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Abstract

Bimetallic Pd–Pt (Pd/Pt mol ratio= 4/1) catalysts supported on a mesoporous aluminosilicate (Si/Al mol ratio= 20) were prepared b
direct liquid crystal templating and using three different means of metals incorporation (direct incorporation in the synthesis gel
nation, and ion exchange). The method of incorporation affects the accessibility of the metal surface: with impregnation and ion e
intermetallic Pd–Pt particles of uniform size are formed, compared to the particles of segregated metal and alloy of different sizes
by direct incorporation. Catalysts are characterized by adsorption of nitrogen and hydrogen, and using X-ray photoelectron and
X-ray absorption fine structure spectroscopies. The activity of the impregnated PdPt catalyst was investigated in naphthalene hyd
at atmospheric pressure and at 6.0 MPa in the temperature range from 260 to 340◦C. Using a real diesel feedstock in an industrial micropla
the activity of the PdPt catalyst is higher than that of a state-of-the-art reference, giving 90.0% of aromatics saturation and an 8 po
index increase at 280–300◦C. Nonselective cracking products are C7–C10 naphthenes, and, at 325◦C, represent less than 10% product v
ume. Sulfur poisoning restricts catalyst reactivity mainly to saturation of aromatic molecules, with only limited ring-opening activ
the final product has a density of 0.840 g cm−3 and a maximum distillation temperature (T95 max) of 354◦C and contains less than 3%
polyaromatics, in respect of future European legislation on road diesel.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The combustion of polyaromatic hydrocarbons contai
in diesel produces undesirable emissions. The importan
decreasing the impact of diesel use on air quality has
to increasingly stringent regulations aiming to reduce em
sions of particulates, nitrogen, and sulfur oxides by rais
the diesel cetane index and lowering the heteroatom

* Corresponding author. Fax: +33-4-67 14 33 04.
E-mail address: debtoja@univ-montp2.fr(D.J. Jones).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.09.017
f

tent to an acceptable level. In consequence the improve
of middle distillate fuels by conversion of aromatics in
hydrocarbons of higher cetane number is today one of
main objectives of the refining industry.

Current technologies for diesel improvement are ba
on catalysts for hydrogenation and ring opening. Differ
single-stage or two-stage deep hydrogenation processes
been proposed, but are limited by the conditions used
desulfurization. The single-stage process using convent
catalysts (CoMo, NiMo, NiW on Al2O3) is limited by ther-
modynamic equilibrium conditionsat high temperatures. I

http://www.elsevier.com/locate/jcat
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the two-stage process, the use of noble metal catalysts a
hydrogenation at lower temperatures and avoids therm
namic limitations. However noble metal catalysts are ea
poisoned by sulfur or nitrogen present in industrial fe
stocks[1,2], and a first step reduction of feedstock sul
content to a few ppm is necessary before hydrogenation
merous two-stage hydrogenation processes have been
oped[3–13]. The nature of the catalyst support and the p
ence of a second metal can also increase the sulfur resis
and current processes use bifunctional-type catalysts,
bining acidity of the support for cracking activity, and nob
metal hydrogenation properties. Bimetallic sulfur-toler
Pd–Pt catalysts onvarious acidic supports including zeoli
Y [14–16], zeolite beta[17], gamma zirconium phosphate
silica[18], and gamma alumina[19] have been reported an
in particular, zeolite-supported Pd/Pt-type materials hav
been considered as the most important industrial cata
for aromatic hydrogenation[3,6,9,20]. However, the high
acidity of a zeolite-type support increases undesirable cr
ing activity, which accelerates the rate of coke deposit
and other research has focused on the modification o
catalyst acidity and on the use of supports like amorph
SiO2/Al2O3 [17,21–23]or Al2O3/B2O3 [24–26]. The pore
size and topology of the catalyst can influence the acti
and selectivity in ring-opening reactions by limiting diff
sion of the aromatic components of diesel oil and MCM-
type mesoporous oxide-supported noble metals have
investigated in the hydrogenation of probe molecules
cracking and hydrotreating light cycle oil[27–29] and in
the cetane index improvement of diesel[28,30,31]. The ad-
vantage of mesoporosity for accessibility and lower dif
sional restriction is also shown by the properties of del
inated ITQ-2 zeolite-supported Pt in aromatic reduction
hydrotreated LCO feed[32].

In this paper we describe the preparation of new bime
lic PdPt catalysts and assessment of their sulfur toler
and activity in the conversion of “model feedstocks”
hydrogenated and ring-opened products, before evalu
in the improvement of diesel quality using an indust
hydrotreated feedstock. The objective in the preparatio
these materials destined to be used in an industrial pro
is a high conversion, selectivity for hydrogenation and r
opening, and stability in the presence of sulfur. The supp
in particular its pore structure and acidity, and the cata
metal dispersion are important factors affecting the cata
behavior.

