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The hydrodesulfurization (HDS) of dibenzothiophene (DBT) on a series of Pd–Pt/c-Al2O3 catalysts was
studied as a function of the Pd/(Pd + Pt) molar ratio at different reaction conditions. It was determined
that the catalytic performance in HDS is controlled by the Pd/(Pd + Pt) molar ratio. In particular, a syner-
getic effect exists rather in the development of the hydrogenation (HYD) route of HDS of dibenzothio-
phene than in the activity, but both can be controlled from the Pd/(Pd + Pt) molar ratio. An analysis of
the relationship between the mechanism of HYD, analyzed here from a different perspective as that
currently presented in the literature, and the surface properties of the bimetallic Pd–Pt alloyed particles
indicated that: (i) the development of HYD is in correspondence with the capacity of Pd–Pt to hydroge-
nate aromatics under HDS environments; (ii) the dispersion of the active phase is not directly related to
the performance in HDS. Consequently, other geometric effects are more important to the development
of HYD over Pd–Pt; and (iii) Pdd+ surface species of the Pd–Pt alloyed particles are responsible for the
hydrogenation–dehydrogenation steps during HYD, whereas C–S–C bond scission mainly takes place
on Pt sites.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The hydrodesulfurization (HDS) of dibenzothiophenes (DBTs)
normally takes place by the parallel and competitive direct desul-
furization (DDS) and hydrogenation (HYD) pathways [1–3]. The
HDS of sterically hindered 4,6-alkyl-substituted-dibenzothioph-
enes (4,6-alkyl-DBTs), bull’s eye in the HDS of heavy oil cuts, pro-
ceeds almost exclusively by the hydrogenation route [1–3].
Different authors have studied the HYD route [4–16]. HYD theoret-
ically involves the formation of a p complex and multipoint inter-
actions of the benzenic (g6) and thiophenic (g5) rings as well as the
S heteroatom (g1S) of the adsorbed molecule with the catalytic sur-
face [4–8]. On the other hand, the hydrodesulfurization of 4,6-al-
kyl-DBTs via DDS is not an energetically favored process [4,12].
Regardless of the HDS pathway, DDS or HYD, it is believed that
the C–S–C bond scission step can take place by the same mecha-
nism [5,6,9,13]. According to the literature such mechanism can
be direct hydrogenolysis of the C–S–C bond [6,9] or an elimination
mechanism in which dihydrodibenzothiophenic intermediates are
involved [6,13] or perhaps a combination of both [6,11]. An analy-
sis of the published information indicates that DDS and HYD are
kinetically competitive [1–16]. Such competition has been clearly
ll rights reserved.
evidenced when performing the HDS of dibenzothiophenes over
supported MoS2 and Pd [9,13–16]. In the case of promoted MoS2

catalysts, it has been demonstrated that the addition of promoters
enhances the HDS activity mostly by favoring DDS [16,17]. Even
highly hydrogenating metals such as Pt present such promoting ef-
fect on MoS2 [17]. This is the main reason of the poor efficiency of
these catalytic systems in the HDS of 4,6-alkyl-DBTs. Reinhoudt
et al. [18] compared the activity in the HDS of 4,6-alkyl-DBTs of
c-Al2O3 and amorphous alumino silicate (ASA) supported pro-
moted MoS2 and Pd–Pt catalysts. The rate of HDS of such molecules
over Pd–Pt/ASA catalysts was fivefold higher than that of MoS2-
based systems [18]. The results presented in various reports show
that this is related to the capacity of the alloyed Pd–Pt bimetallic
system to develop the HYD route of HDS of the sterically hindered
dibenzothiophenes [9,19]. The reasons for such capacity are not
fully established yet, though some characteristics of the Pd–Pt ac-
tive phase in hydrotreatment reactions have been started to be elu-
cidated [19,20].

Aiming the rational design of an efficient catalytic system for
the HDS of sterically hindered 4,6-alkyl-DBTs, in the present con-
tribution a series of Pd–Pt/c-Al2O3 catalysts of different Pd/
(Pd + Pt) atomic ratios were prepared and tested in the HDS of
dibenzothiophene under different reaction conditions. By choosing
DBT as a model molecule, instead of the more typically selected
4,6-dimethyl-DBT, it can be really established whether the studied
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catalytic system is intrinsically selective to HYD or DDS, because,
as discussed above, the HDS of dibenzothiophene is not driven
by the steric effect imposed by the methyl substituents in the
4- and 6-b-carbons, thus being possible to analyze the kinetic
competition between both reaction pathways. To accomplish the
proposed objective, we have performed an analysis of the mecha-
nism of HYD of dibenzothiophenes over Pd–Pt based on the ob-
tained results and the findings reported in the literature
correlating it with the physicochemical characteristics of the al-
loyed Pd–Pt particles as determined by H2 and CO chemisorption
measurements, XPS, and TPR characterization. This work then con-
tributes to the understanding of the HYD mechanism and casts
new light into the nature and functioning of the Pd–Pt active phase
in HDS.
2. Experimental

2.1. Catalysts preparation

A series of bimetallic Pd–Pt/c-Al2O3 catalysts of different Pd/
(Pd + Pt) molar ratios were prepared by incipient wetness co-
impregnation. The alumina (Procatalyse) was crushed and sieved
up to a particle size between 0.3 and 0.6 mm and then it was cal-
cined at 673 K. An aqueous solution of PdCl2 and H2PtCl6�4H2O
(both provided by Sigma-Aldrich), containing the desired amounts
of Pt and Pd, was prepared and impregnated onto the support using
a 20% excess of the impregnating solution as referred to the sup-
port’s pore volume. The wetted solid was dried at ambient condi-
tions for one day. Then, it was dried at 393 K for 12 h and
calcined at 773 K for 4 h in air flow. The Pd/(Pd + Pt) molar ratio
was varied from 0 (pure Pt) to 1 (pure Pd). Catalysts were labeled
according to their real metallic contents as shown in parenthesis
after the corresponding metal.

2.2. Catalysts characterization

2.2.1. Metallic contents and textural properties
The metallic contents of the catalysts were established by atom-

ic absorption technique in a 2380 Perking Elmer spectrometer fol-
lowing the ASTM 1977-91 standard. These metallic contents are
included in catalyst’s labels as described in Section 2.1. BET surface
area, pore volume, distribution, and pore size, using the BJH meth-
od, were determined by nitrogen adsorption–desorption isotherms
in a Nova 1300 (Quantachrome) apparatus.

2.2.2. Hydrogen chemisorption
Hydrogen chemisorption measurements were performed in a

Micromeritics ASAP 2010C instrument. All catalysts were in situ
reduced in hydrogen at 673 K before the measurements. After this
step, evacuation was performed by flowing He for 2 h at 673 K, un-
der vacuum at 673 K for 30 min, and finally under vacuum at the
temperature selected for the measurement for another 30 min.
Hydrogen chemisorption isotherms were determined at 343 K to
avoid the formation of the b-Pd–H hydride phase [21], this was also
verified by TPR measurements. The reported hydrogen uptake val-
ues were taken from the volume difference between two hydrogen
adsorption isotherms; the second one measured after an evacua-
tion time of 45 min, extrapolated to zero pressure (strongly ad-
sorbed hydrogen). For the calculation of dispersion from these
measurements the ratio H/M = 1 was assumed between the metal-
lic phases (Pd, Pt and Pd–Pt) and hydrogen.

