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Abstract

A series of mono- and bi-metallic (Pt and/or Pd) impregnated zeolite Beta samples have been prepared, characterized using a number of
experimental techniques and catalytically tested for the hydroisomerization of a mixture of light paraffins. In particular, the effect of the order
of Pt and Pd impregnation on the type/structure of the metallic species of the zeolite support and on the catalytic activity has been studied.
Studied samples included a zeolite Beta in which both Pt and Pd (0.5 wt% of each) were simultaneously impregnated (and subsequently calcined
and reduced) and two equally metal-loaded samples where the metals were sequentially impregnated (samples Pt*–Pd/Beta and Pd*–Pt/Beta,
in which Pt and Pd were impregnated first, respectively). Mono-metallic samples were also prepared for comparison. TPR, DR–UV–visible,
TEM, and XAS studies confirm that the order of impregnation plays a key role in the formation of metallic particles, influencing aspects as
decisive in their catalytic behavior as their size, their dispersion and their composition (e.g., mono- or bi-metallic). The initial impregnation of Pd
and subsequently of Pt produces a higher number of hetero-metallic (Pt–Pd) bonds than the simultaneous co-impregnation and especially for the
impregnation in reverse order, which does not produce Pt–Pd bonds in a detectable amount. Based on the results from the different characterization
techniques, a model of the metal distribution and composition of the particles was proposed for each bi-metallic sample. In good agreement, the
order of the catalytic activity was found to be Pd*–Pt/Beta > Pd–Pt/Beta > Pt/Beta > Pt*–Pd/Beta > Pd/Beta, making clear that not only the
presence of both metals, but also an adequate preparation method generating a high number of hetero-metallic bonds must be taken into account
to improve the catalytic properties in relation to the mono-metallic samples.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Octane ratings in gasoline are conventionally boosted by
addition of aromatic and oxygenated compounds. However,
as a result of increasingly stringent environmental legislation,
the content of these compounds in gasoline is being restricted
and thus industry has been forced to investigate alternative
processes to reach the required octane levels. The hydroisomer-
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ization of light linear paraffins, such as n-hexane and n-heptane,
to produce the corresponding branched isoparaffins, is a viable
alternative [1]. Indeed, the isomerization of such linear alkanes
results in an outstanding increase of the research octane number
(RON). For instance, this value is only 25 for n-hexane, while
it is 74 for the average of its mono-branched isomers and even
higher (98) for the multi-branched ones.

These reactions are commercially performed using bi-
functional catalysts consisting of a metal supported on either
chlorinated alumina or zeolites [2–5]. Their bi-functionality
originates from the acidity of the support and the hydro-
genation–dehydrogenation activity of finely dispersed metal
particles. The isomerization mechanism requires an initial de-
hydrogenation of a n-paraffin (generating the corresponding
n-olefin) over a metal site, followed by an isomerization via a
carbocationic intermediate in an acid site, giving rise to the iso-
olefin which is finally hydrogenated on a metal site to form an
iso-paraffin [1]. Although alumina supported catalysts are more
active at low temperatures, they are highly sensitive to poi-
soning by both water and sulfur and therefore require constant
regeneration with chlorine which is hazardous and can poten-
tially alter the structure of the precious metal. Consequently,
enormous research effort has focused on using the more stable
and environmental-friendly zeolite-based catalysts, since they
possess the necessary acidity, internal structure and pore size
distribution to be catalytically active and selective for these hy-
droisomerizations [6–18].

The most suitable zeolite catalysts for hydroisomerization
are those containing Pt- or Pd-supported on zeolites morden-
ite or Beta [5,6]. It is well known that the final conversion
and selectivity depend on a number of parameters including
the acidity and pore structure of the zeolite, the nature and dis-
persion of the supported metal, and operating conditions such
as temperature and contact time [7,19–21]. The maximum iso-
mer yield is reached when the metal and acidic functions of
the catalyst are well balanced [22]. The nature of the metal
clearly affects the final product distribution, which can be un-
derstood in terms of the type of mechanisms involved in the
reaction. For example, Blomsma et al. [23] showed that the
n-heptane conversion to iso-heptanes over Pd/H-Beta and Pt/H-
Beta mainly occurs via the classical mono-molecular mecha-
nism, although parallel mechanisms take place: a bi-molecular
mechanism (dimerization–cracking) mainly in Pd/H-Beta cata-
lyst, and a cracking mechanism (hydrogenolysis) in the case of
the Pt/H-Beta catalyst, because of the higher activity of Pt in
hydrogenation processes.

The catalysts being bi-functional, the improvement of their
activity involves the modification of either the properties of
the zeolitic support or alternatively the properties of the sup-
ported metal. In this sense, the optimization of the preparation
conditions, such as calcination/reduction temperature or heat-
ing rate, has been extensively studied [24–27]. Concerning the
supported metal, significant improvements on the catalytic per-
formance have been reached by alloying with a second metal.
The structures of the resultant bi-metallic species are far from
being well-understood, mainly due to the fact that they are
composed of very small and well-dispersed particles. Among
others, bi-metallic Pt–Pd catalysts have been deeply studied for
isomerization reactions [23,28]. Blomsma et al. [23] described
how the addition of up to a 20 wt% of Pd over Pt/H-Beta
(expressed as percentage of the Pt load) improved the metal-
lic dispersion and reduced the above-mentioned side crack-
ing mechanisms. Furthermore, the use of the bi-metallic Pt–
Pd-supported catalyst has been reported to enhance the sulfur
tolerance in isomerization and hydrogenation processes by in-
creasing the number of electron-deficient metal sites and thus
inhibiting the irreversible adsorption of sulfur [28–32]. In ad-
dition, its hydrogenation activity increases with respect to a
mono-metallic catalyst [33–35]. A parallel study on this sulfur
tolerance with the catalysts obtained in this work is in prepara-
tion.

Here we focussed our attention to the issue of the order
of impregnation of Pt and Pd over zeolite Beta, which to our
knowledge has not been previously addressed, by preparing cat-
alysts via simultaneous and sequential impregnation of Pt and
Pd. The bi-metallic Pt–Pd-supported catalysts have been char-
acterized by temperature-programmed reduction (TPR), dif-
fuse reflectance (DR) UV–visible spectroscopy, X-ray absorp-
tion spectroscopy (XAS), and transmission electron microscopy
(TEM) and their results compared with those of the mono-
metallic ones. The structural properties deduced from these
techniques have been correlated with their performance in the
hydroisomerization of a feed composed of n-hexane, cyclo-
hexane, and n-heptane.

2. Experimental

2.1. Synthesis

Mono-metallic Pt- and Pd-supported (0.5 wt%) zeolite sam-
ples were prepared by the incipient wetness method, using
Pt(II) or Pd(II) tetraamine nitrate (99%, Sigma–Aldrich) as
metal sources and a H-Beta zeolite with a SiO2/Al2O3 ratio
of 25 (CP814-E, purchased from Zeolyst Int.) as support. Bi-
metallic catalysts (0.5+0.5 wt%) were also prepared according
to the following three different procedures:

(a) Co-impregnation of H-Beta zeolite with a solution of both
metal salts: sample Pt–Pd/Beta.

(b) Impregnation of Pd over a reduced (in H2 at 400 ◦C)
Pt/Beta sample: sample Pt*–Pd/Beta (the asterisk indicates
the metal impregnated first).

(c) Impregnation of Pt over a reduced (in H2 at 400 ◦C)
Pd/Beta sample: sample Pd*–Pt/Beta.

