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Abstract

Siliceous MCM-41-supported nickel phosphides from a precursor with a Ni/P atomic ratio of 3, 2, 1.25, 1, 0.5, or 1/3 were prepared b
in situ reduction. A high heating rate and a multistep program were used to prepare the supported nickel phosphides. The in situ redu
method proved superior to the traditional reduction–passivation–rereduction method. The timely removal of local moisture from th
during reduction is crucial to obtaining a high hydrodesulfurization (HDS) performance of the phosphide catalysts. The precurs
characterized by TPR to investigate the reactions involved in phosphidepreparation, and the structures of the resulting nickel phosphid
were characterized by means of31P NMR and XRD. Nickel phosphide formation may start with the reduction of NiO to Ni, and th
metal may assist phosphide formation in the reduction of nickel-rich precursors. Nickel-rich phosphides exhibited much higher HD
than phosphorus-rich phosphides prepared by the in situ reduction method. Reduction of the precursor with Ni/P = 2 yielded Ni12P5/
MCM-41, whereas reduction of the precursor with Ni/P = 1.25 produced Ni2P/MCM-41. As in the traditional reduction–passivatio
rereduction method, a small excess of phosphorus in the precursors is also needed to obtain the desired nickel-rich phosphide
situ reduction method. Ni2P/MCM-41 was the most active catalyst in the HDS of dibenzothiophene among all of the supported
phosphides prepared by the in situ reduction method.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Traditional hydrodesulfurization (HDS) catalysts a
alumina-supported Mo or W sulfides promoted by Ni or C
The need to produce clean engine fuels, combined with
prospect of processing poor-quality petroleum feedsto
has stimulated the development of high-performance H
catalysts. One of the approaches to improving HDS cata
is to find new active phases by including other cations (e
Ru, Pt, Pd) and anions (e.g., carbides, nitrides)[1]. Tran-
sition metal phosphides have recently been reported t
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0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.09.022
promising as a new class of high-performancehydroproc
ing catalysts. Among the phosphides studied, MoP and
were reported to be more active than the correspon
group VI metal sulfides[2–4]. Ni2P was found to be th
most active phase in the iron group compounds, altho
Fe2P, CoP, and Co2P also showed substantial HDS acti
ties [5–9]. Moreover, Ni2P showed higher HDS and HD
activities than MoP or WP[10].

Whereas alumina is a very good carrier for supported
fides, it is an inferior carrier for metal phosphides becau
reacts with phosphate to form aluminum phosphates on
surface[11–13]. Silica was reported to be a superior su
port because of its weak interaction with phosphates[8]. We
have successfully prepared high-activity HDS catalysts
supporting Mo- or W-based sulfides on siliceous MCM
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[14–16]. The surface properties of siliceous MCM-41 a
supposed to be similar to those of silica, but MCM-41 h
a much higher surface area, which guarantees a high di
sion of the active phases. Therefore, siliceous MCM-41
used to support nickel phosphides in this study.

2. Experimental

2.1. Catalyst preparation

Siliceous MCM-41 was synthesized with the use
sodium silicate hydrate as the SiO2 source and cetyltrimeth
ylammonium bromide as the template, following a p
cedure reported elsewhere[17]. The synthesized siliceou
MCM-41 has a specific surface area of 1046 m2 g−1, a pore
volume of 0.95 cm3 g−1, and a BJH average pore size
3.8 nm. MCM-41-supported nickel phosphides were p
pared according to a procedure adapted from the litera
[5,12,18]. The procedure mainly includes two steps: (1)
oxidic precursor was obtained by co-impregnation w
an aqueous solution of diammonium hydrogen phosp
[(NH4)2HPO4] and nickel nitrate, followed by drying an
calcination; (2) the precursor was converted to nickel ph
phide in flowing H2 by temperature-programmed reductio
The sum of the loadings of NiO and P2O5 was chosen to be
20 wt% for all of the supported precursors, except when
investigated the effect of loading. The Ni/P atomic ratios of
the precursors were 3, 2, 1.25, 1, 1/2, and 1/3. They are de-
noted as Ni–P(x), wherex represents the Ni/P atomic ratio
in the precursor. All of the precursors were prepared w
the same procedure, except that the masses of Ni(NO3)2 and
(NH4)2HPO4 varied with Ni/P ratio. As an example, th
preparation of Ni2P/MCM-41 is illustrated as follows. On
gram of (NH4)2HPO4 was dissolved in 20 ml of deionize
water to form a transparent colorless solution, and then 4
Ni(NO3)2 ·6H2O was added. The clear solution immediat
became cloudy, but, when the pH of the mixture was
justed to 2–3 with 0.5 M HNO3, it became clear again. Thre
grams of siliceous MCM-41 was evacuated for 0.5 h a
then wet-impregnated with the prepared solution for 0.5
room temperature. Then the water was evaporated an
solid product was dried at 120◦C overnight, followed by
calcination in air at 540◦C for 3 h.

