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The influence of the metallic precursor and the pretreatment of y-alumina supported Pt and Pd catalysts
on the reactivity of dibenzothiophene (DBT) over these materials was studied. It was found that the use
of chlorided precursors induces changes in the chemical state of the metals and in the acidic properties of
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Pt/y-Al,05 to positively affect the conversion of DBT over both monometallic systems. Regardless of the preparation

Eﬁ{*g‘zm conditions, Pt possesses a high activity and a high selectivity to the direct route of desulfurization of DBT,
orides

whereas Pd is less active but performs HDS with a strong tendency to develop the hydrogenation route of
desulfurization (HYD) when employing a chlorided precursor. The use of a low temperature
pretreatment of the chlorided catalysts enhanced DBT conversion, and for Pd/y-Al,05 it doubled the
selectivity to HYD. The registered trends were considered to be rather related to a change in the
distribution of acidic sites of the catalysts and to changes in the chemical state of the noble metals than to
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1. Introduction

Either alloyed or as monometallic catalysts Pt and Pd have
shown very good catalytic performance in the hydrodesulfuriza-
tion (HDS) of dibenzothiophene (DBT) type molecules [1-6]. 4,6-
DimethyIDBT is the most representative member of the family of
highly refractory 4,6-alkyl-substituted DBTs, and is usually
regarded as the target molecule to be hydropurified in heavy
oil cuts [7,8]. Though the HDS of this molecule can proceed by the
hydrogenation (HYD) or direct (DDS) routes of desulfurization, it
has been both experimentally and theoretically demonstrated
that the steric hindrance imposed by the alkyl-substituents of 4,6-
dimethylDBT practically leaves no room for the scission of the
sulfur heteroatom via DDS [7-9]; thus making conversion via HYD
essential to achieve the required rate of HDS [7,8]. Within this
frame, it is very desirable to develop catalytic systems able to
selectively develop the HYD route of hydrodesulfurization.
Keeping this objective in mind, the use of DBT as a model
molecule is more convenient, in respect to 4,6-dimethyIDBT, to
test the intrinsic selectivity of a given catalyst to HYD over DDS. A
material highly selective to HYD during the HDS of dibenzothio-
phene will clearly present a higher rate of HDS when tested with
4,6-dimethyIDBT, as it can be evidenced in a recent report by
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Wang et al. [10]. To accomplish this goal, it is quite important to
understand those factors which control the development of HYD.
Several studies indicate that the particular nature of the noble
metals, Pd or Pt, and the chemical properties of the support are
crucial for HYD [1-6,10]. Moreover, the reactivity of DBT over Pt
and Pd is remarkably different [1,3-6,11-13]. Comparing the
reported behavior for supported Pt and Pd catalysts in this
reaction, one can easily realize that Pt is highly active and selective
to DDS, whereas Pd has a lower activity but HYD can be more
competitive to DDS [3-5,11-13]. On the other hand, an increase
in the acidity of the support can enhance HYD reaction rates
[10,14-16]. Acidic supports can also improve the resistance of the
noble metals to sulfidation increasing their activity in aromatics
hydrogenation under HDS environments [17-21]. y-Al,03 sup-
ported Pt and Pd catalysts are known as bifunctional catalysts
[20,22,23]. Their chemical characteristics can be modified in
many possible ways, ranging from the selection of the metallic
precursor [1,24-34] to the conditions used in the activation stage
[1,5,6,11,35-37].

In this study, it was decided to study the specific influence of the
use of two different metallic precursors, organometallic and
chlorided Pt and Pd precursors, and the conditions used during the
pretreatment of the catalysts; before performing the HDS of
dibenzothiophene, in the selectivity to HYD. Catalysts were
characterized by H, and NHs; chemisorption, temperature pro-
grammed reduction (TPR) and X-ray photoelectron spectroscopy
(XPS).
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2. Experimental
2.1. Catalysts preparation

A series of +y-alumina (Procatalyse, Sger=220 m?/g,
Vp=0.62 cm>/g, Dp=11.6nm) supported Pt and Pd catalysts
were prepared by three different methods. The first method
consisted in the impregnation of the support with Pd(II)
acetylacetonate (Pd(acac),) and Pt(Il) acetylacetonate (Pt(acac),)
(Sigma-Aldrich) precursors, diluted in toluene, followed by drying
(12 h, T=393 K) and calcination in air flow (4 h, T=773 K). The
second one consisted in the impregnation of the support with
chlorided precursors: aqueous solutions of PdCl, and H,PtClg
(Sigma-Aldrich), followed by drying and calcination under the
same conditions of the first method. Catalysts prepared with these
two methods were in situ reduced before the catalytic tests at
673 K for 3 h. And finally, the third method consisted in treating
the same catalysts prepared by method 2 by drying at 363 K for 6 h
and reduction at 473 K for 4 h. Catalysts were labeled according to
each preparation method as follows: Pt(MC),Pd(MC)-Org for the
first method; Pt(MC),Pd(MC)-CI-HT for the second one (HT = high
temperature), and Pt(MC),Pd(MC)-CI-LT for the third one (LT = low
temperature). MC stands for the metallic content of the catalysts as
obtained from atomic absorption.

