (H:C0). The sealed reactor was heated to
120 °C over the course of several minutes, the internal
pressure was allowed to rise, and the temperature was

30 allowed to stabilize. Using excess syn gas pressure, a
solution of 40 milligrams of dicobalt octacarbonyl
(0.117 millimoles) in 2 ml of dry MTBE was injected to
the cobaltous hydroxide slurry. The progress of the
conversion of cobaltous hydroxide was monitored

35 quantitatively by changes in the infrared spectrum and

T
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concentrations, water can assist in pronoting the 35 formati on of the
desired cobalt carbonyl catal yst

- 0- . speci es. Acceptable water levels will depend upon the
sol,vent used, with nore polar solvents generally being nore tol erant

of hi gher m@kg7"gﬂﬁcentrations. For exanpl e, opti murecratiméesey el s
for hydrofornylation in 5 nmet hyl -t - butyl et her solvent are believed to

be within the range of 1 to 2.5 % Fol | owi ng t he
hydr of ormyl ati on reaction, hydroforny- - 18 -lation reaction product

e cort PLBbRe S K e, PEARTARY ciGebgtchy PvS01 BOL. |
by- pr o- measured by absorbance intensities of the metal carbonyl
region) was observed approximately 250 minutes following
the introduction of cobalt carbonyl seed. When the
5 reaction mixture was cocoled and the liquid removed, a
homogenecus, dark, coffee brown soclution characteristic
of cobalt carbonyl mixtures was obtained. No
precipitates of any kind were noted.
_ The reaction was repeated using water-saturated MTBE
10 instead of anhydrous MTBE. Complete conversion of cobalt
hydroxide to cobalt carbonyls was achieved approximately
- 30 minutes after the introduction of the cobalt carbonyl
seed. No precipitates of any kind were noted in the
cooled reaction mixture.

_
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ducts, is cooled and passed to extraction vessel 9, wherein an

agueous—t |th.rru gemer al Ty wWarer and opttronal mSsCcrorTrzing solvent,
are added via 10 for extracti on—and concentration of the HPA for the
subsequent hydrogenation 15 ste Liquid extraction can be effected by
any suitabl ewo97/1625 ans such il UM"H ,mm packed or petayssbaToo
extraction or rot tors Extraction can, if
desired, be carrled out |n nultlple stages Tﬁe Mater- - containing
hydrofornylatlon reacti on product m xture cgg optionally be passed
to a settling tank (not shown) for olution of the mixture into
aqueous and organi ¢ phases. The anpunt of water added to the

hydr of ormyl ati on reaction prOdUQiJﬂkﬁﬁﬂﬁﬁﬁNﬂll generally be such as
to provide a water:m xture ratio wthin the range of 1:1 to 1:20, 25
preferably 1:5 to 1:15. The addition of water at this stage of the
reaction nmay have.t hr prddréssnbdr qurepaEgsy af, 3 -propanedppilesempyisbngat i on
of undesirable heg gysgggg ofXtrac- tion with a relatively smal

amount of  water provi

aquequs phase mhlch IS %reater t han 20
Wt % HPA, preferably $® ﬁ?%atm t%é?hﬁLWma%lﬁPﬁe 1sstRe; £FRY BEoMBAFEAl
hydr o- gebaki 60 edbabe hipfrdade)Ocwkadltedaver Y Iah BlDderanact .

The WaterSeXtraCEEBQlEchfﬁgﬁﬁég”Q&éﬁ”ﬁ?ﬁ?ﬁé@fﬁ ggsain an essentially
non-water-miscible liquid medium under conditions
effective to produce a cobalt carbonyl reaction product
mixture comprising at least one active cobalt carbonyl
hydroformylation catalyst species;

10 (b) contacting ethylene oxide with synthesis gas
in an essentially non-water miscible liquid medium in the
presence of a catalytic amount of the cobalt carbonyl
reaction product mixture and an effective amount of a
catalyst promoter under reaction conditions effective to

15 produce an intermediate product mixture comprising less
than 15 wt% 3-hydroxypropanal; '
{c) adding an aqueous liquid to said intermediate

product mixture and extracting into said agueous liquid a
major portion of the 3-hydroxypropanal so as to provide
20 an aqueous phase comprising 3-hydroxypropanal in greater
concentration than the concentration of 3-hydroxypropanal
in the intermediate product mixture, and an organic phase
comprising a major portion of the cobalt carbonyl;

{(d) separating the aqueous phase from the organic
25 phase;
| (e) returning a major portion of the organic phase
to the process of step (b);
(£) contactlng the aqueous phase comprising
3-hydroxypropaha1 with hydrogen in the presence of a
30 hydrogenation catalyst under hydrogenation conditions to
This Sheet Has Been R THIS SHEET HAS BEEN
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- 10 - tenperature within the range of 25 to 55 [err]C, wth higher
t enperatures avoi ded to m ni m Ze condensationmproduct s (heavy ends)

and catal yst disproportionation wat er - sol ubl e cobal t
species. In order to maxini ze 5 ““llrmmmﬂmmmovery it is optional but
preferred tqg@mksom he wat ef extrmactsi om under 0.4 pco/Ebosrnahfoa (50
to 200 psig) car bon nDnOX|de at 25 to 55 [err]C The

organi ¢ phase containing the reaction solvent and the maj or portion
of the cobalt catalyst can be recycled 40 20 - fromthe extraction vessel

to the hydrof L | . : ol
0 the hydrofor aé\?ideone\ hydrogehﬁ@gbhggré{a@ctljml%n ex?r%ange r n

optionally pas one nore acl esi n beds
13 for ' r¥wﬁnRH°RﬂnQQ%PldoB§ﬁt catal yst present, and the decobal t ed

aqueous product m x{g)re lédcdveaingdil 9-pyepRgedidl From the
hydrogenation product mixture.
5 2. The process of claim 1 in which the liquid medium of

steps (a) and (b) is an etuer.
3. The process of claim 1 in which the liquid medium of
steps (a) and (b) is methyl-t-butyl ether.
4. The process of claim 1 in which step {(a) is carried

10 out at a temperature within the range of about 60 to
about 140 °C and a pressure within the range of about 400
to about 2500 psig.
5. The process of claim 1 in which step (a) is carried
out in the presence of about 0.5 wt% about 2.0 wt% water,

15 based on the weight of the liquid medium.
6. The process of claim 1 in which the cobalt salt of
step (a) is cobalt hydroxide.
7. The process of claim 1 in which step (a) is initiated
in the presence of a minor amount of an added cobalt

20 carbonyl.

8. The process of claim 1 in which step (a) is carried

out in a catalyst pfeparation vessel and step (b) is

carried out in a separate hydrofdrmylation vessel.

9. The process of claim 1 in which step (b) is carried
25 - out in a hydroformylation vessel and step (a) is carried

out in situ in the hydroformylation vessel.

