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Abstract

The high anisotropic character and inherent disorder in the structure of supported MoS2-based catalysts that are used extensively to perf
hydrotreating reactions for the removal of heteroatoms (S, N, and O), aromatics, and metals make characterization of the active
difficult challenge. XAS (X-ray absorption spectroscopy), XRD (X-ray diffraction), and HRTEM (high-resolution transmission e
microscopy) have been widely used in an attempt to understand the structure and origin of the active phase in these catalysts
all these techniques have limitations in determining the structure of the active MoS2 phase and the associated Co promoter when
individually. Current techniques are not able to provide information of both lateral dimensions along the basal direction and of stack
of MoS2 slabs without ambiguity. We report here the use of a synchrotron source for X-ray-scattering measurements of supported MoS2 and
cobalt-promoted MoS2 catalysts. This synchrotron source strongly increases the signal to noise ratio resulting in the detection of diffraction
features providing information on the dispersion of the active phase. Synchrotron X-ray measurements in combination with HR
then give a more complete picture of catalyst structure and of the active phases present. Furthermore, supported industrial ca
have operated under refinery conditions for more than four years have been studied to better understand the stabilized catalytic phase und
these conditions. Industrial hydrotreating conditions induce a “destacking” process resulting in the stabilization of single-layered MoS2-like
nanoparticles. This effect has been confirmed on a freshly sulfided model CoMo/Al2O3 catalyst that underwent substantial morpholog
change leading to the formation of single slabs under HDS conditions. Other structural effects are also reported. This study emphasize
the importance of determining the catalytically stabilized phasesunder operating hydrotreating conditions as a basis for understanding
activity and selectivity of this class of catalysts.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Faced with heavier crudes and increasingly strict reg
tions regarding sulfur content of fuels, better hydrotrea
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catalysts are sought. This requires a deeper understa
of the structure and function of transition metal sulfid
based catalysts used in refineries. Indeed, alumina-supp
molybdenum-based hydrotreating catalysts promoted
cobalt or nickel are industrial “workhorses” for upgradi
petroleum-based fuels. Basic functions that describe c
lyst activity such as the role of promoters (Co, Ni) and
role of carbon are becoming better understood[1]. There
has been much progress in the elucidation of the natu

http://www.elsevier.com/locate/jcat
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the synergetic effect of Co (or Ni). Many structural mod
have addressed the cobalt-promotion effect[2–5]. However,
the first direct observation of a distinct Co environment w
obtained by Wivel et al.[5] using Mössbauer spectroscop
cobalt atoms were located at the edges of MoS2 layers
forming the so-called “Co–Mo–S” phase. Recently, us
scanning tunneling microscopy (STM), Lauritsen et al.[6]
observed that cobalt atoms were found to prefer location
the so-called sulfur-terminated edges resulting in trunc
hexagonal structures. Apart from these advances in the s
tural characterization of Co–Mo nanostructures, theore
calculations using density-functional theory (DFT) have
to considerable progress in explaining the electronic or
for promotion[7–9]. Finally, although the role of carbon i
transition metal sulfide catalytic materials has been larg
ignored due to the difficulty of characterizing carbon
catalysts stabilized under the conditions of hydrotreatment,
recent studies have emphasized that carbon plays an im
tant role in hydrotreating reactions. Two main effects w
observed: (1) a geometrical effect by which carbon dep
enhances dispersion[10,11]stabilizing small MoS2-like par-
ticles and (2) a structural effect by which surface carbide-
species are formed at the surface of the active phase d
the HDS reaction[12–15].

MoS2 presents a layered sandwich S–Mo–S struc
with Mo at the center of a trigonal prism formed by s
sulfur atoms. The MoS2 layers are weakly bonded to ea
other by van der Waals forces leading to a highly anisotro
stacked configuration in the [001] direction[16]. Chemi-
cal properties vary according to the planes exposed to
reactants. While the basal planes with completely coordi
nated sulfur atoms are thought to be inert, edge planes
known to be highly reactive[17,18]. The ratio between th
edge plane/basal plane, i.e., the slab length, is therefo
primary importance in obtaining highly active MoS2-based
catalysts. Morphology of the MoS2 particles also plays a
important role with regard to changes in selectivity. It
generally admitted that two different active sites exist
MoS2-based catalysts as developed by Daage and Chia
in the rim-edge model[19]. For nonpromoted Mo system
the two different sites are differentiated according to the
location on the edge. One site called the “rim” site is
cated at the edge of exterior layers and is active for b
hydrogenation and desulfurization reactions while sites
interior layers called “edge” sites are active only for dir
desulfurization. The proportion of rim sites and selectiv
is independent of the particle diameter and varies only w
the stacking height. This model shows that to determine
cisely the catalyst dispersion is fundamental in establish
a structure/function relationship.

Progress in completely understanding the nature of
active phase has been hampered by the difficulty in de
mining catalyst dispersion correctly. Indeed, molybden
disulfide presents a very disordered and poorly crysta
state in real hydrotreating conditions (the “rag” stru
ture) [20]. Support interaction with the active phase is
-

-

f

i

additional confusing parameter. Many characterization tech
niques, particularly X-ray absorption fine structure (XAF
X-ray diffraction (XRD), and high-resolution electron m
croscopy (HREM) have been used extensively to study H
catalysts. However, all these techniques have limitation
determining the dispersion of the active phase. XAFS
fer from the intrinsic structural disorder at the periphery
the slabs[21–25]and from bending curvatures of the MoS2
basal plane[26]. Consequently, underestimation of the M
Mo coordination number and therefore of the particle siz
the slabs was generally observed. Moreover, no informa
about stacking can be obtained using XAFS.

