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Abstract

The simultaneous formation of colloidal dispersions of Pd and Au metal particles protected by the organic polymer polyvinylpyr
(PVP) in reducing alcohol solution was used for the synthesis of new silica-supported monometallic and bimetallic AuxPdy catalysts with
differentx/y ratios. The samples, with a 2 wt% total metal loading, after air calcinations at 673 K to remove the PVP, were chara
by X-ray diffraction, X-ray photoelectron spectroscopy, and FTIR spectra of chemisorbed CO. Formation of alloyed AuxPdy particles of
different metal composition with consequent modification of their electronic and geometric properties was ascertained. The catalyt
of the samples as a function of the gold–palladium content was tested in the hydrodesulfurization of thiophene and dibenzothiop
the former reaction, performed at low hydrogen pressure, the promoting effect of gold on the palladium activity was confirmed. For
reaction, carried out under high hydrogen pressure, pure gold catalyst exhibited larger activity and different selectivity compared t
pure palladium catalyst. In both reactions the maximum activity was observed in correspondence of the bimetallic sample with 50/50 metal
composition. The results are discussed with regard to electronic and ensemble size effects.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Noble metal catalysts are widely used in processes o
vironmental importance such as hydrodesulfurization (HD
of petroleum feedstocks [1,2], hydrodechlorination from
ganic molecules [3], NOx abatement [4], and aromatics h
drogenation [5,6]. With respect to the spreading use of di
as transportation fuel, high-quality diesel oils are requir
According to the new legislation, the specifications of th
oil fractions require very low levels of sulfur (< 50 ppm) and
aromatics (< 10.0 vol%) [7]. Moreover, it has been show
that a decrease of the aromatic content has a positive e
on the cetane number [8]. The conventional CoMo syst
are good HDS catalysts but they allow only a moderate s
ration of the polyaromatics to be achieved. They face a se
of drawbacks such as initial deactivation by “coke,” sint
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ing of the sulfide phases, and difficulty reaching high lev
of aromatic saturation due to the thermodynamic constra
of the aromatic saturation at high temperature. However,
to their low cost, they are still the preferred industrial ca
lysts for HDS.

According to the study by Pecoraro and Chianelli [
transition metals can be good HDS catalysts as long
they form relatively stable surface complexes character
by intermediate heat of formation with the organic sulfi
substrate. On the basis of the bulk metal–sulfur b
strength, noble metals such as Pd and Pt could be g
candidates as HDS catalysts. Moreover, they work at lo
temperatures, although they tend to be poisoned by the s
present in the feed [7,10,11]. The negative effect of su
causing particle growth, can be alleviated by addition o
second transition metal [12–14].

Based on the above considerations, on recent find
about the capability of Pd to directly activate the thiophe
decomposition, and on the particular affinity of gold w
sulfur compounds [15,16], a series of AuxPdy catalysts sup
eserved.

http://www.elsevier.com/locate/jcat
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ported on silica was prepared and tested in the HDS of t
phene and dibenzothiophene. A recent study in this lab
tory [17] has indicated a positive effect of gold on the H
activity of Pd catalysts supported on amorphous alumino
icate (ASA). The deposition–precipitation method used
the preparation of the catalysts allowed AuxPdy bimetallic
particles of rather large size (> 10 nm) and different compo
sition to be obtained. Adopting a new synthesis proced
in the presence of polyvinylpyrrolidone (PVP) acting a
protective agent against metal sintering [18,19], the pre
work deals with the study of the HDS behavior of a n
series of supported AuxPdy catalysts. Silica was chosen
carrier because of its inert character which allows for a be
understanding of possible metal alloying effects. The st
tural and surface characterization of the samples was
formed by means of X-ray diffraction (XRD), X-ray pho
toelectron spectroscopy (XPS), and FTIR spectroscop
chemisorbed CO. The catalysts were tested in HDS of t
phene and dibenzothiophene to evaluate their activity
selectivity as functions of the metal catalyst composition