-
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15  vessel 15 and reacted with hydrogen 16 in the presence of _ a

hy drogenarom catratyst o7

17 contai ni ng 1, 3- propanedi ol . The hydro- "~ genation step may al so
revert sone heavy ends to PDCl The .solvent and extractant water 19
can be recoveggd.Lussli S- tillation in colum 18 and rgeyepPRbetde t he
wat er . extrac- t|on process via a further distillation (not shown)
for separation and purge of light ends. PDO containing stream
product 20 can be passed to distillation colum 21 for " recovery of
PDO 22 from heavy ends 23.- 25 Hydr ogenati on of the HPA to PDO can
be carried out in aqueous tion at an vat ed tenperature
during at | east a portion ody he hydrogenag=on step of about, 40
[err] C, generally within thd range of 50 t*~ 175 [err]C, und a -
hydrogen pressure of at |east about 100 psig, genegally 3Q \Mggf t he
range of 1.5 to 13.9 MPa (200 to 2000 psig). The ghgacti on

carried out in the presence of a hydr ogenat§ on cat as any

of those based upon

o9
s

18

13 1
1% 17

FIG.1

£0.

SUBSTITUTE SHEET (RULE 26)




-

- 1 -

pl ati num and pal | adi um®s wel | as copper:, zinc and

G oup Vi rfet al s,' [ ncl udi ng ni ckel, col‘t, rut heni um 4
_ chrom um an

m xtures and al |l oys thereof. Ni ckel cat al yst, i ncl'udi ng bul k,
supported and fixed-bed forns, 5 - provide acceptable activities and
selectivities at noderate cost. Hi ghest yields are achieved under

slightly.
operation wll

acidic reaction conditions. Commer ci al
require efficient cobalt ~ 2 - catal yst recovery with

essentially conpteparaecysl protedd, thesebahikbblytihe Brduaf gy kal iGter

reaction. The

steps, beginnin

fromthe

referred catal yst recovery _process involves two
gh.e nature,pfntheecabal¥sticanfi seUPhACateecobadti o1eooiveIpA

andydeeergy! attofoRiaAdge! aabykibte £oPgehldddl i Gobal !

catalyst may remain in’the organlc phase, wt remai ni ng cobal t

catal yst passi ng2rheayLfeinat

¢ PRAspreparatiomhprocgssi wighask can be

recycl edsto theg@ﬁ@%?t?ﬁayg§&e0?ﬁ?cﬁé?n8;§ﬁggﬁ{FawiHptggggggg&ig%rge of

heavy ends. Optionally, t co

| ayer can be

10

15

20

ng O

yst' i the water

catalyst recovery and recycle.

It is therefore an object of the invention to provide
a PDO preparation pfocess in.which a recyclable cobalt
carbonyl hydroformylation catalyst is prepared without
generating by-products which interfere with catalyst
recovery and/or recycle.

According to the invention, a process for preparing
1,3-propanediol is provided comprising the steps of:

(a) reacting a cobalt ealt selected from at leest_one
of cobalt hydroxide, cobalt (II, III) oxide and cobalt |
carbonate with synthesis gas in an essentially non-water-
miscible liquid medium in the presence of a minor amount

of water and added cobalt earbonYl under conditions

effective to produce a cobalt carbonyl reaction product

mixture comprising at least one active cobalt carbonyl
hYdroformylation catalyst species;
(b) contacting ethylene oxide with carbon monoxide and

hydrogen in an essentially non-water miscible solvent in

~the presence of a catalytic amount of the cobalt carbonyl

25

30

reaction product mixture and an effective amount of a
catalyst promoter under reaction conditions effective to
produce an intermediate product mixture comprising less
than 15 wt$% 3-hydroxypropanal:

(c) adding an aqﬁeous iiquid to said intermediate
product mixture and extracting into said aqueous liquid a

major portion of the 3-hydroxypropanal so as to provide an

REPLACEMENT SHERT|
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effected by any suitablgmnet hod, such as conplete or 2(‘ parti al

oxi dation of cobalt fol™wed by precipitation and o filtration,
distillation, deposition on a solid support, , - or extraction using a
suitabl e extractant, preferably prior to final cobalt renoval by

i on exchange (13). ' The invention process permts the selective
and 25 * econom c synthesis of PDO at nmdepate tenperature and

pressures with essentially conplete recycle of the cobalt "~ carbonyl
hydr of or nyl at i oRqe@Pusyphase comprixXANP B-hydroxyprppapatatinogrel tesbal t
Car bonyl from C ' pdenLpy 3 : / Ea_ a
30 m stainIesgegﬁééPt%gggéragghﬁi?ggdcaF§%H¥ggeH%nP§?ePngpqﬁ%ﬁxgaﬁ opgics
was added 404 nmin(#hg #hteikmetépte product mixture, and an organic phase

comprising a major portion of the at least one cobalt

5 carbonyl;




- 12 -, of cobal S hydroxide and 17 ml of anhy us MIBE. The
reactor was seal ed, pu™ed with nitrogen and placed under 8.3 MPa
(1200 psi) of 2:1 synthesis gas (H2: CO. The | - seal ed reactor was
helated to 140 [err] C over the course of 5 several mnutes and.the

i niternal. pressure was allowed to : rise to 1470 psi. No conversion of
cobal t ous hydroxi de was noted wi thi-ng320 m nutes. No formation of
cobal t carbonyls was_observed in the infrared spectrum between
2100 to 1960 cm 1. TRe sSRtHhESE prePpraoionast et £8. capried aptept320

m nutes of Stiréié&hé@dlééﬁﬁé%éiﬁkeﬁh@u{€§£i§09t a temp8tXtHEE W@%hﬁﬁ?%ﬁ%

and the m xture was renove clear, col orl ess” supernat ant. w
bri ght pink susper@edoforbeut 60 tosabpettd@0t he, conefashbiyt Wathan the

preform ng had }.%I\;&{Eal%ougl §6CcbNabls 2P5ENCE Oégg%? \ggé%t@ﬁd $egd-

conmpound. 15 _ Preparation of rbony rom
Cobal t Hydroxi dsure, suitablygqueblisn MIBE range of 2.%hte @dpérMPent(400 to

o o e SO BLLGNS b ELLEEL 7.0 01y ShanABBOL BT 00

fitted wth i ntE60@lpsig). Théensyatkdsbpt gas waspaddedt24®@ agre2Zidbof

m11inoles) of Hp:CO within the range of about 1:2 to about 8:1,
preferably about 1l:1 to about 5:1. Under these

10 éonditions, the conversion to the desired cobalt carbonyl
species occurs Very-rapidly and holding time of less than
about 60 minutes will generally be required.