The support used for these catalysts is a mesoporous
minosilicate matrix obtained using a nonionic surfactant
with the direct liquid crystal templating (DLCT) method w
have developed and reported[33]. This method, leading t
a material with surface acidity (number and strength of
sites) lower than that of zeolites[34,35] and with pore di-
mension tailored by the nature of the nonionic surfact
has been previously employed for the synthesis of rhodiu
platinum-, iridium-, or ruthenium-containing catalysts
the hydrogenation and ring opening of naphthalene[36].
s
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n
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Several different means for metal incorporation in por
supports are described in the literature[37] and we concen
trate here on three. The first method is by direct coinco
ration of palladium and platinum propanedionates into
synthesis gel followed by thermal treatment to remove
factant porogen and reduction under hydrogen, the me
employed for the analogous monometallic (Rh, Pt, Ru,
Ir) catalysts[36] or Rh-functionalized MCM-41[38,39]. In
this way, depending on its nature, the metal is introdu
into the silico-aluminate structure and/or the pores[40,41].
The second method is the impregnation of the calcined
port by a solution of palladium and platinum salts follow
by thermal treatment. The last route is the neutraliza
of the surface Brønsted acidity with ammonia followed
ion exchange with appropriate complexed metal ions. Th
methods lead to three types of Pd/Pt-supported aluminosil
cate. Catalytic activity and thiotolerance depend on the P
ratio, and molar ratios in the range 4/1–6/1 have been re
ported as the most appropriate[15,21].

We describe below the preparation and physical–chem
characterization of the three Pd/Pt-supported alumino
cates and the behavior of the impregnated catalyst tow
naphthalene hydrogenation at 200–340◦C, in preliminary
work under atmospheric pressure and then at 6.0 MPa
in the presence of a sulfur-containing poison. The per
mance of this catalyst in aromatic saturation and ce
index improvement of a hydrogenated light cycle oil fe
stock containing 50 wt ppm sulfur are reported, as well as
composition of the light (< 180◦C) fraction, of importance
in the context of process design.

2. Experimental

2.1. Catalyst preparation

The aluminosilicate support of the bimetallic catalysts
was synthesized using a Brij 30 (C12–C25(EO)4) surfactant
and with a Si/Al ratio of 20. All materials contained 2.0 wt
of the two metals, and a Pd/Pt molar ratio of 4/1.

A first catalyst was synthesized by direct incorporat
of Pd/Pt into the synthesis gel. The preparation was
ried out at 65◦C. Brij 30 (4.5 g, Aldrich) was dispersed
aqueous HNO3 solution (4.5 g, 0.1 mol dm−3; 65% nitric
acid solution from Aldrich). To this solution were add
tetraethoxysilane (TEOS, Fluka, 13.0 g) and alumini
nitrate (Al(NO3)3)·9H2O, Merck, 1.2 g). Pd(CH3COCHCO-
CH3)2 (0.076 g) and Pt(CH3COCHCOCH3)2 (0.025 g) were
then incorporated successively, and the mixture was st
until all reagents were dissolved. The solution was tra
ferred to a crystallizing dish in a desiccator and the la
held under dynamic vacuum for 2 h, and then left at ro
temperature for 72 h. The surfactant was then removed
the solidified gel by calcination at 560◦C for 4 h using a
ramp rate of 1◦C/min. This catalyst is denoted PdPt-Dir
the following.
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A second catalyst was prepared by impregnation o
Pd/Pt solution into a calcined silicoaluminate support pre
pared as above, but without addition of palladium and p
inum organics. One gram of the support was first sieve
0.8–1 mm and dried at 100◦C for 12 h before incipient wet
ness impregnation with PtCl4 and PdCl2 to give 2.0 wt%
metals in the final catalyst. The impregnated solid was
cined at 120◦C for 2 h and 560◦C for 2 h with a 2◦C/min
ramp. This catalyst is denoted PdPt-Imp.

A third catalyst was prepared by ion exchange. The s
port was prepared and sieved as described above. After
ing at 100◦C for 12 h, it was left in a closed vessel co
taining ammonia vapor. The ammonium-ion-functionaliz
material was then contacted 12 h with 100 cm3 of an aque-
ous solution of 0.011 g of (Pt(NH3)4Cl2·H2O) and 0.034
g of (Pd(NH3)4Cl2·H2O) (Pd/Pt in ratio 4/1) in an amount
allowing a total metal loading of 2.0 wt%. The material w
then recovered by filtration, washed, dried, and calcined
at 560◦C with a 2◦C/min ramp. This catalyst is denote
PdPt-IE.

2.2. Catalyst characterization

To determine the specific surface area and the porosi
the materials, adsorption–desorption of nitrogen at−196◦C
was performed using an automated volumetric instrum
developed in-house. Samples were outgassed overnig
200◦C under vacuum prior to the experiments. The s
face area was determined using the BET formalism[42]
and the pore diameter was estimated using theαs method.
Determination of surface acidity was based on ammo
chemisorption. The amount of NH3 adsorbed at differen
partial pressures in the equilibrium bulk phase was meas
using a Micromeritics ASAP 2010C apparatus. Prior to
sorption measurements, the solid sample was outgass
350◦C for 3 h. Thereafter, to reduce physisorption of a
monia on the solid surface, the adsorption temperature
evacuated at 80◦C. Successive ammonia doses were flus
onto the sample until a final equilibrium pressure of 5 k
was reached. The equilibrium pressure was measured
every adsorption step, and the amount adsorbed was c
lated. At the end of the first adsorption cycle, the sample
pumped at 80◦C for 30 min, and a second adsorption cy
was then performed at the same temperature. The differ
in adsorption between two adsorption cycles is ascribe
irreversible adsorption of NH3. This quantity first change
as the adsorption progresses, but then levels off. Th
reversible adsorption of NH3 corresponds to the localize
chemisorption of NH3 molecules and it provides the tot
number of surface acid sites.

