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Liquid-phase citral hydrogenation over SiO2-supported Group
VIII metals at 300 K and 1 atm was studied in the absence of all
transport limitations as verified by the Madon–Boudart test and the
Weisz–Prater criterion. The initial TOF (turnover frequency) for cit-
ral hydrogenation varied by three orders of magnitude and exhibited
the following trend: Pd>Pt> Ir>Os>Ru>Rh>Ni>CoÀFe
(no activity was detected over Fe/SiO2). When TOF is correlated
with percentage d-character, a volcano plot results. There are signif-
icant differences in product distribution among the different metals,
with Os, Ru, and Co exhibiting high selectivity toward the unsat-
urated alcohol isomers (geraniol and nerol), while Rh, Ni, and Pd
were more selective for citronellal and isopulegol. The variation in
product distribution among the various metals is rationalized on
the basis of the d-band widths that affect the relative importance
of the stabilizing two-electron interactions and destabilizing four-
electron interactions. With the exception of Ni/SiO2, all catalysts
exhibited substantial deactivation that was attributed to inhibition
by adsorbed CO produced by the decomposition of either citral or
the unsaturated alcohol. In contrast, Ni/SiO2 exhibited an initially
low, stable TOF during the first 7 h that then increased fourfold and
again remained constant to 84% citral conversion, at which point
the run was terminated. c© 2001 Academic Press
INTRODUCTION

α,β-Unsaturated aldehydes represent a broad class of in-
dustrially relevant compounds useful in the specialty and
fine chemicals industry, and hydrogenation of these com-
pounds is of both industrial and fundamental interest (1,
2). Citral (3,7-dimethyl-2,6-octadienal) was chosen here as
a probe molecule to study liquid-phase hydrogenation of
α,β-unsaturated aldehydes because it has three unsaturated
bonds including conjugated C==O and C==C bonds as well
as an isolated C==C bond. Our investigation to date has
focused on understanding the influence of reaction param-
eters (3, 4), crystallite size effects (5, 6), and metal–support
interactions (7) on the kinetics of citral hydrogenation.

Some researchers previously have studied metal speci-
ficity related to liquid-phase α,β-unsaturated aldehyde hy-
drogenation, with most of the work done using croton-
aldehyde and cinnamaldehyde as reactants. The work to
date has been cited and summarized in a recent review
by Gallezot and Richard (1). In general Os, Ru, and, to a
73
smaller extent, Pt favor C==O bond hydrogenation (8–11),
while Ni and Pd were more selective for C==C bond hydro-
genation (12–14). The differences among Group VIII met-
als have been addressed by the theoretical work of Delbecq
and Sautet (15) as well as the density functional theory cal-
culations of Pallassana and Neurock (16). The extended
Huckel calculations of Delbecq and Sautet, in particular,
suggest that the narrower the width of the metal d-band,
the greater the interaction of the metal surface with the
conjugated olefinic bond compared to the carbonyl bond
(15).

Figure 1 displays the reaction network during citral hy-
drogenation over supported Group VIII metals. Thermo-
dynamic calculations indicate that the isolated C==C bond
should be the easiest to hydrogenate followed by the conju-
gated C==C bond and, finally, the C==O bond (17). By alter-
ing the metal, different geometric and electronic parame-
ters are introduced that affect adsorption and reaction; thus
a wide variation in reaction rate and product distribution
can exist. In the present study, citral hydrogenation is exam-
ined over SiO2-supported Group VIII metals at 300 K and
atmospheric pressure, with particular emphasis on obtain-
ing specific activities in the form of turnover frequencies
(TOFs) under differential conditions free of mass transfer
limitations. The product distributions varied significantly
and the initial TOF varied by three orders of magnitude
among these nine metals, and the latter property exhibited a
maximum when correlated with the percentage d-character
(18).

EXPERIMENTAL

a. Catalyst Preparation and Characterization

Davison grade 57 silica gel (220 m2/g) was dried and cal-
cined at 773 K for 2 h prior to impregnation. The η-Al2O3

support was prepared by calcination of β-alumina tri-
hydrate (Exxon Research and Engineering Co., 245 m2/g)
at 873 K for 4 h. The catalysts were prepared using an in-
cipient wetness technique by impregnating the dry calcined
support with the following precursors: Fe(NO3)3 · 9H2O
(Alfa Aesar, 99.999%), Co(NO3)3 · xH2O (Alfa Aesar,
99.998%), Ni(NO3)3 · 6H2O (Alfa Aesar, 99.995%),
RuCl3 · xH2O (Aldrich, 99.98%), RhCl3 · xH2O (Aldrich,
0021-9517/01 $35.00
Copyright c© 2001 by Academic Press

All rights of reproduction in any form reserved.



74 SINGH AND

FIG. 1. Reaction network for citral hydrogenation over Group VIII
metals.

99.98%), PdCl2 (Strem, 99.9%), OsCl3 · xH2O (Aldrich,
99.9%), IrCl3 · 3H2O (Alfa Aesar, 99.9%), H2PtCl6 ·H2O
(Aldrich, 99.995%). A 3.8% Pt/SiO2 catalyst was pre-
pared using an ion-exchange technique with Pt(NH3)4Cl2
(Aldrich, 99.9%) as the precursor, as described elsewhere

(19). The catalysts were dried overnight at 393 K and citral hydrogenation at 300 K and atmospheric pressure,

stored in a desiccator. With the exception of Pt/SiO2, which

TABLE 1

H2 and CO Chemisorption at 300 K and Initial Activity at 300 K, 103 kPa H2, and 0.6 M Citral in Hexane
for SiO2-Supported Group VIII Metals

