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Abstract

Silica-supported binary and ternary phosphides, MoPJSND,P/Si0,, and Ni-Mo—-P/Si@ have been prepared and characterized by
X-ray diffraction (XRD), BET surface area, CO chemisorption, traission electron microscopy (TEM), and infrared spectroscopy (IR).
The hydrodesulfurization (HDS) activitie$ dibenzothiophene (DBT) were measured and compared at 593 K and 3.0 MPa for MgP/SiO
NioP/Si0y, and Ni-Mo—P/Si@ catalysts with different Mo and Ni loadingsh& activities of the phosphides follow the ordepRISIO, >
Ni-Mo—P/SiQ > MoP/SiG,. The Ni sites in the Ni-Mo—P/Si®catalysts play a major role in the conversion of DBT, and the activity of
the catalysts increases with increasing Ni content. This is different fulfides, nitrides, and carbides, res synergetic effect is observed
between the phosphided Ni and the Mo atoms. The surface of these plesplalysts is partially sulfided forming a surface phosphosulfide
phase, while the bulk structure of the phosphides is maintained in the HDS reactions.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction investigation of new compositions such as carbides, nitrides,
materials contaiing noble metals, and zeolitf%s-12]. Tran-
Interest in the development of novel catalysts for hy- sition metal phosphides have recently been reported as a
drodesulfurization has been spurred by the need to meetnew class of high activity hydroprocessing catalysts that
stringent environmental regulations that have recently beenhave substantial promise as next-generation catalysts. They
enacted throughout the wor[d,2]. Typical hydrodesulfur-  are regarded as a group of stable, sulfur-resistant, metallic
ization catalysts are alumina-supported sulfides of molybde-compounds that have exceptional hydroprocessing proper-
num or tungsten with either nickel or cobalt “promotg3;4] ties [2,13]. Several articles havescently appeared in the
and often contain phosphorus as a secondary prorfm&ir literature describing the HDfroperties of metal phosphide
These conventional catalysts are active in converting thio- catalyst§14—25]
phene and benzothiophenes, but not active enough to desul- In this paper, various binary transition metal phos-
furize the most refractory sulfur-containing polyaromatic phides, such as MoP/Sj@nd NbP/SiQ, were prepared by
compoundg7,8]. This has led to a worldwide search for temperature-programmed reduction. Nickel is an effective
better catalysts for hydrodesulfurization. Current approachespromoter in sulfided Ma/-Al ;03 catalysts for hydrodesul-
include the improvement of existing sulfide catalysts and the furization. In order to determine whether Ni has a similar
effect on phosphides as in sulfides in HDS reactions, the
msponding author. Fax: +86 411 4694447. ternary.phosphldes, S|I.|csupporteq| nickel mObeden.um
E-mail addresscanli@dicp.ac.crfC. Li). phosphide (Ni-Mo—P/Sig) with various loadings of NiO
URL: http://www.canli.dicp.ac.cn and MoQ, were also prepared. The DBT HDS activities
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were measured and compared for MoP/Si®ioP/SiGy, spectively. The silica-supported catalysts were prepared as

and Ni-Mo-P/SiQ catalysts with various Ni and Mo con-  described above for unsupported NiMoP catalysts.

tents. It is found that the MP/SiQ; catalyst has the highest

DBT conversion and no synergetic effect is observed be- 2.2. Characterization

tween phosphided Ni and Mo for the Ni-Mo—P/Si€ata-

lysts. The XRD patterns of the passivated sample were taken
In order to gain insight into the nature of the phosphide on a Regaku Rotaflex (Ru-200b) powder X-ray diffractome-

catalysts under HDS conditions, the surface sites of reducedter with a Cu-Kx radiation ¢. = 1.5418 A). The morphology

and sulfided MoP/Sig Ni»P/SiG, and Ni-Mo—-P/SiQ cat- and the particle size of the samples were studied by transmis-

alysts were studied by IR spectroscopy using CO as thesion electron microscopy (TEM) in a JEM-2000EX operat-

probe molecule. The IR results indicate that the surface ing at 100 kV. BET surface area and average pore diameter

of these phosphide catalysts is partially sulfided while the of the samples were determined at liquid nitrogen temper-

structure of the phosphides istained under HDS reaction —ature on a Micrometritics ASAP-2000 system by nitrogen

conditions. The evolved surface sites show some differencesadsorption at 77 K with a static measurement mode. The

from those of sulfided Mo or sulfided Ni. It also suggests that chemisorption of CO was measured by a flow technique us-

Ni species more easily expose at the surface of the NiMoP ing a pulse (100 pl) of CO in a He stream (100/min).

particles. Metallic Ni plays a promoter role in the sulfida- Usually, 0.1 g of a passivated sample was loaded into a

tion of Mo in the catalyst. The working MP/SiO, cata- quartz reactor and pretreated iy it 773 K for 2 h. Af-

lyst surface may be a nickel phosphosulfide (i.e., )P ter being cooled in He, a pulse of CO in a He carrier flowing

phase. This unique surface constitution of N8P is sup-  Wwas injected at 280 K through a sampling valve.

posed to be responsible for the excellent HDS activity of

the NiP/SiQ, catalyst. The reactivity and spectroscopic re- 2.3. Catalytic activity

sults suggest that phosphides, especially nickel phosphide,

are potentially promising materials for hydrodesulfurization ~ The catalytic activities were measured in a flowing fixed-
reactions. bed reactor. The feedstock.b wt% dibenzothiophene in

decalin) was introduced by a liquid feedstock pump. The re-
actor was operated at 3.0 MPa, 593 K, a WHSV (weight
hourly space velocity) of 12 tt, and a H flow rate of

60 ml/min. Temperature was monitored by a movable ther-
mocouple mounted axially aloriipe length of the reactor.
The passivated phosphide catalyst was reduced in the reac-
tor in flowing Hx from room temperature to 773 Kin 0.7 h
and kept at this temperature for 2 h before changing to reac-
tion temperature. The HDS reaction was sampled every 1 h
and was analyzed by a gas chromatograph equipped with a
flame ionization detector and a 30-m-long capillary column
(HP-1).

2. Experimental
2.1. Catalyst preparation

The syntheses of bulk and silica-supported MoP anNi
have been described in the literat{t®,24] The details for
the synthesis of nickel molybdenum phosphides are given
below.