2. Experimental

2.1. Catalyst preparation

Monometallic Pd/SiO2 and Au/SiO2 and bimetallic
AuxPdy/SiO2 catalysts with total metal loading of 2 wt%
were prepared by impregnation of the silica support w
an alcohol solution of colloidal dispersion of the tw
metal particles. Commercial sodium-free SiO2 was used
(Aldrich; surface area 546 m2/g; pore size 10–50 Å
point of zero charge 3.8). The colloidal dispersions
the Au/Pd clusters protected by the polymer poly(N -
vinyl-2-pyrrolidone) were obtained by an alcohol-reduct
method [18]. 10−2 M aqueous solution of tetrachloroaur
acid (HAuCl4) and 10−2 M ethanol solution of PdCl2 were
prepared. Both solutions were mixed in different ratios
obtain the appropriate metal composition. Water or etha
was added to form a final ethanol/water (1/1 v/v) solution
containing the two metals and the PVP (MW= 10,000).
The weight ratio of the PVP over the metal precursor w
about 5. After adding the silica support to the solution,
suspension was stirred and refluxed at 363 K for 5 h un
nitrogen. Darkening of the solution indicated reduction
the metal ions. The excess of liquid was removed i
rotary evaporator and the solid was washed several t
to eliminate the free PVP and the chloride ions. Finally
samples were dried in an oven at 343 K and then calcine
air at 673 K for 1 h. At this temperature PVP decompo
completely. All reagents were from Aldrich Chemical C
The prepared catalysts are labeled as in Table 1.
numbers in the sample notation refer to the relative we
percentages of the metals.
t

-

Table 1
Rate constants,k at 613 K, of the silica-supported catalysts in the HDS
thiophene

Catalysts k (ml/gcats)

Pd 0.37
Au10Pd90 0.29
Au25Pd75 0.50
Au50Pd50 0.60
Au75Pd25 0.53
Au90Pd10 0.014
Au 0.004

2.2. Catalyst characterization

2.2.1. FTIR
IR spectra of chemisorbed CO were recorded wit

Nicolet 5ZDX Fourier transform spectrophotometer, wo
ing with a resolution of 4 cm−1 over the entire spectral rang
and averaged over 100 scans. The samples, in the for
self-supporting wafers (10 mg/cm2), were reduced in flow
ing hydrogen at 573 K for 1 h and then outgassed under
uum at the same temperature for 1 h. After admission of
at room temperature (30 mbar), the fraction of physically
sorbed molecules was removed by outgassing at room
perature for 15 min. Net infrared spectra of chemisorbed
were obtained after subtraction of a background spectru
the solid.

2.2.2. XRD
The X-ray diffraction measurements for the structure

termination were carried out with a Philips vertical goniom
ter using Ni-filtered Cu-Kα radiation. A proportional counte
and a 0.05◦ step size in 2θ , from 2θ = 30◦ to 2θ = 50◦, were
used. The assignment of the various crystalline phases
based on the JPDS powder diffraction file cards [20]. T
obtained XRD profiles were fitted using the software p
vided with the instrument. From the lattice parameter sh
calculated from the angular position of the (111) and (2
metal reflections, according to Vegard’s law, the molar co
positionsx andy of the solid solutions AuxPdy were ob-
tained [21]. The precision of these calculated values was
termined mainly by the error on the lattice parameters
was estimated on the order of 5%. The particle sizes of
ferent phases were calculated from the line broadenin
the most intense reflections using the Scherrer equation
Estimated errors on particle sizes and on the relative per
ages of the different phases are on the order of 10%.

