AVQOlL|

CATALYSIS
TODAY

G

3 TN

ELSEVIE Catalysis Today 65 (2001) 249-256 ——
www.elsevier.com/locate/cattod

Aromatic reduction properties of molybdenum
sulfide clusters in HY zeolite

Pierre Leyri®, Tivadar Csef?*, Nathalie Marchal, John Lynct®, Slavik Kasztelaf

a |nstitut Francais du Pétrole, Kinetics and Catalysis Division, 1-4 avenue de Bois Préau, F-92852 Rueil-Malmaison, France
b Physics and Analysis Division, 1-4 avenue de Bois Préau, F-92852 Rueil-Malmaison, France

Abstract

Molybdenum sulfide catalysts supported on an HY zeolite at various Mo contents were studied. Catalysts were prepared by
incipient wetness impregnation with ammonium heptamolybdate solution and calcined without drying. Their reactivity has
been evaluated in toluene hydrogenation under typical hydrotreating conditions. Compared to alumina supported catalysts,
zeolite supported Mo catalysts are extremely active for aromatics hydrogenation. At low molybdenum loading, molybdenum
sulfide phases inside the zeolite show a particularly high intrinsic activity. This activity can be attributed to molybdenum
sulfide clusters differing from MoSslabs. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction this beneficial effect could be explained either by a
better absorption of the reactants in zeolite pores or
New regulations concerning sulfur and aromatics by an acceleration of the rate determining step of the
content of gasoil have recently stimulated studies reaction, or by changes in the catalytic properties of
on catalysts for the deep hydrogenation or aromat- the metal sulfide phase due to electron transfer. This
ics saturation of gasoil [1]. In this respect, zeolites latter hypothesis was confirmed by Breysse [7] on the
are good candidates as supports for the active phasebasis of previous studies on metallic catalysts [10].
because they provide a highly specific surface likely ~ Molybdenum is at present difficult to disperse on
to enhance active phase dispersion and therefore cat-zeolite by convenient methods. Molybdenum deposi-
alytic activity [2]. Moreover, zeolites are promising tion by adsorption of a carbonyl complex (Mo(CG4D)
supports for hydrotreatment catalysts because suchfrom a vapor phase or from a solution seems to lead
catalysts would combine a hydrogenation function to good results but this method is delicate in use
provided by the sulfide phase (Mo, Co, Ni) with the [11-13]. Another efficient method would be ion ex-
acidic function of the zeolite. Some recent studies change but cationic salts of Mo are scarce and not
[3-8] have already shown that zeolite supported metal stable [14]. Therefore, the most often used method
sulfides are highly active in hydrodesulfurization or is incipient wetness impregnation of ammonium hep-
hydrogenation reactions and that acidity of the zeolite tamolybdate solution even if this salt leads to an
promotes their activity. According to Welters [3,9] anionic Mo;O24%~ form whose size makes it un-
able to penetrate zeolite cavities [4]. Moreover, this
* Corresponding author. Fax:33-147-52-6055. method is known to favor loss of zeolite crystallinity
E-mail addresstivadar.cseri@ifp.fr (T. Cseri). [15-17] and very low dispersion of Mo [18,19]. An
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efficient method to prepare highly dispersed Mo ze-
olite supported catalysts would consist in calcining

these catalysts in humid air. Indeed water seems to

favor the formation of volatile species (Me@H),)
that can diffuse into zeolite cavities [20—22].

The objective of this study is to prepare highly
dispersed Mo/HY catalysts by the incipient wetness
impregnation method at various Mo loadings and to
determine their activity in toluene hydrogenation in
the presence of 6. The catalytic activities will be
compared with those of conventional Mo, CoMo and
NiMo catalysts supported op-alumina.

