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a  b  s  t  r  a  c  t

A  series  of  Cu/MCM-48  catalysts  is studied  for the  liquid  phase  hydrogenation  of crotonaldehyde.  Copper
is incorporated  in  MCM-48  following  a  classical  hydrothermal  synthesis  or by  wet  impregnation  of  the
MCM-48  precursor  (before  eliminating  the  directing  agent)  with  Cu(AcAc)2.  The  copper  loading  is  in  the
2–20 wt%  range.  Characterization  results  from  TPR  and  XRD  indicate  that  copper  crystals  supported  on
MCM-48  surface  coexist  with  copper  incorporated  in  the  MCM-48  walls.  The  presence  of  Cu+ in  MCM-
eywords:
opper catalysts
CM-48

rotonaldehyde
O adsorption

48  is  concluded  from  characterization  with  FTIR  of  adsorbed  CO.  This species  would  be  the  responsible
for  the  relatively  high  selectivity  of  Cu/MCM-48.  These  catalysts  show  approximately  50%  of  selectivity
against  7%  of Cu/SiO2 (both  values  measured  at  10%  of  conversion).

© 2012 Elsevier B.V. All rights reserved.
elective hydrogenation

. Introduction

Copper on MCM-41 has been widely employed as catalysts for
ifferent reactions [1–11]. On the contrary copper supported on
CM-48 has been much less studied, though this system should

e preferred to the one supported on MCM-41 in the basis of the
hree dimensional structure of MCM-48. Probably this is due the
act that it is rather difficult to incorporate a high copper loading to
he mesoporous structure of MCM-48 [12].

In a previous work [13] we have studied a series of copper
atalysts employing MCM-48 as the support for the selective hydro-
enation of cinnamaldehyde in liquid phase. Some of these samples
ere found to be more selective than copper supported on silica

r alumina. It is well known that is very difficult to hydrogenate
arbonyl bond in �, �-unsaturated compounds, due to kinetic and
hermodynamic difficulties. In this context, our previous results
ncouraged us to further investigate on the catalytic properties of
u/MCM-48 for selective hydrogenation reactions.

In the present work we study a series of Cu/MCM-48, for the liq-
id phase hydrogenation of crotonaldehyde. This �,�-unsaturated
ompound has been selected since it presents a low steric protec-

ion of the olefinic bond, then, hydrogenation of crotonaldehyde is
till a big challenge for researchers.

∗ Corresponding author. Tel.: +54 291 4861600.
E-mail address: mvolpe@plapiqui.edu.ar (M.A. Volpe).

926-860X/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2012.06.011
The samples are studied by FTIR of adsorbed CO,  XRD, TPR and
BET. Finally, the samples are tested in the liquid phase hydrogena-
tion of crotonaldehyde, in a Batch reactor. The catalytic patterns
are discussed in the light of the characterization results.

2. Experimental

2.1. Catalyst preparation

2.1.1. Synthesis of MCM-48
The silicon source was tetraethyl ortho-silicate (TEOS, Aldrich).

The structure-directing agent was  cetyltrimethylammoniun bro-
mide (CTAB, Aldrich). MCM-48 was prepared by hydrothermal
synthesis, following the technique reported by Xu et al. [14]. 10 mL
of TEOS were added to a solution of CTAB in water (8.8 g/79.2 mL).
10 mL  of NaOH 2 M were added at 308 K. The mixture was stirred
for half an hour. The gel was  heated to 373 K for 72 h under static
hydrothermal conditions in a steel/Teflon autoclave. The product
was  filtered, washed with water, and dried at room temperature.
Finally the solid was  heated up 673 K at 0.5 K min−1 under N2 flow,
afterwards the flow was  switched to chromatographic air, and the
temperature was  kept constant for 6 h.
2.1.2. Synthesis of Cu/MCM-48
Two  series were prepared, one of them following a hydrother-

mal  synthesis and another one by wet impregnation of MCM-48
with Cu(AcAc)2.

