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Abstract

Colloidal Pd, Ru and Pd–Cu are prepared in polyol solution (propane-1,2-diol) by either steric stabilization via poly(N-vinyl-
2-pyrrolidone) (PVP) or electrostatic stabilization. The coordination capture is carried out with�-mercaptopropyltriethoxy-
silane (�-MPS) and 3-aminopropyltriethoxysilane (3-APS) previously grafted on the Nb2O5 and Al2O3 supports via the silane
group. After interaction of the colloidal solutions with the grafted support, the immobilization yield is nearly 100% in the
case of electrostatic stabilization but lower for steric stabilization. All catalysts present a very good global selectivity in the
liquid-phase hydrogenation of hexa-1,5-diene (selectivity to hexenes). The PVP-protected samples present an initial induction
time (30–50 min) due to the partial elimination of PVP by the solvent (n-heptane). The activity and hex-1-ene productivity of
immobilized Pd samples are higher than those of unsupported colloidal Pd and immobilized Ru. This promising method, which
avoids direct metal–support interactions, offer new possibilities to control the shape, size and structure of metal nanosized
particles in a colloidal form, without change upon heterogenation. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Colloidal particles; Immobilization; Nb2O5; Hexa-1,5-diene liquid-phase hydrogenation; Palladium; Ruthenium

1. Introduction

Much attention has recently been paid to the cat-
alytic properties of unsupported metal clusters or
colloids [1–4]; their study is of importance for un-
derstanding quantum size effects and relationship
between homogeneous and heterogeneous catalysts.
However, the separation of the catalytic system often
raises serious problems and heterogenation procedures
are relevant. In this work, a novel route is proposed:
the immobilization of colloidal nanosized metal parti-
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cles on supports via bifunctional and dis-symmetrical
organic chains. This process, which was recently used
for the fixation of nucleic acids onto various solids
with application in medicine diagnostics [5], was
aimed at the detection and quantification of chemi-
cal molecules, e.g. urea or cholesterol, or biological
molecules like proteins, DNA or RNA [5–9].

Colloidal metal particles were recently immobilized
from aqueous solution onto the surface of supports
via: (i) a copolymer of polyacrylic acid (PAA) and
polyethyleneimine [10]; (ii) a polyacrylamide gel
(containing amino groups) and poly(N-vinyl-2-pyrrol-
idone) (PVP)-protected colloidal Pt [11]; (iii) hydro-
gen bonding between PAA and the polymers (e.g.
PVP and polyvinyl alcohol, PVA) protecting the metal
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particles [12]; (iv) PVP or PVA with addition of
formic acid, acetic acid or oxalic acid [13]. These cat-
alysts were employed in the hydrogenation of alkenes,
cis-cycloocta-1,5-diene, cyclopentadiene, cyclohex-
ene,o-chloronitrobenzene and citronellal [10–13].

It was previously shown that the simple electrostatic
adsorption of colloidal particles onto an ion-exchange
resin, for example, leads to a rapid drop of catalytic
activity resulting from the agglomeration of metal
particles on the support surface due to Coulombic
attraction [14].

The adsorption of polymers such as polyethylene
oxide, cationic polymers, proteins and PVP on silica
has been extensively studied [15]; in this paper, we
apply the immobilization of mono- and bimetallic
colloidal particles from polyol solutions onto Nb2O5
and Al2O3 via coordination capture by bifunctional
organic molecules�-mercaptopropyltriethoxysilane
(�-MPS) and 3-aminopropyltriethoxysilane (3-APS).

2. Experimental

Nb2O5 (HY-340) was supplied by CBMM (Com-
panhia Brasileira de Metalurgia e Mineração, Brazil),
palladium salts were obtained from Engelhard, France,
and the �-MPS and 3-APS were purchased from
Aldrich.

Pd, Ru and Pd–Cu colloidal solutions are prepared
in a polyol solution either by steric stabilization via
PVP protection or by electrostatic stabilization [16].
The colloidal particles were obtained through direct
reduction of Pd nitrate, Cu acetate and Ru chloride in
a polyol solution at desired temperature with addition
of PVP (Pd and PdCu colloidal particles) or of sodium
acetate (Ru colloidal particles). The coordination cap-
ture was carried out with�-MPS previously grafted
on the Nb2O5 support via the silane group. The inter-
action of the colloidal metals with the grafted support
is carried out through vigorous stirring at 60◦C for
6 h. After filtration, the immobilization yield is nearly
100% in the case of electrostatic stabilization but lower
for steric stabilization.

