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Abstract

The rhodium-catalyzed hydroformylation of 1-octene and other higher olefins in an aqueous biphasic system was studied at pressures from
40 to 90 bar and temperatures of up to 393 K. The rhodium-TPPT Srjtrsaifonatophenyl) phosphine] catalytic system was used. Non-ionic
amphiphiles of the alkyloxyethylene type were applied to promote the contact between the reacting species by enlargement of the interfacial
area. The highest reaction rates were obtained at a surfactant concentration of only about 1 wt.%.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Since the introduction of the Ruhrchemie-éRie-Poulenc
. (RCH-RP) process in 1984, the initially used cobalt-based
1.1. Hydroformylation catalyst for propene hydroformylation has now been re-

placed in nearly all major production plants by the more
active rhodium-based catalyfi]. The RCH-RP process

is a liquid—liquid process, where the modified rhodium
catalyst is dissolved in the aqueous phase, thus the catalyst
can be considered to be heterogeneous with respect to the
olefin[6,7]. This technique, which combines the advantages
of homogeneous and heterogeneous catalysis, enables the
product to be separated by simple phase separation. Thus,

The reaction of olefins with synthesis gas to aldehydes
or alcohols is commonly known as hydroformylation or oxo
synthesis. The reaction was discovered in 1938 by Otto Roe-
len at Ruhrchemigl,2] and has become the most important
industrial application of homogeneous catalysis. The present
worldwide production capacities for oxo-products are close
to 8 million tonnes per yedB].

H . .
R CO, H, R H the_ cgtaly;t can be r_ecycled prac_t|cally without any loss, due
N catalyst I * \/Y to its immiscibility with the organic products.
o H o The solubilities of olefins in water as well as their
branched product linear product reactivity, even in monophasic hydroformylation, decrease

While the bulk production ofi-butyraldehyde via hydro- ~ With increasing number of carbon atoiig§. Higher olefins,
formylation of propene is dominant, the conversion of olefins With @ chain length greater than six, are not suited for hydro-
with five or more carbon atoms accounts for about 25% of formylation analogous to the RCH-RP proc¢gk About
the worldwide capacities of oxo-produdt. The most im- 90% of high molar mass oxo-products are still being manu-

portant applications for higher oxo-products are plasticizers factured in homogeneous media using cobalt catalysts. Thus,
and detergent alcohols. a rhodium-based aqueous-organic process for conversion

of long alkenes, which combines sufficiently high reaction

* Corresponding author. Tel.: +49 531 391 5365; fax: +49 531 391 5357. fates with facile catalyst recycling by decantation, is highly
E-mail addressa.schumpe@tu-bs.de (A. Schumpe). desirable.
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Several approaches have been postulated in the literature Other efforts to overcome the mutual insolubility of cata-
to overcome the problem of mutual insolubility of the two lyst and organic phase are the use of additives like cyclodex-
phases and low space—time yields of biphasic hydroformyla- trins [30,31], co-solvents[32,33] or surfactants[34-37}
tion. The use of phosphine ligands with amphiphilic proper- While the cyclodextrins are considered to enhance the mass
ties[10-14]is reported to significantly enhance the reaction transfer by acting as inverse phase transfer catalysts, the ad-
rate as compared to the Rh—TPPTS system. It was shown thatlition of co-solvents like ethanol increases the solubility of
the improved reaction rates were due to the surface activity higher olefins in the aqueous phase, whereas the solubility
of these new phosphines and that catalytic activity increasedof water in, e.g., 1-octene is not changed significaf88j.
with the aggregation of the ligands becoming more likely Surfactants are known to decrease the interfacial tension and
[11]. Agueous solutions of TPPTS show no aggregation at to form small aggregates above the critical micellar concen-
all concentrations of TPPTRAO]. tration (CMC). Thus, the reaction rate can be increased by