2.2. Catalyst characterization

2.2.1. Hydrogen chemisorption

H, chemisorption measurements were performed in a Micro-
meritics ASAP 2010C instrument. The pretreatment of the samples
(ca.0.15 g) comprised an initial evacuation stage under He flow for
30 min at the temperature selected for the measurement, followed
by oxidation under O, flow; reproducing the conditions of
catalyst’s calcination described in Section 2.1. Subsequent
evacuations under He flow were carried out, each one for
30 min, at the employed oxidation temperature and at the
temperature selected for the measurements. Afterward, in situ
reduction in hydrogen at the corresponding conditions of the
catalytic test was performed, i.e. samples of Pt(MC),Pd(MC)-Org
and Pt(MC),Pd(MC)-CI-HT catalysts were reduced at 673 K, and the
samples of Pt(MC),Pd(MC)-CI-LT were reduced at 473 K. After this
step, evacuation was performed by flowing He for 2 h at the
employed reduction temperature under vacuum for 30 min, and
finally under vacuum at the temperature selected for the
measurement for another 30 min. H, chemisorption isotherms
were determined at 308 K for Pt catalysts and at 343 K for Pd ones;
thus, avoiding the formation of the 3-Pd-H hydride phase [38], this
was also verified by TPR measurements. The reported H, uptake
values were taken from the volume difference between two H,
adsorption isotherms; the second one measured after an evacua-
tion time of 45 min, extrapolated to zero pressure (strongly
adsorbed hydrogen).

2.2.2. Ammonia chemisorption

NH; chemisorption measurements were carried out at 308, 423
and 623 K in a Micromeritics ASAP 2010C apparatus. Samples of
the catalysts were pretreated following the same protocol
employed during H, chemisorption measurements (Section
2.2.1). By using this protocol, the obtained results describe the
acidity of the catalysts at the beginning of the catalytic tests. Acidic
sites’ strength was classified as: weak (measured at 308 K),
medium (measured at 423 K) and strong (measured at 623 K), as in
agreement with a previous work [39]. The total number of acidic
sites was defined as the algebraic sum weak + medium + strong
acidic sites. According to the strength of the acid sites, the ratio:
(number of corresponding acidic site)/(total number of acidic sites)

was defined. The method for the evaluation of the amount of NH;
chemisorbed was similar to that used in H, chemisorption.

2.2.3. Temperature programmed reduction (TPR)

TPR experiments were performed in a u-shaped fixed-bed
quartz micro-reactor containing samples of ca. 0.1g of the
different prepared catalysts to which a layer of approximately
1 cm of glass beads was added as to guaranty plug-flow. Before the
analysis, drying of the samples under He flow was performed at
413 K until stabilization of the H,O signal as registered with a QMC
311 Balzers quadrupole mass spectrometer coupled to the reactor.
After cooling the reactor, TPR patterns were then registered by
increasing temperature from 308 to 1073 K at a temperature rate
of 10 K/min. TPR analysis was performed by flowing a 5 vol.% H, in
He (flow rate = 50 mL/min) gas mixture. The MS signals corre-
sponding to H, (m/e =2), H,0 (m/e = 18), HCl (m/e = 36) and CI*
(m/e =37); corresponding to diverse chlorine containing com-
pounds, were monitored. Recorded signals were treated by using a
Gaussian mathematical function.

2.2.4. X-ray photoelectron spectroscopy (XPS)

XPS analyses were performed on samples of the catalysts either
in the oxidized (calcined: -Org and HT- or dried -LT catalysts-) or
activated states with a Kratos Axis Ultra spectrometer (Kratos
Analytical, Manchester, UK) equipped with a monochromatised Al
X-ray source (powered at 10 mA and 15 kV). The sample powders
were pressed into small stainless steel troughs mounted on a
multi-specimen holder. The pressure in the analysis chamber was
around 107%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 pm x 300 wm. 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 3ds;, 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 compensation in function of time and the
absence of degradation of the sample during the analyses. The
binding energies (BE) were calculated with respect to the C—(C,H)
component of the C 1s peak fixed at 284.8 eV. The spectra were
decomposed with the CasaXPS program (Casa Software Ltd., UK)
with a Gaussian/Lorentzian (70/30) product function after sub-
traction 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 3ds, binding energies fixed at 335
(Pd®), 336 (Pd?**) and 338eV (Pd*") [25]. To perform such
decomposition the FWHM value of every component was
mathematically fixed to comply with the criterion FWHM < 2.6.
The algebraic sum of the surface atomic concentration of
(Pd?* + Pd**) species was defined as the total concentration of
surface electron deficient Pd®* species. For the Pt 4d peak the
energy separation for the doublet was fixed at 16.8 eV [24].

2.3. Catalytic tests

Catalysts were in situ activated before catalytic tests. Samples
of 0.5 g of the calcined catalysts were dried at 393 K under N, flow
for 1 h and subsequently, they were reduced in hydrogen flow
(100 mL/min) at the conditions described in Section 2.1. Catalysts
were tested in the HDS of dibenzothiophene (Sigma-Aldrich, 98%)
using a continuous-flow high-pressure fixed-bed reactor. The
composition of the liquid charge was 2 wt.% DBT and 2 wt.%
hexadecane (Sigma-Aldrich, 98%); as chromatography internal
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Table 1
H, and NH; chemisorption results for the prepared y-Al,05; supported Pd and Pt catalysts.
Catalyst? nSIP (wmol Hp/pwmol metal) nSIP (wmol NHs/g cat.)
T (K) Total number of sites
308 423 623
v-Al,03 - 376.0 236.5 65.7 678.1
Pd(1.8)-Org 0.13 390.4 197.1 88.6 676.1
Pd(1.4)-CI-LT 0.10 481.9 168.4 135.1 785.4
Pd(1.4)-CI-HT 0.21 601.1 393.9 105.0 1101.0
Pt(1.4)-Org 0.29 361.4 218.2 69.6 649.3
Pt(1.1)-CI-LT 0.38 443.0 190.9 105.8 739.7
Pt(1.1)-CI-HT 0.56 527.1 289.9 178.0 995.0

