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A B S T R A C T

The liquid-phase hydrogenation of citral was studied at 393 K and 10 bar on Pt–Co/C catalysts, having

different Pt/(Pt + Co) ratios and containing a total metal load of about 2%. The monometallic and

bimetallic Pt–Co/C catalysts were prepared by impregnation and co-impregnation, respectively, with

cobalt tris(acetylacetonate) and platinum bis(acetylacetonate). Monometallic Pt/C and Co/C catalysts

showed very low activity and selectivity to the desired products. Undesirable reactions, such as citral

decarbonylation and hydrogenolysis, were observed with these monometallic catalysts. Instead,

bimetallic Pt–Co/C proved very active and selective to geraniol/nerol and the main products detected

were geraniol/nerol, citronellal and citronellol. Hydrogenation kinetic constants were determined by

modeling catalytic data and using a pseudo-homogeneous kinetics. From the analysis of the kinetic

parameters, an optimum Pt/(Pt + Co) ratio was found for both the catalytic activity and selectivity

towards geraniol/nerol. Furthermore, it was determined that this optimum ratio depends on the

activation conditions. Temperature-programmed reduction (TPR) experiments and X-ray absorption

spectroscopy (XAS) demonstrated the existence of Pt–Co bimetallic compounds on the carbon support.

On the basis of these results, it was proposed that cobalt improves the catalytic performance of platinum

by electron transfer. This electron transfer is favored by the high interaction of both metals existing in

these types of bimetallic compounds.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The selective hydrogenation of unsaturated a,b aldehydes to
the corresponding unsaturated alcohols is of considerable interest
due to the numerous applications of those alcohols in Fine
Chemistry. The selective hydrogenation of citral to geraniol/nerol
is of particular importance. These unsaturated alcohols are
monoterpenoids that have been employed in the production of
flavours, fragrances, insect repellants and in the synthesis of other
compounds such as acetate and isobutyrate derivatives [1]. Other
products of interest are citronellal and citronellol, used in soaps,
detergents, perfumes and insect repellants [1–3]. Citronellal is also
important due to its application in topical antifungal compositions
for the skin [4]. Besides, it can be hydrated to hydroxycitronellal,
which is widely used in fragrances due to its lily-of-the-valley
aroma [1]. It can also be isomerized to isopulegol, an intermediary
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product used in the synthesis of (�)-menthol [5–7]. It can also be
used in the production of other compounds employed in fragrances,
such as the citronellyl acetate. The geraniol/nerol, citronellal and
citronellol mixtures, in adequate proportions, are also employed in
fragrances [1], antifungal compositions [8–10], insect repellents [3],
bactericide formulations [11] and microbiocidal formulations [12].

The reaction network, considering all the possible hydrogena-
tions starting from citral, is shown in Scheme 1. The geraniol–nerol
isomers are obtained by selectively hydrogenating the citral C O
functional group, while citronellal is obtained by the selective
hydrogenation of the conjugated C C bond. In turn, citronellol can
be obtained by the selective hydrogenation of the citronellal C O
group or from the C C bond of geraniol–nerol. The hydrogenation
of the isolated C C bond is not desirable since compounds such as
3,7-dimethyl-octanal and 3,7-dimethyl-octanol give an unpleasant
odour to the geraniol–nerol, citronellal and citronellol mixtures.

The selective hydrogenation of citral in liquid phase has been
widely studied [13]. In general, catalysts based on noble metals
show low activity and/or selectivity in the hydrogenation of
unsaturated a,b aldehydes. The activity and selectivity of these
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Scheme 1. Reaction network for citral hydrogenation over metal catalysts.
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metals can be improved by means of special reduction techniques
at low temperature [14–16], interaction of the metallic phase with
special supports [17–22] and formation of bimetallic compounds
[16,22–33]. In particular, Pt–Co bimetallic catalysts showed a
better catalytic performance than those corresponding to Pt
monometallic catalysts [16,24,33]. In the liquid-phase hydrogena-
tion of cinnamaldehyde, it was found that Pt–Co catalysts on
carbon nanotubes [16] and commercial activated charcoal [24]
were more selective to cinnamic alcohol than monometallic
catalysts of Pt and Co. Li et al. [16] studied the influence of the
preparation method on selectivity, maintaining the Pt/(Pt + Co)
ratio. Fouilloux et al. [24] presented the results obtained for
different Pt/(Pt + Co) ratios, but he did not account for the high
selectivity to cinnamic alcohol observed with Pt–Co bimetallic
catalysts. In turn, Borgna et al. [33] studied the hydrogenation of
crotonaldehyde at atmospheric pressure over Pt–Co/SiO2 catalysts,
prepared by spin-coating technique. The addition of Co increased
the selectivity to crotyl alcohol up to about 25%. From the results
obtained by near-edge X-ray adsorption fine structure (NEXAFS), it
was proposed that the Pt catalytic performance is modified by the
electron transfer from Co. Besides, it is important to bear in mind
that the substituting group of the unsaturated a,b aldehyde
molecule [34], the type of support, the catalyst preparation method
and the reaction conditions [13], can exert a strong influence on the
global activity and selectivity in the hydrogenation of this type of
compounds.