The solids were loaded into the catalytic reactor (see reactor
details below) and subsequently calcined in situ before being
reduced prior to use in the reaction. Calcination was performed
using an O2 stream at a flow-rate of 20 ml min−1 at 400 ◦C for
30 min (heating from room temperature at a rate of 5 ◦C min−1).
After flushing with N2 at 20 ml min−1 at 400 ◦C for 15 min, the
sample was reduced in an H2 stream at 20 ml min−1 at the same
temperature for 1 h.
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2.2. Characterization methods

Temperature-programmed reduction (TPR) was performed
on a Micromeritics TPD/TPR 2900 instrument equipped with a
thermal conductivity detector (TCD), using an Ar stream con-
taining 10% H2 at a flow-rate of 50 ml min−1 and a temperature
ramp of 10 ◦C min starting from 4 ◦C. Since some of the sam-
ples (Pt*–Pd/Beta and Pd*–Pt/Beta) were obtained after two
consecutives impregnation–reduction cycles, before TPR mea-
surements, the samples were calcined at 400 ◦C under an air-
flow of 20 ml/min so that the technique is able to detect all
metallic species susceptible to be reduced.

Diffuse-reflectance UV–visible (DR–UV–vis) spectra were
recorded on a Varian CARY-500 spectrophotometer equipped
with a diffuse reflectance accessory in the wavelength range
from 195 to 800 nm. The five samples were studied at three
different stages: (1) after impregnation(s), (2) after calcination,
and (3) after final reduction.

X-ray absorption spectroscopy (XAS) measurements were
carried out at the synchrotron radiation source (SRS), Dares-
bury Laboratory (UK) which operates at 2 GeV with a typical
current of 150 to 250 mA. Pd K-edge (24.360 keV) and Pt
LIII-edge (11.557 keV) XAS measurements were carried out
on station 9.2. The station was equipped with a Si(220) double
crystal mono-chromator, and ion chambers for measuring inci-
dent and transmitted beam intensities for recording X-ray ab-
sorption spectra. A 13-element Canberra detector was used for
fluorescence measurements. 10 µm Pt and Pd foils were used
to calibrate the mono-chromator position using the position of
the maximum in the first derivative. In a typical experiment,
about 100 mg of the metal/zeolite samples were pressed into
a self-supporting disc of 20 mm diameter. In order to simulate
the in situ pre-treatment prior to the catalytic runs, the sam-
ples were placed into a quartz cell designed to allow measuring
XAS data in various atmospheres and under various condi-
tions [36]. The samples were then calcined and reduced using
the above-mentioned conditions which were similar to those
used to pre-treat the catalyst before catalytic reaction. Multi-
ple 40 min scans (typically 3–5 per sample) were taken in order
to improve the signal-to-noise ratio.

XAS data were processed using EXCALIB (for convert-
ing the recorded data to energy vs adsorption coefficient),
EXBROOK (for extracting normalized X-ray absorption near
edge structure, XANES), VIPER (for pre-edge and post-edge
background subtraction to extract extended X-ray absorption
fine structure, EXAFS), and EXCURV98 (for ab initio calcula-
tion of the phase-shift corrections and for curve-fitting analysis
of EXAFS data using a least-squares procedure). Curve fitting
was performed on k3 weighted EXAFS data over a k-range
of 3.4–14 Å−1 and R-range from 1.5–3.5 Å. Least squares
data refinement was carried out using a maximum of 7 para-
meters although it was estimated using the Nyquist formula
(Nind = (2�k�r/π) + 0–2) that there are between 12–14 in-
dependent variables over the fitted data range. Amplitude re-
duction factors (S2

0 ) values of 0.95 (Pt LIII-edge) and 0.94 (Pd
K-edge) obtained from the respective foils were used in the fit-
ting process [37–41].
Fig. 1. TPR profiles of the mono- and bi-metallic Pt- and Pd-supported zeolite
Beta.

Transmission electron microscopy (TEM) images of the
samples were taken using a PHILIPS TECNAI 20T instrument,
working at 200 kV and equipped with an EDAX spectrometer
for measuring X-ray energy dispersive data. Only the samples
reduced under the above-described conditions were studied by
TEM.

2.3. Catalytic tests

The catalytic activity of the hydroisomerization of a feed
composed of n-hexane (65 wt%), cyclohexane (20 wt%), and
n-heptane (15 wt%) was studied by performing tests in a fixed-
bed continuous flow reactor (10 mm i.d.) connected by a ther-
mostated pipe to a gas chromatograph (Fisons 8000). The pur-
pose of introducing cyclohexane in this feed is to mimic the
real refinery light naphtha used in the industrial process, which
can include variable concentrations of naphthenes. It is known
that presence of naphthenes inhibits the activity of some acid
sites by adsorption, which has been confirmed in a previous
work [10]. The reaction conditions were: 1 g of catalyst, 250 ◦C,
1 bar, WHSV = 3.7 h−1, carrier gas: H2 (60 ml min−1), feed
rate: 5.4 ml h−1, H2/hydrocarbon molar ratio = 4.

3. Results

First we show the characterization of the catalysts by both in
situ and ex situ methods before discussing the catalytic results.

3.1. Temperature-programmed reduction (TPR)

TPR curves for metal-supported zeolites are shown in
Fig. 1. It was expected that the metallic (M = Pt or Pd) salt,
M(NH4)4(NO3)2, form oxidic MO and MO2 species after cal-
cination in an oxidizing atmosphere and that these species are
reduced at different temperatures depending on the initial oxi-
dation states and their location in the zeolite (surface, internal
channels, acid or basic sites of the support, etc.).
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Based on the previously reported TPR study [1], five dif-
ferent species can be found in a Pt supported zeolite Beta,
corresponding to: PtO (80 ◦C) and PtO2 (160–180 ◦C) located
in zeolite channels; Pt2+ (250 ◦C) and Pt4+ (320–350 ◦C) ions,
located inside the zeolite formed through ion-exchange process
(replacing H+ ions which are produced by heating the NH4+
ions containing zeolite beta, which were present as charge com-
pensating species for the negative charge produced by sub-
stituting Al3+ in place Si4+ in the framework) [42,43]; and
finally Pt2+ ions coordinated to silanol groups forming Pt–(O–
Si≡)2−y

y species (430–450 ◦C) as described in the literature
[44,45]. It must be noted that the Al-containing zeolite Beta
prepared in a OH− medium (which is the typical commercial
zeolite Beta) possess a large number of terminal silanol groups
and defects of aluminium, generating the so-called hydroxyl
nests composed of four adjacent OH− groups.

For the Pd supported zeolite Beta sample, the TPR curve
contained a peak at 80 ◦C (PdO), but it is mainly dominated by
an intense band at ca. 200 ◦C, which might include the reduc-
tion of PdO2 and Pd2+. Compared to the Pt catalyst TPR curve,
the maximum of the peak, attributable to M4+, is shifted to
higher temperatures (from 335 ◦C for Pt4+ to 350 ◦C for Pd4+),
whereas the peak at 430–450 ◦C scarcely appears as a shoulder.

The reduction profile of the co-impregnated sample Pt–
Pd/Beta became basically a sum of the two mono-metallic sam-
ple profiles. Thus, the main peak of the Pd/Beta sample at
200 ◦C overlaps the signals at 165 and 250 ◦C seen in the TPR
profile of the sample Pt/Beta. Although there is no doubt about
the contribution of the two profiles of the mono-metallic sam-
ples, the TPR curve possessed a greater resemblance to that of
the Pt/Beta sample.

Surprisingly, the TPR profile of the Pt*–Pd/Beta is quite
similar to that obtained for the mono-metallic Pd sample, ex-
cept for the shoulder at 430–450 ◦C, which is slightly shifted
to higher temperatures (both shoulders are marked by arrows
in Fig. 1). Its close similarity to the TPR profile of Pd/Beta
confirms the reduction of Pd in Pt*–Pd/Beta, whereas Pt, hav-
ing been already reduced and forming small particles, probably
was not reoxidized in the 400 ◦C treatment performed prior to
the TPR analysis. It would suggest an almost individual behav-
ior of Pt and Pd in this sample, not affecting each other, at least
in terms of reduction processes. The shift of the shoulder at ca.
430–450 ◦C to temperatures close to those found for the sample
Pt/Beta could be due to unreduced Pt signal rather than being
caused by a Pd reduction. Pt being introduced in the first place
would have filled the most hindered positions, the zeolite hy-
droxyl nests, to form Pt–(O–Si≡)2−y

y species and, in a second
stage, Pd would have not been able to access those locations
already occupied. Therefore, that signal would correspond to
those Pt species, which were not reduced at 400 ◦C.

