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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, C3 1o Cs olefins, and C5 to Cs

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 pas ("syngas”, a mixture of carbon monoxide and hydrogen), and
heat

It has been long known, however, that methane can be converted 10 acetylenc
containing synthesis gas mixtures using short contact time acetylene burners. Co-producing
cthylene or mixing cthylene with these acetylene rich feeds could provide a cheap, natural gas
based feed stock. However, use of such co-produced feed streams has presented problems in
CEnain processes

Hydroformylation of highly purified olefins and syngas nuxtures to aldehyde and

~ alcohal products 1s well known (sce B Cornils “Hydroformylation Oxo Synthests, Rovelen
Reaction” in “New Svntheses with Carbon Monoxide®, Ed J Falbe, Springer Verlag New
York, 19803  When pure alcohol products are desired, the aldehvde products can be
hydrogenated 1o the corresponding alcohol derivatives A panicularly useful ca:al_i-st has
been described for the hydroformylation of pure light olefin feeds as a homogencous ol
soluble phosphine modificd Rh catalyst (see, eg, US Patemts 35278049, 3.917.001,
4,148,830) which operates at lower pressures than other homogencous catalvsis, gfvcs high
normal 10 iso ratios in the hydroformylation of C3 and higher olefins. and has been proven 10
be very effective with those pure olefin feeds  The use of such an oil soluble homogencous
Rh catalyst to hydroformylate purificd cthylene feeds to propanal has been also described lvi.'
Evans et al (J. Chem. Soc. (A) 1968, 3133), as well as Pructt et al (J Org Chem 1963, 34,
327). There is a great necd, however, for a stringent purification of the feed stock, because

the activity of the catalyst is strongly inhibited by acetylene and other highly unsaturated
shydrocarbons if they are present as impuritics in conunercial oxo feeds  These components

must essentially be removed berore hediolomwvlzion (see B Comils “Hyvdrotormvhiion
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"~ Oxo Synthesis, Roclen Reaction” in “New Syntheses with Carbon Monoxide”, Ed ] 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
purification. 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 acetylencs 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 (seer US Patent 5312996, 1994; P. W N. M Van Lecuwen and C. F
Roobeek J Mol. Catal. 1985; US Patent 4,507,508, 1983; 31, 345. B. Fell. H. Bahrmann ).
Mol. Catal. 1977, 2, 211, B. Fell, M. Beutler Erdol und Kohle - Erdgas - Petrochem. 1976,
29 (4), 139, US Patent 3,947,503, 1976, B. Fell, W. Boll Chem. Zeit. 1975, 99(11).452; M
Orchin, W Rupilius Catal Rev. 1972, 6(1), 85; B. Fell. M Beutler Tetrahedron Letters
1972, No 33. 3455, C K. Brown and G Wilkinson J Chem Soc (A) 1970, 2753. B Fell.
W Rupilius Tetrahedron Letters 1969, No 32, 2721, F 1 Jardine et al Chem and 1nd
1965, 560, 1 Greenticld ¢t al J Org Chem. 1957, 22,7832, H Adkms and J 1. R Willizms
J Org Chem 1932, 71,9803 The hydroformylation of these highly unsaturated compounds
with cobalt catalysts s slow even at high temperatures and pressures {145 - 175 ©C, 20 - 30
MPa} Furthermore, the reaction ofien vields side products and results in runaway reuactions
with sudden temperatare and pressure surges  The hydrotormylation of olefins is severely
inhibited by acetylenes since these compounds form very stuble adducts with cobali carbonyt
Stoichiometric amounts of acetylenes can effectively transtorm the cobalt catalvst mto these
catalvocally macove acetyleme adducts (H Greentield et &8 T Org Chem 1937, 22, 542)
With conventional Rb catalvsts the reported reaction conditions and reaction rates are far
from being pracucal for any commercial use  Fell typicaliv used 17 - 23 MPa pressures using
PPh3/ARh catalyst, yet high conversions required 2 to 3 hour reaction times  Wilkinson
achieved high conversion in the hvdroformylation of hexvae-1 at 4 8 MPa pressure but only
with a reaction tune of 12 hours Van Lecuwen and Roobeek applicd conditions of 1 2 MPa,

OS5 120 00 and 1YRE tanos of Hoor below n the bnGrolopmylation of” butshene ant
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observed low activities (orders of magnitude below that for olefins). In US Patent 3,947,503
a two stage process is described to hydroformylate 1,3-butadiene. 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 hydroformylated 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 1,3-
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 10 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.],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 catélysts n
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 acetylene and ethylene containing svngas mixtures  One of the disclosed
utilization schemes is 10 produce propanal by hydroformylation. 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 13-
butadiene must be removed from Ca-olefin feed stocks by selective hvdrogenation prior to
hydroformylation using HRW(COXPPh3)3 as a catalyst  German patent, DE 2638798,
teaches that the removal of acetvlenes and dienes is necessary in order to ensure acceptable
catalvst life in the hvdsoformviation of olefins with a phosphme modified chodium catabvst
In one of the most often cited sources (B Carnils "Hydroformvlation  Oxo Svathesis
Roeclen Reaction” in "New Svntheses with Carbon Monoxide™, 13d T Falbe, Springer
Verlag New York, 1980, p 73) acetvienes and dienes are referred 1o as "classical catalest
poisons” for the phosphine modificd Rh oxo catalysts  Acetvienes and dienes are also
reported to be strong potsons in the hydroformyvlation of olefins with cobalt catalvsis (V
Macho and M. Polievka Rau. Roc. 19706, 18(1), 18, US Patent 2,732 345)

Known catalvtic processes comvening aceivlene and cilviene containmg syngas
mixtures either produce products other than propanal or the conditions used and /oc the
reaction rates achieved are far from being practical  Thus, for example, Buropean Patent
Appiication No 0,233,759 (1987) waches the conversion of acetvlene and  ethviene
containing syngas {a misture of acewvlene, ethylene, CO, and Hz with 4 ritio of 0 3 30 61,

Fespectivel Y mte 5 mvture of acndate wnd propionate esters i the presence uf an alcobsol
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using a Rh catalyst  When using a PPh3 modified Rh oxo catalyst to convert the same feed
at a P/Rh ratio of 10.6 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) déscribed in European Patent Application No. 0,233,759 (1987) produces somé
propanal and acetone in a molar ratio of 90 1o 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
Rlsec 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 10 enable the processing of
oxo/hydroformylation feed streams using rhodium based catalysts that contain olefins and
alkynes, particularly ethylene and acetylenc. The present invention addresses these needs.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 describes a hvdrotreating guard bed to 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 process for the hvdroformylation of multi-component
SYNZas mixtures

Figure 3 descnbes an integrated process tor aldehyde prodact sepacauon and alkyne-elefin

recovery with alkvne-clefin recveke

SUMMARY _OF T INVENTION

The presemt invention provides for methods of using a multicomponent syngas
containing mixed unsaturated hydrocarbon feeds having both an olefin (particulariv ethvlene)
and more highly unsawrated hvdrocatbons, particulailv alkvnes (particularly acetviene),
cumulated dienes (parucularly alienc) and mixtures thereof, rather than single tvpe feed
streams, in hydroformylation reactions carried out n the presence of cenam:n rhodium
complexes as catalysts  As a benefit, the invention allows for the co-conversion of acetvlene
and ethylene using rhodium based catalvst technologies and provides new feed stock and
processing options, and simplified production schemes for the svathesis of the cotresponding

product aldehvdex, pmtcnfly progunil
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Thus, the present invention provides a process for the production of C3 to Cg
aldehydes, comprising hydroformylating a mixture containing
- - {2} C3 to Cs olefins and mixtures thereof, and
- - (b) (i) C5 to C5 alkynes and mixtures thereof or (i) C3 to Cs cumulated dienes and
mixtures thereof or (jii) mixtures of (i) and (ii),
with CO, Hy and a solution of a rhodium complex catalyst produced by complexing Rh and
an organiophosphorus 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} C1 1o Cs olefins and mixtures thereof, and
- = (b) (1) Cy to Cs alkynes and mixtures thereof or (ii) C3 to C5 cumulated diencs and
muxtures thereof or (i) mixtures of (i) and (i),
with CO, H5 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 Ca
aldehydes, comprising hydroformylating a mixture containing
- - (a) Ca to Cy olefins and mixtures thereof, and
- - () (i) C= to Cx alkvnes and mixtures thereof or (i1} C5 10 Cs cumulated dienes and
nuxtures thercof or (iii} mixtures of (i and (i)
with CO, 117 and a solution of a rhodium complex catalvst praduced by complexing Rh amd
an organophosphorus compound wheremn the eatalvst solunon has a P/Rh atom rauo gremer
than the value R| whercin
(30~ R, e 10 PRemm = rhe

RS

R, = R, +

wherein Ry is the P/R ratio suflicient for a catalvtically active Rb comples. pKappp is the
pRa value for triphenylphosphine,  pKay is the pRa value Tor the triorganophosphorus
compound. R is the gas constant, and A8y s 35(N-1} calfmole“K, wherein Noas the numiber

of P-Rh attachments per ligand molecule

Hydroformylation, as desenibed  above, produces the conresponding C3 w0 Cq

aldehydes.
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Typically, the P/RI atom ratio Rg for the catalytically active Rh complex is between |
and 3. 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 wriorganophosphorus
compound. Typically, the catalyst solution may be prepared with an oily solvent sach 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 acetyvlene stabilizes the hydroformylation
caralyst.

The present invention may suitably comprise, consist or consist essentially 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 beadings herein are solely for convenience and are not inténded 1o limit the
inveation in any wav  In addition, solely for convenence the numberiag in Figures and
throughout the text is as follows process {e g, reactant aad product) streams are oumbered
in hundreds, and means for carrving out a process o1 operation (e g, umits or devicesy are
numbered i tens Tae fist dign of each identifies the ligure to wluch it corresponds

The present invention pertins 1o processes that use multcomponent syathess gas A
muh‘icomponcm synthesis gas (MCS) mixture is defined a5 pas muxtures contaimng carbon
monuxiﬁu. hydrogen, olefing (with a general formula of CyHagy and with a functional group ot
C=C) having fium 2 to 5 carbon atoms, and a more highly unsaturated hydrocarbon such as
alkynes (with a general formula of Cyfay, 2 and with a tunctional group of C=C) having from
2 1o 5 cathon woms or cumulated dienes (with a general formulka of Cpllag o and with a
functional wroup of ¢ C=C)  MCS mixtures can opionaliy contam other unsaturated
hydrocarbons such as and conjugated dienes (with a general formula of Cytla, > and with a
functional group of C= C-(I'-(f) having 310 5 carbon atoms, enyaes {with a generai formula of
Call2p-q4 and with a funcuonal wroup of C=C-C=C) and divnes (with a general formiala of

(f,,H"_)n,'(, and a functonal groog of € C.C ) having -4 1o 3 carbon atoms MOS nusaures
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may also comain incrl components, c.g., nitrogen, carbon dioxide, functionally inert
hydrocarbons such as alkancs and aromatic hydrocarbons, and water vapor.  As used herein
* the term "olefin® includes alkenes and excludes diencs; 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 “Co unsawrates” are ethylene or acetylene individually or combined. " The

"multiunsaturates™ are a subgroup of hydrocarbon MCS components which have at least two

multiple carbon-carbon bonds i.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 (i.e.. syngas), C2-Cs
alkynes, particularly acetylene, and C2-Cs olefins, particularly ethylene, by hydroformylation
{oxo reaction).

