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A series ofy-Al,Os-supported molybdenum phosphide catalysts containing fixed Mo-loading (9.9 wt
%) and variable P amounts (15.6 wt %) were prepared by temperature-programmed reduction (TPR)
from their oxide precursors in hydrogen. The effect of the P/Mo atomic ratio on the structure of the
molybdenum phosphide materials was studied by, SXRD, HRTEM, TPD-NHs;, H, chemisorption,

XPS, and®P- and?’Al-MAS NMR techniques. The reactions involved in the transformation of oxide
precursor to Me-phosphide were followed by TPR. Specific surface areas of samples subjected to
reduction at 1123 K were rather high (24263 n? g~%). These catalysts were tested in the gas-phase
hydrodesulfurization (HDS) of dibenzothiophene (DBT) at 553 K and 3.4 MPa. Al-plmsphide
catalysts were more active than a molybdenum sulfide sample with the same Mo-loading. The Mo
phosphide catalysts with P/Mo ratios of 1 and 1.1 were found to be the most active among the catalysts
studied. The activity drop observed for higher P-loadings runs in parallel with the drop in specific areas.
Moreover, the XPS and electrons diffraction analyses revealed the formation of MoP phase in all samples
and the appearance of polyphosphates and Alpf@ses in P-rich ones. For the P-rich samples, the
EFTEM study indicated that phosphate is accumulated around Mo atoms. It was found that the H
chemisorption capacity of the samples reduced at 1123 K correlates with the HDS performance of the
catalysts.

poundst General information on synthesis methods and the
nature and structure of metal phosphides were describe in a
Tew reviews 10 In short, MoP has a hexagonal tungsten

1. Introduction

Over the past 10 years, the research community has show

an interest in studying the potential use of transition metal
phosphides as hydrotreating catalystsThis is because
commercial molybdenum-sulfide-based catalysts have
proven to be ineffective for deep hydrodesulfurization
(HDS)3* Recent works have shown that supported molyb-
denum phosphides (MoP) are several times more active for
HDS and hydrodenitrogenation (HDN) reactions than sup-
ported Mo$ catalysts-? Moreover, metal phosphides are
more stable than sulfides during severe on-stream condi-
tions>6

Molybdenum phosphides have a variety of interesting
chemical and physical properties related to their metallic
character that are similar to ordinary intermetallic com-
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carbide-type structure with space grd@ge and bulk lattice
parametersy = 322 pm and, = 319 pm! In this structure,

six P atoms trigonal-prismatically coordinate each Mo atom.
Phosphorus is in reduced form in this phase, with the bonding
ranging from ionic (P") to metallic or covalent (. Several
reports have shown that the MoP catalysts (supported or
unsupported) had an outstanding performance in HDS
reactions:'*2 A theoretical study by Liu and Rodrigugz
shows that molybdenum phosphides show the largest reactiv-
ity toward CO and sulfur adsorption as compared to
molybdenum nitrides and carbides. The latter information
is very important regarding the catalytic response in the HDS
reaction. From the combined activity and stability data, the
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authors concluded that the catalytic potential should increase  Table 1. Compositiort and Labeling for MoP/Al 205 Catalysts

following the sequence M& MoC ~ MoN < MoP 4 sample Mo (wt %) P (wt %) P/Mo ratio
Of course, the best option for achieving high dispersion = MoPgsyAl 9.9 15 0.5
of the MoP phase is supporting the Mo and P species on ~ MoPw/Al 9.9 3.2 1
: . o . MoPpyAl 9.9 6.7 2
substrates W|th_a high specific area, |.e.2®gj_. However, MoPyAl 99 9.6 3
the strong active phase alumina interaction makes the MoSyAl 9.9
synthesis of alumina-supported MoP more difficult than that ~ P/Al 6.3

of the unsupported onésMoreover, as a consequence of a  2The number in parentheses indicates the P/Mo ratio.
strong metal-oxide-support interaction, the Mo oxide species
supported on alumina are more difficult to reduce than those
supported on a silica suppdftThus, there is a relatively
larger body of literature devoted to silica-supported NMoP
than to the alumina-supported or#és® A variety of

the formation of a strongly bound amorphous phosphate
surface layer on the alumina supp#t.
Within the above framework, the purpose of this study is

techniques were employed in order to obtain useful informa- to compare the gurface_ properties of the glumlna—supported
tion about the chemical states of P and Mo atoms in the MoP catalysts with varying P content. A series of MoR{
supported MoP, such 4% MAS NMR 20 XAFS 23 XPS catalysts with P/Mo ratios ranging from 0.5 to 3.0 were
and FTIR speciroscopy of adsorbed,G’CAIl th’ese tecr'1- prepared by temperature-programmed reduction of the oxide

nigues confirmed the much easier transformation of the oxide precursors in plat 1123 K. The final catalyst morphology

precursors to the MoP phase on the SiQpported catalysts was studied by different techniques,(&dsorption-desorp-
with respect to those of the bulk ones tion isotherms, X-ray diffraction, high-resolution transmission

. o , electron microscopy (HRTEM), magic angle spinning-
Rega_rdmg the effgct of P—Ioad|r21§], 't, IS claimed that the | qjeqr magnetic resonance (MAS NMR), X-ray photoelec-
synthesis Olf NZP reqtg'res exr:ess?a This '3 b(:lcauie there tron spectroscopy (XPS), and hydrogen chemisorption). The
are several intermediate phosphides, and phosphorus Coméatalytic response of the synthesized materials was tested in
pounds (PH and reduced P) are volatile at high tempera- the gas-phase HDS reaction of DBT and compared to that
tures®® Thus, it was found that the catalysts with a low P

. . . : of a conventional MogAl,0; catalyst.
content develop N3P and metallic Ni on their support
surface, whereas those with higher P content have the Ni
phase blocked by excess?POne might deduce from the
study by Sawhill et at® that the optimization of P content 2.1. Catalyst Preparation.The AlOs support (provided by the
depends on the support. This is because a large differencenstituto Mexicano del Petteo (IMP)) was calcined at 1173 K
is found for the optimal P/Ni ratio of NP/Si0 (P/Ni = prior to cata]yst prepgratlon. The phosphate precursors were
0.8) and NiP/AL,O; (P/Ni = 2)25 However, the XRD study prepared by impregnation of theAl;O3; support using the pore
on the NP/SIO, and NpP/ALO Catalys,ts indicate that filing method. The chemical composition and catalyst labeling are

o o . 23 %" givenin Table 1. The precursors for Mo and P were NMo;O5

significant NiPs impurities were present at lower P/Ni ratios

: . 4H,0 and (NH),HPOQO,, respectively. The aqueous solution of
in both SiQ- and ALOs-supported catalystS.Contrary to (NH4),HPO, was prepared with variable concentrations in order to