It is preferred to initiate the catalyst preparation
step in the presence of a minor amount of a "seed”

15 compound. Suitable seed compounds include compounds of
noble metals such as platinum and paliadium and amines
such as nonylpyridine. The preferred seed compound is
cobalt octacarbonyl. The seed cobalt carbonyl is present
in an amount sufficient to promote the conversion of_Co+2

20 to cof and to assist in the dissolution of the cobalt
precursor in the liquid.medium, generally én amounf of at
least about 0.4 mble percent, based on total moles of
cobalt. The seed compound is used only in start-up of the
reaction, which is "self-seeding™ once initiated; Iﬁiti—

25 ation of catalyst'p;eparation can be carried out by adding
the catalyst precursor and the seed compound at room '

'~ temperature to the reaction slurry prior to introduction
of syngas to the reactor. Once the reaction has been
initiated,.the catalyst precursor can be injected directly

30 into the reaction mixture, preferably as a concentrated
solution, under.catalyst preparation conditions. The

. product of the catalyst preparation step includes at least

2 1AUG WY |




cobal t ous hydroxide a 5 nmg (0.102 nillinDIes) of di cobal t

oct acar bonyl seed. To Is was added 17 m of - BE contai ning 1%,
water. The reactor was sealed, purged 25 . with nitrogen and pl aced under
6.8 MPa (1980 psi) of 1:1 synthesis gas (H2: CO. The seal ed reactor
was heated to 120 [err] C over the course of several mnutes and the
I nt ernal’ pressure was allowed to i ge- The progress of the con-
ver si on of cobaltous h drOX|de was nonitored quanti- 30 tatively by
‘changes in the 9 ok tafhachiPUvheand cobalt hydridacarbeplalt ous
hydroxi de was t éffémllayém&die of thesd '&3i5dN PG4 FGMPISY at 3630 cm 1,
and the fornatlon of - 13 -

cobal t carbony! wa§ﬁnﬂﬁtQﬂﬁ&PQQAthﬂ¥gpﬁﬁﬁ%tﬁﬁlQkmi¢ﬁﬁ%@creased reaction
rate, for the catalyst preparation reaction mixture to

5 : include a minor amount of water. An optimum amount of
water will be achleved by adding sufficient water to the
liquid medium to bring the water level therein to about.
0.5 to about 3 wt%, based on the weight of the’ liquid
medium. Excess water should .be avoided to pievent

'10 formation of a separate water phase as the reaction
proceeds.

The catalyst reaction mixture containing active
cobalt carbonyl catalyst species is passéd via 4 to
hydroformylation vessel 5. Although Figure 1 illustrates

15 an embodiment in which cobalt carbonyl preparation takes

| | place in a'separate reaction vessel the products of which
feed into the hydroformylation vessel, it is also possible
to prepare the active cobalt carbonyl species in the
hydroformylation vessel, ideally by adding the precursor

20 cobalt salt directly to the hydroformylation vessel and |
preparing the cobalt carbonyl species in situ.

In hydroformylation vessel 5, the active catalyst is

mixed with ethylene oxide 6 and synthesis gas 7 in a
non—water—miscible-liquid medium. The hydroformylation

25 vessel is a suitable preésure reaction'ﬁessel such as a
bubble column and/or agitated tank, operated batchwise or
continuously. The hydrogen and carbon monqxide will |
generally be introduced into the reaction vessel in a
molaf ratio within the range of 1:2 to 8:1, preferably

30 1.5:1 to 5:1. The amount of cobalt present in the |
hydroformylatibn reaction mixture will vary depending upon

the other reaction conditions, but will generally fall

rpes wore i
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carbonyl bonds in the ion from 2100 to 1960 cm 1. Anal ysis of the
infrared spectra i ndi c®ed a dissolution . of cob ous hydr oxi de

foll owed by a rapid conversion-of 5 . cobal t ous. hydroxi de to cobalt
carbonyls. = The formation of cobalt carbonyls was acconpanied by a
rapid consunption of syngas. -Conpl ete conversion (>98% as neasured
by " absorbance intensities of the ne%ak car bonyl region) was

observed within 3 n1n es of re hi 120 C. The 10 tterns

observed in the %é %ﬂﬁh E% preger?héy PhggSBPution
was -an equilibrg Lammw,t Lwaes@ci &w[efié 1w 1112 of the re£@£§6ﬁ]ﬁ§£a);ﬁeér] and
HCo(CO 4, with a small amount of [Co(CO|e %W% When the reaction

m xture was cool ed B T¢aFTiQuids carried vaRden Fondibhenaseffgrkive

ccof fee-brown SOE&tpEEH&ée a hy&P@f@fﬁﬁiéﬁiéﬁ Péaé@?@ﬁtpE@HQ@EYMlﬁhﬁEHVes
was obt ai ned. No precipitates of é 3|n wer e observed.
r

EXAVPLE 3 on'EyHpERY s P} eF P e OEXpEr PrkvdrokyYRreppapl AHBRAt end
15. 8g of Coba'Ha%&ﬁﬁ@fEgéf%i@ﬁygfaééet§153ﬂ%§9 whll% iH HhH RhaMot er

and 18. 75g tol uene nmar I'n re heat ed
to 120 [err]C ukefeel o7 Ifpydroxy- pr@nam@l psm)tlzelreiﬁetitpnomxhuae at

O 1o s B ofs s, eseePLEL L0V, Lygatiay gkt
sol i ds |n sanplb@ wt%. (To provide for solvents having different
10 den51t1es, the desired concentration of HPA in the
reaction mixture can be expreesed in molarity, i.e., less
than 1.5M, preferably within the_rahge of about 0.5 to
about 1M.) -
Generally, the hydroformylation reaction is carried
15 out at elevated temperature less than 100 °C, preferably
60 to 90 °C, most preferably 75 to 85 °C, and at a
pressure within the range of 3.5 to 35.5 MPa (300 to
5000 psig), preferably (for process economics) 7.0 to _
24.2 MPa (1000 to 3500 psig), with higher pressures within
20 . this range preferred for greater selectivity. The concen-
tration of 3-hydroxypropanal in the intermediate bioduct
mixture can be controlled by regulation of process con-
ditions such as ethylene oxide concentration, catalyst
concentration, reaction temperature and residence time.
25 In general, relatively low reaction temperatufes (below
about 90 °C) and relatively short residence times (about
20 minutes to about i hour) are preferred. 1In the '
practice of the invention method, it is possible to
achieve HPA yields (based‘on:ethylene oxide conversion) of
30 greater than 80%, with formation of greater than 7 wt%
HPA, at rates greater than 30 h-1. (Catalytic.raﬁes are

~ referred to herein in terms of "turnover frequency" or

N SHEET
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25 | renoved fromt reactor. ) _ The react was cool ed to 80

[etr] C and 115g ethyle - - oxide were injected. AN®er 40 m nutes, 4.8
wt % of the desired 3-hydroxypropanal (HPA) internedi ate was

observed - The reactor was cooled to 25 [err]C and of 175g dei oni zed

30- water were introduced for extraction of product. 214.6g of

an aqueous |ayer containing 24 wt % HPA and_1892 ppm cobal t : wer e

i sol ated. The remai ni ng 1900. 6g of organi c soOl vent ' '

