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Catalysts of platinum and molybdenum supported on MCM-48 materials were synthesized and characterized
by XRD, XPS and N2 adsorption–desorption. Catalytic activity was evaluated in the model reaction of
hydrodesulfurization of dibenzothiophene. Catalytic results showed high catalytic performance of ca. 95% for
PtMo/MCM-48 catalyst with the formation of biphenyl (BP) as the main product, typical from direct
hydrodesulfurization (DDS) pathway and ciclohexylbenzene (CHB) in a minor proportion from the hydrogena-
tion prior to the desulfurization pathway.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In the last decades, environmental legislations are aimed to mini-
mize the pollutant gas emissions to the atmosphere. In this sense, the
sulfur removal from petroleum feedstock has been an important issue
of global concern due to the sulfur in fuels acts as pollutant [1–5]. The
use of noble metals as active phases or as promoters has attained a
high interest due to the good performance in hydrotreating (HDT) and
hydrogenation (HYD) reactions [6,7]. Previous works in the literature
studied systems with PtMo supported on Al2O3 [8] and PtMo supported
the mesoporous silica–alumina (MSA) [9] with disordered pore struc-
ture, respectively. In this work, systems with PtMo supported on
siliceous MCM-48 nanostructured material were studied. MCM-48 ma-
terials present pores systems of three-dimensional with diameters that
can vary from 15 to 100 Å [10–13]. This fact suggests that this frame-
work is potentially more advantageous for catalytic and adsorptive
applications compared with one-dimensional pores catalysts, due to
the diffusion of the reagents and products through the pores is favored,
being less prone to blockages [14].

MCM-48has beenused as support using transitionmetals sulfides as
active phase and catalytic systems have shown to be an important
alternative for the development of catalysts capable of acting on several
industrial processes that need reactivity on hydrogenolysis, hydrogena-
tion reactions and on the reduction of sulfur compounds present in
e Sergipe, Departamento de
fossil fuels via HDS reactions [15,16]. The present work aims to develop
of catalysts containing platinumandmolybdenumspecies supported on
MCM-48 for the hydrodesulfurization (HDS) of dibenzothiophene
(DBT) model reaction. XPS analysis [17–19] was performed to evaluate
the active phases present on the surface of the catalysts, before and after
the catalytic reaction in order to knowwhether changes occurred in the
phases present on the surface. For the catalyst containing amorphous
phases, the XPS is an essential technique to identify the active species
on the surface.

2. Experimental

MCM-48 material was synthesized by hydrothermal method using
as reactants tetraethoxysilane (TEOS, Aldrich, 98.0%), sodiumhydroxide
(Vetec, 98.0%), hexadecyltrimethylammonium bromide (Vetec, 98.0%)
and distilled water. MCM-48 synthesis was made using a procedure
based on that developed by Doyle et al. [20] and other procedures [21].
The molar composition used to prepare the synthesis gel was: 1.0SiO2:
0.25Na2O: 0.55CTMABr: 100.4H2O [21].

The MCM-48 materials containing platinum, molybdenum and
platinun + molybdenum species were prepared by the incipient
wetness co-impregnation using ammonium tetrachloroplatinate(II)
(Sigma-Aldrich, 99.0%) and ammonium molybdate tetrahydrate
(Fluka, 99.0%), respectively. The solids were dried at 80 °C by 24 h
and calcined at 450 °C for 2 h with a heating rate of 5 °C min−1.
The composition of the prepared samples was: 2.0% of Pt on MCM-48
(Pt/MCM-48), 2.0% of Mo on MCM-48 (Mo/MCM-48) and 1.0% of Pt
and 1.0% of Mo on MCM-48 (PtMo/MCM-48).
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XRD measurements were carried out with a Rigaku (MiniFlex II) X-
ray equipment using CuKα radiation in 2θ angle of 1.5° to 10° and
until 60° with step of 0.01°. Nitrogen adsorption–desorption analyses
were performed at −196 °C by using a Quantachrome equipment
(NOVA 1200e). Before sorption measurements the samples were
degassed at 250 °C for 4 h. The specific surface area (SSA)was calculated
using the Brunauer–Emmett–Teller (BET) method for relative pressure
(P/P0) ranged between 0.05 and 0.20. Pore volume (Vp) were deter-
mined by nitrogen adsorption at a relative pressure of 0.99 and pore
size distributions from the branch isotherms adsorption by Barrett–
Joyner–Halenda (BJH) method were also taken into account.

