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1. Introduction

ABSTRACT

Unsupported and silica-supported Fe,Ni,_,P, catalysts having a range of metal compositions (0 < x < 2.0)
were investigated using Mossbauer spectroscopy, and the results correlated with the surface and hyd-
rodesulfurization (HDS) properties of the supported catalysts. Mossbauer spectroscopy permits determi-
nation of the relative site occupancy of Fe atoms in tetrahedral (M(1)) and pyramidal (M(2)) sites in the
Fe,Ni,_.P, materials. Fe atoms preferentially occupy M(2) sites for materials with significant Fe contents
(x > ~0.60), but the Fe site preference reverses as the Fe content decreases (x < ~0.60). Similar occupation
trends are observed for the unsupported and silica-supported Fe,Ni,_,P, materials. Thiophene HDS mea-
surements of the Fe,Ni, ,P,/SiO, catalysts revealed catalysts with high Fe contents (0.80 < x < 2.00) to
have low activities, while the activities of Ni-rich catalysts increased dramatically with increased Ni con-
tent (0.03 < x < 0.60). The highest HDS activity was measured for a catalyst having a nominal precursor
composition of Feg g3Nij 97P2,00/Si02; this catalyst was 40% more active than a optimized nickel phosphide
catalyst prepared from a precursor having a nominal composition of NiyoP1.60/SiO2. The 25 wt.%
Fep03Niq.97P2,00/Si0; catalyst also had a dibenzothiophene HDS activity just over 10% higher than that
of the 25 wt.% Ni, 0oP1.60/SiO catalyst at 548 K. The trend of increasing HDS activity for the Fe,Ni, P,/
SiO, catalysts correlates with preferential Fe occupation of M(1) sites (and, therefore, Ni occupation of
M(2) sites). Supported by X-ray photoelectron spectroscopy and oxygen chemisorption measurements,
we conclude that the high activity of Ni-rich Fe,Ni,_,P,/SiO- catalysts can be traced to a high surface den-
sity of Ni in M(2) sites that are resistant to site blockage due to S incorporation.

© 2010 Elsevier Inc. All rights reserved.

to having higher HDS activities in some cases, bimetallic phos-
phide catalysts have exhibited selectivities different than mono-

A substantial body of literature has shown that metal
phosphide catalysts have promising properties for the removal
of sulfur and nitrogen impurities present in fossil fuels [1]. Recent
investigations of metal phosphide catalysts have shown that
the hydrotreating properties of monometallic phosphides can be
improved by the incorporation of a second metal to form bimetal-
lic phosphides [2-4]. Abu and Smith [2] reported an unsupported
CogogNioP catalyst to have an activity 67% higher than that
of a NiyP catalyst for hydrodesulfurization (HDS) of 4,6-dim-
ethyldibenzothiophene (4,6-DMDBT), while Burns et al. [4]
observed a CogogNij 92P2.00/Si0, catalyst to be 34% higher than
that of an Nij 0oP1.60/SiO; catalyst for thiophene HDS. In addition
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metallic phosphides [2], indicating that the catalytic properties
can be tailored by altering the composition of phosphide catalysts.
The higher HDS activities and altered selectivities of the bimetallic
phosphide catalysts were attributed to surface enrichment of the
catalysts in phosphorus. Burns et al. [4] observed surface P enrich-
ment for a highly active CogggNi;.92P2.00/SiO, catalyst, while an
optimized Nij ooP;.60/SiO; catalyst had a Ni-rich surface; the bime-
tallic phosphide catalyst incorporated less S and had a higher
chemisorption capacity after treatment in H,S/H, than did the
nickel phosphide catalyst. The higher thiophene HDS activity of
the CoggogNijg2P200/Si0O, catalyst was attributed to P-enriched
surfaces that were resistant to site blockage due to S incorpora-
tion during HDS. Abu and Smith [2] concluded that surface P
enrichment of an unsupported CogogNi,P catalyst resulted in
surface acid sites that promoted isomerization of the methyl
groups of 4,6-DMDBT to give methyl-substituted DBTs that more
readily underwent HDS by the DDS pathway.
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The goal of the current study was to probe the relationship be-
tween the solid-state and surface chemistry of a series of bimetallic
phosphide catalysts having a range of compositions and the HDS
properties of these catalysts. For this purpose, unsupported and sil-
ica-supported Fe,Ni, ,P materials were selected for this study as
this bimetallic phosphide system exhibits complete solid-phase
miscibility, and the presence of Fe in the materials permits the
use of Mossbauer spectroscopy to probe the solid-state chemistry
of the catalysts [5,6]. Specifically, the preferential ordering of Fe
in the tetrahedral and pyramidal sites in the hexagonal crystal
structure was determined, and the results correlated with the sur-
face composition, chemisorption properties, and HDS activities and
selectivities of the Fe,Ni,_,P/SiO, catalysts.

2. Experimental methods
2.1. Catalyst synthesis

Unsupported Fe,Ni,_,P materials were prepared with metal
compositions corresponding to x values in the range 0.01 < x <
2.00. In all cases, the phosphorus-to-metal molar ratio (P/Me) of
the precursors was P/Me=1.0. As an example, unsupported
Feq0oNijgoP was prepared as follows. A solution composed of
1.3874 g (3.43 mmol) Fe(NOs3)3-9H,0 (Fisher Scientific, ACS Grade)
and 0.9983 g (3.43 mmol) Ni(NOs),-6H,0 (Alfa Aesar, 99.9985%)
dissolved in 10-mL nanopure water was combined with a solution
of 0.4538 g (3.44 mmol) (NH4),HPO,4 (Alfa Aesar, ACS Grade) dis-
solved in 5-mL nanopure water and, after mixing, the solution
was evaporated to dryness at 383 K. The resulting solid was ground
and calcined in air at 773 K for 3 h, and then reduced in a 300 mL/
min H, (Airgas, 99.999%) while the temperature was increased
from room temperature to 923 K at a rate of 1 K/min. Following
cooling to room temperature in continued H, flow, the unsup-
ported FeqgoNijgoP was subjected to a 60 mL/min He flow for
30 min followed by passivation in a 1.0 mol% O,/He (Airgas) mix-
ture at 30 mL/min for 2 h.

