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The hydroformylation of ally1 alcohol using the homogeneous HRh(CO)(PPhr)r catalyst has been 
investigated in a temperature range of 60 to 80°C. The initial rate data were first examined to ensure 
that they were in the kinetic regime. The rate of hydroformylation was found to be first order with 
respect to the catalyst and 15th order with respect to hydrogen partial pressure. A critical partial 
pressure of Hr was observed below which the rate of reaction was negligible. The rate of hydrofor- 
mylation versus partial pressure of CO and ally1 alcohol concentration plots passed through max- 
ima, showing substrate inhibited kinetics in a certain range of concentrations. A rate equation has 
been proposed, which was found to represent the rate data satisfactorily. The activation energy 
was found to be 22.86 kcal mol-‘. Q 1989 Academic press, ~nc. 

INTRODUCTION 

Hydroformylation of ally1 alcohol is im- 
portant in the synthesis of 1,6butanediol 
which is an intermediate for the high-per- 
formance engineering plastics (1, 2). Con- 
ventionally, 1,6butanediol is manufactured 
by the Reppe process based on acetylene 
(3). Hydroformylation of ally1 alcohol pro- 
vides an alternative route to 1,4-butanediol 
and is attractive since it is based on propyl- 
ene, a petrochemical feedstock. In view of 

this, several reports have been published on 
the hydroformylation of ally1 alcohol using 
cobalt (4-6), and rhodium (7-10) complex 
catalysts. In the presence of the Co2(CO)s 
catalyst, lower yields of the aldehyde 
products were reported, while the 
HRh(CO)(PPh3)3 catalyst has been found to 
work at milder conditions (7) with better 
selectivity. 

The hydroformylation of ally1 alcohol can 
be described as follows: 

-4 
OHC-CHZ-CH~CH~OH (I) 

4-hydroxybutyraldehyde 
CH2=CH-CH*OH + CO + H2 catal St (1) 

CH3-CH-CH*OH (II) 

c! HO 
2-methyl,3-hydroxypropionaldehyde 

Of the two isomeric aldehydes, the linear The first detailed report on the hydro- 
aldehyde, 4-hydroxybutyraldehyde is of formylation of ally1 alcohol using the 
major interest since it can be hydrogenated HRh(CO)(PPh& complex catalyst was 
to 1 ,Cbutanediol. published by Pittman and Honnick (II), in 

which the effect of the PPhJRh ratio, total 
’ NCL Communication No. 4370. pressure of syngas, temperature, and differ- 
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ent ligands on the selectivity have been in- 
vestigated. The aim of the present work is 
to investigate the intrinsic kinetics of the 
hydroformylation of ally1 alcohol using the 
homogeneous HRh(CO)(PPh& complex 
catalyst. There is practically no published 
information on the kinetics of this reaction, 
using the homogeneous HRh(CO)(PPh& 
catalyst, except for the work of DeMunck 
et al. (12) wherein gas phase kinetics using 
a supported liquid phase catalyst (SLPC) 
has been studied. 

For the purpose of kinetic study, the ef- 
fects of the catalyst and ally1 alcohol con- 
centrations, and partial pressures of CO 
and H2 on the rate of hydroformylation 
have been studied in a temperature range of 
60-80°C. A rate equation has been pro- 
posed based on the experimental rate data 
and the dependence of the rate on different 
parameters has been discussed on the basis 
of a probable mechanism. 

EXPERIMENTAL 

Materials 

Rhodium trichloride (RhC13.3H20), ob- 
tained from Arora-Mathey Ltd. was used. 
Triphenylphosphine (PPh3) was procured 
from Fluka AG, Switzerland. Freshly dis- 
tilled ally1 alcohol and ethanol (solvent) 
were used in all the experiments. The cata- 
lyst, HRh(CO)(PPh3)j, was prepared by the 
procedure given by Evans et al. (13). Hy- 
drogen gas was supplied by Indian Oxygen 
Ltd., Bombay, and Carbon Monoxide with 
>99.8% purity was used directly from cyl- 
inders . 

