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Chemical and physical studies of MoS, single crystals, micro-
crystals, and powders are carried out with the goal of understand-
ing the relation between the morphology of the crystallites and
their catalytic properties. Chemical etching of microcrystals is used
to create new catalytic sites, which are responsible for the DBT
(dibenzothiophene) hydrogenation reaction. Average stacking
heights of poorly crystalline MoS, powders are then estimated by
X-ray crystallography and for the first time correlated with the
selectivity of the catalyst for hydrogenation versus HDS (hydrode-
sulfurization). This result is interpreted in terms of a simple physi-
cal model called the “rim—edge’” model, where the catalyst particle
can be described as a stack of several discs. The top and bottom
discs are associated with the rim sites. The discs “sandwiched”
between the top and bottom discs are associated with the edge
sites. Sulfur hydrogenolysis is obtained on both the rim and edge
sites, whereas the DBT hydrogenation occurs exclusively on the
rim sites. A detailed kinetic analysis is used to model the variation
in selectivity and to establish the turnover frequencies for the
various reactions involved. © 1994 Academic Press, Inc.

INTRODUCTION

Formore than fifty years, molybdenum sulfide based cat-
alysts have been used in hydroprocessing or hydrocon-
verting feeds containing heteroatoms such as suifur and ni-
trogen. Despite this widespread use, it is only relatively
recently that the potential importance of ‘‘edge planes”
which terminate the layered structure of MoS, has been
recognized (1, 2). The importance of the *‘edges and cor-
ners’’ was first reported in the work of Voorhoeve et al.
and Farragher et al. (3, 4). Experimental evidence for the
role of these active surfaces comes from several physical
catalytic studies on unsupported MoS,. Forexample, oxy-
gen chemisorption (5), ESR (electron spin resonance) spin
density (6), and magnetic susceptibility (7) have been corre-
lated with the HDS (hydrodesulfurization) of DBT (diben-
zothiophene) and associated with edge planes. Single crys-
tal studies also showed the reactivity of the edge planes
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toward olefin hydrogenation (8, 9) and their importance in
the role of the cobalt promoters (10). Defects which are
directly associated with sulfur vacancies as an essential
part of the catalytic site are now well accepted (11, 12).

Arecentpaperreported that HDS activity also correlates
with the optical defect density measured by PDS (photode-
flection spectroscopy) (13). The quantitative association of
the optically measured defects and the MoS, edge planes
was established by performing the measurements on a se-
ries of single crystals, microcrystals, and microcrystalline
powders. The PDS method now provides a direct method
for measuring the edge-like defect site density in any MoS,
catalyst. Furthermore, HDS rate measurements on micro-
crystallites whose edge area can be independently geomet-
rically obtained led to the establishment of a fundamental
turnover frequency for edge-like defects of 7.9 x 10~ 2mol-
ecules/edge site.sec ~! under the reaction conditions used.
The establishment of this correlation now allows progress
to be made in attacking more complex questions involving
therole of the structure on the reactivity of MoS, catalysts.
Such questions have already been addressed by several
groups, but are generally limited to modeling of the catalyst
activity in supported catalysts but with less work on unsup-
ported systems (3, 14-22).

One such question is the effect that the structure has (if
any) in determining the selectivity toward the pathways
available in the HDS of DBT (Scheme 1). In this paper, we
show that there is a direct connection between the degree
of stacking of the MoS, layers as determined by X-ray dif-
fraction and the selectivity toward hydrogenation of DBT.
More precisely the existence of two types of sites, whose
relative concentrations are stacking dependent, is pro-
posed. A schematic of this model is indicated in Fig. 1.
Turnover frequencies for the aromatic hydrogenation of
DBT on “‘rim”" sites and for HDS on rim and edge sites
are given, Finally, the stacking dependence of the catalyst
selectivity is quantitatively described.

EXPERIMENTAL

Preparation of microcrystals. 'The microcrystals were
grown by chemical vapor transport from MoS, powder
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(Alpha Ventron reagent grade) as previously reported
(11). The starting material was placed with an excess of
sulfur in one end of a quartz tube which was then evacu-
ated and sealed. That end of the tube was heated to 690°C
while the opposite end was kept at 545°C. This process
yielded small single crystals which were roughly hexago-
nal with diameters (=1 pm) 10 times larger than thickness
(aspect ratio ~10: 1). Larger crystals (50—-100 um diame-
ter) were prepared for microscopy studies in the same
way at 1050-1100°C. Oxidation of the crystals was carried
out using water-saturated air at 590°C.

Preparation of the powder. The MoS, powders were
prepared by thermal decomposition of (NH,),MoS, in ni-
trogen at 250°C. The resulting MoS, was then separated
in batches and annealed in 15% H,/H,S for 2 hr at tempera-
tures ranging from 350 to 900°C (12). High resolution mi-
croscopy of the materials showed that they had the *‘rag”
structure and X-ray diffraction specta characteristic of
poorly crystalline MoS,. Catalyst X-ray diffraction pa-
rameters as described below were determined after the
catalytic runs. The Mo/S ratio after catalytic runs of this
type are close to 1:2; however, small sulfur deficiencies
are measured which are proportional to the edge area and
this will be the subject of a future report.

