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a  b  s  t  r  a  c  t

In this  paper,  bimetallic  PtGa and PtIn catalysts  supported  on multiwall  carbon  nanotubes  and  carbon
Vulcan  were  used  to  study  the  hydrogenation  of  citral  (�,�-unsaturated  aldehyde)  in liquid  phase  to pro-
duce nerol  and  geraniol  (unsaturated  alcohols,  UA).  The  catalysts  were  prepared  with  different  metallic
loadings  by  conventional  impregnation.  All  the catalysts  contained  a Pt loading  of  5  wt%.  Once  reduced
under  hydrogen  flow,  the  supported  catalysts  were  characterized  by test  reactions  of  the  metallic  phase,
H2 chemisorption,  temperature  programmed  reduction  (TPR),  X-ray  photoelectron  spectroscopy  (XPS)
and transmission  electron  microscopy  (TEM).  Hydrogenation  results  showed  that  the  addition  of a  second
metal to Pt leads  to important  modifications  of the selectivity  to UA. The  highest  selectivities  to  UA  were
reached  with  different  promoter/Pt  atomic  ratios  for  Ga  and  In.  The  catalyst  performances  in  the citral
hydrogenation  were  related  to  the  characteristics  of each  supported  bimetallic  phase.  It  was  found  that
itral hydrogenation the  PtGa  catalysts  have  a typical  behavior  of an  ionic  promoter  together  with  a contribution  of  the  Ga
reduced  species,  reaching  high  selectivities  to UA.  On  the  other  hand,  PtIn  catalysts  with  a  metallic  phase
composed  mainly  by zerovalent  In species  in  contact  with  the  metallic  phase,  also  showed  high  activities
and  selectivities  to UA. The  best  selectivity  value  to UA  (about  97%)  was  found  for  PtIn(2.5  wt%)/CN-P
catalyst  with  an excellent  activity.

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

Citral is an �,�-unsaturated aldehyde which contains two dou-
le conjugated bonds (one carbonyl group and one double bond
onjugated with that group), and an isolated double bond. These
haracteristics make citral an interesting model molecule to study
elective hydrogenation reactions, from a scientific point of view to
n industrial one [1]. This reaction is a very important one mainly
or the preparation of different fine chemicals, for example menthol
hich is obtained via cyclization and has several uses in pharma-

eutical industries [2]. Besides, fine chemicals such as unsaturated
lcohols obtained from the citral hydrogenation are intermediary
aterials for the development of perfumes, flavors and pharma-

eutical products [3].

Heterogeneous catalysts have several advantages with respect

o homogeneous ones, such as easy separation, handling and
ecycling of the catalyst. An efficient strategy is to graduate the

∗ Corresponding author. Tel.: +54 342 4555279.
E-mail address: jstassi@fiq.unl.edu.ar (J.P. Stassi).

ttp://dx.doi.org/10.1016/j.apcata.2015.01.046
926-860X/© 2015 Elsevier B.V. All rights reserved.
selectivity using a catalyst of specific characteristics [4]. In fine
chemical industry, catalysts based on precious metals and sup-
ported on carbonaceous materials are frequently used, giving
excellent performances in hydrogenation reactions [5]. However,
bimetallic catalysts based on Pt with some p-block metals as pro-
moters (In, Ga) were rarely studied.

Good selectivities to unsaturated alcohols in �,�-unsaturated
aldehydes hydrogenation reactions were found using PtSn catalysts
supported on different materials [6,7]. In this case the interac-
tion of the ionic Sn species with the oxygen of the carbonyl group
could weaken the C O bond and enhance the carbonyl hydro-
genation rate. Besides, it is possible that the presence of metal
alloys or a strong metal–promoter interaction leads to an increase
of the Pt electron density decreasing the adsorption of the C C
bond. This fact would favor the interaction with the carbonyl group
[8,9].

It is known that microporous carbons are normally employed

as supports of active metals for the preparation of catalysts to be
used in selective hydrogenation reactions, but the use of meso-
porous carbons (with lower specific surface area) has been scarcely
explored in the literature. In fact few papers about the use of

dx.doi.org/10.1016/j.apcata.2015.01.046
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2015.01.046&domain=pdf
mailto:jstassi@fiq.unl.edu.ar
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Table  1
Surface area (SBET), pore volume (Vpore) and isoelectric points (pI) of carbon Vulcan
(CV)  and carbon nanotubes after purification (CN-P) [9].

Support SBET (m2 g−1) Vpore (cm3 g−1) pI

CV 240 0.36 7.4
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CN-P 179 0.39 4.7

arbon Vulcan and nanotubes as supports of metals in the selec-
ive hydrogenation of citral have been reported [10–13]. Thus,
he scientific information about selective hydrogenation of �,�-
nsaturated aldehydes using catalysts supported on carbon Vulcan

s scarce. Moreover, there are not complete studies about bimetal-
ic catalysts supported on carbon nanotubes. It is known that PtSn
atalysts supported on these materials lead to a very high selectiv-
ty to unsaturated alcohols (UA: nerol + geraniol) with a very good
ctivity [9]. Other p-block metals, such as Ga and In, are commonly
sed as promoters in other reactions such as dehydrogenation ones
14–17]. Besides, Ga addition to Pt leads to an important promotion
ffect in some selective hydrogenation reactions [18–20], but there
re no studies of the PtIn couple for the selective hydrogenation
f �,�-unsaturated aldehydes. The interaction between the active
etal (Pt) and the promoters (Ga or In) is not well-known, so it is not

ossible to know how these two metals interact to give a favorable
romoter effect. Therefore, the characterization and determination
f the catalytic behavior of these catalysts would be of great inter-
st. In this paper, PtGa and PtIn bimetallic catalysts supported on
wo types of carbonaceous materials (carbon Vulcan and multi-
all carbon nanotubes) were studied by using different loading of

he promoters and evaluated in selective hydrogenation of citral.
his work seeks to achieve high production of unsaturated alco-
ols (geraniol and nerol) from citral hydrogenation, with excellent
electivities to UA.

. Experimental

Two commercial carbonaceous supports were selected: (i) car-
on black Vulcan XC-72 (granular carbon from Cabot Corp., purity
99%), which was called CV; (ii) multiwall carbon nanotubes
MWCN  from Sunnano, purity >90%, diameter 10–30 nm,  length
–10 �m),  which were called CN. Carbon Vulcan was used in its
riginal form because its impurity levels were very low (0.45%). On
he other hand, carbon nanotubes were purified in order to elimi-
ate impurities (about 6%), such as metals and other compounds,
hat could be negative for the final catalyst. Purified carbon nano-
ubes were called CN-P. The impurity levels of the supports were
etermined by EDX and the experimental details of the purification
rocess were given in a previous work [9].

Both supports were previously characterized in order to know
heir textural properties (SBET and Vpore) and their acid character
isoelectric point, pI). These results were reported in a previous
ork [9] and are shown in Table 1. It was found that the supports
resent quite similar textural properties, but their acid character,
etermined by titration, was different. In spite of this, both carbon
anotubes and carbon Vulcan show an amphoteric behavior and
isplay a very good adsorption of the metals during the impregna-
ion step [9,21].

