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Abstract

Bimetallic Pd—Pt (Pd/Pt mol ratie- 4/1) catalysts supportechca mesoporous aluminitisate (Si/Al mol ratio= 20) were prepared by
direct liquid crystal templating and using three different means of metals incorporation (direct incorporation in the synthesis gel, impreg-
nation, and ion exchange). The method of incorporation affects the accessibility of the metal surface: with impregnation and ion exchange,
intermetallic Pd—Pt particles of uniform size are formed, compared to the particles of segregated metal and alloy of different sizes obtained
by direct incorporation. Catalysts are characterized by adsorption of nitrogen and hydrogen, and using X-ray photoelectron and extended
X-ray absorption fine structure spectroscopies. The activity of the impregnated PdPt catalyst was investigated in naphthalene hydrogenatior
at atmospheric pressure and at 6.0 MPa in the temperature range from 260 @ 840ng a real diesel feedstock in an industrial microplant,
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 points cetane
index increase at 280—-30C. Nonselective cracking products are-Cj g naphthenes, and, at 326, represent less than 10% product vol-
ume. Sulfur poisoning restricts catalyst reactivity mainly to saturation of aromatic molecules, with only limited ring-opening activity, but
the final product has a density of 0.840 gcfrand a maximum distillation temperature (T95 max) of 364and contains less than 3% of
polyaromatics, in respect of future European legislation on road diesel.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction tent to an acceptable level. In consequence the improvement
of middle distillate fuels by conversion of aromatics into
The combustion of polyaromatic hydrocarbons contained hydrocarbons of higher cetane number is today one of the
in diesel produces undesirable emissions. The importance ofmain objectives of the refining industry.
decreasing the impact of diesel use on air quality has led  Current technologies for diesel improvement are based
to increasingly stringent regulations aiming to reduce emis- on catalysts for hydrogenation and ring opening. Different
sions of particulates, nitrogen, and sulfur oxides by raising Sing|e-stage or two-stage deep hydrogenation processes have
the diesel cetane indeX and IOWering the heteroatom Con'been proposed, but are ||m|ted by the Conditions used for
desulfurization. The single-stage process using conventional
~* Corresponding author. Fax: +33-4-67 14 33 04. catalysts (CoMo, NiMo, NiW on AlO3) is limited by ther-
E-mail address: debtoja@univ-montp2.fD.J. Jones). modynamic equilibrium conditiorat high temperatures. In
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the two-stage process, the use of noble metal catalysts allows Several different means for metal incorporation in porous
hydrogenation at lower temperatures and avoids thermody-supports are described in the literat{8&] and we concen-
namic limitations. However noble metal catalysts are easily trate here on three. The first method is by direct coincorpo-
poisoned by sulfur or nitrogen present in industrial feed- ration of palladium and platinum propanedionates into the
stocks[1,2], and a first step reduction of feedstock sulfur synthesis gel followed by thermal treatment to remove sur-
contentto a few ppm is necessary before hydrogenation. Nu-factant porogen and reduction under hydrogen, the method
merous two-stage hydrogenation processes have been deveemployed for the analogous monometallic (Rh, Pt, Ru, and
oped[3—13]. The nature of the catalyst support and the pres- Ir) catalystg36] or Rh-functionalized MCM-4138,39] In
ence of a second metal can also increase the sulfur resistancthis way, depending on its nature, the metal is introduced
and current processes use bifunctional-type catalysts, com-nto the silico-aluminate structure and/or the pde&3,41].
bining acidity of the support for cracking activity, and noble The second method is the impregnation of the calcined sup-
metal hydrogenation properties. Bimetallic sulfur-tolerant port by a solution of palladium and platinum salts followed
Pd-Pt catalysts owarious acidic supports including zeolite by thermal treatment. The last route is the neutralization
Y [14-16] zeolite betd17], gamma zirconium phosphate— of the surface Brgnsted acidity with ammonia followed by
silica[18], and gamma alumind9] have been reported and, ion exchange with appropriate complexed metal ions. These
in particular, zeolite-supporte Pd/Pt-type materials have methods lead to three typesRd/Pt-supported aluminosili-
been considered as the most important industrial catalystscate. Catalytic activity and thiotolerance depend on the Pd/Pt
for aromatic hydrogenatiof8,6,9,20] However, the high ratio, and molar ratios in the rang¢ ¥-6/1 have been re-
acidity of a zeolite-type support increases undesirable crack-ported as the most approprigié,21]
ing activity, which accelerates the rate of coke deposition, We describe below the preparation and physical-chemical
and other research has focused on the modification of thecharacterization of the three Pd/Pt-supported aluminosili-
catalyst acidity and on the use of supports like amorphous cates and the behavior of the impregnated catalyst toward
SiO/Al203 [17,21-23]or Al203/B203 [24-26] The pore naphthalene hydrogenation at 200-3@0) in preliminary
size and topology of the catalyst can influence the activity work under atmospheric pressure and then at 6.0 MPa, and
and selectivity in ring-opening reactions by limiting diffu- in the presence of a sulfur-containing poison. The perfor-
sion of the aromatic components of diesel oil and MCM-41- mance of this catalyst in aromatic saturation and cetane
type mesoporous oxide-supported noble metals have beerindex improvement of a hydrogenated light cycle oil feed-
investigated in the hydrogenation of probe molecules for stock containing 50 wt ppm sulfur are reported, as well as the
cracking and hydrotreating light cycle die7—29] and in composition of the light £ 180°C) fraction, of importance
the cetane index improvement of die§28,30,31] The ad- in the context of process design.
vantage of mesoporosity for accessibility and lower diffu-
sional restriction is also shown by the properties of delam-
inated ITQ-2 zeolite-supported Pt in aromatic reduction of 2. Experimental
hydrotreated LCO fee[82].