dx.doi.org/10.1016/j.apcata.2012.06.011
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:mvolpe@plapiqui.edu.ar
dx.doi.org/10.1016/j.apcata.2012.06.011
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The first series was prepared by following a classical hydrother-
al  method. The samples are named as CuHx, where x corresponds

pproximately to the copper wt%. A solution of Cu(NO3)2 (in 27%
queous ammonia) was added to a solution of CTAB, NaOH and
EOS. Copper nitrate solutions with different concentration were
mployed in order to vary the metal content. The mixture was
tirred for 4 h, before loading the sample into a Teflon-steel auto-
lave. The solution was heated for 3 days at 373 K. The product was
hen filtered and washed and finally treated for eliminating the
tructure directing agent, in the same way as in the preparation
f pure MCM-48. The copper metal loading was measured by AAS.
hree samples were obtained: CuH2, CuH3 and CuH5.

The other series, CuIx (where x corresponds approximately to
he copper wt%) was prepared by wet impregnation of MCM-48,
efore performing the elimination of CTBA as it is conventionally
arried out (with a calcination pre-treatment). This solid was put
n contact with different solutions of Cu(AcAc)2 in tetrahidrofuran
or 24 h. The concentration of the solutions was varied in order to
btain a copper concentration of approximately 5, 10 and 20%. The
olids were filtered, and dried at 343 K during 4 h. Afterwards the
emperature was increased at 1◦/min up to 673 K, under N2 flow. At
his temperature, the gas flow was switched to chromatographic air
nd the sample was calcined for 6 h. Three samples were obtained:
uI4, CuI9 and CuI20.

.1.3. Synthesis of Cu/SiO2
The support was SiO2, from Rhône Poulenc (99.7%, Na: 0.1%, SO4

: 0.1%, others: 0.1%), with a BET surface area of 210 m2/g. The silica
as comprised of 3 mm diameter spheres. Copper was fixed to silica

ollowing a wet impregnation with solutions of Cu(AcAc)2 (Aldrich,
9.99%) in THF. The support was calcined at 300 ◦C, and afterwards

t was put in contact with a Cu(AcAc)2 solution for 48 h, at 60 ◦C,
nder constant stirring. The solid was filtered and heated at 70 ◦C
or 24 h. Finally the sample was calcined at 400 ◦C for 4 h under air
ow

.2. Catalyst characterization

The crystalline structure and the copper particle size of the dif-
erent catalysts were determined by X-ray diffraction (XRD) in a
hilips PW1710 BASED instrument operating at 45 kV and 30 mA,
tted with a graphite monochromator in order to get Cu K�1 radia-
ion (� = 1.5406 Å); the angle step and counting time were 0.02◦ (2�)
nd 1 s, respectively. The media copper crystal size was  determined
y applying the Scherrer equation.

The samples were characterized by TEM, employing a Jeol 100
X2 (Tokyo, Japan) apparatus. Approximately one hundred gold
articles were measured to perform the particle size distribution.
he average diameter of the crystals in the different catalysts was
alculated from the following formula: d = (

∑
nidi)/ni. For all the

ases a pre-treatment of the samples was carried out to allow
he clear observation of the copper particles. The catalysts were
educed at 473 K for half an hour under H2 flow. Afterwards, at
oom temperature the samples were thrown into a vessel fill with
sopropanol, under gas flow. Immediately, a drop of the catalyst-
olvent mixture was put on a grid and the TEM analysis was  carried
ut.

The specific surface area of the catalysts was determined by
dsorption–desorption of N2 at 77 K employing a Nova 1200e Quan-
achrome equipment. The pre-treatment of the samples was an
vacuation at 393 K for 20 h. The BET equation was  employed

or determining surface area. The diameter of the mesoporous of

CM-48 was measured by BHJ method. The choice of this method
as based on previous combined TEM and BET characterization

f MCM  materials for determining pore sizes. The best agreement
 General 437– 438 (2012) 72– 78 73

between results from both techniques was attained following the
BHJ approximation.

