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Diffusion effects in the hydrogenation of 3-methyl 
crotonaldehyde over zeolite-supported Ru 
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The activity and selectivity in gas-phase hydrogenation of the unsaturated aldehyde 
3-methyl crotonaldehyde (UAL) over zeolite-supported Ru was found to depend markedly 
on the partial pressures of the two reactants in the gas phase, with the rate increasing as the 
ratio PvaL/PH 2 decreased. Anomalously low apparent activation energies were found 
compared to the same reaction over Ru/SiO2,  and secondary reactions to produce the 
totally hydrogenated product occurred much more readily in the zeolite-supported Ru. 
These observations led to the suggestion that these reactions were under diffusion control. 
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1. Introduction 

The selective hydrogenation of o~, [3-unsaturated aldehydes to produce unsat- 
urated alcohols has recently attracted attention because of its importance in the 
fine chemicals industry [1-10]. In recent studies we have investigated how the 
use of zeolites as supports affects selectivity in hydrogenation reactions over 
metals such as Ru [2,3]. Depending on the steric and electronic constraints of 
the particular organic substrate, the use of zeolites as supports may provide a 
means of obtaining desired product selectivities difficult to achieve without 
microporous supports. In liquid-phase reactions, geometric influences of the 
zeolite pore structure as well as electronic effects of the nature of the zeolite 
compensating cation were observed. Steric constraints dominated for bulky, 
rigid molecules such as cinnamaldehyde, while for 3-methyl crotonaldehyde the 
selectivity for hydrogenation was most influenced by the type of alkali cation in 
the zeolite structure. Increased selectivity to the unsaturated alcohol was ob- 
served when Na-- was exchanged for K § and this trend also held in gas-phase 
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reactions over the same R u / N a Y  and R u / K Y  catalysts. It was also observed, 
however, that the gas-phase reactions exhibited a transient initial period in 
which both activity and selectivities were found to vary widely until steady state 
was finally reached. The present study was undertaken to examine the effects of 
varying the partial pressures of the reactants and the reaction temperature and 
in particular to explore the extent to which diffusion processes may influence 
reaction rates and selectivities. 

2. Experimental 

Materials. Ultrahigh purity H2, He, and Ar (Linde, 99.995%), and commercial 
purity CO (Linde, 99.5%) gases were used in all pretreatments, characterization 
experiments and reactions studies, and all gases were further purified by 
molecular sieve traps. An oxygen removing unit (Deoxo) was also placed in the 
hydrogen line prior to the molecular sieve trap. 3-methyl crotonaldehyde was 
used as received (Alpha Products, 97% purity) and was stored under refrigera- 
tion. 

Catalyst preparation. NaY zeolite was used as received and was also modified 
by ion exchange with potassium nitrate (Aldrich Chemicals, ultrapure) to pro- 
duce the KY support (92% exchange) as previously described [3,11]. Preparation 
and pretreatment of the Ru-loaded zeolites has also been described [3]. Briefly, 
ion-exchange with Ru(NH3)6C13 (Alpha Products) to a loading of 2.3% Ru was 
followed by treatment in flowing He at 0.5 K/ra in  to 673 K and holding there 
for 2 h. Reduction was accomplished by switching from He to H 2 and holding 
for 2 h at 673 K. Catalysts were cooled in inert gas and stored in air until use. As 
reported previously [3], results from characterization of metal particle sizes by 
hydrogen chemisorption and transmission electron microscopy was consistent 
with the metal particles being located primarily within the supercages of the 
zeolites. 

Reaction studies. Continuous flow, gas-phase hydrogenation of 3-methyl cro- 
tonaldehyde was carried out in a stainless steel system with a pyrex reactor. 
About 0.1 g of the catalyst was placed in the reactor and pretreated at 673 K for 
4 h after ramping at 0.5 K min -1. After cooling the catalyst to reaction 
temperature in flowing H z, the organic substrate was admitted to the reactor in 
a stream of He gas bubbled at 20-100 ml min -1 through the liquid in a gas 
saturator kept at 298 K, giving substrate flow rates between 7 and 35 ixmol 
min-1. The flow rate of hydrogen varied between 100 and 180 ml rain-1 (4.5-8 
mmol min-1), at a constant total gas flow rate of 200 ml min -1. This allowed us 
to study an order of magnitude variation in the molar ratios of substrate to 
hydrogen. Reaction rates and product selectivities were measured at tempera- 
tures between 313 and 373 K and products were analyzed by GC. Reaction rates 
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are reported as turnover frequencies based on exposed Ru surface area as 
measured by hydrogen chemisorption [3]. 

