Journal of Molecular Catalysis A: Chemical 325 (2010) 1-7

Contents lists available at ScienceDirect =
, , ‘CATALYSIS
Journal of Molecular Catalysis A: Chemical
journal homepage: www.elsevier.com/locate/molcata e ===

Editors Choice Paper

Hydrotreating activities of alumina-supported bimetallic catalysts derived from
noble metal containing molecular sulfide clusters Mo3S4M’ (M’ =Ru, Rh, Ir, Pd, Pt)

Konrad Herbst*, Michael Brorson, Anna Carlsson

Haldor Topsee A/S, Nymallevej 55, DK-2800 Lyngby, Denmark

ARTICLE INFO

Article history:

Received 8 January 2010

Received in revised form 23 March 2010
Accepted 24 March 2010

Available online 31 March 2010

Keywords:
Hydrotreating
Bimetallic catalyst
Noble metal
Sulfide cluster

ABSTRACT

Molecular sulfide clusters with bimetallic Mo3S4M’ cluster cores (M’ =Ru, Rh, Ir, Pd, Pt) were impregnated
on vy-alumina as the compounds [(Cp’)sMo3S4sM'(L)x][pts], (Cp’=methylcyclopentadienyl; L=ligand;
pts=para-toluenesulfonate). These catalyst precursors were sulfided at 350°C leading to decomposi-
tion of the molecular clusters and the formation of MoS,-like phases with optimal chances for noble
metal atoms to be in close contact with MoS,. The hydrotreating activities of the catalysts obtained were
measured by using a feed containing dibenzothiophene, indole and naphthalene. The HDS, HDN and HYD
activities followed the order MosIr > Mos;Rh > MosRu > Mo3 Pt > Mos;Pd. Comparison with the sum of activ-
ities of a monometallic Mo and a monometallic noble metal reference catalyst revealed strong synergies
for the MosIr and MosRh catalysts, whose HDS and HDN activities had increased by factors of 2.7-3.9
and 1.8-4.3, respectively. A comparison with the hydrotreating activities of a Mo3Ni catalyst prepared
from [(Cp’)3sMo3S4NiL][pts] showed, however, that the performances of the MosRh and MoslIr catalysts
generally were inferior by a factor of 2 to a MosNi catalyst. An inhibiting effect on the catalyst activity
was observed for the MosPd catalyst. The sulfided MosRh, MosIr and MosPd catalysts were studied by
TEM. The MosRh and Moslr catalysts showed a homogeneous and very high dispersion of both metals,
the MoS; dispersion being higher than in the monometallic Mo reference catalyst. The MosPd catalyst
showed a strong inhomogeneity due to the presence of 10 nm large Pd,4S particles fully encapsulated by

layers of MoS,.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The industrially established catalysts for hydrotreating of oil at
refineries are bimetallic sulfidic CoMo or NiMo phases supported
on high surface area alumina [1]. The hydrotreating process serves
several purposes in the upgrading of oil; most important are the
removal of sulfur (hydrodesulfurization, HDS) and nitrogen (hydro-
denitrogenation, HDN) from heterocyclic hydrocarbon molecules
and the hydrogenation (HYD) of aromatic hydrocarbons.

In order to obtain fundamental understanding of the hydrotreat-
ing process and its catalysts, unsupported transition metal sulfides
have been studied extensively both experimentally [2-8] and the-
oretically [9-13] for their HDS, HDN and HYD properties. The HDS
activity of unsupported transition metal sulfides was correlated
to the position of the metal in the periodic table [2] and later to
the heats of formation of the transition metal sulfides [3]. In both
cases characteristic volcano-type dependencies for the activities of
4d and 5d metal sulfides were observed. Later, a correlation was
found between the HDS activity and the metal-sulfur bond energy
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covering both 3d, 4d and 5d transition metals [10,11]. All these
studies agree that amongst the monometallic transition metal sul-
fides, the noble metal sulfides such as e.g. RuS, are found to be the
most active HDS catalysts. Thus unsupported noble metal sulfide
catalysts are typically one order of magnitude more active than
an unsupported MoS; catalyst. However, MoS, gains substantial
extra activity by promotion with cobalt or nickel and by dispersion
on a high surface area support such as alumina. This, together with
the relatively low metal prices, is the reason why CoMo and NiMo
systems (atomic ratios Mo/Co =Mo/Ni~ 3) are preferred industri-
ally.

