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Abstract

Silica-supported nickel phosphide particles with high dispersion were obtained by treating nickel metal particles on a support wifiH9% PH
Because the phosphidation occurred at relatively low temperature, the small nickel phosphide particles had the same size as the metal particles,
this size was maintained. The resulting catalysts were characterized by CQ ahé@isorption, XRD, andP MAS NMR spectroscopy. The
influence of the nickel source on the metal dispersion of the catalysts was investigated. The resulting silica-supported nickel phosphide catalys
proved to be very active in the hydrodesulfurization of dibenzothiophene and the hydrodenitrogenatimetbiylaniline in the presence and
absence of biS.
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1. Introduction tions, the kernel of the metal phosphide particles remains intact
[23,25]
All recent studies of supported metal phosphides were per-

The removal of sulfur and nitrogen atoms from oil frac- ) .
. ; ; . formed with catalysts produced by heating a metal salt together
tions has become increasingly important as a result of the new.,

legislation in many countries in 2005 that requireS0 ppm Wllth ar:lhmgnlurr? ﬁhosphj\te |r_1bh()j/d_ro?r;¢h51—92t;1] Thls sn];n- th
sulfur in gasoline and diesel. By 2010, this amount will be re-P'€ Method, which was described In the. century for the
duced to 10 ppnfl]. To reach these low levels of sulfur, much preparation qf unsupported metal phosphiés-28] was first

of the research over the past decade has aimed at improvi /esqu Rob:nson eé 4iL0] tg prelpar%afphﬁspr;orucr)s—promotedl
the classic catalysts, which are based on molybdenum sulfi VSO, catalyst and was develope _urt er by Yyama et al
and promoted with cobalt or nickg?-5], as well as at find- 11,13,15,18,20,21,24br metal phosphide herotreatlng cata-
ing new catalyst material§—22] Metal carbides and nitrides lysts. This method has the advantage of being easy to use but

proved to be very active in hydrodesulfurization (HDS) and hy_has the disadvantage of requiring a high temperature for metal

drodenitrogenation (HDN) but were unstaf8e9]. Under HDS phosphide preparation. This leads to large catalyst particles and

conditions, they transformed into metal sulfides with normal ac'€atively low catalytic activity. Most other methods for prepar-
ing metal phosphides, such as the solid-state reaction of metal

tivity. Metal phosphides have attracted recent attention not onl)'f1 X

because they are very active, but also because they are muglgments and phosphor(i29] and the electrolysis of fused

more stable than metal carbides and nitrides with regard to h);_alts[30],- a}lso require h!gh te.mp.er.ature and/or high prggsure,

drogen sulfidd10—24] Although the surfaces of molybdenum and obtaining small pgrncles is difficult under such condmpns.

and nickel phosphide take up sulfur atoms under HDS condiXecently the preparation of pi nanocrystallites under mild
conditions was carried out using a surfactant-aided solvother-
mal method and the reaction between Ni®H,0 and elemen-

* Corresponding author. Fax: +41 44 6321162. tal phosphorug31,32]. Unfortunately, this method is unsuitable

E-mail address: roel.prins@chem.ethz.qR. Prins). for the synthesis of supported metal phosphide catalysts.
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Temperature-programmed reduction experiments of supthese three solutions were added to the silica support until in-
ported metal salts and phosphates have shown that even metgbient wetness was achieved, followed by drying at 373 K for
ions that are difficult to reduce are reduced before the phost2 h. The dry solid was subsequently reduced jndtla flow
phate iong21,22] The P-O bond is strong, and its reduction rate of 100 mfmin in a temperature-controlled manner from
requires high temperature. Hydrogen atoms are available onipom temperature (RT) to 673 K and kept at 673 K for an-
after metal particles have formed and dissociate hydrogen mol@ther 2 h. For the NTA-containing precursor, the heating rate
cules to hydrogen atoms. These active hydrogen atoms can spifas 5 K/min. For the samples impregnated with the nickel ni-
over to the phosphate and reduce it to phosphorus or phosphirteate and nickel acetate solutions, the temperature was increased
The phosphorus or phosphine can then react with the metal pairom RT to 573 K at a rate of 2 kmin and then from 573 to
ticles to form metal phosphide. The strong P-O bond and thé73 K at a rate of 1 Kmin. In an additional experiment, the
surface diffusion of the H atoms are responsible for the higtdried powder, impregnated with the nickel nitrate solution, was
reduction temperature for the phosphate. The high temperatuedso calcined at 773 K for 3 h before reduction in.Hhe re-
also leads to the almost exclusive formation of phosphorus betuced samples were cooled to RT in flowing.H
cause, unlike hydrogen sulfide, phosphine is unstable at high The resulting Ni/SiQ samples were reacted with a 10%
temperaturg33,34] PHs/H2 mixture (MESSER, 20 miimin). Because P#lis toxic