Chemical analyses were carried out at the Mate-
rials Engineering Department, DEMAR/FAENQUIL,
Lorena SP, Brazil, by inductively coupling plasma
atomic emission spectroscopy (ICP-AES).

Powder X-ray diffraction (XRD) patterns were
recorded using Co K� radiation. The diffractome-
ter was calibrated using a standard Si sample. The
counting time was 30 s per step (2θ ) of 0.05◦. The
mean crystallite size was estimated using the Scherrer
equation, after computer fitting using a pseudo-Voigt
function (software Profile-SOCABIM Diffract-At).

TEM measurements were performed with a JEOL
100 CXII microscope operating at 100 kV. The parti-
cle size distribution was obtained from the TEM pic-
tures using a digital camera and the SAISAM and
TAMIS software (Microvision Instruments), calculat-
ing the surface average particle diameter fromdP =∑

nid
2
i /

∑
nidi .

Energy-dispersive X-ray (EDX) spectrometry was
carried out with a LINK AN 10000 system (Si–Li de-
tector) connected to a JEOL JEM CXII transmission
electron microscope operating at 100 kV and equipped
with an ASID 4D scanning device (STEM mode).
The X-rays emitted from the specimen upon elec-
tron impact were collected in the 0–20 keV range for
200–400 s. Atomic compositions (%) were obtained
with the 2LINK program (RTS-2/FLS).

The transmission infrared spectra were recorded in
the 400–4000 cm−1 range at room temperature using a
Equinox 55 Bruker FT-IR spectrometer equipped with
a DTGS detector. The spectra were taken by averag-
ing 1000 scans, with a scanning velocity of 6.25 Hz
and a spectral resolution of 4 cm−1. The spectra were
smoothed through the Savitzky–Golay algorithm with
a smoothing degree of 13. DTA–TGA measurements
were carried out on a SETARAM thermobalance.

The catalytic tests were performed in a 100 ml
well-stirred three-phase slurry-type thermoregulated
glass reactor containing with 50 ml of a 2 wt.%
hexa-1,5-diene solution in heptane. The catalysts
(100 mg) were first outgassed for 1 h in the reactor,
before treatment with 792 Torr hydrogen at 313 K
for 1 h; this procedure was repeated with a final out-
gassing before introduction of the reaction medium
containing the reagent (hexa-1,5-diene), the internal
standard (n-pentane around 1 wt.%), and the solvent
(n-heptane), already saturated with hydrogen. Hy-
drogen was charged up to the operating pressure
(792 Torr), while the first analysis sample was col-
lected, and stirring was begun (2000 rpm).

The reaction was carried out at constant pres-
sure, hydrogen being supplied from a thermostated
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Table 1
Characteristics of the colloid samples

Sample Composition Stabilization Mean particle size
by TEM (nm)

Mean crystallite
size by XRD (nm)

COL-PD1 100%Pd Steric (PVP) 2.1

(
σ

dp
= 0.22

)

COL-PD2 100%Pd Electrostatic (sodium acetate) 7.0

(
σ

dp
= 0.2

)
5.0

COL-RU1a 100%Ru Electrostatic (sodium acetate) 1.1

(
σ

dp
= 0.18

)

COL-RU2b 100%Ru Electrostatic (sodium acetate) 4.5

COL-PDCU 50%Pd/50%Cu Steric (PVP) 4.2

(
σ

dp
= 0.2

)
2.9

a Cacetate= 3.7 × 10−2 mol l−1.
b Cacetate= 9.1 × 10−3 mol l−1.

vessel, acting as a reservoir, filled initially at
980 Torr.

During the reaction, liquid samples were collected
through a syringe valve equipped with a microfilter, at
regular H2 uptake intervals, and analyzed with a Delsi
Di200 gas chromatograph (GC) using a flame ioniza-
tion detector (FID). The reagent (hexa-1,5-diene), the
internal standard (n-pentane), the solvent (n-heptane)
and the products (hexane, hex-1-ene,E,Z-hex-2-ene
andE,Z-hex-3-ene) were separated on a 50 m, 0.2 mm
HP PONA capillary column.

The use of standards during the GC analysis allowed
the measurement of the concentration of the reactant

Fig. 1. TEM micrograph of Ru colloidal particles (COL-RU1).

and of the products cited above. No other byproduct
was detected.