NizP systems, and to the best of our knowledge, there aregpiain selected Mo/P molar ratios in the final catalyst. For the sake
no reports on the effect of P loading on the catalytic of clarity, the prepared MoP/AD; catalysts were denoted as MoP
performance of alumina-supported MoP catalysts. This is Al, wherex is the P/Mo molar ratio. The impregnates were dried
probably because the alumina material has a strong affinityat 393 K and then calcined at 823 K under an air flow. The
for phosphates. Thus, for P-rich catalysts, one might expectprecursor was subsequently ground in a mortar and pestle and sieved
through a 80/100 mesh. To convert the phosphate into phosphide,
(15) Zuzaniuk, V.: Prins, RJ. Catal 2003 219, 85-96, we reduced the catalyst oxide precursors under a hydrogen flow

(16) McCrea, K. R.; Logan, J. W.; Tarbuck, T. L.; Heiser, J. L.; Bussel, (1500 NTP crig™ min~*) by temperature-programmed reduction

2. Experimental Section

M. E. J. Catal.1997, 171, 255-267. to 1123 K (rate 85 K min~1) and then isothermally reduced them
17) |2-(|),8W-; Dhandapani, B.; Oyama, S. Them. Lett.1998 207— at this temperature for 2 h. After reduction, the MoP catalyst was
18) Clafk, P.. Wang, X.; Deck, P.; Oyama, S. . Catal. 2002 210 cooled to room temperature under a He flow. The hydrggen used
256—265. for precursor reduction, and all the inert gases used during sample
(19) ggi”igg(fz- C3 Sawhill, S. J.; Self, R.; Bussell, M. E.Catal 2002 transfer for catalyst characterization were of the highest purity in
7, 73.

(20) Clark, P.; Wang, X.: Oyama, S. J. Catal, 2002 207, 256265 order to prevent pyrophoric oxidation of the synthesized phosphide
(21) Rodriguez, J. A.: Kim, J.-Y.: Hanson, J. C.; Sawhill, S. J.; Bussel, M. Catalysts upon possible contact with parts per million ef O

E. J. Phys. Chem. B003 107, 6276-6285. Two reference Mo8AI Oz and P/AbO; catalysts were prepared

(22) Clark, P. A.; Oyama, S. T. Catal 2003 218 78-87. i i

(23) Oyama, S. T.; Clark, P.; Teixeira da Silva, V. L. S.; Lede, E. J; b}}’ ';[Ahepj'z{ne meth|0d asTthS?\;lbedlabove forl the.%xge preg/ursors
Requejo, F. GJ. Phys. Chem. B001, 105 4961-4966. or Mo 203 catalysts. The MogAl,O; sample wit .9.Wt. o

(24) Wu, Z.; Sun, F.; Wu, W.; Feng, Z.; Liang, C.; Wei, Z.; Li, L.Catal. Mo (henceforth referred to as Mg8l) was prepared by sulfidation
2004 222, 41-52. of the P-free Mo/AJO; catalyst at 673 K fol hin a 15% HS/H,

(25) Sawhill, S. J.; Layman, K. A.; Van Wyk, D. R.; Engelhard, M. H.;

Wang, Ch : Bussell, M. EJ. Catal 2005 231 300-313. flow. The cond?tions of catalyst dryin_g and calcination were the
(26) Oyama, S. T.; Wang, X.; Lee, Y.-K.; Chun, W.4ll. Catal. 2004 same as described above for the oxide precursors of MaB{Al

221, 263-273. catalysts. The alumina-supported phosphorus catalyst (henceforth
@7 ?éggezréézisgﬂ%ez; Haouas, M.; Weber, Th.; PrinsJRCatal.  referred to as P/Al) containing 6.3tv# P was prepared by
(28) Oyama, S. T.; Wang, X.; Lee, Y.-K.; Bando, K.; Requejo, F.JG.  impregnation of alumina material with the aqueous solution of

Catal. 2002 210, 207-.217. (NH,4),HPQ,, followed by catalyst drying, calcination, and further
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reduction with H at conditions described above for MoP/B% 2.2.8. Chemisorbed HVeasured Metal dispersion was deter-
catalysts. mined from the amount of chemisorbed Measured with a pulse
2.2. Catalyst Characterization.2.2.1. N Adsorption-Desorp- method using a Micrometrics 2900 apparatus. Prior to chemisorption

tion Isotherms.Nitrogen adsorptiordesorption isotherms were ~ measurements, the oxide precursor (ca. 50 mg) was reduced in situ

obtained at 77 K on an Autosorb Quantachrome apparatus. Priorin @ H/Ar stream, as described above in the catalyst preparation

to the experiments, the MoP/Al samples were degassed at 543 Ksection, and then cooled in an Ar flow in order to remove

in a vacuum for 5 h. Specific surface ar@g) was calculated by ~ physisorbed hydrogen. Pulses (0.113 mL) of 10%A were

the BET equation applied to the range of relative pressures©.05 injected into a stream of Ar carrier gas (50 mL mfpand contacted

P/P0 < 0.30. Average pore diameter was calculated by applying With the catalyst at room temperature. Metal dispersion was

the Barret-Joyner-Halenda method (BJH) to the adsorption calculated assuming that one Mo atom chemisorbs one hydrogen

branches of the Nsotherms. Cumulative pore volume was obtained atom.

from the isotherms a®@/P° = 0.99. 2.2.9. Catalytic Actity MeasurementsThe HDS of DBT
2.2.2. Temperature-Programmed Reducti®RR profiles were (Aldrich; 99.9%) was carried out in a continuous-flow microreactor

obtained on an ISRI RIG 100 apparatus equipped with a thermal in the vapor phase working at 553 K and hydrogen pressure of 3.4

conductivity detector (TCD). Prior to the analyses, the samples were MPa. First, the oxide precursors were reduced at 1123 R foat

dried with Ar at 393 K fo 4 h and then reduced in flowing gas @ rate 5 K min~* under a hydrogen flow (1500 NTP éng*

containing 10% KA, raising the temperature from 373 K to a min~1). The high heating rate and hydrogen flow rate were used to
final temperature of 1223 K at a rate of 10 K min remove local moisture from the surface of the precuf$Bollowing

pretreatment, the catalyst (50 mg) was placed inside the reactor
under Ar. Subsequently, the temperature and pressure were adjusted
to the chosen reaction conditions. Before reaction, the sulfide;MoS