Preparation of single crystal edge sufraces. As re-
ported previously, synthetic edge surfaces can be pre-

n layers

FIG. 1. Rim/edge model of an MoS, catalytic particle.
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FIG. 2. Lithographic preparation of MoS, edge surfaces from a sin-
gle crystal.

pared by lithographic methods from the basal plane of a
single crystal (23). A thin film of MoS, cleaved from a
synthetic crystal is placed on a substrate so that the basal
plane is exposed. A monolayer of monodisperse polysty-
rene spheres (0.2 um in diameter) is deposited onto the
sample as an etching mask. The sample is then exposed
to an argon ion beam (500 eV, 0.3 mA/cm?) which removes
the material between the spheres leaving MoS, *‘posts”
on the surface (Fig. 2). These synthetic edge surfaces
have already been studied by XPS, PDS, and electron
microscopy, and are ideal samples for the studies of the
surface electronic structure, morpholtogy, and chemical
reactivity (23). In particular, the control afforded by litho-
graphic processing allows the use of high resolution trans-
mission microscopy.

Catalytic tests. 'The catalytic activity was determined
using DBT as a model compound for hydrogenation and
hydrodesulfurization. The reaction was carried out in a
batch reactor designed to allow a constant hydrogen flow,
according to the procedure already described (13). The
operating conditions were: 1 to 2 g of catalyst, 100 cm®/
min of hydrogen, 3000 kPa hydrogen, 350°C, 100 cm® of
feed, and up to 7 hr contact times. The feed contained
0.4 wt% S as dibenzothiophene in a solvent of decalin
(decahydronaphthalene). Product analysis was performed
on a HP5880 gas chromatograph equipped with a 75%
OV 1-25% Carbowax 20 M fused silica column (50 mx0,
25 mm ID). The hydrodibenzothiophenes were identified
by mass spectrometry.

Kinetic analysis. Four products are generally ob-
served. According to the reaction pathway (Scheme 1),
the two primary products are tetrahydrodibenzothio-
phene (H4DBT) and biphenyl (BP). Cyclohexylbenzene
(CHB) is a secondary product and results from the desul-
furization of the H4DBT. When BP was added to the
feed, no conversion to CHB by direct hydrogenation was
observed before all the sulfur has been removed. Traces of
octahydro- and perhydrodibenzothiophene were detected
by mass spectrometry. Because their concentrations were
so low, no desulfurization products of these materials
(likely bicyclohexyl) were detected. The results of the
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measurements for the six catalysts used in this study are TABLE 1
shown in Table 1. o o Products of the Desulfurization of DBT as a Function of Time
For t_he fiesulfur ization O.f DBT, Langmuir-Hinshel- for MoS, Catalysts Prepared at Various Temperatures
wood kinetics have been widely reported (24-26). Ac-
cording to the reaction pathway, described in Scheme 1, Time CHB BP H4DBT DBT
a: 350°C
_ d[DBT] _ ko + K )KDBT [DBT] 1.0 0.1 1.1 2.5 96.3
dr  \'BP H4DBT A 1.5 0.2 3.9 6.5 89.4
2.0 2.3 6.5 8.5 82.7
KyPy L Kysprr (H4DBT] 1 3.0 6.8 1.6 9.5 72.1
| + K,P, 0BT A 1 4 13 16.7 8.9 63.1
5.0 15.0 21.7 7.8 55.5
6.0 20.9 26.7 6.6 45.8
_ ﬂﬂ‘%ﬂj - {kcua Kpaper E:MDBT] 7.0 252 318 5.4 376
d b: 450°C
1.0 0.1 1.5 2.8 95.6
- kK___@T_l} s 09 40 60 9.1
A 2.0 2.1 6.5 8.0 83.4
3.0 5.5 10.7 9.8 74.0
KuPy 4.0 8.5 5.5 8.6 67.4
1 + KHPH 5.0 12.4 20.7 8.0 58.9
6.0 17.0 24.3 7.4 51.3
Kyuppr [H4DBT] 7.0 20.4 25.0 6.0 44.6
+ kppr (21
A c: 550°C
1.0 0.1 1.3 23 96.3
_dBPl __,  Kpyr(DBT] ~_ KyPy B3] M 0.5 3.6 5.1 90.8
dt BP A 1+ KyPy 2.0 1.6 5.3 6.9 86.2
3.0 4.3 9.6 8.3 77.8
_dICHB] _ —k Kyprr [H4DBT] v KyPy (4] 3.5 5.2 11.8 8.8 74.2
dt CHB A 1+ KyPy’ 4.5 8.6 15.8 8.3 67.3
5.0 10.6 17.3 8.2 63.9
6.0 13.6 21.5 7.3 57.6
where 7.0 16.7 25.6 6.8 50.9
d: 650°C
A =1+ Kppr [DBT] + Kyyppr [H4DBT] 1.0 0.2 0.8 0.8 98.2
1.5 0.2 2.9 2.5 94.4
+ Kcyp [CHB + Kgp [BP] + Ky s [H,S), 20 0.8 4.5 3.9 9.8
3.0 2.2 8.7 5.1 84.0
. . 4.0 35 12.7 6.1 77.7
K; and [/] are the adsorption constant and concentration 5.0 5.9 15.6 6.1 72.4
of species i, k; are the rate constants, and Py is the pressure 6.0 8.2 19.7 6.3 65.8
of hydrogen. 7.0 10.1 235 5.9 60.5
Under the experimental conditions used in this study, e: 750°C
several simplifications can be applied based on the fol- !¢ 0.1 0.7 0.5 98.7
lowing: 1.5 0.1 2.6 1.7 95.6
g 2.0 0.4 4.0 2.4 93.2
—The hydrogen pressure term is constant and can be i'g li 1;7'; j’é g?'z
includgd ip the rate constant (strictly speaking th‘is as- 5 12 14.5 53 76.0
sumption is not correct if the hydrogen pressure is not 6.0 5.6 7.2 5.0 722
constant and different hydrogen pressure dependencies 7.0 7.4 20.8 5.1 66.7
could occur in Eqgs. [1]-[4]. f: 900°C
—The inhibition due to H,S is not significant because 1.0 0 0.4 0.2 99.4
of the constant hydrogen sweeping. 1.5 0 1.0 0.5 98.5
e . 2.0 0 1.8 0.8 97.4
—The inhibition terms due to biphenyl and cyclohexyl- 3y 01 31 15 953
benzene can be neglected because no inhibition of the 44 0.3 41 1.9 93.7
desulfurization reaction was observed when either BPor 5.0 0.4 5.8 2.5 91.3
CHB were added to the feed. 6.0 0.7 6.6 2.5 90.2
7.0 0.9 8.3 3.0 87.8