Experimental Setup 

All the hydroformylation experiments 
were carried out in a 300 ml autoclave 
(made of SS 316). The autoclave supplied 
by Parr Instruments Co. Ltd., U.S.A., was 
provided with arrangements for sampling 
of liquid and gaseous contents, automatic 
temperature control, and variable stirrer 
speed. A safety rupture disk was also fitted 
to the reactor. The reactor was designed for 
a working pressure of 2000 psi and tempera- 

tures up to 250°C. In order to monitor the 
consumption of CO and H2 at constant 
pressure, a gas reservoir was used along 
with a constant pressure regulator. The 
pressure in the reservoir was recorded us- 
ing a pressure transducer and a recorder 
system. 

Experimental Procedure 

In a typical experiment, known quanti- 
ties of the catalyst, ally1 alcohol, along with 
the solvent were charged into the autoclave 
and the contents were flushed with nitro- 
gen. Then the contents were flushed with a 
mixture of CO and HZ, and heated to the 
desired temperature. A mixture of H2 and 
CO in the required ratio was then intro- 
duced into the autoclave up to a required 
pressure, a sample of the liquid was with- 
drawn, and the reaction was started by 
switching the stirrer on. The reaction was 
then continued at a constant pressure by 
supply of CO + Hz (1 : 1) from the reservoir 
vessel. Since in this study the major prod- 
ucts formed were isomeric aldehydes, sup- 
ply of (CO + HZ) at a ratio of 1 : 1 (as per 
the stoichiometry) was adequate to main- 
tain a constant composition of H2 and CO in 
the autoclave, as introduced in the begin- 
ning. This was confirmed in a few cases by 
analysis of the CO content at the end of the 
reaction. All the reactions were carried out 
for short durations such that the conversion 
in the liquid phase was minimum, to ensure 
differential conditions. In each of the ki- 
netic runs, initial and final samples were an- 
alyzed for reactants and products in order 
to check the material balance. It was gener- 
ally observed that in this low conversion 
range (<lo%), the rates of hydroformyla- 
tion were constant. The reproducibility of 
the experiments was found to be in a range 
of 5-7%. Following this procedure, the ef- 
fects of the catalyst and olefin concentra- 
tions, partial pressures of H2 and CO, and 
temperature on the rate of hydroformyla- 
tion pressures of Hz and CO and tempera- 
ture on the rate of hydroformylation were 
studied. 
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TABLE I 

Results Showing Mass Balance 

Serial Ally1 Absorption Mass balance 
number alcohol (mol) (mo0 with respect to 

CO and HZ 
Initial Final absorption (%) 

1 0.253 0.209 0.048 91.76 
2 0.256 0.199 0.058 98.27 
3 0.252 0.181 0.077 92.2 
4 0.249 0.155 0.097 96.91 
5 0.253 0.158 0.098 96.94 
6 0.253 0.180 0.077 101.30 

Nofe. Conditions of reactions are the same as those in 
Fig. 2. 

The analysis of reactants and products 
was carried out by a gas chromatographic 
method on a 5% PEG 20M on a Chromo- 
sorb W-AW column of 2 m length. For this 
purpose, an HP5840 gas chromatograph 
was used. The two aldehyde products were 
identified by GCMS. To confirm this, the 
aldehydes were reduced with LiAlH4 and 
the products on analysis by GC were found 
to be 1,6butanediol and 2-methyl, 1,3-pro- 
panediol. The CO and H2 contents in the 
gas phase were also analyzed by gas chro- 
matography, using a molecular sieve 5-A 
column of length 1.7 m. 