The promotion of MoS,-based alumina-supported catalysts by
noble metals, rather than by Co or Ni, has also been the subject
of several studies. In one such study it was found that the activ-
ities in dibenzothiophene HDS of a series of catalysts supported
on amorphous silica—alumina ranked as PtMo > RuMo > PdMo > Mo
[14]. This order of activity was confirmed by Merifio et al. for
alumina-supported noble metal-molybdenum catalysts irrespec-
tive of the sulfidation procedure [15]. The same series of catalysts
was also investigated in simultaneous HDS and HYD studies [16].
Furthermore, in a series of investigations by Vit and coworkers
[17-21],iridium has been established as a strong promoter element
for the HDN activity. Recently, these studies have been reviewed
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[22] and the investigations have also been extended to other noble
metals [23-25]. The sulfidation mechanism and HDS/HDN activi-
ties of alumina or zeolite supported noble metal catalysts have also
been investigated by Paal et al. [26,27] and Prins and coworkers
[28,29].

In preparing a promoted catalyst it is essential that the prepara-
tive procedure results in the promoter atoms being present in close
contact with the structures that are to be promoted. In the inves-
tigations of noble metal-molybdenum catalysts mentioned above,
the catalysts were typically prepared by sequential impregnation
or co-impregnation of the relevant metals in aqueous solutions.
However, in order to optimize the chances for Mo and a poten-
tial promoter metal being intimately mixed in the final catalyst,
molecular heterobimetallic sulfide clusters containing cubane-like
Mo3S4M’ (M’ = Co, Ni, other metals) cores constitute a very interest-
ing opportunity [30]. Not only do the clusters contain the desired
metal atoms in the correct ratio within one single molecular
species, they are also sulfidic and the molybdenum is pre-reduced
to the oxidation state +4. These Mo3S4M’ (M’ = Co, Ni) clusters have
beeninvestigated as structural models [31,32] for the active centres
of industrial CoMo and NiMo hydrotreating catalysts and as poten-
tial homogeneous HDS catalysts in the liquid phase [31,33-36].
As precursor for supported catalysts, only the Mo3S4Ni%* clus-
ter has previously been used in studies, where the aqua complex
[(H20)9Mo3S4Ni(C1)]** was incorporated by ion-exchange into var-
ious zeolites [37,38]. The deposition of nickel or cobalt salts of
related [Mo3S3]%~ clusters onto alumina has been investigated by
Fedin et al. [39].

We have previously extended the series of available cubane-
like Mo3S4M’ clusters by the insertion of noble metals complexes
into Mo3S4 clusters stabilized by methylcyclopentadienyl ligands
[40,41]. With the extensive series of clusters with Mo3S4M’ cores
(M’ =Ru, Rh, Ir, Pd, Pt) now available as precursor compounds, we
here report a systematic study of the promotional influence of noble
metals on alumina-supported MoS;-based catalysts derived from
Mo3S4M’ clusters.