The TPR study was  carried out in a conventional apparatus. Sam-
ples were previously calcined at 393 K in chromatographic air and
purged in N2. Afterwards, the samples were cooled down up to
room temperature, and the inert gas was switched to the reactive
mixture (H2/Ar (10%)) with a flow of 18 cm3 min−1. The hydrogen
uptakes were measured by a TCD detector while the temperature
was  linearly increased at a rate of 8 K min−1, up to 773 K.

The FTIR spectra of adsorbed CO were recorded in a Nicolet
Nexus FTIR apparatus at 4 cm−1 resolution. Catalyst samples of
approximately 30–40 mg  were pressed to form transparent disks
of 13 mm in diameter that were mounted in a metal holder placed
in the beam path. The metal holder is provided with CaF2 windows,
and coupled to a vacuum system for evacuation to 10−6 Torr. The
spectra were recorded after contacting the sample with 5 Torr of
CO, at 77 K.

2.3. Catalytic test

The catalysts were tested for the hydrogenation of crotonalde-
hyde in a Batch reactor at 373 K and 1 MPa  of H2 pressure. The
reactive mixture was a 0.1 M solution of crotonaldehyde in iso-
propanol. Approximately 200 mg  of catalyst reduced ex situ at 573 K
were employed. The stirring rate was selected at 400 rpm. Previ-
ously, the stirring rate was  varied in the range 300–900 rpm. Within
this range the conversion of the CuH2 catalyst was kept constant,
showing the lack of external diffusion limitations.

The dependence of the conversion and of the selectivity toward
the different products on time on stream was  measured. The
concentrations of the reactant and products were measured by
gas chromatography, with a FID detector and a ZB-WAX column,
at 473 K. Additionally the reaction mixture was analyzed in a
PerkinElmer Clarus 500 chromatograph, provided with a mass
spectrometry detector.

3. Results

The list of the Cu/MCM-48 samples is reported in Table 1.
The BET surface area of the samples is high. The lowest sur-

face area corresponds to CuH5, probably due to the fact that the
relatively high copper loading partially destroys the mesoporous
structure during the first step of the hydrothermal synthesis. In this
way, CuH5 is an heterogeneous sample, and it should be considered
as a mixture of Cu/MCM-48 and Cu/SiO2.

For the case of the hydrothermal synthesis (CuHx), the intro-
duction of copper from Cu(NO3)2 corresponding to loading higher
than 5%, completely destabilizes the mesoporous structure, leading
to copper supported on amorphous silica.

As a general trend, the incorporation of copper in MCM-48
decreases the pore diameter (see Table 1). This effect has been
previously observed for Cu/MCM-48 [13] and it could be due to
different phenomena: (i) copper inserted in the silica framework,
in which the heteroatom buried in the inside the walls causes the
corresponding increase in the wall width and narrows the pore
diameter, (ii) copper crystals with size lower than pore diameter
(4.2 nm)  supported inside the pores. Anyway, whatever the origin
of the distortion of pore size due to the presence of copper, it is
related with a high interaction between copper and the MCM-48
support.

In Fig. 1a the XRD patterns of some Cu/MCM-48 samples are

shown. The strong peak centered at 2� = 2.5◦ is assigned to the
(2 1 1) plane. Besides other minor peaks at low diffraction angles
were detected. It is interesting to note that the profile of the
low diffraction peaks (see Fig. 1b) of pure MCM-48 is strongly
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Table 1
Physicochemical properties of Cu/MCM-48 and Cu/SiO2 catalysts.

Sample Cu (wt%) BET surface (m2/g) Pore diameter (nm) Particle size (nm) TPR H2/Cu

MCM-48 – 1150 4.2 – 0
CuH2c 2.5 942 3.8 34.4a 0.60
CuH3 3.8 1047 3.7 29.0a 0.80
CuH5 5.5 423 3.7 32.1a 0.43

33.2b

CuI4 4.1 1004 3.8 23.1a 0.49
CuI10c 9.1 1119 3.8 25.0a 0.52

26.2b

CuI20 19.1 728 3.8 24.4a 0.72
25.1b

Cu/SiO2 8.1 210 – 18.5a 1.1
19.7b

a Measured from XRD, Scherrer approximation.
b Measured from TEM.
c Samples previously reported in Ref. [13].
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ig. 1. (a) XRD pattern of MCM-48, C/MCM-48 and Cu/SiO2; (b) a magnification for
ow  XRD diffraction peaks.

