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A comparative study of Pd supported on MCM-41 and SiO2 in the
liquid phase hydrogenation of phenyl alkyl acetylenes mixtures
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Abstract

Competitive hydrogenation reactions between phenyl alkyl acetylenes over Pd/MCM-41 and Pd/SiO2 catalysts have been studied. The
catalysts were prepared by impregnation MCM-41 and SiO2 with Pd(acac)2 precursor, with metal content close to 1 wt.%. All the supports
were characterised by nitrogen adsorption–desorption isotherms at 77 K, XRD, TGA measurements. The catalysts were characterized by
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2 and CO chemisorption, XPS and TEM measurements. Three competitive reaction systems 1-phenyl-1-pentyne/1-phenyl-1-
henyl-1-pentyne/1-phenyl-1-butyne, 1-phenyl-1-butyne/1-phenyl-1-propyne have been examined. The results show that the
eaction results in an increase of the hydrogenation rate for phenyl alkyl acetylene with minor alkyl chain size in all studied systems
he 1-phenyl-1-pentyne/1-phenyl-1-propyne couple revealed a rate enhancement for 1-phenyl-1-propyne, but 1-pheny-l-pentyne si
s higher than 1-phenyl-1-pentyne mixture, being the hydrogenation of 1-phenyl-1-propyne more favoured. Kinetic analysis of the
evealed that often the hydrogenation of the phenyl alkyl acetylenes is a zero order in a competitive environment. 1-Phenyl-1-pr
ery sensitive to the presence of the second phenyl alkyl acetylene. Competitive hydrogenation also increases the selectivity to th
lkenes as can be expected from the competition for active sites.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Different supports such as silica[1], alumina [2],
esostructured materials[3–10] and smectite clays[3–10]
ave been synthesized for use in fine chemistry. These sup-
orts are possible use in the stereospecific hydrogenation of
henyl alkyl acetylenes order to obtain higher activity and
electivity to the corresponding alkenes.

Although palladium catalysts are preferred for the selec-
ive partial hydrogenation of alkynes, they are usually used
ith a variety of modifiers to improve reaction selectivity.
etal salts, amines, amine oxides, sulfur compounds, hy-
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droxides and carbon monoxide are among the others
modifiers[11]. For heterogeneous systems, the catalyst
formance is strongly influence by: (i) the ability to g
reactants to the active sites, (ii) to establish the optim
hydrogen to phenyl alkyl acetylene surface coverage,
(iii) the rapid removal of the hydrogenated products. Th
constitute the mass transfer limitations and can have an
riding impact on the ability to achieve selective hydroge
tion.

On balance, palladium offers the best combination
activity and selectivity at reasonable cost, and for th
reasons has become the basis of the most successfu
mercial alkynes superior hydrogenation catalysts. Bec
of their inherently high activity, these catalysts con
typically less than 0.5 wt.% of active metal to prese
selectivity even at higher alkyne conversion. Despite
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prominence of these catalyst, other active metals are used
in fine chemicals applications, e.g. reaction in 95% aqueous
ethanol solution yields the P2-Ni(B) catalyst and selectivity
in alkyne semihydrogenation has been demonstrated in the
reaction of 3-hexyne to producecis-3-hexene with 98% yield
[12,13].

Although the hydrogenation selectivity is known to be
sensitive to additives and catalyst preparation conditions,
the origin of side reactions in hydrogenation reactions is
still under discussion. In the semihydrogenation of phenyl
acetylene, it was reported that treatment of the Lindlar
catalyst with a variety of transition–metal compounds re-
sulted in an improvement of the semihydrogenation selec-
tivity [14]. Secondary modifiers are commonly used with
Lindlar’s catalyst. The usual secondary modifier is quino-
line, which is reported to enhance the selectivity for the
semihydrogenation of a variety of substituted acetylenes
[11].