2. Experimental

2.1. Catalyst preparation
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The molybdenum content was determined by X-ray
fluorescence and the sulfur content by combustion.
Ultramicrotome sections of the samples were
studied by high resolution transmission electron mi-
croscopy (HRTEM) and scanning transmission elec-
tron microscopy for local analysis (STEM-EDX).
Temperature programmed reduction (TPR) exper-
iments were carried out using an xsBHautomatic
solid catalysts characterization unit from GIRA cou-
pled with gas chromatography using a flame photonic
detector (FPD). With this coupled system, during
TPR, we detect simultaneously the ldonsumption
(TCD) and the HS production (FPD) as a function
of temperature. All TPR experiments were realized
in the same conditions on 100 mg of catalysts.
Extended X-ray absorption fine structure (EXAFS)
experiments were carried out at LURE (Orsay) in
transmission mode at the Mo K-edge. EXAFS data

Molybdenum based catalysts at various metal load- \yere taken in the transmission mode through a double

ings (1.6, 5.1, 8.3wt.% of Mo) were prepared on
dealuminated zeolite HYSi/Al = 19) powder by
incipient wetness impregnation with ammonium hep-
tamolybdate solution. Catalysts were then calcined
(500°C, 2 h, in air flow) without prior drying to favor
the formation of (MoQ(OH),) species and to facil-
itate molybdenum diffusion into the zeolite cavities
[23]. Finally, they were pelleted (4 mm diameter) for
catalytic tests.

2.2. Catalytic measurements

Hydrogenation of toluene was performed in a
fixed-bed reactor in continuous flow at 3@ un-
der 6 MPa total pressure over sulfided catalysts.
Dimethyldisulfide was added to the feed in order to
maintain a high HS partial pressure and-hexane
was used as solvent. LHSV was 1thand partial

crystal monochromator (Si 1 1 1) using two ion cham-
bers as detectors. X-ray absorption specta were taken
in the 19000-20900 eV range. The Mo K-edge EX-
AFS region for Mo catalysts were analyzed using a
standard data analysis procedure (SIMPLEX software
package [24]). The EXAFS spectra was first trans-
formed from k space tkhamming windows 3.5, 5.5,
11, 13 A1) to r space to obtain the radial distribution
function (RDF). The EXAFS spectrum for one or sev-
eral coordination shells was isolated by inverse Fourier
transform of the RDF over the appropriate region and
fitted using the single scattering EXAFS equation.
For all catalysts the Debye—Waller factor (established
on a reference sample) was maintained constant and
respectively equal for Mo-O, Mo-S and Mo-Mo
shells to 60x 1073, 60 x 1072 and 70x 103 A2,

pressures were 5.17 MPa for hydrogen, 0.13 MPa for 3. Results and discussion

toluene, 0.56 MPa far-hexane and 0.07 MPa foriS.
2.3. Catalyst characterization

All characterization analyzes were performed on
catalysts previously sulfided with asHH2S mixture
(15% mol HS) at 400C, 2 h, heating rate °&/min.
After evacuation at % 10~°mbar, the samples were
transferred immediately to sealed cells to avoid any
contact with air and oxidation.

3.1. Catalytic activities

In our experimental conditions, toluene hydrogena-
tion produces methylcyclohexane. Because of the
supports acidity methylcyclohexane can however be
further isomerized and cracked. Aromatics (xylenes)
formed by disproportionation reactions are also ob-
served in minor amounts. These products are partially
hydrogenated, isomerized and cracked. Cracking
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Fig. 1. Hydrogenation activity per gram of catalyst.

reactions do not occur on aromatic molecules. In con- converted per hour and per gram of catalyst (Fig. 1)
sequence all non-aromatic products that are detectedor per mole of molybdenum (Fig. 2). They are com-
after the catalytic reaction (liquid and gas compounds) pared with those obtained from conventional Mo,
come from an aromatic hydrogenation reaction. CoMo and NiMo catalysts supported gralumina.
Global activity in hydrogenation must then be cal- The activities of Mo/HY catalysts calculated per
culated including all products having a hydrogenation gram of catalyst are very similar whatever be the
step in their reaction path. These activities (assum- Mo content as shown in Fig. 1. High activities are
ing a first order reaction) were calculated in carbon reached with small Mo content and additional Mo
equivalent and further expressed in moles of toluene does not seem to contribute to activity enhancement.
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Fig. 2. Hydrogenation activity per mole of molybdenum.
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At equivalent loading (about 9wt.% Mo), molybde- that Mo is likely to be fully sulfided at low Mo content
num sulfide is close to 10 times more active when sup- and only partially at higher Mo loading (from 100 to
ported on zeolite HY than on alumina. Moreover, all 62%).
Mo/HY catalysts show hydrogenation activity higher These results show a trend similar to other studies
than CoMo/ApO3 and close to NiMo/AdOs. reported in the literature [26—28]. However, we can
When expressed per mole of molybdenum, the note that even at high Mo loading the sulfidation de-
hydrogenation activity of Mo/HY catalysts strongly gree is still good compared to other reported results
decreases when Mo loading increases. The intrinsic [17,29].

