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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 perfhydrotreating reactions for the removal of heteroatoms (S, N, and O), aromatics, and metals make characterization of the activedifficult challenge. XAS (X-ray absorption spectroscopy), XRD (X-ray diffraction), and HRTEM (high-resolution transmission emicroscopy) have been widely used in an attempt to understand the structure and origin of the active phase in these catalystsall these techniques have limitations in determining the structure of the active MoS2 phase and the associated Co promoter whenindividually. Current techniques are not able to provide information of both lateral dimensions along the basal direction and of stackof MoS2 slabs without ambiguity. We report here the use of a synchrotron source for X-ray-scattering measurements of supported MoS2 andcobalt-promoted MoS2 catalysts. This synchrotron source strongly increases the signal to noise ratio resulting in the detection of diffractionfeatures providing information on the dispersion of the active phase. Synchrotron X-ray measurements in combination with HRthen give a more complete picture of catalyst structure and of the active phases present. Furthermore, supported industrial cahave operated under refinery conditions for more than four years have been studied to better understand the stabilized catalytic phase undthese conditions. Industrial hydrotreating conditions induce a “destacking” process resulting in the stabilization of single-layered MoS2-likenanoparticles. This effect has been confirmed on a freshly sulfided model CoMo/Al2O3 catalyst that underwent substantial morphologchange leading to the formation of single slabs under HDS conditions. Other structural effects are also reported. This study emphasizethe importance of determining the catalytically stabilized phasesunder operating hydrotreating conditions as a basis for understandingactivity and selectivity of this class of catalysts. 2004 Elsevier Inc. All rights reserved.
 Keywords: Molybdenum sulfide; Hydrodesulfurization; CoMo; Stacking;Morphology; X-ray scattering
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 1. Introduction
 Faced with heavier crudes and increasingly strict regtions regarding sulfur content of fuels, better hydrotrea
 * Corresponding author. Fax: (+1)915-747-6007.E-mail address: [email protected] (M.P. De la Rosa).
 1 Present address: Institut de Recherches sur la Catalyse, CNRSenue Albert Einstein, 69626 Villeurbanne cedex, France.
 0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.doi:10.1016/j.jcat.2004.03.039
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 catalysts are sought. This requires a deeper understaof the structure and function of transition metal sulfidbased catalysts used in refineries. Indeed, alumina-suppmolybdenum-based hydrotreating catalysts promotedcobalt or nickel are industrial “workhorses” for upgradipetroleum-based fuels. Basic functions that describe clyst activity such as the role of promoters (Co, Ni) androle of carbon are becoming better understood[1]. Therehas 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 modhave addressed the cobalt-promotion effect[2–5]. However,the first direct observation of a distinct Co environment wobtained by Wivel et al.[5] using Mössbauer spectroscopcobalt atoms were located at the edges of MoS2 layersforming the so-called “Co–Mo–S” phase. Recently, usscanning tunneling microscopy (STM), Lauritsen et al.[6]observed that cobalt atoms were found to prefer locationthe so-called sulfur-terminated edges resulting in trunchexagonal structures. Apart from these advances in the stural characterization of Co–Mo nanostructures, theorecalculations using density-functional theory (DFT) haveto considerable progress in explaining the electronic orfor promotion[7–9]. Finally, although the role of carbon itransition metal sulfide catalytic materials has been largignored due to the difficulty of characterizing carboncatalysts stabilized under the conditions of hydrotreatment,recent studies have emphasized that carbon plays an imtant role in hydrotreating reactions. Two main effects wobserved: (1) a geometrical effect by which carbon depenhances 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 dthe HDS reaction[12–15].
 MoS2 presents a layered sandwich S–Mo–S strucwith Mo at the center of a trigonal prism formed by ssulfur atoms. The MoS2 layers are weakly bonded to eaother by van der Waals forces leading to a highly anisotrostacked configuration in the [001] direction[16]. Chemi-cal properties vary according to the planes exposed toreactants. While the basal planes with completely coordinated sulfur atoms are thought to be inert, edge planesknown to be highly reactive[17,18]. The ratio between thedge plane/basal plane, i.e., the slab length, is therefoprimary importance in obtaining highly active MoS2-basedcatalysts. Morphology of the MoS2 particles also plays aimportant role with regard to changes in selectivity. Itgenerally admitted that two different active sites existMoS2-based catalysts as developed by Daage and Chiain the rim-edge model[19]. For nonpromoted Mo systemthe two different sites are differentiated according to thelocation on the edge. One site called the “rim” site iscated at the edge of exterior layers and is active for bhydrogenation and desulfurization reactions while sitesinterior layers called “edge” sites are active only for dirdesulfurization. The proportion of rim sites and selectivis independent of the particle diameter and varies only wthe stacking height. This model shows that to determinecisely the catalyst dispersion is fundamental in establisha structure/function relationship.
 Progress in completely understanding the nature ofactive phase has been hampered by the difficulty in demining catalyst dispersion correctly. Indeed, molybdendisulfide presents a very disordered and poorly crystastate in real hydrotreating conditions (the “rag” struture) [20]. Support interaction with the active phase is
 -
 -
 f
 i
 additional confusing parameter. Many characterization techniques, particularly X-ray absorption fine structure (XAFX-ray diffraction (XRD), and high-resolution electron mcroscopy (HREM) have been used extensively to study Hcatalysts. However, all these techniques have limitationdetermining the dispersion of the active phase. XAFSfer from the intrinsic structural disorder at the peripherythe slabs[21–25]and from bending curvatures of the MoS2basal plane[26]. Consequently, underestimation of the MMo coordination number and therefore of the particle sizthe slabs was generally observed. Moreover, no informaabout stacking can be obtained using XAFS.