- 14 - COMOA"nechd225@ ppreseald inlThigt O afolde gobahdie of

catal yst remai ned,w.t.h the oruq:anl C %o_l vent | ayer and was aval | abl e

for recycle to ﬁ?é’aﬁleta eloﬁ1 IAft er renoval of water, the
reaction/extractlonThe hydroformylatlon reaction is carried out in a

liquid solvent inert to the reactants. By "inert " is
5' -~ meant that the solvent is not consumed during the course
of the reaction. 1In general, ideal solvents for the
process will solubilize carbon monoxide, will be
essentially non-water-miscible and will exhibit low to
moderate polarity such that the 3—hydroxy—propanal inter-
10 | mediate will be solubilized to the desired concentration
| of at least about 5 wt% under hydroformylation conditions,
while significant sclvent wiil remain as a separate phase
upon water extraction. By "essentially
non-water-miscible" is meant that the solvent has a
15 solubility in water at 25 °C of less than 25 wt%, so as to
form a separate hydrocarbon—rich phase upon water extrac-
- tion of HPA from the hydroformylation reaction mixture.
Preferably this soiﬁbility.is less than about 10%, most
preferably less than about 5 wt%. The solubilization.of'
20 carbon monoxide in the selected solvent will generally be
greater than 0.15 v/v (1 atm, 25 °C), preferably greater
than 0.25 v/v, as expressed in'terms of Ostwald coeffi—
cients.
The breferred”class of solvents are alcohols and
25 ethers which can be described acccrding to the formula
| | Rp-0-Rq | |
in which Rj is hydrogen or Cj_3g lihear, branched, cyclic
or aromatic'hydrccarbyl or mono- or polyélkylene oxide and-
Ry is Cl_éo lineér, branched, cyclic or aromatic _
- hydrocarbyl, alkoxy or mono- or polyalkylene oxide. The
30 most preferred hydroformylatlon solvents can be described

by the formula
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5 sequence was tw repeated by reheating the rea‘on ' m xture
te 80 [err]C, adding 1¥-125g et hyl ene oxide, reacting for about 1
hour, cooling and extracting with 175g dei oni zed water. The aqueous
| ayers contai ned 1463 and - 893 ppm cobalt for the second and third
runs, res- 10 = pectively, corresponding to recycle of 88 and 93% of the
remai ni g cobalt with the upper solvent laygx._ The entire
experinment was repeated with a fresh charge of materials, with 25.3g
of deioni zed water used for extract B@n. The aqueous product

cont ai ned 3300 ppnw 15 cobalt, conpared with 1892 ppm observed in the
initial run above. Only 80% of t Ry dot&iR1 present was recycled with
t he organi c solvent |ayer. EXAMPLE 4 Cobalt Preformng with
Di cobalt Cctacarbonyl 20 The -pref oRy ng experinent of Exanple 3 was
tw ce repeated with 259 of deionized water added to the reaction

m xture (to S|rmlate re cle itions in 0,875

di cobal t oct acarbdn§it ?th kat® o 5%%?? Ee@%{rg %gﬁrgcgigyl and Rgz,,Ra355d
ppm cobal t appers eglré mrtdtep@mﬂmt@ ps@n@ctecﬂofrbﬂne0258 hydkoeatbyd,,
respectively, representi recy d 98% with the

f 96 .
organi c | ayer. %E‘FY ?%@y‘?:f]éy ?1“? h%x &5 g“'ﬁ?gﬁﬁbﬁ%o?‘?&ﬂ?%s Ous

i nproved in the absence of acetic
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acid by-product of cat st préferﬁlng'fron1cobalt acetate. 30

EXAMPLE 5 Coba Preform ng with Cobalt  2-Et hyI xanoat e ( Cobal t

Cct oat e) 15 - - A

hydr of ormyl ati on reaction was conducted ina 300 m . stirred reactor
with addition of 0.87g dicobaltocta- carbonyl, 0.30g nonyl pyridine, .
1.59 toluene marker, 2. Qg - deionized vater, 143g met hyl t-butyl ether
and 4.59 5 2- ethylhexan0|c acid. The |atter amount was cal cul ated as

t he steady- staisp@©m%@ntr$¢¢ep¢abl@r@ahen hevdleprbledepend upon the
accunul ate in a‘%li&f? nygéngwf baléﬁ%t tfg%hgé Qggts generally ghe salt

used to make up 0sskes
more tolerant of higher water concentrations. For .

example, optimum water levels for hydroformylation in
5 methyl-t-butylether solvent are belleved to be within the
range of 1 to 2. 5 wt%.

Following the hydroformylation reaction, hydroformy-
lation reaction nroduet mixture 8 containing 3-hydroxy-
propanal, the reaction solvent, 1,3—propanediol, the

10 cobalt catalyst and a minor amount of reaction by-pro-

| ducts, is cooled and passed to extraction vessel 9,
wherein an aqueous liquid, generally water and optional
miscibilizing solvent, are added via 10 for extraction and
concentration of the HPA for the subsequent hydrogenation

15 step. Liquid extraction can be effected by any suitable
means, such as miker—settlers, packed or trayed extraction
columns, or rotating disk contactors. Extraction can, if
desired, be carried out in multiple stages. The water-
containing hydroformylation reaction product mixture can

20 optionally be passed to a settling tank (not shown) for
resolution of the mixture into agueous and organic phases
The amount of water added to the hydroformylatlon reaction
'product mixture will generally be such as to provide a
water:mixture ratio within the range of 1:1 to 1:20,

25 preferably 1:5 to 1:15. The addition of water. at this
stage of the reaction may have the addltlonal ‘advantage of
suppressing formation of undesirable- heavy ends. Extrac-

"tion with a relatlvely_small amount of water prov1des an
-agueous phase whien_is greater than 20 wt% HPA, preferably

30 greater than 35 wt$% HPA, permitting economical hydro~

' genation of the HPA to PDO and recovery of PDO product.