2.1.1. Bulk NiMoP

An aqueous solution of (NFeM07024e¢4H,O and 2.4. IR studies
(NH4)2HPO, (Mo/P = 1) was mixed with an aqueous solu-
tion of Ni(NO3)2e6H20 (Ni/Mo = 1); a few drops of nitric Each of the passivated phosphide (MoP/Si®00s,
acid were added in order to dissolve the precipitate. After 15 Wt%), NP/SiQ (NiO, 15 wt%), and Ni-Mo—P/Si@
evaporation of the water, the obtained solid was calcined (Nj/Mo = 0.3, 1.0, and 1.9, Mo§) 15 wt%; NiO, 2.3, 7.8,
in air at 773 K for 4 h and subsequently reduced from room and 15 wt%), respectively) s@les and mechanical mix-
temperature (RT) to 573 K at arate of 3idin and from 573 tyres of MoP/Si@ (MoOs, 15 wt%) and NiP/SiO, (NiO,
to 973 K at a rate of 1 Kmin in flowing Hz (300 ml/min). 15 wt%, Ni/Mo= 0.3, 1.0, and 1.9) were pressed into a self-
The sample was kept at 973 K for another 2 h, followed by supporting wafer (ca. 15 nignm?) and put into a quartz IR
cooling to RT under helium flow (30 miin), and then pas-  cell with CaF windows. The details of the IR experiments

sivated at RT in a stream of 1%®e (30 m/min). have already been published previoufd]. The catalyst
sample was either reduced or sulfided in situ. The sample
2.1.2. Ni-Mo-P/Si@ was reduced in flowing F(200 ml/min) at 873 K for 2 h or

Ni-Mo—P/SiQ catalysts were prepared with different pretreated with a mixture of thiophene/IdL0/100 Torr) at
MoOs3 and NiO loadings. When the loading of Mg@as 593 K for 1 h or in a flow of 10 mol% kS/H, (60 ml/min)
15 wt%, the loadings of NiO were 2.3, 4.7, 7.8, 9.3, and at 593 K for 1 h and then evacuated at 773 K for 20 min.
15 wt%, respectively. When the loading of NiO was 15 wt%, As the sample was cooled down to RT, 15 Torr of CO was
the loadings of Mo@were 2.0, 5.0, 7.0, 10, and 15 wt%, re- introduced into the IR cell.
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Allinfrared spectra were collected on a Fourier transform
infrared spectrometer (Nicolet Impact 410) with a resolution
of 4 cm~! and 64 scans in the region 4000-1000¢nAll
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ings, although no NiMoP cryaliites can be observed on the
support.

the spectra were obtained at RT in transmission mode after3.2. TEM

the sample was outgassed to high vacuunt ?Ibrr).

3. Resaults
3.1. XRD data

For supported MoP/Si§) NioP/SiQ, and NiMoP/SiQ
samples, with Mo@ and NiO loadings below 15 wt%, no
XRD patterns of the MoP, NP, and NiMoP were discerned.
Therefore, several phosphides with loading of 60 wt%
MoO3, 30 wt% NiO, 50 wt% NiMoP, and bulk phosphides
were prepared for XRD referencddg. 1 shows the XRD
patterns of MoP and MoP/SiONizP and NpP/SiG, and
NiMoP and NiMoP/SiQ. The XRD patterns of bulk MoP,
Ni>P, and NiMoP Fig. 1b, 1d, and Jfare similar to the stan-
dard patterns from the powder diffraction file (POBH] as
well as that reported in the literatui®s,24,27] The diffrac-
tion patterns for MoP/Si@with 60 wt% MoG; (Fig. 1a),
Ni>P/SIQ with 30 wt% NiO (Fig. 1c), and NiMoP/SiQ
with 50 wt% NiMoP ig. 1e) exhibit peaks similar to those
of bulk MoP, NpP, and NiMoP, confirming that MoP, p®,

Since no XRD patterns due to metal phosphides could
be observed for the MoP/SyO(MoOs3, 15 wt%), NpP/
SiO, (NIO, 15 wt%), NiMoP/SiQ (MoOs, 15 wt%; NiO,

7.8 wt%), and Ni-Mo-P/Si® (MoOs, 15 wt%; NiO,

15 wt%) samples, TEM measurements were carried out on
these samples and are presente#ig 2a, 2b, 2c, and 2d
respectivelyFig. 2 shows that MoP, NP, NiMoP, and Ni—
Mo—P (Ni/Mo= 1.9) particles are homogeneously dispersed
on the SiQ support and that the particle sizes of MoP; i
NiMoP, and Ni-Mo—P (Ni/Mo= 1.9) are about 1-6, 1-10,
1-8, and 1-8 nm in diameter, respectively. The particles
of Ni2P show more agglomerated than those of MoP. The
smaller particle size of Ni-Mo—P than of N suggests that
smaller particles are formed when Mo is present in the cata-
lyst.

3.3. BET and pore texture
The BET surface areasggT), average pore diameters,

and Mo and Ni contents of the MoP/SiONi»>P/SiG, and
Ni—-Mo-P/SiQ catalysts are given iflable 1 For Ni-Mo—

and NiMoP crystallites are present on the silica support. The P/SiG, when the loading of Mo was kept constant at a level

passivated MoP/Si&X(30 wt% MoGs), Ni2P/SiG (15 wt%
NiO), Ni-Mo—P/SiQ with 15 wt% MoO; and with load-
ings from 2.3 to 15 wt% NiO, or with 15 wt% NiO and
loadings from 2.0 to 15 wt% Mo&®samples only show the
features of amorphous silica, indicating that the MoBRNi
and NiMoP particles on the SiGupport are too small to be
detected by XRD when the Mafand NiO loadings are low.

corresponding to 15 wt% Mo#)the loadings of NiO were
2.3, 4.7, 7.8, 9.3, and 15 wt%. For the sake of brevity, the
catalysts with these loadings are denoted as M1, M2, M3
(NiIMoP/SiQ,), M4, and M5, respectively. When the loading
of Ni was kept constant at 15 wt% NiO, the Ni-Mo—P/SiO
catalysts with a content of Mogat 2.0, 5.0, 7.0, and 10 wt%
are abbreviated as M6, M7, M8, and M9, respectivaig-(

It is possible that a pure NiMoP phase can be formed on theble 1). The BET surface area of pR/SIiQ, is the lowest

silica support with 15 wt% Mo@and 7.8 wt% NiO load-

f Aos NiMoP

o \ NiMoP/SiO, (NiMoP,50%)
3
< Ni P

I,

2 d 3
2 c Ni,P/SiO, (NiO,30%)
[
£

b J A MoP

a A MoP/SiO, (MoO,,60%)

10 20 30 40 50 60 70 80 90

20 (Degree)

Fig. 1. X-ray diffraction patterns of (a) MoP/SyO(MoO3, 60 wt%);
(b) bulk MoP; (c) NpP/SIO, (NIO, 30 wt%); (d) bulk NpP; (e) NiMoP/
SiO, (NiMoP, 50 wt%); (f) bulk NiMoP.

of all phosphides and that of MoP/SiGs the highestTa-

ble 1). The SgeT value of Ni-Mo—-P/SiQ is between that

of MoP/SiQ and NpP/SiG. This suggests that the surface
area is influenced by the different metal phosphide on the
silica surface. The total pore volume (TPV) and pore diam-
eter of Ni-Mo—P/SiQ have decreased compared to those of
MoP/SiQ and NpP/SiG.

3.4. CO chemisorption

The CO chemisorption capacities of the Ni-Mo—P/8iO
catalysts decrease with the measing contents of Ni and
the NpP/SiQ; catalyst exhibits the lowest value, 23.9 umol
CO/g (Table 2. This is consistent with the fact that ¥ on
SiO; is more agglomerated, as revealed by the TEM.

