PCT

WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification 6 : (11) International Publication Number: WO 96/22266
45/50 Al

. CO7C 45/5 (43) International Publication Date: 25 July 1996 (25.07.96)

(21) International Application Number: PCT/EP96/00268 [US/US]; 509 Lyons Road, Liberty Comer, NJ 07938 (US).

(22) International Filing Date: 17 January 1996 (17.01.96)

(30) Priority Data:

375324 18 January 1995 (18.01.95) us
375432 18 January 1995 (18.01.95) Us
375434 18 January 1995 (18.01.95) us

(71) Applicants (for all designated States except US): EXXON
RESEARCH & ENGINEERING COMPANY [US/US]; 200
Park Avenue, P.O. Box 390, Florham Park, NJ 07932 (US).
EXXON CHEMICAL PATENTS INC. [US/US]; 1900 East
Linden Avenue, Linden, NJ 07036 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): HORVATH, Istvan,
Tamas [HU/US]; 70 Valley View Road, High Bridge, NJ
08829 (US). KISS, Gabor [HU/US), 4 Thomas Court,
Hampton, NJ 08827 (US). MATTURRO, Michael, G.
[US/US]; 41 York Street, Lambertville, NJ 08530 (US).
DECKMAN, Harry, William [US/US]; 2 Woods Edge
Court, Clinton, NJ 08809 (US). COOK, Raymond, A.
[US/US); 140 Blackbrook Road, Hampton, NJ 08827
(US). DEAN, Anthony, Marion [US/US]; 67 Cross Acres
Drive, Hampton, NJ 08807 (US). HERSHKOWTTZ, Frank

VAN DRIESSCHE, Eddy [BE/US]; Krekelmuit 8, B-9900
Ecklo (BE). '

(74) Agents: BAWDEN, Peter, Charles et al.; Exxon Chemical
Limited, Exxon Chemical Technology Centre, P.O. Box 1,
Abingdon, Oxfordshire OX13 6BB (GB).

(81) Designated States:
CA, CH, CN, CZ, DE,
JP, KE, KG, KP, KR,
MG, MK, MN, MW,
SE, SG, SI, SK, TJ, T, TR, TT,
ARIPO patent (KE, LS, MW, SD, SZ, UG), Eurasian patent
(AZ, BY, KG, KZ, RU, TJ, TM), European patent (AT, BE,
CH, DE, DK, ES, FR, GB, GR, [E, IT, LU, MC, NL, PT,
SE), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, GN, ML,
MR, NE, SN, TD, TG).

e
R
N

Published
With international search report.

(54) Title: HYDROFORMYLATION OF A MULTI-COMPONENT FEED STREAM

(57) Abstract
A process for the production of C3 to Cs aldehydes by

hydroformylating a mixture of (i) Cz to Cs olefins and mixtures thereof, (ii)

Cz to Cs alkynes and mixtures thereof and optionally (iif) cumulated dienes in the presence of a solution of a rhodium organophosphorus

complex catalyst at a concentration of rhodium

in solution of from 1 to 1000 ppm by weight, in particular the olefine is ethylene and the

alkyne acetylene and the ratio of phosphorus to rhodium is greater than 30. The aldehydes are useful intermediates in the production of

various alcohols, polyols and acids.




applications under the PCT.

FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international

Armenia
Austria
Australia
Barbados
Belgium
Burkina Faso
Bulgaria

Benin

Brazil

Belarus
Canada

Central African Republic
Congo
Switzerland
Cte d’Ivoire
Cameroon
China
Czechoslovakia
Czech Republic
Germany
Denmark
Estonia

Spain

Finland

France

Gabon

GB
GE
GN
GR
HU
IE
IT
JP
KE
KG
KP
KR
Kz
L1
LK
LR
LT
LU
LV
MC
MD
MG
ML
MN
MR

United Kingdom
Georgia

Guinea

Greece

Hungary

Ireland

Ttaly

Japan

Kenya

Kyrgystan
Democratic People’s Republic
of Korea
Republic of Korea
Kazakhstan
Liechtenstein

Sri Lanka

Liberia

Lithuania
Luxembourg
Latvia

Monaco

Republic of Moldova
Madagascar

Mali

Mongolia
Mauritania

Malawi

Mexico

Niger

Netherlands
Norway

New Zealand
Poland

Portugal

Romania

Russian Federation
Sudan

Sweden

Singapore
Slovenia

Slovakia

Senegal

Swaziland

Chad

Togo

Tajikistan
Trinidad and Tobago
Ukraine

Uganda

United States of America
Uzbekistan

Viet Nam




WO 96/22266 PCT/EP96/00268

HYDROFORMYLATION OF A MULTI-COMPONENT FEED STREAM

FIELD OF THE INVENTION

This invention relates to hydroformylation methods for certain multicomponent
syngas feed streams containing hydrogen, carbon monoxide, C» to Cs olefins, and CrtoCs

alkynes.

BACKGROUND OF THE INVENTION

There is intensive rescarch worldwide aimed at the utilization of natural gas as a
petrochemical feed stock.  The current use of natural gas is mainly restricted to the
production of synthesis gas ("syngas”, a mixture of carbon monoxide and hvdrogen), and
heat

It has been long known, however, that methane can be converted to acetylene
containing synthesis gas mixtures using short contact time acetylene burners Co-producing
cthylene or mixing ethylene with these acetylene rich feeds could provide a cheap, natural eas
based feed stock. However, use of such co-produced feed streams has presented problems in

certain processes

Hydroformylation of highly purified olefins and syngas muxtures 1o aldehyde and
alcohol products 1s well known (see B Cornils "ll:vdroformylalion Oxo Synthesis, Roelen
Reaction™ in "New Svntheses with Carbon Monoxide”, Ed J Falbe, Springer Verlag New
York, 1980)  When pure alcohol products are desired, the aldehvde products can be
hydrogenated to the corresponding alcohol derivatives A parucularly useful catalvst has
been described tor the hydroformylation of pure light olefin feeds as a homogeneous oil
soluble phosphine modifiecd Rh catalyst (see, eg, US Patents 3.527.809. 3.917.001.
4,148,830) which operates at lower pressures than other homogencous catalysts, gli‘cs high
normal 10 150 ratios in the hydroformvlation of C3 and higher olefins, and has been proven to
be very effective with those pure olefin feeds  The use of such an oil soluble homogencous
Rh catalyst 1o hydroformylate purificd ethylene feeds to propanal has been also described by
Evans et al (J. Chem. Soc. (A) 1908, 3133), as well as Pructt ct al (J. Org Chem 1968, 34
327). There s a great need, however, for a stringent purification of the feed stock. because
the activity of the catalyst is strongly inhibited by acetylene and other highly unsaturated
hydrocarbons if they are present as wnpurities in commercial oxo feeds  These components

must essentially be removed betore hvdroformviztion (sece B Corils "Hvdiotornnlation
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Oxo Synthesis, Roclen Reaction” in "New Syntheses with Carbon Monoxide”, I:d ] Falbe,

Springer Verlag: New York, 1980, pp. 64 and 73).

Highly purified feeds of syngas (mixtures of CO and H2) and olefins are currently
made in two separate processes. Light olefins are usually made by steam cracking and
purified by cryogenic distillation and selective hydrogenation to remove even traces of
acetylenes and dienes. The currently used highly purified olefin feeds contain less than 100
ppm and typically less than 10 ppm of these impurities. In fact, a large portion of the cost of
ethylene currently produced for hydroformylation by steam cracking is associated with its
punfication. The syngas component can be made from a hydrocarbon, such as methane or a
crude distillate, and oxygen in a partial oxidation (POX) reactor run in a mode that produces
essentially no dienes or acetylenes. Even though the syngas made in the POX reactor
contains only trace amounts of acetylenes and dienes it is also carefully further purified

before being blended with the purified olefin feed.

Hydroformylation of pure acetylenes and of pure dienes with Co or Rh catalysts is
also known (see: US Patent 5,312,996, 1994, P. W N M Van Leeuwen and C. F
Roobeek J Mol Catal. 1985; US Patent 4,507,508, 1985; 31, 345, B. Fell. H. Bahrmann J
Mol Catal. 1977 2, 211, B. Fell, M Beutler Erdo! und Kohle - Erdgas - Petrochem. 1976,
29 (4), 149, US Patent 3,947,503, 1976. B Fell, W Boll Chem. Zeit. 1975, 99(11).452: M
Orchin, W Rupilius Catal Rev. 1972, O(1), 85, B. Fell. M Beutler Tetrahedron Letters
1972, No. 33, 3435, C K Brown and G Wilkinson J Chem Soc (A) 1970, 2755. B Fell.
W Rupilius Tetrahedron Letters 1909, No. 32, 2721, 1 H Jardine et al Chem and Ind
1965, 500, H Greentield ot al ] Org Chemu 195722532 H Adkins and J 1. R Williams
J Org Chem 1932, 71.980) The hydroformvlation of these highly unsaturated compounds
with cobalt catalvsts is slow even at high temperatures and pressures (145 - 175 0C. 200 - 30
MPa)  Furthermore. the reaction often vields side products and results in runaway reactions
with sudden temperature and pressure surges  The hydroformyvlation of olefins is severely
inhibited by acetylenes since these compounds form very stable adducts with cobalt carbonvl
Stoichiometric amounts of acetylenes can eticctively transtorm the cobalt catalvst into these
catalvucallv inactive acetylenic adducts (11 Greentield ot o} | Org Chem 193722 542y
With conventional Rhv catalvsts the reported reactuon conditions and reaction rates are far
from being pracucal for any commercial use. Fell typicallv used 17 - 23 MPa pressures using
PPh3/Rh catalyst, yet high conversions required 2 to 5 hour reaction times Wilkinson
achieved high conversion in the hvdroformylation of hexyne-1 at 4 § MPa pressure but onlv
with a reaction tme of 12 hours - Van Lecuwen and Roobeck apphied conditions of 1 2 Mpa.

DS - 120 CC and PRI atios of 1o or below i the hvdiotormviation ot butadiene bt
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observed low activitics (orders of magnitude below that for olefins). In US Patent 3,947,503
a two stage process is described to hydroformylate 1,3-butadienc. In the first stage PPh3/Rh
catalyst is used in the presence of alcohols or diols to make the acetals of the unsaturated Cs-
aldehyde. In the second stage this intermediate is hydrotormylated using Co catalysts. The
process disclosed in US Patent 4,507,508 also claims the conversion of conjugated dienes
with organic acid or ester promoted P/Rh catalyst in the presence of alcohols. US Patent
5,312,996 describes a polyphosphite ligand modified Rh catalyst for the conversion of 13-
butadiene. When using a two stage process for the hydroformylation of 1,3-butadiene with
the disclosed catalyst more severe conditions are recommended in the second stage to ensure
acceptable conversions. This later patent also describes 1,3-butadiene as a strong inhibitor in
the conversion of alpha-olefins. In the co-conversion of alpha-olefins with.1 3-butadiene oxo

aldehyde products of both the alpha-olefins and 1,3-butadiene were produced.

As mentioned, acetylenes and dienes act as strong inhibitors/poisons of catalysts in
the hydroformylation of alpha-olefins and their removal is required from oxo feeds
European Patent Application No 0225143 A2 discloses a method for the production and
utilization of acetvlene and ethylene containing svngas mixtures  One of the disclosed
utilization schemes is to produce propanal by hydrotormylation. but acetylene first must be
removed from the feed by selective hvdrogenation 10 ethylene over a heterogeneous metal
oxide or sulfide catalyst. US Patent 4,287.370 also teaches that inhibitors such as 1.3-
butadiene must be removed from Cg-olefin feed stocks by selective hvdrogenation prior to
hydroformylation using HRh(COYPPh3)3 as a catalyst  German patent, DE 2638798,
teaches that the removal of acetvlenes and dienes is necessarv in order 10 ensure acceptable
catalvst life in the hvdrotormviation of oletins with a phosphine modified thodium catalvst
In one of the most ofien cited sources (B Cornils "Hyvdrotormvlation Oxo Svathesis
Roclen Reaction” m "New Svatheses with Carbon Monoxide”. 15d 1 Falbe, Sprinuer
Verlag New York, 1980, p 73) acetvlenes and dienes are referred 1o as "classical catalvst
poisons” for the phosphine modified Rh oxo catalvsts  Acetvlenes and dienes are also
reported to be strong poisons in the hvdrotormylation of olefins with cobalt catalysts (\
Macho and M. Polievka Rau. Roc. 1970, 18(1), 18, US Patent 2.732.395)

Known catalytic processes converting acetylene and  cihviene continimy syngas
mixtures either produce products other than propanal or the conditions used and /or the
reaction rates achieved are far from being practical  Thus, for example, European Patent
Apphication No. 0,233,759 (1987) tecaches the conversion of acetvliene and cthvlene
contaiming syngas (a nmixture of acetvlene, ethylene, CO. and H~ with a ratio of o 3 30 01,

respectively) mto o nustare of acnvlate and propronate esters m the presence of an alcohol
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using a Rh catalyst  Wihen using a PPh3 modified Rh oxo catalyst to convert the same feed
at a P/Rh ratio of 10.0 under otherwise identical conditions, the essentially dead catalyst
(turnover frequency of 1.5x10°4 mol product/mol Rlvsec, and total turnover of 13 in 24
hours) described in European Patent Application No. 0,233,759 (1987) produces some
propanal and acetone in a molar ratio of 90 to 1 with traces of methyl ethyl ketone and
methyl propionate. It has been reported by T. Mise et al. (Chem. Lett. 1982, (3), 401) that
syngas mixtures containing acetylene and ethylene yield o, B-unsaturated ethyl ketones in the
presence of a Rh catalyst, however, no phosphine is present in the catalyst. Observed
catalyst activities are very low, on the order of 5 turnover/h, or 1.39x10-3 mol product/mol
RlVsec even though the concentration of ethylene in the gas feed is high, 41 7 v.% The total

turnover reported by Mise is only 30 in 6 hours.

Thus it would be desirable if methods could be found to enable the processing of
oxo/hydroformylation feed streams using rhodium based catalysts that contain olefins and

alkynes, parucularly ethylene and acetylenc. The present invention addresses these needs

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 describes a hvdrotreating guard bed 10 reduce the level of multiunsaturates in a

multicomponent syngas using a rhodium complex as a reagent in a scrubber guard bed

Figure 2 describes a two-stage oxo proccss for the hvdroformvlation of mult-component

syngas nuxtures

Freure 3 describes an inteerated process tor aldehyde prodact separation and alkvic-olefin

recovery with alkvne-oletin reevele

SUMMARY OF THE INVENTION

The present ivention provides for methods of usinga multicomponent syneas
containing mixed unsaturated hvdrocarbon feeds havine both an olefin (particulariv ethvlene)
and more highly unsaturated hvdrocarbons, particulariv alkynes (particularly zectviene).
cumulated dienes (particularly aliene) and mixtures thereot, rather than single tvpe teed
streams, in hydroformylation reactions carried out in the presence of certain rhodium
complexes as catalysts  As a benefit, the invention allows for the co-conversion of acetvlene
ard cthylene using rhodium based catalvst technologies and provides new feed stock and
processing options, and simplificd production schemes for the svnthesis of the corresponding

product aldehvdes, particular v propan:!
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Thus, the present invention provides a process for the production of C3 to Cg
aldehydes, comprising hydroformylating a mixture containing
- - (a) C7 to C4 olefins and mixtures thereof, and
- - (b) (1) C5 to Cs alkynes and mixtures thereof or (1) C3 to C5 cumulated dienes and
mixtures thereof or (iii) mixtures of (i) and (i),
with CO, Hj and a solution of a rhodium complex catalyst produced by complexing Rh and
an organophosphorus compound at a concentration of Rh in solution from 1 to 1000 ppm by
weight.