H2 uptakes (µmol g · cat)
Initial activity Initial TOF

Catalyst Precursor Treduction/Time (H2)total (H2)rev (H2)irr H/M (µmol/g cat/min) (1000 s−1)

8.06% Fe/SiO2 Fe(NO3)3 723 K/20 h 3.5 3.0 0.5 0.005 ND ND
8.06% Fe/SiO2 Fe(NO3)3 calc 623 K/1 h 0.2 0.2 0.0 0.0003 ND ND

red 723 K/1 h
8.06% Fe/SiO2 Fe(NO3)3 calc 623 K/1 h 2.9 1.6 1.3 0.004 ND ND

red 723 K/1 h
T= 423 K

7.90% Co/SiO2 Co(NO3)3 723 K/15 h 8.9 6.6 2.3 0.01 0.1 0.10
7.90% Co/SiO2 Co(NO3)3 723 K/3 h 11.7 8.7 3.0 0.01 0.4 0.25
6.49% Ni/SiO2 Ni(NO3)2 723 K/15 h 27.7 7.5 20.2 0.05 2.4 0.7
6.49% Ni/SiO2 Ni(NO3)2 723 K/1 h 34.8 13.0 21.8 0.06 1.6 0.4
0.75% Ru/SiO2 RuCl3 723 K/1 h 6.3 3.6 2.7 0.17 1.6 2.1
0.43% Rh/SiO2 RhCl3 723 K/1 h 7.6 4.0 3.6 0.36 1.3 1.4
1.58% Pd/SiO2 PdCl2 723 K/1 h 32.5 29.5 2.6 0.04 37.4 120
0.08% Pd/η-Al2O3 PdCl2 723 K/1 h 2.4 0.9 1.5 0.40 25.2 140
0.94% Pd/η-Al2O3 PdCl2 723 K/1 h 41.3 19.3 22.0 0.50 39.6 150
1.20% Pd/η-Al2O3 PdCl2 723 K/1 h 34.5 20.0 14.5 0.26 1042 598
<1% Os/SiO2 OsCl3 723 K/1 h 3.0 2.6 0.4 1.0 2.7
<1% Ir/SiO2 IrCl3 723 K/1 h 17.4 8.9 8.5 8.4 4.0
1.44% Pt/SiO2 H2PtCl6 673 K/1 h 5.6 3.4 2.2 0.15 — —

as shown in Fig. 2. The reactor system had three unique
3.08% Pt/SiO2 Pt(NH3)4Cl2 673 K/1 h 64.1

Note. ND, not detected.
VANNICE

FIG. 2. Low-pressure reaction system for studying citral hydrogena-
tion at atmospheric pressure: (1) pressure controller, (2) mass flow sensor,
(3) mass flow controller, (4) modular control unit.

was reduced at 673 K, all catalysts were reduced at 723 K
using the reduction times listed in Table 1. H2 and CO
chemisorption was measured on all catalysts at 300 K using
the dual isotherm method (20). Dispersions and TOFs
were calculated based on the total H2 uptake except for
Pd, for which the irreversible H2 uptake was used because
bulk hydride formation prevented use of the total uptake.

b. Catalytic Hydrogenation

A glass reactor system was built to study liquid-phase
24.6 39.5 0.66 108 18.0
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features that deserve mention, i.e., in situ catalyst reduc-
tion under flowing hydrogen, degassing of hexane and citral
with N2 to remove trace quantities of dissolved oxygen, and
a stirring magnet rotated by a magnetic housing connected
via a flexible shaft to a high-speed motor capable of reach-
ing stirring rates in excess of 5000 rpm. Approximately 0.5
to 1.0 g catalyst was charged into the reactor, which was
then sealed, leak tested, and purged with 200 sccm He for
3 h prior to a 60-min ramp to the desired reduction temper-
ature. Once the reduction temperature was reached, 200
sccm H2 was purged through the reactor for 75 min prior
to cooling to room temperature in hydrogen. A graduated
vessel connected to one of the ports on the reactor was filled
with 2 ml citral (Sigma, 97–35% neral, 65% geranial) and
240 ml of hexane (Fisher, Optima Grade). Nitrogen (MG
Industries) was passed through hydrocarbon and moisture
traps (Alltech) and bubbled through the citral/hexane mix-
ture in this holding vessel for 30 min; then 200 ml of this de-
gassed mixture was introduced into the reactor and stirring
was commenced. The standard reaction conditions used in
the present study were 300 K, 15 psia H2 (103.3 kPa), and
0.06 M citral in hexane. The pressure was maintained to
within 0.5 psia of the set point with a Brooks 5866 pressure
controller connected to a Brooks 5860E mass flow sensor.
Reaction progress was monitored by taking periodic liquid
samples that were analyzed using a H-P 5890 gas chromato-
graph.

RESULTS

Table 1 lists the H2 and CO chemisorption results at 300 K
with these supported Group VIII metals. The Fe, Co, and Ni
catalysts were prepared using nitrate precursors and high
metal loadings to obtain large crystallites, facilitate metal
reducibility, and minimize the influence of metal–support
interactions that can occur in such systems (21, 22). Fe/SiO2

did not adsorb hydrogen irreversibly at 300 K regardless of
pretreatment conditions; however, Feo was present after
calcination at 623 K and reduction at 723 K for 1 h as evi-
denced by CO chemisorption at 193 K and H2 chemisorp-
tion at 423 K, both of which are techniques that are ca-
pable of detecting Feo surface atoms (23, 24). In addition,
Mössbauer spectra indicated the presence of large Feo par-
ticles after reduction at 723 K for 20 h, exposure to air, and
then another reduction at 673 K for 1 h (25).