2.2.3. XPS
The X-ray photoelectron spectroscopy analyses w

performed with a VG Microtech ESCA 3000 Multila
equipped with a dual Mg/Al anode. The spectra were e
cited by the nonmonochromatizedAl-Kα source (1486.6 eV
operated at 14 kV and 15 mA. The analyzer operated in
constant analyzer energy mode. For the individual peak
ergy regions a pass energy of 20 eV across the hemisp
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was used. Survey spectra were measured at 50 eV pas
ergy. The sample powders were pelletized and then mou
on double-sided adhesive tape. The pressure in the ana
chamber was in the range of 10−8 Torr during data collec
tion. The constant charging of the samples was correcte
referencing all the energies to the C 1s peak at 285.1 eV
ing from adventitious carbon. Reference to the internal s
dard line of the Si 2p of the silica support, set at 103.5
did not produce any difference in the binding energy valu
The invariance of the peak shapes and widths at the be
ning and at the end of the analyses indicated the abs
of differential charging. The peaks were fitted by a non
ear least square fitting program using a properly weigh
sum of Lorentzian and Gaussian component curves
background subtraction according to Shirley [23] and Sh
wood [24]. For the exact determination of the Pd 3d5/2 and
Au 4f5/2 binding energies, the overlapping Au 4d5/2 and Pd
4s peaks were included in the fitting procedure. The b
ing energy values are given with a precision of±0.15 eV.
Contact of the samples with air was minimized during sa
ple loading; in particular for the catalysts after the HDS
action, the sample preparation procedures were carried
inside a nitrogen-filled glove bag.

2.2.4. Activity tests
The hydrodesulfurization of thiophene was carried

in the vapor phase using a continuous-flow microrea
and the analytical setup as described [17]. The reac
conditions were temperature of 613 K, feed mixture
5.2 vol% of thiophene in H2 with a flow rate of 25.7 ml/min,
and weight hourly space velocity (WHSV) of 7710 h−1.
The rate constant was calculated from the integral rea
equation: kHDS = − ln(1 − x) · F0/W , where x is the
fractional conversion at steady state conditions,F0 (ml s−1)
is the volumetric flow of the total reactant gas mixture, a
W is the weight of the catalysts (g). Measurements of
rate constants at three different temperatures (613, 628
643 K) allowed determination of the activation energy
each catalyst.

HDS of dibenzothiophene (DBT) was performed in
continuous high-pressure down-flow reactor. For the acti
tests, the catalyst sample (0.25 g) was dried under a N2 flow
of 100 ml/min for 0.5 h and then activated in a steam
hydrogen (30 ml/min) and nitrogen carrier (50 ml/min) at
573 K for 9 h. After activation, the catalyst’s purging at t
reaction temperature of 573 K for 15 min was perform
Then, the system was pressurized (P = 30 bar) with H2
and the liquid feed mixture was passed through the rea
Feed consisted of 1 wt% solution of DBT dissolved inn-
decaline (Aldrich; 99% purity). Reaction conditions we
temperature of 553–593 K, H2 flow rate of 5.8 l (STP) h−1,
and (WHSV) of 35 g of feed h−1 per g of catalyst. Activity
was measured at three different temperatures, 593, 613
633 K, running from the lowest to the highest temperat
and maintaining the reaction at each temperature u
steady state conditions were reached. Once the reaction
-

s

-
e

t

d

d

s

carried out at a given temperature, the next temperature
reached while maintaining the catalyst in a flow of H2. To
check whether there was any deactivation of the cataly
the activity was checked back at the lowest tempera
(553 K) at the end of all the experimental runs. Liqu
products were trapped by a condenser at 283 K. Sam
were collected periodically and analyzed by GC with F
(Varian chromatograph Model Star 3400 CX) equipp
with a 30 m× 0.53 mm DB-1 column (100% methy
polysiloxane, J&W Scientific) as stationary phase, us
an initial temperature of 313 K (for 1 min), then heati
at a rate of 20 K min−1 to 473 K, and holding at tha
temperature for 5 min. In addition to unreacted DB
biphenyl (BP) and cyclohexylbenzene (CHB) were the o
detected products. Total DBT conversion was calculate
DBT disappearance, and HDS selectivity was defined
(BP)/(CHB + BP) × 100 [25]. Activation energies wer
obtained from the Arrhenius plots using pseudo first-or
rate constant, calculated from steady state conversio
DBT at each temperature.