2. Experimental
2.1. Catalyst precursor preparation

The bimetallic cluster compounds [(n°-Cp’)3sMo3S4Ru(CO);]-
[pts] [41], [(m>-Cp')sMo3S4Rh(cod)][ptsl; [41], [(1°-Cp')3-
Mo3S4IrCl(cycloocten)][pts] [41], [(°-Cp’)3Mo3S4Pd(PPh3)][pts]
[40] and [(m>-Cp’)3Mo3S4Pt(norbornene)][pts] [40] were prepared
according to published procedures (Cp’ = methylcyclopentadienyl;
cod =1,5-cyclooctadiene; pts=p-toluenesulfonate). CH,Cl, solu-
tions of the clusters were impregnated on <y-alumina (BET area
~300m?2/g, 600-850 um granules, predried at 150°C for 2h)

Table 1

by incipient wetness impregnation. Subsequently, the catalyst
precursors were dried in a vacuum at ambient temperature.

Monometallic reference catalysts were prepared by impreg-
nation with CH,Cl, solutions of M(acac); (M=Ru, Rh, Ir;
acac=acetylacetonate; Aldrich), M(acac), (M=Pd, Pt; Aldrich) or
[(m>-Cp’)3Mo3S4][pts] [40] on alumina granules and subsequent
drying in vacuum at ambient temperature.

For the analysis of the metal loads, a part of each sample
was dried at 250°C, and analyzed by Inductively Coupled Plasma
Spectroscopy (ICP). The metal loads, both for freshly impregnated
catalysts and for spent sulfided catalysts, are shown in Table 1.

2.2. Catalytic activity measurements

The activity measurements were made in a tubular 7.5 mm
inner diameter, high-pressure flow reactor loaded with a mix-
ture of 0.30¢g catalyst and glass microbeads. Upon entry into the
hot reactor the liquid feed was evaporated and mixed with a
stream of Hy. In situ sulfidation was made for 4h at 350°C by
means of a 2.5% solution of dimethyldisulfide (DMDS) in n-heptane
and with p(H;)=42 atm. The feed for the activity measurements
was an n-heptane solution containing 3.0% dibenzothiophene,
0.5% indole, 1.0% naphthalene, 2.5% dimethyldisulfide and 0.5%
n-nonane (internal GC standard). The total pressure (reactants +n-
heptane+H;) at the reactor temperature of 350°C was 50atm
corresponding to p(H,)=38 atm. Liquid feed to gaseous H, ratio
was 0.5 ml/min:250 Nml/min. The partial pressure of H,S from HDS
of DMDS ensures that catalysts remain fully sulfided during the
catalytic tests.

During the ~24 h catalytic test, the composition of the exit gas
from the reactor was continuously quantified by GC-FID (column:
non-polar WCOT, Hewlett-Packard Ultra 2). Under the reaction
conditions employed, dibenzothiophene (DBT) was desulfurized
by two parallel routes yielding either biphenyl (bp) or cyclo-
hexylbenzene (chb) as products. Indole was denitrogenated to
yield ethylbenzene and ethylcyclohexane as products. Naphtalene
was hydrogenated to tetralene. The conversions determined were
expressed as pseudo first order rate constants for hydrodesulfuriza-
tion (HDS), hydrodenitrogenation (HDN) and hydrogenation (HYD),
respectively. The rate constants were determined typically after
24 h reaction time, after the conversion rate had been at a constant
level for at least 10 h.

2.3. Raman measurements

Raman spectroscopy was performed on a Labram I (Dilor) instru-
ment equipped with a confocal microscope (Olympus). A notch
filter was applied to cut off the laser-line and the Rayleigh scat-
tering up to 150 cm~'. The spectrometer is equipped with a CCD

Chemical analysis data for the catalyst precursors impregnated on alumina and the spent sulfided catalysts.