2.2.3. CO chemisorption
CO chemisorption measurements were conducted on a

Micromeritics Pulse Chemisorb 2700 apparatus. Samples of the
calcined catalysts, c.a. 0.15 g, were dried using hydrogen
(30 mL/min) at 393 K and subsequently at 493 K during 30 min
at each temperature before performing its final reduction under
the same hydrogen flow at 673 K for 2 h. At this same tempera-
ture, helium (30 mL/min) was flowed into the system during
90 min. The system was then cooled down to 318 K at which
CO pulses were repeatedly injected until saturation of the sample.
Dispersion was determined according to the procedure presented
by Hermans et al. [22]. For the monometallic catalysts the ratios
CO/Pt = 1 and CO/Pd = 0.68 were assigned as recommended by
Navarro et al. [23]. For the bimetallic Pd–Pt catalysts the stoichi-
ometric factor was calculated according to the formula:
XPt*1 + XPd*0.68, where X is the molar fraction of the metal in
the alloy.
2.2.4. Temperature-programmed reduction (TPR)
Temperature-programmed reduction (TPR) experiments were

performed in a u-shaped fixed-bed quartz micro-reactor contain-
ing samples of c.a. 100 mg of the calcined catalysts to which a
layer of approximately 1 cm of glass beads was added to guar-
anty plug-flow. Before the analysis, drying of the samples under
He flow (50 mL/min) was performed at 413 K until stabilization
of the H2O signal as registered with a QMC 311 Balzers quadru-
pole mass spectrometer coupled to the reactor. After cooling the
reactor, TPR patterns were then registered by increasing the tem-
perature from 308 K to 1073 K at a temperature rate of 10 K/min.
TPR analysis was performed by flowing a 5 vol.% H2 in He (flow
rate = 50 ml/min) gas mixture. The MS signals corresponding to
H2 (m/e = 2), H2O (m/e;= 18), HCl (m/e = 36), and Cl+ (m/e = 37);
corresponding to diverse chlorine containing compounds, were
monitored. The recorded signals were treated by using a Gauss-
ian mathematical function.
2.2.5. X-ray photoelectron spectroscopy (XPS)
XPS analyses were performed with a Kratos Axis Ultra spec-

trometer (Kratos Analytical – Manchester – UK) equipped with
a monochromatized aluminum X-ray source (powered at 10 mA
and 15 kV). The sample powders were pressed into small stain-
less steel troughs mounted on a multi-specimen holder. The pres-
sure in the analysis chamber was around 10�6 Pa. The angle
between the normal to the sample surface and the lens axis
was 0�. The hybrid lens magnification mode was used with the
slot aperture resulting in an analyzed area of 700 lm � 300 lm.
The pass energy was set at 40 eV. In these conditions, the energy
resolution gives a full width at half maximum (FWHM) of the Ag
3 d5/2 peak of about 1.0 eV. Charge stabilization was achieved by
using the Kratos Axis device. The following sequence of spectra
was recorded: survey spectrum, C 1s, O 1s, Al 2p, Al 2s, Pd 3d,
Pt 4d, Cl 2p, and C 1s again to check the stability of charge com-
pensation in function of time and the absence of degradation of
the sample during the analyses. The binding energies were calcu-
lated with respect to the C-(C,H) component of the C 1s peak
fixed at 284.8 eV. The spectra were decomposed with the Casa-
XPS program (Casa Software Ltd., UK) with a Gaussian/Lorentzian
(70/30) product function after subtraction of a linear baseline.
Molar fractions were calculated using peak areas normalized on
the basis of acquisition parameters, sensitivity factors provided
by the manufacturer, and the transmission function. The Pd 3d
doublet was decomposed in three components with Pd 3d5/2

binding energies fixed at 335 (Pd0), 336 (Pd2+), and 338 eV
(Pd4+) [24]. The algebraic sum of the surface atomic concentra-
tion of (Pd2+ + Pd4+) species was defined as the total concentra-
tion of surface electron-deficient Pdd+ species. For the Pt 4d
peak the energy separation for the doublet was fixed at 16.8 eV
[25].
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2.3. Catalytic tests

Catalytic tests were carried out in a continuous-flow high-pres-
sure fixed-bed reactor. Catalysts were in situ activated before cat-
alytic tests. Samples of 0.5 g of the calcined catalysts were dried at
393 K under N2 flow for 1 h, and subsequently, they were reduced
in hydrogen flow (100 mL/min) at 673 K for 3 h. The HDS of DBT
(2 wt.%) was studied at 583 K, 5 MPa, and using a H2/(liquid feed)
ratio of 500 NL/L. DBT was diluted in cyclohexane. For all the tests,
catalysts were diluted in borosilicate glass beads (1 mm in diame-
ter, Aldrich) and placed between two glass wool plugs. The absence
of any diffusion limitations was previously verified. Liquid prod-
ucts were analyzed using a HP 6890 GC equipped with an FID, a
HP-1 capillary column (100 m � 0.25 mm � 0.5 lm), and a split
injector. Catalytic tests were conducted until reaching the steady
state. Hexadecane was employed as an internal standard for GC
analysis of reaction products. In addition, the influence of reaction
temperature, within the range 563–603 K, was studied for the
monometallic Pt and Pd catalysts.

The catalyst with a Pd/(Pd + Pt) molar ratio of 0.8, Pd(1.0)–
Pt(0.5), was selected for a long-run test. This test consisted on per-
forming the HDS of dibenzothiophene until reaching steady state
and then adding NP (3 wt.%) to the liquid feed. Once a new steady
state was reached, dimethyldisulfide (DMDS) was incorporated to
the feed as to generate an additional H2S concentration of c.a.
4074 wppm, such H2S concentration corresponding to the one
obtained at 60% conversion of DBT in the hydrodesulfurization
reaction. When stable conversions were achieved, DMDS was with-
drawn from the system, closing the cycle which began with NP
addition. As described, this experiment allows studying the influ-
ence of the incorporation of NP to a stabilized Pd–Pt catalyst on
the performance in the HDS of dibenzothiophene, as well as the
influence of an increase in the H2S concentration on the simulta-
neous HDS–naphthalene hydrogenation reaction thus performed.

The catalytic results were expressed in terms of the conversion
(%C) of DBT or NP:

%Ci ¼ 100�
ðni

0 � ni
f Þ

ni
0

; ð1Þ

where ni
0 and ni

f are the initial and final moles irrespective of DBT or
NP, and as the yield (%y) of products:

%yj ¼ 100� nj

nDBT;0
; ð2Þ

where nj are the moles of different reaction products: cyclohexyl-
benzene (CHB), biphenyl (BP), tetrahydro(TH)–DBT (THDBT), and
hexahydro(HH)–DBT (HHDBT), and nDBT,0 are the initial moles of
DBT, respectively. Such definition was adopted from IUPAC recom-
mendations [26].

The selectivity ðSDS
HYDÞ between completely desulfurized CHB and

BP in the HDS of dibenzothiophene was defined as the yCHB/yBP

ratio, i.e. the ratio moles of CHB to moles of BP. The experimental
error in the mass balance of the reaction system, as from the chro-
matography analysis, and the reproducibility of the catalytic tests
was found to be between 10% and 15%.

Activation energy calculations (Ea) for the conversion of DBT
over monometallic Pt and Pd were performed by assuming a pseu-
do-first order rate constant, as in previous works [15,17], and by
linearization of the Arrhenius expression.
3. Results and discussion

The catalytic trends and the characteristics of the Pd–Pt active
phase in the HDS of dibenzothiophene as a function of the Pd/
(Pd + Pt) molar ratio are analyzed first. Afterwards, the analysis is
focused on the trends observed during the long-run test.

3.1. HDS of dibenzothiophene

Reaction products detected in these tests were: CHB, BP, and
partially hydrogenated THDBT and HHDBT.