3. Results

The catalytic results for the HDS of thiophene w
regard to the rate constants are reported in Table 1. W
the exception of the Au10Pd90 and the Au90Pd10 samples,
the rate constants of the bimetallic palladium catalysts
larger than the rate constant of the monometallic pallad
catalyst. The pure gold sample appears to be quite inert.
rate constant increases with increasing loading of gold u
50 wt%; thereafter it declines with higher gold content. T
catalytic test performed on the silica support alone did
show any activity at all. It is worth noticing that after 2 m
of time on-stream all the analyzed samples exhibited a 1
conversion of thiophene to something not detectable by
GC and likely to consist of oligomeric by-products [26
The successive analyses detected unreacted thiophen
C4 products. The activation energies were all of the or
of 15 kJ/mol, quite smaller than the activation energ
obtained for the same reaction with a series of AuxPdy

catalysts supported on ASA [17]. Pore diffusion limitati
may account for such low values. Indeed the silica u
here as support contains a larger fraction of small po
than the previously used ASA [27]. Considering palladi
as the active metal and gold as a promoter, the experim
rate constants were normalized with respect to the pallad
content [17]. The obtained values were then reported ve
gold content as shown in Fig. 1. With increasing amoun
gold a steady increase of the rate constant expressed pe
mass of Pd is observed up to the Au90Pd10 sample for which
a drastic decrease occurred.

The total DBT conversion on monometallic and bimet
lic catalysts as a function of temperature is shown in Fig
An increase of the conversion with temperature up to 59
is observed on all samples except the monometallic Pd
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Fig. 1. Thiophene HDS rate constant normalized to palladium we
as a function of gold loading for the silica-supported AuxPdy catalysts.
T = 613 K.

which constant conversion is observed above 573 K. Th
sults of the catalytic tests are summarized in Table 2 w
the activities and selectivities at 593 K and the activation
ergies are reported. With regard to the selectivities, cons
values were obtained at different temperatures and ther
at different conversion rates. In Fig. 3 the total DBT conv
sion versus the wt% Au is plotted. The following obser
tions arise: (a) pure gold is more active than pure pallad
catalyst; (b) as shown in Fig. 3, the total DBT conversion
creases from monometallic palladium through the bimeta
catalysts with a volcano-type trend and a maximum of
tivity in correspondence of the bimetallic sample, Au50Pd50;
(c) the activation energies change with the catalyst comp
tion, increasing from pure palladium to pure gold cataly
with a maximum in correspondence of the Au50Pd50 cata-
lyst; (d) the selectivity to the biphenyl product is 90%
pure gold catalyst and 67% for pure palladium catalyst;
(e) the bimetallic samples have the lowest selectivity in
pendent of the catalyst composition.

X-ray diffraction patterns of the monometallic and bim
tallic catalysts in the range (30–50◦) of 2θ are shown in
Fig. 4. For the monometallic palladium sample, the (1

Fig. 2. Dependence of the overall DBT conversion on reaction tempera
P = 30 bar;T = 553–633 K; WHSV= 35 h−1.
t

Table 2
Total DBT conversion and HDS selectivity as BP/([CHB] + [BP]) obtained
at 593 K and activation energies,Eact, of the AuxPdy catalysts

Catalysts DBT conv% [BP] Eact (kJ mol−1)
[CHB] + [BP]

Pd 13.9 67 29.7
Au10 Pd90 21.2 67 43.4
Au25 Pd75 44.8 52 62.6
Au50 Pd50 83.0 58 128.0
Au75 Pd25 59.5 55 78.6
Au 24.3 90.1 80.0

and the (110) reflections of the PdO oxide are present a
with a small (111) peak of metallic Pd. The gold catal
exhibits the most intense reflections, (111) and (200),
ical of pure metallic gold. The presence of a broad p
in the diffractograms of the bimetallic samples, centere
a 2θ value intermediate between the (111) of the meta
gold and the (111) of metallic palladium, is an indicat
of alloy formation. For palladium content above 90 w
this peak is absent. With increasing gold content, the P
related lines decrease in intensity to complete disappear
in the Au75Pd25 sample. More detailed analyses of the d
fraction patterns, involving fitting of the experimental da
and evaluation of the lattice parameters, allowed dete
nation of different AuxPdy solid solutions with the corre
sponding particle sizes and the relative metal percenta
The structural data are reported in Table 3. The comp
tions of the bimetallic samples on a molar basis are also
ported in parentheses in the catalyst column. Solid solut
of different metal composition are formed. The alloyed p
ticles are generally smaller than pure metal particles,
in particular, an increased amount of palladium in the a
particles corresponds to smaller particle sizes.