One embodiment of the process of the present invention provides a method for using a
muiticomponent syngas feed containing at least carbon monoxide, hydrogen, and
monounsaturaied hydrocarbon reactants of olefinic hydrocarbons having from 2 1o 5 carbon
atoms (i ¢ ethylene, propylene, butencs, 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 pracess  These monounsaturated alkynes and olefins include the individual C2-Cs
alkyne components and olefin components, as well as mixwres of the Co-Cs alkvne
components and mixtures of the C5-Cs olefin components  In a preferred embodiment, the
major monounsaturated hvdrocarbon reactants are essentially ethylene and acerviene  These
reactants are fed into the process as components of a muliicomponent syngas which may also
comtain, depending on its preparation method, reacuve C3 10 C4 monounsaturates and Cx 10
Cs multiunsaturates ‘as minor components, and functionally inert materials in varving
guamtitics such as carbon dioxide, water vapor, nitrogen. and functionally inert hvdrocarbons
{such as alkanes and aromatics)

Multicomponent syngas containing substantial amounts of incrt (and functionally inert)
conponents mav be referred to as dilute multicomponent syngas  Diluie multicomponent
syngas can embody any multicomponcent s;yngas feed wherein the reactive companents {(CQO,
Ha, olefin. alkyne) may be present together with substantial amounts of inert contponents

The use of feed streams having substantal diuent levels i desirable in that these feed strcams
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may be available at substantial discount relative to the cost of highly punificd componenis
For example, the olefin contained in cat cracker light ends or in steam cracker furnace cffluent
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 instcad 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 Ny. In principal, the
.amount of inert components present in a dilute multit;ompbnent syngas may be any value, '
even reaching 99%. of the feed stream. Typcally, 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.mu}ticomponenl syngas having 63% of inen
components, including N,, CO,, CHy. and CyHg

Cenain trace components in the multicomponent syngas feed of the overall process
referred 10 herein as "muhicomponent process feed” are known 10 be detrimental in the oxo
reaction. Some are irreversible catalyst poisons , e.g. sulfur compounds such as HaS and
COS. Others cause reversible poisoning or accelerated catalyst deactivation. This later group
includes components like halides, cyanides, oxygen. and iron carbonvls The concentration of
these detrimental components can be adjusted by a variety of techniques knawn in the art to
provide an acceptable multicomponent syngas feed to the oxo reactor er unit referred to
herein as "multicomponent oxo reactor teed”

Multicomponent synuas mixtures are available from a varniety of different sources A
benelit of the present invention is that any muxed acenvlene-cihviene syngas misture can be

used s a Jeed stock in the processes of the present myvennon

A wvaniety of methods exist o manufacture multicomponent svithesis gas mixtures
useful in the process of the prescnt imention One s fo blend a stream comaining svngas {4
mixture ol CO and H2) with a siream containing a mixture of acetviene, cthvlene, and
optionally other unsaturated hydrocarbons Both of these streams can be obtamed from
conventional petrochemical processes  The syngas (CO and H2) ‘contiining stream can be
produced by convennomal panial ondaton (POXY Light monounsawrates (Co-Cg)
containing cihylene and acetvlenc as major unsaturated hydrocarbon components can be
obtained from petrochemical processes such as steam cracking or acetylene manufacture, or
by modification of onc of the known processes used 10 manulacture acerylene or syngas
Thus acetyvlene can be Tormed using o partal oxidanon process thal apphies a burner 1o react

meHune-oaveen nostures  Acetviene burners fed with about o o one molar rano of
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methane and oxygen can directly produce an acetylene rich gas mixture that comains ethylene
as well as CO and hydrogen. Quenching the reaction with naphtha can further increase the
concentration of acetylene and ethylene in the acetylene 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 purification of oxo feeds often resulting in significant yield losses and added expense.

In order 10 maintain the partial pressure of acefylene below the safety limit, a part of

5 the acetylene may be scrubbed from MCS feeds before compressing them#=to the reaction

pressure for the oxo reactor. Alternatively, acctylene-containing streams can be diluted with
other feed components, e.g., ethylene, carbon monoxide, hvdrogen 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 C2 to
Cs monounsaturates, among which the ethylene to acetylene ratio is in a range from 1:100 to
100.1, preferably 1:10 10 10 1. Typically, the mixture contains an amount of olefins that is a1
least 40% of the total unsaturates The amount of CO and H2 in the multicomponent oxo
reactor fecd, with respect to the amount of monounsaturates is preferred 10 be at levels of at
least about that required for the stoichiometric conversion of monounsatusated hvdrocarbons
in the oxo reaction. A stoichiometric conversion of these species requires that the mole
percent of CO be equal 10 the sum of the mole percents of monounsaturates  Similarly, for
stoichiometric conversion, the mole percent of H2 should be equal to the sum of the mole
percents of C2 to Cs olefins plus twice the mole percents of C» to C< alkvnes Tt is prefereed
that the CO and H?2 be present in the multicomponent oxo reactor feed in a range from hall' to
100 times that required for stoichiometric conversion It s mase preferred  that the
concentrations of CO and H2 bhe in the range HGom | oto 10 nmes that required Tor a
stoichiometric conversion

Subject 1o "these requirements, H2/CO ratios in the multicomponent svinthesis gas
entering the oxo reactor (i ¢ in the multicomponem oxo reactor feed) can range fiom 1 1 1o
100 1, preferably 11 to 30 1, more preferably 11 to 101 While the presence of excess
volumes of 12 is preferred rom a chemistry perspective, a large excess of 112 of greater than
10 is not desirable from a materials handling perspective and can result in unnecessary expense

N unit operation

'
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A range of composition values, as well as a typical composition for the principle

species 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
I

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

Principal Components Composition Range (v. %5 Typical Composition (v. %)
o o . 25 |
Ho 1-98 50
Ethvlene 0.1-35 15 .
Acetylene 0.1-35 ‘ 10

Multicomponent syngas mixtures produced by, e.g, stcam cracking or by partial
oxidation can comtain a variety of molecular species which are detrimental to the
hydroformylation process or are known 10 deaciivate oxo catalysts  For example, rhodium
metal complex hydroformylation catalysts are known to be poisoned by certain sullur
containing molecules (¢ ¢, H2S, and COS) which irreversibly bind 10 the metal center  Such
poisons can be removed by use of common chemical and chemical engineering techniques

such as the use of guard beds, particulasly guard beds containing zine onide

The streams used with the present imvennon man also contain multiunsatwates having
3 10 3 carbon atems  Their concemtrations are typicaliy less than 5 moleSe of the 101l
unsaturated bydiocarbon fed 1o the Indroformylation Catalysts discussed herein s bomg
active for the hvdroformylation of olefins and alkvnes will similwdy be actve 1o the
hydroformviation of olefins and multionsaturates  Fhghly unsaturated components such as
these multiunsaturates can be inhibwtors i the oxo conversion of oleling - They may reduce the
activity of the ovo catalvst by associating very stonzlv with the metal and thus duniusinng
the activity of the catalvst toward the hydroformylavon of olefins . Therefore, the quantivies
of multiunsaturates arc preferably less than 5% of the wotal unsaturated hydrécan bon fed o the
hydroformvlation Mote preferably, multiunsaturates should be present in hvdroformylation
feed in amounts less than 1 make®y of total unsaterates Examples - and 8 demonstrate the
wydroformviation of multicomponent synwas maxtues that vontain olefins and mulumnsatis ates

tspeciticaliv allene) A eveepinen e the foresos prdderences st mnltemasaale
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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 oontaining conjugated and cumuldted diens
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 multicorhponent 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 inens

MULTIUNSATURATES REMOVAL

Multicomponent process feeds can be treated if necessary before cntering the oxo
reaclor (1e prior 10 hydroformylation) if the concentration of the above specified
multiunsaturated inhibiting components is too high  Mild selective hydrogenation, for
exaniple, using heterogencous catalysts (e.g, Pd on alumina, or mixed oxide and sulfide
catalysts as described in EP Application 0,225,143) can convert these reactive hydrocarbons
w olefins and alkanes These conventional héterogeneous hydrolrcating methods, however,
have drawbacks  For example, in heterogencous systems high concentrations of unsaturated
hydrocarbons t1¢  olefins, alkvnes, and muliunsaturates) with high concentrations of
hydrogen pruesemt a hazard of a highiv exothermic runaway reaction Catalvst selectiviey, and

other plant operation issues provide turther incentives 1o seeh alicrnanve solistions

Thercine, another embodiment of the presem invention provides a selectne, hquid
plw:a.c process 1o address the problems associated with the appiication of the known
heterogencous catalvsts - The liguid phase used in the process can be a homaogencous phase or
a pumpable, sohds-comaining slurry  Applicants have Tound that the Rl catalyst used in the
hydraformylition process of the present ivention is suitable for the selective conversion of
the toregoing multiunsaturated hydrocarbon components to vlefing when the camplex is used
not as a cmalyst but as a stoichiometric reagent in a separate pre-treatment step The
preferred  reagemt is  the  organophosphorus  modificd  thodium  catalyst of  the
oxo/hydroformylation reactor deseribed more detail in "Rh ONO CATALYST” below  Ina
preferred embodiment a two step pt pcc;ss is used 10 convert excess multiunsaturates in the

MCES to oleliny and alkanes b the Thst step of the provess the Mufoesia:ponent. Syngas s
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comacted with a solution containing the liganded rhoduin complex as a reagent  The strong
preferential binding of multiunsaturates to the rhodium complex serves to extract them from
the MCS and ino the solution where they are held as hound species on the rhodium. This
gas/hquid "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 is
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 multlunsaturates

' such multivnsaworates hydrogenation was carried out under conventional
hydroformylation conditions, i.e. 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
thodium concentrations would be uneconomical However, we have discovered that the
conversion of these multiunsaturates can be substantially accelerated under conditions of
higher hydrogen, and especially, Jower CO pantial pressures than conventional rhodium
hydroformylation The complexed multiunsaturates-containing Rh  solution can  be
regenerated in a separate reactor, with a hydrogen rich gas, i.e., a gas having high hvdrogen
and low CO concentrations or pure hydrogen During this regeneration, the Rh complex is
returned to us multiunsaturate-free form, while the multiunsaturates are hvdrogenated to the
corresponding olefins and alkanes  Thus altenc, for example. is hydrogenated during this
process first 1o propylene, while butadienes are hydrogenaied to butenes  In this receneration
hydrotreating step some of the olefins formed fiom mulnumsaturates will be tfurther
hydrogenated 1o the corresponding atkanes  The hydrogenation rate in the regencration step
can be adjusied by adwusung the partial pressures of hvdroger and CO Hheher parual
pressures of hvdrogen will increase the rate of hvdrogenatton On the contran snvieasing
partial pressures of CO will reduce the hvdrogenation actvitv of the catalvst  The rate and
selectivity can be convemenily controlled by adpusting the parual pressine of CO m the

hydrotreating reactor

The benelit of the heremn descubed process s that the composition of the scrubbung
solution used for the stoichiometiic removal of multiunsatutates can essentially be the siume as
used for the catalytic oxo step  Any level of multiunsaturates removal can be accomphshed
The multiunsaturated hydracarbons te g allene or vinvt acetylene) are preferentmaliv removed
from the gas phase because they bind stronger than the monounsaturates, particniailv olefin

Since the stradger bindimg components, ate the stronger inlubuots m the oxo vomversion at
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monounsaturates, wn particular m the oxo tl:(:w;:rsmn of olefins, the process removes the
strongest inhibitors first and produces a purified, multiunsaturate-deficient MCS, which is
preferred as oxo/hydroformylatio?l 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 nigorously control losses of rhodium complex due 10 entrainment in the MCS
gas phase, because the downstream hydroformylation reactor system must have means 10
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:
ess.emia“y the same.

