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a  b  s  t  r  a  c  t

The  selective  hydrogenation  of cinnamaldehyde  is  investigated  using  platinum  catalysts  supported  on
carbon  aerogels  with  different  textural  and  chemical  properties.  Despite  the  large  amount  of  oxygenated
surface  groups  introduced  after  the  oxidation  step,  the  original  porosity  of  the  carbon  aerogels  is  main-
tained.  The  oxidation  treatments  performed  on  the  materials  are found  to  strongly  influence  the  surface
chemistry  which  in  turn  affects  the  Pt dispersion,  yielding  larger  metal  particles  after  the  chemical  mod-
eywords:
arbon aerogel
urface chemistry
latinum
elective hydrogenation
innamaldehyde

ifications  and  the  H2 pre-treatment.  The  presence  of  mesopores  and  the  increase  of the  acidic  character
in  the  carbon  aerogels  lead  to a higher  catalytic  activity  and  selectivity  towards  cinnamyl  alcohol  when
compared  with  that obtained  for the  untreated  materials.  A  thermal  treatment  at  973  K  is  found  to  favor
the  hydrogenation  of  the olefinic  bond  when  using  carbon  aerogels,  due  to  the  remaining  oxygenated
surface  groups,  at variance  with  other  previously  reported  carbon  supports  (xerogels  and  nanotubes).

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Following the first synthesis of carbon aerogels reported by
ekala [1] other types of carbon gels have been reported based on
he use of different solvent removal steps in the synthetic route
2]:  (i) aerogels, when supercritical CO2 is used, (ii) xerogels, when
he removal takes place under ambient temperature and pressure
onditions, and (iii) cryogels, in the case of using a freeze-drying
ethod. Carbon aerogels usually have surface areas between 400

nd 1000 m2 g−1 and are promising materials for applications such
s adsorbents, catalysts or capacitors [3–8]. Their potential is based
n their unique properties: purity, homogeneity and above all, con-
rollable porosity. Different precursors and methods have been
eveloped over the years to produce highly porous carbon aero-

els. The porous texture of carbon aerogels, and consequently their
pplications, depend strongly on several experimental conditions.
he most important is the polymerization step, since it defines the

∗ Corresponding author. Tel.: +351 225 081 582; fax: +351 225 081 449.
∗∗ Corresponding author at: Departamento de Química Inorgánica, Facultad de
iencias, Universidad de Granada, Campus Fuentenueva s/n, 18071 Granada, Spain.
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S. Morales-Torres).

926-860X/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2012.03.016
structure and consequently the porous texture of the organic aero-
gels. In this context, meso- or macroporous carbon aerogels can be
developed by simply modifying the polymerization catalyst, while
maintaining constant the other synthesis parameters [9].

Because the support plays an important role in catalyst design,
in order to optimize the dichotomy between metal and support,
the use of a material whose properties can be finely tuned is highly
desirable. Furthermore, due to the importance of the oxygenated
surface groups in the design of efficient catalysts it is advantageous
to have the possibility of easily modifying the surface chemistry
of the support materials to incorporate those groups [10,11]. Thus,
polymer-based carbon materials are an important category of
materials suitable to produce noble metal supported catalysts
[5]. This type of catalyst is extremely useful in heterogeneously
catalyzed reactions, namely for fuel cell applications [12,13] and
selective hydrogenation of �,�-unsaturated aldehydes (acrolein,
crotonaldehyde, cinnamaldehyde, etc.) [14–17].  The latter is a
key process for the production of important intermediates in the
preparation of fine chemicals for fragrance, pharmaceutical and
agrochemical industries [18,19]. Unfortunately, there are some
thermodynamic and kinetic constrictions that limit the selectivity

towards the unsaturated alcohol formation [20], commonly the
most valuable intermediate compound. In spite of these draw-
backs, the selectivity to unsaturated alcohols using heterogeneous
catalysts can be improved by careful design of the catalyst. Several

dx.doi.org/10.1016/j.apcata.2012.03.016
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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orks in the literature indicate that an increase of the metal
article size favors the selectivity towards the unsaturated alcohol,
ither due to steric or electronic effect between the molecule and
etal surface or due to the distribution of crystal surfaces and the

