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Nickel dispersed on wide-pore silica has been used as catalyst in a study of the reaction kinetics 
of the hydrogenation of methyl-acetoacetate (MAA). The hydrogenation in the gas phase with a Hd 
MAA ratio of -10s is found to be limited by the catalytic reaction proper if the rate is kept low, but 
tends to become limited by pore diffusion of MAA when higher temperatures, higher Ni surface 
areas, or lower space velocities are used. In the liquid (MAA + methanol) phase the rate is limited 
by pore diffusion of dissolved hydrogen. Consequently the rate depends on the catalyst pellet size, 
as does also the enantioselectivity for samples modified with aqueous R,R-tartaric acid. 

INTRODUCTION 

Nickel and other transition metal cata- 
lysts, when “modified” with an asymmetric 
molecule such as R,R-(+)-tartaric acid, be- 
come “enantioselective,” i.e., they acquire 
the ability of hydrogenating molecules with 
a prochiral center in such a way that one 
enantiomer prevails in the product (I -7). It 
has been suggested (8, 9) that modification 
with tartaric acid is a corrosive chemisorp- 
tion, whereby Ni atoms leave the crystal 
and form complexes with asymmetric 
tartrate ligands. Some of these complexes 
remain on the surface and are assumed to 
be the sites of enantioselective hydrogena- 
tion. 

served rates r& in part of previous work, in 
particular for liquid-phase hydrogenation. 
It is known that for diffusion-controlled 
processes the measured activation energy 
and the reaction orders significantly differ 
from the corresponding parameters of the 
“intrinsic” reaction ri. Only if the chemical 
processes on the catalyst surface are much 
slower than all transport phenomena will 
the &XtiVeIESS factor q = r&,/ri be Unity 
and the kinetic parameters be characteristic 
of the rate-limiting step. 

The present work, therefore, has as ob- 
jectives: (i) to determine the kinetic param- 
eters under conditions where 77 = 1; (ii) to 
establish under which conditions the reac- 
tion is pore diffusion controlled (7) 4 1). 

A convenient test reaction is the hydroge- 
nation of methyl-acetoacetate (MAA) to 
methyl-hydroxybutyrate. It can be carried 
out in the liquid or gas phase. The knowl- 
edge of the kinetics of this reaction is, how- 
ever, still unsatisfactory and published data 
show poor agreement (9-12). Upon consid- 
ering that all reported data were obtained 
with high surface area catalysts, i.e., most 
of the nickel surfaces being present in 
pores, we have been wondering whether 
mass transport was controlling the ob- 

1 To whom requests for reprints should be ad- 
dressed. 
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We believe that knowledge of the kinetic 
regime is essential for understanding ob- 
served differences in enantioselectivities 
measured under different conditions. If cat- 
alyst modification is also a pore diffusion 
limited process, the outer zones of each cat- 
alyst particle are likely to be better modi- 
fied than the kernel. The measured enan- 
tioselectivity will then be large for r) + 1, as 
in this case only the outer zones are uti- 
lized. Crushing the pellet, for example, 
would then cause an increase in r&s, but a 
decrease in enantioselectivity, as the kernel 
of the original pellet also contributes to the 
reaction. This idea outlines a simple, 
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though not unambiguous, experiment to 
verify whether the hydrogenation of MAA 15- 

in the liquid phase is pore diffusion con- 0 

trolled. CONVERSION 
I%1 

EXPERIMENTAL 

In order to minimize errors due to chemi- 
cal impurities we decided to use a standard- 
ized NiBiO, catalyst which was reduced at 
400°C in H2 for 18 hr. This high reduction 
temperature is not practible for unsup- 
ported powders, where sintering would re- 
duce the surface area. 