 Even if successful in addressing many crucial problein HDS, electron microscopy has failed to give a clear pture of the CoMoS phase on alumina because of interferfrom the support in commercial catalysts. Visualizationslabs depends on the support used and on the type of expplanes leading to bonding of the layers either by the bplane or by the edge planes. Basal-bonded layers couldbe visualized particularly if thick substrates are used wedge-bonded layers are visible[27]. However, even in thacase, a tilt of 5◦ from the normal direction to the suppois sufficient to make particles undetectable[28]. HRTEM is“seeing” less than 10% of the active phase. NevertheHRTEM remains a valuable technique to get an overviewthe catalyst dispersion in order to address ambiguities.
 XRD line profile analysis may be used but the asymmtry broadening of the mixed(100) + (101) peaks makes thdetermination of the dispersion along the basal directionficult (seeFig. 1). The asymmetry of the (100) envelopecharacteristic of layer lattice structures in which the layare displaced randomly with respect to one another likspread deck of cards[29]. As demonstrated by Liang et aimperfect stacking and bending effects results only in a sm
 Fig. 1. Typical X-ray diffraction profile of the poorly crystalline MoS2phase. The positions of the main diffraction peaks are indicated by arrows

Page 3
                        

290 M.P. De la Rosa et al. / Journal of Catalysis 225 (2004) 288–299
 ec-
 ter-erre, inoSdt tothe
 ragrrerthe
 re-luesSd toex-
 tedingthekedtsthetiallyothes o
 full
 -Oio-us-alray-adi
 m-Mrt ofion-
 to
 hein
 r 4ac-
 wastud-d to
 t
 re-re:
 tre-ial,00000for-1W,
 pre-sim-
 e0)f
 n ofmo-
 displacement of the position of the (002) and (110) refltions 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 demined for unsupported catalysts using the Debye–Schequation applied to the (002) diffraction peak. Howeverthe case of real commercial-supported catalysts, all M2characteristic XRD peaks vanished leading only to broasignals due to the support. Moreover, it is quite importannote that the determination of the stacking degree usingDebye–Scherrer equation for the (002) peak gives an avevalue for stacked layers only. Indeed, the Debye–Scheequation ignores the single slabs, since it only applies to(002) diffraction peak. This leads to very approximatesults using this equation particularly at small stacking vagenerally observed for well-dispersed commercial Mo2-based catalysts. A full scattering model is then requireevaluate the fraction of unstacked layers giving rise to ancess diffuse scattering under the (002) peak (seeFig. 1) andof stacked layers determined by the (002) peak[20]. Indeed,X-ray scattering using synchrotron radiation is well suito study MoS2-based catalysts that yield diffuse scatterpatterns attributed to stacking and rotational disorder oflayers. This technique provides a clear picture of unstacor stacked MoS2 layers in supported HDS CoMo catalysand removes any ambiguity about the determination ofdispersion. The synchrotron source increases substanthe signal to noise ratio and can reveal specific featureserwise ambiguous or undetectable using classical sourcX-rays.
 The aim of the present study was to benefit from adescription of the morphology of supported MoS2-basedcatalysts to determine the influence of different parameters affecting their dispersion: support interaction (Si2,Al2O3), effect of the hydrodesulfurization of dibenzothphene (DBT), and aging of commercial catalysts in indtrial hydrotreating conditions. We investigated the structuractive phases of commercial and model catalysts by X-scattering measurements at the Stanford Synchrotron Ration Laboratory (SSRL). A qualitative analysis of the comercial CoMo/Al2O3 catalyst was performed using HRTEin order to compare the two techniques. This study is paa general effort to better describe structure/function relatship in hydrotreating catalysts.
 2. Experimental
 2.1. Catalyst preparation and properties
 Five different supported CoMo catalysts were usedperform this study. Three are commercial Co/MoS2/Al2O3catalysts (IMP-DSD14) that differ by their time of use, tfirst runs for 1 week and the second runs for 1 montha pilot plant, and the third runs in an industrial plant foyears. The catalyst was removed from the industrial re
 r
 e
 -f
 -
 Table 1Characteristics of the commercial CoMo/Al2O3 catalyst
 CoMo/Al2O3 (DSD14)
 Shape TrilobularSize 1/10 inchSurface area 227 m2/gPore volume 0.49 cm3/gPore diameter avg. 59 ÅCompact density 0.73 g/cm3
 Crush strength 3.2 kg/mmMo (wt%) 12.5Co (wt%) 3.0P (wt%) 1.4
 Table 2Properties of the feedstock used in the pilot plant
 Feedstock SRGOa Tula 0501
 Sulfur (wt%) 1.61Total aromatic (wt%) 35.5Total nitrogen (ppmw) 502Basic nitrogen (ppmw) 152Specific weight 0.8702
 Distillation ASTM-D-86IBP (◦C) 2245/10 vol% (◦C) 269/28330/50 vol% (◦C) 304/31770/90 vol% (◦C) 329/347FBP (◦C) 362
 a Straight Run Gas Oil.
 tor after 4 years in a regularly schedule turn around andstill active as confirmed by model compound reaction sies. The characteristics of the commercial catalyst useperform hydrotreating reactions inpilot and industrial plantsare listed inTable 1. The run conditions for the two piloplant experiments were: LHSV= 2.5 h−1, P = 5.5 MPa,T = 350–370◦C under virgin gas oil. These catalysts werun under these conditions for 1 week and 1 month, respectively. The run conditions for the industrial plant weLHSV = 1.5 h−1, P = 7.8 MPa,T = 340–360◦C. The char-acteristics of the feedstock of the pilot plant that represensimilar conditions to those in the industrial plant are psented inTable 2. The third catalyst was run in an industrplant for 4 years and it treated 25,000 barrels/day (20barrels gas oil (similar to pilot plant gas oil) mixed with 50barrels of light cycle oil). The commercial catalysts run1 week, 1 month, and 4 years are labeled respectively DD-1M, and D-4Y.