resence of certain edges and corners [17,21]. Another possibility
o control the selectivity and activity of hydrogenation is the design
f the catalyst support, i.e., by changing its porous texture, chem-
cal properties or by making thermal treatments that modify these
haracteristics, or influence the state and particle size of the metal
15,22]. In our previous works [14,16], mesoporous carbon xerogels
emonstrated to be excellent supports for noble metals (Pt, Ru and

r) in the selective hydrogenation of cinnamaldehyde. In a similar
ontext, Job et al. [23] prepared carbon xerogels with different
orous textures: micro- and macroporous and micro- and meso-
orous, which were used as supports of Pt catalyst and tested in the
ydrogenation of benzene. They concluded that these supported
atalysts were more active than others on active carbon and the
ost active catalyst was prepared on a carbon xerogel with micro-

nd mesopores, which also presented the highest Pt dispersion.
The hydrogenation of �,�-unsaturated aldehydes is a structure-

ensitive reaction, i.e., the activity and selectivity of the catalyst are
nfluenced by the metal particle size and orientation [17]. There-
ore, a comprehensive study on how the porous texture and surface
hemistry influences the activity and selectivity of carbon aero-
el supported Pt catalysts in the liquid-phase hydrogenation of
innamaldehyde is described in this work. In addition, a high tem-
erature thermal activation of the materials was also carried out

n order to determine its influence on the catalytic performance of
he supported catalysts.

. Experimental

.1. Support preparation

Carbon aerogels were obtained by carbonization (at 1173 K) of
he corresponding organic aerogels, which were synthesized by
olymerization of resorcinol with formaldehyde in aqueous solu-
ion using alkali carbonates (M2CO3; M = Li or Cs) as polymerization
atalysts, according to a methodology described elsewhere [9].
hese samples will be referred as CA-Li and CA-Cs indicating the
lkaline metal used in their synthesis.

Samples of CA-Li were further oxidized (1 g carbon/10 mL of
olution) with concentrated hydrogen peroxide (9.8 M)  and with

 saturated solution of ammonium peroxydisulfate in sulfuric acid
1 M)  for 48 h at ambient temperature [24]. After oxidation, the
amples were washed with distilled water and dried at 393 K in an
ven during 24 h. The samples oxidized with H2O2 and (NH4)2S2O8
ill be referred as CA-LiH and CA-LiS, respectively.

.2. Catalyst preparation

The materials described in the previous section were used as
upports to prepare 1 wt.% Pt catalysts. Incipient wetness impreg-
ation was used to deposit Pt(NH3)4(NO3)2 over the different
arbon aerogels, being the metal precursor previously dissolved
n an aqueous solution. Prior to reaction, the resulting catalysts
Pt/CA-Li, Pt/CA-LiH, Pt/CA-LiS and Pt/CA-Cs) were treated in N2
uring 4 h and reduced in H2 during 3 h at 573 K. A post-reduction
reatment (PRT, 2 h, N2) was performed at 973 K to remove part of
he surface groups (Pt/CA-Li973, Pt/CA-LiH973, Pt/CA-LiS973 and
t/CA-Cs973).
.3. Catalyst characterization

The surface morphology of the aerogels was studied by scanning
lectron microscopy (SEM) using a LEO (Carl Zeiss) GEMINI-1530
 General 425– 426 (2012) 161– 169

microscope. Textural characterization of the supports and the
catalysts was  carried out using N2 physical adsorption at 77 K
(Quantachrome Autosorb-1). The BET equation [25] and t-method
[26] were used for the analysis of the corresponding adsorption
isotherms, from which the BET surface area (SBET), the external
porous surface area (SEXT) and the micropore volume (VMIC) were
obtained. The BJH method [27] was  applied to the desorption
branch of the N2 adsorption isotherms to obtain the pore size dis-
tributions curves in the case of mesoporous samples, while for
macroporous ones the Hg porosimetry (Quantachrome Autoscan
60) was  used.

The surface chemistry of the carbon aerogels was characterized
by temperature programmed desorption (TPD) and pHPZC (point of
zero charge) measurements, accordingly to a previously reported
procedure [28]. The pHPZC values correspond to the equilibrium
pH of 250 mg  of carbon dispersed in 4 mL  of H2O at 298 K. TPD
experiments were carried out by heating the samples to 1273 K in
He flow (60 cm3 min−1) at a heating rate of 50 K min−1. The amount
of evolved gases was  recorded as a function of temperature using
a quadrupole mass spectrometer (Balzers, model Thermocube), as
described elsewhere [29]. The oxygen content was calculated from
the amounts of CO and CO2 released during the TPD experiments.