1 I 
1 2 3 “10’ 

F-‘IS.MOLE-‘I 

To create conditions where r) = 1, we 
used a very wide pore (40-80 nm) SiOZ sup- 
port, a very low Ni load (-0.5% wt), a 
small quantity of catalyst (0.4-0.6 g), and 
carried out the hydrogenation in the gas 
phase in a plug-flow reactor at a high space 
velocity of, typically, 8400 hr-I. The reac- 
tor and the catalyst preparation were de- 
scribed elsewhere (9). The partial pressures 
of Hz and MAA were 760 and 0.44 Tort-, 
respectively. Under these conditions the 
enantioselectivity was small so that the ki- 
netic parameters for modified and unmodi- 
fied catalyst samples are equal within the 
error of the experiment. 

FIG. 1. MAA conversion vs (feed rate)-’ for modi- 
fied (0) and unmodified (0) Ni/SiO, catalysts. 

an activation energy of 61 -+ 5 W/mole and 
an order in MAA of 0.40 + 0.05 was deter- 
mined. The order in hydrogen was found to 
be 0.20 ? 0.03. These values do not differ 
significantly from our previous results (9). 
As side-products of the gas-phase hydroge- 
nation small amounts of acetone and metha- 
nol were detected. 

The opposite case of n 4 1 was experi- 
mentally approached by hydrogenating in 
liquid MAA. A stirred atmospheric batch 
reactor was used, filled with 10 ml 50/50 (v/ 
v) MAAimethanol. The same silica support 
was used in these experiments, but the 
nickel load was 10 times higher (5%) and 
the catalyst quantity was in most runs 
roughly twice the quantity mentioned for 
the gas-phase experiments. The rates and 
selectivities were compared before and af- 
ter disintegration of the catalyst pellet due 
to the mechanical action of the stirrer. 

For the liquid-phase reaction the data in 
Table 1 show that a decrease in pellet size 
causes an increase in hydrogenation rate by 
a factor of nine and a substantial decrease 
in selectivity. This is in agreement with the 
expected pore diffusion controlled kinetics 
of the liquid-phase hydrogenation. As un- 
der these conditions the concentration of 

RESULTS AND DISCUSSION 

Gas-phase conversion of MAA increased 
linearly with the inverse flow rate as shown 

-9.0 ( I ! I 
2.7 28 2.9 30 x10-3 

T-’ IK-‘I 

in Fig. 1. The Arrhenius plot of the rates 
determined from such curves is shown in FIG. 2. Arrhenius plot of gas-phase MAA hydroge- 

Fig. 2 and the log rate VerSuS log Partial 
nation on modified (ES 5 15%) (0) and unmodified (0) 

pressure curves in Fig. 3. From these plots 
NiLGO, catalysts. Rate (r) in mole per cm3 catalyst per 
second. 
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FIG. 3. Reaction order plots for gas-phase hydrogenation at 90°C. (a) Log rate vs log pH2 at pMAA = 
0.44 Torr, adjusted with helium to total pressure of 760 Torr; (b) log rate vs log pMaA at pHp = 760 Torr. 

hydrogen in the liquid is much smaller 
(13, 14) than that of MAA it has to be hy- 
drogen the diffusion of which controls the 
rate. This conclusion is in line with an esti- 
mate of the Thiele modulus for hydrogen 
which we calculate to be roughly two or- 
ders of magnitude larger in liquid MAA 
than in the gas phase. Pore diffusion control 
by hydrogen was also found by Coenen (15) 
to be rate limiting for the liquid-phase hy- 
drogenation of fatty acids with silica-sup- 
ported nickel catalysts. 