3. Results and discussion 

The reaction network for the hydrogenation of 3-methyl crotonaldehyde is 
shown below, where UAL refers to the unsaturated aldehyde substrate, SAL 
and UOL are the two half-hydrogenated products, saturated aldehyde and 
unsaturated alcohol, and the total hydrogenation product is the saturated 
alcohol, SOL: 

SAL 

UAL SOL 

UOL 

A previous discussion of these gas-phase reactions over R u / Y  catalysts at 313 
K focussed on product selectivities obtained during steady-state reaction, where 
it was found that the selectivity towards UOL increased from 30% to near 60% 
when the Na § cation of the zeolite was replaced with K § However, the 
steady-state rate and product selectivities were established only after a period of 
approximately 100 rain during which the initially high conversion of UAL to the 
three products (up to 20%) fell off with time to less than 3%. 

A mass balance for the reactant UAL and the products could not be 
established during the early stages of the reaction over either R u / N a Y  or 
R u / K Y ,  indicating that there was a significant uptake of 3-methyl crotonalde- 
hyde by the catalyst early in the reaction. Fig. 1 demonstrates this for the 
reaction over R u / K Y  at 313 K and PUAL/PH2 = 0.009. Blank experiments with 
the pure KY support showed that, while it exhibited no catalytic activity, the 
support took up UAL from the gas phase for about 100 min before the 
gas-phase flow of UAL at the initial feed concentration was finally re-estab- 
lished in the exit stream. This uptake of 3-methyl crotonaldehyde suggests that 
the zeolite pores were steadily filled by the substrate during its initial exposure 
to the catalyst. Table 1 gives an estimate of the amount of UAL in the catalyst 
pores during reaction over R u / K Y ,  calculated from integration of the area 
under curves such as that shown in fig. 1. The total amount of UAL adsorbed or 
condensed on the catalyst surface at steady state was found to depend on the 
partial pressure of the unsaturated aldehyde in the gas phase, ranging from 0.3 
to 1.5 mmol /g  catalyst. The calculations in table 1 show that the amount of 
UAL far exceeds monolayer coverage of the exposed metal sites and that it is 
greater than the total surface area of the zeolite as well. The uptake at the 
lowest PUAL/PH2 corresponds to 75% of the pore volume of the zeolite. Under 
the conditions of the highest UAL partial pressure, intraparticle condensation 
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Fig. i. Mass balance for reactant UAL and products (nomenclature defined in text) as a function 
of reaction time for Ru/KY at 313 K and PUAL//PH 2 = 104, based on the summation of the 
partial pressures of each component in the exit stream. Y-axis = ~(PuAL + PSAL + PUOL + PSOL)t 
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of UAL must occur in addition to the filling of the pores. Observations of 
pore-filling in gas-phase reactions in zeolites have been made previously, and 
models which treat adsorption and reaction in zeolite pores containing an 
adsorbed condensed phase have been developed [12-14]. 

Table 1 
Estimate of UAL surface coverage on R u / K Y  from adsorption uptake during reaction 

P U A L / P H a  ( X  10  4)  

10 100 

mmol /g  cat a 3 15 
molecules U A L / R u  s b 28 140 
no. monolayers UAL c 1.8 9 
% pore volume occupied 

by UAL (liquid) d 75 375 

a Uptake of UAL estimated from integrating the concentration of UAL remaining in the effluent 
stream during the inital adsorption period before mass balance was established, i.e. before 

[UALlin = [UAL]out. 
b Assuming adsorption of UAL on metal sites only; Ru s = number of surface Ru atoms estimated 

from hydrogen chemisorption. 
c Assuming flat adsorption of the UAL molecule covering an area of 50 A2/UAL molecule and 

zeolite surface area of 500 me/g.  
d Liquid density of UAL = 0.85 cc/g and pore volume of zeolite estimated to be 0.4 cc/g. 
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Fig. 2. Steady-state  reac t ion  ra tes  over Ru/KY at 313 K as a funct ion of par t ia l  pressures  of the  
reactants. TOTAL = sum of product rates; UOL, SAL, SOL are rates of formation of the 
individual products. Plotted for comparison (dashed line and open circles) is the TOTAL = sum of 
product rates for reaction over Ru-K/SiO2 at 313 K as a function of partial pressure of reactants 

(from ref. [10]. 