Oxidic precursors of FeyNi, P,/SiO, catalysts (with metal load-
ings equivalent to 25 wt.% Me,P, Me = Fe + Ni) were prepared as
follows. Prior to use, the silica support (SiO,, Cab-O-Sil, M-7D
grade, 200 m?/g) was calcined in air at 773 K for 3 h. The silica
was then impregnated with an aqueous solution of Fe(NO3),-9H,0
and Ni(NOs),-6H,0 followed by drying at 383 K. The dried material
was subsequently impregnated with NH4H,PO,, followed by dry-
ing at 383 K, and calcination at 773 K for 3 h. The synthesis of a
Feq 0oNiq 00P1.20/Si0; catalyst is described as an example. A solution
of 0.4740¢g (4.12 mmol) NH4H,PO, (Baker, 99.1%) dissolved in
~10 mL nanopure water was added to a solution of 1.3898 g
(3.44 mmol) Fe(NO3)3-9H,0 and 1.0006 g (3.45 mmol) Ni(NOs),-
6H,0 dissolved in ~20 mL nanopure water. This solution was then
transferred to 1.50 g SiO, via multiple impregnations to incipient
wetness. After each impregnation, the sample was dried at 383 K
for approximately 1 h and was then dried an additional 24 h after
the final impregnation. The dried precursor of the Fe; ggNij 20P1.20/
SiO, catalyst was calcined, reduced, and passivated as described
above for the unsupported Fe;goNijooP. The naming scheme
adopted in this study is based on the nominal compositions of
the oxidic precursors of the catalysts (e.g. FeqooNiq.00P1.20/Si02),
and does not reflect the actual chemical compositions of the phos-
phide catalysts.

2.2. Catalyst characterization

2.2.1. Bulk characterization measurements
X-ray diffraction (XRD) patterns of the FeyNi,_,P,/SiO, catalysts
were obtained using a PANalytical X'Pert Pro diffractometer

equipped with a monochromatic Cu Ko source (4=1.54050A).
Approximately 0.020 g of catalyst was mixed with a small amount
of acetone and the mixture deposited onto a microscope slide.
Following evaporation of the acetone, the microscope slide was
mounted on the sample stage for XRD pattern acquisition.
Mossbauer spectra were recorded at room temperature with a
constant-acceleration spectrometer (Wissel GMBH, Germany) in
a horizontal transmission mode using a 50 mCi >’Co source.
Approximately 0.030g of unsupported FeyNi, 4P or of a Fe,-
Ni,_,P,/SiO, catalyst was loaded into the sample cell for each mea-
surement. Data acquisition varied from 2 h to 5 days depending on
the iron content of the sample. The velocity scale was normalized
with respect to metallic iron at room temperature; hence all iso-
mer shifts were recorded relative to metallic iron. The Mdssbauer
spectra were fitted by assuming Lorentzian line shapes using the
NORMOS (Wissel GMBH) least-square fitting program. In fitting
the spectra, quadrupole spectral components corresponding to
the two different sites of iron (M(1) and M(2) sites) in the unsup-
ported and silica-supported Fe,Ni,_,P materials were assumed and
the theoretical fit to the experimental data is the sum of these two
sub-spectra. The isomer shifts, quadrupole splittings, peak line
widths and peak areas were determined from the fitted sub-spec-
tra. The fractional occupation of M(1) and M(2) sites by Fe in the
unsupported and silica-supported FeyNi,_,P materials was deter-
mined from the peak areas of the sub-spectra.

2.2.2. Surface characterization measurements

X-ray photoelectron spectroscopy (XPS) measurements were
carried out using a Physical Electronics Quantum 2000 Scanning
ESCA Microprobe system with a focused monochromatic Al Ko
X-ray (1486.7 eV) source and a spherical section analyzer. The
XPS measurements were carried out for as-prepared and HDS-
tested Fe,Ni,_,P,/SiO, catalysts following passivation and transfer
through air to the spectrometer. The spectra were collected with a
pass energy of 23.5 eV. The spectra were referenced to an energy
scale with binding energies for Cu(2psj;) at 932.67 £ 0.05 eV and
Au(4f) 84.0 £ 0.05 eV. Low-energy electrons and argon ions were
used for specimen neutralization. Binding energies were corrected
for sample charging using the C(1s) peak at 284.6 eV for adventi-
tious carbon as a reference. Due to overlap of the Ni L3sMy3Myg
Auger line (706 eV binding energy) with the Fe(2psp,) region, Fe
surface concentrations were estimated following subtraction of
the Ni Auger line contribution to the Fe(2ps;) peak area.

BET surface area measurements were acquired using a
Micromeritics PulseChemisorb 2700 instrument. In a quartz
sample tube, 0.1000 g of catalyst was placed and degassed at
room temperature in a 60 mL/min He flow for 30 min. The sam-
ple was treated in a flow of He (45 mL/min) for 2 h at 623 K
and then cooled to room temperature in a continued He flow.
The BET measurements were carried out as described elsewhere
[7].