The water extraction is preferably carried out at a

REPLACEMENT SHEET
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extraction to recover PA product . Separate studi es 10 = equilibrium

partitioni ng between oMjani ¢ and aqueous - sol-uti ofMs were conduct ed
for this assessnent. 13g of ethyl ene oxi de were charged under
9.7 MPa ' (1400 psi) of 2:1 Herr]/CO and were hydrofornylated for 70
m'nutes.. After cooling to roomtenperature,the reaction 15 m xture was
extracted with 34g of deionized water, - 10 ¥ielding 38g of an aqueous

| ayer containing 2004 g cobalt and 116, 8g of an_upper organic
layer contai ni ngeBarature whphieobbet ramgeyofodpotot e chaMﬂthe%w

wWith the ;ﬁéﬁé@uié‘é’%vé?&é&?"“c&gﬁ‘ﬁiﬁiz@XEBBHEhQQu%ﬁ roducts'Ni S
experi nment shoms t at octanoic acid concentratlong

representative bme@ﬁyC@néﬁbdasdeadyaéyated1SPropor@penatnon toi dmiafd telare,
cobalt woul d bew£e§£ -5BPBbPENEBHAL L specieST &g%kaer ma&ge Rl fe octoate”

(2-ethyl hexanoat were used to s up Scobalt to
t he system 25 cataEy$mFtEb6very, 1t Ibbapt1§neﬂobntngrwﬁehr@dbﬁq:perform

Y006 92 g 5P iebEL TR SRR DRRER By DA 2EChhon S o 0 Soplf
rel eases water asrlhobypondrttiei atn2hute 86o0ats 30 relatlve to the 2
rggnge8e¥fgﬂ:tn2t3g? rSE&Qﬁlc phgge'containgggh¥het}ggz¥£o%t@%iégﬁeﬂgﬁd
the major portion of the cobalt catalyst can be recycled
10 : from the extraction vessel to the hydroformylation
feaction via 11. Agueous extract 12 is optionally passed
through one or more a;id ion exchange resin beds 13 for
removal of any cobalt catalyst present, and the decobalted
aqueous product mixture 14 is passed to hydrogenatidn
15 . vessel 15 and reacted with hYdrogen 16 in the presence of
| a hydrogenation catalyst to produce a hydrogenation
product mixture 17 containing 1,3-propanediol. The hydro-
genation step may also revert some heavy ends to PDO. The
solvent and extractant water 19 can be recovered by dis~-
20 tillation in column 18 and recycled to the water extrac-
tion process via a further distillation (nbt shown) for
separation and pufge of light ends. PDO-containing stream
product 20 can be paéSed to distillation column 21 for
recovery of PDO 22 from heavy ends 23.
25 Hydrogenaﬁion of the HPA to PDO can be carried out in.
aqueous solution at an elevated temperature during at
" least a portion of the.hydrogenation step of about 40 °C,
generally within the range of 50 to 175 °C, under a
hydrogen pressure of -at least about 100 psig, generally
30 within the range of 1.5 to 13.9 MPa (200 to 2000 psig).
The reaction is carried out in the presence of a

- hydrogenation catalyst Such as any of those based upon
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extraction step.) The q@kalt hydroxide'solution was

- 16- pr ef or med hout a promoter but was initi a®d with 0:.10g

of dicobaltoctacarbonyl. Infrared spectra taken after: . - 8 hours of
préformng at 140 [err]C under 2:1 H/CO at 9.7 MPa. (1400 psi)

i ndi cated conpl ete preform ng of cobalt 5 hydr oxi de to cobalt

car bonyl s. The tenperature mas-rqducegdtg ?0 [err]?, ?Rd 0. 52¢g
of - t et ra-.n- but osphoni um acet at.e was adde 0 pronote e
hydrofornylatioﬁrngcpﬁgﬁ,mﬁFégﬁci&@?&@QBPG &dickedoncopalt, rutheniymns an

order of magnitpdetiesm bhanpbkhosaieht aiaRedenn 1Q cqu%&%m@f%éland
Extraction was effected by addltlon.of 33.3% . wat er at room
tenperature. 35C8JBRURGARGuBIFtYdest and alloys thereof. Nickel

catalyst, including bulk, supported and fixed-bed forms,
5 provide acceptable activities and selectivities at
moderate cost. Highest yields are achieved under slightly
acidic-reaction'conditions.
Commercial operation will require efficient cobalt
catalyst recovery with esséntially complete fecycle 6f
10 cobalt to thé hydroformylation reaction. The preferred
catalyst recovery process involves two steps, beginning
with the above-described water extraction of HPA from the
hydroformYlation product mixture. A.portion of the cobalt
catalyst may remain in the organic phase, with the
15 remaining cobalt catalyst passing into the water phase.
The organic phase can be récycled to the hydroformylation
reactor, with optional purge of heavy ends. Optionally, .
further decobalting of catalyst in the water layer can be
effected by any suitable method, such as complete or
20 partial oxidation of cobalt followed by precipitation and
filtration, distillation, deposition on a solid support,
or extraction using a suitable extractant, preferably
'prior.to final cobalt removal by ion exchange (13).
The invention process permits the selective_and
25 economic synthesis of PDO at moderate temperature and
| pressures with essentially complete recycle of the cobalt
carbonyl.hydfofdrmylatidn catalyst. '
'EXAMPLE 1 '
_Prepération of Cobalt Carbonyl from Cobalt Hydroxide in -
30 : -AnhydroﬁS-MTBE " | |

Into a 30 ml stainless steel autoclave fitted with

internal infrared optics was added 404 mg (4.3 millimole)
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2 1 AUG 997




cont ai ni ng 185 ppm co t were isolated. 97%of the co t cat al yst

was recycled with the per solvent |ayer fol'l o™ng sol vent
extraction. 15 EXAMPLE 7 Cobalt Preforming with Cobalt i de
Thi.s experi-nment illustrates preform ng of cobalt catal yst from
cobalt oxide in the presence of water and catal yst seed. 20

Into a 30-m stainless steel autoclave fittgd with I nternal infrared
opti:cs was added 332 mlligrans © (1.38 mllinoles) of powdered cobalt
(11, 111) oxi defampbaltous Fdiaztidg saand (U1 2D of | anlmydesys MTREcobBhe

octacar Bonyl . ceace o Oy SR8 Ao df i vipln MIES 69" AU L PAcdd URkGL!

wat er . reactor was s€a purge
pl aced under 7.8 3VMPH 101220 pggilofofl:2: bysyridsesigagas (H2 COH2: Tp. The

seal ed reactor s gcea\_; ctl.or 1‘,‘%_:10s [er r C overlb?l owe%lv?% fﬁ%‘éég‘fﬁfﬁe;%er al

m nut es and t hé 1 hter nal pressure vva gress
of the r&actlomerma’ﬁn mlnuttmiam etduequamtte:tml Vergsbyrehaagesllowkhleto

A RS o HRRVIPLLSR 8F e P88ue TFal LRI O
was noted w1thin 320 minutes. No formation of cobalt
carbonyls was observed in the infrared spectrum between
2100 to 1960_cm-1. No syn gas consumption was noted.

10 ~  After 320 minutes of stirring.at 140 °C, the reaction
mixture was cooled_and the mixture was removed. A clear,:
colorless supernatant with a bright.pink suspended- solid
supported the conclusion that no preforming had taken
place in the absence of.both water and seed compound.