RESULTS AND DISCUSSION 

The main objective of this work was to 
investigate the kinetics of hydroformylation 
of ally1 alcohol using the HRh(CO)(PPh& 
complex catalyst. It was therefore thought 
necessay to first ensure the material bal- 
ance and reproducibility of the experi- 
ments. For this purpose, a few experiments 
were carried out in which the amount of 
olefin consumed, products formed, and 
syngas consumed were compared. Some 
results are shown in Table 1. A typical con- 
centration profile is shown in Fig. 1. In gen- 
eral it was observed that the material bal- 
ance of (CO + HZ) and ally1 alcohol 
consumed were consistent with the amount 
of total aldehyde products formed. Also, in 
the range of conditions covered in this 
work, the only products formed were 4-hy- 

droxybutyraldehyde and 2-methyl, 3-hy- 
droxypropionaldehyde. No hydrogenation 
or isomerization products were observed. 
Thus the overall hydroformylation kinetics 
could be followed by observing the con- 
sumption of syngas, at a 1 : 1 ratio of CO 
and Hz. 

Solubility Data 

For the purpose of kinetic study, a 
knowledge of the solubility of the gaseous 
reactants in the reaction medium is often 
essential. For the CO-ethanol system, the 
solubility data reported earlier (14) were 
used and the relevant data are presented in 
Table 2. For the HZ-ethanol system the sol- 
ubility data were not available in the litera- 
ture for the range of conditions used. 
Therefore, these data were obtained follow- 
ing the procedure described by Choudhary 
et al. (15), with an accuracy of 2-3%. These 
results are also presented in Table 2. These 
data were used in the calculation of the con- 
centrations of dissolved CO and H2 in the 
liquid medium. 

FIG. 1. Concentration profile of a batch reactor: Al- 
lyl alcohol hydroformylation. Concentration of cata- 
lyst = 1 X 10e6 mol cm-‘. Concentration of ally1 alco- 
hol = 1.67 x 10m3 mol cm3. Pa = PC0 = 30.68 atm. (0) 
Ally1 alcohol, (A) 4-hydroxybutanal, (x) 2-methyl,3- 
hydroxypropanol, (0) CO or Hz consumed. 
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TABLE 2 

Solubility of Hr, and CO in Ethanol 

Serial 
number 

1 
2 
3 

Temperature 
(“C) 

60 
70 
80 

Solubility x 106 
(mot cme3 atm-‘) 

Hz co 

3.82 9.378 
4.01 9.688 
4.26 10.020 

KINETIC STUDY 

In order to study the intrinsic kinetics of 
the hydroformylation of ally1 alcohol using 
the HRh(CO)(PPh& catalyst in the ethanol 
medium, several experiments were carried 
out in the range of conditions given in Table 
3. The procedure followed for the measure- 
ment of initial rates has been described ear- 
lier. In each of the experiments, the amount 
of CO and H2 consumed as a function of 
time was observed and the initial and final 
liquid samples were also analyzed for ally1 
alcohol and products. The initial rates of 
hydroformylation were then calculated 
from the observed data on the consumption 

TABLE 3 

Range of Conditions Investigated for the 
Kinetic Study 

Concentration of catalyst 
(mol cm-j) 

Concentration of ally1 alcohol 
(mol cm-‘) 

&I Mm) 
PCO (atm) 
Temperature PC) 
Solvent 
Reaction volume (cm3) 

1.0 to 4.0 x 10-b 

4.00 x 10-d to 6.6 x 10-3 

13.61 to 38.5 
3.48 to 40.8 
60-80 
Ethanol 
100 

of (CO + HZ) as a function of time, in the 
initial region where the conversion of ally1 
alcohol was ~10%. A sample plot of ad- 
sorption of (CO + HZ) with time, showing 
the effect of PC0 on the rate of hydroformyl- 
ation of ally1 alcohol at 60°C is shown in 
Fig. 2. Under the conditions chosen for the 
kinetic study, no side reactions were found 
to occur and therefore the kinetic study de- 
scribed in the following sections would be 
representative of the overall hydroformyla- 
tion of ally1 alcohol to the corresponding 
aldehydes. 

