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a  b  s  t r  a  c  t

A series  of  monometallic  Pt,  Ir and  Ru-catalysts  deposited  on  carbon  xerogel  microspheres  was prepared,
exhaustively  characterized  and  used  in  the selective  hydrogenation  of  citral.  A  similar  metal  particle  size
is obtained  in all cases  after  He-pretreatment,  allowing  the  comparison  between  metals;  the  catalytic
activity  increases  in  the sense  Ir  < Ru <  Pt.  Sintering  is  favoured  when  catalysts  are  pretreated  in H2-
flow  leading  to an  important  loss  of  activity,  especially  for  Ru-catalysts.  Pt and  Ir-catalysts  are  more
eywords:
elective hydrogenation
itral
ctive phase selection
atalyst deactivation

selective  than  Ru-catalysts,  reaching  selectivity  values  to  unsaturated  alcohols  of  around  80%. Thus, in
terms  of yields  to these  valuable  products  Pt-catalysts  seem  to be  the  most  appropriate  active  phase.
Nevertheless,  reutilization  experiments  showed  that  Ir-catalyst  maintained  a good  performance  while  a
severe  deactivation  is  observed  for  Pt-catalysts.  This  fact is  discussed  on the basis  of  the  different  nature
of  the  deposits  formed  during  reaction.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The selective hydrogenation of carbonyl groups of �,�-
nsaturated aldehydes, to produce unsaturated alcohols (UA), is

 challenging process either from a scientific or economic point
f view [1–3]. The selective hydrogenation of citral is one of the
ore feasible ways to obtain nerol and geraniol, molecules with a

igh demand for the pharmaceutical or chemical industry. Further-
ore, citral has very recently come to be produced petrochemically

n very large quantities, and partial hydrogenation of citral has
ecome a very interesting economical route due to it would be a sin-
le step synthesis in contrast with the actual long and complicated
ynthesis procedure [4]. Therefore, the hydrogenation of citral is
ttracting the attention of a large number of scientists worldwide.

Nevertheless, the selective hydrogenation of citral to UA (nerol
nd geraniol) is not easy, because citral possesses three potentially
ydrogenable double bonds: an isolated C C bond in addition to
onjugated C O and C C bonds. Thermodynamic and kinetic rea-

ons favor the hydrogenation of the C C over the C O group and
hus even in the presence of most of conventional hydrogenation
atalysts, the saturated aldehyde or alcohol (instead of the unsat-

∗ Corresponding author.
E-mail address: fjmaldon@ugr.es (F.J. Maldonado-Hódar).

ttp://dx.doi.org/10.1016/j.apcata.2015.12.017
926-860X/© 2015 Elsevier B.V. All rights reserved.
urated ones) are obtained as main reaction products [5,6]. Fig. 1
shows the reaction scheme of the citral hydrogenation

In the catalyst design for the hydrogenation of �,�-unsaturated
aldehydes there are several important issues which affect the cata-
lysts performance and product distribution including the nature of
the active metal and supports used [7–9], the catalyst preparation
method (catalyst precursor, pretreatments, etc) [10,11], dispersion
of the active phase and interaction with the support, the addi-
tion of a second metal [10–13], as well as other factors relating
to the operating conditions as solvent (which is important in the
formation of acetals), stirring, temperature, H2-pressure and initial
reactant/catalyst concentration.

Regarding the catalytic phase, not only the performance,
but also economic factors related with the stability, regener-
ation and price, should be considered. In general, transition
metals are used as active phase. Vannice and Singh [6] show
that the catalytic activity in citral hydrogenation varies as:
Pd > Pt> Ir > Os > Ru > Rh > Ni > Co » Fe. Catalysts based in Os showed
a high selectivity to unsaturated alcohols (SUA = 88%), Ru and Co
showed a moderate SUA (55%) but, Pt, Ir, Rh, Ni and Pd were more
selective to citronellal and isopulegol (0% unsaturated alcohols).