The TPR profile of the sample Pd*–Pt/Beta is probably the
closest to an average of the TPR profiles of the mono-metallic
samples. It is very similar to the profile of the co-impregnated
sample up until ca. 300 ◦C, (including the Pd reduction signal at
ca. 200 ◦C) but it is more similar to the profiles of the samples
Pd/Beta and Pt*–Pd/Beta in the temperature range 300–600 ◦C,
except for not showing any clear evidence of the shoulder at
430–450 ◦C. This result suggests that the reduction of Pd*–
Pt/Beta does not merely correspond to the reduction of Pt sup-
ported on an already-reduced Pd sample. Instead, Pt seems to
introduce some modifications to the Pd phase, probably reflect-
ing the formation of Pt–Pd species (Pt–Pd alloys). As it was
previously argued, Pd being introduced first would have oc-
cupied the hydroxyl nests, preventing Pt from doing so. This
Pd species would have not been completely reduced at 400 ◦C,
but would have reduced during the TPR analysis at the higher
temperature of 435 ◦C, although this shoulder is scarcely per-
ceptible unless a simulation with different contributions is car-
ried out. In any case, the absence of a signal at 430–450 ◦C
similar to that for Pt*–Pd/Beta indicates that Pt does not form
the mono-metallic species formed in Pt/Beta or Pd*–Pt/Beta.
Whereas the Pd reduction process is similar for the samples
Pd/Beta and Pt*–Pd/Beta, its characteristic peaks are less evi-
dent in the Pt–Pd/Beta, probably because in this sample Pd is
located in more hindered positions. In the case of Pt, no sig-
nificant modifications are found in this sense. Therefore, as a
general rule, Pd would occupy more hindered locations than
Pt when they are co-impregnated, and thus Pd particles would
trend to be smaller.

3.2. DR–UV–visible spectroscopy

DR–UV–vis spectra of the five metal-impregnated zeolite
Beta samples, recorded at room temperature, are shown in
Fig. 2 and the values of the most relevant bands are in Table 1.
Fig. 2A shows the DR–UV–vis spectra of the impregnated sam-
ples after their last impregnation and before the last calcination
and reduction processes had been carried out. As a conse-
quence, the samples Pd/Beta, Pt/Beta, and Pd–Pt/Beta have not
undergone any oxidation or reduction and they are consequently
white (light yellow in the case of Pd/Beta), whereas the samples
Pt*–Pd/Beta and Pd*–Pt/Beta, in which Pt and Pd had been al-
ready reduced, are grey. A few well-defined bands are present
in all these spectra. In the case of the sample Pt/Beta, two in-
tense UV bands were found at 202 and 270 nm, whereas in
the sample Pd*–Pt/Beta, where only Pd species are reduced,
bands were found at similar positions (199 and 267 nm). These
bands can be attributed to the complex [Pt(NH3)4]2+ adsorbed
on zeolite Beta, which have not been oxidized or reduced yet.
Supporting this assignment, the UV–vis spectrum square pla-
nar complex [Pt(NH3)4]2+ in solution has an absorption band
with a maximum at 198 nm, accompanied by less intense bands
at 288 nm [46] or at 282 nm [47] which are due to ligand-
to-metal charge-transfer (CT) 5d → 2p transitions and d–d
transitions, respectively. It has been previously shown that this
ion-exchange or impregnation process of the [Pt(NH3)4]2+ ion
on different supports results in similar UV behavior. Thus, the
UV–vis spectrum of the sample [Pt(NH3)4] HZSM-5, prepared
by ion exchange, contained the most intense band (198 nm) [48]
whereas the UV–vis spectra of the [Pt(NH3)4]2+ impregnated
on γ -Al2O3 and SiO2 possessed a d–d transition of 282 and
320 nm, respectively, which were interpreted being due to as a
weak or negligible interaction between Pt amine complex with
the positively polarized surface of alumina. Whereas in the case
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Fig. 2. DR–UV–vis spectra of the mono- and bi-metallic samples after the last impregnation (A), after the subsequent oxidation at 400 ◦C under air flow (B), and
after reduction at 400 ◦C under H2 flow (C). For a better comparison, the same scale in both axes has been used. In (A), an enlargement was also displayed to better
illustrate the low-intensity bands for the samples Pt/Beta and Pt–Pd/Beta.
Table 1
Positions of the UV–vis bands (nm) of the spectra showed in Fig. 2

Sample After last impregnation
(Fig. 2A)

After calcination
(Fig. 2B)

After reduction
(Fig. 2C)

CT transitions d–d transitions

Pt/Beta 201, 270 391 217, 289, 460 292, 365
Pd/Beta 207, 270 339 218, 290, 330 435
Pt–Pd/Beta 202, 208, 270 351 217, 292, 410 373
Pt*–Pd/Beta 208, 270 340 203, 395 355
Pd*–Pt/Beta 267 380 207, 380 380

of SiO2, some ligand exchange (SiOH or SiO− instead of NH3)
was supposed to take place [49]. In our spectra, the bands at ca.
202 and 270 nm confirm the presence of intact [Pt(NH3)4]2+
complex. The slight shift of the 270 nm band with respect
to that of the [Pt(NH3)4]2+ complex in solution (282 nm) is
probably not significant, especially taking into account that it
overlapped the main one (the wavelength must be a bit higher
than 270 nm for the component resolved from the simulated
spectrum). A careful analysis of the spectrum showed a third
low-intense UV–vis band at ca. 391 nm (enlarged in Fig. 2A),
suggesting certain ligand exchange with the zeolite oxygen lig-
ands (Oz). The negative charge of these ligands could explain
the origin of the huge shift in relation to the positions of the
bands of the intact [Pt(NH3)4]2+ [50]. Therefore, the existence
of Pt species in which NH3 ligands have been replaced by ze-
olite oxygen leading to compensating Pt2+cations, Pt oxides or
Pt2+ species interacting with zeolite hydroxyl nests is proposed.

The UV–vis spectrum of the sample Pd/Beta was very sim-
ilar to that of the Pt/Beta. This was expected since both metals
posses the same d8 ground state configuration and are linked
to the same ligands. Based on the similar band positions (200
and 272 nm) of the complex [Pd(NH3)4]2+ in aqueous solu-
tion [51,52], the two most intense UV–vis bands at ca. 207
and 270 nm can be assigned to CT and d–d transitions, re-
spectively. The main difference between the UV spectra of both
mono-metallic samples is the position and the intensity of the
third band. It is very intense and centred at ca. 339 nm for Pd
whereas, as mentioned above, it is less-intense and is centred at
391 nm for Pt. From this difference in intensity and by assum-
ing a similar CT UV adsorption for Pd and Pt compounds, we
suggest a higher tendency of the complex [Pd(NH3)4]2+ to un-
dergo ligand replacement of NH3 by zeolite oxygen Oz. This
could also explain the origin of the huge intensity of the peak
at ca. 200 ◦C in the TPR profile of this sample in comparison
with that of the Pt/Beta. Additional support for this assignment
can be found in the literature. First, according to the ligand
field determined for NH3 and zeolite NaY oxygens on d or-
bitals of Pd(II), the complex giving rise to this signal should be
[Pd(NH3)3(Oz)]2+ [50]. Second, a band at exactly 339 nm was
attributed to the charge transfer between the support oxygen and
the Pd(II) species in a sol–gel Pd/SiO2 [53].