Another type of amphiphilic ligands are the so-called enlargement of the interfacial area. The use of different alkyl
“smart ligands” with an inverse temperature-dependency of polyethylene oxides (3E;) as surface-active agents in 1-
their solubility in watef15]. Most of these ligands are tertiary  octene hydroformylation is considered in this paper.
phosphines containing polyethylene oxide (PEO) or block
copolymers of ethylene oxide and propylene oxide (PPO) 1.2. Micro-emulsions
[16—20] By increasing the temperature, the catalyst is trans-
ferred to the organic phase where it catalyzes the reaction Micro-emulsions can be formed spontaneously from
and it is moved back to the aqueous phase to be separatesvater (or an aqueous solution), a non-polar organic “oil”
from the products at lower temperatures. Amphiphilic prop- and a suitable surfactant in a determined compos[Baf
erties can also be introduced into a sulfonated ligand by Macroscopically, the mixtures are homogeneous. However,
modifying its counter ion. The surface-inactive TPPTS lig- on a microscopic level, the ternary mixtures are structured
and is reported to be converted into an amphiphile by re- as water-rich and oil-rich domains, which are separated
placing one N&ion by a quaternary phosphonium ift]. by an amphiphilic film. Due to the very large interfacial
While hydroformylation of 1-tetradecene with Rh—-TPPTS area, micro-emulsions can be used as media for chemical
showed no activity, the reaction using the modified ligand reactions between two reactants with a mutual solubility gap.
was performed successfully with a turnover frequency (TOF) But also the reversibility of the solubilization of compounds
of 186 L. with opposite polarity and the fact that the liquids are

Kanagasabapathy et §22] describe the use of methanol- compartmentized in drops with given properties (e.g., shape
and water-soluble phosphine-ligands. Hydroformylation is and drop size) is counted as an advantage for the use of
carried out homogeneously in methanol and the system ismicro-emulsions as reaction medé#®]. The composition of
hydrogenised after the reaction by addition of water. This a micro-emulsion can be characterized through its content
causes the organic product to separate from the aqueous phase organic liquid in the binary oil-water mixture, and the

and the catalyst can be recovered easily. mass fraction of surfactamtin the ternary mixtur¢41].
Adifferentapproach to hydroformylation of higher olefins Moil
is to deposit a thin film of water containing the catalystonthe ¢ = —————— 1)
. . . . Moil + Mwater
hydrophilic surface of an inorganic support. This is known m
as supported aqueous phase catalysis (SA#C) y = surfactant 2)
Recently, the use of “modern” solvents as alternative reac- Msurfactantt Moil + Mwater

tion media for hydroformylation of higher olefins has gained The size and shape of the oil- and water-rich domains are
much attention. lonic liquids, forinstance, have been foundto a function ofa and y. Usually, the behavior of a micro-

be excellent solvents for catalysts, due to their pold&8]. emulsion is studied in pseudo-binary phase-diagrams, where
The use of ionic liquids in hydroformylation of higher olefins  one variable is kept constant. For a given surfactant concen-
is reported by Waffenschmid4] and Karadia et al[25]. tration, the microstructure of a micro-emulsion can vary from

Another approach is the use of highly fluorinated solvents oil droplets dispersed in water (o/w) over a bi-continuous
in biphasic catalysis. Due to their immiscibility with many structure to a water in oil system (w/0) depending on the
organic solvents, the fluorous phase containing the catalystoil contenta. The stability of micro-emulsions containing
can be separated easily from the products. The hydroformy-polyoxyethylenes as surfactants is strongly influenced by
lation of 1-decene in such reaction systems was describedthe temperatur@4?2]. For a given oil mass fraction, the

by Horvath[26]. Leitner and co-worker§27,28] describe temperature-dependent phase behavior is usually depicted as
the application of supercritical CQscCQ) as a solventin  a function of the concentration of the amphiphieAt low
hydroformylation. The advantages of this method are high temperatures, the surfactant solubility is higher in the aque-
miscibility of scCQ with the gaseous reactants and ease of ous phase. Therefore, an oil in water (o/w) micro-emulsion
separation of the solvej29]. However, the catalyst must in equilibrium with an oil excess phase)(@ formed. With