2.2.3. Nuclear Magnetic Resonan@ne-pulse solid-state nuclear
magnetic resonance (NMR) spectra were obtained under magic
angle spinning (MAS) conditions using a Bruker ASX-300 spec-

trometer with a magnetic field strength of 7.05 T, corresponding 2/03| catalystlwas .alstivaoted b/y in situ sulfidation of theh P-free
to a®P Larmor frequency of 121.4 MHz. The spectra were obtained MO/Al20s catalyst with 15% HS/H, mixture at 673 K for 1 h. To

with a sample spinning rate of 5 kHz. The chemical shifts were COMPare catalyst activity, we performed two sets of experiments.
referenced to a #PQ, solution (85%). Th&’Al MAS NMR spectra On the _one hand, actmt_y tests' were performed keeplng DBT
were obtained operating the spectrometer at 78.3 MHz. The Conversion beloyv 15% (differential reaptlon mode). In this case,
calibrated/2 pulse was s, and the recycle time used was 0.5 s. DBT conc_entratlon in the feed was adjusted for each catalyst (a
The2’Al chemical shifts were referenced using an aqueous solution 08! flow in the range of 610 L h™). On the other hand, the

of AI(NO3); as the external standard. To collect the NMR data from stability of the catalysts was compared employing the same DBT

the reduced samples, they were placed in a glove box under Arconcentra.tion HDBT = 15 kPa) in the. feed. The produch were
and packed in Zr@rotors immediately after preparation. The time analyzed in a gas chromatograph equipped with a flame ionization

for recording one NMR spectrum was 10 min. detector (FID) and a capillary column of 5% phengb5%

2.2.4. X-ray DiffractionX-ray diffractograms for freshly reduced methylpolysnoxane .(I.E.CS), purchased 1”?{“ Alltech. - Diben-
. ; zothiophene HDS activities (mol of DBT.g * s™1) were calculated
MoP samples were recorded on a Siemens D500 diffractometer,
- . o _ from the total product peak areas calculated from the chromatogram
using monochromatic Cu Kradiation ¢ = 0.1541 nm). The K h : o A
. . : after 100 h of reaction time. The specific reaction rates were
radiation was selected with a diffracted beam monochromator. : . .
) i o . i calculated according to the following expression
2.2.5. High-Resolution Transmission Electron Microscadgi
croscope equipped with an ultra-high-resolution pole pigce= ( . _ molar flow rate of DBT _
0.00251 mm, resolution of 0.17 nm). The appropriate software SPeCific reaction rate (DBT conversion)
(GATAN) was used to obtain interplanar distances and particle size.
2.2.6. X-ray Photoelectron Spectroscopie X-ray photoelec- 3. Results and Discussion
tron spectra of the freshly reduced catalysts were recorded with a . . .
VG Escalab 200R spectrometer equipped with a hemispherical A Series of MoP/AJO; catalysts were prepared in th|§
electron analyzer and an Mgok(hv = 1253.6 eV) X-ray source. study.by means of the temperature-programmed redu.ctlon
The freshly ex situ reduced catalysts were kept undetane in of their oxide precursors under hydrogen flow up to a final
order to avoid exposure to air and then introduced into the reduction temperature of 1123 K and were kept at this
preparation chamber. All catalysts were degassedafl@—> mbar temperature for 2 h. A relatively low Mo content (9.9 wt
and then transferred to the ion-pumped analysis chamber, whereos) was employed in order to achieve homogeneous Mo
residual pressure was kept below>7 107 mbar during data  dispersion and taking into account that the catalytic activity
iCqUISIEogéIge t\’/'”‘t’“”g e”er%'?s iEE) x’ere, refefrfe”fedTE’ the C ot those systems was found to be independent of the amount
s peak (284.9 eV) to accoun or the charging eflects. The areas ¢\ ,,p deposited on the alumina surface and independent
of the peaks were computed after fitting of the experimental spectra of the presence of X-rav visible bulk M@
to Gaussian/Lorentzian curves and removal of the background P .y :
The textural properties of such prepared catalysts were

(Shirley function). . . S
2.2.7. Temperature-Programmed Desorption ofsNFhe acid studied by N adsorptior-desorption isotherms at 77 K. All

strength of the oxide catalysts was determined by FRDBls adsorption-desorption isotherms (not shown here) were of
measurementsusing a Micromeritics TPD/TPR 2900 device. Thetype IV of IUPAC classification with a sharp step at
freshly reduced sample (0.05 g) was first degassed in a He flow intermediate relative pressures. The appreciable type H1
(Air Liquide, 99.996%) at 483 K fo1 h and then ammonia-  hysteresis loops indicate the presence of textural mesopores
saturated by a flowing 5% N¥fHe stream at 373 K for 0.5 h. The  and cylindrical pores. The effect of P-concentration on the

physically adsorbed Niwas then removed by treatment in a He  specific catalyst surface area was estimated using the classical
flow for 0.5 h at 353 K. The TPBNH; experiments were

performed by heating the sample at a linear rate of 15 K'Min  (29) wang, A.: Ruan, L.; Teng, Y.; Li, X.; Li, M.; Ren, J.; Wang, Y.; Hu,
from 353 to 1050 K, while recording ammonia desorption by TCD. Y. J. Catal.2005 229, 314-321.

catalyst mass
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Table 2. Textural Properties? Crystallite Size? and Metal Dispersiorf for Freshly Reduced MoP/ALO3 Catalysts
samples Sser (Mg Vie(cmPg™l)  d(nm)  crystallite size (nm)  Huptaké (umol/g.s)  dispersiof(%)  Mo/Al atomic ratid!

MoP.syAl 263 263 8.0 4.2£0.2 315 6.1 0.015
MoPy/Al 215 215 6.7 4101 61.5 115 0.021
MoP)/Al 212 212 6.5 4.9 0.2 37.5 7.2 0.017
MoPy/Al 210 210 5.7 5.0 0.3 24.9 4.8 0.018

a Specific BET surface are&{er), total pore volume\(iota), and pore diameted) as determined by Nadsorptior-desorption isotherms at 77 KAs
determined by HRTEM¢ Chemisorption capacity and metal dispersion as determined by pulse methedtudHisorptiond Mo/Al atomic ratio measured
by XPS.