It has been tried to relate the activity of catalysts of Pd
in the partial hydrogenation of phenyl alkyl acetylene, with
the nature and porosity of the support. The most common
support materials exploited commercially have been silica
and, particularly, low surface area�-alumina, which com-
bines high strength and low intrinsic chemical activity. As
an example, the effect of surface area on the performance
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2. Experimental

2.1. Chemicals

The cetyltrimethylammonium bromide (CTAB) (Aldrich
Chemical Company), fumed silica (Sigma) and tetramethy-
lammonium hydroxide (TMAOH) at 25% solution in water
(Merck) were used for MCM-41 support synthesis. Sub-
strates were of commercial origin (1-phenyl-1-propyne, 1-
phenyl-1-butyne and 1-phenyl-1-pentyne (Aldrich 99% of
purity) and used without further purification. The solvent
tetrahydrofuran (THF) was dried and distilled under a nitro-
gen atmosphere. Hydrogen (99.995% purity, an AGA prod-
uct) was used.

2.2. Supports and catalysts used

Two different supports were used: a commercial
SiO2 (BASF D11-11) and a mesoporous material type
MCM-41. The synthesis of MCM-41 was performed
using a standard procedure[19,21]. Basically, MCM-
41 was prepared with the following gel of composi-
tion SiO2:CTABr:TMAOH:H2O = 1:0.15:0.26:24.3. The cat-
alysts were prepared by the impregnation procedure using a
slight excess of solution required to fill the pore volume of the
s s
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4
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f an ethyne semihydrogenation catalyst, in this case
thene selectivity is maintained up to a maximum sup
urface area of approximately 50 m2/g catalyst[15]. There
xists several reports in which the use of partial redu
upports may affects significantly the activity and the
ectivity of different reactions, by the creation of inter
ial sites [16,17]. The important effect of the support
olecular sieves has been pointed out in number of

ions in which the access of larger molecules inside
ore structure of the solids, mainly zeolites, plays an
ortant role[18]. To overcome diffusion resistance, la
ore supports are usually preferred and recent interest i
rogeneous catalysis has focused on the developmen
ew family of mesoporous MCM-41 materials discove
ecently [19]. This type of supports has been reported
xhibits high activity, associated with high thioresista
or the hydrogenation of aromatics found in diesel fu
20].

This work was undertaken with the aim to study the
uence of the reactant molecular size, on the activity an

ectivity in the stereoselective hydrogenation in liquid ph
f phenyl alkyl acetylenes mixtures. Commercial silica
CM-41 type (synthesised in the laboratory) have been
s supports of the Pd catalysts. Specific surface area
valuated from the nitrogen adsorption isotherms, meta
ersion from H2 and CO chemisorptions and TEM, XR
GA and XPS studies were as performed. The hydrog

ions in liquid phase of the phenyl alkyl acetylenics (mixtu
f 1-phenyl-1-propyne, 1-phenyl-1-butyne and 1-pheny
entyne) were performed at 298 K and 1 bar using TH
olvent.
upports with a solution of Pd(acac)2 in toluene. The solid
ere dried at 373 K and calcined at 673 K under air flow
h. The solids were labelled as 1% Pd/SiO2, 1% Pd/MCM-
1. Both catalysts were reduced in situ in hydrogen at 5

or 1 h before their characterisation or catalytic evaluatio

.3. Characterisation

X-ray diffraction (XRD) patterns were obtained on
igaku diffractometer using a Ni-filter and Cu K�1 radiation
ounts were accumulated every 0.02◦ (2θ) at a scan speed
θ 1◦ min−1. Thermogravimetric analysis (TGA) of the su
orts were carried out in a Mettler Toledo TGA/SDTA85
pparatus in a temperature range from 273 to 873 K.
ific area and porosity were obtained with an automatic
romeritics apparatus Model ASAP 2010, using nitro
as as adsorbate at the liquid nitrogen temperature i
.05–0.995 relative pressure range. The dispersion o
etal was determined by H2 and CO chemisorption at 343

n the same equipment. Hydrogen chemisorption was
ied out at 298 K in the pressure range 1–100 mmHg.
ydrogen uptake was evaluated from the irreversible am
f adsorbed H2, as the difference between the first (to
nd the second (reversible) isotherms in the pressure
–4 mmHg. TEM micrographs were obtained in a Jeol M
EM-1200 EXII System.