first be made soluble in scGQe.g., through co-ordination  increasing temperature, the solubility of the hydrophilic
of fluorinated ligands. head of the amphiphile in water decreases, whereas the
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overall solubility of the molecule in the oil phase increases. a magnetic stirrer and an automatic temperature control
At low surfactant concentrations, a new micro-emulsion unit. The reactor was connected to a thermostated reservoir
phase (3) is formed between the oil- and the water-rich containing the synthesis gas. From this reservoir, the reactor
phase. At high concentrations of the amphiphile, both water was fed with gas via a constant-pressure regulator. The
and oil are completely solubilized in the micro-emulsion reservoir was equipped with a pressure transducer, which
and the system consists of a single phase (1). A further was connected to a personal computer with an A/D converter
increase of the temperature leads to a w/o micro-emulsioncard for data logging. The consumption of gas was recorded
in equilibrium with an aqueous excess pha®ge ( as a function of time throughout all experiments. The initial
The observation that micro-emulsions show a temperaturereaction ratesRy (h~1) were calculated from the syngas
dependent and reversible phase behavior, gave rise to the ideabsorption up to 10% conversion of 1-octene. The turnover
of using them as reaction media for hydroformylation with frequencies TOF (h')were calculated from the moles of
water-soluble rhodium catalysi34]. However, Tinucciand  aldehydes at a reaction time of 2 h. Liquid samples were an-
Platong34]initially preferred monophasic micro-emulsions, alyzed with a Shimadzu 14 B gas chromatograph, equipped
and so high contents of surfactant and/or co-surfactant werewith a FID. Rhodium concentrations were measured with a
needed to generate such pseudo-homogeneous systems. Tlerkin-Elmer 3110 atomic absorption spectrometer.
use of smaller amounts of surfactant to forn), ) or (3)
micro-emulsions would also produce some interesting reac-2.3. Procedure
tion media. For instance, the reaction could be performed in
a system containing a water-soluble surfactant, which gener- The catalyst solution containing the active species
ates a 2) w/o micro-emulsion at higher temperatures. After HRh(CO)(TPPTS) was prepared from the catalyst precur-
reaction, the catalyst droplets would be transferred back to thesors rhodium(lll) acetate, TPPTS and water, by contacting
agueous phase by cooling down the mixture, and the organicthe mixture with synthesis gas at 30 bar and 353K for a time
product could be separated by decantation. Haumann et alof 3 h. This treatment is known as preforming and was carried
[43,44] have applied this approach to the hydroformylation out with amounts sufficient for 4-5 hydroformylation runs.
of 1-dodecene and 7-tetradecene, respectively. This study isThe catalyst concentration is always referred to the aqueous
concentrated on hydroformylation of 1-octene; 1-dodecene phase. Usually, it was 100 ppm at a Rh—P ratio of 1:10.
is used for comparison. The reactor was charged with the weighed amounts of
1-octene ¢ = 60 wt.%), catalyst solution and surfactant. To
remove oxygen, the gas phase in the reactor was first flushed
with nitrogen, then with synthesis gas. After reaching the de-
sired temperature, the reactor was pressurized with synthesis
gas and the stirrer was started. Reproducibility was checked

1-Octene (>99%, Acros Organics), 1-dodecene (95%, by carrying out some of the e_xperiments mice or more. For
Fluka Chemie AG) and TPPTS tri-sodium salt (97%, Aldrich) determining the loss of rhodium, the reaction was stopped
were used without purification. Rhodium(lll) acetate was and the mixture was cooled down after a reaction time of 2 h.

purchased from Heraeus AG. Synthesis gas (51.5 vol.% CO,A sample of the organic phase was withdrawn and analyzed

2. Experimental

2.1. Reagents

rest H) and the fatty alcohol polyoxyethyleneSaple ), through atomic absorption spectrometry.
CHg(CHz)9O(CH,CH,0) H, were kindly provided by BASF The phase behavior of micro-emulsions was studied in test
AG and used as received. Water was deionized, distilled andtubes as described by Kahlweit et[dl5] and in an autoclave
stripped with nitrogen gas prior to use. at high syngas pressures. The results agreed well, i.e., the

effect of the dissolved gases is negligible. More experimental
2.2. Apparatus details are reported by Miyaga46].

All hydroformylation reactions were carried out in a
0.3 stainless steel autoclave (Parr Instrument) fitted with 3. Results and discussion

Tablel 3.1. Micro-emulsions

Specifications of the used surfactants

Surfactant Formufa_ Alcohol contertt (wt.%) HLB® value Industrial fatty alcohol ethoxylates consist of a mixture

Lutensof ON30  GioE3 10 9 of surface-active agents, rather than of one pure compound.

'[U:ensog 8E 38 %‘)ES 2 35 However, an approximate degree of ethoxylation can be spec-
utenso o7 e . .

Lutensof ON 80 GiEs ) 14 ified and the average alkyl c;ham length can be estimated.

Lutensof ON110  GoEys 1 15 When added to water—oil mixture, the different surfactant
2 Alkyl-group carbon number and number of ethoxyl groups (mean). mqlecules show a different distribution betwe“e_n tt1_e phases.
b Manufacturer's specification. This leads to the well-known effept7], that the “fish” is not

¢ Hydrophilic-lipophilic balance. horizontal but inclinedKig. 1).
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Fig. 1. Influence of the surfactant type on the phase behavior of water-1- gjg 3. |nfluence of the catalyst solution on the phase behavior (500 ppm
octene micro-emulsions & 60 wt.%). Rh, P:Rh=5:1¢ =60 wWt.% and Lutens8 ON 70).

