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Abstract

The effect of pH on activity and selectivity of (RhCI(COD),/TPPTS catalyzed hydroformylation of 1-octene in a
biphasic medium has been studied. The pH of the aqueous catalyst phase shows a strong influence on the rate of reaction and
n/iso ratio of the aldehyde products. The effect of P/Rh ratio, catalyst and 1-octene concentration, partial pressure of
hydrogen and carbon monoxide was studied at 7 and 10 pH, which showed significantly different trends. The rates increased
by two- to five fold when the pH was changed from 7 to 10. While the dependence of the rate was found to be linear on the
olefin and hydrogen concentration at both 7 and 10 pH, the rate of hydroformylation was found to be inhibited with increase
in catalyst concentration beyond 1 X 10™* kmol m ™3, The effect of partial pressure of carbon monoxide was linear at pH 7
whereas at pH 10 a substrate inhibited kinetics was observed. © 1997 Elsevier Science B.V.

1. Introduction

Hydroformylation of olefins to aldehydes us-
ing homogeneous catalysts is a well known
industrial process [1,2] as a key step in the
manufacture of oxo alcohols. Water soluble cat-
alysts consisting of Rh complexes of
sulphonated phosphine derivatives have gained
considerable attention in recent years as these
reactions can be carried out in a biphasic
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medium, wherein the catalyst is soluble in the
aqueous phase and the reactants and products
are soluble in the organic phase [3,4]. This
novel catalyst system with a possibility of sim-
ple catalyst and product separation is already
commercialized by Ruhrchemie—Rhone
Poulenc. A major drawback in two phase cat-
alytic hydroformylation using water soluble cat-
alysts, is that olefins, and in particular, higher
olefins, have poor solubility in the aqueous
phase, which results in lower reaction rates. To
enhance the solubility of the olefins in the aque-
ous phase the use of co-solvents such as ethanol
etc. has been proposed [5-7].

The reaction being in the aqueous medium,
the pH of this solution has an important role to
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play in deciding the activity and selectivity of
the reaction. For the hydroformylation of 1-
hexene, Smith et al. [8] have reported a drop in
activity when the pH of the reaction medium
was reduced from 6.8 to 5. The catalyst used in
this case was a Rh/amphos nitrate catalyst
system. Hydroformylation of 1-tetradecene with
a water soluble Rh-NABSDPP (NABSDPP:
Na-butyl sulfonated diphenylphosphine) catalyst
gave poor rates at acidic pH (2.5 to 6). A seven
to eight fold increase in the rates was obtained
when the pH was raised from 6 to 10 [9]. In
spite of these studies, no detailed investigations
on the comparison of the activity and selectivity
behavior under different pH values is reported,
particularly when co-solvents like ethanol are
used. For reactions carried out at higher temper-
atures (> 100°C), the condensation products of
ethanol and the aldehydes are possible, which
often depend on the pH of the solution [10].
Hence, it was thought necessary to investigate
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the kinetics at a pH of 10 as well as 7 and also
to understand its influence on the activity of
hydroformylation reaction and selectivity of the
catalyst.

In this communication, we report some inter-
esting features of the kinetics of hydroformyla-
tion of 1-octene using (RhW(COD)CI), catalyst
precursor and a water soluble ligand, TPPTS, in
a biphasic medium, in the presence of ethanol
as a co-solvent.

2. Apparatus and procedure

The reactions were carried out in a 500 ml
stainless steel autoclave supplied by Autoclave
Engineers. A schematic of the reactor and asso-
ciated assembly is shown in Fig. 1. The reactor
was equipped with automatic temperature con-
trol, and facilities for liquid sampling. A con-
stant pressure regulator was used for maintain-
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Fig. 1. A schematic of the high pressure setup used for kinetic studies.
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ing the pressure of the reactor constant during
the course of reaction. A constant supply of CO
and H, in a 1:1 ratio, was made from a reser-
voir vessel, through a constant pressure regula-
tor. The progress of the reaction was then moni-
tored by observing the change in pressure in the
reservoir using a pressure transducer connected
to a PC for automatic data logging.