Several studies show also the importance of the support

[7,14,15] on the catalyst performance. In previous manuscripts,
we conclude that carbon xerogels offer several advantages as Pt-
support regarding inorganic oxides [14] and even other carbon

dx.doi.org/10.1016/j.apcata.2015.12.017
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2015.12.017&domain=pdf
mailto:fjmaldon@ugr.es
dx.doi.org/10.1016/j.apcata.2015.12.017
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Fig. 1. Reaction schem

aterials [15] on the basis of purity, absence of acidity and a defined
orphology and porous texture. Moreover, the catalytic perfor-
ance clearly is based on the combination of the support/active

hase characteristics and their interactions. This fact was  early
tudied by Sokol’skii [16] and Giroir-Fendler et al. [17]. in the
rotonaldehyde and cinnamaldehyde hydrogenation, respectively.
hey described a high selectivity to crotyl alcohol when Pt and Os
re supported on Fe2O3. However, using carbon supports, a similar
UA value (around 75%) using Ir, with Pt and Ru is obtained while
electivity is moderate and poor using Rh and Pd. The SUA of Pt and
u-catalysts dramatically increased when supported on graphite
egarding activated carbons, while Ir has a high intrinsic selectivity

hich is not modified by the carbon nature.

On the contrary, strong variations in the performance of Ir-
atalysts were described by different authors [5,7]. Thus, using
r/TiO2, SUA reached values as high as 91–100% [18,19] while other
e citral hydrogenation.

authors get only a moderate selectivity of 60% [20] with similar
catalytic systems and operating conditions. Also, using Ir/SiO2 cat-
alysts very different selectivity values, among 100% [18], 40% [21] or
15% [8], were obtained. Nevertheless, all of these studies agree with
the poor activity of Ir-catalysts, where conversion values typically
present values smaller than 15% [7].

These variations in the SUA values depending on the nature of
supports/active phase were attributed to electronic transfers. The
SUA seem to be correlated with the metal d-band width, according to
theoretical calculations of Delbecq and Sautet and semi-empirical
calculations of Hückel [2,22]. With increasing electron density and
hence d-orbital population, the repulsive electron interaction of the

metal with the C C double bond increase and the interaction of the
metal surface with the C O �-system is favoured [5,23]. Thus, in
general it is described that independently on the support, Pd, Rh
and Ni-catalysts are unselective to unsaturated alcohol, moderate
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Fig. 2. (a) SEM image showing the morphology of A8-support and (b) the PSD obtained by mercury porosimetry.
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Fig. 3. HRTEM images of catalysts after He (left) or 

electivity values are achieved using Ru-catalysts while those based

n Os are highly selective. As commented, there is however a great
ispersion of results regarding the behavior of Pt and Ir-catalysts.

In previous manuscripts [14,15] we studied the role of differ-
nt inorganic and carbon supports looking for the development
treatment (right). (a) Pt, (b) Ir and (c) Ru-catalysts.

of selective hydrogenation catalysts and conclude that carbon

xerogels structured in independent microspheres present the best
combination of chemical and porous properties to enhance the cat-
alytic performance. Once selected the support, in this manuscript,
the influence of the active phase is analyzed to find the best
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Table  1
Textural characteristics of carbon support and metal-catalysts after the corresponding pretreatment.

N2-adsorption CO2-adsorption

Sample Pretreatment SBET W0 L0 Vmeso V0.95 W0 Smic L0

Conditions m2 g-1 cm3 g-1 nm cm3 g-1 cm3 g-1 cm3 g-1 m2 g-1 nm

A8 – 614 0.25 0.78 0.00 0.31 0.29 952 0.60
A8Pt3–5 He/400 ◦C 553 0.22 0.64 0.00 0.25 0.28 965 0.58
A8Pt3–8 H2/400 ◦C 521 0.21 0.60 0.00 0.22 0.28 960 0.58
A8Ir3– He/400 ◦C 578 0.23 0.73 0.00 0.32 0.29 933 0.62
A8Ir3– H2/400 ◦C 595 0.24 0.50 0.00 0.31 0.30 997 0.61
A8Ru3– He/400 ◦C 573 0.23 0.72 0.00 0.31 0.28 913 0.62
A8Ru3– H2/400 ◦C 404 0.15 0.91 0.00 0.26 0.24 749 0.63

Table 2
Mean metal-particle size determined by H2-chemisorption

(
dH2

)
and HRTEM

(
dTEM

)
. XPS results: metal-surface concentration (MXPS,%Wt.), binding energy (B.E.) of metal-

species  detected (M0 and MII) and their proportions (%).