Pt dispersion (DPt) was obtained by H2 chemisorption measure-
ments performed at 298 K. In addition, assuming the formation of
spherical particles and a H:Pt = 1:1 stoichiometry it was  possible
to calculate the Pt average particle size, using dPt = 1.08/DPt (nm).
Pt particle size was also determined by high-resolution transmis-
sion electron microscopy (TEM). TEM experiments were carried out
using a Phillips CM-20 microscope equipped with an EDAX micro-
analysis system.

2.4. Catalytic hydrogenation

The liquid-phase hydrogenation of cinnamaldehyde was  per-
formed according to a procedure described elsewhere [30]. Briefly,
the reaction mixture containing heptane, 0.14 g cinnamaldehyde,
decane (as internal standard for gas chromatography) and 0.20 g
of catalyst was bubbled with nitrogen several times to remove
traces of dissolved oxygen before being purged with hydrogen.
The temperature was set at 363 K and the reactor pressurized with
hydrogen to the desired 10 bar immediately before starting the
reaction.

The results of the reaction runs were analyzed in terms of cin-
namaldehyde (CAL) conversion (Eq. (1))  and product selectivity (Eq.
(2)), measured at 50% conversion:

XCAL = CCAL,0 − CCAL

CCAL,0
(1)

Si = Ci

CCAL,0 − CCAL
(2)

where Ci represents the concentration of cinnamyl alcohol (COL),
hydrocinnamaldehyde (HCAL), and hydrocinnamyl alcohol (HCOL).

To compare the activity exhibited by the catalysts, the turn-over
frequency (TOF) was calculated based on CAL disappearance:

TOF = molCAL converted
time(mcatyPt/MPt)DPt

(3)
where mcat, yPt, and MPt represent the catalyst mass, Pt load and
molar mass, respectively. DPt was  determined based on TEM anal-
ysis.
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Table 1
Surface oxidation in terms of evolved CO and CO2 (�mol  g−1), oxygen content (OTPD, wt.%) and acidity pHPZC of the original and treated at 573 K and 973 K carbon aerogels.

Sample CO
(±20 �mol  g−1)

CO2

(±20 �mol  g−1)
OTPD

(±0.1 wt.%)
CO/CO2 pHPZC

(±0.1)

CA-Li 420 61 0.9 7 10.2
CA-Li573 419 50 0.8 8 n.d.
CA-Li973 314 5 0.5 64 n.d.
CA-LiH 1110 335 2.9 3 4.9
CA-LiH573 1102 270 2.9 4 n.d.
CA-LiH973 735 28 1.3 26 n.d.
CA-LiS 2846 1621 9.7 2 3.2
CA-LiS573 2818 1330 8.9 2 n.d.
CA-LiS973 1734 112 3.1 16 n.d.
CA-Cs 534 59 1.0 9 10.3
CA-Cs573 532 44 1.0 12 n.d.

n

3

3

b
i
a
I
c
a
g
o
g
a
[

i
f
t
r
e
r
c
a
w
a
t
L
a
2
s
f
L
C
i
a
c
a
e

i
(
P
s
w
a
t
C

for Pt/CA-Li973. This can be explained in terms of pore opening,
produced as a consequence of the release of surface groups during
the N2 treatment at 973 K and confirmed by the decrease on the
surface oxygen (OTPD, Table 1) of the treated carbon aerogels. In

Table 2
Textural characterization of the different carbon aerogels. BET (SBET, m2 g−1) and
external (SEXT, m2 g−1) surface areas, micropore volumes (VMIC, cm3 g−1) and pore
dimension (dpore, nm).

Sample SBET

(±5 m2 g−1)
SEXT

(±5 m2 g−1)
VMIC

(±0.01 cm3 g−1)
dpore

(±0.5 nm)

CA-Li 902 284 0.25 22
CA-Cs973 410 3 

.d., not determined.

. Results and discussion

.1. Support functionalization

The surface chemistry of carbon materials is mainly determined
y the acidic and basic character of their surface, which can be mod-

fied by treating the material with different oxidizing agents [24,31]
nd by submitting it to thermal treatments under inert atmosphere.
t is commonly accepted that the oxygenated surface groups that
ontribute to the acidic character of a carbon material are carboxylic
cids, anhydrides, lactones and phenols [32]. Regarding the basic
roups some restraints arise concerning the strength and extent
f their contribution to the overall carbon basicity. Nevertheless,
roups such as chromene structures, quinone, pyrone-like groups
nd �-electrons of the carbon basal planes have been suggested
32].