 These solids were also compared to model catalystspared using alumina and silica supports presentingilar surface areas and pore volumes. Theγ -Al2O3 sup-port has a surface area of 240 m2/g and a pore volumof 0.56 cm3/g. The silica support (Degussa Aerosil D20has a surface area of 200 m2/g and a pore volume o0.47 cm3/g. The model CoMo/Al2O3 and CoMo/SiO2 cat-alysts were prepared by incipient wetness impregnatiothe different supports with an aqueous solution of am
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 nium heptamolybdate, (NH4)6Mo7O24 · 4H2O (Fluka). TheMo-impregnated support was then mixed with an aquesolution of cobalt nitrate, Co(NO3)2 · 6H2O (Fluka). Thecatalysts were dried at 120◦C and calcined under air flowat 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 imicroflow reactor at 400◦C—10 h at atmospheric pressuunder a 10% H2S/H2 (v/v) sulfiding mixture. After this ac-tivation procedure, the solids were cooled to room temature in the presence of the sulfur-containing atmosphflushed with an oxygen-free nitrogen flow, and storedSchlenk tubes under argon. The industrial catalysts wnot presulfided; sulfidation was performed from the supresent in the feedstock and under the conditions of theferent reactors used.
 2.2. HDS reaction conditions
 The hydrodesulfurization of dibenzothiophene was uto evaluate morphological changes of the model catalwhen submitted to the experimental conditions ofdrotreatment (high H2 pressure, presence of a hydrocarbsolvent). The reaction was carried out in a flow reacto290◦C under 4.0 MPa total pressure. The reactant mture consisted of dibenzothiophene (1.11 mol%) diluteddecalin. Dibenzothiophene (98%) and decalin (98%) werpurchased respectively from Aldrich and Fluka. To avdiffusion limitations, catalysts (100 to 300 mg) wereluted with SiC before being placed in the tubular reacThe reactant mixture was injected by a high-pressure liquipump. 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 adjusteduring the HDS run in order to get similar total conversioCatalyst activity was determined according to the followingequation considering a pseudo-first order for the individHDS rate constant,
 k = F
 mln
 (1
 1− τ
 ),
 whereF is the molar feed rate of reactant in mol s−1, m isthe catalyst weight in grams, andτ is the total conversion oDBT.
 2.3. HF treatment
 Spent CoMo/Al2O3 catalyst, freshly sulfided CoMoAl2O3, and CoMo/SiO2 model catalysts were etched wihydrofluoric acid to remove the support. The acid treatmconsisted of placing 1 g of catalyst in 50 ml of 47% HF8 h [31]. After the treatment the catalyst was filtered out anwashed with water several times until no oily residue wpresent.
 2.4. X-ray data collection
 The X-ray-scattering data were collected at SSRL (Sford Synchrotron Radiation Laboratory) on beamline 2To maintain the parallel beam geometry of the diffractomter, and to reduce the background from other scattesources, a 1 mrad soller slit was used in the verticallimating geometry before aNaI photomultiplier tube. Thesize of the focused beam was 2× 1 mm and approximatel1011 photons/s were incident on the sample. The XRD pterns were collected in the 0.3–6Q range at 7.0 keV (λ =1.7712 Å).
 Quantitative information could be obtained usingX-ray-scattering intensity for a collection of atoms,
 Ieu =∑m
 ∑n
 fmfneiQ·Rmn,
 wherefm is the X-ray atomic-scattering factor of m-typatoms,Q is the X-ray-scattering wave vector withQ =|Q| = 4π sinθ/λ, and the vectorRmn connects atomm andatomn. Assuming a random (powder) arrangement ofstructure with respect to the incoming X-ray beam, a spical average gives the Debye-scattering equation:
 Ieu =∑m
 ∑n
 fmfnsinQRmn
 QRmn
 .
 The full widths at half-maximum (FWHM) of the (002peaks were measured directly from the X-ray patterns inder to approximate crystallite dimensions of the MoS2 slabsin thec axis direction using the Debye–Scherrer relation
 D002= k002λ
 β002cosθ,
 where D002 is the dimension of the particle along thstacking direction,λ is the wavelength of the X-rays (λ =1.7712 Å),θ is the diffraction angle, andβ002 (or FWHM) isthe angular line width. The shape factork002 depends on theshape of the particle and is equal to 0.76 for MoS2 [19,30].The apparent average number of layers was calculated un̄ = D002/6.17 (D002 in Å), the value of 6.17 Å corresponding to the interlayer spacing in the 2H-MoS2 structure. Thecrystalline order along the basal direction can be evaluusing the Debye–Scherrer equation applied to the broaing of the (110) diffraction peak. As for the (002) peak, t(110) peak is not influenced by imperfect stacking or being/folding of the layers. In that case, the shape factork110varies with theβ110 angular linewidth but it can be detemined following the values reported by Liang et al.[30]using computer calculations of the scattered X-ray intenfor model MoS2 structures. According to the experimenangular 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 cculated directly from the X-ray patterns of the differesupported catalysts. However, the strong (333) Al2O3 peakpartly masks the (110) MoS2 diffraction peak atQ = 4 Å−1.
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 Therefore, for high values ofQ, X-ray patterns were normalized to the (440) Al2O3 peak before subtraction. Thresulting patterns after subtraction resemble those founthe poorly crystalline unsupported MoS2 phase. For silicasupported catalysts, no SiO2 reflections interfere with th(110) MoS2 peak and direct measurements of the FWHvalue can be performed.