The present invention also provides a process for the production of C3 to Cg
aldehydes, comprising hydroformylating a mixture containing .
- - (a) C» to Cs olefins and mixtures thereof, and
- - (b) (1) Co to Cgq alkynes and mixtures thereof or (i1) C5 to C5 cumulated dienes and
mixtures thereof or (iii) mixtures of (i) and (),
with CO, Hy and a solution of a rhodium complex catalyst produced by complexing Rh and
an organophosphorus compound wherein the catalvst solution has a P/Rh atom ratio of at

least 30

The present invention also provides a process for the production of C3 to Cgq
aldehydes, comprising hydroformylating a mixture containing
- - (a) C7 10 Cs olefins and mixtures thereof, and
- - (b) (1) C5 to C5 alkvnes and mixtures thereof or (n) C5 10 Cq cumulated dienes and
mixtures thereof or (ii) mixtures of (i) and (i),
with CO, H» and a solution of a rhodium complex catalvst produced by complexing Rh and
an organophosphorus compound wherein the catalvst solution has a P/Rh atom rato ereater
than the value R| whercin
(30— R,,) e 10K =ria

(AN /1)
¢ '

R, =R, +

wherein Rg s the P/RD ratio suflicient tor a catalvuically actuive Rh compley, PR ppp s the
pRa value for triphenylphosphine, pRap as the pRa value for the tiorganophosphorus
compound, R is the gas constant, and ASp s 35(N-T) calvmole/K | wihierein N s the number

of P~Rh attachments per ligand molecule

Hydroformylation. as described above, produces  the corresponding C3 1o Cy

aldehydes
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Typically, the P/Rh atom ratio Ry for the catalytically active Rh complex is between |
and 5. Typically, the rhodium complex catalyst is an oil soluble rhodium complex catalyst
produced by complexing in solution a low valence Rh and an oil soluble triorganophosphorus
compound. Typically, the catalyst solution may be prepared with an oily solvent such as
aliphatic or aromatic hydrocarbons, esters, ethers, aldehydes, the condensation side products
of the product oxo aldehydes, etc.

The present invention also provides for the production of the corresponding
denvatives of the aldehydes produced as provided above, including alcohols, acids, aldol

dimers, and various hydrogenation and oxidation products produced from the aldol dimers.

We have also found that the presence of acetvlene stabilizes the hydroformylation
catalyst

The present invention may suitably comprise, consist or consist essentiallv of the
elements disclosed herein and may be practiced in the absence of anv step not specificallv

disclosed as required

DETAILED DESCRIPTION OF THE INVENTION

The headings herein are solely for convenience and are not intended to limit the
mvention in any way  In addiion, solely for convenience the numbering 1n Figures and
throughout the text is as follows process (e g., reactant and product) streams are numbered
in hundreds, and means for carrving out a process or operation (¢ o, units or devices) are

numbered mtens The first dieit of cach identifies the tieure to which it corresponds

The presentimvention pertains 1o processes that use multicomponent svithesis cas A
mulucomponent synthesis gas (MCS) mixture is detined as gas muxtures contaiming carbon
monoxide, hydrogen, olefing (with a ¢eneral formula of Gy oy and with a functional group of
C=C) having from 2 1o 5 carbon atoms, and a more highlv unsaturated hydrocarbon such as
alkvnes (with a general formula of CHay,» and with a tunctional group of C=C) having from
210 > carbon atoms or cumulated dienes (with a ceneral formula of (‘11”2:1-2 and with a
funcuonal group of C C=C)  MCS mixtures can optionally contamm other unsaturated
hydrocarbons such as and conjugared dienes (with a eeneral formula of Cptlag o and with a
functional group of C=C-C=C) having 3 1o 5 carbon atoms. envnes (with a generai tformula of
Cpllop.g and with a funcuonal croup of C=C-C=C) and divnes (with a genceral tformula of

CnHonoe and a functional group of € C-C () havine 1 ro S carbon atoms MCS mixtures
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may also contain inert components, c.g, nitrogen, carbon dioxide, functionally inen
hydrocarbons such as alkanes and aromatic hydrocarbons, and water vapor. As used herein
the term "olefin” includes alkenes and excludes dienes: dienes, when present, are referred to

separately.

In the following discussions "monounsaturates" are understood as a subgroup of
hydrocarbon MCS components which have one unsaturated functionality that is olefins or
alkynes. The “C; unsaturates" are ethylene or acetylenc individually or combined. The
"multiunsaturates” are a subgroup of hydrocarbon MCS components which have at least two
multiple carbon-carbon bonds i1.e. dienes, diynes, and enynes as defined herein. taken

individually or in any combination.

The present invention provides methods for converting certain MCS feeds by
reassembling its main components, hydrogen and carbon monoxide (1e.. syngas), C»-Csx
alkynes, particularly acetylene, and C»-Cs olefins, particularly ethylene, bv hydroformylation

(oxo reaction).

One embodiment of the process of the present invention provides a method for using a
multicomponent syngas feed containing at least carbon monoxide. hydrogen, and
monounsaturated hydrocarbon reactants of olefinic hydrocarbons having from 2 to 5 carbon
atoms (1 e cthylene, propylene, butences, and pentenes), and alkvnes having from 2 to S carbon
atoms (such as, ¢ g, acetvlene and methvl acetvlene). in a rhodium catalyzed low pressure oxo
conversion process  These monounsaturated atkynes and olefins include the individual C~-Cq
alkyne components and olefin components. as well as mixtures of the Cr-Cs alkvne
components and mixtures of the C2-Cs olefin components  In a preferred embodiment. the
major monounsaturated hvdrocarbon reactants are essenually ethylene and acetviene  These
reactants are fed into the process as components of a multicomponent svngas which mav also
contain, depending on its preparation method, reactive (3 to Cs monounsaturates and €5 1o
Cs multunsaturates as minor components, and funcuionallv inert materials in varving
quantties such as carbon dioxide. water vapor, nitrogen, and functionallv inert hvdrocarbons

(such as alkanes and aromatics)

Mulucomponent syngas contaming substantial amounts of inert (and functionally inert)
components mav be referred to as dilute multicomponent svngas  Dilute multicomponent
syngas can embody any multicomponent s§ngas feed wherein the reactive components (CO.
Hs, olefing alkyne) may be present toeether with substantial amounts of inert components

The use of teed streams Laving substantal diluent levels is desirable in that these feed steams
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may be available at substantial discount relative to the cost of highly purified components
For example, the olefin contained in cat cracker light ends or in stcam cracker furnace effluent
can be available at substantial discount relative to purified olefins. Likewise, acetylene and
syngas are less costly if they can be obtained without complete purification Furthermore,
partial oxidation (POX) processes can be less costly if air is used as feed instead of oxygen
Syngas or multicomponent syngas from such an air-blown POX might be characterized as
dilute multicomponent syngas due to the substantial levels of included N,. In principal, the
~.amount of inert components present in a dilute multicomponent syngas may be any value, |
even reaching 99% of the feed stream. Typically, inert component levels in a dilute
multicomponent syngas are between 1% and 80% of the stream. Table 2 (Example 1) shows
an example of hydroformylation of a dilute mulucomponent svngas having 63% of inert

components, including N,, CO,, CHy. and C5Hj

Certain trace components in the multicomponent svngas feed of the overall process
referred to herein as "multicomponent process feed" arc known to be detrimental in the oxo
reacion.  Some are irreversible catalvst poisons | e ¢ . sulfur compounds such as H2S and
COS. Others cause reversible poisoning or accelerated catalyst deactivation. This later group
includes components like halides, cyanides, oxygen. and 1ron carbonvis  The concentration of
these detrimental components can be adjusted by a varietv of techniques known in the art to
provide an acceptable multicomponent syncas feed to the oxo reactor or unit referred to

herein as "multicomponent oxo reactor teed"

Mulucomponent syngas mixtures are available trom a vanety of different sources A
benetit of the present mvenuon s that any muxed acetviene-cthvlene svngas mixture can be

used as a teed stock m the processes of the present mvention

A vanety ot methods exist 1o manufacture muliicomponent svathesis eas nuxtures
useiul in the process of the present invention  One is 1o blend @ stream containing svnoas (4
mixture of CO and H2) with a sucam containing a mixture of acetvlene, ethvlene, and
optionally other unsaturated hvdrocarbons Both of these streams can be obtained trom
conventonal petrochemical processes  The syngas (CO and H2) containing stream can be
produced by convennonal partial oxidaton (POX) Licht monounsaturates (Co-Cx)
containing, cthylene and acetvlene as major unsaturated hvdrocarbon components can be
obtained from petrochemical processes such as steam cracking or acetylene manufacture, or
by modification of onc of the known processes used to manufacture acetylene or syngas
Thus acetylene can be tormed using o partial oxidation process that applhies a burner to react

methanc-oxveen mixtures Acetvlene burners fed with about two 1o one molar rato of
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methanc and oxygen can directly produce an acetylene rich gas mixture that contains cthylene
as well as CO and hydrogen. Quenching the reaction with naphtha can further increase the
concentration of acetylene and ethylene in the acetylenc burner product stream Ethylene or
syngas can also be added to acetylene rich mixtures to adjust the molar ratios of the
components. An advantage of the foregoing is that it allows for the utilization of an abundant
feed stock, such as natural gas, and eliminates the need of elaborate and expensive separation

and punification of oxo feeds often resulting in significant yield losses and added expense.

In order to maintain the partial pressure of acetylene below the safety limit, a part of
the acetylene may be scrubbed from MCS feeds before compressing them to the reaction
pressure for the oxo reactor. Alternatively, acetylene-containing streams can be diluted with

other feed components, e.g., ethylene, carbon monoxide, hydrogen or mixtures thereof

Multicomponent syngas streams entering the oxo hydroformylation reactor or reaction
zone (multicomponent oxo reactor feeds) in the process of the present invention contain Cato
Cs monounsaturates, among which the ethylene to acetylene ratio is in a range from 1:100 to
1001, preferably 1:10 to 10.1. Typically, the mixture contains an amount of olefins that is at
least 40% of the total unsaturates The amount of CO and H> in the multicomponent oxo
reactor feed, with respect to the amount of monounsaturates is preferred 10 be at levels of at
least about that required for the stoichiometric conversion of monounsaturated hvdrocarbons
in the oxo reaction. A stoichiometric conversion of these species requires that the mole
percent of CO be equal 1o the sum of the mole percents of monounsaturates Similarly, for
stoichiometric conversion, the mole percent of Ho should be equal to the sum of the mole
percents of C2 to Cs olefins plus twice the mole percents of C~ to Cs alkvnes It s preferred
that the CO and H2 be present in the multicomponent oxo reactor feed in a range from half to
100 uimes that required for stoichiometric conversion It s more preferred  that the
concentrations of CO and 2 be in the range Hom 1o 10 nmes that required for o

stoichiometric conversion

Subject to these requirements. H2/CO ratios in the multicomponent svathesis eas
entening the oxo reactor (1¢ in the multicomponent oxo reactor feed) can range from |1 o
100 1, preferably 1°1 1o 50 1, more preterablv 11 1o 101 While the presence of excess
volumes of H2 is preferred from a chenustry perspecuive, a large excess of Ho of greater than
10 is not desirable from a materials handling perspective and can result in unnccessary expense

th unit operation
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A range of composition valucs, as well as a typical composition for the principle

specics present in multicomponent syngas mixtures entering the oxo reactor (i.e. in the

multicomponent oxo reactor feeds) for the process of the present invention are given in Table
1.

Table 1. Multicomponent oxo reactor feed compositions for the principal components

Principal Components Composition Range (v. %) | Typical Composition (v. %)
CO 1-50 25
Ho 1-98 50
Ethvlene 0.1-35 IS |
Acetvlene 0.1-35 ‘ 10

Multicomponent syngas mixtures produced by, eo, stcam cracking or by partial
oxidation can contain a varietv of molecular species which are detrimental 1o the
hydroformylation process or are known to deactivate oxo catalysts  For example, rhodium
metal complex hydroformylation catalysts are known 1o be poisoned by certain sulfur
containing molecules (¢ ¢, H2S, and COS) which irreversibly bind 1o the metal center Such
poisons can be removed by use of common chemical and chemical cnuineering techniques

such as the use of vuard beds, parncularly cuard beds contanimg zinc oxide

The streams used with the present mvention may also contain multiunsaturates having
310 5 carbon atoms  Their concentrations are tprcadiv fess than S mole%o of the to1al
unsaturated hvdrocarbon fed 1o the hvdroformylation Catalysts discussed herein as bemg
active for the hvdrotormylation ot olefins and alkynes will similniiv be actve tor the
hyvdroformvlation of olefins and multiunsaturates Fhohlv unsaturated components such as
these multiunsaturates can be ihibitors in the oxo conversion of olefins Thev may reduce the
activity of the oxo catalyst by associating very suonzh with the metal and thus dimiishing
the activity of the catalyst toward the hvdroformylation of olefing Therefore, the quannties
of multiunsaturates are preferably less than 3% of the total unsaturated hydrocarbon fed 1o the
hydroformvlation. More preferably. multiunsaturates should be present 1in hyvdroformylation
feed i amounts less than 1 mole®s of totzl unsaturates Examples <4 and 8 demonstrate the
hydroformylation of multicomponent svneas nuxtures that contain oleling and multmsaturates

(speatficallv allene) AN evcepiion o the torecor s preferences on malinmeto e
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concentrations is the group of non-conjugated, non-cumulated dienes (diolefins), for which

there are no restrictions.

Generally speaking, the multicomponent oxo reactor feed streams preferably contain
monounsaturates. Multiunsaturated hydrocarbons containing conjugated and cumulated diene
and enyne type unsaturation are considered less desirable. These multiunsaturates may be.