The catalyst precursor (Rh(COD)Cl), was
procured from Fluka AG and used as such. The
reagents were purchased from Aldrich Chemi-
cals, and the TPPTS was used as a 30% (w/w)
solution in degassed water. The catalyst and
TPPTS solution were added to a known quantity
of degassed water, and mixed. When reactions
were carried out at a pH of 10, sodium carbon-
ate and sodium bicarbonate in desired quantities
were used to adjust the pH. The co-solvent
ethanol was also added, followed by the pre-
mixed organic phase consisting of 1-octene and
octane in a 1:2 ratio (by volume). This solution
was then stirred and charged to the reactor. The
reactor was heated to a desired temperature and
pressurized with syngas. The reaction was
started by switching the stirrer on. In each
experiment, the change in pressure in the reser-
voir as a function of time was observed. Liquid
samples were also withdrawn at different time
intervals and were analyzed for liquid reactants
and products. The reaction rates were calculated
from the syngas (CO + H,) consumption versus
time plots for the initial period of reaction, to
ensure differential conditions. For purposes of
selectivity studies the reactions were continued
till about 40% conversion, and the final solution
taken for analysis of nr/iso ratio as well as for
material balance studies.

3. Results and discussions
3.1. Preliminary results

The aim of this work was to study the pH
effect on kinetics of biphasic hydroformylation
of I-octene in the presence of a co-solvent
(ethanol). The experimental rate data and selec-

Table 1

Range of conditions investigated for kinetic studies

Catalyst (Rh (COD)C1), 0.51 to 1.52X 10”3 kmol m~?
Partial pressure of CO 5to 15 bar

Partial pressure of hydrogen 5 to 15 bar

Olefin concentration 5.5102.78X107* kmol m~?
P /Rh ratio 4-16 (standard ratio used is 8)
Temperature 343K

Co-solvent Ethanol

Organic phase Primarily octane,

reactants and products

Water, ethanol with dissolved
reactants and catalyst
Aqueous phase /organic phase 4

Reaction volume 25%1074 m?

Water: ethanol 6:4

Aqueous phase

tivity behavior were observed for different oper-
ating conditions (see Table 1), for pH values of
7 and 10 and 70°C. It was observed that in the
range of conditions investigated here, the only
products formed were the isomeric aldehydes,
nonanal and isononanal. No isomerization or
hydrogenation products were observed. There-
fore, the selectivity is discussed only with re-
spect to n/iso ratio. The concentrations of the
gases CO, H, and of the reactant octene in the
reaction medium were obtained experimentally.

3.2. Effect of catalyst concentration on activity
and selectivity

The effect of catalyst concentration on the
rate of hydroformylation, keeping P/Rh ratio
constant at 8, is shown in Fig. 2 for pH of 7 and
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Fig. 2. Effect of catalyst concentration on rate of hydroformyla-
tion (P/Rh = 8).
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10. While the rate varied linearly with catalyst
concentration at a pH of 10, it showed a com-
plex dependence at pH 7. Also, the rates were
higher by 2-5 orders of magnitude at pH 10.
The rate initially increased with increase in the
catalyst concentration, at pH 7 but with further
increase in catalyst concentration a drop in the
activity was observed, showing an inhibition.
The effect of concentration of TPPTS ligand on
the rate of hydroformylation was also studied
under the same conditions, at pH 7 and 10. A
reduction in the rate with increasing TPPTS
concentration was observed in both the cases
beyond a P/Rh ratio of 8, (see Fig. 3), how-
ever, at pH of 10 the rate was initially enhanced
with increasing TPPTS concentration, and
passed through a maximum. The effect of Rh
complex concentration at a constant TPPTS
concentration was also studied. The results in
Fig. 4 indicate a strong dependence of rate on
Rh complex concentration at 7 pH but at pH 10
a maximum in rate was observed.

The catalyst precursor used here is a dimeric
species, i.e. (Rh(COD)CI), which interacts with
TPPTS to form a water soluble complex. Litera-
ture reports on hydrogenation reactions show
that starting from the water soluble analogue of
the Wilkinson’s complex (RhCITPPTS),, a
dimeric species is obtained in equilibrium, which
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Fig. 3. Effect of P/Rh ratio on rate of reaction of hydroformyla-
tion of octene.
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is similar to that obtained from the catalyst
precursor (Rh(COD)C1), used in this work. (see
Scheme 1) [11]. Considering this mechanism,
the formation of a monomeric species, which is
active for the hydroformylation will depend on
the solvent, and the reagents /ligands present in
the reaction medium. Under alkaline conditions,
presence of sodium carbonate and bicarbonate,
would help in the complete dissociation of the
precursor to the monomeric species. Under neu-
tral conditions, in the absence of the sodium
salts, to enhance the dissociation, the formation
of the active monomer is expected to be less.
An equilibrium concentration of the dimer will
exist under neutral reaction conditions. Hence
the rates at pH 10 are found to be higher than
those under neutral conditions due to the higher
concentration of active catalyst at alkaline pH
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Fig. 5. Mechanism of hydroformylation, using water soluble
catalysts.