—=—a) MoP /Al o
30 . —0—b) MoP, /Al N\ B, 3
—A—¢) MoP(z)/AI / AT \
R '
25 —v—d) MoP /Al ) WoP, A | / U\
| \ O
[ \
2.0 / /’,\\ \
B / \ \
‘o . b)MoP /Al | | / \ N
g 1.5 VIR El N /NN
o \ S |c)MoP /A | AV VAR
“E’ / = dN VNS \_
S 1.0 A9 A §, /L \
5 5 / N \
> A /0///v v\ I 8 d) MoP /Al ./// /, \"/\\Nbos \\
05 i v \ [ | / yooz
A \ ’!
R/ VW\-\ ] oA | "o
0.0 el e J N
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Figure 1. BJH pore size distributions, as determined from adsorption branch Temperature [K]

f N2 isotherm, for MoPy-Al talysts i t 1123 K. . ) .
of Nz isotherm, for MoPY-Al0; catalysts reduced a 3 Figure 2. TPR profiles of the oxide precursors.

Brunauer-Emmett-Teller (BET) method. The purg-Al,O3
support shows a specific area of 304 gn' and a total pore blocks the small pore:3

- -
volume of 0.94 crig™". The SPeC'f'C areaer), total pore Because all catalysts show a slightly larger pore dimension
volume ,and average pore diameter of the freshly reduced g 7_g o nm) as compared to average particle sizes derived
MoP/Al,O; catalysts are compiled in Table 2.. As expected, o HRTEM (4.0-5.3 nm), the possible location of some
all catalysts reveal a loweker specific area with respectto eqajic particles within their pore network was estimated

pure support, although their areas still remain high (in the using an equation proposed by Vradman etal.
range 263-210 n? g~Y). This is due to the metal dilution

effect, as well as to the modification of pore opening by NSer =S, (1-y)S
deposition of Mo/P species on the carrier surface. Bath o =T of cataed =T ofsppor

specific area and total pore volume show sirr_1i|a_r trends whereNSer is normalizedSser and the weight fraction of
(MoPgsyAl > MoPu/Al ~ MoP@/Al &~ MoPgyAl), indicat- theguest phases. For all catalysts, the normalized surface area
ing that for the two latter catalysts the excess of P might be cgjcylated from this equation follows the trend MoAl
located on the external catalyst surface. This could also be(g gg) > MoP/Al (0.86) > MoP,yAl (0.84) > MoPuy/Al.
deduced from similaBger values (215-210 n? g?) of the (0.81). Thus, thé\Sser below 1 for the three latter catalysts
MoP/Al and MoRsy/Al) catalysts. reflects some blocking of the alumina pores with the guest

All catalysts show a similar and relatively narrow pore particles located inside them.
distribution. The BJH pore diameter distributions of the  TPRis a powerful tool for studying the reduction behavior
catalysts derived from the adsorption branch of the N of supported phases. Moreover, in some cases, the reduction
adsorption isotherms are displayed in Figure 1. As seen, allprofiles of oxide precursors provide useful information about
synthesized catalysts are mesoporous and their pore diametethe degree of interaction of the supported phase with the
is in the range 5.7#8.0 nm (Table 2). Considering the support. Thus, in order to investigate the reactions involved
average pore diameter values compiled in Table 2, one mightin MoP formation, the oxide precursors were studied by TPR
note that an increase in P loading led to a decrease in thetechnique. The TPR profiles of the synthesized oxide
average pore diameter of the catalysts. One important pointPrecursors are shown in plots a and b in Figure 2. For
is that the catalysts with lowest P content have the sameComparison purposes, the TPR profiles of the P-free Mo/
average pore diameter as that of pure support (8.0 nm),A|203 catalyst and bulk Mo@compound are also included
indicating the location of guest phosphate on the external i this figure. The TPR profile of the bulk Mof{Xisplays
catalyst surface. The Mef/Al sample is unique among the two reduction peaks at 975 and 1114 K (Figure 2f), which
catalysts studied, with bimodal BJH pore distribution indicat- :

30) lwamoto, R.; Grimblot, JAdv. Catal 200Q 44, 417-503.

ing that hlgh P loading decreases the structu_re_ parameter%l) Vradman, L.; Landau, M. V.; Kantorovich, D.; Koltypin, Y.; Gedanken,
(Sser, pore diameter, and total pore volume). This is probably A. Microporous Mesoporous Mate2005 79, 307-318.

because the P species located on the external catalyst surface
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Scheme 1. Plausible Representation of Active Phase

Formation for Low-P-Content Catalysts, as Described byd 213 ppm '1\F"Pm Sppm
Reduction Process (from TPR) MoP /Al /
Q
HO,,_HL!/OH HO ”/DH

|
!
Q

WULTTY
-23 ppm
™ ALo; T MoP, /A

A J

8 Process at ~890-1270K

Scheme 2. Plausible Representation of Active Phase
Formation for P-Rich Catalysts, as Described byd
Reduction Process (from TPR)

500 400 300 200 100 O -100 -200

AIPOA WO | ,0,‘_!1/0-1 &pm

Figure 3. 27Al MAS NMR spectra of the MoB/-Al ;03 catalysts reduced
at 1123 K.

ALOG
size than the P-poor ones £50.3 nm vs 4.1+ 0.1 nm). On
> the basis of the’Al MAS NMR results discussed below,
6 Process at ~890-1270K this is probably due to a drop in the metalupport
interaction linked with the presence of AlpPhase on the
correspond to the two-step Mg@hase reduction (Mo gyrface of P-rich catalysts. Accordingly, one might assume
— MoO, — Mo").? For the P-free Mo/AlOs sample (Figure  that the AIPQ phase is located between Mo and the carrier
2e), those two reduction steps occur at much lower temper-j, MoPgy/Al and MoR/Al samples promoting crystal
atures (808 and 929 K, respectively), indicating the eaSiergrowth, as outlined in Scheme 2, whereas the surface of

reduction of MoQ species when supported on alumina with - catalysts with low P content have MoP and polyphosphate
respect to unsupported ones. Regardless of P content, th%hases.

