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Abstract

The surface sites of MoP/SjCatalysts and their evolution under sulfiding conditions were characterized by IR spectroscopy using CO
as the probe molecule. The HDS activities of thiophene were measured on the MpPagilyst that was subjected to different sulfidation
and reactivation pretreatments. Cus Wo(0 < § < 2) sites are probed on the surface of fresh MoPASi® molecularly adsorbed CO,
exhibiting a characteristic IR band at 2045 th The surface of MoP/Si®is gradually sulfided in HDS reactions, as revealed by the shift
of the IR band at 2045 to ca. 2100 crh Although the surface of a MoP/Sjtatalyst becomes partially sulfided, the HDS activity tests
show that MoP/Si@ is fairly stable in the initial stage of the HDS reaction, providing further evidence that molybdenum phosphide is a
promising catalytic material for industrial HDS reactions. Two kinds of surface sulfur species are formed on the sulfided catalyst: reversibly
and irreversibly bonded sulfur species. The MoP/Si@talyst remains stable in the HDS of thiophene because most sulfur species formed
under HDS conditions are reversibly bonded on the catalyst surface. A detrimental effect of presulfidation on the HDS activity is observed
for the MoP/SiQ catalyst treated by $5/H, at temperatures higher than 623 K, which is ascribed to the formation of a large amount of
the irreversibly bonded sulfur species. The irreversibly sulfided catalyst can be completely regenerated by an oxidation and a subsequen
reduction under mild conditions.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction ered to be potential catalytic materials to substitute for
conventional sulfide catalysts. Since the 1980s, transition
In recent decades, there has been worldwide interestmetal nitride and carbide catalysts have been extensively
in the development of new technologies for the produc- studied and were found to have superior activities to tra-
tion of clean fuels because of the more stringent environ- ditional Mo sulfide catalysts in hydrotreating processes
mental legislation and the increase of low-quality stocks. (both hydrodesulfurization (HDS) and hydrodenitrogenation
Processes like adsorption, extraction, oxidation, alkylation, (HDN)) [2-5]. More recently, transition metal phosphides
and bioprocessing [1] are under exploration. Currently, how- prepared by temperature-programmed reduction (TPR) were
ever, hydroprocessing still appears to be the technologi- reported to have high catalytic activity for both HDN [6—18]
cally preferred solution. Other than traditionally used sul- and HDS [10-17,19,20]. Among these phosphide cata-
fide catalysts, new types of hydroprocessing catalysts thatlysts, molybdenum phosphides (MoP, MoP/gi@nd MoP/
are economic, have a long life, and are highly active are Al,0z3) [6-9,14,15,17-19] received the most attention.
extremely desired. Among the explored catalysts, transi-  Although molybdenum nitrides, carbides, and phosphides
tion metals modified by main group elements other than show better activities in both HDN and HDS than conven-
sulfur have attracted much attention as they were consid-tional sulfided Mo catalysts, they behave differently in these
hydrotreating reactions. The HDN and HDS activities of Mo
— . nitride and carbide catalysts are initially high but decline
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of these catalysts [21-23] under reaction conditions. How- 2. Experimental

ever, it is interesting to note that molybdenum phosphide

catalysts show quite stable activities in hydrotreating reac- 5 1. Catalyst preparation
tions in the presence of sulfur-containing feedstock, and in
some cases even exhibit increased activities with reaction
time [7,8,14,15,18,19]. For example, Stinner et al. [7] re-
ported that pure MoP shows a decrease in activity in the
presence of biS in the HDN ofo-propylaniline, but the ac-
tivity increases to a higher level than that at the beginning
of the reaction when 5 is removed. In the hydrotreat-
ment of a model petroleum liquid [14], MoP/AD3 cata-
lysts showed increased activity in the first several hours in
the HDN of quinoline and later reached a stable and higher
activity than the commercial NiMoS/AD3 catalyst with-

out loss of HDS activity. In a study of the HDS of thio-
phene [19], a MoP/Si®(15 wt% MoP) catalyst was nearly
four times more active than a sulfided Mo/Si©atalyst.
Interestingly, excluding a decline during the first several

hours in the HDS of thiophene, the activity of the MoP/&iO MoP/Si0y catalysts were prepared with theoretical Mo

talyst was found to incr monotonically with time on . . .
catalyst was fou d to crease monotonically €0 loadings of 10, 25, and 35 wt% in order to obtain the model
stream and did not achieve a steady state value even af-

ter 150 h [19]. In explanation of the unusual catalytic be- catalyst for practical application. The precursor samples

haviors of molybdenum phosphide catalysts, these authors(MOPQ‘/S'OZ) were prepared by incipient wetness impreg-

. ) nation of SiQ (SgeT = 296 n?/g) with an aqueous solu-
assumed the formation of a new type of catalytically ac- .. .
tive structure of MoP under reaction conditions. But no 10" Of (NH4)sM07024- 4H20 and (NH)2HPQs. MoP/SIC,

further experimental evidence was provided. So far, the sur- samples were prepared and passivated using the same proce-

face structure and composition of phosphide catalysts underdure applied to pure MoP.

hydrotreating, especially under sulfiding conditions, remain
unclear. 2.2. XRD, BET surface area, and pulsed chemisorption

It is also notable that the surface sites of molybde- Measurements
num phosphides were less investigated in contrast with the
vast explorations on their reactivities. Although XAFS [14], Crystalline phases of passivated MoP/gi@nd MoP
NMR [15], and XPS [19] studies provided some useful in- samples were detected by X-ray diffraction using the packed
formation on the chemical states of P and Mo atoms in powder method, on a Rigaku Rotaflex Ru200B diffractome-
molybdenum phosphides, a key question still remains: what ter with a Cu-K, radiation ¢ =1.5418 A).
are the chemical properties of the surface sites of a non- The experiment of BET surface area was made on an
passivated or fresh MoP catalyst? Meanwhile, the number ASAP 2000 system by nitrogen adsorption at 77 K with a
of active sites on phosphide catalysts has typically been static measurement mode. The BET surface areas of the pas-
estimated by CO chemisorption [9,14,15,19]. But little is sivated MoP/Si@ (10 wt% Mo), MoP, and sulfided Mo/SiO
known about the sites where CO adsorbs on phosphide catasamples were determined to be 236, 10, and 250gnre-
lysts. spectively.