15 EXAMPLE 2 .

Préparation of Cobalt Carbonyl from Cdbalt Hydroxide in
Agueous MTBE

This experiment illustrates the promotional effect of

water on the invention catalyst separation process. Into

20 a 30 ml stainless steel autoclave fitted with internal
infrared optics was added 210 mg (2.16 millimoles)mof
cobaltous hydroxide_and 35 mg (0.102 millimoles) of
dicobalt octacarbonyl seed. To this was added 17 ml of
MTBE containing.l% water. The reactor was sealed, purged

25 with nitrogen and placed under 6.8 MPa (980 psi) of 1:1
'synthesis gas (H2:CO).. The sealed reactor was heated to
120 °C over the course of several minutes and the internal
pressure was allowed to rise. The progress of_the con-
version of cobaltous hydroxide was monitored quanti—

30 tatively by changes in the infrared spectrum. The concen-
tration of cobaltous hydroxide was tracked by the O-H

stretching frequency at 3630 cm~1, and the formation of
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-17- nmet al carbilxl bands in the region from 21 to 1960 cm 1.
The formation of cobal arbonyl s was acconpani ed by -a - rapid
consunption of syn gas. Conplete .conversion of the cobalt oxides to
cobalt carbonyls was observed within 5 70 m nutes of reaching 120
[err]C. . Wen the reaction mxture was cooled and the liquid
renoved, . an honogeneous, dark coffee ﬁrgmn solution characteristic
of. cobalt carbonyl m xt ur es -was obtaﬂ ed. No precipitates of any

ki nd were coballedcatboriyl EXAMRbREiBored by EblaktroRef @fritig: widtal

Cobal 0 Ot de smsbonk, BohReSHRCt b s ohiohiB5at BB S0 BeY g balt
seed. 15 AnhDy8ia 3@- FhestafRbhesd spheekAutiocliawedd & ed s¥dution
of cobaltous hydroxide followed by a rapid conversion of
5 'c cobaltous hydroxide to cobalt carbonyls. Theé formation of
cobalt carbonyls was accompanied by a rapid”consumption of
syngas. Complete conversion (>98%, as measured by
absorbance intenéitiés of the metal carbonyl region) was
observed within 35 minutes of reaching 120 °C. The
10 patterns observed in the metal carbonyl region indicated
| that the solution was an equilibrium mixture of Coy4(CO) 2,
Cop (CO)g and HCo(CO)4, with a small amount of [Co(CO)4l~-.
When the reaction mixture was cooled and the liquid
removed, a homogeneous, dark coffee-brown solution
15 characteristic of cobalt carbonyl mixtures was obtained.
No precipitates of any kind were observed.
EXAMPLE 3

Comparison Preforming Experiment with chalt Acetate
15.8g of cobalt acetate tetrahydrate, 3.72g
20 nonylpyridine promotei and 18.75g toluene marker in_1873g'
' .methylft-butyl ether were heated to 120 °C under 9.7 MPa
{1400 psi) 2:1'H2/CO in_a.one—gailon stirred feactor to
ol preform cobalt carbonyl catalyst. Preforming was complete
in 2.5 hours, as evidenced by'iack of solids in samples
25 - removed from the reactor. _

The reactor was cooled to 80 °C and.115g ethylene
oxide were injected. After 40 minutes, 4.8 wt% of the
desired 3—hydroxypropanal.(HPA) intermediate was observed.
‘The reactor was ccoled to 25 °C and of 175g deionized

30 - water were introduced for extraction Of_prodﬁct. 214.6g of
an aqueous layer cchtaining_24 wt% HPA and 1892 ppm ccbalt

were'isolated. The remaining 1900.6g of organic solvent
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internal infrared opti was added 660 m | ligrans (4.25 mllinoles)
of. cobalt carbonate an 5 mlligrams (0.219 m™ i nol es) - of
dicobalt octacarbonyl. To this was added 17-m of MIBE contai ni ng
1% wei ght water. The 20 reactor was seal ed, purged wi th nitrogen and
pl'aced under 7.2 MPa (1050 psi) of 1:1 synthesis gas (H2: CO. The
seal ed reactor was heated to 120 [err]C ovej, the course of sever al
mnutes and the internal pressure was allowed to ri se. The progress
of the reactioncortaimedto?sd ppm cobgltnt i ThusveP¥tbpfchhagesbeitt he

I nfrared spectr y . t C u | o] n_gas. The _farmtion
of cobalt Hg%%%?%gn§?%aﬁ%%dn%%??o?gg ggb%ﬁgcg%gaﬁﬁngfi? érngp was
carbonyl bands awmaihabiegfon feopc2é&00ot bhé968achient]. The

foration of cobal L get Porl 8y 480 BOGRIRRT, #eDYedot B ]edlrnce SHSUTEL) O

carbonyl’5 was obsgue¥rdewwwas tWigenutpeated by reheaeanli Bhel2@alerichC.

Vhen the reactigExQL¥éU£g ¥8$°8?Oégging 110-125g ethylene oxide, reacting
for about 1 hour, cooling and extracting with 175g '
deionized water. The aqueous layers contained 1463 and
893 ppm cobalt for the second and third runs, res-

10 pectively, corresponding to tecycle of 88 and 93% of the
remaining cobalt with the upper solvent layer.

The entire experiment was repeated with a fresh charge
of materials, with 25.3g of deionized water used for
extraction. The aqueous product contained 3300 ppmw

15 cobalt, compared with 1892 ppm observed in the initiai run
above. Only 80% of the cobalt present was recycled with
the organic solvent layer.

EXAMPLE 4
Cobalt Preforming with Dicobalt Octacarxbonyl

20 The preforming experiment of EXample 3 was twipe'
‘repeated with 259_of'deionized.water added to the reaction
mixture (to simulate recycle conditions) using 10.875g of
dicobaltoctacarbonyl instead of cobalt acetate. Only 610
and 328 ppm cobalt appeared in the aqueous product for the

25 two runs, respectively, representing cobalt recycles of 96
and 98% with the organic layer. Cobalt recycle in the
organic solvent was thus improved in the absence of acetic
acid by-product of catalyst preforming from cobalt
acetate.