TPR profiles of all oxide precursors show three peaks at ca.
800, 930, and 1098 K, which will be labeled henceforth as
o, 3, ando, respectively. For the samples with low P content

(parts a and b in Figure 2), the TPR profiles show well- . X
resolveda andd peaks and the absencefpeak. Contrary techniques. Flgurg 3 shows thP MAS NMB spec.tra of
the catalysts obtained at the same sample’s rotation speed.

to those catalysts, the sample with largest P contents (parts

¢ and d in Figure 2) showed a well-resolvggeak and its ﬁi/l;een Int thi_flglure,dand |rrespect|\|/ely ofttP cor_1rtr<]a_nt,_ all
intensity increases with increasing P content. TPR results Spectra displayed a very complex pattern. This is a

showed that reduction processes were a function of the pconsequence of the cons_iderable anisotropy surround.ing the
content. Probably in Mo-rich samples, the reduction to MoP P atom. For the phosphides, the measured NMR shift is a

phase proceeded by direct reduction of Mo and/or phosphateémight shift resulting from the interaction of P nuclei with

species, and in P-rich samples, reduction proceeded bythe conduction electron of the sofidn this study 3P MAS

reduction of AIPO phase and then the reduction of Mo and NMR spectrq of_all sgmples showed one isotropic pealf at
P species for produce MoP phase. 213 ppm, which is attributed to the molybdenum phosphide

Because all catalysts studied here show good active phas®@se, and it is similar to th#P NMR signal reported
dispersion, one might suppose that MO—Al linkages are  Previously for MoP/Si@ catalysts?”
developed. However, this is hardly possible considering the The 3P NMR spectra showed that the MoP phase was
EXAFS study performed by Oyama et?bn in situ reduced  effectively formed on alumina support; no resonances for
(1123 K) MoP/ALO; catalysts. For catalysts with high and other phosphides, such as MpRIoP;, MosP, Ma,Ps, MogPs,
low P content, the plausible representations of MoP phaseetc., were detected. Several other peaks locateelat-8,
formation byd reduction process (reduction in temperature —23, and—27 ppm are characteristic resonances for phos-
range 896-1270 K) are shown in Schemes 1 and 2, phate species. Monophosphates were identified on lower-P-
respectively. For the MqRsyAl and MoRsy/Al catalysts, the ~ content samples (MqgsyAl and MoR;y/Al). Monophos-
MoPQ, phases are reduced to MoP, and some P atomsphates could be an unreactive phase in HDS reaction. The
present on the catalyst surface as monophosphate speciegresence of phosphates indicates that samples were exposed
surround the MoP particles (Scheme 1). On the other hand,to parts per million of @regardless of the fact that a glove
for MoP)/Al and MoRsy/Al catalysts, some AlPQspecies box with Ar was used for protecting the catalyst during its
and polyphosphates surrounding MoP particles are expectedransfer from the pretreatment reactor to Zr@tors.
after reduction in the temperature range of 83270 K However, pyrophoric sample oxidation was minimal as no
(Scheme 2). Comparing the crystallite sizes summarized in phosphide peaks were observed for samples reduced at 1123
Table 2, the P-rich catalysts show a slightly larger crystallite K and then passivated (spectra not shown here). Thus,

To identify the phases formed and study the structure and
bonding in the materials, we studied the freshly reduced
alumina-supported MoP catalysts 8 ancd?’Al MAS NMR
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Figure 4. Powder X-ray diffraction patterns of the reduced Mp®,03
catalysts. 10 20 30 40 50 60 70

oxidation of phosphides into phosphate might well take place 2Theta (°)
along the transfer step. The catalysts with high P content Figure 5. 3P MAS NMR spectra of the MoRfAl20; catalysts reduced
show the phosphate signal shifted to stronger field23 at1123k.
and —27 ppm).

In close agreement with other studiég3the AIPQ, phase
was detected b§*P and?’Al MAS NMR on the surface of
the P-rich catalysts (MQRYAl and MoRs/Al). The formation
of AIPO,4 and polyphosphates in P-loaded alumina has been
reported previously® Figure 4 shows?’Al MAS NMR
spectra of the catalysts together with those of bare alumina.
All spectra show resonances for tetrahedral and octahedral
aluminum ions.2’Al MAS NMR spectra for the catalysts
with lower P content exhibited the same pattern as that of
pure alumina. The tetrahedral and octahedral peaks @Al
are located at-65 and~ 6 ppm, respectively? For the
catalysts with higher P content, tA&l spectra show a shift
of the octahedral resonance -a# ppm. Additionally, the S : d))
#’Al NMR spectrum of the MoRyAl sa_mp]e V\_”th largest P Figure 6. Micrograph of the MoRyAl sample reduced at 1123 K. (a, b)
content shows one peak at 40 ppm, indicating the presencesright-field and (c, d) filtering P signal (132 eV). Inset of b is the diffraction
of AIPO, phase with tetrahedral coordination of its Al-atom. pattern of MoP phase ([103] plane).
Finally, additionaP’Al and 3P NMR spectra reveal that the
P/Al sample reduced at temperatures below 1123 K has the
characteristic peaks of the AIR@hase (spectra not shown
here). These results suggest that the AlpGase formed
upon calcination remains on the catalyst surface after oxide

%E%”S?]r reducuc:jn tat tlﬁZShK' I;or thte F;/AI sa;ngl;&f:; ployed in order to estimate the crystallite sizes and evidence
4 phase was detected when = content was ot ©. % the formation of MoP, respectively, aftereduction of

whereas for MoP/Al catalysts, this phase was detected Whenthe oxide precursors at 1123 K. For all catalysts, HRTEM
. 0 . . H

P.f[:r?nttﬁm yrvgsémghe:ttha(\jr] 6.7 wt d/o 'Lhus, 'ntﬁlosNel\ngreimsmmicrographs (not shown here) display very well dispersed

with the results discussed above, the SUAY particles with a globular shape. This globular form of the

suggests the inhibition of the AlR@hase formation when articles is a well-known feature of metal phosphides, as

both Mo and P species are present on the surface of calcine(feported previously for MoP/SiOcatalysts® The main
catalyst. )

) ) particle sizes, as calculated from particle size distribution
The MoP catalysts were studied by XRD in order to

. ) , .~ _(not shown here) obtained from TEM images, are sum-
identify crysta_\l phases formed after oxide precursor reduction marized in Table 2. As indicated in this table, the mean
at 1123 K. Figure 5 ShOWS. the XRD_patte_rns of the MoP/ particle sizes of all catalysts were in the range-6(B nm.
Al20; catalysts, showed v_wth_m the diffraction angle range * ¢ energy-filtered transmission electron microscopy
20 = 5—80°. As seen in this figure, the XRD patterns of all

| icallv th d simil hat of b (EFTEM) technique was used for studying the NigRI
catalysts are practically the same and similar to that o aresample with the largest P-content (9.6 wt %). Figure-6a

5 cuehon M- Riool M- A o r g shows several micrographs of this catalyst; bright-field
(32) 8#‘?‘%1%&’0% J%‘f?wtgtnér_ éhelr%%gég S zrgg{%%ﬁé' » FEMandez, images (images a and b in Figure 6) are compared with those
(33) Yang, S.; Liang, C.; Prins, R. Catal.200§ 237, 118-130. of the dark-field image (images c and d in Figure 6), filtering

alumina. Thus, the X-ray measurements indicate that the
phases formed were amorphous or their size was below the
detection limit of the X-ray instrument (ca. 4 nm). Thus,
the HRTEM and electron diffraction techniques were em-




Al,Oz-Supported Nanostructured Md?hosphide Systems Chem. Mater., Vol. 19, No. 23, 26633

Mo 3d Mo energy of 134.0 eV, indicative of surface POspecieg?3536
These BE values are much lower than those of 135.2 eV
corresponding to the .Ps phase®* indicating that the
phosphorus species are strongly interacted with the alumina
support. Thus, considering combined NMR and XPS results,
it is more likely that the MoP phase is covered by a
phosphide layer. Finally, the XPS technique proved that
P-loading influenced the Mo species surface exposure.
Considering the Mo/Al atomic ratio (Table 2), the surface
exposure of Mo species follows the trend: MgRl >
MOP(3)/A| ~ MOP(Z)/AI > MOP(0,5)/A|.