It was observed that in the initial period 
of the reaction, the rates of hydroformyla- 
tion were essentially constant. Also, the 

TIMExl&c 

FIG. 2. Plot of absorption of CO or H2 vs time: Effect of P co. Concentration of catalyst = 1 X 10e6 
mol cm-). Concentration of ally1 alcohol = 2.5 x IO-) mol cmm3. PH = 27.2 atm; temperature = 60°C; 
reaction volume = 100 cm3. 
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CONCENTRATION OF CATALYSTx 10: mol crii3 

FIG. 3. Effect of catalyst concentration on the rate of hydroformylation. Concentration of ally1 
alcohol = 2.5 x lo-’ mol cm-3. PH = PC0 = 20.4 atm; temperature: (0) WC, (0) 7O”C, (x) 60°C. 

amount of (CO + Hz) measured in all ex- 
periments at a 1 : 1 ratio would mean that 
the actual rate of hydroformylation would 
be half of this total consumption rate. Thus 
the rate of hydroformylation was calculated 
as follows: 

(slope of CO or HZ) 
R = consumed vs time plot) 

volume of liquid ’ (2) 

These were essentially initial rates of re- 
action, observed under differential condi- 
tions. On comparison of the data on (H2 + 
CO) and ally1 alcohol consumed, and the 
formation of products I and II, it was ob- 
served that the material balance was in 
good agreement (~95%) as per the stoichi- 
ometry shown by Eq. (1) (see Table 1). The 
results showing the dependence of the rates 
on different parameters, and a kinetic 
model based on these data, are discussed in 
the following section. 

Effect of agitation speed. The rate was 
found to be independent of the agitation 
speed beyond 400 rpm, at all the tempera- 
tures studied, and therefore all the reac- 

tions were carried out at an agitation speed 
of 900 t-pm to ensure kinetic regime. 

Effect of catalyst concentration. The ef- 
fect of HRh(CO)(PPh& concentration on 
the rate of hydroformylation of ally1 alcohol 
was studied in a temperature range of 60- 
80°C ally1 alcohol concentration of 2.5 x 
10m3 mol cmb3, and a total pressure of (CO 
+ Hz) = 40.8 atm (CO/HZ = 1). The results 
are shown in Fig. 3. The rate was found to 
be linearly dependent on the catalyst con- 
centration at all the temperatures studied, 
indicating first-order kinetics. 

Effect of partial pressure of CO (Pco). 
The effect of PC0 on the rate of hydrofor- 
mylation of ally1 alcohol was studied at a 
constant partial pressure of H2 = 27.2 atm, 
ally1 alcohol concentration of 2.5 x 10m3 
mol cme3, and catalyst concentration of 1 x 
10e6 mol cmm3. The results are shown in 
Fig. 4 for all the temperatures studied. The 
rate first increased with increase in Pco, 
then passed through a maximum, and de- 
creased with further increase in Pco. It is a 
general observation that the hydroformyla- 
tion rates are inversely proportional to the 
partial pressure of CO, however, there is a 
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0 10 20 30 40 

PARTIAL PRESSURE OF CARBON MONOXIDE,alm. 

FIG. 4. Effect of partial pressure of carbon monoxide on the rate of hydroformylation. Concentration 
of catalyst = 1 x 10m6 mol cmm3. Concentration of ally1 alcohol = 2.5 X 1O-3 mol cm3. PH = 27.2 atm; 
temperature: (0) 8WC, (0) 7O”C, (x) 60°C. 
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FIG. 5. Mechanism for hydroformylation of ally1 alcohol (associative) 



