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Abstract

The selective hydrogenation of �,�-unsaturated aldehydes to the corresponding unsaturated alcohol is not only of general
interest in fine chemical and pharmaceutical intermediate production but also of specific relevance to the perfume and
flavouring industries. A number of Pt/graphite catalysts have been prepared with metal loadings in the range 5–10 wt.% metal
on graphite and with added cobalt in the composition range 5–99.5 mol%. These catalysts have been characterised using
temperature programmed reduction (TPR) and have been compared with a commercial 5% (w/w) Pt/graphite catalyst for the
hydrogenation of cinnamaldehyde in toluene and biphasic toluene/aqueous solutions containing a range of bases or potassium
based salts. The reactions were carried out in a stirred reactor in the pressure range 4–11 bar absolute, in the temperature range
298–373 K, and with the concentration of cinnamaldehyde in the range 0.038–0.303 kmol/m3. The presence of strong bases was
found to enhance both catalyst activity and selectivity to cinnamyl alcohol. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The selective hydrogenation of an �,�-unsaturated
aldehyde to its unsaturated alcohol, such as cin-
namaldehyde to cinnamyl alcohol, is of importance in
fine chemicals manufacture and particularly in respect
of fragrances and flavourings.

The production of the unsaturated alcohol using
homogeneous catalysts has been reported to be pos-
sible, with very high selectivity for a number of
�,�-unsaturated aldehyde [2]. In the case of hetero-
geneous catalysts the attainment of high selectivity
is more difficult and very dependent on the nature of
the aldehyde and requires catalyst modification and
promotion [3–7,15].
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Pt–Co catalysts have been investigated and charac-
terised by Moraweck et al. [1]. This study has focu-
ssed on graphite supported Pt and Pt–Co catalysts
and the effects of the use of biphasic solvents and the
presence of basic salts on activity and selectivity; the
effects of basic media have been reported by Gallezot
and Richard [13].

2. Catalytic reaction studies

Recently, the selective hydrogenation of cinnamal-
dehyde has been investigated in three phase systems
[2–7,15]. The hydrogenation of cinnamaldehyde is
shown in Scheme 1. Normally, during the reaction of
cinnamaldehyde, both the carbonyl C=O group and
the C=C double bond of cinnamaldehyde are hydro-
genated and there are two parallel processes, from
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Scheme 1. (Reaction) Hydrogenation of cinnamaldehyde.

cinnamyl alcohol and hydrocinnamaldehyde, to form
the final product (hydrocinnamyl alcohol). This reac-
tion represents a characteristic problem and is typified
by the selective hydrogenation of cinnamaldehyde,
where there is a preference for one product (cinnamyl
alcohol).

3. Experimental

Bimetallic catalysts were prepared in-house using
a co-impregnation method. For characterisation, the
bimetallic catalysts (Pt–Co) were studied by temper-
ature programmed reduction (TPR). TPR peaks were
measured at the temperature corresponding to the max-
imum hydrogen consumption rate and recorded at that
temperature.

The hydrogenation of cinnamaldehyde was car-
ried out in a stainless steel autoclave reactor
of 1000 cm3 capacity provided with a glandless
magnetically-driven impeller, four baffles, gas inlet,
sample port, vent, and external heating. The temper-
ature in the autoclave was measured by a thermo-
couple. Hydrogen for the hydrogenation reaction was
supplied by a hydrogen control unit (HCU).

The analysis of the cinnamaldehyde products and
cinnamyl alcohol selectivity analysis was performed

using gas chromatography (a PYE UNICAM series
304 with 3 m of an SP-1000 packed column with
0.625 cm i.d.).

4. Results and discussion

4.1. The characterisation of catalysts using TPR

TPR (Table 1) has been shown by Bosch et al. [8]
to be a successful “fingerprint method” for the char-
acterisation of reducible species. The TPR profile is
characterised by hydrogen uptake for a wide temper-
ature range. The reduction started at 450 K and was
completed at 760 K.

