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EXAFS characterization of bimetallic Pt–Pd/SiO2–Al2O3 catalysts
for hydrogenation of aromatics in diesel fuel
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Bimetallic Pt–Pd/SiO2–Al2O3 catalysts exhibited much higher activities in aromatic hydrogenation of distillates than monometallic
Pt/SiO2–Al2O3 and Pd/SiO2–Al2O3 catalysts. The studies of extended X-ray absorption fine structure (EXAFS) indicated that there was
an interaction between Pt and Pd in the Pt–Pd/SiO2–Al2O3 catalyst. Furthermore, from the EXAFS, it was assumed that the active metal
particle on the Pt–Pd/SiO2–Al2O3 catalysts is composed of the “Pd dispersed on Pt particle” structure. Regarding both the activities of
aromatic hydrogenation and the EXAFS results, it was concluded that the Pd species dispersed on Pt particles were responsible for the
high activity of the bimetallic Pt–Pd/SiO2–Al2O3 catalysts.
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1. Introduction

A high aromatic content in diesel fuel lowers the fuel
quality and it has been recognized to bring about the for-
mation of suspended particulate matter in exhaust gases
from diesel engines [1,2]. Therefore, much attention has
been paid to the development of a new catalytic technol-
ogy for aromatic hydrogenation in diesel fuel. Recently,
extensive studies have been performed to develop sulfur-
tolerant noble-metal catalysts for the two-stage hydrogena-
tion process by a great number of researchers [3–28].

In particular, bimetallic Pt–Pd catalysts on acidic sup-
ports, such as Al2O3 [6], HY-zeolite [7–9,11,13,24,25],
borosilicate [12], mordenite [10,22], SiO2–Al2O3 [26,27],
and B2O3–Al2O3 [28] have been reported as high-sulfur-
tolerance aromatic hydrogenation catalysts. It was proposed
that the high sulfur tolerance of noble metals supported on
acidic supports should be attributed to the electron-deficient
characteristic of noble metals resulting from the interaction
with acidic (electron acceptor) support [29–32]. However,
although the modified catalytic behavior of the Pt–Pd sys-
tem exhibiting the high catalytic activity for aromatic hy-
drogenation has been reported by many researchers, it is
still not clear why the Pt–Pd system has much higher activ-
ity than the monometallic Pt system and how it functions
as compared to the monometallic one.

Extended X-ray absorption fine structure (EXAFS) spec-
troscopy is a powerful technique to characterize supported
bimetallic catalysts, being especially useful for solving the
evolution of the local structure around metal atoms [33].
Therefore, EXAFS seems to be a preferential tool for
obtaining information about the active sites of bimetallic
Pt–Pd catalysts.
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In this paper, the catalytic activities of the bimetallic
Pt–Pd/SiO2–Al2O3 catalysts were examined for the aro-
matic hydrogenation of two different kinds of hydrotreated
light cycle oil (LCO)/straight-run light gas oil (SRLGO)
feedstock containing 29.4 vol% aromatics/31 ppm sulfur
and 33.7 vol% aromatics/474 ppm sulfur under the indus-
trial operating conditions. To examine the characteristics
of the active sites of highly active Pt–Pd catalysts in de-
tail, EXAFS measurements were carried out. The structure
determination is performed by the experimental data of the
EXAFS associated with the L3-edge of Pt and K-edge of Pd.

Regarding both the activities of aromatic hydrogenation
and the EXAFS results, it was concluded that the Pd species
dispersed on Pt particles of the bimetallic Pt–Pd catalysts
are the main active sites for the hydrogenation of aromatics
in distillates.

2. Experimental

2.1. Preparation of catalysts

The support material used was SiO2–Al2O3 (surface
area 363 m2/g, pore volume 0.71 ml/g). Monometallic and
bimetallic Pt and Pd catalysts were prepared by pore volume
impregnation of the support, using an aqueous solution of
H2PtCl6·6H2O and PdCl2 as the impregnating salt, in the
presence of dilute hydrochloric acid. After impregnation
these catalysts were dried and calcined in air at 773 K for
4 h. Prior to the activity tests, fresh catalysts were reduced
in an H2 flow at 623 K for 2 h. All catalysts that were
prepared are shown in table 1. Specific surface area was
determined from nitrogen adsorption at 78 K by the BET
method (Belsorp 28, Bel Japan).
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Table 1
Chemical and physical properties of prepared

catalysts.