Oxygen (0O,)-pulsed chemisorption measurements were also
obtained using the Micromeritics PulseChemisorb 2700 instru-
ment. A 0.1000 g of catalyst was degassed in 60 mL/min He at
room temperature for 30 min. Prior to the measurements, the sam-
ples were either reduced or sulfided in situ. For reduction, samples
were heated from room temperature to 650 K in a 60 mL/min flow
of H, and held at this temperature for 2 h. For sulfidation, samples
were heated from room temperature to 650 K in a 60 mL/min flow
of a 3.0 mol% H,S/H, mixture, held at this temperature for 2 h, and
then reduced in a 60 mL/min flow of H, at 623 K for 1 h. All of the
samples were then degassed in 45 mL/min He at 673 K for 1 h. The
0, chemisorption capacity measurements were carried out at
196 K using a procedure described elsewhere [7]. A 10.3 mol%
0,/He mixture (Airco) was used to obtain the O, chemisorption
capacity measurements.
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2.3. HDS activity measurements

Thiophene HDS activity measurements were carried out using
an atmospheric pressure flow reactor according to a method de-
scribed previously [7,8]. All catalysts were degassed in He
(60 mL/min) at room temperature for 30 min. The sample was then
heated to the reaction temperature of 643 K, and the flow was
switched to a 3.2 mol% thiophene/H, reactor feed (50 mL/min).
The gas effluent was sampled at 1 h intervals and the final mea-
surement was taken after 48-h on-stream. The total product peak
areas from the chromatogram were used to calculate the thiophene
HDS activities (nmol Th/g cat s) for the catalysts.

Dibenzothiophene (DBT) HDS activity measurements were car-
ried out using a fixed-bed flow reactor operating at a total pressure
of 3.0 MPa and temperatures in the range 498-573 K. The reactor
feed consisted of a decalin solution containing 3000 ppm dibenzo-
thiophene and 500 ppm dodecane, with the latter serving as an
internal standard for gas chromatographic analysis of the reactor
effluent. The liquid feed (5 mL/h) was injected into a 100 mL/min
flow of hydrogen and vaporized prior to entry into the reactor.
Approximately 0.15 g of catalyst (16-20 mesh size) was diluted
with quartz sand to a total volume of 5 mL and loaded into a reac-
tor tube having a diameter of 1.1 cm and length of 40 cm. The
weight hourly space velocity (WHSV) was 33 h™!. The reactor tem-
perature was measured with a thermocouple mounted axially in
the reactor tube that was in direct contact wit the catalyst bed.
With the catalyst at room temperature, the reactor was flushed
with 60 mL/min He for 30 min and then pressurized to 3.0 MPa
with H,. The He (Airgas, 99.999 mol%) and H, (Airgas,
99.999 mol%) were passed through molecular sieve and O, removal
traps prior to use. Following pressurization of the reactor with Ho,
the catalyst was heated to 498 K in a 150 mL/min flow of H; over
30 min after which the flow of liquid feed was begun. The reactor
was stabilized for approximately 12 h prior to sampling the reactor
effluent at 3-h intervals over 12 h. The catalyst temperature was
then raised 25 K, the reactor stabilized for 12 h, followed by sam-
pling of the reactor effluent at 3-h intervals. This procedure was re-
peated until sampling at the maximum catalyst temperature
(573 K) was completed. The samples of the reactor effluent were
analyzed off-line using a gas chromatograph (Agilent 6890N)
equipped with an HP-5 column and a flame ionization detector.

Prior to the DBT HDS measurement for the commercial Co-Mo/
Al,03 catalyst, a 0.15 g sample of the catalyst was subjected to a
sulfidation pretreatment in which it was heated from room tem-
perature to 650K in 1 h in a 60 mL/min flow of a 3.0 mol% H,S/
H, mixture and then held at this temperature for 2 h. Following
cooling to room temperature, the reactor was pressurized with
H, and the DBT HDS measurement carried out as described above.

3. Results
3.1. Bulk characterization of FexNi,_xP;2¢/Si0> catalysts

X-ray diffraction patterns for Fe,Ni,_,P; 50/SiO, catalysts with a
range of metal compositions are shown in Fig. 1, while XRD pat-
terns for the unsupported Fe,Ni, P materials can be found in Sup-
plementary material (Fig. S1). The XRD patterns for the bimetallic
phosphide phases are consistent with the JCPDS reference patterns
for Fe,P (card no. 089-3680 [9]) and Ni,P (card no. 089-2742 [9]).
There are subtle differences in the reference patterns for Fe,P and
Ni,P, which share the same hexagonal crystal structure (P62 m
space group). The (00 2) reflection at 52.9° is observed for Fe,P,
but not for Ni,P; the (11 1) reflection is located at 40.3° for Fe,P
and at 40.7° for NiyP. The FeqggNij oP120/SiO, catalyst exhibits
the (00 2) reflection associated with Fe,P, but the more Ni-rich
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Fig. 1. XRD patterns for FeyNi,_,P;20/SiO, catalysts having different metal ratios.

Fig. 2. M,P structure (M = Fe, Ni) showing the tetrahedral M(1) and pyramidal M(2)
sites. Adapted from Ref. [19].