- removed from multicomponent. process feeds or their concentrations may be reduced before
contact with the hydroformylation catalyst.  Although multicomponent syngas products
generally do not require treatment before their use in the processes of the present invention,
feed streams containing multiunsaturates in higher concentration than the above preferred
concentrations may be treated, segregated or diluted with streams comprising substantially

CO, H2, monounsaturates, and inerts

MULTIUNSATURATES REMOVAL

Multicomponent process feeds can be treated if necessary before entering the oxo
reactor (1e prior to hydroformylation) if the concentration of the above specified
multiunsaturated inhibiting components is too high  Mild sclective hydrogenation, for
example, using heterogencous catalysts (¢.g, Pd on alumina, or mixed oxide and sulfide
catalysts as described in EP Application 0,225,143) can convert these reactive hydrocarbons
to olefins and alkanes These conventional heterogeneous hydrotreating methods, however,
have drawbacks  For example, in heterogencous systems high concentrations of unsaturated
hydrocarbons t1¢ olefins, alkvnes, and muluunsaturates) with high concentrations of
hydrogen present a hazard of a highly exothermic runaway reaction Catalvst selectvity, and

other plant operation issues provide further meentives 1o seek alicianve solutions

FPherctore: another embodiment of the present invention provides a selective, hquid
phase process 1o address the problems associated with  the apphicaton of the known
heterogencous catalvsts - The hquid phase used n the process can be a homozencous phase or
a pumpable, sohds-contaming slurry  Apphicants have found that the Rh catalyst used i the
hydroformyiation process of the present invention s suitable for the selective comversion of
the toregomg multiunsaturated hvdrocarbon components to olefins when the complex is used
not as a catalyst but as a stoichiometric reagent in a separate pre-treatment step  The
preferred  reagent is  the  organophosphorus  modificd  thodium  catalyst  of  the
oxo/hydroformylation reactor described more detail in "Rh ONO CATALYST" below  In a
preferred embodiment a two step process is used to convert excess muoltiunsaturates in the

MOS 1o oletiny and alkanes Tnothe first step of the process the Multicompaonent Svauis s
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contacted with a solution containing the liganded rhodinm complex as a reagent  The strong,
preferential binding of multiunsaturates to the rhodium complex serves to extract them from
the MCS and into the solution where they are held as bound species on the rhodium This
gas/hiquid "scrubbing" effectively removes the multiunsaturates from the MCS feed The Rh
complex essentially functions as a stoichiometric reagent, binding the multiunsaturated
hydrocarbons from MCS during the contacting. In a separate, second step the multi-
unsaturates are converted to the corresponding olefins and the rhodium complex 1s
regenerated by contacting the complexed multiunsaturates containing solution with a gas of
high hydrogen and low carbon monoxide content for an amount of time sufficient to effect the

conversion of multiunsaturates

If such multiunsawrates hydrogenation was carried out under .conventional
hydroformylation conditions, ie at CO partial pressures of 10-1000 kPa, the conversion of
these strongly bound species 1o olefins would be slow (see Example 4), such that the required
rhodium concentrations would be uneconomical However, we have discovered that the
conversion of these multiunsaturates can be substannally accelerated under conditions of
higher hydrogen, and especially, lower CO partial pressures than conventional rhodium
hydroformylation The  complexed multiunsaturates-containing  Rh  solution can  be
regenerated in a separate reactor, with a hydrogen rich gas ie, a gas having high hvdrogen
and low CO concentrations or pure hvdrogen  During this regeneration, the Rh complex s
returned 1o its multiunsaturate-free form, while the multiunsaturates are hvdrogenated to the
corresponding olefins and alkanes  Thus allene, for example. 1s hydrogenated dunne this
process first 1o propylene, while butadienes are hydrogenated 1o butenes  In this r=ceneration
hydrotreating step some of the olefins formed from muluunsaturates will e further
hvdrogenated 10 the corresponding alkanes  The hvdrovenation rate in the reeereration step
can be adjusted by adjusung the partial pressures of bvdrogen and CO Hicher parual
pressures of hvdrogen will increase the rate of hvdrocenaton  On the contran ingieasing
partial pressures of CO will reduce the hvdrogenation activity of the catalvst The rate and
selectivity can be convenienmtlv controlled by adjusting the parnal pressure of CO i the

hyvdrotreating reactor

The benefit of the herein desenbed process s that the composition ot the serubbine
solution usced for the stoichiometric removal of multiunsaturates can essentially be the same as
used for the catalytic oxo step  Any level of multiunsaturates removal can be accomphshed
The multiunsaturated hydrocarbons (¢ ¢ allene or vinvl acetylenc) are preferentialiv removed
from the gas phase because they bind stroneer than the monounsaturates, particulariv olefins

Smce the stronger bindine components are the stroncer inhibitors i the oxo conversion of
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monounsaturates, i parucular in the oxo conversion of olefins, the process removes the
strongest inhibitors first and produces a purified, multiunsaturate-deficient MCS, which is
preferred as oxo/hydroformylation reactor feed. An additional advantage of using the
rhodium oxo catalyst solution for the pre-treatment of MCS hydroformylation feed is that it is
unnecessary to rigorously control losses of rhodium complex due to entrainment in the MCS
gas phase, because the downstream hydroformylation reactor system must have means to
effectively capture this Rh complex. Furthermore any Rh compound carried over by the MCS
stream will not contaminate the catalyst in the oxo reactor since the compositions are

essentially the same.

By way of example, Figure 1 shows Absorber 11, in which the multiunsaturates-
containing MCS feed (101) is contacted with a multiunsaturates-depleted soiution of the oil
soluble rhodium complex (105). This absorber is analogous to guard beds of sacrificial
catalyst that are sometimes used in heterogeneous catalysis  The multiunsaturates-depleted
MCS stream (102) emerges from the absorber to be sent to hydroformylation (shown here as
two reactors (13 and 14) in series, each with pumparound cooling (107 and 109) and reactor
eflluents (108 and 110)) Unlike the “"guard bed" of heterogeneous catalysis, the
multiunsaturates-containing "sacrificial” catalyst of this process is a pumpable liquid phase
solution of a2 Rh complex (106) that is recovered at the bottom of the absorber  The
complexed multiunsaturates-containing solution (106) is pumped into a regeneration reactor
(12) in which 1t is treated with a hydrogen-containing gas (104) In the regeneration reactor,
the multiunsaturates-free rhodium complex is recovered by the hvdrogenation of the
complexed multiunsaturates to olefins and alkanes A gascous purge stream (103) from the
regeneration reactor is used to preserve high concentrations of hvdrogen  The regencrated.
mulliunsmurzncs—dcplcmd solution of the Rh complex (105) 15 returned from the regenerator
(12) to the absorber (11) To the extent that the olefin and alkane products of
multiunsaturates hvdrogenation remain dissolved in the catalvst solution, they will be

transferred back to the MCS stream during contact with the catalvst solution in absorber (11)

The temperature in the absorber (11 is mamtained in the ranze of 0 10 150 OC.
preferably between 20 1o 60 ©C  If the temperature exceeds these hmits, the Rh complex can
decompose unacceptably fast  Also, at higher temperatures there is the possibihty of high
reactuivity and exotherms if the absorber has locations where both the Rh containing solution
and MCS are depleted in inhibitors. This would be true, for example, at the top of a counter-
current absorber.  Lower temperatures are acceptable.  However, the rate of equilibration
between the Rh complex and inhibitors will become limiting at some low temperatures

Furthermore, low temperatures can entail an extra cost of refireeration with no added
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advantage from a process pomt of view  The pressure m absorber 11 is kept preferably at less
than about 5 MPa with a partial pressure of acetylene below the safety limit of 0.2 MPa In a

preferred embodiment the absorber is positioned immediately before the oxo/hydroformylation
rcactor.

The temperature in the regenerator (12) is maintained in the range of 50 to 150 ©C,
more preferably between 80 to 125 ©C. The pressure in the regenerator is typically limited by
engineering, and economic factors. Higher hydrogen pressures accelerate the regeneration of
the multiunsaturates-free Rh complex and the hydrogenation of the scrubbed and complexed
multiunsaturates, permitting smaller regeneration vessels and smaller quantities of rhodium
complex. Preferably the pressure in the regenerator is maintained in the range of about 0.1 to
50 MPa, and more preferably in the range of about | to 10 MPa The liquid feed to the
regenerator leaves the absorber (11) without any treatment.  The cas feed is a hvdrogen
containing gas, which can be either essentially pure hvdrogen or a gas mixture enriched in
hydrogen and deficient in CO. Other guard beds designed to remove irreversible poisons of
the Rh oxo catalyst such as sulfur compounds, halides, cvanides, iron carbonvls and the like,
should also be used to pretreat the MCS feed stream 10 the multi-unsaturates absorber (1
The hydrogen-rich feed gas to the regenerator (12) should also be essentially free of the
foregoing irreversible poisons, and other detrimental compounds to the Rh complex. The
addition of pure, sulfur free hydrogen is preferred in the cas feed to the regenerator. The rate
and selectivity of the hydrogenation step toward producing olefins from multiunsaturates and
alkynes can be controlled by adjusting the partial pressuie of CO - The HA~/CO paruial-pressure
ratio in the regencrator should be 10 or higher, preferibilv 50 or higher  Higher CO parual
pressutes fead to gher selectviy to olefing but reduced rate 10 muli-unsaturates conversion
In certam cases the CO dissolved m the complexcd mult-unsaturates-contaiming  solution
(100) can provide a sufficient partal pressure of CO in the reaenerator (12) 1f necessary, CO
can be co-fed with hvdrogen contaming vas into the revenerator o 2as nuxtures deticient

CO and ennched m hvdrogen can be used

The absence of CO does not have a destabilizing eftect on the Rh complex but does
aflect the rate and sclectivity of the hvdrogenation of the unsaturated hyvdrocarbons present in
the regencrator - Wath no CO present all unsaturated bydiocarbons. mcluding olefins, tend to
be hydrogenated to alkanes 1t 1s therefore desirable 1o maintain CO concentration 1 the
regenerator at a level sufficient 1o preferentially hvdroeenate the multiunsaturates only to
olefins in order 1o achieve an economic compromise between faster reeencration of the
multiunsaturates-free Rh complex (therefore smaller cquipment size, and smaller Rh load) and

loss of Co 1o Cq ooletin source due 1o reduced  selectivily The separaton of the
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multunsaturates from the main stream of the multicomponent syngas improves the overall
selectivity of the process since the multiunsaturates are treated separately so that the bulk of
ethylene and acetylene in MCS is not exposed to the hydrogenation conditions appropriate for

rapid conversion of multiunsaturates.

The flow rate of catalyst solution to the absorber is set to meet the concentration limits
given for multiunsaturate of the multicomponent oxo reactor feed, as described previously.
The flow rate of rhodium should be set at a sufficient level to stoichiometrically combine with
the amount of multiunsaturates to be removed. Thus, a treat ratio can be defined as the ratio
of the flow rate of rhodium to the absorber (expressed as moles per unit time) to the flow rate
of multiunsaturates to be removed (also as moles per unit time). For an ideal absarption
system, this treat ratio can be exactly 1.0 for perfect removal of only. the desired
multiunsaturates.  Treat ratios should be between 0.5 and 50 in the current invention,
preferably between 1 and 10. Higher treat ratios would be recommended if a significant
fraction of the rhodium complex is inactive, or if it is desired to remove and convert some

fraction of the alkyne component of the MCS in addition to the multiunsaturates

Conditions (temperature, pressure, residence time, ctc ) in the regenerator are set such
that conversion rate of multiunsaturates equals the rate at which they are being carried into the
regenerator by catalyst solution (which, in turn, equals the rate of multi-unsaturates removal in
the absorber). Example 4 includes sclected rates of multiunsaturates conversion that can be
used by one skilled in the art of chemical engincering to specify operating conditions of the
regencrator - The scrubbing solution may be essentiallv the same as that of the catalvst
solution used 1 the oxo reactor step or anv soluble or slurry phase catalvst that achieves the
same effect under the conditions herein Preferably the absorption process uses the spent
catalyst solution from the oxo reactor as a scrubbing solution before its final disposal. and/or

recveling

An advantage of the use of the above described treatment from the aspect of the
process of the present mvention s that the multiunsaturates are not converted in the oxo
reactor therefore do not tic up a laree amount of active catalvst Thev are removed from the
main feed stream and separately converted into olefins - The formed olefing are then preferably
recveled to the multicomponent oxo reactor feed, and hvdroformylated in the oxo reactor A
further advantage of the use of the present absorption-regencration process  for
multiunsaturates conversion is in the climination of the hazard of runaway hydrogenation
reactions assocrated with hydrogenation of hichly unsaturated hvdrocarbons  This hazard is

chmimated m the pracuce of the cunrent invention becanse the amount of unsaturated spectes
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in the reactor is imited to the amount carried in bound to the rhodium or physicaliy dissolved
in the solvent. Thus, cach Rh site is limited to a very limited turnover before it runs out of
unsaturated species to hydrogenate.  Under this situation, even a rapid increase in reaction
rate can only result in the conversion of a limited amount of unsaturated species and so the

resulting heat release is strictly limited.

Rh OXO CATALYST

In the process of the present invention the oxo/hydroformylation catalyst is a rhodium
complex catalyst, preferably an oil soluble rhodium complex catalyst. The oil soluble catalyst
is typically formed by a complexation reaction in solution between a low valence rhodium, an
oil soluble organophosphorus compound, preferably a triorganophosphorus compound or a
mixture of such compounds, and carbon monoxide. Under reaction conditions the Rh central
atom may be complexed with other species present in the reaction nmuxture, such as cthylene,
and other olefins (e.¢ . propylene). acetylene, and other alkvnes (e u methyl acetylene),
dienes, and other highly unsaturated hvdrocarbons (¢ ¢ allene, butadienes, vinyl acetylene,

ete ). and hydrogen, which also can act as ligands.

The preferred triorganophosphorus compounds suitable for the preparation of the Rh
complex cat: alyst for the use in the oxo reacior in the presentanvenuon belong to the group of
oil soluble wiarviphosphines, talkylphosphines. alkvl-diarviphosphines, arvl-
dialkylphosphines, trialkviphosphites. tarylphosphites. contaimmg at least one puosphorus
atom per molecule These should be capable of complonsion with Rh by the virtue ol havine

lone pair of clections on the phosphorus Non-iitinge examples ot such o soluble
tnorganophosphorus compounds for use 1 the catalvat include iavpnosphines such s
triphenylphosphine or tri-p-tolylphosphine, tnalkviphosphines, such as toctylphosphine or
tncyclohexvlphosphine,  or alkvl-diarylphosphines.  such s octvldiphenylphosphine o
cyclohexyldiphenylphosphine, o1 anvidiatkylphosphines. such s phenvldioctylphosphime o
phenvidicyclohexvlphosphine, ete The torganophosphorus compounds that can serve as
liands can also be other phosphorus cont: unimg compounds such s tiore dnophospiistes. ¢ o
tnialkviphosphites such as tnhoctylphospiute, tarviphosplutes such as ti-p-tolylphoshite In
addiion to monodentate  phosphorus hgands, bidentate compounds such 2s diphos
(bis(diphenylphosphino)ethanc) can be used  An extended st of suitable phosphine heands s
given in Falbe's book at p 55 - 57 Preferably, the oil soluble thorganophosphorus compound
i a traikvlphosphine  such  as thievelohexylphosphineand mieciviphosphine or 4

trarviphosphine  such as thiphenviphosplhme Howoever other heands wuch s
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phenyldicyclohexylphosphine, diphenylcyclohexylphosphine, phenyldioctylphosphine,  tri-p-
tolylphosphine, trinaphthylphosphine, phenyl-dinaphthyiphosphine, diphenyl-
naphthylphosphine,  tri-(p-methoxyphenyl)phosphine, tri-(p-cyanophenyl)phosphine, tri-(p-
nitrophenyl)phosphine, p-N,N-dimethylaminophenyl-(diphenyl)phosphine, and the like can be
used if desired. Mixtures of triorganophosphorus compounds can also be used.