activity of Mo/HY (1.6%) is remarkably high com- The catalytic activity shown in Fig. 2 can be cor-

pared to the other Mo/HY catalysts and to conven- rected by these sulfidation degrees. However, this drop

tional alumina supported catalysts. in sulfidation degree as a function of Mo loading does
Our catalytic results could suggest that: not entirely explain the loss of Mo intrinsic hydro-

genation activity with increasing Mo content. For a
better understanding of the catalytic phenomena, com-
plementary characterizations of sulfided catalysts were
performed.

e At low Mo loading, molybdenum is extremely dis-
persed into zeolite HY probably because of the par-
ticular preparation of the catalysts.

e The sulfided phase is highly active. This is likely to

be due to its proximity to acid sites.
_ _ 3.3. TEM-STEM-EDX analysis
Recent studies have already shown that zeolite sup-

ported Mo catalysts could demonstrate higher activi- g\ micrograph of Mo/HY catalysts at 1.6, 5.1
ties than conventional Mo/AD; catalysts [3-5,9]due 5,4 g 3wt.9 Mo show the presence of the Mo/HY
to the acidity support. However, most of these stud- . a1y sts in three distinct forms. The distribution of

ies deal with high Mo loading catalysts, and only [25] 4y hdenum sulfide species is summarized in Table 2.
mention high Mo specific activity for HDS of gasoil Small aggregates (7—25 A) are detected on all sam-

at low Mo content. ples. EDX analysis has demonstrated that they are
composed of sulfided Mo. Mg@Sslabs one to two

3.2. Catalyst characterization sheets in height and 10-60A in length were present
only on samples with higher Mo loading (5.1 and
3.2.1. Sulfur content 8.3%). On the highest loading catalyst, large parti-

The S/Mo ratio of the active phase was obtained cles (>100A) were also observed corresponding to
by subtracting the amount of sulfur measured on pure unsulfided MoQ phases. Some of the latter ones are
“sulfided” HY zeolite (corresponding to the estimated surrounded by Mog slabs and look like inorganic
sulfur deposited on the support) from the amount of fullerenes recently described [30,31].
sulfur measured on the Mo/HY catalysts. The sulfi-  On zeolite ultramicrotome sections, no slabs or ag-
dation degrees obtained by comparison with those of gregates were observed on the external surface of HY
theoretical S/Mo ratio of 2 (Mofphase) are presented crystals but some particles were detected. Some slabs
in Table 1. are also present around the mesopore surfaces. The

S/Mo atomic ratio decreases from 2.09 to 1.24 when
Mo loading increases from 1.6 to 8.3 wt.% indicating

Table 2

Molybdenum sulfide species observed on sulfided Mo/HY catalysts
Table 1 MoS, species Mo loading of Mo/HY
S/Mo atomic ratio and sulfidation degree of Mo/HY catalysts catalysts (wt.%)
Catalysts Mo (wt.%) S/Mo Sulfidation Mo Mo Mo

degree (%) (1.6%) (5.1%) (8.3%)

Mo/HY 1.6 2.09 100 Small aggregates (7-25A) + + —+
Mo/HY 5.1 1.45 72 Mo$S; slabs (10-60A) + +