By way of example, Figure 1 shows Absorber 11, in which the multiunsaturates-
containing MCS feed (101) is contacted with 2 multiunsaturates-depleted soiution of the oil
soluble rhodium complex (105). This absorber is analogous 10 guard beds of sacrificial
catalyst that are sometimes used in heterogeneous catalysis The multiunséturates-dep!elcd
MCS stream (102) emerges from the absorber to be sent to hvdroformylation (shown here as
two reactors (13 and 14) in senies, each with pumparound cooling (107 and 109) and reactor
effluents (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 a 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 it is 1reated with a hydrogen-containing gas {104) In the regeneration reactor,
the multiunsaturates-free thodium complex is recovered by the hvdrogenation of the
complexed multiunsaturates to olefins and alkanes A gascous purge siream (103) from the
regeneration reactor is used to preserve high concentralians of hvdrogen  The regencrated.
muhiunsmurates-depleted solution of the Rh complex (105) is teturned from the regenerator
(12) to the absorber (11)  To the extent that the olefin and alkane products of
multiunsaturates hydrogenation remain dissolved in the catalvst solution, they will be
transferred back to the MCS stream duting contact with the catalvst. solution in absorber (11)

The wemperature in the absorber {11) is mamained in the range of 0 10 130 ©C,
preferably between 20 10 60 ©C I the temperature exceeds these Jimits, the Rh complex can
decompose unaceeptably fast  Also, at higher temperatures there is the possibility of high
reaclivity 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  Howewver, the rate of equilibration
between the Rh complex and inhibitors will become linuting at some low temperatures

Furtheimore, low temperatires can entail an extra cost of selhgeration with no added
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advantage liom a process pomt of view. The pressure mn 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. Ina
preferred embodiment the absorber is positioned immediately before the oxo/hydroformylation
reactor.

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 muitiunsaturates-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 10
50 MPa, and more preferably in the range of about | to 10 MPa The liquid feed 10 the
regenerator leaves the absorber (11) without any treatment. The gas feed is a hydrogen
containing as, 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 carbonyls and the like,

~ should also be used 10 pretreat the MCS feed stream 10 the multi-unsaturates absorber (11)
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 eas feed to the regenerator. The rate
and sclectivity of the hydrogenation siep toward producing olefins from multiunsaturates and
alkynes can be controlled by adjusting the partial pressue of CO - The H2/CO partial-pressure
ratio in the regenerator should be 10 or higher, preferibly 30 o1 lgher  Higher CO panial
pressures fead to higher selecunvay to oleling but reduced rate 1o mult-unsaturares conversion
In certamn cases the €O dissolved m the complexed mudu-unsaturates-cantamme solution
{(100) can provide a sufficient parnal pressure of CO inthe regencrator (123 11 necessary, CO
can be co-fud with hvdiogen comanmg gas into the teuenerator o gas mixiures L-icﬁcicm n

CO and eniched i hvdrogen can be used

The absence of CO does not have a destabilizing ettect on the Rh complex but does
affect the rate and sclectivity of the hvdrogenation of 1he unsaturated hvdrocarbons present in
the regencrator Wuh no CO present all unsaturated b drocarbons, mcluding olefins, 1end 1o
be hydrogenated to alhanes  Ttas wherefore desirable 10 maintain CO concentration in the
regenerator at a level sufficient to preferentially hvdrogenate the multiunsaturates only to
olefins in order (o achieve an cconomic compromise between taster regencration of the
multiunsiturates-fice Rl comples ttherefore smaller cquipment size, and sinalier Rh load) and

loss of C~ 10 Cooolelin sawed due 1o reduced seleaisviiy TThe sepaason of the
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multiunsaturates from the main stream of the muhicomponent syngas improves the overal|
sclectivity of the process since the multiunsaturates are treated separatcly so that the bulk of
ethylenc 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 absqrption
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 10 remove and convert some
fraction of the alkyne component of the MCS in addition to the multiunsaturates

Cordutions (temperature, pressure, residence time, ¢ic ) 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 muli-unsaturates removal in
the absorber). Example 4 includes selected rates of multiunsaturates conversion that can be
used by one skilled in the art of chemical engineering to specify operating conditions of the
regenerator  The scrubbing solution may be essentiallv the same as that of the catalvst
solution used m the oxo reactor step or anv soluble or sturry phase catalvst that achieves the
same cflect under the conditions herein Preferably the absorption process uses the spemt
catalyst solution from the oxo reactor as a scrubbing solution before its final disposal, andior
recyeling

An advantage of the use of the above described treatment from the aspect of the
process of the preseat invention is that the multiunsaturates are pot converted in the oxo
reactor therefore do not tie up a large amount of active catalvst ‘Fhev are removed from the
mam feed sueam and separately converted into oleling The formed oleling are then preferably
recveled to the multicomponent oxo reactor feed. and hydroformylated in the oxo reactor A
further advantage of the use of the present ahsorption-regencration process  for
multiunsaturates conversion is in the elimination of the hazard of runaway hydrogenation
reactions associated with hvdrogenation of highly unsaturated hydrocarbons This hazard s

chmnated m the practice of the curtem mvention beeause the amoum of unsaturated specres

"’ SUBSTITUTE SHEET (RULE 26)



TEP96/00268
WO 96/22266 pCT

- 16 -

m the reacior s limited 1o the amount carried in bound to the shodium or physically dissolved
in the solvent. Thus, cach Rh site is limited 1o a very limited wrnover before it runs out of
unsaturated species 1o 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 imited.

Rh OXO CATALYST

In the process of the present invention the oxo/hydroformylation catalyst is a rhodium
complex caialyst, preferably an oil soluble thodium complex catalyst. The oil soluble catalyst
is typically formed by a complexation reaction in solution between a low valence rhodium, an
oil soluble urganophosphorus compound, preferably a triorganophosphorus cor'npound or a
mixture of such compounds, and carbon monoxide Under reaction conditions the Rh central
atom may be complexed with other species present i the reaction mixure, such as cthylene,
and other olefins {c.¢. propylenc), acetylene, and other alkwnes (e u methyl acetylene),
diencs, and other highly unsaturated hydrocarbons (e ¢ allene, butadienes, vinyl acetylene,
ctc ). and hvdrogen, which also can act as ligands.

The preferred 1riorganophosphorus compounds suitable for the preparation of the Rh

© complex catalyst for the use in the oxo reactor in the present invention belong 1o the group of
oil  soluble  wriaryiphosphines,  tialkylphosphies,  alkyl-dianviphosphines. aryl
dialkylphosphines, triatkyviphosphites. triaryiphosphites. contmning at least one phosphorus
atom per molecule These should be capable of complonaiim wirh Rh by the virtue of having
a done panr of clectons on the phosphorus Now bty csamples v such o soluble
tnorganophosphotus compounds for use m the catanst inchade mimsivhosphines. such as
triphenylphosphine or tri-p-tolylphosphine, tnalkviphospmaes. such as noety phosphine o
tricyelohexyvlphosphine, o alkvl-diarylphosphines,  such as ocvldiphenylphospiune o
cyck;hcxykhphcn_\'!plmsphmc, or anvldialkylphosphunes. such as phenvidioctytphospiune or
phenyldicyelohevylphosphine, et The wierzanophospioius compounds that can serve as
hgands can also be other phosphorus contaming compounds suchi as triorzunophosphiies. ¢ g
inatkylphosphites such as noctylphosplute, tnarviphosphites such as wepaolviphosphie In
addition to monodentate  phosphorus Bigands,  budemaie compounds such zv diphos
(bis{diphenylphosphino)ethanc} can be used. An extended Ist of suitable phasphine hgands s

given in Falbe's book at p

v

S - 57 Preferably, the o sohuble tnonganophosphorus compound
15 a nalkviphosphine  such  as  mevclohenylphosphine and tneeiyiphosphlime or g

tranedphosphine  such  as triphensdphiospiane Hoeever othe eamds sueh s
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phenyldicyclohexylphosphine, diphenylcyclohexylphosphine, phenyldioctylphosphine, tri-p-
tolylphosphine, uinaphthylphosphine, phenyl-dinaphthylphosphine, diphenyl-
naphthylphosphine, tri-{p-methoxyphenyt)phosphine,  tri-(p-cyanophenyl)phosphine, tri-(p-
ﬁi!robhényl)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
muliicomponent 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), bidentaic 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 ligands comaining at least one substituent on the hvdrocarbon radical
of the lgand which imparts water solubility to the ligand.  Such subtituents include, for
example, 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  Hydroformylation of MCS can also be performed in a fluorinated
hydrocarbon medium providing that the Rh complex is rendered fluorous soluble as described

in US parent 5,463,082 which is incorporated herein by relerence

Rhodium complexes prepaied using the aforementioned higands mav alse be used
solution in the multiunsaturates removing absorber/regencrator system described previously
In fact using the spent catalvst soluton from the hydroformyviation reactor before its finul
disposal and/or recycle could be advantageous because of the potential sayings in reagent cost

in the multiunsaturates removing step

Rhodium complex catalvsts prepared psing the aforementioned heands are known 10
provide good cala!ytic' activity in the hydroformylation of pure olefin feeds it are
mhibited/poisoned by alkynes, particularly acetylenc. Apphicants, however, have unexpeciedly
found that these ligands can be used in the hydroformylation of svngas containing miced (2 to
Cs olefin and alkvne feed stocks, especially acetvlene and ethvlene,  provided that the

phosphorus and thodium in the catabvst e present o amouns that render the catalva
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catalytically active. Preferably. the P/Rh ratio 1s maintamed above a specified minimum value
We have found that, for triphessyiphosphine (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}/pco ratio in the reaction, wherein pcg is 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/i/kPa. The Rh concentration in the reaction mixture
should be in the range from about 1x10~5 to about 1x10-2 molfliter. This range of Rh
concentrations corresponds to a Rh concentration in the range from about 1 to about 1000
ppm (by weight). 1n a more praferred embodiment the Rh should be present in the range of
50 10 750 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 hydroformylation of the oxo reactor feed is carried out by contacting the catalyst
with the muliicomponent syngas in a solution of the catalyst prepared with a solvent or a
mixture of solvents  Oily solvents that can be used for the preparation of a catalvst solution
used in the oxo/hwdroformylation siep are known in the art, and include aliphatic, and
aromatic hvdrocarbons (e ¢. heptancs. cvclohexane toluene. etc). esters {eg . dioctyl
phthalate), cthers, and polyethers (e o, tetrahvdrofuran, and tetraglvme), aldchydes (eg.
propanal, butanal, etc ). the aldol condensation producis of the oxo product aldchvdes, the

triorganophasphorus ligand iseli {¢ ¢ | triphenviphosphine), cic

For catalvst compositiens auside of the specilied ranges, pamcularly for catalvsts
with P/RY ratios below the mingmum value for 2 catalvacaliv active hvdroformvianon catalvt
{which for PPh3 is 300 the caralest has a significanthy reduced acuvity Precce and Snuth (kP
0.233.759). for example, have sweshgated the hedrofurmvlaton of an acetviene contaming
multicomponent syngas nuxture 1 the presence of Prhy modiied R CO) s crtalvse: In
spite of the fact that the feed gas comained high conventrations of the reactants (acetvlenc,
cthylene, CO. and hvdrogen with 1 ratio of 6 3 30 1. respectivelv), the catalvst soluton
comaingd high concentration of Rh (GUIUS molh. and PPh3 (0 Y maolily, and thwe total
pressure wis 0 91 NPa. the catalvst faled as evidenced by the tact that the total wurnover,
the presence of acctviene was enby 130 24 houts, gromg a very Jow turnoser fiequeney of
1.5x10-9 mol propanalimol Rivszc  Under those reported conditions the Rh catalvst has high
activity in the hvdroformylation” of cthvlene alone (€ K Brown, and G Wilkinson,
Tetrahedron Letters 1oot, 22 172%)  Besdes the eapected propanal, the product nusiuie
also contuined 1 1 mok®a acctene nol observed in hvdioformviation product nsames of