In this work, we study the catalytic performance of mono-
metallic and bimetallic catalysts of Pt and Co, supported over an
activated carbon of high specific surface, in the selective liquid-
phase hydrogenation of citral. The goal is to (1) obtain an evidence
about the formation of Pt–Co bimetallic compounds; (2) determine
the influence that these bimetallic compounds and the Pt/(Pt + Co)
ratio have over the hydrogenation of citral in liquid phase. Based on
the sample characterization and a pseudo-homogeneous kinetic
study, a mechanistic model to explain the experimental results is
proposed. This model was built considering both the geometrical
and the electronic effect between platinum and cobalt on
bimetallic samples.
2. Experimental

2.1. Catalyst preparation

Monometallic Pt/C and Co/C and bimetallic Pt–Co/C catalysts
were prepared by wet impregnation and co-impregnation,
respectively, employing sub-bituminous carbon of high specific
surface (1300 m2/g) as support. In all the samples, the total metal
load in the final catalyst was around 2%. This impregnation was
carried out at room temperature for 24 h, using platinum
bis(acetylacetonate), Pt(C5H7O2)2, and cobalt tris(acetylacetonate),
Co(C5H7O2)3, as impregnating agents. After evaporating the
solvent, the precursors obtained were dried under vacuum at
393 K. Finally, the samples were activated ex situ in H2 flow (30 ml/
min) at different temperatures between 423 K and 773 K, with no
previous calcination, heating them from ambient temperature to
reduction temperature at 2 K/min. Samples were kept at the final
reduction temperature for 6 h. Mixed oxide elemental composi-
tions were measured by absorption atomic spectrometry (AAS) and
the results are shown in Table 1.

2.2. Catalyst characterization

Samples were characterized by temperature-programmed
reduction (TPR) and X-ray absorption spectroscopy (XAS).

Temperature-programmed reduction experiments were car-
ried out in a flow system equipped with a quartz microreactor, a
temperature controller-programmer and a Balzers GSD 300 mass
spectrometer. These experiments were performed with a heating
rate of 10 K/min, passing about 30 ml/min of a H2(5%)/Ar mixture
through a dried impregnated sample bed. During programmed
heating, m/e ratios corresponding to the more important
fragments of hydrogen, carbon monoxide, carbon dioxide, water,
methane, acetaldehyde and propyne were monitored and
registered.

XAS measurements were performed at the Lure synchrotron
center (ORSAY, France) using a beam line with an energy of
1.85 GeV. All the measurements were performed on the XAFS3



Table 1
Chemical composition of the samples used in this work.

Sample Metal loada Atomic ratio Pt/(Pt + Co)

Pt (wt.%) Co (wt.%)

Co/C – 2.10 0

Pt15Co85/C 0.74 1.29 0.148

Pt30Co70/C 1.20 0.83 0.305

Pt50Co50/C 1.59 0.45 0.516

Pt60Co40/C 1.65 0.35 0.636

Pt80Co20/C 1.86 0.17 0.768

Pt/C 1.95 – 1

a Determined by atomic absorption spectroscopy.

Fig. 1. TPR profiles of monometallic and bimetallic Pt–(Co)/C samples used in the

selective hydrogenation of citral in liquid phase.
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station in transmission mode using a Si(1 1 1) double-crystal
monochromator and two ion chambers. Raw data were recorded
by means of a special in situ cell equipped with aluminum windows
[35], suitable to work from room temperature to 873 K in flowing
controlled atmospheres. After reduction at 773 K in flowing H2,
spectra were registered at room temperature at both the Pt–LIII-
edge (11 564 eV) and Co–K-edge (7709 eV). The EXAFS signal was
extracted from raw data by a conventional procedure [36]. A linear
background was determined from the lower energy part of the
spectrum below the edge and then extrapolated to higher energies.
The atomic-like absorption coefficient calculated by a polynomial
fit was used as spectrum normalization. The k3 weighted EXAFS
functions were Fourier transformed (FT).

2.3. Catalytic testing

The liquid-phase hydrogenation of citral (CAL) was studied in a
Parr 4843 reactor at 393 K and 10 bar, using isopropanol as solvent.
Prior to the catalytic tests, samples were activated ex situ in flowing
hydrogen (30 ml/min) at different temperatures, between 423 K
and 773 K, following the procedure described in Section 2.1. The
autoclave was loaded with 150 ml of isopropanol (Aldrich, 98%),
10 ml of citral (Aldrich, 99%) and 1 g of catalyst (particles less than
0.3 mm diameter). The reaction system was heated up to 393 K at
2 K/min and the pressure was then rapidly increased to 10 bar
with H2.

The concentrations of unreacted CAL and of the reaction
products were followed during the reaction by ex situ gas
chromatography using an Agilent 6850 GC chromatograph
equipped with flame ionization detector, temperature program-
mer and a 30-m Innowax (Agilent) capillary column. Samples from
the reaction system were taken using a loop under pressure in
order to avoid flashing. Data were collected every 15–30 min for
250–500 min, depending on the experiment evolution. Citral
conversion (XCAL, mol of citral reacted/mol of citral fed) was
calculated as XCAL ¼ ðC0

CAL � CCALÞ=C0
CAL, where C0

CAL is the initial
concentration of citral and CCAL is the citral concentration at
reaction time t. It was verified that diffusional restrictions do not
corrupt the measurements of the initial reaction rates by carrying
out experiments with different catalyst particle sizes and by
varying the stirring speed.

