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Abstract

Silica- and alumina-supported nickel phosphide, (i) catalysts have been prepared, characterized by bulk and surface sensitive tech-
niques, and evaluated for the hydrodesulfurization (HDS) of thiophene. Series of 30 wB@/SiO, and 20 wt% NjPy/Al,0O3 catalysts
were prepared from oxidic precursors with a range gflifmolar ratios by temperature-programmed reduction (TPR) in flowipg®k-
idic precursors with molar ratios of/Ri = 0.8 and 2.0 yielded catalysts containing phase-pupMin the silica and alumina supports,
respectively. At lower PNi ratios, significant NioPs impurities were present in the \N?,/SiO, and Ni, Py /Al ;03 catalysts as indicated by
X-ray diffraction. The HDS activities of the NP, /SiO, and Ni, P,/Al ;03 catalysts depended strongly on théNPmolar ratio of the oxidic
precursors with optimal activities obtained for catalysts containing phase-pePeaNd minimal excess P. After 48 h on stream, sAX6i0,
catalyst was 20 and 3.3 times more active than sulfided NySi@ Ni-Mo/SiQ catalysts, respectively. A BIP/Al,O3 catalyst was 2.7
times more active than a sulfided Nif/&3 catalyst but only about half as active as a sulfided Ni-MgD#l catalyst.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction and Ni-Mo/SiQ (Ni/Mo = 0.5) catalysts[13]. Briefly,
we observed that the thiophene HDS activity, after 100 h

A new class of materials, the transition-metal phosphides on stream, of a 30 wt% MNP/SiQ; catalyst was approxi-
(e.g., MoP[1-3], WP[3-5], and NpP [6-17]), have recently =~ mately 15 and 3 times more active than sulfided MofSiO
been the focus of research within the catalysis commu- and Ni-Mo/SiQ catalysts, respectively. In addition, silica-
nity, as these materials have shown high hydrodesulfuriza- supported NiP catalysts showed excellent stability under
tion (HDS) and hydrodenitrogenation (HDN) activity. It is HDS conditions. The HDS activities of pNP/SiO, catalysts
hoped, therefore, that the development of metal phosphide-correlated with their @ chemisorption capacities, and it was
based hydrotreating catalysts may help to meet future envi-concluded that the high HDS activity of MR/SiQ, catalysts
ronmental regulations requiring significant reductions in the can be traced to both a high site density and a high turnover
allowable sulfur levels in transportation fuels. frequency (TOF).

In a previous study, we described the HDS catalytic prop-  Research in a number of laboratories has shown that the
erties of NpP/SiQ; catalysts with a wide range of load-  1pR synthesis of phase-pure;Rion silica requires the use
ings and compared them with sulfided Ni/giQM0/SiC,, of excess P in the oxidic precursf#,7,8,12,13,15] Time-

resolved X-ray diffraction (XRD) investigation of the TPR
~ " Corresponding author. Fax: 360-650-2826. synthesis of a NiP/SiG, catalyst revealed that reduction of

E-mail address: mark.bussell@wwu.ed{M.E. Bussell). an oxidic precursor with ANi = 0.8 proceeded sequentially,
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with silica-supported NiO converted first to Ni metal, then 2.2. Catalyst characterization
to Ni12Ps, and finally to NpP [12]. Oyama and co-workers
[8,15] showed that some excess P is volatilized during TPR

as PH, and that some of the additional excess P remains . . .
associated with the silica support. elemental analysis, BET surface area andc@emisorption

Since a number of studies have reported that the prepa-Téasurements, X-ray diffraction (XRD), X-ray photoelec-
ration and hydrotreating properties of JRISIO, catalysts 70N SPectroscopy (XPS), transmission electron microscopy
are sensitive to the precursor composit[@8,13-15] we (TEM), and infrared (IR) gpectrpscopy. The details of the
have investigated in detail the effect of precursor composi- BET surface area, £xhemisorption, XRD, and XPS mea-
tion on the HDS properties of silica-supported, Rj cata- ~ SUrements have been described elsewfiFd8]
lysts. Furthermore, since the typical support for commercial _Analysis of the Ni and P contents of Ni,/SiO; and
hydrotreating catalysts ig-Al,03, we have carried out a  NixPy/Al20s catalysts was carried out by Huffman Labora-
parallel investigation of NiP, /Al 03 catalysts. Aluminain-  tories, Inc. The S content of NP,/SiO; and Ni.P,/Al205

teracts more strongly with phosphorus than does silica, andcatalysts subjected toi3/H, pretreatments was determined
this interaction is expected to influence the catalytic proper- With a LECO SC-144DR Sulfur and Carbon Analyzer. After

ties of the supported Ni phosphides. degassing in flowing He at room temperature, the catalysts
were heated to 650 K in 1 h and maintained at 650 K for
2 h, while under a 60 njimin flow of a 3.03 mol% HS/H,

The catalysts prepared in this study were characterized by

2. Experimental mixture. The samples were subsequently flushed with He
(60 ml/min) for 30 min at room temperature and then pas-
2.1. Catalyst preparation sivated for 2 h under a 60 mhin flow of a 1 mol% Q/
He mixture. Approximately 0.3 g of catalyst was loaded into
21.1. Ni,P,/SO, the LECO analyzer, where it was combusted in pupea®©
Catalystys containing 30 wt% NP, /SiO, were prepared 32'[2:(;:(()} and SQ in the effluent was quantified with an IR

from oxidic precursors with molar ratios of/Ri = 0.4, i
0.5, 0.8, 1.0, 1.5, and 2.0, by a procedure described in de- 1€ vacuum system used for IR spectroscopic measure-
tail elsewherd13]. This weight loading was determined to MeNts and the sample mounting procedure have been de-
be optimal for thiophene HDS as reported previoysss]. scribed in Qetall elsewhef&9]. Transmission FTIR spectra

20 wt% Nii2Ps/SiO, and NpP/SiQ catalysts, used for the Wereich|red over the 4000_1000&”6‘”9? (128 scans,

IR spectroscopic measurements, were prepared from oxidic M~ resolution) with procedures described elsewhere
precursors with PNi = 0.4 and 0.8, respectively, by a simi- [16]. After mounting, the catalyst samples were evacuated

lar procedure. to 10~3 Torr over a period of~ 30 min before reduc-
tion in flowing Hy (60 sccm) at 650 K for 1 h. The sam-
2.1.2. Ni,P,/Al03 ples were subsequently evacuated-td x 10~/ Torr, an-
Catalysts containing 20 wt% NP,/Al ;03 were prepared nealed at 650 K for 1 min, and cooled to room t_emper-
from oxidic precursors with molar ratios of Ri = 0.5, 0.8, ature, and a background IR spectrum was acquired. An