3.1.1. Effect of temperature on the HDS of dibenzothiophene over
monometallic Pt and Pd

Table 1 shows the effect of the reaction temperature on the
activity (%CDBT) and the reaction products distribution for mono-
metallic Pd(1.9) and Pt(1.3), and the activation energy values
determined. For both catalysts %CDBT increased with temperature.
The activation energies were in the same order of magnitude of
those usually reported in the literature when no diffusion limita-
tions are present [27]. As observed in Table 1, Pt was much more
active than Pd, which agrees with the literature reports
[14,18,19]. Regarding products distribution, it can be seen that this
was quite different for Pt compared to Pd. While for Pt most of the
DBT was converted to biphenyl, i.e. very high selectivity to DDS, for
Pd the sum of the yields of the products from the HYD route, CHB,
THDBT, or HHDBT, was always at the same level than that of BP. In
particular, the yields of both desulfurized products, i.e. CHB and BP,
increased with temperature over both catalysts, with BP as the
main reaction product. For Pt the yield of BP was an order of mag-
nitude higher than that of CHB indicating a very high selectivity to
DDS. This trend has also been found by other authors [14,28,29].
Over Pd, the yield to CHB was c.a. half the corresponding BP value.
Both partially hydrogenated intermediates, THDBT and HHDBT,
were observed for Pd, and instead over Pt only a very low amount
of THDBT was detected. It must be recalled that for the HDS of
dibenzothiophene, thermodynamic calculations presented in liter-
ature [19,27] indicate that at the temperature range and pressure
used in this work, the production of BP is favored, and that the in-
crease in the temperature negatively affects the reactions of satu-
ration of aromatic rings to a higher extent than the C–S–C bond
scission reaction [19]. A noticeable difference between Pt and Pd
is that over the former the yield of THDBT decreased with rising
temperature while over Pd it increased. The trend observed for
THDBT over Pt was similar to that registered for HHDBT over Pd;
though in this case such decrease was very slight. The above-men-
tioned trends clearly indicate that while over Pt the HDS reaction
proceeds with a selectivity as predicted from thermodynamics,
over Pd there is a significant kinetic competition between the
HYD and DDS pathways. Therefore, the chemical properties of
the noble metals are playing a role in controlling the selectivity
in HDS.

3.1.2. The HYD mechanism of hydrodesulfurization of
dibenzothiophenes

The results for the HDS of dibenzothiophene over both mono-
metallic Pt and Pd catalysts showed that, under the conditions
used in this work, HYD is kinetically slower than DDS and becomes
more competitive to the latter on those catalysts displaying lower
HDS rates; as for unpromoted MoS2 [10,11,16].

Up to date, the mechanism of DDS remains an object of contro-
versy, because evidence supporting an elimination type mecha-
nism and/or direct C–S–C bond hydrogenolysis has been
extensively documented [5,6,9–13,16]. However, there is a good
agreement in the fact that the same mechanism can operate either
in DDS or in the final C–S–C bond scission step of HYD
[6,7,9,12,13,16]. For HYD, it has been proposed that a p-complex
between the catalyst active phase and the DBT backbone is formed
leading to the sequential saturation of one of the benzenic rings of
DBT [4–8]. Literature reports indicate that such p-complex is



Table 1
Effect of reaction temperature on the HDS of dibenzothiophene over monometallic c-Al2O3-supported Pd and Pt catalysts.

Catalysta Temperature (K) %CDBT %yTHDBT %yHHDBT %yCHB %yBP Ea (kJ/mol)b

Pt(1.3) 563 50.4 1.9 0 3.6 45.9 77.2
583 69.2 1.0 0 5.3 63.2
603 87.7 0.5 0 7.1 80.1

Pd(1.9) 563 17.9 4.8 1.5 3.7 7.8 58.6
583 25.9 5.7 1.4 6.2 12.5
603 36.4 6.6 1.2 10.2 18.3

a Numbers in parentheses indicate metallic contents (wt.%).
b Activation energy calculated from Arrhenius expression assuming pseudo-first order rate constant.
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formed by flat adsorption (also called p adsorption) of the DBT
molecule on the catalytic surface, and that, in this way, the interac-
tion between both is not only restricted to that of the p bonds of
the benzenic rings (g6 mode) but also includes the p bonds of
the thiophenic ring (g5 mode) and even the (g1S) mode of coordi-
nation of the surface with the S heteroatom of the adsorbed mole-
cule [4–8]. Though these results have been presented for MoS2

catalysts, it can be expected that the same kind of interactions
can occur between dibenzothiophene and the active phase of the
Pd–Pt catalysts. Considering this evidence a mechanism for the
HYD route of hydrodesulfurization of dibenzothiophenes can be re-
garded as a dynamic competition between hydrogenation–dehy-
drogenation reactions of the benzenic ring of DBT, i.e. between
DBT, THDBT, and HHDBT, and the scission of the C–S–C bond of
the thiophenic ring. Where, the use of the term dynamic implies
that DBT and the different reaction intermediates are interacting
with the active surface in such a way that the former can be
adsorbed and desorbed several times during the reaction. The
experimental evidence presented by Prins and co-workers
[9–11,14,30] aiming to establish the mechanism of C–S–C bond
scission in HDS points out in the same direction of the present
proposition, where these authors suggested that the hydrogenoly-
sis of the C–S–C bond of the reaction intermediates in the HDS
dibenzothiophenes proceeds after their re-adsorption in a perpen-
dicular r-mode through the S heteroatom. The present proposition
is also compatible with the elimination mechanism of C–S–C bond
scission proposed by other authors as well [6,13,31]. Within this
frame, it must be said that as the resonance energy of the aromatic
rings decreases from DBT to THDBT and then to HHDBT the C–S–C
bond scission reaction becomes subsequently more kinetically fa-
vored than the hydrogenation–dehydrogenation reactions. Indeed,
recent results by Wang and Prins [11] have demonstrated that the
S heteroatom is more rapidly withdrawn from HHDBT than from
THDBT and DBT. However, the rate of interconversion between
THDBT and HHDBT can be significant for Pd [11], but such hydro-
genation–dehydrogenation reaction is known to result in an
equilibrium between both partially hydrogenated intermediates
[11,32]. The hydrogenation of THDBT to HHDBT can lead to either
trans-HHDBT or cis-HHDBT [13,33], therefore it is also possible that
the cis- to trans-stereoselectivity could be playing a role in the sug-
gested HYD mechanism when considering a C–S–C bond scission
step proceeding via elimination.