As seen in Fig. 1, the TPR profiles indicated that
alloying of some kind had occurred as there was
a gradual increase in reduction temperature from
100 mol% Pt (503 K) to 100 mol% Co (760 K) and

Table 1
Operating conditions of TPR

Reducing gas 5% hydrogen/argon
Reducing gas flowrate (cm3/min) 40–45
Temperature range (K) 293–1073
Heating rate (K/min) 12
Chart recorder sensitivity (typical) (mV) 5–100
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Fig. 1. The TPR profile of the various molar percentages of Pt–Co on graphite. Process conditions described in Table 1.

this result is in good agreement with Juszczyk et al.
[9] and Van’t Blik et al. [10]. The reduction peak
for 100 mol% Co/G is very indistinct and may result
from interaction with the support, although this is not
expected to be strong. The presence of even a small
quantity of Pt gives a much sharper reduction peak
and a progressive decrease of reduction temperature
suggests a synergistic effect of Pt with respect to Co.

4.2. Cinnamaldehyde hydrogenation

For the hydrogenation of cinnamaldehyde, both
activity and selectivity were studied to assess those
factors, which might lead to higher activity and imp-
roved selectivity to cinnamyl alcohol (Tables 2 and 3).

4.2.1. Bimetallic catalyst studies
A comparison of the activity and selectivity of

bimetallic catalysts is shown in Fig. 2. As seen in

Fig. 2(A), the catalyst activity for cinnamaldehyde
hydrogenation as a function of alloy composition
was a relatively complex function and for toluene as
solvent showed maximum activity for the 100 mol%
Pt catalyst with another lower maximum at about
50–60 mol% Co in Pt. When the solvent system was
toluene/water (1:1), again 100 mol% Pt was of high-
est activity but alloys in the range 30–70 mol% Co in

Table 2
Process parameters employed using platinum catalysts for cin-
namaldehyde hydrogenation

Catalyst 5 wt.% Pt/G
Catalyst loading (kg/m3) 3.3–10
Substrate concentration (kmol/m3) 0.038–0.303
Hydrogen partial pressure (bar absolute) 4–11.0
Temperature (K) 298–373
Reactor volume (m3) 3 × 10−4

Stirring speed (rpm) 1000
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Fig. 2. (A) The catalyst activity of cinnamaldehyde hydrogenation in toluene and toluene/water with KOH at different molar percentage
of Pt–Co on graphite at 298 K, 11 bar absolute, catalyst used 3.3 kg/m3, cinnamaldehyde concentration 0.076 kmol/m3, KOH concentration
0.077 mol/l. (B) The selectivity (at 30% cinnamaldehyde conversion) of cinnamaldehyde hydrogenation in toluene and toluene/water with
KOH at different molar percentage of Pt–Co on graphite at 298 K, 11 bar absolute, catalyst used 3.3 kg/m3, cinnamaldehyde concentration
0.076 kmol/m3, KOH concentration 0.077 mol/l.
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Table 3
Platinum catalyst promoter variables

Catalyst 5 wt.% Pt/G
Catalyst promoter Co
Catalyst promoter

loadings (mol%)
5–99.5

Promoter salts KOH, CH3COOK, KCl,
NH4OH, LiOH, NaOH, KNO3

KOH (mol/l) 0.25–2.75
Promoter salts

loadings (mol/l)
1.38

Pt gave a broad activity plateau and the activity was
about 80% that of the 100 mol% Pt/graphite catalyst.
However, the general pattern of behaviour is similar
for both systems. However, a volcano type curve was
not observed [12].

Promoting the platinum catalyst with increasing
amounts of cobalt additive as shown in Fig. 2(B)
further enhanced cinnamyl alcohol selectivity. Se-
lectivity measurements showed that in a toluene
solvent the highest selectivity to cinnamyl alcohol
was exhibited by an “alloy” of composition 10 mol%
Pt–90 mol% Co gave the selectivity 67%, while a
biphasic toluene–water system containing potassium
hydroxide gave optimum selectivity at 72% for an
“alloy” of composition 95 mol% Pt–5 mol% Co. In
the biphasic toluene/water system, the selectivity
value for 100 mol% Pt/G is surprisingly low and the

Table 4
The selectivity of cinnamyl alcohol at different conversion of cinnamaldehyde using bimetallic catalysts in toluene and toluene/water

Catalysts In toluene In toluene/watera

Selectivity(%) Conversion (%) Selectivity(%) Conversion(%)