In contrast to the reduction method reported in the li
ature, a new reduction method was used in our study. P
to the HDS reaction, the oxidic precursor was reduce
situ in flowing H2 in the HDS reactor by a temperatur
programmed procedure.

2.2. In situ reduction and HDS catalysis measurements

The conversion of the precursor to the metal ph
phide and the HDS reaction were carried out in the sa
continuous-flow tubular microreactor. The oxidic precur
sor was pelleted, crushed, and sieved to 20–35 mesh.
-

precursor (0.2 g) was charged in each run. The nickel p
phides were prepared in situ by temperature-program
reduction in the reactor prior to HDS reaction. A high he
ing rate (2.5–5◦C min−1) was used, and the flow rate of H2

was varied from 100 to 250 cm3 min−1. In general, a high
H2 flow rate and a high heating rate were used at low t
perature to remove local moisture from the surface of
precursor. After the precursor had been converted to ni
phosphide by reduction, the reactor was cooled to the H
reaction temperature.

The HDS activities of the prepared catalysts were e
uated with the use of 0.8 wt% dibenzothiophene (DBT)
decalin as model feed. DBT was synthesized from biphe
and sulfur according to a previously published method[19],
and decalin was of A.R. grade. The testing conditions for
HDS reaction were 280–340◦C, 5 MPa, WHSV= 24 h−1,
and a H2 flow rate of 130 ml min−1 at atmospheric pres
sure. Sampling of liquid products was started 6 h after
reaction conditions had been achieved. For each run, t
to five liquids were collected at an interval of 20 min. Bo
feed and products were analyzed with an Agilent-6890+ gas
chromatograph equipped with an FID detector and an H
column. Since no sulfur-containing components were
tected among the HDS products, the DBT conversion
used as a measure of HDS activity.

2.3. Catalyst characterization

The temperature-programmed reduction (TPR) profi
of MCM-41-supported catalyst precursors were measu
on a Chembet-3000 analyzer. Before the measuremen
sample was pretreated in He at 200◦C for 2 h. A gas mixture
of 5 vol% H2 in Ar was used as the reacting agent. The T
profiles of the catalysts were measured from 100 to 950◦C
at 10◦C min−1.

31P NMR spectra and XRD patterns of the suppor
nickel phosphides were measured to determine the c
tal phase on the surface. The supported nickel phosph
were prepared according to the same reduction condit
as used during the in situ reduction, followed by passiva
with 0.5% O2 in Ar. 31P NMR spectra were obtained wi
a Varian INOVA 400 M NMR spectrometer equipped w
a magic-angle-spinning probe. Phosphoric acid (85%)
used as an external reference. Spectra were acquired wi
use of a single 1.8-µs pulse causing a flip angle of aboutπ/4
and a recycle time of 1 s. The measurements were perform
at room temperature with 1800 scans. The XRD pattern
the supported catalysts were measured on a Rigaku D/
2400 diffractometer with nickel-filtered Cu-Kα radiation at
40 kV and 100 mA.

Nitrogen adsorption was measured with a Quantachr
AUTOSORB-1 adsorption analyzer, which reports adso
tion isotherm, BET specific surface area, and pore volu
automatically. The samples were outgassed for 4 h at 30◦C
before the adsorption.
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Fig. 1. Comparison of in situ reduction method with traditional red
tion–passivation–reduction method in preparing MCM-41-supported nicke
phosphide HDS catalysts.