The UV–vis spectrum of sample Pt–Pd/Beta is very simi-
lar to that of the Pt/Beta (Fig. 2A), especially in the region
of 330–400 nm, where a band at 351 nm is scarcely evident,
and consequently, limited ligand exchange took place before
calcination/reduction. It again clearly demonstrates the greater
resemblance of the co-impregnated sample to Pt/Beta than to
Pd/Beta, in good agreement with the TPR results (Fig. 1) prior
to the calcination.

The backgrounds above 0.5 arbitrary units along the whole
UV-region of the spectra of the samples Pt*–Pd/Beta and Pd*–
Pt/Beta (Fig. 2A) are consistent with the previous reduction of
one of the metal in those samples (Fig. 2B) and thus the grey
color of the samples. The three intense bands detected in the
spectrum of Pd/Beta were clearly present in the spectrum of the
Pt-reduced Pt*–Pd/Beta sample whereas the bands attributed to
the complex [Pt(NH3)4]2+ in the spectrum of Pt/Beta are absent
in that of Pd*–Pt/Beta. This suggests a more efficient interac-
tion between the impregnated [Pt(NH3)4]2+ species with the al-
ready reduced Pd species (sample Pd*–Pt/Beta) than that of the
[Pd(NH3)4]2+ with reduced Pt species (sample Pt*–Pd/Beta).

Fig. 2B shows the DR–UV–vis spectra of the same sam-
ples from Fig. 2A after calcination in presence of an air flow
at 400 ◦C. Practically all of the well-defined bands, mainly
assigned to transitions of the complexes [M(NH3)4]2+, have
disappeared. The DR–UV–vis spectrum of the sample Pd/Beta
contains a strong decreasing absorption between 500 and
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Fig. 3. X-ray absorption near edge spectra (XANES) recorded at the Pd K-edge (a) and Pt LIII-edge (b) of the reduced samples. Note that for the Pd K-edge data,
due to core–hole lifetime broadening, the XANES resolution appears much lower than the theoretical instrumental resolution making it difficult to resolve small
differences in edge position and/or spectral shape.
600 nm, typical of PdO and of the absence of reduced Pd
species [54]. The lack of a similar decrease in the spectrum
of Pt/Beta suggests the presence of reduced Pt species in spite
of the calcination treatment, which may be due to the high ten-
dency of [Pt(NH3)4]2+ to be auto-reduced in zeolites [50]. This
could also explain the relatively low H2 consumption of the
Pt/Beta in TPR measurements in the ‘oxide region’ in com-
parison to the sample Pd/Beta, where the majority of ‘metal
species’ were oxidized. Again, the UV–vis spectrum of the sam-
ple Pt–Pd/Beta is quite similar to that of the Pt/Beta, although
the variations between them, especially the difference in ab-
sorption from 500 to 800 nm, is due to the presence of Pd in
the former. Only differences in intensity are found between the
spectra of the samples Pd*–Pt/Beta and Pt*–Pd/Beta. It must
be also noted that the similarity of the spectra of Pd*–Pt/Beta
and Pd/Beta (although different by the presence/absence of Pt)
suggested that, unlike Pt species, the previously reduced Pd
species could be reversibly oxidized to PdO under oxidizing
atmospheres and at high temperatures.

Fig. 2C shows the UV–vis spectra of the samples after re-
duction treatment. The maximum of the broad UV–vis band
for Pd/Beta sample is centred in the wavelength region of 380–
460 nm which is somewhat shorter than the 500 nm typical of
samples exclusively containing metallic Pd species [54]. This
can be related to its TPR profile (Fig. 1) which showed that not
all Pd species are reduced at 400 ◦C under H2 flow. The sam-
ple Pt/Beta adsorbs less in all UV–vis range than the sample
Pd/Beta. Its spectrum contains a less-intense relatively-narrow
band at 292 nm, which could be due to the presence of Pt
nanoparticles and a broad band with a maximum at 365 nm,
probably suggesting a reduction to a lesser extent than that
found in Pd/Beta [55]. In fact, TPR profiles showed a larger
band of Pt species reducible at temperatures above 400 ◦C than
that of Pd ones. The DR–UV–vis spectrum of the sample Pt–
Pd/Beta once again corroborated that this sample was more
similar to Pt/Beta than to Pd/Beta, although a minor contribu-
tion of Pd is also evident. The spectra of the bi-metallic samples
Pd*–Pt/Beta and Pt*–Pd/Beta are quite similar to each other,
but very different from the rest, probably due to these sam-
ples having been reduced twice. The spectrum of the sample
Pd*–Pt/Beta seems to have a stronger contribution of reduced
Pd (and vice versa), probably because this metal has been re-
duced twice. In this sense, the maximum of the spectrum of
Pt*–Pd/Beta (355 nm) is only at slightly lower wavelength than
that of Pt/Beta (365 nm), suggesting similarities in the elec-
tronic properties of the metal species in both samples, whereas
the maximum of the spectrum of Pd*–Pt/Beta (380 nm) indi-
cated a mixture contribution of Pt and Pd bands and maybe the
presence of a proper Pt–Pd alloy.

3.3. X-ray absorption near edge structure (XANES)

Fig. 3 shows the normalized XANES plots recorded at the
Pd K-edge (Fig. 3a) and Pt LIII-edge (Fig. 3b) for each impreg-
nated sample. The Pd K-edge XANES plots of the impregnated
samples are very similar to that of the Pd-foil, suggesting that
the reduction treatment had successfully produced metallic Pd
species. For one of the samples (Pd–Pt*/Beta) the rising ab-
sorption edge was slightly higher than for the other samples,
which could indicate that Pd particles were still bonded to oxy-
gen since the maximum in the rising absorption edge (due to a
1s–5p dipole transition) for PdO is more intense than for metal-
lic Pd [56]. The reason for this increased intensity is not clear
but is probably due to a change in 5p–4d hybridization and a
decrease in the density of the d population at the Pd site in the
oxidic sample [57,58]. The origin of the oxygen might stem
from either an incomplete reduction of PdO or, more probably
(based on TPR results), because it exists as very small nanopar-
ticles anchored to the zeolite surface.

Pt LIII-edge XANES plots of the samples impregnated with
Pt resemble that of the reference Pt foil. In the spectrum of
the sample Pt/Beta, the edge position is shifted by ca. 1 eV
and the rising absorption edge is more intense. The maximum
in the intensity of the rising absorption edge follows the or-
der Pt/Beta > Pt*–Pd/Beta > Pd*–Pt/Beta ∼ Pd–Pt/Beta > Pt
foil. Since the Pt data were recorded at the LIII-edge, the 2p3/2–
5d3/2/5d5/2 transitions are dipole allowed and therefore the vari-
ations in the rising absorption edge are likely to reflect changes
in the 6p–5d hybridization and final d-state electron density
caused by the probable presence of oxygen in the Pt/Beta sam-
ple and an ‘alloying interaction’ with Pd for the bi-metallic
species [59]. Alternatively, it may reflect a difference in the Pt
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Fig. 4. Fourier transforms (k3 weighted) of the Pd K-edge EXAFS spectra (left) and Pt LIII-edge EXAFS spectra (right) of the reduced samples.

Fig. 5. Fitted EXAFS data recorded at the Pd K-edge and associated FT’s of Pt*–Pd (a and b), Pt–Pd* (c and d), and Pt–Pd (e and f) samples supported on zeolite
Beta, respectively. The solid line shows the experimental data and the dotted line represents the best fit obtained for the calculated EXAFS and FT.
cluster shape [60,61]. In order to determine further the types
of species present in the zeolite samples, EXAFS analysis was
performed.