In this work, the surface sites of a MoP/Si@atalyst A CO-pulsed chemisorption experiment was carried out
were studied by IR spectroscopy using CO as the probeon a ChemBET-3000 instrument. Both reduced and sulfided
molecule. The HDS activities were measured and comparedMoP/SiG (10 wt% Mo) (0.1 g) were subjected to CO titra-
on fresh, presulfided and reactivated MoP/S@atalysts. In tion. The passivated sample was reduced by a flow pf H
order to gain insight into the nature of the working surface of (60 ml/min) from RT to 773 K for 30 min and kept at
phosphide catalysts under HDS conditions, the surface sites773 K for 2 h. The sulfided sample was prepared by sul-
of presulfided and reactivated MoP/Si€atalysts were also  fiding the reduced MoP/Sisample at 673 K in a flow of
characterized by CO adsorption. Itis shown thata MoP4SiO  10% HS/H, (60 ml/min) for 2 h, the sulfided sample was
catalyst is fairly stable in the initial stage of HDS reactions, then reduced by Hat 773 K for another 2 h. The sulfided
although IR investigations indicate that the working surface Mo/SiO, (10 wt% Mo) sample (0.1 g) was also reduced by
is partially sulfided by adsorbed sulfur species in HDS re- a flow of Hy (60 ml/min) from RT to 773 K for 30 min and
actions. The reactivity and spectroscopic results suggest thakept at 773 K for 2 h. All the samples were purged by He at
molybdenum phosphide is potentially a new catalyst for hy- 280 K for 2 h before the chemisorption of CO at the same
drotreating reactions. temperature.

Unsupported molybdenum phosphide was prepared using
the temperature-programmed reduction procedure [6]. Stoi-
chiometric amounts of ammonium heptamolybdate {NH
Mo07024 - 4H20 were mixed with diammonium hydrogen
phosphate (N&)2HPO in distilled water. A white solid ob-
tained following evaporation of the water was calcined in
air at 773 K for 4 h to give a dark blue solid. The calcined
solid was subsequently reduced in a temperature-controlled
manner from room temperature (RT) to 923 K at a rate of
2 K/min in flowing Hz (350 ml/min) and kept at 923 K for
another 2 h, followed by cooling to RT inddThe sample
was then passivated at RT in a stream of 1%ND so as
to avoid the violent oxidation of the freshly prepared phos-
phide.
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2.3. HDS activity tests ferent temperatures (373, 473,573, and 673) for 1 h and
then the sample was evacuated at 773 K for 20 min. As
The catalytic tests for the HDS of thiophene were mea- the sample was cooled to RT, 10 Torr of CO was intro-

sured in a continuous microreactor. The liquid samples duced into the IR cell.

were analyzed by a gas chromatograph (GC920) equipped(3) The sample pretreated by a mixture of thiophene/H
with a flame ionization detector (FID) and a 30-m-long (4/400 Torr) statically at 673 K or a flow of 10%8/H,
capillary column (hp-1). The reaction conditions were set (60 ml/min) at different temperatures (573 and 773 K)

at a total pressure of 3.0 MPa, a liquid (2 wt% thio- was reactivated by two procedures: a reduction at 773
phene/decahydronaphthalene) flow rate of §hmland a and 923 K by H, or an oxidation by air at 673 K for 2 h
hydrogen flow rate of 60 nimin. The products were ana- and then a reduction at 923 K by,HThus treated sam-
lyzed by a gas chromatograph (Agilent GC 6890N) equipped ple was also probed by CO adsorption. The flow rate of
with a FID detector and a 50-m-long capillary column (HP- H> in the different treatments was set at 150'min and
plot/Al>03 S). a heating rate of 5 Kmin was used.

For the sake of comparison, a sample (ca. 0.5 g) of pas-
sivated MoP/Si@ (10 wt% Mo) catalyst was tested contin- Allinfrared spectra were collected on a Fourier transform

uously for all the reactions operated under different condi- infrared spectrometer (Nicolet Impact 410) with a resolution

tions. The passivated MoP/Si@atalyst was activated in situ ~ of 4 cmi~! and 64 scans in the region 4000—1000¢mAll

in the reactor with H (100 ml/min) at 773 Kfor2 handthen  the spectra were obtained at RT in transmission mode after

cooled to reaction temperature. The activated sample wasthe sample was outgassed, unless otherwise indicated.

initially tested at 593 K for the HDS of thiophene, then the

temperature was increased to 623 and 673 K, and the HDS

activity was measured at each temperature. In order to exam-3. Results

ine the sulfiding effect on MoP/SiCcatalysts, the catalyst

after the continuous reaction was subjected to a flow of 10% 3.1. XRD and CO chemisorption

H2S/Hy, (60 ml/min) at different temperatures (593, 623,

673, and 723 K) for 2 h. After sulfidation at each temper- The XRD patterns of Sie MoP, and MoP/Si@ with

ature, the HDS test was carried out at 623 K. After a sulfida- different Mo loadings are shown in Fig. 1. The XRD pat-

tion at 723 K and the HDS measurement, the catalyst sampletern of bulk MoP (Fig. 1e) gives several peaks at 27.6, 31.8,

was either reduced by2H{100 ml/min) at 773 K or oxidized ~ 42.8,57.0, 64.6, 67.2, and 74,8imilar to the standard pat-

in flowing air (100 mymin) at 673 K for 2 h and then acti-  tern from the powder diffraction file (PDF) [24] as well as

vated by F (150 ml/min) from RT to 923 K (5 Kmin) and that reported in the literature [6,7,14,15,19]. The diffraction

kept at 923 K for another 2 h. The reactivated sample was patterns for MoP/Si@samples with 25 and 35 wt% Mo ex-

then tested for the HDS of thiophene at 623 K again. Each hibit similar peaks of bulk MoP, confirming the successful