All the bimetallic catalysts were prepared by successive
mpregnation of the corresponding monometallic ones. Thus,

onometallic catalysts were prepared by conventional impreg-
ation of the corresponding support with an aqueous solution of

2PtCl6 (Johnson Matthey Inc.) at 25 ◦C for 6 h. In all cases, the Pt
mount used for the impregnation was the appropriate to obtain a
t content of 5 wt%. In order to achieve uniform contact between
he solid and the impregnating solution, a stirring rate of 250 rpm
: General 497 (2015) 58–71 59

was used and the impregnating volume/support weight ratio was
30 mL  g−1. The excess of solution was  evaporated at low tempera-
ture after impregnation until a paste was formed. Then, the samples
were dried overnight at 120 ◦C and then they were crushed to a
powder.

PtGa and PtIn bimetallic catalysts over both supports were
prepared by the impregnation of the monometallic Pt one with
the corresponding precursor (Ga(NO3)3, Sigma–Aldrich 99.9% and
In(NO3)3, Alfa Aesar 99.9%) using the same conditions men-
tioned above for monometallic catalysts. Thus, each portion of
monometallic catalyst was impregnated to obtain the correspond-
ing loadings of the second metal (Ga: 0.6, 1.8, 3.12 wt% and In: 0.97,
1.94, 2.5, 2.95 wt%). Finally, all samples were dried overnight at
120 ◦C and then crushed to a powder. After conventional impreg-
nation, all catalysts were reduced at 350 ◦C under hydrogen flow
for 3 h. In the same way, the monometallic Ga and In catalysts were
prepared by conventional impregnation of the supports with the
corresponding precursors.

Additionally, some selected catalysts were submitted to further
thermal treatment in order to induce sinterization and/or modifica-
tion of the metallic phase [21]. The thermal treatment was  applied
after the reduction treatment mentioned before. It consisted on
maintaining the selected samples under nitrogen flow at 700 ◦C for
12 h. These catalysts were referred in the text by the denomination
of the corresponding catalysts followed by N2. Table 2 shows the
sample compositions according to the preparation method of the
catalysts.

Two  test reactions were selected to study the metallic phase
of catalytic samples: cyclohexane dehydrogenation (CHD) [22] and
cyclopentane hydrogenolysis (CPH) [23,24]. They were performed
in a differential continuous flow reactor at 250 and 350 ◦C, respec-
tively. In both reactions the catalysts were previously reduced “in
situ” under H2 flow at 350 ◦C for 3 h. The experiments were per-
formed by using H2/CH and H2/CP molar ratios equal to 26 and
29, respectively, and a volumetric flow of 600 mL H2 min−1 in both
reactions. The catalyst weight used in these test reaction exper-
iments was such as to obtain a conversion lower than 5%, since
under these conditions the behavior of the reactor follows a dif-
ferential flow reactor model that allows the correct measurement
of the initial rate and activation energy. The reaction products and
the remaining reactants were analyzed by using a gas chromato-
graphic system. The activation energy values for CHD (EaCH) were
calculated by linear regression using the reaction rates measured
at three temperatures (250, 240 and 230 ◦C) and the Arrhenius plot
(ln R0

CH vs. 1/T  (K−1)).
The H2 chemisorption measurements were carried out in a volu-

metric equipment. The sample weight used in the experiments was
200 mg.  All the catalysts were previously reduced in H2 at 350 ◦C for
3 h, then outgassed under high vacuum (10−5 T). The H2 adsorption
isotherms were performed at room temperature between 25 and
100 T. The isotherms were linear in the range of used pressures and
the H2 chemisorption capacity was  calculated by extrapolation of
the isotherms to zero pressure [25].

Temperature programmed reduction (TPR) experiments were
performed using a reductive mixture of H2 (5%, v/v)–N2 with a flow
rate of 9 mL  min−1 in a flow reactor and a sample weight of 200 mg.
Samples were heated at 6 ◦C min−1 from 25 up to 800 ◦C. The exit
of the flow reactor was connected to a TCD (thermal conductivity
detector) in order to obtain the TPR signal. Before TPR experiments,
the dried samples were stabilized with N2 at room temperature for
1 h.

XPS determinations were carried out in a Multitechnic Specs

photoemission electron spectrometer equipped with an X-ray
source Mg/Al and a hemispherical analyzer PHOIBOS 150 in the
fixed analyzer transmission mode (FAT). The spectrometer operates
with an energy power of 100 eV and the spectra were obtained with
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Table  2
Preparation methods of the different catalysts. All the catalysts contain 5 wt% Pt. M (second metal): Ga or In.

Catalyst designation Preparation method M (wt%) M/Pt atomic ratio

Pt/CN-P
Pt/CV

(i) Conventional impregnation – –
(ii)  Reductive treatment in H2 flow at 350 ◦C for 3 h

PtGa(X wt%)/CN-P
PtGa(X wt%)/CV

(i) Successive impregnation X = 0.6, 1.8 or 3.12 0.33, 1 or 1.75, according to the
corresponding value of X

(ii)  Reductive treatment in H2 flow at 350 ◦C for 3 h

[PtGa(X wt%)/CN-P]-N2

[PtGa(X wt%)/CV]-N2

(i) Successive impregnation X = 1.8 1
(ii)  Reductive treatment in H2 flow at 350 ◦C for 3 h
(iii) Thermal treatment in N2 flow at 700 ◦C for 12 h

PtIn(Y wt%)/CN-P
PtIn(Y wt%)/CV

(i) Successive impregnation Y = 0.97, 1.94, 2.5 or 2.95 0.33, 0.66, 0.85 or 1, according to the
corresponding value of Y

(ii)  Reductive treatment in H2 flow at 350 ◦C for 3 h
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[PtIn(Y wt%)/CN-P]-N2

[PtIn(Y wt%)/CV]-N2

(i) Successive impregnation 

(ii)  Reductive treatment in H2 flow at 350 ◦C for 3
(iii) Thermal treatment in N2 flow at 700 ◦C for 12

 pass energy of 30 eV and a Mg  anode operated at 100 W.  The pres-
ure of the analysis chamber was kept lower than 5 × 10−8 mbar.
amples were previously reduced under H2 at 350 ◦C for 3 h in a
ow reactor and then they were introduced in the equipment and
educed “in situ” with H2 at 350 ◦C for 1 h. Peak areas and bind-
ng energies (BE) values were estimated by fitting the curves with
ombination of Lorentzian–Gaussian curves of variable proportion
sing the CasaXPS Peak-fit software version 1.2. In order to accu-
ately determine the peak position, the BE values of the energy
evels of the corresponding atoms species were referenced to the

 1s (BE at 284.6 eV). Besides, to correctly fit the Pt 4f spectra
f the different catalysts, the corresponding deconvolutions were
erformed assuming an intensity ratio of Pt 4f7/2 to Pt 4f5/2 of
:0.75, and a separation between the Pt 4f doublet signals of 3.36 eV
26,27].