Metals Catalysts after impregnation and drying Spent sulfided catalysts

wt% Mo wts M’ Atomic ratio Mo:M’ wt% Mo wt% M’ Atomic ratio Mo:M’
Mos 8.57 8.51
Mo3S4Ru 8.60 3.11 3:1.03 N/A N/A N/A
MosS4Rh 8.14 2.67 3:0.92 8.96 2.89 3:0.90
Mos;S4lr 8.59 5.66 3:0.99 8.19 5.51 3:1.01
Mo3S4Pd 8.67 3.14 3:0.98 8.27 2.98 3:0.97
Mo3S4Pt 8.83 5.79 3:0.97 8.66 5.70 3:0.97
Ru 2.64 2.64
Rh 2.68 2.60
Ir 4.65 4.68
Pd 2.59 2.64
Pt 4.82 4.92
Mo3S4Ni 12.9 2.45 3:0.93 N/A N/A N/A
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camera (1024 x 298 diodes), which is Peltier cooled to 243K to
reduce the thermal noise. The 514 nm of an Ar-ion laser, with an
approx. power of 2 mW at the sample, was used for excitation. The
following spectrometer parameters were used: microscope objec-
tive: 100x, grating: 1800 g/mm, slit width: 300 wm, integration
time: 600 s, accumulations: 5x. The Raman spectrum of the unsup-
ported Mo3Sylr cluster and the freshly impregnated catalyst were
measured in air, whereas the spent catalyst was measured in an
atmosphere of N,.

2.4. TEM investigations

Fresh catalyst samples were sulfided in the activity test reactor
for 4h at 350°C by means of a 2.5% solution of dimethyld-
isulfide (DMDS) in n-heptane and with p(H;)=42atm. The
samples were transferred to the microscope under inert condi-
tions. The TEM (CM200 FEG from Philips/FEI) was coupled with
electron-dispersive spectroscopy (EDS) mapping to determine the
distribution of different elements in the samples.

3. Results and discussion
3.1. Catalytic measurements

The objective of the present study was to compare the
hydrotreating activities of monometallic Mo and noble metal
catalysts with the activities of bimetallic catalysts derived from
molecular sulfide clusters containing molybdenum and a noble
metal atom. The monometallic noble metal reference catalysts
were prepared by impregnation of acetylacetonato metal com-
plexes M(acac), (M=Pd, Pt) or M(acac); (M=Ru, Rh, Ir) on
v-alumina. The common feature in the series of heterobimetallic
sulfide cluster compounds used in this study is the cubane-like
cluster core Mo3S4M’ (M’ =Ru, Rh, Ir, Pd, Pt), in which the catalyt-
ically relevant metals are in a sulfidic state and pre-assembled in
a 3:1 atomic ratio at the molecular level. Methylcyclopentadienyl
ligands are coordinated to the cluster Mo atoms and organic ligands
(typically alkenes) are coordinated to the noble metal heteroatom.
The structures of the cluster compounds are shown in Scheme 1.
Concentrated solutions of the cluster compounds in CH,Cl, were
used for impregnation on y-alumina. By using the same procedure,
amonometallic Mo reference catalyst precursor was prepared from
the cluster [(1°-Cp’)3MosS4][pts].

Raman spectra of the dried, cluster-impregnated catalyst pre-
cursors showed bands at the same wavenumbers as seen for the
unsupported cluster compounds. Since also the linewidths of the
signals are practically unchanged it can be concluded that the
molecular clusters were intact after impregnation on the alumina
carrier, where the clusters crystallized as a thin layer on the carrier
surface. As an example, Fig. 1 shows the Raman spectra of the MosIr
cluster as pure compound (trace (a)) and after impregnation/drying
on alumina (trace (b)). By comparison with Raman data on Mo and
Ir compounds published in the literature [42-44], some bands in
traces (a) and (b) can tentatively be assigned to specific vibrations.
A band at 222 cm™! is indicative for Mo-Mo stretching vibrations,
whereas a set of bands between 290 and 410 cm~! is characteristic
for M-S stretching vibrations (both Mo-S and Ir-S). Bands at 435
and 459 cm~! can be assigned to Mo-C vibrations. The organic lig-
ands (Cp’ and cyclooctene) display bands in the 830-860, 1225 and
1580 cm~! regions.