To compare the structural variation undergone by
catalysts during the HDS reaction, the diffractograms of
selected samples, monometallic palladium and bimet
Au50Pd50, in the calcined state and after the HDS
thiophene are shown in Fig. 5. In analogy with rec
results on aluminosilicate-supported AuxPdy catalysts, the
diffractogram of the “aged” pure palladium sample conta

Fig. 3. Total DBT conversion obtained at 593 K as a function of g
content.
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Fig. 4. X-ray diffractograms of monometallic and bimetallic catalysts a
calcination at 673 K.

several peaks all arisen from palladium sulfide, Pd4S [17].
As already pointed out, the preferential formation of Pd4S
would be favored by the low H2S/H2 ratio, in accord
with the phase diagram of the Pd–S system [17,28]. T
sulfide phase is not evidenced in the diffractograms
the bimetallic catalyst, showing that palladium underg
further reduction, with consequent disappearance of
PdO-related peaks, during the HDS reaction.

The surface properties and the chemical states of
two metals were investigated by X-ray photoelectron sp
troscopy. Pd 3d5/2 and Au 4f7/2 binding energies along with
the XPS-derived atomic ratios of the calcined samples
“aged” samples for HDS of thiophene are reported in
bles 4 and 5, respectively. The corresponding experim
tal and fitted Pd 3d spectra are shown in Figs. 6 and 7
some selected samples. In the gold-rich catalysts the
Au 4d5/2 peak overlapping with the Pd 3d5/2 region has also
been fitted, taking into consideration its energy and int
sity constraints with the Au 4d3/2 component lying at highe
binding energy and not shown in the figures.

The Pd 3d spectra of the calcined samples, show
Fig. 6, characterized by the two spin-orbit components
3d5/2 and Pd 3d3/2 separated by 5.4 eV, exhibit two double

Table 3
Crystal phases of the mono- and bimetallic samples after calcinatio
673 K

Catalysts Crystal phases (size in Å) %

Au Au (330) 100%
Au90Pd10 (Au84Pd16) Au (270) 51%, Au87Pd13 (84) 49%
Au75Pd25 (Au62Pd38) Au62Pd38 (45) 100%
Au50Pd50 (Au35Pd65) PdO (104) 18%, Au47Pd53 (39) 82%
Au25Pd75 (Au15Pd85) PdO (80) 78%, Au43Pd57 (42) 22%
Au10Pd90 (Au06Pd94) PdO (81) 100%
Pd PdO (90) 97%, Pd (242) (3%)

The corresponding crystal particle sizes are given in parentheses wit
relative molar percentages. In the first column the composition of
samples on molar basis are also reported.
Fig. 5. X-ray diffractograms of monometallic Pd and bimetallic cata
Au50Pd50. (a) After calcinations at 673 K; (b) after HDS of thiophene.

attributed to two different chemical species. The concen
tion of each component is affected by the amount of g
According to the literature, the highest Pd 3d5/2 energy value
(339.4 eV) is attributed to PdO2, likely formed during air
calcination [29]. The component at around 336.5 eV is
to PdO, whereas the component at 335.0 eV is due to m
lic palladium [29]. With increasing amount of gold, PdO2
disappears completely and the metallic palladium peak
crease with respect to those of the PdO species. Gold b
ing energies are typical of the metallic state [29,30]. A ne
tive shift (0.5–0.8 eV) of the Au 4f7/2 binding energy for the
bimetallic catalysts with respect to the monometallic Au c
alyst is observed, in agreement with literature data [17,
The shift, attributed to a charge transfer from Pd to A
possibly increasing the Aus-state occupancy, is indicativ
of alloy formation (ligand effect) [32]. Negative chemic
shifts of the Pd 3d binding energy have also been obse
in the case of unsupported Pd–Au alloys [32]. However
the present case, any ligand effect on the palladium b
ing energies would be masked by the observed shifts ma
due to oxidation state changes (Table 4). As expected