It seems unlikely that the phosphate reduction method caand flammable, experiments should be carried out cautiously.
be modified so that a preparation method can be found that wilThe samples were heated from RT to the final temperature
give much better dispersion of the resulting metal phosphid¢323-523 K) at a rate of 5 Kmin and maintained at this tem-
particles. Thus we have looked for phosphorus-containingerature for 2 h. They were then cooled to RT in flowing H
species that contain P-X bonds, which are easier to break thgs0 ml/min), flushed with flowing He (50 rjiimin) for 20 min,
the P-O bond in phosphates and phosphites. In 1996, Robiand passivated in a flow of 1 mol%y®e (30 m{/min). The
son et al. reported several methods for adding phosphorus fmassivated samples were handled in air.
supported Ni and studied the HDN activity of quinoline of the  For comparison, a sample with a molar ratio ofN? =
resulting materig]10]. In one of their preparation methods they 0.8 was prepared by the classical phosphate reduction method
used phosphine, but only a few experiments were described. igample NP-13; nickel loading, 13 wt%). Sample NP-13 was
this paper we show that by treating reduced metal particles oprepared by adding a certain amount of nickel nitrate solution
a support with phosphine, supported metal-phosphide particledropwise to the calcined silica support until incipient wetness
of high dispersion can be obtained. High temperatures are unvas reached, followed by drying at 373 K for 12 h. An aque-
necessary, and, consequently, the metal-phosphide particles anes solution of (NH)2HPO, was then added to the dry sample.
as small as the metal particles, and this size can be maintainefifter drying at 373 K for 12 h and calcining in air at 773 K for
The activities of the nickel phosphide catalysts were tested i3 h, the sample was reduced in flowing hydrogen (100nmith)
the HDN ofo-methylaniline (OMA) and the HDS of dibenzoth- while the temperature was increased from RT to 673 K at a rate
iophene (DBT). We recently published a preliminary report ofof 5 K/min and from 673 to 873 K at a rate of 2.5 #in and

our findings[35]. then maintained at 873 K for 2 h. Then the sample was cooled
to RT in flowing Hp, flushed with flowing He for 20 min, and

2. Experimental then passivated in a 30-ymhin flow of 1 mol% Q/He.

2.1. Catalyst preparation 2.2. Catalyst characterization

SiOy-supported nickel phosphide catalysts were prepared by XRD measurements were carried out on a Siemens D-5000
the reaction of supported Ni metal with BHThe supported powder X-ray diffractometer (Cu-Kradiation) with Bragg—
metal precursor was prepared by pore-volume impregnatiorBrentano geometry. The samples were put into a 0.3-mm-
The silica support (Merck; surface area, 509/my 63-90 um;  diameter capillary, which was rotated during measurement. The
pore volume after drying, 1 mg§) was dried at 373 K for XRD patterns were compared with the calculated patterns ob-
12 h before impregnation. To investigate the influence of thaained from the Inorganic Crystal Structure Database (ICSD)
nickel source on the metal dispersion of the catalysts, a saising Powdercell 2.3 software. The particle size of the sup-
lution of nickel nitrate, Ni(NQ@), - 6H2O (Fluka, p.a.); a so- ported nickel metal or nickel phosphide was calculated using
lution of nickel acetate, Ni(CECOOY), - 4H,0O (Fluka, p.a.); the Scherrer equatiod, = 0.91/8 cos?, whered is the mean
and a solution containing the nickel nitrilotriacetate complex,crystal size is the wavelength of the X-ray radiatiofi,is the
[Ni(NTA)] — (NTA, Fluka, p.a.), were used to impregnate thefull width at half maximum (in radians), ardlis the diffraction
silica support. The corresponding samples are referred to agle (in degrees).

N-X (nitrate), A-X (acetate), and NTA-X, respectively, where  Nitrogen adsorption isotherms were measured at 77 K using
X indicates the wt% of nickel in the samples. a Micromeritics Tristar 3000 instrument. Approximately 0.10 g

The [Ni(NTA)]~ solution was prepared as described previ-of catalyst was placed in a quartz tube. Before the measurement,
ously by dissolving Ni(N@)2 - 6H20O and NTA in an aqueous the sample was degassed under He at a flow rate of Aiml
solution of ammonia (25%, Fluka, p.a.) and adjusting the pHat RT for 30 min and at 523 K for 2 h, then cooled to RT. The
of the solution to 7.5 with diluted Nglor HNOs [2]. Drops of  surface area was determined according to the BET method.
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H>, CO, and Q chemisorption analyses were performed onalyst was activated in situ in4H100 ml/min) at 673 K for 3 h.
both reduced metal precursors and phosphides in a Micromeriffter activation, the pressure was increased to 3.0 MPa, and the
ics ASAP 2010 apparatus under static volumetric conditionstemperature was decreased to 613 K for the hydrotreating reac-
The passivated samples were re-reduced in situ ip dlddv  tions. The liquid reactant was fed into the reactor by means of
(60 ml/min) at 623 K for 2 h before the measurements. a high-pressure pump. The composition of the gas-phase feed
The morphology and patrticle size of the samples were studaas 130 kPa:-octane or toluene (solvents for HDN or HDS,
ied by transmission electron microscopy (TEM) on a Philipsrespectively), 17 kPa heptane (GC reference for OMA and its
CM30ST microscope operated at 300 kV (LaB6 cathode). Thelerivatives) or 8 kPa dodecane (GC reference for DBT and its
material was deposited onto a perforated carbon foil supportederivatives), 1 kPa DBT or 3 kPa OMA, 0-4 kPa%| and
on a copper grid. STEM images (Z contrast) were obtained us2.8 MPa b. The catalyst was stabilized at 613 K and 3.0 MPa
ing a high-angle annular dark-field (HAADF) detector. This for at least 12 h before samples were taken for analysis. The
method can image small clusters (or even single atoms) dfiDN experiments were carried out in the absence gbHn
heavy atoms in a matrix of light atoms, because the contraghe presence of $8, and finally after removing #6 from the
is proportional to the atomic number Z. feed. Adding dimethyldisulfide to the feed resulted in a partial
31p nuclear magnetic resonance (NMR) spectra were obpressure of 0.5-4 kPayS.
tained with an Advance 400 WB Bruker spectrometer equipped
with a magic-angle spinning probe tuned to 162 MHz. An exter-3. Results
nal sample of 85% phosphoric acid was used as a reference. The
measurements were performed at RT. Samples were packed irgd. X-ray diffraction
a 4-mm-diameter rotor and measured with spinning at 10 kHz.