3. Results

3.1. Catalyst characterization

Table 1 presents the monometallic and bimetallic samples
employed in this work, the metallic load (wt.%) determined by AAS
and the molar ratio Pt/(Pt + Co), the latter one obtained from the
data of the elemental chemical analysis. In all cases, the Pt and Co
contents were varied so as to maintain a total metal load of about
2.0 � 0.1 wt.%.
3.1.1. Reducibility and decomposition of catalyst precursors

The TPR of the platinum bis(acetylacetonate) sample over sub-
bituminous activated carbon (Pt/C) shows an important H2 uptake
around 473 K and a wider but lower H2 uptake signal approxi-
mately at 543 K (Fig. 1). In good agreement with the evolution
observed for the H2 consumption, the signals corresponding to m/
e = 15, 16, 17, 18, 28, 40 and 44 showed two peaks with maxima at
483–493 K and 553–563 K (Fig. 2A). These signals can be attributed
to fragments of CH4, H2O, CO, C3H4 (propyne) and C2H4O
(acetaldehyde) originated in the decomposition of the platinum
bis(acetylacetonate) precursor. The almost coincident evolutions
of H2 consumption and m/e signals attributed to CH4, H2O, CO, C3H4

and C2H4O indicate that the reduction of Pt2+ to Pt0 is produced
almost simultaneously with the acetylacetonate ion decomposi-
tion. On this basis, it is proposed that the reductive decomposition
of platinum bis(acetylacetonate) over sub-bituminous carbon of
high specific surface area, in H2 atmosphere, takes place mainly
through the reaction represented in Scheme 2.

In the case of cobalt tris(acetylacetonate) over sub-bituminous
carbon, Co/C sample, the H2 consumption was registered at higher
temperatures than for platinum bis(acetylacetonate). The first H2

uptake presents a minimum at 580 K. Afterwards, a wide band
between 650 K and 750 K was observed (Fig. 1). At the same time,
signals corresponding to the m/e = 15, 16, 28 and 44 fragments
were observed, whose maxima are at 593 K and in the 723–753 K
range (Fig. 2B). No signals corresponding to m/e = 17, 18 and 40
were observed. This indicates that H2O and C3H4 are not products
of the cobalt tris(acetylacetonate) decomposition in H2 flow.
Besides, between 523 K and 623 K the main signals correspond to
m/e = 15, 16, 28 and 44. These results indicate that in this
temperature range, Co3+ is reduced to Co0 simultaneously with the
decomposition of the acetylacetonate ion into CH4, CO and C2H4O
[reaction (1), Scheme 3]. Instead, at temperatures over 673 K, only
the signals corresponding to m/e = 15, 16 and 28 were observed. It
can hence be inferred that in this temperature range cobalt
tris(acetylacetonate) is reductively decomposed yielding mainly
CH4 and CO [reaction (2), Scheme 3]. However, in this last case,



Fig. 2. Evolution of signals detected by MS in the TPR experiments: (A) Pt/C; (B) Co/C; (C) Pt30Co70/C; (D) Pt50Co50/C.

Scheme 3. Reductive decomposition of cobalt tris(acetylacetonate).
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some reductive decomposition of surface functional groups of the
support might not be completely disregarded.

For the bimetallic samples Pt15Co85/C and Pt30Co70/C, two
overlapped bands of H2 consumption were observed: one with a
minimum between 473 K and 488 K, and the other one with a
minimum between 513 K and 523 K. Bimetallic Pt50Co50/C and
Pt80Co20/C samples gave a band between 503 K and 513 K with a
shoulder between 463 K and 483 K (Fig. 1). In comparison with the
profiles obtained for samples Pt/C and Co/C, the first signal was
assigned to the platinum bis(acetylacetonate) reductive decom-
position. In the same way, the second band was attributed to the
reductive decomposition of cobalt tris(acetylacetonate). On the
other hand, signals of fragments attributable to both the platinum
bis(acetylacetonate) decomposition and cobalt (tris)acetylaceto-
nate (Fig. 2) could be observed. The signals detected were m/e = 15,
16, 18, 28, 40, 43 and 44 in two different temperature ranges: 473–
543 K and 573–643 K. The m/e = 43 signal was not observed with
the monometallic samples and can be assigned to the C3H7

fragment of propane (C3H8). The appearance of this signal can be
attributed to the fact that part of propyne is likely hydrogenated
into propane over the metallic Pt–Co phase formed during the TPR
experiment with the bimetallic samples. The shift of 20–30 K, at
higher temperatures, observed for the m/e = 43 signal with respect
to signals m/e = 40 and 44 is in agreement with this assumption
(Fig. 2C and D). Based on the TPRs of the monometallic samples, the
other signals in the 473–543 K range can be attributed to the
Scheme 2. Reductive decomposition
simultaneous reductive decomposition of platinum bis(acetylace-
tonate) and cobalt tris(acetylacetonate) [Schemes 2 and 3 (reaction
(1))]. The m/e = 15, 16, 28 and 44 signals observed between 573 K
and 643 K can be assigned to the decomposition of the cobalt
tris(acetylacetonate) strongly interacting with the surface of the
active sub-bituminous carbon. The reductive decomposition of
these cobalt tris(acetylacetonate) surface species is catalyzed, as
suggested above, by the previously formed Pt0 phase.

3.1.2. EXAFS

Fig. 3 shows the radial distribution function around Pt for a
series of bimetallic Pt–Co/C samples reduced at 773 K. As
reference, the Fourier transform corresponding to the monome-
of platinum bis(acetylacetonate).