 The line broadening analysis was complemented by a fuscattering model. The full scattering model evaluatesarea of the 002 peak and the diffuse scattering area uthe 002 peak to determine the fractions of stacked andstacked layers. In order to integrate the total area, theangle data was normalized to the (111) Al2O3 peak prior tosubtraction. Alumina reflections were then removed fromtotal scattering by a point-by-point subtraction of scaled sport XRD patterns using the tables and graphs modulesCerius2 3.4 (Accelrys Inc.). The resulting areas of the (0peak and the diffuse area under the peak correspond trespective contributions of stacked and unstacked layersthe commercial catalysts. The relative proportions of stacand unstacked layers were then directly obtained fromXRD data (seeFig. 1).
 2.5. Transmission electron microscopy
 High-resolution electron microscopy studies were pformed in a Jeol 2010F electron microscope operatin200 kV. The microscope is equipped with a Schottky-tfield emission gun and an ultrahigh resolution pole pi(Cs = 0.5 mm; point resolution, 1.9 Å). The field emision gun provides a highly coherent intense beam (inten∼ 105 electrons/(nm2 s)). The specimens for TEM analsis were pulverized and suspended in isopropanol at rtemperature and ultrasonically dispersed. A droplet ofsuspension was placed on a holey carbon film supportea copper grid (200 mesh). The elemental compositiondetermined by energy dispersive X-ray (EDX) spectroscwith an Oxford INCA spectrometer fitted to the TEM, usia spot size of 1.0 to 0.5 nm. Images of the prepared sples were obtained at the Scherzer defocus. This conddepends on the accelerating voltage of the microscopethe spherical aberration of the lenses in the microscopeit can be calculated from the following equation,
 Sch= −√Csλe,
 whereCs is the spherical aberration andλe is the wavelengthof 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 suppis to disperse the active phase and to prevent it from sining under catalytic conditions. In addition to these phys
 r
 eFig. 2. Low-angle X-ray synchrotron patterns for the freshly sulfided modCoMo/Al2O3 catalyst before (A) and after (B) the HF treatment.
 interactions, catalyst supports often affect the catalytic perties of the supported metals through electronic or strucinteractions[32,33]. Using classical X-ray studies to obtainformation about the structural change of the metal/supinterface is often difficult because the scattering contrtions from the metal particles and from the support partioverlap leading to the complete disappearance of any cacteristic features of the active phase if well dispersedthe support. The support contribution was suppressed ider to acquire information of the morphology of the actphase. Treatment with hydrofluoric acid of freshly sulfidCoMo/Al2O3 catalyst was used to remove the support usthe method reported previously by Pollack et al.[31].
 The low-angle X-ray patterns of freshly sulfided moCoMo/Al2O3 catalyst before and after HF treatmentshown inFig. 2. The (002) peak at aboutQ = 1.0 Å−1 issignificantly broad in both cases. Clearly, the catalystderwent a substantial reorganization after the removal of thsupport. Indeed, the remaining acid used to treat the catturned pink from clear, suggesting that cobalt metal wastracted from the catalyst. Energy Dispersive X-ray analof the catalysts before and after the HF treatment confirmea nonnegligible loss of cobalt content (50% for CoMo/Al2O3and 38% for CoMo/SiO2). The etching process of CoMcatalysts by HF seems to disturb part of the CoMoS phAnalysis of the stacking dimensions along thec directionshowed a “destacking” process. For CoMo/SiO2, the averagestacking decreases from̄n = 6.1 to n̄ = 4.2 while a smalleryet significant decrease from̄n = 4.7 to n̄ = 4.2 is found forCoMo/Al2O3.
 The apparent increase of the intensity of the (002) pafter the HF treatment while the peaks become broaddue to the removal of the support by the HF treatment leing to the suppression of the scattering contribution cing from the support. Determination of the crystalline ordealong the basal direction reveals a different comportmen
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 when compared to the stacking height evolution. Onlynegligible decrease of theD110 values was observed aftthe etching process since lateral dimensions hardly chafrom D110= 64 Å toD110= 60 Å for CoMo/SiO2 and fromD110 = 44 Å to D110 = 38 Å for CoMo/Al2O3. The HFtreatment results in a modification of the degree of dispsion for both alumina- and silica-supported catalysts antherefore not an appropriate technique.
 3.2. Effect of the dibenzothiophene hydrodesulfurizationtest on the stacking of CoMo catalysts
 The inherent difficulty of determining structural, morphlogical, and textural changes of hydrodesulfurization calysts during reaction has limited our understanding ofreal nature of the active phase in steady-state catalyticditions particularly if high pressure and high amountsH2S or hydrocarbons are present during the process. Hever, the structure and morphology of a heterogeneousalyst are extremely dependent on reaction conditionsany process may impose a possible modification of thetive phase during hydrodesulfurization[34]. Indeed, carbonuptake during hydrotreating conditions generates structurchanges of the MoS2 active phase. Previous studies by Canelli and co-workers have reported that surface carbution of (Co)/MoS2 catalysts occurs during the HDS run; cabon atoms replace sulfur atoms at the edges of MoS2 layersforming surface carbide-like entities[12,13].