3.5. Reactivity studies
A model fuel containing 0.5 wt% DBT in decalin was

used to test the HDS activity for the MoP/SINioP/SiQp,
and Ni-Mo-P/SiQ catalysts. The conversions of DBT as a



F. Sun et al. / Journal of Catalysis 228 (2004) 298-310 301

Fig. 2. TEM images of phosphide catalysts supported on silica. (a) MoR/@#003, 15 wt%); (b) NpP/SiOG, (NIO, 15 wt%); (c) NiMoP/SiQ (MoOs,
15 wt%; NiO, 7.8 wt%); (d) Ni-Mo—P/Si® (MoO3, 15 wt%,; NiO, 15 wt%).

Table 1

BET surface area, total pore volume (TPV) and average pore diameters of silica-supported MoBnNiNi—-Mo—P catalysts

Catalyst MoQ (%) NiO (%) BET (m?/g) TPV (cm?/g) Pore diameter (nm) Abbreviation
MoP/SiG, 15 - 3038 0.70 92

NiMoP/SiO, 15 23 2923 0.58 72 M1
NiMoP/SiO, 15 47 2819 0.55 72 M2
NiMoP/SiO, 15 78 2793 0.53 72 M3
NiMoP/SiO, 15 93 2718 054 72 M4
NiMoP/SiO, 15 15 2243 0.33 6.2 M5
NiMoP/SiO, 20 15 2270 041 72 M6
NiMoP/SiO, 5.0 15 2263 0.35 6.2 M7
NiMoP/SiO, 7.0 15 2262 0.32 57 M8
NiMoP/SiO, 10 15 223 0.38 6.8 M9
NioP/SiO - 15 2090 0.48 92

Sio - - 4672 0.99 85
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Table 2
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CO chemisorption capaciseof silica-supported MoP, NP, and Ni-Mo—P catalysts and DBT HDS activities after 6 h on stream

Catalyst MoQ (%) NiO (%) Chemisorption capacity (umol G6) Areal rate (nmol DBT(gcatSs)) TOF (x103s™1)
MoP/SIiG, 15 - 1353 83 01
NiMoP/SiO, 15 23 1346 160 01
NiMoP/SiO, 15 47 1122 17.8 02
NiMoP/SiO, 15 78 944 281 0.3
NiMoP/SiO, 15 93 419 330 0.8
NiMoP/SiO, 15 15 299 405 14
NioP/SIO - 15 239 727 30
* Stoichiometry of CO/active site is assumed to be 1 for all samples.
100 100
90- . . —n € 90 - A NiP/SO,
] NiO,15%
80.] \-/ —m—Ni,PISIO,(NIO, 15%) 80 _\ (R To%)
1 —0— Ni-Mo-P/SiO, (MoO,,15%; NiO,15%) J e Ni-Mo-P/SiO,
\? 704 —A— NiMOP/SiC-)2 (MoO,,15%; NiC?,7.8%) @ 70 T, (NiO,15%; MoO,, 0-15%)
s —v—Ni-Mo-P/SiO, (M0O,,15%; NiO,2.3%) s \ /
5 60+ —&— MoP/SiO,(MoO,,15%) 5 60 (b)
‘®» 504 o d ‘» 504 Ni-Mo-P/SiO
g e & ‘\7' (MoO,,15%;
Z 40—, —° 2 40+ NiO, 15%)
(] ‘\A A A——A A C o] 1 (a)
O 304, ’ O 30- \
] 1 Ni-Mo-P/SiO,
20 _’\ v v v v b 20+ /—/ (MoO,, 15%; NiO, 0-15%)
10 \ 10+ v MoP/SiO,
| 1 (MoO,,15%)
0 T T T T T T T T T T T T T 0 —T 1 T * T T - T 1T T T ™~ T°
1 2 3 4 5 6 7 8 0 2 4 6 8 10 12 14 16 18 20 22

Time on stream (h)

Fig. 3. Conversions of DBT HDS as a function of time on stream over
(a) MoP/SIQ (MoOs, 15 wt%); (b) Ni-Mo—P/SiQ@ (MoO3, 15 wt%;
NiO, 2.3 wt%); (c) NiMoP/SiQ@ (MoOs, 15 wt%; NiO, 7.8 wt%);
(d) Ni-Mo-P/SiQ (MoO3, 15 wt%; NiO, 15 wit%); and (e) NP/SI0
(NIO, 15 wt%) catalysts, at 593 K, 3.0 MPa, and WHS\M2 h1.

function of time on stream over MoP/SiQMo00O3, 15 wt%),
NioP/Si& (NiO, 15 wt%), and Ni-Mo—P/Si® (MoOsg,
15 wt%; NiO, 2.3, 7.8, and 15 wt%) are shownhig. 3.
The HDS activities increase with time, following an initial

MoO, or NiO (%)

Fig. 4. HDS activities of dibenzothiophene after 6 h on stream for
MoP/Si0 (MoO3, 15 wt%); NpP/SiG, (NiO, 15 wt%); (a) Ni—-Mo—P/
SiO, (MoOg3, 15 wi%; NiO, 2.3, 4.7, 7.8, 9.3, and 15 wt%, respectively);
and (b) Ni-Mo—P/Si®@ (NiO, 15 wt%; MoG;, 2.0, 5.0, 7.0, 10, and 15 wt%,
respectively) catalysts, at 593 K, 3.0 MPa, and WHS¥2 h™1.

The DBT HDS product distributions of the MoP/SiO
Ni2P/SiQ, and Ni-Mo-P/SiQ (including M1, M2, M3,
M4, and M5) catalysts are shown iRig. 5. The main
products are biphenyl (BP), cyclohexylbenzene (CHB), and

decline after the catalysts are brought on stream. For thetetrahydrodibenzothiophene (H4-DBT). The BP selectivity

NiMoP/SiO, catalyst, the conversion of DBT is between
those of MoP/SiQ and NpP/SiQ catalysts Fig. 3a, 3c,
and 38. Fig. 4 presents the effect of Ni content on the HDS
activities of Ni-Mo—P/SiQ with different loadings of Mo@
and NiO after 6 h on stream. pR/SiQ, shows the highest
conversion of DBT (91%) and MoP/SjQhe lowest (10%).
For the Ni-Mo—P/SiQ catalysts, the conversion of DBT in-
creases with increasing Ni contsrand their conversions are
between 10 and 91% (see line a).

The DBT HDS activities after 6 h on stream are also

of these phosphides is over 70%, much higher than that of
CHB and H4-DBT, and MoP/Si©®shows the highest BP
selectivity (84%). The BP selectivity of the Ni-Mo—P/SIiO
catalysts is similar to that of MoP/SiQvhen the NiO load-
ings are within 2.3-15 wt%. NP/SIiQ also shows a high
BP selectivity (79%). The selectivity of CHB for these phos-
phide catalysts is less than 26% and that of H4-DBT is less
than 10%.