100 mol% Pt/G (commercial) 43.6 40.1 81.5 68.9
100 mol% Pt/G 55.8 58.7 63.6 74.3
95 mol% Pt–5 mol% Co/G 45.2 17.9 74.8 75.1
90 mol% Pt–10 mol% Co/G 59.6 50.7 72.2 73.6
80 mol% Pt–20 mol% Co/G 45.9 51.5 68.7 54.2
63 mol% Pt–37 mol% Co/G 55.2 51.5 73.1 76.7
45 mol% Pt–55 mol% Co/G 65.0 76.9 74.3 82.1
27 mol% Pt–73 mol% Co/G 74.2 50.8 61.4 84.4
20 mol% Pt–80 mol% Co/G 65.5 35.7 66.2 68.8
10 mol% Pt–90 mol% Co/G 70.5 40.9 56.7 61.7
5 mol% Pt–95 mol% Co/G 64.6 33.4 45.8 62.7
2 mol% Pt–98 mol% Co/G 47.4 7.6 42.5 60.5
1 mol% Pt–99 mol% Co/G 49.6 9.1 40.3 43.0
0.5 mol% Pt–99.5 mol% Co/G 41.8 6.7 27.3 76.0
100 mol% Co/G 21.9 5.4 27.6 18.7

a The reaction taking place in toluene/water (1:1) with KOH = 0.077 mol/l as base.

commercial 100 mol% Pt/G catalyst gave a selectiv-
ity of about 70%. The same commercial catalyst in
toluene only gave a selectivity of 40% which is very
similar to the in-house catalyst. The reason for this
discrepancy is not understood, since the value results
obtained were the results of more than one measure-
ment. They result from differences in the chemistry
of the catalyst production.

In Table 4, it is clearly shown that the biphasic
solvent (toluene/water) with potassium hydroxide
improved the selectivity at higher conversion for
0–55 mol% Co/G, but again the commercial 100 mol%
Pt/G catalyst gave a significantly higher selectivity
than that produced “in-house”.

4.2.2. Effect of various reaction parameters on
activity and selectivity using a commercial Pt/G
(Johnson Matthey Pt/G type 286) with a low area
graphite

4.2.2.1. Effect of temperature. From Fig. 3(A), the
reaction rates increase with catalyst loading especially
at lower temperatures [4]. However, the plot did not
pass through the origin, and this may be caused by
catalyst poisoning (W0 = 0.550 kg/m3). For catalyst
loadings of ≤5 kg/m3, the rate is proportional to cata-
lyst loading at all temperatures. The activation energy
was found to be 3.7–4.8 kcal/mol.
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Fig. 3. (A) The catalyst activity for the cinnamaldehyde hydro-
genation in toluene/water (1:1) with different temperature at var-
ious catalyst loadings. Process conditions described in Table 2.
(B) The selectivity (at 90% conversion of cinnamaldehyde) of cin-
namyl alcohol in toluene/water (1:1) with different temperature at
various catalyst loadings. process conditions described in Table 2.

The cinnamyl alcohol selectivity is very tempera-
ture sensitive as demonstrated in Fig. 3(B), and it must
be concluded that selectivity effects due to the influ-
ence of K+ and/or OH− are completely lost at high
temperature and their interaction with the surface via
adsorption will decrease as temperature increases.

4.2.2.2. Effect of hydrogen partial pressure. The or-
der of the reaction with respect to hydrogen partial
pressure was found by varying the partial pressure
from 4 to 11 bar absolute. Fig. 4(A) demonstrates that
the rate of reaction was of first-order in hydrogen par-
tial pressure as has been reported by Satagopan and
Chandalia [4] and Zhang et al. [7]. However, from
Fig. 4(B), at 80% conversion there is no significant
change of the selectivity to cinnamyl alcohol with the
increase of hydrogen partial pressure.

4.2.2.3. Effect of cinnamaldehyde concentration.
The kinetic data for the cinnamaldehyde hydrogena-
tion over 5 wt.% Pt/G were obtained at different initial
substrate concentration. From Fig. 5(A), the rate of
reaction showed no significant change with increase
in the concentration of cinnamaldehyde and the reac-
tion was zero-order with respect to the concentration
of cinnamaldehyde which agrees with previous results
[4,7]. However, from Fig. 5(B), at 80% conversion the
selectivity to cinnamyl alcohol increases with the con-
centration of cinnamaldehyde up to 0.227 kmol/m3,
after which it remains constant. It may well in-
dicate that as base/cinnamaldehyde ratio increases
for some reason the olefin group hydrogenation is
enhanced.