30 . EXAMPLE 5
Cobalt Preforming with Cobalt 2-Ethylhexanoate (Cobalt
Octoate)




- 18- “and the |igd reaned a hoaneneous dar coffee br own

sol ution characteristi f cobalt carbonyl m xt ur es was ' obtai ned. No
preci pitates of any kind were noted. EXAVPLE 9 5 "Effect of Water
ont Preformng . Into a 50-m stainless steel autoclave fitted with
internal. infrared optics was added 450 mlligrans ~ (4.84 mllinoles)
of cobal«tous hydroxide. To this was - @gded 25 m of anhydrous MIBE.
The reactor was seal ed, 10 urged with nitrogen and placed under 6.9
MPa (1000 psi) A hydrafqrmyhahbensregastiep: €aF. crndussatednr ead06 ™as

heated to 120 [§%{}£é8vf§aé98rCQH£ﬁea8é1§§¥ﬁrgk 51§9pe§1ckggltoct%&m

i nternal pressure was
all owed to stab¢$rhenyLB|093@gcegsyéymrgd$npveésﬁgetOéugﬁe man&ﬂnu|2mﬂgﬁ

40 mlligrams o t y 1 i Sk Jn 2 m
of dry MIBE masé?gééggg% Y%E%ﬁ iQ?Q ﬁotgg%athggy% éFg%%de Erﬁf The
pr ogr ess5 of theZeenhplhémanoic acidof Thbalhbherh;dountdaawasammuﬂaﬁeﬁjas

g;‘ag;'nt atively BYe steady-SP2P9%80hBehfatibhab8d 02885 LU T3 SQPUHTY 1 2Y
accumulate in a process using cobalt 2-ethylhexanoate as
the salt used to make up cobalt losses, with water _
extraction to recover 3-HPA product. Separafe studies of
10 equilibrium partitioning between organic and agqueous
solutions were conducted for this assessment.
13g of ethylene oxide were charged under 9 7 MPa
(1400 psi) of 2:1 H2/CO and were hydroformylated for 70
minutes. After cooling to room temperature,. the reaction
15 mixture was extracted with 34g of deionized water,
yielding 38g of an aqueous layer containing 2004 ppm
cobalt and 116.8g of an upper organic layer containing 621
ppm cobalt. Only 49% of the cobalt remained with the
| organic layer following water extraction. |
20 This experiment shows that, at octanoic acid.
concentrations representative of calculated'Steady—étate
operation, signifioant cobalt WOuid be lost upon aqueons
extraction if a "cobalt octoate" (2-ethyl hexanoate)
_ precursor were used to supply makeup cobalt to the system.
25 EXAMPLE 6 | |
Cobalt Preforming with Cobalt Hydroxide

Example. 5 was repeated with addition of 0.40g cobalt
hydroxidé and no added’acid. (Upon pfeforming, cobalt
hydroxide releases water as a.byprodUCt-in minute amounts

30 relative to the 2 weight percent water present in the
methyl t-butyl ethér solvent recycled ffom the water

extraction step.) The cobalt hydroxide solution was
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20 gas. Conplete version (>98% as neasured by ‘sorbance
I ntensities of the .net carbonyl region) was observed .

approxi mately 250 m nutes follow ng the .introduction of cobalt
carbonyl seed. When the reaction mixture was cooled and the liquid
renoved, . a honbgeneous, dark, coffee 25 bromn sol ution characteristic
of cobal ¢ carbonyl m xtures was obt ginned. No precipitates of any

ki nd:wer e not ed. "The reaction mas repeat ed usi ng water-saturated
MTBE i npresorokdamtiyionts aMpBBmoEep bette weaneritiatad witial ¢.10g

hvdron e o OBl LuSASRERS SSRGS AN L g BT

of any kind wer & howved of plneformlng at0dl4ed “eanidean 2V IXHY GO at 9.7 MPa

- 19 - (1400 psi) indicated complete preforming of cobalt

5 hydroxide to cobalt carbonyls. :

The temperature was reduced to 80 °C, and 0.52g of

tetré—n—butylphosphonium acetate was added to promote the
hydroformylation.reaction,.producing acetic acid concen-
trations an order of magnitude less than those obtained in

10 Example 3. Extraction was effected by addition of 33.3g
of water at room temperature. 35.8g of aqueous product
COntaining'185 ppm cobalt were isolated. 97% of the cobalt
catalyst wés recycled with the upper solvent layer
following solvent extraction.

15 EXAMPLE 7 _
Cobalt Preforming with Cobalt Oxide -

This experiment illustrates preforming of cobalt
catalyst from cobalt oxide in the presence'of water and
catalyst seed.

20 - Into a 30-ml stainless_steel autoclave fitted with
internal infrared optiés was added 332 milligrams
(1.38 millimdles) of powdered cobalt (II, III) oxide and
75 milligrams (0.219 millimoles) of dicobalt octacarbonyl.
To this was added.17'ml of MTBE containing 1% weight

25 waterr' The reactor was sealed, pufged with nitrogen énd
placed under 7.8 MPa (1125 psi) of 1:1 synthesis gas
(HZ:CO). The sealed reactor was heated to 120 °C over the
course of several minutes and the internal pressure was
allowed to rise. The progress of the reaction was

30 monitored quantitatively by changes in the infrared
spectrum and by the consumption of syn gas. The formation

of cobalt carbonyls was monitored by the growth of the
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CLAI MS ' A process' f or '.prepar ing 1, 3- mpanedi ol
|

canprising the eps of: (a) reactimg.a cobalt salt
selected fromat |east one - of ~cobalt hydroxide, -cobalt (Il, Il11l)
oxi de and cobalt 5 carbonate with synthesis gas in an essentially
non-water-m scible liquid nmediumin the presence of a - m nor anount
of water+ and added cobalt carbonyl under - 17 - <conditions effective to
produce a cobalt carbonyl reaction product m xture conprising qé'
| east one acti VEekdbafthonyl baadsohy| thedFegsehyEEeMoA108t kPy3P68pEa co;

(b) contacting @EQYfSEﬁanéﬁeoF‘&8b§¥ﬂ28§§5§n99§ %QsancomPanieﬁsﬁ ntially

non-water mscible liquid mediumin _presence of a catalytic

amount of the codpid eempenprion of sype@asi onCpmpdete mprversisnd ofn the
c{1eck)ve prounboshad dBies £9! USLCOEAURbRILUNES LEBELYRD CRMH ons
5 - 70 minutes of reaching 120 °C. When the reaction mixture
was cooled and the liquid removed, an homogeneous, dark |
coffee brown solution characteristic of cobalt carbonyl
mixtures was obtained. No precipitates of any kind were
noted. '
10 EXAMPLE 8

Cobalt Preforming with Cobalt Oxide

This experiment illustrates préforming-of’cobalt
catalyst from cobalt carbonate in the pfesencé of water
and catalyst seed.. _