Table 4
XPS Au 4f7/2 and Pd 3d5/2 binding energies (eV) and surface atomic rat
of the catalysts after calcination at 673 K

Sample Pd 3d5/2 Au 4f7/2 (Au/Si)XPS (Pd/Si)XPS

Au – 84.2 (1.8) 0.010 –
Au75Pd25 334.9 (2.7) 83.4 (2.2) 0.018 0.021
Au50Pd50 334.6 (2.2) (56%) 83.4 (2.2) 0.007 0.068

336.6 (2.2) (44%)
Au25Pd75 334.5 (2.5) (9%) 83.4 (2.4) 0.005 0.057

336.5 (2.5) (87%)
339.4 (2.5) (4%)

Au10Pd90 336.5 (2.4) (97%) 83.5 (2.0) 0.002 0.070
340.0 (2.5) (3%)

Pd 336.5 (2.3) (93%) – – 0.077
339.4 (2.3) (7%)

The full widths at half maximum are given in parentheses. In the pres
of multiple palladium species, the relative percentages of the compo
are also reported.
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Table 5
XPS Au 4f7/2 and Pd 3d5/2 binding energies (eV) and surface atomic rat
of the catalysts after HDS of thiophene

Sample Pd 3d5/2 Au 4f7/2 (Au/Si)XPS (Pd/Si)XPS

Au – 83.9 (2.0) 0.006 –
Au75Pd25 335.3 (2.5) 83.4 (2.1) 0.008 0.006
Au50Pd50 334.9 (2.4) 83.5 (2.2) 0.003 0.045
Au25Pd75 335.0 (2.4) 83.2 (2.4) 0.003 0.024
Au10Pd90 335.1 (2.5) 83.2 (2.2) 0.002 0.033
Pd 335.0 (2.3) (90%) – – 0.033

337.1 (2.5) (10%)

The full widths at half maximum are given in parentheses. In the pres
of multiple palladium species, the relative percentages of the compo
are also reported.

impregnated samples, the XPS-derived atomic ratios, A/Si
and Pd/Si, are larger than the nominal ratio.

As reported in Table 5 and as shown in Fig. 7
the samples after being used in the HDS of thiophe
palladium oxides are reduced to metallic palladium exc
for a small amount of PdO still present in the monometa
palladium catalyst. Comparing the XPS-derived ato
ratios of Tables 4 and 5, decreases of the Au/Si and, to
a large extent, of the Pd/Si atomic ratios are observe
upon hydrodesulfurization of thiophene. Analogous res

Fig. 6. Pd 3d spectra of monometallic Pd and bimetallic catalysts
calcination at 673 K.
Fig. 7. Pd 3d spectra of monometallic Pd and bimetallic catalysts after
of thiophene.

were obtained for the samples after the dibenzothioph
reaction. An increase of the particle sizes upon exposu
the reactant mixture and, for the palladium case, eve
inward diffusion of Pd as a consequence of the forma
of bulk Pd4S, revealed by the X-ray diffractograms, cou
explain the decrease of the atomic ratios.

The FTIR spectra of adsorbed CO were used to iden
the surface sites of the AuxPdy catalysts. The frequenc
of the C–O stretching is sensitive to the strength and
the way of bonding. The strength of the bonding is v
much related to the electronic structure of the metal.
adsorption modes, such as linear, bridged, and multibon
depend mostly on geometric factors [33]. The spectra
chemisorbed CO on monometallic palladium and bimeta
AuxPdy catalysts are shown in Fig. 8. The monometa
Pd presents two bands at 1998 and 2104 cm−1. The band
at the higher frequency is attributed to linearly bond
CO, whereas the band at the lower frequency is du
bridged and multicoordinated CO species [34,35]. For
Pd-free sample two broad bands at 2127 and 2043 c−1

were observed. The former band is due to carbon mono
reversibly adsorbed on reduced gold sites [36] while
later may arise from multisite adsorption. In accord w
previous results on Pd–Au/SiO2 catalysts, the shape of th
spectra of the bimetallic samples change with the amou
gold [36]; the intensity of the high-frequency bands incre