Even if successful in addressing many crucial proble
in HDS, electron microscopy has failed to give a clear p
ture of the CoMoS phase on alumina because of interfer
from the support in commercial catalysts. Visualization
slabs depends on the support used and on the type of exp
planes leading to bonding of the layers either by the b
plane or by the edge planes. Basal-bonded layers could
be visualized particularly if thick substrates are used w
edge-bonded layers are visible[27]. However, even in tha
case, a tilt of 5◦ from the normal direction to the suppo
is sufficient to make particles undetectable[28]. HRTEM is
“seeing” less than 10% of the active phase. Neverthe
HRTEM remains a valuable technique to get an overview
the catalyst dispersion in order to address ambiguities.

XRD line profile analysis may be used but the asymm
try broadening of the mixed(100) + (101) peaks makes th
determination of the dispersion along the basal direction
ficult (seeFig. 1). The asymmetry of the (100) envelope
characteristic of layer lattice structures in which the lay
are displaced randomly with respect to one another lik
spread deck of cards[29]. As demonstrated by Liang et a
imperfect stacking and bending effects results only in a sm

Fig. 1. Typical X-ray diffraction profile of the poorly crystalline MoS2
phase. The positions of the main diffraction peaks are indicated by arrows
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displacement of the position of the (002) and (110) refl
tions without peak broadening (seeFig. 1) while the (100)
envelope can be strongly modified by stacking faults[30].
Therefore, stacking along the [001] direction can be de
mined for unsupported catalysts using the Debye–Sch
equation applied to the (002) diffraction peak. However
the case of real commercial-supported catalysts, all M2
characteristic XRD peaks vanished leading only to broa
signals due to the support. Moreover, it is quite importan
note that the determination of the stacking degree using
Debye–Scherrer equation for the (002) peak gives an ave
value for stacked layers only. Indeed, the Debye–Sche
equation ignores the single slabs, since it only applies to
(002) diffraction peak. This leads to very approximate
sults using this equation particularly at small stacking va
generally observed for well-dispersed commercial Mo2-
based catalysts. A full scattering model is then require
evaluate the fraction of unstacked layers giving rise to an
cess diffuse scattering under the (002) peak (seeFig. 1) and
of stacked layers determined by the (002) peak[20]. Indeed,
X-ray scattering using synchrotron radiation is well sui
to study MoS2-based catalysts that yield diffuse scatter
patterns attributed to stacking and rotational disorder of
layers. This technique provides a clear picture of unstac
or stacked MoS2 layers in supported HDS CoMo catalys
and removes any ambiguity about the determination of
dispersion. The synchrotron source increases substan
the signal to noise ratio and can reveal specific features
erwise ambiguous or undetectable using classical sourc
X-rays.

The aim of the present study was to benefit from a
description of the morphology of supported MoS2-based
catalysts to determine the influence of different parame
ters affecting their dispersion: support interaction (Si2,
Al2O3), effect of the hydrodesulfurization of dibenzoth
phene (DBT), and aging of commercial catalysts in ind
trial hydrotreating conditions. We investigated the structur
active phases of commercial and model catalysts by X-
scattering measurements at the Stanford Synchrotron R
ation Laboratory (SSRL). A qualitative analysis of the co
mercial CoMo/Al2O3 catalyst was performed using HRTE
in order to compare the two techniques. This study is pa
a general effort to better describe structure/function relat
ship in hydrotreating catalysts.

2. Experimental

2.1. Catalyst preparation and properties

Five different supported CoMo catalysts were used
perform this study. Three are commercial Co/MoS2/Al2O3
catalysts (IMP-DSD14) that differ by their time of use, t
first runs for 1 week and the second runs for 1 month
a pilot plant, and the third runs in an industrial plant fo
years. The catalyst was removed from the industrial re
r

e

-
f

-

Table 1
Characteristics of the commercial CoMo/Al2O3 catalyst

CoMo/Al2O3 (DSD14)

Shape Trilobular
Size 1/10 inch
Surface area 227 m2/g
Pore volume 0.49 cm3/g
Pore diameter avg. 59 Å
Compact density 0.73 g/cm3

Crush strength 3.2 kg/mm
Mo (wt%) 12.5
Co (wt%) 3.0
P (wt%) 1.4

Table 2
Properties of the feedstock used in the pilot plant

Feedstock SRGOa Tula 0501

Sulfur (wt%) 1.61
Total aromatic (wt%) 35.5
Total nitrogen (ppmw) 502
Basic nitrogen (ppmw) 152
Specific weight 0.8702

Distillation ASTM-D-86
IBP (◦C) 224
5/10 vol% (◦C) 269/283
30/50 vol% (◦C) 304/317
70/90 vol% (◦C) 329/347
FBP (◦C) 362

a Straight Run Gas Oil.

tor after 4 years in a regularly schedule turn around and
still active as confirmed by model compound reaction s
ies. The characteristics of the commercial catalyst use
perform hydrotreating reactions inpilot and industrial plants
are listed inTable 1. The run conditions for the two pilo
plant experiments were: LHSV= 2.5 h−1, P = 5.5 MPa,
T = 350–370◦C under virgin gas oil. These catalysts we
run under these conditions for 1 week and 1 month, re
spectively. The run conditions for the industrial plant we
LHSV = 1.5 h−1, P = 7.8 MPa,T = 340–360◦C. The char-
acteristics of the feedstock of the pilot plant that represen
similar conditions to those in the industrial plant are p
sented inTable 2. The third catalyst was run in an industr
plant for 4 years and it treated 25,000 barrels/day (20
barrels gas oil (similar to pilot plant gas oil) mixed with 50
barrels of light cycle oil). The commercial catalysts run
1 week, 1 month, and 4 years are labeled respectively D
D-1M, and D-4Y.