odified in copper containing samples, showing that the incorpo-
ation of this metal in the mesoporous network is achieved. From
he XRD patterns, the crystallographic parameter of pure MCM-48

nd Cu/MCM-48 were determined. For the former case, the cubic
nit cell parameter, a, was 85.8048 Å, while this value decreases
ith increasing the copper loading for both series. The highest
Fig. 2. TEM micrograph of CuI20. A representative particle is signaled with an arrow.

the metal content, the lower the a value. To label, for CuI20, the a
parameter presents the lowest value: 79.2055 Å. For CuI4 and CuI10
the values were 83.9012 and 81.3462 Å respectively. The contrac-
tion of the cell parameter would indicate the strong interaction
between copper species and the MCM-48 support.

Turning the attention to the high diffraction angle peaks (see
Fig. 1b), another copper phase can be identified: CuO, tenorite (2�:
35.6 and 38.9). Thus, from the analysis of XRD diffraction peaks, it is
concluded that two  species are present in MCM-48: copper incor-
porated in the mesoporous structure of MCM-48, and supported
copper crystals.

Regarding this last species, based on the width of the peak due
to (1 1 1) plane, media crystallite sizes were determined by the
Scherrer equation. The Warren approximation was  employed for
correcting instrumental line broadening. The values of crystal sizes
are in the 24.4–34.4 nm range and are reported in Table 1. The trend
indicates that copper particle size is higher for the CuHx samples
than for CuIx.

TEM characterization of the Cu/SiO2 sample indicated that the
particle size, d, 19.7 nm.  This result is in quite agreement with that
obtained from Scherrer approximation (see Table 1). For the high
loaded Cu/MCM-48 samples, CuI10, CuI20 (see Fig. 2) and CuH5, the
particle sizes obtained from TEM are reported in Table 1. For these
three samples, a quite good agreement between the results from

TEM and those obtained from Scherrer calculations is obtained. For
the low loaded Cu/MCM-48 (CuH2, CuH3 and CuI4) it was not possi-
ble to observe a considerable amount of copper particles from TEM
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Fig. 3. FTIR spectra of CO adsorbed on previously reduced CuH5;(a) 5 Torr of CO, (b)
evacuation of 15 min  at 10−6 Torr.
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The specific activity for the hydrogenation of crotonaldehyde of

the different samples is reported in Table 2, as moles converted per
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Fig. 5. Dependence on time of (�) conversión of crotonaldehide, (�) selectivity to
crotyl alcohol, (�) butanal, (*) butanol for CuI20.
icrographs. This difficulty arises from the fact that the concen-
ration of copper particles is low for these samples. For this reason

 reliable histogram could not obtained. However, it is important
o note that the observed copper crystals showed a size in the
0–30 nm range.

Samples were characterized by means of TPR, in order to study
he reducibility of copper in MCM-48. Slight differences in the tem-
erature corresponding to the maxima of the consumption peak
ere detected (513–543 K).

If the total reduction of CuO to Cu0 is considered, the theoretical
onsumption of hydrogen, expressed as mole of gas consumed per
ole of copper is the unity. Cu/SiO2 showed a hydrogen consump-

ion similar to the theoretical one. On the contrary, the Cu/MCM-48
atalysts showed consumptions lower than the theoretical value,
howing that not all copper species are being reduced. The rela-
ive low reducibility of Cu/MCM-48 would be related with copper
ncorporated in MCM-48 walls that is not being reduced during the
PR experiment. We  will revert to this matter latter, following the
TIR characterization.