¢ Pt(MC),Pd(MC)-Org = catalysts prepared from acetylacetonate precursors, calcined at 773K and activated by H, reduction at 673 K; Pt(MC),Pd(MC)-CI-LT = catalysts
prepared from chlorided precursors, dried at 363 K and activated by H; reduction at 473 K; Pt(MC),Pd(MC)-CI-HT = catalysts prepared from chlorided precursors and treated
as those prepared with organometallic precursors. MC = metallic content as determined by atomic absorption. STP=standard temperature and pressure.

standard, dissolved in cyclohexane (commercial grade) with a total
feed flow of 30 mL/h. Reaction conditions were those typical of
HDS processes: T=583 K, P=5 MPa, and H,/liquid feed ratio of
500 NL/L. The absence of any diffusion limitations was previously
verified.

Liquid products were analyzed using a HP 6890 GC equipped
with an FID, an HP-1 capillary column (100 m x 0.25 mm x 0.5 pm)
and a splitinjector. Catalytic tests were conducted until reaching the
steady state. Reaction products detected were: biphenyl (BP),
cyclohexylbenzene (CHB) and hydrogenated intermediates: tetra-
hydro-dibenzothiophene (THDBT) and hexahydro-dibenzothio-
phene (HHDBT).

Activity was expressed as the conversion of DBT (%Cpgr),
products distribution as the yield (%y) to each reaction product. %y
was defined as the concentration of each reaction product detected
in the GC analysis of collected liquid samples per total concentra-
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Fig. 1. TPR patterns for the prepared Pd and Pt catalysts: (a) Pd catalysts; (b) Pt
catalysts. The H, Mass Spectrometer Signals are inverted.

tion of detected reaction products including DBT. Selectivity to
HYD (Suyp) was defined as the (%Cppr — %Ysp)/%Ysp ratio.

3. Results and discussion
3.1. Chemical properties of the prepared catalysts

The results of H, and NH3 chemisorption are displayed in Table 1.
H, uptake, expressed as pwmol H,/wmol metal, followed the order:
Pd(1.4)-CI-HT > Pd(1.8)-Org > Pd(1.4)-CI-LT, for Pd, and Pt(1.1)-Cl-
HT > Pt(1.1)-CI-LT > Pt(1.4)-Org, for Pt. For the chlorided Pd and Pt
catalysts, the high temperature treatment increased H, uptake
capacity compared to the low temperature treatment. Dispersion
values of the noble metals as obtained from these measurements are
not presented here due to fact that overestimation resulting from the
hydrogen spillover phenomena for y-Al,O3 supported Pt and Pd
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Fig. 2. H,0 production MS signal (m/e = 18) registered during the TPR analysis of the
prepared Pd and Pt catalysts: (a) Pd catalysts; (b) Pt catalysts.



V.G. Baldovino-Medrano et al./Catalysis Today 150 (2010) 186-195 189

475K (b)

Pt(1.1)-CI-HT

Pt(1.1)-CI-LT

Pt(1.4)-Org

PR At T R Y RIS N

Cl1* Species Production MS Signal (m/e=37) (a.u.)

L 467K (@)
I Pd(1.4)-Cl-HT
L 500K L
| Pd(1.4)-CI-LT
| s Pd(1.8)-Org
300 400 500 600 700 800 900 1000 1100
Temperature (K)

Fig. 3. CI" species production MS signal (m/e =37) registered during the TPR
analysis of the prepared Pd and Pt catalysts: (a) Pd catalysts; (b) Pt catalysts.

cannot be completely ruled out [18,19,40]. Pd catalysts were found
to possess a lower H, uptake capacity than Pt ones. This fact cannot
be attributed to the formation of 3-Pd-H hydrides. Fig. 1 shows the
TPR patterns of the y-Al,03 supported Pd and Pt catalysts and Figs. 2
and 3 the MS signals corresponding to H,O (m/e =18) and to CI*
species (m/e = 37) obtained during such experiments. Though the
signal attributed to HCI was also monitored in this case, it is not
presented here because it basically can be overlapped with that of
CI*. It can be seen in Fig. 1a that the peak corresponding to 3-Pd-H
appears below 343 K [38]; which is the temperature selected for the
H, chemisorption experiments for Pd. Therefore, it can be assumed
that, in general, regardless of the preparation method, the Pd
catalysts have anintrinsically lower capacity to chemisorb hydrogen
than Pt ones. Finally, as observed in Table 1, calcination at 773 K
significantly enhanced the H; uptake capacity of the catalysts.
The oxidation state of the calcined catalysts was studied by XPS
and the results are presented in Table 2 and Fig. 4 for Pd, and in
Table 3 and Fig. 5 for Pt. As described in Section 2.2.4, the Pd 3d
doublet was decomposed into three components; Pd°, Pd** and
Pd**, the ratio Pd®*/Pd° being estimated. The presence of zero