The presence of both Lewis and Brgnsted acid sites on
y-Al,03 has been reported.In addition, one might expect
an increase in acidity upon phosphorus addition to alutfina

BE (eV) and upon high-temperature pretreatmi@&i,species induced
. acidity by contacting with alumina surface, even if they are

Figure 7. Mo 3d core level spectra of the freshly reduced MgRl . .

catalyst. not always highly acidic by themselves. Thus, to compare

catalyst acidity, we carried out the TRINH3; study on the

P signal at 132 eV). We can observe that strong contrastsamples reduced in situ at 1123 K; the results are shown in
points in the bright-field image (Figure 6a) correspond to Figure 8 a and the representative deconvolution of the FPD
bright points in the dark-field image (Figure 6c). One might NHj profile of the MoRyy/Al sample in Figure 8b. Consider-
reach the same conclusion by comparing images b and d ining that the final surface acidity of the catalyst depends on
Figure 6. This observation indicates that P-atoms are presenthe evolution of the metalsupport interaction during the

counts per second (au)

225 230 235 240

in the close vicinity of Mo atoms. Indee#P MAS NMR reduction step? catalyst acidity was evaluated for the freshly
results showed that some P atoms on the M@ sample reduced catalysts. As seen in Figure 8, the FMMs

are present forming molybdenum phosphide phase, and somgyrofiles of all Mo phosphide catalysts are similar. The total
P is present as phosphate. acidity of the samples, calculated as the sum of the weak,

It is well-known that the surface exposure of the metal medium, and strong acid sites obtained after fitting of the
species depends, in part, on metalipport interaction. On  experimental curves by Gaussian deconvolution (not shown
the basis of TPR results, a strong metalumina support  here), are listed in Table 3. Total acidity of catalysts follows
interaction appears to have developed. This was alsothe trend MoRyAl > MoPg/Al > MoPygs/Al > MoPuy
confirmed by the XPS technique, which provides useful Al. As expected, both Ma@/Al and MoRsyAl catalysts
information about the chemical state of the elements and theirshow larger total acidity than the Mg@RyAl and MoR;yAl
surface exposure after precursor reduction at 1123 K. As ancatalysts. For the phosphate-containing catalysts, it was
example, the Mo 3d core-level spectra of the MgRI reported that P loading on alumina leads to an increase in
sample are shown in Figure 7. As seen in this figure, peak the number of Brensted acid sites, whereas the amount of
deconvolution reveals three doublets, indicating the presencel_ewis acid sites remains almost unchanéfethis is because
of Mo®*, Mo**, and Md"* species. The most intense Mo at low concentration, phosphoric acid forms=(@®—Al),
3dk2 peak of the first doublet located at 232.8 eV indicates bonds with the OH groups on the alumina surface, but only
the presence of Mo species, whereas the Maadcompo-  single P(OH)—O—Al occurs at high concentration, and
nent of the second doublet at 230.2 eV lies in the range hence the Brgnsted acidity of the catalyst increases. There-
reported by others for Mo species. Finally, the Mo3gd fore, for the P-rich catalysts with phosphate species on the
component of the third doublet with BE at 229.6 eV is surface, the increase in acidity is due to the formation of
indicative of Md"* species” Our XPS study is therefore  P(OH)—O—Al bonds or even to free OP(OH)entities

consistent with that reported by Phillips et&for the MoP/interacting with the alumina surface via H-bonding. In
SiO; system. In their study, a binding energy of 228.4 eV agreement with the literatuféwe found that the incorpora-
was assigned to a CUS Nlo surface site (0< ¢ < 4) tion of phosphorus iy-Al,Os reduces the number of strong

species. Similarly, the IR spectroscopy study of MoP/SiO acid sites and increases the number of medium strength acid

catalysts by CO probing demonstrated the presence of CUSsites. For example, the number of strong acid sites for MoP
Mo+ surface sites (3 0 < 5) after precursor reduction at

923 K24 Thus, although MoP is considered to have a metallic (35) okamoto, Y.; Nitta, Y.: Imanaka, T.; Teranishi, Catal 198Q 64,

character, ® our XPS study on MoP/Al catalysts indicate 397-404.

that the Mo atoms in the molybdenum phosphide phase are(36) %‘fi”;ﬁ"l’géf Fukino, K.; imanaka, T.; Teranishi, 5 Catal 1982

positively charged due to the charge transfer from Mo to (37) Zhang, W.; Smirniotis, P. GAppl. Catal., A1998 168 113-130.
the electronegative P atoms. A similar conclusion was (38 2hen, ¥.i Stib. S.L.; Deeba, M. Koermer, GJSCatal 1994 146
advanced by Wu et &f.from their IR study on MoP/Si® (39) Scheffer, B.; Molhoek, P.; Moulijn, J. Appl. Catal.1989 46, 11—
catalysts, as the P 2p region shows a peak with a binding, 30
(40) Fitz, C. W.; Rase, H. And. Eng. Chem. Prod. Res. Del983 22,
4044,
(34) Briggs, D.; Seah, M. P., Eds. Practical Surface Analysis. Auger (41) Stanislaus, A.; Absi-Halabi, M.; Al-Dolama, KAppl. Catal 1988
and X-ray Photoelectron Spectroscoiley: New York, 1990. 39, 239-253.
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Figure 8. TPD—NHjs profiles of (a) the freshly reduced MgRAI,O3 catalysts and (b) the representative deconvolution of the-Ti®B; profile of the

MoP 1Al sample.