—The unity in the denominator can also be neglected
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because initial rates were found to be independent of the
DBT concentration (0.2 to 0.8 wt% S range) suggesting
that Kpgr - [DBT] > 1. Such approximation is consistent
with the data reported by Singhal et al. (24).

—Because of the low concentration of H4DBT, the
precision obtained in the kinetic modeling did not justify
the use of two different adsorption constants for DBT
and H4DBT.

Based on the above approximations, the following set
of equations has been used and solved with a
Runge-Kutta method (27):

d[DBT] _ : IDBT)
T (kgp + Ayspr) [DBT] + [H4DBT]
[H4DBT]
~ koot [5BTT 1 (H4DBT] )
_d[H4DBT] _ _, IDBI]
dr " XuoBT{DET] + [H4DBT]
[H4DBT]
+ (kcyp + kper) [DBT] + [H4DBT] 6}
_dBP)_ [DBT] (71
ar ¥ [DBT] + [H4DBT]
_dICHB] __, __ (H4DBT] 8]
dr_ ~"Cu3{DBT] 1 [H4DBT]’

In addition, the excess of hydrogen consumption during
the hydrodesulfurization, which is due to the aromatic
ring hydrogenation, can be expressed by the selectivity
between the production of the BP and the CHB. In that
case, apparent zero order rate constants are used and
correspond to the slopes of the conversion versus time
plots for the corresponding molecules. These rate con-
stants (noted k7 in the text) are in fact equal to the product
of the real rate constant (k,) by the ratio H4DBT/
(H4DBT + DBT) for the CHB or DBT/(H4DBT + DBT)
for the BP at steady-state conditions.

The turnover frequencies are calculated by assuming
that the rate constants correspond to the product of the
turnover frequency («) times the site density (HYD or
HDS). Note that the turnover frequency includes the turn-
over number as well as the exponential term due to the
activation energy. Therefore, the turnover frequencies
reported here are only valid for a reaction temperature
of 350°C.

RESULTS

The major finding of this paper is that a relation between
the morphology and the catalytic selectivity of edge sur-
faces of MoS, single crystals can be demonstrated from
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the data. As was previously observed (13), microcrystal-
line MoS, catalyzes the hydrodesulfurization of DBT but
not its hydrogenation. This is in stark contrast to disor-
dered powders, which exhibit both reactions in varying
degrees. The high selectivity (>200) of the microcrystals
can be destroyed by chemical etching of the surface. Fig-
ure 3 shows transmission electron micrographs (TEM) of
lithographically prepared MoS, edge surfaces. The mate-
rial on the left is not etched and shows the individual
layers 6 A apart terminating in a smooth edge surface.
This sample was then treated in HCl vapor for 2 hr at
200°C, resulting in the surface shown on the right side of
Fig. 3. A roughened surface is obtained with the formation
of steps 3 to 10 layers high. When a similar treatment is
applied to microcrystalline MoS,, the optical absorption
changes as illustrated by the PDS measurement (Fig. 4).
Since the optical defect density has been correlated with
the HDS activity (13), the change observed reflects a
change in the catalytic performance. Table 2 shows the
activities observed on such microcrystals. The HCI treat-
ment induces the formation of H4DBT as a product,
strongly suggesting that the hydrogenation reaction oc-
curs on a different site, which may be associated with the
steps shown in Fig. 3, and that PDS measures both the
HDS sites and the hydrogenation sites (HYD). Such hy-
drogenation sites can also be introduced using oxygen as
etching agent. Figure 5 shows scanning electron micro-
graphs (SEM) of a large MoS, crystal before and after
treatment with air. The same sort of surface roughening
is observed, although on a much larger scale. The hydro-
genation activity of these microcrystals is also dramati-
cally increased by this treatment (Table 2). In addition,
when poorly crystalline powders containing chlorine or
oxygen were used, the desulfurization reaction induces
a resulfiding of the surface and no chlorine or oxygen
remained in the catalysts recovered at the end of run.
This shows in particular that the increased hydrogenation
is not related to the specific chemical used for the etching
(influence of residual chlorine for example), but rather to
the morphological change which introduces the hydroge-
nation sites. We propose a specific model to explain all
of the observed kinetic data described below which were
designed to test this idea.