Experiments  were carried out to study the effects of the relative concentra- 
tions of the substrate U A L  and hydrogen, and these results suggest that 
diffusion limitations were important  in these reactions. The combination of low 
substrate and high hydrogen concentrat ions led to pronounced increases in the 
overall reaction rate and strong shifts in product  selectivity at steady state for 
both catalysts and is illustrated in fig. 2 for R u / K Y .  This figure shows clearly 
that the increase in overall rate may be attr ibuted almost totally to an increase 
in the rate of formation of the total hydrogenat ion product,  SOL. These results 
are in direct contrast  to those from reactions carried out under  identical 
conditions over potassium-promoted Ru supported on a non-porous SiO 2 sup- 
port, where  nei ther  the reaction rates nor product  selectivities were influenced 
by similar changes in reactant  partial pressures [10]. This result for R u - K / S i O  2 
is shown in fig. 2 for comparison. Over the whole range of PUAL/PH2, the 
reaction rate for R u - K / S i O  2 was about twice the highest value for the R u / K Y  
catalyst obtained at low PUAL/PH2. 

This increase in reaction rate may represent  the response of a hydrogen- 
starved catalyst surface to changes in conditions which provided it bet ter  access 
to hydrogen. The observation of a large initial consumption of substrate suggests 
that at steady state a significant liquid film covered the surface within the 
catalyst pores. A decrease in the gas-phase concentrat ion of the substrate may 
result in a decrease in the thickness of this film and hence might increase the 
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Table 2 
Activation energies for gas-phase hydrogenation of c~, [3-unsaturated aldehydes 

Catalyst Activation energy Condition Ref. 
(kcal/mol) 

R u / N a Y  2.1 a this study 
R u / K Y  1.5 a this study 
Ru /S iO 2 11.7 b [10] 
Ru-K/SiO 2 7.2 b [10] 
Pt supported on 

SiO2, A1203, TiO 2 3-8 c [4] 

a Reaction of 3-methyl crotonaldehyde at 313-373 K; substrate : H 2 = 1 : 104. 
b Reaction of 3-methyl crotonaldehyde at 313-393 K; substrate:H 2 = 1:103. 
c Reaction of crotonaldehyde at 313-373 K; substrate : H 2 = 1 : 22.7. 

rate of diffusion of hydrogen from the gas phase through the liquid layer to the 
active sites on the catalyst surface. Increasing the partial pressure of hydrogen 
would also bring about an increase in rate by increasing the concentration of 
hydrogen in this liquid layer. 

If diffusion limitations were minimized at the conditions of low substrate/high 
hydrogen concentration, the measured rates would correspond to the intrinsic 
reaction rates expected in a system where pore diffusion was not an important 
concern. In that case the only significant resistance for hydrogen to adsorb on 
the active sites would come from competition with other adsorbed species. 
However, additional experiments provide important evidence suggesting that the 
influence of diffusion within the pores remained significant under all conditions 
employed in these studies. Apparent activation energies were measured by 
carrying out reactions over both R u / N a Y  and R u / K Y  at temperatures between 
313 and 373 K under the conditions of low substrate/high hydrogen concentra- 
tion where diffusion effects should be minimized. These values are compared in 
table 2 with values obtained in other gas-phase studies of aldehyde hydrogena- 
tion over non-zeolite-supported metals. The values of 2.3 and 1.5 kcal /mol  
measured for R u / N a Y  and R u / K Y  respectively were lower by about a factor of 
five than those measured for the same reaction over Ru /S iO  2 in recent work by 
our group [10]. They were also lower than values obtained in another study of 
the hydrogenation of crotonaldehyde over Pt supported on various non-zeolite 
supports [4]. Such significantly different activation energies suggest a different 
rate limiting process for the zeolite-supported catalysts. The very low values for 
E a indicate that this process was less temperature-sensitive than are intrinsic 
reaction rates, which is a feature of diffusion-controlled processes. Hence, even 
at the lowest concentration of substrate it appears that the rate of reaction was 
mass-transfer limited. 