TEM observations were made on samples prepare
extractive replicas using a JEOL 1200 EX operating
100 kV. The accessible metal surface was measured b2
chemisorption using the Micromeritics ASAP 2010C. Sam
ples were first flushed in a flow of He, and then evacua
before chemisorption with H2 at 300◦C. The metal particle
-

t

t

r
-

size was estimated from the relation:D% = 1000/d with
D% = metal dispersion andd = metal particle diamete
in Å.

XPS analyses were performed using a Physical E
tronic 5700 instrument with Mg-Kα and Al-Kα radiation
(hν = 1253.6 and 1486.6 eV, respectively), using a hem
spheric electron analyzer. The catalyst precursors (supp
metal oxide) and catalysts (after reduction) were studie
order to follow the evolution of the metal environment
samples in which the metal had been incorporated in
ferent ways. Binding energies (BEs) were determined w
an accuracy of±0.1 eV. Charge referencing was measu
against adventitious carbon (C 1s 284.8 eV). The re
ual pressure in the analysis chamber was maintained b
10−7 Pa during all measurements.

EXAFS spectra were measured on the EXAFS13 sp
trometer, line D42, at the LURE synchrotron (Labo
toire pour l’Utilisation du Rayonnement Electromagnétique
Paris), at the PtLIII (11,564 eV) and PdK (24,350 eV)
edges. Energy calibration was carried out using corresp
ing metal foils of 10 and 25 µm thickness and withE0
defined as the first inflection point in the rising edge. EXA
spectra were recorded in transmission mode to 1000
after the absorption edge with a 3 eV step between e
point of measurement.I0 and I1 ion chambers were filled
respectively with air/argon for experiments at the PtL3 edge
and with krypton for those at the PdK edge. Experimen
tal data were analyzed using computer codes develope
Michalowicz [43]. The analysis process included: (i) e
traction of the EXAFS signalχ(k) from the absorption
spectrumµ(E) usingχ(k) = (µ − µ1)/(µ1 − µ0), where
µ0 was obtained by linear fitting of the continuous ba
ground before the absorption edge, and the low-freque
term,µ1, corresponding to the slow decay beyond the e
was modeled by a third order polynomial. The edge thre
old energyE0 was selected as the first point of inflection
the edge; (ii) calculation of the EXAFS Fourier transfo
(FT) radial distribution-like functionF(R) over the range
3–15 Å−1, and k3 weighting; (iii) filtering of the succes
sive coordination spheres inF(R) and calculation of thei
inverse Fourier transform to obtain partial components
the EXAFS spectra; (iv) multivariate least-squares fitting
the filtered EXAFS spectra using photoelectron phase
amplitude functions derived using Feff[44], a variable pho-
toelectron mean free path, fixed-scale factorS2

0 equal to 0.8
and energy shifts (determined from partial components s
ulation for each sample). In this way, the number of nea
neighbors,N i , the interatomic absorber-neighbor distan
Ri , and the Debye–Waller-type factor,σ i , were obtained for
each coordination shell of atoms.

2.3. Catalyst activity

The catalytic activity of PdPt-Imp in the hydrogenati
of naphthalene was first investigated in a fixed-bed lab-s
microreactor, operating at atmospheric pressure, at 200 a
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300◦C. The bed, containing 200 mg of the H2/N2-reduced
catalyst, was in contact with a continuous flow of napht
lene/He (0.1 g/10 cm3). The reaction products were an
lyzed by gas chromatography. The thiotolerance of the
alyst was examined at 200◦C and atmospheric pressure, u
ing benzo(b)thiophene as sulfur-containing poison. In th
system, the H2 flow (300 cm3/min) passed through th
naphthalene-containing saturator and after every gas-sa
valve injection, the hydrogen flow was switched throu
the benzo(b)thiophene-containing saturator for 10 s. T
flow was then switched back to naphthalene for 15 m
The weight hour space velocity was 0.2 h−1. The pulses
were started after reaching a constant activity in naph
lene hydrogenation (2 h of reaction with a sulfur-free fee
The number of pulses that caused a 25% decrease of the
version was used as criterion to compare the thiotoleran
the catalysts.

Following this preliminary evaluation, the catalytic act
ity was fully investigated at 6.0 MPa using PdPt-Imp us
the experimental setup described previously[36]. Employ-
ing a contact time and H2/organic feed ratio fixed at 6.
s and 21 mol/mol, respectively, the influence of reacti
temperature on naphthalene conversion was investigate
the activity and selectivity were compared with those o
state of the art reference catalyst[12]. Addition of diben-
zothiophene (DBT) in the feed allowed determination of
stability of the catalyst toward sulfur poisoning. DBT is fr
quently used as source of sulfur in model feedstocks[15,23,
45], although hydrogen sulfide and thiophene have also b
used[46].