FeyNi,_,P1,0/SiO, catalysts do not show this reflection. The
(11 1) reflection is observed at 40.5° for the Fe; goNi; 0oP1.20/SiO- cata-
lyst, but gradually shifts with increasing Ni content to 40.9° for the
Feg25Niq 75P1.20/Si0; catalyst. Further increase in the Ni content re-
sults in a slight shift of the (1 1 1) reflection to 40.8° for the Feg 13-
Niq g7P1.20/Si0; and Feq g3Niq 97P1.20/Si05 catalysts, which is close to
the position of this reflection observed for Ni,P. These observations
are consistent with the results of Fruchart et al. [5], which showed
that FeyNi,_,P solid solutions do not obey Vegard’s Law. A mini-
mum in the unit cell volume was observed for a composition of
Feg30Niy 7P, which is close to the composition (Feg»5Ni; 75P1 20/
SiO,) at which we observed the highest Bragg angle for the
(11 1) reflection. Based on calculations using the Scherrer equation
using the full-width at half maximum for the (1 1 1) reflection, the
Fe,Ni,_,P1,0/SiO, catalysts had crystallite sizes in the 17-23 nm
range with an average of 20 nm. The XRD pattern for a Feggs-
Niq 97P2.00/Si0; catalyst is shown in Fig. 8; this pattern as well as
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Fig. 3. Mossbauer spectra of unsupported FepsoNijsP and a 25wt%
Feo.50Niy.50P1.20/S10; catalyst.

those for the other Feggo3Niyo7P,/SiO; catalysts containing addi-
tional excess P in the oxidic precursors (1.2 <y < 2.2) are similar
to those shown in Fig. 1 for the FeyNi, ,P;,0/SiO, catalysts. The
average crystallite size calculated for the Fegg3Nij g7P2.00/SiO> cat-
alyst was 16 nm.

The Mossbauer spectra acquired for unsupported Fe,Niy_ P
materials were similar to those reported in the literature. Shown
in Fig. 3 are Mossbauer spectra for FegsoNijsoP and a 25 wt.%
Feg.50Niq50P1.20/Si0, catalyst. In addition to the raw spectral data
(solid circles), the fitted spectral components for Fe in M(1) and
M(2) sites and the overall fitted spectrum are shown (solid lines).
For Feg50Niq 50P, a central isomer shift (CS) and quadrupole split-
ting (QS) of 0.20 and 0.21 mm/s were measured, respectively, for
Fe in the M(1) site. A CS of 0.47 mmy/s and a QS of 0.65 mm/s were
measured for Fe in the M(2) site. These Mdssbauer spectral values
are consistent with those reported for Fe,P [10] and Fe; ggNig.14P
[11]. The Méssbauer spectrum for the 25 wt.% FegsoNiqs50P1.20/
SiO, catalyst was similar to that of the unsupported Feg5oNij 50P,
but with some notable differences. The spectral components fitted
for Fe in M(1) and M(2) sites were broadened and, due to this
broadening, the quadrupole splitting for Fe in M(1) sites was no
longer apparent. The CS for the M(1) spectral component was
0.16 mm/s and the CS and QS for the M(2) spectral component
were 0.47 and 0.60 mm/s, respectively. The full-width at half
maximum for a peak in the M(2) doublet increased from
0.18 mm/s for unsupported FegsoNi;soP to 0.30 mm/s for the
25 wt.% Feg50Niq50P1.20/Si0, catalyst. The relative peak areas for
the M(1) and M(2) spectral components were different for the
unsupported and silica-supported materials, with the 25 wt.%
Feos0Niq 50P1.20/Si0, catalyst having a larger M(2) spectral peak
area (relative to the M(1) peak area) than for the unsupported
Feg.50Niy s5oP. This indicates that more Fe resides in M(2) sites in
the 25 wt.% Fegs50Niq50P1.20/Si0, catalyst than in unsupported
FeO.SONiLSOP' For the FeO.soNi]_sop].zolsiOZ Catalyst, 49% of the Fe
resides in M(1) sites and 51% in M(2) sites, while for the unsup-
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Fig. 4. Plot of iron occupancy of tetrahedral (M(1)) and pyramidal (M(2) sites of
unsupported FeyNi, ,P materials and FeyNi, P;0/SiO, catalysts as a function of
the Ni metal fraction.

ported FegsoNij50P, 57% of the Fe resides in M(1) sites and 43%
in M(2) sites.

Shown in Fig. 4 are the relative Fe site occupancies for samples
of unsupported Fe,Ni, 4P and 25 wt.% FeyNi,_4P;,0/SiO, catalysts
plotted as a function of the Ni metal fraction in the samples. The
trend of relative site occupancies for the unsupported FeyNi,_ P
as a function of metal composition is consistent with that observed
by Maeda and Takashima [12]; relative site occupancies can be cal-
culated from the Fe site occupancy numbers reported in that study.
For the unsupported Fe,Ni,_,P, Fe preferentially resides in M(2)
sites for x > ~0.60, but this site preference is reversed for the Ni-
rich materials. For Feg 13Ni; g7P, the most Ni-rich material analyzed
by Maossbauer spectroscopy, 91% of Fe atoms were observed to
reside in M(1) sites and 9% in M(2) sites. Noting the metal
composition of this sample, it follows that 47% of the Ni
resides in M(1) sites and 53% resides in (M2) sites. For the
25 wt.% Feg 13Niy g7P120/Si0, catalyst, 69% of the Fe atoms were
determined to reside in M(1) sites and 31% to reside in M(2) sites.
From the Fe site occupations, it can be shown that 49% of Ni atoms
reside in M(1) sites and 51% in M(2) sites for this catalyst.

3.2. Surface characterization of FexNi>_xP;20/SiO> catalysts

XPS spectra in the Ni(2p3;) and P(2ps;) regions for the
Fe,Ni,_,P,/SiO, catalysts were similar to those reported previously
for Co,Ni,_,P,/SiO, catalysts [4]. Due to the overlap of the Ni
L3M,3Myg Auger emission at 706 eV (on the binding energy scale)
with the Fe(2ps);) region, binding energies were not determined
for Fe. XPS spectra for a representative catalyst, Feg,5Ni; 75P1 20/
SiO,, are shown in Supplementary material (Fig. S2). Since the
Fe,Ni,_P,/SiO, catalysts were passivated in a 1mol% O,/He
mixture following TPR synthesis, the XPS spectra in Ni(2ps.;) and
P(2ps)2) regions show peaks for oxidized species as well as for
underlying reduced species associated with the phosphide phase.
The binding energies for the oxidized Ni (856.5-856.8 eV) and P
(~133.5eV) are consistent with assignments to Ni**and P>* spe-
cies, respectively [4,13]. The binding energies for peaks associated
with reduced Ni (853.0-853.3 eV) species are just above those re-
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Table 2
Catalytic data for Fe,Ni,_,P/SiO, catalysts.