 Hydrodesulfurization of dibenzothiophene is nowadthe standard catalytic test to evaluate activity of catalunder hydrotreating conditions. Therefore, the effect on dispersion of this catalytic test was determined for suppoCoMo catalysts. The low-angle X-ray patterns of the fressulfided CoMo/Al2O3 and DBT-tested CoMo/Al2O3 cata-lysts are illustrated inFig. 3. The (002) peak is visibleprominently in the fresh catalyst sulfided at 400◦C underatmospheric pressure while the stacking gives rise onla slight rise between 0.8 and 1.2 Å−1 when DBT condi-tions are applied. The decrease in intensity of the (002) pimplies a decrease in stacking of the MoS2 slabs under reactor conditions. This effect was also clearly observedCoMo/SiO2. Average stacking numbers and HDS activitare listed inTable 3. Even if an evident decrease in stackiis observed, differences could be ascertained betweenmina and silica-supported catalysts. While the decreasstacking is quite noticeable for CoMo/Al2O3 with almostonly single layers when the catalyst is submitted to Hconditions, the effect is less pronounced for CoMo/S2with only 25% decrease in stacking.Table 3also suggestthat even if single-layered entities are uniquely formedCoMo/Al2O3, its activity is 60% higher than on CoMo/SiO2.These results show that the DBT HDS test alone modthe morphology of the MoS2-based catalysts, decreasing tstacking of the active phase.
 Consequently, based only on average stacking valuesculated using the Scherrer equation applied to the (0
 -
 -
 -
 Fig. 3. Effect of the HDS conditions on the evolution of the (002) signaQ = 1.0 Å−1 for the model CoMo/Al2O3 catalyst.
 Table 3Average stacking numbers, ratio stacked/unstacked particles, crystallinorder lengths along the basal direction, and HDS activities for mCoMo/Al2O3 and CoMo/SiO2 catalysts before and after the HDS test
 CoMo/Al2O3 CoMo/SiO2
 n̄ Before HDS 4.7 6.1After HDS 1.0 4.0
 Ratio stacked/unstacked
 Before HDS 5/95 12/88After HDS 2/98 7/93
 D110 (Å) Before HDS 44 64After HDS 46 66
 HDS activity
 (10−7 mol g−1 s−1)
 8.1 5.0
 peak, a high proportion of multistacked entities is expecteon the silica-supported catalyst while only single-layeCoMo species exist on the alumina-supported catalyst[35].However, such an assumption will lead to an erroneoverview of the real dispersion of the active phase for thsupported HDS catalysts. Indeed, as noted before, avestacking values based on the Scherrer equation complignore single-layered particles. A full scattering model wthen used to determine the proportion of single slabsing rise to excess scattering underneath the (002) peak.a model showed that the proportion of unstacked layerstill very high. Indeed, after HDS conditions were applieCoMo/Al2O3 exhibited almost only unstacked layers (98while the proportion of stacked layers is only 7% for tCoMo/SiO2 catalyst. Then, in any case, stacking variatiofor these catalysts correspond only to a minor amounthe layers. However, it should be kept in mind that expecvariations of selectivity would still depend on these stacparticles[19].
 Compared to the stacking decrease under HDSditions, crystalline order lengths along the [110] diretion show a different evolution. Both CoMo/Al2O3 and
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 CoMo/SiO2 catalysts do not present any real growth oferal dimensions when the HDS test was applied sinceD110values remain constant at∼ 45 Å for CoMo/Al2O3 and at∼ 65 Å for CoMo/SiO2 (Table 3). Consequently, HDS conditions involve a “destacking” phenomenon on both typesupported catalysts whereas lateral dimensions are not rmodified. The main cause for the change in dispersioning the HDS test is the stacking height decrease. The HDtest leads to a redispersion of CoMo particles which iscentuated when a strong interacting support like aluminpresent. This higher dispersion of the CoMo/Al2O3 catalysthas consequences on the HDS activity. Indeed, as showTable 3, the better dispersed CoMo/Al2O3 catalyst presenta 60% higher HDS activity than CoMo/SiO2.
 3.3. Effect of industrial processing conditions on themorphology of commercial catalysts
 Particle-size determination of cobalt-promoted and sported MoS2 catalysts is crucial to understand the acity and selectivity of this class of catalysts since it pvides information about the number of active sites availaMoS2 crystallite dimensions of commercial catalyst opeing in real industrial hydrotreating conditions were detmined by X-ray line-broadening analysis. The same cmercial CoMo/Al2O3 catalyst has been studied at three dferent 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 straigrun gas oil (SRGO) and four years (D-4Y) in a commercunit working at 7.8 MPa for the HDS of a blend of SRG(80 vol%) and light cycle oil (LCO) (20 vol%). A qualitative analysis of the commercial CoMo/Al2O3 catalyst wasalso performed using HRTEM for the D-1M and the D-4samples in order to evaluate the two techniques. The wangle X-ray patterns of the commercial catalyst at its thdifferent stages of its catalytic life are illustrated inFig. 4.The alumina X-ray pattern is also shown for comparisThe (100) and (110) peaks from MoS2 partly overlap withthe (220) and (333) peaks from the support. All commercatalysts present low stacking as observed from the (peak atQ = 1.0 Å−1. The low angle X-ray-scattering intensities (Fig. 5) of the three samples of the commercial catareveal a progressive disappearance of the broad (002nal with time of use. Moreover, the strong diffuse scatterpresent at low angles is mainly due to uncorrelated silayers[29]. While the D-1W sample still shows a discerable (002) peak, the D-1M sample presents a decreasignal which disappears completely on the D-4Y samThen, after being in the reactor for 1 week, determinatioof the scattering for unstacked and stacked layers showsthe catalyst still presents 6% of stacked layers; after 1 mthe proportion decreases to 3% of stacked layers, and ayears of usage it shows almost no stacking. Finally, caranalysis of the (100) peak reveals an evolution of its intenwith time of use showing a progressive change of stacfaults particularly between the D-1W and the D-1M samp
 y
 -
 t
 Fig. 4. Wide-angle X-ray-scatteringintensities for the alumina support (Aand the commercial CoMo/Al2O3 catalyst at the three different stages ofcatalytic life: 1 week (B), one month (C), and 4 years (D). The main alumand MoS2 diffraction peaks are shown on the X-ray patterns; peaks foMoS2 phase are shown in italics.