1.0, 1.5, 2.0, and 2.5. This weight loading was selected be-!R spectrum of adsorbed CO was then collected at 298 K

cause of the lower surface area of the alumina support (com-While the catalyst sample was in the presence of 5.0 Torr
pared with the silica) and because a 20 wt%MAl,O3 cat- CO. IR spectra were collected for silica- and alumina-
alyst had a higher activity than a catalyst with a 30 wt% load- Supported NiP, Nii2Ps, and Ni catalysts, all with 20 wt%
ing. They-Al,03 (Degussa; Aluminum Oxide C, 100%tg) loadings.
was calcined at 773 K before use and was impregnated
with an aqueous solution of Ni(N§ - 6H,O (Alfa Ae-
sar; 99.9985%) and NHHoPO4 (Baker; 99.1%) to give the
desired PNi molar ratio in the catalyst precursor. The pre-
cursors were dried at 393 K and calcined in air at 773 K Thiophene HDS activity measurements were carried out
for 3 h. The TPR procedure was similar to that described at 643 K with a feed consisting of a 3.2 mol% thiophene/H
elsewhere for NiP/SiQ, catalyst13], except thatthe max-  mixture as described elsewhej®3,16] The Ni.P,/SiO;
imum temperature reached was 1123 K instead of 923 K. and Ni.P,/Al,O3 catalysts were pretreated by degassing
in He (60 m{min) at room temperature for 30 min, and
2.1.3. SO,- and Al,03-supported NiO, MoOgz, and the SiQ- and AhbOs-supported NiO, Mo@, and NiO-
NiO—-MoO3 MoOs catalysts were sulfided as described elsewhEsg
Oxidic precursors of silica- and alumina-supported sul- Thiophene HDS activities (nmgd/(dcatS)) were calculated
fided Ni, Mo, and Ni-Mo (NfMo = 0.5) catalysts were  from the total product peak areas calculated from the chro-
prepared as described elsewhgd 3]. matogram after 48 h of reaction time.

2.3. Thiophene HDS activity measurements
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Table 1

Physiochemical data for silica-supportegRicatalysts

Oxidic precursor XRD Bulk Surface BET Chemisorption HDS activity? HDS TOF
molar ratio phase(s) composition composition surface area capacity (nmokrp/ (sfl)
(P/Ni) (m?/g) (Hmob, /9) (9cats))

0.40 Niq2oPs5 Ni2 46P1.00 Ni3 gsP1.00 105 214 693 ®M032
0.50 Ni12Ps, NioP Ni1.88P1.00 — 90 144 1970 m14
0.80 NipP Ni1 64P1.00 Ni2 23P1.00 79 130 2750 ®m21
1.0 NioP Ni1.33P1.00 — 79 76 2130 ®m28
15 NioP Nio.89P1.00 - 51 19 805 43
20 NioP Nio.58P1.00 — 36 12 575 48

2 After 48 h on-stream.
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Fig. 1. A plot of the PNi molar ratio of Ni;Py/SiO> and Ni;Py/Al;03

catalysts as a function of the/Ri molar ratio of their oxidic precursors.

P/Ni=0.4
3. Results

Nl
3.1. Catalyst characterization — ! s -
1 1 L 1 L 1 L 1 " 1 "
3.1.1. Elemental analysis, X-ray diffraction, and 20 30 40 50 60 70 80
transmission electron microscopy Bragg Angle (20)

The elemental compositions of the,[®,/SiO, catalysts
are listed inTable 1 and the PNi molar ratios of the oxidic Fig. 2. XRD patterns for NiPy/SiO, catalysts with different PNi molar
precursors and the NP,/SiO; catalysts are plotted against ratios in their oxidic precursors.
one another irFig. 1L For Ni.P,/SiO, catalysts prepared
from oxidic precursors with fNi > 0.5, some P is lostfrom  be Ni 46P1.00, Which is in good agreement with the expected
the catalysts during TPR, but, except for the catalyst with stoichiometry (Ni 4P1.0). As the amount of phosphorus in
P/Ni = 0.4, the catalysts contain P in excess of that ex- the oxidic precursor is increased to a molar ratjiNP=
pected from the stoichiometry of pi?. XRD patterns forthe 0.5, the XRD pattern exhibits peaks for both;pHs and
Ni,P,/SiO, catalysts and for unsupportedJRi as well as a NioP. Phase-pure AP is achieved for the NP,/SiO;, cat-
JCPDS reference pattern forfPs (card no. 22-119(r0]), alyst prepared from an oxidic precursor with a molar ratio
are shown inFig. 2 The XRD pattern of the unsupported P/Ni ratio = 0.8. Henceforth, this catalyst (Ri = 0.8)
Ni2P is similar to a reference pattern from the JCPDS pow- will be referred to as NiP/SiQ. The elemental composition
der diffraction file (card no. 089-27420]). The XRD pat- of the N P/SiG, catalyst was determined to beilNiiP1 oo,
tern for the NiP,/SiO, catalyst with a molar ratio fNi = which is quite P-rich compared with the composition ex-
0.4 in the oxidic precursor shows only the peaks observed in pected from the stoichiometry of pR. As the molar ratio in
the NipoPs reference pattern. Henceforth, this catalystiNP the oxidic precursors is increased furthef i > 0.8), NiP
= 0.4) will be referred to as NpPs/SiO.. The elemental is the only crystalline phase observed in the XRD patterns of
composition of the NibPs/SiO, catalyst was determined to  the Ni,P,/SiO; catalysts up to a molar ratio of/Ri = 2.0.
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For the NiP,/SiO, catalyst prepared from an oxidic pre-
cursor with B'Ni = 2.0, the XRD pattern exhibits peaks in
addition to those for NiP. The peaks for the crystalline im-
purity (20 = 21.2°, 25.6, 26.7, 28.#4, 30.C, 31.8, 35.7°,
38.2, and 43.8) are consistent with the presence o3
(card no. 05-03180]) and ROy (card no. 38-09320]) on
the silica support. Reference Kig. 1 reveals that P is lost
from the Ni.P,/SiO; catalysts only after phase-pure;Riis
formed on the silica support (Rli > 0.8). However, not all
of the excess P is volatilized; instead some remains on th
support as PO, compounds.

Using the Scherrer equatid@l], we calculated average
crystallite sizes of 15 and 22 nm for the 30 wt% pHs/SiO,
and NpP/SiQ catalysts, respectively. For these calcula-
tions, the full width at half-maximum (FWHM) of the {111}
reflection at 40.8 for NioP and the {312} reflection at
49.0° for NiioPs were used. TEM images of a 30 wt%
Ni12Ps/SIO, catalyst are shown iRig. 3. The low-resolution
TEM image Fig. 3a) reveals that the hiPs particle sizes
range up to approximately 30 nm. The high-resolution im-
age of a silica-supported NP5 particle Fig. 3) indicates
that NijoPs adopts a globular morphology on the silica sup-
port. The NioPs particle has a diameter of 17 nm, and the
indicatedd-spacing is consistent with the {310} crystallo-
graphic plane of NibPs, as determined by comparison with
the JCPDS powder diffraction file (card no. 22-1120]).
Low- and high-resolution images of a 25 wt%,RiISIG
catalyst were published previougly3]. After synthesis, the
Ni, P,/SiO, catalysts were subjected to a flow of a 1 mol%

Fig. 4. High resolution TEM micrograph of a 25 wt%¥/SiO, catalyst.

high-resolution TEM image displayed Fig. 4 shows evi-
dence of the passivation layer on gRiparticle in a 30 wt%
Ni>P/SiG catalyst. A light gray band with a thickness of ap-
proximately 2 nm can be seen to extend around the external
edge of the NiP particle.