Fig. 3. Fourier transforms of monometallic and bimetallic Pt–(Co)/C samples used in

the selective hydrogenation of citral in liquid phase.
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tallic Pt/C sample, reduced at the same temperature, is also
included. This latter one presents a main peak at 2.62–2.68 Å,
corresponding to the Pt–Pt distances and a low-intensity satellite
peak at approximately 2.2 Å, which is normally observed for bulk
Pt when the FT has not been corrected for the amplitude and phase
shift of Pt [38].

As the Co content increases, the intensity of the peak at 2.62–
2.68 Å decreases. At the same time, the relative intensity of the
peak at 2.2 Å significantly increases with respect to the peak at
2.62–2.68 Å. Indeed, it can be observed that for the samples with
more Co content, the intensity of the peak at 2.2 Å is similar to or
even greater than that of the peak at 2.62–2.68 Å. These results
clearly show that after the treatment in H2 at 773 K, the local
environment of Pt in the bimetallic samples is significantly
different from that of the monometallic Pt/C sample.

Fig. 4A and B shows the XANES spectra at the LIII-edge of Pt and
K-edge of Co, respectively. While no significant differences are
Fig. 4. (A) Normalized Pt–LIII-edge XANES spectrum of reduced Pt–Co/C bimetallic cataly

edge XANES spectrum of reduced Pt–Co/C bimetallic catalysts as compared to that of
observed at the LIII-edge of Pt (Fig. 4A) on the monometallic Pt/C
sample as compared to the Pt foil spectrum, the XANES spectra of
the Pt–Co bimetallic samples are significantly modified, exhibiting
a substantial decrease of the white line. The L2,3-edges of 5d metals
have been frequently used to study electronic modifications of the
d-band in catalysis research, attributing an increase or decrease of
the intensity of the white line to an electronic modification of the
absorbing atoms [39,40]. A decrease of the white line can be
associated with a decrease of the number of d-holes in the Pt 5d
band. Fig. 4B shows that the Co–K-edge of the bimetallic samples is
also significantly modified. As compared to the Co foil, Pt–Co
samples exhibit a decrease of the 1s! 3d transitions while the
transitions 1s! 4s, 4p are increased, suggesting a decrease of the
electronic density of Co. In summary, XAS is clearly showing that
the Pt environment and its electronic properties are strongly
modified by the presence of Co.

3.2. Catalytic tests

3.2.1. Citral hydrogenation

The monometallic samples, after reduction in hydrogen flow at
773 K, showed low activity in the liquid-phase citral hydrogena-
tion at 393 K and 10 bar. However, the bimetallic samples, reduced
under the same conditions, were much more active than the
monometallic ones (Fig. 5A). Catalytic tests using sub-bituminous
carbon, without metal, showed negligible activity under similar
reaction conditions. These results are indicating that (1) metal
phase is necessary for citral conversion; (2) the hydrogenating
capacity of the bimetallic samples is higher than the corresponding
to the monometallic samples. This is in agreement with the
differences observed between the monometallic and bimetallic
samples in the TPR experiments. Besides, for a given reaction time,
the conversion of citral increases from Co/C up to Pt30Co70/C.
Afterwards, for Pt/(Pt + Co) ratios higher than 0.3, the citral
conversion decreases up to Pt/(Pt + Co) = 1, i.e., the Pt/C sample.

It was also determined that the main reaction products were
geraniol, nerol, citronellal and citronellol. As an example, Fig. 5B
presents the product distribution as a function of time for the case
of the bimetallic Pt30Co70/C sample. For the monometallic
samples and some bimetallic ones, particularly in the case of
Co/C, other products were detected, presumably derived from
citral and geraniol/nerol hydrogenolysis and/or decarbonylation.

As can be observed in Scheme 1, the reaction system can be
extremely complex, depending on the catalyst type and the
sts as compared to those of reduced Pt/C catalyst and Pt foil. (B) Normalized Co–K-

Co foil.



Fig. 5. Liquid-phase citral (CAL) hydrogenation with monometallic and bimetallic

Pt–(Co)/C catalysts. T = 393 K; P = 10 bar; Wcat = 1 g; VCAL = 10 ml; VSOLV = 150 ml.

(A) Citral conversion. (&) Pt/C; (&) Co/C; (~) Pt15Co85/C; (~) Pt30Co70/C; (5)

Pt50Co50/C; (*) Pt60Co40/C; (f) Pt80Co20/C. (B) Evolution with time of product

and reactant concentrations for Pt30Co70/C catalyst. (*) Citral; (~) geraniol/nerol;

(*) citronellal; (!) citronellol.
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reaction conditions employed. The bimetallic Pt–Co/C catalysts
employed in this work were highly selective in the hydrogenation
of the functional group C O and the conjugated bond C C (stages
1–4, Scheme 1). In no case products derived from the hydrogena-
tion of the isolated C C bond of citral or from undesirable by-
reactions, such as hydrogenolysis or decarbonylation, were
observed. Instead, monometallic catalysts showed activity in the
hydrogenolysis and/or decarbonylation of citral and in the
hydrogenolysis of unsaturated alcohol. The activity of these
monometallic catalysts in the hydrogenation of the isolated C C
bond was either very low or null. Initially, Pt–Co/C catalysts
hydrogenate citral in order to yield (�)-citronellal and geraniol–
nerol isomers as main products. After reaching a maximum, the
concentration of citronellal and geraniol–nerol in the mixture
decreases with reaction time (Fig. 5B). Thus, considering the
induction period observed, (�)-citronellol is obtained by the
hydrogenation of citronellal and geraniol–nerol. At the same time,
the results obtained indicate that the highest concentration of
geraniol–nerol in the liquid phase is reached with the bimetallic
Pt30Co70/C catalyst. These results show that (1) the bimetallic Pt–Co/
C catalysts are much more active and selective to geraniol–nerol than
monometallic Pt/C and Co/C in the hydrogenation of citral; (2) the
activity and selectivity depend on the Pt/(Pt + Co) ratio.