X-ray photoelectron spectra were collected using a Physical Elec-
tronics PHI 5700 spectrometer with non-monochromatic Mg Kα radia-
tion (300 W, 15 kV and 1486.6 eV) with a multi-channel detector.
Spectra of samples were recorded in the constant pass energy mode at
29.35 eV, using a 720 μm diameter analysis area. Charge referencing
was measured against adventitious carbon (C 1 s at 284.8 eV). A PHI
ACCESS ESCA-V6.0 F software package was used for acquisition and
data analysis. The spectrometer energy scale was calibrated using Cu
2p3/2, Ag 3d5/2 and Au 4f7/2 photoelectron lines at 932.7, 368.3 and
84.0 eV, respectively. Surface atomic concentrations were determined
taking into account the corresponding area sensitivity factor for the
different measured spectral regions. The Mo 3d spectra were fitted
with a doublet Mo 3d5/2-Mo 3d3/2 separation of 3.2 eV and an area
ratio 3:2 and a FWHM of 3.3 eV, while the Pt 4f spectra were fitted
with Pt 4f7/2-Pt 4f5/2 separation of 3.3 eV and an area ratio 4:3 and a
FWHM of 2.0 eV.

HDS of DBT was performed in a high-pressure fixed-bed continuous
flow stainless steel catalytic reactor (PID Instruments) at 3.0 MPa of H2

with flow rate of 100 ml min−1 and organic feed of 0.3 ml min−1. The
organic feed consisted of a solution of 1% wt of DBT (Aldrich, 99%) in
cis-, trans-decahydronaphthalene (Sigma-Aldrich, 98%). For the activity
tests, 0.5 g of catalystwas used (particle size 0.85–1.00mm) andwas di-
luted with quartz sand to 3 cm3. Prior to the activity test, the catalysts
were sulfided in situ at atmospheric pressure with a N2/H2S (90/10%)
flow of 60 ml min−1 by heating from rt. to 500 °C (2 h) at a heating
rate of 10 °Cmin−1. Catalytic activities weremeasured at different tem-
peratures (250–375 °C) and samples were collected and analyzed by
gas chromatography (Shimadzu GC-14B) equippedwith a flame ioniza-
tion detector and a capillary column (TBR-14).
Fig. 1. XRD of the materials at low angle: a) Support MCM-48, b) catalysts before
sulfidation and b) catalysts after sulfidation.
3. Results

XRD pattern for MCM-48 used as support is shown in Fig. 1a. The
diffractogram displays reflection lines in the range of 2θ = 1.5–5.5°.
The more intense diffraction line located at 2θ = 2.60° is attributed to
the plane (211) while the other seven peaks located between 2.83°
and 5.11° have been designed to reflections (220), (321), (400), (420),
(332), (422) and (431), respectively, which are indexed for Ia3d space
group and are in accordance with various XRD patterns reported in
the literature of the cubic phase MCM-48 [20,21]. After the impregna-
tion with platinum and molybdenum species, XRD data reveal a shift
of the main diffraction line (211) and in the mesoporous parameters
(ao) of the MCM-48 cubic structure (Fig. 1b and c, and Table 1), due to
the incorporation both platinum and molybdenum species in the
pores of the material [22]. The XRD of Pt/MCM-48 and PtMo/MCM-48
showed well-defined diffraction lines located at 2θ = 39.76° (plane
(111)) and 46.24° (plane (200)), corresponding to cubic metallic plati-
num phase (ICDD card No 04–0802) (Fig. 2a and b). Fig. 2b shows the
XRD patterns of the catalysts after sulfidation and shows that the inten-
sity of the diffraction lines attributed to Pt species decreases, in the case
of Pt/MCM-48 and PtMo/MCM-48 catalysts. The Pt metal particle sizes
were calculated by Scherrer equation: Pt/MCM-48 (oxide) = 24.6 nm;
Pt/MCM-48 (sulfided) = 18.2 nm; PtMo/MCM-48 (oxide) = 21.4 nm
and PtMo/MCM-48 (sulfided) = 16.1 nm.



Table 1
Textural properties of the catalysts.