Table 1
Nominal and surface compositions of Fe,Ni,_,P/SiO, catalysts.

Catalyst Nominal Surface Surface
composition composition composition
normalized to P (as-prepared) (post-HDS)

Fez.00P1.00 Fe; 00P1.00 Fe400P1.00 Fe3 37P1.0050.30

Fep14Nij64P100  Feo23NiigoP1.00S0.18
Feg 0sNi1 52P1.00
Feg 06Ni1.14P1.00
Feg 0sNi1 63P1.00

Niz_23P1_00

Feg21Niy.46P1.00
Feg 11Ni1 56P1.00
Feo,07Ni1.60P1.00
Feg 02Nig.99P1.000
Ni1 25P1.00

Fe2sNij 75P1.20
Feg.13Ni1 87P120
Feo.08Ni1.02P1.20
Feo.03Ni1.97P2.000

Feo.03Ni1.16P1.00S0.06
Feo.04Ni1 54P1.00S0.00
Feg.12Niy.49P1.00S<0.05

NiZ.OOpl.GO Ni2.87pl.0050.32

ported for zero-valent Ni (852.5-852.9 eV [14]), while the binding
energies for reduced P species (129.6-130.0 eV) are slightly below
that of elemental phosphorus (130.2 eV [14]). Mar and coworkers
recently reported XPS results for unsupported bimetallic phos-
phides of nickel, including for Fe,Ni,_,P materials having x = 0.4,
1.0, and 1.6 [15]. The samples, which were prepared from the ele-
ments at high temperatures, were sputter-cleaned in vacuum to
remove oxidized surface species prior to XPS spectral acquisition.
Small shifts of the Ni(2ps2)- and P(2p)-binding energies were ob-
served depending on the composition of the Fe,Ni,_,P materials.
The Ni(2ps2)-binding energy shifted from 852.89 eV for Ni,P to
853.07 eV for Fe;gNig4P. The most Ni-rich sample, Feg4Ni;gP,
had a binding energy of 852.87 eV that was just below that of
Ni,P. A weak dependence of the binding energy on composition
was also observed in the P(2p) region. The FeyNi,_,P samples had
P(2p)-binding energies in the range 129.36-129.44, which fall be-
tween the values measured for Fe,P (129.31eV) and Ni,P
(129.45 eV) [15]. The somewhat higher Ni(2ps)- and P(2ps),)-
binding energies observed for the Fe,Ni,_,P,/SiO, catalysts may
be due to the nature of the samples, nanometer-sized particles
supported on silica, or the presence of the passivation layer at
the surface of the FeyNi,_.P, particles.

Surface compositions determined for a few as-prepared and
HDS-tested Fe,Ni,_P,/SiO, catalysts are listed in Table 1. The
monometallic phosphide catalysts Fe; goP.00/SiO, and Niy ooP1.60/
SiO,, which correspond to phase-pure Fe,P and Ni,P on the silica
support, respectively, both had metal-rich surface compositions
(P*/Me® < 0.50) relative to the expected molar ratio (P/Me = 0.50)
from the stoichiometry of the bulk materials. The bimetallic phos-
phide catalysts had P-rich surfaces (P*/Me® > 0.50) compared to the
expected bulk molar ratios. The Fe,Ni,_,P,/SiO, catalysts listed in
Table 1, which are Ni-rich materials, had surface compositions that
lie in the range 0.56 < P°/Me® < 0.83. We reported similar results
for Ni-rich Co,Ni,_,P,/SiO, catalysts [4] as did Abu and Smith for
unsupported Co,Ni,P catalysts [2].

The BET surface areas and oxygen (0O,) chemisorption capacities
of the Fe,Ni, P,/SiO, catalysts are listed in Table 2. The surface
areas of the catalysts were similar, while the O, chemisorption
capacities varied depending on the metal content of the catalysts
and the amount of P used in the catalyst precursors. For both H,
and H,S/H, pretreatments, the chemisorption capacities followed
a generally increasing trend as the amount of Ni in the
Fe,Niy_P120/Si0, catalysts increased. For Fegg3Niqg7Py/SiO;
catalysts, which had different P contents in the oxidic precursors,
the O, chemisorption values reached maximum values for the Fegg3-
Niy g7P120/Si0, (H, pretreatment) and Feg o3Nij g7P1.80/Si02 (H2S/H;
pretreatment) catalysts, but then decreased for catalysts with addi-
tional P in the precursors. For Fe,Ni,_,P; 50/SiO, catalysts with high
Fe contents (x > 0.50), the O, chemisorption capacities following
H,S/H, pretreatment were significantly smaller than following a
H, pretreatment, while for catalysts with high Ni contents, the
chemisorption capacities following the two pretreatments were
similar or higher for the H,S/H, pretreatment. The O, chemisorption
capacities recently reported for Co,Ni,_«P,/SiO, catalysts are consis-
tent with results for the Fe,Ni,_,P,/SiO, catalysts [4].