Summing up, the most remarkable facts observed in the
catalytic activity experiments performed in this work are the
following: (1) monometallic Pt/C and Co/C catalysts showed low
activity in the hydrogenation of citral in liquid phase; (2) an
important activity for this reaction can only be obtained with the
bimetallic Pt–Co/C catalysts; (3) the highest activity and selectivity
to geraniol–nerol seems to be obtained with the bimetallic
Pt30Co70/C catalyst; (4) the bimetallic Pt–Co/C catalysts were
less active than the monometallic ones in the hydrogenolysis and
decarbonylation reactions; (5) no induction period is observed in
the formation of decarbonylation and/or hydrogenolysis products,
which suggests that most of them are obtained from citral.

In order to confirm these observations, a kinetic study was
carried out employing a first-order pseudohomogeneous model.
The results of this kinetic study are detailed and discussed below.

3.2.2. Kinetic analysis

In order to determine the hydrogenation kinetic constant values
we performed a kinetic study by fitting catalytic data using a first-
order pseudohomogeneous model. In accordance with the results
described above, the reaction network shown in Scheme 1 may be
reduced to reactions (1)–(5) when Pt–(Co)/C catalysts are used.
Thus, the kinetics of citral (CAL) hydrogenation is represented by
the following differential equations system, i.e., Eqs. (1)–(5), which
includes the CAL conversion rate and the formation rates of
geraniol/nerol (GOL), citronellal (CNAL), citronellol (CNOL) and
products of citral decarbonylation and hydrogenolysis (DH):

rCAL ¼ �
dCCAL

dt
¼ k1CCAL þ k2CCAL þ k5CDH (1)

rGOL ¼
dCGOL

dt
¼ k1CCAL � k3CGOL (2)

rCNAL ¼
dCCNAL

dt
¼ k2CCAL � k4CCNAL (3)

rCNOL ¼
dCCNOL

dt
¼ k3CGOL þ k4CCNAL (4)

rDH ¼
dCDH

dt
¼ k5CCAL (5)

The differential equation system (1)–(5) was solved numeri-
cally using the Runge–Kutta–Merson algorithm. The model
parameter estimation was performed by non-linear regression
using a Levenberg–Marquardt algorithm which minimizes the
following objective function: Q ¼

P
ðCi; j � C�i; jÞ

2, where C and C*

are the experimental and calculated concentrations, respectively, i

the chemical compound, and j is the reaction time. In all the cases
the kinetic parameters were statistically significant (different from
zero) with a 95% confidence.

By applying the first-order pseudohomogeneous model repre-
sented by Eqs. (1)–(5) it was possible to estimate the kinetic
constants and initial hydrogenation rates of citral to geraniol–nerol
(k1; r

0
1), to citronellal (k2; r

0
2) and to the primary products of

decarbonylation/hydrogenolysis (k5; r
0
5). Fig. 6 shows the initial

rates of reaction as a function of the relative atomic percent of Pt
with respect to Co, for two activation temperatures: 548 K (Fig. 6A)
and 773 K (Fig. 6B). For the samples reduced at either 548 K or
773 K, the hydrogenation rate to both geraniol–nerol and
citronellal presents a maximum for a given Pt/(Pt + Co) ratio.
Instead, r0

5 goes through a minimum when the activation
temperature is 773 K. The Pt/(Pt + Co) ratio for which the
maximum reaction rate to geraniol/nerol and citronellal is
obtained depends on the temperature used during the activation
process in H2 flow. When the reduction temperature was 548 K,
the maximum activity was obtained with the bimetallic Pt15Co85/
C catalysts (Fig. 6A). Instead, when the H2 activation was
performed at 773 K, the maximum activity was observed for the
bimetallic Pt30Co70/C catalyst (Fig. 6B).

The increase of the initial hydrogenation rate to geraniol–nerol
with the bimetallic Pt30Co70/C sample compared to the mono-
metallic Pt/C sample was up to 4–5 times higher than the increase
observed for the initial hydrogenation rate to citronellal (Fig. 6).
Instead, the highest initial rates of hydrogenolysis and decarbo-



Fig. 6. Initial reaction rates calculated from pseudohomogeneous model (reaction

order one with respect to citral, citronellal and geraniol–nerol). Catalyst activation

at (A) 548 K and (B) 773 K. (~) Global initial reaction rate; (~) initial reaction rate

to geraniol/nerol; (*) initial reaction rate to citronellal; (*) initial reaction rate to

others.

Fig. 7. Selectivity to geraniol/nerol, defined as k1/(k1 + k2 + k5), in the liquid-phase

citral hydrogenation with monometallic and bimetallic Pt–(Co)/C catalysts. Catalyst

activation at 548 K (~) and 773 K (~).