Active metal Surface area
(wt%) (m2/g)

Pt0.5 – 306
Pt0.5 Pd0.27 287
Pt0.5 Pd0.5 308
Pt0.5 Pd1.0 305

Pd0.27 303
Pd0.5 304
Pd1.0 310

Pt0.5 Pd2.0 319
Pt0.5 Pd1.5 301
Pt1.5 308
Pt1.0 Pd0.5 307

Pd1.5 310

Table 2
Feed properties of untreated LCO/SRLGO and hydrotreated LCO/

SRLGO.

LCO/SRLGO Hydrotreated LCO/SRLGO

A B

Sulfur (wtppm) 1.0× 104 31 474
Nitrogen (wtppm) 200 4 44
Density (15 ◦C) (g/cm3) 0.8713 0.8431 0.8466
Composition (vol%)

Paraffins 55.9 70.6 66.3
Olefins 4.2 0 0

Total aromatics (vol%) 40.0 29.4 33.7
mono- 20.5 25.3 29.7
di- 17.3 3.6 3.5
tri- 2.2 0.5 0.5

Distillation (◦C)
IBP 171.5 176.5 176.5
50% 298.0 289.0 291.0
FBP 387.0 374.0 379.0

2.2. Feedstock properties

Feedstock for this work was prepared by mixing LCO
and SRLGO obtained from Cosmo Oil Sakai refinery. LCO
is a middle distillate refinery product generated in a fluid
catalytic cracking (FCC) unit. The mixing ratio of LCO/
SRLGO in the feed oil was 30 vol%/70 vol%. Because
of the high sulfur content (1.0 wt%) of LCO/SRLGO,
noble-metal catalysts have to be used in the latter reac-
tor of the two-stage hydrotreating process. Therefore, the
LCO/SRLGO feed was previously hydrotreated using a
CoMoP/HY zeolite–alumina catalyst (C-603A of Cosmo
Oil [34,35]) before performing the hydrogenation experi-
ments with the different noble-metal catalysts. The general
properties of the untreated and hydrotreated LCO/SRLGO
are given in table 2.

2.3. Equipment

Hydrogenation runs were carried out with an isother-
mal fixed-bed reactor (catalyst volume: 5 ml) operating in
down-flow mode.

2.4. Reaction conditions

Hydrogenation of hydrotreated LCO/SRLGO feed was
carried out under the following conditions: temperature 473
and 573 K, total pressure 4.9 MPa, liquid hourly space
velocity (LHSV) 1.5 h−1, and hydrogen-to-feed oil ratio
500 Nl/l.

2.5. Analytical

The percentages of aromatics content in feed and prod-
ucts were measured by high-performance liquid chromato-
graphy (HPLC). The HPLC analysis was performed using
two types of detectors: ultraviolet (UV-8200, Tosoh Co.)
and refractive index (RI-8200, Tosoh Co.) to measure quan-
titatively different types of aromatics, that is, mono, di, tri
and total aromatics.

2.6. Kinetic calculations

The decrease in the total aromatics content in distillates
was assumed to be pseudo-first-order. The following equa-
tion was used to analyze the results of each experiment:

k = ln

(
Cf

Cp

)
× LHSV,

where k is the hydrogenation rate (h−1), Cp the amount of
aromatics in the product, and Cf the amount of aromatics
in the feedstock.

2.7. EXAFS measurement

The EXAFS spectra of Pt L3-edge and Pd K-edge
for Pt–Pd/SiO2–Al2O3 catalysts were measured using the
Si(311) double-crystal monochromator at a BL-10B station
of the Photon Factory of the Institute of Materials Structure
Science (KEK-PF) in Tsukuba, Japan. All measurements
were performed at room temperature using the EXAFS cell
(an optical path length of 7–15 mm, polyimide film win-
dows), enabling in situ reducing and measurements. Cata-
lyst samples were finely ground and mounted in an EX-
AFS cell. The samples were reduced in an H2 stream
(50 cm3 min−1) under atmospheric pressure. During this re-
duction, the temperature was increased at a rate of 10 K/min
to 623 K and then kept at 623 K for 2 h. After reducing,
the samples were cooled to room temperature under flow-
ing H2. The samples were then evacuated at room tempera-
ture in order to remove all H2 gas and sealed under vacuum
(1× 10−1 Pa).