It will be recognized by one skilled in the art that other ligands used with rhodium for
hydroformylation can, in turn, be used in the present invention for the hydroformylation of
multicomponent syngas, provided the catalyst is used at sufficient ligand/Rh ratio. Further
examples of ligands for hydroformylation include transition metal bis-phosphite catalysts (as
disclosed in US 4,885,401), bidentate organophosphorus ligands (as disciosed in US
4,742,178), and transition metal polyphosphite ligands (as disclosed in US 4,769,498)

It will be further recognized by one skilled in the art that reaction media other than oily
ones can be used in the present invention for the hydroformylation of multicomponent syngas
Typically, the catalyst is rendered soluble in a reaction medium by using suitable ligands for
complexation.  Thus the hydroformylation of MCS can be performed in aqueous media by
using organophosphorus lizands containing at least one substituent on the hvdrocarbon radical
of the ligand which imparts water solubility to the hgand.  Such subtituents include, for
cxample, the carboxylic, amino, and sulfo functional groups. Examples of such ligands can be
found in US patents 4,248,802, 4,808.756, 5.312.951. and 5,347,045 which are incorporated
herein by reference.  Hyvdroformvlation of MCS can also be performed in a fluorinated
hydrocarbon medium providing that the Rh complex s rendered fluorous soluble as described

in US patent 5,403,082 which is incorporated herein by reference

Rhodium complexes prepared using the aforementioned lieands mav also be used n
solution 1 the multiunsaturates removing absorber/regencrator system described previoushy
In fact using the spent catalvst solution from the hvdrotormyviation reactor before its final
disposal and/or recycle could be advantageous because of the potential savings in reagent cost

in the multiunsaturates removing step

Rhodium complex catalvsts prepared qsing the atorementioned livands are known to
provide good catalytic activity in the hydroformylation of pure olefin feeds but are
inhibited/poisoned by alkynes, particularly acelylcnc‘ Apphcants, however have unexpectedly
found that these ligands can be used in the hydroformvlation of svneas contaming mixed (2 to
Cs olefin and alkyne feed stocks. especially acetvlene and ethvlene,  provided that the

phosphorus and thodina i the catalvst are present i amounts that render the catalvst
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catalyuically active. Preferably, the P/Rh ratio is mamtained above a specified minimum value
We have found that, for triphenylphosphine (PPh3), this minimum value should preferably be
30. The preferred ligand concentration can also be expressed in terms of the minimum
concentration of the coordinately active phosphorus [P] in the solution or in terms of a
minimum [P}/p¢o ratio in the reaction, wherein Pco 1s the partial pressure of carbon monoxide
in the gas phase. For PPh3, [P] should preferably be above 0.01 mol/l, and the [P)/pco ratio
should preferably be above 0.1 mmol/l/kPa. The Rh concentration in the reaction mixture
should be in the range from about 1x10-5 to about 1x10-2 mol/liter. This range of Rh
concentrations corresponds to a Rh concentration in the range from about 1 to about 1000
ppm (by weight). In a more preferred embodiment the Rh should be present in the range of
50 to 750 ppm, based on the total weight of the solution Within the above ranges, the choice

of catalyst concentration can reflect engineering and economic considerations

The hydroformyvlation of the oxo reactor feed is carried out by contacting the catalvst
with the multicomponent syngas in a solution of the catalyst prepared with a solvent or a
mixture of solvents  Qily solvents that can be used for the preparation of a catalyst solution
used n the oxo/hydroformylation step are known in the art. and include ahphauc, and
aromatic hvdrocarbons (e ¢ . heptancs, cvclohexane toluene. etc ). esters (eg . dioctyl
phihalate), ethers, and polyethers (e o, tetrahvdrofuran, and tetraglvme), aldehydes (c ¢ |
propanal, butanal, etc ). the aldol condensation producis of the oxo product aldehvdes. the

triorganophosphorus lieand itself (¢ ¢ triphenviphosphine), ete

For catalyst compositions outside of the specitied ranues. particularlv for catalyvsis
with P/Rh ratios below the minimum value for a catalhvticallv active hvdroformvliation catalve
(which for PPhz1s 30), the catalvst has a sigmificantly reduced acuvite Precce and Snuth (1p
0.233.759). for example, have mvesticated the hvdrotormvlation of an acetvlenc contamime
mulucomponent syngas muxture i the presence of 'Phsy moditied Rho(COyy catalvst In
spite of the fact that the feed gas contained high concentrations of the reactants (acetviene,
cthylene, CO. and hvdrogen with o ratio of 6 3 30 o} respectivelv) the catalvar solution
contamned high concentration of Rh (0 0108 mol/ly. and PPhy (0 114 molil)l and the torul
pressure was 0 91 MPa_the catalvst taded as evidenced by the tact that the total turnover i
the presence of acetvlene was onlv 13 1 249 hours, crvng aovery Jow turnover fiequency of
1.5x10-4 mol propanal/mol Rivsec  Under those reported conditions the Rh catalvst has hieh
acuivity 1n the hvdroformylation ot ethvlene alone (C K Brown. and Wilkimson.
Tetrahedron Letters 1960, 22 1725)  Bewsides the evpected propanal the product nuxtune
also contamed 11 moleYa acctone not observed in hvdiotormyvlation product nuxtures of

cthvlene This etlect ot acetvliene on the oxo conversion of cthvliene s well documented i the
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literature, and 1s the reason that acetylenes are referred to as "classical catalyst poisons” for

the phosphime modified Rh catalysts (see B Cornils, "Hydroformylation Oxo Synthesis,

Roclen Reaction” in New Syntheses with Carbon Monoxide, ed ). Falbe, Springer Verlag,
New York, 1980, p. 73)

Applicants have found, however, that under proper conditions, particularly at specific,
appropnate P/Rh ratios the inhibiting/poisoning effect of alkynes can not only be overcome
but in fact the alkyne components themselves can be converted to the corresponding saturated
aldehydes. These ratios are typically high. The catalyst used by applicants herein shows
enhanced activity, and is not poisoned by C>-Cs alkynes such as acetylene but rather co-
converts them with olefins to corresponding C3-Cg aldchydes, as cvidenced by its high
turnover frequency with feed streams contaiing acetylene, ethvlene. CO, apd hydrogen
Applicants have found that the catalyst system evidences changed activity with varving
coordinatively active P concentrations and P/Rh ratios Physical evidence of this change
comes from experiments conducted with acetylene and ethylene containing multicomponent
syngas feeds at 100 and 110 OC, and 0.8 and 2.2 MPa total pressures, respectively, with
different PPh3/Rh ratios (see Examples 1, and 2) When the PPh3/Rh ratio was 9.3,
essentially the same as in the experiment of Precce and Smith, albeit using a different Rh
source, the final catalvst solution had a dark brown color but was orange when the PPh3/Rh
ratio was higher, ¢.u. 300 The brown color of the solution contaming the catalyst with a
P/Rh rauo of 9 3 ewidenced that the catalyst decomposed At 110 ©C_ and 2 2 MPa total
pressure the total turnover with a PPh3y/Rh ratio of 9 3 was onlv 4 9 in 2 hours, while under
milder conditions of 100 ©C_ and 0.8 MPa 1otal pressure the total turnover was 221 in 45
minutes when the PPhy/Rh ratno was 300 This later catalviic rate 1s an the range of the
hydroformylaton rate of propylene under otherwise identical condinons The catalvst with o
PPh3/Rh ratio o 300 thus showed an average turnover trequency of 0 082 mol propanal/mol
Rlvsec, while the catalyst with a PPh3/Rh ratio of 9 3 gave an average lnover frequency of
6.8x1074 mol propanal/mol Rh/sec, 1¢ 120 times slower  Inital turnover frequencies as hieh
as 2 mol propanal/mol Rivsec have been achieved with the process of the present invention in
the conversion ot an MCS feed which contained 15 5 volume % cthvliene. and 6 5 volume %

acetylene using a PPh3/Rh catalvst with a PPh3/Rh ratio of 660 and above (see Example 3)

Thus, one embodiment of the present invention is that, for anv organophosphorus
compound used to modify rhodium for use in hydroformvlation, there exists a catalyst P/Rh
ratio sufliciently high to create an active catalyst for the hvdroformvlation of multicomponent
syngas. While catalvsts belew this P/RD rano may provide a nummal level of turnover. as

evidenced by the turmover i cquency ol o $x 107 mol oxormol Rlvsee achieved with PPhy ot o
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P/Rh rato of 9.3, a catalyst with unlity would preferably be at P/Rh rato suthciently high as

to provide activity of at least 1072 mol oxo/mol Rlvsce

Other experiments carried out with multicomponent syngas mixtures in the presence of
rhodium PPh3 catalysts with P/Rh ratios of 100 or higher showed high sclectivity for propanal
of about 99.5 %, in a wide range of H2/CO, and acetylene/ethylene ratios and temperatures,
even at conversions as high as 99 %. The only other product detected was ethane. On the
other hand it has been reported (T. Mise et al. Chem. Lett 1982, (3), 401) that acetylene and
ethylene containing multi-component syngas mixtures yield o,-unsaturated ethvi ketones in

the presence of unmodified Rh catalyst, where the P/Rh ratio 1s zero

Applicants have found at PPh3/Rh ratios of at least 30, and preferably above about
100, significant improvements in rate, conversion, and stabihty arc achieved For example, at
PPh3/Rh ratios above 30, ininial rates of at least 0 09 mol/mol RiVsec and conversions of at
least 80% have been achieved with an orange-vellow catalyst color that indicates a stable
catalyst At these PPh3/Rh ravos, the hydroformylation of acetylenc and ethylene containing
MCS mixtures 1s facilitated and also may stabilize the catalvst in a form that catalyzes
hydroformylation in preference 1o the formation of other oxveenates. such as ketones. and

csters

The aforementioned eftect. i which the hvdrotormyvlation of acetvlene and ethvlene
contaming MCS mixtures stabilizes the catalvst, can provide a strong mcentive 10 add alkynes
(especially acetylene) 10 olefins (espeaially cthylene) for hvdroformvianon  Under conditions
suttable for hvdroformviation of olefins with alkvnes and other multiunsaturaics both the
heand and the alkvne have cquilibna strongly biased toward bindimg 1o the rhodium This
greatly reduces the reservon ot rhodiim that has msutlicient heanon, which i wn reduces
the rate of thodium cluster formaton, which cluster tormaton is the poncipal pathway of
thodium deacuvanon  Thus, as shown i Example 7. catalyst deactivation can be ureatly
reduced by the addinon ot a small amount of alkvne  As such, one preterred emtodiment of
the presentinvention s a process for hvdroformvlating oleting (partcularly cthviene) in wihich
a small amount of alkvnes (parucularly acetvlene) and/or multiunsaturates are added sutticient
to mitigate catalvst deactivation A preterred alkvne addinon level would be trom about 10
ppm to about 10% on total unsaturate, more preterably from about 100 ppm to about 3% on
total unsaturate  The addivion of alkvnes or multiunsaturates niay provide sufficient advantage
i terms of reduced deaciivanon and moterms of the higher severity condimons (e u
temperature, oletin conversion, et ) enabled by reduced deactivation,  that this cmbodiment

can be used toamprove dledin (particularly ethviencey hvdrotormivianon, wherem the akvnes o
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multunsaturates are present essentially for the purpose of mitigating deactivation, and
wheremn aldehyde yield from those alkynes or multiunsaturates may be inconsequential or

nsignificant

For hgands other than triphenylphosphine, the minimum ligand concentration may be
different. When the catalyst is used to convert multicomponent syngas mixtures that contain
alkynes, an important characteristic of the ligand is its ability to compete against the alkyne for
binding with the rhodium. The active rhodium catalyst has a varying amount of bound ligand,
but an average over the active states can be defined in terms of a net bound-
phosphorus/rhodium ratio, Rg. For common hydroformylation catalysts, Ry changes over
uime in the catalytic cycle, but has an average value of approximately 2 If a ligand has a
greater attraction 10 be bound to Rh, less ligand will nced 1o be in solution in order to

maintain the Rhin its preferred (Rp) state

A measure of the level of attraction of the heand for the rhodium can be found in the
pKa value of the ligand. (pKa values for some common licands are hsted in B. Cornils,
“Hydroformylation Oxo Synthesis, Roelen Reaction" in New Syntheses with Carbon
Monoxide, ed. J. Falbe, Springer Verlag, New York, 1980, p. 48). pKa is the base-10
logarithm of K, which is the equilibrium constant for the acid-base interactions of the ligand
A second mcasure of the level of attraction of the ligand for the rhodium can be drawn from
the entropy of interaction when multi-dentate ligands are used  This entropy of interaction, A
Sk, has a value ef about 35 calimole/K for cach added pomnt of attachment (sce. for example.
Benson, § W Thermochemical Kineties, Wiley, New York, 1970) This entropy contributes
to fiee-enerey as =TAS, thus providing a tree encrov contmbution of about -10 1o -13
kcalrmole  Free energy influences equilibria as exp(-AG/R'T). such that the influence of

entropy effect of multidentate hgands s included as exp(ASp/R)

Both measures of strength of binding will attenuate the concentration of unattached
hgand that 1s required in solution in order to mamtain an actve amount of licand bound 1o the
rhodium Ry s detined as the overall ratio of phosphorus 1o rhodium for a hvdroformviation
catalvst with hgand "L, and includes both unattached heand and ligand bound to rhodium
‘The unattached heand concentration (expressed as a ratio 1o rhodium concentration) is (Ry -
Rp). The following equation detines the eftect of binding strength parameters on the

minimum hgand concentration for lizands other than PPhy
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] O( PRa - pRa )

]\)/, - R/;

D) (AS,/R)

Where R is the minimum P/Rh ratio sufficient to provide an active hydroformylation catalyst
with this ligand. Rrpp is the minimum P/Rh ratio for the higand PPh, (RTpp=30), Ry is the
average ratio of P bound to the rhodium (~2), pKaypp is the pKa value for PPh3, pKa| is the
pKa value for the new ligand, ASg 1s about 35 kcal/mole°’K for each additional point of
attachment (bevond the one point of attachment of PPhy), and R is the gas constant (199
cal/mole/°K)