In this paper we describe the preparation of new bimetal- 2.1. Catalyst preparation
lic PdPt catalysts and assessment of their sulfur tolerance
and activity in the conversion of “model feedstocks” to The aluminosilicate supportf dhe bimetallic catalysts
hydrogenated and ring-opened products, before evaluationwas synthesized using a Brij 30 {£Co5(EO)4) surfactant
in the improvement of diesel quality using an industrial and with a Si/Al ratio of 20. All materials contained 2.0 wt%
hydrotreated feedstock. The objective in the preparation of of the two metals, and a Pd/Pt molar ratio ¢gfl4
these materials destined to be used in an industrial process A first catalyst was synthesized by direct incorporation
is a high conversion, selectivity for hydrogenation and ring of Pd/Pt into the synthesis gel. The preparation was car-
opening, and stability in the presence of sulfur. The support, ried out at 65C. Brij 30 (4.5 g, Aldrich) was dispersed in
in particular its pore structure and acidity, and the catalyst aqueous HN@ solution (4.5 g, 0.1 moldm?; 65% nitric
metal dispersion are important factors affecting the catalytic acid solution from Aldrich). To this solution were added
behavior. tetraethoxysilane (TEOS, Fluka, 13.0 g) and aluminium

The support used for these catalysts is a mesoporous alunitrate (Al(NGs)3)-9H20, Merck, 1.2 g). Pd(CECOCHCO-
minosilicate matrix obtained using a nonionic surfactant and CHs), (0.076 g) and Pt(CECOCHCOCH)2 (0.025 g) were
with the direct liquid crystal templating (DLCT) method we then incorporated successively, and the mixture was stirred
have developed and reportf8]. This method, leading to  until all reagents were dissolved. The solution was trans-
a material with surface acidity (number and strength of the ferred to a crystallizing dish in a desiccator and the latter
sites) lower than that of zeolitg84,35] and with pore di- held under dynamic vacuum for 2 h, and then left at room
mension tailored by the nature of the nonionic surfactant, temperature for 72 h. The surfactant was then removed from
has been previously employed for the synthesis of rhodium-, the solidified gel by calcination at 56C€ for 4 h using a
platinum-, iridium-, or ruthenium-containing catalysts for ramp rate of C/min. This catalyst is denoted PdPt-Dir in
the hydrogenation and ring opening of naphthal@&g. the following.
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A second catalyst was prepared by impregnation of a size was estimated from the relation% = 1000/d with
Pd/Pt solution into a calcimesilicoaluminate support pre- D% = metal dispersion and = metal particle diameter
pared as above, but without addition of palladium and plat- in A.
inum organics. One gram of the support was first sieved to  XPS analyses were performed using a Physical Elec-
0.8—1 mm and dried at 10@ for 12 h before incipient wet-  tronic 5700 instrument with Mg€« and Al-K« radiation
ness impregnation with Ptgland PdC) to give 2.0 wt% (hv = 12536 and 1486.6 eV, respectively), using a hemi-
metals in the final catalyst. The impregnated solid was cal- spheric electron analyzer. The catalyst precursors (supported
cined at 120C for 2 h and 560C for 2 h with a 22C/min metal oxide) and catalysts (after reduction) were studied in
ramp. This catalyst is denoted PdPt-Imp. order to follow the evolution of the metal environment in

A third catalyst was prepared by ion exchange. The sup- samples in which the metal had been incorporated in dif-
port was prepared and sieved as described above. After dryferent ways. Binding energies (BEs) were determined with
ing at 100°C for 12 h, it was left in a closed vessel con- an accuracy oft0.1 eV. Charge referencing was measured
taining ammonia vapor. The ammonium-ion-functionalized against adventitious carbon (C 1s 284.8 eV). The resid-

material was then contacted 12 h with 100%uof an aque- ual pressure in the analysis chamber was maintained below
ous solution of 0.011 g of (Pt(N$)4Cl2-H20) and 0.034 107 Pa during all measurements.
g of (Pd(NHs)4Cl2-H20) (Pd/Pt in ratio 41) in an amount EXAFS spectra were measured on the EXAFS13 spec-

allowing a total metal loading of 2.0 wt%. The material was trometer, line D42, at the LURE synchrotron (Labora-
then recovered by filtration, washed, dried, and calcined 4 h toire pour I'Utilisation du Rgonnement Electimagnétique,
at 560°C with a 2°C/min ramp. This catalyst is denoted Paris), at the Py, (11,564 eV) and PK (24,350 eV)