A.M. Venezia et al. / Journal of Catalysis 215 (2003) 317–325 323

rature

ds.
er

-

-
ues
si-

n to

on-
rge
ewly
alle
m-

IR
ear
Pd
nge
unt
o-
ed

by
etal

ines
um
ck-
e
er,

ites
lts,
ion
ity
, in

of
that
be
e
ation
es.
the
lid
ven
cur-
ated
the
s of
al-
the
ray
the
due

S
ty is
o
BT
ure
an
old
sul-
ivity
DS
at-
rod-
, the

hy-
pid
se-
ct

ba-
with
f BP

ays,
tru-
Fig. 8. IR spectra of CO chemisorbed on Pd and AuxPdy catalysts after
calcinations at 673 K. The samples were outgassed at room tempe
after exposure to CO.

at the expense of the intensity of the low-frequency ban
Moreover, the position of the bands are shifted to low
frequencies, to 1981 and to 2087 cm−1. The spectra of gold
rich samples contain a new band at 2043 cm−1.

4. Discussion

Formation of alloyed AuxPdy particles in the present se
ries of samples was ascertained by a variety of techniq
Moreover, from the X-ray diffraction patterns the compo
tions of the solid solutions were obtained. In compariso
a previous series of ASA-supported AuxPdy catalysts pre-
pared by a deposition–precipitation method [17] and c
taining only gold-enriched alloyed particles of rather la
size (13–45 nm), the present series, prepared by a n
adopted procedure in the presence of PVP, contains sm
(4–8 nm) alloyed particles of composition close to the no
inal one.

Formation of alloys was further confirmed by the FT
spectra of the irreversible adsorbed CO. The principal lin
and multibonded bands of the CO on monometallic
catalyst were found to shift to low frequencies and to cha
their relative intensity upon increase of the gold amo
in the bimetallic catalysts. The effect of gold was tw
fold [34,36]: (a) it contributes to reduce the multibond
.

r

CO, with respect to the linearly bonded CO, probably
a geometric rate, that is, decreasing the size of the m
ensemble needed for multiple bonding, and (b) it determ
a small gain of d electrons in the adsorbing palladi
through the ligand effect [32] and, by enhancing the ba
donation to the antibondingπ orbitals of CO, causes th
low-frequency shift of the stretching vibrations. Moreov
the appearance of the new band at 2043 cm−1 could be
attributed to linearly adsorbed CO on new adsorption s
formed in the bimetallic clusters. From the catalytic resu
shown in Table 1, obtained from the hydrodesulfurizat
of thiophene, a positive effect of gold on the HDS activ
of the silica-supported palladium catalysts was found
accord with a recent study on the ASA-supported AuxPdy

samples [17]. However, larger activities relative to those
the previous study [17] were obtained here. Considering
both supports, silica and ASA, were demonstrated to
inert for this type of reaction, the improved activity of th
present catalysts can be attributed to the adopted prepar
method, which allowed better dispersal of alloyed particl

As already suggested, the enhanced HDS activity of
AuxPdy catalysts can be related to the formation of so
solutions, given in Table 3. It should be remarked that, e
though the data of Table 3 refer to the catalysts in the pre
sor stage, that is after calcinations, they can still be rel
to the catalytic behavior since, as pointed out previously,
catalyst hydrogen pretreatment did not produce change
the alloy structure except for a further reduction of the p
ladium oxide [17]. Moreover, as already determined in
previously mentioned study and as indicated by the X-
diffractograms of the “aged” samples shown in Fig. 5,
increased activity of the bimetallic catalyst could also be
to the inhibition of the sulfide phase, Pd4S, by gold.