TEM measurements were carried out on a JEOL 100CX micro-
cope with a nominal resolution of 0.6 nm,  operated with an
cceleration voltage of 100 kV, and magnification ranges of 80 000×
nd 100 000×. The samples were prepared by grinding, suspending
nd sonicating them in ethanol, and putting a drop of the sus-
ension on a carbon copper grid. After evaporation of the solvent,
he specimens were introduced into the microscope column. For
ach catalyst, a very important number of Pt particles (about 150)
ere observed and the distribution curves of particle sizes were
one. The mean metallic particle diameter (d) was calculated as:

 =
∑

nidi∑
ni

, where ni is the number of particles of diameter di.

The different catalysts were tested in the citral hydrogena-
ion at 70 ◦C and atmospheric pressure in a discontinuous glass
eactor with a device for sampling the reaction products. In each
xperiment, 0.3 mL  of citral (Aldrich, 61% cis and 36% trans) were
ydrogenated by using 0.300 g of catalyst and 30 mL  of solvent (2-
ropanol). The reaction mixture was stirred at 1400 rpm. It must be
oted that from previous experiments, diffusional limitations were

ound to be absent under these conditions [28]. Prior to the reaction,
atalysts were reduced “in-situ” under flowing H2 at 350 ◦C for 3 h,
nd then they were cooled down to the reaction temperature. The
eaction products were analyzed in a GC system coupled to a capil-
ar column (Supelcowax 10 M)  and using a FID detector. All products

ere identified by using gas chromatography standards, except
or 3,7-dimethyloctanal and other secondary products. These last
roducts were identified by gas chromatography–mass spectrom-
try (GC–MS) technique. The catalytic activity was defined as the
um of percentages of citral converted into different products. The

electivity to a given product (i) was calculated as the ratio between
he amount of product (i) and the total amounts of products. Fig. 1
hows the scheme of the citral hydrogenation reaction and the main
btained products.
Y = 2.5 0.85

3. Results and discussion

3.1. Characterization of the catalysts

3.1.1. Test reactions of the metallic phase and H2 chemisorption
Tables 3 and 4 show the values of the initial rates of cyclohex-

ane dehydrogenation (R0
CH) and cyclopentane hydrogenolysis (R0

CP)
for PtGa and PtIn bimetallic series. The values of activation energy
in CHD (EaCH) and of the H2 chemisorption capacity (H) are also
included.

In the case of PtGa bimetallic catalysts over both supports
(Table 3), it can be observed that the initial reaction rates (of CHD
and CPH) and chemisorption capacities significantly decrease when
increasing the Ga loading. In fact, the highest Ga loading shows
the lowest CHD and CPH initial activities with a decrease of one
order of magnitude in the chemisorption capacity with respect to
the monometallic sample. However, there is an increase in the ini-
tial reaction rate of CHD for PtGa(0.6 wt%)/CV catalyst while the
same value for PtGa(0.6 wt%)/CN-P catalyst slightly decreases with
respect to the corresponding monometallic catalyst. It must be
pointed out that the CPH is a structure-sensitive reaction carried
out on ensembles of a certain number of active atoms. Thus, the
addition of a promoter to Pt (active metal) can break these ensem-
bles and diminishes the CPH reaction rate. Hence, the marked
decrease in the CPH initial reaction rates could be evidence of
strong geometric effects, like blocking and dilution, taking place.
The activation energy values in CHD show a slight decrease for
PtGa bimetallic catalysts with respect to the monometallic ones.
The CHD is a structure-insensitive reaction, which is carried out on
one surface active atom of the catalyst. Hence the modification in
the activation energy values is probably due to an electronic effect
[14].

In the case of PtIn bimetallic catalysts over CV and CN-P (Table 4)
it can be observed that both series show similar behaviors as the In
content increases. Regarding CPH results, the addition of In to Pt in
both supports produces a significant decrease of the initial reaction
rate up to 100 times for the catalyst with the highest In loading com-
pared with the monometallic catalyst. CHD values show another
tendency. Thus, the initial CHD reaction rate is similar to those
of the corresponding monometallic ones for the lower In content,
while the catalysts with higher In loadings show lower values than
those of the corresponding monometallic catalysts. This decrease
reaches up to 85% for the highest In loading. The activation energy
values in CHD show a decrease with In addition to Pt, but it is impor-

tant to remark that this behavior is not a function of the In content
because the EaCH values remain practically the same for all PtIn
catalysts. Table 4 also shows H2 chemisorption capacities which
largely decrease when increasing In amounts are added to Pt in both
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Fig. 1. The pathways of citral hydrogenation.

Table 3
Initial reaction rates of CHD (R0

CH) and CPH (R0
CP), activation energy in CHD (EaCH) and H2 chemisorption capacity (H) for PtGa catalysts.

Catalyst R0
CH (mol/h gPt) EaCH (kcal/mol) R0

CP (mol/h gPt) H (mol/g cat)

Pt/CN-P 1.78 41 8.87 38.05a (D = 29.8%)
PtGa(0.6 wt%)/CN-P 1.15 35 0.36 n.m.
PtGa(1.8 wt%)/CN-P 0.22 37 0.09 0.62
PtGa(3.12 wt%)/CN-P <0.1 n.m. n.d. <0.5
[PtGa(1.8 wt%)/CN-P]-N2 <0.1 n.m. 0.08 0.97

Pt/CV  0.71 40 6.30 34.75a (D = 27.2%)
PtGa(0.6 wt%)/CV 1.70 30 0.15 n.m.
PtGa(1.8 wt%)/CV 0.45 36 0.08 2.04
PtGa(3.12 wt%)/CV <0.1 n.m. n.d. <0.5
[PtGa(1.8 wt%)/CV]-N2 <0.1 n.m. 0.07 0.97

n.d., not detected; n.m., not measured.
a D = Pt dispersion (%).

Table 4
Initial reaction rates of CHD (RCH

0) and CPH (RCP
0), activation energy in CHD (EaCH) and H2 chemisorption capacity (H)  for PtIn catalysts.

Catalyst R0
CH (mol/h Pt) EaCH (kcal/mol) R0

CP (mol/h gPt) H (mol/g cat)

Pt/CN-P 1.78 41 8.87 38.05a (D = 29.8%)
PtIn(0.97 wt%)/CN-P 1.87 35 0.15 2.20
PtIn(1.94 wt%)/CN-P 1.41 36 0.24 4.00
PtIn(2.5 wt%)/CN-P 0.82 38 0.07 3.00
PtIn(2.95 wt%)/CN-P 0.25 38 0.06 1.62
[PtIn(2.5 wt%)/CN-P]-N2 <0.1 n.m. 0.06 <0.1

Pt/CV  0.71 40 6.30 34.75a (D = 27.2%)
PtIn(0.97 wt%)/CV 1.06 33 0.10 5.49
PtIn(1.94 wt%)/CV 0.64 32 0.15 1.71
PtIn(2.5 wt%)/CV 0.43 35 0.14 2.66
PtIn(2.95 wt%)/CV <0.1 n.m. n.m. n.d.