Evaluation of the catalyst capacity to improve ceta
index was carried out using a hydrotreated light cycle
(LCO) feed stream. The evaluation was made by comp
son with the above reference catalyst. The feed stream
hydrotreated using a conventional CoMo catalyst at 360◦C,
6.0 MPa, and LHSV= 1 h−1 until a sulfur content of�
50 wt ppm was obtained. Two hydrotreated streams w
used (Table 5): HT1 for the reference catalyst and HT3 f
PdPt-Imp, the latter was used in the form of sieved mo
liths (25 cm3 of PdPt-Imp sieved in the range 1.5–2.5 mm
and the former as extrudates (size 1.5–2 mm), and both
first diluted with carborundum in a ratio 1:1. They we
activated in situ before testing according to the following
e

-
f

d

s

procedure: drying, 120◦C, 1 h, N2 flow (600 N cm3/min);
reduction, 400◦C, 2 h, H2 flow (600 N cm3/min), 6.0 MPa;
stabilization, 285◦C, 12–48 h, feedstock flow (H2/feed=
600 N cm3/cm3, LHSV = 1 h−1). Catalyst testing was pe
formed at temperatures between 270 and 345◦C under con-
stant pressure of 6.0 MPa, with constant H2/feed ratio and
space velocity. The products were identified by HPLC
gas chromatography and the cetane number determine
cording to ASTM-D-4737.

3. Results and discussion

3.1. Catalyst characterization

All three catalysts showed fully reversible nitrog
adsorption isotherms with a quasilinear region from 0.1
0.3 indicative of supermicroporosity. The derived BET s
face areas are between 645 m2 g−1 (ion-exchanged materia
and 884 m2 g−1 (direct incorporation), and the mean po
diameter, 2.2 nm, is around the lower limit of mesoporo
(Table 1). The support silicoaluminate prior to impregn
tion has a specific surface area of 999 m2 g−1 and a mean
pore diameter of 2.6 nm. The incorporation of metals in
structure therefore leads to a slight decrease in the su
area but the pore diameter and the mesoporous charact
maintained. It is also important that the incorporation of
ble metals into the support leads to catalysts with approp
surface acidity. After reduction in H2, the average number o
acid sites of the reduced catalyst is comparable to that o
support (ca. 300 µmol g−1). The higher acidity of the ox
ide form precatalyst (440 µmol g−1) is due to an increase
number of Lewis acid sites, associated with the presenc
transition metal oxides.

Fig. 1 shows the hydrogen adsorption isotherms of
three materials. For those prepared by impregnation an
exchange, a plateau is rapidly reached and thereafte
quantity of adsorbed H2 slightly increases with pressur
In contrast, for the material prepared by direct incorpo
tion, the isotherm is different since a continuous incre
in H2 absorption is observed, which corresponds to H2 dif-
fusion into particles of palladium metal[47]. This result
might suggest that, in the case of PdPt-Dir, at least
Table 1
Textural properties, dispersion, and metalparticle size of supported PdPt catalysts

Direct incorporation (Dir) Impregnation (Imp) Ion exchange (IE)

Surface area (m2 g−1) 884 732 645
Pore diameter (nm) 2.2 2.2 2.2

Metal dispersion (%) 7 25 28
Metal surface area (m2 g−1 catalyst) 0.20 1.88 1.99
Metal surface area (m2 g−1 metal) 28 94 107

Particle diameter (nm)
From dispersion 14.4 4.0 3.6
From TEM 2.5 and 4.0–7.0 3.5 3.0
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Fig. 1. H2 chemisorption isotherms of PdPt-Dir (", !), PdPt-Imp (2, 1),
and PdPt-IE (Q, P). Full symbols, first analysis; empty symbols, repe
analysis.

of the palladium is segregated into monometallic partic
whereas isotherms of PdPt-Imp and PdPt-IE are compa
with the existence of intermetallic particles, as deduced
viously from EXAFS and TEM for other bimetallic Pd–P
systems[48]. The method of metal incorporation strongly i
fluences the properties of metal dispersion and derived m
particle sizes obtained from H2 chemisorption and transmis
sion electron microscopy (Table 1). The catalyst prepared b
direct synthesis has a dispersion of less than 10% and a
metal particle size, while for that prepared by impregnat
small, well-dispersed particles (4 nm), four times sma
than those in PdPt-Dir are identified. Ion exchange gives
highest dispersion, with metal particle size of 3.6 nm. Jun
et al.[49] have observed a similar effect with a palladium
MCM-41 support, when the metal particle size decrease
the order: direct incorporation, impregnation, ion exchan

These conclusions are supported by observation of
extractive replica TEM images inFig. 2. For the mater-
ial prepared by direct synthesis, two types of particle
observed, those of size ca. 2.5 nm that could correspon
a metal alloy, and larger particles of 4.0–7.0 nm proba
corresponding to segregated single metal particles. The
crographs of the impregnated and ion-exchanged mate
show only one type of particle of size 3.0–4.0 nm. The m
particle diameter of PdPt systems previously described in
literature varies in the range from 2 to 4 nm[48–50], and in-
corporation by impregnation and ion exchange seems to
to smallest metal aggregates.

Measurement of the diameter of more than 500 parti
in the TEM micrograph of PdPt-Imp provided an indic
tion of the distribution of particle size. The method e
ployed [51] leads to the histograms shown inFig. 3. The
first of these (Fig. 3a) provides a distribution in diamete
with a mean diameter of

∑
nidi/

∑
ni , while the second

(Fig. 3b) is a quadratic distribution with a mean diame
of

∑
nid

3
i /

∑
nid

2
i (ni , number of particles anddi , mean

diameter, in each successive interval). The second dist
tion is probably the most relevant since catalyst activity
directly linked to the metal surface area developed by
l

e

Fig. 2. Transmission electron microscopy images of 2PdPt PdPt-Dir (a
PdPt-Imp (b), and PdPt-IE (c).

particles. The distribution is narrow, with 45% of the me
particles of size between 2 and 3 nm, with 43% of the m
surface area resulting from particles between 3 and 4
in diameter. The mean surface diameter, 3.5 nm, is in g
agreement with the value estimated from H2 chemisorption.
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Fig. 3. Mean article diameter of PdPt-Imp obtained from the number (a) an
the quadratic (b) distributions.