3.1.3. Relationship between the HYD route of hydrodesulfurization and
aromatics hydrogenation

Metallic Pd catalysts are highly selective to trans-isomers in
aromatics hydrogenation [15,34–36]. This implies a strong interac-
tion between its hydrogenation active sites and the aromatic rings,
because to produce trans-isomers the aromatic molecule must
theoretically turn over the catalytic surface as to comply the con-
dition of addition of atomic H by the same side of the molecule
[34]. Therefore, from the theoretical point of view, when trans-iso-
mers are produced during a reaction, the adsorbed intermediates
necessarily change their mode of coordination to the catalytic sur-
face. Dokjampa et al. [35] related such mechanism to a slower rate
of transfer of activated atomic H from the active phase of sup-
ported metallic catalysts to the p-unsaturated double bonds of
the aromatics [35]. Indeed, Table 2 displaying the results of H2

chemisorption for the prepared Pd–Pt catalysts shows that at the
same temperature (343 K) the Pd(1.9) catalyst had a lower capacity
to chemisorb H2 than Pt(1.3). This is further evidenced because
when lowering the temperature of the measurement for Pt(1.3),
i.e. for T = 308 K, the amount of H2 chemisorbed by this catalyst
was then closer to the value exhibited by Pd(1.9) at T = 343 K. In
general, the capacity to chemisorb H2 by a supported metallic cat-
alyst can be related to its capacity to activate H2 and to transfer
this activated hydrogen from the catalytic surface to the reactants
[37]. The results of H2 chemisorption for Pt(1.3) at 308 and 343 K
indicate that the increase in temperature augments the capacity
of Pt/c-Al2O3 to chemisorb H2 (Table 2). Moreover, as evidenced
by the value of Pt dispersion as calculated from H2 uptake at
343 K, which was higher than 100% (Table 2), it can be said that
hydrogen spillover effects, which have been demonstrated to influ-
ence the catalytic properties of Pt/c-Al2O3 [38,39], are playing a
significant role in the performance of Pt/c-Al2O3 in HDS. Though,
it can be expected that the supported catalyst possess a maximum
capacity to chemisorb H2, when rising the temperature even if such
maximum has been attained the rate of activation of H2 and thus
its rate of transfer to a reactant increases [37]. Therefore, under
the conditions of the HDS catalytic tests, T = 583 K and P = 5 MPa,
it can be assumed that a catalyst possessing a higher H2 chemi-
sorption capacity would be able to activate a higher amount of
H2, thus transferring it faster to reactants, having consequently a
higher activity in hydrotreatment reactions as well as it can modify
the stereoselectivity in aromatics hydrogenation. In this line of
thought, considering the conversion of THDBT to cis-HHDBT or
trans-HHDBT and making a comparison with the hydrogenation
of non-sulfur-containing aromatic molecules, the differences in
the H2 chemisorption capacity of both supported Pt and Pd cata-
lysts can be correlated with the mechanism of the HYD route of
hydrodesulfurization of dibenzothiophenes. In first place, as ob-
served in Table 1, Pt was highly active in the HDS of dibenzothio-
phene and very selective to DDS; this result being in agreement
with previous reports [14,28,29]. In the absence of sulfur-contain-
ing molecules Pt is also very active in aromatics hydrogenation
with very good selectivity to cis-isomers [34,35,40]. Concerning
Pd/c-Al2O3, in a previous work [15], we were able to correlate
the stereoselectivity in aromatics hydrogenation with the HYD
mechanism of HDS of dibenzothiophene. The high selectivity to
trans-isomers of Pd was associated to a stronger interaction of
the aromatics with the Pd active phase and to a lower rate of atom-
ic H transfer from the metal to these rings; therefore, the particu-
larly good selectivity of Pd to HYD, but its lower activity in HDS,
was assumed to be a consequence of these two phenomena. The
arguments discussed so far and the results obtained here support
the hypothesis of an HYD mechanism proceeding in a similar



Table 2
H2 and CO chemisorption results for the prepared Pd–Pt/c-Al2O3 catalysts.

Catalysta Chemisorption

nSTP
ads (lmol/lmol metal) No. of l moles of accessible metal per reactionb %Dispersion

H2 (343 K) CO (308 K) H2 CO

Pt(1.3) 0.19c 0.37 4.5 38c 37
0.57 114

Pd(0.2)–Pt(1.5) 0.22 0.45 9.6 44 37
Pd(0.9)–Pt(0.7) 0.26 0.37 7.4 51 30
Pd(1.0)–Pt(0.5) 0.29 0.37 7.8 57 30
Pd(1.4)–Pt(0.3) 0.17 0.25 4.6 33 21
Pd(1.9) 0.10 0.20 3.5 21 14

a Numbers in parentheses indicate metallic contents (wt.%) as determined by atomic absorption.
b Determined from CO chemisorption measurements.
c Measured at 308 K.
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way to aromatics hydrogenation in the sense of the occurrence of a
roll-over of DBT and its partially hydrogenated intermediates over
the catalytic surface [15].
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Fig. 1. Steady state activity (%CDBT) and selectivity cyclohexylbenzene to biphenyl
ðSDS

HYDÞ for Pd–Pt/c-Al2O3 catalysts in the hydrodesulfurization of DBT as a function
of the Pd/(Pd + Pt) molar ratio. (�) %CDBT; ( ) SDS

HYD. Reaction conditions: T = 583 K,
P = 5 MPa, liquid feed flow 30 mL/h, H2/liquid feed ratio = 500 NL/L.
3.1.4. The reactivity of dibenzothiophene over bimetallic Pd–Pt
catalysts

Table 3 shows the Pd/(Pd + Pt) molar ratios and textural proper-
ties of the prepared Pd–Pt catalysts. It can be seen that the textural
properties of the catalysts were not very different from those of the
bare c-Al2O3 support. These results show that the incorporation of
Pd and Pt to the support did not negatively influence the final tex-
tural properties of the catalysts, in spite of the strong pH (pH 0–1)
of the impregnating solutions prepared from chlorides which can
cause alumina dissolution during catalysts’ preparation [41]. Con-
sequently, an effect of the textural properties on the catalytic per-
formance can be discarded. The reactivity of dibenzothiophene was
controlled by the Pd/(Pd + Pt) molar ratio.

Fig. 1 displays both %CDBT and SDS
HYD as a function of the Pd/

(Pd + Pt) molar ratio at 583 K. Concerning the catalytic activity,
the trend registered in Fig. 1 led to conclude that the Pd–Pt alloys
have low or no synergy effects regarding the HDS activity. In fact, it
can be observed that those catalysts with higher Pt contents, Pd/
(Pd + Pt) molar ratio = 0.2 and 0.6, were more active than the one
containing the highest Pd load, Pd/(Pd + Pt) = 0.9. At a Pd/(Pd + Pt)
molar ratio of 0.8 the highest activity among the bimetallic cata-
lysts was registered, but without surpassing that of monometallic
Pt. The selectivity to the HYD route of hydrodesulfurization also
changed as a function of this variable, SDS

HYD, increased with the Pd
content (Fig. 1) until a maximum, SDS

HYD � 1, located at the same
Pd/(Pd + Pt) molar ratio as the maximum in activity. Analyzing
the trend in SDS

HYD a strong synergetic effect regarding the develop-
ment of the HYD route was found. In this sense, the catalytic
behavior of Pd–Pt in the development of the HYD route of reaction
resembles that in aromatics hydrogenation under H2S atmospheres
[19,42,43]. Comparing the hydrogen uptake of the Pd–Pt alloys
with that corresponding to the monometallic Pt and Pd catalysts
(Table 2), at the same temperature (343 K), it is observed that
Table 3
Textural properties of the prepared Pd–Pt/c-Al2O3 catalysts as measured by nitrogen adso

Catalyst Pd/(Pd + Pt) molar ratio BET surface area (m

c-Al2O3 — 211.4
Pt(1.3) 0.0 196.9
Pd(0.2)–Pt(1.5) 0.2 196.4
Pd(0.7)–Pt(0.9) 0.6 199.9
Pd(1.0)–Pt(0.5) 0.8 199.2
Pd(1.4)–Pt(0.3) 0.9 205.6
Pd(1.9) 1.0 200.6
the alloyed catalysts had a higher H2 chemisorption capacity than
monometallic Pd, with a maximum located at Pd/(Pd + Pt) molar
ratio = 0.8, but compared to Pt all the alloys chemisorbed lower
amounts of hydrogen. If one compares the catalytic results
(Fig. 1) with the H2 uptake of the bimetallic catalyst (Table 2), it
can be observed that in spite of the lower Pt content of monome-
tallic Pt(1.3) compared to Pd(0.2)–Pt(1.5), the latter was less active
with a slightly higher SDS

HYD and chemisorbed a much lower amount
of H2 at the same temperature. On the other hand, starting from
the monometallic Pd(1.9), low amounts of Pt in the bimetallic
Pd–Pt catalysts increased H2 uptake: Pd(1.0)–Pt(0.5) > Pd(0.9)–
Pt(0.7) > Pd(1.4)–Pt(0.3) > Pd(1.9). A particularity in this trend is
that until a Pt metallic content of 0.5 wt.%, i.e. Pd(1.0)–Pt(0.5),
the increase in H2 uptake was in good correspondence with the in-
crease in SDS

HYD. Though for monometallic Pt and Pd a relationship
between H2 uptake and the mechanism of HDS of dibenzothio-
rption isotherms.