Fourier transformation of the k3χ(k) was performed in
the k range of 8.2 Å−1 for Pt L3-edge and Pd K-edge [36].
Inverse Fourier transform was performed in the R range
of 1.7–3.1 Å for Pt L3-edge and 1.0–2.9 Å for Pd K-edge.
Curve fitting for the Fourier-filtered k3χ(k) was performed
by using experimental spectra for Pt–Pt, Pt–Cl, Pd–Pd,
Pd–O, and Pd–Cl pairs and theoretically calculated spec-
tra for Pt–Pd and Pd–Pt pairs generated with the FEFF
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Figure 1. Fourier transforms of (A) Pt L3-edge and (B) Pd K-edge EXAFS
spectra for the model compounds (Pt foil, PtO2, H2PtCl6 ·6H2O, Pd foil,

PdO, and PdCl2).

program [37–39]. Experimental spectra for Pt–Pt, Pt–O,
Pt–Cl, Pd–Pd, Pd–O, and Pd–Cl pairs were obtained from
Pt foil, PtO2, H2PtCl6·6H2O, Pd foil, PdO, and PdCl2. Fig-
ure 1 (A) and (B) shows Fourier transforms of Pt L3-edge
and Pd K-edge EXAFS spectra for the model compounds.

3. Results and discussion

3.1. Effect of Pd loading over Pt–Pd/SiO2–Al2O3 catalyst

To investigate the effect of Pd loading on the hydrogena-
tion activity, we examined the hydrogenation rate constants
as a function of Pd loading of the Pt–Pd/SiO2–Al2O3 cata-
lyst. The Pt loading was held constant at 0.5 wt% as the Pd

Figure 2. The effect of Pd loading over Pt–Pd/SiO2–Al2O3 and Pd/SiO2–
Al2O3 catalysts. (A) Pd concentration versus aromatic content in product.
(B) Pd concentration versus rate constant. Reaction conditions: feed hy-
drotreated LCO/SRLGO (474 ppm sulfur); temperature 573 K, hydrogen

pressure 4.9 MPa; LHSV 1.5 h−1; 8 days on stream.

concentration was varied. Also, Pd/SiO2–Al2O3 catalysts
without added Pt were prepared to compare with the Pt–Pd/
SiO2–Al2O3 catalysts. The activity measurements were car-
ried out with hydrotreated LCO/SRLGO (474 ppm sulfur)
at 573 K and a hydrogen pressure of 4.9 MPa. The amount
of aromatics in product and the first-order rate constants for
the catalysts are shown in figure 2 (A) and (B). Figure 2(A)
indicates that aromatics content decreases significantly with
Pd content in the case of the Pt–Pd/SiO2–Al2O3 catalysts.
As shown in figure 2(B), in the case of Pt–Pd/SiO2–Al2O3,
the hydrogenation activity increased linearly with the Pd
content. On the other hand, in the case of Pd/SiO2–Al2O3,
which did not contain Pt, the substantial improvement in
hydrogenation activity was not seen with an increase in Pd
content. When the quantity of Pd is identical even if it
adds the hydrogenation rate constant of Pd/SiO2–Al2O3 to
that of Pt(0.5 wt%)/SiO2–Al2O3, it does not reach that of
Pt–Pd/SiO2–Al2O3. Therefore, it is assumed that there is an
interaction of Pt and Pd in the Pt–Pd/SiO2–Al2O3 catalysts
and it improves the hydrogenation activity of aromatics in
distillates.
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The catalytic activity increased with the increase of Pd
loading up to about 1.0 wt%, and then the activity became
constant for a loading above 1.0 wt%. Thus, it can be
concluded that 1.0 wt% loading of Pd on Pt(0.5 wt%)–Pd/
SiO2–Al2O3 is sufficient for obtaining the optimum cat-
alytic performance. It is assumed that surplus Pd does not
contribute to the hydrogenation activity. Therefore, it is
concluded that the ratio of Pt and Pd must be precisely
controlled to avoid the formation of wasteful Pd, as it does
not contribute to the hydrogenation activity.