All catalyst precursor samples were subjected to an in situ sul-
fidation procedure with dimethyl disulfide at 350 °C immediately
before the actual activity measurements. Structural disintegration
of the clusters takes place in the temperature range of 160-180°C.
The sulfidation at 350 °C thus removes the volatile organic ligands
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Scheme 1. Molecular formulae of the cluster compounds used for impregnation on
alumina.
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Fig. 1. Raman spectrum of [(n>-Cp’)3Mo3S4IrCl(cycloocten)][pts] and the fresh sul-
fided MoslIr catalyst. Trace (a) bulk cluster compound. Trace (b) cluster impregnated
on alumina and dried in vacuum. Trace (c) spent sulfided catalyst.
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coordinated to the cluster cores and decomposes the cluster cores
to MoS;-like phases with noble metal atoms in close vicinity. This
activation/sulfidation procedure ensures that the MoS,-like cata-
lysts are present on the carrier surface in their final sulfidic state
before the hydrotreating activity measurements start. The Raman
spectrum of the sulfidic phase is shown in Fig. 1 (trace (c)). The
bands at 393 and 370cm™! clearly demonstrate that the cluster
upon sulfidation has been converted to a MoS,-like phase. MoS,-
derived bands around 400 and 370cm~! have previously been
assigned to the v(E;g) and v(Aqg) vibrations of MoS,, respectively
[45]. The broad band around 1575 cm~! in trace (c) indicates the
presence of carbonaceous compounds on the spent sulfided cata-
lysts which originate from the catalytic tests.

The activities of the catalysts were measured on a model diesel
feed containing dibenzothiophene, indole and naphthalene dis-
solved in n-heptane. These three compounds are representative for
the sulfur, nitrogen and aromatic hydrocarbon compounds found
in oil with a boiling point range corresponding to diesel. The raw
activity data are listed in Table 2. Although the aim was to prepare
catalysts and references with identical metal loads, the exact target
load was not always obtained. Thus, small differences in the metal
loads of the freshly prepared catalysts to be compared (see Table 1)
have been corrected by normalization of the activity to the same
metal content, 8.50 wt% Mo, corresponding to 0.266 mmol Mo on
300 mg catalyst material used for a catalytic test. Accordingly, the
activities of the heterometal reference catalysts have been normal-
ized to 0.266/3 = 0.089 mmol. Proportionality between metal load
and first order rate constant was in other words assumed in a nar-
row interval around the experimentally determined metal load. A
graphical representation of the normalized activities is given in
Fig. 2, where all columns represent exactly the same molar amount
of metal atoms and therefore can be compared directly. As basis for
the activity calculations shown in Fig. 2, the metal contents of the
freshly impregnated catalysts have been used.

The HDS activities of the monometallic catalysts follow the order
Mo <Ru=Pd <Rh <Ir <Pt. Part of this trend has, when recalculated
to a molar basis, previously been found in a study of Mo, Ru, Pd
and Pt catalysts derived from noble metal chlorides impregnated
on y-alumina [15]. In our own previous study of the HDS activ-
ities of unsupported noble metal sulfides, where support effects
from y-alumina do not play a role, the activities followed the order
Mo <Rh<Pd <Ru [7]. In the present study, HDN and HYD activities
follow each other closely, with Ru and Rh as the least active cat-
alysts. The Mo catalyst, which had only moderate activity in HDS,
had the best performance in HDN and HYD.

The bimetallic catalysts showed the same order of activities
for HDS, HDN and HYD, in all cases increasing in the order
Mos3Pd < Mo3Pt < MosRu<MosRh <Moslr. The variation in HDS
activity between the least active (MosPd) and the most active
(Moslr) catalyst was almost one order of magnitude. For HDN, the

activity variation was even more pronounced - the MosIr catalyst
was 330 times more active than the Mo3Pd catalyst.