The elemental compositions of the, ¥, /Al ;O3 catalysts
are listed inTable 2 and the PNi molar ratios of the oxidic

O2/He mixture at room temperature, so that a thin oxide precursors and the NP,/Al,O3 catalysts are plotted against

layer formed on the outer surfaces of the particles, to pre-

one another irFig. 1 For Ni,P,/Al,O3 catalysts prepared

vent deep oxidation of the catalysts upon air exposure. Thefrom oxidic precursors with fANi > 1.5, some P is lost from
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Table 2

Physiochemical data for alumina-supportegMcatalysts

Oxidic precursor XRD Bulk Surface BET Chemisorption HDS activity? HDS TOF
molar ratio phase(s) composition composition surface area capacity (nmokrp/ (sfl)
(P/Ni) (m?/g) (Hmob, /9) (9cats))

0.5 Ni12Psg Ni1 8sP1.00 Ni2 35P1.00 66 123 166 @014
0.8 Ni12Ps5 Ni1.23P1.00 — 62 47 188 039
10 Niq2Ps, NioP Ni1.03P1.00 — 63 85 307 @036
15 Ni12Ps, NioP Nio.66P1.00 — 61 60 438 @®073
2.0 NioP Nig.57P1.00 Nig.25P1.00 62 89 1020 12
25 NioP Nig.47P1.00 — 53 54 396 073

2 After 48 h on-stream.

the catalysts during TPR, but all of the catalysts contain P in

excess of that expected from the stoichiometry gfNKRD L,l Ni,P
patterns for the NiP,/Al,O3 catalysts and for unsupported \ Ju NN
Ni>P and a reference pattern for{lPs are shown irFig. 5.

The XRD patterns for the NP, /Al 203 catalysts show peaks PN =25

associated with thes-Al,0O3 support (2 = 325°, 36.6,
39.5, 45.8, and 67.2) that are consistent with a reference
pattern from the JCPDS powder diffraction file (card no. 02-
1420[20]). Excluding the peaks for-Al 2,03, the XRD pat-
tern for the NiP,/Al,O3 catalyst with a molar ratio MNi =

0.5 in the oxidic precursor shows only the peaks observed in
the NijoPs reference pattern. Henceforth, this catalystiNP

= 0.5) will be referred to as NpPs/Al,03. The elemental
composition of the NioPs/Al 203 catalyst was determined to

be Niy gaP1.00, Which is quite P-rich compared with the com- "MWWW
position of Nii2Ps (Ni2.4P1.0). The only apparent peaks in

the XRD pattern for the NiP,/Al 03 catalyst prepared from W%m
an oxidic precursor with ANi = 0.8 are those for NpPs, )
whereas the catalysts prepared from precursors wiki 2

1.0 and 1.5 exhibit peaks for both iP5 and NpP. Phase- W
pure NpP on the alumina support was successfully prepared

from an oxidic precursor with a molar ratio/Ri = 2.0. | I l Ni P,
| WY A
L 1 L 1 .
40 50

P/Ni=1.5

Henceforth, this catalyst will be referred to asRIAILOs. ~
The elemental composition of the #/Al,O3 catalyst was — L
determined to be Nis7P1.00, Which is very P-rich compared 20 30 60 70 80
W?th the composition_expected _fr_om the stoichio_metry of Bragg Angle (20)

Ni>P. As the molar ratio in the oxidic precursors is increased

to P/Ni = 2.5, NP is the only crystalline phase observed, Fig. 5. XRD patterns for NiPy/Al ;03 catalysts with different ANi molar
but the peaks in the XRD pattern are substantially smaller ratios in their oxidic precursors.

than those for the NP/Al,O3 catalyst (?Ni = 2.0). Similar

to the silica-supported catalysts, referencé&ig. 1 reveals S analysis of silica- and alumina-supportecbMiand
that P is lost from NiP,/Al O3 catalysts only after phase- Nii2Ps catalysts was carried out after treatment at 650 K
pure NpP is formed on the alumina support/(d > 2.0). in a HoS/H; mixture and subsequent passivation. The data

Average crystallite sizes of 11 and 15 nm were calcu- for these measurements are giverSmpplementary Infor-
lated for the 20 wt% NbPs/Al>O3 and NpP/Al,O3 cata- mation If it is assumed that no P (or Ni) is lost from the
lysts, respectively, with the use of the Scherrer equation andcatalysts during the $8/H, treatments and that the S is asso-
the same reflections as were used for the silica-supportedciated only with the Ni phosphide particles, then the compo-
catalysts. TEM images of the 20 wt% J¥/Al,O3 and sition of the phosphosulfide phases (N#) can be calcu-
Ni12Ps/Al2 O3 catalysts (se8upplementary Informatigme- lated. For the NiP/SiQ, and NpP/Al>,O3 catalysts, particle
veal that the Ni phosphide particle sizes range up to ap- compositions of Ni oP1.0S0.017 and Nb.oP1.0S0.050 respec-
proximately 30 nm for the NP/AI,O3 catalyst, but up to tively, can be determined. For the NPs/SiO, and Ni2Ps/
only about 16 nm for the NpPs/Al 203 catalyst. The high-  Al,Og3 catalysts, particle compositions of NP1 0Sp.24 and
resolution images reveal that the alumina-supportefPNi  Ni2 4P1.0S0.25 respectively, can be calculated. Clearly, the
and Nij2Ps particles adopt globular morphologies. more Ni-rich Nii2Ps5 phase incorporates substantially more
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Table 3
Physiochemical data for sulfide catalysts 8535
J.

Catalyst BET sur- Chemisorption HDS activit? HDS 8572

face area capacity (nmokp/ TOF?

(m2/g)  (umob,/g)  (GcatS)) sh Ni P/SiO,
Sulf. Ni/SiOy 113 72 136 @019
Sulf. Mo/SiO, 92 18 232 13 1343 129.5
Sulf. Ni-Mo/Si0, 96 23 826 - N
Sulf. Ni/Al,O3 81 317 379 012 856.8
Sulf. Mo/Al, O3 58 54 782 14
Sulf. Ni-Mo/Al,O3 55 21 2190 -

& After 48 h on-stream.

sulfur as a result of treatment inpB/H, at 650 K than does
Ni2P. Using energy-dispersive X-ray analysis (EDAX), Ko-
ranyi [14] detected no sulfur in unsupported,Ri sulfided

in 10 mol% HS/H, at 673 K, and temperature-programmed
sulfidation of NpP showed insignificant uptake of,B at
temperatures up to 1073 K. However, XPS showed some
sulfur present at the surface of the sulfidedmNj14]. Af-

ter 300 h on stream in a mixed feed containing 3000 ppm
dibenzothiophene, Oyama et §L5] determined the ele-
m,ental composmon.of a 24',4 wt% N/SIO CataIySt to be Fig. 6. XPS spectra in the Ni(2p) and P(2p) regions for 30 wt¥X&iO,
Ni2.0P1.250.060 consistent with the low S content reported  ang Nij,Ps/SiO, catalysts.

here for a sulfided NP/SiQ, catalyst.

Ni P /SiO,

Ni2p P 2p

| " 1 " 1 N 1 L 1 " 1 L 1
870 860 850 140 135 130 125
Binding Energy (eV)

3.1.2. BET surface area and O, chemisorption
The BET surface areas ang ©hemisorption capacities . 134.7
for the Ni,P,/SiO, and Ni.P,/Al>03 catalysts and for sul- Ni,P/ALO,
fided Ni/SiG, Ni/Al203, Ni-Mo/SiO,, and Ni-Mo/AbO3 853.4
(Ni/Mo = 0.5) catalysts are listed ifiables 1-3 For the 8572
Ni, P,/SiO, and Ni.P, /Al ;03 catalysts, the BET surface ar-
eas and @chemisorption capacities generally decrease with
increasing P content of the catalysts.