cthvicne  Thas ellvct of acetviese on the oxo conversion of cthvlene s well doenmented i the
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literature, and 15 the reason that acetylenes are referred to as "classical catalyst poisons™ for
the phosphine modificd 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,
appropriate 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 Cy-Cs alkynes such as acetvlene but rather co-
converts them with olefins to corresponding C3-Cg aldchydes, as cvidenced by its high
turnover [requency with feed streams containing acetylene, cthvlene, 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 cthylene containing multicomponent
syngas feeds at 100 and 110 ©C, and 0.8 and 2.2 MPa total pressures, respectively, with
different PPh3/Rh ratiqs (see Examples 1, and 2) When the PPh3/Rh ratioc was 9.3,
essentially the same as in the experiment of Preece and Smith, albeit using a different Rh
source, the final catalyst solution had a dark brown color but was orange when the PPh3/Rh
ratio was gher, ¢ ¢, 300. The brown color of the solution containing the catalyst with a
P/Rh ratio of 93 evidenced that the catalyst decomposed At 110 €C. and 2 2 MPa total
pressure the total turnover with a PPhy/Rh ratio of 9 3 was onlv 39 in 2 hours, while under
milder conditions of 100 ©C. and 0.8 MPa total pressure the total turnover was 221 in 453
minutes when the PPhy/Rh rano was 300 This later catalvtic rate is m the range of the
hydroformylanon rate of propylene under otherwise identical condinons  The catalvst with a
PPh3/Rb ratio of 300 thus showed an average turnover frequency of ¢ 082 mol propanatfmol
RWsee, while thie catalvst with a PPh3/Rh ratio of 9 3 gave an average tunover frequency of
t').lei)"_l mol propanal/mol RlVscc, i ¢. 120 times slower  Imitial turnover frequencies as high
as 2 mol propanalimol Rivsec have been achieved with the process of the present invention m
the conversion ol an MCS feed which contained 153 volume % cthylene, and 6 5 volume %u

acetylene using a PPh3/Rh catalyst with a PPha/Rh ratio of 660 and above (see Example 33

Thus, one embodiment of the present invention is that, for anv organophosphorus
compound used to modify rhodium for use in hydroformviation, there exists a catalyst P/Rh
ratio sufficiently high to create an active calalyst for the bvdroformvlation of muhicomponent
syngas  Winke catalysts beloaw this P/ARR ravo may provide o mummal Jevel of murnover | as

evidenced by the triover fiequeney ol o Sx 074 maol oxoanal Rlysee achieyed with PPhy o
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P/RD ratio of 9.3, a catalyst with utility would preferably be ar P/RD ratio suflicientlv high as
to provide activity of at cast 10-2 niol oxo/mol Rivsce

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 selectivity 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 acctylene and .
ethylene containing multi-component syngas mixtures yield o, B-unsaturated ethyl ketones in
the presénce of unmedified Rh catalyst, where the P/Rh ratio is zere

Applicants have found at PP’h3/Rh ratios of at least 30, and preferably above about
100, significant improvements in rate, converston, and stability are achieved  For example, at
PPh3/Rh rattos above 30, initial rates of at least 0 04 mol/mal Rlsec and conversions of at
feast 80% have been achieved with an orange-vellow catatyst color that indicates a stable
catalyst At these PPh3/Rh ravos, the hydroformylation of acetylene and cthylene containing
MCS mixtures is facilnated and also may stabilize the catalvst in a form that catalyzes
hydroform_vl:uion in preference 10 the formation of other oxvaenates, such as keiones. and
esters

The aforementioned effect. in which the hvdrofarmvlation of acetvlene and ethvlene
comtaining MCS mixtures stabilizes the catalvst, can provide a sirong meentive 10 add alkynes
{especially acetvlene) 10 olefing (especially cthylene) for hvdroformyviaton  Under condinons
suitable for hydrolormiation of olelins with alkvnes and other multiunsaturaies. both the
bgand and 1he alivie have cquilibon strongly Diased toward bindmg o the rhodiom Thn
greatly reduces the resenvon of rhodium thit has msulfoent bgavon, which i wen seduces
the rate of thodium cluster Tormauon, which cluster knmation s the prncipal pathway of
thodium deactivation  Thus, as shown in Example 7. catalvst deactivation can be preatdy
reduced by the addition of a small amount of alkvne  As such, one preferred emtndiment of
the present imvention i a process for hvdroformyvlating oleting (particularly ethvlene) m which
a small amount of alkvaes {(particully acetvlene) and/or multiunsaturates are adided sutticient
to mitigate catalvst descuvation A preferred alkvne addition fevel would be from about [0
ppm to about 10% on tetal unsaturate, more preterably from about 100 ppm to about 3% on
towal unsaturate  The addition of alkvnes or multiunsaturates may provide suflicient advaniage
in terms of reduced deactivation and in terms of the fugher severity condimons (e g
tunpnmiuu olefip conversion, ety enabled by reduced deactivaton,  that this cmbodiment

cin be used to unpmu ¢ hnn (% il 1.1\ uh\lmu hvdrotonmyvlianen, wherem the adivnes o
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multunsaturates are present essentially for the purpose of mitigaling deactivation, and
wherein aldehyde yield from those alkynes or multiunsaturates may be inconsequential or
insignificant

For ligands 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 aciive rhodium catalyst has 2 varying amount of bound ligand,
but an ‘avcragc over the active states can be defined in terms of a net bound-
phosphorusithodium ratio, Ry For commion hydroformylation catalysts, Ry changes over
time in the catalytic cycle, but has an average value of approximately 2. If 2 ligand has a
greater attraction to be bound 10 Rh, less ligand will need 1o be in solution in order to
maintain the Rh in its preferred (Rg) state.

A measure of the level of autraction of the hgand for the rhodium can be found in the
‘pKa value of the ligand. (pKa values for some common ligands are listed in B. Cormils,
"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 measure of the level of atiraction of the ligand for the rhodium can be draswn from
the entropy of interaction when multi-dentate ligands are used  This entropy of interaction, 4
Sg. has a value of about 35 calymole/K for each added point of attachment (see, for example,
Benson, § W Thermochemical Kinetics, Wilex. New York, 1970} This entropy contributes
to frec-energy as ~TAS, thus providing a free cnergy combution of about =10 10 <38
kealrmole  Free energy influences cquilibria as exp(-AG/RT), such that the influence of

entropy cfivct of multidentate ligands is included us exp(ASp/R)

Both measures of strength of binding will attenuate the concentrattion ol unattached
higand that s 1equired m solution sm order 10 mamtan an achve amount of hgand bound 10 the
rhodium Ry is detined as the overall raio of phosphorus 10 rhodium for a hvdroformviation
catalyst with hgand "L, and includes both unattached ligand and hgamd bound 1o thodim
The unatached ligand concentration (expressed as a ratto 10 rhodium concentration) is (R -
Kp).  The following equation defines the effect of binding strength parameters on the

minimwm hgand concemration for higands other than PPhy
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Where Ry_is the minimum P/Rh ratio sufficient to provide an active hydroformylation catalyst
with this ligand. Rypp is the minimum P/Rh ratio for the ligand PPhy (Rypp=30), Rgis the
average ratio of P bound 1o the rhodium (~2), pKaypp is the pKa value for PPhy, pKaj is the
pKa value for the new ligand, ASg is about 35 keal/mole/*K for each additional point of
attachment {beyond 1the one point of attachment of PPhy), and R is the gas constant (1.99
calfmole/°K)-

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

sufficient to provide an active hvdroformylation catalvst for'any ligand "L"

Rhodium can be introduced into the reactor by methods known in the art either as a
preformed catalyst. for example, a solution of hwdridocarbonyl tris{triphenylphosphino)
rhodium (I} [HRI(COXPPh3)3] or formed in situ  If the catalyst is formed in situ, the Rh can
be introducced as a precursor such as acetylacetonatodicarbonyl chodium (1) [Rh{CO)2(acac)).
rhodiu_m oxide [Rh203]. rhodium carbonvis feg. Rhy(CO)i2 and Rhg(COY14].

tris{acetvlacetonato) rhodium (1) [Rh{acac)z]. or inarviphosphine sehstitwted  rhodium
carbonvls {{RB(COIPAr3Y2. whercin Ar is an anvl groug]

REACTOR VARIABLES

Typreally, in the process of the presentimvenuon, bvdrolonmviason of multicomponent
syngas feeds 15 conducted at a temperature in the range trom S0 to 180 ©C and preferably in
the range from 80 10 15353 0C I the temperature exceeds these linuts, the catalvst may rapidly
deactivate | ower temperatures are aceeptable, however, the e of reaction may become

oo stow to be econsmically practical

The reaction 1 conducied 3t a wal pressure i the teacion mthe sange of less than
about 5 MPa (absolute) prefaabiv about 0 05 10 5 MPa with & patizt pressure of carbon
monoxide not greater than 50 %o of ihe total pressure The maximum practical presstire can

be limited by considerations of production and capital eosts, and satery

The maole percent of cuticn manoxide, hvdiogen Ca-Ceoolefins, prefenably ethvlene,

andd Ca-Og athvoes, preterabiy peeivhene mthe malncompaosent svoeas deed 1o the oneeactol
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at the foregoing pressures should be maintained as foliows: CO from about 1 1o 50 mol%,
preferably about 1 to 35 mol%; H2 from about I to 98 mol%, preferably about 10 to 90
mol%; monounsaturates individually and in combination from about 0.1 to 35 mol%,
preferably about 1 to 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 cnvsec (0.05 to 2 fi/sec), preferably from about 3 10
about 30 cm/sec (0.1 10 | ft/sec) should be used.