These solids were also compared to model catalysts
pared using alumina and silica supports presenting
ilar surface areas and pore volumes. Theγ -Al2O3 sup-
port has a surface area of 240 m2/g and a pore volum
of 0.56 cm3/g. The silica support (Degussa Aerosil D20
has a surface area of 200 m2/g and a pore volume o
0.47 cm3/g. The model CoMo/Al2O3 and CoMo/SiO2 cat-
alysts were prepared by incipient wetness impregnatio
the different supports with an aqueous solution of am
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nium heptamolybdate, (NH4)6Mo7O24 · 4H2O (Fluka). The
Mo-impregnated support was then mixed with an aque
solution of cobalt nitrate, Co(NO3)2 · 6H2O (Fluka). The
catalysts were dried at 120◦C and calcined under air flow
at 500◦C. The CoMo/Al2O3 catalyst contained 15.2 wt%
MoO3 and 4.3 wt% CoO. The CoMo/SiO2 catalyst con-
tained 14.8 wt% MoO3 and 5.7 wt% CoO.

Sulfidation for the model catalysts was carried out i
microflow reactor at 400◦C—10 h at atmospheric pressu
under a 10% H2S/H2 (v/v) sulfiding mixture. After this ac-
tivation procedure, the solids were cooled to room tem
ature in the presence of the sulfur-containing atmosph
flushed with an oxygen-free nitrogen flow, and stored
Schlenk tubes under argon. The industrial catalysts w
not presulfided; sulfidation was performed from the su
present in the feedstock and under the conditions of the
ferent reactors used.

2.2. HDS reaction conditions

The hydrodesulfurization of dibenzothiophene was u
to evaluate morphological changes of the model catal
when submitted to the experimental conditions of
drotreatment (high H2 pressure, presence of a hydrocarb
solvent). The reaction was carried out in a flow reacto
290◦C under 4.0 MPa total pressure. The reactant m
ture consisted of dibenzothiophene (1.11 mol%) diluted
decalin. Dibenzothiophene (98%) and decalin (98%) wer
purchased respectively from Aldrich and Fluka. To av
diffusion limitations, catalysts (100 to 300 mg) were
luted with SiC before being placed in the tubular reac
The reactant mixture was injected by a high-pressure liqui
pump. The various partial pressures werePH2 = 3.06 MPa,
PDBT = 0.01 MPa, andPdecalin= 0.93 MPa. The H2/HC ra-
tio was kept constant at 470 l/l. Contact time was adjuste
during the HDS run in order to get similar total conversio
Catalyst activity was determined according to the following
equation considering a pseudo-first order for the individ
HDS rate constant,

k = F

m
ln

(
1

1− τ

)
,

whereF is the molar feed rate of reactant in mol s−1, m is
the catalyst weight in grams, andτ is the total conversion o
DBT.

2.3. HF treatment

Spent CoMo/Al2O3 catalyst, freshly sulfided CoMo
Al2O3, and CoMo/SiO2 model catalysts were etched wi
hydrofluoric acid to remove the support. The acid treatm
consisted of placing 1 g of catalyst in 50 ml of 47% HF
8 h [31]. After the treatment the catalyst was filtered out an
washed with water several times until no oily residue w
present.
2.4. X-ray data collection

The X-ray-scattering data were collected at SSRL (S
ford Synchrotron Radiation Laboratory) on beamline 2
To maintain the parallel beam geometry of the diffractom
ter, and to reduce the background from other scatte
sources, a 1 mrad soller slit was used in the vertical
limating geometry before aNaI photomultiplier tube. The
size of the focused beam was 2× 1 mm and approximatel
1011 photons/s were incident on the sample. The XRD p
terns were collected in the 0.3–6Q range at 7.0 keV (λ =
1.7712 Å).

Quantitative information could be obtained using
X-ray-scattering intensity for a collection of atoms,

Ieu =
∑
m

∑
n

fmfneiQ·Rmn,

wherefm is the X-ray atomic-scattering factor of m-typ
atoms,Q is the X-ray-scattering wave vector withQ =
|Q| = 4π sinθ/λ, and the vectorRmn connects atomm and
atomn. Assuming a random (powder) arrangement of
structure with respect to the incoming X-ray beam, a sp
ical average gives the Debye-scattering equation:

Ieu =
∑
m

∑
n

fmfn
sinQRmn

QRmn

.

The full widths at half-maximum (FWHM) of the (002
peaks were measured directly from the X-ray patterns in
der to approximate crystallite dimensions of the MoS2 slabs
in thec axis direction using the Debye–Scherrer relation

D002= k002λ

β002cosθ
,

where D002 is the dimension of the particle along th
stacking direction,λ is the wavelength of the X-rays (λ =
1.7712 Å),θ is the diffraction angle, andβ002 (or FWHM) is
the angular line width. The shape factork002 depends on the
shape of the particle and is equal to 0.76 for MoS2 [19,30].
The apparent average number of layers was calculated u
n̄ = D002/6.17 (D002 in Å), the value of 6.17 Å correspond
ing to the interlayer spacing in the 2H-MoS2 structure. The
crystalline order along the basal direction can be evalu
using the Debye–Scherrer equation applied to the broa
ing of the (110) diffraction peak. As for the (002) peak, t
(110) peak is not influenced by imperfect stacking or be
ing/folding of the layers. In that case, the shape factork110
varies with theβ110 angular linewidth but it can be dete
mined following the values reported by Liang et al.[30]
using computer calculations of the scattered X-ray inten
for model MoS2 structures. According to the experimen
angular line widths measured in the present study,k110 val-
ues vary between 1.42 and 1.56.

The (002) broadening of the diffraction peak can be c
culated directly from the X-ray patterns of the differe
supported catalysts. However, the strong (333) Al2O3 peak
partly masks the (110) MoS2 diffraction peak atQ = 4 Å−1.
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Therefore, for high values ofQ, X-ray patterns were nor
malized to the (440) Al2O3 peak before subtraction. Th
resulting patterns after subtraction resemble those foun
the poorly crystalline unsupported MoS2 phase. For silica
supported catalysts, no SiO2 reflections interfere with th
(110) MoS2 peak and direct measurements of the FWH
value can be performed.