We now turn to the issues of synergy and promotion. By com-
paring the sum of activities of the monometallic Mo and the
monometallic noble metal catalysts with the activity of the cluster-
derived bimetallic catalysts, it is seen that the MosRu catalyst has
somewhat higher activities than the sum of the Mos and Ru cata-
lysts (see Fig. 2). Much more pronounced is the synergy for MosRh
and Moslr. With regard to HDS, the activity of the MosRh catalyst
is a factor of 3.9 times higher than the sum of the Mos and Rh refer-
ence catalysts; for MoslIr the corresponding factor is 2.7. Similarly
pronounced synergies were found for HDN. While the HDN activi-
ties of the monometallic Rh and Ir reference catalysts were low, the
bimetallic Mo3zRh or Moslr catalysts showed synergies for HDN by
factors of 1.8 and 4.3, respectively. At the other end of the scale, the
presence of Pd and Pt had an inhibiting effect on the hydrotreat-
ing activities of a MoS; catalyst. Especially Pd, which amongst the
noble metal catalysts performed the best with regard to both HDN
and HYD, had a strong inhibiting effect on the HDS, HDN and HYD
activities of a MoS; catalyst.

Co and Ni are, as mentioned above, established as strong pro-
moters in MoS,-based catalysts. In order to assess, on an absolute
scale, the extent of promotion brought about by the noble metals
in the MosRh and Moslr catalysts, a comparison can be made with
a MosNi catalyst. This catalyst was previously prepared from the
cluster [(n°-Cp’)3Mo3S4Ni(cyclooctadiene)][pts] by impregnation
on +y-alumina and obtained higher metal loadings (12.9 wt% Mo,
2.45wt% Ni) than the noble metal containing catalysts prepared
for the current study. The sulfidation and activity test procedures
for this Mo3Ni catalyst were the same as used in the present study.
After normalization to 0.089 mmol Mo3Ni, the HDS activity of this
catalystis 1.9 and 1.7 times higher than the HDS activities of MosRh
and Moslr catalysts, respectively. For HDN, the normalized activ-
ity of Mo3Ni is 2.5 times higher than that of the MosRh catalyst
while the HDN activities of Mo3Ni and MosIr are on the same level.
This shows that, although an impressive promotional effect of Rh
and Ir on MoS; is observed, even the most active noble metal con-
taining catalysts prepared from heterobimetallic cluster sources
are generally inferior to the hydrotreating performance of a Moz Ni
catalyst.

The hydrogenation activity of the catalysts of this study is
directly measured in terms of their ability to catalyse hydrogena-
tion of naphthalene, but is also reflected in the selectivity for
formation of the two HDS products biphenyl (bp) and cyclohexyl-
benzene (chb). These selectivities are expressed in Table 2 as the
ratio between chb and bp [46]. Bp is formed by direct desulfur-
ization of dibenzothiophene, i.e. without hydrogenation, whereas
chbis formed by hydrogenation of one benzo-ring preceding desul-
furization. Both the monometallic and bimetallic catalysts had a
relatively low selectivity towards chb (chb/bp ratio between 0

Table 2

Experimentally determined pseudo first order rate constants for HDS, HDN and HYD (bp = biphenyl; chb = cyclohexylbenzene).
Metals k (HDS) [h~1] k (bp) [h~1] k (chb) [h~1] Ratio k (chb)/k (bp) k (HDN) [h~1] k (HYD) [h~1]
Mos 1.9 1.7 0.2 0.12 6.0 3.8
MosS4Ru 6.9 6.8 0.1 0.01 2.6 2.5
MosS4Rh 19.1 174 1.7 0.10 12.7 4.8
Mo3S4lr 22.8 21.7 1.2 0.06 33.0 6.3
Mo3S4Pd 2.6 2.5 0.1 0.04 0.1 0.6
Mo3S4Pt 4.0 4.0 0.1 0.03 1.5 1.1
Ru 24 24 0 0 0.1 0.4
Rh 2.8 2.8 0 0 1.1 0.7
Ir 5.4 5.4 0 0 1.3 1.7
Pd 2.2 2.1 0.1 0.05 2.7 2.9
Pt 6.7 6.7 0 0 2.1 1.5
Mo3S4Ni 57.1 42.7 144 0.34 47.8 323
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Fig. 2. (a)-(c) The sum of Mo3S4 and M’ activities compared to the relative Mo3;S4M’ activity. (a) HDS activities; (b) HDN activities; (c) HYD activities. The activities have been
normalized to 0.266 mmol Mo and 0.089 mmol M’, so that each column represents the same number of metal atoms.