. 

n

c
P
c
i
a
o

[PtIn(2.5 wt%)/CV]-N2 <0.1 n.m

.d., not detected; n.m., not measured.
a D = Pt dispersion (%).

atalytic series (up to 95% for 2.95 wt% In load). PtIn(1.94 wt%)/CN-
 shows a hydrogen chemisorption value slightly higher than the

atalyst with 0.97 wt% In loading. In conclusion, the CHD results
ndicate the presence of blocking and electronic effects in PtIn cat-
lysts. The CPH results show a great diminution of the number
f the necessary ensembles for this reaction, which is due to the
0.06 n.m.

presence of dilution of Pt by In. Hence, blocking or dilution effects of
Pt by In could be related to the presence of both ionic and zerovalent

In species, which could be intercalated among Pt atoms blocking
them in different ways. Besides, the formation of PtIn alloys could
be present producing an electronic modification of the metallic
phase.
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Tables 3 and 4 also show the CHD and CPH results of the
ollowing catalysts: [PtGa(1.8 wt%)/CN-P]-N2, [PtGa(1.8 wt%)/CV]-
2, [PtIn(2.5 wt%)/CN-P]-N2 and [PtIn(2.5 wt%)/CV]-N2, which were

ubmitted to a thermal treatment under nitrogen flow at 700 ◦C for
2 h after the reduction treatment (H2, 350 ◦C, 3 h). The nitrogen
hermal treatment was carried out in order to modify the concen-
ration of functional groups and to induce a possible sinterization
f the metallic phase. Therefore, it is expected a decrease of the
nitial activities in CHD and CPH compared with the correspond-
ng catalysts without thermal treatment. It must be considered
hat the number of available surface Pt atoms are slightly lower in
hese catalysts treated with nitrogen (see XPS results) as well as the
umber of the necessary ensembles to carry out the hydrogenol-
sis reaction. Moreover, the hydrogen chemisorption values
arkedly decrease for all N2-treated catalysts, which indicates

 strong modification of the surface structure after the thermal
reatment.

.1.2. TPR profiles
Fig. 2 shows TPR profiles of PtGa and PtIn systems supported

n CN-P and CV, the ones of the supports and of the monometallic
atalysts as well. Besides, for the sake of comparison, TPR profiles
f PtGa catalysts previously reduced at 350 ◦C for 3 h in flowing
ydrogen and Ga ones reduced at 550 ◦C for 3 h in hydrogen flow
ere also included.

TPRs of both supports (Fig. 2) show a small and wide hydro-
en consumption zone over 450 ◦C caused by the decomposition of
unctional groups which desorb CO, leaving unsaturated sites that
eact with hydrogen at high temperatures [29–31]. From a pre-
ious TPD characterization of CV [9], no desorption of acid groups
ere found, so the hydrogen consumption in the TPR profile (Fig. 2b

nd d) could be due to other sites (weak basic or acid ones) which
o not desorb CO, but they could be interacting with hydrogen at
igh temperatures [32,33]. This behavior is probably due to the fact
hat H2 can facilitate the decomposition of oxygen surface groups
C[O]) which release CO. In this way, the desorption of weak surface
xygen groups would leave new reactive sites (Cf) over the carbon
urface which could interact with hydrogen at high temperatures
30].

Pt, Pt/CN-P and Pt/CV TPR profiles show a H2 consumption peak
t about 180–200 ◦C that corresponds to the reduction of the metal-
ic complex to zerovalent state [34–36]. Hydrogen consumption
ones between 375 and 550 ◦C in the monometallic catalysts cor-
espond to the decomposition of functional groups of the support
t lower temperatures catalyzed by Pt.

Fig. 2a and b shows the TPR profiles of the PtGa catalysts
upported on CN-P and CV, respectively. For both series, the Pt
eduction peak (150–200 ◦C) is shifted to lower temperatures com-
ared with the monometallic catalyst, this shift being higher for
he catalyst with the lowest Ga loading (0.6 wt%). The small shoul-
er at the end of the Pt reduction peak for PtGa(0.6 wt%)/CN-P and
tGa(0.6 wt%)/CV could be caused either by a Ga co-reduction cat-
lyzed by Pt or by the reduction of different species formed from
he interaction of both metals. All the catalysts of the series show a
ide hydrogen consumption zone between 250 and 700 ◦C. Both

imetallic catalysts with the lowest Ga loading show a hydro-
en desorption zone at temperatures above 600 ◦C probably due
o hydrogen weakly bound to the support which is desorbed at
his temperature. The other bimetallic catalysts also display this
esorption zone but at higher temperatures.

For the Ga(1.8 wt%)/CN-P catalyst, two small reduction zones
t high temperatures are observed: a wide peak (400–650 ◦C) and
 very small shoulder above 700 ◦C. For Ga(1.8 wt%)/CV catalyst,
 wide peak (300–750 ◦C) is observed that would correspond to
he reduction of different Ga species. These differences could be
ttributed to the presence of different Ga species on each support.
: General 497 (2015) 58–71

By comparing with the profiles of unreduced catalysts, the TPRs
of PtGa(1.8 wt%)/CN-P red. 350 ◦C and PtGa(1.8 wt%)/CV red. 350 ◦C
catalysts show that an important Ga fraction would be simulta-
neously reduced with Pt at 350 ◦C.

Summarizing, PtGa catalysts show a reduction peak at the same
zone where the Pt reduction peak is located in the monometallic
catalysts. In both series, hydrogen consumption in the Pt reduction
zone is higher at higher Ga loadings which could be related with
a catalytic Pt effect over the Ga reduction. These results will be
related with the corresponding XPS ones.

Fig. 2c and d shows the TPR profiles of PtIn series. For the
monometallic In catalysts (In(2.5 wt%)/CN-P and In(2.5 wt%)/CV),
there is a hydrogen consumption zone from 250 ◦C to 750 ◦C, over-
lapping at high temperatures with the hydrogen consumption zone
of the support. PtIn catalysts show a shift of the Pt reduction peak
(with respect to the corresponding monometallic ones) to lower
temperatures (from 180–200 ◦C to 140–150 ◦C) over both supports
and for all the In loadings. It is observed that the higher the loading,
the lower the reduction temperature. Besides, the intensities of the
Pt reduction peak for the bimetallic catalysts are higher than those
of the monometallic ones, this peak also getting narrower when
increasing the In loading. At high temperatures (more than 670 ◦C),
bimetallic catalysts also display a hydrogen desorption zone simi-
larly to the PtGa series.

In conclusion, TPR profiles indicate that Pt and In fractions
would be co-reduced, probably forming PtIn alloyed phases, this
effect being similar for both PtIn series. Thus, it is possible that the
adsorbed and then dissociated hydrogen (over the Pt particles or
over the reactive sites created by the decomposition of the func-
tional groups) could reduce the ionic In species placed over the
support or near metallic Pt. Most of hydrogen would be dissoci-
ated by metallic Pt in PtIn systems, and then it could reduce In and
functional groups of the support. This fact will be confirmed by XPS
measurements.