The line broadening analysis was complemented by a fu
scattering model. The full scattering model evaluates
area of the 002 peak and the diffuse scattering area u
the 002 peak to determine the fractions of stacked and
stacked layers. In order to integrate the total area, the
angle data was normalized to the (111) Al2O3 peak prior to
subtraction. Alumina reflections were then removed from
total scattering by a point-by-point subtraction of scaled s
port XRD patterns using the tables and graphs modules
Cerius2 3.4 (Accelrys Inc.). The resulting areas of the (0
peak and the diffuse area under the peak correspond t
respective contributions of stacked and unstacked layers
the commercial catalysts. The relative proportions of stac
and unstacked layers were then directly obtained from
XRD data (seeFig. 1).

2.5. Transmission electron microscopy

High-resolution electron microscopy studies were p
formed in a Jeol 2010F electron microscope operatin
200 kV. The microscope is equipped with a Schottky-t
field emission gun and an ultrahigh resolution pole pi
(Cs = 0.5 mm; point resolution, 1.9 Å). The field emi
sion gun provides a highly coherent intense beam (inten
∼ 105 electrons/(nm2 s)). The specimens for TEM anal
sis were pulverized and suspended in isopropanol at r
temperature and ultrasonically dispersed. A droplet of
suspension was placed on a holey carbon film supporte
a copper grid (200 mesh). The elemental composition
determined by energy dispersive X-ray (EDX) spectrosc
with an Oxford INCA spectrometer fitted to the TEM, usi
a spot size of 1.0 to 0.5 nm. Images of the prepared s
ples were obtained at the Scherzer defocus. This cond
depends on the accelerating voltage of the microscope
the spherical aberration of the lenses in the microscope
it can be calculated from the following equation,

Sch= −√
Csλe,

whereCs is the spherical aberration andλe is the wavelength
of the electrons at the particular accelerating voltage.

3. Results

3.1. HF treatment of supported CoMo catalysts

In supported catalysts, the principal role of the supp
is to disperse the active phase and to prevent it from sin
ing under catalytic conditions. In addition to these phys
r

eFig. 2. Low-angle X-ray synchrotron patterns for the freshly sulfided mod
CoMo/Al2O3 catalyst before (A) and after (B) the HF treatment.

interactions, catalyst supports often affect the catalytic p
erties of the supported metals through electronic or struc
interactions[32,33]. Using classical X-ray studies to obta
information about the structural change of the metal/sup
interface is often difficult because the scattering contr
tions from the metal particles and from the support parti
overlap leading to the complete disappearance of any c
acteristic features of the active phase if well dispersed
the support. The support contribution was suppressed i
der to acquire information of the morphology of the act
phase. Treatment with hydrofluoric acid of freshly sulfid
CoMo/Al2O3 catalyst was used to remove the support us
the method reported previously by Pollack et al.[31].

The low-angle X-ray patterns of freshly sulfided mo
CoMo/Al2O3 catalyst before and after HF treatment
shown inFig. 2. The (002) peak at aboutQ = 1.0 Å−1 is
significantly broad in both cases. Clearly, the catalyst
derwent a substantial reorganization after the removal of th
support. Indeed, the remaining acid used to treat the cat
turned pink from clear, suggesting that cobalt metal was
tracted from the catalyst. Energy Dispersive X-ray anal
of the catalysts before and after the HF treatment confirme
a nonnegligible loss of cobalt content (50% for CoMo/Al2O3
and 38% for CoMo/SiO2). The etching process of CoM
catalysts by HF seems to disturb part of the CoMoS ph
Analysis of the stacking dimensions along thec direction
showed a “destacking” process. For CoMo/SiO2, the average
stacking decreases from̄n = 6.1 to n̄ = 4.2 while a smaller
yet significant decrease from̄n = 4.7 to n̄ = 4.2 is found for
CoMo/Al2O3.

The apparent increase of the intensity of the (002) p
after the HF treatment while the peaks become broad
due to the removal of the support by the HF treatment le
ing to the suppression of the scattering contribution c
ing from the support. Determination of the crystalline orde
along the basal direction reveals a different comportmen
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when compared to the stacking height evolution. Only
negligible decrease of theD110 values was observed aft
the etching process since lateral dimensions hardly cha
from D110= 64 Å toD110= 60 Å for CoMo/SiO2 and from
D110 = 44 Å to D110 = 38 Å for CoMo/Al2O3. The HF
treatment results in a modification of the degree of disp
sion for both alumina- and silica-supported catalysts an
therefore not an appropriate technique.

3.2. Effect of the dibenzothiophene hydrodesulfurization
test on the stacking of CoMo catalysts

The inherent difficulty of determining structural, morph
logical, and textural changes of hydrodesulfurization ca
lysts during reaction has limited our understanding of
real nature of the active phase in steady-state catalytic
ditions particularly if high pressure and high amounts
H2S or hydrocarbons are present during the process. H
ever, the structure and morphology of a heterogeneous
alyst are extremely dependent on reaction conditions
any process may impose a possible modification of the
tive phase during hydrodesulfurization[34]. Indeed, carbon
uptake during hydrotreating conditions generates structur
changes of the MoS2 active phase. Previous studies by C
anelli and co-workers have reported that surface carbu
tion of (Co)/MoS2 catalysts occurs during the HDS run; ca
bon atoms replace sulfur atoms at the edges of MoS2 layers
forming surface carbide-like entities[12,13].