2/g) Average pore diameter (Å) Pore volume (cm3/g)

111.9 0.6
111.1 0.6
112.0 0.5
111.0 0.6
112.0 0.6
111.1 0.6
109.8 0.6
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phene was inferred; for the bimetallic Pd–Pt system the results
indicated that such relationship is not very straight. Thus other fac-
tors must be considered, which will be discussed later. Fig. 2 shows
the distribution of the reaction products (at 583 K) as a function of
the Pd/(Pd + Pt) molar ratio. Special attention must be paid to the
fact that for monometallic Pd the algebraic sum of the yields of
CHB, THDBT, and HHDBT was slightly higher than the one corre-
sponding to BP. Moreover, Pd yielded similar amounts of partially
hydrogenated products and CHB (Fig. 2 and Table 1). From the
standpoint of the addition of Pt to the system, this effect can be re-
garded as the presence of a small amount of this metal on the Pd-
rich alloyed particles simultaneously accelerating both the hydro-
genation of the DBT aromatic backbone and the extraction of the S
heteroatom from DBT, THDBT, and/or the HHDBT intermediates so
as to produce CHB. Further hydrogenation of BP to CHB can be ne-
glected [44]. In conclusion, it can be thus said that the Pd/(Pd + Pt)
molar ratio of the bimetallic catalysts can modify the competition
between the hydrogenation–dehydrogenation-C–S–C bond scis-
sion reactions occurring during the HDS of dibenzothiophene.

3.2. Characteristics of the Pd–Pt active phase in dibenzothiophene HDS

A first issue to be discussed is the influence of dispersion on the
reactivity of DBT over Pd–Pt. Subsequently, the surface chemical
properties of Pd–Pt and its relationship with the reactivity of DBT
over them will be discussed.

3.2.1. Relationship between dispersion and the reactivity of DBT over
Pd–Pt catalysts

As discussed in Section 3.1.3, in this work it was opted for not
using the dispersion obtained from H2 chemisorption measure-
ments due to the overestimation of its values from this technique.
Therefore, dispersion was only considered from the results ob-
tained by CO chemisorption measurements (Table 2). The adopted
stoichiometry for Pd [23] and the Pd–Pt alloys is in agreement with
the fact that CO can be adsorbed in both linear and bridge mode
over Pd particles [45] and considering the composition of
the alloys. Not all of the catalysts had the same dispersion. Disper-
sion decreased in the order: Pt(1.3) = Pd(0.2)–Pt(1.5) > Pd(0.9)–
Pt(0.7) = Pd(1.0)–Pt(0.5) > Pd(1.4)–Pt(0.3) > Pd(1.9). The trend
observed shows that, with the exception of the Pd(1.0)–Pt(0.5) cat-
alyst, the increase in the concentration of Pd in the bimetallic
Pd–Pt catalysts led to a decrease in the dispersion of the Pd–Pt
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particles over the c-Al2O3 support. By comparing dispersion
(Table 2) with the catalytic results in HDS (Figs. 1 and 2) no appar-
ent correlation exists between them. The same has been reported
by Niquille-Röthlisberger and Prins [14] for the HDS of dibenzothi-
ophenes over Pd–Pt/c-Al2O3. Focusing the present analysis on the
development of the HYD route it must be remarked that though
the hydrogenation–dehydrogenation reactions implicated in the
HYD mechanism are considered to be structure-insensitive [46],
this is not the case of the reactions leading to the scission of the
C–S–C bond [47]. Consequently, the present results indicate that
other geometrical effects are playing the central role in controlling
the catalytic performance of the Pd–Pt system in the HDS of dib-
enzothiophenes. Indeed, geometric effects have been found to con-
trol to a great extent the catalytic properties of bimetallic Pd–Pt
catalysts [48–50]. In the case of HDS, the theoretical work made
by Jiang et al. [50] highlighted the influence of the structural con-
formation and composition of Pd–Pt alloyed particles in the inter-
actions established between them and H2 and H2S. Depending on
the arrangement of the Pd and Pt atoms in the bimetallic Pd–Pt
clusters the adsorption, dissociation, and migration of hydrogen
species, H2S, and the S atom change [50]. Within a specific atomic
ratio range the adsorption of H2 became more favorable than the
adsorption of H2S over the bimetallic surfaces [50]. These theoret-
ical results help explaining the high dependence of the activity in
the HDS of dibenzothiophene and the synergy in the development
of the HYD route on the Pd/(Pd + Pt) molar ratio discussed before.

3.2.2. Surface chemical properties of Pd–Pt catalysts and the
development of the HYD route of HDS of dibenzothiophenes

The results of the XPS characterization of both the calcined and
reduced, i.e. activated, catalysts are displayed in Table 4. The objec-
tive of characterizing the catalysts in these two states was to ana-
lyze the evolution of the chemical state and surface properties of
the Pd–Pt particles. In this sense, a comparison of the XPS results
of the Pd–Pt catalysts in these two states showed that after reduc-
tion there was a decrease in the surface Pd/(Pd + Pt) atomic ratio of
the bimetallic catalysts: precisely from 0.17, calcined, to 0.08, re-
duced, for Pd(0.2)–Pt(1.5), 0.55–0.31 for Pd(0.9)–Pt(0.7), 0.86–
0.62 for Pd(1.0)–Pt(0.5), and 0.88–0.61 for Pd(1.4)–Pt(0.3), respec-
tively. Thermodynamics calculations reported in the literature [19]
indicate that at the conditions of temperature used during the cal-
cination stage (T = 773 K) an alloy between Pd and Pt is readily
formed. Therefore, the XPS analysis demonstrates that after activa-
tion the surface composition of the alloy changes. The decrease in
the surface Pd/(Pd + Pt) atomic ratio of the alloys can be regarded
as a signal of a migration of Pd to the outer surface of the alloy. This
has been interpreted by some authors as a segregation of Pd atoms
to the surface of the Pd–Pt particles [51]. Normally, the XPS analy-
sis of Pd–Pt alloys is focused on detecting a shift in the BE of the Pd
and/or Pt doublets [23,49] due to intermetallic interactions. How-
ever, such shifts are not usually significant as to draw conclusions.
The results obtained here in this sense were similar. Fig. 3 shows
the XPS spectra of monometallic Pt(1.3) (a) and bimetallic
Pt(1.5)-Pd(0.2) (b) both calcined and after reduction. The positions
of the Pt 4d and Pd 3d doublets did not display a large BE shift nei-
ther by the formation of the alloy between Pd–Pt nor after reducing
the catalysts. The Pt 4d line in Pt(1.3) and Pd(0.2)–Pt(1.5) remained
around 315–315.5 eV in all cases; monometallic and bimetallic
catalysts whether calcined or reduced, while the Pd 3d line re-
mained in the range 335–338 eV. The same trend was found for
the other Pd–Pt/c-Al2O3 catalysts. Taking into account that this is
the same result presented in most literature reports, we decided
instead to decompose the Pd 3d doublet into three components
(see Section 2.2.5) and to study the evolution of the distribution
of such components from the calcination to the reduced state of
the catalysts. The results (Table 4) demonstrate that during reduc-



Table 4
XPS analysis of the Pd 3d5/2 peak of prepared Pd–Pt/c-Al2O3 catalysts after calcination and reduction.