3.2. Dependence of the amount of sulfur in the feed

To investigate the dependence of the amount of sulfur
in the feed, activity measurements were carried out over
the catalysts with varied Pd/(Pt + Pd) atomic ratio with
hydrotreated LCO/SRLGO (31, 474 ppm sulfur) at 473

Figure 3. The effect of the Pd/(Pt + Pd) atomic ratio on the activity
for the hydrogenation over Pt–Pd/SiO2–Al2O3 catalysts. (A) Reaction
conditions: feed hydrotreated LCO/SRLGO (31 ppm sulfur); temperature
473 K, hydrogen pressure 4.9 MPa; LHSV 1.5 h−1; 8 days on stream.
(B) Reaction conditions: feed hydrotreated LCO/SRLGO (474 ppm sul-
fur); temperature 573 K, hydrogen pressure 4.9 MPa; LHSV 1.5 h−1;

8 days on stream.

and 573 K and a hydrogen pressure of 4.9 MPa. Because
the hydrogenation activity with hydrotreated LCO/SRLGO
(31 ppm sulfur) is much faster than that with hydrotreated
LCO/SRLGO (474 ppm sulfur), the activity measurements
with hydrotreated LCO/SRLGO (31 ppm sulfur) were per-
formed at lower temperature. The first-order rate constants
for the catalysts are shown in figure 3 (A) and (B). It can
be seen that the hydrogenation activity for aromatics in-
creased up to a maximum at about 4/5 of Pd/(Pt + Pd)
atomic ratio and then decreased with a further increase
in the Pd/(Pt + Pd) atomic ratio. Thus, the Pd/(Pt + Pd)
atomic ratio that provided the highest catalytic properties
was 4/5. In good agreement with this work, Yasuda et al.
also found that the optimum point of the ratio of Pt and
Pd over the USY-zeolite for the hydrogenation of tetralin
containing dibenzothiophene is 4/5 [24]. Therefore, it is as-
sumed that the active metal phase on SiO2–Al2O3 is similar
to that on USY-zeolite.

The curve shape of the activity measurements carried out
with hydrotreated LCO/SRLGO (31 ppm sulfur) is the same
as that with hydrotreated LCO/SRLGO (474 ppm sulfur).
It is demonstrated that the catalytic activities of bimetallic
Pt–Pd and monometallic Pt and Pd catalysts were similarly
affected by the concentration of the sulfur in feed. There-
fore, it is clear that the bimetallic Pt–Pd system does not im-
prove the sulfur tolerance as compared with the monometal-
lic Pt or Pd system but it significantly enhances the intrinsic
catalytic activity for aromatic hydrogenation.

3.3. EXAFS measurement

To investigate the local structures of the active metal
phase, EXAFS measurements were carried out on Pd
(1.5 wt%)/SiO2–Al2O3 (Pd/(Pt + Pd) = 1), Pt(0.5 wt%)–
Pd(1.0 wt%)/SiO2–Al2O3 (Pd/(Pt + Pd) = ca. 4/5), Pt
(1.0 wt%)–Pd(0.5 wt%)/SiO2–Al2O3 (Pd/(Pt + Pd) =
ca. 1/2), and Pt(1.5 wt%)/SiO2–Al2O3 (Pd/(Pt + Pd) = 0)
catalysts.

Figure 4 (A) and (B) shows the Fourier transforms of
Pt L3-edge and Pd K-edge EXAFS spectra for each cata-
lyst reduced in an H2 flow at 623 K. The Pt and Pd data in
figure 4 (A) and (B) were inverse Fourier transformed. Fur-
thermore, curve-fitting for the Fourier-filtered k3χ(k) was
performed by using experimental and theoretically calcu-
lated spectra. Table 3 indicates the structure parameters
(coordination number and mean distance) calculated from
the analysis of EXAFS oscillations. It is clear that there is
a Pt–Pd bond on the Pt(0.5 wt%)–Pd(1.0 wt%)/SiO2–Al2O3