The hydrophilicity of the surfactant increases with the de- 1-octene in water, less surfactant is needed for the formation
gree of ethoxylation. The more water-soluble a surfactant, the of a Sing|e_phase micro-emulsion. Also the temperature re-
higher will be the temperature required for the system to form quired to form a single-phase micro-emulsion is lower for
athird or one single phase (phase inversion temperature). Thel-octene than for 1-dodecene. These results agree with the
oil-solubilizing power of the surfactant thus decreases with general trends reported in the literat{é)].
increasing hydrophilicity{48]. When using highly water- The use of inorganic salt solutions, instead of pure wa-
soluble surfactants, the systems remain biphasic at all inVES-ter’ can dras[ica”y Change the phase behavior of a micro-
tigated temperatures even at high valueg.ofhe investiga-  emulsion[49]. Therefore, the influence of the electrolytes
tion of the temperature dependent phase behavior of micro-jn the catalyst solution on the phase behavior was studied.
emulsions as shown |I_E||g._ lcan b_e ess_entlal for ch003|_ng As shown inFig. 3 the phase behavior of the two systems
the appropriate amphiphile for biphasic hydroformylation. s similar. The temperature for the)@ (3) phase transi-
For several biphasic reactions in micro-emulsions, it has beentjon remains constant, while the transition {3)2 occurs at
reported that the reaction rate is strongly influenced by the jower temperatures in the presence of the catalyst. The ef-
phase condition. In the case of a bimolecular substitution re- fect is more distinct at high surfactant mass fractions, where
action, Tjandra et a[60] observed that the conversion rates the (9 — (1) transition temperature is lowered significantly
were highestin a three-phase micro-emulsion, indicating that compared to the system with water. Overall, the influence of

reaction took place in the middle phase. the inorganic salts is relatively weak, as expected in systems
The phase behavior of micro-emulsions is also affected by with non-ionic surfactant39].

the properties of the oiFig. 2 shows the phase-diagram of
the system water—oil-Luten§bON 30 with 1-octene and 1-

dodecene. Due to the higher solubility of the less hydrophobic 3.2. Hydroformylation

3.2.1. Influence of the type of surfactant and its

Wr—T—T— T T T T T T 1 concentration
00 A variety of non-ionic surfactants with different degrees
360 | 3" O 1-dodecens | - of ethoxylation were testediable 2shows the results for
o 2 vV 1octene . the hydroformylation of 1-octene in micro-emulsions with
. 340 | -
X ; Table 2
L 320 _ Hydroformylation of 1-octene in micro-emulsions with various surfactants
(70 bar, 373 Keo = 60%, 100 ppm Rh, P:Rh=10:%=15% and =2 h)
300 - ] Run Amphiphile Ro? (™) TOP (h=1) Yieldaidehydes(%6) N (%)
1 Lutensd®P ON50 14161 4314 61 59
. : . . . . 2 LutensoP ON70 6360 3437 49 59
280 ' ” ' ; . 2 ' " ' 30 3  LutensoP ON80 6485 3058 44 67
5 5 3 4 LutensoP ON110 6454 2746 40 68
Surfactant mass fraction 7y [wt-%] 2 |nitial reaction rate calculated from the syngas absorption up to 10%

conversion of 1-octene.
Fig. 2. Influence of the olefin chain length on the micro-emulsion phase P Calculated from the moles of aldehydes at a reaction time of 2 h.
behavior (Lutens&l ON 30,« = 80 wt.%). ¢ Molar fraction ofn-nonanal.
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various Lutens8! ON amphiphiles after a reaction time of wWor-—r—r—r—T T 7T T T T T
2h. 14000 |- -

The highest initial reaction raté% (aldehyde formation 12000 - ]
raterg referred to moles of rhodium) were obtained with the - 1
hydrophobic surfactant Luten§bON 50, followed by the e TR o i
other three surfactants in the order of their degree of ethoxyla- = 8000 |- .
tion. However, with Lutensol ON 50 as well as with Lutensol o< 6000 - ]
ON 110, the reaction systems tend to foam. This hinders the 2000 | :
separation of the catalyst solution from the organic products. 3 .
Lutensof ON 70 combines high hydroformylation rate with i 9 ]
easy phase separation. ol ot )