Mo/HY 8.3 1.24 62 Large particles (>100A) +
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major part of slabs and small particles are homoge- Table 3

neously distributed on the zeolite framework. It is not Results of EXAFS fitting for Mo catalysts

possible to locate these particles precisely and we can-catalysts Mo—O Mo-S Mo—Mo

not determine by this technique if the small particles

are inside the zeolite cages (in TEM sections are visu-

alized in projection). However, it seems that the parti- M0 - - 6 24 6 316

cles are uniformly distributed within the zeolite grains. mgjﬁl\?% g/i;%) g'i i?? ;"g ij’g ‘113 gﬁ
The distribution of Mo species on HY zeolite is oy (5.19%) 03 175 36 240 19 313

far different from that on alumina supported catalysts Mo/HY (8.3%) 03 175 31 240 14 311

where only Mo$ slabs are observed by TEM. The 2 Coordination mumber.

evolution of Mo species distribution with Mo content b Coordination length (A).

(appearance of slabs and large particles) can be ex-

plained by the decrease in the Mo dispersion. Several

authors have indeed observed the formation on zeolite theoretical data [32] and a conventional Mo/@k

supported catalysts of large particles with increasing catalyst. The Fourier transform moduli of EXAFS are

Mo content [5,27,28] but in our case, we do not ob- ghown in Fig. 3.

serve any highly stacked slabs at the external surface  op a|| catalysts Mo—S and Mo—Mo shells are de-

of the zeolite. tected but a Mo—O coordination is also observed. The
In comparison with the catalytic activity results (ex- |atter is, according to de Boer [33], attributed to a

pressed per gram of catalyst), we can suppose thaty1o=0 coordination corresponding to the presence of

small aggregates could be the highly active species. 5 residual oxide phase (MeOMoOs). However, in

MoS$; slabs and large particles observed at higher Mo the case of Mo/HY catalysts, the number of O neigh-

loading would have only a very small contribution t0  pors is relatively small (from 0.3 to 0.4) and indepen-

N R N R N R

the total catalytic activity. dent of the Mo content. Mo/HY catalysts have similar
. characteristics: the Mo-S coordination (at 2.40A)
3.4. EXAFS experiments decreases from 3.8 to 3.1 when the Mo content in-

creases. The Mo—Mo coordination is between 1.4 and
Table 3 presents the results of EXAFS fitting of 1.9 at distances between 3.11 and 3.13A. These co-
data from the Mo/HY catalysts compared to MoS ordination numbers are very low compared to those

1 Mo-S Mo/Al, 05 12.0 %
= = = Mo/HY 1.6 %
Mo/HY 5.1 %
:_- = = Mo/HY 8.3%
&
w
=
o
Mo-O
W&Mww""“;;\
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Fig. 3. Fourier transform moduli of EXAFS for Mo catalysts.
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S of reduction temperature. To facilitate the description,
2,/8\\2\ TPR profiles can be divided into two regions: region
“Qoi\_//_'v\lo I, 50-400C; region II, 400-700C. The results are
s— O~—g presented in Table 4.
MosS On all catalysts, the comparison betweep ¢dn-
sumption and KIS desorption profiles of the sulfided
Scheme 1. MgSg structure. Mo catalysts indicates that two distinct species (about
200°C and about 50CC) of Mo are present on the cata-
of a conventional Mo/AlOs catalyst (Mo—S= 5.4 at lysts. They are sulfided ones because opedhsump-
2.38 A and Mo—Mo= 4.3 at 3.18 A). tion peak corresponds to one$ desorption peak.

Although EXAFS is known to underestimate A third species is observed on the TPR-pfofiles
Mo—Mo coordination in these systems, due to high at 900C and characterized only byzHtonsumption
structural disorder [34], these very low coordination With no H;S production. This peak can be attributed to
numbers suggest the presence in the HY catalysts ofresidual oxide species (Ma These were observed
small MoS. clusters that do not exist on alumina. The for Mo/HY catalysts at high Mo loading (5.1%, 8.3%)
decrease in Mo—Mo distances (from 3.18 A to around and their quantities increase with increasing Mo con-
3.13A) may also be characteristic of the presence of tent. These results are in agreement with the decrease
small clusters of Mo atoms [35]. of the sulfidation degree reported in Table 1 for the dif-