Hydrodesulfurization of dibenzothiophene is nowad
the standard catalytic test to evaluate activity of catal
under hydrotreating conditions. Therefore, the effect on dis
persion of this catalytic test was determined for suppo
CoMo catalysts. The low-angle X-ray patterns of the fres
sulfided CoMo/Al2O3 and DBT-tested CoMo/Al2O3 cata-
lysts are illustrated inFig. 3. The (002) peak is visible
prominently in the fresh catalyst sulfided at 400◦C under
atmospheric pressure while the stacking gives rise onl
a slight rise between 0.8 and 1.2 Å−1 when DBT condi-
tions are applied. The decrease in intensity of the (002) p
implies a decrease in stacking of the MoS2 slabs under re
actor conditions. This effect was also clearly observed
CoMo/SiO2. Average stacking numbers and HDS activit
are listed inTable 3. Even if an evident decrease in stacki
is observed, differences could be ascertained between
mina and silica-supported catalysts. While the decreas
stacking is quite noticeable for CoMo/Al2O3 with almost
only single layers when the catalyst is submitted to H
conditions, the effect is less pronounced for CoMo/S2
with only 25% decrease in stacking.Table 3also suggest
that even if single-layered entities are uniquely formed
CoMo/Al2O3, its activity is 60% higher than on CoMo/SiO2.
These results show that the DBT HDS test alone mod
the morphology of the MoS2-based catalysts, decreasing t
stacking of the active phase.

Consequently, based only on average stacking values
culated using the Scherrer equation applied to the (0
-

-

-

Fig. 3. Effect of the HDS conditions on the evolution of the (002) signa
Q = 1.0 Å−1 for the model CoMo/Al2O3 catalyst.

Table 3
Average stacking numbers, ratio stacked/unstacked particles, crystallin
order lengths along the basal direction, and HDS activities for m
CoMo/Al2O3 and CoMo/SiO2 catalysts before and after the HDS test

CoMo/Al2O3 CoMo/SiO2

n̄ Before HDS 4.7 6.1
After HDS 1.0 4.0

Ratio stacked/
unstacked

Before HDS 5/95 12/88
After HDS 2/98 7/93

D110 (Å) Before HDS 44 64
After HDS 46 66

HDS activity

(10−7 mol g−1 s−1)

8.1 5.0

peak, a high proportion of multistacked entities is expecte
on the silica-supported catalyst while only single-laye
CoMo species exist on the alumina-supported catalyst[35].
However, such an assumption will lead to an errone
overview of the real dispersion of the active phase for th
supported HDS catalysts. Indeed, as noted before, ave
stacking values based on the Scherrer equation compl
ignore single-layered particles. A full scattering model w
then used to determine the proportion of single slabs
ing rise to excess scattering underneath the (002) peak.
a model showed that the proportion of unstacked layer
still very high. Indeed, after HDS conditions were applie
CoMo/Al2O3 exhibited almost only unstacked layers (98
while the proportion of stacked layers is only 7% for t
CoMo/SiO2 catalyst. Then, in any case, stacking variatio
for these catalysts correspond only to a minor amoun
the layers. However, it should be kept in mind that expec
variations of selectivity would still depend on these stac
particles[19].

Compared to the stacking decrease under HDS
ditions, crystalline order lengths along the [110] dire
tion show a different evolution. Both CoMo/Al2O3 and
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CoMo/SiO2 catalysts do not present any real growth of
eral dimensions when the HDS test was applied sinceD110
values remain constant at∼ 45 Å for CoMo/Al2O3 and at
∼ 65 Å for CoMo/SiO2 (Table 3). Consequently, HDS con
ditions involve a “destacking” phenomenon on both type
supported catalysts whereas lateral dimensions are not r
modified. The main cause for the change in dispersion
ing the HDS test is the stacking height decrease. The HD
test leads to a redispersion of CoMo particles which is
centuated when a strong interacting support like alumin
present. This higher dispersion of the CoMo/Al2O3 catalyst
has consequences on the HDS activity. Indeed, as show
Table 3, the better dispersed CoMo/Al2O3 catalyst present
a 60% higher HDS activity than CoMo/SiO2.

3.3. Effect of industrial processing conditions on the
morphology of commercial catalysts

Particle-size determination of cobalt-promoted and s
ported MoS2 catalysts is crucial to understand the ac
ity and selectivity of this class of catalysts since it p
vides information about the number of active sites availa
MoS2 crystallite dimensions of commercial catalyst ope
ing in real industrial hydrotreating conditions were det
mined by X-ray line-broadening analysis. The same c
mercial CoMo/Al2O3 catalyst has been studied at three d
ferent stages of its catalytic life: 1 week (D-1W) and 1 mo
(D-1M) in a pilot plant at 5.5 MPa for the HDS of a straig
run gas oil (SRGO) and four years (D-4Y) in a commerc
unit working at 7.8 MPa for the HDS of a blend of SRG
(80 vol%) and light cycle oil (LCO) (20 vol%). A qualita
tive analysis of the commercial CoMo/Al2O3 catalyst was
also performed using HRTEM for the D-1M and the D-4
samples in order to evaluate the two techniques. The w
angle X-ray patterns of the commercial catalyst at its th
different stages of its catalytic life are illustrated inFig. 4.
The alumina X-ray pattern is also shown for comparis
The (100) and (110) peaks from MoS2 partly overlap with
the (220) and (333) peaks from the support. All commer
catalysts present low stacking as observed from the (
peak atQ = 1.0 Å−1. The low angle X-ray-scattering inten
sities (Fig. 5) of the three samples of the commercial cata
reveal a progressive disappearance of the broad (002
nal with time of use. Moreover, the strong diffuse scatter
present at low angles is mainly due to uncorrelated si
layers[29]. While the D-1W sample still shows a discer
able (002) peak, the D-1M sample presents a decrea
signal which disappears completely on the D-4Y sam
Then, after being in the reactor for 1 week, determinatio
of the scattering for unstacked and stacked layers shows
the catalyst still presents 6% of stacked layers; after 1 m
the proportion decreases to 3% of stacked layers, and a
years of usage it shows almost no stacking. Finally, car
analysis of the (100) peak reveals an evolution of its inten
with time of use showing a progressive change of stac
faults particularly between the D-1W and the D-1M samp
y

-

t

Fig. 4. Wide-angle X-ray-scatteringintensities for the alumina support (A
and the commercial CoMo/Al2O3 catalyst at the three different stages of
catalytic life: 1 week (B), one month (C), and 4 years (D). The main alum
and MoS2 diffraction peaks are shown on the X-ray patterns; peaks fo
MoS2 phase are shown in italics.