Prior to evaluating reaction kinetics, it was important to
ensure that all transport limitations were absent by appli-
cation of the Madon–Boudart test (26). Figure 3 shows a
ln–ln plot of activity vs Pds concentration over a family of
SiO2- and η-Al2O3-supported Pd catalysts in which the con-
centration of surface Pd atoms, Pds, obtained from the irre-
versible H2 uptake at 300 K, varied more than 20-fold from

3 to 66 µmol Pds/g cat. A slope near unity was obtained
within experimental uncertainty indicating the absence of
L HYDROGENATION 75

FIG. 3. Madon–Boudart test with a family of Pd catalysts at 300 K,
103 kPa H2, and 0.06 M citral in hexane.

any mass transfer limitations in the kinetic data. Applica-
tion of the Madon–Boudart test at two different reaction
temperatures can ensure that heat transfer, as well as mass
transfer, limitations are absent; however, as discussed later,
application of this test at one temperature is sufficient to
verify the absence of transport limitations in the present
case.

Figure 4 shows the temporal citral conversion profile
during hydrogenation over 0.5 g of 3.8% Pt/SiO2 at stan-
dard conditions. With the exception of Ni/SiO2, all cata-
lysts exhibited an initial rate followed by a substantial
decrease in activity. This deactivation complicated the eval-
uation of reaction rates; therefore, a standard procedure
for evaluating rates was developed by fitting the temporal
FIG. 4. Temporal citral conversion profile for citral hydrogenation
over 3.80% Pt/SiO2 at 300 K, 103 kPa H2, and 0.06 M citral in hexane.
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FIG. 5. Temporal citral conversion profile for citral hydrogenation
over 6.49% Ni/SiO2 at 300 K, 103 kPa H2, and 0.06 M citral in hexane.

citral conversion profile to a logarithmic profile and de-
termining the rate based on the derivative of the profile
at 5% citral conversion. For example, the temporal cit-
ral conversion profile for reaction over Ru/SiO2 was fit by
3.0139 ∗ Ln(time)+ 1.9002, and the TOF at 5% conversion
was 0.0021 s−1. Ni/SiO2 was the one catalyst that exhibited
substantially different kinetics because the initial TOF for
citral disappearance remained constant at 0.0007 s−1 for the
first 7 h of reaction and then increased fourfold to 0.003 s−1

and again remained constant up to 80% citral conversion.
This is shown in Fig. 5.

Table 2 displays the product distributions at 5% con-
version during citral hydrogenation at standard conditions
over the SiO2-supported catalysts. With the exception of
Pt, none of the catalysts produced citronellol. Furthermore,
none of these catalysts produced detectable amounts of di-
hydrocitronellal or the completely saturated product (3,7-

dimethyloctanol) at 5% citral conversion. The Pt/SiO cata-
lyst

the data. However, it has been shown earlier that tem-
ms,
2

produced 23% citronellol and 50% citronellal. The

TABLE 2

Product Distribution at 5% Citral Conversion over SiO2-Supported Group VIII Metals during Reaction at 300 K, 103 kPa
H2, and 0.06 M Citral in Hexane

Geranoil+ 3,7-Dimethyl-
Catalyst nerol Citronellal Isopulegol Citronellol 2-octenal Dihydrocitronellal 3,7-Dimethyloctanol

8.06% Fe/SiO2 — — — — — — —
7.90% Co/SiO2 55 30 15 0 0 0 0
6.49% Ni/SiO2 0 61 39 0 0 0 0
0.75% Ru/SiO2 56 27 17 0 0 0 0
0.43% Rh/SiO2 0 74 26 0 0 0 0
1.58% Pd/SiO2 0 69 7 0 24 0 0
Os/SiO2 88 12 0 0 0 0 0
Ir/SiO2 0 52 34 0 14 0 0

perature gradients are lower in liquid–solid syste
3.8% Pt/SiO2 0 50 12 23
VANNICE

most selective metal for C==O bond hydrogenation was Os,
which gave nearly 90% selectivity to the unsaturated al-
cohol isomers (geraniol+ nerol) with the remainder being
citronellal. Both Ru/SiO2 and Co/SiO2 gave approximately
55% unsaturated alcohol with about 30% citronellal and
15% isopulegol constituting the balance of the products.
Pd and Ni catalysts exhibited the highest initial selectiv-
ity to citronellal, i.e., approximately 70%. The selectivities
tabulated in Table 2 represent a snapshot of the reaction
mixture at only one citral conversion; thus it is important
to examine the selectivity vs conversion behavior in greater
detail to better understand metal specificity. Figure 6 dis-
plays the cumulative selectivity vs conversion plots for all
the SiO2-supported Group VIII metals, and the results are
arranged in order of the metal’s location in the periodic ta-
ble. No product distribution is displayed for Fe/SiO2 due to
the negligible activity observed during reaction. The cumu-
lative selectivity is defined as

Si = Ci∑
Products Ci

,

where Ci is the concentration of species i. The range of
conversion encompassed by the various metals varies from
approximately 10% over Rh and Os to nearly 100% over
Ni catalysts. This difference is attributed to greater deac-
tivation with some of the catalysts, especially those at low
loadings.

DISCUSSION

Mass Transfer and Crystallite Size Effects

The influence of mass transfer effects was evaluated by
the application of the Madon–Boudart test at 300 K to test
for internal and external mass transfer limitations (26). Ap-
plication of this test at two different temperatures can en-
sure that neither heat nor mass transfer limitations affect
15 0 0
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FIG. 6. Product distribution exhibited by SiO2-supported Group VIII metals during citral hydrogenation at 300 K, 103 kPa H2, and 0.06 M citral

in hexane. Figures are arranged in order of the metal location in the periodic table of elements. (d) geraniol plus nerol, (s) citronellal, (j) isopulegol,
∗
( ) dihydrocitronellal, (m) citronellol, (♦) 3,7-dimethyl-2-octenal.

compared to gas–solid systems, due to the higher heat ca-
pacities and thermal conductivities in the former (7). More-
over, internal diffusion limitations were also shown to be
absent by applying the Weisz–Prater parameter (27) to a
1.58% Pd/SiO2 catalyst, which gave a value of 0.002 and as-
sured the absence of internal diffusion limitations. There-
fore, all these results indicate the absence of any transport
limitations from the kinetic data reported here.