In order to further understand the nature of Ni—-Mo-—
P/SiQ in the HDS reaction, the role of Mo in the Ni-Mo—

presented in terms of areal rates and turnover frequenciesP/SiQ, catalyst was also investigated. The HDS reaction was
(TOFs) inTable 2 The TOFs were calculated using the CO tested for the catalysts with fixed Ni content (NiO, 15 wt%)
chemisorption capacities of reduced MoP/gi@i,P/SiG, and with different Mo loadings (M0§) 2.0, 5.0, 7.0, 10, and
and Ni-Mo—P/SiQ catalysts as a measurement of the num- 15 wt%), i.e., the M6, M7, M8, M9, and M5 catalysts, re-
ber of active sites. The stoichiometry of a CO/active site spectively. The effect of Mo loading on the activities and

is assumed to be 1. The TOF value ofbRISIQ is sub-
stantially higher than that of MoP/S}Q indicating that
Ni>P/SiQG is intrinsically more active than MoP/SjO

the product distributions for these catalysts are presented
in Figs. 4 and 6respectivelyFig. 4 shows that the DBT
conversion decreases with Mo addition and thatPsiO
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100
E I Biphenyl
90 1 [ Cyclohexylbenzene
1 Tetrahydrodibenzothiophene

MoP M1 M2 M3 M4 M5 NiP

Fig. 5. Product distributions of DBHDS after 6 h on stream for MoP/S;0
(MoO3, 15 wt%), NpP/SiG, (NiO, 15 wt%), and Ni-Mo—P/Si® (MoOs,

15 wt%,; NiO, 2.3 wt% (M1); 4.7 wt% (M2); 7.8 wt% (M3); 9.3 wt% (M4),
and 15 wt% (M5)) catalysts. The products are biphenyl (BP), cyclohexyl-
benzene (CHB), and tetrahydroditzthiophene (H4-DBT), at 593 K,
3.0 MPa, and WHSW= 12 b1,

100
1 I Bipheny!
90 1 Cyclohexylbenzene
] Tetrahydrodibenzothiophene

Selectivity (%)
w b g o N

NiP M6 M7 M8 M9 M5 MoP

Fig. 6. Product distributions of DBHDS after 6 h on stream for MoP/S;0
(MoOg, 15 wt%), NpP/Si0 (NiO, 15 wt%), and Ni-Mo—P/Si@ (NiO,

15 wt%; MoQs, 2.0 wit% (M6); 5.0 wt% (M7); 7.0 wit% (M8); 10 wt%
(M9), and 15 wt% (M5)) catalysts. The products are biphenyl (BP), cy-
clohexylbenzene (CHB), and tetrahgdibenzothiophene (H4-DBT), at
593 K, 3.0 MPa, and WHSW 12 h 1,

(without MoG3) is the most active catalyst for the DBT HDS

Table 3

The conversions and selectivities in the HDS of DBT on MoP£Si@003,

15 wt%) (A) and NpP/SiG, (NiO, 15 wt%) (B) catalysts and their mechan-
ical mixtures

Catalyst Conversion  Selectivity (%)
(%) BP  CHB®  H4-DBT

0.5(g) (A) 10 84 7 9

0.5 (9) (B) 91 79 200 0.3
0.1(g)A+0.4(g)B 58 84 14 2
0.2(g)A+0.3(9)B 55 84 14 2
0.3(g)A+02(@B 33 84 11 5
0.4(g)A+0.1(g)B 22 84 8 8

*

BP (biphenyl), CHB (cyclohexylbeene), H4-DBT (tetrahydrodiben-
zothiophene).

were prepared as follows: the MoP/SiQ@10/60 mesh) and
Ni2P/SiQ (40/60 mesh) were put inte-heptane; then the
suspension was stirred and the mechanically mixed sam-
ple was obtained as the heptane evaporated. This proce-
dure avoids possible phase contaminations between the
compounds. The reaction results are presentethbie 3
They show that the DBT conversion decreases with de-
creasing weight ratio of NP/MoP. This indicates that the
very high HDS activity of N;}P/SiQ plays the main role

in the mixed catalysts. A simitacatalytic performance was
observed for the Ni-Mo—P/Sigand mechanical mixture
(MoP/Si& + NizP/SiQp) catalysts with the variation of
NiO/(NiO + MoOs3) molar ratio. All these phosphide cat-
alysts show increased HDS activity with increased Ni con-
tents.

3.6. IR spectra of adsorbed CO

3.6.1. CO adsorption on reduced MoP/Qj®li2P/SiQy,
and Ni-Mo—P/SiQ catalysts

As the freshly prepared phosphides will be oxidized when
exposed to air, a passivation process is needed in order to
avoid oxidation of the catalysts. As a consequence, a passi-
vation layer is present on the passivated sample and inves-
tigation of the catalytic surface sites is only possible when
this passivation layer is removegig. 7 shows the IR spec-
tra of CO adsorbed on passivated MoP/§iRi,P/SiQ, and
Ni—-Mo—P/SiQ samples reduced byzat 873 K. A charac-

reaction among all the phosphide catalysts (see line b). Thusteristic IR band at 2042 cri is detected for the reduced

the comparison shows that the intrinsic activity o5 RISIG,
is very high. For the Ni-Mo—P/Sigcatalysts (M6, M7, M8,
M9, M5), the HDS activity is between those of MoP/SiO
and NpP/SiQ, similar to that of the Ni-Mo—P/Si©cata-
lysts (M1, M2, M3, M4, and M5)Fig. 6 also shows that
MoP/SiQ and NpP/SiQ have higher BP selectivity than
Ni—-Mo-P/SiQ catalysts. BP is the main product, the CHB
selectivity is less than 35%, and the H4-DBT selectivity is
below 10%.

For comparison, the catalytic activities of mechani-
cally mixed samples of MoP/S¥O(MoO3, 15 wt%) and
NioP/SiQ; (NiO, 15 wt%) with different weight ratios

MoP/SiQ, sample Fig. 7a), which is nearlydentical to the
main band at 2045 cnt obtained for reduced MoP/SjO
before[25]. Therefore, this band can be assigned to linearly
bonded CO on the Mo sitd$0,28—-32Jon the surface of re-
duced MoP/SiQ.

Three characteristic IR bands at 2082, 2056, and 1912
cm~1 are observed for CO adsorbed on reducesPt8i0,
(Fig. 7e), similar to those reported recently by Layman and
Bussell[33]. CO is well suited for the characterization of
nickel species on supported catalysts. The assignment of
IR bands of adsorbed CO on nickel species supported and
unsupported has been reported eaf8d—36] The charac-

(1/4, 2/3, 3/2, 4/1) were examined as well. The mixtures teristic band at 2082 cnt can be attributed to terminally
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Fig. 7. IR spectra of CO adsorbed at room temperature on passivated phos¥ig. 8. IR spectra of CO adsorbed at room temperature on mechani-

phide catalysts reduced at 873 K for 2 h. (a) MoP/S{®l0o03, 15 wt%);
(b) Ni-Mo—P/SiQ® (MoO3, 15 wt%,; NiO, 2.3 wt%), Ni/Mo= 0.3; (c)
NiMoP/SiO, (MoOg3, 15 wt%; NiO, 7.8 wt%), Ni/Mo= 1.0; (d) Ni-Mo—P/
SiOy (MoOg3, 15 wt%; NiO, 15 wt%), Ni/Mo= 1.9; (e) NpP/SiG, (NiO,
15 wt%).

bonded CO on Ni sites on the surface of reducedPl8iGy.
A shoulder at 2056 cmt can be due to a vibration of ad-
sorbed Ni(CO). The weak CO absorbance at 1912 ¢nis

cally mixed MoP/SiQ (MoO3, 15 wt%) and NpP/SiG, (NiO, 15 wt%)
samples reduced at 873 K for 2 h. (a) Ni/M©0.3; (b) Ni/Mo = 1.0;
(c) NilMo =1.9.