Samples ao (nm) SSA (m2 g−1) Wt (nm) Dp (nm) Vp (cm3 g−1)

Suport 8.42 1325 0.87 3.70 0.19
PtMo/MCM-48b 8.11 989 0.77 3.71 0.16
Pt/MCM-48b 7.29 1053 0.50 3.71 0.17
Mo/MCM-48b 7.15 1075 0.56 3.50 0.18
PtMo/MCM-48a 8.29 546 1.32 2.72 0.17
Pt/MCM-48a 7.43 735 0.52 3.76 0.14
Mo/MCM-48a 7.28 534 1.20 2.30 0.12

Where: a = after sulfidation and b= before sulfidation, ao =mesoporous parameter,
SSA = specific surface area; Wt = silica wall tickness; Dp = pore diameter and Vp =
pore volume.

Fig. 2. XRD of the catalysts at high angle: a) before sulfidation and b) after sulfidation.
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The nitrogen adsorption–desorption isotherms for the M/MCM-48
(where M = Pt, Mo or PtMo) before and after sulfidation are shown
in Fig. 3. The M/MCM-48 catalysts display a type IV isotherms in the
IUPAC classification and a sharp inflection on the range of P/P0 =
0.15−0.3, which takes places due the capillary condensation of nitro-
gen in themesoporous [23]. The textural properties data of the catalysts
are shown in Table 1. It is possible to observe that for all M/MCM-48
catalysts there was a decrease in the values of total area and pore
volume in relation of the support. This decrease is more significant for
sulfide samples, and in general can be related to significant blockage
of the MCM-48 pores by platinum and–or molybdenum species and
also due to partial loss of structural ordering of the mesoporous
channels.

Table 2 shows the XPS analysis results of the PtMo/MCM-48 cata-
lysts (in the oxide form, in the sulfided form and after HDS reaction),
as the binding energies (eV) and the surface atomic concentration of
core electrons.

In Fig. 4., Pt 4f7/2 core level spectra of Pt/MCM-48 and PtMo/MCM-48
catalysts as unsulfided, sulfided and after reaction show two contribu-
tions: a main contribution located about 71.5 eV, which is attributed
to metallic platinum and a second contribution of lesser extend cen-
tered about 73.0 eV assigned to a small amount of Pt(II) in the form of
PtO [24,25]. After the sulfidation step, both contributions remain unal-
tered for Pt/MCM-48 and PtMo/MCM-48 catalysts. Comparing the
data presented in Table 2 with the data obtained by Dembowski and
collaborators [26] it was not observed the formation of PtS or PtS2
(Pt 4f7/2 = 72.55 and 74.16 eV, respectively) in the sulfided catalysts
(S) and too in the after reaction catalysts (SPR). This fact suggests that
platinum base catalysts present a high sulfur resistance which could
favor the stability of the active phase during the catalytic test [8,26,
27]. This can be correlated as a result of the differential interaction of
platinum species formed with the support which has been attributed
to an electronic deficiency of the metal, resulting of interaction with
the support. Analysis of S 2p3/2 core level spectrum of PtMo/MCM-48
shows an unique contribution located at 162.3 eV which has been
attributed to sulfide species.

In the case of containing molybdenum oxide precursor samples
(Mo/MCM-48 and PtMo/MCM-48), Fig. 5 shows Mo 3d5/2 core level
spectra XPS data of both catalytic precursor show an unique contribu-
tion located between 231.6 and 232.0 eV assigned to Mo6+ species in
the form of MoO3 [15].

When the samples are sulfided, both catalysts present two contribu-
tion: themain contribution, located about 228 eV, has been attributed to
Mo4+ species in the form of MoS2 and a minor contribution between
231.2 and 231.9 eV is ascribed toMo6+ species in the formof unsulfided
species and/or oxysulfide species. In the same way, S 2p3/2 core level
spectra present the typical contribution ascribed to sulfide species,
about 162 eV, corroborating the deep sulfidation of molybdenum
species for the formation of MoS2 species [15].

Table 3 shows the data of conversion of DBT over Pt/MCM-48,
Mo/MCM-48 and PtMo/MCM-48 catalysts. In order to evaluate the
stability of the catalysts as function of the time on stream [19], a
set of catalytic tests were performed at 350 °C during 8 h on stream
(Table 4). With the increasing temperature occurred an increase in the
DBT conversion and the yield also BP N CHB. These results possibly indi-
cate that at high temperatures may have been promoted BP via direct
hydrogenation of DBT, while production of CHB was observed in lesser
amounts via the THDBT intermediary. BP productwas obtained in larger
quantities in all cases, reaching yields of 68.0, 17.8 and 0.8% for catalysts
PtMo/MCM-48, Pt/MCM-48 and Mo/MCM-48, respectively after 8 h on
stream. The HDS of DBT over sulfided CoMo/MCM-41 and CoMo/Al2O3

at 350 °C was previously reported and showed conversions of 58.5
and 30.7%, respectively [28].