The model proposed is that the selectivity of the HDS
of DBT is dependent on the ratio of number of Jayers with
exposed basal planes to the number of layers which have
basal planes covered by adjacent layers of MoS,. Sites
located near the edge of the former layers are called rim
sites and those at the edge of the matter are called edge
sites. This is illustrated schematically in Fig. 1. To test
this idea catalysts were prepared for which the crystalline
order along both the a-axis (paraliel to the basal plane)
and c-axis (perpendicular to the basal plane) were known
and varied over a wide range. This was achieved by using
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FIG. 3.

a set of poorly crystalline powders annealed at different
temperatures as described above. From these catalysts it
was also possible to obtain an estimate of the relative site
densities of each type of site.

Activity and morphology of poorly crystalline MoS,
catalysts. Poorly crystalline powders are prepared by
heating amorphous MoS; in a sulfiding atmosphere. This
heating causes a partial crystallization in a structure pre-
viously termed the rag structure (11). The rag consists of
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FIG. 4. Optical adsorption of synthetic edge surfaces shown in Fig.
3 (13).

TEM of lithographically prepared MoS, edge surfaces: (a) untreated surface, (b) HCL treated surface.

several stacked, but highly folded and disordered MoS,
layers. Although only 20 to 100 A thick in the stack direc-
tion, the layers extend several thousand A perpendicu-
larly to the c-axis. By varying the preparation conditions,
such as the annealing temperature, one can vary the stack-
ing height as well as the diameter of the layers. Figure 6
illustrates the typical X-rays diffraction patterns of a set
of poorly crystalline MoS, powders obtained at various
anneal temperatures. These spectra exhibit a strong 002
peak in the low angle region and a broad envelope between
260 = 30°to 26 = 60°. This envelope contains numerous
reflections with well-defined maxima for the 100, 103, and
110 reflections. The 103 maximum indicates that the 2H
{two layer hexagonal) molybdentte stacking sequence is
retained in the crystallites. The asymmetric shape of the
100 is characteristic of random layer lattice structures in
which the layers are displaced with respect to each other
(11). The shape of the 002 diffraction peak, however, is
relatively insensitive to random layer lattice structures.
The dimension of the particles along the c-axis is therefore
very similar to the crystalline order and can be directly
estimated from the width of the 002 line. From the nar-
rowing of the 002 peak, it is clear that the higher tempera-
tures increase the crystalline order along the c-axis, which
corresponds to an apparent average stacking height (k).
After correction of the 002 width from the instrumental
broadening, & can be estimated using the Debye-Scherrer
equation: & = kA/(2cos - AG)withAP = (A measured —
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TABLE 2

Activities of MoS, Microcrystals for
the HDS and Hydrogenation of DBT

MoS, platelets BP¢ HDBT*
Untreated 5.3 0
Oxygen treated 7.8 0.7
HClI treated 6.5 0.4

¢ 10" molecules/g - s.

b), b= 0.2°28, A = 1.5414 A, and a shape factor k =
0.76 (11). The apparent average number of layers repgrted
in Table 3 were calculated using n = #/6.17 (h in A).
The particle size along the basal plane cannot be mea-
sured from the X-ray spectra in a similar manner because
of the folding of the layers and only the crystalline order
along the basal plane can be estimated by using the widen-
ing of the 110 diffraction peak. For samples prepared
below 750°C the observed crystalline order lengths (L)
are 43, 47, 50, and 59 A. This variation is quite small
compared to the change observed for the stacking (19 to
44 A) in the same temperature region. In fact, the ratio

Untreated

FIG. 5.
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h/L is not constant and reflects that the crystallization is
anisotropic. Moreover, the large decreases in the intensity
ratios (Z,3/ 1> and 1,,4/1y) clearly confirm that stacking
is the parameter the most affected by the annealing tem-
perature. Thus, crystalline order is introduced more
quickly in the stack direction as the samples are annealed
than within the layer and considerable disorder still re-
mains even at the highest temperature.