Catalyst dH2 (nm) dTEM(nm) MXPS (%Wt) M0 BE (eV) M0 (%) MII BE (eV) MII (%)

A8Pt3–5 5.1 7.2 7.0 71.3 72 72.5 28
A8Pt3–8 7.9 9.3 4.4 71.3 70 72.3 30
A8Ir3–4 4.4 3.0 6.1 61.2 64 62.2 36
A8Ir3–5 5.2 3.4 5.8 61.3 66 62.2 34
A8Ru3–5 5.0 5.4 7.4 462.5 69 464.8 31
A8Ru3–13 13.4 7.5 5.1 462.2 70 464.2 30

Table 3
Comparison of the initial reaction rate and products distribution.

Sample r0, mol/l/s × 106 SUA (%) SCal (%) SCol (%) S3,7DMO (%) SIsop + Ment (%)

A8Pt3–5 2.18 41.9 38.7 10.4 5.7 3.3
A8Pt3–8  1.63 35.6 46.0 10.7 4.2 3.5
A8Ir3–4  0.41 60.0 20.5 14.3 5.2 0.0
A8Ir3–5  0.47 64.7 24.5 6.6 2.8 1.4
A8Ru3–5 0.60 40.8 50.6 8.6 0.0 0.0
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A8Ru3–13 0.31 36.7 

ote: Selectivity values at 5% of conversion; UA: unsaturated alcohols, Cal: citronel

upport/active phase combination. The characteristics of Pt, Ir and
u catalysts obtained by the same preparation procedure are stud-

ed, establishing relationships between these properties and the
atalytic performance and stability of samples.

. Experimental

The carbon xerogel (A8) was prepared by polycondensation of
esorcinol with formaldehyde in aqueous media, using Cs2CO3 as

 polymerization catalyst by modifying a previous synthesis pro-
edure [24]. The synthesis procedure was published elsewhere
14,15]. In brief, the proper amount of resorcinol and Cs2CO3 were
dded to deionised water in a three-necks glass reactor provided of
eflux, controlled temperature (85 ◦C) and stirring. Then, formalde-
yde solution (Sigma, 37 wt.%) was added dropwise in the flask
nder agitation (250 rpm) and the gel formed was aged at 85 ◦C for
4 h. Finally, the suspension was filtered and placed in acetone (3
ays, changing acetone twice daily) to exchange water within the
ores by acetone, in order to reduce the porosity collapse during the
ubsequent drying process [25]. The gel was dried by microwave
sing a Saivod MS-287 W microwave oven under nitrogen atmo-
phere in periods of 1 min  at 384 W until constant weight and
arbonized to obtain the corresponding carbon xerogel in N2 flow
t 150 cm3/min, heating to 900 ◦C at a heating rate of 1 ◦C/min, in
rder to allow a soft removing of pyrolysis gases, and soaking time
f 2 h. The carbon xerogel obtained is called A8.

This support was milled and sieved to a diameter smaller than

.150 mm before impregnation. Platinum, iridium and ruthenium
atalysts were prepared by impregnation at 3 wt% Metal-loading
sing an aqueous solution that contains the appropriate amount of
Pt(NH3)4]Cl2, IrCl4 and RuCl3, respectively and pretreated in He or
 11.9 4.9 0.0

l: citronellol, 3,7DMO: 3,7 dimethyloctanol, Isop: isopulegol, Ment: menthol.

H2 flow at 400 ◦C (heating rate of 5 ◦C/min) for 12 h. Catalysts were
referred to based on the support, the metal-content and the final
mean metal-particle size determined by H2-chemisorption. Thus,
as an example, A8Pt3-8 indicates that Pt (3 wt%) was deposited on
the carbon support (A8) and presents a particle size of 8 nm.