0.3, 1.0, and 1.9) were obtained and these are shown in
Fig. 8a, 8b, and 8aespectively. Two IR bands at 2077 and
2045 cn1! can be distinguished for the mechanically mixed
sample with a Ni/Mo molar ratio of 0.3+g. 8a). An IR band

at 2083 cm! and a shoulder at 2045 crh are observed

assigned to CO adsorbed on Ni bridge sites on the surface offor the mechanically mixed sample with a Ni/Mo molar ra-

reduced NiP/SiG.

The IR spectra of CO adsorbed on reduced Ni-Mo—
P/SiIQ samples with 15 wt% Mo®and different NiO con-
tents of 2.3, 7.8, and 15 wt%, corresponding to Ni/Mo mo-
lar ratios of 0.3, 1.0, and 1.9, are presentedFig. 7b, 7c,
and 7d respectively. Two IR bands at 2080 and 2042 ¢m
can be distinguished for the reduced Ni-Mo—P/S8am-
ple with a Ni/Mo molar ratio of 0.3Kig. 7b). An IR band
at 2086 cn1! is observed for reduced Ni-Mo—P/Si@ith
a Ni/Mo molar ratio of 1.0 (i.e., NiMoP/Sig) (Fig. 7c)
and this band shifts to 2090 crh for a Ni/Mo molar ratio
of 1.9 (Fig. 7d). Combined with the IR spectra of reduced
MoP/SiQ and reduced NP/SIQ, the three IR bands at
2080, 2086, and 2090 cm should be due to CO adsorbed
on Ni sites and the band at 2042 thto CO adsorbed on
Mo sites on the surface of reduced Ni-Mo—P/gi@hese
results indicate that the catatysurface is mainly dominated
by Ni sites when the Ni/Mo molar ratio is one or larger; only
when the loading of Ni is substantially lower than that of
Mo, Mo sites appear on the surface of Ni-Mo—P/&i0O

To facilitate comparison with Ni-Mo—P/Siatalyst, IR

tio of 1.0 (Fig. 8b), and a characteristic band at 2083 ¢m

is observed for the sample with a Ni/Mo molar ratio of 1.9
(Fig. 8c). The bands at 2083 and 2077 thtan be attributed

to CO adsorbed on Ni sites and the band at 2045%ctn

CO adsorbed on Mo sites on the surface of reduced mechan-
ically mixed MoP/SiQ and NpP/SiG, catalysts. These peak
positions and intensities are similar to those of reduced Ni—
Mo—P/SiG catalysts shown ifrig. 7.

3.6.2. CO adsorption on MoP/SyONi>P/SiG, and
Ni—-Mo—P/SiQ pretreated with thiophenedtnd HS/H,

Since phosphide catalysts exhibit a unique catalytic be-
havior in HDS reactions as shown by the above results and
the literature[13,22,25] it is desirable to gain information
on the surface properties of the working catalysts. IR spec-
troscopy combined with CO as probe molecule is a suitable
technique for this goal. Thiophene/ldnd HS/H, were se-
lected to study their influences on the surface property of
phosphide catalysts under condits similar to those used in
HDS reactionskig. 9exhibits the IR spectra of CO adsorbed
on MoP/SiQ, NiP/Si%, and Ni-Mo-P/Si@ pretreated

spectra for CO adsorbed on reduced mechanically mixedwith a thiophene/ld (10/100 Torr) mixture at 593 K for 1 h,

samples of MoP/Si@ (MoO3, 15 wt%) and NiP/SiQ
(NIO, 15 wt%) with different Ni/Mo molar ratios (Ni/Me=

which is the same temperature as in the DBT HDS reactivity
tests. The characteristic band at 2042 é&rfor the reduced
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Fig. 9. IR spectra of CO adsorbed at room temperature on phosphide Fig. 10. IR spectra of CO adsorbed at room temperature on phosphide

catalysts pretreated with a thiopheng/10/100 Torr) mixture at 593 K
for 1 h. (a) MoP/SiQ@ (MoOg, 15 wt%); (b) Ni-Mo—-P/SiQ (MoOs,
15 wt%; NiO, 2.3 wt%), Ni/Mo= 0.3; (c) NiMoP/SiQ (MoO3, 15 wt%;
NiO, 7.8 wt%), Ni/Mo= 1.0; (d) Ni-Mo—P/SiQ (MoO3, 15 wt%; NiO,
15 wt%), Ni/Mo= 1.9; () N P/SiO (NiO, 15 wt%).

MoP/SiQ sample shifts to 2056 cnt for MoP/SiQy pre-
treated with thiophene/H This shift is due to an increase in

the dipole coupling between neighboring CO molecules due
P uping bewW 9 ng " ut CO adsorption on the sulfided Ni sites in phosphides. These

to fewer reduced Mo sites for CO adsorption. A new band al

catalysts pretreated with a 10 mol%8&/H, mixture at 593 K for 1 h.
(a) MoP/SIQ (MoOg, 15 wt%); (b) Ni-Mo—P/SiQ@ (MoOs3, 15 wt%;
NiO, 2.3 wt%), Ni/Mo= 0.3; (c) NiMoP/SiQ (MoOs, 15 wt%,; NiO,
7.8 wt%), Ni/Mo = 1.0; (d) Ni-Mo—P/Si@ (MoO3, 15 wt%; NiO,
15 wt%), Ni/Mo= 1.9; () NP/SiO, (NiO, 15 wt%).

conditions were employed in order to find out how resis-
tant nickel phosphide is to sulfur treatment and to investigate

2089 cnt! appears which can be assigned to CO adsorbedPnosphides were subjected to a flowing 10 mol¥SHt,

on sulfided Mo sitesKig. 9a). It suggests that the surface of
the MoP/SiQ catalyst has been partially sulfidf2b].

The characteristic band at 2082 thfor the reduced
Ni2P/SiQ sample shifts to a lower wavenumber at 2080
cm~1 with a decrease in intensity when the;RiSiQ; cat-
alyst is treated with a mixture of thiophene/kit 593 K for
1 h (Fig. %). It is possible that NP/SiG is not sulfided
under this sulfidation conditiof33].