Table 2
XPS analysis of the prepared Pd/y-Al,O5 catalysts before and after activation.
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Fig. 4. XPS spectra of Pd/y-Al,05 catalysts before (a) and after activation (b). (- - -)
Pd 3dsy, at 335 eV (Pd®); (xxx) Pd 3ds, at 336 eV (Pd**) and (OO O) Pd 3ds); at
338 eV (Pd*").

valent metallic particles in the calcined samples can be partly
attributed to reduction of the noble metal in the analysis chamber
of the instrument [24]. It can be observed in Table 2 that the ratio
Pd®/Pd® is highest for Pd(1.4)-Cl-HT, whereas Pd(1.8)-Org and
Pd(1.4)-CI-LT display closer values, with the latter exhibiting a
slightly higher ratio. Surface chlorine after calcination was
detected for the samples of Pd/vy-Al,05 prepared from PdCl,, as
in agreement with many literature reports [24-29,32]. This
was also evidenced by the detection of MS peaks attributed to
chlorine containing species during the TPR analysis (Fig. 3). In
general, residual chlorine remains in the surface of the chlorided
noble metal catalysts even after activation by reduction (Tables 2
and 3). Several literature reports agree with this result

Catalyst State 335eV (Pd?) 336eV (Pd*") 338eV (Pd*") Cl2p Al 2p Atomic ratios
%AL. %AL. %AL. BE (eV) %AL. BE (eV) %AL. Pd/Al Pd**/Pd° Cl/Al
Pd(1.8)-Org Calcined 0.09 0.13 0.03 = = 74.3 35.66 0.007 1.70 =
Activated 0.15 0.02 0.02 = = 74.4 31.51 0.006 0.25 =
Pd(1.4)-CI-LT Dried 0.10 0.14 0.05 198.3 0.99 74.3 35.55 0.008 1.92 0.028
Activated N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Pd(1.4)-CI-HT Calcined 0.04 0.13 0.05 198.3 0.56 74.3 36.25 0.006 4,02 0.016
Activated 0.08 0.09 0.06 198.6 0.57 74.2 28.49 0.008 1.92 0.020
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Table 3
XPS analysis of the prepared Pt/y-Al,03 catalysts before and after activation.
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Catalyst State Pt 4d Cl 2p Al 2s Atomic ratios
BE (eV) %At. BE (eV) %AL. BE (eV) %AL. Pt/Al Cl/Al
Pt(1.4)-Org Calcined 314.6 1.16 - - 119.2 26.54 0.044 -
Activated 314.7 1.60 - - 1194 24.53 0.065 -
Pt(1.1)-CI-LT Dried 3159 0.33 198.3 0.83 1193 25.02 0.013 0.033
Activated 314.6 0.21 198.7 0.59 119.2 18.11 0.011 0.033
Pt(1.1)-CI-HT Calcined 315.5 0.29 198.4 0.62 119.2 24.76 0.012 0.025
Activated 314.8 0.25 198.9 0.61 119.1 21.00 0.012 0.029

[24,26,28,29,34,41,42]. The above results picture a catalytic
surface for calcined Pd/y-Al,03; composed of a mixture of metallic
Pd®, PdO, PdO, and/or PdCl,0, species as in correspondence with
the propositions of other authors [24,26,29,32,41]; the latter in the
case of the use of the chlorided precursor. A change in the relative
distribution of these different species can occur after reduction.
This was evidenced by the changes in the Pd‘s"/PclO ratio after
reduction presented in Table 2. Such change is of course due to the
reduction of a part of the noble metal particles to the zero valent
oxidation state. The fact that even some surface Pd*" species
remain after reduction in H; can be attributed to a strong metal-
support interaction [17,20,24,42,43]. The process of adsorption of
Pd and Pt acetylacetonate and chlorided precursors on y-Al,03 has
been studied [30,44]. The extensive study conducted by Rob van
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Fig. 5. XPS spectra of the Pt 4d doublet (a) and Al 2p line (b) of the Pt/y-Al,O3
catalysts before activation.