856.6
3.1.3. X-ray photoelectron spectroscopy

The XPS spectra in the Ni(2p) and P(2p) regions for
30 wt% NbP/SiG; and NiPs/SiO; catalysts are shown
in Fig. 6, and the spectra for 20 wt% pR/AI,O3 and
Ni1oPs/AloO3 catalysts are shown iRig. 7. The peaks in

Ni P /ALO,

the XPS spectrum for the pP/SiQ, catalyst have been as- 134.0

signed previoush13]. The peaks at 857.2 and 134.3 eV 129.8
are assigned to Rt and P* species, respectively, in the

passivation layer formed on the M particles following Ni2p P 2p
synthesis. The peaks observed at 853.5 and 129.5 eV are ! . R N T S
assigned to reduced Ni and P species, respectively. These 870 860 850 140 135 130 125
binding energies indicate that the Ni inJ# has a partial Binding Energy (eV)

positive charge&"), where 0< § < 2, whereas the P has
a partial negative chargé ), where 0< § < 1. The XPS
spectrum for the NpPs/SiO, catalyst is similar to that for
the NpP/SiG, catalyst in most regards, but with some im-
portant differences. Two peaks are apparentin the Njg2p  ing energy is somewhat lower than that observed for Ni in
region at 853.0 and 856.8 eV, which are assigned td'Ni  the NipP/SiQ, catalyst, suggesting less transfer of electron
and NP+ species, respectively. The magnitudeafiust be density from Ni to P in Ni2Ps. The peak intensities for the
quite small, as the Ni(2p,) binding energy of 853.0 eV is  reduced and oxidized Ni species in the XPS spectrum for
close to that of Ni metal (852.5-852.9 ¢®2]). This bind- the NipoPs/SiO, catalyst are also reversed from those for the

Fig. 7. XPS spectrain the Ni(2p) and P(2p) regions for 20 wt¥NAl,O3
and Ni oP5/Al 03 catalysts.
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Ni>P/SiQ catalyst, suggesting that there is a thicker passi- 2083 b s oTon T o8 K
vation layer on the surface of the NPs/SiO, catalyst. For I 0.1 A - "

this reason, the satellite peak at 862.0 eV, which is associ-
ated with N#t specieg23,24], is more pronounced for the
Ni12Ps/SiO, catalyst than for the NP/SIQ, catalyst. In the
P(2p) region, a peak at 133.8 eV is assignedb $pecies

in the passivation layer, and a weak shoulderd295 eV

is assigned to P species, where @ § < 1.

The XPS spectra for 20 wt% BP/Al,O3 and Ni2Ps/
Al>Og3 catalysts Fig. 7) generally mirror those for the silica-
supported catalysts. The P(2p) region shows one significant
difference: the XPS spectrum of the JRVAI,O3 catalyst
has a very intense peak at 134.7 eV that is consistent with Z |
the binding energy of P in AIPOmolecular sieves (134.6— <
134.8 eV[25]). Some of the phosphorus impregnated onto
the y-Al,03 in the form of NHH,PQy is apparently react- 2200 1924
ing with the support to form AlP@at the surface of the cat-
alyst. This likely explains why a large excess of PP = /
2.0) is necessary in the oxidic precursor so that phase-pure 1977 1915 Ni/SiO,
NioP can be prepared op-Al,0O3. A slight excess of P J\_,'_,L\
(P/Ni = 0.5) was needed to prepare phase-purgidion L
y-AIZOg,_, Whl_ch may reflect that some P has reacted with the 2300 2200 2100 2000 1900 1800 1700
support in this catalyst to form AlP{as well. Although the
P(2p/2) binding energy (134.0 eV) for NPs/Al O3 cata- Wavenumber (cm")
lyst is below that of AIPQ, comparison of the P(2p) regions
for the Nij2Ps catalysts Figs. 6 and Yreveals a substantially ~ Fig. 8. Infrared spectra of adsorbed CO on reduced 20 wt% Ni/SiO
larger peak at- 134.0 eV for Nip»Ps supported on alumina ~ Ni12Ps/Si02, and NpP/SIC, catalysts.
than on silica. The surface Ni and P concentrations for the
silica- and alumina-supported Mt and Ni»Ps catalysts are
listed inTables 1 and 2

Ni P/SiO),

orbance

Ni P /SiO,

2074 2056

T T T T T T T T T T T T T

:I: Pm =5.0Torr, T=298 K
0.1 A 2093
3.1.4. Infrared spectroscopy of adsorbed CO

IR spectra for adsorbed CO on silica- and alumina-
supported Ni, NioPs, and NpP catalysts were acquired be- NiP/ALO.
fore and after exposure to 5.0 Torr CO. The IR spectra (not oo
shown; acquired before CO exposure) in they region 203 ey Iss
show no evidence for P-OH species on thg,R§/SiO,
and NpP/SIG catalysts, whereas a peak is apparent at 2091
3676 cntl in the IR spectra of the N3Ps/Al>O3 and |
Ni>P/Al,O3 catalysts. This peak, which is slightly larger
for the NLP/Al,O3 catalyst, is assigned to theyy mode
of P—OH specie§26]. The IR spectra for adsorbed CO on
Ni/SiO2 and NpP/SiQ, catalysts Fig. 8) have recently been
discussed elsewhe[&6]. For the reduced Ni/Si©catalyst,
the intensevco absorbance at 2074 crh is assigned to 2056
CO terminally bonded to Nisites, and the two weakco
absorbances at 1977 and 1915 ¢nare assigned to CO ad-
sorbed to Ni bridge sites. A shoulder on the intenseo
absorbance at 2074 crhis observed at 2056 cnt and is
assigned to nickel tetracarbonyl (Ni(Cfpspecies formed
upon CO adsorption.

The IR spectrum of adsorbed CO on the N§@} cata-
lyst (Fig. 9 agrees well with IR spectra previously reported
by others[27,28] The peak position of the intenseo ab-
sorbance at 2090 cnt is assigned to linearly bonded CO on  Fig. 9. Infrared spectra of adsorbed CO on reduced 20 wt% NUA|
Ni? sites[27,28] The weakvco absorbance at 2153 cth Ni12Ps/Al 203, and NpP/Al,O3 catalysts.

Ni P /ALO,

2090

Absorbance

Ni/ALO,

1758

2300 2200 2100 2000 1900 1800 1700

Wavenumber (cm™)
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Table 4 acteristics of samples in our IR system, we do not think it is
Infrared data for reduced and phosphide catalysts prudent to try to correlate the small changes in the intensity
Catalyst veo? Relative CO site of this band with the P content of the catalysts.