3.1.3. XPS characterization
Figs. 3 and 4 show XPS spectra of Pt 4f, Ga 2p and In 3d of some

PtGa and PtIn catalysts supported on CN-P and CV. Tables 5 and 6
show the binding energy values (BE) of Pt 4f7/2, Ga 2p, Ga 3d and In
3d5/2 levels, the percentages of oxidized and reduced species and
the Pt/C, Ga/Pt and In/Pt atomic ratios.

The asymmetry shown by Pt 4f level between 76 and 80 eV
would indicate the presence of both ionic Pt(II) or Pt(IV) species,
that could be due to chloride species which remain unreduced in
the final catalyst. Besides, an important metallic Pt signal between
71 and 72 eV is obtained. This signal is due to Pt that could form
stable species by interacting with surface oxygenated groups and
other support sites [37,38].

Table 5 shows the deconvolution of Pt 4f signal in three dou-
blets for each species (Pt0, Pt+2, Pt+4). Both Ga 2p and 3d levels were
scanned to verify the proportion of reduced and oxidized species.
Fig. 3 shows the Ga 2p level, meanwhile the percentages of each
species are shown in Table 5. The Ga 3d BE are 19.05–19.51 eV
for the zerovalent state and 21.05 and 21.51 eV for the oxidized
species [39]. Ga 2p BE are placed at 1117.03–1117.47 eV for the
zerovalent state and at 1118.26–1118.67 eV for the oxidized ones
[17].

The percentages of metallic Pt in PtGa catalyst series, shown
in Table 5, are 10–20% higher than the corresponding value of
the monometallic ones. These values are not significantly modified
neither by the nitrogen thermal treatment nor by the Ga  loading.

An important fraction of Ga is present as zerovalent state for the
catalysts supported over both materials, CN-P and CV. The high
proportion of Pt and Ga in zerovalent state would promote the
formation of alloyed species [40].
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Fig. 2. TPR profiles for the different bimetallic catalytic se

The Pt/C surface atomic ratio, which is considered as an esti-
ation of surface Pt atoms, decreases when Ga loading increases

or both catalytic series. In the case of the nitrogen treated cata-
ysts, no important changes in the Pt/C ratio were observed, since

hese catalysts would probably resist the sintering process by the
igh temperature treatment. From Ga/Pt ratios it could be seen a
ery noticeable surface Ga enrichment for all the catalysts, this fact
eing more important for nitrogen-treated PtGa/CN-P ones. Thus,
a) PtGa/CN-P, (b) PtGa/CV, (c) PtIn/CN-P, and (d) PtIn/CV.

Pt/C and Ga/Pt ratios would indicate an important geometric effect
of Ga that produce blocking more than dilution of the Pt metallic
surface.

The XPS data of PtIn catalysts is quite different. Fig. 4 shows

the deconvolutions of the corresponding In 3d5/2 spectra in two
peaks: one at low BE (4443–4445 eV), and another one at higher
BE (4459–4465 eV). The first peak corresponds to zerovalent In,
and the other one to In+1/+3 species. In+1 and In+3 peaks cannot
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e distinguished since their BE are very similar [16]. From Table 6
t is observed that the In addition to Pt catalysts increases the Pt
educibility from 64% for the monometallic catalyst up to 79–80%
or the bimetallic one with the highest loading. Besides, the metallic

n percentage increases from 80 to about 90% when the promoter
oading increases for both catalytic series.

The Pt/C atomic ratio of the bimetallic catalysts decreases
espect to the monometallic ones, thus indicating the presence of
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Table  5
XPS results of the PtGa catalytic series supported on CN-P and CV.

Catalysts Atomic ratio Pt 4f7/2 level Ga 2p level Ga 3d level

Pt/C Ga/Pt BE (eV) Species Atomic% BE (eV) Species Atomic% BE (eV) Species Atomic%

Pt/CN-P 0.60 – 71.67 Pt0 63.6 – – – – – –
73.06  Pt+2 23.6
75.95 Pt+4 12.8

PtGa(0.6 wt%)/CN-P 0.43 4.04 71.85 Pt0 72.1 1117.07 Ga0 52.9 19.15 Ga0 51.7
73.72  Pt+2 15.9 1118.26 Ga+1/+3 47.1 21.15 Ga+1/+3 48.3
77.47  Pt+4 12.0

PtGa(1.8 wt%)/CN-P 0.39 4.68 72.03 Pt0 79.0 1117.14 Ga0 65.9 19.39 Ga0 64.6
73.75  Pt+2 10.7 1118.44 Ga+1/+3 34.1 21.39 Ga+1/+3 35.4
75.21  Pt+4 10.3

[PtGa(1.8 wt%)/CN-P]-N2 0.35 5.69 71.98 Pt0 80.0 1117.03 Ga0 59.3 19.19 Ga0 59.9
73.56 Pt+2 15.0 1118.67 Ga+1/+3 40.7 21.19 Ga+1/+3 40.1
75.79  Pt+4 5.0

Pt/VC 0.74 – 71.73 Pt0 64.8 – – – – – –
73.22  Pt+2 17.8
76.41 Pt+4 17.5

PtGa(0.6 wt%)/CV 0.34 4.01 72.05 Pt0 72.1 1117.13 Ga0 56.4 19.05 Ga0 55.5
73.91  Pt+2 15.9 1118.55 Ga+1/+3 43.6 21.05 Ga+1/+3 44.5
76.43  Pt+4 12.0

PtGa(1.8 wt%)/CV 0.44 4.21 72.01 Pt0 74.0 1117.21 Ga0 61.5 19.50 Ga0 60.8
73.57 Pt+2 13.0 1118.32 Ga+1/+3 38.5 21.50 Ga+1/+3 39.2
75.61  Pt+4 13.0

[PtGa(1.8 wt%)/CV]-N2 0.55 3.65 72.17 Pt0 82.1 1117.47 Ga0 60.1 19.51 Ga0 60.6
73.61  Pt+2 9.2 1118.35 Ga+1/+3 39.9 21.51 Ga+1/+3 39.4
75.04  Pt+4 8.7

Table 6
XPS results of the PtIn catalytic series supported on CN-P and CV.