The changes in the surface chemistry of the carbon aerogel
nduced by oxidation treatments with H2O2 and (NH4)2S2O8 were
ollowed by TPD (Fig. 1 and Table 1), and resulted in the forma-
ion of different oxygenated surface groups. Carboxylic acids (CAc,
eleased as CO2 at 550 K), carbonyls/quinones situated in different
nergetically sites (CQ, released as CO at 1163–1253 K), ethers (Eth,
eleased as CO at 1073 K), lactones (Lac, released as CO2 at 923 K),
arboxylic anhydrides (CAn, released as CO and as CO2 at 773 K)
nd phenol groups (Ph, released as CO at 973 K) were introduced
ith both treatments [33,34], although higher amounts of more

cidic groups (evolved as CO2) were obtained with the (NH4)2S2O8
reatment, i.e., the CO/CO2 ratio decreased as follows: CA-Li < CA-
iH < CA-LiS. The amount of oxygenated surface groups evolved
s CO, increased from 420 �mol  g−1 for CA-Li (non-oxidized) to
846 �mol  g−1 for CA-LiS (oxidized with (NH4)2S2O8), which corre-
ponds to an increase of ca. 85%; an increase of ca. 96% was observed
or the oxygenated surface groups evolved as CO2. In the case of CA-
iH (oxidized with H2O2), an increase of ca. 62% and 82% for CO and
O2, respectively, was observed. Similar results were reported with

dentical oxidation procedures using an activated carbon [24,31],
nd the enhanced acidity using (NH4)2S2O8 is attributed to the
reation of stronger carboxylic groups close to other groups, such
s carbonyls and phenols (electron-withdrawing groups), which
nhance their acidity due to a negative inductive effect [24].

The surface chemistry of the carbon aerogels was also stud-
ed by TPD after thermal treatment with N2 at 573 K and 973 K
Table 1), which are the temperatures used in order to reduce the
t particles and to remove some oxygenated surface groups in the
upported Pt catalysts. For all materials, a decrease of these groups

as reached, being more effective for those evolved as CO2 (mainly

cid groups) during TPD experiments. CA-LiS treated at different
emperatures presented always a lower CO/CO2 ratio (2 and 16 for
A-LiS573 and CA-LiS973, respectively) than CA-LiH (4 and 26 for
0.7 137 n.d.

CA-LiH573 and CA-LiH973, respectively), due to their higher oxy-
gen content (9.7 wt.% in comparison with 2.9 wt.% for CA-LiH) and
the presence of stronger acid surface groups. Therefore, a less acidic
surface is also obtained for carbon aerogel oxidized with H2O2 and
treated at 573 K or 973 K. The surface acidity of the materials was
also seriously affected by the oxidation procedure. The acid charac-
ter of the samples, determined by pHPZC measurements (Table 1),
was found to increase in the following order: CA-LiS (3.2) > CA-LiH
(4.9) > CA-Li ≈ CA-Cs (10.2). In addition, the surface oxygen content
determined by TPD was  found to increase with decreasing pHPZC,
i.e., CA-LiS (9.7 wt.%) > CA-LiH (2.9 wt.%) > CA-Li ≈ CA-Cs (1 wt.%).

The introduction of these oxygenated surface groups was
achieved without any significant changes of the initial textu-
ral properties of the carbon aerogels synthesized with Li2CO3: a
decrease of only ca. 4% was observed in both SBET and SEXT values
(Table 2), while the micropore volume and the pore size distri-
bution (dpore) remained practically unchanged. The difference in
porous texture between CA-Li and CA-Cs (meso- and macroporous
materials, respectively), is explained in terms of the polarizing
power of the alkaline cation during the polymerization of resorcinol
and formaldehyde [9].