Table 3. Acid Sites Concentration for Freshly Reduced Catalysts

acid site concentration (mmol of Ngjcat %)

sample weak<500 K medium 506-650 K strong>650 total
MoP syAl 0.05 0.40 0.14 0.59
MoPy/Al 0.08 0.27 0.22 0.57
MoPy/Al 0.06 0.48 0.15 0.69
MoPgyAl 0.06 0.39 0.17 0.62

a2 As deduced from amount of desorbed ammonia determined by TPD
of NHs. Adsorption of ammonia was performed at 353 K.
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Figure 9. Comparison of the reaction rates after 100 h on-stream for MoP/
y-Al,05 catalysts. For each catalyst, the DBT concentration in the feed

was adjusted to obtain DBT conversion below 15%; 553 K andPy, =
3.4 MPa.

Al and MoRz/Al catalysts were 0.22 and 0.17 mmol NH
Ocat %, respectively.

phosphide MoRyAl and MoR1.1yAl catalysts reveal the
largest HDS activities among the catalysts studied. As the
CUS sites are considered to be active sites in the HDS
reaction®* the presence of low valence state Mo detected
by XPS technique for those catalysts might explain their high
HDS activity. For the catalysts with initial P/Mo ratio higher
than 1.1, HDS activity decreased to a P/Mo ratio of 2, which
corresponds to 6.7 wt % P. A further increase in the P-content
from 6.7 to 9.6 wt % had no subsequent effect on catalytic
activity. Thus, the HDS activity of MoR£AI, O3 catalysts

in this study depends heavily on the P/Mo ratio being the
optimal P/Mo ratio close to stoichiometric quantities. On the
other hand, the marginal effect of P loading on the HDS
activity of a model distillate feed over PR/SIQ; systems
was reported by Oyama et4IThis difference is most likely
due to a mixture of DBT, quinoline, benzofuran, and tetralin
used by these authors; the N-containing compounds are
known to inhibit the HDS reaction. Indeed, in the absence
of competitive adsorption of nitrogen compounds on the
active sites, the thiophene HDS activity of theMIAlI O3

and NjR,/SiO, systems was found to depend largely on the
P/Ni molar ratio of the oxidic precursors with optimal
activities achieved for catalysts containing pureMNand
minimal excess of P In close agreement with other
studies'>?2 all MoP catalysts show larger activity than the
sulfide MoS/Al,Os reference sample (Figure 9). The most
active MoRyy/Al sample was therefore doubly more so than
the Mo$S catalyst with the same Mo loading. The larger
activity of MoP catalysts with respect to the M@&l,0;
sample can be explained by considering that the globular

The catalytic response of the synthesized materials wasStructure of the MoP phase might offer a larger density of

verified in the gas-phase HDS reaction of DBT. P/Al catalyst

was not active in the HDS reaction (data not shown here).

active sites than the layered structure of the Mplsase, as
proposed by Oyama et &l.

The steady-state reaction rates of the MoP catalysts vs P The MoP was the major phase detected on the low-P-

content are compared in Figure 9 with that of the sulfided
Mo/Al,O; reference catalyst. Activity data were obtained by
keeping DBT conversion below 15%. As seen in Figure 9,
the activity of MoP catalysts went through a maximum with
initial P content between 3 and 4 wt %. Thus, the mono-

loading MoP/AbO; catalysts. Thermodynamically, the MoP

phase is the most stable phosphide under the reduction
conditions used here (hydrogen pressure of 3.1 MPa) and
no P excess was necessary to yield MoP with a few
phosphate species. Considering the EFTEM study (Figure
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6), the activity decay of P-rich catalysts with respect to that =~ Scheme 3. Reaction Scheme for the HDS of DBT over

with a P/Mo ratio close to 1 is because the polyphosphates Mo—P/y-Al;O; Catalyst
or AIPO, phases might block the MoP patrticles, as shown DDS @)
in Scheme 2. This is consistent with the study by Oyama et f//” O;C m‘

al. 22 who observed that an excess of phosphorus lowers the{ )

OO LTTO
HDS activity of NpP catalysts by blocking active sites. From i \ T O_O

DBT CHB

the 3P MAS NMR study, the decrease in activity of the HYD m 7 captd
P-rich samples comes from the formation of polyphosphates g
and AIPQ phase on the support surface. On the other hand,
the low activity of MoRysyAl, Moge/Al, MoP 7s/Al
catalysts originated from a low density of MoP surface sites product distribution obtained at the same DBT conversion
associated with a low P loading. The surface exposure of of 15%. On the basis of the experimental data, we derived
Mo species (Table 2) follows the same trend as catalytic the formal reaction network given in Scheme 3 for the HDS
activity data (Figure 9), indicating that the HDS reaction of of DBT over MoP and Mog catalysts. As seen in this
DBT occurs on the active phases located on the supportscheme, the DBT compound is readily transformed by
surface. parallel DDS and HYD reaction pathways into biphenyl (BP)
Hydrogen adsorption experiments were conducted to and cyclohexylbenzene (CHB), respectively. The latter is
compare the RHuptake capacity of catalysts. Considering that formed by the hydrogenation of one aromatic ring of DBT,
alumina can adsorb hydrogen only after heating to 703 K in followed by C-S bond cleavage of the THDBT. We were
H, for several houré?~%5 hydrogen adsorption on the support able to detect THDBT because the reaction temperature was
at 298 K is negligible. Hydrogen-uptake capacity and metal thermodynamically far from its critical temperature when its
dispersion calculated from them are compiled in Table 2. formation became difficult (553 K vs 603 K}.As inferred
As seen in this table, bothHhemisorption capacity and  from the low selectivity toward CHB (14%) and the absence
metal dispersion data generally follow the same trend as thoseof dicyclohexyl (DCH) formation, all catalysts show a lower
of reaction rate: MoRyAl > MoPyyAl ~ MoPqsyAl ~ capacity for hydrogenation than for-¢S bond scission.
MoPgyAl. The critical role of metat-hydrogen bond forma-  Considering HRTEM results (Table 2), the possible explana-
tion in different hydrotreating reactions over MoP/B} tion for the similar selectivity of all MoP/Al catalysts
catalysts was proven by Muetterties and S&uEnus, the involves their similar morphology. The similar hydrogenation
H, chemisorption capacity of the phases formed after properties of all catalysts (including molybdenum sulfide
precursor reduction at 1123 K seems to be the most importantcatalyst) precluded the possibility of an acid-catalyzed
feature determining the HDS activity of the catalysts. The reaction mechanism. In such a reaction mechanism, it is