 Fig. 5. Low-angle X-ray synchrotron patterns for the commercCoMo/Al2O3 catalyst at the three different stages of its catalytic l1 week (A), 1 month (B), and 4 years (C).
 without influencing the (002) and (110) peaks, as expefrom the previous study by Liang et al.[30].
 The crystalline order lengths for the three samples ched from 52 Å for the D-1W sample to 63 Å for the D-4catalyst showing a lateral growth. The results suggestlateral growth is a slower process compared to “desting.” The increase in lateral dimensions results in a decrin activity between D-1W and D-4Y since larger lateral
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 mensions correspond to a lower proportion of Mo edge scompared to the total number of Mo atoms per crystallite
 The higher signal to noise ratio of the synchrotron soualso 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 steadystate working conditions in an HDS pilot plant the Co9S8peaks diminished in intensity from 26 to 9% in the D-1and D-1M samples, respectively. The D-4Y sample shonly 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 comercial CoMo/Al2O3 catalyst.
 Fig. 7. HREM micrograph of the D-4Y commercial CoMo/Al2O3 catalystshowing the presence of Co nanoparticles. Insets: Fourier-transformed picture and filtered image of one of the Co particles.
 responding to the (002) signal of the Co metallic phaas shown inFig. 6. Moreover, distinctive Co nanoparticlewere observed on the D-4Y catalyst (cf.Fig. 7). Fourier-transformed picture and filtered image of a cobalt partand Fast Fourier transform showing the interplanar distacorresponding to the formation of cobalt nanoparticles (inset). Therefore, X-ray synchrotron analysis confirmspresence of an initial Co9S8 phase in low proportion, whichtends to be reduced into Co0 metallic nanoparticles when severe conditions are applied.
 Fig. 8. TEM micrograph of the commercial CoMo/Al2O3 catalyst after1 month in a HDS pilot plant.
 Fig. 9. TEM micrograph of the commercial CoMo/Al2O3 catalyst after4 years in a HDS industrial unit.

Page 9
                        

296 M.P. De la Rosa et al. / Journal of Catalysis 225 (2004) 288–299
 pleslese
 defoltothed in
 f 2m-leg ofly-theis
 mi-hasenineean
 nd
 sti-ragsis,Theocaanaas
 histhe
 thanulleval
 longth
 bers
 farac-threac-ratedasalelof
 lsandr toher-een-
 M,at-
 forotron
 de-by
 l-cat-of
 nc-d/or
 valso-.ricase
 tingt ac-fieds,or-
 ing
 clu-fder-rec-aheO)ofi etpedy-
 .-
 A qualitative analysis of the commercial CoMo/Al2O3catalyst was performed on the D-1M and the D-4Y samusing HRTEM. Micrographs of the D-1M and D-4Y sampare reportedFigs. 8 and 9, respectively. The images of thsamples were obtained using the closest to Scherzercus. Experimental HREM images of D-1M revealed typicaMoS2 layered fringes of about 0.6 nm, which is closethe (002) plane spacing of 0.615 nm corresponding toS–Mo–S layers, visualized as parallel dark lines observeFig. 8. A high proportion of stacked layers consisting oto 4 layers is still clearly visible on the D-1M sample. Coparison with the HRTEM micrograph of the D-4Y sampshows an increase in the number of particles consistinonly one or two stacked layers. Therefore, HRTEM anasis qualitatively confirms a decrease in stacking betweentwo samples. Unfortunately not all of the active phaseadequately oriented or thin enough to be visible in thecroscope. Under these conditions, 90% of the active pis missed by the microscope. Statistics performed ondifferent pictures gave an average slab length and a mvalue for the stacking number reported inTable 4. Compar-isons betweenD110 values calculated on X-ray patterns aslab lengths determined on TEMpictures are in relativelygood agreement even if TEM seems to slightly overemate these lengths. However, when compared to the avestacking values measured by X-ray synchrotron analymore stacked layers seem to be detected by HRTEM.dependence on the orientation of the crystal and the lnature of this technique has to be accounted for whenlyzing HRTEM data. A high percentage of single slabs wtherefore clearly underestimated using only HRTEM. Tfact is even accentuated if HRTEM data are compared toratio unstacked/stacked layers which shows that more90% of the particles are formed with single layers. A fscattering evaluation is then quite necessary in order touate precisely the morphology of MoS2 particles.
 Table 4Average stacking numbers (XRD, HRTEM), crystalline order lengths athe (110) direction (XRD), ratio stacked/unstacked particles, slab leng(HRTEM) and HDS activity for the commercial CoMo/Al2O3 catalyst atits three different stages of catalytic life
 CoMo/Al2O3 D-1W D-1M D-4Y(DSD-14)
 XRD n̄ 1.7 1.5 1.0D110 (Å) 52 57 63Ratio stacked/
 unstacked6/94 3/97 0/100
 HRTEM n̄ / 4.0 2.5L (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 numand slab lengths (assuming that gives the real slab length value).