In a previous work dealing with copper supported catalysts, we
ave concluded on the presence of Cu+ species in MCM-48 [15],
ased on a characterization carried out with FTIR of adsorbed CO.

n order to further investigate on the chemical nature of copper
pecies present in both CuHx and CuIx catalysts, a similar study
as performed for the present samples. Fig. 3a shows the spec-

rum of adsorbed CO corresponding to the CuH5 sample previously
educed in situ at 573 K (the same temperature as the pre-treatment
f the catalysts before catalytic testing), while Fig. 3b corresponds
o the result following an evacuation at 10−6 Torr. The spectrum in
ig. 3a shows bands at 2156 and 2124 cm−1, corresponding to CO
n sylanol groups of MCM-48 and to CO on Cu0 respectively [16,17].
fter evacuating the analysis chamber only one band at 2133 cm−1

s observed, assigned to a strongly CO linearly bonded on Cu+ sites
16–18]. Similar FTIR results were obtained for the other Cu/MCM-
8 catalysts. For Cu/SiO2 the spectrum of the previously reduced
ample present a band at 2109 cm−1 due to CO bonded to Cu0 (see
ig. 4). The interaction between CO and Cu0 is low and after evac-
ating the band disappeared. No band associated with Cu+ species
as detected. The absence of Cu+ species in Cu/SiO2 is related with

he fact that copper is completely reduced in this catalysts (TPR
esults). On the contrary Cu+ species, in Cu/MCM-48 are resistant
o reduction and they are not sensed in TPR experiments.
Fig. 4. FTIR spectra of CO adsorbed on previously reduced Cu/SiO2. (a) 5 Torr of CO,
(b)  evacuation of 15 min at 10−6 Torr.

3.1. Catalytic test

The Cu/MCM-48 and the Cu/SiO2 samples were evaluated for
the selective hydrogenation of crotonaldehyde in liquid phase. In
a typical run, the catalysts are pretreated ex situ in a glass tube, in
flowing H2 at 573 K, before introducing the sample into the reactor
under the gas flow.

Firstly the external diffusion limitation effects were evaluated
by varying the catalyst mass. The absence of external diffusion lim-
itations was  confirmed for catalyst weights in the 0.3–1.5 g range.

The dependence of the conversion of crotonaldehyde on time
for CuI20 and Cu/SiO2 are shown in Figs. 5 and 6 respectively. No
deactivation with time on stream was  observed. This result is worth
to note since deactivation process are commonly observed in liq-
uid phase hydrogenation of �,�-unsaturated compounds. We  will
revert to this mater later.

Another interesting point regards the reuse of the samples. Fol-
lowing 3 h of reaction, the CuI20 sample was separated from the
reaction media, washed with fresh solvent and submitted to a new
hydrogenation test. Spent CuI20 showed a similar catalytic pattern
than the corresponding fresh sample. The test over the spent sam-
ple can be carried out three times without observing noticeable
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Fig. 6. Dependence on time of (�) conversión of crotonaldehyde, (�) selectivity to
crotyl alcohol, (�) butanal, (*) butanol for Cu/SiO2.

Table 2
Specific activity and selectivities to crotyl alcohol of conversion for Cu/MCM-48 and
Cu/SiO2.

Catalyst Activity (�mol  s−1 g Cu−1) TOF × 103 s−1 S10%a S30%b

CuH3 1.3 1.5 53 –
CuH5 0.9 1.1 55 –
CuI4 1.1 1.3
CuI10 1.9 2.0 46 42
CuI20 1.8 1.8 48 40
Cu/SiO 3.2 3.0 7 6
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a Selectivity to crotyl alcohol measured at 10% of conversion.
b Selectivity to crotyl alcohol measured at 30% of conversion.

ram of copper and per second. CuI20 and Cu/SiO2 show quite sim-
lar copper particle size (see Table 1), however the specific activity
f the former is approximately the half of the one corresponding to
he latter sample.

TOF numbers of the catalysts are also reported in Table 2. For
alculating these values, the copper surface concentration, as Cu
toms/m2, was estimated considering the surface density of cop-
er [19] and the particle size (as determined from TEM). The TOF
umbers of all the Cu/MCM-48 catalysts were lower than the one
orresponding to Cu/SiO2, showing that copper supported on the
esoporous oxide is less active than when supported on silica. It is

ikely that a fraction of copper in the MCM-48 samples is inactive
or the dissociation of dihydrogen, and in this way the activity of
he samples is relatively low.