Fig. 5. Low-angle X-ray synchrotron patterns for the commerc
CoMo/Al2O3 catalyst at the three different stages of its catalytic l
1 week (A), 1 month (B), and 4 years (C).

without influencing the (002) and (110) peaks, as expe
from the previous study by Liang et al.[30].

The crystalline order lengths for the three samples ch
ed from 52 Å for the D-1W sample to 63 Å for the D-4
catalyst showing a lateral growth. The results suggest
lateral growth is a slower process compared to “dest
ing.” The increase in lateral dimensions results in a decr
in activity between D-1W and D-4Y since larger lateral
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mensions correspond to a lower proportion of Mo edge s
compared to the total number of Mo atoms per crystallite

The higher signal to noise ratio of the synchrotron sou
also revealed the presence of weak signal at aboutQ =
2.0 Å−1 andQ = 3.6 Å−1 corresponding to the (311) an
(440) diffraction peaks of the Co9S8 phase. During steady
state working conditions in an HDS pilot plant the Co9S8
peaks diminished in intensity from 26 to 9% in the D-1
and D-1M samples, respectively. The D-4Y sample sh
only 4% in intensity and a shoulder atQ = 3.0 Å−1 cor-

Fig. 6. The (002) signal of the Co metallic phase found in the D-4Y co
mercial CoMo/Al2O3 catalyst.

Fig. 7. HREM micrograph of the D-4Y commercial CoMo/Al2O3 catalyst
showing the presence of Co nanoparticles. Insets: Fourier-transformed pic
ture and filtered image of one of the Co particles.
responding to the (002) signal of the Co metallic pha
as shown inFig. 6. Moreover, distinctive Co nanoparticle
were observed on the D-4Y catalyst (cf.Fig. 7). Fourier-
transformed picture and filtered image of a cobalt part
and Fast Fourier transform showing the interplanar dista
corresponding to the formation of cobalt nanoparticles (
inset). Therefore, X-ray synchrotron analysis confirms
presence of an initial Co9S8 phase in low proportion, which
tends to be reduced into Co0 metallic nanoparticles when se
vere conditions are applied.

Fig. 8. TEM micrograph of the commercial CoMo/Al2O3 catalyst after
1 month in a HDS pilot plant.

Fig. 9. TEM micrograph of the commercial CoMo/Al2O3 catalyst after
4 years in a HDS industrial unit.
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A qualitative analysis of the commercial CoMo/Al2O3
catalyst was performed on the D-1M and the D-4Y sam
using HRTEM. Micrographs of the D-1M and D-4Y samp
are reportedFigs. 8 and 9, respectively. The images of th
samples were obtained using the closest to Scherzer
cus. Experimental HREM images of D-1M revealed typica
MoS2 layered fringes of about 0.6 nm, which is close
the (002) plane spacing of 0.615 nm corresponding to
S–Mo–S layers, visualized as parallel dark lines observe
Fig. 8. A high proportion of stacked layers consisting o
to 4 layers is still clearly visible on the D-1M sample. Co
parison with the HRTEM micrograph of the D-4Y samp
shows an increase in the number of particles consistin
only one or two stacked layers. Therefore, HRTEM ana
sis qualitatively confirms a decrease in stacking between
two samples. Unfortunately not all of the active phase
adequately oriented or thin enough to be visible in the
croscope. Under these conditions, 90% of the active p
is missed by the microscope. Statistics performed on
different pictures gave an average slab length and a m
value for the stacking number reported inTable 4. Compar-
isons betweenD110 values calculated on X-ray patterns a
slab lengths determined on TEMpictures are in relatively
good agreement even if TEM seems to slightly overe
mate these lengths. However, when compared to the ave
stacking values measured by X-ray synchrotron analy
more stacked layers seem to be detected by HRTEM.
dependence on the orientation of the crystal and the l
nature of this technique has to be accounted for when
lyzing HRTEM data. A high percentage of single slabs w
therefore clearly underestimated using only HRTEM. T
fact is even accentuated if HRTEM data are compared to
ratio unstacked/stacked layers which shows that more
90% of the particles are formed with single layers. A f
scattering evaluation is then quite necessary in order to
uate precisely the morphology of MoS2 particles.

Table 4
Average stacking numbers (XRD, HRTEM), crystalline order lengths a
the (110) direction (XRD), ratio stacked/unstacked particles, slab leng
(HRTEM) and HDS activity for the commercial CoMo/Al2O3 catalyst at
its three different stages of catalytic life

CoMo/Al2O3 D-1W D-1M D-4Y
(DSD-14)

XRD n̄ 1.7 1.5 1.0
D110 (Å) 52 57 63
Ratio stacked/

unstacked
6/94 3/97 0/100

HRTEM n̄ / 4.0 2.5
L (Å) / 65 72

�n̄ / ±2.5 ±1.5
�slab length / ±8 ±9

HDS activity

(10−7 mol s−1 g−1)