332 DESHPANDE AND CHAUDHARI 

lack of information in the region of lower 
partial pressures of CO using the HRh 
(CO)(PPh& catalyst. Similar observations 
also have been made for Co and Rh car- 
bony1 catalysts (16, 17). In this work it is 
clearly observed that the rate increases 
with PC0 in the lower range of PCO. An im- 
portant observation made here is that the 
rate of hydroformylation is very sensitive 
to slight changes in the partial pressures of 
CO in this range. The sensitivity was found 
to be more pronounced with an increase in 
temperature. This observation can be ex- 
plained reasonably on the basis of the 
mechanism proposed by Evans et al. (23, 
18) shown in Fig. 5. As per the mechanism, 
inhibition of the rate of hydroformylation at 
higher partial pressures of CO is due to the 
side reactions (steps 7, 9, Fig. 5) leading to 
the formation of the inactive species (RCO) 
Rh(C0)2(PPh3)2 and (RCO)Rh(C0)3PPhj (G 
and I in Fig. 5). The formation of these spe- 
cies reduces the effective concentration of 
the active catalytic species, and hence the 
rate of reaction is retarded. The equilibrium 
leading to the formation of (RCO)Rh 

(C0)3PPh3 will be more pronounced at still 
higher partial pressures of CO causing a 
sharp decrease in the rate of reaction, as 
has been observed in this work. 

Effect of partial pressure of hydrogen 
(PH). The effect of partial pressure of HZ on 
the rate of hydroformylation of ally1 alcohol 
was investigated at a constant partial pres- 
sure of CO = 27.2 atm, ally1 alcohol con- 
centration of 2.5 x 10m3 mol cme3, and a 
catalyst concentration of 1 X 10m6 mol 
cme3. The results are shown in Fig. 6. The 
rate of reaction was found to vary with an 
order of 1.5 with PH, however, an unusual 
observation made in this case was that be- 
low a H2 partial pressure of 10 to 12 atm, 
the rates were very low. This indicates that 
a certain critical partial pressure of H2 is 
necessary for the reaction to proceed, 
which can be explained by the mechanism 
shown in Fig. 5, for a specific situation. For 
example, the competing reaction leading to 
the formation of species G (Fig. 5) is likely 
to be more dominant in comparison to the 
rate determining hydrogenation step, under 
these conditions. Also. the formation of di- 

I- 

PARTIAL PRESSURE OF HYDROGEN,atm. 

FIG. 6. Effect of partial pressure of hydrogen on the rate of hydroformylation. Concentration of 
catalyst = 1 x 1O-6 mol cmm3. Concentration of ally1 alcohol = 2.5 x 10m3 mol cm-). PCO = 27.2 atm; 
temperature: (0) 80°C (0) 7O”C, (x) 60°C. 
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ALLYL ALCOHOL CONCENTRATION x lO*,mol cri? 

FIG. 7. Effect of ally1 alcohol concentration on the rate of hydroformylation. Concentration of 
catalyst = 1 X 1O-6 mol cm-). PH = PC0 = 20.4 atm; temperature: (0) 80°C. (0) 70°C. (x) 60°C. 

meric rhodium species in Eq. (3) is likely to 
be more pronounced in the lower range of 
partial pressures of H2 (13). At very low PH 
the equilibrium in the following reaction (3) 
will shift more to the right: 

[RMC0M’Phh12 + H2 (3) 

It is obvious from this reaction that a cer- 
tain minimum PH will be required to ensure 
that the reverse reaction dominates. 

Effect of ally1 alcohol concentration. Fig- 
ure 7 shows the effect of ally1 alcohol con- 
centration on the rate of hydroformylation, 
at a total pressure of 40.8 atm (CO/H2 = I), 
a catalyst concentration of 1 X 10e6 mol 
cmm3, in a temperature range of 60-80°C. 
This is clearly a case of substrate inhibited 
kinetics and is a first report in which sub- 
strate inhibition with olefin species has 
been observed in the hydroformylation of 
ally1 alcohol using the HRh(CO)(PPh& cat- 
alyst. The present knowledge of the hydro- 
formylation mechanism is insufficient to 
explain this behavior. Such observation, 
however, has been reported in the hydroge- 

nation of ally1 alcohol (19) where this has 
been explained on the basis of formation of 
a diolefin-Rh species. In our system of ally1 
alcohol hydroformylation, the substrate in- 
hibition observed is likely to be a result of 
some side reactions between ally1 alcohol 
and the active catalytic species. The forma- 
tion of a species of the type shown below by 
chelation of the Rh by the -OH group is 
also possible. This is, however, purely 
speculative as there are no reports on the 
formation of such species: 

kh 
/ 

\O 
‘H 

RATE MODEL 

In order to develop a suitable rate equa- 
tion representing the intrinsic kinetics of 
hydroformylation of ally1 alcohol, it was 
first essential to ensure that the rate data 
obtained are in the kinetically controlled re- 
gime. The observation that agitation speed 
has no effect on the rate indicates the ab- 
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TABLE 4 