The spectra were obtained by applying Fourier transformation Fig. 1 shows the XRD patterns of the oxidic precursors
to the free induction decay signals. The isotropic shifts of theand reduced precursors, as well as the calculated patterns of
signals were obtained by comparing spectra measured at diftjo and Ni (ICSD collection codes 9866 and 44767). The
ferent spinning rates. The elemental analysis was carried OW®RD patterns of the calcined sampleBigs. I and c), ob-

with laser ablation-inductively coupled plasma mass spectromgined after impregnation with the nickel nitrate solution, were

etry (LA-ICP-MS)[22]. in accordance with the calculated pattern of NiO. The average
o crystallite size of NiO was 11 nm for the 13 wt% NiO/SIO
2.3. HDN and HDS activity measurements precursor and 8 nm for the 5 wt% NiO/Si@recursor, accord-

ing to the Scherrer equation applied to the (200) diffraction
The HDS of dibenzothiophene (DBT) and the HDN®f peak at 43.3. The XRD patterns of the samples reduced in
toluidine (orthomethylaniline, or OMA) were carried out in H» (Figs. Id and e) exhibited peaks corresponding to Ni. Us-
continuous mode in a fixed-bed reactor as described previouslpg the Scherrer equation, average crystallite sizes of 10 and
[22,36] A 0.2-g sample of passivated catalyst was diluted with8 nm (Table 1) were calculated for the 13 wt% Ni/SiCand
8 g of SiC to achieve isothermal plug-flow conditions. The cat-5 wt% Ni/SiO, precursors, respectively, from the full width

JL o N,
NTA-5
= A5
S, f
2 N-5
g M N-13 ©
£ . d
N-5
Cc
N-13
b
T T T T T T T 1
30 40 50 60 70

20 [degrees]

Fig. 1. XRD patterns of the calcined oxidic Ni/SiQ@recursors (b and c), the precursors reducediiicie,f,g), and the calculated patterns of NiO (a) and Ni (h).
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Table 1
BET, TEM, XRD and chemisorption results of the catalysts
Sample  Nickel salt Nickel BET surface aréa Particle size (nm)
precursor loading (5 m?/g) Ni/SiO, NioP/Si0;°

Wt%

(w%) Ni/SiO; NigP/SIOP TEM XRD  HyC 0O,° TEM XRD CO° 0,
NTA-5  NHy[Ni(NTA)] 5 357 335 3 - 3(149 3(323 5 - 16(51) 6 (140
A-5 Ni(CH3COOY -4H,O0 5 437 381 - - 2 (171 23350 4 - 10(78) 4(214
N-5 Ni(NO3) - 6H,0 5 450 428 - 8 1040 10(85) - 11 63(13)  18(46)
N-13 Ni(NO3), - 6H,O 13 439 379 10 10 1886) 12(188 15 13 90(24) 27(79
NP-13  Ni(NQs), - 6H,0 13 - 362 - - - - - 30 4617)  14(159

(NH4)2HPOy

@ The surface area of the silica support is 47%/@
b Prepared by reaction with phosphine at 523 K, except sample NP-13.
€ The chemisorption capacities (Urjigat) are presented in parentheses.

523 K

423 K

Intensity [a.u.]

373K

323 K

298 K

Ni/SiO,

T T T T T 1
35 40 45 50 55 60 65

20 [degrees]

Fig. 2. XRD patterns of the 13 wt% Ni/Sg3samples, prepared from nickel nitrate (N-13), after reaction with phosphine at different temperaturg®)*, Ni

at half maximum of the (111) diffraction peak at 42.8n phine at 373 K, intense peaks at 40.44.6’, and 47.4 and
the XRD patterns of the reduced Ni/Si@recursors, which weaker peaks at 54£2nd 55.0, attributed to the NiP phase,
were impregnated with a solution of Ni(GBOO), - 4H,O  appeared. Another phase was also present, indicated by very
(Fig. 1f) and a solution of NH[NiI(NTA)] (Fig. 1g), only  weak peaks at 41°842.8, 43.6, and 45.8, all corresponding
the features of the amorphous silica were visible. This im-tothe NgP phase. When the reaction temperature was increased
plies that the nickel particles on the silica support were todo 423 and 523 K, only the diffraction peaks corresponding to
small to be detected by XRD, a finding confirmed by theNioP were present in the XRD patterns, indicating thagPNi
TEM and hydrogen chemisorption analysis results (see bezan be achieved for the silica-supported catalyst by treating the
low). Ni/SiO2 precursor with phosphine at and above 423 K. The av-
Fig. 2 shows the XRD patterns of the N-13 Ni/SiQre-  erage crystallite sizes of the N-13J%/SiQ, catalysts, obtained
cursor after reaction with phosphine at different temperatureat 473 and 523 K, are both ca. 13 nm, according to the Scherrer
(13 wt% Ni/SiG, impregnated with Ni(N@)2 - 6H2O solu-  equation applied to the (111) diffraction peak at 40 Further
tion) and the calculated pattern of & (ICSD collection code heat treatment (623 K, in flowing Ar) of the sample after reac-
76115). After reaction at 298 K, the diffraction characteris-tion with phosphine at 323 KHig. 3b) resulted in the formation
tics of the Ni particles were still present, similar to those ofof NisP (Fig. ).
the starting metallic Ni/Si@ precursor. The Ni peaks almost  Fig. 4 shows the XRD patterns of pP/SiQ, catalysts pre-
disappeared after reaction at 323 K. Only a broad peak at caared from different precursors. The sharp XRD peaks of the
44.6°, belonging to Ni, remained. After reaction with phos- Ni,P/SiQ catalyst (NP-13), prepared by the classical phos-
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Fig. 3. XRD patterns of the 13 wt% Ni/Siprecursor (a), after reaction with Bkt 323 K (b), and then heated in Ar at 623 K (c).
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Fig. 4. XRD patterns of NiP/SiO, catalysts prepared from different precursors.