From a comparison of the initial reaction rat@slfle 2 o 5 1020 2330
with the phase behaviofF{g. 4), it can be concluded that Surfactant mass fraction Y [wt-%]

the latter has no intrinsic influence on the reaction kinet-
ics. While the reaction mixture with Luten€bON 70 forms Fig. 5. Influence of the LutensBION 70 concentration on the initial rate of
Lutensof ON 110 gives a system with an extended mid-

dle phase. The initial hydroformylation rates, however, are According to Bauer et a[52], the mass transfer rate in the
the same in both systems. On the other hand, both Lutnsol presence of surfactants is highest at the critical micellar con-
ON 70 and Lutens8l ON 50 form biphasic micro-emulsions  centration. For the optimum surfactant concentration of 1%,
with similar volumes but the initial hydroformylation rates a space—time yields of 200 kgmh~1 is calculated from
differ. the TOF (Run 8 inTable 3. A further increase in surfactant
The results of hydroformylation at various surfactant con- concentration seems to hinder mass transfer although the
centrations are depicted Fig. 5. The strong increase of the  interface may still be enlarged. Also the possibility that an in-
rate at low surfactant concentrations is due to enlargement ofcreasing amount of amphiphile may interact with the rhodium
the interfacial area, i.e., lower mass transfer resistance. Thiscatalyst should be taken into account as a possible explana-
differs from the results of Chen et §0] who observed no  tion. According to Lecke[56] ethoxylated amphiphiles are
enhancement of the hydroformylation rate of higher olefins able to coordinate to rhodium through their ether groups.
when adding non-ionic surfactants. The reaction rate shows aThe formation of a new rhodium—amphiphile complex could
maximum atabout a surfactantmass fracjiarionly 1wt.%  also explain the change of hydroformylation activity.
and decreases rapidly at higher surfactant contents. Very sim- - Noteworthy is the relation between the reaction rate and
ilar observations were reported previously by Haumann et al. the selectivity (molar fraction ai-aldehyde): The higher the
[44] for 1-dodecene hydroformylation in micro-emulsions. reaction rate, the lower the selectivity for the (usually de-
This trend is different from a monotonous increase encoun- sired) n-product {fable 3. The non-ionic surfactant could
tered with bimolecular nucleophilic substitutid1]. To coordinate to rhodium, extract TPPTS-poor catalyst species

understand the trend ifig. 5, it must be taken into account  into the alkene phase and solubilize water and TPPTS in the
that the monomolecular surfactant film between the phases
can act as a barrier limiting the contact between the reactantSapje 3
Hydroformylation of 1-octene at different surfactant concentrations (70 bar,
373K, a0 =60%, 100 ppm Rh, P:Rh=10:1, Luterf8@N 70 and=2h)

= = Run y (@) R2(hl) TOP (h71) Yieldagehydes N (%)

2 2 3 (%)
100 1
— 5 0 2404 - 16 73
2 6 0.25 10995 4515 40 n.o.
s ] Organic 7 05 10231 4561 7% 48

= phase 8 1 14320 5046 73 51
8 604 9 3 12206 4914 71 50
@ 10 5 10125 4767 69 49
§ 404 / Micro- 11 10 8974 4049 60 53
L emulsion 2 15 6360 3437 49 59
20 . . % phase 12 20 6093 3069 45 64

13 22 5276 2764 41 66

ol Agueous 14 25 4110 3236 23 72

ON 50 ON 70 ON 110 2 Initial reaction rate calculated from the syngas absorption up to 10%

conversion of 1-octene.
Fig. 4. Influence of the Lutensdltype on the phase behavior at reaction b Calculated from the moles of aldehydes at a reaction time of 2 h.
conditions (cf.Table 2 (373K, ap=60%, 100 ppm Rh, P:Rh=10:1 and ¢ molar fraction ofn-nonanal.
y =15wt.%). d t=143min.
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alkene phase. Thus, catalyst species of different activity and —r Tt r r T r r T T

selectivity may prevail at different surfactant loadings. ! 1
The loss of rhodium through “leaching” into the organic 14000 ]
phase is dependent on the type of surfactaable 4shows 12000 - 7
the rhodium content in the organic phase after areactiontime . 10000 |- .
of 2 h for systems with different Lutendburfactants. Best = go00 ]
results were obtained with LutenSaDN 70, with a rhodium T eoook ]
loss ranging from 0.0 to 1.5 ppm for experiments under iden- 1
tical conditions. 4000 - ]
Since the maximum tolerable loss of rhodium in biphasic 2000 - ]
hydroformylation is given as 0.3 ppff], further investiga- ot 1 1

40 50 60 70 80 920

tions have to be undertaken to optimize the micellar reaction
Pressure [bar]

system with regard to noble metal leaching.