compared to pH 7, even at identical total
rhodium concentration. In order to confirm this
assumption, equimolar quantities of triethyl
amine (in relation to the amount of chloride
present), were added to the reaction system
under standard conditions at a pH of 7. This
causes an enhancement in the rate of reaction
from about 1.8 X 107> kmol m~? s™! to about
3.2X107% kmol m™* s™!, which is very near
to that observed at pH 10. This shows that
compounds like triethyl amine and Na,CO, help
in dissociation of catalyst precursor by probably
interacting with the chloride.

At pH 10 the P/Rh ratio changes from 10 to
5.3 as the catalyst concentration is increased
keeping the TPPTS concentration constant,
causing a maximum in the activity (Fig. 4). At a
low P/Rh the activity will be reduced. Under
neutral conditions the ratio of active Rh to
TPPTS will not reduce enough to cause a drop
in the rates. The observation of reduction in
activity at higher TPPTS concentration is ex-
pected, since the availability of the active cat-
alytic species is reduced, leading to a drop in
the rate. As shown in Fig. 5 [12], the formation
of species C, from C, is reduced leading to loss
of active catalytic species and hence a drop in

activity (10). This phenomenon has been exten-
sively reported in homogeneous hydroformyla-
tion using analogous catalyst, HRh(CO)(PPh,),
[12—14]. When the catalyst concentration is in-
creased keeping the concentration of TPPTS
same, the increase in rate is also expected, since
it causes a direct increase in the concentration
of the catalytic species, C,, as seen in Fig. 2.

Under alkaline conditions, the formation of
the catalyst from the precursor is complete and
hence the ratio of TPPTS to active Rh is main-
tained. As a result a linear dependence is ob-
served (Fig. 2). The effect of the catalyst con-
centration (P:Rh constant) is quite complex at
pH 7. At neutral pH, the formation of the
catalyst will not be equal to the concentration of
precursor. This coupled with the increased ratio
of the TPPTS to the active Rh species will
cause the rate to decrease. The observed inhibi-
tion in rate with increased catalyst concentra-
tion, is probably due to the combination of the
above mentioned effects, (i) the lesser availabil-
ity of Rh for formation of catalyst, (ii) absence
of a chloride abstractor, and (iii) a high concen-
tration of TPPTS, while maintaining a constant
concentration of CO and hydrogen.

The effect of catalyst concentration on the
regioselectivity was also observed under these
conditions and the results are presented in Fig.
6. The selectivity to the n-isomer was found to
decrease with increase in catalyst concentration.
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Fig. 6. Effect of catalyst concentration on selectivity (P /Rh = 8).



138 R.M. Deshpande et al. / Journal of Molecular Catalysis A: Chemical 126 (1997) 133~140

The effect of catalyst concentration on selectiv-
ity is quite complex and is dependent on a
number of factors like operating conditions, sol-
vent etc. (Ref. [2], pp. 77-79).

3.3. Effect of carbon monoxide partial pressure

The effect of partial pressure of CO is shown
Fig. 7 for pH of 7 and 10. Under alkaline
conditions the rate first increased with CO pres-
sure and passed through a maximum, showing
typical substrate inhibited kinetics at higher
concentrations of CO. At a pH of 7 a different
behavior was observed in the same range of
conditions. There was an increase in the rate
with increasing CO pressure, however under
conditions of high CO concentration, the in-
crease in rate was not proportional to the CO
concentration. The substrate inhibited kinetics is
very well documented for hydroformylation re-
actions in homogeneous as well as biphasic
systems [15—17]. This is reportedly due to the
formation of di- and tricarbonyl acyl species, as
seen in Fig. 5 (species C¢ and C,, Step 7, 8).
However, the major difference in the kinetic
trends at the different pH is the absence of
inhibition at a pH of 7 in the same range.
Sanger [14] has reported in homogeneously cat-

Rate of reaction RAMOS, kmol m3s™!