Fig. 4. X-ray photoelectron spectrum of PdPt-Imp and Pt-Imp in the Al
and Pt 4f region.

Table 2lists the positions of XPS signals for the thr
Pd/Pt catalysts after reduction and the XPS spectra of
ples Pt-Imp and PdPt-Imp in the Al 2p and Pt 4f region
shown inFig. 4. Due to the low concentration of aluminiu
in the support, the Al 2p signal presents a relatively low
tensity signal, and the Pt 4f7/2 peak is clearly observable
about 71.0 eV, even in the case of a sample with a low Pt
tent such as sample PdPt-Imp. This binding energy valu
71.0 eV is assigned to the presence of Pt(0). The spectru
sample Pt-Imp has been deconvoluted into three peaks. Tw
-

f

Table 2
XPS data for supported Pd/Pt catalysts

Sample Binding energy (eV) Surface atomic ra

O 1s Si 2p Al 2p Pt 4f7/2 Pd 3d5/2 O/(Si+ Al)

PdPt-Dir 532.7 103.1 74.4 70.7 334.8 2.15
PdPt-IE 532.6 102.9 74.4 70.8 335.0 2.02
PdPt-Imp 532.8 103.1 74.7 71.0 335.3 (80%) 2.13

336.8 (20%)

Table 3
Structural parameters derived from EXAFS analysis at Pd and Pt edges

r(Pt–Pt) (Å) NPt–Pt r(Pt–Pd) (Å) NPt–Pt N total

Pt edge
Dir 2.769 6.7 2.758 5.3 12.0
Imp 2.751 4.4 2.741 6.8 11.2
IE 2.738 3.4 2.735 6.1 9.5
(Metal foil) (2.775) (12) – – 12.0

Pt edge
Dir 2.744 8.7 2.733 1.1 9.8
Imp 2.725 6.8 2.740 1.7 8.5
IE 2.738 3.8 2.743 1.3 5.1
(Metal foil) (2.751) (12) – – 12.0

N , number of atoms in the shell;r , distance from the absorber. Estimat
uncertainties arer , ±0.005 Å;N , ±10%.

at 71.0 and 74.2 eV are assigned to the doublet Pt 4f7/2 and Pt
4f5/2, respectively; and that at 74.5 eV assigned to the p
toemission Al 2p that corresponds to the presence of Al(
The possible presence of a small proportion of Pt(II) can
be totally ruled out, since this signal would be overlap
by the Al 2p signal. In the case of the catalysts prepa
by ion exchange and direct incorporation, Pd is presen
Pd(0) with a binding energy of 334.8 and 335.0 eV for sa
ples PdPt-Dir and PdPt-IE, respectively. In the case of th
impregnated catalyst, 80% of the Pd is as Pd(0) (335.3
and 20% of Pd is oxidized to Pd(II) with a binding energy
336.8 eV[52].

Other element-specific techniques are better adapte
the question of determining whether or not intermetallic p
ticles have been formed. X-ray absorption spectroscopy
frequently been used to characterize bimetallic particle
this way by combining information obtained from exp
iments performed at each of the metal edges[53–56]. In
the present work, the EXAFS signal was extracted from
sorption spectra recorded atthe Pd and Pt edges of samp
prepared by direct incorporation, impregnation, and ion
change. Simulation of the EXAFS obtained by Fourier filt
ing in the range 1.3–2.5 Å required in each case both Pd
Pt nearest neighbors, indicating the formation of interme
lic aggregates. The results of least-squares curve fitting
given inTable 3and an example of the fits obtained at b
edges in reciprocal and direct space is shown inFig. 5 for
the sample prepared by impregnation.

For bimetallic alloys, the atomic ratio and nearest nei
bor environment around each element in bimetallic parti
are in principle correlated throughNPdPt= (XPt/XPd)NPtPd
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nd
Fig. 5. Experimental (+++) and calculated (—) EXAFS spectra (a) and(c), and corresponding Fourier transforms (b) and (d) of PdPt-Imp at the Pd(a,b) a
Pt(c,d) edges.
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[57], whereNPdPt is the number of nearest Pt neighbors
Pd,NPtPd the number of Pd atoms around Pt, andXPt/XPd

the atomic ratio of the two metals (= 4 from elementa
analysis). Strong deviation from this relation would indic
segregation of the components and formation of monom
lic particles. For the three catalysts, the ratioNPtPd/NPdPt

in materials prepared by direct incorporation, impregna
and ion exchange is 4.9, 4.0, and 4.7, respectively. While
could suggest that partial segregation occurs (monome
Pt particles coexisting with bimetallic PdPt), these ratios
not very different from 4 when an estimated error of±10%
in the determination of the number of nearest neighbor
EXAFS is taken into account.