Thus, Ry, as calculated using this equation. represents the minimum P/Rh ratio

sufficient to provide an active hvdroformylation catalvst for anv lieand "1"

Rhodwm can be introduced into the reactor by methods known in the art ecither as a
preformed catalvst. for example, a solution of hvdridocarbonyl tris(triphenvlphosphino)
rhodium (1) iI-IRh(CO)(PPh;);] or formed insitu If the catalyst is formed in situ, the Rh can
be introduced as a precursor such as acetvlacetonatodicarbonyl rhodium (1) [Rh(CO)a(acac)).
rhodium  oxide [Rh203],  rhodium carbonvls  [e o Rhiy(CO)1~»  and Rh(,(CO)]Q],
tris(acetvlacetonato) rhodium (1) [Rh(acac)3). or tharviphosphine  substituted  rhodium

carbonyls HRRCORMP AT wherein Ar s an arvl eroup!
REACTOR VARTABIES

Typically, in the process of the presentanventon. hivdioformvlation of multicomponent
svigas feeds 1s conducted at a temperature in the range trom 80 to 180 OC and preferably in
the range trom 80 10 135 0C If the temperature exceeds these hinuts, the catalvst may rapidly
deacuivate I ower femperatures are acceptable, however the rate of reaction mav become

100 slow to be cconomically practical

The reaction 1 conducted at a wotal pressure an the reactor in the ranee of less than
about 5 MPa (absolute) preferablv about 0 05 105 MPy with a partial pressure ot carbon
monoxide not greater than 50 % of the total pressure The maximum pracucal pressure can

be imited by considerations of production and capital costs. and safety

The mole percent of carben monoxade. hvdrocen Co-Cxoalefins, preterably ethvlene,

and Co-Cgalhvnes, preterably acenene the multcomponent svneas teed 1o the ovo Teacton

SUBSTITUTE SHEET (RULE 26)



96/22266 PCT/EP96/00268
wo

23

at the toregoing pressures should be maintained as follows: CO from about 1 to S0 mol%,
preferably about 1 10 35 mol%, H2 from about 1 10 98 mol%, preferably about 10 to 90
mol%; monounsaturates individually and in combination from about 0.1 to 35 mol%,
preferably about I t0 35 mol%. Gas compositions within the oxo reactor in the process of the
present invention are then affected by the mode of operation, feed composition, and

conversion.

The reaction can be conducted either in a batch mode or on a continuous basis
Preferably the reaction is run on a continuous basis In a continuous mode, superficial
velocities of from about 1.5 to about 61 cm/sec (0 05 to 2 ft/sec), preferably from about 3 to
about 30 cnvsec (0.1 to 1 ft/sec) should be used

Since the catalytic oxo conversion takes place in the hiquid phase and the reactants are
gaseous compounds, high contact surface between the gas and liquid phases is very desirable
in order to avoid mass transfer limitations. The high contact surface can be provided by anv
suitable manner, for example, by stirring in a batch reactor operation  In a continuous
operation the reactor feed gas can be contacted with the catalvst solution in, for example, a
continuous stirred tank reactor in which the gas is introduced and dispersed at the bottom of
the vessel  Good contact between the catalyst and the gas teed can also be ensured by
dispersing the solution of the Rh complex catalyst on a high surface support bv methods

recognized in the art

In the process of the present invention the hvdrotormylatuon of mulu-component oxa
reactor feeds can be conducted 1 a sigle-stiage reactor or using muluple reactors The
reactors mav be arranged i anv numbers of parailel tams when Operanmny m a contimnuous
mode  The number of parallel tras 1s determimed by the desired total capacuyv and the
capacity of a single tramn - The present invention can be practiced using one or more st:ach pet
traim, and each reaction stage can be engineered usmg anv suntable reactor conficuration For
example, plug flow or constant surred tank reactor (CSTR) contacting are two commaon
reactor contigurations  The number of staves and the reacton tvpes tor the staves can be
computed using conventional chenncal enaincering prancipals aiven the kinetics and objectives

of the reaction system

In batch experiments, there is an indication that the olefin and alkyne components of
MCS feeds react in two well defined phases  The first phase rouchly corresponds to the
conversion of the olefing present in the MOS oxo reacter feed  In the second phase on the

other hand mostiv the alkvie content v cotm e Fhe st phase o essentally 1l
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hydroformylation of olefins in the presence of alkynes  The second phase on the other hand
itself s a two step conversion in which alkynes are first hydrogenated to olefins and then those
olefins formed are hydroformylated to the corresponding aldehydes The rate determining
step in this second phase of MCS conversion is the hydrogenation of alkynes to olefins
Following this unexpected order and complexity of the oxo conversion of mixed olefin-alkyne
feeds, conditions for the different phases of the oxo reaction are preferably different. Thus, a
preferred embodiment of the present invention is to divide the total hydroformylation into two
stages, with each stage operated under conditions advantageous 10 the chemistry occurring in
that stage  Thus reaction conditions and catalyst composition in the first reactor should
enhance the hydroformylation of olefins in the presence of alkvnes. Reaction conditions and
catalyst composition 1n the second stage, on the other hand, should facilitate the

hydrogenation of alkynes which is the slowest step in their conversion to aldehydes

US Patent 4,593,127 describes a two stage hvdroformvlation process for the oxo
conversion of olefins The patent gives a common engincering solution for an improvement in
the overall conversion of the reactant olefins It has 1o be understood. however. that the
purpose and need for a mulu-stage and in particular for a two stage oxo conversion in the
process of the present invention is different  The chemical reactions taking place 1n the
diflerent stages of the oxo process of the present invention are different  In the first oxo stage
the main reacuion is the hydroformylation of olefins in the presence of alkynes  In the second
stage, however, the main reaction is the hvdroformvlation of alkvnes which 1s tzelf a two
stage reaction  The first step in the alkyne conversion 1s the hvdrogenauion of alkvnes 1o the
corresponding oletins which 1s followed by the hvdrotormvlation of the tormed oleins 1o the
corresponding aldehvdes  The chemical reaction in the o staces of the process disciosed i
US Patent 1595 127 on the other hand 1s the same hvdrotormvianon of olefins 1o aldehvdes
The need 1or the two stages in the process of the present mvention theretore does rot stmply
stem trom the need for a better overall conversion but irom the unexpected nature of the
chemucal process, namely, that the stronger binding alivie components react much slower
than the weaker bindmg ofefin components — As a resolt of this charactenstics of the oxo
conversion of alkvae-oletin nuixtures. oleting react first producime the correspondimy stdehvdes
and thus the atkvne reactants will be enriched m the reaciion nixture . Furthermore wnee the
oxoconversion of alkvines to the final saturated aldehvde products requires first the
hydrogenation of alkynes 1o the corresponding oleiins and since 1t is this first step which
determines the overall rate of this reaction, condinons m the second reactor stace should
enhance in tact not onlv the hydroformviation of olefine but the hvdrogenation of alkvnes as

well - The need tor the second reactor stage therefore stems from the nature of the chenustry
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and not simply a common engineering solution 1o mprove of the overall conversion of 2

chemical process

An example of a two-stage, single-train oxo/hydroformylation unit is shown in Figure
2 and described as follows: The hydroformylation reaction is carried out in two continuous
stirred tank reactors (21, 23). Each reactor is cooled and stirred using a pump-around cooling
loop (202, 207). The hydroformylation feed (201) enters the first reactor. The product from
the first reactor (203), possible containing some entrained solvent and/or catalyst, may be
cooled and scparated in a flash drum (22) for intermediate withdrawal of aldehyde product
(204). Remaining (unconverted) multicomponent syngas (205) is introduced into the second
reactor (23). Additional MCS components, such as hydrogen, can be added (206) to this
MCS feed 1o the second reactor. Hydrogen addition, for example, could be .employed to
provide the higher Ho/CO ratios that are preferred in the second stage. The product from the
second reactor (208) is combined with the intermediate product (204) to yield a stream (209)
that is introduced 1o a product separauon and catalyst recovery train (combined for simphcity
into block 24)  This block can use conventional boiling-point based scparations (eg
disullation) 10 separate the crude product into an unconverted MCS stream (210), a purified
aldchyde stream (211), and a process solvent/catalyst stream (212) The process solvent and

catalyst stream (212) is recycled back 1o the individual reactor stages

Conditions 1n a two-stage oxo unit embodiment of the process of the present invention
are adjusted for the two stages of the conversion of multicomponent svngas feeds as described
previously  Therefore, in the preferred embodiment reaction condinons i the first stage of
the two-stage ono unit should be optimized to faciltate hvdrotormvlation of ethviene n the
presence ot acctylene In the second stage of the conversion process the overall conversion
rate 1s essentally deternuned by the rate of hydrogenation of alkvnes. n the preferred
cmbodiment acetviene Thus, reaction conditions in the second stage of a two-stace oxo unit
should faciltate hydrogenation of the alkyne reactant, in the preterred embodiment acetviene
Reaction conditions in the first stage should be maintamed as follows 112/CO ratio fion
about 1110 100 1, preferably 11 1o 10 1. the temperature should be from about 80 10 180
OC, preferably in the range of 80 10 155 OC, more preferably from about S0 16 130 O the
total pressure in the reactor should be from about 0 0310 5 MPa, preferably ftom about O 1 1o
2.5 MPa, with a partial pressure of CO not greater than 50 % of the total pressure, and the
partial pressure of acetylene reactant not greater than 02 MPa (safety hnit)  Reaction
conditions in the sccond stage of a two-stage oxo unit of the process of the present invention
should facilitate the hydrogenation of alkynes 1o olefins by, for example, maintaining higher

H2 and lower CO partal pressures than m the first stage Theher temperatmes may also be
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apphied mthe second stage 10 increase reaction rates  In some cases it may bccome
cconomically advantageous to use a different ligand in the second stage to improve the heat
stability and/or hydrogenation activity of the catalyst. Thus reaction conditions in the second
stage should be maintained as follows: H2/CO ratio from about 11 to 100:1, preferably from
about 2:1 to 50:1; the temperature should be maintained between about 80 to 180 OC,
preferably from about 80 to 155 OC; the total pressure should be maintained between about
- 0.05 to 5 MPa, preferably from about 0.1 to 2.5 MPa_ with a partial pressure of CO not
' greater than 35 % of the total pressure, and the partial pressure of acetylene not greater than
0.2 MPa (safety imit). Superficial velocities of from about 1.5 to about 61 cm/sec (0.051t0 2
fUsec), preferably from about 3 to about 30 cm/sec (0 1 to | fi/sec) should be used in both
reactors in order to entrain the catalyst in the reactor. Rhodium complex catalysts within the
range of compositions disclosed previously are used The compositions of. the catalyst
solutions in cach stage of a multistage oxo unit are preferably the same. but can also be
difterent, within the disclosed ranges for the rhodium complex catalyst, if so desired
The overall conversion of the alkyne and olefin content of the multicomponent svngas
feed in the oxo umt of the process of present invention can be essentiallv as high as desired
The catalyst life, however, is shortened as the conversion approaches 100% 1n a single pass if
higher catalyst concentrations and/or more severe conditions, t.e higher temperatures are used
to reduce. the necessary residence time to achieve the desired conversion It 15 therefore
generally desirable 10 maintain the conversion in a single pass lower than the desired overall
conversion and 10 recycle the reactants after the separation of the product Thus, for example.
higher than 99%, overall conversion can be achieved with $0% PCT PASS TCACTANt CORVersion in
the oxo umit and V0% reactant recovery i a recoverv-reevele unn descnibed below  Uinde
such condinons the reactant concentraton i the reacie: can be 24 wmes hieher than the
concentration resulung trom the same level (99%) ol simele pass conversion in the absence of
reeycle  Tius lugher concentration contributes 1o a proporuonally 24 umes hieher reactuon
rate,-and m the case ot the oxo/hydroformylation process of the present mvention, 1t also
contributes 10 an mcreased catalyst complex stability

REACTANT RECOVERY AND RECYCLE

The use of a reeyele of umcacted unsaturated hydrocarbon components 1 tehly
desirable in the processes of the present mvention 1o increase the oxo unit productvity and the
catalyst life by allowing higher unsaturated hydrocarbon concentrations i the oxo reacton(s)
However, feeds having rclatively hick concentrations of merts and non-storchiometrie

reactants, such as multicomponent svieas fecds, eilecnn ol divcourace such arecv e becise
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of the rapid build-up of excess gascous materials, i.¢. inerts (c.g., nitrogen, water vapor,
methane, cthane, propane), and excess rcactants (typically hydrogen) that would occur in the
recycle loop. It would be beneficial if a process could be devised to overcome these

problems.