The product distribution was monitored as the conversion
ncreased with time. Only the primary hydrogenation products of
rotonaldehyde were detected. Decarbonylation did not take place
or for Cu/MCM-48 neither for Cu/SiO2. Besides, condensation reac-
ions were not detected. On the other hand, both decarbonilation
nd condensation reactions were observed for noble metal based
atalysts tested for the hydrogenation of crotonaldehyde under
imilar reaction conditions [20–22].  Probably the absence of the
ecarbonilation reaction, which produces CO is related with the
tability of copper samples in the reaction media. CO is responsible
or the poisoning of metals surface and concomitantly of catalysts
eactivation in liquid phase hydrogenation of �,�-unsaturated
ompounds [23].

Cu/SiO2 should be considered an unselective catalyst, since
t preferentially hydrogenates the olefinic bond. The selectivity
oward crotyl alcohol is lower than 10% for all the time on stream
see Fig. 5).

On the other hand the Cu/MCM-48 catalysts were quite selec-

ive, mainly for early reaction times, at low conversion values.
electivities toward crotyl alcohol in the 70–80% range were
btained at low conversion levels. To label, CuI20 reached a selec-
ivity as high as 80%. The desired selectivity diminishes with time
 General 437– 438 (2012) 72– 78

on stream, though it is always higher than the values corresponding
to Cu/SiO2.

The comparison between the selectivities to crotyl alcohol of
CuI20 and Cu/SiO2, at the same level of conversion (10%), shows that
copper supported on MCM-48 is much more selective than when
supported on silica (see Table 2). Both supports are inert ones, with-
out redox or acid–base properties. Thus, in a first approximation,
no direct promotion on copper should be expected. It is likely that
copper incorporated in the MCM-48 structure is related with the
higher selectivity toward crotyl alcohol. Crotonaldehye would be
adsorbed on this copper species in a “selective” way, by interaction
of C O bond with copper centers within the MCM-48 wall.

The CuH3, CuH5, CuI4 and CuI10 samples showed similar cat-
alytic patterns as those observed for CuI20. In Table 2 the specific
activities, TOFs number and selectivities to crotyl alcohol are
reported.

4. Discussion

Cu/MCM-48 catalysts with metal loading up to 20 wt% were pre-
pared following two  different methods (hydrothermal synthesis or
wet  impregnation with Cu(AcAc)2). The catalysts present two cop-
per phases, which have been represented in the model proposed
for Cu/MCM-48 in Fig. 7. One of them corresponds to copper incor-
porated within the walls of MCM-48 or highly dispersed inside the
mesopores. This species would be formed during the very first step
of the preparation of Cu/MCM-48 by the hydrothermal synthesis.
It cannot be detected from TEM or by XRD, due to the fact that its
size is lower than the detection limit of these techniques. How-
ever, this highly dispersed copper species originates a deformation
of low XRD diffraction peaks of (2 1 1) planes, a contraction of the
pore diameter, a variation of the crystallographic a parameter and
a decreased reduction of the samples.

The other copper phase in the Cu/MCM-48 catalysts corresponds
to copper crystals, with sizes in the 34–18 nm range approximately.
The presence of bulky copper is clearly determined from XRD and
TEM analysis, which leads to quite similar results of the correspond-
ing sizes.

The scheme in Fig. 7 would also be a representation for the CuIx
series, prepared by wet impregnation. It is rather difficult to explain
the way copper is incorporated in the mesoporous wall following
the wet  impregnation with Cu(AcAc)2, before removing the direct-
ing agent CTBA. However the existence of copper incorporated in
the MCM-48 structure can be concluded based on XRD, BET and TPR
characterization results, since the same modifications observed for
the CuHx series were observed for the CuIx samples.

A difference between the CuIx and the CuHx series is that the
size of copper crystals is higher for the catalysts prepared follow-
ing the hydrothermal synthesis than for the ones prepared by wet
impregnation with Cu(AcAc)2. It could be considered that the affin-
ity of the organic directing agent (CTBA) toward acetyl acetonate
favors copper dispersion on the mesoporous surface.