Themain reaction product was biphenyl (BP) in all catalysts, coming
from the direct hydrogenolysis or direct desulfurization (DDS) pathway.
Ciclohexylbenzene (CHB) also appears as by-product, although is
formed in a lesser extend. This product is obtained from a hydrogena-
tion of the rings prior the desulfurization (HYD) pathway through to
tetrahydrodibenzothiophene (THDBT) intermediate. However, THDBT
as intermediate possesses a very short life time in the catalytic cycle
and thus it is expected does not appear in significant amounts in the
products [29].



Fig. 3. Nitrogen adsorption isotherms of the catalysts: a) before sulfidation and b) after
sulfidation.

Fig. 4. Pt 4f core level spectra of PtMo/MCM-48 catalysts: (a) PtMo/MCM-48 (oxide),
(b) PtMo/MCM-48 (sulfided), (c) PtMo/MCM-48 (after reaction), (d) Pt/MCM-48
(oxide), (e) Pt/MCM-48 (sulfided) and (f) Pt/MCM-48 (after reaction).
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In order to clarify the evolution of the active phase during the cata-
lytic test, XPS analyzed were realized to the spent catalysts. The Mo
3d5/2 core level for Mo/MCM-48 and PtMo/MCM-48 catalyst show a
Table 2
Binding energies (eV) and surface atomic concentration (SAC) of core electrons in PtMo/MCM

Catalyst Treatment Binding energy (eV)

S 2p3/2 Mo 3d5/2

S2− Mo(IV) Mo(V

PtMo/MCM-48 O – – 231.6

PtMo/MCM-48 S 162.3 228.1
(91.0%)

231.2
(9.0%)

PtMo/MCM-48 SPR 162.3 229.3 –

Pt/MCM-48 O – – –

Pt/MCM-48 S – – –

Pt/MCM-48 SPR – – –

Mo/MCM-48 O – – 232.0
Mo/MCM-48 S 161.4 228.0

(90.6)
231.9
(9.4)

Mo/MCM-48 SPR 162.2 228.9 –
similar trend (Fig. 5). The contribution assigned to unreduced Mo6+

species disappears during the catalytic test, being only noticeable the
contribution assigned to MoS2 located between 229.3 and 228.9 eV.
This fact indicates that the H2S obtained as by-product in the HDS
reaction acts as sulfided agent during the catalytic test. With regards
to Pt 4f7/2 core level spectra, both the contribution assigned to Pt0 and
Pt2+ maintains the ratio between their intensity (Fig. 4). In the same
way, the surface atomic concentration of both catalysts also remains un-
altered during the catalytic test, which indicates that species platinum
-48 catalysts in oxide precursos (O), sulfided (S) and after HDS reaction (SPR).

Pt 4f7/2 SAC (%)

I) Pt(0) Pt(II) S Pt Mo

71.2
(81.4%)

73.2
(18.6%)

– 0.06 0.34

71.5
(79.5)

73.8
(20.5%)

0.36 0.09 0.32

71.8
(80.3)

73.3
(19.7)

0.07 0.09 0.11

71.2
(80.6)

73.0
(19.4)

– 0.13 –

71.3
(81.8)

72.7
(18.2)

– 0.11 –

71.7
(82.1)

73.3
(17.9)

– 0.09 –

– – – – 0.29
– – 0.62 – 0.45

– – 0.10 – 0.17



Fig. 5. Mo 3d core level spectra of PtMo/MCM-48 catalysts: (a) PtMo/MCM-48 (oxide),
(b) PtMo/MCM-48 (sulfided), (c) PtMo/MCM-48 (after reaction), (d) Mo/MCM-48
(oxide), (e) Mo/MCM-48 (sulfided) and (f) Mo/MCM-48 (after reaction).

Table 4
Conversion, yields and CHB/PB ratios at 350 °C at different times.