The morphology of support was  studied by scanning electron
microscopy (SEM) using a LEO (Carl Zeiss) GEMINI-1530 micro-
scope. Textural characterization was  carried out by N2 and CO2
adsorption at −196 ◦C and 0 ◦C, respectively, with a Quantachrome
Autosorb-1 equipment. The BET and Dubinin–Radushkevich equa-
tions were applied to determine the apparent surface area (SBET)
and the micropore volume (W0), the mean micropore width (L0)
and the microporous surface (Smic), respectively [26–29]. The total
pore volume was considered as the volume of N2 adsorbed at
P/P0 = 0.95 [30].

Pt dispersion (D) and mean particle size (d) were obtained by
H2-chemisorption. The H2-chemisorption isotherms were mea-
sured at 25 ◦C. The metal dispersion is obtained from the amount
of H2-chemisorbed assuming a stoichiometric ratio H2:metal = 1:2
(dissociative chemisorption) and the average particle size was cal-
culated as dM(H2) = k/D (nm) (k = 1.08 for Pt, 0.91 for Ru and 1.11 for
Ir) [31–36]. HRTEM experiments were carried out using a Phillips
CM-20 microscope equipped with EDAX microanalysis system and
microphotograph analyzed by the appropriate software (ImageJ) in
order to obtain the particle size distributions and the average par-
ticle size. Also powder X-ray diffraction (XRD) pattern were made
using a Bruker D8 Advance X-ray diffractometer with Cu K� radi-

ation at a wavelength (�) of 1.541 Å. The 2� angles were scanned
from 20 to 70◦.

The chemical characterization of the catalysts was further ana-
lyzed by X-ray photoelectron spectroscopy (XPS). The spectra were
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Fig. 4. Metal-particle size distribution

0

50

100

150

200

250

0 5 10 15

S B
ET

re
du

ct
io

n 
(m

2 /g
)

dp (nm)

F
m

o
e
a

c
g
n
(
l

t
a
t
w
t
r

from them (Table 1), point out that A8-support is a microporous
ig. 5. Relationship between the surface area blockage of catalysts and the mean
etal-particle size formed after each pretreatment.

btained on a Kratos Axis Ultra-DLD X-ray photoelectron spectrom-
ter equipped with a hemispherical electron analyzer connected to

 detector DLD (delay-line detector).
Thermogravimetric (TG) experiments of used catalysts were

arried out in N2-flow with coupled-FTIR analysis of the evolved
ases (TPD) in order to obtain information about the amount and
ature of organic compound deposits. In this sense, desorbed gases
CO, CO2, H2O and aliphatic rest, CH4) were simultaneously ana-
yzed.

The citral hydrogenation was carried out in 100 ml  heptane solu-
ion at a constant hydrogen pressure of 8.3 bar and 90 ◦C using

 batch reactor model 5500 from Parr. The experimental condi-
ions: citral concentration, catalyst weight and agitation speed

ere previously optimized in order to avoid mass transfer limita-

ions (results not shown) and fixed in 0.05 M,  500 mg  and 1500 rpm,
espectively. The catalyst previously was pretreated outside the
 obtained from HRTEM images.

reactor and then quickly transferred to the reactor. A small volume
of sample was periodically withdraw and analyzed by chromatog-
raphy using a Bruker 430-GC equipped with a FID detector and
a Varian GC (25 m × 0.32 mm × 0.45 �m)  column. Citral and other
products were previously calibrated.

After the reaction, the catalyst is recovered by filtering and
washed several times with heptane before reuse without any addi-
tional treatment, but keeping constant the ratio catalyst/citral as
well as the rest of experimental conditions.