L. Fig. 6. Influence of the pressure at various compositions of the synthesis
3.2.2. Influence of the stirring speed . gas (1-octene, 373 Kyo = 60%, 100 ppm Rh, P:Rh=10:1 and Luteffol
The influence of the agitation speed on the reaction rate on 70).

was investigated at the surfactant contents of 15-20wt.%.

As expected for a reaction in the kinetic regime, the rate of erated with increasing partial pressures of both CO and H

hydroformylation shows a constant value at higher stirring ) ;
N The first order dependence on the hydrogen partial pressure
speeds. Below 600 rpm, there may be gas—liquid mass trans- . . .
S R . observed in homogenous mefia] is not necessarily trans-
fer limitation. Liquid—liquid mass transfer is not expected to

N o ) ; ferable to aqueous biphasic catalysis. Solvent interactions, as
be limiting at any agitation speed. The large interface in the . .
: L .~ mentioned by Deshpande et f2], may be responsible for
micro-emulsion is formed spontaneously and cannot be in-

creased by mechanical agitation. All the other experiments the observed partial order dependence on hydrogen.

. 2 : The effect of the CO partial pressure on the rate of
were carried out at an agitation speed of 1000Thin hydroformylation was studied up to 60bar, i.e., a C®:H

ratio of 3:1. At this ratio, the reaction is still accelerated
as compared to the rate pto=40bar. This is different
from the observed CO-inhibition for aqueous biphasic
hydroformylation of 1-octene in the presence of ethanol as
a co-solvent[32], which already occurs at a CO;Hatio

of 1:1 and a total syngas pressure of 20 bar. The absence
of catalyst inhibition by CO is due to the lower solubility

results are depicted ifg. 7. The hydroformylation is accel-

3.2.3. Influence of pressure and syngas composition

The influence of the total pressure on the rate of the hy-
droformylation of 1-octene depends on the composition of
the synthesis gad-ig. 6). The reaction is accelerated with
increasing pressure, when a CQ:ktio of 1:1 is used. This
is expected, as the concentrations of the gases in the liquid
incr_ease. If the pomposition of the gas Is changed towardsof carbon monoxide in aqueous solutions as compared to
a higher proport.|on of one of the components, ‘h‘? accelera'ethanol—water mixtures or organic solvents.
tion of the reaction rate is less pronounced and, in the case
of excess hydrogen, it reaches a maximum. Hydrogenation
products were not observed, even at high partial pressures o
hydrogen. No significant influence of the CQ#htio on the
n:iso-selectivity and the amount of isomerization products
could be determined.

f'3.2.4. Influence of the temperature
The temperature has a very strong influence on both the
reaction rate and the selectivity. The dependence of the initial

. . . 5500 T T T T T
The influence of the partial pressure of tas studied at
a constant CO partial pressure of 20 bar (and vice versa). The 5000 1
4500 - -
Table 4 4000 F _
Rhodium loss by leachingxE 60%, y =15%, 100 ppm Rh, P:Rh=10:1, -
70bar, 373K and=2h) Ec 3500 - -
Surfactant Rh-loss (ppm) x 3000 |- .
Lutensof ON 50 34 2500 | O p(CO)=20bar| -
Lutensof ON 70% 15 A p(H,) =20 bar
Lutensof ON 70% 1.0 2000 - ]
Lutensof ON 702 0.0 1500 1 1 1 ] 1
LutensoP ON 70° 0.2 20 30 40 50 60
Lutensof ON 80 25 -
Lutensof ON 110 e Partial pressure [bar]
: At the same reaction conditions. Fig. 7. Effect of the (O) H2 or (A) CO partial pressure, respectively, on
Agitation speed 1200 mirt. the reaction rate (1-octene, 373d% = 60%, 100 ppm Rh, P:Rh=10:1 and

¢ No phase separation. LutensoP ON 70).
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T T T T T T T 0.35 - T T T - T - -
10 - 7] 0.30 | -
e 025 i
% F
S 9r . % o020 i
< ; _
c 3 B 1
- E 0.15 _
8 . = ot0f O p=10% 4
= O y=15%
0.05 |- A Y=20% -
7 1 | i 1 " 1 ) 0.00 M 1 " 1 " 1 M 1
2.5 26 27 2.8 0 50 100 150 200
1000/T [K] Rhodium conc. [ppm]

Fig. 9. Influence of the rhodium concentration at a constant P:Rh ratio of
10:1 on the aldehyde formation raig(Ro =ro/nrp) up to 10% conversion
of 1-octene (373K, 70 bar).