3.2. Catalyst characterization

In general, BET, external surface areas and micropore vol-
umes (Table 3) decreased for Pt catalysts in comparison to the
corresponding supports. This is thought to be related to a partial
blockage of porosity induced by the Pt particles deposition. An
increase of BET surface area was  also observed for all Pt catalysts
treated at 973 K. In addition, the percentage of increase is different
and increases with the oxygen surface content of the support. BET
surface area increased 18 and 42% for Pt/CA-LiH973 and Pt/CA-
LiS973, respectively, while only a 10% increase was  observed
CA-LiH 863 275 0.24 23
CA-LiS 861 269 0.24 22
CA-Cs 758 94 0.27 90.0a

a Determined by Hg porosimetry.
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ig. 1. TPD spectra for the carbon aerogel CA-Li before and after oxidation with hy
esorption profiles.

act, increases in the average pore size (23–27 nm)  and in the
xternal surface area were also observed for these Pt catalysts.

Platinum dispersions and particle sizes of the carbon aerogel

upported catalysts are given in Table 4. Excellent Pt dispersions
ver the untreated aerogels (Pt/CA-Li and Pt/CA-Cs) were observed,

able 3
extural characterization of the Pt catalysts. BET (SBET, m2 g−1) and external (SEXT,
2 g−1) surface areas, micropore volumes (VMIC, cm3 g−1) and pore dimension (dpore,

m).

Catalyst SBET

(±5 m2 g−1)
SEXT

(±5 m2 g−1)
VMIC

(±0.01 cm3 g−1)
dpore

(±0.5 nm)

Pt/CA-Li 882 275 0.25 23
Pt/CA-Li973 967 289 0.27 26
Pt/CA-LiH 908 274 0.26 23
Pt/CA-LiH973 1069 313 0.31 27
Pt/CA-LiS 801 242 0.23 23
Pt/CA-LiS973 1141 324 0.33 27
Pt/CA-Cs 720 90 0.25 n.d.
Pt/CA-Cs973 832 104 0.30 n.d.

.d., not determined
n peroxide (CA-LiH) and ammonium peroxydisulfate (CA-LiS): (a) CO and (b) CO2

but somewhat lower values were detected when using the oxidized
supports (Pt/CA-LiH and Pt/CA-LiS).

Comparing the Pt particle size obtained by H2 chemisorption
with that obtained by TEM, it can be observed that there is a general
agreement between these two techniques.
There are two  main factors that can affect the metal dispersion
over a support: (i) the available surface area and (ii) the interac-
tion between the surface and the precursor solution. The textural

Table 4
Pt dispersion (DPt, in %) and particle size (in nm) determined by H2 chemisorption
(dPt) and TEM analysis (dPt

†).

Catalyst DPt

(±0.1%)
dPt

(±0.1 nm)
dPt

†

(±0.1 nm)

Pt/CA-Li 74.1 1.5 1.4
Pt/CA-Li973 38.1 2.8 2.8
Pt/CA-LiH 46.1 2.3 2.5
Pt/CA-LiH973 30.5 3.5 2.6
Pt/CA-LiS 44.4 2.4 2.1
Pt/CA-LiS973 28.7 3.8 2.2
Pt/CA-Cs 87.3 1.2 1.5
Pt/CA-Cs973 42.5 2.5 2.4
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Fig. 2. TEM micrographs of Pt/CA-Li and Pt/CA-LiH catalyst: (a and b) 

roperties of the supports were not significantly changed by the
xidation treatments, as already shown, but the presence of oxy-
enated surface groups increased the hydrophilic character of the
urface. Taking into consideration that the surface is negatively
harged (pHPZC < 10.5, pH of precursor solution) and the cationic
ature of the precursor ([Pt(NH3)4]2+), an improved metal dis-
ersion should be expected when using the oxidized supports, in
omparison with the catalysts prepared using the untreated sup-
orts. However this is not the case. The explanation could rely
n the oxygenated surface groups, which act as anchoring sites,
etaining the Pt-precursor molecules at the entrance of the pores
nd preventing the diffusion of Pt through the porous structure.

urthermore, during the reduction treatment, the less stable oxy-
en surface complexes (carboxylic acids groups) may  be removed,
romoting the mobility of the platinum particles, thus favoring
heir agglomeration [35]. The different porous texture observed for

O

Cinnamyl alcCinnamaldehyde (CAL)

O 

HydrocinnamylHydrocinnamaldehyde (HCAL)

H2

H2

H2 H2

2H2

Fig. 3. Reaction network for the selective hydrogenation of cin
 and (c and d) after a post-reduction treatment at 973 K, respectively.