set of the HDS activity test was maintained for at least 6 h. preparation of MoP on the silica support. The passivated
A MoO3/SiO; (10 wt% Mo) precursor was sulfided in  MoP/SiQ, sample (10 wt% Mo) only shows the features of

flowing 10% HS/H, (60 ml/min) at 673 K for 2 h. The sul-  amorphous silica (Fig. 1a). The results suggest that MoP par-

fided Mo/SiQ sample was then cooled to 623 K and purged

by N2 (60 ml/min) for 20 min before the HDS of thiophene
started. The reaction conditions were the same as those for
MoP/SiG.
2.4. IR studies
>
i . . %; e MoP
An oxide precursor MoPJSIO, or a passivated MoP/ g
SiO; (10 wt% Mo) sample was pressed into a self-supporting € | d s A MoP/SiO, (35% Mo)
wafer (ca. 15 mgem?) and put into a quartz IR cell with -
CaR, windows to reduce in flowing pat different tempera- C A et isttbotbstnicts s OPISIO, (25% Mo)
tures (673, 723, 773, 873, and 923 K). The reduced sample b MORISIO, {10% Mo)
was evacuated at 773 K for 60 min and subsequently cooled AR bt A b,
to RT. Several IR experiments were then performed as fol- amJ et 2
lows: 20 40 60 80

(1) The sample was exposed to 10 Torr CO (1 Tetr 20 (Degree)

133.33 Pa) for probing the surface sites. Fig. 1. XRD patterns of (a) Si§) (b) passivated MoP/SiX10 wt% Mo);
(2) The sample was treated by a mixture of thiophene/H (c) passivated MoP/SiX(25 wt% Mo); (d) passivated MoP/S}35 wt%

(4/400 Torr), or a mixture of biS/H, (4/400 Torr) at dif- Mo); and (e) passivated MoP.
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Fig. 2. IR spectra of CO adsorbed at RT on passivated MoB/&€alyst re- Fig. 3. IR spectra of CO adsorbed at RT on MoP/St@talyst as a function
duced at different temperatures: (a) 673 K; (b) 723 K; (c) 773 K; (d) 873 K; of pressure and temperature: (a) 10 Torr at RT; (b) evacuated th Térr
and (e) 923 K. at RT; (c) evacuated to 323 K; (d) evacuated to 423 K; and (e) 10 Torr CO

was readsorbed on the sample and a brief outgas at RT.

ticles are well dispersed on the support when the Mo loading

is low. tra were obtained for adsorbed CO on the two types of sam-
The CO chemisorption capacities of reduced and sul- ples, indicating that b reactivation of the passivated phos-

fided MoP/SiQ and sulfided Mo/Si@ samples are 135.5, phide results in negligible change of the surface nature. Ac-

39.6, and 4.2 umgh, respectively. The MoP/Sisamples cording to the preparation process, the passivated MoR/SiO

show much higher chemisorption capacities than the sulfidedsample reduced at 923 K can be regarded as fresh molybde-

Mo/SiO,. A sulfidation of the MoP/Si@sample leads to a  hum phosphide on silica. Therefore, adsorbed CO on fresh

great decrease of its chemisorption capacity. MoP/SiG exhibits a characteristic band at 2045 ththat
can be due to adsorbed CO on Mo sites [23-29] on the sur-
3.2. CO adsorption on MoP/SjO face of MoP. The fresh sample is denoted as MoP4SiQ®
which following experiments will be carried out.
As the freshly prepared molybdenum phosphide will Fig. 3 presents the IR spectra of CO adsorbed on

be oxidized when exposed to air, a passivation process isMoP/SiG as a function of pressure and temperature, which
needed in order to avoid the oxidation of the fresh cata- reflects the stability of the adsorbed CO. The characteristic
lyst. Therefore, a passivation layer exists on the passivatedband at 2045 cm' persists under vacuum at RT, indicating
sample and investigation on its surface sites is possible onlythat the adsorbed CO is rather stable. The band at 2045 shifts
when the passivation layer is removed. Fig. 2 shows the IR to 2022 cnT? with decreased intensity when the sample was
spectra of CO adsorbed on passivated MoP#3&duced by evacuated at 323 K (Fig. 3c). A further evacuation at 423 K
H, at different temperatures. No IR band of adsorbed CO leads to a dramatic decrease in intensity of the IR band for
can be observed on the sample reduced at 673 K, indicatingadsorbed CO which is observed at 2015¢rtFig. 3d). Af-
that the passivation layer was not reduced and the passiter a complete removal of adsorbed CO, CO was introduced
vated MoP/SiQ@ does not adsorb CO. Great changes of the again to the MoP/Si® sample and the corresponding IR
spectra take place for the sample reduced at 723 K: a mainspectrum (Fig. 3e) is very similar to Fig. 3a, implying that
band at 2050 cm! appears with a shoulder at 2075 th CO is reversibly adsorbed on molybdenum phosphide.
The shoulder band at 2075 ch disappears with further IR spectra in the OH-stretching region were also recorded
elevation of the reduction temperatures while the band at for passivated MoP/Si® reduced at different tempera-
2050 cnt! increases gradually in intensity, indicating that tures and shown in Fig. 4b—4f. Two IR bands at 3745 and
more surface sites for CO adsorption are generated owing3665 cnT? can be distinguished in thOH) region for the
to the deeper reduction. The 2050-chband slightly shifts samples reduced below 923 K (Fig. 4b—4e) and the band
to 2045 cn! and becomes predominant for the sample re- at 3665 cnT! decreases in intensity with the elevated re-
duced at 923 K. duction temperatures. As the temperature reaches to 923 K,
CO adsorption on the oxidized precursor (MgFgIO,) only the band at 3745 cnt can be observed. The band at
sample reduced at different temperatures was also conducte®745 cnt obviously originated from the stretching of Si—
similarly to that on passivated MoP/SiQdentical IR spec- OH as revealed by the(OH) region of a pure Si@sample
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Fig. 4. IR spectra in thes(OH) region for (a) SiQ; and passivated [_Isulfided Mo/SiO,
MoP/SiO, catalyst reduced at (b) 673 K; (c) 723 K; (d) 773 K; (e) 873 K;
(f) 923 K; (g) P/SiQ; and (h) exposure to 15 Torr air after (f).
. : < 601
outgassed at 773 K (Fig. 4a). The band at 3665 ti® pos- S
sibly due tov(P-OH) according to the study of phosphate 2
on y-Al,03 where an IR band at 3680 cthwas detected 2 40