A second observation concerns the total number of n
est neighbors around each metal. These numbers are
bulk palladium and platinum, but can be significantly low
in nanoparticles owing to the surface/volume ratio and
consequent high number of atoms that are nonsaturate
ordinatively. The data ofTable 3show that the total numbe
of nearest neighbors around each metal follows the tren
particle size identified by TEM [N total (direct incorporation)
> N total (impregnation)> N total (ion exchange)]. Segrega
tion within bimetallic particles between the surface and
core is seen in EXAFS by a significantly lower coordinat
number around one of the two constituent elements. In
present study, strong indication that Pd is preferentially
n

-

not exclusively) located at the surface of bimetallic partic
and that Pt is preferentially (but not exclusively) situated
the core of the particle is provided by the observation
the coordination number is lower around Pd than aro
Pt in each catalyst, regardless of the method of incorp
tion of the metals. This situation seems to be character
of bimetallic PdPt particles[58,59], and is important in the
context of catalyst thiostability[60]. This partial segregatio
should of course also affect the metals atomic ratio de
mined from the simple relationship given above. In pract
however, influence is only significant when the number
surface atoms becomes less than the number in the
i.e., for particle sizes� 2 nm. For Pd–Pt nanoclusters o
tained by laser vaporization of bulk alloys, low energy i
scattering and Monte Carlo simulations have unambiguo
demonstrated surface segregation of Pd nanoparticles[61].

The interatomic distances also reflect the evolution in th
particle size, with in general a reduction of bond length
smaller particles. Interatomic distances in the bulk me
are 2.751 Å for Pd–Pd and 2.775 Å for Pt–Pt. In the pres
case, the data ofTable 3show that the distances in the su
ported metal particles are always shorter than those o
bulk metal foils. A further parameter to be considered is
possibility of partial oxidation of the metal particles, as w
as interaction with the surface of the support oxide, si
strong interaction between the metal ions and the sup
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oxide could reduce accessibility of the metal, and/or li
the extent of reduction at theparticle surface. Only in th
case of the catalyst prepared by impregnation could a
of two oxygen neighbors at a distance of 2.01 Å from
could be identified from EXAFS, a result in agreement w
those from XPS.

The preceding characterization using a range of te
niques shows that metal particles in the above catalyst
terials prepared using the same support by ion excha
impregnation and direct incorporation have distinct prop
ties. Of the three samples, those prepared by ion exch
and impregnation have higher metal dispersion and avai
metal surface area than that prepared by direct incorporation
while the BET surface area is smaller for the ion-exchan
catalyst than the impregnated material. These charac
tics, in conjunction with our conclusions from XPS and E
AFS spectroscopies, led us to select the material prepar
impregnation for evaluation as hydrogenation/ring-open
catalyst.

3.2. Hydrogenation/ring opening of naphthalene

3.2.1. Catalytic activity at atmospheric pressure
Preliminary tests to assess hydrogenation and hy

genolysis/ring-opening activity of the PdPt-Imp mate
were carried out at atmospheric pressure. The reactio
thermodynamically limited at this pressure, and the c
version decreases rapidly as the temperature is incre
The conversion and selectivity to decalins (cis- and trans-
decahydronaphthalene), tetralin (1,2,3,4-tetrahydronap
lene), hydrogenolysis/ring-opening products (e.g., cy
hexane, toluene, xylene, alkylbenzenes, decadiene), a
light (C1–C4) fractions are shown inTable 4. At 200◦C,
conversion of naphthalene by the material is 98.9% whil
300◦C, the conversion is significantly lower (7.9%). Furth
at 200◦C the material gives pronounced selectivity to
calin (96.1%), as previously observed also over monom
lic Pd or Pt catalysts at this temperature[36,62]. At 300◦C,
tetralin is formed mainly (96.2%), but there is also
increase of molecules resulting from hydrogenolysis/r
opening reactions: alkylbenzenes and decadiene etc., rep
senting 4% of the reaction products.

In the presence of benzo(b)thiophene at 200◦C the se-
lectivity to decalin changes with time (Fig. 6a). Over 17
pulses of benzo(b)thiophene, the conversion of naphthale
decreased from 99 to 93%, but the selectivity switched f
decalin to tetralin after 11 pulses. For comparison, this
l

,

e

-

y

.

-

was also carried out using a monometallic Pt (2 wt%)
alyst prepared by impregnation in an identical fashion
with the same SiAl20 support. This catalyst had a metal
persion of 34%. In this case, conversion dropped to 72%
ter only 6 injections of benzo(b)thiophene (Fig. 6b), clearly
indicating improved sulfur tolerance for the bimetallic Pd
catalyst. It is well known that activity can be modified
poisoning without affecting the selectivity[63]. In the case
of multifunctional catalysts, having active sites of diffe
ent nature (for example, acid and metal) whose role i
simultaneously promote different steps or chemical tra

(a)

(b)

Fig. 6. Conversion of napththalene in the presence of benzo(b)thiophene
at 200◦C and atmospheric pressure. PdPt-Imp (a) and Pt-containing cata
lysts (b). Production of : decalin (%); : tetralin (%);F: naphtha-
lene conversion (%).
Table 4
Conversion of naphthalene and product distribution at 200 and 300◦C and atmospheric pressure given by PdPt-Imp

Temperature
(◦C)

Conversion
(%)

Selectivity (%)a Yield

Decalin Tetralin Cyclohexane C1–C4 Toluene,o-xylene Alkyl-benzenes Decadiene

200 98.9 96.1 2.8 – – – 1.1 – 1.09
300 7.9 – 96.2 – – – 1.3 2.5 0.30

a Yield in high molecular weight hydrogenolysis/ring-opening products (sum of alkylbenzenes and decadiene× conversion).
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formations, the deactivation of one type of site can lead
a modification of selectivity. In the present case, the Pd
Imp catalyst, which gave mainly decalin in the sulfur-fr
feed, produces progressively partial hydrogenation of na
thalene to tetralin in the presence of benzo(b)thiophene.This
increasing selectivity to tetralin caused by sulfur poison
is accompanied by a slight decrease in conversion due e
to a modification of the active sites and/or the formation
sulfides.