3.4. Extended X-ray absorption fine structure (EXAFS)

The Fourier transform (FT’s) of the Pt LIII-edge and Pd
K-edge EXAFS spectra for the mono-metallic and bi-metallic
catalysts are shown in Fig. 4, and the fitted EXAFS data from
which coordination numbers (N), metal–metal bond distances
(R) and Debye–Waller factors (2σ 2) were extracted, are shown
in Figs. 5 and 6, whereas the parameter values are listed in
Table 2. For further comparison, data of the pure metal foils
are also included. Attempts to fit additional shells were per-
formed using oxygen (interaction with the zeolite support) or
the second metal (Pt in the case of Pd K-edge data and vice
versa). Additional shells are reported only when their inclusion
resulted in an improvement in the R-factor. However, in gen-
eral the data obtained were noisy despite the number of repeat
scans due to the low metal loadings of the samples and thus only
the main contribution in the EXAFS were fitted. Better fitting
statistics could be clearly obtained when higher shells were fit-
ted, but it was not always evident which contributions were due
to the zeolite oxygens or to the metal particles. We demonstrate
the suitability of our fitting of the main peak in the FT in supple-
mentary Fig. S1, which shows the resultant fit of data obtained
from an inverse transformation performed over the �r interval
1.8–3.20 Å for the sample Pt*–Pd/Beta.

The FT–EXAFS plots of the mono-metallic samples possess
lower peak intensities than those of the corresponding metal
foils (not-shown), which indicated the formation of small metal
particles either in or on the zeolite pores. The best fit for the Pd
K-edge EXAFS data of the sample Pd/Beta revealed a NPd–Pd
shell of ca. 5.0 Pd atoms (2σ 2 = 0.015) at a distance of 2.74 Å
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Fig. 6. Fitted EXAFS data recorded at the Pt LIII-edge and associated FT’s of Pt*–Pd (a and b), Pt–Pd* (c and d), and Pt–Pd (e and f) samples supported on zeolite
Beta. The solid line shows the experimental data and the dotted line represents the best fit obtained for the calculated EXAFS and FT.
Table 2
Parameters derived from fitting of the EXAFS data

Sample Edge Backscatterer N R (Å) 2σ (Å2)

Pt foil Pt LIII Pt 12 2.76 0.010

Pd foil Pd K Pd 12 2.74 0.012

Pt/Beta Pt LIII Pt 3.5 2.74 0.016
O 1.1 2.01 0.011

Pd/Beta Pd K Pd 5.0 2.74 0.015
O 1.0 2.48 0.01a

Pt*–Pd/Beta Pt LIII Pt 7.5 2.74 0.010
O 0.4 2.00 0.023

Pd K Pd 3.8 2.72 0.012
O 1.1 2.01 0.010

Pd*–Pt/Beta Pt LIII Pt 6.0 2.74 0.012
Pd 1.6 2.75 0.006

Pd K Pd 6.0 2.74 0.010
Pt 1.7 2.73 0.006

Pt–Pd/Beta Pt LIII Pt 7.3 2.75 0.011
Pd 0.9 2.73 0.010

Pd K Pd 2.9 2.75 0.012
Pt 3.6 2.72 0.018

a Constrained fit.

and a second oxygen shell NPd–O of ca. 1.0 oxygen atoms at
2.48 Å. These results are similar to those reported previously
for other Pd-supported zeolites [62]. The inclusion of an oxy-
gen shell only gives a minor improvement in the quality of the
fit. According to the literature [63], it is possible to estimate the
size of the metal particles when they are smaller than 3.5 nm.
Thus, a coordination number of 5.0 approximately corresponds
to a particle size of ca. 0.8 nm or a 6–13 atom cluster (a range of
number of atoms is considered since the possible error in deter-
mining coordination numbers is in the order of ±10–20%) [64]
and it is again similar to the previously reported data for Pd
metal nanoparticles supported in zeolites [62]. This size estima-
tion is based on the assumption that the particles are essentially
spherical/cubo-octahedral, although the N1 values for different
shapes with similar sizes do not significantly differ [63,65–67].
From a simple first-shell analysis of the EXAFS data of the
sample Pt/Beta, a NPt–Pt of ca. 3.5 Pt atoms at 2.74 Å was ob-
tained, although a significant improvement in the overall fit was
reached by including an additional oxygen shell at ca. 2.01 Å
with N = 1.1 (which could either be an anchoring point of the
clusters to the zeolite or be due to remaining unreduced PtO),
which is a further evidence of the small size of these particles.
These results are in good agreement with previous data reported
for Pt-supported zeolite samples in the absence of hydrogen
[26,40,68–70].

The comparison of the EXAFS results of the bi-metallic and
mono-metallic samples show some evident differences. First,
from the Pd K-edge studies, the preparation method and the
presence/absence of Pt had a significant effect on the size of the
metal particles. This is better illustrated in Fig. 4 (top) showing
FT EXAFS plots for the different samples. The position of the
most intense peak in the FT (due to Pd–Pd scattering) is sim-
ilar for all samples except for the sample Pt–Pd/Beta, whose
FT also contains a shoulder around 2.20 Å, which has previ-
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ously been associated to the formation of bi-metallic species
[71–73]. The intensity of the main peak increases in the order
Pd*–Pt/Beta > Pd/Beta > Pd–Pt*/Beta > Pd–Pt/Beta, which is
the same order found in the coordination numbers NPd–Pd deter-
mined from the analysis of the EXAFS data (Table 2). NPd–Pd
of the sample Pd*–Pt/Beta is higher than that of the sample
Pd/Beta, which suggests that Pd particles sintered during the
subsequent calcination and during the second reduction cycle.
In contrast, a decrease of the FT peak intensity was detected for
the other two bi-metallic samples. The effect of Pt on Pd could
be direct (formation of bi-metallic species) or indirect (causing
Pd to be located at different sites in the zeolite). We propose
that both scenarios take place. In the case of the FT-EXAFS
for the sample Pt*–Pd/Beta, it was possible to fit a second shell
of oxygen atoms at 2.01 Å (Fig. 5a) and thus the difference of
the Pd–O distance in comparison to the mono-metallic sample
(2.48 Å) suggests different locations of Pd clusters in the ze-
olite. In the FT Pd K-edge EXAFS of the sample Pt–Pd/Beta,
a noticeable improvement of the fit was obtained by including
a Pt shell with NPd–Pt of 3.6 Pt at 2.72 Å, suggesting that bi-
metallic species are present in this sample. The finding of the
Pt–Pd bi-metallic bond in the co-impregnated sample is in good
agreement with previous research by other authors [32,35,59,
74]. The inclusion of a Pt contribution also improved the fit of
the EXAFS of the Pd*–Pt/Beta sample although the number of
Pt neighbors is now lower (NPd–Pt = 1.7), probably because of
the formation of poorly mixed bi-metallic samples.

In contrast to the Pd data, higher coordination numbers
NPt–Pt were found in the FT EXAFS of the first shell in the
Pt LIII-edge data of the bi-metallic samples in comparison to
that of the mono-metallic (Pt) sample (3.5). For the sample
Pt*–Pd/Beta, NPt–Pt increased to ca. 7.5 (1.4 nm) but it was
accompanied by a reduction in the NPt–O to 0.4, suggesting
that the second reduction process causes Pt sintering. For the
other two bi-metallic samples (Pd*–Pt/Beta and Pd–Pt/Beta),
no Pt–O bonds due to the interaction with the zeolite framework
could be detected, which could indicate that some sort of alloy-
ing process rather than sintering took place. In the case of the
sample Pd*–Pt/Beta, the NPt–Pt coordination number is 6.0 and
NPt–Pd is 1.7, both very similar to the numbers obtained from
the Pd K-edge data analysis. Again, it supported the idea that in
this sample bi-metallic species were formed with a significant
number of Pd–Pt bonds but the degree of alloying was likely to
be low. For the sample Pt–Pd/Beta, a lower number of Pd atoms
(0.9) could be detected from the Pt LIII-edge XAFS data than
Pt atoms (3.6) from the Pd K-edge data which suggests that the
type/extent of alloying in this sample was different.