and 0.10) compared to CoMo/Al,03 and NiMo/Al;03 for which
chb/bp ratios typically are 0.15 and 0.35, respectively, under iden-
tical reaction conditions. All the monometallic catalysts of this
study, apart from the Pd catalyst, desulfurized DBT exclusively via
the direct route. The chb/bp ratio for Mo catalysts is apparently
strongly dependent on preparation conditions; for Mo catalysts
prepared by impregnation with ammonium dimolybdate or ammo-
nium heptamolybdate solutions, the ratio usually lies in the range
of 0.20-0.25, whereas for the present Mo catalyst, the chb/bp ratio
is 0.12.

Vit and coworkers have in a series of papers [17-25] been
addressing the issue of noble metal promotion of MoS,/Al,03
hydrotreating catalysts. Direct comparisons with our results are not
possible due to differences in the conditions for catalytic activity
measurements and, in particular, in the metal loads of the cata-
lysts and in the choice of sulfur and nitrogen compounds studied.
Irrespective of this, we will, however, attempt to make some com-
parisons of a general nature. There is certainly agreement that Ir
[21] and Rh [23] are the best promoters amongst the noble met-
als. Somewhat contrary to Vit and coworkers [23-25] we do not
find that Pd, Pt and Ru have any substantial promotional effect.
Specifically for Rh, Vit and coworkers find [19] that RhMo/Al, 03 is
more active than CoMo and NiMo/Al, O3 catalysts for HDS of thio-
phene. For dibenzothiophene our results show that the ranking is
reversed, i.e. RhMo is somewhat less active than NiMo/Al,03. How-
ever, in both cases Rh displays a promotional effect of the same
magnitude as that of the two industrial promoters. As far as Ir is
concerned, there is consensus that Ir promotes HDN more than HDS
in Mo/Al,0j3 catalysts [17].

3.2. TEM investigations

The Mos catalyst, the least active bimetallic catalyst (Mo3Pd)
and the two most active bimetallic catalysts (MosRh and MoslIr),
were all characterized by transmission electron microscopy (TEM)

in order to investigate if the catalyst morphology may account for
the large activity differences. Fresh catalyst samples were sulfided
in the test reactor using the same sulfidation program as for the
catalytic tests, and transferred to the microscope under inert con-
ditions. Representative microscope images for the sulfided Mos,
Mos3Pd and Moslr catalysts are displayed as Figs. 3-5. A statistical
evaluation of the MoS; slab length and the order of stacking for all
catalysts investigated by TEM is given in Table 3.

The catalyst originating from the Mos cluster shows a homoge-
neous dispersion of MoS, slabs (Fig. 3). A statistical evaluation of
the MoS; slab size counted for ca. 500 particles (see Figs. 6 and 7)

Fig. 3. TEM image of the MoS; catalyst derived from the MosS4 cluster.
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Fig. 4. (a) TEM image, (b) elemental map of the sulfided MosPd catalyst.

Table 3
Statistical evaluation of MoS; slab length and order of stacking.