phate reduction method, indicate the presence of larg® Ni PHz/H, mixture (20 mymin) at different temperatures. After
particles. An average crystallite size of 30 nfalfle ) was ob-  reaction with phosphine at 523 K for 2 h, the NiO XRD peaks
tained by applying the Scherrer equation to the (111) diffractioralmost disappeared, and very weak peaks at°4@4.6’, and
peak at 40.7. Samples N-13 and N-%-{gs. 4 and c) exhibited 47.4, attributed to the NiP phase, were preseftig. 5. When
broader peaks, and average crystallite sizes of 13 and 11 nrihe reaction temperature was increased to 623 K, only the dif-
respectively {able ) were obtained. The XRD pattern of the fraction peaks corresponding toJ® were present, indicating
NTA and A-5 samples show only the features of amorphous silthat silica-supported NP also can be achieved by treating the
ica, implying that the nickel phosphide particles were too smalNiO/SiO, precursor with phosphine at or above 623 K. The av-
to be detected by XRD. erage crystallite size of the resultingJRiSiG, catalyst is about

To determine whether PHalso reacted with supported NiO, 12 nm, according to the Scherrer equation applied to the (111)
the calcined 13 wt% NiO/Si@sample was treated with a 10% diffraction peak at 40.7
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Fig. 5. XRD patterns of the calcined 13 wt% NiO/SQiPrecursor (a), after reaction with Bt 523 K (b), and 623 K (c) for 2 h.

3.2. TEM images 3.4. 31p MASNMR results

TEM images of sample N-13 indicate that particles formed The NpP structure contains two crystallographic P sites,
aggregates on silica and that the size of the nickel particleand thus there should be two NMR signals (at 1487 and
ranged from approximately 5 nm to 30 nm but was mainly4076 ppm)[17]. Fig. 7a shows the NMR spectra of the passi-
around 10 nmFKig. 6a) and that the NP particles had an av- vated NpP/SiQ, catalysts, synthesized at the indicated temper-
erage diameter of~15 nm Fig. 6b). These TEM results are atures. Isotropic chemical shifts of 1487 and 4075 ppm were
in agreement with the XRD result3dble 1. The Ni particles observed for sample NP-13, prepared by the classical phos-
in the NTA-5 sample were hardly recognizable in the high-phate reduction method. For sample N-13, prepared withd®H
resolution TEM images. Therefore, we performed HAADF-523 K, chemical shifts of 1478 and 4030 ppm were detected. In
STEM (Z contrast) measurements, in which Ni appeared wittboth samples, phosphate peaks were detected at around O ppm.
brighter contrast than Skigs. &, d, and e reveal that the par- After passivation, the spectrum of sample A-5 showed only
ticles were better dispersed on samples NTA-5 and A-5. Inthe phosphate peaks. This may be caused by the almost com-
sample NTA-5, the Ni particles had an average particle sizglete oxidation of sample A-5, because its particle size is only
of around 3 nm, and the Bl particles had an average size of about 5 nm. In agreement with this interpretation, in-situ NMR
around 5 nm Fig. 6d). The average size of the M particles on sample A-5 showed two broad peaks at around 4058 and
of sample A-5 was 4 nmHig. 6e). These small particle sizes 1466 ppm Fig. 7b).
agree with the absence of XRD peaks of Ni angMNfor sam-
ples NTA-5 and A-5. 3.5. Activity measurements

3.3. BET surface area and Hy, CO, and O chemisorption The hydrotreating activity of NP/SiQ catalysts A-5 and
N-13 was tested in the HDN of OMA and HDS of DBT. For

The BET surface areasSger) of all of the Ni/SiQ; and  each catalyst, the HDN reactions were carried out in the absence

Ni>P/SiQ samples were lower than those of the silica sup-of H,S, in the presence of4%$, and after removal of $% from

port (Table ); the Sget value of sample NTA-5 was the lowest the feed. The HDS reactions were carried out after the HDN

of all. The pH of the impregnation NHNi(NTA)] solution reactions, without changing the catalyst.

was 7.5. At this high pH, some of the porous structure of sil-

ica may be destroyed, which may explain the relatively large3.5.1. HDN of OMA

loss of surface area of sample NTA-5. The influence of HS on the HDN of OMA was studied
H», CO, and @ chemisorption experiments were performedat 0.5, 1, 2, and 4 kPa 4$ by adding dimethyldisulfide to

on both reduced metal precursors and phosphides to determitiee feed. The A-5 and N-13 catalysts were very active in the

the dispersion and the active metal sites of the cataljatde 1  absence of KIS (Figs. 8 and ¥ In the presence of 8, the

lists the B and & chemisorption results for the Ni/Sigpre-  HDN activity of both NpP catalysts decreased with increas-

cursors, the CO and£xhemisorption results for the pR/SIG ing HoS partial pressure. For the most part, the deactivation

catalysts, and the crystallite sizes obtained by TEM and XRD.appeared to be irreversible. After,8 was removed, the ac-
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Fig. 6. TEM images of N-13 (a, Ni/Si& b, NioP/Si0®) and STEM images of NTA-5 (c, Ni/Si® d, NioP/SiGy) and A-5 (e, NpP/SIO).