3. Results and discussion

3.1. Characterization of the metal colloids

Table 1 collects the characteristics of the sam-
ples prepared. For acetate concentrations higher than
10−2 mol l−1 (COL-RU1), colloidal spherical parti-
cles of Ru are obtained (Fig. 1). When the acetate
concentration is lower than 10−2 mol l−1 (COL-RU2),
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Fig. 2. TEM micrograph of: (a) Pd colloidal particles (COL-PD1),dp = 2.0 nm; (b) PdCu bimetallic colloidal particles (COL-PDCU),
dp = 4.0 nm.

the charge repulsion is not strong enough to stabilize
the colloidal solution and the particles precipitate due
to Van der Waals attraction [16]. Stable Pd and PdCu
colloid solutions in liquid polyol were obtained only
by adding a protecting PVP polymer (COL-PD1 and
COL-PDCU) (Fig. 2). In these latter cases, sodium
acetate was not efficient. On the other hand, as the
redox potential of light transition metals is lower
than that of precious metals, it is more difficult to get
metal nanoparticles in the former case [17,18]. PdCu
bimetallic particles were prepared with various Pd:Cu
ratios and an f.c.c. colloidal solid solution, charac-
terized by a shift of the XRD peaks (between those
of Pd and Cu pure materials), was observed for all
Pd:Cu concentrations (Fig. 3a). The cell parameters
vary linearly with the concentration of the precursors
in accordance with Vegard’s law [19] (Fig. 3b). In this
case, the formation of PdCu nanoparticles involves
two steps (Scheme 1): (i) metal hydroxides are formed
first by addition of NaOH(pH ∼ 10); the color
of the solution changed from light-yellow to green,
which indicates the formation of bimetallic hydrox-
ide [17]; (ii) the second step is the reduction of the
metal hydroxide species by reflux of the solution at

Scheme 1.

198◦C to remove water. After 2 h, the formation of a
dark-brown solution of PVP-stabilized PdCu nanopar-
ticles is observed. The polyol oxidation does occur at
the same time and the nature of the products formed
(glycoaldehyde, glyoxal, glycolic acid, glycoxylic
acid, oxalic acid, formic acid and CO2) depends on
the metal precursors [20]. These metal nanoparticles
are the parent of the immobilized catalysts.
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Fig. 3. (a) XRD patterns of colloidal PdCu f.c.c. solid solution; (b) correlation between the cell parameters of PdCu f.c.c. solid solution
and the Cu (at.%) concentration.

3.2. Characterization of the immobilized
nanoparticles

Table 2 summarized the characteristics of the
samples. The immobilization of the colloidal
PVP-protected nanoparticles (method 1) was carried
out as follows (Fig. 4a): the nanoparticles were pre-
cipitated in acetone solution by centrifugation and
redispersed in a dichloromethane medium containing
�-MPS or 3-APS to try to exchange the maximum
of PVP (adsorbed on the metal particles) with the
�-MPS or 3-APS ligand. After addition of the support,

the suspension was vigorously stirred for 48 h at room
temperature and then heated at 60◦C for 6 h.

The efficiency of the coordination capture is ex-
pected to be determined by the difference in the coor-
dination abilities between the anchored molecules and
the PVP.

Method 2 (Fig. 4b) was carried out for the im-
mobilization of the colloid particles prepared by
electrostatic stabilization. The bifunctional molecules
were anchored on the support via the silane groups
before addition of the colloidal solutions; the in-
teraction of the colloidal particles with the grafted
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Table 2
Characteristics of immobilized nanoparticles

Sample Precursor Composition dp by TEM (nm)

MPS-1 COL-PD1 2%Pd/Nb2O5 2.2

(
σ

dp
= 0.22

)

MPS-2 COL-PD2 2%Pd/Nb2O5 7.0

(
σ

dp
= 0.35

)

MPS-3 COL-RU1 2%Ru/Nb2O5 1.3

(
σ

dp
= 0.15

)

MPS-4 COL-RU1 2%Ru/Al2O3 1.2

(
σ

dp
= 0.15

)

MPS-5 COL-PDCU 2%Pd/2%Cu/Nb2O5

Fig. 4. Immobilization process of colloidal particles: (a) method 1; (b) method 2.

support was carried out through vigorous stirring at
60◦C for 6 h.