Nominal BET surface Chemisorption capacity HDS activity®
composition area (m?/g) (umol 0,/g) (nmol Th/g s)

H, Ha/H,S

pretreatment pretreatment
Fez 00P1.00 110 42 49 47
Fei2sNig75P110 107 44 35 385
Feq00Ni100P1.10 100 50 23 467
Feo75NiiasPi20 121 53 36 423
FeosoNips0P120 107 104 34 1050
Fep2sNij75P120 110 173 143 1070
Feo.13Ni; 87P1.20 97 128 172 1650
FeoosNi192P120 124 118 215 2200
Feo.03Ni1.97P1.20 89 200 125 2540
FeposNij97P140 109 157 141 2360
Fepo3Nij97P160 100 131 215 2710
Feo.03Ni1.97P1.50 94 172 274 3230
Feo.03Ni197P2.000 112 170 163 3210
Niz 00P1.60 81 153 135 2280

¢ Thiophene HDS activity after 48-h on-stream.
3.3. HDS activities of Fe,Ni,_,P,/SiO, catalysts

The thiophene HDS activities of the Fe,Ni,_P,/SiO, catalysts
(after 48-h on-stream) are listed in Table 2 and are plotted as a
function of the Ni metal fraction (Ni/(Ni + Fe)) in Fig. 5. Starting
from the Fe, goP1.00/SiO, catalyst, the HDS activities are low up to
and including the Feg5Niq 25P120/Si0; catalyst, but beyond this
composition, the activities climb steadily as the catalysts become
increasingly Ni-rich. The most Ni-rich FeyNi,_,P;20/SiO; catalyst
tested, Fego3Nij97P1.20/Si0;, had an activity higher than that of a
previously optimized Ni; goP1.60/SiO> catalyst [16]. Catalysts having
this metal composition, Feg g3Niq.97Py/SiO5, but with larger P excess
in the precursors (1.20 <y < 2.00), also had high HDS activities
(open circles in Fig. 5). The catalysts having the compositions
of Fego3Nijg7P1.80/Si02 (P/Me=0.90) and Fego3Nij.97P2.00/Si02
(P/Me = 1.00) had the highest thiophene HDS activities and were
over 40% more active than the optimized Nij goP; 60/SiO; catalyst.
Assuming that the O, chemisorption capacities following H,S/H,
pretreatment provide good estimates of the active site densities
under HDS conditions, turnover frequencies (TOFs) of 0.017
and 0.020s7! can be calculated for the NisgoP160/SiO> and
Feg.03Niq.02P2.00/Si0, catalysts, respectively. The Fego3Nijg7P2.00/
SiO, catalyst was also slightly more active than a CogggNij.gz-
P,.00/Si0, catalyst prepared in our laboratory whose properties
are described elsewhere [4]. The Feg3Nij g7P2.00/Si0» and Coggg-
Niq.92P2.00/Si0> catalysts had nearly identical thiophene HDS TOFs
of 0.020 and 0.019 s, respectively.

Dibenzothiophene HDS activity measurements were carried out
for the FeO'03Ni1.97P2'00/Si02 and NiZ.OOPLGO/SiOZ Catalysts, and the
DBT conversions are plotted as a function of the reaction tempera-
ture in Fig. 6. These catalysts were selected for the DBT HDS mea-
surements because their precursor compositions corresponded to
the highest thiophene HDS activities for the Fe,Ni,_,P,/SiO, and
Ni,P,/SiO, catalysts investigated in this or previous studies [16].
The DBT conversion measured for the 25 wt.% Niy ooP1.60/SiO; cata-
lyst at 573 K is similar to that measured by Sun et al. [17] for a
15 wt.% Ni,P/SiO, catalyst at 593 K under similar conditions. These
authors calculated a DBT HDS activity of 72.7 nmol DBT/gca S,
which can be compared to the range of 106-133 nmol DBT/gca S
determined for the 25 wt.% Ni goP1.60/SiO, catalyst at 548-573 K.
As indicated by the selectivity data plotted in Fig. 7 for DBT HDS
at 548 K, the Ni; goP 60/Si0, catalyst exhibited a product selectivity
favoring biphenyl (72.5%), indicating that the direct desulfurization
(DDS) pathway is the dominant pathway for S removal from the
DBT. For these reaction conditions (548 K, 3 MPa), equilibrium
strongly favors the formation of bicyclohexane (~100 mol%) [18],
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Fig. 5. Thiophene HDS activity versus nominal Ni metal fraction for Fe;Ni,_P,/SiO,
catalysts.

but this product was not detected in the reactor effluent. The ob-
served selectivity is consistent with that reported by Sun et al.
[17] for DBT HDS over Ni,P/SiO, catalysts. Mirroring the thiophene
HDS results, the Feg g3Ni;.97P2.00/Si0, catalyst is more active than
the Niz_00P1_50/5i02 catalyst for DBT HDS. At 548-573 K, the FeO_Og—
Niq.97P2.00/Si0, catalyst exhibited higher DBT conversions and had
HDS activities of 119-135 nmol DBT/g., s. The product selectivity
for the Feg o3Nij 97P2.00/Si0; catalyst (Fig. 7) shows a preference for
biphenyl (67%), but to a lesser extent than was observed for the
Ni2.oop1.60/si02 Catalyst.

Dibenzothiophene HDS TOFs were calculated for the Feggs-
Niq.97P2.00/Si02 and Nij goP1.60/SiO; catalysts using their O, chemi-
sorption capacities after the H,S/H, pretreatment. Since HDS
reaction conditions are those of a sulfiding environment, we be-
lieve that the O, chemisorption capacities following pretreatment
in H,S/H, provide a better estimate of the site densities under reac-
tion conditions than do the chemisorption capacities following
pretreatment in Hp. A DBT turnover frequency (TOF) of 7.8 x
104571 is calculated for the NiygoP60/SiO- catalyst at 548 K,
while a TOF of 7.3 x 104 s~ ! is calculated for the Fego3Ni;.97P2.00/
SiO, catalyst at this same temperature. These TOFs are similar
within the error associated with the measurements.