PdPt-IE. edges. Energy calibration was carried out using correspond-
ing metal foils of 10 and 25 um thickness and wikhy
2.2. Catalyst characterization defined as the first inflection pointin the rising edge. EXAFS

spectra were recorded in transmission mode to 1000 eV

To determine the specific surface area and the porosity ofafter the absorption edge with a 3 eV step between each
the materials, adsorption—desorption of nitrogen 496°C point of measurementy and /1 ion chambers were filled
was performed using an automated volumetric instrument respectively with air/argon for experiments at thd Btedge
developed in-house. Samples were outgassed overnight aand with krypton for those at the Pkl edge. Experimen-
200°C under vacuum prior to the experiments. The sur- tal data were analyzed using computer codes developed by
face area was determined using the BET formaligh®] Michalowicz [43]. The analysis process included: (i) ex-
and the pore diameter was estimated usingathenethod. traction of the EXAFS signaly (k) from the absorption
Determination of surface acidity was based on ammonia spectrumu(E) using x (k) = (u — p1)/(u1 — po), where
chemisorption. The amount of NHadsorbed at different o was obtained by linear fitting of the continuous back-
partial pressures in the equilibrium bulk phase was measuredground before the absorption edge, and the low-frequency
using a Micromeritics ASAP 2010C apparatus. Prior to ad- term, u1, corresponding to the slow decay beyond the edge
sorption measurements, the solid sample was outgassed awvas modeled by a third order polynomial. The edge thresh-
350°C for 3 h. Thereafter, to reduce physisorption of am- old energyEq was selected as the first point of inflection of
monia on the solid surface, the adsorption temperature wasthe edge; (ii) calculation of the EXAFS Fourier transform
evacuated at 80C. Successive ammonia doses were flushed (FT) radial distribution-like functionF(R) over the range
onto the sample until a final equilibrium pressure of 5 kPa 3-15 A1, and k3 weighting; (iii) filtering of the succes-
was reached. The equilibrium pressure was measured aftesive coordination spheres iR(R) and calculation of their
every adsorption step, and the amount adsorbed was calcuinverse Fourier transform to obtain partial components of
lated. At the end of the first adsorption cycle, the sample was the EXAFS spectra; (iv) multivariate least-squares fitting of
pumped at 80C for 30 min, and a second adsorption cycle the filtered EXAFS spectra using photoelectron phase and
was then performed at the same temperature. The differenceamplitude functions derived using Fé#f4], a variable pho-
in adsorption between two adsorption cycles is ascribed to toelectron mean free path, fixed-scale fadtélequal t0 0.8
irreversible adsorption of N This quantity first changes  and energy shifts (determined from partial components sim-
as the adsorption progresses, but then levels off. The ir-ulation for each sample). In this way, the number of nearest
reversible adsorption of Nglcorresponds to the localized neighbors,Nj, the interatomic absorber-neighbor distance,
chemisorption of NH molecules and it provides the total R;, and the Debye—Waller-type factet;,, were obtained for
number of surface acid sites. each coordination shell of atoms.

TEM observations were made on samples prepared as
extractive replicas using a JEOL 1200 EX operating at 2.3. Catalyst activity
100 kV. The accessible metal surface was measuredsby H
chemisorption using the Miomeritics ASAP 2010C. Sam- The catalytic activity of PdPt-Imp in the hydrogenation
ples were first flushed in a flow of He, and then evacuated of naphthalene was first investigated in a fixed-bed lab-scale
before chemisorption with #at 300°C. The metal particle ~ microreactor, operating at atmpheric pressure, at 200 and
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300°C. The bed, containing 200 mg of theM>-reduced procedure: drying, 128C, 1 h, N flow (600 N cn?/min);
catalyst, was in contact with a continuous flow of naphtha- reduction, 400C, 2 h, H flow (600 N cn?/min), 6.0 MPa;
lene/He (0.1 g/10 cA). The reaction products were ana- stabilization, 285C, 12-48 h, feedstock flow @#eed=
lyzed by gas chromatography. The thiotolerance of the cat- 600 N cn?/cm?, LHSV = 1 h™1). Catalyst testing was per-
alyst was examined at 20C and atmospheric pressure, us- formed at temperatures between 270 and°&binder con-
ing benzop)thiophene as sulfur-containing poison. In this stant pressure of 6.0 MPa, with constantfiled ratio and
system, the H flow (300 cn?¥/min) passed through the space velocity. The products were identified by HPLC and
naphthalene-containing saturator and after every gas-sampl@as chromatography and the cetane number determined ac-
valve injection, the hydrogen flow was switched through cording to ASTM-D-4737.

the benzaf)thiophene-containing saturator for 10 s. The

flow was then switched back to naphthalene for 15 min.

The weight hour space velocity was 0.2'h The pulses 3. Resultsand discussion

were started after reaching a constant activity in naphtha-

lene hydrogenation (2 h of reaction with a sulfur-free feed). 3.1. Catalyst characterization

The number of pulses that caused a 25% decrease of the con-

version was used as criterion to compare the thiotolerance of Al three catalysts showed fully reversible nitrogen

the catalysts. adsorption isotherms with a quasilinear region from 0.1 to
Following this preliminary evaluation, the catalytic activ- 0.3 indicative of supermicroporosity. The derived BET sur-
ity was fully investigated at 6.0 MPa using PdPt-Imp using face areas are between 6431 (ion-exchanged material)
the experimental setup described previoy8]. Employ-  and 884 ig~?! (direct incorporation), and the mean pore
ing a contact time and #organic feed ratio fixed at 6.8  diameter, 2.2 nm, is around the lower limit of mesoporosity
s and 21 mogimol, respectively, the influence of reaction (Table 1. The support silicoaluminate prior to impregna-
temperature on naphthalene conversion was investigated angion has a specific surface area of 999gn! and a mean
the activity and selectivity were compared with those of a pore diameter of 2.6 nm. The incorporation of metals in the
state of the art reference cataly$®]. Addition of diben-  structure therefore leads to a slight decrease in the surface
zothiophene (DBT) in the feed allowed determination of the area but the pore diameter and the mesoporous character are
stability of the catalyst toward sulfur poisoning. DBT is fre-  maintained. It is also important that the incorporation of no-

quently used as source of sulfur in model feedst§tEs23,  ble metals into the support leads to catalysts with appropriate
45], although hydrogen sulfide and thiophene have also beensurface acidity. After reduction infthe average number of
used[46]. acid sites of the reduced catalyst is comparable to that of the