Particular catalytic features arise due to the presence of cop-
per species incorporated into MCM-48. TPR results showed a low
specific consumption of H2 of Cu/MCM-48 by comparison with
Cu/SiO2. It is considered that copper incorporated in MCM-48 is not
being reduced in during TPR experiment, and it remains in the +1
oxidation state even after reducing the samples. Concomitantly, the
pre-treatment of the catalysts before performing the catalytic test
only reduces copper crystals. Taking in mind that the activation of
H2 takes place only on metallic surface [24], copper incorporated

in the walls would remain inactive for H2 dissociation, originat-
ing a lower specific activity for Cu/MCM-48 than for Cu/SiO2. This
would be the reason why  TOF numbers of Cu/MCM-48 calculated
on the basis of the total amount of copper are lower than the ones
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Fig. 7. Representation of a selective Cu/MCM-48 catalysts, showing different modes of adsorption of crotonaldehyde.
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orresponding to copper supported on silica (see Table 2). On the
ontrary, if TOF calculations are performed on the basis of reducible
opper crystals, excluding highly dispersed copper incorporated in
CM-48, the TOF values should increase. It can be speculated that

he amount of reducible copper, as measured by TPR, represents
nly active copper species. Thus, TOF values can be recalculated
iving rise to relatively high values. To label, for the CuI4 sample,
nly a half of copper species are active (TPR results indicated a 0.49
raction of copper being reduced) and the TOF number of 1.1 × 10−3

ncreases to 2.7 × 10−3, being this last value quite similar to the one
orresponding to Cu/SiO2. The same trends are observed for the rest
f the Cu/MCM-48 catalysts. These last considerations confirm the
odel of the catalyst for Cu/MCM-48.
From the comparison of the selectivities toward crotyl alcohol

chieved by Cu/MCM-48 and Cu/SiO2, it should be considered that
he mesoporous catalysts are selective ones. It is likely that the
dsorption of crotonaldehyde occurs over the metal incorporated
n the MCM-48 wall in a “selective” way, via C O (see Fig. 6). This
articular way  of adsorption increases the rate of hydrogenation of
he carbonyl group by comparison with the olefinic one.

The selective copper site on MCM-48 shows another interest-
ng feature: CO is strongly bonded to it. Strong CO–Cu+ interaction
till remain upon an evacuation of the analysis chamber, showing
hat a stable CO-copper bond is formed. It is well known that CO
orms a stable complex with copper in the +1 oxidation state, for
his reason the presence of Cu+ in all the MCM-48 samples is con-
luded. This species would correspond to the “selective” site for
ydrogenation of carbonyl bonds. Unselective copper catalysts, as
u/SiO2, give quite different FITR spectra, without strongly bonded
O. Previously, it has been concluded that the presence of Cu+ is
f paramount importance for the catalytic performance of copper
ased catalysts, whatever the nature of the reaction. For the cro-
onaldehyde hydrogenation, the higher selectivity of copper based
atalysts modified with sulfur species was assigned to the presence
f the Cu0–Cu+ couple [25–27].  Besides, for the same reaction, Dan-
ekar et al. found that the specific activity of copper based catalysts
epends on the Cu0/(Cu0/Cu+) fraction [28].
The copper crystals supported on MCM-48 should be consid-
red as unselective for the hydrogenation of crotonaldehyde, since
hey are not different from the copper crystals supported on sil-
ca (Cu/SiO2), which favor olefinic hydrogenation. Crotonaldehyde

[

[
[

would be adsorbed in the di � C–C mode on copper crystals (see
Fig. 7) leading to undesired butanal. However, copper crystals are
responsible for the dissociation of H2 and therefore for the activity
of the samples.

5. Conclusion

Selective copper catalysts for the hydrogenation of crotonalde-
hyde can be obtained by incorporating this metal in MCM-48. The
copper species incorporated in the mesoporous structure would
activate the C O bond of crotonaldehyde, thus increasing the rate
of carbonyl bond hydrogenation. Copper crystals, also present in
MCM-48, are necessary for developing catalytic activity, though
being poorly selective for crotyl alcohol production.
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