Veen et al. [30] concluded that the acetylacetonate complexes of Pd
and Pt chemisorb on the AI** CUS sites of y-Al,05 and physisorb on
the y-Al,03 surface. These authors also established that the extent
of Pt(acac), adsorption on y-Al,05 is lower than that of Pd(acac),.
In the case of the chlorided Pd and Pt precursors, the formation of
chloro- and chloro(aquo)-palladate and platinate complexes in the
presence of H" leads to surface charging of the —-OH groups of
alumina and further attachment of these complexes on the
positively charged -AlOH," surface groups [31,45]. After pretreat-
ment of the catalysts, either calcination or reduction, chlorine
atoms are no longer attached to the metals, but remain in the
vicinity of the Pt and Pd particles [42,46]. Fig. 1a displays the TPR
patterns of the Pd catalysts. A peak corresponding to the
decomposition of 3-Pd-H hydride phase [38] was detected in all
of the catalysts. Such peak was located at 336 K for both, Pd(1.8)-
Org and Pd(1.4)-CI-HT, catalysts which were calcined at the same
temperature, and at 328 K for the Pd(1.4)-CI-LT catalyst, which was
only dried at 363 K. Both Pd(1.8)-Org and Pd(1.4)-CI-LT exhibited
two small reduction peaks instead of the wide reduction peak
centered around 467 K displayed by Pd(1.4)-CI-HT. These two
peaks were found to be located at 408 and 493 K for Pd(1.8)-Org,
and at 371 and 488K for Pd(1.4)-CI-LT, respectively. The TPR
patterns displayed in Fig. 1b for Pt showed a wide peak of reduction
for Pt(1.4)-Org with shoulders located at 436 and 612K,
respectively, and a maximum at 505 K. For the Pt(1.1)-CI-HT,
which has been prepared at the same calcination temperature, this
peak was sharper and stronger with the maximum shifted to 490 K
and the shoulders to 430 and 640 K, respectively. The Pt(1.1)-CI-LT
sample of the chlorided catalyst exhibited a very small shoulder a
450 K followed by the most intense peak at 483 K and a separated
peak at 643 K. These peaks were attributed to a mixture of Pt
species; PtO, PtO, and/or PtCl,O, [26,29], which are analogous to
those determined for Pd in XPS. The H,O production MS signals
presented in Fig. 2 are in good agreement with the TPR patterns of
the catalysts. The shapes of these curves were very similar, but the
H,O0 signals were much more intense. Fig. 4 shows the XPS spectra
of the oxidized and activated Pd catalysts. Fig. 4b clearly shows a
BE shift (ABE ~ 1eV) for the Pd 3d doublet of the Pd(1.4)-CI-HT
catalyst compared to Pd(1.8)-Org in the activated samples. The XPS
results for Pt (Table 3) showed that the oxidation state of Pt in the
chlorided catalysts, Pt(1.1)-CI-HT and Pt(1.1)-CI-LT, is alike,
whereas the Pt 4d doublet for Pt(1.4)-Org was shifted to a lower
BE, ABE ~ 1 eV. This is indicative of the presence of Pt particles in
an oxidation state closer to metallic Pt°. The Pt 4d doublet
presented in Fig. 5a illustrates the BE shift. Furthermore, a survey
of the Pt 4f peak of these catalysts (Fig. 5b) shows, that contrary to
the chlorided catalysts; for which the Pt 4f doublet is fully
overlapped with the Al 2p line, the Pt 4f doublet of Pt(1.4)-Org is
partially separated from Al 2p, at a BE of 71.0 eV. This is actually the
position of metallic Pt°. At this point it seems that this behavior
does not match with the registered TPR pattern of this catalyst,
because compared to the chlorided Pt samples it is observed that
Pt(1.4)-Org is reduced at a higher temperature (Fig. 1a). However,
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various studies [28,33] have demonstrated that the Pt 4f doublet
can be separated from Al 2p in those Pt/y-Al,03 catalysts
containing high metallic contents in which sintered Pt particles
are present. Another factor that could be playing a role in such
trend is the possible formation of a spinel PtAl,O4 phase after
calcination, which has a higher reduction temperature [26]. This is
more plausible when using the Pt(acac), precursor due to
attachment of the to the AI** CUS sites of y-Al,05 [30] and not
to -OH surface groups as in the case of the chlorided precursor
[31,45]. The registered trend indicates that, as in the case of Pt, the
Pd species present on those catalysts prepared from chlorides are
more reducible than those obtained after preparation with the
Pd(acac), precursor. As in the case of Pt, the attachment of the
Pd(acac), complex to the AIP* CUS sites of v-Al,05 instead to the -
OH surface groups of the carrier could lead to the formation of Pd-
Al species, such as PdAl,O; which are reduced at higher
temperatures [26]. For the samples of the catalyst prepared from
the chlorided precursor, the wide peak centered at 467 K for the
Pd(1.4)-CI-HT sample reflects a complex pattern of reduction of the
diverse Pd species of the catalyst. The TPR pattern of the dried
sample (Pd(1.4)-CI-LT) can be interpreted as the separation of two
contributions of the wide peak of Pd(1.4)-CI-HT. The existence of
different Pd-Cl-alumina complexes after impregnation of aqueous
PdCL,*~ in which Pd is surrounded and in direct contact with
chlorine has been determined [45]. After calcination at 773 K,
several studies demonstrate that these species are converted
mostly to PdO, and partly to Pd**, with chlorine still attached to the
Al,05 support, but no longer directly linked to Pd [47,48]. The
maximum located around 467 K in the TPR analysis of chlorided
Pd/v-Al,O5 catalysts is attributed to the reduction of the PdClO,
complex [48]. After calcination at 773 K there is a significant
increase in the amount of Pd®* as compared to the concentration of
Pd° rather due to a decrease in the surface concentration of Pd°
than to a drastic change in the distribution of (Pd** + Pd*). The
presence of the above described mixture of electron deficient and
metallic noble metal particles remains after activation of the
catalysts, with changes in the relative amount of each one of them
due to the reduction with H, during the activation.