Fig. 8. Initial reaction rates and selectivities to geraniol/nerol varying the activation

temperature. (A) Initial rates. (~, ~) Pt30Co70/C; (*, *) Pt/C; (!, 5) Co/C. Full

symbols: initial global rates; open symbols: initial hydrogenation rates. (B)

Selectivities to geraniol/nerol defined as k1/(k1 + k2 + k5). ( ) Pt30Co70/C; (f) Pt/C;

( ) Co/C.
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nylation were obtained for the monometallic Pt/C and Co/C
samples, activated at 548 K and 773 K, respectively. Moreover,
these decarbonylation and hydrogenolysis reactions are practically
inhibited in the bimetallic Pt–Co samples, activated in H2 at 773 K.
In general, for the bimetallic samples, the initial rate of citral
decarbonylation and/or hydrogenolysis was one to two orders of
magnitude lower than the initial hydrogenation rates to citronellal
and to geraniol–nerol.

Fig. 7 presents the selectivity to geraniol–nerol, defined as k1/
(k1 + k2 + k5), as a function of the Pt atomic percent for the two
activation temperatures. It can be observed that the selectivity to
geraniol–nerol reaches a maximum with the Pt/(Pt + Co) ratio.
When the activation of the samples is performed at 548 K, the
maximum selectivity to the unsaturated alcohols, geraniol/nerol, is
again obtained for Pt15Co85/C. Instead, for the samples reduced at
773 K, this maximum is obtained from Pt/(Pt + Co) = 0.15 to Pt/
(Pt + Co) = 0.6. In brief, it is confirmed that the bimetallic samples
of Pt–Co are not only much more active than the corresponding
monometallic Pt and Co samples but also more selective to the
unsaturated alcohol geraniol/nerol.

In order to get additional information about the influence of a
bimetallic Pt–Co phase on activity and selectivity in citral
hydrogenation, the results obtained with some selected samples
activated at three different reduction temperatures were analyzed.
The initial reaction rates and the selectivities to geraniol–nerol as a
function of the activation temperature are shown in Fig. 8A and B,
respectively. For Pt/C it was observed that the conversion rate of
citral to geraniol–nerol, citronellal and by-products decreases
dramatically with the increase of the activation temperature
(Fig. 8A), whereas the selectivity to geraniol–nerol varies slightly
(Fig. 8B). Instead, in Co/C it could be observed that the global citral
conversion rate increases with the activation temperature.
However, the relative increase of the reaction rate with the
activation temperature was much more important for the by-
reactions than for the hydrogenation to citronellal and geraniol–
nerol (Fig. 8A). This is causing an important drop of the selectivity
to geraniol–nerol (Fig. 8B). A completely different behavior was
found for the bimetallic Pt30Co70/C catalyst. In this case, the
hydrogenation reactions to geraniol–nerol and citronellal
increased with the activation temperature, while the rate of
formation of by-products markedly decreased (Fig. 8A). Then, we
can affirm that for the Pt30Co70/C sample an increase of both total
activity and selectivity to geraniol–nerol with the activation
temperature was obtained. These results confirm that the
bimetallic Pt–Co phase has a catalytic behavior completely
different from that observed for the monometallic phases formed
in Pt/C and Co/C samples.
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4. Discussion

The results obtained in the catalytic tests show that the
functional C O group and the conjugated C C bond of citral are
selectively hydrogenated over the bimetallic Pt–Co/C catalysts
employed in this work. In no case hydrogenation of the citral
isolated C C bond was observed. Besides, other undesirable
reactions such as decarbonylation and hydrogenolysis, which do
occur with monometallic Pt/C and Co/C catalysts, are inhibited on
these bimetallic Pt–Co/C catalysts, especially when they are
activated at 773 K. Finally, it was determined that there is an
optimum Pt/(Pt + Co) ratio for the citral hydrogenation rate and for
the selectivity to the geraniol–nerol isomers. This optimum
composition varies with the activation conditions.

The physicochemical characterization of the Pt–Co/C catalysts
by RTP and XAS allowed us to obtain evidence about the formation
of a bimetallic Pt–Co compound on the surface of the sub-
bituminous carbon of high specific surface employed as support.

The TPR profile of the monometallic Pt/C sample shows bands of
H2 consumption (Fig. 1) and signals of fragments produced by the
reductive decomposition of the acetylacetonate ion (Fig. 2) at
temperatures considerably lower than those observed for the
monometallic Co/C sample. These results are clearly indicating
that, in H2 flow, platinum bis(acetylacetonate) is considerably less
stable than cobalt tris(acetylacetonate). Instead, the reductive
decomposition of platinum bis(acetylacetonate) and cobalt tris(a-
cetylacetonate) in the bimetallic Pt–Co/C samples occurs almost
simultaneously. This overlapping is due to the fact that while the
main H2 consumption band of platinum bis(acetylacetonate)
occurs always practically at the same temperature, that of cobalt
tris(acetylacetonate) shifts 50–70 K to lower temperatures. This
shift can be attributed to catalytic effect of hydrogen dissociatively
chemisorbed on Pt0, which was formed by previous reduction of
platinum bis(acetylacetonate). Consequently, the cobalt tris(ace-
tylacetonate) reduction is produced at lower temperatures than in
the monometallic Co/C sample [37]. The simultaneous reductive
decomposition of platinum bis(acetylacetonate) and cobalt tris(a-
cetylacetonate) increases the probability of forming bimetallic Pt–
Co particles, even at relatively low temperatures [41]. The
formation of these bimetallic compounds would result in a more
active metallic phase than the one obtained with the monometallic
samples. Then, this would explain the hydrogenation of propyne
into propane observed in the TPRs of the bimetallic Pt–Co/C
Scheme 4. Citral adsorption modes over Pt–Co/
samples (Fig. 2C and D), which was not detected with the
monometallic samples (Fig. 2A and B).