Catalyst %At. Surface atomic ratios

Pd(1.9) Pd 3d (Pd0) Pd 3d (Pd2+) Pd 3d (Pd4+) Pt 4d Cl 2p Al 2p–2sa Pd/(Pd + Pt) Pd/Al Pt/Al Pdd+/Pd0 Cl/Al

Calcined 0.04 0.13 0.05 – 0.59 36.25 1.00 0.006 – 4.02 0.016
Reduced 0.08 0.09 0.06 – 0.57 28.49 1.00 0.008 – 1.92 0.020
Pt(1.3)
Calcined – – – 0.29 0.62 24.76 0.00 – 0.012 – 0.025
Reduced – – – 0.25 0.61 21.00 0.00 – 0.012 – 0.029
Pd(0.2)–Pt(1.5)
Calcined N.D. 0.04 N.D. 0.19 0.56 23.93 0.17 0.002 0.008 N.D. 0.023
Reduced 0.02 0.01 0.02 0.15 0.63 21.79 0.08 0.001 0.007 N.D. 0.029
Pd(0.9)–Pt(0.7)
Calcined 0.03 0.07 0.02 0.11 0.51 24.77 0.55 0.005 0.004 2.83 0.021
Reduced 0.01 0.05 0.04 0.18 0.60 19.70 0.31 0.005 0.009 11.00 0.030
Pd(1.0)–Pt(0.5)
Calcined 0.06 0.11 0.03 0.08 0.51 24.47 0.86 0.008 0.003 2.24 0.020
Reduced 0.01 0.15 0.07 0.05 0.70 20.74 0.62 0.011 0.002 17.80 0.034
Pd(1.4)–Pt(0.3)
Calcined 0.08 0.13 0.04 0.03 0.60 24.60 0.88 0.010 0.001 1.96 0.024
Reduced 0.01 0.11 0.04 0.08 0.61 21.09 0.61 0.008 0.004 11.21 0.029

a For the Pt containing catalysts the Al 2s line was selected.
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Fig. 3. XPS spectra of (a) Pt(1.3) and (b) Pd(0.2)–Pt(1.5); calcined and reduced samples, respectively. ð� � �Þ Pt 4d; (---) Pd 3d.
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tion there was a change in the proportions of metallic Pd0 and
electron-deficient Pd4+ and Pd2+ surface species. It can be seen that
the Pdd+/Pd0 surface atomic ratio increased after reduction. The
values of the Pdd+/Pd0 atomic ratio decreased in the order:
Pd(1.0)–Pt(0.5) > Pd(1.4)–Pt(0.3) � Pd(0.9)–Pt(0.7), where it was
not possible to measure the Pdd+/Pd0 atomic ratio for the sample
of Pd(0.2)–Pt(1.5) because of the low concentration of Pd. The
catalyst Pd(1.0)–Pt(0.5) showed the highest increase in the amount
of electron-deficient Pdd+ species as compared to metallic Pd0 ones
after reduction. Of course, one may think that an increase in the
Pdd+/Pd0 atomic ratio after reduction is an unexpected result. In
fact, the surface Pdd+/Pd0 atomic ratio determined for the monome-
tallic Pd catalyst decreased after reduction, which is due to reduc-
tion of the oxide Pd particles, but some Pdd+ particles remain. The
trends registered for the Pdd+/Pd0 atomic ratio can be associated to:
(i) the intermetallic interaction between Pt and Pd in the bimetallic
particles, and (ii) the influence of residual chlorine in the oxidation
state of the metals.
In the case of an intermetallic interaction between Pt and Pd,
the formation of an alloy between the metals is an important fac-
tor. The formation of a Pd–Pt alloy was confirmed by TPR results as
shown in Fig. 4. That the TPR profile of the bimetallic samples, i.e.
Pd(0.2)–Pt(1.5) Fig. 4c, Pd(0.9)–Pt(0.7) Fig. 4d, Pd(1.0)–Pt(0.5)
Fig. 4e, and Pd(1.4)–Pt(0.3) Fig. 4f, was not the simple superposi-
tion of those corresponding to monometallic Pt(1.3) Fig. 4a and
Pd(1.9) Fig. 4b. Pt displayed a wide reduction peak with a maxi-
mum located around 490 K and a small shoulder at 640 K as in
agreement with other studies [52]. On the other hand, Pd exhibited
a peak of hydrogen production around 336 K due to the decompo-
sition of the b-Pd–H hydride phase [53]. The same peak was only
detected again for the Pd(1.5)–Pt(0.2) bimetallic catalyst, but it
was shifted to a lower temperature (320 K) Fig. 4f. This can be
attributed to an inhibition of the formation of the b-Pd–H hydride
phase due to Pt addition [54]. Comparing Pt and Pd it can be ob-
served that the latter is more easily reduced than the former. As
observed in Fig. 4c–f the H2 consumption was lower for the bime-



300 500 700 900 1100

M
S

 S
ig

n
al

(a
.u

.)

Temperature (K)

Cl+ (m/e=37)

HCl (m/e=36)

(a) 

490K

475K

640K H2 (m/e=2)

300 500 700 900 1100

M
S

 S
ig

n
al

(a
.u

.)

Temperature (K)

(b) 

H2 (m/e=2)

HCl (m/e=36)

Cl+ (m/e=37)

467K

336K

M
S

 S
ig

n
a

l 
(a

.u
.)

(c) 

2 x H2

468K
432K

502K

HCl
Cl+

M
S

 S
ig

n
a

l 
(a

.u
.)

(d) 

500K

482K
440K

HCl
Cl+

2 x H2

M
S

 S
ig

n
a

l 
(a

.u
.)

(e) 

HCl

Cl+

2 x H2

467K
420K

442K

M
S

 S
ig

n
a

l 
(a

.u
.)

468K423K

320K

2 x H2

505K

(f)