Hydrodesulfurization of dibenzothiophene. The HDS
rate constants for these materials are reported in Table 4.
Each of the rate constants decreases as the MoS, becomes
more crystalline. However, a 36-fold variation is observed
for the formation of the H4DBT whereas only a 8-fold
variation occurs for the production of desulfurized prod-
ucts (BP, CHB). Consequently, large variations in the
selectivities of the reaction are observed. These variations
are related to the stacking of the layers, as it is particularly
illustrated by Fig. 7, which shows that the ratio S, =
kpsppt/kgp is linearly correlated with the reciprocal of the
apparent average number of layers stacked. In Fig. 7, we
also included one data point for the microcrystals which
have negligibly small kpgr and a A€ so small that it is
instrumentally broadened. By contrast, a more compli-
cated relation is observed for the selectivity §, = A*CHB/

Oxygen treated

SEM of MoS, microcrystals: a) untreated crystallites, b) Oxygen treated crystallites (small marks are fu).
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FIG. 6. X-ray diffraction patterns of MoS, poorly crystalline pow-
ders annealed at different temperatures.

(k*BP + k*CHB) as seenin Fig. 8. This has to be expected
since secondary reactions are involved in the formation of
CHB. Also, the ratio HIDBT/DBT approaches a constant
value (p in Table 4) which depends on the anneal tempera-
ture of the catalyst as can be seen in Fig. 9. Because an
equilibrium is only dependent on the reaction conditions,
one must conclude that this constant value is due to a
steady-state Kinetic regime. The variation of the ratio
[H4DBT)/[DBT] with the anneal temperature should

TABLE 3

Apparent Average Stacking Heights
of MoS, Formed at Various Tempera-

tures
T Amg l;l h

¢C) (degrees) (A) (layer)
350 2.64 19.0 3.1
450 2.53 20.9 34
550 2.24 23.4 3.8
650 1.20 44.0 7.1
750 0.84 62.0 10.1
900 0.56 93.5 15.2

DAAGE AND CHIANELLI

TABLE 4

Rate Constants for the DBT Reactions on MoS, Powders

T (°C) kyp kyapar Apgt kens Pb klup
350 12.0 29.0 147.0 77.0 0.142 10.9
450 10.7 23.1 120.0 67.4 0.136 9.2
550 6.2 12.1 62.0 40.0 0.131 5.2
650 5.6 5.9 30.0 37.0 0.098 3.6
750 3.7 29 13.6 26.0 0.078 2.0
900 1.5 0.8 4.0 9.0 0.054¢ 0.5

Note. Rate constants in 10'® molecules-g~!-s~ .

¢ Experimental H4DBT/DBT ratio.
¢ Calculated from the kinetic model.

therefore be related to different variations of the concen-
trations of two distinct sites.

The origin of the selectivity/stacking relationship. We
have described a model above, which assumes that the
catalyst particles are made of a stack of » discs and of
diameter d (Fig. 1). The top and bottom layers have sites
occurring at their edges called rim sites while layers
“sandwiched’’ in the middle have only edge sites. The
top surface of the disc away from the edge is the inert basal
plane. Stereochemical bonding considerations described
below suggest that the hydrogenation reaction is more
constrained than the hydrogenolysis in the HDS reaction
and that only sites which allow the proper interaction of
the reacting molecule with the site can allow the formation
of the tetrahydrodibenzothiophene, whereas sites with

layers
50 20 10 7 5 4 3
T T T T T T T
4
N o
a]
3 4
%
"
E 4
m2
=]
<
T
E 4 -
1
N a]
¢
'f‘.l Ll ] T T T
Q 1 2 3
degrees
A
002

FIG. 7. Stacking dependence of the selectivity 5.
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FIG. 8. Stacking dependence of the selectivity S,.

fewer interaction constraints catalyze the HDS reaction.
Literature cited above dealing with two sites generally
call the hydrogenation sites ‘‘corner sites’’ reflecting a
higher unsaturation (usually three missing sulfur atoms),
and the HDS sites are called edge sites reflecting a lower
unsaturation (usually one missing sulfur atom). We pro-
pose in this paper that the hydrogenation of DBT occurs
on rim sites which occur only on the rim and also permit
the proper interaction of the molecule with the catalytic
sites. We do not consider further division of the rim sites
into “‘rim corner and rim edge sites’’ in this report.
Consequently, rim sites dominate the hydrogenation
and the selectivity for hydrogenation should be related to
the ratio rim to edge sites. In order to proceed, we will
consider two models representing the extreme cases

which include the corner sites. The first model, which we "

will call the “‘rim—edge’’'model, assumes that the hydroge-
nation occurs exclusively on rim sites. In that case, the
corners are considered edges or rim sites depending on
which layer they are located. In the second model, the
hydrogenation is associated with the corner sites and all
the layers are chemically independent of each other and
behave in an identical manner. This model will be called
the ‘‘corner—edge’’ model. Note that the geometric model
described by Kasztelan represents a particular case of the
corner—edge model since the number of corners is fixed
at six for hexagonal particle (20).