Catalyst Time (h) Conversion (%) Yield (%) CHB/BP ratio

BP CHB

PtMo/MCM-48 0 83.0 68.90 12.34 0.179
1 82.8 68.13 12.18 0.179
2 81.0 67.68 11.4 0.168
4 80.2 67.84 10.54 0.155
6 80.1 67.86 10.43 0.154
8 80.1 67.96 10.33 0.152

Pt/MCM-48 0 25.7 25.47 0.20 0.008
1 22.2 22.04 0.16 0.007
2 20.3 20.20 0.10 0.005
4 18.4 18.59 0.12 0.006
6 18.1 17.97 0.13 0.007
8 17.9 17.77 0.12 0.007

Mo/MCM-48 0 7.1 6.95 0.15 0.022
1 6.1 5.92 0.17 0.029
2 4.1 3.98 0.12 0.030
4 3.4 3.30 0.10 0.030
6 1.6 1.56 0.05 0.032
8 0.8 0.78 0.02 0.026
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present a high tolerance to sulfur species in the HDS of DBT [30] as was
suggested previously.

In accordance with the results showed in Table 4 it is possible to ob-
serve that the Mo/MCM-48 catalyst showed significant deactivation
while Pt/MCM-48 and PtMo/MCM-48 not. This may be related with
the sintering of MoS2 phase present and subsequent migration of
these species from the surface to the bulk. The results of XPS for the
Mo/MCM-48 catalyst after the reaction showed a significant decrease
in surface atomic concentration (SAC) of Mo4+ and S2− species, and
Table 3
Conversion, yields and CHB/PB at different temperatures.

Catalyst Temperature (°C) Conversion (%) Yield (%) CHB/BP ratio

BP CHB

PtMo/MCM-48 250 1.1 1.0 0.1 0.100
275 7.9 6.7 1.1 0.164
300 21.4 19.4 1.8 0.093
325 47.2 39.4 4.6 0.116
350 75.4 63.8 10.6 0.166
375 92.3 79.2 11.9 0.150

Pt/MCM-48 250 10.9 10.5 0.2 0.019
275 12.0 11.8 0.2 0.017
300 20.8 20.6 0.2 0.010
325 20.3 20.1 0.3 0.015
350 21.6 21.5 0.3 0.014
375 26.7 26.6 0.3 0.011

Mo/MCM-48 250 4.5 4.5 0.0 0.000
275 5.4 5.1 0.3 0.059
300 6.7 6.7 0.0 0.000
325 9.3 8.9 0.4 0.045
350 9.6 9.6 0.3 0.031
375 17.2 17.2 0.6 0.035
did not show bands related to Mo6+ species. On the other hand, after
the reaction the Pt/MCM-48 catalyst showed that the SAC of platinum
metallic remains practically constant and this is reflected in the catalytic
test. For PtMo/MCM-48 catalyst, platinum presence inhibits the
sintering effect of MoS2 due to their promoting effect and also due to
the synergistic effect that is established between the metallic platinum
and MoS2.

The results of the catalytic tests, such as the conversion levels and
yield cannot be correlated with the textural characteristics of the cata-
lysts, because the most active catalyst (PtMo/MCM-48(S)) have SSA,
Wt, Dp values similar to those the catalyst that has a lower activity
(Mo/MCM-48(S)), and this catalyst have much lower conversion levels
than PtMo/MCM-48(S) catalyst. The higher activity of the PtMo/MCM-
48(S) catalyst compared to the Pt/MCM-48 (S) and Mo/MCM-48
(S) catalysts can be correlated with the synergistic effect established
between the platinum species and the MoS2. This can be observed by
the decreasing the platinum crystallite size in PtMo/MCM-48(S) in
comparison with the Pt/MCM-48(S) and also through the reduced
tendency to deactivation of PtMo/MCM-48(S) as compared with the
catalyst Mo/MCM-48(S). Besides this, the activity of PtMo/MCM-
48(S) in comparison with the catalysts Pt/MCM-48(S) and Mo/MCM-
48(S) is much greater than the sum of the individual contributions
that also suggests that the properties are due to the interaction
established between the platinum species and MoS2.
4. Conclusions

Hydrodesulfurization of dibenzothiophene over PtMo/MCM-48
catalysts in the sulfided form showed high conversion degrees of ca.
95%. The main obtained products were BP and CHB and the high PB/
CHB ratios show that the DDSwas the predominant reaction. The active
phase for the reaction is composed of Pt andMoS2 species on theMCM-
48 surface. The high performance of the PtMo/MCM-48(S) catalyst can
be attributed to the synergistic effect established between the species
of platinum metallic and MoS2.
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