HCl
Cl+

= 0.05

Fig. 4. Temperature-programmed reduction profiles for calcined catalysts: (a) Pt(1.3), (b) Pd(1.9), (c) Pd(0.2)–Pt(1.5), (d) Pd(0.7)–Pt(0.9), (e) Pd(1.0)–Pt(0.5), and (f) Pd(1.4)–
Pt(0.3). H2 consumption (primary axis), HCl and Cl+ production (secondary axis) mass spectrometer signals vs. temperature.
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tallic Pd–Pt/c-Al2O3 catalysts than for monometallic Pt and Pd.
With the exception of Pd(0.9)–Pt(0.7), the alloys exhibited a reduc-
tion maximum at the same temperature as monometallic Pd, i.e.
around 467 K. It is not clear why the maximum in the H2 signal
of the Pd(0.9)–Pt(0.7) catalyst was located at a higher temperature
but it evidences the complex nature of the interactions between
both metals in the alloy. In conclusion, the TPR analysis performed
demonstrates the formation of an alloy between Pd–Pt, where the
reducibility of the Pd–Pt/c-Al2O3 catalysts depends again on the
Pd/(Pd + Pt) molar ratio. The changes in the surface Pdd+/Pd0 atomic
ratio can, consequently, be the result of the formation of an ionic
Pd–Pt bond of the metals within the alloy. After reduction, this
Pd–Pt ionic bond can be strengthened leading to the increase in
the concentration of Pdd+ species observed in XPS. Some articles
in the literature have actually discussed this phenomenon. For
example, Bando et al. [55] studied the chemical state of Pd–Pt/c-
Al2O3 catalysts prepared from chlorides after calcination and after
reduction by EXAFS. They found that the bands assigned to Pd-
(O,Cl) and Pt-(O,Cl) tend to disappear after reduction and new
bands assigned to metal–metal bonds: Pd–Pd, Pt–Pt, and Pd–Pt ap-
pear. These new metallic bonds conduct to a partial electronic
transfer from Pd to Pt. Another phenomenon to take into account
when discussing the increase in the concentration of Pdd+ species
after reduction of the catalysts is the migration of Pd to the outer
surface of the alloyed particles. This can be indirectly evidenced
by XPS when comparing the surface atomic concentration of Pdd+
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species and the bimetallic Pd–Pt catalysts in the calcined and re-
duced states (Table 4). Making the assumption that an increase
in the atomic concentration of the different surface species is indic-
ative of a higher exposition of the surface atoms to XPS, i.e. higher
dispersion, the observed increase in Pdd+ atomic surface concentra-
tions for the bimetallic catalysts after reduction can be interpreted
as the dispersion of the Pdd+ species augmenting after reduction. As
the Pdd+ species are a part of the Pd–Pt alloyed particles a very
plausible explanation of this behavior is the migration of Pd atoms
to the outer surface of the particles.

Regarding the effect of residual chlorine in the oxidation state of
the metals, both XPS (Table 4) and TPR (Fig. 4) showed its presence
on both the calcined and reduced catalysts. One evidence of the ef-
fect of residual chlorine on the oxidation state of the metals is the
fact that the Pt 4f line was found to be fully overlapped with the Al
2p line of the c-Al2O3 support (not shown). The reason for this is
the high resistance to reduction of the oxo-chlorided-platinum
complexes formed during calcination [52]. Previous reports
[56,57] have determined that such separation is only feasible when
a significant amount of Pt particles is in the metallic Pt0 oxidation
state. Such condition is very difficult to achieve in catalysts with a
Pt metallic content below 2 wt.% prepared from chlorided precur-
sors [56]. On the other hand, the TPR (Fig. 4) for the Pd–Pt catalysts
displayed peaks corresponding to the signals assigned to chlorine
species (HCl and Cl+). Such peaks can be ascribed to oxo-chlorid-
ed-Pt and -Pd complexes formed during the calcination stage
[52,55,58–60]. These complexes are more refractory to reduction
compared to the Pt and Pd oxides. TPR showed that Pd is more eas-
ily reduced than Pt. The evolvement profile of chlorine species
from Pd(1.9) was even less complex than the one registered for
Pt(1.3). The intense MS Cl+ peak of Pd was located at the same po-
sition (467 K) of the H2 reduction curve which was at a lower tem-
perature than the peak for Pt. As observed in Fig. 4c–f the
production of chlorine species was lower for the bimetallic Pd–
Pt/c-Al2O3 catalysts than for Pt and Pd. The signals of chlorine spe-
cies for Pd–Pt catalysts had their maxima around 500–505 K for all
the alloys excepting Pd(1.0)–Pt(0.5) for which such maximum was
at a lower temperature (442 K). Moreover, compared to the other
alloys this catalyst exhibited the strongest peak for the Cl+ and
HCl signals. The works presented in the literature demonstrate that
after reduction the residual chlorine is not directly attached to the
metals [58], but its presence facilitates the formation of stronger
Pt,Pd–O–Al bridges between the metal and the support [59]. In
such bonds the more intimate contact between the metal and
the support can lead to an ionization of the metals resulting in
electron-deficient metallic particles [58–61]. Finally, XPS results
showed that the surface Cl/Al atomic ratio increases after reduc-
tion. Considering the arguments presented above such increase
can be interpreted as an increase in the dispersion of residual chlo-
rine on the reduced catalysts. It can be speculated that such in-
crease is a result of the elimination of chlorine during the
reduction process and simultaneously to a migration of chlorine
atoms from the proximities of the metallic phases to other sites
of the alumina carrier.

The above-presented evidence leads to conclude that important
changes are occurring on the surface of the Pd–Pt alloyed particles
from the calcined to the reduced state. From the results of charac-
terization presented so far, the surface of the reduced Pd–Pt cata-
lysts; which constitutes the activation step of the catalysts before
the HDS reaction tests, is pictured as a complex mixture of elec-
tron-deficient Pdd+ species located in the outer shell of the alloyed
particles, interacting with a metallic core constituted by Pd and Pt
atoms and strongly bound to the alumina carrier. Over the surface
of the latter residual chlorine is also present. This picture is in the
same line of the propositions presented by other authors
[19,20,62–64]. In particular, Fujikawa et al. [64] proposed that
the active phase of Pd–Pt in aromatics hydrogenation under H2S
atmospheres consists on ‘‘Pd dispersed on Pt particles”. The contri-
bution of the present work in this sense is that it was possible to
establish the chemical nature of the Pd species mentioned in the
literature.

Considering the evidence presented so far and the aspects dis-
cussed about the mechanism of the HYD route, we propose that
over the Pd–Pt alloys the hydrogenation–dehydrogenation steps
involved in HYD are mainly taking place over the electron-deficient
Pdd+ atoms located at the shell of the alloyed Pd–Pt particles and
the withdrawal of the S heteroatom, as referred either to the C–
S–C bond scission step in HYD or to the DDS route, from the ad-
sorbed reaction intermediates mainly occurs on core Pt atoms. This
does not rule out neither the existence of intermetallic Pd–Pt active
sites acting as hydrogenation and S withdrawal active sites nor the
existence of Pd particles performing S withdrawal from DBT (DDS)
and its partially hydrogenated intermediates (HYD). Adsorption of
H2S and sulfur over such Pdd+ sites does not occur due to their high
electron deficiency which significantly reduces noble metal affinity
with the electron-acceptor S atom. This proposition can well ex-
plain the synergy in HYD observed and the strong dependence of
the catalytic performance of the Pd–Pt bimetallic systems in HDS
on the Pd/(Pd + Pt) molar ratio. The model of a Pd–Pt active phase
conformed and operating in the way proposed above reconciles the
results obtained here for the HDS of dibenzothiophene and those
reported for the hydrogenation of aromatics under H2S atmo-
spheres (HDA) and is supported by experimental data presented
in the literature. Several authors have proposed that the main
hydrogenation active sites of the bimetallic Pd–Pt alloys are Pd
atoms keeping their metallic character under HDT reaction condi-
tions [14,19,65]. Under sulfidation conditions it has been found
that a mixture of metallic, Pt, Pd, and Pd–Pt particles, and sulfided
PtSx and PdSx species exists [19,55,66,67]. According to the results
of Qian et al. [67] the sulfur accommodated on the noble metals is
highly labile and participates in the HDS reaction. Bando et al. [66]
demonstrated that sulfidation of the Pd–Pt particles proceeds from
the core of the alloy and that Pt atoms are more accessible to sul-
fur. Niquille-Röthlisberger and Prins [14] suggested that the highly
active hydrogenating active sites responsible for the development
of the HYD route of hydrodesulfurization were Pd atoms keeping
their metallic character. Finally, it must be remarked that the sul-
fided Pd and Pt species are neither thermodynamically stable
[19,29] nor is the strength of the Pt–S and Pd–S bonds high enough
to form an active phase consisting of sulfur uncoordinated vacan-
cies as those corresponding to MoS2-based systems [67]. Neverthe-
less, in an analogous way, some recent studies [8,68] indicate that
the active site for HYD on MoS2-based catalysts possesses a metal-
lic character (so-called ‘‘Brim-sites”) [8] and do not adsorb H2S
[8,67].