(cm™Y) densitied? Infrared spectra were also acquired for adsorbed CO
Ni/SiOp 2074 087 on silica- and alumina-supported MPs and NpP cata-
Ni/Al 203 2089 235 lysts after a sulfidation pretreatment at 650 K. As described
NioP/SICy 2083 341 previously, sulfidation of a 20 wt% MNP/SiQ, catalyst re-
NioP/Al,O3 2093 126 . . .
Ni15Ps/SiO; 2089 193 sulted in a decrease in the quantity of adsorbed CO and
Ni1oPs/Al 03 2091 196 shifted thevco absorbance for CO adsorbed on atop Ni
2 For CO adsorbed on Ni atop sites only at 298 K. sites from 2083 to 2093 cm. These results indicate that
b |ntegrated absorbangmg catalyst. some S is incorporated into or adsorbed ontoPXBIO

catalysts upon bB/H, pretreatment, blocking sites and

is assigned to CO terminally adsorbed to an oxidized Ni Withdrawing electron density from the Ni sites. The re-
site. The CO stretching vibrations observed at 1844, 1910, SUlts for NioPs/SiOp, Ni1oPs/Al203, and NpP/Al2O; cata-

1940, and 1966 cirt are assigned to CO adsorption on two- Iy§ts pr.etreated in p5/H, are ponsistent with those for the
fold Ni° bridge siteg29-31] The weakvco absorbance at ~ Ni2P/SiG; catalyst; the quantity of adsorbed CO decreases

1758 cnt! has not been assigned. Similar to the Ni/giO and thevco absorbance for CO adsorbed on atop Ni sites

catalyst, a shoulder at 2056 cnt? is assigned to adsorbed ~ Shifts to higher wavenumbers. _
Ni(CO)4 on the catalyst surface. The peak positions for ter-  AS indicated by the peak intensities and the relative CO

minally bonded CO species and relative CO site densities areSite densitiesTable 4, the amount of adsorbed CO is higher
summarized inrable 4 on the NioPs/SiO, catalyst relative to the Ni/Si©catalyst,

Substantial differences are observed in the IR spectra of Whereas a decrease is observed for thefiAl>03 and
adsorbed CO on the silica- and alumina-supported Ni cat- Ni/Al 203 catalysts. These trends hold true for theMSI,
alysts upon incorporation of P to form NPs and NpP and NpP/Al,O3 catalysts as well, with the WP/SiGy cat-
phases Figs. 8 and § CO adsorption on bridge sites and alyst adsorbing the greatest amount of CO for the silica-
formation of Ni(CO), are suppressed for the Ni phosphide Supported catalysts, and the,RIAI;O3 catalyst adsorbing
catalysts, and the peak positions of the, absorbance asso-  the least CO of the alumina-supported catalysts. Incorpora-
ciated with linearly bonded CO shift to higher wavenumbers. tion of P into the silica-supported catalysts apparently in-
The vco absorbance for CO adsorbed on atop Ni sites is creases the dispersion of the Ni phase, whereas the large
centered at 2089 cnt for the NiioPs/SiO, catalyst and at ~ €xcess of P needed for the preparation of the alumina-
2091 cnm? for the NioPs/Al ,05 catalyst. For the NP/SIiOp supported Ni phosphide catalysts apparently blocks Ni sites
and NpP/Al,O3 catalysts, thisvco absorbance is located —©n these catalysts.
at 2083 and 2093 cr, respectively. It is unclear why the
peak position of thesco absorbance for linearly bonded 3.1.5. Thiophene HDSactivities
CO on the N}P/SiQ catalyst lies between the values for The thiophene HDS activities of the 30 wt%,Ri,/SiO,
the Ni/SiQ» and NioPs/SiO, catalysts. The heating char- and 20 wt% NiP,/Al ;03 catalysts after 48 h on stream are
acteristics vary slightly from sample to sample in our IR plotted inFig. 10as a function of the Ni molar ratios of
system, which may influence the extent of reduction of the the catalysts calculated from the bulk compositions listed

thin oxide layer on the surface of silica-supported mi in Tables 1 and 2For both supports, the HDS activities of
particles. As reported previously, the position of thep the NiP, catalysts depend strongly upon the composition
absorbance for CO adsorbed atop Ni sites efN8IQ, cat- of the oxidic precursors. Maxima of HDS activity are ob-

alysts was sensitive to the temperature and hydrogen presserved at compositions of Né4P1.00 and Nip,57P1.00 for the
sure used for the reduction pretreatmgli@]. A very weak  NiP,/SiO; and Ni.P,/Al,03 catalysts, respectively. Ref-
vco absorbance feature is observed at 2196-22031cm erence toTables 1 and Zeveals that these compositions
for the NioPs/SiOp, NiioPs/AloO3, and NpP/AlLO3 cata- correspond to the oxidic precursors containing the lowest
lysts; a similar absorbance feature has also been observedP contents that yield phase-puresRion the oxide sup-
for a Ni;P/SiG, catalyst in 5.0 Torr CO at 150 K and a ports. For these optimized compositions, corresponding to
Ni>P/SiQ catalyst reduced under milder conditiofi]. the catalysts designated aRISIQ, and NpP/Al>O3, the
This vco absorbance feature has recently been assigned tcsilica-supported catalyst is 2.7 times more active than the
a surface-bonded-PC=0 specieg16]. A slight increase in  alumina-supported catalyst after 48 h on stream. The pres-
the intensity of the IR absorbance at2200 cnt? is ob- ence of Ni2Ps in the silica- and alumina-supported [/,
served with increasing P content for the; pis/Al,O3 and catalysts has deleterious effects on the catalystgiPyliis
Ni>P/Al,O3 catalysts, but the opposite trend is observed for substantially less active for thiophene HDS than is phase-
the Nip2Ps/SiO; and NpP/SiQy catalysts. Given the sen-  pure NpP on both supports. From the activity data summa-
sitivity of the ~ 2200 cnt! absorbance band to reduction rized in Tables 1 and 2it can be seen that the M/SiQ
conditions[16] and the slight variations of the heating char- catalystis 4 times more active than the Ms/SiO, catalyst
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Fig. 10. Thiophene HDS activities (after 48 h on-stream) of 30 wt%
Ni, Py/SiO; and 20 wt% Nj Py/Al,O3 catalysts as a function of the com-
position (P’Ni molar ratio) of the catalysts.

after 48 h on stream, and theJRVAl,O3 catalyst is 6 times
more active than the NiPs/Al,O3 catalyst.

The turnover frequencies (TOFs) of the 30 wt% R/
SiO; and 20 wt% NiP,/Al;O3 catalysts, which we calcu-
lated by dividing the HDS activities after 48 h on stream
by the @ chemisorption capacities, are plottedhig. 11
as a function of the INi molar ratios of the catalysts. For
the Ni.P,/SiO, catalysts, the TOFs increase sharply with
increasing P content, whereas thg Ri/Al 203 catalysts ex-

hibit a much weaker trend of increasing TOF with P content.

The HDS activities and TOFs of the most active phos-
phide catalysts on the silica and alumina supportsPr8i%
and NpP/Al,O3, can be compared to those of sulfided Ni,
Mo, and Ni-Mo (Ni/Mo = 0.5) on the two supports (sda-
bles 1-3. The 30 wt% Nj)P/SiG is more active than all of
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Fig. 11. Thiophene HDS turnover frequencies (after 48 h on-stream) of
30 wt% Nix P, /SiO; and 20 wt% NjP,/Al,O3 catalysts as a function of
the composition (PNi molar ratio) of the catalysts.

ably adsorbed NEH2PO, as depicted irBcheme 1Time-
resolved XRD showed that the reduction of an oxidic pre-
cursor with a molar ratio ANi = 0.8 proceeded sequentially
to give Ni, Nij2Ps, and ultimately NiP on the silica support
as the TPR proceeded (s8eheme }1[12]. Prins and co-
workers[7] have proposed a similar scheme for the reduction
of oxidic precursors of NiP,/SiO, catalysts with molar ra-
tios P/Ni = 0.5-0.65. The preparation procedure used in the
current study, which has been described in detail in a previ-
ous publication[13], is different from that reported by the
laboratories of Oyam{B,10] and Pring[7]. The syntheses
used in the three groups vary in the sequence of impregna-
tion and calcination steps and in the compositiofiNFmo-

lar ratio) of the oxidic precursors. The synthesis developed in
our laboratory yields NIP/SiG, catalysts with smaller NP

the sulfide CatalyStS, inClUding 3.3 and 1.3 times more active Crysta”ites in Comparison with Cata|ysts prepared by the dif-

than sulfided Ni-Mo/Si@ and Ni-Mo/ALOs catalysts, re-
spectively, after 48 h on stream. The TOFs of thefMBiO,
and NbP/Al,O3 catalysts are similar to or higher than those
of the sulfided Ni and Mo catalysts.