It should be mentioned that crystallite size effects are
not expected to have a significant influence on the differ-
ences in the kinetics among the various metals. Mercadante
et al. have shown that citral hydrogenation over Ru/Al2O3

is structure insensitive at 333 K (11). We have previously
shown that the crystallite size effect observed at 373 K and
20 atm H2 with Pt/SiO2 was not observed during reaction
at 300 K (5). Furthermore, no crystallite size effect was ob-

served with supported Pd catalysts, as shown in Table 1
for a family of Pd/SiO2 and Pd/η-Al2O3 catalysts in which
the dispersion varied from 0.04 for 1.58% Pd/SiO2 to 0.60
for 1.20% Pd/η-Al2O3. The TOFs on 0.08% Pd/η-Al2O3

(Hirr/Pd= 0.40), 0.94% Pd/η-Al2O3 (Hirr/Pd= 0.50), 1.58%
Pd/SiO2 (Hirr/Pd= 0.04), and 1.2% Pd/η-Al2O3 (Hirr/Pd=
0.60) are 0.14, 0.15, 0.12, and 0.59 s−1, respectively. These
results imply the absence of any significant crystallite size ef-
fects at 300 K. In addition, the product distribution was also
unaffected by crystallite size for citral hydrogenation over
Pt/SiO2, Pd/SiO2, and Ru/Al2O3 catalysts (5, 11). There-
fore, the product distributions over the Group VIII metals
reported in the present study are presumed to be unaffected
by crystallite size effects.

Catalyst Deactivation

The deactivation behavior exhibited by Pt/SiO2 (Fig. 4),

as well as Ru, Rh, Pd, Os, Ir, and Co, is consistent
with the behavior observed during high pressure citral
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hydrogenation over Pt/SiO2 at 300 K, which was attributed
to a decarbonylation reaction yielding adsorbed CO that
blocked active sites (3). There are spectroscopic studies of
Pt, Pd, Ru, and Rh surfaces that clearly indicate the pres-
ence of adsorbed CO during adsorption and decomposi-
tion of unsaturated aldehydes and alcohols (28–33). Based
on such spectroscopic evidence as well as several kinetic
studies, unsaturated alcohol decomposition was suggested
to be responsible, at least in part, for the deactivation be-
havior (3, 4). The deactivation exhibited by Rh and Pd in
the absence of the unsaturated alcohol suggests that citral
decomposition may also occur on some metals during the
hydrogenation reaction. Citronellal decomposition is not
a likely source of the deactivation because surface science
studies by Davis and Barteau have shown that the presence
of a vinyl substituent adjacent to the C==O bond in acrolein
results in it having a lower activation barrier for decarbony-
lation compared to propanal (31). In addition, a DRIFTS
study of citral, citronellal, and geraniol decomposition indi-
cated that citral and geraniol decarbonylation occurred at a
lower temperature compared to that of citronellal (25). The
deactivation behavior observed over these metal surfaces
indicates that the decomposition reaction occurs at rela-
tively low temperatures, i.e., 300 K, which is consistent with
the work of de Jesus and Zaera which has shown that most
of the decarbonylation of acrolein and crotonaldehyde on
Pt (111) occurs between 250 and 340 K (28).

In addition to spectroscopic studies with single crystal
surfaces, Lercher and coworkers (34) have found indirect
evidence for CO involvement in the deactivation process
during liquid-phase crotonaldehyde hydrogenation over
Pt/SiO2. They observed temporal conversion profiles simi-
lar to the profile shown in Fig. 4. When a completely deac-
tivated catalyst was purged with O2 to oxidize adsorbed
CO to CO2, the initial activity prior to the deactivation
was retained (34). Figure 7 displays similar results for citral
hydrogenation over 3.80% Pt/SiO2 at 300 K and 103 kPa
H2. An initial TOF of 0.016 s−1 was obtained followed by
substantial deactivation yielding a 20-fold lower TOF of
0.0008 s−1 after 4 h of reaction. Purging the reactor with air
and reintroducing H2 produced a TOF of 0.015 s−1, thus re-
gaining the activity at the start of the reaction. In agreement
with the results of Lercher and coworkers, this procedure
restored the initial activity but did not affect the product
distribution. Since the oxidation treatment was performed
at 300 K, the oxidation of carbonaceous species is not ex-
pected because such processes require higher temperatures
(35). Furthermore, the carbonaceous species resulting from
the decarbonylation reaction are rapidly hydrogenated and
desorbed from the surface (36, 37). The inhibiting effect of
CO was also shown by the following experiment. The cata-
lyst was purged with He for 2 h at 673 K after the reduction

step and cooled to room temperature in He, and then CO
was adsorbed on the catalyst at 300 K prior to the addition
VANNICE

FIG. 7. Temporal citral conversion profile for citral hydrogenation
over 3.80% Pt/SiO2 at 300 K, 103 kPa H2, and 0.06 M citral in hexane. Air
(1000 sccm) was purged through the reactor at 300 K after 5 h of reaction
to restore the initial activity.