Photoelectron spectra (XPS) were recorded using a
alab 200R spectrometer provided with a hemispherica
lyzer, operated in a constant pass energy mode an
� X-ray radiation (hν = 1253.6 eV) operated at 10 mA a
2 kV. The system was provided with a reaction cell, wh
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allows pre-treatment at high temperatures. The samples were
pressed in a hydraulic die to form thin, smooth discs and
placed in the cell. The catalysts were reduced in situ in hy-
drogen at 573 K for 1 h and then transported to the analy-
sis chamber without contact with air. The surface Pd/Si ratio
were estimated from the integrated intensities of Pd 3d5/2 and
Si 2p lines after background subtraction and corrected by the
atomic sensitivity factors. The line of Si 2p at 103.4 eV was
used as an internal standard. Pd peaks were decomposed into
several components assuming Gaussian–Lorentzian shapes.

2.4. Catalytic experiments

The competitive semihydrogenation in liquid-phase of
the phenyl alkyl acetylene mixtures (1-phenyl-1-propyne, 1-
phenyl-1-butyne and 1-phenyl-1-pentyne) was carried out in
a batch reactor at 298 K and 1 bar. For each measurement,
25 mg of the powdered catalyst was placed in the reaction
reactor. Hydrogenation was conducted under efficient stir-
ring (1400 rpm) to eliminate diffusional control. The total
volume used was 15 ml. A phenyl–acetylene mixture mo-
lar ratio was 1:1 in all experiments. A substrate-mixture:Pd
molar ratio of 5000 was used. Prior to reaction, the sam-
ple was reduced at 573 K during 1 h in H2 flow and cooled
to the reaction temperature. Then, the solvent (dried THF)
w were
f cally
a ato-
g m;
3 ions
p -MS
a

3

3

ed
t ma-
t ob-
t g in
t mple
s n
a con-
d f the
s -
o hich
i on-
d faces
o op-
e
a of
t s oc-
c ange
i e in-

Table 1
Characteristic of the catalysts used

Catalysts SBET (m2/g) rp (Å) Vp (cm3/g) a0 (Å)

1% Pd/MCM-41 984 22 0.89 46
1% Pd/SiO2 85 80 0.16 –

troduction of Pd does not affects significantly the original
structure.

The XRD patterns of the calcined and non calcined MCM-
41 supports (Fig. 1) showed four characteristic peaks that
can be indexed on a hexagonal lattice of a typical meso-
porous MCM-41 material as (1 0 0), (1 1 0), (2 0 0) and (2 1 0)
planes. The diffraction peak related to the (1 0 0) plane pos-
sesses higher intensity for synthesised samples, which can
be taken as an indication of higher ordering of the meso-
porous channels[19]. XRD data of Pd/MCM-41 show no
structural changes during the preparation of the catalyst in
agreement with physisorption results. TG analysis of MCM-
41 support exhibited a higher weight loss at temperatures
up to ca. 373 K, which can be attributed to the evolution of
physically adsorbed water[26,27] and therefore indicates a
relatively hydrophilic character of its surface. At higher tem-
peratures, the TG analysis curve was very flat, especially up to
ca. 813 K, showing that there is no appreciable condensation
of silanol group on the surface of the material[26,27]. The
TG analysis confirms that at 813 K the template molecules
inside of the channels of the MCM-41 support are completely
removed.

Fig. 2a shows a representative TEM micrograph of the
calcined MCM-41 materials. Typical shapes of these solids
with a regular hexagonal array of mesoporous channels can
b ac-
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as injected and the phenyl alkyl acetylenes mixtures
ed under constant stirring. Samples were taken periodi
nd analysed by a Star VARIAN 3400-CX gas chrom
raph provided with a capillary column DB-Wax (0.53 m
0 m) and flame ionisation detector (FID). The react
roducts were identified with a Shimadzu QP5050A GC
pparatus.

. Results and discussion

.1. Catalyst characterization

Powder XRD and N2 sorption studies are regularly us
o assess the quality and structural ordering of MCM-41
erials. It is essential that both techniques be used to
ain the fullest information regarding mesopores orderin
hese materials. Nitrogen adsorption on the MCM-41 sa
hows typical type IV isotherms[22]. The sharp inflectio
t relative pressures >0.3 is characteristic of capillary
ensation within uniform mesopores. The sharpness o
tep reflects the uniformity of the pores[23–25]. The sec
nd step in the isotherm at relative pressures >0.9, w

s observed for MCM-41 sample, is attributed to the c
ensation of nitrogen in the depressions of rough sur
r between small MCM-41 particles. The structural pr
rties of supports were reported in our previous work[21]
nd reproduced here inTable 1. The BET surface areas

he Pd exchanged catalysts show that only slight change
ur in the textural characteristic of the supports. This ch
n the surface areas of the catalysts it indicates that th
e observed.Fig. 2b shows a representative electron diffr
ion pattern for MCM-41 support; this micrograph confir
he hexagonal packing and the regularity of the pore sy
haracteristics of this material[28].