Pt/CA-Li and Pt/CA-Cs does not appear to have a marked influence
over the Pt particle size, since both Pt catalysts presented similar
particle sizes (1.5 and 1.2 nm for Pt/CA-Li and Pt/CA-Cs, respec-
tively). Therefore, the low external surface area of Pt/CA-Cs (with
respect to Pt/CA-Li) seems to be sufficient to obtain very small and
accessible Pt particles.

When a post-reduction treatment is carried out in N2 at 973 K,
the experimental conditions are severe enough to induce sintering
of the Pt particles [14]. This effect was particularly more intense in
the catalysts with higher dispersion. After the thermal treatment,
all materials (independently of their surface chemistry) show Pt
particles with sizes between 2.2 and 2.8 nm (values determined by

TEM analysis). In addition to sintering related with the tempera-
ture effect, particle sizes could also be influenced by the surface
chemistry of the support materials, as the Pt particles supported in
untreated aerogels increased ca. 2 times (Fig. 2a and c), while for

OH

ohol (COL)

OH

 alcohol (HCOL)

β-Methylstyrene  (MS)

1-Propylbenzene (PB)

H2

H2

-H2O

H2

-H2O

namaldehyde with carbon aerogel supported catalysts.
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with the different modes of adsorption/repulsion of cinnamalde-
hyde on the metal and/or the support surface. Taking into account
the kind of porosity of the materials tested and the experimen-
tal conditions used in the hydrogenation of cinnamaldehyde, the

Table 5
Turn-over frequency (TOF), time required to reach 50% conversion of CAL (t50%),
and selectivities towards COL, HCAL, HCOL and other products (measured at 50%
conversion of CAL).

Catalyst TOF
(s−1)

t50%

(min)
SCOL

(%)
SHCAL

(%)
SHCOL

(%)
SOTHERS

(%)

Pt/CA-Li 1.6 64.1 11 54 20 15
Pt/CA-Li973 3.4 27.3 12 54 25 9
Pt/CA-LiH 1.6 36.2 53 18 20 9
Pt/CA-LiH973 3.5 26.8 21 41 28 10
Pt/CA-LiS 2.3 30.2 36 23 25 16
ig. 4. Product distribution for the selective hydrogenation of cinnamaldehyde usin
hermal treatment in N2 at 973 K, respectively (CCAL,0 ≈ 12 mM,  T = 363 K and P = 10 b

he oxidized supports no sintering effect was observed (Fig. 2b and
) once the less stable oxygenated surface groups were removed.
s previously reported for multi-walled carbon nanotubes [30],
urface groups can act as anchoring sites and increase the ther-
al  stability of the catalysts while providing a stronger interaction

etween the metal and the surface, resulting in improved catalytic
roperties at the metal–support interface. Oxidized carbon aero-
els could, thus, present a similar behavior.

Besides the sintering effect, the treatment at 973 K is able to
urge most of the CO2-releasing groups, but only a part of the oxy-
enated surface groups evolving as CO are removed as previously
ndicated. Hence, groups like ethers, carbonyls or quinones, which
re only released at higher temperatures due to their stability [36],
hould remain to some extent on the surface.

.3. Selective hydrogenation

The network of reactions observed for the selective hydro-
enation of cinnamaldehyde in heptane is shown in Fig. 3. The
hermodynamically preferred route goes through the hydrogena-
ion of the C C bond yielding the saturated aldehyde (HCAL).
elective hydrogenation of the C O bond yields the unsaturated
lcohol (COL). Both COL and HCAL can be further hydrogenated to
roduce the fully saturated alcohol (HCOL). Side-products involv-
ng the loss of the hydroxyl group, like �-methylstyrene (MS) and
-propylbenzene (PB) were also detected in different amounts,

ndicating a strong adsorption of the substrate over the metal sites
nd a possible poisoning effect.
CA-Li, (b) CA-LiH, (c) CA-LiS and (d) CA-Cs. Full and open symbols: before and after

The reaction kinetics at 363 K and 10 bar (total pressure) are rep-
resented in Fig. 4 in terms of conversion of CAL and selectivity to
COL, HCAL and HCOL with time of reaction. In Table 5 it is given the
turn-over frequency (TOF), the time required to reach 50% conver-
sion of CAL (t50%), as well as the selectivities towards COL (SCOL),
HCAL (SHCAL), HCOL (SHCOL) and other by-products (SOTHERS), at 50%
conversion of CAL.