and assigned to a P—OH group of supported phosphate [30].8
This assignment is supported by the IR spectrum (Fig. 4g) &
of a P/SiQ sample that was prepared by impregnation of
(NH4)2HPOy on Si®. Two sharp bands are observed at 204
3775 and 3665 cmt in the OH-stretching region when this

sample was reduced at 923 K and outgassed at 773 K. So the

band at 3665 cm! can be attributed to(P—OH) of phos- ol ﬂ “ ._| io_\

phate species on the surface of MoP/5iDhe decrease in

. . e 4 % % %, S

intensity of the 3665-cm* band indicates the gradual re- ’9/)8 %, 0‘9‘9 2 ¢

duction of the surface phosphate species by H ¢ % ‘6(,,@ "f@,) g
The surface phosphate species of MoPASEpossibly K ¢

formed by the oxidation of surface P atoms during the passi- (B)

vation process. With an attempt to work out the passivation
effect, the MoP/S@sample reducgd at923 K was eXposed and reactivated MoP/Silcatalysts: (a) fresh catalyst at reaction tempera-
to 15 Torr air and the corresponding IR spectrum was col- ture of 593 K; (b) at reaction temperature of 623 K after (a); (c) at reaction
lected and shown in Fig. 4h. The band at 3665 ¢rdue to temperature of 673 K after (b); (d) the catalyst after (c) was sulfided by
v(P—OH) appears again, indicating that part of the surface PH;S/H, at593 K; (e) the catalyst after (d) was sulfided @A, at 623 K;
atoms is transformed to phosphate species upon oxidation.(flztm‘?f)%‘t""'ySt {‘f}fée:j(g) \;ZVS/SHSUITd?ZdS E’(%?r']’;*tzhat 613| K;t(gf)t th‘(? ;ata'YSt
P S ati o after (f) was sulfide al ; e catalyst after (g) was re-
Thus, it is deduce.d that the role of passivation is partIy to duced by H at 773 K;y(i) thezcatalyst after (h) Was);irst oxidiged by air
producg a protection layer of phosphate on the surface 0fat 673 K and then reduced by,Hat 923 K. The reaction temperature for
MoP/SiG,. (d)—(j) was all set at 623 K. (B) Production distributions of MoP/s&hd
sulfided Mo/SiQ catalysts for thiophene HDS at 623 K after 6 h on stream.

Fig. 5. (A) A comparison of the thiophene HDS activities of fresh, sulfided,

3.3. Catalytic performance of HDS
(Fig. 5A-a), the HDS activity increases with reaction time

To be a potential catalyst for hydrotreating processes, following an initial decline. The conversion of thiophene ex-
it is crucial that the catalyst remains stable under sulfur- ceeds 60% at 6 h on stream. As the reaction temperature
containing conditions. In order to investigate the stability of increases to 623 and 673 K, the corresponding conversion of
MoP under HDS conditions and its tolerance to sulfur, the thiophene improves to a higher level, which is obviously due
MoP/SiQ, catalyst was tested for the HDS of thiophene un- to the temperature effect on the reaction rate. It is interesting
der various conditions and the HDS activities are comparedto observe that the HDS activity of a MoP/SiCatalyst goes
in Fig. 5A. When the reaction temperature is set at 593 K up gradually over time in the initial stage in the temperature
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range 593—-673 K. The activity trend exhibited by MoP/5iO  that the initial activity trends shown by MoP/Si@nd sul-
catalyst implies that the surface of MoP/Siday undergo  fided Mo/SiQ in Ref. [19] are very similar to those observed
some changes under HDS conditions. in this study; i.e., MoP/Si@has a lower HDS activity than

To check further how MoP behaves under sulfiding con- sulfided Mo/SiQ at the initial reaction stage, but with time
ditions, more severe sulfiding conditions were used; i.e., on stream, the two catalysts show inverse trends in activities
H>S/H, was used to sulfide the MoP/Si@atalyst at dif- and MoP/SiQ becomes more active than sulfided Mo/&iO
ferent temperatures. After each sulfidation treatment, HDS So it may be expected that the thiophene HDS activity of
activity on the sulfided catalyst was measured at 623 K and MoP/SiG would also exceed that of sulfided Mo/Si@ith
shown in Fig. 5A-d—5A-f. For the catalyst sulfided at 593 time on stream under the reaction conditions employed in
and 623 K (Fig. 5A-d and 5A-e), the conversion of thio- this study. Running the reaction for longer time (up to hun-
phene is at level similar to that in Fig. 5A-b. When the dreds of hours) is, however, beyond the main topic of this
sulfidation pretreatment was conducted at higher tempera-study. Detailed HDS reactivity studies of MoP catalysts are
tures (673 and 723 K), a detrimental effect on the HDS underway in this laboratory.
activity is evidenced by the continuous drop of the conver-  Fig. 5B shows the product distributions of MoP/Siénd
sion of thiophene (Fig. 5A-f and 5A-g), whichis much lower sulfided Mo/SiQ catalysts for thiophene HDS at 623 K af-
than that in Fig. 5A-b. This is probably due to the modifica- ter 6 h on stream. The selectivities to butanes, 1-butene, and
tion of the phosphide surface by sulfur species. A reduction 2-butenes do not show obvious differences for both cata-
of the MoP/SiQ catalyst after Fig. 5A-g by Hat 773 K lysts, indicating that the surface of a MoP/Si€atalyst may
does not show an apparent positive effect on the HDS ac-resemble that of sulfided Mo/SiCto some extent under
tivity as shown in Fig. 5A-h. When the catalyst was reacti- HDS conditions. The major products are butanes for both
vated by an oxidation at 673 K and a subsequent reductionMoP/Si& and sulfided Mo/Si@ catalysts. This is differ-
at 923 K (Fig. 5A-i), the conversion of thiophene rises to ent from the product distribution on the two catalysts in
around 80%, in a level similar to that of a freshly activated Ref. [19] where butenes are the major products. An expla-
MoP/SiG catalyst (Fig. 5A-b). This indicates that the partly nation could be the big differences in the reaction pressures
deactivated catalyst may have been resumed to molybdenunemployed in Ref. [19] and this study.
phosphide after the reactivation treatment.