Catalyst Average length [nm] Average number of slabs
Mos 2.69 (0.06) 2.08 (0.07)
Mo;Pd 2.81(0.07) 2.09 (0.06)
MoslIr 2.10(0.05) 1.24(0.02)
MosRh 1.78 (0.05) 1.10(0.01)

revealed an average slab length L,y 0f 2.69 (0.06) nm, which is sim-
ilar to previous determinations of the slab length of conventionally
prepared MoS;/alumina catalysts [21,47,48]. The distribution of the
number of slabs shows an average stacking order N,y of 2.08 (0.07),
with ca. 50% of the MoS, particles present as single layer slabs and
30% as double layer slabs.

TEM characterization of the bimetallic catalysts revealed dis-
tinct differences in catalyst morphologies, which were reflected
both in the TEM images and in the statistical evaluation of the MoS,
particle size. TEM images of the catalyst originating from the Mo3Pd
cluster revealed a strong inhomogeneity of the catalyst (Fig. 4a).

25 1
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25 35 45
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Fig. 5. (a) TEM image, (b) elemental map of the sulfided MosIr catalyst.

Palladium was present in large particles (10-15nm) on the alu-
mina surface, and these particles are at least partially encapsulated
by MoS,. Under the sulfidation conditions employed, the Pd atoms
were obviously expelled from the MosPd cluster and sintered to
large monometallic particles. From the elemental map (Fig. 4b), the
MoS, shell around the large palladium particles can be detected as
well. The nature of these palladium particles was revealed by XRPD
analyses of the spent MosPd catalyst as well as the monometallic
Pd reference catalyst, which detected Pd4S as the only crystalline
palladium phase. Also previous studies on the activities of noble
metal-molybdenum catalysts have identified Pd4S on sulfided sam-
ples [27]. The statistical analysis revealed that the distribution of
length and stacking order of the MoS, slabs was approximately the
same as for the Mos reference catalyst (Lay =2.81 nm, Nay =2.09).
In sharp contrast to the inhomogeneous metal dispersion on
the MosPd catalyst, the MosRh and Moslr catalysts showed much
more homogeneous metal dispersions both for Mo and the noble
metal (Fig. 5a and b for the Moslr catalyst). The MoS, slabs were
almost exclusively present as monolayer slabs and were reduced

B Mo3

E Mo3Pd
O Mo3lr
O Mo3Rh

55 6,5 7.5 85 9,5

Fig. 6. Statistical distribution of MoS, slab lengths for the sulfided Mos, MosPd, MosIr and MosRh catalysts.
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Fig. 7. Statistical distribution of number of slabs per MoS, particle for the sulfided
Mos, MosPd, MosIr and MosRh catalysts.

in their average length to 2.10nm (Moslr) and 1.78 nm (MosRh),
respectively. Iridium and rhodium were present as particles so
small (<2 nm), that they could hardly be visualized. A homogeneous
distribution of Rh and Ir over the catalyst samples was found. In the
case of Ir, this is seen in the elemental map of the MosIr catalyst
(Fig. 5b). The 150 x 150 nm section scanned by EDS is virtually free
of any local concentration maxima of Mo, Ir or S. From the present
data (an XRPD analysis did not detect any Ir-containing phases due
to the small particles size) it is difficult to decide whether iridium
is present in metallic or sulfided state. However, the high H, partial
pressure (38 bar) during the activation suggests that Ir could have
been reduced to metal during the test.

4. Conclusions

The TEM characterization of the least active and most active
bimetallic catalysts has shown that the promotional effect seen for
Rh and Ir containing catalysts may at least in part be ascribed to a
better distribution of the MoS; slabs on the alumina carrier. From
the present dataitis difficult to state if the noble metal is completely
present as a separate phase beside the MoS, phase or if a part of
the noble metal atoms are located in direct contact with the MoS;
phase, forming an Ir-Mo-S or Rh—-Mo-S structure similar to the
known Co-Mo-S and Ni-Mo-S structures [49-51]. This question
is of great importance for the activation of H, on the mixed noble
metal/Mo catalysts, but requires additional characterization, e.g. by
in situ EXAFS, and extended calculations.
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