Fig. 1. X-ray diffraction patterns of the synthesised MCM-41 sampl

able 2
/Pd and CO/Pd ratios obtained from chemisorption data and metal p
ize of Pd-supported catalysts

atalysts H/Pd CO/Pd dH2 (nm) dCO (nm) dTEM (nm)

% Pd/SiO2 0.14 0.14 6.7 6.7 4.0
% Pd/MCM-41 0.21 0.13 4.5 7.2 3.2
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Fig. 2. (a) Transmission electron micrograph of MCM-41; (b) electron diffraction of MCM-41.

Table 2summarizes H2 and CO adsorption data for the
catalysts used in the semihydrogenation of phenyl alkyl
acetylenes mixtures. The H/Pd ratio of 1% Pd/SiO2 catalyst
is lower than that of 1% Pd/MCM-41 catalyst. This behaviour
may be explained assuming that during the reduction of the
precursor, the confinement inside the channel provide to the
Pd particles more resistance to sinterisation during temper-
ature reduction under H2 flow. The H/Pd ratios reasonably
agree with the CO/Pd ratios and the observed differences
may be explained taking into account the difficulty to deter-
mine a precise stoichiometry for the adsorption of CO on Pd
particles. Some authors have studied the different forms of
adsorption from the CO over 1% Pd/SiO2 to different reduc-
tion temperatures by IR-FT. They observed four adsorption
modes of CO, linear, compressed bridged, isolated bridged
and tricoordinated bonds[29,30]. The bands for the multiple
bound CO, including the bridged and tricoordinated types,
are usually overlapped and characterized by peaks located
below 2000 cm−1.

To compare more directly the Pd dispersion of catalysts,
we have obtained TEM micrograph of the catalysts, either
supported on SiO2 and MCM-41 supports. A very narrow
palladium particle size distribution was observed on both sup-
ports. The values of the average metal particle size obtained
by TEM showed a higher value for 1% Pd/SiO2 catalyst, indi-
c tion
v

died
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o
P se
t in
t ined
c y by

Fig. 3. XP spectra of: (a) Pd 3d5/2 of Pd/SiO2; (b) Pd 3d5/2 of 1% Pd/MCM-
41 core-levels of the reduced catalysts.

the electronic interaction of the metal with other components
but also by the particle size of the metal crystallites. Thus,
Takasu et al.[31] have reported a decreased in 1.6 eV in the
BE of Pd 3d5/2 in 1% Pd/SiO2 catalyst when the particle size
increased within a range smaller than 5 nm. Similar trends
have been reported for Pd and Pd–Ti particles supported in
SiO2 [27]. Taking into account the H/Pd ratios and the metal
particle sizes obtained by TEM given inTable 2, only few
changes in BE should be expected. Additionally, the Pd/Si
atomic surface ratios obtained by XPS slowed comparable
values for both samples, in agreement with the chemisorption
and TEM results.

Table 3
Binding energies (eV) of core-levels and surface atomic ratios of reduced
Pd-supported catalysts

Catalyst BE Pd 3d5/2 Pd/Si atom

1% Pd/SiO2 335.0 0.014
1% Pd/MCM-41 334.8 0.013
ating lower Pd dispersion in agreement with chemisorp
alues (seeTable 2).