The DBT HDS activities of the 25 wt.% Ni2.00P1.60/5i02 and Feg.03-
Niq.97P2.00/Si0; catalysts compare favorably with that of a commer-
cial Co-Mo/Al,O5 catalyst. At 548-573 K, the Co-Mo/Al, 05 catalyst
had HDS activities in the range 115-131 nmol DBT/g.. S, which are
slightly below those measured for the Fego3Ni;g7P200/Si0O; cata-
lyst. The commercial Co-Mo/Al,03 catalyst more strongly favored
the DDS reaction pathway, exhibiting a biphenyl selectivity of
91% vs. 67% for the Fego3Ni; 97P2.00/Si0; catalyst. Utilizing the O,
chemisorption capacity measured for the commercial Co-Mo/
Al,05 catalyst following pretreatment in H,S/H; (66 pmol O3/gcat),
aDBT TOF of 1.7 x 103 571 is calculated at 548 K. This TOF is twice
that of the 25 wt.% Fegg3Nij97P2.00/Si0, catalyst, but the overall
activity of the commercial Co-Mo/Al,O5 catalyst is lower than that
of the phosphide catalyst (on a mass basis) due to its substantially
lower site density as measured by O, chemisorption.
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Fig. 6. Dibenzothiophene HDS conversion versus reaction temperature for
Feg.03Ni1.97P2.00/Si02 and Nij ooP1.60/Si0; catalysts.
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Fig. 7. Dibenzothiophene HDS product selectivity for Fego3Nijg7P2.00/Si02,
Ni5.00P1.60/Si0O2 and a commercial Co-Mo/Al,05 catalyst for a reaction temperature
of 548 K. The DBT HDS conversions at 548 K are given on the figure.

3.4. Characterization of HDS-tested catalysts

XRD patterns and XPS spectra were acquired for selected
Fe,Ni,_,P,/SiO, catalysts after 48 h of thiophene HDS testing; the
surface compositions for these catalysts are listed in Table 1. XRD
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Fig. 8. XRD patterns for as-prepared and thiophene HDS-tested samples of a
Feo.03Nij 97P2,00/Si0, catalyst.

patterns of the tested catalysts revealed the loss of phase purity for
some of the Ni-rich FeyNi, 4P;,0/SiO, catalysts (x<0.50) as
indicated by the presence of XRD peaks associated with Nij;Ps.
These results are in contrast to those reported previously for
CoxNiy_xP1.00/SiO; catalysts, for which no loss of phase purity was
observed after similar thiophene HDS testing. Shown in Fig. 8 are
XRD patterns for as-prepared and HDS-tested samples of a
Fep.03Niq.97P2,00/Si0, catalyst. There was no evidence for the loss
of phase purity for the HDS-tested catalyst, which is not surprising
given the large excess of P used in the catalyst precursor. The aver-
age crystallite size calculated for the HDS-tested Feg o3Nij.97P2.00/
SiO, catalyst (14 nm) was similar to that calculated for the as-pre-
pared catalyst (16 nm). The surface composition data listed in
Table 1 indicate that the bimetallic Fe-Ni phosphide catalysts
incorporate less surface S than did the monometallic Fe; ooP1.00/
SiO, and Ni; goP 60/Si0, catalysts during HDS testing. The Fego3-
Niq.97P2.00/SiO; catalyst, for example, which had a thiophene HDS
activity 40% higher than that of the Ni; goP 60/SiO catalyst, had a
surface S concentration below the XPS detection limit (surface
COmpOSitiOH: Feo,uNi],49P1,005<0,05), while the Ni1'92P1.60/Si02 cata-
lyst had a surface composition of Ni, g7P;1.00S0.32. An earlier investi-
gation of CoxNi,_,P,/SiO, catalysts revealed a trend in which the
surface S content of HDS-tested catalysts decreased substantially
as the surface P content of the as-prepared catalysts increased.
The highly active Cog ogNi;.92P1.60/Si0; catalyst had the most P-en-
riched surface and had a post-HDS testing surface composition of
Cog.13Ni1 59P1.00S0.0s, Which is similar to that of the HDS-tested
Fe0A03Ni1A97P2,00/Si02 Cata]yst.

4. Discussion
4.1. Solid-state and surface chemistry of FexNi»_.P,/SiO, catalysts
The monometallic phosphides Fe,P and Ni,P (and their solid

solutions) adopt the same hexagonal structure (P62m space group
[19]), in which the metal atoms are either surrounded by four P

atoms in a tetrahedral geometry (M(1) site) or by five P atoms in
a square pyramidal geometry (M(2) site) [5]. The two kinds of me-
tal (and P) sites for this structure are shown in Fig. 2. The lattice
parameters are similar for Fe,P and Ni,P with those for Ni,P being
slightly smaller, reflecting the smaller atomic radius for Ni (121 pm
[20]) than for Fe (125 pm [20]). The metal-phosphorus distances
for Fe,P and Ni,P are listed in Table 3; the M-P distances are short-
er for metal atoms residing in M(1) sites than in M(2) sites. Elec-
tronic structure calculations for Fe,P and Ni,P indicate that there
is substantial charge density overlap between metal atoms in
M(1) sites and neighboring P atoms, and far weaker interaction be-
tween metal atoms in M(2) sites and neighboring P atoms [21,22].
Jian-Wang et al. also used electronic structure calculations to probe
the effect of substituting Ni atoms for Fe(1) and Fe(2) atoms in Fe,P
[22]. Substitution of Ni into Fe(1) sites led to a small amount of
charge transfer from P atoms to the Ni(1) atoms, since Ni is slightly
more electronegative than Fe. On the other hand, the electronic
structure calculations indicated that substitution of Ni for Fe(2)
atoms in Fe,P resulted in negligible charge transfer. These differ-
ences upon Ni substitution into the M(1) and M(2) sites are consis-
tent with the fact that the interaction between metal and P atoms
is stronger for the tetrahedral M(1) sites than for the pyramidal
M(2) sites.