For a comparison, the activity of sulfided Mo/Si@or 3.4. CO adsorption on MoP/Sipretreated with
thiophene HDS was also tested at 623 K and shown in thiophene/H or HoS/H,
Fig. 5A-j. The HDS activity decreases with time on stream,
different from the trend shown by MoP/SiQFig. 5A-b). Since molybdenum phosphide catalysts exhibit a unique
The HDS activities of thiophene after 6 h on stream are pre- catalytic behavior in HDS reactions as shown by the above
sented in terms of areal rate and turnover frequency (TOF) results and the literature [7,19], it is desirable to gain infor-
in Table 1 for both MoP/Si@ and sulfided Mo/SiQ cata- mation on the surface properties of the working catalysts. IR
lysts. The TOFs were calculated using CO chemisorption spectroscopy combined with CO as probe molecule is a suit-
capacities of reduced and sulfided MoP/gi@nd sulfided able technique to this goal. Thiopheneg/&#hd HS/H, were
Mo/SiO, as a measurement of active sites of the three cata-selected to study their influences on the surface property of
lysts. The stoichiometry of a CO/active site is assumed to MoP/SiG catalysts under conditions similar to those used
be 1 for the three catalysts. The areal rates for MoP/SiO in Fig. 5.
and sulfided Mo/Si@are nearly equal, but the turnover fre- Fig. 6 exhibits the IR spectra of CO adsorbed on MoP/
guencies of both reduced and sulfided MoP£S&Pe much SiO, treated with a thiophenefH(4/400 Torr) mixture at
smaller than that of sulfided Mo/SiOThese HDS rates different temperatures. The band at 2045-¢nshifts to
were substantially lower than those reported in the litera- higher frequencies when the treatment temperature is in-
ture [19]. The reason could be that the HDS reaction was creased, e.g., to 2047 crh at 373 K, to 2049 cm! at
carried out under atmospheric pressure and the HDS activi-473 K, to 2055 crm! with a shoulder at 2090 cnt at 573K,
ties were measured after 150 h on stream in Ref. [19], while and to 2100 cm! at 673 K. Meanwhile, a shoulder at ca.
our results were obtained after 6 h on stream and the reactior2055 cnt? can still be distinguished for the sample treated
was operated at high pressure. But it is interesting to noteat 673 K. The appearance of the band at 2100 &indi-

cates the sulfidation of the phosphide surface because this is

Table 1 a characteristic band of CO adsorbed on sulfided Mo cata-
HDS activities of thiophene after 6 h on stream lyst and has been assigned to linearly adsorbed CO on cus
Mo?* sites [21,23,27]. The results show that the surface of

Areal rat TOF (1073 s 1" i : . . .
L of thi re: @ e2 ; Hd the MoP/SiQ catalyst is partially sulfided when treated with
(nmol of thiophengm® of cay's) Reduced _Sulfide the thiophene/kimixture at 673 K. A separate detection of
MoP/SIQ, 2.43 4.2 145 th ; : : .
Sulfided Mo/SiQ 548 - 1475 e changes of thiophene itself during the treatments at dif

ferent temperatures shows that thiophene becomes reactive
* Stoichiometry of CO/active site is assumed to be 1 for all samples. with hydrogen onthe MOP/Si@atalyst atand above 373 K.
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Fig. 6. IR spectra of CO adsorbed at RT on (a) MoP/Siéxalyst; (b) on the
same catalyst after it was treated with a thiopheng#4400 Torr) mixture
at 373 K; (c) 473 K; (d) 573 K; and (e) 673 K for 1 h.
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Fig. 7. IR spectra of CO adsorbed at RT on (a) MoP/Siéxalyst; (b) on the
same catalyst after it was treated with$1H, (4/400 Torr) at RT; (c) 373 K;
(d) 473 K; () 573 K; and (f) 673 K for 1 h.

Thus, the gradual sulfidation of MoP/Si@atalysts can be
ascribed to the HDS of thiophene [31-34].

Fig. 7 shows the effect of #5/Hy treatment on the surface
property of MoP/Si@ probed by CO adsorption. When the
sample was treated by-8/H, at RT (ca. 298 K) for 1 h, ad-
sorbed CO gives a sharp band at 2100 ¢mwith a shoulder
at 2078 cn?, indicating a partial sulfidation of the catalyst
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Fig. 8. IR spectra of CO adsorbed at RT on (a) MoP/Si@alyst; (b) on the
same catalyst after it was treated with thiophepe(#400 Torr) at 673 K
for 4 h; (c) on the thiophene-sulfided MoP/Si@atalyst after a reduction
by Hp at 923 K; and (d) on the sulfided MoP/Si@atalyst after it was
regenerated by oxidation at 673 K and then reduction at 923 K.

the surface of molybdenum phosphide catalysts much easier
than thiophene/bldoes.