3.5. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) images of the
mono- and bi-metallic samples are shown in Fig. 7. The images
are composed of black points corresponding to the metal parti-
cles, which are over lighter and bigger zeolite particles, where,
depending on the contrast, crystallographic planes become evi-
dent. Although metal particles with a diameter as large as 10 nm
were found, the majority of them possessed a size in the range
Fig. 7. TEM of mono- and bi-metallic samples, showing particles of 1–5 nm on
the zeolite particle.

of 1–2 nm. Particles with a size smaller than 1 nm, which may
be occluded in the zeolite channels, are sometimes difficult to
be distinguished from the support with this technique. In gen-
eral terms, the TEM images were in good agreement with the
sizes estimated from the EXAFS, although we are aware that
TEM can just study limited regions of the samples and there-
fore its information should be mainly interpreted as local. Both
results supported the idea that, since the pore opening of the
12 membered ring in zeolite Beta is typically 6.6 × 6.7 Å, the
majority of the metallic species were probably outside the ze-
olite framework. A comparison of the TEM images of the two
mono-metallic samples made clear that the metallic particles of
the sample Pt/Beta were very much smaller than in the sam-
ple Pd/Beta and consequently Pt was more highly distributed
in the former than Pd in the latter. On the other hand, the size
of the metal particles observed in the bi-metallic samples were
systematically bigger than those of the mono-metallic parti-
cles, so agglomeration of the metal particles during the second
impregnation–calcination–reduction cycle, already suggested
by EXAFS analysis, undoubtedly took place in the Pt*–Pd/Beta
sample with respect to Pt/Beta and in sample Pd*–Pt/Beta with
respect to Pd/Beta. Because of the local information given by
this technique, it was difficult to extract any significant differ-
ence in the size of the metal particles of the three bi-metallic
samples. However, the particle size estimated from EXAFS co-
ordination numbers, e.g., ∼0.8 nm for N = 5.0 and ∼1.4 nm
for N = 7.5, agreed with what the TEM images show. The pres-
ence of particles with sizes larger than 2 nm could indicate that
the coordination numbers of 3–8 found for the Pt or Pd metal
particles in mono- and bi-metallic samples were an average be-
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Table 3
EDAX analysis of some of the bi-metallic particles observed by TEM

Analyzed portion Pt/Pd ratio
(wt%)

Pt/Pd ratio
(atomic)

Pd*–Pt/Beta Zeolite particle 1.23 0.67
Metal particle 1 1.86 1.01
Metal particle 2 0.30 0.16

Pt–Pd/Beta Metal particle 1 13.09 7.13
Metal particle 2 5.13 2.82
Metal particle 3 6.62 3.58

Pt*–Pd/Beta Metal particle 1 0.89 0.48
Metal particlesa 2, 3, 4, 5, 6 0.28 0.15

a The average composition of the five metal particles is shown.

tween the not well-distinguishable small metal clusters and a
minor contribution of larger particles.

EDAX microanalysis on the samples was performed in order
to study the composition of some individual particles. Table 3
lists the EDAX data collected from an extended region of the
zeolite particles. In the sample Pd*–Pt/Beta, the metals were
well dispersed throughout the zeolite support. The fact that the
Pt/Pd ratio was not strictly 1:1 could be attributed to the local in-
formation given by TEM, even when performing measurements
over a comparatively large region, and to the semi-quantitative
character of this chemical analysis. For the other bi-metallic
species the Pt/Pd molar ratios were found to be over a range of
0.67–1.2. This would be expected if either bi-metallic or only
mono-metallic particles were formed in these samples, so very
limited information was obtained using this kind of analysis.
The EDAX analysis of individual metal particles of these sam-
ples showed that both metals were present in the majority of the
samples but with very different Pt/Pd ratio. Thus, the analyses
of two particles of Pd*–Pt/Beta (Table 3) gave one with a Pt/Pd
ratio close to 1 and the other one with an notable excess of Pd.
However, we did not analyze a large enough number of particles
to get any conclusion about if the Pt and Pd distributions were
random or not. The only definitive EDAX information was the
existence of bi-metallic particles, in good agreement with the
EXAFS analysis.

Interestingly, in the sample Pt–Pd/Beta, the metal particles
which could be analyzed by EDAX (only those with a diame-
ter at least of 4–5 nm) were mainly composed of Pt. Since the
global Pt and Pd contents must be equal, it was expected that
smallest particles are composed either mainly or exclusively
by Pd. It could explain the EXAFS results: Pt–Pd bi-metallic
bonds were found with high homo-metallic coordination num-
ber NPt–Pt and low hetero-metallic coordination number NPt–Pd
for Pt, due to the fact that practically the whole Pt load would be
in large and slightly Pd-doped particles; at the same time, rel-
atively low homo-metallic and relatively high hetero-metallic
coordination number were found for Pd, as it would form the
small particles (low NPd–Pd) besides doping the large Pt parti-
cles (high NPd–Pt).

Seven large-enough, isolated particles of the sample Pt*–
Pd/Beta were located and analyzed by EDAX. Although all
samples contained both Pt and Pd, a large excess of Pd was
detected in every case, being double than Pt in the Pt-richest
Table 4
Product distribution and catalytic performance (wt%) for metal-supported zeo-
lite Beta catalysts on the hydroisomerization of a feed composed of n-hexane
(65 wt%), cyclohexane (20 wt%) and n-heptane (15 wt%) at 250 ◦C, WHSV =
3.7 h−1 and H2/HC (mol/mol) = 4. (X: partial conversions). Methylcyclopen-
tane is considered as C6 isomer

Feed Pt/
Beta

Pd/
Beta

Pt–Pd/
Beta

Pt*–Pd/
Beta

Pd*–Pt/
Beta

Methane <0.1 <0.1
Ethane <0.1 <0.1 <0.1
Propane 0.8 1.1 1 1.2 1.6
Isobutane 0.9 1.6 1.4 1.7 2.1
n-Butane 0.1 0.04 0.07 0.04 0.05
Isopentane 0.1 0.1 0.1 0.1 0.2
n-Pentane 0.2 0.2 0.2 0.2 0.2 0.2
2,2-Dimethylbutane 0.1 0.6 0.4 0.7 0.4 0.8
2,3-Dimethylbutane 0.2 1.3 1.1 1.6 1.2 1.9
2-Methylpentane 1.1 9.9 8.1 11.1 8.8 12.6
3-Methylpentane 0.9 5.9 4.5 6.4 4.8 7.2
n-Hexane 61.4 47.1 50.7 44.6 49.3 43.1
2,2-Dimethylpentane 0.4 0.2 0.3 0.2 0.3
Methylcyclopentane 0.2 9.1 6.7 9.6 7.7 9.2
2,4-Dimethylpentane <0.1 <0.1 <0.1 <0.1 <0.1
3,3-Dimethylpentane 0.1 <0.1 0.1 0.1 0.1
Cyclohexane 20.5 11.4 13.1 10.9 12.6 9.5
2-Methylhexane 2.7 1.8 2.8 1.9 2.5
2,3-Dimethylpentane 0.5 0.3 0.5 0.3 0.5
3-Methylhexane 2.5 1.5 2.5 1.6 2.3
n-Heptane 15.2 6.4 8.6 6 7.9 5.9

Xn-C6 23.3 17.3 27.2 19.7 29.6
Xn-C6 44.2 34.2 46.3 38.3 52.7
Xn-C7 56.7 42.8 59.9 47.4 62.4
Yield to isomers 30.5 22.1 33.1 24.5 34.9
Yield to C1–C5 1.9 2.8 2.6 3.0 3.9
Total yield 32.4 24.9 35.7 27.5 38.8

particle and practically unique in the Pd-richest ones. This ob-
servation was in agreement with EXAFS analyses in the respect
of a physical mixture of both metals was not deduced. How-
ever, in other respects EDAX data disagrees with EXAFS which
suggested that these larger particles should predominantly con-
tain Pt. We propose that the lack of Pt–Pd interactions in this
sample was due to the fact that all hindered sites were already
occupied for previously reduced Pt provoking an excessive sin-
tering of Pd, although they would not be the dominant Pd
particles. The contrasting observations between EXAFS and
TEM/EDAX suggest that the bi-metallic samples contained
two different types of particles: a large number of very small
nanoparticles, seen by EXAFS but not by TEM/EDAX, and a
small number of much larger particles (4–5 nm), with the two
types possessing different compositions [75].