and Pt(1.0 wt%)–Pd(0.5 wt%)/SiO2–Al2O3 catalysts. Thus,
it is concluded that the metal particles are not composed of
mixtures of Pt and Pd particles, but each metal particle is
composed of both Pt and Pd metals. Also, as compared
with the coordination numbers of Pd–Pd and Pt–Pt bonds
in Pt(0.5 wt%)–Pd(1.0 wt%)/SiO2–Al2O3 and Pt(1.0 wt%)–
Pd(0.5 wt%)/SiO2–Al2O3 catalysts, the coordination num-
ber of the Pt–Pt bond exceeds that of the Pd–Pd bond.
Hansen et al. [40] confirmed that the coordination number



T. Fujikawa et al. / EXAFS of Pt–Pd bimetallic catalysts 31

Figure 4. Fourier transforms of (A) Pt L3-edge and (B) Pd K-edge EXAFS
spectra for Pd(1.5 wt%)/SiO2–Al2O3, Pt(0.5 wt%)–Pd(1.0 wt%)/SiO2–
Al2O3, Pt(1.0 wt%)–Pd(0.5 wt%), and Pt(1.5 wt%)/SiO2–Al2O3 catalysts

reduced in an H2 flow at 623 K.

of the Pt–Pt bond exceeds that of the Pd–Pd bond when
Pd exists on the surface of a Pt–Pd bimetallic particle.
Toshima et al. [41–44] reported that the results of X-ray
diffraction, X-ray photoelectron spectroscopy, and EXAFS
on the Pd/Pt (4/1 and 1/1 mol ratios) bimetallic clusters
in the colloidal dispersions indicated the “Pd-surrounded Pt
core structure”, in which the 42 Pd atoms are on the surface
of the cluster particle and 13 Pt atoms are at the center of
the particle, forming a core. The structure parameters of
the colloidal dispersions of the Pd/(Pt + Pd) (4/5 and 1/2
atomic ratios) bimetallic clusters determined by Toshima et
al. [41] are in good agreement with those of Pt(0.5 wt%)–
Pd(1.0 wt%)/SiO2–Al2O3, of which the Pd/(Pt+Pd) atomic
ratio is ca. 4/5, and Pt(1.0 wt%)–Pd(0.5 wt%)/SiO2–Al2O3,

Table 3
Structure parameters of Pt–Pd/SiO2–Al2O3 catalysts.

Catalyst Bond R Coordination
(Å) number

Pd(1.5) Pd–Pd 2.75 4.6

Pt(0.5)–Pd(1.0) Pt–Pd 2.71 4.2
Pt–Pt 2.73 4.2
Pd–Pt 2.71 1.1
Pd–O 2.03 1.3
Pd–Cl 2.32 1.2
Pd–Pd 2.71 1.6

Pt(1.0)–Pd(0.5) Pt–Pd 2.68 2.6
Pt–Pt 2.69 5.7
Pd–Pt 2.68 2.6
Pd–O 2.10 0.8
Pd–Cl 2.43 0.4
Pd–Pd 2.77 1.4

Pt(1.5) Pt–Cl 2.32 2.3
Pt–Pt 2.69 5.3

of which the Pd/(Pt + Pd) atomic ratio is ca. 1/2, in our
work. Therefore, it may be presumed that the active metal
particles on the Pt–Pd/SiO2–Al2O3 catalysts are composed
of the Pd species dispersed on Pt particles. In light of this
assumption, it is reasonable to consider that in the case
of Pt–Pd/SiO2–Al2O3, the hydrogenation activity increased
linearly with the increase in the Pd loading, as shown in
figure 2(B). It is highly probable that the main active site
for aromatic hydrogenation is the surface Pd on the Pt–Pd
metal particles. Therefore, surplus Pd, which does not in-
teract with a Pt particle, is not responsible for the high
activity for aromatic hydrogenation.