3.5. CO adsorption on reactivated MoP/Sifretreated by
thiophene/H or HaS/H,

IR investigation on the reactivation of the sulfided MoP/
SiO, catalyst can be helpful for a better understanding of
the surface composition and structure of MoP/Si@talysts
under sulfiding conditions, which would provide a possi-
ble explanation for the activity results. Similar presulfidation
and reactivation conditions in Fig. 5 were also used in the IR
studies. After being pretreated by a mixture of thiophene/H
at 673 K for 4 h, the MoP/Si®sample was reactivated in
two different ways: a Kl reduction at 923 K or an oxida-
tion by air at 673 K and then a reduction at 923 K by. iR
spectra of CO adsorbed on thus treated samples are shown
in Fig. 8. Adsorbed CO on fresh MoP/Si@ives a charac-
teristic band at 2045 crii, as presented in Fig. 8a. After
the sample was treated with thiophengéad 673 K for 4 h,
CO adsorption shows one band at 2100 émwith a weak
shoulder at 2055 crt (Fig. 8b). This is nearly identical to
the spectrum of CO on the MoP/Si@atalyst pretreated by
thiophene/H at 673 K for 1 h (Fig. 6e), suggesting that fur-
ther sulfidation of MoP/Si@ catalyst is limited at 673 K
under HDS conditions. A klreduction of the partially sul-

surface. As the pretreatment temperature increases to 473 Kfided sample leads to a great change of the IR spectrum for

the shoulder band at 2078 chdisappears while the band
at 2100 shifts to 2102 cmt and becomes dominant. A fur-

adsorbed CO. The band at 2100 shifts to 2092 tand be-
comes a shoulder, while a main band at 2052 tappears,

ther increase to 673 K only leads to a slight shift of the band indicating that the catalyst surface is dominated by molyb-

at 2102 to 2104 cmt. It is apparent that b5/H, can sulfide

denum phosphide. As the partially sulfided sample was oxi-
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dized prior to reduction, adsorbed CO exhibits a strong band

at 2045 cnt! again, which implies that the partially sulfided
MoP/SiQ, catalyst is fully recovered to phosphide nature.

In order to find out how resistant molybdenum phosphide
is to sulfur treatment, more severe sulfiding conditions were
employed. Since MoP/Siratalysts can be sulfided facilely

The total recovery of the sulfided catalyst suggests that mostby the mixture of HS/H, as revealed by Fig. 7, a MoP/SiO
P atoms in MoP are not removed or exchanged by sulfur sample was subjected to flowing8/H, (10% H,S) at dif-

species derived from the HDS of thiophene.
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Fig. 9. (A) IR spectra of CO adsorbed at RT on (a) MoP/Sitatalyst;

(b) on the same catalyst after it was treated with a flow of 1098/H, at
573 K for 2 h; (c) on the sulfided MoP/SjCratalyst after a reduction by
Hy at 773 K; (d) on the sulfided MoP/Syatalyst after a reduction by-H

at 923 K; and (e) on the sulfided MoP/Si@atalyst after it was regenerated
by oxidation at 673 K and then reduction at 923 K. (B) IR spectra of CO
adsorbed at RT on (a) MoP/Sj@atalyst; (b) on the same catalyst after it
was treated with a flow of 10%48/H, at 773 K for 2 h; (c) on the sulfided
MoP/SiG, catalyst after a reduction byzHat 773 K; (d) on the sulfided
MoP/SIG, catalyst after a reduction byzat 923 K; and (e) on the sulfided
MoP/SiG, catalyst after it was regenerated by oxidation at 673 K and then
reduction at 923 K.

ferent temperatures (573 and 773 K) for 2 h. This sulfida-
tion treatment is similar to that employed in the reactivity
tests (Fig. 5A-d and 5A-g). The MoP/SiCtatalysts sul-
fided at 573 and 773 K were denoted as a 573 K-sulfided
and 773 K-sulfided sample, respectively. The sulfided sam-
ples were also reactivated by the above-used methods and
the corresponding IR spectra of adsorbed CO are presented
in Fig. 9A (573 K-sulfided) and Fig. 9B (773 K-sulfided).
Adsorbed CO on the samples sulfided at 573 and 773 K,
respectively, give a sharp band at 2103 and 2105%m
suggesting a full sulfidation of the surface of MoP/&iO
When the 573 K-sulfided sample was activated by at

773 K, adsorbed CO gives a main band at 2100 tmith

a shoulder at 2070 cmt (Fig. 9A-c). While for the 773 K-
sulfided sample, the IR band for adsorbed CO slightly shifts
to 2101 cnt! and the bandwidth becomes a little broader
(Fig. 9B-c), revealing a negligible change of the surface
states of the sulfided sample. As the-téduction tempera-
ture is increased to 923 K, the main band goes to 2060tcm
while a shoulder at 2092 cmt is still evident (Fig. 9A-

d), indicating that the phosphide is dominant on the reac-
tivated sample catalyst. For the 773 K-sulfided sample, the
band at 2101 shifts to 2095 crh, meanwhile a shoulder at
2067 cnmr! is observed, implying that the catalyst surface
is still mainly in sulfide form. An oxidation and a subse-
quent reduction completely recover the phosphide nature of
both sulfided catalysts as evidenced by the appearance of
the characteristic IR band of adsorbed CO at 2045%tm

in Figs. 9A-e and 9B-e. This also indicates that P atoms
in MoP/SIQ are resistant to sulfur species at temperatures
even as high as 773 K, namely, MoP/3i€atalyst is fairly
stable under sulfur-containing circumstances.

4, Discussion
4.1. Surface sites of MoP/SiO

A characteristic IR band at 2045 crhis observed for ad-
sorbed CO on MoP/Sig(Figs. 2 and 3). The assignment of
this IR band can be well aided by a number of related studies
of CO adsorption on Mo-based catalysts [23—29]. Decanio
and Storm [35] investigated the adsorption of CO on mildly
reduced Mo/A$Os catalysts with different Mo loadings. Ad-
sorbed CO on a 12 wt% Mo/AD3 catalyst reduced at 703 K
shows three bands at 2175, 2050, and 2130%mttributed
to cus Md, Mo?* sites, and physisorbed CO, respectively.
In an IR study of CO adsorption on sulfided Mog8); cata-
lysts at 77 K, Muller et al. [27] assigned the intense band at
2110 cmt! to CO adsorbed on cus Mb located on edge
planes of Mo$, and the weak band at 2060 ctito CO
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bonded to cus M®" located on the corners of MeSBussell time-resolved XRD study on the preparation of MoP and
and co-workers [23] investigated the surface sites of reducedMoP/SiQ, from oxide precursors suggested that the reduc-
passivated MgN/Al,O3 and MaC/Al,O3 catalysts using  tion of phosphate-type species (POs the final and deter-