Applicants have found that the unreacted unsaturated hydrocarbon components,
especially acetylene, can be advantageously recovered from the gaseous effluent of the oxo
reactor by scrubbing this "tail gas" with a liquid consisting of the liquid aldehyde product of
the oxo reactor. This unsaturates-containing liquid can then either be stripped with
unsaturates-free syngas to produce a recycle stream of multicomponent syngas that is more
concentrated in the unsaturated hydrocarbon than was the tail gas, or preferably, the

unsaturates-containing hquid can be recycled directly to the oxo reactor

Applicants have found that solubilities of the unsaturated hydrocarbon components
(e.g., ethylene, and in particular acetylene) of multicomponent syngas mixtures in certain
oxygenated solvents, more pariicularly C3-Cg oxvgenated solvents, especially the product
aldchyde of the hydroformylation process such as disclosed herein for the conversion of
multicomponent syngas mixtures are exceptionally high  Furthermore, the solubilities of these
unsaturated hydrocarbons are substanually higher than the solubilities of other reactants such
as hydrogen, and carbon monoxide, and inerts such as methane, and nitrogen (see Tables 6
and 7 in Example 5) present in multicomponent svneas muxtures used in the process of the

present imventon

Thus, another emboament o1 the present mventon provides a process for the
separation or preferential rtemoval of unsaturated hvdrocarbons, especially acetvlene. from oxo
reactor ctlluents contaming same and reevele thercot mto the oxo reactor for further
hydrotormvlauon processing without build-up ot the atorementioned excess reactants and
merts in the oxo reactor - The process provides a method tor concentrating and recovening the
unsaturated hvdrocarbons from the oxo reactor eitluent 10 produce a stream that 1s enriched in
alkvne and olefin and deticient in excess gasceous matenal tor reevele into the oxo unit without

butldup of inerts, and excess components

The recycle and recovery concept of the present anvenuon comprises use of the
aldehyde product of hydroformylation as the absorption solvent in a system tor concentrating
the unconverted unsaturates i the oxo reactor eflluent A simple embodiment of this
invention would be the use of parred dbsorption and stppimge towers  In this method, the oxo

cllluent s ied to the bottom of an aborption tower where itas contacted with cold aldehvde
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to condense out liquid aldehyde and dissolve unsaturated species (particularlv acetylene)
Oxo tail gas greatly diminished in these components emerges from the top of the absorption
tower. The unsaturates-containing aldchyde from the bottom of the absorption tower is fed 10
the top of a stripping tower wherein unsaturates-free gas (such as synthesis gas, hvdrogen, or
nitrogen) 1s used to strip out the unsaturates into a concentrated vapor phase suitable for
recycle to oxo. The unsaturates-free liquid aldehyde product at the bottom of the stripper is
divided between recycle to the absorber and a stream which is the aldehyde product of oxo
By use of such a scheme, the absorber/stripper is made to serve the three purposes: (i)
recovering the aldehyde product from the gascous process effluent, (ii) recovering unsaturates
for recycle 1o oxo, and (ii1) removal of unsaturates from the aldehvde product. in which such

unsaturates would be unwanted contaminants

A preferred embodiment of the recvele and recovery concept of the present invention
accomplishes these same three purposes, but also provides for the recycle of the unsaturated
components as solutes in a liquid-phase recvcle aldehvde stream  An example tiow diagram
for this embodiment is shown in Figure 3 Into the oxo reactor (31 ). having a pump-around
cooling loop (340), 1s introduced a multicomponent svngas feed (331)  The oxo reactor
gascous or nuxed phase cflluent (332) is cooled 10 a temperature at which an amount of
aldehyde condenses that is essentiallv equal to the amount of oxo-produced aldehvde  The
condenscd liquid aldehyde (341) 1s separated from the remaining gas phase oxo effluent in a
flash drum (33)  The liquid aldehvde product (341) is introduced into a stripping vessel {34)
where it is sinipped with an unsaturate-free gas (333) (e ¢ svneas, hvdrogen: nitrecen, or heht
alkanes) 1o produce an unsaturate-fice aldehvde prodact (3335) and a Laseous eivent (342)
containing unsaturated hvdrocarbons The stripping tower cascous effluent (342) 1« combined
with the flash drum (331 vapor and cooled further to produce a stream (333) thit 15 red 1o e
absorption tower (35) having an upper porion that 1< at 3 temperature suthicientiv Jow 1o
provide retlux (344) of the alkane components of the oo efiluent (¢ ¢ cthane or propane). as
shown as coolng of the tower overhead (343) and drum (36) 10 separate hquid 1rrom vapor
This upper portion of the absorber (35) functions as the rectiivimge, section of i distillation
tower, rejeching aldehvde from lower boiling components, and resultine in a substannaliv
aldehvde-fice overhead product sticam (330) that contans the oxo diluenis (o (U

methane, cthane, propanc) and non-stoichiometric components (¢ ¢ hvdrogen that boil at
temperatures at or below the temperature of the refluxime alkane  In the bottom of 1he tower
(35) the hquid phase becomes cold aldehvde that dissolves the highiv soluble unsaturated
components as if i an absorber At the temperatine of the bottom of the tower (339 the
solubilitics of alkvnes and olefins i the hquid phise e very hieh (see Tables & and o

Example Sy For examples acenvlene concentrations of 16 mol®s can be acheeved mothe
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acetylenc rich aldehyde product at appropriate conditions. This unsaturates- contaning liquid
strcam (337) emerges from the bottom of the tower where it can be pumped as a liquid to
substantially higher pressures for recycle to the oxo reactor (31) Once at higher pressure, the
unsaturates-containing liquid stream can be heat exchanged (350) to recover any cooling value
that it might contain. In this high pressure condition this heat exchange can be accomplished
with a minimized concern that unsaturates such as acetylene will separate from the liquid to
form a dangerous concentrated phase. Recovery of cooling value can also be employed on
other cooled streams (335, 336) exiting the process.

In a further variation on this scheme, the pressure of the oxo eflluent (332) can be
increased in pressure prior to the recovery process via a compressor (32) The pressure
increase should not increase the partial pressure of the product aldehyde over its saturation
limit in order 10 avoid compressor damage  Furthermore, the partial pressure of acetylene at
the high pressure side should be lower than the safety limit of 0.2 MPa  The increased
pressure typically should not be higher than 5 MPa in order to avoid excessive equipment
cost. Such a pressure increase results in an increase of the partial pressures of the components
being separated: the product aldehyde and the unconverted Cs to C5 monounsaturates  As a
result of the higher partial pressures the flash tower 33, and scrubber 35 may be operated at
higher temperatures thus potentially reducing the cooling cost of the separation  Furthermore,
increasing pressure can carrv the added advantage of reducing tower sizes for gas treating and
separations  The need and degree of this operatuonal compression step s determined by

cconomic and safety factors

Thisreevele and recovery process is enurcly ditferent from that desenibed in US Patent
3.455.091 i several wavs  First, US Patent 355091 uses high bailimge oxo side-products as
scrubbing solvents versus our preferred use of the primary oxo product  Second. US Patent
3,455,091 uses the scrubbimg svstem 1o absorb for recovery purposes the primarv-product
aldehvde out of the unconverted oxo teed gases, versus our absorption for reevele to oxo of
sclected unconverted feed components out of other feed components  This recvele and
recovery process is also entirely different from that described in US Patent S 001 274 While
US Patent 5001274 emplovs a thodium catalvst stream 1o absorb for recvele selected
unconverted feed components, the process described herein uses the hquid reaction product
A further difYerence between the process of the present invention and the aforementioned
prior art is that the processed stream is not the effluent of an olefin oxo unit but in fact the
eflluent of a different oxo technoloov i which olefins and alkvnes are co-comverted  The
processed sticam therefore contmns chemically different components - (2 10 Cs alkyvnes - 1

high concentranon the teatment recoveny ol which requines special process conditions
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and technology (safety)  One of the most mmportant features of the recovery-recycle process
of the present invention is that it provides a solution for the safe recovery and recycle of those

alkynes, especially of acetylene.

It should be noted that this recycle and recovery process may be used with processes
other than the aforementioned and herein described hydroformylation/oxo processes. The -
recovery and recycle process disclosed herein may be used with other synthesis processes
whose reaction products are usable as absorption solvents for unreacted gaseous feed
components and which synthesis process is not harmed by the recycle of said products back to
the synthesis reactor  For example certain impiementations of Fischer-Tropsch ("FT™)
synthesis can be made to produce oxygenates as products and to consume olefins in the
svnthesis gas feed In such an implementation, the FT oxygenate product can be used as
described herein to recover and recycle unconverted olefinic species back to the svnthesis
reactor. Another example is the variations of alcohol svnthesis reactions that consume olefins
in the synthesis gas feed and produce higher alcohol products  These are only examples and

should not limit in any way the scope of application ot the basic concept

The solvent applied in the unsaturates recovery-recycle process, as it is applied to
hydroformylation of mulucomponent syngas, is the recovered aldehvde product from the
hydroformylation of multicomponent svngas containing C2-Cs monounsaturates  Use of the
product aldehyde as a solvent presents several advantages the separation of the product
aldehvde can be integrated into the unsaturates recovery and reevele process saving capital
cost, there s reduced need for purchased solvent and solvent make-up. and reduced product
contanunation and solvent/product separation problems An mteerated product separanon and
unsaturates recovery and recychne scheme can ofier 1uriher advantaves relatng 1o the need of
use of retngeration for the effective separation of the product aldehvde  Since boti product
separation and unsaturates recovery requies the apphcaton of low temperatures, the coohiny

enerey can be ethicientiv utihzed i an mteerated process such as disclosed heremn
PRODUCT UTILIZATION

Cyto Cpaldehvdes, which are o desited product ot the hydirotornviation stave of the
present mvention, and parucelatly propanal, have unihiis avantermediates in the manutaciure of
many industrial commodity chenueals  Thus, one preferred  embodiment of (e present
nvention is its combination with subscauent processiis steps that further enhances the value

of the aldehvde product
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Once preterred embodiment of the present invention is the combination of the
hydroformylation of a multicomponent syngas with hydrogenation of the aldehyde product of
that hydroformylation to produce an alcohol product. Particularly preferred is the production
of propanol by this means. An additional preferred embodiment of the present invention is the
combination of the hydroformylation of a multicomponent syngas with the oxidation of the
aldehyde product of that hydroformylaticn to produce an organic acid product. Particularly
preferred is the production of propionic acid by this means. Hydrogenation and oxidation of
the aldehyde to the aforementioned products may be carried out according to procedures

known in the ant.

An additional preferred embodiment of the present invention is the combination of the
hydroformylation of a multicomponent syngas with an aldol condensation .step.  Aldol
condensation is a conversion step that is well known in the art. In this reaction, two aldehvdes
are joined such that the a-carbon of the first becomes attached to the carbonyl carbon of the
second. The result 1s called an "aldol”, which is a 3-hydroxv carbonyl compound. Typically,
the aldol chminates H,0 to vield an unsaturated aldehyde.  The aldol condensation of two
identical aldehydes 1s called “self-aldol”, while the aldol condensation of two different
aldchydes is called “cross-aldol”  Additional preferred embodiments of this invention include
the hydrogenation of so-produced aldols to saturated aldehydes, as well as saturated and
unsaturated alcohols. An additional preferred embodiment of this invention is the oxidation of
the saturated and unsaturated aldehvdes derived from the aldol condensation to corresponding

saturated and unsaturated acids

Thus, an addiional preferred embodiment of the present mvenuon s the combination
of the hydrotormylation of a mulicomponent svagas with seli=aldol of the produced aldehvde
o produce an aldol dimer  Parucularly preferred is the productuon of 2-methvipentenal by
this  means, and  the  subsequent  hyvdrogenation 1o 2-methvlpentanal.  andior 1o
2=methylpentanol, as well as the oxidation of the 2-methylpentanal to 2- methvlpentanoic

acid

An - addional preferred  embodiment ot the present anvenuon s production of
mult-mcthvlol alkanes via the cross aldol condensauon of tormaldehvde with of the aldehvdes
produced by the hydroformylaton of a multicomponent syngas A further preterred
embodiment of the present mvention is production of mult- methylol atkanes via cross aldol
condensation of fermaldehyde with the unsaturated or saturated (hvdrogenated) aldehvdes
produced  as aldol-dimers ot the  aldehvdes  produced  via nvdroformvlianon  of g

multicomponent svocas Pyvpicallv o s known an the cnbonvl (€ O) croup i such a
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cross-aldol product is chemically or catalvtically reduced such that all the oxygen of the
multi-mcthylol alkane is in the hydroxyl form. Particularly preferred are the production of
timethylol ethane by this means (by cross-aldol of formaldchyde with propanal), and the
production of 2,2'-dimcthylol pentane by this means (by cross-aldol of formaldehyde with
2-methylpentanal). Conversion of aldchydes to the aforementioned products may be carried

out according to procedures known in the art.

Thus, the present invention includes a process for the manufacture of alcohols,
wherein the aldehydes formed by the hydroformyiation of a multicomponent syngas are
hydrogenated to form the corresponding alcohols; a process for the manufacture of acids,
wherein the aldehydes formed by the hydroformylation of a multicomponent syngas are
oxidized to form the corresponding acids, a process for the manufacture of aldol dimers,
wherein the aldehydes formed by the hydroformylation of a multicomponent syngas are self-
aldohzed to form the corresponding dimers, a process for the manufacture of saturated
aldehydes, wherein those aldol dimers are hydrogenated to corresponding saturated aldehydes,
a process for the manufacture of unsaturated alcohols or acids, wherein the aldol-dimers are
hydrogenated or oxidized to form the corresponding unsaturated alcohols or acids: a process
for the manufacture of saturated alcohols, wherein the aldol-dimers are hvdrogenated to form
the corresponding saturated alcohols, a process for the manufacture of saturated alcohols or
acids, wherein the saturated aldehydes produced via hvdrogenation of the aldol-dimers arc
hydrogenated or oxidized 10 form the corresponding saturated alcohols or acids, a process for
the  manufacture of mulu-methylol alkanes, wherem  the aldehvdes  formed by the
hvdroformylauon of a multicomponent syngas are aldol-condensed with formaldehyde 10 torm
the corresponding multi-methvlol alkanes. 4 process tor the manutacture of timetin ol
cthane, wherem propanal that is formed by the hvdrotormylanon of a mulucomponent SVNgis
15 aldol condensed with formaldehvde to form the trimethvlol cthane. and a process for the
manufacture of multu-methylol alkances, wheremn the aldol-dimers andior the saturated
aldehydes produced therefrom me  aldol-condensed  with tormaldehvde 1o o the

corresponding mult-methvlol alkanes

This invention can be used 10 produce the propanal-contiiming composition that s
used for the productron of aldehydes. alcohols, acids. and their derivatives. deseribed EPA
95300 301.9 and the PCT application based thercon. which are herchy mcorporated by

reference
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Lxample |

Apparatus

Experiments were carried out in an Autoclave Engineers’ 300 ml stainless steel
autoclave. The reactor was connected to a 500 ml high pressure buffer bomb through a
regulator valve. Both the reactor and the buffer bomb were equipped with digital temperature
and pressure gauges. The autoclave was also equipped with a temperature control unit, and a
surrer with speed control. The total and free volumes of the different parts of the apparatus

were measured by gas volumetric method

Catalyst preparation

The rhodium and phosphine containing solutions were prepared in Vacuum
Atmospheres dry boxes under nitrogen or argon  The rhodium was charged either in the form
of HRh(CO)(PPh3)3, or as Rh(CO)2(acac). where PPh3 is triphenylphosphine, and acac is the
acetylacetonato ligand  Rh(CO)2(acac) was purchased from Strem Chemicals and was used
as received  HRh(CO)(PPh3)3 was prepared from Rh(CO)2(acac) by literature method (G
W Parshall, Inorg. Synth 1974, 15, 39) Toluene was distilled from sodium benzophenone
under nitrogen  The weight of each component of the toluene solution was measured
Methylcyclohexane was used as an internal GC standard  The solution wvas charged under
flow of nitrogen into the autoclave  The unit then was flushed with svhgas (H2/CO = 1)
When the catalyst was prepared i situ the autoclave was pressunized to about 05 MPa at
room temperature then it was heated up to 100 ©C_ and was kept at that temperature for
about 30 mm  Independent expenments demonstrated that under these conditions the
rhodium looses the acac lieand by hvdrocenatnon and  the formed  hvdridocarbony]
tniphenylphosphino  rhodium  complex(es) (HRMCON(PPh3) . xew <) catalvre
hydroformviatnon without showing any mduction period  When HRE(COYPPhI )T was used

as a Rh source no catalyst prefornung was necessar

Hydroformylaton of Gas Blend #1

The reactor contiming the solution of the preformed catalyst was flushed and
pressunized with Gas Blend 41 comaming cthvlene, cthane, acetylene, carbon dioxide.
hydrogen, methane, carbon monoxide, and nitrogen (composition is givenan Table 2) at room
temperature - The amount of gas loaded into the reactor was determined by as volumetric
method  The P/RK rano m this expeniment was 93 The composition of the catalvst charged