Concerning the acidic properties of the materials before the
catalytic tests, the results of ammonia chemisorption are displayed
in Table 1, and the (number of specific acid site)/(total number of
acid sites) ratio (see Section 2.2.2 for details), is presented in Fig. 6.
It can be seen in Table 1 that compared to the bare y-Al,05 support
which was reduced at the same condition of the HT catalysts, the Pt
and Pd catalysts prepared from acetylacetonates have a lower
amount of total acidic sites. The Pd and Pt catalysts prepared from
chlorides showed a higher amount of total acidic sites regardless of
the pretreatment used. Pd catalysts had, in all cases, a higher
concentration of acidic sites as compared to Pt ones, regardless the
preparation conditions. It is interesting to follow the distribution of
acidic sites according to their strength (Fig. 6). The distribution of
weak, medium and strong acidic sites of those catalysts prepared
from acetylacetonates was rather similar to that of the vy-Al,03
support, indicating that the acidic properties of both materials are
almost the same. Making a comparison of the referred acidity ratio
between the Pd and Pt catalysts as a function of the preparation
method the following behavior was observed: (i) those catalysts
prepared with chlorides and by the LT treatment showed the
highest relative amount of weak acidic sites, both for Pt and Pd,
whereas those prepared with chlorides by the HT treatment
exhibited the lowest relative amount of them. (ii) In the case of the
Pd catalysts, the relative amount of medium acidic sites is
registered for the Pd(1.4)-CI-HT catalyst followed by Pd(1.8)-
Org > Pd(1.4)-CI-LT. This trend was not the same found for Pt, in
this case: Pt(1.4)-Org > Pt(1.1)-CI-HT > Pt(1.1)-CI-LT. Finally,
regarding the relative amount of strong acidic sites (iii), for Pd,
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Fig. 6. Acidic sites distribution - (number of specific acid site)/(total number of acid
sites) ratio - for the prepared Pd and Pt/y-Al,Os3 catalysts according to their
strength. Number of weak acidic sites from NHs; chemisorption at T=308 K;
number of medium acidic sites from NH3 chemisorption at T = 423 K, and number of
strong acidic sites from NH; chemisorption at T=623 K.

it followed the order: Pd(1.4)-CI-LT > Pd(1.8)-Org > Pd(1.4)-CI-HT,
and for Pt: Pt(1.1)-CI-HT > Pt(1.1)-CI-LT > Pt(1.4)-Org. The results
described above evidence small differences in the acidic balance of
the catalysts as a function of the noble metal. Furthermore, from
the results for the chlorided catalysts and those of the ones
prepared from acetylacetonates, it is clear that the presence of
residual chlorine influences such acidic balance. It is well known
that chlorine significantly modifies the acidic properties of y-Al,03
due to a polarization of its surface -OH groups [49,50]. During the
decomposition of the metallic precursors, either in the calcination
or activation stage, the interaction of the gaseous HCI produced has
been found to induce the formation of new acidic sites on the
alumina surface [49-51]. In particular, it seems that regardless of
the calcination temperature of the catalyst, the formation of
Brgnsted acidic sites occurs when reduction at low temperatures
takes place whereas at higher temperatures the apparition of
strong Lewis acidic sites takes place [49-51]. The results of NH3
chemisorption presented here are not useful to distinguish the
precise nature of the acidic sites induced by chlorine but reflect
that indeed changes in the distribution of the strength of the acidic
sites of the catalysts are happening during the pretreatment stage.

3.2. Catalytic performance in the HDS of dibenzothiophene
The conversion of DBT and the yield to the different reaction

products: BP, CHB, THDBT and HHDBT, as a function of the
preparation method are presented in Fig. 7 for Pd and in Fig. 8 for
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Fig. 7. Evolution with time on stream of the conversion of dibenzothiophene over the
prepared Pd/vy-Al,03 catalysts: (a) Pd(1.8)-Org; (b) Pd(1.4)-CI-HT; (c) Pd(1.4)-CI-LT.
BP = biphenyl, CHB = cyclohexylbenzene, THDBT = tetrahydro-dibenzothiophene,
and HHDBT = hexahydro-dibenzothiophene. Catalysts codes as presented in
Table 1. Reaction conditions: T=583 K, P=5 MPa, liquid feed flow 30 mL/h, Hy/
liquid feed ratio = 500 NL/L.

Pt. A decrease in DBT conversion was observed for both Pt and Pd/
v-Al,03 during the first 2 h of reaction, after which the steady state
was attained. This can be attributed to the irreversible adsorption
of sulfur on the noble metal particles [1,13]. The Pt catalysts were
more active than the Pd ones, as in agreement with previous
studies [3-5,11-13]. The conversion of DBT over the noble metals
was a function of the nature of the metal and the preparation
method. Examining the behavior of those catalysts prepared from
the acetylacetonate precursors (Figs. 7a and 8a), it is noticed that,
regardless of the noble metal, these catalysts were very selective to
DDS, thus yielding BP as the main reaction product, and very low
amounts of CHB and THDBT. Part of the DDS active sites of these
two catalysts was irreversibly poisoned at the beginning of the
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Fig. 8. Evolution with time on stream of the conversion of dibenzothiophene over
the prepared Pt/y-Al,05 catalysts: (a) Pt(1.4)-Org; (b) Pt(1.1)-CI-HT; (c) Pt(1.1)-Cl-
LT.