Evaluation of the catalyst capacity to improve cetane support (ca. 300 umotd). The higher acidity of the ox-
index was carried out using a hydrotreated light cycle oil ide form precatalyst (440 pmotg) is due to an increased
(LCO) feed stream. The evaluation was made by compari- number of Lewis acid sites, associated with the presence of
son with the above reference catalyst. The feed stream wagransition metal oxides.
hydrotreated using a conventional CoMo catalyst at°Z50 Fig. 1 shows the hydrogen adsorption isotherms of the
6.0 MPa, and LHS\= 1 h™1 until a sulfur content of< three materials. For those prepared by impregnation and ion
50 wtppm was obtained. Two hydrotreated streams were exchange, a plateau is rapidly reached and thereafter the
used (able 5: HT1 for the reference catalyst and HT3 for quantity of adsorbed Hslightly increases with pressure.
PdPt-Imp, the latter was used in the form of sieved mono- In contrast, for the material prepared by direct incorpora-
liths (25 cn? of PdPt-Imp sieved in the range 1.5-2.5 mm), tion, the isotherm is different since a continuous increase
and the former as extrudates (size 1.5-2 mm), and both werein H, absorption is observed, which corresponds odH-
first diluted with carborundum in a ratio 1:1. They were fusion into particles of palladium met§#7]. This result
activated in situ before téag according to the following  might suggest that, in the case of PdPt-Dir, at least part

Table 1
Textural properties, dispersion, and metatticle size of supported PdPt catalysts
Direct incorporation (Dir) Impegnation (Imp) lon exchange (IE)
Surface area (fg~1) 884 732 645
Pore diameter (nm) 2 22 22
Metal dispersion (%) 7 25 28
Metal surface area (igrg_1 catalyst) 020 188 199
Metal surface area (Ag~! metal) 28 94 107

Particle diameter (nm)
From dispersion 14 4.0 36
From TEM 25 and 40-7.0 35 30
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and PdPt-IE &, A). Full symbols, first analysis; empty symbols, repeat
analysis.

of the palladium is segregated into monometallic particles
whereas isotherms of PdPt-Imp and PdPt-IE are compatible
with the existence of intermetallic particles, as deduced pre-
viously from EXAFS and TEM for other bimetallic Pd—Pt
system$48]. The method of metal incorporation strongly in-
fluences the properties of metal dispersion and derived metal
particle sizes obtained fromapthemisorption and transmis-
sion electron microscopyféble ). The catalyst prepared by
direct synthesis has a dispersion of less than 10% and a large
metal particle size, while for that prepared by impregnation,
small, well-dispersed particles (4 nm), four times smaller
than those in PdPt-Dir are identified. lon exchange gives the
highest dispersion, with metal particle size of 3.6 nm. Junges
et al.[49] have observed a similar effect with a palladium on
MCM-41 support, when the metal particle size decreased in
the order: direct incorporation, impregnation, ion exchange.

These conclusions are supported by observation of the
extractive replica TEM images ifig. 2 For the mater-
ial prepared by direct synthesis, two types of particle are
observed, those of size ca. 2.5 nm that could correspond to
a metal alloy, and larger particles of 4.0-7.0 nm probably
corresponding to segregated single metal particles. The mi-
crographs of the impregnated and ion-exchanged materials
show only one type of particle of size 3.0-4.0 nm. The metal
particle diameter of PdPt systems previously described in the
literature varies in the range from 2 to 4 n48-50] and in-
corporation by impregnation and ion exchange seems to lead
to smallest metal aggregates.

Measurement of the diameter of more than 500 particles X -
in the TEM micrograph of PdPt-Imp provided an indica- 25nm
tion of the distribution of particle size. The method em- rig 5 Transmission electron miwpy images of 2PdPt PdPt-Dir (a),
ployed[51] leads to the histograms shown kig. 3. The PdPt-Imp (b), and PdPt-1E (c).
first of these Fig. 3a) provides a distribution in diameter
with a mean diameter 0f_n;d;/ > n;, while the second
(Fig. 3b) is a quadratic distribution with a mean diameter particles. The distribution is narrow, with 45% of the metal
of Y n;d*/ Y n;d? (n;, number of particles and;, mean particles of size between 2 and 3 nm, with 43% of the metal
diameter, in each successive interval). The second distribu-surface area resulting from particles between 3 and 4 nm
tion is probably the most relevant since catalyst activity is in diameter. The mean surface diameter, 3.5 nm, is in good
directly linked to the metal surface area developed by the agreement with thealue estimated from Fchemisorption.
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Table 2
XPS data for supported Pd/Pt catalysts

Sample Binding energy (eV) Surface atomic ratio
O1ls Si2p Al2p Pt4f, Pd3dg)p O/(Si+Al)

PdPt-Dir 5327 1031 744 707  334.8 215

PdPt-IE 5326 1029 744 708  335.0 202

PdPt-Imp 538 1031 747 710 335.3 (80%) 213

336.8 (20%)

Table 3
Structural parameters derived fndEXAFS analysis at Pd and Pt edges

r(P=PY (A) Npept r(Pt=Pd)(A) Nppt Nl

Pt edge

Dir 2.769 6.7 2758 53 120
Imp 2751 4.4 2741 68 112
IE 2.738 3.4 2735 6l 95
(Metal foil)  (2.775 (12) - - 120
Pt edge