Is ewven i the tootnote of able Fhe reactor was heated 1o 110 9C and maantamed ot
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reaction temperature for two hours  While the reactor was at the reaction temperature, g
pressure drop indicated that reaction occurred  Alter two hours at 110 ©C. when no further
pressure drop was obscerved, the reactor was chilled to 15 ©C, and gas and liquid samples
were taken A mass balance was established for the charged materials based on gas
chromatography (GC) analyses of the gas and liquid phases. The results are given in Table 2.
In the hquid phase the only detected product of the reaction was identified by gas
chromatography/mass spectrometry (GC/MS) as propanal. The propanal found in the hquid
phase gave a 60 % conversion based on the total amount of ethylene and acetylene loaded into
the reactor. Since the experiment was stopped when the oxo reaction ceased the catalyst
clearly deactivated before higher conversions could have been achieved Gas analysis of the
final reaction mixture indicated that both unreacted cthylene and acetylene were present at a
ratio of acetylene/ethylenc of 3.4 at the point when the oxo conversion stopped . The analysis
results showed that a parallel conversion of both ethvienc and acetylene had occurred  The
final solution had a dark brown color which is associated in the experiments disclosed herein

with a decomposed catalyst

Table 2 Hydroformylauon of Multicomponent Svngas (Gas Blend #1) at 110 0C

Compound X0 (v.%) l n® (mmol) l nf (mmol) An (mmol)
Caliy 1020 | 1o 05 0
CaHg, 0105 | 02 | 02 0o
Cntin | 2910 | S 17 37
COA | 1650 | 31 24 07
- i S0 ST 253 Qo
Cly ! qoun 93 Y 04!
CO | Lo 208 1S 8 S0
N» o ssus oo | 121 6 So
Propanal” e - | i 44 ) i34 |
Total ‘ 100 000 ’ 198 5 i 1840 -17 3 l

Reaction condinons toluene 90 mi-miethvl evelohewene Gnteral standard tor GCY 008 ml
Rh 897 pmoles (1130 ppm), PPhy 85 mmoles, p 1545 kPa (a1 20 OC), reacuon time
at O OC 2 hrs

Legend  x© = mitial gas concentranon, n® = mival number of mmoles in the vas phase. nt
final number of mmoles in the as phase. An - mole number change in the vas phase,

T Ligua GC results
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Example 2

The apparatus, catalyst preparation method, and expenimental procedures were the
same as in Example 1. Gas Blend #2, used in this experiment, contained ethylene, ethane,
acetylene, carbon dioxide, hydrogen, methane, and carbon monoxide (the composition is given
in Table 3). The reaction temperature was 100 OC, and the P/Rh ratio was 300. The
composition of the catalyst solution is given in Table 3. After heating the reaction mixture to
100 ©C, a fast pressure drop in the autoclave was observed indicating that a gas consuming
reaction took place. This pressure drop significantly slowed down after about 45 min reaction
time when the reaction was stopped by cooling the reaction mixture to 15 9C. After cooling
the system gas and liquid samples were taken, and analyzed by GC. The results are given in
Table 3 The analyses of both the gas and liquid phases gave a lmgher conversion (88.5 %) at
a 10 OC lower temperature, 14 times lower catalyst concentration, and in a 2.7 times shorter
ume than what was observed in Example 1. In addition, the color of the solution sample
taken at the end of the experiment was bright orange vellow  An orange yellow color in the
herein discussed experiments is associated with an active catalyst system in the conversion of

acetylene and ethylene containing multi-component syngas nuxtures

Table 3 Hydroformylation of Multicomponent Svngas (Gas Blend #2) at 100 ©C

Compound xO (v. %) n© (mmol) nf (mmol) An (mmol)
CoHy 991 949 077 $72
CHH,, 320 312 1 I 60 IRE
Catln 683 | 6t |08 S
COA 253 | 2.2 bsl -0 0]

Ho 4827 3001 4717 R
Ci, H70 2 914 267
CO 17.50 2332 ‘ 8 65 -1 67
Propanal” -- -- ! 1.4 20 414 20 {
Total 100 00 919 | w2 24 03

* Ligund GC result

Reaction conditions toluene 60 mb. methyl evelohexane (mternal standard tor GCy 08 ml,
Rh: 64.3 pmoles (110 ppm); PPhy 193 mmoles, p® = 800 kPa (at 100 ©C), reaction ume
at 100 ©C 45 min '

Legend: x©O = mitial gas concentration, n® = mitial nuimber of mmoles in the gas phase, ni -

tinal number of mmoles i the gas phase, An = mole number chanee in the vas phase.
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Lixample 3

This example demonstrates the efiecct of P/Rh ratio on the hydroformylation of
acetylene and cthylene containing MCS oxo feed streams.  The preparation and loading
procedures of the catalyst solutions were the same as in Example 1. The solvent,
tetracthylene glycol dimethyl ether (tetraglyme), was degassed before use. It also served as an
internal standard in the GC analyses of the product liquid samples. The solution volume, and
the total initial gas charge in cach experiment was the same, 70 ml and 95 mmoles,
respectively  The apparatus was the same as in Example | except that a volume calibrated,
high pressure injection bomb was mounted into the teed line afier the high precision pressure
regulator between the buffer cylinder and the autoclave.  This injection bomb was used to
inject known amounts of ethylene/acetylene mixtures into the autoclave The cthylene, and

acetylence charges in cach experiment were around 15 4, and 6 4, respectively

Batch kinetic experiments were carried out at constant 1 MPa total cauge pressure and
120 °C  As the reaction proceeded a constant pressure was maintained bv feeding svneas
(CO/H2 = 1) from the volume calibrated high pressure bufler bomb through a high precision
regulator valve. The reaction was monitored by reading the pressures in the buftfer (measured
to an accuracy of 1 kPa) as a function of ime (recorded to an accuracy of 1 sccond) The
overall conversions of ethylene and acetylene were determined afier each run by GC analyses
of the liquid and gas products  The only two products of the reactions detected were
propanal as major product and minor amounts of cthane  The overall conversion then was
correlated to the 1otal pressure drop and the total cas consumpuon m moles irom the buiie
bomb durmg the expermment Reaction rates were caloulared assunnng o heear conclanon
between the pressure drops and conversion Cataly s composttions. and results of seven

different expeniments are shownn Table 4
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Table 4. Lflect of PPh3 Concentration on the Oxo Reaction Rate and on the Conversion of

Acetylene-LEthylene Mixed Feeds

PPh3 Rh P/Rh Initial Rate Total Cp
(mmoles) | (umoles) (mol/mol Rh/sec) Conversion (%)

038 378 10 0.02 25

1.17 377 31 0.04 - 80

432 37.7 115 0.1 80

8§45 37.4 226 03 80
16.37 376 435 0.9 92
23.40 38.0 660 21 99
30.93 18.8 1644 21 99

Solution Volume: 70ml, H»/CO = 1, Total Pressure = 1 MPa, Initial Gas Charge 95
mmoles total, 154 mmoles CoHy, 64 mmoles CoHa, balance CO and Ho. rhodium

concentration is 54 ppm and 27 ppm for 38 and 19 pumoles. respectively

Kinetic data in Table 4 demonstrate that the activity of the catalvst increases
significantly by increasing the phosphine concentration  The color of the final solutions were
orange yellow, except for the run with PPhs/Rh ratio of 10, which was brown afier 120 min
reaction ume  This color variation indicates that a stable catalyst system is not present at a
PPhy/Rh ratio of 10 in the hvdroformylation of acctylene and ethviene containing multi-
component syneas feeds  Under the preterred PPh;/Rh ratios above 30, significant
improvement in rate, conversion. and stability are achieved
Example 4

The example  demonstrates the eficct of 1H/CO 1ato on alkene  (ethviene)
hydroformvlation i the presence of a cumulated diene (allenc)  The preparation and loadmg
procedures of catalvst solutions were the same as i Example 1 The experimental method
andthe kinenic evaluation of experimental values were the same as in Example 3. except that
IS mmoles of ethylene was comjected with 0 13 mmoles ot allene and with different amounts
of hvdrogen 1o adjust 112/CO ratios in the autoclave  The catalyst charge was 18 8 nmoles of

Rh (27 7 ppm). and § 3 mmoles of PPh3 (3 1w %5) i cach experiment

After injecting allene-cthvlene mixtures into the autoclave at 120 OC the reaction first
procecded at a very slow rate - Gas analysis of the gas reaction mixture showed a slow build-
up of propvlene during this first slow stage of the reaction The hvdroformylation of ethylene
took place onlv afier essentially all (repicallv 95 to 90 %4y of the allene charged was converted

The lenetly of this ficst phase of the reaction depended on the T/CO 1anio (see Table 9)
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Table S The Effect of H2/CO Ratio on the Conversion Rate of Allenc

Time Required to Reaction Rate
H2/CO Convert Allene (min) (mol C3H4/mol Rh/min)
1.0 23 0.30
22 17 041
7.7 13 0.53
24 .4 5 138

'Solulion Volume 70ml; H9/CO = 1, Total Pressure = 1 MPa; Inital Gas Charge.
95 mmoles total, 15 mmoles CoHy, 0.13 mmoles C3Hy, balance CO and Hy,
Rh =277 ppm, [PPh3]=3 1%

Example S

Gas solubilities were measured cither by eas volumetric method using the same
autoclave as in Example 1 or by TH NMR  In the autoclave experiments the solvent was
thoroughly degassed 1n the autoclave before the gas was charged without stirring  Afier a
short temperature equilibration the pressure and temperature in the autoclave was recorded:
and then the solvent was surred until no turther pressure drop could be observed  From the
Known eas volume and pressure drop the amount of dissolved cas was calculated  In the H
NMR expeniments either the solvent (propanal) or hexamethvibenzene served as an internal

standard  “The values obiamed are listed i Table o
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Table 6. Experimentally Determined Solubilities for Hydrogen, Carbon Monoxide, Methane,

Lthylene, and Acctylenc at 0.1 MPa Partial Pressure

Solute Solvent Temperature | X;j x 104 Ci Method
(°C) (mmol/l)

Hydrogen Tetr‘ag]yme*‘ : 20 5.1 22 autoclave
100 75 5.0 autoclave

d3-Toluene 22 35 — NMR
Carbon Tetraglyme* 20 113 49 autoclave
monoxide 100 346 142 autoclave
Mecthane | Tetraglyme* 20 300 157 autoclave
100 650 203 autoclave

Propanal 22 256 327 NMR
Ethvlene | Tetraglyme* 20 1340 60.0 autoclave
100 76 0 326 autoclave

Propanal 22 1150 159 0 NMR
Acetylene | Tetraglyme* 20 12240 5770 autoclave
100 2420 1030 autoclave
Toluene 20 2467 2206 ©autoclave
100 1780 147 7 autoclave

Propanal 22 4020 5577 NNR

Legend: Nj = mol fraction of the gascous component 1n the hiquid phase. ¢ molanty ot the

gascous component in the hquid phase

Note * Teuaglvime contaiming 7 8 w %% PPhy

The expenmentally determined (see Table 0) and literature values (see Table 7) reflect
high”solubiliies of ethvlene and acetvlene in oxveenates, especially propanal  There is a
large ditTerence in solubility between ethvlene and acetviene vy all other major components of
typical mulicomponent syngas mixtures such as hvdrogen, carbon monoxide. and methane

can also be seen that the solubiliy difference inereases with decreasimg temperature
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Table 7. Gas Solubilities in Oxygenate Solvents

Solute Solvent Temperature | Xj x 104 G Ref *
i (°C) (mmol/l)
Hydrogen | 2-Methylbutanal 30 8.55 — e
2-Methylbutanal 100 11.45 — e
Formaldehyde diethyl acetal 30 537 5.07 o
Propionaldehyde 100 5.95 — k
Methyl acetate 18 251 3.30 I
Ethyl acetate 18 546 384 ¢ 1
1-Propyl acetate [ 415 399 I
2-Propyl acetate 1§ 4 83 4.64 !
1-Butyl acetate 18 429 564 !
Methyl propanoate 18 377 419 I
Methvl butanoate IS 467 4 49 !
Ethylene glvcol dimethyl 100 620 532 1
cther 100 6.58 3 89 v
2-Ethylhexanol-1 100 585 345 W
2-Ethylhexanol-1 100 S 97 — Voo
2-Ethvlhexanal-1 i
Carbon 2-Methvlbutanal S 10 96 — e
monoxide | 2-Methvlbutanal Loa 1303 — ¢
Mecthane | Formaldehvde diethvl acetal iE ! 3790 | 35 2% f o I
Propionaldehvde ‘ boey :_ _ 20090 ! - __!.,_L‘__,
Ethvlene | Formaldehvde diethyl acetal 1 i E 18NS 00 .' 174 33 i___ -
Ethane Formaldehvde diethyl acetal i E 214 00 , REASE o

Legend X = mol fraction of the cascous component i the gud phase, € - moiann ot the
gascous component in the hqud phase
“Table 7 References

¢y ROA Aronovich, T T Vasifeva, S N Loktev. v A Polvakov, BV Shvinskn TN

Tvvina Teor Eksp Khim 1091 27(2), 241

gz
~

L P Lizano, M C Lopez, IF N Rovo, IS Unicta I Solution Chem 10w 197y,

721

K) T'1 Vasifeva, A A Naumovie A A Polvakoy T N Tyvina, VN Fokina Zh Pk
Khim 1987, 60(2). 408

1y F Brunner ) Chem Thermodynanues TOR0O 10 any

v NG Raomskava, NG o Tyvaions N Necn glo Klume Prome-wp o7 1
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w) L Brunner Ber. Bunsenges. Phys. Chem. 79, 83(7), 715
Example 6

The preparation and loading procedures of catalyst solutions were the same as in
Example 1. The experimental method and the kinetic evaluation of experimental values were
the same as in Examiple 3, except that 15 mmoles of ethylene was coinjected with 0:13
mmoles of one of the following dienes or acetylenes: 1,3-butadiene, allene, propyne, and
acetylene. The catalyst charge was 18.8 umoles of Rh (27.7 ppm). and 8.3 mmoles of PPh3

(5.1 w.%) in each experiment.