tivity of both catalysts increased, but not to its original level.arranged to ethylcyclopentene, which is hydrogenated to form
The main reaction products of the HDN of OMA over both ECP.

nickel phosphide catalysts were methylcyclohexene (MCHE), MCH was the main product over the A-5 M/SiG, cata-
methylcyclohexane (MCH), toluene (TOL), and ethylcyclopen-lyst in the absence of #5, and its selectivity increased with
tane (ECP).Scheme lpresents the reaction network of the increasing weight time. In contrast, the selectivity of MCHE
HDN of OMA over metal phosphide catalyst32]. TOL and  decreased, indicating that this catalyst has very good hydro-
MCHA, the primary products, were formed through C—N bondgenation ability. In contrast, MCHE had the highest selectivity
hydrogenolysis and hydrogenation of the aromatic ring, respedn the presence of $8, and this selectivity slowly decreased
tively. In our experiments, MCHA was not detected. It probablywith increasing weight time, indicating that,B strongly in-
reacted quickly to form MCH by direct C—N bond hydrogenoly- hibits the hydrogenation of MCHE. The selectivities of the re-
sis or by nucleophilic substitution of the amino group of MCHA action products after the removal ob8l were similar to those

by an SH group to form methylcyclohexylthiol (MCHT), fol- in the presence of $§ (data not shown).

lowed by C-S bond hydrogenolysis. MCHT can also react Inthe absence of $#8, MCH was also the main product (at
quickly to MCHE, which is then hydrogenated to MCH or re- higher weight time) over the N-13 p/SIG, catalyst, and its
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Fig. 7. (@) NMR spectra of passivatediRiSiO, catalysts, prepared at 523 and

873 K and (b) in situ NMR spectra of

A-5 DIP/SiIO, prepared at 523 K.
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Ni>P/SiG, catalyst.

selectivity increased with increasing weight time, similar to that
over the A-5 catalyst. In contrast to the A-5 catalyst, TOL had
the second-highest selectivity, which decreased with increasing
weight time over the N-13 NP/SiQ, catalyst. Over the N-13
Ni>P/SiQ catalyst, the selectivity to MCH and TOL decreased
in the presence of 8, whereas the selectivity to MCHE and
ECP increased. This indicates that3Hinhibits the C—N bond
hydrogenolysis and the hydrogenation of MCHE. As for the
A-5 catalyst, with the N-13 catalyst, the selectivities of the re-
action products after the removal ob8 were similar to those

in the presence of +6 (data not shown).

3.5.2. HDSof DBT

Three reaction products were observed in the HDS of DBT
over both catalysts: biphenyl (BP), cyclohexylbenzene (CHB),
and traces of tetrahydrodibenzothiophene (TH-DBEAiy$. 10
and 11. The transformation of DBT occurs through two par-
allel pathways: (1) direct desulfurization (DDS), which yields
BP and then BP hydrogenation yields CHB, and (2) desulfur-
ization after hydrogenation (HYD), which first yields TH-DBT
and then CHB $cheme 2

Over the A-5 NpP/SiQ, catalyst, the selectivity of biphenyl
formation was 95% at the lowest weight time and 92% at the
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highest weight timeKig. 1). In comparison, over the N-13 4. Discussion

NioP/SIQ, catalyst, these values were 94 and 85%, respec-

tively (Fig. 11b). These results indicate that the DDS routeg.1. Crystallization mechanism of NioP
was much easier than the HYD route over themEIO, cat-

alyst. Slow hydrogenation of biphenyl to cyclohexylbenzene Qur results demonstrate that metal phosphide particles on a
occurred over both catalysts (especially over the N-13 catalystsupport can be easily prepared from metal or metal oxide parti-
the biphenyl selectivity decreased with weight time, and the incles by treatment with phosphine and hydrogen. The nickel par-
crease in the cyclohexylbenzene selectivity with weight timeticles were already fully phosphided at 423 K, whereas the NiO

was higher than the decrease in tetrahydrodibenzothiophene ggarticles were fully phosphided at 623 K. These temperatures
lectivity. are much lower than the temperatures required in the phos-
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Scheme 2. Reaction network of the HDS of DBT.