Models Examined to Fit the Data on Ally1 Alcohol Hydroformylation 

Serial 
number 

1 

Rate model 

2 

Temp k KB &I m n 4 mm 
(“C) 

3 4 5 6 I 8 9 

k(A*)‘.5*‘B*CD 60 5.618 x 10” I.160 x 104 5.115 x 102 2.96 x 10-I’ 
1 (1 + KBB*)‘(I + KDD)~ 70 2.649 x lo’* 1.111 x 104 7.479 x 102 6.85 x lo-” 

80 4.418 x lo’* 8.703 x lo) 9.116 x 102 9.96 x lO-‘5 

k(A*)‘.523E*CD 
60 5.477 x 10’3 1.099 x l(r 5.705 x 102 3.083 1.845 3.96 x 10-I’ 

2 (1 + Kr$*Y”(l + KoD)” ;; 2.095 x 10” 5.004 x lo-’ 8.193 x 102 4.031 1.912 2.117 x 10-l’ 
2.262 x 10” 2.201 x lo-’ 2.779 x 102 1.36 3.713 3.035 x lo-‘8 

~(A*)I,‘*~B*cD 
60 8.986 x 10” 3.732 x IV 8.430 x 102 3.431 7.098 x IO-l6 

3 (1 + K,,B* + K&)m 70 5.061 x 10’5 2.545 x l@ 8.060 x 102 4.049 5.732 x lO-‘1 
80 1.864 x lOI 1.867 x 10’ 6.638 x 10’ 10.04 6.280 x IO-l5 

k(A*)‘.523B*CD 
60 5.823 x lo’* 1.173 x 106 3.86 x l(r 1.080 x lO-‘5 

4 [I + (KJ&* + K~D)*B*] 70 1.722 x 10’) 1.050 x 106 3.99 x 104 3.10 x 10-15 
80 5.316 x lo’] 8.923 x l(Y 4.13 x 104 3.82 x IO-l3 

Note. A* = PH x HA, B* = PC0 x HB, C = concentration of catalyst, D = concentration of ally1 alcohol. 

sence of mass transfer resistance. There are 
practically no detailed reports published on 
the kinetic modeling of hydroformylation 
reactions. The observed dependency of the 
rate on different parameters indicates that 
the hydroformylation of ally1 alcohol is first 
order with respect to catalyst concentration 
and 13th order with respect to dissolved H2 
concentration. The rate versus ally1 alcohol 
concentration showed a complex depen- 
dence with a negative order in a certain 
range. In order to fit the rate data, several 
rate equations were examined. The rate pa- 
rameters were evaluated using an optimiza- 
tion procedure. The values of the rate pa- 
rameters evaluated for each model are 
presented in Table 4 along with 4min, the 
minimized sum of the squares of the differ- 
ence between the observed and predicted 
rates. From the values of $min and the pre- 
dictability of the rate models, the following 
rate equation was found to represent the 
rate data satisfactorily, 

k(A*)‘.523B* C D 
R = (1 + Ka B*)3 (1 + Kn D)2 ’ (4) 

where k is the intrinsic rate constant (in 
cm10.569 mol-4.5), A* and B* are the concen- 
trations of H2 and CO in ethanol at the gas- 
liquid interphase (in mol cme3), respec- 

tively, and C and D represent the 
concentrations of the catalyst and ally1 al- 
cohol (in mol cmm3), respectively. The rate 
parameters for Eq. (4) at 60 to 80°C are pre- 
sented in Table 5. The average deviation in 
the predicted and observed rates was found 
to be in the range of +9%. The Arrhenius 
plot showing the effect of temperature on 
the rate parameters is shown in Fig. 8 and 9 
from which the activation energy was eval- 
uated as 22.86 kcal mol-‘. The dependence 
of the rate parameters Ka and KD on tem- 