3. Results and discussion

3.1. In situ reduction

Traditionally, the reduction of the oxidic precursor
nickel phosphide and the HDS reaction have been carrie
in two separate reactors. To prevent the obtained phosphid
from rigorous oxidation when exposed to air, the prepa
phosphides were passivated with low-concentration O2 be-
fore they were transferred to the HDS reactor[10]. However,
although the passivation slows down the oxidation react
the crystal structure of the phosphide might be partly d
aged by the oxidation. Therefore, we have studied the in
reduction process, that is, reduction and HDS reaction ta
place sequentially in the same reactor.

Fig. 1 shows a comparison of the HDS activities
the supported Ni–P(2) catalystsprepared by the traditiona
reduction–passivation–rereduction method and by the in
reduction method. The reduction conditions were the s
in the two methods (H2 flow rate: 150 ml min−1; heating
rate: 2.5◦C min−1; final reduction temperature: 500◦C; re-
duction time at 500◦C: 3 h). In the reduction–passivation
rereduction, the prepared nickel phosphide was passiv
with 0.5% O2 in Ar at a flow rate of 160 ml min−1 for 3 h
before it was exposed to air. Before the HDS reaction,
prepared catalysts were rereduced at 500◦C for 2 h in the
reactor.
t

Fig. 2. Activity variation of the supported nickel phosphides prepar
from Ni–P(2)/MCM-41 with reaction time in HDS of DBT at 300◦C and
5.0 MPa.

It is shown that the in situ reduction method gave m
better results than the traditional reduction method. A p
sible reason for this is that the crystal structure is well p
tected because it has not been exposed to air or O2. Sev-
eral researchers[5,6,18,20–22]have reported that Ni or M
phosphides prepared by the traditional reduction method ex
hibited an increase in HDS activity in the first few hours
time on stream. This increase was not observed in the
ported nickel phosphides prepared from Ni–P(2) by in
reduction (Fig. 2). Therefore, we propose that a small p
of the prepared nickel phosphides may be oxidized du
passivation, leading to a slight structural loss. When the
sivated phosphides catalyze HDS reactions in flowing H2,
their phosphide structures may be reformed, resulting i
improvement in HDS activity.

It is well known that it is essential to use a ve
high gas space velocity and a low heating rate du
the temperature-programmed reaction to synthesize h
performance transition-metal nitrides, carbides, or ph
phides. Because the conversion of metal nitride, carb
and phosphide to their oxides is thermodynamically fav
able, rigorous oxidation or sometimes even burning
occur when a metal nitride, carbide, or phosphide is
posed to air or water. Assuming that the key factor in
phosphide preparation is the timely removal of local wa
vapor (which is a product of the reduction) from the cata
surface, two reduction programs (Table 1) were designed to
Table 1
Temperature programs used in in situ reductiona

Program A Program B

(1) Heating from room temperature to 400◦C at 5◦C min−1 (1) Heating from room temperature to 120◦C at 5◦C min−1

(2) Retaining for 1 h at 400◦C (2) Retaining for 1 h at 120◦C (H2 flow rate was 250 cm3 min−1)
(3) Heating from 400◦C to final reduction temperature at 2.5◦C min−1 (3) Heating from 120 to 400◦C at 5◦C min−1

(4) Retaining for 3 h at final reduction temperature (4) Retaining for 1 h at 400◦C
(5) Heating from 400◦C to final reduction temperature at 2.5◦C min−1

(6) Retaining for 3 h at final reduction temperature

a H2 flow rate was kept at 150 cm3 min−1, except for the second step in program B.
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Fig. 3. Comparison of HDS activities prepared from Ni–P(2)/MCM-41
different reduction temperature programs.