reaction. Furthermore, it can be said that a higher number of DDS
active sites of the catalysts prepared from acetylacetonates were
deactivated at the beginning of the reaction as compared to those
prepared from chlorides. For the catalysts prepared from chlorides,
the low temperature treatment enhanced the conversion of DBT for
both Pd and Pt as compared with the high temperature treatment.
On the other hand, the selectivity HYD to DDS depends essentially
on the nature of the noble metal for chlorided Pd and Pt/vy-Al,05.
Over chlorided Pd/y-Al,03 HYD becomes more competitive to DDS
(Fig. 7b) and overcomes DDS when the low temperature treatment
was used (Fig. 7c). In fact, it is observed that for Pd(1.4)-CI-LT the
yield to CHB is higher than the yield to BP. On the other hand, both
samples of chlorided Pt/y-Al,03; were markedly selective to DDS
(Fig. 8b and c). At this point, it was decided to correlate the
reactivity of DBT over the different Pt and Pd/y-Al,05 catalysts and
the chemical properties of these materials, in order to gain better
insight into the factors that control the development of HYD over
both noble metals.
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Fig. 9. Steady state conversion of DBT (%Cpgr) and selectivity to HYD (Suyp) plotted against the Pt,Pd/Al XPS atomic ratio. (a) Pd/Al and (b) Pt/AlL

3.2.1. Relationship between the dispersion of Pt and Pd and the HDS of
dibenzothiophene

Fig. 9a and b features the steady state %Cpgr and Syyp as
function of the Pd/Al XPS atomic ratio (oxidized) and Pt/Al XPS
atomic ratio (activated); such ratios are considered to be semi-
quantitative descriptors of dispersion in supported catalysts [52-
54]. It can be seen that there is no apparent correlation between
these variables, regardless the noble metal. The same qualitative
result can be obtained by plotting %Cppr and Syyp as a function of
the H, uptake (not shown) for both noble metals. In agreement
with the present results, Niquille-Rothlisberger and Prins [3]
discarded particle size effects in the HDS of dibenzothiophene and
4,6-dimethyIDBT over Pd and Pt/y-Al,0s. Consequently, it seems
reasonable to assume that the drastic changes in the catalytic
performance of the prepared noble metal catalysts is rather related
to the nature of the precursors, and for those materials prepared
from chlorides with the change in the pretreatment conditions
than to dispersion.

3.2.2. Role of the use of chloride precursors in the HDS performance of
Pt and Pd/y-Al,05

As appointed before, the Pt and Pd catalysts prepared from
chlorides are more active in the HDS reaction than those prepared
from acetylacetonates. The presence of residual chlorine on the
surface of the catalysts after activation was verified by XPS. NH3
chemisorption measurements (Table 1) demonstrated an increase
in the number of acidic sites of the chlorided catalysts. It is often
considered that an increase in support’s acidity enhances HDS and
hydrogenation reaction rates, as well as the sulfur tolerance of
noble metals [4,6,7,17-21]. This has been ascribed to the
generation of electron deficient noble metal particles [17,20,21]
and to the formation of additional hydrogenation sites on the
metal-support interface which result from hydrogen spillover
from the metal to the support [18-20,36]. The electron deficiency
of Pt and Pd reduces its affinity to sulfur and therefore weakens the
metal-S bonds formed during the HDS reactions [1,17,20]. On the
other hand, a bifunctional HDS mechanism has been often
proposed [19,55,56]. Simon et al. [19] TPD studies on the
decomposition of thiophene over Pt-supported zeolites reached
the conclusion that the Brgnsted acidic sites of the carriers in the
proximity of Pt can act simultaneously as adsorption and
hydrodesulfurization sites, the HDS activity of such metal-support
interface sites being significantly enhanced by spilt-over hydrogen
from Pt. From NH3 chemisorption it is not possible to distinguish
between Brensted and Lewis acidic sites, but as discussed before
the use of chlorided precursors, besides an increase in the
concentration of acidic sites of the catalysts, causes a change in

the distribution of the weak, medium and strong acidic sites which
also depends on the type of noble metal. For Pt, such redistribution
mostly increases the catalytic activity but not the HYD selectivity
(Fig. 8). This is not the case of Pd, for which the increase in HDS is
due mainly to an enhancement of the conversion of dibenzothio-
phene via HYD (Fig. 7). The increase in the selectivity to HYD is
particularly higher after the low temperature treatment (approxi-
mately twofold). Chou and Vannice [36] tested a series of Pd
catalysts supported on several carriers of different acidic proper-
ties: C, SiO,, Al,05 SiO,-Al,03 and TiO,, and modified the reduction
temperature of those catalysts prepared from PdCl,, in the
hydrogenation of benzene. The highest turnover frequencies in
the reaction where registered for those Pd catalysts prepared with
PdCl; and reduced at low temperature (448 K). They attributed this
trend to the creation of additional Brensted acidic sites on the
carrier by the action of the HCl generated during the low
temperature treatment; such acidic sites being transformed into
strong Lewis acidic sites with the increase in reaction
temperature [36,51]. In conclusion, not only the presence of
surface chlorine on the noble metals enhances the rate of HDS
but the conditions of the pretreatment are very significant, in
particular the reduction temperature during activation which
can, aside from increasing DBT conversion, help developing the
HYD route of hydrodesulfurization especially over Pd catalysts.