The EXAFS spectra show that the relative intensity of the
satellite peak at 2.2 Å with respect to the peak at 2.62–2.68 Å
increases with the Co content, is giving evidence of an alteration of
the Pt atoms environment in the bimetallic Pt–Co/C samples. In a
previous work [42], we have demonstrated that the existence of a
short-distance peak indicates the existence of Pt–M bimetallic
interactions. Furthermore, the decrease of the white line observed
on the XANES spectra for the Pt–Co bimetallic samples indicates an
increase of the electronic density of Pt, probably via electron
transfer or rehybridization of the orbitals upon alloying. Similarly,
other authors [43,44] also reported an electronic transfer from
nickel and iron to platinum. In a previous work, Borgna et al. [33]
using in situ NEXAFS on model bimetallic Pt–Co/SiO2 catalysts
prepared by spin-coating techniques, demonstrated that there is
an increase in the density of (DOS) d states of cobalt. This is
probably due to an electronic transfer or rehybridization of these
orbitals. Based on these results, it is proposed that Pt and Co form
bimetallic particles in which the cobalt electronic density
decreases due to the electron transfer towards platinum. The
fractional charge transfer increases with the Pt/(Pt + Co) ratio. As a
consequence of this modification in the electronic density of
platinum and cobalt, an important modification of the catalytic and
adsorptive properties of these metals would be expected.

In sum, our results obtained by XAS clearly show that the Pt
environment and its electronic properties are strongly modified by
the presence of Co, revealing the existence of alloyed Pt–Co. This is
in good agreement with previously discussed TPR results, which
also suggest the formation of bimetallic Pt–Co particles.

The formation of these bimetallic compounds could explain the
greater activity and selectivity observed with the Pt–Co/C samples
with respect to the monometallic Pt/C and Co/C ones. Based on the
TPR and XAS results, it is assumed that on the surface of Pt–Co/C
catalysts there are clusters formed by both Pt0 and Co0 atoms in
intimate contact. This contact between both types of atoms favors
the electronic transfer from Co0 towards Pt0, as determined by XAS.
In this way, there is +d charge density in the Co atoms and a �d
charge density in the Pt atoms (Scheme 4). On the other hand,
considering a molecule of unsaturated a,b aldehyde, it is accepted
that the functional C O group could be adsorbed on-top, di-sCO

and pCO over a metal surface [34]. Similarly, for the C C group, the
most likely adsorption modes are di-sCC and pCC. According to the
C catalysts: (a) on-top; (b) di-sCO; (c) pCO.
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analysis performed by Delbecq and Sautet [34], taking into account
the interaction of different unsaturated a,b aldehydes with Pt, as
an average, the bonding energy follows the pattern: di-
sCO ffipCO > on-top. On the other hand, the bonding energies
calculated for di-sCC and pCC are comparable to those of di-sCO and
pCO. Based on this analysis, it is expected that, in the citral
hydrogenation, geraniol/nerol and citronellal would be obtained in
similar amounts over Pt0 clusters. Results reported by other
authors for the citral hydrogenation in liquid phase with Pt-based
catalysts are in agreement with this analysis [6,7]. However, on a
bimetallic Pt–Co surface, it is likely that the following interactions
are the most favored: (a) on-top adsorption over Co

d+ (Scheme 4a);
(b) di-sCO adsorption over Pt

d�–Co
d+ (Scheme 4b); (c) pCO

adsorption over Pt
d� (Scheme 4c). The on-top adsorption over

Co
d+ is more probable than over Pt0 of monometallic Pt/C sample.

This is due to the fact that the electrophilic character of Co in the
bimetallic Pt–Co compound is much higher than that of Pt0 in
monometallic Pt/C. As a consequence, the interaction of an electron
pair of the oxygen in the C O group with a Co

d+ site is much more
likely than with Pt0. The di-sCO adsorption would occur by the
interaction between the O atom and Co

d+ and between the C atom
and Pt

d� (Scheme 4b). The C
d+–O

d� charge separation, enhanced
after the interaction with the active site, is favoring the di-sCO

adsorption over a Pt
d�–Co

d+ site against a Pt–Pt site. Likewise, the
pCO adsorption over Pt

d�would be favored with respect to Pt0. This
may be explained by the back-bonding from the platinum orbitals
with increased electronic density in the bimetallic samples
towards the p* molecular orbital of C O group. This would
further weaken the C O bond adsorbed in pCO mode activating it
for its subsequent hydrogenation to C–OH. In all cases, the
hydrogen dissociatively adsorbed in neighbouring Pt atoms would
allow the easy hydrogenation of the functional C O group
adsorbed in one of the three proposed modes (Scheme 4), all of
which are more active than the C O group adsorbed on a Pt0