Fig. 4. Effect of flowing gas type at 120◦C on the HDS performance of th
prepared nickel phosphides: (Q) H2 and (") N2.

investigate the effects of preparation conditions. In cont
to program A, the temperature was kept constant at 12◦C
for 1 h and a higher H2 flow rate was used in program B
The HDS activities of the catalysts prepared from Ni–P
by program A and by program B are shown inFig. 3. The
final reduction temperature was 500◦C in both programs. I
can be seen that keeping the temperature constant at 1◦C
for 1 h markedly improved the HDS activities of the pr
pared phosphides. The improvement might be attribute
the removal of water retained on the surface of the cata
before the reduction. Since the catalyst inevitably adso
some moisture during loadinginto the reactor, heating wit
high gas space velocity is a necessary step in the pre
tion of high-activity HDS catalysts in the in situ reductio
method.

To clarify whether there is any reaction taking place whe
the temperature is kept at 120◦C, H2 was replaced with
N2. As illustrated inFig. 4, the gas type had little effec
on the HDS performance of the prepared catalyst, indica
that sweeping with gas at 120◦C removes some adsorben
-

Fig. 5. Dependence of HDS activity onthe final temperature during the i
situ reduction by program B: (a) 400, (Q) 500, (") 600, and (2) 700◦C.

Fig. 6. Effect of gas flow rate at final temperature during in situ reduction
program B on the performance of the prepared nickelphosphides in HDS
of DBT: (Q) 65, (") 150, and (2) 250 cm3 min−1.

which are detrimental to the formation of nickel phosphid
from the surface.

Fig. 5shows the effect of the final reduction temperat
on the HDS performance of the supported nickel phosph
prepared from Ni–P(2) by in situ reduction with program
It is clear that the active phase can only be obtained ab
400◦C, in accordance with resultsreported by Bussell an
co-workers[18,23]. Therefore, it is suggested that redu
tion above 500◦C is necessary to prepare high-performa
nickel phosphides.

The effect of the H2 flow rate at 500◦C during reduction
with program B on the performance of the prepared ph
phides shows that a higher gas flow rate favors the forma
of high-activity phosphides (Fig. 6). Stinner et al.[12] found
that the flow rate of the reducing gas determines the typ
nickel phosphide formed by reduction. H2 flow rate changes
influence the local partial pressures of volatile phospho
species (intermediate reactant) and water (product) on th
surface during reduction. An increase in gas flow rate le
to drops in the partial pressures of both phosphorus spe
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Fig. 7. HDS performance of Ni–P(2) supported on various carriers: (Q)
MCM-41, (") SiO2, and (2) Al2O3.

and moisture locally on the surface. The drop in local partia
pressure of phosphorus species has a negative effect o
reduction, and the decrease in local moisture has a pos
effect. Therefore, the improvement in HDS activity can
attributed to the timely removal of water produced from
reduction reaction, suggesting that the removal of mois
from the surface during reduction is essential in the prep
tion of the supported nickel phosphides.

3.2. Preparation and properties of MCM-41-supported
nickel phosphides

To further investigate catalyst preparation by the in
reduction method, the effects of support, nickel load
and Ni/P atomic ratio on the HDS activity of the obtain
nickel phosphides were studied. The reduction progra
(final reduction temperature 500◦C) and HDS reaction con
ditions were the same for each run.Fig. 7 shows the HDS
performance of the catalystsprepared from Ni–P(2) precu
sors supported on alumina, silica, and siliceous MCM-
The NiO loading was 20 wt%.The specific areas and po
volumes of the supported precursors are summarized inTa-
ble 2. Silica proved superior to alumina as the support
nickel phosphide catalysts. This observation was expe
because there is a strong interaction between phosp
species and alumina. It is assumed that silica and silic
MCM-41 have similar surface properties because the
wall of siliceous MCM-41 is amorphous silica. Neverthele
a higher HDS performance was observed for the silice
MCM-41-supported nickel phosphide. The improvemen
HDS activity of the MCM-41-supported catalyst can be
cribed to its higher surface area (Table 2) and thus to the
better dispersion of the phosphides.