Dir 2.744 8.7 2733 11 9.8
Imp 2.725 6.8 2740 17 85
IE 2.738 3.8 2743 13 51
(Metal foil)  (2.751) (12) - - 120

N, number of atoms in the shekl; distance from the absorber. Estimated
uncertainties are, +0.005 A; N, +10%.

at71.0and 74.2 eV are assigned to the doubletftdfd Pt
4fsyp, respectively; and that at 74.5 eV assigned to the pho-
toemission Al 2p that corresponds to the presence of Al(lII).
The possible presence of a small proportion of Pt(Il) cannot
be totally ruled out, since this signal would be overlapped
by the Al 2p signal. In the case of the catalysts prepared
by ion exchange and direct incorporation, Pd is present as
Pd(0) with a binding energy of 334.8 and 335.0 eV for sam-
ples PdPt-Dir and PdPt-IE, nesctively. In the case of the
impregnated catalyst, 80% of the Pd is as Pd(0) (335.3 eV)
and 20% of Pd is oxidized to Pd(Il) with a binding energy of
336.8 eV[52].

Other element-specific techniques are better adapted to
the question of determining whether or not intermetallic par-
ticles have been formed. X-ray absorption spectroscopy has
frequently been used to characterize bimetallic particles in
this way by combining information obtained from exper-
iments performed at each of the metal ed§E3-56] In
the present work, the EXAFS signal was extracted from ab-
sorption spectra recordedthie Pd and Pt edges of samples
prepared by direct incorporation, impregnation, and ion ex-

Table 2lists the positions of XPS signals for the three change. Simulation of the EXAFS obtained by Fourier filter-
Pd/Pt catalysts after reduction and the XPS spectra of sam-ng in the range 1.3-2.5 A required in each case both Pd and
ples Pt-Imp and PdPt-Imp in the Al 2p and Pt 4f region are Pt nearest neighbors, indicating the formation of intermetal-

shown inFig. 4. Due to the low concentration of aluminium

lic aggregates. The results of least-squares curve fitting are

in the support, the Al 2p signal presents a relatively low in- given in Table 3and an example of the fits obtained at both

tensity signal, and the Pt #$ peak is clearly observable at

edges in reciprocal and direct space is showFio 5 for

about 71.0 eV, even in the case of a sample with a low Pt con-the sample prepared by impregnation.

tent such as sample PdPt-Imp. This binding energy value of

For bimetallic alloys, the atomic ratio and nearest neigh-

71.0 eV is assigned to the presence of Pt(0). The spectrum otbor environment around each element in bimetallic particles

sample Pt-Imp has been decofuted into three peaks. Two

are in principle correlated througiPdPt= (x Pt/ x Pd) yPtPd
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[57], whereNPPtis the number of nearest Pt neighbors to not exclusively) located at the surface of bimetallic particles
Pd, NPPdthe number of Pd atoms around Pt, ax@yx"d and that Pt is preferentially (but not exclusively) situated in
the atomic ratio of the two metals=(4 from elemental the core of the particle is provided by the observation that
analysis). Strong deviation from this relation would indicate the coordination number is lower around Pd than around
segregation of the components and formation of monometal-Pt in each catalyst, regardless of the method of incorpora-
lic particles. For the three catalysts, the raN&™d N PdPt tion of the metals. This situation seems to be characteristic
in materials prepared by direct incorporation, impregnation of bimetallic PdPt particlef8,59] and is important in the
and ion exchangeis 4.9, 4.0, and 4.7, respectively. While this context of catalyst thiostabilit}g0]. This partial segregation
could suggest that partial segregation occurs (monometallicshould of course also affect the metals atomic ratio deter-
Pt particles coexisting with bimetallic PdPt), these ratios are mined from the simple relationship given above. In practice,
not very different from 4 when an estimated errosef0% however, influence is only significant when the number of
in the determination of the number of nearest neighbors by surface atoms becomes less than the number in the bulk,
EXAFS is taken into account. i.e., for particle size< 2 nm. For Pd—Pt nanoclusters ob-
A second observation concerns the total number of near-tained by laser vaporization of bulk alloys, low energy ion
est neighbors around each metal. These numbers are 12 iscattering and Monte Carlo simulations have unambiguously
bulk palladium and platinum, but can be significantly lower demonstrated surface segregation of Pd nanoparfgiés
in nanoparticles owing to the surface/volume ratio and the  The interatomic distancessal reflect the evolution in the
consequent high number of atoms that are nonsaturated coparticle size, with in general a reduction of bond length in
ordinatively. The data ofable 3show that the total number  smaller particles. Interatomic distances in the bulk metals
of nearest neighbors around each metal follows the trend inare 2.751 A for Pd—Pd and 2.775 A for Pt—Pt. In the present
particle size identified by TEMN ota (direct incorporation) case, the data dfable 3show that the distances in the sup-
> Niotal (impregnation)> Niotal (ion exchange)]. Segrega- ported metal particles are always shorter than those of the
tion within bimetallic particles between the surface and the bulk metal foils. A further parameter to be considered is the
core is seen in EXAFS by a significantly lower coordination possibility of partial oxidation of the metal particles, as well
number around one of the two constituent elements. In theas interaction with the surface of the support oxide, since
present study, strong indication that Pd is preferentially (but strong interaction between the metal ions and the support
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oxide could reduce accessibility of the metal, and/or limit was also carried out using a monometallic Pt (2 wt%) cat-
the extent of reduction at thgarticle surface. Only in the  alyst prepared by impregnation in an identical fashion and
case of the catalyst prepared by impregnation could a shellwith the same SiAI20 support. This catalyst had a metal dis-
of two oxygen neighbors at a distance of 2.01 A from Pd persion of 34%. In this case, conversion dropped to 72% af-
could be identified from EXAFS, a result in agreement with ter only 6 injections of benzéjthiophene Fig. 6b), clearly
those from XPS. indicating improved sulfur tolerance for the bimetallic Pd/Pt
The preceding characterization using a range of tech- catalyst. It is well known that activity can be modified by
niques shows that metal particles in the above catalyst ma-poisoning without affecting the selectivifg3]. In the case
terials prepared using the same support by ion exchangeof multifunctional catalysts, having active sites of differ-
impregnation and direct incorporation have distinct proper- ent nature (for example, acid and metal) whose role is to
ties. Of the three samples, those prepared by ion exchangeimultaneously promote different steps or chemical trans-
and impregnation have higher metal dispersion and available
metal surface area than that paegd by directincorporation, ~_ 100
while the BET surface area is smaller for the ion-exchanged £