Also, in the case of Pt–Pd/SiO2–Al2O3 catalysts, the
Pd–Cl bond and Pd–O bond were observed. It is assumed
that the Pd metals easily combined with the Cl and O
atoms on the support, because the Pd atoms exist on the
surface of the metal particles. However, in the case of the
Pd(1.5 wt%)/SiO2–Al2O3 catalysts, Pd–Cl and Pd–O bonds
were not observed. Although it is necessary to perform fur-
ther detailed investigations, we imagine that in the case of
the monometallic Pd catalyst, Pd–Cl and Pd–O bonds were
not formed, because the Pd metal particles were readily
reduced, while, in the case of bimetallic Pt–Pd catalysts,
Pd–Cl, and Pd–O bonds were formed, since the ligand ef-
fect of Pt upon the Pd of the surface took place and the
surface Pd on the metal particles became poorer in elec-
tronic density than in the Pt core.

There is a general agreement in the literature [45–47]
that the dispersion of Pt is higher than that of Pd. How-
ever, table 3 shows that the coordination number (5.3) for
supported monometallic Pt is higher than that (4.6) for sup-
ported monometallic Pd. In general, this means that the Pd
catalyst has a higher dispersion than the Pt one.

In this study, we also performed TEM measurements
of Pt(1.5 wt%)/SiO2–Al2O3, Pt(0.5 wt%)–Pd(1.0 wt%)/
SiO2–Al2O3, Pt(1.0 wt%)–Pd(0.5 wt%)/SiO2–Al2O3, and
Pd(1.5 wt%)/SiO2–Al2O3 after reduction under the same
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conditions. From the results, the particle size of clusters of
each catalyst was, respectively, about 10 Å for Pt(1.5 wt%)/
SiO2–Al2O3, 10 Å or less for Pt (0.5 wt%)–Pd(1.0 wt%)/
SiO2–Al2O3, 10–20 Å for Pt(1.0 wt%)–Pd(0.5 wt%)/SiO2–
Al2O3, and 70–200 Å for Pd(1.5 wt%)/SiO2–Al2O3. The
results of the TEM measurements are in disagreement with
those of the EXAFS measurements. Therefore, we think
that the primary particles of Pd in the absence of Pt easily
gather and form agglomerations (secondary particles) with-
out a change of coordination number. The EXAFS and the
TEM studies lead to the suggestion that Pt in the Pt–Pd
bimetallic system retards the formation of Pd agglomera-
tions and further is regarded as a support for dispersing the
active Pd species.

The current literature does not agree with our opin-
ion: Chang et al. [48] proposed that the effect of Pd in
Pt–Pd/Al2O3 is to decrease the electron density of Pt and
thereby improve the sulfur tolerance of supported Pt cata-
lysts. However, if the main active site is Pt and the role
of Pd is only to modify the electronic properties of Pt, it
is difficult to explain why the hydrogenation activity of the
bimetallic Pt–Pd system increased linearly with the increase
in the Pd loading in figure 2(B). Therefore, we propose that
the main active sites for aromatic hydrogenation are the Pd
species dispersed on Pt particles in the bimetallic Pt–Pd
system.

4. Conclusions

In order to examine the characteristics of the active sites
of highly active Pt–Pd catalysts in detail, we performed
activity measurements of the Pt–Pd/SiO2–Al2O3 catalysts
with hydrotreated LCO/SRLGO feedstock (31, 474 ppm
sulfur) under industrial hydrogenation conditions and stud-
ies of the active sites with EXAFS. The main conclusions
of this work are summarized as follows:

(1) Bimetallic Pt–Pd/SiO2–Al2O3 catalysts exhibited much
higher activities in aromatic hydrogenation of distillates
than monometallic Pt and Pd/SiO2–Al2O3 catalysts.

(2) Bimetallic Pt–Pd system does not improve the sulfur
tolerance as compared with monometallic Pt or Pd sys-
tem but it significantly enhances the intrinsic catalytic
activity for aromatic hydrogenation.

(3) The EXAFS studies indicated that there is an interaction
between Pt and Pd in the Pt–Pd/SiO2–Al2O3 catalyst.

(4) From the EXAFS, it was assumed that the active metal
particles on the Pt–Pd/SiO2–Al2O3 catalysts are com-
posed of the Pd species dispersed on Pt particles.

(5) Regarding the activities of aromatic hydrogenation, it
was assumed that the Pd sites dispersed on Pt particles
were responsible for the high activity of the bimetallic
Pt–Pd/SiO2–Al2O3 catalysts.
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