IR spectroscopy. Except for the main band at 2178 tm  mining step in the formation of MoP [20]. TH&P MAS

due to CO on oxidized Mo sites that were produced dur- NMR results of MoP/Si@ [18] also indicated that surface
ing the passivation process, a shoulder band was observed gthosphate species are formed upon passivation of a fresh
2060 cnT! and was attributed to CO adsorbed on cu$Mo  MoP/SiQ sample and can be removed by atdduction at
sites, i.e., carbided Mo. In a comparative IR study of the sur- 673 K. Therefore, we can deduce that the passivated sample
face sites of passivated and fresh MéAl,O3 catalysts by reduced above 873 K can be regarded as fresh MoR/SiO
CO probing, a main band at 2179 ti(CO on Md"+) and consistent with the results from CO adsorption (Fig. 2). It
two weak bands at 2102 (CO on Mo (2 < § < 4)) and can also be inferred from Figs. 2 and 4 that the surface Mo
2035c¢nT! (COon Mdt (0 < § < 2)) were observedonthe  and P sites of a fresh MoP/Si@atalyst are in highly re-
reduced passivated catalyst, while a characteristic IR band atduced state. To our knowledge, this is the first IR report of
2045 cnt! (CO on Md™* (0 < § < 2)) was detected on the  the nature of the surface sites of a fresh MoP/Si@talyst
fresh catalyst [27,28]. The totally different IR spectral fea- in the literature.

tures suggest the different surface sites of the two kinds of It is interesting to note that the passivated molybdenum
catalysts. phosphide can be activated to a fresh one byattem-

On the basis of the survey from the above-noted studies peratures above 873 K, indicating that oxygen atoms in the
and other reports in the literature [23-29,35-38], a general passivation layer can be completely removed byti¢at-
assignment of CO adsorption on Mo sites can be drawn ment. Even when the reduction temperature is higher than
as follows. Linearly carbonyl species bonded to cus™Mo 723 K, Mo sites on MoP/Si@ catalysts are activated to
(3 < § < 5) showv(CO) frequencies higher than that of free a low valence state. This is quite different from the cases
CO molecule (2143 cm'). On the contraryy (CO) frequen- of passivated molybdenum nitride and carbide catalysts
cies lower than 2143 cmt originate from adsorbed CO on  [23,29]. The IR results of CO adsorption on M¢/Al,Os3
cus Mdt (0 < § < 3) sites. Adsorbed CO on cus Ktbsites and M@ C/Al»O3 catalysts activated by4ht 750 K showed
gives an IR band in the range 2040—-2070¢niTherefore, the predominance of oxidized Mo sites (19 on the cata-
the IR band at 2045 cr for CO adsorbed on MoP/S{O lysts surface [23]. Even when the M¥/Al,03 catalyst was
can be attributed to linearly bonded CO on the cu$Mo  reduced by H at 873 K, Md species still dominate on
(0 < 8 < 2) sites of MoP/SiQ catalyst. Although metal the nitride surface [29]. So it was concluded that a certain
phosphides are considered to have a metallic nature [39],amount of oxygen incorporated into the passivated Mo ni-
CO adsorption indicates that the Mo atoms in molybdenum tride and carbide particles during the passivation process
phosphide are positively charged due to the charge trans-cannot be removed by arpieduction. Namely, the working
fer from Mo to the electronegative P atoms. The XPS study surfaces of H-activated molybdenum nitride and carbide
of molybdenum phosphides [19] showed a binding energy catalysts are actually in a oxynitride or oxycarbide form. A
of 228.4 eV for phosphided Mo. Considering the electron complete removal of the incorporated oxygen needs a reni-
transfer from Mo to P in MoP and MoP/SjOthe authors  tridation of the passivated nitride catalyst by ammonia [29].
assigned this binding energy to a Mo(0 < § < 4) species. On the contrary, our IR results here suggest that the passi-
This is consistent with our IR results about the valence state vated molybdenum phosphides can be readily activated by
of Mo sites of MoP/SiQ catalyst. H> to fresh phosphides and Nto (0 < § < 2) sites domi-

IR results in Fig. 3 show that CO is strongly and re- nate on the surface of molybdenum phosphide reduced by
versibly adsorbed on fresh MoP/Si@atalysts. This is dif- H> above 623 K. The support may play an important role
ferent from CO on fully reduced Mo catalysts on which because Mo can be more easily reduced on,SHan on
most CO is disassociatively absorbed and the rest CO isAl,0s.
weakly bonded and can be removed by prolonged evacuation The low valence state of Mo sites is of significance to
at RT [25,26]. It is suggested that the adsorption behavior hydrotreating reactions as inferred from the study of HDS
of CO on the surface Mo of fresh molybdenum phosphide of dibenzothiophene on nitrided catalysts [41]. On inves-
is greatly modified by the presence of P atoms, which dis- tigation of the HDS of dibenzothiophene on MeAI>03
tinguishes the surface properties of molybdenum phosphidecatalysts nitrided at different temperatures, Nagai et al. [41]
from those of metallic molybdenum and molybdenum ox- found that the distribution of Mo oxidation states of the
ides. This is also found in the cases of molybdenum ni- nitrided Mok -Al,O3 catalysts is related to the HDS ac-
tride [28,29] and carbide [40]. tivity and that metallic Mo and M®" are the most active

The disappearance of the IR band at 3665 tndue species for the HDS of dibenzothiophene. Therefore, the dif-
to v(P—OH) (Fig. 4f) suggests that the surface oxygen ferencesin the surface states could be one of the reasons that
atoms have been eliminated by ldnd thus the phospho- molybdenum phosphides exhibit better catalytic activities in
rous atoms are in a reduced state. Namely, the passivatiorhydrotreating reactions than the corresponding nitride and
layer on MoP/SiQ has been completely removed. A recent carbide catalysts.
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4.2. Evolution of the surface sites of MoP/Sithder The presence of the shoulder band at ca. 2055cior
sulfiding conditions adsorbed CO on MoP/Siatalyst pretreated by thiophene/
H> at 673 K (Figs. 6e and 8b) suggests that the surface of
The HDS activity test (Fig. 5A-a—5A-c) reveals that the MqP/SiQ catalyst is only partially sulfided under HDS
MoP/SiC» shows stable activity over reaction time in the Cconditions. Both P and S may coexist with Mo on the sur-
initial stage of the HDS reaction. This unique catalytic be- face of the partially sulfided catalyst. This is also supported
havior of the MoP/Si@ catalyst distinguishes it from Mo by the !R study of the-_ react|vat!on of the thlophen.e-sulflded
nitride and carbide catalysts. For Mdand Mo.C catalysts, ~ MOP/SIQ: catalyst (Fig. 8), which helps us to gain further