Fig. 3 shows the Pd 3d core level spectra of the stu
atalysts. Both samples display similar feature having sig
f Pd 3d5/2 of 335.0 and 334.8 eV for 1% Pd/SiO2 and a 1%
d/MCM-41, respectively (Table 3). These values are clo

o that expected for Pd0 (eV). The slight shift observed
he catalysts respect to metallic palladium may be expla
onsidering that the binding energy is affected not onl
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3.2. Competitive hydrogenations

Three competitive reaction systems were studied, 1-
phenyl-1-pentyne/1-phenyl-1-propyne, 1-phenyl-1-pentyne/
1-phenyl-1-butyne, 1-phenyl-1-butyne/1-phenyl-1-propyne.
The hydrogenation of phenyl alkyl acetylenes mixture was
carried out at 298 K and 1 bar of H2 during 2 h. No deac-
tivation was observed during the reaction. The single sys-
tems were also examined as references[21]. In all cases,
the main product was thecis-alkene with a low propor-
tion of trans-alkene and the saturated compound, respec-
tively. Phenyl alkyl acetylenes can be classified as an internal
alkyne and hence the competitive hydrogenation of phenyl
alkyl acetylenes can be treated similarly as the hydrogena-
tion of other internal alkynes. The internal alkynes upon hy-
drogenation may yield to the correspondingcis-alkenes with
high selectivity[32]. The problem of stereoselectivity has
been rarely addressed, only few papers have disclosed re-
sults on the hydrogenation of internal alkynes[33,34]. The
best performance has been observed with Pd–B/SiO2 cata-
lyst showing high selectivity which is maintained after the
disappearance of the starting alkyne.

To minimize mass transfer limitation the catalysts
were used as powdered samples with small catalyst grain
(<200�m) and the stirring was 1400 rpm. In previous work,
w e re-
a tion
r ] =
w
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l

F e/1-
p
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Fig. 4displays the evolution of the conversion level with
time on stream for the hydrogenation of the pure 1-phenyl-1-
pentyne, 1-phenyl-1-propyne, and the hydrogenation of each
substrate in the mixture of the 1-phenyl-1-pentyne/1-phenyl-
1-propyne system on 1% Pd/MCM-41 catalyst. It can be seen
that the conversion increases linearly with time for all sys-
tems, indicating a zero order dependence on the concentration
of the phenyl alkyl acetylene molecule in the single or mix-
ture system. Eventhough the trends were similar for all the
studied catalysts, it can be seen fromFig. 4 that the rate of
hydrogenation of 1-phenyl-1-propyne was increased by a fac-
tor of two approximately, but the rate of 1-phenyl-1-pentyne
hydrogenation did not have greater changes compared with 1-
phenyl-1-pentyne single activity than in 1-phenyl-1-pentyne
mixture hydrogenation. The overall increase in the reaction
rate for 1-phenyl-1-propyne may be due to an increase in
the effective hydrogen concentration at the surface and the
strong adsorption of the alkyne on the metallic particle. The
trends were similar for all phenyl alkyl acetylene with mi-
nor alkyl chain size in all studied systems. The zero order
kinetics observed for both 1-phenyl-1-pentyne and 1-phenyl-
1-propyne during the competitive reaction indicates that the
phenyl alkyl acetylenes are strongly adsorbed having a high
surface coverage in agreement with other results observed
in competitive reactions during alkyne hydrogenations[35].
T f the
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e have demonstrated that under these conditions, th
ction takes place under kinetic control. The initial reac
ates values were evaluated from the dependence [Akt,
here [A] = phenyl alkyl acetylene concentration,k= rate
onstant andt= time and afterwards used for the calcula
f the relative adsorption coefficients. The reactions w
lmost of zero order dependence on the substrates co

rations in the phenyl alkyl acetylenes mixtures system
greement with recent studies over mesoporous mat

24], this behaviour was observed even at high conve
evels (seeFig. 4).

ig. 4. Evolution of conversion level on time for 1-phenyl-1-pentyn
henyl-1-propyne system over 1% Pd/MCM-41 catalyst,T= 298 K,PH2 =
bar, phenyl alkyl acetylene molar ratio 1:1.
-

he authors have attributed this behaviour only holds i
dsorption of the alkynes does not subscribe to a random
ite adsorption, it is necessary that some sites only a
ome of two alkynes in the mixture, so that the co-adsorp
emoves more potential hydrogen adsorption sites. How
hey concluded that it is unlikely that the mode of adsorp
s the sole defining factor in the alkyne reactivity. Similar
lanations have been given by Jackson and Kelly[36] for the
ydrogenation of pentynes on Pd/C catalyst. They found,

n contrast to the classical expectation, the internal alky
ydrogenated faster than the terminal alkyne. To explain
nusual observation, they considered the possible adso
odes for the alkynes: both parallel and perpendicular fo

erminal alkyne, whereas only the parallel mode is invo
n the internal alkyne.