of citral and hexane to start the reaction. A comparison of
the temporal citral conversion profiles is shown in Fig. 8.
The CO-inhibited catalyst exhibits an order of magnitude
lower TOF compared to the catalyst that had not been ex-
posed to CO. Since studies with single crystal Rh, Pd, and Pt
surfaces (28–31) and SiO2-supported Ru and Co catalysts
(32, 33, 38) have shown the presence of a decarbonylation
reaction during the adsorption of α,β-unsaturated aldehy-
des, it is reasonable to expect that the decarbonylation re-
action proposed for Pt/SiO2 deactivation can also occur on
SiO2-supported Rh, Pd, Ru, and Co. Toroude has shown

FIG. 8. Influence of CO adsorption prior to reaction on the temporal

citral conversion profile for hydrogenation over 3.80% Pt/SiO2 at 300 K,
103 kPa H2, and 0.06 M citral in hexane.
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TABLE 3

Total Number of Turnovers (TNT) during Citral
Hydrogenation over SiO2-Supported Group VIII
Metals at 300 K, 103 kPa H2, and 0.06 M Citral
in Hexane

Metal Total number of turnovers

8.06% Fe/SiO2 —a

7.90% Co/SiO2 32b

6.49% Ni/SiO2 61c

0.75% Ru/SiO2 25.5
0.43% Rh/SiO2 7.1
1.58% Pd/SiO2 138.5
Os/SiO2 196.0
Ir/SiO2 12.6
3.8% Pt/SiO2 8.3

a No activity detected.
b Slow deactivation. Plateau was not reached.
c No deactivation was observed.

acrolein decarbonylation on Co, Rh, and Fe; therefore, CO
inhibition may also exist on these catalysts (9). Although
alternative inhibition mechanisms, such as C–O bond hy-
drogenolysis, have been suggested to occur on various met-
als (9, 36), and they cannot be discounted at this time, the
results presented in Figs. 7 and 8 in conjunction with earlier
studies (3, 5) argue strongly in favor of the decarbonylation
reaction as the source of the deactivation.

Table 3 lists the total number of turnovers (TNT), defined
as the moles of citral converted per mole of surface metal
atom, prior to complete deactivation. The TNT was eval-
uated using the conversion at the plateau of the temporal
citral conversion profile, i.e., 35% for the profile in Fig. 4.
The results presented for Co/SiO2 must be taken with cau-
tion due to the slower deactivation exhibited by this catalyst
which prevented the plateau-like behavior from being real-
ized in the time span of the experiment. However, it should
be stressed that the Co/SiO2 also exhibited deactivation dur-
ing the course of the reaction. Furthermore, the TNT value
listed for Ni/SiO2 was calculated using 84% conversion, the
maximum conversion observed, since no deactivation oc-
curred during reaction. No correlation of the TNT with
percentage d-character or d-band width could be found. Pt
and Rh have the lowest TNT, and therefore it may be ar-
gued that these catalysts have a greater propensity for the
decarbonylation reaction compared to SiO2-supported Pd
and Os, which exhibit TNT values that are more than an
order of magnitude higher. It is difficult to rationalize the
differences in TNT among the various metals since they
reflect inhibition arising from citral or unsaturated alcohol
decomposition, and the mechanistic details of these reac-
tions vary among the Group VIII metals (39). Barteau and
coworkers have suggested that ethanol decomposition on

Rh occurs through an oxametallacycle intermediate (30),
compared to an aldehyde intermediate on Pt, Pd, and Ni sur-
L HYDROGENATION 79

faces (39–42). Furthermore, while Davis and Barteau ob-
served hydrocarbon desorption during ethanol decomposi-
ton over Pd (40), no such products were observed during
ethanol decomposition over Pt and Rh (30, 41). In addition
to the mechanistic variation of the decomposition reaction,
Shekhar and Barteau have shown that the alcohol decom-
position reaction is structure sensitive on Pd (43), which in-
troduces another parameter in the deactivation mechanism
that may help explain the differences in the total number of
turnovers exhibited by the Group VIII metals in the present
study.

The temporal concentration profile over Ni/SiO2 differs
markedly from the profiles with the other active metals, as
shown in Fig. 5. Similar behavior is also apparent in the
results of Tiainen et al. for citral hydrogenation at atmo-
spheric pressure over a Ni/Al2O3 catalyst (14), although it
was not explicitly stated, and their results also suggest a de-
crease in reaction rate with increasing temperature similar
to the behavior observed with Pt/SiO2. The kinetics of citral
hydrogenation over Ni/SiO2 exhibit two regimes, as shown
by the temporal citral conversion and the instantaneous
citronellal selectivity profiles in Fig. 9. The instantaneous
selectivity is defined as

SINST
i = r i∑

Products r i
,

where ri is the rate of each step in Fig. 1. This parameter
is a more accurate representation of instantaneous changes
in product distribution during reaction (5). The low initial
TOF of 0.0007 s−1 observed during the first 7 h of reaction
up to 10% conversion is accompanied by an increase in the

FIG. 9. Temporal citral conversion profile and instantaneous selectiv-
ity to citronellal during citral hydrogenation over 6.49% Ni/SiO2 at 300 K,

103 kPa H2, and 0.06 M citral in hexane. Dotted line denotes change in
trend.
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instantaneous selectivity to citronellal from 60% initially to
90% after 7 h of reaction. Subsequently, the temporal citral
conversion profile exhibits a fourfold enhancement in TOF
with a near zero-order dependence on citral that is accom-
panied by a 95% instantaneous selectivity to citronellal up
to citral conversions greater than 80%.