Catalysts Atomic ratio Pt 4f7/2 level In 3d5/2 level

Pt/C In/Pt BE (eV) Species Atomic % BE (eV) Species Atomic %

Pt/CN-P 0.60 – 71.67 Pt0 63.6 – – –
73.06 Pt+2 23.6
75.95 Pt+4 12.8

PtIn(1.94 wt%)/CN-P 0.38 0.83 71.69 Pt0 69.6 444.4 In0 86.1
73.00  Pt+2 19.8 446.2 In+1/+3 13.9
75.44 Pt+4 10.6

PtIn(2.5 wt%)/CN-P 0.45 0.81 71.80 Pt0 79.8 444.5 In0 89.3
73.46 Pt+2 11.1 446.3 In+1/+3 10.7
75.80  Pt+4 9.1

[PtIn(1.94 wt%)/CN-P]-N2 0.35 0.49 71.80 Pt0 76.9 444.3 In0 90.0
73.48 Pt+2 15.7 446.1 In+1/+3 10.0
76.24  Pt+4 7.4

[PtIn(2.5 wt%)/CN-P]-N2 0.45 0.59 71.90 Pt0 82.1 444.4 In0 89.4
73.71 Pt+2 11.3 446.3 In+1/+3 10.6
75.82  Pt+4 6.6

Pt/VC 0.74 – 71.73 Pt0 64.8 – – –
73.22 Pt+2 17.8
76.41 Pt+4 17.5

PtIn(0.97 wt%)/CV 0.43 0.33 71.96 Pt0 70.9 444.4 In0 80.7
73.65  Pt+2 17.2 446.0 In+1/+3 19.3
76.71 Pt+4 11.9

PtIn(1.94 wt%)/CV 0.57 0.63 71.83 Pt0 74.8 444.3 In0 85.8
73.42 Pt+2 15.8 446.1 In+1/+3 14.2
76.60  Pt+4 9.4

PtIn(2.5 wt%)/CV 0.62 0.70 71.82 Pt0 79.0 444.5 In0 90.4
73.26  Pt+2 14.4 446.5 In+1/+3 9.6
75.04 Pt+4 6.6

Pt0 0

Pt+

Pt+
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[PtIn(2.5 wt%)/CV]-N2 0.56 0.48 71.76 

73.96  

76.96 

n important proportion of alloyed PtIn species and also a geomet-
ic modification of the metallic phase caused by In species would
e present.

Taking into account that the percentages of Ga0 and In0 species

re high in bimetallic samples, while there are only Ga and In
onic species in the corresponding monometallic catalysts (see XPS
esults), there would be a high Pt–promoter interaction and in
onsequence a poor interaction between the promoters and the
79.3 444.3 In 90.1
2 16.3 445.9 In+1/+3 9.9
4 4.4

support. Hence, during the correduction observed in the TPR pro-
files of bimetallic catalysts, a metallic phase with high reducibilities
of Pt and the promoters to zerovalent state takes place.
3.1.4. TEM determinations
Selected bimetallic catalysts were chosen to determine particle

size distributions by TEM and to analyze the possible modifications
of the particle diameter after N2 thermal treatment. Fig. 5 shows the
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ig. 5. TEM images and their distributions of particle diameters of: (a) PtGa(1.8 wt%
agnification scale was 10 nm.

icrophotographies together with the corresponding histograms
f particle size distribution. For the catalysts before thermal treat-
ent, the average diameters of Pt particles are very similar to the

nes of the corresponding monometallic catalysts [21], 2.3 nm for
tGa(1.8 wt%)/CN-P and 2 nm for PtIn(2.5 wt%)/CV. However, from
he histograms, it must be noted that the particle size distributions
or both bimetallic catalysts are different. In this sense, the PtIn
atalyst shows a narrower distribution than the PtGa one. In both
ases, a high fraction of small particles are contributing to the total
t area.

Catalysts with N2 thermal treatment show no significant
hange in the average diameters of Pt particles compared to the
ntreated catalysts, 2.1 nm for [PtGa(1.8 wt%)/CN-P]-N2 and 1.9 nm
or [PtIn(2.5 wt%)/CV]-N2. Besides, the particle size distributions
ppear to be rather similar to the distributions corresponding to the
ntreated catalysts. Hence, there would be a sintering resistance in
hese bimetallic catalysts. In a previous work, it was  observed that

onometallic Pt catalysts supported on carbon nanotubes were
asily sintered during the N2 thermal treatment [21], however in a
imetallic catalyst the promoter could be inhibiting the Pt migra-
ion.

.1.5. Characterization results discussion
From characterization results it can be concluded that the addi-

ion of Ga or In modifies the Pt metallic phase producing dilution,
locking effects and alloy formation.

The PtGa phase has similar behavior for both supports. TPR
esults show that the proportion of ionic and zerovalent species is

uite similar for the PtGa catalytic series, thus indicating that simi-

ar metallic phases could be present. From XPS analysis, it was found
 high fraction of Ga0 species (also after N2 treatment), an impor-
ant Ga surface enrichment and probable Pt–Ga alloyed phases.
P, (b) [PtGa(1.8 wt%)/CN-P]-N2, (c) PtIn(2.5 wt%)/CV, (d) [PtIn(2.5 wt%)/CV]-N2. The

Besides, the ionic fraction could have a promoting effect over the
active metal and also it could be placed over the support blocking
or hindering the acid sites of the supports.

PtIn catalysts supported over CN-P and CV show a promoting
effect more pronounced than the PtGa catalytic series. Besides, the
PtIn couple presents a similar catalytic behavior over both supports.
From TPR results, a strong Pt–In interaction is observed. XPS results
show a high fraction of In in zerovalent state (about 90%) for both
CN-P and CV series. There could be an electronic modification of
the metallic phase due to the presence of an important fraction
of alloyed PtIn species although the promoting effect of In ionic
species cannot be discarded.

The support influence on the metal–metal and metal–support
interactions should be considered. Carbonaceous materials have an
inert character that would reduce metal–support interaction [41]
and ease the metal reducibility, thus favoring metal–metal interac-
tions that would form alloyed phases [42,43].

3.2. Citral hydrogenation

Tables 7 and 8 show the required reaction times for reaching
a citral conversion of 95% for bimetallic catalysts used in the cit-
ral hydrogenation. Fig. 6 shows the results of the citral conversion
to all products as a function of the reaction time for each catalytic
series: PtGa/CN-P, PtGa/CV, PtIn/CN-P and PtIn/CV. It must be noted
that the activity was  plotted up to the same reaction time (5 h).
Fig. 7 displays the relative activity as a function of the Ga or In con-
tent for each catalytic series. The relative activity was  defined as

�Pt/�Pt–Promoter, being � the required reaction time to reach 95% cit-
ral conversion for each catalyst. As it can be seen, the activities of
the bimetallic catalysts PtGa/CN-P, PtIn/CN-P and PtGa/CV in gen-
eral are higher than those of the monometallic ones, except for
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Fig. 6. Citral conversion as a function of the reaction time for the different bimetallic catalytic series: (a) PtGa/CN-P, (b) PtGa/CV, (c) PtIn/CN-P and (d) PtIn/CV.

Table 7
Reaction time reached at 95% citral conversion and the corresponding atomic ratio
values for PtGa catalysts. All the catalysts contain 5 wt%  Pt loading.