In present study, we considered the adsorption streng
nternal alkynes. It is well known that the internal alky
ave strong complexing abilities and this is one of the
ons for the high semihydrogenation selectivity over Pd.
trong adsorption of the alkyne prevents the readsorpti
he alkene and hence the consecutive hydrogen addition
ot take place[37,38].

A dramatically different behaviour occurs when the a
hain is diminished: the conversion of 1-phenyl-1-prop
ydrogenation is significantly enhanced compared than
bserved when 1-phenyl-1-propyne is hydrogenated in
bsence of 1-phenyl-1-pentyne[21], while the conversio
f 1-phenyl-1-propyne hydrogenation is increased app
ately 50%. A similar behaviour has been observed in a
etitive reaction with internal and terminal alkynes[35,36].
hese authors explain this enhancement in the hydrogen
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rate of alkyne by an increase in the surface hydrogen con-
centration. This type of enhancement may be similar to that
observed in the chiral hydrogenation catalysis where it has
been proposed that increasing the hydrogen transfer through
the addition of a modifier can result in a significant increase in
the rate of reaction[39]. For all the systems, it has been clearly
demonstrated that the values of conversion of competitive hy-
drogenations were always significantly shifted in favour of
the 1-phenyl-1-propyne molecules on both tested catalysts.
In contrast, the 1-phenyl-1-propyne is preferentially hydro-
genated in the presence of other phenyl alkyl acetylenes over
both catalysts as the rates of the individual hydrogenations
indicate.

The result of the kinetic studies in the competitive mech-
anism comes from the relative adsorption coefficients of the
individual alkynes, as it has been obtained by the use of the
Rader–Smith equation[40]:

log(c1/c
0
1)

log(c2/c
0
2)

= k1K1

k2K2
= S1,2

being (S1,2) the competitive hydrogenations, (k1/k2) the rate
constant ratio,c the instantaneous concentration,c0 the ini-
tial concentration, (K1/K2) the adsorption coefficient and
1 and 2 subscript the compounds. The values obtained
f na-
t ssion
o of
p
s et-
i ther
s
l th
p t
s l
r
r r
t ratio
K on-
fi yne.
S
t the
K
d
p ured

Fig. 5. Dependence of the concentrations of 1-phenyl-1-pentyne and 1-
phenyl-1-propyne during competitive hydrogenations over 1% Pd/MCM-41
catalyst,T= 298 K,PH2 = 1 bar.

for the phenyl alkyl acetylenes molecule with shorter length
chain alkyl on both catalysts. The significant differences in
the selectivity with respect to the other systems were observed
for 1-phenyl-1-pentyne/1-phenyl-1-propyne system on both
tested catalysts. The small differences in the values of selec-
tivities and adsorption coefficients becomes from the effect
of the chain alkyl size.

The parameter of selectivity (S1,2), adsorptivity (K1/K2) in
both 1% Pd/MCM-41 and 1% Pd/SiO2 catalysts were simi-
lar for all studied cases. This behaviour was not be expected
for Pd catalyst support in MCM-41 with respect to SiO2 due
to broader porosity, ordered mesostructured and better dis-
persion of Pd in MCM-41 like obtained in previous works
[21]. For singles hydrogenations MCM-41 supports shows
superior activity over SiO2 supports[21] in the hydrogena-
tion of phenyl alkyl acetylenes under identical experimental
conditions, but the effect of ordered mesoporous channels
in the competitive hydrogenation of phenyl alkyl acetylenes
is reflected in the increases of the activity of phenyl alkyl
acetylenes with minor alkyl chain size as the case of 1-
phenyl-1-propyne. In resume, mesostructured supports such
as MCM-41 give satisfactory results for competitive hydro-
genation of phenyl alkyl acetylenes.