catalyst than the impregnated material. These characteris- =
tics, in conjunction with our conclusions from XPS and EX- % 75
AFS spectroscopies, led us to select the material prepared by5
impregnation for evaluation as hydrogenation/ring-opening % 50
catalyst. =2
C
o
3.2. Hydrogenation/ring opening of naphthalene % 26
>
3.2.1. Catalytic activity at atmospheric pressure g
Preliminary tests to assess hydrogenation and hydro- 0O EER:
genolysis/ring-opening activity of the PdPt-Imp material 1 3 5 ¥ 9 11 13 15 17
were carried out at atmospheric pressure. The reaction is pulses
thermodynamically limited at this pressure, and the con- @)
version decreases rapidly as the temperature is increased. 100
The conversion and selectivity to decalirtss{ andtrans- ;E

decahydronaphthalene), tetralin (1,2,3,4-tetrahydronaphtha- 2.
lene), hydrogenolysis/ring-opening products (e.g., cyclo-
hexane, toluene, xylene, kglbenzenes, decadiene), and
light (C1—C4) fractions are shown iable 4 At 200°C,
conversion of naphthalene by the material is 98.9% while at
300°C, the conversion s significantly lower (7.9%). Further,
at 200°C the material gives pronounced selectivity to de-
calin (96.1%), as previously observed also over monometal-
lic Pd or Pt catalysts at this temperat(86,62] At 300°C,
tetralin is formed mainly (96.2%), but there is also an
increase of molecules resulting from hydrogenolysis/ring-
opening reactions: alkylbenzesm and decadiene etc., repre-
senting 4% of the reaction products.

In the presence of benZgthiophene at 200C the se-
lectivity to decalin .changes with tlmd:(g' €a). Over 17 Fig. 6. Conversion of napthtleme in the presence of benadthiophene
pulses of benza(thiophene, the conversion of naphthalene ;i 50°c and atmospheric pressure. PdiRp (a) and Pt-containing cata-
decreased from 99 to 93%, but the selectivity switched from lysts (b). Production olll: decalin (%){EEE : tetralin (%); 4: naphtha-
decalin to tetralin after 11 pulses. For comparison, this test lene conversion (%).

75

un
o

M
LN

conversion/selectivity

o

Table 4
Conversion of naphthalene and product distribution at 200 and@@Ghd atmospheric pressure given by PdPt-Imp

Temperature Conversion Selectivity (%f Yield
(°C) (%)

Decalin  Tetralin  Cyclohexane 16C4  Tolueneo-xylene  Alkyl-benzenes  Decadiene

200 989 961 28 - - - 11 - 109
300 79 - 962 - - - 13 25 0.30

2 Yield in high molecular weight hydrogenolysis/riggening products (sum of alkylbenzenes and decadienenversion).
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formations, the deactivation of one type of site can lead to 100 G- @ riageaaaaa g 100
a modification of selectivity. In the present case, the PdPt- e —
Imp catalyst, which gave mainly decalin in the sulfur-free - &
feed, produces progressively partial hydrogenation of naph- 80 I - &
thalene to tetralin in the presence of bertgt{iophene. This L > i
increasing selectivity to tetralin caused by sulfur poisoning
is accompanied by a slight decrease in conversion due either
to a modification of the active sites and/or the formation of
sulfides. "
It may be concluded that treonometallic platinum cata- 40 I 5, —_—
lyst is not sulfur resistant whereas the Pd/Pt catalyst has a I ~, +decalin 1
much higher sulfur tolerance. This result confirms the con- i i ]
clusions in the literature indicating that the formation of e B " 12
a noble metal alloy, particularly with Pd, is beneficial for L .
sulfur resistanc§l4]. This sulfur resistance can also be re- p S, ‘Eetralin
lated to the method of metal incorporation, which affects the Ob. ., L e st o
nature and the structure of the metal particles formed: inter- 200 250 300 350
metallic particles or segregated metallic phases, the degree temperature (°C)
of dispersion, and the nature of the interaction with the sup- 100 F—5—————====== g 100

port[21]. L - ]

I
¢

|
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(o)
(o]
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3.2.2. Catalytic activity at 6.0 MPa