 -
 e
 l-
 -
 4. Discussion
 The high anisotropic nature of the MoS2 active phase ohydrotreating catalysts represents a challenge when chterizing this type of catalytic system. Activity varies withe proportion of edge and basal planes exposed to thetants. While edge planes presenting coordinative unsatusites (CUS) are known to be active for HDS reactions, bplanes are considered to be nearly inert due to the completcoordination of its sulfur atoms[17,29]. The bidimensionanature of the MoS2 structure can also lead to the formationstacked slabs maintained altogether only by Van der Waaforces. Determination of the particle size along the basalthe stacking direction is therefore fundamental in ordedetermine the real degree of dispersion. However, the inent disordered structure of the MoS2 phase particularly at thperiphery of the slabs makes the determination of the dimsions of the particles quite problematic using XAFS, TEor classical X-ray diffraction particularly for supported calysts. Therefore, a full scattering model should be usedwell-dispersed supported catalysts. The use of a synchrsource increasing the signal to noise ratio makes thetermination of diffraction signals otherwise undetectableclassical X-ray possible. Stacking evolution can then be folowed for supported catalysts using synchrotron X-ray stering and can give a clear picture of the morphologyHDS catalysts in relation with different parameters influeing dispersion: type of support, effect of the HDS test, anageing in industrial processing conditions.
 The first part of our study was to determine if the remoof the support by a HF treatment could be a valuablelution to evaluate the dispersion of MoS2-based catalystsHowever, the dissolution of the support by a hydrofluoacid solution led to a partial destruction of the active phwith loss of cobalt and reorganization of the MoS2 particlesinto less stacked slabs. The effect of hydrotreating operaconditions should also be considered since the catalystive structure is known to be dynamic and could be modiby reactants or varying operational conditions. Neverthelesstudies addressing the effect of HDS conditions on the mphology of MoS2 slabs have been exclusively obtained usTEM [31,36–40]. The results related to MoS2 slabs degreeof stacking under operating conditions are very inconsive and vary from an increase[36,37,40]to an absence ovariation [39] or even to a decrease of the stacking unoperating conditions[31,38]. Similarly, results are contradictory when considering slab length along the basal dition. Eijsbouts and co-workers[36,37] have reported thatNiMo/Al 2O3 catalyst used 1 week in a pilot plant for thydrodenitrogenation (HDN) of a vacuum gas oil (VGfeedstock at 10.0 MPa and 390◦C presents an increaseboth stacking and dimension along the basal direction. Nal. [40] have obtained similar results for a phosphorus-doNiMo/Al 2O3 catalyst used in a HDN unit 1.5 years at a hdrogen pressure of 17.0 MPa and 390◦C. Yokoyama et al[39] claimed that an increase in lateral dimensions but no in

Page 10
                        

M.P. De la Rosa et al. / Journal of Catalysis 225 (2004) 288–299 297
 Ol-
 anwthatonrtain
 ytichen
 s.at-.
 thanshent
 DSd tored
 BTt-d.rel-arlyper-keptivested
 er-m-op-rus
 ed in
 DSwthg
 -ns.Wwthterade-
 geropersid-ful
 ing
 hean
 oan-le-
 arti-yst,
 hisrtly
 theieslt istorylti-uid-thio-ctive-ave
 bother-the.ave
 ure–
 syn-,onlyin
 eisfor
 enres-aserhy-the
 d byl-
 oun-nces
 ftu-
 sult
 crease in stacking was observed for a CoMo/Al2O3 catalystused 1 year in a commercial HDS unit for upgrading VGat 5.9 MPa and 360–400◦C. Contrary to these results, Polack et al.[31] found a destacking process on a NiMo/Al2O3
 catalyst used for upgrading coal liquids. Finally, Weissmet al. [38] observed a destacking effect but a lateral grofor a CoMo/Al2O3 catalyst used 255 h for upgrading LCO3.4 MPa and 400◦C. All these studies showed that electrmicroscopy studies should be used cautiously to ascechanges in morphology.
 X-ray synchrotron analysis of a model CoMo/Al2O3 orCoMo/SiO2 catalyst before and after a standard catalHDS test demonstrates a destacking phenomenon wHDS conditions are applied under steady-state conditionA similar effect was observed with commercial CoMo calysts operating in real industrial hydrotreating conditionsResults indicate that underHDS conditions, CoMo/SiO2 stillpresents a four times higher average stacking valueCoMo/Al2O3 with almost exclusively single slabs. FreCoMo/SiO2 catalysts before any test were found to presan average stacking value 25% higher than CoMo/Al2O3.These results reveal that possible modifications under Hconditions can lead to erroneous conclusions if comparean analysis based only on fresh catalysts. While multilayeentities could be found on the freshly sulfided CoMo/Al2O3,almost only single-slab moieties were observed on the Dtested CoMo/Al2O3. As expected, on a weakly interacing support like silica,multistacked slabs are still detecteHowever, in any case, the full scattering analysis of theative proportions of stacked and unstacked particles cleunderlines that stacked layers represent only a minorcentage for supported catalysts and this fact should bein mind when considering the real dispersion of the acphase. Finally, one should note that the model DBT-teCoMo/Al2O3 catalyst appears less stacked than the commcial CoMo D-1W and D-1M samples. However, the comercial CoMo/Al2O3 catalysts contain phosphorus as a ding additive. Therefore, our results confirm that phosphodoping increases the stacking height as already observprevious studies[41,42].
 The lateral growth evolution results suggest that the Htest did not induce any substantial change in lateral groof MoS2 particles sinceD110 values hardly changed durinthe HDS test (from 44 to 46 Å for CoMo/Al2O3 and from 64to 66 Å for CoMo/SiO2). However, longer times of use in industrial conditions reveal an evolution of lateral dimensioLateral D110 values increased by 15–20% between D-1and D-4Y samples. This result suggests that lateral grois a slower process than destacking. The increase in ladimensions should be considered when explaining thecrease in activity between D-1W and D-4Y since a larlateral dimension would result in a lower proportion of Medge sites in comparison to the total number of Mo atomscrystallite. However, another parameter should be conered. Indeed, coke formation could be particularly harm
 t
 l
 for D-4Y samples submitted to a blend feedstock contain20% of LCO known to present a high aromatics content[43].