On Pd catalysts, the competitive semihydrogenation of
phenyl alkyl acetylenes basically results in the predominant

T
S s for al

S k1

1 P

C 0
C 0
C 0

0: 1-phe
rom the catalytic experiments of competitive hydroge
ions in double systems constitute a basis for the discu
f the molecule effect on the activity and adsorptivity
henyl alkyl acetylenes mixtures. The plot log (c1/c

0
1) ver-

us log (c2/c
0
2) are linear for all systems indicating comp

tive adsorption. This behaviour is in agreement with o
tudies of alkynes mixtures[35,38,41,42]. Fig. 5 shows the
og (c1/c

0
1) versus log (c2/c

0
2) plot according Rader–Smi

rocedure, from the slop, theS1,2 values for the differen
ystems may be obtained (seeTable 4). Using the initia
eaction ratek1 and k2 and the selectivity valuesS1,2, the
elative adsorption coefficientsK1/K2 were calculated. Fo
he 1-phenyl-1-pentyne/1-phenyl-1-propyne mixture a
1/K2 of 0.56 on 1% Pd/MCM-41 catalyst was obtained, c
rming the stronger adsorption of the 1-phenyl-1-prop
imilar behaviour was observed for 1% Pd/SiO2 catalyst. In

he other mixtures, the effect is not so dramatic; indeed
1/K2 ratios was close to 1 (seeTable 4). Table 4clearly
emonstrates that the values of selectivities (S1,2) of com-
etitive hydrogenations in the mixture systems is favo

able 4
electivities of competitive hydrogenations and adsorption coefficient

ubstrate K1/K2
a

2 Pd/MCM-41 Pd/SiO2

11H12 C9H8 0.56 0.58

10H10 C9H8 1.00 0.91

11H12 C10H10 0.94 0.88
a Adsorption coefficients ratio.
b Rate constant ratio.
c Selectivity of competitive reactions: C9H8: 1-phenyl-1-propyne; C10H1
l systems studied

/k2
b S1,2

c

d/MCM-41 Pd/SiO2 Pd/MCM-41 Pd/SiO2

.80 0.90 0.45 0.53

.75 0.92 0.75 0.84

.76 0.85 0.72 0.75

nyl-1-butyne; C11H12: 1-phenyl-1-pentyne.
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Table 5
Selectivity tocis-isomer for competitive hydrogenation of phenyl alkyl acetylenes mixtures over Pd/MCM-41 catalyst

Catalysts Selectivity tocis-isomer (%)a systems

C11H12/C9H8 C10H10/C9H8 C11H12/C10H10

cis-C11H14 cis-C9H10 cis-C10H12 cis-C9H10 cis-C11H14 cis-C10H12

1% Pd/MCM-41 90 88 91 93 90 91
1% Pd/SiO2 93 90 94 96 94 95

a Conversion level 20%; C9H8: 1-phenyl-1-propyne, C10H10: 1-phenyl-1-butyne, C11H12: 1-phenyl-1-pentyne;cis-C11H14: cis-1-phenyl-pentene,cis-C9H10:
cis-1-phenyl-1-propene,cis-C10H12: cis-1-phenyl-1-butene.

formation of thecis-alkene stereoisomer (seeTable 5) for
all systems, which is attributed to the associative adsorp-
tion of the reactant and the consecutive addition of two ad-
sorbed hydrogen from below the axis of the triple bond[43].
On the other hand,trans-alkene formation is generally re-
lated to the addition of molecular hydrogen from above the
axis of the unsaturation. For the transformations of internal
alkynes,trans-alkenes are always formed, either as initial
products or viacis–trans isomerization[44], this being ac-
companied by alkane production through overhydrogenation
[44]. The finding that the stereoselectivity for the formation
of the main reaction productcis-alkene was high (≈88–96%)
for all the studied Pd-supported catalysts. The low extent of
overhydrogenation is also indicative that the re-adsorption
of the cis-alkene on the Pd surface was rather insignificant
[43].

4. Conclusions

The obtained results show that, in general, the competi-
tive reaction lead to in an increase of the hydrogenation rate
for phenyl alkyl acetylene with shorter alkyl chain size. This
can be explained by an increase in the strongly adsorbed
alkyne molecule in the competitive hydrogenation reaction.
F re-
v yne
m f hy-
d l alkyl
a nsfe
a aled
t es is
a nvi-
r the
p titive
h enes
a

A

M
P ial
s ad-
u
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