15 ‘Into a 30-ml stainless steel autoclave fitted with
| internal infrared optics was added 660 milligrams
(4.25 millimoles) of cobalt carbonate and 75 milligrams
(0.219 millimoles) of dicobalt octacarbonyl. To this was
added 17 ml of MTBE containing 1% weight water. The
20 reactor was sealed, purged with hitrogen and placed under -
7.2 MPa (1050 psi) of 1:1 synthesis gas (H2:CO). The
sealed reactor waélheated'to 120 °C over the course of
' several minutes and the.internal pressure was allowed to
rise. The progress of the reaction was monitored
25 quantitativély by changes in the infrared spectrum and by
the consumption of syn gas. The:formation of cobalt
carbonyls was monitored by the growth of the metal
carbonyl bands in the region from 2100 to 1960 cm~l. The
formation of cobalt caibonyls was accompanied by a-rapid
30 consumption of s&h gas. Complete conversion of the cobalt
éarbonate to cbbalt carbonylslwas observed with 50 minutes

of reaching 120 °C. ' When the reaction mixture was cooled
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t han 15 wt % 3- hydr oxypganal ; ' (c) adding aqueous liquid.to
said internedi ate product m xture and extracting:1nto said aqueous
liquid a 20 maj or ‘portion of the 3-hydroxypropanal so.as ‘to provide an
agqueous phase conprising 3-hydroxypropanal in greater concentration
t han the.concentration of 3-hydroxypropanal . in the internediate
product *m xture, and an organi c phase - 18conprising a major portion of
the-cobalt carbonyl; 25 . . (d) ,separating the aqueous phase fromthe
or gani c ﬁﬂésté’,e liquid remoyed. (atRePeFReCRsy ofapbr t FERIBE bEreEWN

ggganic phase tgplution dHErd¥0CLSStOE Sf €Polbdlt carbonyl mixtures was

obtained. No precipitates of any kind were noted.
EXAMPLE 9

5 Effect of Water on Preforming

Into a 50-ml stainless steel autoclave fitted with
internal infrared optics was added 450 milligrams
(4.84 millimoles) of cobaltous hydroxide.j To this was
‘added 25 ml of anhydrous MTBE. The reactor was sealed,

10 purged with hitrogen and placed under 6.9 MPa (1000 psi)
of 1:1 synthesis gas (Hp:CO). The sealed reactor was
~heated to 120 °C over the course of several minutes, the
internal pressure was'allowed to rise, and the temperature
was allowed to stabilize. Using excess syn gas pressure, a

15 solution of 40 milligrams of dicobalt octacarbonyl.
(0.117 millimoles) in 2 ml of dry MTBE was injected to the
cobaltous hydroxide slurry. The progress of the conversion
of cobaltous hydroxide was monitored quantitatively by
changes in the infrared speétrum and consumption of syn

20 gas. Complete conversion (>98%, as measured by absorbance
intensities of the metal carbonyl region) was obséfved
approximately 250 minutes folldwing the introduction of
cobalt carbonyl seed. When the reaction mixture was
cooled and the liquid removed, a homogeneous,_dafk, coffee

25 brown solution éharacteristic of cobalt carbonyl mixtures -
was obtained. No precipitates of any kind were noted.

The reaction was repeated using water-saturated MTBE
instead of anhydrous MTBE. Complete conversion of cobalt
h?droXide to cobalt carbonyls was achieved approximately

30 30 minutes after the introduction of the cobalt carbonyl
seed. No precipitates of any kind were noted in the

~cooled reaction mixture.
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(f) contactln% t he aquglvsfphaﬁedfonpr|5|ng 3-hydr oxy- o ung;?panal W th
Eggigggﬂa{ |noL goﬁ(rj?ts?gns '?o Sr ozl dgmmﬂ"m’l“" u“r"mtnat ion product m xture

corpri sing 1, 3-
1,3- propanediol
The process . of
(b) s an ether.
medi um of
process of clai

propanedi ol ; recovering

from the hydrogenatlon product m xture. 2.

cIa|n11 in which the l'i qui d Ardi_um of steps (a) and
10.- . 3. The process of claiml in which the liquid
steps (a) and (b) is nethyl-t-butyl ether. TH 0769 HGE

m21 in which step (a) is carried . out at a tenperature

within the range of 60 to 140-[err]C and a pressure wthin the range

of 2.9 to 17.3
carried

wei ght of the |
cobalt salt of

MPa. 15 5. The procésk BfIcMaBm 1l in which step (a) is
out in.the presence of 0.5 w%2.0 wt% water, based on the
i quid nmedi um 6. The process of claim1 in which the

1. A psbeps@afomsp&@bakun@ydrGmpibpdﬂédlol'bomﬁﬁﬁbﬂﬁ@cﬁﬁé

of claiml in WQE%Q 8%p (a) is carried out in a catalyst
Sn

preparation vesSe

step (b) is carried out in a separate

hydrof ornyl ati on vegagl reacting 8&. c$be1prQﬁ&tss@ﬂe@E%UﬂEdeTdﬁ“l&héﬁEﬁhéb)

is carried out

5

10

15

20

25

of cobalt hydrox1de, cobalt (II, III) oxide and cobalt
carbonate with synthesis gas in an essentially

non-water-miscible liquid medium in the presence of a

minor amount of water and added cobalt carbonyl under

conditions effective to produce a cobalt carbonyl reaction
product mixture comprising at least one active cobalt
carbonyl hydroformylation catalyst species;

(b) contacting ethylene oxide with synthesis gas in an-
essentially non-water miscible liquid medium in the
presence of a catalytic amount of the cobalt carbonyl
reaction product mixture and an effective amount of a
catalyst promoter under reaction conditions effective té
produce an intermediéte product mixture comprising less
than 15 wt% 3-hydroxypropanal; '

(c) adding'an:aqueous liquid to said intermediate _
product mixture and extracting into said aqueous liquid a
major portion of the 3-hydroxypropanal so as to provide an
aqueous phase comprising 3—hydroxYpropanal in greater
concentration than the concentration of 3-hydroxypropanal
in the intermediate product mixture,. and an organic phase
compriSihg a major portioh of the cobalt carbonyl;

(d) separatlng the agqueous. phase from the organlc
phase; '

(e) returning a major portion of the organic phase to

the process of step (b);

TREFLACENENT SHEET|
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inia hydr of or nyl ati on sel and stép (':;) Is carried o 25  insituin

t he hydrofornylation v el .
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(£) contacting the aQueous phase Comprising 3-hydroxy-
propanal with hydrogen in the presence of a hydrogenation
catalyst under hydrogenation conditions to provide a
hydrogenation product miktﬁre comprising 1,3-propanediol;
and

(g) recovering 1,3-propanediol from the hydrogenation-
product mixture. ”

2. The process of claim 1 in which the liquid medium of"
Steps (a) and (b) is an ether. |

3. The process of claim 1 in which the liquid medium of
steps (a) and (b) is methyl-t-butyl ether. |

4. The process of claim 1 in which step (a) is_carried'_

out at a temperature within the range of 60 to l40'fC and

a pressure within the range of 2.9 to 17.3 MPa.

5. The process of claim 1 in which step (a) is carried

out in the presence of 0.5 wt$% 2.0 wt% water, based on the
weight of the liquid medium.: _

6. The process of claim 1 in which the cobalt salt of

step (a) is cobalt hydroxide.

7. The process of claim 1 in which step (a) is carried

out in a catalyst preparation vessel and step (b) is |
carried out in a separate hyd:oformylation vessel.

8. The process‘of claim 1 in which step (b) is carried out
in a hydroformylation vessel and step (a) is carried out |

in situ in the hydroformylation vessel.
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cobalt (11, III) oxide and cobalt carbonate with synthesis gas in an essentially non-water-miscible liquid medium under conditions effective
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