Since complete reduction of SiO2-supported Fe, Co, and
Ni catalysts can be difficult, it is tempting to suggest that
the increase in rate during reaction may be related to fur-
ther reduction of Co and Ni during reaction. However, this
is not believed to be the case for the following reasons.
Mössbauer results revealed large Feo crystallites and no
Fe2+ or Fe3+ species in the 8.06% Fe/SiO2 catalyst after
reduction at 723 K for 20 h, exposure to air at room tem-
perature, and re-reduction in situ at 673 K for 1 h. The
absence of bulk oxide in Fe/SiO2, even after exposure to air
and reduction at 673 K for only 1 h, suggests that a Ni/SiO2

catalyst undergoing an identical pretreatment should also
have only Nio in the bulk. Furthermore, H2 chemisorption
at 300 K clearly reveals the presence of Nio at the surface.
In view of the above results, the increase in rate during re-
action on Ni/SiO2 should not be due to additional reduction
under reaction conditions, but is more likely due to kinetic
factors. It is our hypothesis that the initial induction period
involves competitive adsorption and reaction of impurities
in citral, which was obtained commercially with a purity
of 97%. To test this explanation, the experiment shown
in Fig. 10 was conducted. This figure displays the tempo-
ral citral conversion profile for citral hydrogenation over
6.49% Ni/SiO2 under standard conditions. The TOF during
the initial induction period was 0.0011 s−1, after which time
a TOF of 0.0028 s−1 was measured. Addition of another
0.40 g of freshly reduced catalyst resulted in a similar TOF
of 0.0036 s−1. This is exactly what would be expected if the
initial induction period were due to the competitive hydro-

FIG. 10. Temporal citral conversion profile for reaction over 0.45 g

6.49% Ni/SiO2 at 300 K, 103 kPa H2, and 0.06 M citral in hexane. Freshly
reduced 6.49% Ni/SiO2 (0.40 g) was added after 19 h of reaction.
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TABLE 4

Effect of H2 Pressure on TOF and Product Distribution
(at 20% Citral Conversion) during Citral Hydrogenation over
Pt/SiO2 at 300 K

1 atm H2
a 20 atm H2

b

TOF (s−1) 0.018 0.19
Geraniol+ nerol 10 10
Citronellal 32 38
Isopulegol 12 4
Citronellol 23 23
3,7-Dimethyl-2-octenal 23 18
Dihydrocitronellal 0 2
3,7-Dimethyloctanol 0 5

a Reaction was conducted over 3.8% Pt/SiO2 catalyst at 300 K,
15 psia H2, with 0.06 M citral in hexane.

b Reaction was conducted over 1.4% Pt/SiO2 catalyst at 300 K,
20 atm H2, with 1 M citral in hexane.

genation and removal of impurities in the feed that inhibit
the reaction. This result argues against Ni surface modifica-
tion under reaction conditions as a cause for the initial rate
increase. At this stage, it is unclear why Ni appears to be the
most susceptible to feed impurities, and detailed kinetics in
the form of temperature dependence and reaction orders
are required to better understand this behavior.

No significant activity could be detected over the 8.06%
Fe/SiO2 sample used in the present study. This is not sur-
prising in view of Touroude’s gas-phase results for acrolein
hydrogenation and deuteration over supported Group VIII
metals. He attributed the low deuterium–acrolein activity
on iron to carburetion of the catalyst based on similar re-
sults obtained with butadiene (9).

Pressure Effects

Pressure effects in such reactions have been noted (1),
but a comparison of the product distribution at 1 atm over
Pt/SiO2 at 20% citral conversion in the present study with
that obtained earlier for citral hydrogenation at 300 K and
20 atm H2 (3) reveals no significant pressure effect on prod-
uct distribution over Pt catalysts, as shown in Table 4. One
of the differences in the product distribution between re-
action at 1 and 20 atm is the 5 and 2% selectivity for 3,7-
dimethyloctanol and dihydrocitronellal at 20 atm. It is not
surprising that the isolated and tri-substituted C==C bond is
slower to hydrogenate at low pressures, and more vigorous
conditions are required for its hydrogenation. Furthermore,
selectivity to isopulegol is greater at 20 atm, compared to
that at 1 atm, for reasons that are not clear presently. The ab-
sence of a significant pressure effect on product distribution
for more than an order of magnitude increase in H2 pres-
sure suggests similar reaction orders with respect to H2
pressure among the steps in the parallel reaction network
of citral hydrogenation to yield the partially saturated
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aldehyde (citronellal) or the unsaturated alcohol isomers
(geraniol and nerol). In addition, the initial rate exhibits
a near first-order dependency on H2 pressure because the
initial TOF for citral hydrogenation increased from 0.018
to 0.19 s−1 as the H2 pressure increased from 1 to 20 atm.

Metal Specificity

Most of the experimental studies of α,β-unsaturated
aldehyde adsorption have focused on acrolein and croton-
aldehyde. Barteau and coworkers studied acrolein adsorp-
tion on single crystal Pd and Rh surfaces (29–31, 44) while
de Jesus and Zaera studied crotonaldehyde and acrolein
on Pt (111) (28). Cordier and coworkers examined cro-
toanaldehyde and 3-methylcrotonaldehyde adsorbed on
various Pt single crystal surfaces (37, 45, 46), while Bailie
et al. have investigated acrolein adsorption and hydrogena-
tion on SiO2-supported Co (38). Unfortunately, similar
studies do not exist for citral, and detailed surface science
studies of α,β-unsaturated aldehyde adsorption on Os, Ir,
or Ni surfaces have not yet been reported. Nevertheless,
there are some generalizations that can be made based on
the experimental data and the theoretical results that have
been reported.