phate method of preparing metal phosphide. The preparation @ind NiO, which was used successfully in the catalytic decom-
Ni>P/SiG catalysts according to the phosphate mefigd19]  position of methang42]. Using nickel acetate as a precursor
differed in the sequence of impregnation and calcination stepthus may give Ni/SiQ with a higher Ni dispersion.
and in the composition (i molar ratio) of the oxidic precur- We have investigated the influence of the nickel source
sors. In all of these syntheses, temperatures@0-1000 K on the metal dispersion of the Ni/SiQprecursor by using
were required to achieve the formation obRi(the most active  three solutions, Ni(Ng)2 - 6H,0, Ni(CH3COO), - 4H,0, and
phase among the nickel phosphides) because of the very strobtiH4[Ni(NTA)] (a chelating precursor, which can complex with
P—O bond. Such high temperatures lead almost exclusively tihe surface groups of the silica support during dry[@g),
the formation of phosphorus (phosphine is unstable at high tente impregnate the silica support with a nickel loading of
perature), which diffuses only slowly into the metal particles,5 wt%. XRD results showed that the highest nickel disper-
leading to sintering and loss of dispersion. It is even more difsion was obtained with Ni(C§COOQO), - 4H,O (sample A-5)
ficult to synthesize supported nickel phosphid&g-19] To  and NHyNi(NTA)] (sample NTA-5), because no Ni diffrac-
obtain the desired stoichiometry, an excess of phosphorus musbn peaks were detecteBi¢. 1). Further characterization with
be added to the silica support. Thus, an Ni-to-P ratio of 2 to 1.3, and G chemisorption Table 1) showed that sample A-5
was needed to synthesize,RISIQ [17]. A smaller amount had the best nickel dispersion. We conclude, therefore, that
of phosphorus resulted in the formation of phosphides suchi(CH3COOY), - 4H,0 is the best of the three nickel sources
as Ni2Ps/SiO; [17-19]and NgP/SiGy [17]. At high temper-  for the preparation of highly dispersed Ni/SiCatalysts.
atures, phosphate also reacts with supports such as alumina; The XRD results show that pure MR can be achieved on
therefore, a large excess of phosphate must be added for methé silica-supported catalyst by treating the Ni/Si@ecursor
phosphide particles to form on alumijal,37] Thus, only  with phosphine above 423 K or by treating the Ni/Si@ecur-
alumina-supported nickel phosphide catalysts with low dispersor with phosphine at 323 K and subsequent heating to 623 K in
sion and loading above 20 wt% have been repof3ad. The  Ar. Similarly, Ryndin et al[43] and Maurice et a[44] reported
present phosphine method makes it possible to prepare hightiaat crystalline NiAs formed in the reaction of triphenylarsine
dispersed metal phosphide particles, even on an alumina sufAsPIg) with Ni/Al O3 at 443 K. The formation of supported
port [35]. This is important, because alumina is preferred inNi>P can be explained as follows. First, féecomposes on the
industry because it is thermally much more stable. surface of the Ni particles to form P atoms, which chemisorb on
To prepare small nickel phosphide particles with the phosthe Ni particles and form a thin NjPayer. At lower tempera-
phine method, it is very important to prepare a precursor withtures (e.g., 323 K), the P atoms cannot easily migrate into the
a high dispersion of nickel. The most widely used method formetallic particles and will remain on the outer surface of the
preparing Ni/SiQ is impregnation with solutions of simple particles. Above 423 K, the P atoms migrate into the metallic
nickel salts, such as nickel nitrate and chloride. Alternative cataparticles and form first an extended amorphougR\iphase
lyst synthesis procedures involve homogeneous deposition prand then a crystalline NP phase. When the sample is heated
cipitation, liquid-phase reduction, and impregnation of chelatedo 623 K, migration of the P atoms as well as crystallization
precursor$38]. It was reported that the nature of the nickel pre-occur, resulting in the formation of crystalline @ (Fig. c).
cursor significantly influenced the dispersion of the supported he incorporation of phosphorus into the Ni particles produces
nickel catalys{38-40] Usually, however, nickel nitrate is the an increase in the particle size from 10 nm for Ni to 13 nm for
preferred precursor in the preparation of the Ni/Sigatalyst  NizP as shown by XRD. Considering that the lattice volumes
because of its high solubility in water. Nickel acetate is usedf Ni and NP are 43.55 and 100.543Arespectively, and that
less often, but a few studies have shown that well-dispersethere are four Ni atoms and threesRiunits per unit cell, the
supported Ni catalysts can be obtained with nickel acetate atiameter of a NiP particle must be 1.15 times larger than the
the precursof40-42] Thermal decomposition of nickel acetate diameter of the Ni particle for the same number of nickel atoms.
(Ni(CH3COO), - 4H,0) above 573 K led to a mixture of Ni  This value is close to the observed value.
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4.2. Chemisorption 4.3. Hydrotreating behavior

There is good agreement between theadd G chemisorp- The catalytic results demonstrate_ that the hydrgtreating be-
tion capacities of the four metallic Ni/SiQrecursorsTable . havior of the A-5 and N-13 NP/SIQ, catalyst differ, es-
Assuming that the metal particles have a spherical geometry, ttREcially in the HDN of OMA. In the absence of28, the
particle size can be estimated from the equatioa 101/D, A-5 N|2P/S|Qz ca_\talyst performs well in hydrogen_atlon, and
whered represents the particle size in nm aBdepresents the 1€ N-13 NbP/SIiG; catalyst performs well both in hydro-
metal dispersion in 9p45]. Using this equation and the metal 9€nation and hydrogenolysis. In the absence ofHthe
dispersion calculated from the chemisorption capacities by as$€!ectivity of the reaction products over the A-5 catalyst
suming a stoichiometry of one H atom per surface metal aton(iMC',_| i MCHE > TOL > ECP) are §|m|lar fo the selectivity
and one @ molecule per surface metal atd#5], the Ni par- obtalned_ln the HDN ofo-propylaniline (OPA) over unsup-
ticle sizes were calculateddble 1. These values agree well ported NpP and MoP catalystfl4]. The order of selectiv-

with the particle sizes obtained from XRD and TEM. The agree—ity ov:er ulniupportedpgg was pro||ct))ylcyc|ohe>l<DaBr)1e (ECH?h
ment among these techniques for Ni/Si®comparable to that propylcyclohexene ( 50 propylbenzene (PB) when the
reported by Smith et aJ45]. conversion of OPA was-20%. Over the N-13 catalyst, TOL