cluster.
In turn, when the citral is adsorbed through the C O group over

the bimetallic Pt–Co surface, the interaction with the C C bond
would be decreased by the repulsion effect between the citral
substituting group and the Pt–Co surface (Scheme 4). The ratio of
the repulsion forces with respect to the attraction forces, between
the citral substituting group and the metallic surface, is increasing
by (1) the higher electronic density of Pt orbitals in the bimetallic
samples with respect to monometallic Pt/C; (2) the extension of
the d orbitals of Co. However, the interaction between the C C
bond and the Pt atoms is still possible through the pCC adsorption
mode. This adsorption mode, similar to what occurs with the pCO

mode, would be favored over Pt
d� with respect to Pt0, explaining

the higher hydrogenation rate of citral to citronellal over Pt–Co/C
than over Pt/C and Co/C. However, on the basis of the results
obtained in this work, the increase in the activation of the
conjugated C C bond is less important than the activation increase
of the C O group by adsorption through modes on-top, di-sCO and
pCO over Pt–Co.

In sum, the probability of interaction and activation of the
functional C O group and, to a lesser extent, of the C C bond with
the catalytic surface is expected to be higher with the bimetallic
Pt–Co/C catalysts than with the monometallic Pt/C and Co/C
samples. This would explain the higher activity of the former in the
citral hydrogenation in liquid phase. On the other hand, the higher
probability of interaction and activation of the functional C O
group with respect to the C C bond would also explain the high
selectivity to geraniol/nerol observed with these bimetallic
catalysts.

Additional evidence of the formation of these bimetallic
compounds was obtained in catalytic tests with monometallic
Pt/C and Co/C catalysts and with the bimetallic Pt30Co70/C catalyst
reduced at different temperatures. In the case of the monometallic
samples, the drop observed for the global hydrogenation rate can
be explained by the sintering of the corresponding metallic phase
with the increasing activation temperature. Instead, the increase of
the reaction rate observed with the bimetallic Pt30Co70/C sample
can be attributed to the greater formation of bimetallic compound
in optimum proportions.

Both the citral hydrogenation rate and the selectivity to
unsaturated alcohols go through a maximum for a given Pt/
(Pt + Co) ratio. It was determined that this maximum depends on
the activation conditions carried out prior to the catalytic activity
tests. For example, when the reduction temperature was 548 K, the
optimum was obtained for the case of Pt15Co85/C. Instead, when
the activation temperature was 773 K, the optimum was found for
Pt30Co70/C. This could be related with the fact that the surface
bimetallic Pt–Co compound of optimum composition could be
more easily obtained at low temperatures for a Pt/(Pt + Co) = 0.15
ratio, in agreement with that observed in the TPR experiments.
However, with the temperature increase, the existence of surface
enrichment in cobalt is possible, giving place to a higher dilution of
the platinum phase and, consequently, to a less active phase
[41,45]. On the contrary, when the bulk ratio is Pt/(Pt + Co) = 0.3,
the formation of the surface active phase of the optimum
composition is obtained at higher temperatures. In this way, the
dilution effect at 773 K is smaller in Pt30Co70/C than in Pt15Co85/
C and, therefore, the activity maximum is observed for Pt/
(Pt + Co) = 0.3.

5. Conclusions

The bimetallic Pt–Co samples supported over sub-bituminous
activated carbon, of high specific surface, are much more active and
selective in the citral hydrogenation to geraniol/nerol than the
monometallic Pt/C and Co/C catalysts. The undesired reactions,
such as decarbonylation and hydrogenolysis, observed with Pt/C
and Co/C can be inhibited with the bimetallic Pt–Co/C catalysts
activated at 773 K in H2 flow. In addition, we determined that,
depending on the activation temperature, there is an optimum Pt/
(Pt + Co) ratio through which the highest hydrogenation rate of
citral to geraniol–nerol and citronellal is reached.

The behavior of the Pt–Co/C samples can be explained by the
formation of bimetallic Pt–Co compounds on the surface of the
support, a sub-bituminous carbon. The formation of bimetallic Pt–
Co clusters would be favored by (1) the quasi-simultaneous
reductive decomposition of the platinum and cobalt precursors;
(2) the high initial interaction of the platinum and cobalt
precursors over the support surface, favored by the preparation
method employed. This high interaction between platinum and
cobalt is retained in the final catalysts, allowing electron transfer
from cobalt to platinum. Both the intimate Pt–Co contact and the
electronic transfer favor the citral adsorption over Pt–Co/C, with
respect to Pt/C and Co/C, both through the C O group and the C C
bond. The citral adsorption modes through the C O group, namely
(a) on-top, by the interaction of the citral oxygen atom with Co

d+;
(b) di-sCO, by the interaction of the oxygen atom with Co

d+ sites
and carbon atom with Pt

d�; (c) pCO, by the interaction of the C O
group with Pt

d�, are all favored if compared to the equivalent
modes over Pt0 clusters. For the citral adsorption through the C C
group, the most feasible adsorption mode is pCC. This interaction is
diminished because of the repulsion forces between substituting
group of citral and the metal surface. In this way, the interaction of
the Pt–Co/C active surface with C O is more effective than with the
citral conjugated C C bond. Consequently, the citral hydrogena-
tion to geraniol/nerol over Pt–Co/C is favored against the
hydrogenation to citronellal, different from what happens over
Pt-based catalysts.
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