3. Results and discussion

3.1. Morphology and textural characterization

The textural and morphological properties of different inorganic
and carbon supports, including carbon xerogels, were optimized in
previous works [14,15]. The best performance in the citral hydro-
genation was  obtained using microporous materials structured
in microspheres [15], Fig. 2a. This material was selected now to
develop a catalysts series based on different metals (M = Pt, Ru, Ir).
The textural characteristics of support and their respective pre-
treated M-catalysts are summarized in Table 1. It is well known
that N2 and CO2 adsorption provides complementary information
about microporosity [37]. Thus, the narrow microporosity, cor-
responding to micropores with diameter lower than 0.7 nm,  is
determined by CO2, while the total microporosity is obtained from
N2 isotherm in absence of diffusion restrictions. Thus, the volume of
N2 adsorbed close to saturation (P/P0 = 0.95; V0.95) was considered
as the total pore volume of the samples [30]. All the N2-adsorption
isotherms obtained correspond to type I, and the results obtained
material, with a null mesopore volume (Vmeso), but that exhibits an
important macropore volume as detected by mercury porosime-
try (Vmacro = 3.91 cm3 g−1). Microporosity is intrinsic of the carbon
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ig. 6. Conversion (a) and SUA (b) obtained with 3% metal-loading catalysts (� Ir
2-pretreatment: open symbols.

icrospheres, being mainly formed during carbonization by the
elease of gases [38], while large interparticle voids (macropores)
re generated between them. The pore size distribution (PSD)
Fig. 2b) obtained in this case, shown two maxima clearly located
t the micrometer range. Catalysts present smaller micropore vol-
mes and specific surface areas than their corresponding supports,
enoting a certain micropore blockage after the deposition of
etal-particles. The total pore volume detected by N2-adsorption

V0.95) progressively decreases with increasing the metal-particle
ize detected. However macroporosity does not change, confirming
he interparticle character of this porosity range.

.2. Metal-characterization: nature and dispersion

It is well known that the hydrogenation of �–� unsaturated
ldehydes is strongly dependent on metal dispersion [2,13,23]. In
his catalyst series, the metal dispersion was tentatively modi-
ed by changing the pretreatment conditions. As commented in
he experimental section, chemical state and dispersion of metals
ere analyzed by XPS, XRD, H2-chemisorption and TEM measure-
ents. Results are summarized in Table 2, some representative TEM
icrographs are shown in Fig. 3 and the metal-particle distribution

alculated from them in Fig. 4. In general, the metal-particle size
alues obtained by TEM and H2-chemisorption (Table 2) present

 similar evolution. TEM images show a very high density of
etal-nanoparticles on the spherical particles of the carbon sup-

ort being sintering favored after H2-pretreatment (Fig. 3). Some
arge particles are always observed by TEM together a majority

f smaller ones. H2-chemisorption only provides a mean parti-
le size, however, even this technique also clearly point out that
2-pretretament favors the metal sintering regarding the He-one,
eing this effect stronger in the sense Ir < Pt < Ru. This is also showed
 � Ru) supported on carbon xerogel after He-pretreatment (closed symbols) and

by the significant shifting of the particle size distribution measured
for Ru-catalysts after each pretreatment (Fig. 4).

Similarly, XPS results show that in all cases the surface metal
content (MXPS%) is larger than the theoretical loading (3%), indi-
cating a higher metal concentration on the external surface. This
parameter decreases after the H2-pretreatment regarding the He-
one, as consequence of the greater metal-particle size obtained.
Due to the absence of mesoporosity in the support, and because
always the mean metal particle size exceeds the micropore size
(2 nm)  these particles should be formed preferentially on the outer
surface of the carbon microspheres, as is also denoted by HRTEM
images.

The different metal-particle size and distribution influence the
final porous texture and specific surface area of the catalysts. Thus,
it is noteworthy that the SBET decreases linearly with increasing
the metal particle size (Fig. 5). Metal particles are blocking or par-
tially filling the larger micropores, as denoted by the reduction of
both W0 (N2) and L0 (N2) values (Table 1), however, these param-
eters remain constant regarding A8 support for all the pretreated
catalysts for the narrower microporosity (micropores smaller than
0.7 nm)  determined by CO2 adsorption. These results mean that
the larger micropores (0.7–2 nm of diameter) are related with the
high and homogeneous distribution of metal particles on the carbon
microspheres surface observed by HRTEM, but not the narrowest
ones.

Regarding the chemical state of the different metals XPS analy-
sis pointed out a mixture of M(0)/M(II)  species in all the catalysts,
the ratio is more or less independent on the metal and pretreat-

ment used. In all cases there is a fraction of reduced metal around
70%, the oxidized phase can be formed during the storage in air
before the analysis. However, XRD only shown peaks correspond-
ing to the M0—species, indicating that the oxidized one can be
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morphous particles or be formed on the more reactive parts of the
0—nanoparticles (imperfections, borders, grain limits, etc) either

y interaction with the air or with the oxygen content of the carbon
urface.