A first-order reaction can be represented by the
following expression [17]:

C∗
H2

RA
= 1

kLa
+ 1

w

(
1

ksac
+ 1

ηkrac

)
(1)

where RA is the reaction rate, C∗
H2

the equilibrium sol-
ubility of hydrogen, kLa the volumetric mass transfer
coefficient for gas absorption, w the catalyst loading,
ks the liquid–solid mass transfer coefficient, ac the
external particle area per unit mass, kr the first-order
rate constant, and η the effective mass factor, assumed
to be one for a low area graphite.

Analysis of the results in Fig. 3(A) according to the
above equation employed the Frössling equation in the
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Fig. 4. (A) The catalyst activity of cinnamaldehyde hydrogenation in toluene/water (1:1) with various pressure. process conditions described
in Table 2. (B) The selectivity (at 80% conversion of cinnamaldehyde) of cinnamyl alcohol in toluene/water (1:1) with various pressure.
Process conditions described in Table 2.

Fig. 5. (A) The catalyst activity of cinnamaldehyde hydrogenation in toluene/water (1:1) with different concentration of cinnamaldehyde.
Process conditions described in Table 2. (B) The selectivity (at 80% conversion of cinnamaldehyde) of cinnamyl alcohol in toluene/water
(1:1) with different concentration of cinnamaldehyde. Process conditions described in Table 2.
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form

Sh = ksdp

DAB
= 2 + 0.6 Re1/2

p Sc1/3 (2)

where Sh is the Sherwood number, dp the particle di-
ameter, DAB the diffusivity of H2 in solvent, Rep the
particle Reynolds number, and Sc the Schmidt number.

This revealed that ks was at least 1 order of mag-
nitude larger than kr. Hence, liquid–solid transport
resistance was very low compared with reaction resis-
tance. However, the contribution of 1/kLa, obtained
from the intercept of the C∗

H2
/RA vs. 1/w plot was

found to be significant contributing 10–60% of the
resistance and helps to explain why the apparent en-
ergy of activation is relatively low (3–5 kcal/mol); it
would be expected to be >10 kcal/mol for surface re-
action rate control. Gas absorption resistance may be
significant due to the use of a biphasic solvent system
such as toluene/water, which could inhibit transfer of
hydrogen from gas to liquid phase.

4.2.3. Effects of basic and other potassium salts
A commercial 5% (w/w) Pt/G catalyst when em-

ployed with a toluene/water solvent containing KOH
gave improved activity and selectivity. Fig. 6(A)

Fig. 6. (A) The catalyst activity of cinnamaldehyde hydrogenation in toluene/water (1:1) with various KOH at 298 K, 11 bar absolute, catalyst
used 5 kg/m3, cinnamaldehyde concentration 0.227 kmol/m3. (B) The selectivity (at 85% conversion of cinnamaldehyde) of cinnamyl alcohol
in toluene/water (1:1) with various KOH at 298 K, 11 bar absolute, catalyst used 5 kg/m3, cinnamaldehyde concentration 0.227 kmol/m3.

Table 5
The activity of the reaction at various bases in toluene/water (1:1)

Promoter salts Rate of reaction × 103 (mol/l/min)

LiOH 12.58
NaOH 9.48
KOH 7.56
KCl 3.98
CH3COOK 3.86
KNO3 2.55
NH4OH 2.44

shows that there is a linear increase over a range of
0.4–2.8 mol/l KOH, i.e. a first-order effect. It is also
clear from Table 5 that the nature of the metal cation is
of importance but when the associated ion is strongly
basic the effect is greater. It has been reported [13]
that an electropositive metal (with respect to Pt) can
activate the C=O group as shown in Fig. 7.

The effect lies in the order Li+ > Na+ > K+ and
the charge density will lie in the same order. Other
metal ions Fe2+ and Co2+ have given similar effects
and the metal cation is thought to act as a Lewis
acid with the lone pair on the oxygen. However,
from Fig. 8, other weakly or non-basic potassium
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salts have no or only a small effect. Hence, the OH−
must play some part and has been observed to enhance
the rate of crotonaldehyde hydrogenation except that
n-butyraldehyde was produced not crotyl alcohol.
Shama [16] proposed that OH− protected the C=O
group as shown in Fig. 9.