& 1 1 1
0 05 1-0 1-5 20

Concentration of carbon monoxide in
aqueous phase x 102 kmol m'3

Fig. 7. Effect of concentration of CO on the rate of hydroformyla-
tion.
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Fig. 8. Effect of partial pressure of CO on n/iso ratio in
hydroformylation of octene.

alyzed hydroformylation reaction using the cata-
lyst HRh(CO)(PPh,),, that the maximum in rate
versus P, is dependent on the concentration of
free phosphine, and shifts to higher P., at
higher concentration of free triphenylphosphine.
In our system, the effective P/Rh ratio at pH 7
is higher than that at 10 and as a result the
maximum in the rate will tend to shift to higher
concentrations at neutral pH, as seen in Fig. 7
The selectivity behavior as observed for this
system is also similar for the two pH studied.
There is a decrease in selectivity with increasing
partial pressure of CO under alkaline as well as
neutral conditions (see Fig. 8). Considering the
associative and dissociative mechanisms of hy-
droformylation [12], a higher P, gives a lower
n/iso ratio, probably due to a predominance of
one mechanism over another depending on the
partial pressures of carbon monoxide.

3.4. Effect of partial pressure of hydrogen

The effect of partial pressure of hydrogen on
the activity and selectivity of the catalyst was
studied at the different pH values and the results
are shown in Figs. 9 and 10 respectively. The
effect was found to be positive for both the pH,
The effect of hydrogen at pH 7 was however
more pronounced than at pH 10. A partial order
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Fig. 9. Effect of hydrogen concentration on the rate of hydro-
formylation.

was observed at pH 10 whereas at pH 7 a first
order dependence was seen. As per the reported
mechanism of hydroformylation of olefins, the
oxidative addition of hydrogen to the acyl car-
bonyl rhodium species is the rate determining
step. An increase in hydrogen will thus increase
the rate of this step, leading to increase in the
rates at higher partial pressures of hydrogen.
The effect of hydrogen pressure on selectivity
was also studied. It was observed that increas-
ing hydrogen pressure caused an enhancement
in the n/iso ratio, at the pH 7 and 10 as shown
in Fig. 10. At a conversion level of about 40%
the n/i ratio increased from about 3 to 4 when
pressure was increased from 5 to 15 bar, at pH
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Fig. 10. Effect of partial pressure of H, on n/iso ratio in
hydroformylation of octene.
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Fig. 11. Effect of concentration of octene on the rate of hydro-
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10. Likewise at a pH of 7 the enhancement was
from about 2.8 to 3.5.

3.5. Effect of olefin concentration

The effect of olefin concentration on the
activity and selectivity was also studied for pH
7 and pH 10 and the results are presented in
Figs. 11 and 12. The olefin concentration in the
aqueous phase can be varied either by increas-
ing the olefin concentration in the organic phase
or by increasing the ethanol content of the
aqueous phase. In this case the latter approach
was used. The ethanol to water ratio which is
normally 4:6 was changed to 5:5 and 3:7 to

45

a pH 10
O pH7T

4.0k

35 [}

Normal /iso aldehyde ratio

25 . s L L "
[o} 1 2 3

Concentration of olefin x IOZ; kmol >

Fig. 12. Effect of olefin concentration on n / iso ratio in hydro-
formylation of octene.
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study the effect of olefin concentration on the
rate.

The rate was found to be proportional to the
olefin concentration, at both the pH studied, a
trend which is similar to earlier reports [15,18].
Any increase in olefin concentration will cause
a direct increase in the rate of reaction (Step 3)
by increasing the concentration of species C, as
per mechanism in Fig. 5. The concentration of
olefin was however found to have a negative
role to play in the selectivity. The n/iso ratio
dropped from 4 to 3.32 at pH 10 when the
concentration of olefin was increased. At pH of
7, however, the effect was marginal.

4. Conclusions

The effect of pH on activity and selectivity of
(RhCI(COD), /TPPTS catalyzed hydroformyla-
tion of l-octene in a biphasic medium have
been studied. The pH of the aqueous catalyst
phase shows a strong influence on the rate of
reaction and n/iso ratio of aldehyde products.
The effect of P/Rh ratio, catalyst and 1-octene
concentration, hydrogen and carbon monoxide
pressure was studied at 7 and 10 pH. The rates
were found to be dependent on pH and in-
creased when the pH was changed from 7 to 10.
While the dependence of the rate was found to
be linear on the olefin and hydrogen concentra-
tion at both pH, the rate of hydroformylation
was found to be inhibited with increase in cata-
lyst concentration under neutral conditions. The
effect of partial pressure of carbon monoxide

was linear at pH 7 whereas at pH 10 a substrate
inhibited kinetics was observed.
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