There are two effects, generally attributed to the support, which
can have a significant influence on the hydrogenation reaction:
steric and electronic interactions [37]. These effects can be related
Pt/CA-LiS973 4.4 19.5 21 44 27 8
Pt/CA-Cs 0.9 102 24 34 35 7
Pt/CA-Cs973 2.8 42.0 12 54 19 15

CCAL,0 ≈ 12 mM,  T = 363 K and P = 10 bar.
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bsence of internal mass transfer limitations during the reaction
ould be expected. Since the support surface chemistry and the Pt
article size were similar for both Pt/CA-Li and Pt/CA-Cs, the higher
ctivity (TOF) exhibited by Pt/CA-Li should be related to its textural
haracteristics.

Another way of monitoring the activity of the catalysts is to mea-
ure the time required to reach 50% conversion of cinnamaldehyde
t50%). If one compares these values against those obtained for the
OF, a general correspondence can be observed: higher TOF values
roduce lower t50%. In this context, a much lower t50% was observed
or Pt/CA-Li (64.1 min) when compared to Pt/CA-Cs (102 min). Thus,
t/CA-Li not only leads to a higher conversion of cinnamaldehyde
ut also is able to do so in a shorter period of time, indicating that
he material porous texture could be playing an important role in
he activity of the Pt catalyst.

Because both catalysts presented a similar micropore volume,
he different activity observed could be related to the presence of

esopores and, consequently, to the higher external surface area in
he case of Pt/CA-Li. Thus, the porous texture formed by micro- and

esopores of Pt/CA-Li should increase the interactions between the
innamaldehyde molecules and the Pt particles located throughout
he mesopores.

Selectivity results also appear to be somewhat affected by
he porous texture, as the hydrogenation of both C O and C C
onds are favored for Pt/CA-Cs, while the formation of HCAL was
avored when Pt/CA-Li was used. In accordance with the adsorp-
ion/repulsion model, the Pt particle size affects the selectivity,
eading to the hydrogenation of C C and C O, or C O bonds, prefer-
bly when small or large Pt particles are used, respectively [22]. In
ur case, both catalysts presented a similar Pt particle size around
.5 nm and thus, the different selectivity detected should be due to
he different porous texture. Therefore, when the surface chem-
stry and the metal particle size of the Pt catalysts are similar,
he mesoporous catalyst provides a higher selectivity towards the
ydrogenation of only the C C bond, when compared to the macro-
orous one.

Oxidation of the carbon aerogel was found to have a marked
ffect over the activity and the selectivity towards COL (Fig. 5).
ctivity values increased when Pt particles were deposited on oxi-
ized carbon aerogels of similar porous texture, where slightly

arger Pt particles were obtained. This correlation between Pt-
ispersion and catalytic activity was previously observed by Teddy
t al. [38]. Comparing the catalytic performance of Pt/CA-LiH and

t/CA-LiS, which have similar Pt particle sizes (2.3 and 2.4 nm,
espectively) it is clear that additional effects (namely the surface
hemistry changes) should be taken into account. Selectivity to
he hydrogenation of the C O bond increased by a factor of 4.8

ig. 6. Influence of the porous texture, surface chemistry and Pt particle size on the acti
 = 363 K and P = 10 bar).
Fig. 5. Effect of the oxidation and post-reduction treatment of CA-Li on the selec-
tivity towards cinnamyl alcohol (CCAL,0 ≈ 12 mM,  T = 363 K and P = 10 bar).

for Pt/CA-LiH (53% at 50% conversion of cinnamaldehyde) and 3.3
for Pt/CA-LiS (36%), compared with the catalyst prepared using the
untreated support (11%).

This result is in line with the work published by Coloma et al. [39]
on the gas-phase hydrogenation of crotonaldehyde over carbon
black supported Pt catalysts. They reported that the selectiv-
ity towards the desired unsaturated alcohol increased when the
support was  previously oxidized with hydrogen peroxide. This
behavior, which was not related to the metal particle size, was
said to be associated to the decomposition of the oxygenated sur-
face groups upon the thermal treatments in hydrogen. In our work,
the oxidation treatments carried out on the materials produce an
increase in the catalytic activity and selectivity towards the hydro-
genation of the C O bond, which improves when H2O2 is used.