The effect of the sum of the loadings of NiO and P2O5
on the HDS performance of the prepared nickel phosph
shows a maximum HDS performance at a loading of 20 w
(Fig. 8). A high loading of P2O5 may block the pore chan
nels during transformation of oxidic precursor to phosphi
by the in situ reduction.
e

s

Table 2
Properties of catalyst precursors prepared from various supports

Catalyst
precursor

BET surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Ni–P(2)/Al2O3 120 0.14
Ni–P(2)/SiO2 206 0.44
Ni–P(2)/MCM-41 460 0.46

Fig. 8. Effect of the sum of the loadings of NiO and P2O5 on HDS per-
formance of the prepared nickel phosphides for Ni–P(2): (a) 10, (Q) 15,
(2) 20, and (2) 25 wt%.

Fig. 9. HDS performance of the MCM-41-supported nickel phosphides pr
pared with various oxidic precursors with different Ni/P atomic ratios:
(2) Ni–P(3), (") Ni–P(2), (Q) Ni–P(1.25), (a) Ni–P(1), (P) Ni–P(1/2),
and (!) Ni–P(1/3).

Fig. 9 shows the HDS performance of various suppor
nickel phosphides prepared from precursors with diffe
Ni/P ratios. When the Ni/P atomic ratio was above 1
the precursor, the supported nickel phosphides exhibit
high HDS performance, and their reactivity increased with
increasing reaction temperature. For the supported n
phosphides with lower Ni/P atomic ratios, the HDS activit
was quite low and hardly changed with reaction temp
ture. Oyama et al.[6,22] obtained a supported Ni2P phase
by starting with a precursor with a Ni/P atomic ratio of 1/2,
and the supported Ni2P showed a very high HDS activit
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Fig. 10. Comparison of MCM-41-supported Ni2P with Mo-base sulfides in
HDS of DBT on a mass base: (2) Ni2P, (Q) Ni–Mo(0.75) sulfides, and
(") Co–Mo(0.75) sulfides.

The difference between their results and ours may re
from the H2 reduction method. They used a low heati
rate in the first reduction step of the traditional H2 reduc-
tion, passivation, and rereduction method. The low hea
rate allows the volatile phosphorus species to diffuse
of the pores easily, and the excess phosphorus is conv
into gaseous products, while the remaining phosphorus g
antees the formation of the Ni2P crystal structure. In th
in situ reduction, a high heating rate is used, and a la
quantity of excess volatile phosphorus species may be
posited and block the pores of the support. This also expl
why the HDS activity hardly changed with reaction te
perature for the catalyst prepared by the in situ reduc
method. Among the MCM-41-supported nickel phosphid
a maximum HDS activity was observed for the one p
pared from a precursor with a Ni/P atomic ratio of 1.25
Several researchers reported that nickel-rich phosphide
more active than phosphorus-rich phosphides. Among
nickel-rich phosphides, Ni2P is the most active phase f
HDS reaction. Nevertheless, an excess of phosphorus i
precursors was reported to be necessary for the prepar
of silica-supported Ni2P [12,18,22]. Our observation is con
sistent with the results reported for the traditional reducti
passivation–rereduction method.

An HDS activity comparison of Ni2P/MCM-41 with the
most active MCM-41-supported Mo-based sulfides[14,16]
is shown inFig. 10. It is indicated that all the three catalys
showed high activity in DBT HDS and that Ni2P/MCM-
41 exhibited activity equivalent to or higher than those
Ni–Mo or Co–Mo sulfides on a mass base, showing a g
promise in deep HDS catalysis.

Since the reaction conditions for transformation of
oxidic precursor to the phosphide are similar to TPR cha
terization of the precursor, TPR profiles of the supported
idic precursors may provide some insight into the reacti
taking place during reduction.Fig. 11presents the TPR pro
files of the prepared MCM-41-supported oxidic precurs
with various Ni/P atomic ratios, compared with MCM-41
d
-

e

n

Fig. 11. TPR profiles of MCM-41-supported NiO, P2O5 and oxidic precur-
sors of nickel phosphides with different Ni/P atomic ratios.

supported NiO. Two main H2 consumption peaks appear
at low temperatures in the profiles of the nickel-rich ph
phides, whereas only one H2 consumption peak was ob
served at high temperatures for phosphorus-rich phosph
These observations are similar to the results reported
Oyama et al.[6]. Rodriguez et al.[23] recently studied the
formation of nickel phosphides from a nickel-rich precur
by time-resolved X-ray diffraction. They found that the su
ported NiO was first reduced to Ni near 400◦C, which is in
accordance with the TPR profile of NiO/MCM-41. Howev
the formation of nickel phosphides did not occur until t
temperature reached 550◦C. Therefore, it is possible that th
transformation of the oxidic precursor into phosphides st
with the reduction of NiO and that the formed Ni may ass
the production of volatile phosphorus species and the for
tion of nickel phosphides. For the supported phosphorus
precursors, the excess phosphorus may hinder the redu
of NiO, and their TPR profiles resemble those of bulk p
cursors.