Since the caialytic oxo conversion takes place in the liquid 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 any
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 1ank reactor in which the gas '&mtroduccd and dispersed at the bottom of
the vesset  Good contact between the catalyst and the ga; feed can also be ensured by
dispersing the solution of the Rh complex catalyst on a high surface support by methads
recognized in the art

In the process of the present invention the hvdroformyviaton of mulu-component oxe
reactor feeds can be conducied i o single-stage 1eactor o using muluple reactons The
reactors mav be arranged in any numbers of paraflel frans when operating i 2 continuous
mode  The number of parallel trams is deternuned by the desned total capacity and the
capacity of « single wain - The present invention can be practiced using one or more stag.:c.\' pet
train. and cach reacnon stage can be engineared using any sunable reactor confizuranon Fey
example, plug flow or constant stined 1ank reactor (CSTR) contacting are two common
reactor contigutations  The number ot stages and the reacion tvpes for the stages can be
computed using conventional chemcal engimecting prinapals miven the kimeties and objecnves

of the reacuion sysiem

In batch experiments, there is an indication that the olefin and alkyne compaenents of
MCS feeds react in two well defined phases The fist phase toughly corresponds to the
conversion of the olelins:present an the MOS oxazeacter Feed In the second phase on the
other hand _.mu\"tl.\' the alhvne coneid s cianetied Fhe st phase i essentallv the
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hydrotormylition of olefins in the presence of alkynes  The second phase on the other hand
itsclf is a two step conversion in which alkynces are first hydrogenated 1o olefins and then those
olefins formed are hydroformylated 1o the corresponding aldehydes The rate determining
step in this second phase of MCS conversion is the hydrogenation of alkynes 1o 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 to 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 alkynes Reaction conditions and
catalyst composition in the second stage, on the other hand, should facilitate the
hydrogenation of alkynes which is the slowest step in their conversion to aldehydes

US Patem 4,593,127 describes a two stage hvdroformviation process for the oxo
conversion of olefins  The patent gives 2 common engincering solution 1or an improvement in
the overall conversion of the reactant olefins It has to be understood, however. that the
purpose and need for 3 mulii-stage and in particular for a two stage oxo conversion in the
process of the present vention is different  The chemical reactions taking place in the
dillerent stages of the oxo process of the present invention ar¢ different  In the first oxo stage
the main reaction is the hydroformylation of olefins in the presence of alkynes  In the second
stage, however, the muin reaction is the hvdroformylztion of alkvoes which s uself a two
stage reaction The firs: step in the alkyne conversion 15 the hvdrogenation of alkvnes to the
corresponding oleling which 1s folowed by the hvdrotoran lation of the frmed oleding 1o the
correspandng aldehvdes  The chemical reaction i the two stages ol the process disclosed m
US Patent .395 127 oo the other hand s the same ndrotormytation ol olelins 1o sdehvdes
The need for the tvo siages i the process of the present invention theretore does not sumpiv
stem from the need for a better overall conversion bui from the unexpected nature of the
chenucal process, namcly, that the stronger hinding alivie components react much slower
than the weaker binding olelin components As a resolt o) this charactensucs of the oxo
conversion of slkvne-oletin mixtures, oleting react first producmy the corresponding sldehvdes
and thus the alkvne reactants will be enrched in the seaction mixtwre Furthermore since the
oxo conversion of alkvoes 1o the final ssturmed aldebvde products requires first the
hydrogenation of alkynes to the corresponding oleiins and since 1 as this first siep which
determiunes the overalt rate of this reaction, conditions m the second reactor stage should
enhance in fact not onlv the hydroformyviation of olelins. but the hydrogenation of alkvnes ax

cwell The need for the second seavior sage therefore stems from the nature of the chemistry
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and not sioply a common engineering solution 10 improve of the overall conversion of a
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 (ZI, 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 separated in a flash drum (22) for intermediate withdrawal of aldehyde product
(204). Remaining (unconverted) mullicomponent syngas (203) is introduced into the second
reactor (23). Additional MCS components, such as hydrogen, can be added (206) to this
MCS feed to 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 reacior (208) is combined with the intermediate product (204) 1o yield a stream (209)
that is introduced to 8 product separation and catalyst recovery train {combined {or simplicity
into block 24y This block can use conventional boiling-point based separations (e.g
distillation) 10 separate ihe crude product into an unconverted MCS siream (210), a purified
aldehyde sticam (211), and a process solvcm)’ca&alyst stream (212)  The process solvent and
catalyst stream (212) is recycled back 1o the individual reactor stages.

Conditions in a two-stage oxo unil embodiment of the process of the present invention
are adjusted for the 1wo stages o the conversion of multicomponent syngas feeds as described
previousty  Therefore, in the prefared embodimem reaction conditions in the first stage of
the two-stage uao unit should be oplimized 1o faciitate hvdrotormvlanon of ethviene in the
presence of acetylene.  In the sccond stage of the conversiom process tie overall conversion
rate is essentally dewernmuned by the rate of hydrogenation of alkvnes. mthe preferred
embodiment acetylene Thus, reaction condilions in the second stage of a two-stage oxo unit
should facilinate hydrogenation of the alkyne rcactant, in the preferred embodiment acctviene
Reacuion conditions in the first stage should be maintained as follows HA/CO ratio Trom
about 11 to 100 1, preferably 1 1 1o 101, the temperatuie shoukl be from about X 1o 180
OC, preierably in the range of 80 1o 135 ©C, more preferably fiom about 80 10 130 O the
total pressure in the reactor should be Bom about 005 1o S MPu. prelerably ttom about O to
2.5 MPa, with a partial pressure of CO not greater than 50 %% ol the total pressure, and the
partial pressure ol acetylene rcactanl not grealer than 02 MPa (safety lim)  Reaction
conditions in the second stage of a two-stage oxo unit of the process of the present invenlion
should fucilitate the hydrogenation of alkynes to olafing by, for example, maintaining higher

H2rand lower CO partial plessures than s the fiest stage Higher temperiteres uay also be
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applicd in the sccond stage 10 increase reaction rales.  In some cases it may become
cconomically advamageous (0 use a dilferent ligand in the second slage 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 1:1 to 100:1, preferably from
about 2:1 to 50.1; the temperature should be maintained between about 80 to 180 ©°C,
preferably from about 80 1o 155 ©C; 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 bressure of CO not
' greater than 35 % of the total ﬁressare, and the partial pressure of acetylene not greater than
0.2 MPa (safety limit). Superficial velocities of from about 1.5 10 about 61 cmysec (0.05 to 2
fi/sec), preferably from about 3 to about 30 cm/sec (0 1 to 1 fifsec) 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
different, within the disclosed ranges for the rhodium complex catalyst, if so desired
The overall conversion of the alkyne and olefin content of the multicomponent syngzas
feed in the oxo umt of the process of present invention can be essentially as high as desired
The catalyst life, however, is shoriened as the conversion approaches 100% in a single pass if
higher catalyst concentrations and/or more severe conditions, i.e higher temperatures are used
to reduce, the necessary residence time 10 achieve the desired conversion It 15 therefore
generally desirable 10 maintain the conversion in a single pass lower than the desired overall
conversion and to reevcle the reactants after the separahion of the product Thus, for example.
higher than 9% uverail conversion can be achieved with 80%s per pass reactant comersion in
the oxo unit and “o%e reactant recovery it a recoververeevele umt descubed below  Unde
such condinons the reactant concentraton m the reacte: can be 24 ties fugher than the
concentration reswlung from the same fevel {99%) of simele pass conversion in the abence o
reevcle  This Ingher concentration contributes 10 @ proportonally 24 tunes fughaer reachon
rate, and in the case of the oxoibydroformylation process of the present mvenuon, st also

contributes 1o an increased catalyst complex stability

REACTANT RECOVERY AND RECYCLE

The use of a reevcle of wneacted unstuiated hydiocarbon components v lighly
desirable in the processes of the present mvention 1o increase the oxo unit productviy and the
catalyst life by allowing Eigher unsiturated hydrocarbon concenganons in the oxo reactonts)
However, feeds having sclatvely high concemrations of merts and  non-stochiometiie

reactants, such s multicomponent svazas fecds, eilecen el dincouiae such a e e becanse
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of the rapid build-up of excess gascous materials, i.e. inerts (¢.g., nitrogen, water vapor,
methane, cthane, propanc), and excess rcactants (typically hydrogen) that would occur m 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 advantageoixsly 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 ewther be stripped with
unsaturates-free synyuas to produce a recycle stream of multicomponent syngas that is more
concentrated in the unsaturated hydrocarbon than was the taill gas, or preferably, the
unsaturates-containing hquid can be recycled directly 10 the oxo reactor

Applicants have found that solubilities of the unsaturated hydrocarbon components
(e.g.. ethylenc, and in particular acetylene) of multicomponent syngas mixiures in certain
oxygenated solvents, more panicularly. 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 substantially higher than the solubilities of other reactants such
as hydrogen, and carbon monoxide, and inents such as methane, and nitrogen (see Tables 6
and 7 in Example 3) present in multicomponent svngas mistures used in the process of the
present invention

Thus, another emboaiment ol the present nvention provides a process for the
sceparation or preterential remonal of unsaturated hedrocarbons, espeaially acetvlenc, from oxo
reactor cllluents conmtaming same ad recvele thereod anto the oxo reactor for Jurther
hydroformyvlauon processing without budd-up o the atorementioned excess reactants and
werts in the oxo reactos The process provides a method tor concentrating and recovering the
unsaturated hydrocarbons from the oxo reactor eifluent 1o produce a stream that 18 enriched in
alkvae and olefin and delicient 1in excess gaseous matenal lor reeyele into the oxo umt without

buildup of mens, and excess components

The recvele and recovery concept of the present invention comprises use of the
aldchyde product of hydrotormylation as the absorption solvent in a system for concentrating
the unconverted unsiaturates in the uvo reactor cflluent A simple embodiment af this
mvention would be the use of pared sabsarption and stupping towers I this method, the oxo

clflient s fed o the bovom o an abaorpiion tower wheie st s contaciad wath cold aldebwde
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o condense ow liquid aldehyde and dissolve unsaunated species (paticudarty acetylenc)
Oxo tail gas greatly diminished in these components emerges {rom the top of the absarption
tower. The unsaturates-containing aldchyde from the bottom of the absorpiion tower is fed 10
the top of a stripping tower wherein unsaturates-free gas (such as synthesis gas, hvdrogen, or
niirogen) is used to strip out the unsaturates into a concentrated vapor phase suitable for
recycle 10 oxo. The unsaturates-free liquid aldehyde praduct 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 gaseous process effluent, (i) recovering unsaturates
for recycle 10 oxo, and (iii) removal of unsaturates from the aldehyde product. in which such

unsaturates would be unwanted contaminants

A preferred embodiment of the recycle 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 recycle aldehvde stream  An example flow diagram
for this embodiment-is shown in Figure 3 Into the oxo reactor (31), having a pump-around
cooling loop (340}, is introduced a multicomponent svngas feed (331} The oxo reactor
gaseous or mixed phase effluent (332) is @cd 10 2 temperature a1 which an amount of
aldehyde condenses that is essentiallv equal to the amount of oxo-produced aldehvde The
condensed liquid aldehyde (341) is separated from the remaining gas phast oxo cfftuent in a
flash drum (33) The Lquid aldehvde product (341) s introduced into a siripping vessel (34)
where it is stripped with an unsaturate-free gas (333) te ¢ syngas, hvdrogzen, nitrozen, or light
alhanes} to produce an ansaturate-fice aldehvde prodact (335) and a gascous ¢thaent (3423
contamning unsalurated byvdrocarbons The strpping tnver giseous effluent (342508 combanied
with the flash drum (33) vapor and cooled further 1o produce & stream (333) thit s 1ed o the
absarption tawer (33) having an upper porton that 1 at a temperatare suflicientiv low o
provide retlux (344) of the alkane conmponents of the oxe cfiluemt {c g ethane or propane), as
shown as cooling of the tower overhead (343) and drom {30} w0 separate lud trom vapor
This upper partion of the absotber (3%) funcuons as tie recttfving secton of 1 distillation
tower, rejecnng akdehvde from lower boiling components. and resuliing in a <ubstantilly
aldehvde-fice overhead product sucam (336) that contins the oxo diluents ey Na
methane, cihane, propanc) and nou-stoichiometrie companents (¢ g hvdrogent that bl at
temperatures at or below the temperature of the reflusing alkane  In the bottam of the tower
(35) the hiuad phase becomes cold aldehvde that dissolves the highly soluble unsaturated
components as i in an absorber AL the temperatte of the bottam of the sower (33 the
so}ubif:_lh:s of alkynes amd olc_f’mx.m"liw hapuand phisse e very lgh (see Tables & and o s