It may be concluded that themonometallic platinum cata
lyst is not sulfur resistant whereas the Pd/Pt catalyst h
much higher sulfur tolerance. This result confirms the c
clusions in the literature indicating that the formation
a noble metal alloy, particularly with Pd, is beneficial f
sulfur resistance[14]. This sulfur resistance can also be
lated to the method of metal incorporation, which affects
nature and the structure of the metal particles formed: in
metallic particles or segregated metallic phases, the de
of dispersion, and the nature of the interaction with the s
port [21].

3.2.2. Catalytic activity at 6.0 MPa
The activity of the PdPt-Imp for naphthalene hydroge

tion as a function of temperature at 6.0 MPa is shown
Fig. 7 where it is compared with that of the reference cata
lyst. The activity is generally comparable to that of the re
ence catalyst with formation of low quantities of tetralin, a
a rather high negative carbon balance due to the forma
of low molecular weight (LMW) products. Above 260◦C,
the catalyst shows a good activity in hydrogenation, w
99.6% of naphthalene conversion and formation of 41
of decalins. In the temperature range 260–340◦C, a signif-
icant quantity of high molecular weight (HMW) products
is formed; however, beyond 300◦C, cracking reactions to
LMW products predominate. Addition of DBT to the fee
(100 to 3000 ppm) leads to a progressive decrease in hy
genation and hydrogenolysis/ring-opening reactions, w
formation of an increasing quantity of tetralin and LM
cracking products.

3.3. Catalytic evaluation on an industrial diesel

The behavior of the PdPt-Imp catalyst on a hydrotrea
LCO/SR diesel feedstock (Table 5) under industrial con
ditions was evaluated in terms of aromatic saturat
cetane number improvement, and product distribution of
< 180◦ cracking products fraction, and its behavior co
pared to that of the zeolite-type reference catalyst[12].

Between 270 and 300◦C, saturation of aromatics in th
feed increases from 40 to 90% (Fig. 8). Over the same
temperature range, the reference catalyst gives only
aromatic saturation, higher temperatures being require
further increase hydrogenation (to 80% at 315◦C). Since
saturation of 80% of the aromatics is achieved by PdPt-
at only 285◦C, there is therefore a significant temperat
advantage. Aromatic saturation and ring opening lead t
r

-

Fig. 7. Activity in naphthalene hydrogenation [conversion (%), selectivity
in decalin/tetralin (%) and high molecular weight products (HMW), carb
balance (%)] of PdPt-Imp (") and the reference catalyst (!).

increase in the cetane number, which was determined fo
products at the different temperatures according to ATS
D-4737. The results are represented inFig. 9 as the cetane
number increase,�CN. Using the PdPt-imp catalyst, ceta
number is increased by 5 points at 270◦C and by 7.5 points
at 300◦C, representing an improvement of 22% compa
with that of the feed (36.6). In contrast, at 300◦C, the ref-
erence catalyst produces a more modest improvement
points, an improvement of 13.6% compared with that
the feed. In addition to the objective of aromatics satu
tion and cetane number improvement, it is essential f
an economics point of view that loss of yield by cracki
to low-value light gases be as low as possible.Fig. 10shows
that although the formation of nonselective cracking pr
ucts increases with temperature, at 300◦C the production
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Table 5
Characteristics of LCO/SR feedstocks and following two-stage upgrading byhydrotreating (HT) and hydrogenation/ring opening (RO)

Feed number 1 3 HT1 HT3 RO

Composition LCO/SR (85:15 wt%) LCO/SR (85:15 wt%) Hydrotreated 1 Hydrotreated 3
Operating conditions 6.0 MPa, 1 h−1, 390◦C, 6.0 MPa, 1 h−1, 360◦C,
of hydrotreating 400 N cm3 H2/cm3 feed 400 N cm3 H2/cm3 feed
Sulfur (ppm) 19,400 19,000 52 32 < 1
Nitrogen (ppm) 1194 1400 138 10 < 1

Aromatics (HPLC) (IP-391/95) (wt%)
Monoaromatics 24.21 20.67 49.3 44.76 < 10
Diaromatics 32.84 12.95 7.33
Triaromatics 15.84 4.58 2.93
Polyaromatics (Di+) 38.96 48.68 17.53 10.26 < 3
Total 63.17 69.35 66.83 55.02
Density, 15/4◦Ca (g/cm3) 0.9313 0.9488 0.8926 0.8914 0.8400
Viscosity, 40◦Cb 3.169 3.998 2.700 3.176

Distillationc (vol%)
180◦C− 0 0 0 0 9
180–360◦C 90 89 93 93 89
360◦C+ 10 11 7 7 2
T95% 379 386 376 368.5 354
IBPd 197 222 188 200.2 104
EBPe 390 394 386 383.5 375

Cetane indexf 28.9 27.2 35.3 36.6 45–46

a Density in the range 15–4◦C, according to ASTM-D-4052 (1996).
b According to ASTM-D-445.
c According to ASTM-D-86.
d Initial boiling point.
e End boiling point.
f According to ASTM-D-4737.
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Fig. 8. Aromatics saturation given bythe PdPt-Imp catalyst compared wi
the reference catalyst.", PdPt-Imp on feed HT3;!, reference on feed HT
(seeTable 5).