14.5 12.4 11.1

Comparison was made between HRTEM and XRD about stacking num
and slab lengths (assuming that gives the real slab length value).
-

e

l
-

-

4. Discussion

The high anisotropic nature of the MoS2 active phase o
hydrotreating catalysts represents a challenge when ch
terizing this type of catalytic system. Activity varies wi
the proportion of edge and basal planes exposed to the
tants. While edge planes presenting coordinative unsatu
sites (CUS) are known to be active for HDS reactions, b
planes are considered to be nearly inert due to the complet
coordination of its sulfur atoms[17,29]. The bidimensiona
nature of the MoS2 structure can also lead to the formation
stacked slabs maintained altogether only by Van der Waa
forces. Determination of the particle size along the basal
the stacking direction is therefore fundamental in orde
determine the real degree of dispersion. However, the in
ent disordered structure of the MoS2 phase particularly at th
periphery of the slabs makes the determination of the dim
sions of the particles quite problematic using XAFS, TE
or classical X-ray diffraction particularly for supported c
alysts. Therefore, a full scattering model should be used
well-dispersed supported catalysts. The use of a synchr
source increasing the signal to noise ratio makes the
termination of diffraction signals otherwise undetectable
classical X-ray possible. Stacking evolution can then be fo
lowed for supported catalysts using synchrotron X-ray s
tering and can give a clear picture of the morphology
HDS catalysts in relation with different parameters influe
ing dispersion: type of support, effect of the HDS test, an
ageing in industrial processing conditions.

The first part of our study was to determine if the remo
of the support by a HF treatment could be a valuable
lution to evaluate the dispersion of MoS2-based catalysts
However, the dissolution of the support by a hydrofluo
acid solution led to a partial destruction of the active ph
with loss of cobalt and reorganization of the MoS2 particles
into less stacked slabs. The effect of hydrotreating opera
conditions should also be considered since the catalys
tive structure is known to be dynamic and could be modi
by reactants or varying operational conditions. Nevertheles
studies addressing the effect of HDS conditions on the m
phology of MoS2 slabs have been exclusively obtained us
TEM [31,36–40]. The results related to MoS2 slabs degree
of stacking under operating conditions are very incon
sive and vary from an increase[36,37,40]to an absence o
variation [39] or even to a decrease of the stacking un
operating conditions[31,38]. Similarly, results are contra
dictory when considering slab length along the basal di
tion. Eijsbouts and co-workers[36,37] have reported that
NiMo/Al 2O3 catalyst used 1 week in a pilot plant for t
hydrodenitrogenation (HDN) of a vacuum gas oil (VG
feedstock at 10.0 MPa and 390◦C presents an increase
both stacking and dimension along the basal direction. N
al. [40] have obtained similar results for a phosphorus-do
NiMo/Al 2O3 catalyst used in a HDN unit 1.5 years at a h
drogen pressure of 17.0 MPa and 390◦C. Yokoyama et al
[39] claimed that an increase in lateral dimensions but no in
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crease in stacking was observed for a CoMo/Al2O3 catalyst
used 1 year in a commercial HDS unit for upgrading VG
at 5.9 MPa and 360–400◦C. Contrary to these results, Po
lack et al.[31] found a destacking process on a NiMo/Al2O3

catalyst used for upgrading coal liquids. Finally, Weissm
et al. [38] observed a destacking effect but a lateral gro
for a CoMo/Al2O3 catalyst used 255 h for upgrading LCO
3.4 MPa and 400◦C. All these studies showed that electr
microscopy studies should be used cautiously to asce
changes in morphology.

X-ray synchrotron analysis of a model CoMo/Al2O3 or
CoMo/SiO2 catalyst before and after a standard catal
HDS test demonstrates a destacking phenomenon w
HDS conditions are applied under steady-state condition
A similar effect was observed with commercial CoMo c
alysts operating in real industrial hydrotreating conditions
Results indicate that underHDS conditions, CoMo/SiO2 still
presents a four times higher average stacking value
CoMo/Al2O3 with almost exclusively single slabs. Fre
CoMo/SiO2 catalysts before any test were found to pres
an average stacking value 25% higher than CoMo/Al2O3.
These results reveal that possible modifications under H
conditions can lead to erroneous conclusions if compare
an analysis based only on fresh catalysts. While multilaye
entities could be found on the freshly sulfided CoMo/Al2O3,
almost only single-slab moieties were observed on the D
tested CoMo/Al2O3. As expected, on a weakly interac
ing support like silica,multistacked slabs are still detecte
However, in any case, the full scattering analysis of the
ative proportions of stacked and unstacked particles cle
underlines that stacked layers represent only a minor
centage for supported catalysts and this fact should be
in mind when considering the real dispersion of the ac
phase. Finally, one should note that the model DBT-te
CoMo/Al2O3 catalyst appears less stacked than the comm
cial CoMo D-1W and D-1M samples. However, the co
mercial CoMo/Al2O3 catalysts contain phosphorus as a d
ing additive. Therefore, our results confirm that phospho
doping increases the stacking height as already observ
previous studies[41,42].

The lateral growth evolution results suggest that the H
test did not induce any substantial change in lateral gro
of MoS2 particles sinceD110 values hardly changed durin
the HDS test (from 44 to 46 Å for CoMo/Al2O3 and from 64
to 66 Å for CoMo/SiO2). However, longer times of use in in
dustrial conditions reveal an evolution of lateral dimensio
Lateral D110 values increased by 15–20% between D-1
and D-4Y samples. This result suggests that lateral gro
is a slower process than destacking. The increase in la
dimensions should be considered when explaining the
crease in activity between D-1W and D-4Y since a lar
lateral dimension would result in a lower proportion of M
edge sites in comparison to the total number of Mo atoms
crystallite. However, another parameter should be con
ered. Indeed, coke formation could be particularly harm
t

l

for D-4Y samples submitted to a blend feedstock contain
20% of LCO known to present a high aromatics content[43].