Example %) For esample acendene, eorcentiations of 6 mol's can be achaes o4 mohe
1} - [ .
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acetylene rich aldehyde product at appropriate conditions. This unsaturates-containing liquid
stream (337) emerges from the bottom of the tower where it can be pumped as a liquid 1o
substantially higher pressures for recycle to the oxo reactor (31). Once at higher pressure, the
unsaturates-conlaining liquid stream can be heat exchanged (350) to recover any cooling value
that it might contain. [n 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 funther 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 {ts saturation
limit in order to avoid compressor damage. Furthermore, the partial pressure of acetylene at
the high pressure side should be Jower than the safety imit of 0.2 MPa. The increased
pressure typically should not be higher than 5 MPa in order 1o 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 C; to Cs monounsaturates  As a
result of the higher partial pfwgures 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 carry the added advantage of reducing tower sizes for gas treating and
separations  The need and degree of this operational compression siep s determined by

A

economic and safety {actors

This 1eeyvele and recovery process is entirelv differemt from 1hat descnbed m US Patem
3,435,091 m several ways  First, US Patent 3 435,091 uses Ingh boiling oxo side-products as
scrubbing solvents versus our prelerred use of the primary oxo product  Sceond. US Patent
3,455,091 uses the scrubbmg svstem to absorb [or recovery purposes the primarv-product
aldehyde out of the unconverted oxo feed gases, versus our absorption for reevele to oxo of
sclected unconvened fecd components out of other feed components Thes recyvele and
recovery process s also entirely difYerent trom that described in US Patent 001274 While
US Patent 3001 274 emplovs a thodium catalvst stream 1o absorb for- recveie selected
unconverted feed components, the process described herein uses the lquid reaction product
A further difference between the pracess of the present invention and the aforementioned
prior art is that the processed stream is not the eflluent of an olefin oxo unit but in thct the
eflluent of a differem oxo technology in which olefins and alkvaes are co-vonverted The
processed stream therefine contans’ chemically diffesent components - C2 10 €3 alkvoes - n

high concentranon the eatment and tecovery of which regquues speestd process condinons
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and technology {salety)  One of the most important features of the rcco%ry-rccyclc process
of the present invention is that it provides a solution for the safe recavery and recycle of those
alkynes, espccially of acetylene,

It should be noted that this recycle and recovery process may be used with processes
other than the aforementioned and herein described hydroformylationfoxo 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 10
the synthesis reactor  For example cenain implementations of Fischer-Tropsch (*FT")
synthesis can be made to produce oxygenates as products and to consume olefins in the
synthesis gas feed  In such an implementation, the FT oxygenate product can be used as
described herein w recover and recycle unconverted olefinic species back to the synthesis
reactor. Another example is the variations of alcohol synthesis 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 of the basic concept

The solvent applied in the unsaturates recovery-recycle process, as it is applied to
hydroformylation of muhicomponent syngas, is the recovered aldehvde product from the
hydroformylation of muliicomponemt syngas comaining (2-C5 monounsatarates  Use of the
product aldehyde as a solvemt presents several advamages the separation of the product
aldelivde can be integrated into the unsaturates recosery and recvele process saving capital
cost. there is reduced need fon purchased solvent and solvent make-up, and reduced praduct
contamination and solventproduct separauon prablems An integrated product separaton and
unsaturates recovery and reeycling scheme can offer furtber advantages relating to the need of
use of reingeraton tor the clecuve separation of the product aldehvde  Since both praduc
sepatation and upsaturdtes recovery regintes the appincaion of low temperatutes, the coaling

encegy can be efficremiv utithzed v an miegrated process soch as disclosed berem

PRODUCTUTHAZATION

U3 to C aldebvdes, which are adesiied produc of the hvdrotormviabon stage of the
present svention, and particudarly propanal, have uniny ssoantenmediates e manuticiure of
many indusitial commodity chenucals  Thus, one piclerred embodiment of the present
invenuion is its combination with subsconent procesae: steps it further enhances the vabie

of the aldehvde product

SUBSTITUTE SHEET (RULE 26)



WO 96/22266 PCI/EP96/00268

-3

One preferred embodiment of the present invention is the combination of (he
hydroformylation of a multicomponent syngas with hydrogenation of the aldebyde product of
thal hydroformylation 1o produce an alcohol product. Particularly prefesred is the production
of propanol by this means. An additional preferred embodiment of the present invention is the
combination of the hydroformylation of a mullicomponent syngas with the oxidation of the
aldehyde product of that hydroformylaticn to produce an organic acid product. Particutarly
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 art.

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 aldehydes
are joined such that the a-carbon of the first becomes attached to the carbonyl carbon of the
second. The result is called an “aldol”, which is a B-hvdroxy carbonyl compound. Typically,
the aldol climinates 11,0 10 yield an unsaturated aldehyde The aldol condensation of two
identical aldchydes is called “"self-aldol”, while the aldol condensation of two different
aldehydes 15 called “cross-aldol” Additonal preferred embodiments of this invention include
the hydrogenation of so-produced aldols to saturated aldchydes, as well as saturated and
unsaturated alcohols  An additional preferred embodiment of thus mvention is the oxidation of
the saturated and unsaturated aldehydes derived from the aldol condensation to corresponding
saturated and unsaturated acids

Fhus, an additional preferred embodiment of the present mvention s the combination
of the hydioformylation of a multicomponent svneas with sel-aldol of the produced aldehvde
o produce an aldol dimer  Particularly preferred is the producnion of 2-methvipentenat by
this means. amd  the  subsequunt  hvdrogenation 1o Z-methvlpentanal.  andior (o
2-methylpentanol, as well as the oxidation of the 2-methylpentunal to 2. methvipentanore
acid

An addional preferced embodiment of the present wvention 1s production of
multi-methviol alkanes via the cross aldol condensation of Tormaldehvde with of the aldchvdes
produced by the hydroformylation of a multicomponent syngas A further preferred
embodiment of the present mvention is production of multi- methyltol atkanes via cross aldol
condensation of formaldehyde with the unsaturated or saturmed (hvdrogenatedy akichvdes
prcluced  as aldol-dimars of the aldebvdes produced v hwdroformvlanon of 5

muliicomponent svagas Typrealiy methes, known art b catbonv] (C O sroup mowieh a
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cross-aldol product is chiemically or catalylically reduced such that all the oxypen of the
multi-methylol alkane is in the hydroxyl form. Particularly preferred are the production of
tiimethylol ethane by this means (by cross-aldol of formaldchyde with propanal), and the
production of 2,2'-dimethylol 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 hydroformylation of a mullicomponent 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 arc self-
aldolized to form the corresponding dimers, a process for the manufacture of saturated
aldchydes, 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 1o form the corresponding unsaturated alcohols or acids. a process
for the manufaciure of saturated alcohols, wherein the aldol-dimers are hydrogenated to form
the corresponding saturated alcobols, a process for the manufacture of saturated alcohols or
acids, wherein the saturated aldehydes produced via hydrogenation of the aldol-dimers are
hydrogenated or oxidized 1o form the corresponding saturated aleohols or acids. a process for
the manufacture of maulti-methylol  atkanes, wheran the aldehvdes foimed  be the
bydroformylation of a muiticomponent syngas are aldol-condensad with formaldehyde 1o form
the conesponding mulu-methvlol atkanes, o process tor the manutaciuze of timetinda!
ethane, wherem propanal that is fonmed by the hvdroionnylanon of a multicomponent syngas
15 aldol condensed with formaldehyde te form the trimethviol aihane, and a process for the
manufaciute of mwlu-methylol alkines, wheren the aldol-dmers andron the souraied
aldehydes produced therelrom are aldol-condensed  with formaldebnde 1o form the

correspoanding mulu-metivial atkanes

This mvention can be used 1o produce the propanal-contammg composiien that 1<
used for the production of aldehydes. afcohols, acids. and their derivatwes, deseribed n EPA
95.300 3019 and the PCT apphcation based thereon, which arc hereby mcorporated by
reference

- " SUBSTITUTE SHEET (RULE 26)



P96/00263
WO 96/22266 PCTE

.
DY
.-JO

Exampic |

-

Apparatus

|

Experiments were carried out in an Autoclave Engineers’ 300 ml stainless stec!
autoclave. The reactor was connected to a 500 mi 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 i
stirrer with speed control. The total and free volumes of the different parts of the apparatus
were measurcd by ga§ volumetric method

Cartalyst prepacation

The rhodium and phosphine containing solutions were prepared it Vacuum
Atmospheres dry boxces under nitrogen or argon  The rhodium was charged either in the form
of HRh(COXPPh3)3. or as RMCO»(acac), where PPh3 is triphenylphosphine, and acac is the
acetylacetonato ligand  RW{CO)2(acac) was purchased from Strem Chemicals and was used
as received HRh(CO)(PPh3); was prepared from Rh(CO)2(acac) by literature method (G
W Parshall, Inorg Symth 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 was charged under
flow of nitrogen into the awoclave  The unit then was flushed with syngas (H2/CO = 1)
When the catalyst was prepared i sita the autoclave was pressurized to about 8 NMPa at
room temperature then 1 was heated up to 100 OC, and was keprt at that temperature for
about 30 min  Jadependen: expuriments demonstrared that under these conditions the
rhodium looses the acae leand by hydrogenation and the formed hvdridocarbony
tnphenylphasphine  rhodiam  complexfes)  (HRMCON(PPhal.,  xty 4 catahvre
hydroformyvlation without showing any inducoon penod  When HRh(CO)PPhI )z was used,

as & Rh soucce no catalyst prefornnmg was necessary

Hydrofonmaoon of Gas Blend #1

The 1eactor contmimng the solution of the preformed catalyst was flushed and
pressurized with Gas Blend #1 containing cihvlene, ethane, acetylene, caibon dioxide,
hydrogen, methane, carbon monoxide, and nilrogen {composition is given in Fable 2) at room
temperature  The amount of gax loaded into the reactor was determined hy eas volumeine
method  Fhe P/Rh matio i thes L‘\j)z'lim'cm_w;js..‘J."_i ‘The composition of the catalvst charged

s gréen m the [donote ol | .!filx'_ S b renctor was beated 1o 11090 and mamtiined ot
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reaction temperanne for twao bors While the reacter was at the ré;u:lion temperatuie, a
pressure drop indicated thatl reaction occurred  Afie two hours at 110 8C, when no further
pressure drop was obscrved, the reactor was chilled to 15 ©C, and gas and hiquid 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 lhquid phase the only detected product of the reaction was identified by gas

c_hromatography/mass spectrometry (GC/MS) as pmpanzil. The propanal found in the liquid
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 ethylene and acetylene were present at a
ratio of acetylene/ethylene of 3.4 at the point when the oxo conversion stopped . The analysis
results showed that a paraliel conversion of both ethvlenc and acetylene had occurred  The
final solution had a dark brown color which is assocated in the experiments disclosed herein
with a decomposed catalyst

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

Compounct X9 (v.%) no(mmoi)____l nf (mmol) ' An (mmol)
Cally 1 02u 1o . oS . -1
Calg : 0105 0 | 02 00
Cakia | 2910 54 t7 -37
CO» i 1650 i) o 07
- x 2230 Al RATAT BT
Chy ’ -4 0 : LR go | wag
o f e | WS, 1S % 50
No ; 35 395 | RILEE 216 | Su
Propanal> | - 1 - ] 44 i -3 -4_!
Taowl | 100 000 J 1S i l o Isd0 -17 3 I

Reascuon combinons  tofuene 9t mi, methyl evelohesane ntermad stndisd for GCY 08l
Rh 897 ymoles (1130 ppim), PPy 83 mmoles, p©® 1345 RPaqar 20 9C), reaction tine
at O OC 2hrs

Legend  x© = initial gas concentration, n® = mitial number of mmoles in the gas phase, n!