For the gas-phase reaction it is interest- 
ing to consider the Thiele modulus 4. As 
under the conditions described the ratio H2/ 
MAA was in the order of 103, it is justified 
to include the hydrogen pressure in the re- 
action-rate constant and write 

where R, is the radius of the spherical pellet 
and Deff is the effective diffusion coefficient 

TABLE 1 

Activity and Enantioselectivity of Modified Ni/SiO, 
Catalysts in Liquid-Phase Hydrogenation of MAA 

Sam- stir- Pellet Hydrogen- Enantio- 

Pie ring diameter after ation rate selectivity 
hydrogenation (mole/cm*, s) (96) 

(mm) 

1 - 2.7 8.3 x 10-g 58 
2 + lo-‘-lo-* 7.7 x 10-s 44 

of MAA. The number of parameters to be 
estimated is reduced by considering the 
product 

q42 = 42 D ‘F . 
eff MAA 

(2) 

A mathematical discussion of this product, 
for which we refer to standard textbooks of 
chemical engineering (e.g., Ref. (16)), 
shows that the reaction rate is “intrinsic” 
(7 = 1) for r) 4” 5 6, if IZ = 0; it is “essen- 
tially intrinsic” (71 2.0.94) for 7&2 I 1, if n 
= 1. In estimating D,, we assumed that for 
the low MAA pressure of our experiments 
the mean free path of MAA is larger than 
the pore diameter, which justifies consider- 
ing the diffusion as of the Knudsen type. 
For 82°C for example, a value of 0.01 cm2 
s-l has been assumed for D,,. With this 
number and R, = 1.35 mm, r) 4” was calcu- 
lated from the observed rates which were in 
the range of (3.0-8.4) x 10ms (mole cmp3 
s-l) for temperatures below 90°C. It follows 
that for the temperature range between 71 
and 87°C n 4” is in the range of 0.2-0.7. For 
temperatures above 9o”C, however, values 
above 1 .O are calculated. Even when admit- 
ting a considerable error in the estimated 
diffusion coefficient we feel that it is justi- 
fied to conclude that below 90°C the gas- 
phase hydrogenation of MAA measured un- 
der the conditions specified above is 
“essentially intrinsic.” It also appears, 
however, that higher rates (due to higher 
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temperatures, higher metal loadings, or vation energies are different for enantiose- 
lower space velocities) lead to conditions lective and nonselective sites on nickel 
where pore diffusion of MAA is interfering catalysts. 
with the reaction rate, even in the gas 
phase. The same is to be expected for cata- ACKNOWLEDGMENTS 
lyst samples with narrower pores. We gratefully acknowledge elucidating discussions 

It is interesting to face these conclusions with Dr. K.-H. Robschllger and Professor V. Ponec. 
with results reported in the literature. Ki- 
netic parameters have been reported by 
Ozaki et al. (IO, I I) and by Yasumori et al. 
(12). The former group studied the hydro- 
genation in the liquid phase. If the active 
sites are identical in their and our catalytic 
experiments we would predict that their 
rates were pore diffusion controlled, i.e., 
with an activation energy near gEtrue + En). 
With EtrU, = 61 kJ/mole this amounts to 35 
kJ/mole. The value reported is 44 kJ/mole, 
i.e., nearer this estimate than our Etrue. Also 
the low order in MAA of 0.2 is consistent 
with this model. 

2. 

3. 

4. 

5. 

Yasumori et al. (12) worked in the gas 
phase. In the limit of MAA pore diffusion 
control one would expect E = 35 kJ/mole 
and n = $((n,,, + 1) = 0.7 for n,,,. The 
reported values are 45 kJ/mole and 0.8. 
That both groups find activation energies 
above the value calculated from our data 
for the limit of complete control by pore 
diffusion, indicates that their conditions 
were somewhere between the limits of the 
“intrinsic” and pore diffusion controlled re- 
gimes. Another possibility, of course, is 
that the modified unsupported catalysts of 
these groups differed chemically from our 
samples. 

10. 

II. 

I2 

In summarizing we conclude that hydro- 
genation of MAA as usually carried out 
tends to be diffusion controlled, but experi- 
mental conditions can be adapted such that 
the intrinsic reaction is measured. The set 
of conditions as chosen in this work unfor- 
tunately implies low enantioselectivity. Fu- 
ture work will have to establish conditions 
where high enantioselectivity can be 
achieved under non-diffusion-limited condi- 
tions, in order to decide whether true acti- 

13. 

14. 

15. 

16. 
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