Significant differences exist in product distribution
among the different metals, as shown in Table 2 and Fig. 6.
Despite the bulky substituent groups at the conjugated
C==C bond of citral, metals such as Ni, Rh, and Pd are
highly selective toward hydrogenation of the conjugated
C==C bond and not the C==O bond. In fact, Ni exhibits an
instantaneous selectivity to citronellal of nearly 95% af-
ter the initial induction period (Fig. 9). This is in contrast
to what would have been expected from steric arguments
that would suggest that the presence of bulky substitutent
groups at the conjugated C==C bond hinders adsorption via
this bond and its hydrogenation, thus enhancing selectivity
for C==O bond hydrogenation (10, 46, 47). Furthermore, a
recent study by de Jesus and Zaera indicates that croton-
aldehyde interacts with the Pt (111) surface primarily via
the conjugated C==C bond, despite the methyl substituent
on one of the C atoms in the conjugated C==C bond, whereas
acrolein interacts with the surface primarily via the C==O
bond (28). In view of these results, it appears that steric ef-
fects imposed by substituent groups on the C atoms in the
C==C bond do not have as large an influence on intramolec-
ular selectivity as the nature of the metal.

As mentioned previously and reinforced by others (16,
28), there is scant experimental data for adsorption of
more complex α,β-unsaturated aldehydes, such as citral,
on Group VIII metals; therefore, the adsorption behavior
of such compounds is unknown. However, acrolein adsorp-
tion on Pt, Pd, and Rh surfaces has been studied in some
detail (28, 29, 44). The RAIRS study of de Jesus and Zaera

indicates that acrolein is coordinated parallel to the surface
with primary interaction via the C==O bond (28). Similarly,
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Barteau and coworkers have found that acrolein interacts
with Pd and Rh via the C==O bond in a η2(C, O) configura-
tion at 90 K, with subsequent rehybridization around 150–
170 K to an η4(C, C, C, O) mode. It should be stressed that
the results of de Jesus and Zaera indicate that, in contrast to
acrolein, crotonaldehyde interacts with a Pt (111) surface
primarily via the C==C bond, which is consistent with our
results for citral hydrogenation showing that citronellal was
the primary product over Pt. It is surprising that the results
of Barteau and coworkers indicate that acrolein interacts
with Pd and Rh in an η2(C, O) mode because during citral
hydrogenation on Pd and Rh no products rising from C==O
bond hydrogenation are formed. It may be that the dif-
ferences in adsorption behavior between crotonaldehyde
and acrolein on Pt (111) that were observed by de Jesus
and Zaera (28) may also occur with Rh and Pd surfaces,
and the C==C bond containing the most substituent groups
is the one primarily interacting with the surface. Both the
DFT calculations of Pallassana et al. (48) and the HREELS
study of Xu and Goodman (49) have shown that maleic an-
hydride (which also contains conjugated C==C and C==O
bonds) interacts with the Pd (111) surface via the C==C
bond. Furthermore, theoretical studies of Re (located next
to Os in the periodic table of elements) indicate that maleic
anhydride interacts with the Re (0001) surface via the C==O
bond (48). Assuming similar behavior for Re and Os, the
theoretical results are consistent with our experimental data
which show that Pd favors hydrogenation of the C==C bond
whereas Os favors hydrogenation of the C==O bond. In
view of the previous discussion, it is difficult to explain
our results only on the basis of surface science studies be-
cause the adsorption behavior of complex α,β-unsaturated
aldehydes, for which scant data exist, appears to be dif-
ferent from that of simpler model compounds, which pre-
fer interaction via the C==O bond on Pt, Pd, and Rh
surfaces.

Delbecq and Sautet utilized extended Huckel calcula-
tions to study adsorption of unsaturated organics on various
Pt and Pd single crystal surfaces, and they have interpreted
their results in terms of stabilizing two-electron interac-
tions and destabilizing four-electron interactions, with ad-
sorption strength and geometry determined by the balance
between these interactions (15, 50, 51). The two-electron
interactions involve electron transfer between the organic
molecule and the metal surface and include the conven-
tional donation and back donation processes, whereas the
four-electron interactions involve destabilizing and repul-
sive interactions between filled states at the metal sur-
face and the occupied molecular orbitals of the organic. It
should be stressed, as the authors have themselves stated,
that these results must be examined from a qualitative
perspective due to the uncertainty inherent in quantita-
tive comparisons of extended Huckel calculations; how-

ever, the arguments developed by Delbecq and Sautet for
the adsorption of α,β-unsaturated aldehydes on Pt and Pd
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surfaces can be utilized to rationalize the differences in
product distribution between SiO2-supported Pt and Pd cat-
alysts in the present study, as shown in Table 2 and Fig. 6. Pd
has an initial selectivity to citronellal of 80% while Pt ex-
hibited a lower selectivity of 50% but had a selectivity of al-
most 25% to citronellol (hydrogenation of both conjugated
C==C and C==O bonds). This is consistent with the theoret-
ical calculations of Delbecq and Sautet which indicate that
Pd exhibits reduced destabilizing four-electron interactions
because of a narrower d-band width compared to Pt, thus
allowing greater interaction between the conjugated C==C
bond and the Pd surface. Furthermore, Ni has a narrower d-
band width compared to Pd and also does not hydrogenate
the C==O bond, as it exhibits an initial selectivity to citronel-
lal of 61% with the remainder of the product resulting from
the isomerization of citronellal to isopulegol, as shown in
Fig. 6. The wider d-band of Pt, on the other hand, decreases
interaction between the conjugated C==C bond alone and
the Pt surface because of enhanced repulsive four-electron
interactions that result in greater interaction between the
surface and the C==O bond, thereby allowing simultaneous
hydrogenation of C==O and C==C bonds. The low selectiv-
ity to the unsaturated alcohol (geraniol+ nerol) suggests
that citral may be adsorbed on the surface in such a manner
that hydrogenation of the C==O bond occurs concurrently
with the C==C bond since it is well established that kinetic
factors favor hydrogenation of the C==C bond compared to
the C==O bond (17, 47).