Sinal number of mmoles in the gas phase. An - mole nunber change in the zas phase,

H
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Lxample 2

The apparatus, catalyst preparation method, and experimental 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 ©C, 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 °C. Afier 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 higher conversion (88.5 %) at
a 10 OC lower temperature, 14 times lower catalyst concentration, and in a 2.7 times shorter
time 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 cthylene containing multi-component syngas mixtures

Table 3. Ilydroformylation of Multicomponent Syngas (Gas Blend #2) at 100 °C

Compound x0 {v. %) n® (mmol) nf{mmol) An (mmol)
CaHy 991 949 077 -8 72
Caly, 3206 312 ] 109 -1 R
Calla 683 N R -5 o
O~ 253 242 1Sl 09
1A 3827 3309 : V717 Az
Ctiy 1170 11.21 i g 1d 207
coO 17.50 2332 I S 63 S E Ny
I'ropanal” - -- f 1-4 20 <14 20
Total 100 G0 ICRCE 2303

" Liguid GC resull

Reaction conditions toluene 60 ml, methyl c_w-:Iohc\':mc (mennat standard for GCr o8 mb,
Rh: 64.3 pmoles (110 ppm); PPhy 193 mmoles; p© = 800 kPa (at 100 CC), reaction time
at 100 °C )

Legend. x© = initial gas concentration, n® = initial number of mmoles in the gas phase, n -

15 min.

finis] number of mmoles in the gas phase, An - mole mmber change in the gas phase,
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Example 3

This example demonstrates the eficct of P/Rh ratio on the hydroformylation of
acctylene and ethylene containing MCS oxo feed streams. The preparation and loading
procedures of the catalyst solutions were the same as in Example 1. The solvent,
tetraethylene glyco! 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 1 except that a volume calibrated,
high pressure injection bomb was mounted into the feed fine after the high precision pressure
regulator between the buffer cylinder and the autoclave. This tnjection bomb was used 1o
inject known amounts of ethylenc/acetylene mixtures mto the auvtoclave. The ethylene, and
acetylene charges in cach experiment were around 15 4, and 6 4, respectively

Baich kinetic experiments were carried out at constant 1 MPa 1otal gauge pressure and
120 OC  As the reaction procecded a constamt pressure was mamntained by feeding syngas
(CO/H2 = 1} from the volume calibrated high pressure buffer bomb through a high precistion
regulator valve. The reaction was monitored by reading the pressures in the buffer (measured
to an accuracy of | kPa) as a function of time (recorded to an accuracy of 1 sccond) The
overall conversions of ethylene and acetylene were determined after each run by GC analyses
of the liquid and gas produciy  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 101al pressee drop and the total gas consprption in males from the batie
bomb dunng the expeniment Reachon rates were valcuared asseming o lwear conelanen
beiveen the pressure drops and conversion Cazhist compostions, and sesulis of seven

dlerent experiments are shown m Table 4
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Tablc 4. 1:ffect of PPh; Concentration on the Oxo Reaction Rate and on the Conversion of

Acetylene-Ethylene Mixed Feeds

PPhj Rh P/Rh Initial Rate Total Cz
{mnoles) | (pmoles) (mol/mol Rh/sec) Conversion (%)
: 038 | 378 10 0.02 25
1.17 37.7 31 0.04 T80
- 432 37.7 115 0.1 80
$.45 374 226 0.3 A 80
16.37 37.6 435 0.9 92
23.40 38.0 660 21 99
30.93 18.8 1644 2.1 99 .

Solution Volume: 70ml. H2/CO = 1; Total Pressure = | MPa, Initial Gas Charge 95
mmoles total, 15.4 mmoles CoHy, 64 mmoles CaHa. balance CO and Hy.  rhodium
concentration is 54 ppm and 27 ppm for 38 and 19 umoles. 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 after 120 min
reaction time  This color variation indicates that a stable catalyst system is not present at a
PPhy/Rh ratio of 10 in the hydroformylation of acctylene and ethvlene containing multi-
component svngas feeds.  Under the preferred PPhy/Rh ratios above 30, significant
improvement in rate, conversion. and stability arc achieved '

Example 4

The example demonstrates the efivet of Ha/CO ave an alkene  {(ethvlene)
hivdroformvlation in the presence of a cumulated diene (allene)  The preparation and Joading
procedures of catalvst solutions wete the same as m Example | The experimental method
and the kinetic evaluation of experimenial values were the same as in Example 3, except that
IS mmoles of cthylene was coinjected with 0 13 mmoles ot allene and with differem amounts
of hydrogen 10 adjust 112/CO ratios in the autoclave  The catalvst charge was 18 8 pmoles of

RIL{27 7 ppm and § 3 mmoles ol PEL3 (3 1w 251w each experiment

Afier imecting allene-cthvlene mixtures into the autoclave at 120 OC the reaction first
proceeded at a very slow rite - Gas analysis of the gas reachion mixture showed a slow build-
up of propvlene during this first slow stage of the seaction - The hvdroformylation of cthylene
ook place onlv afier essentallv-all trvpically 95 to @ %0) of the allene charged was convered
The length olnius st p]::esc-bl‘\hc' x.cnniqn depended oo the H2/CO 1ahin (see Table $)

: : .

-
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Table 5 “The Cffect of F/CO Ratio on the Conversion Rate of Allenc

Time Required 10 Reaction Rate
H2/CO Convert Allene {min) | (mol C3H4/mol Rh/min)
1.0 23 0.30
2.2 17 ' 041
7.7 13 0.53
24.4 : 5 N 1.38

.Soiulion Volume 70ml; H9/CO = 1, Total Pressure = | MPa; Initial Gas Charge.
95 nunoles total. 15 mmoles CaHy, 0.13 mmoles C3Hy, balance CO and Hy;
Rh =277 ppm, {PPh3]=3 1%

Example 5

Gas solubiluies were measured either by gas volumetric method using the same

autoclave as in Example 1 or by 'H NMR I the autoclave experiments the solvent was

thoroughly degassed in the autoclave before the pas was charged without stirring  Afier a

short temperature equilibration the pressure and temperature in the awmoclave was recorded

and then the solvemt was stirred until no further pressure drop could be observed  From the

known gas volume and pressuse drop the amoumt of dissolved gas was calculated  tn the TH

NAR expeniments either the solvent (propanal) or hexamethvlbenzene served as an internal

standard  The vilues obiained are listed in Table ¢
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Table 6. Experimentally Determined Solubilities for Hydrogen, Carbon Monoxide, Methane,
Ethylene, and Acetylenc at 0.1 MPa Partiat Pressure

Soluie Solvent Temperature | Xj x 104 Ci Method
(°C) {mmol),

"+ | Hydrogen Tetr_aglymc*. 20 5.1 22 aufoclave
- | 7.3 3.0 autoclave

dS-Toluene 22 3.5 — NMR
Carbon | Tetraglyme* 20 11.3 49 autoclave
monoxide 100 34.6 14.2 autoclave
Methanc | Tetraglyme® 20 300 157 autoclave
100 630 263 autoclave

Propanal 22 236 32.7 NMR
Ethylene | Tetraglyme* 20 1330 60.0 autoclave
100 76 0 326 autoclave

Propanal 22 1150 1596 NMR
Acetylene | Tetraglyme* 20 12240 5770 autoclave
100 2420 103 @ autoclave
Toluene 20 2367 2206 autoclave
100 1380 147 7 autoclave

Propanal 22 402 0 5577 NMR

Legend: Xj = mol fraction of the gascous component in the liquid phase. €,

gascous component in the liquid phase

Note * Tenaglvme containing 7 8 w %5 PPh3

maoelariye of the

The expetimentally determined (see Table 63 and literature values (see Table 7y reflect

high’ solubilities of ethylene and acetvlene i oxvgenates, especibly in propanal There is

farge difference in solubility between cthviene and acetvlence v all other major components of

typical mulicomponent syngas mistures such as hvdrogen, carbon monoxide. and methane 1t

‘can also be seen that the solubifity dilference increases with decreasimg temperatue
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Table 7. Gas Solubilities in Oxygenate Solvents

Sothute Solvent | Temperature | X; x 104 Ci | Rel®
. (°C) {mmol/l)
Hydrogen | 2-Methylbutanal 30 8.55 — l e
2-Methylbutanal 100 11.45 — e
Formaldehyde diethyl acetal | . 30 . - 537§ 507 g
Propionaldehyde 100 5.95 — | k
Methyl acetate 18 251 330 ]
Ethyl acetate I8 346 3840 | 1
1-Propy! acetate 18 415 399 ]
2-Propyl acetate I8 483 | 463 | )
1-Butyl acetate 1% 4.29 364 1
Methyl propanoate 18 377 419 [
Methvi butanoate I8 467 4 49 !
Ethylene glvecol dimethyl 100 620 §32 1
ether 100 658 | 380 | v
2-Eihylhexanol-| ' 1o 385 34 | w
2-Ethylthexanol-] 100 597 — v
2-Ethvlhexanal-1 |
Carbon 2-Methvlbutanal ] in 10 96 — ¢ f
monoxide | 2-Methvibutanal 1 1 13 93 - e |
Methane | Formaldehvde dietind acetal i i ! 37490 1 3sox | [3 ‘
Propionaldehvde i ftns i _ahab i | po
Ethwlene | Formaldehvde diethvl acend { e { INS QO b 17 e i__-._-'__ :
Ethane Formaldebvde dietn] aeetal l o § KIERHY ‘ iy x| g

Legend Ni = mol fraction of the wiscous componens 1 e hauad phase, C) - molany ot the
gascous component i the hquid phase
*Talde 7 References
¢b R A Aronovich, ! T Vasifeva, S M Lokiev, v A Polvahov, BV Sk 10N
Twvina Teor Eksp Khim 10091, 27(2), 241
g}y L P Lizano. M C Lopez, F M Rovo, 1 S uvin T Selution Chemy T8 197y,
721
Ky 11 Vasifeva, A A Naumova A A Polvakoy TN Tevina, V'V Fokina Zk Pkl
Khim 1087 60{23, 408
1} l' Ihunn;_:r 1 Chem Thenmodsnapues [U8H, 70 w3

vio NG Raamskava, NG Ivinsion s N E Nedfado Klum Promesp 197 1 01
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w)} E. Brunner Ber. Bunsenges. Phys Chem. 79, 83(7), 7135
Example ¢

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 Example 3, except that 15 mmoles of ethylcrie was coinjected with 0:13
mmoles of one of the following dienes or acelylenes: 1,3-butadienc. allene, propyne, and
acetylene. The catalyst charge was 13 8 umoles of Rh (27.7 ppm), and 8.3 mmoles of PPh3

{3.1 w.%) in each experiment.