Two characteristic bands are obtained for Ni-Mo—P£SiO
samples with different Ni/Mo molar ratios after treatment
with a mixture of thiophene/p] i.e., 2094 and 2079 cnt
for a Ni/Mo molar ratio of 0.3Fig. %), 2099 and 2084 cr
for a Ni/Mo molar ratio of 1.0 Fig. 9¢), and 2101 and
2082 cnv! for a Ni/Mo molar ratio of 1.9Fig. 9d). The IR
bands at higher frequencies (2094, 2099, and 21011m

mixture at 593 K for 1 h, and the corresponding IR spectra of
adsorbed CO are presentedHig. 10 A characteristic band
at 2103 cnt! is observed for MoP/Si§) suggesting a full
sulfidation of the surface of MoP/SydFig. 10a). Three IR
bands are observed for CO adsorbed on sulfide®/$iC,
catalysts Fig. 10). A shift from 2082 cm? for CO adsorp-
tion on the reduced NP/SIQ, catalyst to a higher wavenum-
ber at 2094 cm! with a dramatic decrease in intensity for
CO adsorption on the MWP/SiQ catalyst pretreated in a
H2>S/Hy mixture is due to the sulfidation of the catalyst. The
band at 2094 cm! is assigned to CO terminally bonded to
Ni sites, the band at 2056 crhis assigned to the formation
of Ni(CO)4, and the band at 2198 crhis ascribed to the
formation of surface-bondedfC=0 specie$33].

Three characteristic bands are obtained for Ni-Mo—

can be due to CO adsorbed on sulfided Mo sites and theP/SiQ; (Ni/lMo = 0.3, 1.0, and 1.9) after sulfidation in a

bands at 2079, 2084, and 2082 tincan be ascribed to

flowing Hp,S/H, mixture, i.e., 2102 and 2092 crh for a

CO adsorbed on Ni sites on the surface of sulfided Ni-Mo— Ni/Mo molar ratio of 0.3 Fig. 1), 2103 and 2093 cnt

P/SIQ sampleq25,34] In addition, the asymmetry of the
CO absorbance feature for M/SiQ® and Ni-Mo—-P/Si@
catalysts suggests a small amount of Ni(g@)ymation for
which an absorbance is observed at 2056 tm

Since NpP/SiQ was not easily sulfided by the mixture of
thiophene/H, as revealed by¥ig. 9, more severe sulfiding

for a Ni/Mo molar ratio of 1.0 Fig. 1), and 2104 and
2093 cnt for a Ni/Mo molar ratio of 1.9Fig. 10d). The IR
bands at higher frequencies (2102, 2103, and 2104'ym
can be due to CO adsorbed on sulfided Mo sites and the
bands at 2092, 2093 can be ascribed to CO adsorbed on sul-
fided Ni sites on the surface of Ni-Mo—-P/Si€@ampleg25,
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33]. It is apparent that b5/H, can sulfide the surface of CO chemisorbs on to the catalyst, but it is likely that it inter-
phosphide catalysts much easier than thiophene/H acts with exposed metal atoms, not blocked by phosphorous
[37]. Similar results were reported by Oyaif2g, who found
that NP had a substantially higher activity than MoP in

4. Discussion the HDS reaction, but that the values of CO chemisorption
for NioP/Si% (10 wt%) and MoP/Si@ (13 wt%) were 28
4.1. BET surface area, TEM, and CO chemisorption and 50 pmalg, respectively. Recently, oxygen {0pulsed

chemisorption and thiophene HDS activity measurement on

The SgeT values of MoP/SiQ, Ni>P/SiG, and Ni-Mo— phosphided Mo, Ni, and NiMoupported on silica catalysts
P/SiG; are lower than that of the silica supporaple 1. For have been reported by Rodriguez ef{24]. This research re-
the Ni-Mo—P/SiQ catalysts with different Mo and Niload-  sults indicated that although 30 wt% NiMoP/Siéxhibited
ings, theSgeT values did not change much. SinceRISIG a higher @ chemisorption capacity (184.6 umop@) than
has the highest DBT HDS activity but the lowegizT value 30 wt% NpP/SIiQ (166.1) and 25 wt% MoP/Si£)(119.6),
(Figs. 3 and ¥ the results reveal that the&sgt value has the HDS activity of NiMoP/SiQ was much lower than that
no apparent influence on the DBT HDS reaction. MoP£SiO of NioP/SiQ and MoP/SiQ. These results mean that CO
and NpP/SiQ» have larger pore diameters. The pore diam- chemisorption cannot be used to compare the HDS activity
eter decreases when Ni—Mo is supported on the surface ofof different metal phosphides.
the silica, but it seems that there is no apparent effect of the
pore diameter on the catalytic behavior for these phosphide4.2. Catalytic performance of silica-supported MoP: R
catalysts. This is reasonable since the pore diameters of alland Ni-Mo—P catalysts
catalysts are much larger than the sizes of the reactants and
products. It is possible that most Mo and Ni metals are lo-  The HDS activity measurements indicate a great differ-
cated on the outer surface and not in the inner pores of theence in the DBT HDS activity of the MP/SiQ, MoP/SiG,
silica support. and Ni-Mo-P/SiQ catalysts. The TOF value of pR/SiQ

The TEM morphology of MoP/Si® reveals that the is 50 times higherthan that of MoP/Si@the stoichiometry
MoP particles have an average particle size around 3 nmof a CO/active site is assumed to be 1. The IR results show
(Fig. 2a). A clustering of small particles is observed and thatthere is a small peak at 1912 chfor CO adsorption on
the average particle size increases to around 5 nm fg Ni  reduced NiP/SiG; in Fig. 7e, indicative of CO adsorption
(Fig. 20). This agrees with the absence of XRD peaks for on Ni bridge sites, for which there is one CO per two Ni sites.
the NpP/SiQ, catalyst with 15 wt% NiO, suggesting thatthe In addition, the asymmetry of the CO absorbance feature at
crystallites are smaller than 5 nm. Ni-Mo—P shows an aver- 2082 cnt! suggests a small amount of Ni(C{fprmation
age particle size of 4 nnfF{g. 2c), between the particle sizes  for which an absorbance is observed at 2056 &nThus,
of MoP and NjP. It is possible that the particle size of pure the TOF values for these phosphides are only estimates
NiMoP is smaller than that of pure pR. This is consistent  since there is more than one active site in phosphides. How-
with the order of theSgeT values for these phosphide cata- ever, the TOF value of NP/SiQ must be higher than that
lysts. These average particle sizes are all somewhat smalleof MoP/SiG and Ni-Mo—P/SiQ. The NpP/SiQ catalyst
than those reported in the literatufg7,27] The groups gives the highest BP and CHB yields, while the MoP/SiO
of Oyama and Prins reported crystallite sizes of 15 nm catalyst shows the lowest BP yield owing to its low con-
in 8.3-13 wt% MoP/SiQ catalysts. The crystallite size of version (cf.Figs. 4—6andTable 3. Therefore, the order of
Ni>P/SiG is also smaller than the sizes reported by Wang the HDS activities of DBT on MoP/Si§&) Ni2P/SiG, and
et al. [18] and Stinner et al[1] of 20 and 45 nm, respec- Ni—Mo—-P/SiQ catalysts is: NiP/SIG > Ni-Mo-P/SiQ >
tively, with NioP loadings less than 10 wt%. Rodriguez et MoP/SiG. Moreover, N»)P/SiQ; has an eight times higher
al. [24] reported that the mean crystallite sizes of MoP/SiO  conversion and a six timesgdtier BP yield than MoP/Si©
(25 wt%), NpP/SiQ (30 wt%), and NiMoP/Si@ (NiMoP, These results are consistent with those published by Oyama
30 wt%) are 13, 28, and 8 nm, respectively. et al.[20] and Sawhill et al[22], in which a NpP/SiG cat-