Gas analysis of the gas rcaction mixtures indicated a parallel conversion of ethylene
with 1 3-butadiene, propyne, and acetvlene In the case of ethvlenc-allene mixtures, however,
the conversion of ethylene could only start after essentially all the allene injected had been
hvdrogenated to propylene, as disclosed in Example 4 The final reaction mixtures contained
essentially propanal, ethane, and the hydrogenated product of the coinjected highly
unsaturated component.  Thus 1,3-butadiene vielded butenes, and allene and propyne vielded
propylene. At 95 to 98 % cthvlenc conversion the tvpical conversions of 1.3-butadienc. and
propyne to the corresponding olefins were ca 60 %  Since the hvdrogenation produ.ct of
acetylene, 1s ethylene its intermediacy could not be detected in the hvdroformylation of
cthvlene-acetylene mixtures  The observed reaction rates showed a different degree of
mhibition on the oxo rate of ethylene by the highly unsaturated component  Thus. the
observed turnover frequencies in cthviene hydrotormvlatnon with allene. 1.3-butadicne.
propyne, and acetviene as coinjected reactants at 33%0 ethviene conversion were 3.5 5. 7. and

9 mol propanal/mol Risec, respectively
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Lxample 7

This example demonstrates the eflect that small concentrations of acctylene have in
stabilizing the rhodium catalyst against deactivation  The experiment involves two stages, an
aging stage and a kinetic measurement stage  The preparation and loading procedures of
catalyst solutions were the same as in Example 3, except that the autoclave and buffer bomb

volumes are 500 and 325 ml, respectively

For the aging stage of the experiment, 300 ml of catalyst solution was charged, which
solution contained 1400 mmol tetraglyme, 30 mmol tniphenylphosphine, and 0.3 mmol
rhodium (96 ppm). These solutions were hcated to 140°C at | MPa and contacted with one
of three gas streams, (a) syneas (H5/CO=1) alone, (b) syngas with 5 mol% ethylene, or (¢)
syngas with 0.51 mol% acetylene In cases (b) and (c). the eas stream flow was controlled so
that the substrate concentration i the effluent was maintained at about 0 3 mol percent  After
aging times of 0 (inital solution), 80, 140, and 260 minutes. 30 ml samples of the catalvs

solution were withdrawn and sct aside

For the kinetic measurement stage of the expeniment, 200 ml of catalyst solution was
charged, which solutions were prepared using the 30 ml samples of the aging stage and addine
tetraglvme and triphenviphosphine to make a solution contaming 860 mmol tetraglvime, 33
mmol triphenyiphosphine, and 0 02 mmol rhodium (16 ppm) The expenmental method tor
the kinetic evaluation was the same as in Example 3 (1 MPa, 120°C, H-/CO=1) except that 20
mmoles of ethvlene were comjected with 3 mmoles of acetviene The rate (mols oxo
second) was found 1o be fiest order meoethvlene. and aoraie constant for each ket
expenmment was caleulated as mols oxa per mol ethyviene per wppm Ri, per second For each
dgmgeapenment, rate constants were then normalizad as o percent of minal (zero avime

catalvst activity

A summary of the conditons and results of these catalvst deactivation experniments Is
shown i Table S Tois well known that catalvst deactvation is raprd under condinions where
substrate (olefin. alkvne) 1s absent. and this 1s confirmed experiment (a) wherein the actinvin
drops 90% 1n 260 min at 140°C  Olefin hvdroformviation is commonly run under conditions
of low per-pass conversion m order 1o maintain substrate presence o nmitieate this
deactivation  Experiment (b) confirms that olefin presence reduces deactivation (now only
50% after 260 nun). but also demonstiates that under the hieh conversion conditions that
would be reflected moa - 05 mol”s e concentration considerable deactivation occurs In

contrast. experment () damondiates et low ¢ 0 molt o) coneent oo ol acenlene
]
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dramaucallv reduce the deactivation (now only 5% afier 260 min)  Such a preservation of
catalyst activity enables operation at  higher per-pass  conversion as well as  higher

temperatures

Table 8. Catalyst Deactivation versus Substrate Presence

(a) (b) (c)
Svngas Alone Ethylene Acetviene
Acing Stage Conditions

Gas Rate (nL/min) 10 45 42

Eflluent Composition
Ethylene, mol% 0.00 022-110 001
Acctylene, mol%% 000 000 0406
Propanal. mol%e 000 340 -320 002

Kinetic Rate Constant (% of initial) for samples withdrawn from Agine Stace

Time of Sample I
0 min (minal solution) 100 % , 100 %% 100 %%
SO min 12%, ! S1% - 90 %
140 min saLH NS as o,
260 mun ! lo*y, f SR I DR

! |

Fxample 8

This example demonstrates the continuous hvdroformvlation of mixtures of olefin and
cumulated diene, more specifically of ethvlene and aliene Lxpermments were pertormed m g
S0bce Autoctave Engineers Zipperchine stainless steel autochive  The autoclave wis
cquipped with a continuous gas feed svstem. wath back pressure control, and with Lascous
teed and product charactenzation via vas chromatography Catalvst solution was prepared
nixig under nirogen 2100 g of tetavlvime, 158 ¢ of wphenviphosphine, and 88 me of
rhodium (added as RW(CO)2(acac). where acac s the acctylacctonato ligand)  This
corresponds 1o 39 wppm of Rh, and a P/Rh ratio of 700 Catalyst soluticn was transferted
into the autoclave under nitrocen, the autoclave purged with nitrogen, and thern eas flows

commenced as ndicated in Fable 9 Pressure then built up 1o the 1000 kPa (abs) setting of
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4
the back pressure control, after which the autoclave and contents were heated 1o 907¢

recaction temperature - Gas samples were taken after at least 20 hours of continuous reaction

Table 9 Continuous Hydroformylation of Ethvlene and Allene

(a) ()

Gas Flow Rates (inl/min)

CO 250 250

H» 1270 1270

CHy 400 400

Ethylene 78 78

Allene 002 0042
Observed Conversion

Ethvlene 0% 530

Allenc >93%0 $9%%

As shown in Table 90 cthvlene and allene were simuliancously converied at these
hydroformylation conditions  In keepmg with the hich proportion of ethvlene 1o allene, the
products of these runs were predomimantly propanai However, butanal was observed as

reaction product
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WHAT IS CLAIMED IS:

1. A process for the production of C3 to Cg aldehydes comprising
hydroformylating a mixture containing:

(1) C» to Cg olefins and mixtures thereof
and
(1) Co to Cg aikynes and mixtures thereof

and optionally
(i)  cumulated dienes

by reaction with CO and H» in the presence of a solution of a rhodium
organophosphorus complex catalyst at a concentration of rhodium in solution
of from 1 to 1000 ppm by weight.

2 A process for the production of C3 to Cg aldehydes comprising
hydroformylating a mixture containing:

(1 Co to Cg olefins and mixtures thereof
and
(i) Co to Cg alkynes and mixtures thereof

and optionally

(1) cumulated dienes

by reaction with CO and H» in the presence of a solution of a rhodium
organophosphorus complex catalyst at a concentration of rhodium in solution
wherein the ratio of phosphorus to rhodium is greater than 30

3 A process for the production of C3 to Cg aldehydes comprising
hydroformylating a mixture containing

(1 Co to Cg olefins and mixtures thereof
and

(i) C»o to Cg alkynes and mixtures thereof
and optionally

() cumulated dienes
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by reaction with CO and H» in the presence of a solution of a rhodium
organophosphorus complex catalyst wherein the catalyst solution has a P/Rh
ratio greater than the value R| wherein:

R <R (30_RB),10(pKaTPP'pKaL)
L=rB* J(BSg/R)

wherein Rg is the P/Rh ratio sufficient for a catalytically active Rh complex,
kPaTpp is the pKa value for triphenylphosphine, pKa| is the pKa value for
the triorganophosphorus compound, R is the gas constant, and ASg is
35(N-1) cal/mote °K, wherein N is the number of P-Rh attachments per ligand
molecule, to product the corresponding C1 to Cg aldehydes,

A process according to claim 1 or claim 3 in which the ratio of phosphorus to
rhodium s greater than 30

A process according to any of the preceding claims in which the
organophosphorus compound is triorganophosphorus

A process according to any of the precedinz claims 1n which the rhodium
organophosphorus complex 1s oil soluble

A process according to any of the precedin~ claims in which the rhodium i<

low valence

A process according to any of the precedin: ciaims in which the feed 1s

multicomponent syngas

A process according to any of the preceding ciaims in which the

hydroformylation 1s performed at a tempera:.i'o above 80°C

A process according to any of the precedinz claims in which on average the

mixture is in contact with the catalyst for no 1onger than four hours

A process according to any of the precedin. cloims in which a total

concentratton of coordinatively active 2 of &2 1onct about 001 mol/i s used
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A process according to any of the preceding claims in which a ratio of [P)/p.q
of at least 0.1 mmol/l/kPa, where [P] is the total concentration of
coordinatively active phosphorus in the solution, and P¢g IS the partial
pressure of CO is employed. '

A process of any of the preceding claims wherein the olefin is essentially
ethylene, and the alkyne is essentially acetylene. '

A process according any of the preceding claims in which the mixture also
contains dienes.

A process of any of the preceding claims wherein the partial pressure ratio of
Ho/CO is from 1 to 100, the partial pressure ratio of CO/monounsaturates is
from 0.5 to 100, and of Ho/monounsaturates is from 0.5 to 100

The process of any of the preceding claims wherein the oil soluble
triorganophosphorous ligand 1s selected from the group consisting of ol
soluble triarylphosphines, trialkylphosphines, alkyl-diaryl phosphines, aryl-
dialkylphosphines, trialkylphosphites, and tnarylphosphites having at least
one bhosphorus atom per molecule.

The process of any of the preceding claims wherein the reaction temperature
ts from 80°C to 180°C, the total pressure frcm about 0 05 to about 5 MPa the
partial pressure of carbon monoxide up to 50 mol % of the total pressure. the
mole % of Hyp 1s from 1 to 98 mole %. and mol % of ethylene and acetylene
each alone and in combination is from O 1 to 35 mol %

The process of any of the preceding claims in which the molar ratio of olefin
to alkyne is at least 2

The process of any of the preceding claims wherein the contacting s carried
out In at least two reactor stages

The process of claim 19 wherein the first stage 1s optimized at conditions for

conversion of olefins in the presence of alkynes. and the second stage 1s

optimized at hydroaenation conditions for conversion of alkynes to clefins
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A process for recovering unreacted unsaturated hydrocarbons from an
effluent stream of a process according to any of the preceding claims,
comprising:

(a) absorbing the unreacted unsaturated hydrocarbons and the
oxygenated hydrocarbons of the synthesis process effluent stream in a
solvent wherein said solvent is an unsaturates-depleted stream of the
oxygenated product of said synthesis process; and

(b) stnpping the unsaturated hydrocarbons from the solvent to produce a
first stream concentrated in unsaturates and a second stream of
oxygenated product depleted in unsaturates, wherein said
unsaturates-depleted stream Is the absorption solvent and the
synthesis process product

The process of claim 21 wherein the absorbing is carried out at a temperature
between -100°C and +100°C.

A process for recovering unreacted unsaturated hydrocarbons from an

effluent stream of a process according to any of claims 1 to 20. ccmpnising

(a) partially condensing the efiluent of the synthesis process o produce a
hquid condensate enrniched in the oxygenated product anc a gaseous

stream enriched in the low boiling gaseous components

(b) stripping the iquid condensate with an essentially unsaturates-free
gas to produce an unsaturates-free oxygenated product and a
Qaseous stream enriched 1in unsaturates and low boiling gaseous
components,

(c) combining the gaseous streams from step (a) and step (b) and cooling
the combined stream,

(d) treating the combined stream from step (¢} in an absorber having
reflux of saturated hydrocarbon species at the top, to produce an
overhead stream containina the low boiling gaseous companents and

substantially tree of synthesis procoss product and unsatcrated
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hydrocarbon, and a bottoms steam of synthesis process product
containing concentrated absorbed unsaturated hydrocarbon; and

(e) recycling said bottoms streams to the synthesis reactor.

The process of claim 23 wherein the bottoms stream of step (e) is pumped to
high pressure and heat exchanged with the combined stream from step (c) to
recover the cooling value

The process of claim 23 or claim 24 wherein the treating of step (d)' Is carried
out at a temperature between -100°C and +100°C.

A process for the preparation of a feed stream useful in the process of any of
claims 1 to 25 comprising preferentially removing a variable amount of
atkynes and multiunsaturates from a gas stream containing at least hydrogen,
olefins, alkynes, and multiunsaturates comprising contacting the gas stream
with @ metal complex-containing stream at a rate sufficient to form adducts of
the alkynes and multiunsaturates to be removed, and removing a stream
containing the alkyne and multiunsaturate adducts of the metal complex.

A process according to claim 26 in which the metal complex stream 1s a hquid
or a slurry ‘

The process of claim 26 or claim 27 wheregin the metal complex 1s an oil-
soluble rhodium complex containing a triorganophosphorous hgand selected
from the group consisting of triarylphosphines. tralkylphosphines, alkyl-diaryl
phosphines, aryl-dialkylphosphines, trialkylphosphites and triarylphosphites
containing at least one phosphorus atom per molecule.

The process of claims 26 to 28 wherein the multiunsaturates are selected
from the group consisting of C3-Cg conjugated and cumulated dienes,
diynes, and enynes, the alkynes are selected from the group consisting of
C2-Cs alkynes, and the olefins are selected from the group consisting of Co-
Cg olefins.

The process of claim 29 wherein the as stream is a multicomponent syngas

muxture turther comprisia one or more of the aases selected from the group
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consisting of CO, COp, C1-Cs alkanes, C¢-Cs oxygenated hydrocarbons,
nitrogen, water vapor, helium, and argon.

The process of any of claims 26 to 30 further comprising a separate
regeneration step wherein the removed alkyne and multiunsaturate adducts
of the metal complex are contacted with a hydrogen-rich, CO-depleted gas to
form hydrogenated alkynes and multiunsaturates and a stream of
regenerated, multiunsaturates-free metal complex.

The process of claim 31 wherein the regeneration step contacting is carried
out at a Hp/CO partial pressure ratio of at least about 10, a total pressure of

from about 0.1 to 50 MPa and a temperature of from about 50 to about
180°C.

The process of any of claims 26 to 32 wherein the metal complex containing
stream is introduced at a rate sufficient to form adducts of the
multiunsaturates without forming adducts of the alkynes.

A process comprising hydrogenating the aldehyde produced according to any
of the preceding claims to form the corresponding alcohol.

A process comprising oxidizing the aldehyde produced according to any of
the preceding claims to form the corresponding acid.

A process comprising aldolizing the aldehyde produced according to any of
the preceding claims to form the corresponding aldol dimer.

A process according to claim 36 further comprising hydrogenating the aldol!
dimer to form a saturated aldehyde or saturated alcohol.

The process according to claim 36 further comprising oxidizing the aldol
dimer to form the corresponding unsaturzted acid.

A process comprising oxidizing‘the saturated aldehyde produced according to
ctaim 37 to form the corresponding saturated acid.

A process comprising aldol condensing the aldehyde produced according to
any of the preceding claims with formaldehyde to form multi-methylol alkanes
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41. The process of claim 40 wherein the aldehyde is propanal and the multi-
.methylol alkane is trimethylol ethane.

42 A process comprising further aldol condensing the aldol dimer of claim 36
with formaldehyde to form the corresponding muiti-methylol alkane.

43 A process comprising further aldol condensing the saturated aldehyde of
- claim 37 with formaldehyde to form the corresponding multi-methylol alkane.
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