From Fig. 7 it was seen that the selectivity S, varies
linearly with the reciprocal of the average stacking. Such
a correlation is straightforward when the rim-edge model
is used. For this model, the relative density of rim and
edge sites is
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where r is the number of rim sites and ¢ the number of
edge sites. It is important to note that this relative density
does not depend upon the particle diameter or shape, but
only on the stacking. When using the corner—edge model,
the correlation is less obvious. The data clearly indicate
that the selectivity can be predicted by knowing the stack
height of the MoS, stack height and strongly suggests that
for the DBT test reaction the sites which predominate on
the rims and edges are distinct. Later we shall return to
the discussion regarding corner sites and the selectivity
of single layers.

Site densities and turnover frequencies on poorly crys-
talline MoS,. As described above, only BP was formed
on the surfaces of geometrically well-defined microcrys-
talline MoS,. Microcystalline MoS, is geometrically well
defined because edge areas of collections of microcrystals
can be measured directly using electron microscopy.
Rates can then be measured on these collections of mi-
croplatelets and a turnover frequency determined for the
conditions measured. Using this method, a turnover fre-
quency of 7.9 X 10-2 molecules of DBT - site™!-sec™!
was determined for MoS, edge planes operating under
catalytic conditions identical to those used in this paper
(13). This turnover frequency agp now becomes a funda-
mental input to calculating properties of the geometrically
undefined powders. The powders are geometrically unde-
fined because, while we do have their stacking heights
defined, we do not have knowledge of the total edge area
or ‘‘diameter’’ of the MoS, sheets except through the
activity measurements. In the next section, we use agp
determined from the microcrystallites and the X-ray dif-
fraction data described above to further model the rela-
tionship between the physical properties of the MoS, cata-
lyst and its selectivity in DBT desulfurization.

We illustrate using two hypotheses, with others being
eliminated through inconsistencies with the observed mi-
croplatelet results. In hypothesis A, we assume that the
BP is produced on both HYD and HDS sites (on both
rim and edge sites). According to the rim—edge model
described above, the total site densities (rim + edge) are
calculated from the BP rate constant reported in Table 4
by dividing them by app. The results are shown in Table
5 and illustrated in Fig. 10. Also for the rim-edge model,
the relative proportion of rim to (rim + edge) equals
2/n(Eq. [9]) above. Table 5 reports the values of r, (r + e)
and e obtained by using this ratio applied to the previously
calculated BP site density. Now for any given reaction,
alinear correlation including the origin should be obtained
between the concentration of the catalytic site and the
activity. From the slope of such plots, turnover frequen-
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FIG. 9. Variation of H4DBT/DBT ratio vs time for catalysts annealed at different temperatures.

cies can be extracted. This is illustrated in Fig. 11 for the
formation of the H4DBT and a turnover frequency of
0.291 molecules - (rim site ™' - s~ is found. For the dehy-
drogenation of the H4DBT to form the DBT a similar
relationship exists and is shown in Fig. 12. The turnover
frequency is 1.45 molecules - (rim site) ™! - s ', If the edge
oredge + rim site concentrations are used for hydrogena-
tion, a linear correlation may be obtained, but will not
include the origin. This shows unambiguously that the
dehydrogenation occurs only on the rim sites, which is
consistent with the principle of the microreversibility. For
the formation of CHB a similar correlation is obtained
when the (rim + edge) site concentration is considered.
The corresponding turnover frequency is 0.486
molecules - (rim + edge site)™!-s ! as indicated in Fig.
13. Like the desuifurization of DBT to BP, this reaction
corresponds to a desulfurization process and takes place
on both rim and edge sites.

The relationship between the selectivity S, and the ap-
parent stacking n.  As illustrated in Fig. 8, the selectivity
S, was related to the stacking of the MoS, layers, but no
linear relationship was found. It is noteworthy that the
rim-edge model provides a better understanding of this
relationship. The selectivity §; is defined by

S, = kfup 1

= = {10}
k&up + kip 1 + kfip/kEyp

replacing k} by their expressions for the rim-edge
model, gives

DBT

H4DBT + DBT
HaDBT |

acip (* + €) TaBBT + DBT

aBp(r + e)

S, =11+ (11]

TABLE 5

Site Densities for Hypotheses A and B

r

Hypothesis A

Hypothesis B

2
T (°C) Paraiai r e r+e r e r+e
350 0.645 98.0 54.0 152.0 276.2 152.0 428.2
450 0.588 79.6 55.8 135.4 193.2 135.4 328.6
550 0.526 41.3 37.2 78.5 88.2 78.5 166.7
650 0.282 20.0 50.9 70.9 27.8 70.9 98.7
750 0.198 9.3 37.5 46.8 11.6 46.8 58.4
900 0.132 2.5 16.5 19.0 3.3 19.0 22.3

Note. Sites densities in 10'® sites - g~*.
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diffraction peak for hypothesis A and B.

where a; and (r + ¢) are the turnover frequencies and
the (rim + edge) site density.
After simplification, we obtain

I I
5. = agp DBT

It e H4DBT

[12]
“pp

ue
Qcpyg P

It then appears that the selectivity is directly dependent
on the ratio p (p = H4DBT/DBT). As mentioned above
this ratio reaches a constant value. This result denotes
the existence of a steady state for our reaction conditions,
which is described by

d((H4ADBTJ/[DBT]) _ 1

dt ~ [DBT]?
(w-[DBT] - [H4DBT]-d[DBT]) =0, [13]
dt dt
applying Egs. [5] and [6],
—k [H4DBTYJ?
DBT [DBT]z
H4DBT
+ (kpp + knapsr — kpet — kcup) [‘ﬁﬁﬁ—] + Kkpappr = 0.