4. Discussion

The synthesis utilized in this study to prepargRi/SiO»
catalysts involved impregnation of the SiGupport with
Ni(NO3)2 - 6H20 followed by drying, calcination at 773 K,
and subsequent impregnation with MpPO4. The precur-

ferent methods but with similar loadin§s3].

As the results of the current study indicate, th@&lPmo-
lar ratio of the oxidic precursor is critical in determining the
composition and properties of the ¥, /SiO, catalysts. For
P/Ni < 0.8, there is insufficient P in the oxidic precursors
to yield pure NjP on the support, and the resulting cata-
lysts contain Ni>Ps. Reference td-ig. 1 shows that no P
is lost from the oxidic precursors of N?,/SiO, catalysts
with P/Ni < 0.8. For these catalysts, P in the oxidic pre-
cursor is incorporated into the Ni phase, forming 4/
or Ni>P, or becomes associated with the silica support. To
prepare phase-pure, silica-supportedfMlexcess P must be

sors were not calcined after the phosphate impregnation.used in the catalyst precursor/(f = 0.8). Some of this

As reported previouslfl2,13], this synthesis method yields

excess P is lost from the catalyst during TPR (presumably

NiO on the silica support as detected by XRD and presum- as PH), but the bulk composition of the BP/SIG cata-
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Scheme 1. Schematic representation of the silica-supported phases formed during TPR of the oxidic precursBY$i& Natalyst.
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Scheme 2. Schematic representations of (aP*R8i0, and (b) NpP/Al,O3
catalysts.

lyst, Ni1 g4P1.00, indicates that a substantial amount of the
excess P remains on the catalyst. Using solid-St&e\MR
spectroscopy, Prins and co-workgfsobserved no evidence
for silicon phosphates on pP/SiQ, catalysts, but did detect

higher temperatures needed to reduce the oxidic precur-
sors of the alumina-supported phosphides are presumably
due to the stronger interactions of the metals (Mo, Ni) and
phosphate withy-Al 203 than with SiQ. The stronger inter-
action of phosphate withr-Al 03 likely explains the need

for a substantially higher P content in the oxidic precur-
sor for the NpP/Al;O3 catalyst (FNi = 2.0) than for the
NioP/SiQ, catalyst (FNi = 0.8). As with the NiP,/SiO,
catalysts, no P is lost from the Nr,/Al,O3 catalysts until
phase-pure NP is synthesized on the support ($6g. 1).
Reference to the bulk compositionsTiable 2indicates that

all of the Ni, P,/Al 205 catalysts contain substantial excesses

signals typical of phosphate species. As will be discussedof P relative to the expected compositions of the Ni phos-

shortly, studies by Oyama and co-work§t§] indicate that
much of the excess P on the surface ofNBIQ, catalysts
is lost during HDS. Similarly to Oyama et 4lL5], we con-

phide phases identified in the catalysts by XRD. Presumably
this excess P is associated with theAl,O3 support, and
XPS (seeFig. 7) indicates that reaction has occurred to

clude that the excess P is associated with the silica supportproduce AIPQ. A schematic representation of a freshly

For Ni,P,/SiO, catalysts prepared from oxidic precursors
with molar ratios PNi > 0.8, phase-pure NP is formed

prepared NiP/Al,O3 catalyst (PNi = 2.0) is shown in
Scheme B. In contrast to the NP/SiG, catalyst, which re-

on the silica and some P is lost from the catalyst during quired a smaller excess of P that interacts more weakly with
TPR, but increasing amounts of P remain associated with thethe support$cheme ), the schematic representation of the

support. For the NiP,/SiO, catalyst prepared from a pre-
cursor with FNi = 2.0, XRD peaks are assigned te@2
and ROy; in addition to NpP (seeFig. 2). Assuming that

Ni>P/Al,O3 catalyst Gcheme B) shows a layer of AIPQ
covering they-Al»,0s. A von absorbance at 3776 cthin
the IR spectra of the NjpPs/AloO3 and NpP/Al,O3 cat-

these same phases are formed in catalysts prepared from prealysts that can be assigned to POH species supports this

cursors with 0.8< P/Ni < 2.0 but that the crystallites are

conclusion[34]. An AIPO, layer may also be present be-

too small to be detected by XRD, the schematic representa-tween the alumina and the MR particles.

tion of a freshly prepared MP/SiQ, catalyst (PNi = 0.8)
shown inScheme & can be proposed. As the W molar
ratio is increased above 0.8, the size of th®©P particles
increases. The BET surface areas andc:femisorption ca-
pacities of the NiP,/SiO; catalysts decrease monotonically
with increasing P content, indicating that thed® particles
on the catalyst surface block access to adsorption sites.
Alumina-supported NP was not successfully prepared

from oxidic precursors synthesized by the method de-

scribed for silica-supported BR®. Instead, a NP/Al>O3

catalyst was successfully synthesized from an oxidic pre-

cursor (INi = 2.0) prepared by impregnation gfAl,03
with a solution of Ni(NQ@)2 - 6H,O and NHH2PO; fol-
lowed by drying and calcination at 773 K. Complete reduc-
tion of the oxidic precursor to give alumina-supportedmi

required a maximum TPR temperature of 1123 K, 200 de-

A strong dependence of HDS activity on catalyst compo-
sition is observed for both the N?,/SiO, and Ni,P,/Al ;03
catalysts, as shown fig. 10 For Ni.P,/SiO; catalysts pre-
pared from oxidic precursors with compositions over the
range PNi = 0.4-2.0, the catalyst with the highest activ-
ity (P/Ni = 0.8) was 4.8 times more active than the catalyst
with the lowest activity (PNi = 2.0). The highest activity
catalyst, designated pR/SiQ, was also 20 times more ac-
tive than a P-free sulfided Ni/SiCcatalyst with the same
Ni loading. The optimal PNi molar ratio of the oxidic pre-
cursor (FNi = 0.8) is identified with the composition that
contains just enough P to ensure formation ofNon the
silica support. For PNi < 0.8, NijoPs is present on the
silica, either alone or with NP, and this Ni phosphide is
substantially less active for thiophene HDS than igMNi
For P/Ni > 0.8, excess P remains on the catalyst surface,

grees higher than the maximum TPR temperature neededand the BET surface areas and €hemisorption capacities

to prepare unsupported and silica-supportegPNDyama
and co-workerg1,32,33] observed similar differences in
the preparation of MoP/SiDand MoP/AbOs3 catalysts;

of these catalysts decline quickly with increased P content.
Oyama and co-worker8] observed a similar dependence
for the hydrodenitrogenation (HDN) of quinoline on the

the maximum TPR temperature needed for the alumina- composition of the oxidic precursors of M,/SiO, cata-

supported MoP % 1123 K) was substantially higher than

lysts, but observed only a very weak dependence for the

that needed for the silica-supported MoP (850 K). The HDS of dibenzothiophene. In addition to using a different
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organosulfur compound, these authors utilized a mixed feedkeeping the supported pi fully phosphided, thus facilitat-
and prepared their oxidic precursors by a different method. ing high TOFs. If this is so, then one might expect a stronger