.3. Catalytic performance

Because all catalysts present a similar metal particle size after
e-pretreatment (4.7 ± 0.4 nm,  Table 2), the influence of metal dis-
ersion is avoided and comparisons between active phases can be
nalyzed directly. The evolution of the conversion and selectivity
alues along the reaction is showed in Fig. 6 and a comparison of

he initial reaction rates (r0) and the products selectivity at low con-
ersion values is presented in Table 3. Clearly, the catalytic activity
ncreases in the sense Ir < Ru < Pt (Fig. 6a). As commented, the low
ctivity of Ir-catalysts is in agreement with previous studies [7].
t, 1500 rpm, 0.05 M citral, PH2 = 8 bar, 90 ◦C): citronellal (©) citronellol (�), 3,7-
: H2-pretreatments.

Similar conclusions are obtained by comparing the initial reaction
rate (Table 3).

Initially, the selectivity to the most valuable unsaturated alco-
hols varies as Ir > Ru > Pt, i.e. shows the contrary tendency that the
catalytic activity (Fig. 6b and Table 3). However, while SUA present
constant values (at around 40%) in all the conversion range obtained
when use Ru-catalyst, significantly increases along reaction for Ir
and Pt-catalysts. This increase is slower in the case of the Ir-catalyst
and stronger and faster for Pt-catalyst. Although SUA reaches in both
cases a similar value (around of 70%) after 8 h of reaction, it is note-
worthy the different conversion values obtained at this reaction
time.

After H2-pretreatment sintering is favored in the sense

Ir < Pt < Ru. The catalytic performance changes regarding He-
pretreatment are directly related with the sintering degree. Thus,
the slow increase in the metal particle size of Ir-catalysts mainly
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Fig. 8. Evolution of conversion and selectivity values in two  consecutiv

avor the activity (final conversion at 480 min  is practically twice
han for He-pretreated catalyst) without influencing significantly
electivity values (final SUA values around 70%), the moderate sin-
ering of Pt favors both activity (that increase from 40 to 65%)
nd selectivity, however, in the case of the Ru-catalyst, where sin-
ering is stronger (Table 2), conversion clearly decreases to the
alf with a simultaneous decrease of the SUA values. These results
ointed out that both activity and selectivity present an optimum
or metal-particle size. Thus, probably the catalytic performance
mainly activity) of Ir-catalysts could be enhanced by increasing
lowly the metal particle size, while the selectivity values for Ru-
atalyst seem to be always around 40%. All this, confirms that the
elective hydrogenation of citral is structure sensitive for all tested
ctive phases. Galvagno et al. [39]. using Ru/activated carbon as
atalyst found that, in the case of citral, where no aromatic ring is
resent, the steric effect cannot play an important role, and there-
ore, no difference in the product distribution is observed with a
hange of the metal particle size ranging from 3 to 16.8 nm.

It is noteworthy that when Pt is supported on a carbon xero-
el generates both the most active and the most selective catalyst.
r-supported catalyst provides similar selectivity to unsaturated
lcohol that Pt-catalyst but the yield to these products is smaller by
ts smaller activity. The yield of UA still decreases using Ru-catalysts
A8Ru3–5), which shows an intermediate activity and selectivity.

The significant differences in activity between Pt and Ir can
e explained on the basis of the D-character, which is an empir-

cal indicator of the electronic structure of the metal, and refers
o the contribution of the D-electrons to the spd hybrid orbitals
ssumed in Pauling’s resonance valence band theory [8] and elec-

ronic effects [2,22]. The correlation of the TOF with percentage of
-character was made by Singh and Vannice [8] obtaining a volcano
lot where Pd and Pt have the higher activity and Ru and Ir have
imilar low activity in term of TOF. The electrostatic interactions of
Fig. 9. Thermogravimetric analysis of fresh and used catalysts.

metal particles with the double bonds of the reactant molecules
also determine their selectivity. Increasing electron density and
hence D-orbital population, the repulsive four electron interaction
of the metal with the C C double bond increase while with the C O
�-system is favored [5,23].