As previously reported for other carbon materials [14,30,40],
high-temperature treatments at 973 K in N2 do enhance both the
activity and the selectivity (towards hydrogenation of the C O
bond) of the catalysts. This same result was  also corroborated by
Guo et al. [41] and Vu et al. [42] regarding both activity and selectiv-
ity to cinnamyl alcohol, using Pt/CNT catalysts treated at different
calcination temperatures to eliminate oxygen from the CNT surface.
According to them, the enriched electron density surrounding the
metallic nanoparticles reduces the probability of C C bond coor-
dination to Pt active sites due to the electronic repulsion, thereby

increasing the selectivity towards cinnamyl alcohol.

In the present work, the same thermal treatment was  found to
increase the TOF for all tested materials by a factor up to 3, but
shifted selectivity to the C C bond (Fig. 5), due to the amount

vity and selectivity to COL for the Pt catalysts not treated at 973 K (CCAL,0 ≈ 12 mM,
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nd kind remaining oxygenated surface groups after treatment,
ince both catalysts (Pt/CA-LiH973 and Pt/CA-LiS973) presented
imilar Pt particle size and porosity. Thus, selectivity towards the
ydrogenation of the olefinic bond in carbon aerogel supported
t catalysts appears to be enhanced by the presence of certain
mount of stable oxygenated groups (such as ether and quinone
roups), on the material surface. Upon oxidation treatment with
NO3, carbon xerogels and nanotubes [14,30,40] were found to
ossess a strong acidic surface, which decreased after a thermal
reatment at 973 K. Similarly to these materials, after an identi-
al thermal treatment, carbon aerogels also lost part of its acidic
haracter, although not to the extent of the other reported car-
on materials, since they conserved a higher amount of surface
roups. This fact could explain the selectivity towards olefinic
ond for the carbon aerogels. Hence, for carbon aerogels, an acidic
urface favors the interaction with the carbonyl group (i.e., car-
on aerogels oxidized with H2O2 or (NH4)2S2O8) while a less
cidic surface (e.g., after PRT) favors the reduction of the olefinic
ond.

Another possible interpretation could be associated to the polar-
ty of the surface. Toebes et al. [43] related an increased activity and
electivity towards the olefinic bond, in the non-polar surface of
t/CNF catalysts, upon surface group removal. They suggested that
he hydrogenation of the C C bond was assisted by adsorption of
he cinnamaldehyde aromatic ring on the non-polar CNF support
urface, thus increasing the selectivity towards hydrocinnamalde-
yde.

To have an overall idea of catalyst performance both textural and
hemical characteristics had to be taken in account simultaneously
Fig. 6).

Comparison of both CA supports (CA-Li and CA-Cs) allow to
stimate the influence of the porous texture, because both oxy-
en contents (OTPD) and the particle sizes of their corresponding
t catalysts are similar. The effect of the surface chemistry on the
ctivity and selectivity can be discussed by comparing Pt/CA-LiH to
t/CA-LiS, both catalysts with similar porous textures and Pt parti-
le sizes. As referred earlier, it is noteworthy that the activity can be
avored by the increase of the Pt particle size and oxygen content,
hile the high SCOL obtained for Pt/CA-LiH seems be related with

ome specific oxygen surface groups.

. Conclusions

Oxidation treatments with H2O2 and (NH4)2S2O8 allow the
orous structure to remain relatively unchanged while introducing
ignificant amounts of oxygenated groups.

The main acidic character of the fixed oxygenated groups leads
o a strong decrease of the pHPZC of the carbon support, which
trongly influence the Pt dispersion over the carbon aerogels,
ecreasing in all cases after oxidation treatments.

When the surface chemistry and Pt particle size are similar,
esoporous Pt catalysts exhibit a higher activity and selectivity

o the C C bond than macroporous ones in the hydrogenation of
innamaldehyde.

In the case of similar porous texture and Pt particle size, the
ncreased acidity of the Pt/CA-LiH and Pt/CA-LiS supports leads to a
igher activity and selectivity towards cinnamyl alcohol, especially

n the case of carbon aerogels oxidized with H2O2, which could be
elated with a lower content of stronger acid surface groups.

At variance with other carbon supported Pt catalysts, a thermal
reatment at 973 K favors the activity and hydrogenation of the C C

ond when using carbon aerogels as supports, due to the kind and
mount of remaining stable oxygenated groups.

Finally, the improvement of catalytic performance and selectiv-
ty towards the desired product using supported Pt catalysts can

[

[
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be carried out by designing carbon aerogels with tailored porous
texture and surface chemistry.
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