When HDS conditions were applied, particles for t
model CoMo/Al2O3 catalyst remained more dispersed th
on CoMo/SiO2 (D110= 46 Å vs 66 Å,n̄ = 1.0 vs 4.0, ratio
stacked/unstacked layers= 2/98 vs 7/93). The higher lat-
eral dispersion of CoMo/Al2O3 could partly explain the 60%
higher activity of this catalyst compared to CoMo/SiO2.
However, CoMo/SiO2 presents a higher proportion of CoM
multilayered species. These species called “type II” by C
dia et al.[35] are expected to be more active than sing
layered species called “type I.” Indeed, even if stacked p
cles represent only 7% of all the particles for this catal
the high average value for these stacked layers (n̄ = 4.0)
would correspond to about 20% of type II species. T
higher amount of multilayered sites would at least pa
reduce the difference in activity between CoMo/Al2O3 and
CoMo/SiO2, but this is not the case here. In fact, under
liquid-phase HDS conditions, multilayered type II spec
do not seem more active than single layers. This resu
in agreement with previous studies showing contradic
results about the respective intrinsic HDS activity of mu
layered and single-layered active sites in gas-phase or liq
phase HDS reactions. Indeed, in the gas-phase HDS of
phene, single-layered species were found to be less a
than multilayered entities[35] whereas under the liquid
phase HDS of DBT, multilayered type II species did not h
higher activity compared to single layered type I sites[44].

The main cause for the destacking process observed
for model catalysts under DBT HDS test or for comm
cial catalysts used in industrial conditions is related to
high pressure applied during the hydrotreating conditions
Indeed, fresh model catalysts before the HDS test h
been sulfided at atmospheric pressure only under an H2S/H2
gas mixture. Peng et al. have reported a similar press
crystallization effect with stacking decreasing with increas-
ing pressure inside the reactor during the hydrothermal
thesis of MoS2 in an autoclave[45]. In the present study
a strong decrease in stacking was observed even after
10 h in a DBT HDS catalytic test. A similar decrease
stacking fromn̄ = 1.7 to n̄ = 1.0 was found between th
D-1M and the D-4Y samples. This decrease in stacking
concomitant with an increase in pressure from 5.5 MPa
D-1M to 7.8 MPa for D-4Y. However, comparison betwe
the D-1W and the D-1M samples operating at the same p
sure (5.5 MPa) reveals a slighter but still significant decre
in stacking fromn̄ = 1.7 to n̄ = 1.5. This suggests that othe
experimental parameters of the HDS process, mainly the
drocarbon pressure or concentration, can contribute to
destacking effect. In agreement with the model propose
Peng et al.[45] under high pressure, the formation of mu
tilayered stacks through van der Waals forces seems c
terbalanced by the strong interaction of adsorbed substa
(here, hydrocarbon molecules) favoring the stabilization o
single MoS2 layers. This destacking effect seems accen
ated if a strongly interacting support is present. This re
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would also corroborate a recent study by Glasson et al. s
ing that less stacked CoMo/Al2O3 catalysts can be obtaine
if pretreated with gas oil or coleseed oil[11]. Their treatmen
at atmospheric pressure shows by itself than hydrocar
are able to favor a destacking process. However, appl
high pressure will favor the stabilization effect by incre
ing the interaction between hydrocarbons and MoS2 single
layers.

The higher signal to noise ratio of the synchrotron sou
also revealed the presence of Co9S8 as a secondary pha
early in the commercial catalysts’ life. The Co9S8 peaks di-
minished in intensity during steady-state working conditi
in the D-1W and D-1M samples in an HDS pilot plant. T
D-4Y sample presented a much attenuated intensity fo
Co9S8 phase but also a weak signal due to the Co met
phase. Therefore, X-ray synchrotron analysis confirms th
presence of an initial Co9S8 phase in low proportion, whic
tends to be reduced into Co0 under severe hydrotreating co
ditions.

5. Conclusion

The advantage of using the synchrotron X-ray radia
is clearly demonstrated compared to highly ambiguous
house” X-ray diffraction. We were able to determine the
tio of stacked to unstacked MoS2 in supported industrial ca
alysts. It appears that the commercial catalysts contain mor
than 90% single layers. HRTEM studies reported an a
age stacking height of 3–4 layers, but badly misinterpret
properties of the catalyst because hardly 10% of the a
phase has the orientation and thickness adequate to b
aged by the microscope. Synchrotron X-ray-scattering s
ies of cobalt-promoted silica- or alumina-supported Co
catalysts has led to the following conclusions:

1. The importance of the support interaction with the ac
phase is confirmed. Strongly interacting supports fa
the formation of single MoS2 layers. On the other han
weakly interacting supports lead to reorganization i
multilayered slabs. However, in any case, the propor
of stacked particles remains low.

2. Hydrotreating conditions induce a destacking proces
model and commercial catalysts. In this respect, c
mercial CoMo/Al2O3 catalysts that have been run f
long periods of time under high pressure conditions ten
to destack. The destacking of the layers result fro
combination of carbonaceous deposits and high pres
during the reaction conditions.

3. The higher signal to noise ratio of the synchrot
source also revealed the presence of Co9S8 as a sec
ondary phase early in the commercial catalysts’ l
The Co9S8 peaks diminished in intensity during stead
state working conditions and a weak signal of the
metallic phase is observed. Furthermore, HRTEM
crographs support this finding. Therefore, X-ray s
-

-

chrotron analysis confirms the presence of an in
Co9S8 phase in low proportion, which tends to be
duced into Co0 under severe hydrotreating conditions

This study emphasizes the importance of in situ ch
acterizing catalysts to determine changes occurring du
HDS conditions or if impossible to characterize these so
before and after HDS test to evaluate the real natur
the active phase when reaction conditions are applied.
stacking evolution observed clears up uncertainty in the
erature and promises to generate new understanding of s
ture/function relations in commercial catalysts.
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