they were found to show either decreased activity during the NSIght into the surface composition of the working catalyst.
whole HDS reaction or stable activity after decreasing in ** H2 reduction of the sulfided MoP/Sipartially restores

the initial reaction stage [3,23]. The unusual activity trend the phosphide nature of the catalyst as evidenced by the ap-

shown by MoP/SiQ can be well correlated to the IR inves- pearance of the IR band at ca. 2055—émThg sulfided
tigations on the nature of the surface sites of MoPASIat catalyst is completely recovered to a phosphide nature af-

was treated by thiophenefHind HS/H, under conditions tertan Ioxtﬁatlonfand a Tfubsequgnt redutcr:]non. Itr::nphes tha(;
similar to those in thiophene HDS reactions. not only the surtace Sufiur species are thoroughly remove

As presented in Fig. 6, the spectra of adsorbed CO on by O, but also that most phosphorous atoms in MoP do not

. . . run off during the sulfiding treatment. It is most likely that
MoP/SIQ, catalysts treatepl with th|ophenglldlearl_y show the exchange between S and P does not take place under
that the catalyst surface is gradually sulfided with the ele-

vated treatment temperatures. This is in good a\ccordan(:ez'—”jS conditions. Therefore, the structure of MoP may per-

. . : . 2 : sist while a P- and S-mixed catalytic surface may be formed
with the observation of the increasing reactivity of thiophene o
: . under HDS conditions. The presence of both P and S atoms
on the phosphide catalyst in the presence gfatelevated

. : . could be the main explanation for the unique activity of MoP
temperatures. When the sample is treated with thiophene/H . . . . )
at 673 K, the band at 2045 shifts to 2096 cmbut a weak in hydrotreating reactions, which was also proposed by Web

shoulder at 2055 cmt is still present, suggesting a partial ber and co-workers [7]
! Th tivity data (Fig. 5) al how that the MoP/giO
sulfidation of the surface of the MoP/Si@atalyst. In the e activity data (Fig. 5) also show that the MoP/5i

¢ h ; £ th /S; et i | catalyst has stable HDS activity even when treated by
](c:.ase of HS, the surface of the MoP/Syzatalyst is sul- H>S/H, at temperatures as high as 623 K. A decline in ac-
ided at treatment temperatures above 373 K (see Fig. 7)'tivity is evident only when the sulfidation temperature is

This is understandable as the sulfiding effect oiSHs higher than 623 K. IR study (Fig. 9) on the reactivation
more severe than thiophene, which was also observed ony¢ e HbS-sulfided MoP/Si@ catalysts is helpful for un-
Mo2N/Al O3 catalysts [21]. Therefore,.|t can be reasonably derstanding the sulfiding effect of8/H, on MoP/SIQ.
deduced that the surface of a MoP/gicatalyst would be 4 the catalyst sulfided by 4%$/H, at 573 K, the sulfided
partially sulfided under HDS conditions. Then it is €asy t0 gyface can be converted mostly to phosphide by an H
understand that the product distributions of MOP/SEDA  5ctivation at 923 K. This indicates that there exist both
sulfided Mo/SiQ catalysts for thiophene HDS are close yeyersibly and irreversibly bonded sulfur species on the sul-
(Fig. 5B). Thus, for activity evaluation of molybdenum fijeq catalyst and most sulfur species is reversibly bonded
phosphide catalyst, the measurement of the number of sur-g, the surface. The irreversibly adsorbed sulfur species can
face sites by CO chemisorption should be conducted on ape removed only by oxidation. This is very similar to the
MoP/SiG, catalyst that is sulfided under conditions iden- gge of thiophene-sulfided MoP/Si€atalyst (Fig. 8) where
tical to those of the HDS reaction. HOWeVer, the turnover most surface Su|fur Species can be removed by'edjuc_

frequency listed in Table 1 of sulfided MoP/Si@atalysts tion at 923 K. For the 773 K-sulfided MoP/Siatalyst

for thiophene HDS is still much smaller than that of sulfided (Fig. 9B), the distribution of sulfur species on the surface
Mo/SiO,, indicating that the surface states are not identi- js different: most sulfur species are irreversibly adsorbed as
cal for MoP/SiQ and sulfided Mo/Si@after 6 h on stream.  the band at 2096 cr predominates for CO adsorbed on the
And it should be noted that the activity trends shown by the catalyst reactivated by Hat 923 K (Fig. 9B-d). Combining
two catalysts are quite different. The HDS activity increases the activity data presented in Fig. 5, one can reasonably de-
with time on stream for MoP/Siwhile it declines for sul-  duce that the reversibly bonded sulfur species on MoR/SiO
fided Mo/SiQ within 6 h on stream. If the reaction time catalysts is not harmful to the catalytic activity while the
is extended, assuming a similar trends as shown in the lit- irreversibly bonded sulfur species could be considered as
erature [19], thiophene HDS activity for MoP/Si@vould a poison. Therefore, although both the HDS process and a
continuously increase with time on stream while it gradu- presulfidation using bS/H, can lead to the sulfidation of
ally decrease for sulfided Mo/SjOTherefore, the surface the surface of a MoP/SiOcatalyst, the composition of the

of MoP/SiG, evolves into a more active form with time on  sulfur species are different. For a MoP/Si@atalyst used
stream under a HDS reaction [19]. The evolved surface sitesin the HDS of thiophene, most sulfur species are reversible
may show some differences from those of sulfided MogSiO adsorbed on the catalyst surface. The detrimental effect of
and this is supported by our IR results. presulfidation (using b5/H; above 623 K) on the HDS ac-
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tivity of MoP/SiO, catalyst (Fig. 5A-f and 5A-g) may arise  Acknowledgment
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