The shift in product selectivity towards the total hydrogenated product under 
conditions of low substrate/high hydrogen concentration is also consistent with 
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strong pore diffusion limitations. No such change in selectivity with reactant 
concentrations was observed in the case of the Ru supported on a non-porous 
SiO 2, as ment ioned above, where diffusion limitations were assumed to be 
absent. In those studies, in fact, the production of the total hydrogenation 
product SOL was very low under  all conditions of reactant concentrations and 
reaction temperature.  It appears that not only was the availability of hydrogen 
important in controlling activity, but also the opportunity for prolonged ad- 
sorbed substrate-hydrogen contact due to significant residence time within the 
catalyst pores played a role in determining selectivity. Readsorption and sec- 
ondary reactions of the half-hydrogenated products within the pores were more 
significant in the zeolite-supported systems than for catalysts where diffusion 
limitations were absent. 

4. Conclusions 

Gas-phase hydrogenation of 3-methyl crotonaldehyde over Ru supported on 
NaY and KY zeolites showed that activity and selectivity depend markedly on 
changes in substrate and hydrogen concentrations. The highest activity was 
observed at low subst ra te /high hydrogen concentrations, and the increase in 
overall rate was accompanied by a shift in selectivity to the production of the 
saturated alcohol SOL. There was a large uptake of the reactant by the catalyst 
at the beginning of the reaction under all conditions of reactant partial pres- 
sures which, along with anomalously low activation energies, implied a 
diffusion-controlled rate. The change in activity and selectivity under  conditions 
of low subst ra te /high hydrogen concentrations was attributed to better access of 
hydrogen to the catalyst sites and increased secondary reactions of the half-hy- 
drogenated products within the pores. 

Acknowledgement 

Support  from the National Science Foundation through the Presidential 
Young Investigator Program (CBT-8552656) is gratefully acknowledged. 

References 

[1] M. Guisnet et al., eds., Heterogeneous Catalysis and Fine Chemicals, Proc. 1st Int. Symp., 
1987, (Elsevier, Amsterdam, 1988); Heterogeneous Catalysis and Fine Chemicals II, Proc. 2nd 
Int. Symp., 1990 (Elsevier, Amsterdam, 1991). 

[2] D.G. Blackmond, A. Waghray, R. Oukaci, B. Blanc and P. Gallezot, in: Heterogeneous 
Catalysis and Fine Chemicals H, eds. M. Guisnet et al. (Elsevier, Amsterdam, 1991) p. 145. 



122 A. Waghray et al. / Diffusion effects in hydrogenation over zeolite-supported Ru 

[3] D.G. Blackmond, R. Oukaci, B. Blanc and P. Gallezot, J. Catal. 131 (1991) 401. 
[4] M.A. Vannice and B. Sen, J. Catal. 115 (1989) 65. 
[5] A. Giroir-Fendler, D. Richard and P. Gallezot, in: Heterogeneous Catalysis and Fine Chemi- 

cals, eds. M. Guisnet et al. (Elsevier, Amsterdam, 1988) p. 171. 
[6] Y. Nitta, K. Ueno and T. Imanaka, Appl. Catal. 56 (1989) 9. 
[7] A. Poltarzewski, S. Galvagno, R. Pietropaolo and P. Staiti, J. Catal. 102 (1986) 190. 
[8] J. Jenck and J.E. Germain, J. Catal. 65 (1980) 141. 
[9] R. Hubaut, M. Daage and J.P. Bonnelle, Appl. Catal. 22 (1986) 231. 

[10] A. Waghray, J. Wang, R. Oukaci and D.G. Blackmond, submitted. 
[11] R. Oukaci, A. Sayari and J.G. Goodwin Jr., J. Catal. 102 (1986) 126. 
[12] L. Riekert, Adv. Catal. 21 (1970) 281. 
[13] M.G. Palekar and R.A. Rajadhyaksha, Catal. Rev. Sci. Eng. 28 (1986) 371. 
[14] D.B. Dadybujor and A. Bellare, J. Catal. 126 (1990) 261. 