A last consideration related to the nature of the synergy effect
observed for the Pd–Pt/c-Al2O3 catalysts in both the HYD route
and HDA has to do with the effect of residual chlorine, which in
addition to its influence in the oxidation state of the metals can,
according to the literature, enhance the acidic properties of c-
Al2O3 promoting the creation of additional metal–support interface
sites active for hydrogenation reactions, and over which the aro-
matics can be adsorbed [69,70].

3.3. Influence of naphthalene and H 2S on the HDS of dibenzothiophene
over Pd–Pt/c-Al2O3

Fig. 5 shows the results of the long-run test performed over a
selected Pd–Pt/c-Al2O3 catalyst (Pd(1.0)–Pt(0.5)) as a function of
time on stream. The addition of NP to the liquid feed during the
HDS test significantly changed neither the activity (Fig. 5a) nor
the selectivity in the hydrodesulfurization reaction (Fig. 5b). The
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catalyst displayed a very high activity in the hydrogenation of NP,
%CNP c.a. 100%, and simultaneously kept its good selectivity to HYD.
NP was converted mostly into TTL with low amounts of cis-DCL
and trans-DCL (not shown). It must be noticed that the conversion
of NP was always higher than that of DBT. Such differences have
been ascribed to differences in resonance energies [71,72]. Com-
paring the present results with those previously reported [15,29],
it is particularly remarked that Pt/c-Al2O3 [29] is more selective
to the hydrodesulfurization reaction than to NP hydrogenation,
while an inverse trend is observed for Pd/c-Al2O3 [15]. Further in-
crease in the H2S concentration caused an inhibition effect on both
reactions, but did not change the Pd–Pt catalytic functionalities
(Fig. 5). Accordingly, the selectivity remained invariable regarding
either NP hydrogenation to DBT hydrodesulfurization or HYD to
DDS, as in the case of monometallic Pt/c-Al2O3 [29]. A slight in-
crease in the production of both DBT partially hydrogenated inter-
mediates was observed, in particular of the THDBT intermediate.
This points out the fact that at very high H2S concentrations the
dynamics of the mechanism of DBT hydrodesulfurization over
Pd–Pt can be modified. A similar behavior has been recently re-
ported for unpromoted MoS2 [11]. It is often considered that H2S
partial pressure has a more negative effect on DDS than on HYD
[2,3,13,16,73,74]. The trend observed in Fig. 5b shows that over
Pd–Pt alloyed catalysts, both reaction pathways are negatively af-
fected by H2S to a similar extent, and that by increasing H2S partial
pressure only partial hydrogenation of dibenzothiophene to THDBT
is favored. Thus, it can be considered that HYD was stopped at this
0

5

10

15

20

25

30

35

40

45

%
Y

ie
ld

THDBT HHDBT CHB BP

4074 wppm H2S

NP addition DMDS addition

(b)

0

20

40

60

80

100

0 5 10 15 20 25 30 35 40

%
C

on
ve

rs
io

n

Time on Stream (h)

%CDBT

%CNP
NP Addition

DMDS Addition

4074 wppm H2S

4074 wppm H2S

(a)

Fig. 5. Effect of the addition of NP and subsequent increase of H2S concentration in
the evolution of the performance of Pd(1.0)–Pt(0.5) catalyst (Pd/(Pd + Pt) molar
ratio = 0.8) with time on stream during a desulfurization long-run test: (a)
conversion of DBT and NP, and (b) products distribution. Additional H2S concen-
tration in the reaction atmosphere c.a. 4074 wppm.
step. The shift in the dynamics of the simultaneous hydrogenation
and desulfurization reactions caused by H2S can be related to a
modification in the rate of activation and transfer of hydrogen from
the catalytic surface to the reacting molecules due to a partial
blocking of the Pd–Pt active sites by sulfur [29,73,74]. Finally, after
withdrawing the excess H2S concentration from the reaction envi-
ronment it was observed that the Pd–Pt catalyst recovers almost all
of its initial activity only merely changing its selectivity. It is inter-
esting to observe in Fig. 5b that while the yield of HHDBT and
THDBT remained at the same level than in the stage under high
H2S concentration, the gap between the yields of CHB and BP wid-
ened, as compared to the initial stages of the reaction test, in favor
of the latter. This indicates that a small but irreversible change in
the dynamics of the HYD pathway has been caused by the intro-
duction of DMDS and further increase in the H2S partial pressure
in the reaction environment. One probable cause for this is an in-
crease in the amount of irreversible sulfur species over the catalyst
due to the decomposition of DMDS into H2S and CH4. This is a like-
able possibility since, in one hand we have estimated that at the
conditions of the long-run experiment the partial pressure of H2S
produced by the hydrodesulfurization of DBT (average steady state
conversion � 65%) is c.a. 10 kPa. After the introduction of DMDS to
the reactor H2S partial augments until 20 kPa. The deposition of
irreversible held sulfur under such conditions is known to occur.
But, on the other hand the experiments conducted by Qian et al.
[67] indicated that the amount of sulfur accommodated on alu-
mina-supported Pd–Pt catalysts depends on the partial pressure
of H2S produced from the HDS of dibenzothiophene and reaches
equilibrium for when the amount of hydrodesulfurized DBT leads
to levels of H2S partial pressures higher than 7 kPa and up to
17 kPa. Therefore, not only the increase in the H2S partial pressure
but the nature of the organosulfur molecule can play a role in the
phenomenon. Indeed, previous literature works have presented
evidence indicating that DMDS is a more effective sulfiding agent
than DBT [75]. Consequently, during the period of time of the
experiment when DMDS is present it was possible that its decom-
position can lead to a further increase in the amount of irreversible
held sulfur. Regardless of the precise cause of the registered trend,
the results in this work point out that H2S mostly has a strong
inhibitory effect rather than severe poisoning on the catalytic per-
formance of the Pd–Pt alloyed particles in HDT, as some other
authors have documented [19,67].
4. Conclusions

The hydrodesulfurization of DBT over Pd–Pt/c-Al2O3 catalysts as
a function of the Pd/(Pd + Pt) molar ratio was studied at different
reaction conditions. It was determined that no strong synergy ef-
fects on the HDS activity over the Pd–Pt alloyed system exist. In-
stead, a synergetic effect for the development of the HYD route
of desulfurization was observed in agreement with the synergy
of Pd–Pt in aromatics hydrogenation under an H2S atmosphere.
The mechanism of HYD was proposed to be a dynamic competition
between hydrogenation–dehydrogenation C–S–C bond breaking
reactions related somehow to the rate of hydrogen activation and
transfer from the catalytic surface to the adsorbed reactant mole-
cules which can be controlled from the Pd/(Pd + Pt) molar ratio
of the alloy due to geometric effects. Characterization results
showed that the development of HYD is related to the existence
of a Pd–Pt active phase where electron-deficient Pdd+ atoms are
responsible for the hydrogenation–dehydrogenation steps in-
volved in HYD and the withdrawal of the S heteroatom mainly
takes place on Pt sites.

On the other hand, the addition of NP during HDS was found
to change neither the HDS activity nor the HYD selectivity.



V.G. Baldovino-Medrano et al. / Journal of Catalysis 267 (2009) 129–139 139
When increasing H2S concentration in the reaction environment an
inhibition of all catalytic functionalities of Pd–Pt was observed
rather than poisoning. This inhibition effect hinders the C–S–C
bond scission step of both the HYD and DDS reaction pathways.
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