361 

2.7 2.8 2.9 3.0 3.1 3.2 

l/T, i’X103 

FIG. 8. Plot of In k vs l/T. 
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l/T, i’d 

FIG. 9. Plot of In Kg, In KD vs l/T. 

perature (Table 5) show opposite trends; 
however, it is important to note that these 
parameters may not be representative of 
a single equilibrium reaction step and are 
in fact lumped parameters describing ob- 
served overall trends. Therefore, no spe- 
cific conclusions can be drawn from the 
temperature dependence of KB and K,,. 

Since the mechanistic steps responsible 
for substrate inhibition with olefins are not 
well understood, it was not possible to pro- 
pose a mechanistically meaningful model. 
However, even the empirical model pro- 
posed here could be useful for the purpose 
of engineering analysis and reactor design 
purposes. 

CONCLUSIONS 

The kinetics of the HRh(CO)(PPh& cata- 
lyzed hydroformylation of ally1 alcohol has 

TABLE 5 

Rate Parameters 

Serial Temperature k fh KD 
number (“C) (cm’0.569 n101-~ ‘) (cm’ mole’) (cm3 mole’) 

I 60 5.618 x lOI 1.160 x lo” 5.115 x Id 
2 70 2.649 x 10’4 I.111 x lo’ 7.479 x I@ 
3 80 4.418 x 10’4 8.703 x lo’ 9.116 x l@ 

been investigated in a temperature range of 
60-80°C. The trends observed were very 
complex. The rate versus PCO and ally1 al- 
cohol concentrations passed through max- 
ima showing substrate inhibited kinetics. 
The rate was found to be first order with 
respect to catalyst concentration. The de- 
pendence of the rate on PH indicated the 
presence of a critical partial pressure of Hz 
below which the reaction rates were very 
slow. The rate was found to be 1.5th order 
with PH. 

The following rate equation has been pro- 
posed based on the rate data and was found 
to fit the observed data satisfactorily: 

k(A*)‘.523B* C D 
R = (1 + KB B*)3 (1 + KD D)2 ’ 

The constants k, Ks, and KD were evalu- 
ated. The activation energy was found to be 
22.86 kcal mol-‘. 

APPENDIX: NOMENCLATURE 

A* Concentration of Hz in ethanol at the 
gas-liquid interphase (mol cmm3) 

B* Concentration of CO in ethanol at the 
gas-liquid interphase (mol cme3) 

C Concentration of the catalyst (mol 
cme3) 
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D Concentration of ally1 alcohol (mol 
cmm3) 

6. 

HA Henry’s law constant for the Hz-eth- 
an01 system (mol cme3 atm-r) 

Henry’s law constant for the CO-eth- 
anol system (mol cmm3 atm-‘) 

Reaction rate constant (cm10,569 
mol-4.5) 

7. 

8. 

9. 

10. 

Falbe, J., Schulze-Steiner, H. J., and Korte, F., 
Chem. Ber. 98, 886 (1%5). 
Brown, C. K., and Wilkinson, G., J. Chem. Sot. 
A, 2753 (1970). 

HB 
Shimuzu, T. (Kuraray Co. Ltd.), German Patent 
2,538,364 (1974). 

k 

KB 

KD 

m 

A 
PC0 

Constant in Eq. (4) (cm3 mol-l) 
Constant in Eq. (4) (cm3 mol-I) 
Constant in Table 4 
Constant in Table 4 
Partial pressure of hydrogen (atm) 
Partial pressure of carbon monoxide 

(atm) 
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