3.2.3. Factors controlling the development of HYD

The development of HYD is highly desirable for deep HDS. The
characterization and catalytic results presented so far evidence that
HYD selectivity is always low for Pt catalysts, whereas it can be
modulated over Pd catalysts basically by changing the acidic balance
of the Al,O3 carrier. It is worth the while then to consider the
mechanism of hydrodesulfurization of dibenzothiophene type
molecules and compare it with copious experimental evidence in
the field of aromatics hydrogenation over noble metal supported
catalysts, with the aim of reconciling the catalytic behavior of the
present materials. To do this, it must first be reminded that the
formation of a mr-complex between the aromatic backbone of DBT
and the catalytic active phase is a pre-requisite to HYD as in the case
of aromatics hydrogenation [9,57,58] and that it has been assumed
that the final sulfur withdrawal step in HYD is common to the one in
DDS [3,9]. A key factor controlling all hydrogenation reactions is the
intrinsic capacity of the metal to transfer hydrogen to the reacting
molecule. This property is indirectly reflected by the measurements
of H, chemisorption. It has been shown in Table 1, that the Pt
catalysts have a higher H, uptake capacity than Pd. Such difference
has been used to explain the higher intrinsic rate of hydrogenation of
Pt compared to that of Pd and also linked to the development of HYD
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[41] by a correlation with stereoselectivity differences in the
hydrogenation of certain molecules such as o-xylene [59] and
tetralin [60]. In the present work an additional factor has been
encountered to play a significant role in the development of HYD
over Pd; the acidic balance of the alumina carrier. It is known that
alumina carriers possess mostly Lewis acidic sites [49,50] and that
sulfur from H,S [61] and thiophene [56] can be adsorbed and even
dissociated over it, under certain reaction conditions [56]. Table 1
and Fig. 6 demonstrate that the y-Al,05 support and those catalysts
prepared from acetylacetonates have similar acidic properties.
Contrary to the chlorided catalysts, in this case both the Pt(1.4)-Org
and Pd(1.8)-Org catalysts showed a high DDS selectivity. Sarbak [56]
proposed that a decrease in the number of the stronger Lewis acidic
sites of y-Al,03 enhances the DDS rate of hydrodesulfurization of
thiophene by promoting the o-adsorption of the molecule through
the sulfur heteroatom on the weaker Lewis CUS vacancies of y-Al,0s.
Considering the mechanism of adsorption of the Pt(acac), and
Pd(acac), precursors on the stronger AI** CUS sites of alumina [30] it
is possible to speculate that DDS is thus favored particularly for Pd
because the strong selectivity to DDS of Pt remained rather
unmodified at the conditions of the present study. On the other
hand, if the presence of residual chlorine particularly enhances the
number of stronger Lewis acidic sites of y-Al,05 and to a certain
extent the apparition of Bransted acidic sites [49-51,56], and the
noble metals are attached to the —-OH groups of the carrier instead
than to the AI** CUS sites of alumina this type of interaction between
the DBT molecule and the support would be certainly disfavored
thus promoting HYD. Furthermore, stronger Lewis acidic sites have
been also proposed to play a very important role in inducing an
electronic interaction between the metal and the support which
causes electron deficiency of the metal particles and thus enhances
the rate of hydrogenation of aromatics [62]. When the low
temperature pretreatment was applied the highest activity was
registered for both Pt and Pd, but whereas the HYD selectivity
remained basically at the same level for Pt, it was significantly
enhanced for Pd; in this case CHB became the main reaction product
while the yields of THDBT and HHDBT were basically constant. As
previously stated, it has been determined that when low tempera-
ture reduction of chlorided Pd catalysts is performed additional
Brensted acidic sites are created in the Al,O3 support as compared to
reduction at higher temperatures [36,51]. Several authors
[18,19,36,43] have proposed that in a bifunctional mechanism of
hydrogenation these additional sites provide new hydrogenation
active centers when in close proximity to the metallic phase. Such
new hydrogenation sites would be responsible for the highest HYD
selectivity displayed by the chlorided Pd catalyst treated at low
temperature. A final aspect to be considered in establishing a
relationship between the mechanism of aromatics hydrogenation
and the development of HYD is that an increase in acidity conducts to
a decrease in the cis-decalin selectivity during tetralin hydrogena-
tion over noble metals [62,63]. Discarding the isomerization of
subsequent isomerization of cis-decalin to trans-decalin it is
recognized that the intrinsic increase in the selectivity to trans-
decalin produced requires the rollover of the reaction intermediates
over the catalytic surface [59,60,64], i.e. a consecutive adsorption—
desorption of the octalin intermediate. In previous works [11,41] we
have proposed that within the mechanistic dynamics of the HYD
route of hydrodesulfurization of DBT also a rollover mechanism is
involved during the change in the adsorption mode of the DBT
partially hydrogenated intermediates on the active sites as to
perform the final scission step of the S heteroatom. In this sense, very
recent literature reports have indeed identified the presence of cis-
and trans-HHDBT intermediates during the HDS of dibenzothio-
phene [10,65], which give support to the hypothesis of the
involvement of this mechanism in the HDS of such type of
compounds.

4. Conclusions

The results of this work indicated that the use of chlorided
precursors to prepare <y-Al,O; supported Pt and Pd catalysts
enhances the conversion of dibenzothiophene at typical HDS
reaction conditions. The reactivity of dibenzothiophene is linked to
the type of noble metal. Thus, highly active Pt is always selective to
the direct route of desulfurization, while less active Pd tends to
develop the hydrogenation route of desulfurization when prepared
from a chlorided precursor. Low temperature pretreatment of the
chlorided catalysts, implicating reduction at 473 K, was found to
enhance catalytic activity in both cases, and for Pd/y-Al,05 it
doubled DBT conversion via HYD, with cyclohexylbenzene as the
main reaction product. It was established that these catalytic
trends are related to changes induced by residual chlorine in the
chemical state of the noble metals and in particular to a
modification of the distribution of weak, medium and strong
acidic sites of the catalysts.
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