In relation to the catalytic behavior tested in the HD
of dibenzothiophene, a substantial increase of the activi
obtained in the bimetallic AuxPdy catalysts with respect t
the pure Pd catalyst. As observed in Table 2 the total D
conversion increases by a factor of 6 when going from p
Pd to Au50Pd50 and the pure gold is even more active th
the pure palladium catalyst. Again, the resistance of g
to the sulfur poisoning, as revealed by the absence of
fide phases in the gold-rich samples, can explain the act
results. As observed in Table 2, gold exhibits larger H
selectivity with respect to the monometallic palladium c
alyst. Considering that no intermediate hydrogenated p
ucts such as tetrahydrodibenzothiophene are observed
mechanism for the hydrodesulfurization may involve a
drogenation of the rings as a first step followed by ra
C–S bond rupture. This would determine a low biphenyl
lectivity. An alternative pathway would consist of a dire
S-extrusion leading to the formation of biphenyl. On the
sis of the stronger adsorption of the dibenzothiophene
respect to the biphenyl, the subsequent hydrogenation o
to cyclohexylbenzene is unlikely [37]. The BP/(CHB+ BP)
ratio can then be taken as a measure of the two pathw
the intermediate hydrogenation and the direct sulfur ex
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sion. The lower BP selectivity of the pure palladium cata
is in accord with its well-documented hydrogenation ac
ity. On the other hand, the largest selectivity of the gold
alyst is an indication of its poor capability to activate t
hydrogen molecule. The surprisingly good activity exh
ited by the monometallic gold catalyst in the hydrodes
furization of dibenzothiophene, in contrast with the alm
inertness exhibited in the HDS of thiophene, is likely to
due to the different hydrogen pressure used for the two
alytic tests. In the case of the thiophene reaction, perfor
at atmospheric pressure, the strong affinity of gold tow
the substrate molecule would determine a low hydrogen
face coverage. In the case of the dibenzothiophene reac
the high H2 pressure would increase the hydrogen surf
coverage, allowing for the hydrogen activation. The C
bond of the substrate molecule, strongly bound to the g
sites, would then be broken with consequent formation
H2S. The trend in the activation energies listed in Tabl
are also interesting. The highest values are obtained fo
more active catalysts. Increased surface coverage of
on gold-enriched samples and different catalytic sites e
ing in the alloyed phases could determine the observed
tivation energies. The present results confirmed a bene
effect of gold, acting as a promoter of palladium cataly
in the low-hydrogen-pressure reaction of thiophene. The
fect is likely to be due to the stronger resistance of gold
sulfur poisoning and to the “ensemble” size change of
alloyed phase. Moreover, a synergetic effect between
and palladium seems to exist in the bimetallic AuxPdy cat-
alysts and has been evidenced in the HDS of dibenzo
phene at elevated hydrogen pressure. The synergy of th
loyed particles arises from the strong affinity of gold w
the sulfur-containing substrate and from the strong ac
tion of the hydrogen molecule by palladium. By prope
tuning the Au/Pd weight ratio it is possible to optimize th
reaction with regard to activity and selectivity. Finally,
though it is hard to consider gold an ingredient of new c
lysts for HDS and hydrogenation reactions, the informa
provided here may be relevant for the understanding and
velopment of Pd-based catalysts for one- or two-step d
HDS/dearomatization processes of diesel fuels.

5. Conclusion

This study has confirmed the beneficial effect of g
in silica-supported AuxPdy catalysts in the HDS reactio
of different substrates, under two different experime
conditions. The effect is attributed to formation of AuxPdy

alloy particles which are characterized by stronger resist
to sulfur poisoning with respect to the pure palladi
catalyst and by synergetic influence between the two m
in close contact. By comparing the behavior of the catal
in the hydrogenation of thiophene at low H2 pressure and
the hydrogenation of DBT at high H2 pressure, a possib
mechanism for the HDS on this type of catalyst wo
,

-
l

l-

-

involve a strong attack of the substrate to the gold
palladium sites followed by the C–S rupture activated by
hydrogen.
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