Gas analysis of the gas reaction mixtwures indicated a parallel conversion of ethylene
with 1,3-butadiene, propyne, and acetviene In the case of ethylenc-allene mixtures, however,
the conversion of ethyvlene could only start after essentially all the allene injected had been
hvdrogenated to propylene, as disclosed in Example 4 The final reaction mixiures contained
essentially propanal, ethanc, and the hydrogenated product of the comjected highly
unsaturated component  Thus 1,3-butadiene vielded butenes, and allene and propyne yielded
propylenc At 95 to 98 % ethylenc conversion the typical conversions of 1.3-butadienc, and
propyne to the corresponding olefins were ca 60 %  Since the hydrogenaiion produ.ct of
acetylene is ethylene its intermediacy could not be derected in the hvdroformylation of
cthylene-acetvlene mixtures  The ebserved reaction rates showed a different degree of
mmhibition on the oxo rate of cthvlene by the hghly unsawrated component  Thus, the
observed turnover frequencies in cthviene hydroformviauon with allene.  1.3-butadiene,
propyae, and acetviene as coinjected reactanis ar 33%s ethyvlene conversion were 3, 5 5, 7, and

3 mal propanalimol Risec, respectinely
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Example 7

This example demonstrates the eflect that small concentrations of acetylene 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 mumol triphenylphosphine, and 03 mmol
rhodium {96 ppm). These solutions were heated to 140°C at } MPa and contacted with one
of three gas streams; (a) syngas (H,/CO=1) alone, (b) syngas with 5 mol% ethylene, or (c)
syngas with 0.51 mol% acetylene In cases (b} and (c). the gas stream flow was controlled so
that the substrate concentration in the effluent was maimntained at about 0 S mol percent  After
aging times of O (initial solution), 80, 140. and 260 mnutes, 30 mi saniples of the catalvst
solution were withdrawn and set aside

For the kinetic measurement stage of the expernment, 200 nil of catalyst solution was
charged, which solutions were prepared using the 30 mil samples of the aging stage and adding
tetraglvme and triphenylphosphine 1o make a solution containing 860 mmol terraglvme, 33
mmol triphenylphosphine, and 0 02 mmol rhodium (16 ppmy)y - The expenmental method tor
the Kinetic evaluation was the same as in Example 3 (3 MPa, 12070, H2/CO=1) except that 20
mmoles of ethvlene were comjected with 3 mmtoles of acetviene  The rate (mols oxa
second) was found 1o be Just vraer o ethvlene, amd o i constant for each hmeny
expertment wis caleulated as mols ona per mob ethviene, por wppim R, pet second For cach
agme eapenmend, rale constants were then nn;m:shu;l s i porcent of imnal {sero aged

catalvst acvity

A summary of the conditions and results of these catalyst deactivanon experiments i
shovwn in Table § hoas well known that caalvst deacuvanon s rapud under condiions where
substrate {olefin, alkvne) i< absent. amd this is confirmed m expeniment (o) wherein the activty
drops 90% in 260 min 2t 140°C Olefin hvdroformviazion is commonly run under condinons
of low pet-pass conversion w oider to maintain substrate presence to mitigate this
deacuvation  Experiment (b) contums that ofefin presence reduces deactivation (now onlbv
50% after 260 min), bul alse demonstrates tha under the high conversion conditions i
would hereflected na - 05 mola exin concentiation consderable deacuvation neans In

CONGINE, CNPOiment (o donnsz o tes ta i £ s g’ o coticetttatnnen of aeendene
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dramatically reduce the deactivation {now only 5% after 260 min)  Such a preservation of

catalyst activily enables opcration at higher per-pass conversion as well as higher
temperatures

Table 8. Catalyst Deactivation versus Substrate Presence

(2) ® - ()

Svngas Alore " Ethvlene Acetvicne

Aeing Stage Coanditions

Gas Rate (aL/min) 1.0 45 42
Efluent Composition
Lihylene, mol% 000 022-110 00]
Acctylene, mol% 000 000 036
Propanal. mol%e 000 j40-420 002

Kinetic Rale Constant (% of initial) for samples withdrawn from Aging Stage
Time of Sample

0 min (initial solution) 100 % 100 %4 100 %%

SU min 2% 81°% © 90 %

140 min S UL Qs e,

260 min : n®, B A Q5 vy
i

Example &

Fus example demonstrates the continuous hydrolormylation of mixtures of olefin and
cumulated diene, more specificaliy of etivlene and allene  Experiments were performed w o
S0Uce Autochive Engineers Zipperchine stainless steel amoclave The autockive was
cguipped with g continuous gas feed svstem, wath back pressuie control, and with gascous
feed and product charactenzation via was chromatography - Catalvst solution was prepared n
miony unde: nitrozen 210 g oof wetaglvme, 158 ¢ of wiphenyviphosphine, and 88 mg of
rhodrium (added as RMCO)2(acac). where acac is the acetylacctonato hgand)  This
corresponds to 39 wppm of Rh, and a P/Rh ratio of 700 Catalyst soluticn was transferred
imo the autoclave under nitrogen, the autoclave purged with nitrogen, and thern gas flows

commenced as indicated in Table @ Pressure then bult up to the 1000 KPa (abs) settmg of
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the back pressure control, afier which the awtockave amd contents were heated to 900

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

Table 9 Cominuous Hydroformylarion of Ethylene and Allene

(a) (b)
_ | Gas Flow Rates (mbmin) o .
' co | | 250 250
Ha 1270 1270
CHy ' 400 400
Ethylene 78 78
Allene 002 0042
Observed Conversion
Ethviene 504, 55%,
Allene >95% $9%y

As shown i Table 9. cthvlene and allene were simultancously comveried at these
hydroformylation conditions  In kueping with the high propurtion of ethvlene io allene, the
products of these runs were predommantly propansi However, butanal wias observed as

reaction product

SUBSTITUTE SHEET (RULE 26)



- 45. T

WHAT IS CLAIMED IS: ”!,l"'! m,‘” "!” ”,1, ” I,.',I

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

()] C2 to Cs olefins and mixtures thereof
and _

(i) " Coto'Cs alkynes and mixtures thereof
and optionally ’ '
(i) cumulated dienes

by reaction with CO and Hy in the presence of a sclution 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:

0 Co to Cs olefins and mixtures thereof
and

{11) Co to Cg alkynes and mixtures thereol
and ophionally

(11}  cumulated dienes

by reaction with CO and H» in the presence of 2 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
hydroformytating a mixture comaining’

(1) C»> to Cg olefins and mixtures thereof
and

(i1 C» to Cg alkynes and mixtures thereof
and optionally

{in) - cumutated diznes
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by reaction with CO and Hy in the presence of a solution of a rhodium
organophosphorus complex catalyst wherein the catalys! solution has a P/Rh
ratio greater than the value Ry wherein:

(30-Rg)e 1olPKaTPP-pKay )

RL=Rp+
4Sg/R)

o o - e am T e T . -

Tan.

wherein Rp is the P/Rh ratio sufficient for a catalyticai!'y active Rh complex,
kPaTpp is the pKa value for triphenylphosphine, pKay_is the pKa value for
the triorganophosphorus compound, R is the gas constant, and ASg is
35(N-1) calfmole °K, wherein N is the number of P-Rh attachments per hgand
molecule, to product the corresponding C3 to Cg aldehydes.

A process according to claim 1 or claim 3 in which the ratio of phosphorus to
rhodium 1s 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 preceding claims in which the rhodiem
organophosphorus complex 1s oil soluble

A process according o any of the precedin cliaams in winch the rhoden s
low valence

A process according 10 2ny of the precedin: ciaims in which the feed 1s
multicomponent syngas

A process according o any of the preceding ciaims i which the
hydroiormylation is performed at a temperat.ire above 80°C

A process accarding 1o any of the precedinz claims in which on average the
mixture 1s in contact with the catalyst for no onger than four hours

A process according to any of. the precedin ciums in which 2 total

) C.O_hf:ént?étsdn QI coprdinat'w;'-:w ac'!_nvo'f"of U lennt abo 001 moift s used
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A process according to any of the preceding claims 1n wnicn a ratio oi {Fipeq
of al least 0.1 mmol/I/kPa, where [P} is the total concentration of
coordinatively active phosphorus in the solution, and P, is the partial
pressure of CO is employed. '

A process of any of the preceding claims wherein the olefin is essentially
et_hyleng. 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
H2/CO is from 1 to 100, the partial pressure ratio of CO/monounsalurates 1s
from 0.5 to 100, and of Hy/monounsaturates is from 0.5 to 100

The process of any of the preceding claims wherein the o1l soluble
triorganophosphorous hgand is selected from the group consisting of oil
soluble Iriarylphosphines, trialkylphosphines, alkyi-diaryl phosphines, aryl-
dxaikylphosphmes triatkylphosphites, and tnarylphosphutes having at least
one phosphorus stom per molecule.

The process of any of the preceding claims wherein the reaction temperature
1s from 80°C 10 180°C, the total pressure from zbout 0 05 to 2bout 5 MPa -the
partial pressure of carbon monoxide up to 50 mol % of the total pressure. the
mole % of Hy is from 1 {o 98 mole %. and mol % of ethylene and acetylene
each alone and in combination is from 0 1 to 35 mol %

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

The process of any of the preceding claims wherein the contacting 1s carned
out In at least two reactor stages

The process of claim 13 wherein the first stage 1s optimized at conditions for
conversion of olefins in the presence of alkynes. and the second stage 1s’

"oplxml red at hydroqcnahon condmons 1'or conversion of alkynoes 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 éai_d Synthes:s process; and

(b) stripping 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
efiluent stream of a process according to any of claims 1 to 20. compnising

{a) partially condensing the efiluen: of the synthesis process o produce a
hiquid condensate enniched in the axygenated product and o gasecus
stream enniched in the low boihng gaseous components

{bY  sinpping the liquid condensate with an essentially unsaturaies-free
gas to produce an unsaturates-ires oxygenated product and a
gaseous stream enriched in unsaturates and low boiling gaseous
componenis.

{c) combining the gaseous streams from step {a) and step {bj and cooling
the combined siream,

{d) treating the combined stream from step (¢} in an absorber having
refiux of saturated hydrocarbon spacies ol the top, 10 produce an
'O'V'erhea'dfs{fé:iqwz;tontatnuhg-:%hgz low boulmg gaseous companents and
"substantially & of Synihesis procass product and unsaterated
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hydrocarbon, and a bolloms sleam of synthesis process product
containing concentrated absorbed unsaturated hydrocarbon; and

(e} recycling said bottorns streams to the synthesis reactor.

24. 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.

25. The process of claim 23 or claim 24 wherein the treating of step (dj is carried
out at a temperature between -100°C and +100°C.

26. 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
alkyneé and multiunsaturates from a gas siream containing at feast hydrogen,
olefins, alkynes, and multiunsaturates comprising contacting the gas stream
with a melal complex-containing stream at a rate sufficient to form adducls of
the alkynes and multiunsaturates to be removed, and removing a slream
containing the alkyne and multiunsaturale adducts of the metal complex

27 A process according 10 claim 26 in which the metal complex stream is a hquid
or a slurry )

28 The process of claim 26 or claim 27 wherain the metal complex 1s an oil-
soluble rhodium complex containing a triorganophosphorous héand selected
from the group consisting of lnarylphosphines. tralkylphosphines, alkyl-diary!
phesphines, aryl-dialkylphosphines, tnalkylphosphites and tnarylphosphites
contaiming al least one phosphorus atom per moiecule.

29 The process of claims 26 1o 28 wheren the multiunsaturates are selecled
{from the group constsling 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.

.30 . "The process of claim 29 wherein ihe gas sireamas a mullicomponent syngas
C L mixtar Turther comprising ong or more of the gases sclected from the group
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consisting of CO, CO5, C4-Cs alkanes, C4-C5 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 MP2 and a température 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 o 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 o any of
the preceding claims to form the corresponding aldo!l 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 unsaturaied acid.

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

_ .A_ﬁrdégéé'compgisiﬁg'éic_!_o_l'cqﬁdér)sing=the'a!dehyde produced according to
. any of the precedirig 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.  Aprocess comprising further aldol condensing the aldol dimer of claim 36
with formaldehyde to form the corresponding multi-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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