It should be noted that there is an inverse trend be- alyst was substantially more active for thiophene HDS than
tween the CO chemisorption capacity and the DBT HDS sulfided Ni/SiQ, Mo/SiO,, and Ni-Mo/SiQ (Ni/Mo = 0.5)
activity for MoP/SiQ, Ni-Mo-P/SiQ, and NpP/Si&; cat- catalysts, even more active than a commercial sulfided Co—
alysts {Table 2. The MoP/SiQ catalyst has the highest CO Mo/Al,03 catalyst (Ketjen fine 756). Also Zuzaniuk and
chemisorption capacity, buhe lowest DBT HDS activity. Prins concluded that NiMoP and CoMoP catalysts are less
The NpP/SIiQ catalyst has the lowest CO chemisorption active than NiP, C@P, and MoP catalyst, from HDN and
capacity, but its DBT HDS activity and its TOF value are not HDS[27]. In this study, the main product of DBT HDS
significantly higher than those of the MoP/Si@nd Ni— is BP for these phosphide catalysts.

Mo-P/SiQ catalysts. The CO chemisorption capacity of The activity results show that metal Ni is not a promoter
Ni-Mo—-P/SiQ decreases with the addition of Ni, while the and should be regarded as the main active component in
HDS activity and TOF value increase. We do not know how Ni-Mo—P/SiQ catalysts. The DBT HDS data and the IR
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spectroscopic data for CO adsorption on the reduced Ni—surface P that would otherwise form=E=0 species is hy-

Mo-P/Si® and reduced mechanically mixed MoP/Si&ghd
Ni2P/SiG catalysts suggest that the activity of the Ni-Mo—P

drogenated and volatilized as PHVhen NpP/SIQ was
pretreated with a flowing 10 mol%3%$/H, mixture at 593 K

catalysts is controlled by the available Ni sites and that there for 1 h, a very weak band at 2198 cfhdue to the formation
are similar active sites on these phosphide catalysts. It isof P=C=0 species is observe#ig. 10e).

possible that pretreatment (i.e., reduction at 873 K) of the

For the Ni-Mo—P/SiQ catalysts with a Ni/Mo molar ra-

mechanically mixed catalysts converts the phosphide phasedio of 1.0, the IR spectrum of adsorbed CO only shows a

to structures similar to those present in the Ni-Mo—P4SiO
catalysts. This results in their similar DBT HDS activities.
The DBT conversions increaswith increasing Ni content

single band at 2086 cnt (Fig. 7c), which is ascribed to CO
adsorbed on Ni sites. No characteristic band of CO adsorbed
on Mo sites is observed. For the NiMoP/Si0t is possi-

for these phosphide catalysts. No synergetic effect of Ni and ble that much of the metallic Ni is exposed on the outer

Mo in Ni-Mo—P/SiG catalysts was observed. This behavior

surface of the catalyst becausefafored crystallographic

of the phosphides is different from those of the sulfides, car- orientations or segregation of Ni to the surface. This would

bides, and nitrides reported in the literat{88—40] For the

make the catalyst surface similar to that opRISIG. That

latter, Ni and Co are the effective promoters that enhance andis consistent with the HDS results that the DBT conver-

maintain the catalytic performance of Mo or W. In contrast,

there is no synergetic effect in phosphides in the HDS reac-

tion. Moreover, the fact that the HDS activity of Wi/SiG
is substantially higher than that of MoP/Si®Guggests that
the HDS reaction mainly occurs on Ni sites in the Ni-Mo—

sion of Ni-Mo—P/SiQ catalysts increases with increasing
Ni content Eig. 4). It is also identical to the pulsed CO
chemisorption results, in which the chemisorption capacity
of Ni-Mo—P/SiQ decreases with increasing Ni content and
which results in a chemisorption capacity of Ni-Mo—-P/&iO

P/SiQ catalyst. This is perhaps one of the unique properties (Ni/Mo = 1.9) close to that of NP/SIOp.

of phosphide catalysts, different from the sulfide, carbide,
and nitride catalysts.

4.3. The surface sites and evolution of the surface sites
under sulfiding conitions of MoP/SiQ, Ni;P/SiG, and
Ni—-Mo—-P/SiQ catalysts

A characteristic band at 2042 crhis observed for CO
adsorbed on reduced MoP/Si(Fig. 7a), which can be at-
tributed to linearly bonded CO on the cus #Mo(0 < § < 2)
sites on the surface of the reduced MoP/Sgample[25].

Although metal phosphides are considered to have metal-
lic propertieg41], CO adsorption indicates that the Mo and
Ni atoms in phosphides are positively charged due to the
charge transfer from Mo and Ni to the electronegative P
atoms. The XPS study of molybdenum phosphides showed
a binding energy of 228.4 eV for phosphided [22]. Con-
sidering the electron transfer from Mo to P in MoP and
MoP/SiQ, the authors assigned this binding energy to a
Mo’* (0 < § < 4) species. The XPS analysis of unsupported
Ni2P and NpP/SiQ, catalysts also indicatl a slight transfer
of electron density from Ni to [23].

Three distinct CO absorbance bands are observed in the IR The IR results inFig. 7 show that CO is strongly and

spectra of CO adsorbed on reducedMBiQ, catalysts due
to

(1) CO adsorption atop Ni sites,
(2) CO adsorption on Ni bridge sites, and
(3) formation of adsorbed Ni(CQ)Fig. 7e).

The band at 2082 crt can be due to CO linearly adsorbed
on cus Nit (0 < § < 1) sites of the reduced pP/SiO cat-
alyst. This is similar to the result reported by Layman and

reversibly adsorbed on the reduced MoP/&iQi>P/SiQ,

and Ni—-Mo-P/SiQ catalysts. This is different from CO on
fully reduced Mo and Ni catalysts on which most CO is dis-
sociatively adsorbed anddlremaining CO molecules are
weakly bonded and can be removed by prolonged evacua-
tion at room temperaturi@8-30] The adsorption behavior

of CO on the surface Mo and Ni atoms of reduced MoP
and NpP is greatly modified by the presence of P atoms,
which distinguishes the surface properties of metallic phos-
phides from those of metallic nitridg81,32] and carbides

Bussell[33] except that no absorbance feature is observed at[42]. Layman and Bussell indicated that the P species in the

2193-2204 cm! for CO adsorption on reduced M/SiOp,
which was assigned to the antisymmetric vibration of a co-
ordinated P-C=0 species on the catalyst surface. It may be
that the surface of the reducedRiISIO, catalyst is deficient

in P (and possibly that of the MoP/Si@nd Ni-Mo—-P/SiQ

Ni2P/SiG catalyst increased the dispersion of Ni on the sil-
ica suppor{33].