The maximum in HDN activity was observed for oxidic pre-
cursors with molar ratios MNi = ~ 2.0 [8], a much higher

P content than for the optimal oxidic precursor/Kp =
0.8) examined in the current HDS study. Phase-pueg®Ni
was formed on the silica support for oxidic precursors with
P/Ni > 1.0, but Oyama and co-workef8] observed that

effect for the silica-supported catalysts because the excess P
is more strongly associated with alumina (forming AO
and is therefore less available to keep theMNiully phos-
phided. For the NiP,/SiO, catalysts in particular, there is a
delicate balance between too much excess P, which blocks
sites, and insufficient P to keep theoRifully phosphided.

higher P contents improved the dispersion of the supported As indicated by the TEM images (sdgégs. 3 and 4

Ni2P. For an oxidic precursor with a molar ratighi = 3.0,
the quinoline HDN activity fell precipitously, whereas the
dibenzothiophene HDS activity dropped only slightly from

its maximal value. Elemental analysis of the Ni and P con-

tents of spent catalysts yielded compositions of NP1 0o
and Nk 33P1.00 for Ni,P,/SiO, catalysts prepared from ox-
idic precursors with molar ratios/Rli = 2.0 and 3.0, respec-
tively [8]. During TPR of the oxidic precursors, evolution of
PH; was observed for oxidic precursors with molar ratios
P/Ni > 1.0. Koranyi[14] observed a significant dependence
of the thiophene HDS activity on precursor composition for
Ni, P,/SiO, catalysts with molar ratios in the ranggNi =

andSupplementary InformatignNiioPs and NpP particles
adopt globular morphologies on both the i@hdy-Al>O3
supports, indicating no discernible dependence of the mor-
phological properties of the supported particles on the Ni
phosphide phase or the support type. The high-resolution im-
age of a NP particle inFig. 4clearly shows a- 2-nm-thick
passivation layer at the outer edge of the particle. The XPS
spectra (se€igs. 6 and Yindicate that the passivation layer
on the silica- and alumina-supported; pis and NbP par-
ticles contains Nit and PQ3~ species, presumably in the
form of NiO and Nj(PQy)2. The relative intensities of the
Ni(2ps/2) peaks at 852.8-853.5 and 856.6—-857.2 eV suggest

1.0-2.3; the highest HDS activities were observed for cata- that the passivation layer is thicker on the; M5 particles

lysts with P/Ni > 1.6 [14]. It is difficult to directly compare

than on the NiP particles. The passivation layer is appar-

the results of the Koranyi study directly with ours because of ent in some high-resolution TEM images of the silica- and

substantial differences in the catalyst synthesis.

A similar dependence of the HDS activity upon pre-
cursor composition is observed for the,Rj/Al;O3 cata-
lysts, although the maximum of HDS activity is shifted to
a more P-rich composition of i = 2.0. The most ac-
tive Ni,P,/Al,O3 catalyst, designated BR/Al>Oz, is 6.1

alumina-supported NpPs catalysts, although it is less well
defined than that shown for the silica-supportedMparti-
cleinFig. 4

The XPS spectra for the silica- and alumina-supported
Ni12Ps and NpP catalysts are generally similar, but the
Ni(2ps/2) binding energies for reduced Ni species indicate

times more active than the catalyst with the lowest activ- less electron transfer from Ni to P for the 1Ps/SiO;
ity (P/Ni = 0.5) and is 2.7 times more active than a P-free and Ni2Ps/Al,O3 catalysts relative to the hP/SiQ; and

sulfided Ni/AbO3 catalyst. Consistent with the \NR,/SiO;
catalysts, the optimal /MNi molar ratio of the oxidic pre-

Ni2P/Al>,O3 catalysts. The surfaces of theb®s/SiO, and
Ni12Ps/Al 203 catalysts are substantially more Ni-rich than

cursor is identified with the composition that contains just those of the NiP/SiQ, and NpP/AloO3 catalysts. The trend

enough P to ensure formation of phase-purgPNin the sup-
port. This composition is more P-rich on alumina than on

of the binding energies measured for the Ni phosphide cat-
alysts is consistent with the XPS results of Korafi]

silica because more P becomes associated with the supporthat showed a shift of the Ni(2p) binding energy from

for y-Al,03 instead of being available for incorporation in
the Ni phosphide phase. FoyIRi < 2.0, Nii2Ps is present
in the Ni,P,/Al>03 catalysts and the HDS activity is lower
than for the optimal composition.

Further insight into the properties of NR,/SiO, and
Ni.P,/Al,O3 catalysts is gained when the thiophene HDS

853.1 eV for unsupported B to 853.5 eV for unsupported
NisP4. Taken together, the XPS results of the two studies in-
dicate that as Ni phosphides become more P-richfi—
Ni2P — NisPy), the Ni becomes increasingly electron poor;
one should keep in mind, however, that the extent of the elec-
tron transfer from Ni to P is quite small in magnitude for

TOFs of these catalysts are plotted as a function of their these Ni phosphides. Using density function theory (DFT),

composition (sed-ig. 11). The NiP,/SiO, catalysts ex-

Rodriguez et al[12] recently calculated the magnitude of

hibit a trend of steeply increasing TOFs with increased P the positive charge on Ni in bulk P to be 0.06. Based

content, whereas the \?,/Al ;03 catalysts show a dramat-

upon Knight shift measurements determined3hp NMR

ically smaller increase in TOFs. Clearly, excess P yields spectroscopy and consideration of the solid-state chemistry
catalysts with higher TOFs, even though the total number of Ni phosphides, Prins and co-workdid concluded that
of sites decreases with increased P content (particularly forNisP, Ni;2Ps, and NpP exhibit metallic character. X-ray ab-

the silica-supported catalysts). Oyama and co-work&}s
observed that the P content ofJRISIQ, catalysts decreases

sorption spectroscopy (XAS) measurements and simulations
by Oyama et al[8,15] also indicate that NbPs and NpP

substantially during hydrotreating. Although excess P low- have metallic properties. Consistent with our XPS measure-