The NiP/SI0y catalysts were characterized by CO andhad the second-highest selectivity, similar to the selectivity over

Oz chemisorption. Assuming cubic or spherical geometry, itthe supported MoP/Si2and NiMoP/SIQ catalystq22]. Over

is possible to calculate a theoretical particle sigzg from the MoP/SiQ and NiMoP/SiQ catalysts, however, the selec-
P . . b tivity was MCHE > TOL > MCH, with MCHE as the main

the chemisorption result from the equatién= 6nf/pL [18], product

where f is the fractional weight loading of the sample,is . . .

the avgrage surface metal a?tom densgity (which foI;PNis DBT is mainly degulfunzed by the DD.S route over both

1.01 x 1015 atoms 72 [18]), andL is the metal site concen- catalysts, as over sulfided CoMoj8s; and NiMo/Al,Os cata-

. . . : ; lysts [49]. The selectivity of biphenyl over the A-5 pR/SIG
tration obtained from CO or £chemisorption by assuming one catalyst (95% at the lowest weight time and 92% at the high-
CO or @ molecule per surface metal atom. The crystallite size

- . . st weight time) is higher than over the N-13;RISiQ, cat-
qf the NpP/SI, catalys_ts, calculated from ‘h? CO chemisorp- lyst (94% at the lowest weight time and 85% at the highest
tion results, are much higher than those obtamegl fror_n the TE eight time) and much higher than over sulfided catalysts (70—
and XRD results Table 1), whereas the crystallite sizes cal-

4 _ X "7 80%)[49]. This may be due to the small particle size of the A-5
culated from the @ chemisorption results (with the exception Ni»P/Si0; catalyst. Small particles will have more edge and

of sample NP-13) agree reasonably well with those obtaineg\ sjtes, on whichr adsorption of DBT molecules and direct
from the TEM and XRD results. Nevertheless, for all of the yoqifyrization can occur. We also performed the HDS of DBT
Ni2P/SIQ; catalysts, CO chemisorptions (Ligda) cOrrelate  oyer coMoy -Al,O3 and N-13 NpP/SIO; catalyst at 573 K and
well with the G, chemisorptions, which are greater by about a; (4] pressure of 5 MPa. Their HDS activity is comparable; at
factor of three. This suggests that CO adsorbs on special ”'Ckﬁlweight time of 5 (g min)mol, the conversion of DBT is 32%

atoms only and @adsorbs on any surface atom. over CoMoj/-Al,03 catalyst and 42% over N-13 pR/SIQ
CO and Q chemisorption have been used before to detertatalyst.

mine the site densities of metal sulfide and phosphide catalysts. The N-13 NpP/SIO, catalyst had a higher hydrotreating ac-
Sawhill et al. found that the HDS activities of theirdRiISiQ:  tiyity than the A-5 NpP/SIO; catalyst. To avoid full oxidation
catalysts correlated well with Ochemisorptiorf19]. However, o 3 fresh catalyst, the MP/SiO catalysts were passivated and
several reports indicate that CO op €hemisorption cannot be  re_reduced in situ in blat 673 K before the activity measure-
used to compare the HDS activity of different metal phosphidegnents to remove the passivation layer. Passivation may have an
[20,46,47] Koranyi found that the amount of chemisorbed oxy-influence on the catalytic performance of the phosphide cata-
gen correlates with the surface area of sulfide but not with thqysts_ Several studies have shown that Ni or Mo phosphides,
of phosphide in sulfided silica-supported nickel phosphide catprepared by the traditional reduction—passivation—re-reduction
alysts[48]. Layman and Bussell suggested that CO should benethod, exhibit an increase in HDS activity in the first few
used cautiously for measuring the site densities PR8I,  hours of time on stream. However, this increase was not ob-
catalyst§25]. In addition, the mechanisms for the chemisorp-served by Wang et aJ50] for the supported nickel phosphides
tion of CO and @ molecules on metal phosphides remain un-prepared by in situ reduction in the hydrotreating reactor. The
clear. All of these results demonstrate the need to exercise caiig¢ situ reduction gave much better activity than the traditional
when correlating the chemisorption results with the catalytioeduction—passivation-re-reduction method. Therefore, Wang et
activities of metal phosphide catalysts. Our N-13MBIQ>  al. supposed that a small amount of the nickel phosphide might
catalyst had higher HDS and HDN activities than the A-5be oxidized during passivatiofp0]. When passivated phos-
Ni2P/SiQ catalyst, although its CO and,@hemisorption ca- phides are tested in HDS reactions in flowing, ltheir phos-
pacities were about three times lower. We suggest that CO arghide structure may reform, resulting in increased HDS activity.
O, chemisorption cannot be used to compare the hydrotreatinghe occurrence of passivation might be subject to experimental
activity of metal phosphide catalysts prepared differently or ofuncertainties. Sawhill et gl37] recently reported that the thick-
catalysts with significantly different particle sizes. ness of the passivation layer on theRiparticles in a 25 wt%
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Ni>P/SiG catalyst is about 2 nm. In the present study, the A-5 1007

and N-13 NyP/SiQ, catalysts had different NP particle sizes. — L\\,\

The XRD, TEM, and chemisorption results showed that the S \.\

Ni2P particles of the A-5 catalyst are highly dispersed and con- IS AN S

sequently have a very small particle size5(nm), whereas the S 604 e } .\

particles in the N-13 catalyst are largerX3 nm). Thus the g N NA3

Ni2P particles of the A-5 catalyst may be almost fully oxidized 8 404 <

during passivation, which is confirmed by the NMR spectrum <§‘ * - h .

in Fig. 7a. When this passivated catalyst is re-reduced in H O 204 P
before and during the hydrotreating measurements, th® Ni

structure may not reform completely. This may explain why the 0 A

hydrotreating activity of the A-5 catalyst, which has a higher
NioP dispersion, is lower than that of the N-13 catalyst.