Fig. 8. Arrhenius plots for the hydroformylation of 1-octene (70 bar, 373K,
op=60%, 100 ppm Rh, P:Rh=10:1 and Lute§@N 70).

reaction rates on the temperature is shown as an Arrhenius
plot in Fig. 8for three surfactant concentrations. The selec- concentration but it reaches a maximum at about 100 ppm
tivities are listed inTable 5 (Fig. 9 for all surfactant contents. Usually, in the kinetic
The apparent activation energies were 71 and 80 kJ/mol atregime a first order dependence is expected. The drop of
surfactant contents of 15 and 1 wt.%, respectively. The activa-the reaction rate at higher rhodium concentrations is prob-
tion energy of hydroformylation in the absence of surfactant ably due to aggregation of rhodium to inactive dimers as
is significantly lower (43 kJ/mol), indicating that mass trans- described by Borrmanfb4] and Wilkinson and co-workers
fer is the limiting step. [59] for different rhodium species. At a catalyst concentration
Although the hydroformylation rate of 1-octeneis strongly of 500 ppm, no hydroformylation was observed, at all.
accelerated with increasing temperature, the yield of aldehy-
des after a reaction time of 2 h is not affected significantly 3 2 6. Influence of the P:Rh ratio
when changing the temperature from 383t0 393 K. Thisisdue  The stability of the rhodium complex catalyst depends on
to the enhancement of the rate of the parallel isomerization the |igand-to-metal ratio and has an influence on the activ-
of 1-octene to internal olefins, which are much less reactive. ity and selectivity of the reaction. But also the concentration
Significant amounts of 3-octene are observed at temperaturegy the ligand in solution plays an important role in homoge-
above 373K. A catalyst system, which is able to suppress neous catalysifs5]. A catalyst solution containing 25 ppm
the formation of the thermodynamically more stable internal rhodjum with a P:Rh ratio of 10:1 is unstable under hydro-
olefins, would be highly desirable. On the other hand, the syn- formylation conditions and precipitated rhodium metal can
thesis of terminal aldehydes from internal olefins is of great pe ohserved after the reaction. On the contrary, a 200 ppm so-

industrial interest and is receiving more attentibn, 58} lution is stable at the same P:Rh ratio, indicating that not only
the ligand—metal ratio, but also the absolute concentrations
3.2.5. Influence of the catalyst concentration have to be considered. Only the influence of the P:Rh ratio

The influence of the rhodium concentration was studied at on the rate of hydroformylation and selectivity was inves-
a constant P:Rh ratio for different micro-emulsion systems. tigated fig. 10. At the rhodium concentration of 100 ppm,
The initial reaction rate increases with increasing catalyst neither the reaction rate nor theisoselectivity was affected

Table 5
Reaction rates and selectivities for various temperature$0%,y = 15%, 100 ppm Rh, P:Rh=10:1, 70 bar, Luteffs6IN 70 andt =2 h)
Run y (%) T(K) Ro? (h™1) TOP (h™1) Yieldaigehydes(%) 3-Octene (%) 2-Octene (%) n° (%)
41 15 353 1828 1568 22 0.9 164 69
42 15 363 3661 2439 3% 24 315 71
2 15 373 6360 3437 49 202 272 59
43 15 383 10334 3533 55 247 151 47
44 15 393 24031 3811 50 275 166 43
45 1 353 2831 3446 54 24 289 68
46 1 373 14320 5046 ¥E] 157 9.3 51
47 1 383 22721 4958 8 192 122 45

 |nitial reaction rate calculated from the syngas absorption up to 10% conversion of 1-octene.
b Calculated from the moles of aldehydes at a reaction time of 2 h.
¢ Molar fraction ofn-nonanal.
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Table 6

Hydroformylation of various higher olefing &€ 60%, 100 ppm Rh, P:Rh=10:1, 70 bar, 373K, LuteRON 70 andt =2 h)

Run  Olefin v (%) Olefin/Rh (mol/mol) TOF (h!)  Yield (aldehydes) (%) Branched aldehyBi¢®%) 3-Olefin (%) 2-Olefin (%)
2 1-Octene 15 14451 3437 49 6.5 .27 202