3.6. Catalytic activity

The catalytic performance of the samples for the hydroi-
somerization of a mixture of n-hexane, n-heptane, and cyclo-
hexane at 250 ◦C is shown in Table 4. The order of the catalytic
activity of the samples was observed to be: Pd*–Pt/Beta > Pt–
Pd/Beta > Pt/Beta > Pt*–Pd/Beta > Pd/Beta. This order of ac-
tivity, as well as the differences in activity between the most and
the least active samples (which is higher than 50% in yield), il-
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lustrates the superior catalytic activity of bi-metallic samples
for isomerization of C6 and C7 alkanes, although clearly the
order of impregnation has an important influence upon this;
particularly with regard to the apparent lower activity of Pt*–
Pd/Beta with respect to Pt/Beta. This suggests that the im-
pregnation order affects both the electronic properties and the
nature of the metallic species and consequently, their activ-
ity. The magnitude of this effect is significant and thus ac-
cording to an adequate choice of the impregnation method for
bi-metallic samples, represents a clear improvement in compar-
ison to mono-metallic samples, on which so many works have
been based [76–78].

The fact that modifications of the metal properties of the
catalyst can directly affect the paraffin conversion is related to
the limited dehydrogenating/hydrogenating activity of the sam-
ples in the reaction. This limitation has been proved in a recent
paper [21] showing that acid sites are in large excess to the
metallic sites in Pt/Beta.

Pd/Beta is the less active catalyst with an overall yield of
ca. 7.5% lower than that of the other mono-metallic sample,
Pt/Beta. This significant difference in conversion could be due
to the lower hydro-dehydrogenation ability of Pd than that of
Pt, thus producing a lower amount of olefinic intermediates
and in consequence lower paraffin conversion [33–35,79–81].
This could be explained by the larger size of Pd particles, as
above deduced from EXAFS and TEM studies. Therefore, Pt
is more dispersed, their particles possess a higher surface area
(surface/bulk ratio) and consequently they will be more cat-
alytically active than the bigger Pd particles for a given metal
content.

Pt*–Pd/Beta is the only bi-metallic sample with an activ-
ity intermediate between those of the mono-metallic samples,
suggesting that it does not contain significant amount of hetero-
metallic (Pt–Pd) bonds which, we propose, would result in an
increase in its catalytic activity. However, it is expected that
hetero-metallic bonds are somehow present in both bi-metallic
samples Pd*–Pt/Beta and Pt–Pd/Beta, which would support the
model proposed later in the discussion part. Moreover, again in
good agreement with the proposed models from the different
characterization techniques, the catalytic activity of the sample
Pd*–Pt/Beta is higher than that of the sample Pt–Pd/Beta, and
it is expected that the former contains a higher number of these
hetero-metallic bonds.

The selectivity to isomers of the catalysts is plotted ver-
sus their yields to isomers in Fig. 8. The catalysts Pt/Beta,
Pt–Pd/Beta, and Pd*–Pt/Beta produced negligible amounts of
methane and ethane by hydrogenolysis, a reaction that is sup-
posedly more favored by Pt catalysts [23], but under the condi-
tions used, cracking through this mechanism was scarce. For all
samples, the selectivity to isomers was higher than 88%, with
the sample Pt/Beta being the most selective. The reason why
the samples Pd*–Pt/Beta and Pt–Pd/Beta have lower selectivity
could be related to a higher yield to isomers, since an increase
in isomerization activity would promote further the cracking
mechanism [21,82].

The two catalysts in which Pd was introduced in the final
step of the sample preparation, (Pd/Beta and Pt*–Pd/Beta), gave
Fig. 8. Selectivity to isomers (wt%) calculated as [(yield to isomers − yield to
cracking)/total yield] vs the yield to isomers.

both the lowest conversion and selectivity. The low selectivity
of the catalyst Pd/Beta, and maybe of the Pt*–Pd/Beta, could
be due to the lower ability of Pd to hydrogenate the olefinic
intermediates. The mono-branched iso-olefins, which are the
reaction intermediates resulting from the isomerization of the
n-olefin, could react again before leaving the catalyst to form
di-branched isomers and/or even undergo a Beta-scission reac-
tion.

Finally, it is important to consider the effects of molecular
diffusion on the catalytic behavior. The ratio of the fractions of
less bulky isomers divided by those of the bulkier ones has been
calculated. The 2-methylpentane/3-methylpentane ratio and the
2-methylhexane/3-methylhexane ratio have been determined as
1.7–1.8 and 1.1–1.2, respectively for all the catalysts. These
values tend to be those corresponding with the thermodynamic
equilibrium, 1.6 and 1.0 respectively, with increasing conver-
sion [21]. In fact, catalysts reaching the lowest activity, Pd/Beta
and Pt*–Pd/Beta, present the highest ratios (always within mi-
nor differences). These data show no evidence of differences in
diffusion of the molecules caused by steric hindrance of differ-
ent isomers on the catalysts. Therefore, the different metallic
and bi-metallic clusters described here do not significantly alter
the shape-selectivity of the catalysts.

4. Discussion

First we will discuss the characterization of the bi-metallic
samples in order to understand the nature and the location of
the metal particles, and then we will relate these observations
to the catalytic behavior of the samples in the isomerization of
n-paraffins.

Both TPR and DR–UV–vis results indicated, in general, that
Pd occupies more hindered locations than Pt when they co-
exist, forming smaller particles. Accordingly, EXAFS results
revealed that in bi-metallic samples the Pt particles are larger,
although in the case of the sample Pt*–Pd/Beta sintering of Pt
particles could occur during the second Pt reduction stage. In-
deed, sintering of Pt particles is a common problem when it is
supported on a zeolite [83]. Similar behavior is observed for
Pd particles in the case of the sample Pd*–Pt/Beta, although
to a lesser extent since the formation of Pt–Pd alloy, which is
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practically absent in the sample Pt*–Pd/Beta, takes place. The
additional differences in the intensity of the main peak in the
FT of the EXAFS can be explained by considering the differ-
ent scenarios in which Pt and Pd particles interact. Thus, in
the sample Pt*–Pd/Beta, the Pt particles after impregnation and
subsequent treatment would occupy, amongst others, the most
hindered positions, as supported by TPR results. In a second
stage, Pd is deposited over the Pt-contained zeolite and tends to
locate in the remaining positions, with a higher dispersion given
the high number of vacant sites generated from the sintering of
Pt particles. In fact, the presence of a higher rising absorption
Pd K-edge intensity, the EXAFS analysis and the TEM images
of this sample indicates that the Pd particles are small. Appar-
ently, no significant interaction between Pd and Pt, if any, takes
place, as suggested by DR–UV–vis and XAFS spectroscopies.