What is the role of PVP? The average size of the
initial (COL-PD1) and immobilized (MPS-1) col-
loidal particles do not differ significantly (upper part
of Tables 1 and 2). In fact, the presence of PVP in-
hibits the complete adsorption of the bi-coordinating
molecules on the metal surface and a PVP-metal film
is directly deposed on the oxide. This is supported by
the comparison of the transmission electron micro-
graphs of MPS-1 (immobilized PVP-Pd colloid) and
of MPS-4 (immobilized Ru colloid prepared with-
out PVP) (Fig. 5). On the latter sample, all metal
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Fig. 5. TEM micrographs of immobilized: (a) PVP-Pd colloid on niobia (MPS-1); (b) Ru colloid on alumina (MPS-4) (see Table 2).

particles are coordinated to MPS and their dispersion
on the support is better than on the former. In addi-
tion, TGA–DTA analysis of the MPS-4 sample (Fig. 6)
shows an endothermic peak at 340◦C accompanied by
a mass loss arising from the decomposition of the free
S–H containing moiety of�-MPS (grafted on alumina
only) into CO2 and SO2. The decomposition of�-MPS
was quantified by EDX measurements (Fig. 7) and a

decrease of the sulfur/silicium ratio from 1 to 0.5 was
observed. In addition, no sintering of the particles is
noticed by STEM analysis (Fig. 8), showing a strong
interaction between the bi-coordinating molecule, alu-
mina and metal particles.

Fig. 9 presents the IR spectra of PVP and MPS-1
samples. Theν(CO) stretching vibration is shifted
from 1663 cm−1 for pure PVP to 1626 cm−1 for PVP



234 R. Brayner et al. / Journal of Molecular Catalysis A: Chemical 182–183 (2002) 227–238

Fig. 6. TGA–DTA analysis of MPS-4 sample.

fixed on Pd particles (Fig. 9). This may result from
bond weakening arising from partial electron dona-
tion of PVP oxygen to vacant orbitals of palladium
surface atoms; this phenomenon was observed for
PVP-Ag powders [21]. The presence of PVP after
immobilization with �-MPS on niobia confirms the
competition between PVP and the organic molecules
(vibrations between 1117 and 880 cm−1) [22], leading
to an incomplete immobilization (clear coloration of
the filtered solution). Theν(S–H) stretching vibration
(2400–2300 cm−1) is also present although partially
masked by CO2 impurity bands.

3.3. Performances in liquid-phase
hexa-1,5-diene hydrogenation

The thermodynamic order of stability of the
alkene isomers is:Z-hex-2-ene> E-hex-2-ene>

E-hex-3-ene> Z-hex-3-ene> hex-1-ene [23]. To
avoid mass transport limitations, the catalytic tests
were performed with: (i) diluted solutions of the
reagents (about 2 wt.%), (ii) low catalysts loading
(15–100 mg/50 ml), (iii) low reaction temperature
(40◦C), and (iv) high stirring rate (ca. 2000 rpm).

Table 3 gives, for each mono- or bimetallic catalyst,
the values of: (i) the initial reaction rate (Vs), (ii) the
hexa-1,5-diene conversion, (iii) the hex-1-ene selec-
tivity, and (iv) the hex-1-ene productivity. All catalysts

present a very good global selectivitySg (selectivity
to hexenes).

Fig. 10 compares the performances of colloidal
and immobilized Pd particles; the former (COL-PD1)
is PVP-protected withdp = 2.1 nm, and the latter
(MPS-2 sample) is obtained ex-acetate-Pd/Nb2O5
with dp = 7.0 nm. The PVP-protected samples
(MPS-1, MPS-5 and COL-PD1) present an initial
induction time (30–50 min) due to the partial elimina-
tion of PVP by the solvent (n-heptane), not observed
for the ex-acetate sample (MPS-2). It was previ-
ously shown [24] that the higher catalytic activity
results from a compromise between the number of
sites and their activity which itself depends on the
particle size. For small particle sizes (COL-PD1 and
MPS-1), the coordination unsaturation is high and the
adsorption of dienes is strong, which decreases the
site activity. Conversely, on large particles (MPS-2),
the reaction occurs mainly on sites of higher coor-
dination (low unsaturation). These hypotheses are
confirmed by the differences in hexa-1,5-diene con-
version (Table 3). Similar results were previously
reported in the hydrogenation of but-1-yne or buta-
dienes in the liquid phase [25]. On the other hand,
when the PVP-Pd colloidal particles were immobi-
lized on the Nb2O5 surface, the conversion increases
from 30 to 65% and the hex-1-ene productivity from
1.6 × 10−4 to 5.0 × 10−3 mol s−1g−1

metal (Table 3),
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Fig. 7. EDX measurements of MPS-4 sample (a) before and (b) after TGA–DTA analysis.

which shows the efficiency of the immobilization
method.