The activity of the PdPt-Imp for naphthalene hydrogena-
tion as a function of temperature at 6.0 MPa is shown in
Fig. 7where it is compared with #t of the reference cata-
lyst. The activity is generally comparable to that of the refer-
ence catalyst with formation of low quantities of tetralin, and o
a rather high negative carbon balance due to the formation
of low molecular weight (LMW) products. Above 26C, [ l
the catalyst shows a good activity in hydrogenation, with L Wine, o 1
99.6% of naphthalene conversion and formation of 41.6% B 1
of decalins. In the temperature range 260—320a signif- I |
icant quantity of high macular weight (HMW) products £ Y B
is formed; however, beyond 30C, cracking reactions to T L e -T‘?-:loo .
LMW products predominate. Addition of DBT to the feed 200 50 =00 30
(1200 tp 3000 ppm) leads to a progressive decreage in hy(jro— temperature (°C)
genation and hydrogenolysis/ring-opening reactions, with

formation of an increasing quantity of tetralin and LMW Fig. 7. Activity in naphthalene hydrogation [conversion (%), selectivity
cracking products. in decalin/tetralin (%) and high molecular weight products (HMW), carbon
balance (%)] of PdPt-Imp&) and the reference catalysd).

50 =0

(%) s3onpoud AnH

corwersion (6]

-50

0f) B0LE[Eq LOGUED

3.3. Catalytic evaluation on an industrial diesel
increase in the cetane number, which was determined for the
The behavior of the PdPt-Imp catalyst on a hydrotreated products at the different temperatures according to ATSM-
LCO/SR diesel feedstocKkTéble § under industrial con-  D-4737. The results are representedrig. 9 as the cetane
ditions was evaluated in terms of aromatic saturation, number increase)CN. Using the PdPt-imp catalyst, cetane
cetane number improvement, and product distribution of the number is increased by 5 points at Zand by 7.5 points
< 18 cracking products fraction, and its behavior com- at 300°C, representing an improvement of 22% compared
pared to that of the zeolite-type reference catdli/2}. with that of the feed (36.6). In contrast, at 30D, the ref-
Between 270 and 30, saturation of aromatics in the erence catalyst produces a more modest improvement of 5
feed increases from 40 to 90%-i¢. 8). Over the same  points, an improvement of 13.6% compared with that of
temperature range, the reference catalyst gives only 55%the feed. In addition to the objective of aromatics satura-
aromatic saturation, higher temperatures being required totion and cetane number improvement, it is essential from
further increase hydrogenation (to 80% at 3C). Since an economics point of view that loss of yield by cracking
saturation of 80% of the aromatics is achieved by PdPt-Imp to low-value light gases be as low as possibig. 10shows
at only 285°C, there is therefore a significant temperature that although the formation of nonselective cracking prod-
advantage. Aromatic saturation and ring opening lead to anucts increases with temperature, at 3G0the production
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Table 5

Characteristics of LC{3R feedstocks and following two-stage upgradindiggirotreating (HT) and hydrogation/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

6.0 MPa, Th, 390°C, 6.0 MPa, 1 i1, 360°C,
400 N crhHy/cmB feed 400 N ¢ Hy/cm® feed

Operating conditions
of hydrotreating

Sulfur (ppm) 19400 19000 52 32 <1
Nitrogen (ppm) 1194 1400 138 10 <1
Aromatics (HPLC) (IP-391/95) (wt%)
Monoaromatics 221 2067 493 4476 <10
Diaromatics 3384 1295 733
Triaromatics 184 458 293
Polyaromatics (D}) 38.96 4868 1753 1026 <3
Total 6317 6935 6683 5502
Density, 15/4C2 (g/cm3) 0.9313 09488 08926 08914 08400
Viscosity, a0°ch 3.169 3998 2700 3176
Distillation® (vol%)
180°C— 0 0 0 0 9
180-360°C 90 89 93 93 89
360°C+ 10 11 7 7 2
T95% 379 386 376 368 354
1BPd 197 222 188 20@ 104
EBP® 390 394 386 383 375
Cetane indéx 289 272 353 366 45-46
@ Density in the range 15-4C, according to ASTM-D-4052 (1996).
b According to ASTM-D-445.
¢ According to ASTM-D-86.
d Initial boiling point.
€ End boiling point.
f According to ASTM-D-4737.
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temperature (°C) temperature (°C)
Fig. 8. Aromatics saturation given lige PdPt-lmp catalyst compared with
the reference catalys®, PdPt-Imp on feed HT3D, reference on feed HT1
(seeTable 5.

Fig. 9. Cetane number improvement with the PdPt-Imp catalyst; compari-
son with the reference cataly®, PdPt-Imp on feed HT3), reference on
feed HT1 (sedable 5.

of compounds with boiling poink 180°C is < 1% while bimetallic catalysts on hydraated LCO/SRLGO feed (less
for an equivalent cetane number improvement by the refer-than 500 wtppm sulfur). PdPt/Si9Al,O3 was the most
ence catalyst, losses are ca. @8gs. 8—10also show that  active catalyst with the coexistence of Pd with Pt increas-
the maximum of activity of theaference catalyst is reached ing the catalytic activity, this activity depending on synthe-
at a higher temperature: at 330, 90% aromatic satura- sis conditions and Pd/Pt rati@1]. The use of Pt(0.5%)—
tion is observed and a cetane number increase of 8.5 pointsPd(1%)/SiQ/Al,03 on such feed led to products of good
but the nonselective cracking is higher, reaching 10%. Fu- quality, with increased cetane index and decreased sulfur
jikawa et al.[21,64]have investigated nonzeolite supported content (50 wtppm sulfur achieved®4]. In the present
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Fig. 11. Influence of temperaturenchydrogenolysis/ring-opening and

temperature (°C)
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25 |

20 |

volume percent

carbon number

Fig. 12. Identification of nonselectvcracking products obtained with
PdPt-Imp, at 300 and 32%. At 300°C, M, naphthenes®, i-paraffins;
A, n-paraffins; V¥, cyclo-olefins;®, i-olefins; x, n-olefins; 0, aromatics.
At 325°C, 0, naphthenes, i-paraffins;A, n-paraffins;v, cyclo-olefins;
O, i-olefins;+, n-olefins; 71, aromatics.