. The structure of the passwatl.on layer .IS stil urlI(novm'Fig. 12. Influence of KHS on the conversion of OMA over the A-5 and N-13
Fig. 7a shows phosphate peaks in the region around 0 PPIi,p/sio, catalysts at — 40 (gmin)/mol.
for all of the passivated MP/SiQy catalysts. PreviousP
MAS NMR results of MoP/Si@ indicated that surface phos-
phate species form on passivation of a fresh MoP4Si@nple
and can be removed bysHeduction at 673 K[22]. A re-
cent IR study of passivated MoP/SiGhowed that a band
at 3365 cn1l, attributed to the P—OH vibration of phosphate

species on the surface of passivated MoP¢Sisappeared catalyst than on the N-13 cataly$ti§. 12. In the presence of

on reducno_n in H at 923 K[23]. In the pre_sent study, H 1 kPa HS, the conversion of OMA is 74% over the N-13 cat-
chemisorption measurements were also carried out on all of th

0 ) T
passivated NiP/SIQ, catalysts after re-reduction inoHlow at aerSt but only 40% over the A-5 catalyst, indicating that the

673 K for 2 h. However, the pichemisorption capacity of all A5 (?gtalyst, which has a smaller M par.tlclle size, 1S mare
) ensitive to HS than the N-13 catalyst. This is understandable,
of the samples was close to zero after re-reduction, althoug

the samples had nonzero CO and high @emisorption ca- ecause the smaller the particles, the morg”Niresent on the

pacities. This suggests that the passivation layer consists not yrface of the particle and ex_posed S As q|scussepl ear

. : ier, the surface of the NP particles can be partially sulfided in
nickel phosphate, but of Ni-P—O. heref iP particles with smaller particle sizes can

Elemental analysis of the BFP/SiQ catalysts showed that H2S. Therefore, Ny particies wi part 12
the N-13 sample contained 12.8 wt% Ni and 4.5% wt% Pbe changed more easily.
(Ni/P=1/0.67) and the A-5 sample contained 4.8 wt% Ni and )
3.6 wt% P (NjP = 1/1.43). This indicates an excess of P on 5. Conclusions
the catalysts. Similar to Oyama et H8], we suggest that part
of the excess P resides on the surface of thdPNirystallites Our results demonstrate that metal phosphide particles on a
and blocks the active sites. This could be another reason whsupport can be easily prepared from metal or metal oxide parti-
the activity of sample A-5 is lower than that of sample N-13. cles by treatment with phosphine and hydrogen. The phosphine
The present work demonstrates thaiS-has a strong neg- method enables preparation of metal phosphide particles at

ative effect on the HDN activity of the MNP catalyst. The moderate temperature. As a result, the particle size is equivalent
inhibitory effect of HS on the HDN of OMA and of OPA to that of the precursor particle size, and supported metal phos-
over phosphide catalysts was also observed in previous stughide particles with high dispersion can be achieved. The nickel
ies of unsupported NP, MoP, NiMoP, and CoMoP and of particles became fully phosphided at 423 K, whereas the NiO
silica-supported MoP, CoP, WP, NiMoP, and CoM(dR,22] particles were fully phosphided only at 623 K. Ni(@EOO), -
However, XRD measurements of the samples did not reveaH,O was the best nickel source for the preparation of highly
any differences before or after the HDN reaction. By elemendispersed Ni/Si@and subsequent hNP/SiQ catalysts. The re-
tal analysis and EXAFS measurements, Oyama et al. found thgulting silica-supported nickel phosphide proved to be very ac-
formation of Ni-S linkages at the surface of the silica-supportedive in the hydrodesulfurization of dibenzothiophene and the
NiP particles that had been tested under HDS condift8ls  hydrodenitrogenation of-methylaniline in the presence and
They also observed that the position of the XRD peaks of thebsence of biS.
spent samples did not change, demonstrating that the bulk of
the NpP particles were stable under the hydrotreating condieferences
tions. Wu et al[23] and Layman and Bussdi25] investigated
the surface of silica-supported nickel and molybdenum phos-[l] L.V, Babich, J.A. Moulijn, Fuel 82 (2003) 607.
phide catalysts by infrared spectroscopy with CO as a probey | medici, R. Prins, J. Catal. 163 (1996) 28.
molecule. Their results showed that the surface of these phosgs) r. prins, Adv. Catal. 46 (2001) 399.
phides can be partially sulfided and that a phosphosulfide phasg] M. Sun, D. Nicosia, R. Prins, Catal. Today 86 (2003) 173.

Pressure of H_S [kPa]

forms on the surface of the catalyst in$l This suggests that
the active phase of the p#/SiQ, catalyst in the HDS reaction
is probably a NiRS, phase in the outer region of thed® crys-
tallites.

H>S has a stronger effect on the HDN activity of the A-5
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