of compounds with boiling point< 180◦C is < 1% while
for an equivalent cetane number improvement by the re
ence catalyst, losses are ca. 6%.Figs. 8–10also show tha
the maximum of activity of the reference catalyst is reach
at a higher temperature: at 330◦C, 90% aromatic satura
tion is observed and a cetane number increase of 8.5 po
but the nonselective cracking is higher, reaching 10%.
jikawa et al.[21,64]have investigated nonzeolite suppor
,

Fig. 9. Cetane number improvement with the PdPt-Imp catalyst; com
son with the reference catalyst.", PdPt-Imp on feed HT3;!, reference on
feed HT1 (seeTable 5).

bimetallic catalysts on hydrotreated LCO/SRLGO feed (les
than 500 wt ppm sulfur). PdPt/SiO2–Al2O3 was the mos
active catalyst with the coexistence of Pd with Pt incre
ing the catalytic activity, this activity depending on synth
sis conditions and Pd/Pt ratio[21]. The use of Pt(0.5%)
Pd(1%)/SiO2/Al2O3 on such feed led to products of go
quality, with increased cetane index and decreased s
content (50 wt ppm sulfur achieved)[64]. In the presen
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Fig. 10.< 180◦C fraction obtained with the PdPt-Imp catalyst and the r
erence catalyst.", PdPt-Imp on feed HT3;!, reference on feed HT1 (se
Table 5).

Fig. 11. Influence of temperature on hydrogenolysis/ring-opening an
cracking reactions for the PdPt-Imp catalyst (a) and the reference
lyst (b). 2, 1-ring; Q, 2-ring; ", 3-ring; !, cracking (< 180◦C, vol%);
E, noncyclic paraffins.

case, mass spectroscopic analysis of liquid samples obta
in the activity tests at different temperatures was car
out to follow changes in the amount of cyclic compone
with 1, 2, and 3+ rings. The results, shown inFig 11a,
show the proportion of 2-ring compounds to remain ess
d

Fig. 12. Identification of nonselective cracking products obtained wit
PdPt-Imp, at 300 and 325◦C. At 300◦C, 2, naphthenes;F, i-paraffins;
Q, n-paraffins;a, cyclo-olefins;", i-olefins;×, n-olefins;7, aromatics.
At 325◦C, 1, naphthenes;E, i-paraffins;P, n-paraffins;e, cyclo-olefins;
!, i-olefins;+, n-olefins;�, aromatics.

tially constant, while that of 1-ring compounds increa
above ca. 310◦C at the expense of the 3+ ring compo-
nent. This hydrogenolysis/ring-opening activity takes pl
at the same temperature as the onset of nonselective c
ing. The behavior of the reference catalyst (Fig. 11b) shows
a slightly different temperature dependence, 1-ring co
pounds increasing as the proportion of both 2− and 3+ rings
decreases above ca. 315◦C. Again, nonselective cracking re
actions take place concomitantly.

The identification of nonselective cracking products i
further important step which can indicate if the formed pr
ucts can be used or not in other refinery processes. F
Fig. 12, it may be seen that in the case of< 180◦C range
products formed in reactions catalyzed by the PdPt-Imp ca
alyst, C7–C10 naphthenes clearly predominate, and repre
73 and 61% of the total volume at 300 and 325◦C, re-
spectively. Branched C7–C10 alkanes account for a furthe
9 and 15 vol%, respectively. Both these naphthene andiso-
alkane fractions can be used in other reforming proces
The results of this analysis indicate that although nonse
tive cracking reactions represent a loss of the initial L
feed, they give either directly useful products (kerose
heavy naphtha) or compounds useful for other react
(reforming). Finally, the nature of the product spectrum
compatible with naphthene formation either via hydroge
tion of both rings of diaromatic alkylbenzenes, followed
hydrogenolysis/ring opening and cracking, or with hyd
genation of a single ring followed only by hydrogenoly
plus cracking, followed by a further hydrogenation step.

4. Conclusion

The objective of this research was to prepare catal
combining the hydrogenation–hydrogenolysis/ring-open
activity of one metal with thioresistance of the other,
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nonsegregated particles. While the direct incorporatio
salts, metallic alkoxides, or propanedioanates is a sim
“one-pot” method for the preparation of bimetallic cataly
adapted to the surfactant containing reaction medium, im
pregnation or ion exchange on a support gives more s
factory results in terms of the final metal particle size. Po
in the preformed matrix restrain the growth of metal pa
cles, whereas in the synthesis gel, both condensation o
aluminosilicate matrix and metal oxide particle growth ta
place at the same time.

The association of a range of different techniques
cluding adsorption from the gas phase and element-spe
spectroscopies (such as XPS and EXAFS) provide conv
ing results, indicating the existence of intermetallic partic
the latter method also enabling us to conclude that pallad
is preferentially located on the particle surface. The highe
catalytic activity at lower temperatures of the impregna
catalyst compared with that of a reference state-of-the
zeolite-based catalyst under industrial conditions on a
drotreated light cycle oil is a promising result, and the furt
improvement of this material, in particular by increase of
sulfur tolerance and selective hydrogenolysis/ring-ope
capacity, will be the objective of our future studies.
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