Cinnamaldehyde behaves very differently, but it
may be that the greater steric effect of the benzene
ring, in addition to its greater electron density com-
bine to promote C=O bond hydrogenation. However,

Fig. 8. The selectivity of cinnamyl alcohol in toluene/water (1:1) with different promoter salts concentration at 1.38 mol/l, 298 K, 11 bar
absolute, catalyst used 5 kg/m3, cinnamaldehyde concentration 0.227 kmol/m3.

Fig. 7. The C=O group adsorbs via donation of a lone pair of
electrons from the oxygen atom (M+ = Li+, Na+, or K+).
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Fig. 9. Reaction mechanism for the formation of the hydrate of crotonaldehyde catalysed in the presence of a base [16].

Fig. 10. Possible reaction mechanism for the formation of the cinnamyl alcohol catalysed in the presence of a base (M+ is K+, Na+, or
Li+) [15].

there is a possibility that the OH− ion combines in
some way with the C=C bond, inhibiting its hydro-
genation. The possible reaction mechanism in the pres-
ence of base can be shown in Fig. 10.

This assumption can be explained that for LiOH,
NaOH, and KOH gave the excellent activity and
selectivity in consideration of OH− reacted with car-
bonyl group and made the donated of a lone pair of
electrons from the oxygen atom (M+ = Li+, Na+, or
K+). In addition, the lone pair electron from the oxy-
gen atom interacted with H+ and might be dissociated
the remote C–O bond by M+ ions. Moreover, due to
the nature of the metal cation is of importance but
when the associated ion is strongly basic the effect is
greater [15].

The possible of using a weak base (NH4OH) or
the potassium salts (KNO3, CH3COOK, KCl) instead
of alkali hydroxide was also investigated and it was
found that the utilisation of these potassium salts or a
weak base resulted in a drop in the reaction rate.

This is a speculative suggestion and would benefit
from the use of D2O or KOD to see where exchange
occurred. It has been stated that base can give faster
dissociation of catalyst-product complexes in homo-
geneous chiral reaction [14], but it is not possible to
be more specific in this case without further detailed

study. However, while the literature reports effects
due to the metal ion (Fig. 7), there is little explanation
as yet of the role of the OH− ion, which is important
as M+ alone in the form of alkali metal ions is not
effective in respect of rate and selectivity enhance-
ment. Clearly, there is a co-promotional effect of M+
and OH−.

4.2.3.1. The variation of promoter salts. From
Table 5, the rate of the reaction depends on the type
of metal salts in the order LiOH > NaOH > KOH >

CH3COOK==KCl==KNO3 > NH4OH. LiOH gave
the highest activity in the reaction.

5. Conclusions

1. The TPR profiles indicated that there is genuine
interaction between the platinum and the cobalt.

2. The effects of promoting the 5% (w/w) Pt/G with
Co on catalyst activity and selectivity were rela-
tively complex and when the solvent system was
toluene/water (1:1) with KOH, the activity was
improved from 1.3×10−3 to 3.4×10−3 mol/l min
at the similar conversion level and the selectivity



W. Koo-amornpattana, J.M. Winterbottom / Catalysis Today 66 (2001) 277–287 287

to cinnamyl alcohol was increased between 0 and
60 mol% Co from 44 to 73% at similar conversion
level in a biphasic toluene–water system.

3. Promotion of platinum catalysts with bases en-
hanced selectivity to cinnamyl alcohol up to 96%
at high conversion. Moreover, the selectivity to cin-
namyl alcohol is strongly influenced by the OH−
group as shown in the order of KOH > NaOH >

LiOH > NH4OH > KNO3 > CH3COOK > KCl,
but the metal cation is also influential and both
M+ and OH− appear to be vital to high activity
and selectivity.

4. The activity was increased by increasing the con-
centration of KOH, catalyst loading, and hydrogen
partial pressure, but was constant with cinnamal-
dehyde concentration.

5. The selectivity decreased with increasing the tem-
perature at similar conversion levels. In contrast,
the selectivity improved with increasing concentra-
tion of cinnamaldehyde with no significant change
when the hydrogen partial pressure was increased.

6. The reaction order is zero-order in cinnamal-
dehyde concentration and first-order in hydrogen
partial pressure.

7. Activation energy measurements indicate that the
reaction is significantly transport controlled and
that gas absorption resistance is more significant
than liquid–solid mass transport in its influence on
energy of activation.

For further reading see [11].
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