These particles could be of a structure similar to ferent Mo/HY catalysts and also with the TEM anal-
Mo3Ss (S/Mo ratio of 2) presented on Scheme 1, Ysis.
whose Mo—Mo coordination is 2 and Mo—S coordina- ~ The H consumption profiles are very different on
tion is 4. According to Diemann et al., these clusters the sulfided Mo/HY catalysts and on the Mo@i3
involve coordinately unsaturated molybdenum atoms catalyst. The first species presenting a high quantity on

and are expected to exhibit high reactivity [36]. the alumina supported catalyst (maximum at 220
is usually attributed to the active Mo sites on the edge
3.5. TPR studies and corner sites of MgSslabs [37]. This species is

present in very less amounts on the HY supported
Figs. 4 and 5 show the simultaneously measured catalysts. The distribution of Mo species on alumina
Ho consumption and B production as a function and on HY zeolite is therefore very different.

T Mo/Al,0410.2%
|
=t N e Mo/HY 8.3%
2|
s+ e Mo/HY 5.1%
g |
2 Mo/HY 1.6%
=
3
ER:
=
Sl
=
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Fig. 4. TPR B consumption profiles of sulfided Mo catalysts.
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Fig. 5. TPR BS desorption profiles of sulfided Mo catalysts.
Moreover, the H consumption per Mo atom indi-  toluene hydrogenation. Indeed, these sulfided clusters

cates that on the HY zeolite and especially at low Mo are much more active than the MpSab-like species
loading, the Mo species are much more reducible than supported on HY that appear at higher Mo content

on alumina (about 0.86 mol#mol Mo on HY zeo- or the conventional MoSslabs of alumina supported
lite against about 0.38 mol4#imol Mo on alumina). catalysts.
Simultaneously, the quantity of4#$ produced during The TEM results show the homogeneous distribu-

TPR is also higher for the zeolite supported catalysts tion of molybdenum sulfide particles in the zeolite
(2.59molBS/molMo at low Mo content on HY  framework. It is also possible that the acidity of the
zeolite against 0.50 mol4$/mol Mo on alumina). zeolite promotes the hydrogenation activity of these
Obviously, distinct “reducible and sulfurable small sulfided particles.
species” were present on HY zeolite (especially at  The catalytic results exhibit only little change as a
low Mo contents) that do not exist on alumina. These function of Mo content for the HY supported catalysts.
species could be attributed to the small aggregates ob-This can be an indirect evidence for the low effect of
served by TEM and STEM-EDX analysis and MoS  HY acidity on the hydrogenation activity of the MgS
clusters detected by EXAFS experiments. slabs. An important effect of the acidity of zeolite on
We can suppose that this kind of sulfided Mo clus- the hydrogenation activity of MgSslabs is that, at
ter species would be responsible for the major part higher Mo loading (5.1 and 8.3%) the activity of the
of the catalytic activity of the Mo/HY catalysts in  Mo/HY catalysts should increase significantly.

Table 4

H2 consumption and p5 desorption during TPR

Catalysts Mo loading (wt.%) FHconsumption region+ region Il H,S desorption region+ region Il
pwmol Ha/geata mol Hz/mol Mo wmol HyS/Gata mol HS/mol Md?

Mo/HY 1.6 147 0.86 330 1.59

Mo/HY 51 346 0.65 579 1.00

Mo/HY 8.3 415 0.48 706 0.77

Mo/Al,0O3 10.1 397 0.38 1155 0.50

aH,S desorption values of the catalysts were corrected by the amountsSoadtsorbed on pure support (@thol H,S/g for HY and
776pmol HyS/g for AL Ogz).
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It is possible that the MoSclusters are highly
active only in the proximity of an acidic site, and
the extremely high intrinsic activity of these species
indicates their presence inside HY cages.

4. Conclusions

Mo/HY catalysts are highly active in toluene hydro-
genation under typical hydrotreating conditions. The
intrinsic activity of low loading Mo/HY catalysts is
far higher than those of standard NiMog&ls; and
CoMo/Al,O3 catalysts. This high activity can be at-
tributed to small molybdenum sulfide clusters inside
the zeolite which are more active than MoSlabs.
Their high activity could be both due to their intrinsic
activity and their proximity to acid sites.
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