62 2-Octene 15 13036 881 B3 1.6 231 612

63 Cyclooctene 15 14194 597 .36 - - -

61 1-Octene 1 13752 5046 Bl 9.6 158 9.3

64 Di-isobutylend 1 13803 - 5 - - -

65 1-Dodecene 1 8856 2356 85 25 - 229

66 1-Tetradecene 1 7536 2434 B4 4.8 — 143

2 393K, 80 bar.
b Products of 2-octene and 3-octene.

significantly when doubling the P:Rh ratio from 5:1to 10:1. | ytensof ON 70. Among the alkenes used were several iso-

A further increase of the ratio to 20:1 resulted in a dramatic meric G-olefins. Reactions were performed at 70 bar and at

drop of the reaction rate. a temperature of 373K, using surfactant concentrations of
There are two possible explanations. At high concentra- ), = 15wt.% andy = 1 wt.%. As can be noted froffiable §

tions of the ligand, the active center of the catalyst may be hoth 1-dodecene and 1-tetradecene are converted to the corre-

blocked, making the rhodium complex inactive for hydro- sponding aldehydes at similar reaction ratesatl%. Since

formylation. On the other hand, the high concentration of salt the solubility of olefins in water decreases with increasing

at a P:Rh ratio of 20:1 may interact with the surfactant and number of carbon atoms, the aqueous phase can be excluded

change the hydrodynamic properties of the micro-emulsion as the site where the reaction takes place. A comparison of

(e.g., by diminishing the size of the interface, “salt effect”). experiments no. 61-64 leads to the conclusion that among

To investigate which effect is responsible for the observed jsomeric G-olefins the reactivity drops in the order:

decrease of the reaction rate, a catalyst solution with a P:Rh

ratio of 20:1, containing 50% of TPPOTS (oxidized TPPTS), terminal olefin>> internal olefin> cyclic olefin

was prepared and used for hydroformylation. As a phospho-

rous(V) species, triphenyl phosphine oxide trisulfonate (TP-

POTS) is expected to be a much weaker ligand than TPPTS A significant conversion of diso-butylene was not ob-

but represents the same salt content in solution. Any salt ef-served, even at more severe reaction conditions.

fect would therefore also be visible with this catalyst. As can

be noted irFig. 10 the hydroformylation rate with the mix-

ture containing 50% TPPOTS is even higher than with P:Rh 4. Conclusions

ratios of 10:1 or 5:1. A “salt effect” can therefore be excluded

and the observed deactivation is ascribed to steric effects in The use of surfactants in biphasic hydroformylation of

> branched olefin

the co-ordination sphere of the catalyst. higher olefins like 1-octene can lead to highly efficient re-
action systems. The choice of an appropriate surfactant is
3.2.7. Hydroformylation of other higher olefins the key to a successful employment of micellar reaction me-

Several h|gher molecular olefins were emp'oyed as start- dia. The surfactant should be able to produce a SuffiCiently

ing materials for hydroformylation in micellar media with large interfacial area to promote mass transfer. On the other
hand, the emulsification must be reversible so that the prod-

ucts can be separated by phase separation. Both require-

10000 ments are fulfilled by using Luten$bION 70 or Lutensd?
= TPPTS— TPPTS:TP_';%L% ON 80 as emulsifying agents. However, the temperature-
8000 § o mediated phase separation is not as neat as in the case of
the Ruhrchemie—Rime-Poulenc process. The presence of
- 6000 7 7 \ § surfactants complicates the phase separation and in some
= cases a kinetically stable emulsion was obtained instead of
o 4000} a biphasic system, after cooling down the reaction mixture.
It is not necessary to perform the reaction in a single-phase
2000 | micro-emulsion, as high reaction rates can also be achieved

in biphasic systems. Moreover, the hydroformylation rates
bz are higher in systems with surfactant concentrations as low
S1 101 200 2010 101 P:Rh as 1 wt.%. The formation of foams, which hinder the separa-

_ _ tion of the organic phase, can be avoided by choosing a more
Fig. 10. Effectofthe P:Rhratio (1-octene, 70 bar, 3734 60%, 100 ppm

Rh, Lutensd® ON 70 and TPPOTS =triphenyl phosphine oxide trisul- hydrophobic amphiph.ile. Hyd,mp,hObi,Ca"y end-capped alkyl
fonate). polyglycols would be interesting in this context.
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