When analysing the complete products distribution obtained in
each case (Fig. 7) it is observed that UA are formed preferentially
at the reaction beginning only in the case of Ir-catalysts, while cit-
ronellal is main product obtained using either Pt or Ru-catalysts.
The SUA remains constant along reaction when use Ru-catalysts,
independently the pretreatment used. In this case, with increasing
conversion secondary hydrogenation processes from citronellal to

citronellol are favoured, but the complete hydrogenation to 3,7-
dimethyloctanol is not observed. In the case of Pt-catalysts, the
strong increase of SUA is accompanied by a simultaneous decrease
of selectivity values to citronellal. Similarly, the formation of
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Fig. 10. TPD-profiles of CO2 and CO evolved from Ir and Pt-catalysts after a first cycle of citral hydrogenation.
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Fig. 11. (a) Platinum (Pt4f) and (b) oxygen (O1s) X

itronellol and 3,7-dimethyloctanol also decreases, this fact indi-
ates that these compounds are formed preferentially by a
onsecutive hydrogenation of citronellal regarding UA hydrogena-
ion. Nevertheless the selectivity to citronellol slowly increases at
igh conversion values, when mainly UA are present, indicating
hat this process cannot be completely neglected. A similar but
lower formation of other products can be described for Ir-catalysts.
A are formed instead citronellal, increasing slowly the citronellol
t high conversion values by hydrogenation of UA. Also, note that
racking reactions as well as cyclization reactions are not observed.
oth reactions are related with the catalysts acidity, which in turn,

s also influenced by the presence of Cl− ions from the metal precur-
ors [40]. Thus, the influence of these parameters can be neglected
n this catalyst series.

These results point out that at the reaction beginning there
re some transformations in Pt and Ir-catalysts that deactivate the
ore activephase is analyzed to find centres where the C C hydro-

enation occurs, favouring the hydrogenation of the C O bonds
nd the formation of UA. In such a basis, used Ir and Pt-catalysts
ould be consequently more selective to UA than their correspond-
ng fresh samples and therefore, the reuse of these samples seems
o be quite interesting. Ru-catalysts are not included in this study
ue to the lower performance detected. The results obtained after

 second hydrogenation cycle are compared in Fig. 8.

It is observed that the performance of Ir-catalysts is improved;

lthough the commented low activity of this catalyst, conversion
alues are maintained regarding the first hydrogenation cycle but,
BE (eV)

ectral regions of fresh and used A8Pt3-5 catalyst.

as expected, the selectivity increases showing very high SUA values
(SUA > 80%). However, in the case of Pt-samples, catalyst is clearly
deactivated, conversion values become very low (but still in the
range obtained with Ir-catalysts) and UA is practically the unique
product.

To elucidate this behavior, the used catalysts were analyzed
from a textural and chemical point of view. These changes should
be associated to modification in the chemical and porous charac-
teristics of supports, because no metal-leaching or sintering was
observed by analysing both the liquid reaction media and the recov-
ered solid catalysts.

The first question is to determine the amount of possible
deposits formed on the catalyst surface. Because the mass balances
indicate a good agreement between the amount of reactants and
reaction products, the amount of these deposits should be low.
Nevertheless, a deep pore blockage of the support porosity was
observed; the BET surface area decrease from 580 m2 g−1 to around
10 m2 g−1 in both cases. Because metal particles, as discussed, are
located on the external surface, the microporosity blockage should
not influence the accessibility of reactants to the metallic centers,
and consequently deactivation, as clearly observed for Ir-catalysts
(Fig. 8). Thus, deactivation should be related to chemical transfor-
mation of the catalysts surfaces.