Our previous work indicated that the passivation layer on
MoP/SiQ, could be completely removed bystdbove 873 K.
Even when the reduction temperature is higher than 723 K,

catalysts as well) since Oyama and co-workers have shownMo sites on MoP/Si@catalyst are activated to a low valence

that TPR of Np)P/SiG catalysts above 700 K results in loss
of P as gaseous RH18,37] For the Np)P/SIiQ, catalyst,

statg[25]. A recenttime-resolved XRD study on the prepara-
tion of MoP and MoP/Si@from oxide precursors suggested

the frequency and intensity of the CO absorbance associ-that the reduction of phosphate-type species,{P® the

ated with the formation of surface-bondeg¢®=0 species
also depend on the reduction conditi¢83]. It may be that

final and determining step in the formation of M¢24].
The3!P MAS NMR results of MoP/Si@also indicated that

under the higher reduction temperature (i.e., 873 K), some surface phosphate species are formed upon passivation of a
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fresh MoP/SiQ sample and can be removed by atdduc- surface of N;P/SiQ, blocking some of the sites available
tion at 673 K[27]. Considering the preparation temperature for CO adsorption and withdrawing electron density from
for NioP/SiG and Ni-Mo—P/SiQ, it is possible that oxygen  Ni sites. P atoms may also serve as sites for the adsorp-
atoms in the passivation layer of these phosphide catalyststion and bonding of S-containing species. It is probable that
can be completely removed or that Mo and Ni sites are acti- a phosphosulfide layer is formed on top of the surface of
vated to a low valence state by ltteatment at temperatures  Ni2P/SiQ, in accordance with results reported by Oyama
above 873 K. Therefore, the difiences in the surface states and co-worker$2,21,37] The authors observed the forma-
could be one of the reasons that phosphides exhibit bettertion of Ni—S linkages at the surface of the supportegdMNi
catalytic activities in hydrotrdaang reactions than the corre-  particles by elemental analysis and EXAFS measurements of
sponding nitride and carbide catalysts, whose working sur- catalysts tested under HDS conditions. They also found that
faces are actually in a oxynitride or oxycarbide form after H the XRD peak positions for the spent samples after 100 h on
activation[10,32] The DBT HDS activity results reveal that  stream did not change, demonstrating that the°Nvas sta-
phosphide catalysts show an unusual trend of stable or in-ble under the hydrotreatingpnditions. From in situ XAFS
creasing activity over reaction time in the initial stage of the studies, Kawai et al. concluded that theRistructure was
reaction. This behavior was first reported by Bussell and co- stable under reaction conditions and was an active structure
workers for different phosphides in thiophene H[23-24] for the HDS procesgl4]. Zuzaniuk and Prins suggested that
This unique catalytic performance of phosphides also distin- physisorbed HS could be present both on the support and
guishes them from nitrides and carbides.Moand MaC on the metal phosphide particles and that surface sulfida-
catalysts either showed a decreased activity during the wholetion of the metal phosphides may also have taken d2ice
HDS reaction or a stable activigfter a decrease in the ini-  Koranyi[45] and Robinson et a[46] reported that NiP$
tial reaction stag§l0,43] decomposed to NP, even in the presence ok8. Layman
The nature of the surface sites of these phosphides undeand Bussell recently reported that a passivatesPI8iO,
DBT HDS reaction can be well correlated to the IR investi- catalyst subjected to a sulfidation pretreatment had a higher
gation in which the samples are pretreated by a mixture of thiophene HDS activity than a sample of the same catalyst
thiophene/H or H,S/H, under conditions similar to those in - subjected to reduction pretreatm{@8]. Combined with our
the DBT HDS reactivity tests. When the MoP/Si€ample IR spectra results, we conclude that the surface of these
is pretreated with thiophenegHa new band at 2089 cm phosphides can be partially sulfided and a phosphosulfide
appears which can be assigned to adsorbed CO on sulphase is formed on the surface of the catalyst under HDS
fided Mo sites Fig. 9a), suggesting that the surface of the conditions, and that the active Ni/SiG catalyst in HDS
MoP/SiG catalyst became partially sulfided. This is consis- reaction is probably a Nif5, phase in the outer region of
tent with the results reported by Wu et |5]. The authors  the NiP crystallite.
also found that the sulfided MoP/Si@ould be fully reac- It seems that Ni functions as a promoter in the sulfida-
tivated to a fresh phosphide adtst under mild conditions.  tion of Mo on the surface of the Ni-Mo—-P/SiGample, as
The structure of MoP may persist while the phosphide sur- with increasing Ni/Mo molar ratio the extent of molybde-
face is modified by sulfur under HDS conditions. num sulfiding is higherKig. 9b, 9c, and 9d The IR results
The characteristic IR band at 2082 chattributed to ad- indicate that the catalysts are actually partially sulfided after
sorbed CO on reduced pR/SIQp shifts to 2080 cmt when 6 h on stream. The surfaces of the phosphide catalysts evolve
Ni>P/SiQ is pretreated with a mixture of thiophene/tnd into a more active form with time on stream. Meanwhile, the
the intensity decreaseBig. 9). It is likely that the surface  structure of the phosphides can be retained under HDS reac-
of Ni»P/Si& has not been sulfided under this sulfidation tions. The evolved surface sites also show some differences
condition since no upward shift in frequency is observed. from those of sulfided Mo or sulfided Ni in our IR studies
The decrease in the CO absorbance, assigned to CO termif25,33] This unique surface constitution of NiB, is prob-
nally bonded to Ni sites, indicates a decrease in the numberably responsible for the high catalytic activity of JR/SIiQ
of these sites available for CO adsorption. The treatment of catalyst in DBT HDS. This again suggests that phosphides
the phosphide catalysts in thiophengfidixtures may have  are potential substitutes for conventional sulfide catalysts
led to deposition or incorporation of S and C on the surface in hydrotreating processes; especially nickel phosphide is a
of the catalysts. As a result, some of the sites are blockedmore promising novel catalytic material owing to its unique
and not available for CO adsorption. It is possible that Mo intrinsic high catalytic activity.
is more easily sulfided under the same sulfidation conditions

than Ni in phosphides, as describedig. 9. 4.4. HDS mechanism of dibenzothiophene
The characteristic IR band at 2082 chfor adsorbed CO
on reduced NiP/SiQ shifts to 2094 cm?! for NisP/SiQ Fig. 11 gives the mechanism of the HDS of DBT. The

pretreated with HS/H, with a large decrease in intensity DBT reaction products are biphenyl, cyclohexylbenzene,
(Fig. 1@e). It indicates that the surface of M/SiQ has and traces of tetrahydrodibesthiophene. The transforma-
been partially sulfided. The upward shift in frequency and tion of DBT occurs through two paralled reactions, namely,
significant decrease in intensity show that S deposits on the(i) direct desulfurization (DDS) yielding BP and then BP hy-
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s s
/ BP Slow
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H4-DBT

Fig. 11. Mechanism of the HDS oflaienzothiophene (DBT) on phosphide
catalysts. The products are biphengP), cyclohexylbenzene (CHB), and
tetrahydrodibenzotbphene (H4-DBT).

drogenation yielding CHB, and (ii) desulfurization after hy-
drogenation (HYD), first yielding H4-DBT and then CHB.

From the DBT HDS activities, itis clear that BP produced by
the DDS route is the main product with a selectivity higher

than 65%. CHB can be produced by BP hydrogenation or by

H4-DBT desulfurization. The intermediate product H4-DBT
has the lowest selectivity, less than 10%. DBT is mainly
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