(14]

For the rim-edge model, it becomes

423

Opppt T

R R
[(agp — acpp) > + (epgppr —~ apep)lp — apprp® =0, [15]

where n is the apparent stacking, and «, are the turn-
over frequencies.

For our set of experiments, we have

p* + (0.14n + 0.80)p — 0.20 = 0. [16]

In Fig. 14, the experimental values of S, are compared
with the calculated values obtained from Eq. [16] and the
apparent stacking n determined by X-rays. In general, the
calculated values are slightly higher, but in reasonable
agreement.

In first approximation, the term p* can be neglected in
Egs. [15] and [16] when p is small as in our results. Then

~ QH4DBT
(acyp — agp)(n/2) + (appr — yappr)

1
T 0.70n + 3.98° (17]

applying Eq. {17] to Eq. [12],

S; = (18]

[¥)

|

[}

app n
( : [(1 + apgr — ausper) T (@cup — agp) ‘2])
QCHB " ¥H4DBT

and

g -V
27 0.114n + 1.645°

[19]
Therefore, it appears that there is a simple correlation
between the selectivity §- and the apparent stacking. Fig-
ure 14 shows the variation of 5, with the apparent stacking
using Eq. [19} and a good agreement with the experimental
data is observed.

DISCUSSION

It has generally been observed that the basal planes of
MoS,; catalysts are inert to adsorption of reacting mole-
cules. However, reactions which are dependent on basal
plane activity have been reported. The most striking ex-
ample comes from the work of Tanaka et al. who demon-
strated using model compounds that hydrocarbon isomer-
ization occurs on the basal plane and that hydrogen
transfer occurs on edge planes (28). This was done by
measuring the activity of a single crystal for two mode)
reactions, then cutting the same crystal into pieces, thus
increasing the edge area while essentially keeping the
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basal plane area constant. Applying the language of this
report, Tanaka varied the rim to edge ratio of the sites
making it unecessary to invoke the hydrogenation activity
of the basal plane itself. It was also reported by Kemp et
al. that stacking determined the selectivity in a group of
hydrotreating catalysts (29).

Because of the inertness of the basal plane and the
clearly demonstrated importance of the edge area for total
activity, the importance of the stack height of MoS, cata-
lysts has largely been overlooked. Most workers, such

10'%site.g"!

rim density

Turnover frequency of rim sites for DBT hydrogenation.

as Kastelan ef al., studied supported catalysts which are
generally single layers and have low stack number but
did not vary the stacking height of the catalysts (20).
Where unsupported catalysts were studied, such as in the
work of Voorhoeve et al., the stack was also not varied
in a systematic manner (3).

Much of the work cited above has been accomplished
regarding the selectivity of the HDS reaction. It is gener-
ally accepted that the catalytic activity is closely associ-
ated with the edges of the layers and that two sites are

300
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FIG. 12.

Turnover frequency of rim sites for dehydrogenation of H4DBT.
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involved. Sulfur vacancies, which are critical for the ad-
sorption of an organic molecule, occur more readily on
the edge because the sulfur atoms are either bonded to
one or two molybdenum ions. Such structures are more
reducible than the triply bonded form, which exists on
the basal plane. Previous models correlate the activity for
HDS and hydrogenation with these particular structures.
Massoth et al. suggested that HDS reactions occur on
corner sites and hydrogenation reactions on edge sites
(14), whereas Kasztelan et al. concluded that both reac-
tions occurred on the edge sites (22). Again these models
were generally derived from studies in which the stacking
height was not varied based on the assumption that each
layer of molybdenum disulfide is chemically independent

2.6

100

1000

layers

FIG. 14. Modeling of the variation of §, with stacking.

T T
1 2

10"® site.g'1

Turnover frequency of HDS sites for desulfurization of H4DBT.

of each other because their stacking is strictly due to Van
der Waals interactions.

Another important feature of the earlier studies is that
they were usually done using thiophene as a model com-
pound. In fact, that is one of the constraints of the work
that was highlighted by Kasztelan et af. (22). This study
used DBT and it is likely that the effects described in this
report are only important for larger molecules where steric
hindrance is important. DBT is a large molecule that can
cover an area as large as 8.0 X 12.2 A? in a flat adsorption
mode. Such an area is much larger than a single Mo site
and steric hindrances with the neighboring molybdenum
atoms in the same layer as well as the next layer have to
be expected. It is this aspect of the rim site vs the edge
site which we wish to emphasize in this report. Previous
models generally did not consider these steric effects in
larger molecules, but emphasized the stereochemical ad-
sorption of aromatics and thiophene on coordinatively
unsaturated sites.