Catalysts Atomic ratio Ga/Pt Reaction time (h)

Pvt/CN-P – 7.00
PtGa(0.6 wt%)/CN-P 0.33 0.12
PtGa(1.8 wt%)/CN-P 1.00 0.75
PtGa(3.12 wt%)/CN-P 1.75 15.00
[PtGa(1.8 wt%)/CN-P]-N2 1.00 12.00 (66%)*

Pt/CV – 3.30
PtGa(0.6 wt%)/CV 0.33 1.30
PtGa(1.8 wt%)/CV 1.00 2.35
PtGa(3.12 wt%)/CV 1.75 20.0 (41%)*

[PtGa(1.8 wt%)/CV]-N 1.00 5.50
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Table 8
Reaction time reached at 95% citral conversion and the corresponding atomic ratio
values for PtIn catalysts. All the catalysts contain 5 wt% Pt loading.

Catalysts Atomic ratio In/Pt Reaction time (h)

Pt/CN-P – 7.00
PtIn(0.97 wt%)/CN-P 0.33 0.20
PtIn(1.94 wt%)/CN-P 0.66 0.40
PtIn(2.5 wt%)/CN-P 0.85 0.40
PtIn(2.95 wt%)/CN-P 1.00 13.0 (68%)*

[PtIn(2.5 wt%)/CN-P]-N2 0.85 0.13

Pt/CV – 3.30
PtIn(0.97 wt%)/CV 0.33 5.00
PtIn(1.94 wt%)/CV 0.66 5.50
PtIn(2.5 wt%)/CV 0.85 2.50
PtIn(2.95 wt%)/CV 1.00 10.0 (33%)*

[PtIn(2.5 wt%)/CV]-N2 0.85 0.25
2

* Values in bold and between brackets correspond to citral conversions lower than
5%.

he highest promoter loadings. In this sense, the highest relative
ctivities were found for PtGa(0.6 wt%)/CN-P (60 times higher) and
or PtIn(0.97 wt%)/CN-P (35 times higher) compared to the corre-
ponding Pt catalyst.

Nitrogen treated catalysts show opposite results
Tables 7 and 8). PtGa/CN-P-N2 and PtGa/CV-N2 catalysts show
ower activities than the similar ones without treatment, e.g. the
ctivity of [PtGa(1.8 wt%)/CN-P]-N2 catalyst is 50 times lower

han its partner. On the other hand, PtIn/CN-P-N2 and PtIn/CV-N2
atalysts show higher activities than their partners, the activity
f [PtIn(2,5%)/CV]-N2 being 10 times higher than the untreated
atalyst. This can be explained taking into account that for PtGa
* Values in bold and between brackets correspond to citral conversions lower than
95%.

catalysts the Pt/C surface atomic ratio decreases with the N2 ther-
mal  treatment while the Ga/Pt ratio increases reaching important
values. In the case of PtIn catalysts, the Pt/C ratio remains rather
constant for both series and the In/Pt one decreases about 50%
respect to the untreated ones. These modifications are evidences
of the changes in the bimetallic phases as a consequence of the

thermal treatment, mainly in the surface concentration of exposed
Pt. Thus, the number of exposed Pt sites in PtIn series would be
slightly modified by the thermal treatment. However, the effect
of the promoter in PtGa catalysts would be the opposite. For PtGa
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phase by dilution and/or blocking effects, thus reducing the double
ig. 7. Relative activity (�Pt/�Pt–Promoter) in citral hydrogenation versus Ga and In
ontent for the different bimetallic catalysts.

eries, the treatment would increase the blocking of Pt atoms due
o the increase of surface Ga atoms, whereas in PtIn series the In/Pt
urface atomic ratio decreases, thus indicating that there could be

 rearrangement of metals. This fact could explain the high overall
ctivity of PtIn catalysts. Besides, these effects can also be due to
ifferent metal–support interactions.

The promoters would be partially placed either in the vicinity
f Pt atoms promoting selective hydrogenation reactions [7,6] or
ver the support reacting with surface acid groups, thus poison-
ng and hindering unwanted side reactions. The changes in the
elative activity of bimetallic catalyst would depend on the oxida-
ion state of the second metal. From XPS results of PtGa catalysts,
bout 30–40% Ga is in ionic state, which would inhibit side reactions
mproving the global hydrogenation rate, and the zerovalent frac-
ion would be placed near the Pt probably forming alloyed phases
hat would produce a blocking effect rather than a dilution one,
ven though the influence of this last effect on the citral hydro-
enation should not be discarded. The relative activity of PtIn/CN-P
eries reaches a maximum for the lowest In loading (Fig. 7). This fact
ould indicate that a low concentration of In would be enough to
romote the hydrogenation reactions. The tendency observed for
tIn/CV series is different, thus indicating either a different expo-
ition of the metallic phase or steric hindrance of the support.

Fig. 8 shows the selectivity values to different reaction prod-
cts measured at three citral conversion levels (35, 65 and 95%) for
tGa and PtIn series supported on CN-P and CV. In order to high-
ight the selectivity toward the desirable products, Fig. 9 only shows
he selectivity values to unsaturated alcohols (UA) for all the cat-
lyst series. It can be observed that monometallic Pt catalysts are
ot selective to UA, showing low selectivity to the double conju-
ated bond, hence many secondary and undesirable products (BP)
re obtained. Pt/CN-P catalyst is more selective to mono and bihy-
rogenated products (such as citronellal and citronellol) than Pt/CV
ne. To explain the differences in the selectivity, the nature of the
upports must be considered, whose different surface oxygenated
roups would modify the access of the molecule to be hydrogenated
y the active sites [9]. The addition of the second metal increases
he selectivity to UA [44,45] as it can be seen in Figs. 8 and 9.

For the PtGa series, the higher the Ga loading, the higher the
electivity to UA (Fig. 8a and b) and the lower the selectivities to

ide reactions even at the lowest Ga loading. However, there is an
xception in the tendency corresponding to the highest Ga load
3.12 wt%). In this catalyst with a Ga/Pt atomic ratio higher than
: General 497 (2015) 58–71

1, Ga would block Pt particles. This effect would be much more
evident on the catalyst over CV with a 40% decrease in the selec-
tivity to UA with respect to the catalyst with 1.8 wt%  of Ga  loading.
Besides, it must be noted that the selectivity to CAL also decreases
even for the lowest Ga content with respect to the corresponding
monometallic catalysts, but for the other Ga loadings this selectiv-
ity suffers a slight increase compared with the previous Ga load.
Regarding COL selectivity, the higher the Ga content, the lower the
selectivity values. Ionic Ga species over acid sites of the support
[18] would inhibit side reactions and increase the selectivity to UA
even at low Ga contents. Moreover, Ga has two promoter effects.
On the one hand the Ga ionic species located in the neighboring of
Pt particles would modify the metallic phase so the C O hydro-
genation is favored. On the other hand, Ga0 could form alloyed
phases with Pt in which Ga would have a slightly positive charge
[46], this effect improving the polarization of the carbonyl group.
Zerovalent Ga placed near Pt would be polarized by a shift of elec-
tronic density from Ga to Pt, in this way forming bimetallic sites
that could interact with the carbonyl group [7,8]. Besides, the com-
petition between C C and C O groups for the adsorption on the
same site could be minimized, thus favoring C O hydrogenation
[8]. Thereby, the higher the Ga concentration over both supports,
the higher the selectivity to UA and the lower the selectivity to
CAL, since the adsorption of citral molecules would be modified by
changing the surface chemistry of the active sites. In this sense the
citral adsorption by the C C bond would need a certain conforma-
tion of the adsorption sites, which differs from the ones needed for
the citral adsorption by C O bond. From XPS tests, very high Ga/Pt
atomic surface ratios were obtained so it could be concluded that
blocking and/or dilution effects of Ga particles over Pt are enough
to prevent the hydrogenation of the double C C bond, thus reduc-
ing the secondary products. The Ga effect over Pt is similar to the
one showed by Fe analyzed in a previous work [9], but the pro-
moting effect over selectivity to UA seems to be stronger than Fe
in �,�-unsaturated aldehyde hydrogenation according to the lit-
erature [7]. It is worth noticing the high selectivity to UA showed
by [PtGa(1.8 wt%)/CN-P]-N2 catalyst respect to its partner without
treatment, reaching a selectivity to UA of 98%. It seems that this
catalyst tailors particle size and Pt–promoter interaction with the
promoter concentration.