Experimental and theoretical results indicate that the
width of the d-band increases going down the periodic ta-
ble, i.e., moving from Fe to Os, and going from right to left,
i.e., Pt to Os (52, 53), and Table 5 lists the d-band widths ob-
tained from the XPS data of Fadley and Shirley (52). These
values do not agree well with recent theoretical results (53);
however, exact values are less important than the trends ex-
hibited for the qualitative analysis that follows. In view of
these trends and the rationale of Delbecq and Sautet, one
would expect Os and Ru to exhibit the highest selectivity

TABLE 5

Width of the d-Band for Group VIII Metals
Obtained from XPS Measurements

Metal d-Band Widtha (ev)

Fe 4.2
Co 4.0
Ni 3.0
Ru 4.9
Rh 4.4
Pd 4.1
Os 6.5
Ir 6.3

Pt 5.8

a Ref. 52.
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for C==O bond hydrogenation to yield geraniol and nerol;
in contrast, Ni and Pd should exhibit the highest selectiv-
ity for C==C bond hydrogenation. Rh possesses a d-band
width similar to that of Pd (52); therefore, it is not surprising
that the only products observed during citral hydrogenation
over Rh/SiO2 were those arising from the hydrogenation of
the conjugated C==C bond to give citronellal, its isomer-
ization, and the subsequent hydrogenation of the isolated
C==C bond. This behavior is also consistent with the re-
sults of Mercadante et al. (11) and Wismeijer et al. (54)
which show that Ru is selective for hydrogenation of the
C==O bond in citral and citronellal. Furthermore, Rh, Pd,
and Ni are known to provide excellent homogeneous and
heterogeneous catalysts for C==C bond hydrogenation (12–
14, 55). The results of Delbecq and Sautet have also been
used by Lercher and coworkers to explain crystallite size
effects during liquid-phase crotonaldehyde hydrogenation
over supported Pt catalysts (56).

Although changes in product distribution are consistent
with trends in d-band width, there are a number of addi-
tional factors that this model does not account for. One
of these is the change in product distribution as conver-
sion increases due to either the kinetics of competing re-
actions or modification of the metal surface under reaction
conditions, such as that reported during hydrogenation of
α,β-unsaturated aldehydes (57). The selectivity vs conver-
sion behavior over Co and Ni catalysts represent an ex-
treme of this behavior. The selectivity to citronellal over
Ni increases from less than 40% initially to 80% at a cit-
ral conversion of 40%, whereas with Co the selectivity to
the unsaturated alcohol increases from 40% at 3% conver-
sion to 70% at 20% citral conversion. Moreover, no un-
saturated alcohol is observed over Co/SiO2 during the first
hour of reaction (up to 3% conversion) and only citronel-
lal and isopulegol were detected. Co has a d-band width
similar to that of Pd and Rh; consequently it is not surpris-
ing that hydrogenation of only the conjugated C==C bond
and its subsequent isomerization is observed initially, and
no product due to C==O bond hydrogenation is observed.
To a lesser extent, similar changes in product distribution
are apparent with Ir and Pt catalysts. Both catalysts are ini-
tially unselective for hydrogenation of the carbonyl bond;
however, after conversion reaches about 10%, unsaturated
alcohols become detectable and attain a cumulative selec-
tivity of around 10%. Incidentally, Ir has a large d-band
width (Table 5); therefore, it is surprising that unsaturated
alcohols are not detected in the initial product distribution;
however, unsaturated alcohol selectivity does increase with
increasing citral conversions once the latter reaches 10%
(Fig. 6). In addition to changes in product distribution,
this correlation with the d-band width does not account
for possible changes in the activation barriers associated

with different metals that was noted by Pallassana and
Neurock (16).
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FIG. 11. Correlation of the initial TOF for citral hydrogenation with
percentage d-character. TOF was evaluated under differential conditions
for citral hydrogenation at 300 K, 103 kPa H2, and 0.06 M citral in hexane.

The initial TOF varied by almost three orders of mag-
nitude among the metals dispersed on SiO2, with Pd ex-
hibiting the highest TOF of 0.12 s−1 and Co exhibiting the
lowest detectable TOF of 0.00025 s−1. As mentioned, Fe
was inactive, but this lack of activity may possibly be due to
very rapid deactivation. Figure 11 displays the correlation
of the initial citral hydrogenation TOF over SiO2-supported
metals with the percentage d-character, which is an empir-
ical indicator of the electronic structure of the metal (18).
As the name implies, percentage d-character refers to the
contribution of the d-electrons to the spd hybrid orbitals
assumed in Pauling’s resonance valence band theory. The
correlation of activity with this parameter has been utilized
before for reactions under reducing conditions (58), and
Sinfelt has correlated ethane hydrogenolysis activity with
this parameter (59).

SUMMARY

The initial TOF for citral hydrogenation over SiO2-
supported Group VIII metals varied by nearly three or-
ders of magnitude at 103 kPa H2 and 300 K, i.e., from
0.12 s−1 for Pd to 0.00025 s−1 for Co. The initial TOF for
citral hydrogenation exhibited the following trend: Pd>
Pt> Ir>Os>Ru>Rh>Ni>CoÀFe. There are also sig-
nificant differences in product distribution, with Os, Ru, and
Co exhibiting high selectivity to the unsaturated alcohol iso-
mers (geraniol and nerol), while Ni, Pd, and Rh exhibit high
selectivity to citronellal and isopulegol. With the exception

of Ni/SiO2, all catalysts exhibited substantial deactivation
due to citral and/or unsaturated alcohol decomposition to
L HYDROGENATION 83

yield adsorbed CO that poisoned active sites responsible
for hydrogenation. In contrast, Ni/SiO2 exhibited an ini-
tially low TOF that increased fourfold after 7 h of reactions
after which time no deactivation was detected up to 84%
conversion.
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