In the sample Pd*–Pt/Beta, Pd fully covered the hindered po-
sitions after the first impregnation–calcination–reduction stage.
When Pt was subsequently impregnated over this sample, it
interacted with the Pd particles resulting in slightly larger par-
ticles than those found in the mono-metallic sample Pd/Beta.
This effect could be caused by a restriction in the number of
available sites on the support after the first metal treatment. Un-
der these conditions, Pt, unlike Pd in the sample Pt*–Pd/Beta,
would tend to form bi-metallic species with the already existent
Pd particles.

Finally, in the co-impregnated sample Pt–Pd/Beta, both met-
als are reduced together. In such conditions, Pd forms smaller
particles than in a mono-metallic sample, whereas Pt forms
larger ones. From the Pd K-edge and the Pt LIII-edge EXAFS
data, a significant number of Pt–Pd bonds could be detected,
although the summed hetero-metallic coordination number is
different from the two edges. This difference, together with the
EDAX analysis, allowed us to propose that the largest particles
were mainly formed of Pt and slightly doped by Pd, whereas
the remainder of the Pd-formed small particles, too small to be
analyzed by EDAX.

Based on the above discussion, Fig. 9 summarizes the pro-
posed models for the bi-metallic particles formed in each of
the samples containing both Pd and Pt. Since our samples
have been widely characterized, we can propose a well-defined
atomic-level model for the bi-metallic particles, based upon
similar models given in the literature [84]. In the sample Pt*–
Pd/Beta, homo-metallic Pt and Pd particles were mainly found,
which were either very small (Pd) or comparatively large (Pt)
(as a consequence of the sintering produced by the double
calcination–reduction treatment). In contrast the effect of alter-
ing the order of the metal impregnation (sample Pd*–Pt/Beta),
allowed the formation of metallic particles that contained Pt–Pd
bonds although the homo-metallic interactions still dominated.
Based on a recent publication, we estimate that the extent of dis-
persion/alloying for both metals in this sample is only ca. 42%
(where a value of 100% represents a true random bi-metallic
mixture) [85]. In a previous study on polymer protected Pt–Pd
bi-metallic samples, Toshima et al. [86] determined the nature
of their bi-metallic samples by comparing their EXAFS-derived
coordination numbers to cuboctahedral-based models with dif-
ferent degrees of Pt–Pd dispersion. For a 1.4 nm 55-atom cluster
(i.e., NPd +NPt ∼ 8), where the majority of near neighbors were
of the same atom nature, they proposed a ‘separated model’ to
describe the interaction of Pt and Pd atoms. The so-obtained
coordination numbers match very well with the model pro-
posed for the Pt–Pd bi-metallic species in the sample Pt*–Pd/
Beta.

The EXAFS data of the co-impregnated sample Pt–Pd/Beta
also indicated the existence of bi-metallic species with hetero-
metallic bonds. Pd K-edge and Pt LIII-edge EXAFS analy-
ses provide a very different number of hetero-atom neighbors.
Since Ntotal (NPd + NPt) is again of ca. 7–8, a 55-atom clus-
ter mainly consisting of a Pt core but also containing sporadic
Pd atoms, seems to be the structure best describing the nature of
bi-metallic species in this sample. The remaining Pd would pre-
sumably form small homo-metallic clusters. This is supported
by the calculated atomic dispersion values of Pd (89%) and Pt
(22%), respectively. The structure of the large bi-metallic could
also be described as a variation of the ‘random model’ proposed
by Toshima et al. for Pt–Pd bi-metallic particles [86], with low
Pd content, probably caused by the comparatively higher rate
of Pt reduction. The surface segregation of Pd on the Pt core is
common in bi-metallic samples, especially after being exposed
to hydrogen gas at high temperatures [34,87,88].

The catalysts Pt–Pd/Beta and particularly Pd*–Pt/Beta reach-
ed higher conversions than the mono-metallic Pt catalyst does
(Table 4). Therefore, in view of these results, the synthesis pro-
cedure leading to the formation of bi-metallic samples is the
key to producing catalysts with higher activity. In the sample
Pt*–Pd/Beta, where no bi-metallic association was found, the
metallic element with the leading role in the reaction seems to
be Pd, probably due to the high level of sintering reached by Pt.
Pd had a lower coordination number and higher dispersion than
Pt, which formed larger and less dispersed particles than in the
mono-metallic sample Pt/Beta. Consequently, the conversion
of this catalyst is intermediate between those of the samples
Pd/Beta and Pt/Beta.

Regarding selectivity, the catalyst Pt*–Pd/Beta does not pro-
duce C1–C2 (hydrogenolysis products), supporting the conclu-
sion of the high dispersion of Pd in it, which prevents from a
higher contact of the reaction intermediates with Pt (respon-
sible for hydrogenolysis) and therefore the formation of these
light products. Moreover, the limited hydrogenation ability of
Pd would certainly cause the lower selectivity of this catalyst,
as in the case of Pd/Beta.

From both selectivity and conversion points of view, the cat-
alyst Pd*–Pt/Beta is the best catalyst for this reaction, despite
the metal particles of this sample being larger than those of
the samples Pd/Beta and Pt/Beta, probably as a consequence
of the double (and the in-between calcinations) reduction. The
increase in activity must be due to the existence of bi-metallic
Pd–Pt clusters, even though they do not contain a great number
of Pd–Pt bonds (Fig. 9, middle).

In the co-impregnated sample Pt–Pd/Beta sample, the ex-
istence of a ‘modified Pt core type’ bi-metallic species could
be responsible for its superior catalytic activity than that of the
mono-metallic samples. From the comparison of the intensity
of the main peak of the both edges EXAFS FT, it might be ex-
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Fig. 9. Proposed structures (derived from EXAFS data) of Pd and Pt metallic environments in zeolite Beta.
pected that its catalytic activity would be similar to that of the
sample Pt*–Pd/Beta. However, the presence of a peak in the
FT at ca. 2.20 Å and the improvement in isomerization activity
(compared to that of Pt/Beta) provided strong evidence of the
formation of Pt–Pd bonds.

Finally, by comparing the catalytic behavior of the sam-
ples Pd*–Pt/Beta and Pt–Pd/Beta, we suggest that they possess
different types of bi-metallic clusters (Fig. 9). In the sample
Pd*–Pt/Beta, it is expected that all particles were bi-metallic
whereas in the co-impregnated sample only some of them will
be really hetero-metallic, the majority of them existing as small
particles exclusively composed by the less-active Pd. A higher
hetero-metallic bonding degree in Pd*–Pt/Beta sample, would
favor the formation of smaller Pt cores. Thus, independently
of the Pd bonding neighbors, a higher dispersion of Pt, which
is a better catalyst for hydro-dehydrogenation, would explain
the better performance of this sample compared to Pt–Pd/Beta.
The highest isomerization yield was indeed found for the sam-
ple Pd*–Pt/Beta, supporting these models.
5. Conclusions

Bi-metallic Pt–Pd-supported zeolite Beta catalysts have
been prepared by sequential impregnation as well as by co-
impregnation in order to investigate the influence of the order of
addition of both metals in the n-paraffin hydroisomerization ac-
tivity. The order of impregnation of the metals was found to be
a key factor influencing the properties of the final catalyst. By
means of X-ray absorption spectroscopy and of EDAX analy-
ses of individual particles, the formation of bi-metallic species
were clearly found in the sample Pd*–Pt/Beta, in which Pd was
reduced before Pt was impregnated, and in the co-impregnated
sample Pt–Pd/Beta. These bi-metallic species positively af-
fected the catalytic activity. Impregnating first with Pd results
in a higher number and more homogeneous distribution of Pt–
Pd bonds and the resultant sample was the most active for
hydroisomerization. Pt–Pd bonds were not found in the sam-
ple Pt*–Pd/Beta, and its catalytic activity was even lower than
that of the mono-metallic Pt/Beta since the double reduction
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process caused sintering of the Pt particles. Its activity was in-
deed slightly higher than that of sample Pd/Beta.
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