For PtIn catalysts, important improvements of the selectivity
to UA for both series can be seen in Fig. 9, this value being about
70–80% for the lowest In loading (0.97 wt%) and 97% for the selected
In loading (2.5 wt%) at 95% citral conversion. The promoting effect
of In seems to be better than Ga one since the best catalytic perfor-
mance of PtGa is achieved at Ga/Pt = 1. However, it is worth noticing
that the best performance of PtIn is obtained for In/Pt < 1.

According to XPS results, most of the In is in zerovalent state
for all PtIn catalysts. High In reducibilities were also found in the
literature for trimetallic MgAl2O4 supported PtPbIn catalysts [16].
It is known that the ionic fraction of the second metal promotes
the metallic phase to increase the selectivity to UA, poisons the
acid sites of the support to inhibit side reactions and activates the
carbonyl group by its polarization [47,48]. The carbonyl activation
would depend on the monometallic catalyst promotion by ionic
species with positive charge [7,49]. However, if it is considered that
only 10% of the total In loading is available as ionic species to acti-
vate the carbonyl group, this would not be enough to completely
explain the results. They could also be explained considering the
presence of alloyed phases that would activate and hydrogenate
the C O group since there is an important fraction of zerovalent
In (90%). The alloys and In ionic species would modify the metallic
bond adsorption. It is known in the literature [50] that a typical
promoter effect includes ionic species that selectively polarize the
carbonyl group favoring its hydrogenation. However in the case of
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tIn, the low concentration of ionic species could not explain all the
romoting effect, as it happens with PtSn catalysts previously stud-

ed [9]. It should be noted that zerovalent In cannot hydrogenate
ouble bonds by itself [51]. Although it was found in the literature
, 65 and 95%) for the catalytic series: (a) PtGa/CN-P and (b) PtGa/CV, (c) PtIn/CN-P
nellol, DO: dimethyloctanol, DA: dimethyloctanal, BP: by products.
evidences of the presence of alloyed phases in PtIn catalysts
[16,17,51], no bibliographic information about the influence of PtIn
alloyed species on the selectivity to UA in the �,�-unsaturated alde-
hydes hydrogenation was  found. Hence, some hypothesis could be
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ostulated, considering that alloyed PtIn species could contribute
o the increase of the selectivity to UA in the citral hydrogenation.
ccording to several authors [16,17,52,53] and taking into account

hese results, it can be concluded that the alloy promotion mecha-
ism would be based in the polarization of Pt–In species by shifting
he electronic density from In to Pt as it was postulated for PtSn
ystems [9,54]. Positively charged In atoms would act as Lewis acid

ites and favor the carbonyl group hydrogenation. The subsequent
ydrogenation to citronellol would not take place over the alloy
ince UA would be vertically adsorbed hindering the activation of
he C C bond.

Fig. 10. Schemes of the proposed models for the promoti
PtIn/CV Catalysts

r the catalytic series: (a) PtGa/CN-P, (b) PtGa/CV, (c) PtIn/CN-P and (d) PtIn/CV.

PtIn catalysts thermally treated with N2 do not show an
improvement in the selectivity to UA over both supports
(Figs. 8 and 9). However, the activity of these catalysts is favored
with the thermal treatment, reaching 95% citral conversion in a
very short time compared with the untreated catalysts. This fact
could be explained considering TEM results where the mean par-
ticle size slightly decreases with the N2 thermal treatment, thus

favoring the catalytic activity. However, this point would deserve
a further research.

Even though slight differences in the catalytic results were
found by using carbon nanotubes or carbon Vulcan as catalytic

on of C O group in: (a) PtGa and (b) PtIn catalysts.
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upports, it must be noted that some bimetallic catalysts used in
his work show very good catalytic properties. Fig. 10 shows the

echanisms proposed for the studied bimetallic systems. These
ostulated mechanisms would help to understand the hydrogena-
ion results. It must be noted that in PtGa catalysts two  promoting
ffects take place, involving both alloyed and ionic species, while
n PtIn catalysts the promoter effect is mainly given from alloyed
pecies.

. Conclusions

The second metal addition modifies the structure of Pt parti-
les in a different way according to the nature of support (CN-P
r CV) and promoter (Ga or In) producing an important increase
n the selectivity to UA respect to the corresponding monometallic
atalyst.

The surface of PtGa systems showed both ionic and zerovalent
a species, the former ones producing mainly geometric (block-

ng/dilution) effects on the active phase and the latter ones would
orm Pt–Ga alloys that would disfavor the double C C bond adsorp-
ion. It was necessary a Ga/Pt molar ratio equal to 1 to achieve
n important modification of the metallic phase for both catalytic
eries. Both effects, geometric and electronic, explain the improve-
ent in the performance of the bimetallic catalysts respect to
onometallic ones. Ga ionic species act as Lewis acid sites polar-

zing the carbonyl group and easing its hydrogenation. The activity
f the PtGa/CN-P series was higher than the PtGa/CV one and both
f them were much higher than the corresponding monometallic
atalysts. The N2 thermal treatment reduced the activity for both
eries but the selectivities to UA were enhanced.

In PtIn catalysts, electronic effects were present and even with
n/Pt molar ratios lower than 1, significant changes in the metallic
hase were achieved. Pt–In particles show In (�+) species, which
ould behave as Lewis acid sites and activate the carbonyl group. In
hese catalysts the promoter effect is mainly given from alloyed
pecies. PtIn/CN-P series were more active than PtIn/CV one.
esides, the N2 thermal treatment slightly reduced the selectivity
o UA but increased the activity probably due to a rearrangement of
he metallic phases. It is worth mentioning that the highest activ-
ty showed by [PtIn(2,5%)/CV]-N2 catalysts could be related to the
ffect of the support over the catalytic activity.

cknowledgements

Authors thank to Miguel A. Torres, María Fernanda Mori and
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