ers HDS activity (on a per-gram basis) by blocking active

ments, however, the'!P NMR and XAS results do indicate

sites, some of the excess P apparently serves the function oflifferences between the properties ofiffs and NpP. For
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example, the XAS results show that the shortest Ni—Ni dis- catalyst (124 umglg) [13] and asulfided 20 wt% NpP/Si®
tances in Ni>Ps are shorter than those in M [15]. This is catalyst (126 umgl) [17] were determined to be identi-
in agreement with solid-state chemical results discussed bycal within the error of the measurements. It is important to
Prins and co-workerg]; the shortest metal-metal distances note that for the @chemisorption measurement, the sulfided
in Ni3P, Nij2Ps, and NpP are 0.244, 0.253, and 0.261 nm, Ni>P/SiG catalyst was reduced in flowingHollowing sul-
respectively, whereas the shortest metal-metal distance in Nifidation. It may be, therefore, that a significant amount of
metal is 0.249 nm. It would not be surprising if these and the S incorporated into MP/SiQ, catalysts upon b5/Hp
other structural and electronic differences are manifested in pretreatment is labile to hydrogenation and removal £8,H
the catalytic properties of Ni phosphides with different stoi- regenerating Ni sites. Alternatively, it may be that the in-
chiometry. corporated S does not block Ni sites at the surface of the
Infrared spectra of adsorbed CO ($&gs. 8 and Pshow catalyst. Oyama and co-workd8511,15]and our laboratory
that P strongly affects the adsorption properties ofoRH [13,16,17]have concluded that the active catalytic phase is
and NpP on both supports relative to P-free Ni catalysts. CO a mixed phosphosulfide (NiB,) phase, and the results pre-
adsorption on bridge sites is suppressed on theRyiand sented here indicate that the S content of this phase is small.
Ni,>P catalysts, as is formation of Ni(CQ3pecies, and the The Ni2Ps/SiO, and NioPs/Al2,03 catalysts incorpo-
position of the terminally bondedp absorbance is shifted rated 12 and 4.3 times more S into their structures than
to higher wavenumbers, all relative to the P-free catalysts. did the NpP/SiQ; and NpP/Al,O3 catalysts, respectively
This shift is likely due to the transfer of electron density (seeSupplementary InformatignParticle compositions of
from Ni to P in the phosphides, as observed by XPS. The IR Ni 4P1.050.24 and Nb.4P1.050.25 can be calculated for the
spectra of the NbPs/SiOp, Nij2Ps/Al203, and NpP/Al2O3 Ni12Ps/SiO; and Ni2Ps/Al,O3 catalysts, respectively. The
catalysts also exhibit aco absorbance at 2196-2203 thn molar amounts of S incorporated during$iH, treatment
that is assigned to a phosphaketene-type specie€0) are roughly twice the ® chemisorption capacities of the
formed by adsorption of CO on surface P atdié]. This Ni1oPs catalysts, indicating that sulfidation of the supported
species was first observed on gRISIO, catalyst, and the Ni12Ps particles is more extensive than for the supported
intensity of this absorbance was found to depend on the Ni,P catalysts. It seems likely, therefore, that sulfidation of
pretreatment conditions employ¢t6]. The results of the Ni12Ps/SiOy and NioPs/Al203 catalysts under HDS reac-
current and earlier studies indicate that surface P atoms ardion conditions is a critical factor for the low activity of these
available for bonding with CO on the supported M5 and catalysts.
NioP catalysts. It was recently suggested that direct interac-  Given thaty-Al,0s3 is the typical support for commer-
tion between thiophene and surface P atoms may play a rolecial hydrotreating catalyst85], it is important to develop
in the high reactivity of adsorbed thiophene onpRISIQ an understanding of the significantly lower thiophene HDS
catalystd17]. activities of the NiP,/Al;O3 catalysts compared with the
The most profound difference between the R and Ni, P,/SiO, catalysts. For both series of catalysts, the high-
NioP catalysts, observed on both silica and alumina sup-est HDS activities are observed for the catalysts contain-
ports, was the S contents of the catalysts after pretreatmentiring the minimal P content in the oxidic precursors to give
an HS/Hy mixture at 650 K. Silica- and alumina-supported phase-pure NP on the supports (s€kables 1 and 2and
Ni,>P incorporated relatively little S into its structure; particle Fig. 10. The NpP/SiQ, catalyst (PNi = 0.8) is 2.7 times
compositions of Ni oP1.0Sp.017and Nb.oP1.0S0.050were cal- more active than the NP/AI;O3 catalyst (PNi = 2.0).
culated for the NiP/SiQ, and NpP/Al,Os catalysts, respec-  There is no evidence in the physicochemical characteriza-
tively. The molar amounts of S incorporated into themi tion results for the supported MR presented here that sug-
catalysts during BS/H, treatment are small (segupple- gests different sites on the two catalysts. ThePNparticles
mentary Informatioly less than the @chemisorption capac- adopt globular morphologies on both supports, indicating
ities of the catalysts. In other words, the sulfur incorporated that there are no major differences in the crystal planes
into Ni>P/SiG and NpP/Al>O3 catalysts by an b5/H, pre- exposed. The Ni(2p,) binding energies measured for the
treatment at 650 K, if restricted to surface adsorption only, reduced Ni species (853.4-853.5 eV) in theMpatrticles
is insufficient in quantity to block all of the adsorption sites are similar on silica and alumina supports, whereas IR spec-
titrated by @ chemisorption. Oyama et 4lL5] determined troscopy of adsorbed CO does suggest subtle differences in
the elemental composition of a 24.4 wt%,RiSiQ, cat- the electronic properties of surface Ni sites on the¥siO,
alyst tested for 300 h on stream in a mixed feed to be and NpP/Al,O3 catalysts. The terminally bondego ab-
Ni1.0P1.2S0.060 also indicating that relatively small amounts sorbance is located at 2083 thfor the NLP/SIO catalyst
of S are incorporated into supported,Ricatalysts under and at 2093 cm! for the NipP/Al,O3 catalyst, both pre-
sulfiding conditions. Interestingly, we reported earlier that a treated in flowing H at 650 K. This difference may be due
20 wt% NipP/SiQ, catalyst pretreated in 4%/H, at 650 K to the influence of the support on the electronic properties
was~ 10% more active for thiophene HDS than was a sam- of Ni sites of the N3P particles. Recent IR spectral studies
ple of this same catalyst reduced at 650 K in[H3]. The Q@ have shown a smooth variation of theo absorbance for
chemisorption capacities forraduced 20 wt% NbP/SiG adsorbed CO on metal sulfides supported on oxides with dif-
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ferent aciditie§36,37] As the support acidity increased, the
position of thevco absorbance shifted to higher frequencies.
It is unclear, however, how this electronic perturbation of
the NP particles supported gn-Al,Og3 (relative to SiQ)
would affect thiophene HDS activity, but we expect that this
influence would be small.

To understand the lower HDS activities of the,Rj/
AlO3 catalysts compared with NP,/SiO, catalysts, it is
important to consider the different interactions of P with
SiOp and y-Al203. Significantly more P must be added to
the oxidic precursors of NP,/Al,O3 catalysts than to those
of Ni,P,/SiO, catalysts to prepare phase-pureMon the
supports (sedables 1 and R It is expected that AIP®
forms in the oxidic precursors of the alumina-supported cat-
alysts upon calcination, whereas it does not appear that sili-

S.J. Sawhill et al. / Journal of Catalysis 231 (2005) 300-313

P/Ni molar ratios lower than the optimal values, signifi-
cant NioPs impurities were present in the N?,/SiO, and
NiP,/Al,O3 catalysts, and these deleteriously affected the
HDS properties of the catalysts. The low HDS activity of
supported Ni,Ps is attributed to the incorporation of signif-
icant amounts of S into its structure under sulfiding condi-
tions. For FNi molar ratios higher than the optimal values,
excess P on the catalyst surfaces lowers the HDS activities
of the Ni,P,/SiO; and Ni.P,/Al;O3 catalysts. Amorphous
AIPQOy is formed on all of the NiP,/Al>O3 catalysts be-
cause of the high P loadings used in the catalyst syntheses,
and we believe this is responsible for the lower HDS activity
of these catalysts relative to the,J#,/SiO, catalysts.
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