Stinner et al.[12] prepared silica-supported nickel pho
phides and characterized the crystal phase of several n
phosphides by XRD and31P NMR. They showed that31P
NMR is an effective characterization method for suppor
and unsupported nickel phosphides.Figs. 12 and 13show
the 31P NMR spectra measured for the MCM-41-suppor
nickel phosphides prepared from Ni–P(2) and Ni–P(1.2
respectively. The samples were prepared by in situ re
tion, followed by passivation with 0.5% O2 in Ar.

In the spectra of the supported nickel phosphides
pared from a precursor with a Ni/P ratio of 2, two side-
band patterns were observed at three different spinning
(Fig. 12). The chemical shifts were 1934 and 2262 pp
which are typical of Ni12P5. Starting with a precursor with
stoichiometric Ni/P atomic ratio of 2, we actually obtaine



320 A. Wang et al. / Journal of Catalysis 229 (2005) 314–321

ide

ide

the
S
h a

ed

k-

pi-
ed

hos
d

ns-
os-

ed

nal
ting
tion.
ur-
kel

as
ich
-

.
-
char-
-
tion
or-

at-
30),
the
sor

-
,

02)

Ca-
Fig. 12.31P MAS NMR spectra for MCM-41-supported nickel phosph
prepared from Ni–P(2)/MCM-41 at three different spinning rates.

Fig. 13.31P MAS NMR spectra for MCM-41-supported nickel phosph
prepared from Ni–P(1.25)/MCM-41 at two different spinning rates.

supported Ni12P5. The HDS measurements showed that
supported Ni12P5 had a substantially high activity in HD
of DBT. Our results also confirmed that a precursor wit
Ni/P atomic ratio of 2 did not yield supported Ni2P by H2
reduction. According to Rodriguez et al.[23], Ni12P5 is the
reactant intermediate to Ni2P, and more P might be need
to form Ni2P.

Fig. 13shows the31P NMR spectra of the supported nic
el phosphides prepared from a precursor with a Ni/P atomic
ratio of 1.25. An isotropic chemical shift of 4056 ppm, ty
cal of Ni2P, was observed. The XRD patterns also confirm
that the crystal phase was Ni2P (Fig. 14). HDS activity eval-
uation revealed that siliceous MCM-41-supported Ni2P was
the most active structure among the prepared nickel p
phides, in accordance with the results for silica-supporte
nickel phosphides prepared by the traditional reduction–
passivation–rereduction method[6].

4. Conclusions

An in situ reduction method was developed to tra
form nickel oxide precursors into supported nickel ph
-

Fig. 14. XRD pattern of MCM-41-supported nickel phosphide prepar
from Ni–P(1.25)/MCM-41.

phides. The new method proved superior to the traditio
reduction–passivation–rereduction method. A high hea
rate and multistep programs are used in the in situ reduc
It seems that the removal of local moisture from the s
face is crucial to the preparation of high-performance nic
phosphides.

Siliceous MCM-41 is superior to silica or alumina
a support for nickel phosphide HDS catalysts. Nickel-r
phosphides exhibited higher HDS activities than phospho
rus-rich phosphides. Both Ni12P5 and Ni2P are active in
the HDS reactions; Ni2P is the more active of the two
Ni2P/MCM-41 exhibited higher HDS activity than MCM
41-supported Mo-based sulfides on a mass base. TPR
acterization revealed that the transformation of oxidic pre
cursor into nickel phosphides may start with the reduc
of NiO to Ni, and that the formed Ni metal assists in the f
mation of nickel-rich phosphides.
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