Due to the carbon support nature, it is impossible to determine

the exact content of these organic deposits by burning. Never-
theless, TG-experiments carried out in N2-flow with coupled-FTIR
analysis of the evolved gases (TPD) can provide some information
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bout the amount and nature of such deposits. In this case, desorbed
ases (CO, CO2, H2O and aliphatic rest, CH4) were simultaneously
nalyzed. In Fig. 9 the weight loss (WL) detected for Pt and Ir-
atalysts after the first reaction cycle are shown. Fresh Ir-catalyst is
sed as blank sample. It is observed that in both used samples the
L increases regarding the fresh one. The used Ir-catalyst shows

igher WL  than the Pt-ones bellow 600 ◦C, while from this temper-
ture range this parameter quickly increase in the last case. These
esults indicate that both metals induce the formation of deposits
ith different chemical nature.

These differences are also noticed by analyzing the nature of the
ases evolved during the TG experiments. The formation of CO and
O2 by decomposition of oxygenated groups located on the carbon
urface is well documented [41,42]. Thus, CO2 can be evolved from
arboxylic acid groups that decompose at low temperature (typi-
ally bellow 400 ◦C) while lactones can be stable up to 700 ◦C. Other
xygenated structures like phenols, ether or quinones are evolved
s CO and they are in general thermally more stable than those
volved as CO2, typically evolving from 600 ◦C. In our case, because
upports are obtained at high temperature and catalysts were pre-
iously reduced the oxygen content was estimated below 0.8% wt.;
xygenated surface groups should be generated mainly along citral
eactions, being mainly associated to adsorbed rest of citral or their
erivatives products. As commented, the deposit generated on Ir-
atalysts present a smaller thermal stability than those formed on
t-catalyst, as demonstrated by TG. This fact is also accompanied
y a larger amount of CO2 evolved (Fig. 10). CO-desorption was
nly observed at high temperature, i.e. is due to the decomposi-
ion of more stable oxygenated species. In this case, the amount of
O-evolved is higher in the case of used Pt-catalysts.

The enrichment of the support surface with oxygenated deposits
hange the nature of this surface from hydrophobic to hydrophilic,
hich favors the citral adsorption through C O bond and conse-

uently the UA formation [14]. This fact is observed for both Ir-and
t-catalysts (Figs. 7,8), while the Ru-one seems to be unaffected by
his change. Nevertheless, the importance of the nature of these
eposits plays an important role on the stability of the catalyst.
hus, while the activity of Ir-catalyst is maintained, the deactiva-
ion of Pt-hydrogenation centers by formation of adsorbed deposits
as observed. This fact was also previously described by different

uthors [43,44], showing that irreversibly chemisorbed CO, formed
y decomposition of citral molecules, can deactivate the active Pt-
ites.

Taking into account the strong deactivation of Pt-catalysts, the
sed catalysts were also studied by XPS. Results point out an

ncrease of the surface oxygen content from 3.0 to 4.6%, whereas
he Pt content detected do not change significantly regarding the
resh sample (from 7.0 to 7.3%) being also constant the Pt/Pt+2 ratio
72.5%); the corresponding spectral regions are showed in Fig. 11.
hese results also confirm that leaching or sintering do not occurs
uring reaction and that adsorbed organic rest are located mainly
n the carbon surface, blocking micropores.

. Conclusions

A series of supported catalysts is obtained by impregnation of
 carbon xerogel structured in microspheres with different active
hases (Pt, Ru, Ir). Pretreatment in He-flow leads to a similar metal-
ispersion, but sintering increases after H2-pretreatment mainly

n the case of Ru-catalysts. In all cases, metal particles are formed
xclusively on the external surface of microspheres because the

icroporous character of the support.
The catalytic activity varies in the sense Pt > Ru > Ir, while the

ost selective catalysts are obtained with Pt and Ir. Thus the higher
A yield is obtained using Pt-catalysts. The catalytic performance

[

[

[

is A: General 512 (2016) 63–73

is favored by increasing the metal-particle size up to 8–10 nm. The
large sintering detected for Ru-catalysts provoke a diminution of
both activity and selectivity. An intrinsic selectivity of around 40%
is detected for Ru-catalysts along the reaction, while this parame-
ter clearly increases during reaction either for Pt and Ir-catalysts,
suggesting an interesting reuse of samples.

The reutilization experiments point out that this is possible for
Ir-catalysts but a strong deactivation is found in the case of Pt-
catalysts. This is related with the formation of highly stable CO-
species poisoning the Pt-active sites.
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