THDBT

low H; uptake achieved by MaqgsyAl, MoPyAl, and assumed that after hydrogen becomes dissociated at the metal
MoPy/Al catalysts might explain their lower activity with  site, the H atom spills over from the metal to the compounds
respect to the Mofd/Al sample (Figure 9). The Hchemi- strongly adsorbed on the acid site located in the close vicinity

sorption data reported here for the alumina-supported MoP of the hydrogenation site®8.Indeed, the electronic effect in
catalysts enabled us to calculate turnover frequencies (TOF)the HDS of DBT reaction, which could be induced by acid
Considering TOF values, the intrinsic activity of the catalysts sites, has been reported to take place to a very low
follows the trend: MoRyAl (2.24 x 1075 s™%) > MoPg)/ extent?2 444748
Al (2.16 x 10° s!) > Mop/Al (1.44 x 10°s?h) ~ Long-term experiments (100 h on-stream) were performed
MoPsfAl (1.39 x 107° s™). Assuming that the H atoms  to study catalyst stability. The time on-stream behavior of
are transferred to the adsorbed S-containing molecule onceg|| catalysts is shown in Figure 10. As seen in this figure,
they are activated under reaction conditions, it appearsall MoP catalysts show good stability during 100 h of on-
evident that such transfer is partly inhibited in the MgP  stream reaction. The absence of catalyst deactivation was
Al sample. This is due to the presence of the AIRbase  observed previously for MoP catalysfiowever, contrary
on the catalyst surface, and hence the reaction rate decreasasg literature reports? the activity of the sulfide MoBAI,Os
although its TOF value is closer to that of the most active catalyst did not decrease with time on-stream up to 100 h
MoPuyAl sample. From these results, it appears possible to (Figure 10). Apparently, S-poisoning of CUS sites does not
tune P content to maximize HDS activity. occur. This could be explained by considering the dual effect
For all the catalysts studied, the main product of HDS of H,S as promoter and inhibitor for HDS of DB Farag
reaction over MoP/AlO; catalysts was biphenyl (ca. 85%). et al*® observed that k& might simultaneously promote
Other minor products were cyclohexylbenzene (ca. 14%) andhydrogenation activity, which leads to an increase in overall
1,2,3,4-tetrahydrohydrodibenzothiophene (THDBT) (ca. 1%). activity, and inhibit the direct desulfurization route of the
Thus, regardless of P content, all the catalysts show the saméiDS of DBT reaction. However, further study is needed to

(42) Riseman, S. M.; Bandyopadhyay, S.; Massoth, F. E.; Eyring, E. M. (46) Farag, H.; Whitehurst, D. D.; Sakanishi, K.; MochidaCatal. Today

Appl. Catal.1985 16, 29-37. 1999 50, 49-56.
(43) Topsge, N.-Y.; Topsge, H.; Massoth, FJECatal.1989 119, 252— (47) Castén, P.; Pawelec, B.; Fierro, J. L. G.; Arandes, J. M.; Bilbao, J.
255. Fuel 2007, in press.
(44) Topswge, N.-Y.; Topsge,.H. Catal 1993 139 641-651. (48) Kurhinem, M.; Pakkanen, T. AAppl. Catal., A200Q 192 97—103.
(45) Conner, W. C.; Pajonk G. M.; Teichner S.Atlv. Catal. 1986 34, (49) Farag, H.; Sakanishi, K.; Kouzu, M.; Matsumura, A.; Sugimoto, Y.;

1-79. Saito, I.Catal. Commun2003 4, 321—326.
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14 acidity was observed. This suggests that CUS sites may play
a greater role than Brgnsted acidity during DBT transfor-

13 mation50-52

12 4. Conclusions

(i) The formation of the MoP phase after precursor
reduction at 1123 K was confirmed by NMR, XPS, and
HRTEM. These MoP phases with a well-defined globular
crystalline structure were uniformly distributed on the surface
of the mesoporous alumina (HRTEM, XPS}P MAS—
NMR studies pointed to the inhibition of AlIRPOphase

1 &

10

DBT conversion (%)

el formation when stoichiometric amounts of Mo and P species
0 20 40 60 s 100 120 are present on the catalyst surface.
Time on-stream (h) (ii) The largest HDS activity was found for MoP(1)/Al

Figure 10. Time on-stream behavior of the MgPRAI 205 catalysts in HDS and MoP(1.1)/Al in which the P/Mo molar ratio approaches
of DBT at 553 K andPy, = 3.4 MPa. the stoichiometric one. Irrespective of P-content, the MoP
catalysts showed higher HDS activity than the sulfided MoS
Al,O3 sample with the same Mo loading. The HDS of DBT
over all catalysts proceeds via the direct desulfurization
(DDS) and hydrogenation (HYD) pathways, with the former
being the main reaction route. The similar selectivity of
molybdenum phosphide catalysts and the molybdenum
sulfide one, as well as their high catalyst stability during
100 h of on-stream operation, indicate that both MoP and
MoS,; are active phases in the HDS of DBT reaction over
MoP/y-Al,05 catalysts.

. . - . (iii) The globular morphology of the MoP phase, which
mixture. The unique activity of MoP catalysts in hydrotreat- displays a high biadsorption capability, is found to be an

ing reactions was explained previously by Stinner é¢ ak . - s
being due to the simultaneous presence of both P and S atomgmportant feature determining the HDS activity of the

on the surface of catalysts. Moreover, it was reported that catalysts.

phosphate ions had a very significant effect on improving

the thermal stabill!ty oﬁ/—alumilnauthh regard to sintering CSIC Spain and DEGEP, CONACYT, ‘Mo, for financial

and phase transition t-alumina support. The Spanish Ministry of Science and Technology is
In short, this study has shown that molybdenum phosphide iso acknowledged for funding the PPQ2002-11841-E project.

catalysts are more effective for the removal of sulfur during Thanks are due to Prof. T. Halachev for valuable comments

the desulfurization of DBT than a Me&\l ,0O3 catalyst with and suggestions. The authors are grateful to Eric Flores by the

the same Mo loading. In line with our previous study on valuable technical assistance.

sulfide CoMo catalyst®] the absence of correlation between  ~y0718141

the activity of molybdenum phosphide catalysts and their

clarify the absence of deactivation of the M6& sample
under the reaction conditions used.

In this study, the absence of deactivation and similar
selectivity in the HDS of DBT reaction of MoP/AD; and
MoS,/Al,O5 catalysts indicate the simultaneous presence of
both MoP and Mogphases during on-stream operation. The
MoS; species might be formed from MoP phase during the
HDS reaction>?* Indeed, the IR study of adsorbed CO
performed by Wu et & confirmed the sulfidation of the
surface of MoP/Si@ catalysts treated under a,$lH,
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