This may be illustrated by considering the possible
modes of adsorption of the DBT molecule. One mode
corresponds to the formation of a sigma bond between
the metal center and the sulfur atom. Such structures are
well known in the area of organometallic chemistry and
calculations suggested that the angle between the metal
sulfur bond and the plane of the aromatic ring is about 120°
(30-33). This mode of adsorption is generally believed to
result in HDS reaction. When applied to MoS, this mode
of adsorption leads to various geometric arrangements.
However, most of these arrangements require that the
layer is isolated and cannot be obtained if the layers are
stacked. For a stacked layer, only a pseudovertical geom-
etry is possible and requires that three adjacent Mo ions
are coordinatively unsaturated. These simple geometric
considerations indicate that the vertical mode of adsorp-
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tton is likely to be the mode resulting in the formation of
the biphenyl. Note also that corners and edges should
have a similar behavior. When considering an adsorption
mode through the aromatic ring (n® coordination for ex-
ample), the situation is more complex. The mode which
is likely to result in a hydrogenation reaction is the mode
that covers the larger area of the catalyst surface. If the
molecule binds so that it is parallel to the edge of the
layer, it is clear that two other Mo ions will strongly
interact with the molecule. It is unlikely that such geome-
try will be allowed on edge sites. One exception to this
is found for the corner site, since the part of the molecule
which is not bonded to the Mo center will be hanging in
space. If the molecule binds so that it is orthogonal to
the edge of the layer, no additional interactions with the
binding layer occurs, but the neighboring layer if it exists
will forbid such geometry. This implies that only single
layers or the top and bottom layers of a stack would allow
the hydrogenation reaction to occur because they are the
only layer that are not sandwiched. A convenient model
of DBT adsorption on an MoS, particle has been described
by Daage and Murray (34).

We summarize the above arguments by saying that for
small molecules previous corner edge models may be suf-
ficient to describe HDS selectivity on MoS, catalysts.
However, for larger molecules steric factors come into
play and the interference of adjacent layers results in a
sterically based selectivity, dependent on the stack height
of the MoS,. We further note that the model presented
does not predict 100% hydrogenation for single layers but
something approaching 60% under conditions used in this
study. Thus, previous corner/edge models may become
coincident with the rim/edge model presented here. In-
deed, as mentioned above most studies were on low-
stack materials.

It is also possible to imagine that the stack height depen-
dence outlined in this report is related to some relation
between the crystallization in the stack direction and or-
dering of the edge site. We believe that this is a more
complex model and that the data support the simpler
model presented. In order to obtain the correlations ob-
served the ratio of corners to edge should vary as 1/n in
a regular manner. Although mathematically possible, we
consider this possibility unlikely. If this were so, we
should expect that the corner to edge ratio would rather
follow the increase in crystallinity within the basal plane
direction, which it does not. This might occur on stepped
surfaces corresponding to low density planes, which are
relatively unstable. One possible structure is the (2110)
plane which has a surface energy that is 15% higher than
that of the (1010) plane (35). Such planes have been ob-
served by microdiffraction in supported MoS, catalysts.
These structures were found on certain particles where
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there was an obstacle to growth (36). These particles were
bonded edge up and the existence of the (2110) plane
was attributed to a stabilization by the (110) plane of the
alumina. This suggests that the stepped surfaces are quite
unstable and that the ratio of corner to edge in a given
layer is rather low.

As discussed above corner sites are also present but,
for the large MoS, particles reported here, it is likely that
the concentration of rim sites is much larger than the
concentration of corner sites, particularly when the stack-
ing is fow. Nevertheless, the wonderful complexity and
versatility of these catalysts still continue to challenge the
researcher and present new surprises.

CONCLUSIONS

We have shown that the catalytic activity of unsup-
ported molybdenum sulfide is related to the coexistence
of two different sites as previously reported. However,
the relative concentrations of these sites are directly de-
pendent upon the morphology of the MoS. crystallites
and more precisely upon the stacking height of the layers
which can be easily estimated by X-ray diffraction. Hy-
drogenation reaction is found to be catalyzed predomi-
nately by rim sites for large molecules like DBT. Sulfur
removal is catalyzed by edge sites. Turnover frequencies
are reported for all major products and selectivity func-
tions are presented which allow prediction of the product
under the conditions reported, based only on the turnover
numbers and the stack height of the MoS,.

The selectivity model presented arises because of steric
hinderance which occurs when DBT is adsorbed on an
edge site, the adjacent layers interfering with the adsorp-
tion. This interference does not occur on the rim sites
allowing more hydrogenation mode adsorption. When sin-
gle layers occur, selectivity is dominated by the degree
of coordinative unsaturation present. Smaller sulfur-con-
taining molecules may not exhibit the rim/edge effect due
to the absence of steric interference.

Future work will expand the role of steric influence in
HDS, an effect which should have important conse-
quences as petroleum feedstocks contain more, heavier
sulfur-bearing molecules. Also, left to a future report is
the role of promoters such as Co and Ni which is not
addressed in this report.
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