By comparing MPS-5 sample (0.5%Pd/0.5%Cu/
Nb2O5) with MPS-1, it appears that introduction of

Cu leads to a drastic activity decrease and to a marked
increase in hex-1-ene selectivity. This can be ascribed
to the presence of a PdCu solid solution; in this case,
the hydrogenation ability of palladium is modified by
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Fig. 8. TEM micrograph of immobilized Ru colloid on alumina (MPS-4) after thermal treatment at 350◦C.

its dilution by copper atoms [26]. This phenomenon
was also observed on alumina-supported PdPb al-
loys in the selective hydrogenation of acetylene
[27–29].

According to ICP-AES analysis, the concentration
of immobilized metals remains unchanged after cat-
alytic testing, indicating that no active phase leaching
occurs.

Finally, the activity and hex-1-ene productivity of
immobilized Pd samples are higher than those of un-
supported colloidal Pd; in addition, immobilized Ru
is less efficient than immobilized Pd; this result may
be assigned to: (i) the lower hydrogenation ability of
this metal: the activity/selectivity performance order
in hydrogenation reactions is Pd> Rh > Pt > Ru >

Os > Ir [30,31]; (ii) the high concentration of low
coordination sites (smaller particle size).

3.4. Conclusions

The performances of immobilized Pd colloids are
better than those of unsupported colloids. This promis-
ing method, which avoid direct metal–support inter-
actions, offer new possibilities to control the shape,
size and structure of metal nanosized particles in a Fig. 9. IR spectra of PVP and 2%Pd/Nb2O5 (MPS-1).
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Table 3
Catalytic results

Sample Composition dp (nm) Vs(mol s−1 g−1
metal)

a Hexa-1,5-diene
conversion (%)

Hex-1-ene
selectivity (%)

Hex-1-ene productivity
(mol s−1 g−1

metal)

COL-PD1b Colloidal Pd 2.2 2.2 × 10−4 30 50 1.6 × 10−4

MPS-1b 2%Pd/Nb2O5 2.2 5.5 × 10−3 65 38 5.0 × 10−3

MPS-2c 2%Pd/Nb2O5 7.0 8.0 × 10−3 78 40 6.5 × 10−3

MPS-3c 2%Ru/Nb2O5 1.3 5.8 × 10−5 30 35 2.2 × 10−5

MPS-5b 0.5%Pd/0.5%Cu/Nb2O5 4.0 5.2 × 10−4 20 80 5.0 × 10−4

a Activity (initial rate). The mass of catalysts varied from 15 to 100 mg.
b PVP-protected colloidal particles.
c Ex-acetate colloidal particles.

Fig. 10. Global selectivity (Sg), fractional selectivities (Sf ) and conversion (C) versus time of: (a) immobilized (MPS-2) and (b) initial
(COL-PD1) colloidal samples.
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colloidal form, without change upon heterogenation.
The present procedure has also been successfully ap-
plied to other monometallic (Cu, Pt, Ir, Rh, Ni) and
bimetallic (Pd–Cu, Pt–Rh, Ru–Ni) systems. The influ-
ence of the nature of the bi-coordinating molecule is
now under study.

Acknowledgements

The authors are indebted to CNPq, Brazil, for
support and financial resources. Thanks are due to
Engelhard-CLAL, France, for Pd and Ru supply. E.A.
Sales, Universidade Federal da Bahia, Brazil, is grate-
fully acknowledged for his help in catalysts testing.

References

[1] G. Schmid, Chem. Rev. 92 (1992) 1709.
[2] J.S. Bradley, E.W. Will, C. Klein, B. Chaudret, A. Duteil,

Chem. Mater. 5 (1993) 2540.
[3] H. Hirai, Y. Nakao, N. Toshima, J. Macromol. Sci. Chem. A

13 (1979) 727.
[4] L.N. Lewis, Chem. Rev. 93 (1993) 2693.
[5] A. Elaı̈ssari, Y. Chevalier, F. Ganachaud, T. Delair, C. Pichot,

Langmuir 16 (2000) 1261.
[6] E.M.S. Castanheira, J.M.G. Martinho, D. Duracher, M.T.
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