tially constant, while that of 1-ring compounds increases
above ca. 310C at the expense of the4+3ring compo-
nent. This hydrogenolysis/ring-opening activity takes place
at the same temperature as the onset of nonselective crack-
ing. The behavior of the reference catalysig( 11b) shows

a slightly different temperature dependence, 1-ring com-
pounds increasing as the proportion of both@&nd 3t rings
decreases above ca. 315, Again, nonselective cracking re-
actions take place concomitantly.

The identification of nonselective cracking products is a
further important step which can indicate if the formed prod-
ucts can be used or not in other refinery processes. From
Fig. 12 it may be seen that in the case ©f180°C range
products formed in reactions edyzed by the PdPt-Imp cat-
alyst, G—Cjip naphthenes clearly predominate, and represent
73 and 61% of the total volume at 300 and 325 re-
spectively. Branched £=Cy alkanes account for a further
9 and 15 vol%, respectively. Both these naphtheneismd
alkane fractions can be used in other reforming processes.
The results of this analysis indicate that although nonselec-
tive cracking reactions represent a loss of the initial LCO
feed, they give either directly useful products (kerosene,
heavy naphtha) or compounds useful for other reactions
(reforming). Finally, the nature of the product spectrum is
compatible with naphthene formation either via hydrogena-
tion of both rings of diaromatic alkylbenzenes, followed by
hydrogenolysis/ring opening and cracking, or with hydro-

cracking reactions for the PdPt-Imp catalyst (a) and the reference cata-genation of a single ring followed only by hydrogenolysis

lyst (b). B, 1-ring; A, 2-ring; @, 3-ring; O, cracking (< 180 C, vol%);

<>, noncyclic paraffins.

plus cracking, followed by a further hydrogenation step.

case, mass spectroscopic analysis of liquid samples obtained. Conclusion

in the activity tests at different temperatures was carried
out to follow changes in the amount of cyclic components
with 1, 2, and 3 rings. The results, shown iRig 11a,

The objective of this research was to prepare catalysts
combining the hydrogenation—hydrogenolysis/ring-opening

show the proportion of 2-ring compounds to remain essen- activity of one metal with thioresistance of the other, in
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nonsegregated particles. While the direct incorporation of [15] H. Yasuda, T. Sato, Y. Yoshimura, Catal. Today 50 (1999) 63.
salts, metallic alkoxides, or propanedioanates is a simple[16] L. LeBihan, Y. Yoshimura, Fuel 81 (2002) 491.

“one-pot” method for the preparation of bimetallic catalysts
adapted to the surfactant cairting reaction medium, im-

pregnation or ion exchange on a support gives more satis-
factory results in terms of the final metal particle size. Pores [19] J.L. Rousset, L. Stievano, F.J.C.S. Aires, C. Geantet, A.J. Renouprez

in the preformed matrix restrain the growth of metal parti-

[17] B. Pawelec, R. Mariscal, R.M. Navarro, S.v. Bokhorst, S. Rojas, J.L.G.
Fierro, Appl. Catal. A 225 (2002) 223.

[18] S. Murcia-Mascar6s, B. Pawelec, J.L.G. Fierro, Catal. Commun. 3
(2002) 305.

M. Pellarin, J. Catal. 202 (2001) 163.

CIeS, Whereas |n the Synthes|s gel' both Condensatlon Of thdZO] J.E. Naber, W.H.J. Stork, in: Proceedings of First Japan-EC Joint

aluminosilicate matrix and metal oxide particle growth take
place at the same time.
The association of a range of different techniques in-

cluding adsorption from the gas phase and element-specific

Workshop on the Frontiers of @dytic Science and Technology
for Alternative Energy and Globalrizironmental Protection, Tokyo,
Japan, 1991.

[21] T. Fujikawa, K. Idei, T. EbiharaH. Mizuguchi, K. Usui, Appl. Catal.
A 192 (2000) 253.

spectroscopies (such as XPS and EXAFS) provide converg-[22] M. Vaarkamp, B.H. Reesink, P.H. Berben, WO patent 98/35754

ing results, indicating the existence of intermetallic particles,

the latter method also enabling us to conclude that palladium

is preferentially located on ¢hparticle surface. The higher
catalytic activity at lower temperatures of the impregnated

catalyst compared with that of a reference state-of-the-art

(1998), to Engelhard.

[23] R. Navarro, B. Pawelec, J.M. Trejo, R. Mariscal, J.L.G. Fierro, J.
Catal. 189 (2000) 184.

[24] T. Fujikawa, K. Idei, K. Usui, Sekiyu Gakkaishi 42 (1999) 271.

[25] H. Yasuda, T. Kameoka, T. Sato, N. Kijima, Y. Yoshimura, Appl. Catal.
A 185 (1999) L199.

zeolite-based catalyst under industrial conditions on a hy- [26] V.L. Barrio, P.L. Arias, J.F. Cambra, M.B. Gliemez, B. Pawelec, J.L.G.

drotreated light cycle oil is a promising result, and the further
improvement of this material, in particular by increase of its

sulfur tolerance and selective hydrogenolysis/ring-opening

capacity, will be the objective of our future studies.
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