 When HDS conditions were applied, particles for tmodel CoMo/Al2O3 catalyst remained more dispersed thon CoMo/SiO2 (D110= 46 Å vs 66 Å,n̄ = 1.0 vs 4.0, ratiostacked/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 CoMmultilayered species. These species called “type II” by Cdia et al.[35] are expected to be more active than singlayered species called “type I.” Indeed, even if stacked pcles represent only 7% of all the particles for this catalthe high average value for these stacked layers (n̄ = 4.0)would correspond to about 20% of type II species. Thigher amount of multilayered sites would at least pareduce the difference in activity between CoMo/Al2O3 andCoMo/SiO2, but this is not the case here. In fact, underliquid-phase HDS conditions, multilayered type II specdo not seem more active than single layers. This resuin agreement with previous studies showing contradicresults about the respective intrinsic HDS activity of mulayered and single-layered active sites in gas-phase or liqphase HDS reactions. Indeed, in the gas-phase HDS ofphene, single-layered species were found to be less athan multilayered entities[35] whereas under the liquidphase HDS of DBT, multilayered type II species did not hhigher activity compared to single layered type I sites[44].
 The main cause for the destacking process observedfor model catalysts under DBT HDS test or for commcial catalysts used in industrial conditions is related tohigh pressure applied during the hydrotreating conditionsIndeed, fresh model catalysts before the HDS test hbeen sulfided at atmospheric pressure only under an H2S/H2gas mixture. Peng et al. have reported a similar presscrystallization effect with stacking decreasing with increas-ing pressure inside the reactor during the hydrothermalthesis of MoS2 in an autoclave[45]. In the present studya strong decrease in stacking was observed even after10 h in a DBT HDS catalytic test. A similar decreasestacking fromn̄ = 1.7 to n̄ = 1.0 was found between thD-1M and the D-4Y samples. This decrease in stackingconcomitant with an increase in pressure from 5.5 MPaD-1M to 7.8 MPa for D-4Y. However, comparison betwethe D-1W and the D-1M samples operating at the same psure (5.5 MPa) reveals a slighter but still significant decrein stacking fromn̄ = 1.7 to n̄ = 1.5. This suggests that otheexperimental parameters of the HDS process, mainly thedrocarbon pressure or concentration, can contribute todestacking effect. In agreement with the model proposePeng et al.[45] under high pressure, the formation of mutilayered stacks through van der Waals forces seems cterbalanced by the strong interaction of adsorbed substa(here, hydrocarbon molecules) favoring the stabilization osingle MoS2 layers. This destacking effect seems accenated if a strongly interacting support is present. This re
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 would also corroborate a recent study by Glasson et al. sing that less stacked CoMo/Al2O3 catalysts can be obtaineif pretreated with gas oil or coleseed oil[11]. Their treatmenat atmospheric pressure shows by itself than hydrocarare able to favor a destacking process. However, applhigh pressure will favor the stabilization effect by increing the interaction between hydrocarbons and MoS2 singlelayers.
 The higher signal to noise ratio of the synchrotron soualso revealed the presence of Co9S8 as a secondary phaearly in the commercial catalysts’ life. The Co9S8 peaks di-minished in intensity during steady-state working conditiin the D-1W and D-1M samples in an HDS pilot plant. TD-4Y sample presented a much attenuated intensity foCo9S8 phase but also a weak signal due to the Co metphase. Therefore, X-ray synchrotron analysis confirms thpresence of an initial Co9S8 phase in low proportion, whictends to be reduced into Co0 under severe hydrotreating coditions.
 5. Conclusion
 The advantage of using the synchrotron X-ray radiais clearly demonstrated compared to highly ambiguoushouse” X-ray diffraction. We were able to determine thetio of stacked to unstacked MoS2 in supported industrial caalysts. It appears that the commercial catalysts contain morthan 90% single layers. HRTEM studies reported an aage stacking height of 3–4 layers, but badly misinterpretproperties of the catalyst because hardly 10% of the aphase has the orientation and thickness adequate to baged by the microscope. Synchrotron X-ray-scattering sies of cobalt-promoted silica- or alumina-supported Cocatalysts has led to the following conclusions:
 1. The importance of the support interaction with the acphase is confirmed. Strongly interacting supports fathe formation of single MoS2 layers. On the other hanweakly interacting supports lead to reorganization imultilayered slabs. However, in any case, the proporof stacked particles remains low.
 2. Hydrotreating conditions induce a destacking procesmodel and commercial catalysts. In this respect, cmercial CoMo/Al2O3 catalysts that have been run flong periods of time under high pressure conditions tento destack. The destacking of the layers result frocombination of carbonaceous deposits and high presduring the reaction conditions.
 3. The higher signal to noise ratio of the synchrotsource also revealed the presence of Co9S8 as a secondary phase early in the commercial catalysts’ lThe Co9S8 peaks diminished in intensity during steadstate working conditions and a weak signal of themetallic phase is observed. Furthermore, HRTEMcrographs support this finding. Therefore, X-ray s
 -
 -
 chrotron analysis confirms the presence of an inCo9S8 phase in low proportion, which tends to beduced into Co0 under severe hydrotreating conditions
 This study emphasizes the importance of in situ chacterizing catalysts to determine changes occurring duHDS conditions or if impossible to characterize these sobefore and after HDS test to evaluate the real naturthe active phase when reaction conditions are applied.stacking evolution observed clears up uncertainty in theerature and promises to generate new understanding of sture/function relations in commercial catalysts.
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