The XRD patterns for the Fe,Ni,_,P,/SiO, catalysts in this study
(Figs. 1 and 8) are consistent with the presence of a single metal
phosphide phase on the silica support for the full range of compo-
sition (0 < x < 2). FeyNi,_4P solid solutions exhibit some unusual
properties, and the results obtained in the current study for
FexNi,_,P,/SiO, catalysts are consistent with those reported previ-
ously for the bulk materials. As noted in the Results, Fe,Ni,_,P solid
solutions do not obey Vegard’s Law, which states that a linear rela-
tionship exists between the crystal lattice constant and the con-
centration of the constituent elements (at constant temperature)
[23]. In the case of FeyNi, P solid solutions, Vegard’s law would
predict a linear decrease in the lattice parameters with increasing
Ni concentration. Instead, Fruchart et al. [5] observed a minimum
in the unit cell volume (and the c lattice parameter) for a
composition of Feg3gNi; 7P followed by an increase in cell
volume upon increasing Ni concentration. The XRD results for the
Fe,Ni,_,P1,0/SiO, catalysts are consistent with those for unsup-
ported Fe,Ni, 4P solid solutions; the Bragg angle for the
(111) reflection increases with increasing Ni concentration up
to FegosNiq 75P120/Si0,, but then decreases for the more Ni-rich
FeyNiy_xP;20/SiO, catalysts. The non-Vegard Law behavior of
Fe,Ni, ,P solid solutions can be understood in terms of the site
preferences of the solute metal (e.g. Ni) in the hexagonal lattice
of Fe,P. Energetically, the smaller Ni atoms would be expected to
preferentially occupy the more spatially confined M(1) sites in
the lattice. As discussed further below, the reverse is observed
for Ni-rich FeyNi,_,P solid solutions; Ni atoms preferentially occu-
py M(2) sites for x < 0.30, and an increase in the unit cell volume is
observed [5,24]. The XRD results obtained for the Fe,Ni,_,P; 20/SiO>
catalysts are consistent with this behavior.

The ordering of transition metals in a number of bimetallic
phosphides, including Co.Ni, 4P, FeyNi, P, and MnyNi, P
materials, is well known [5,24]. M6ssbauer spectroscopy and neu-

Table 3
Metal-phosphorus distances in Fe,P and Ni,P.

Metal phosphide ~ M(1)-P distance (nm)  M(2)-P distance (nm)  Ref.

Fe,P Fe(1)-P(1) 0.2294 Fe(2)-P(1) 0.2378 [28]
Fe(1)-P(2) 0.2215 Fe(2)-P(2) 0.2483

Ni,P Ni(1)-P(1) 0.2266 Ni(2)-P(1) 0.2369 [29]
Ni(1)-P(2) 0.2209 Ni(2)-P(2) 0.2456
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tron diffraction measurements carried out for Fe,Ni,_,P materials
have shown that Fe atoms preferentially occupy M(2) sites over a
broad compositional range (0.3 < x < 2.0), but that Fe preferen-
tially occupies M(1) sites for the Ni-rich materials (0.0 < x <0.3)
[12,25]. For example, neutron diffraction investigation of the
Fe-rich material Fe; 59Nig 50P showed that Fe and Ni were randomly
distributed in the M(1) sites, while Fe exclusively occupied the
M(2) sites [25]. On the other hand, Mdssbauer spectroscopy mea-
surements for the Ni-rich material Feg,oNi; goP revealed Fe and
Ni atoms occupied M(2) sites, while Fe atoms exclusively occupied
M(1) sites [12]. The Fe site occupancies plotted in Fig. 4, deter-
mined from Mdssbauer spectra acquired in the current study for
unsupported Fe,Ni,_,P materials, are in agreement with the litera-
ture findings and show the cross-over of Fe site preference occur-
ring at x = ~0.60. To our knowledge, Mdssbauer spectroscopy had
not been used previously to probe the Fe site occupancies in sup-
ported Fe,Ni, P catalysts. The Fe,Ni,_P120/SiO, catalysts, pre-
pared with a slight excess of P to achieve phase purity, had
average crystallite sizes in the range 17-23 nm, which was sub-
stantially smaller than the average crystallite sizes of 45-50 nm
for the unsupported Fe,Ni, ,P materials. The Mossbauer spectra
of FeO_50Ni1'50P and a 25 wt.% FEO_50Ni1_50p1_20/Si02 Catalyst (Flg 3)
are similar, except for line broadening evident in the latter spec-
trum that is attributed to the smaller particles and/or the influence
of the silica support. The plotted Fe site occupancies in Fig. 4 reveal
a second difference, altered Fe site preferences for the Fe,Ni, P,/
SiO, catalysts relative to the unsupported materials. The trends
in site preferences are similar for the two sets of materials, but
are offset from one another with fractionally more Fe residing in
M(2) sites for the Fe,Ni,_P,/SiO; catalysts. This offset is most pro-
nounced for the Ni-rich materials. For example, 91% of Fe atoms in
Feg.13Ni; g7P were observed to reside in M(1) sites and 9% in M(2)
sites, while for the 25 wt.% Feg13Nij g7P120/SiO, catalyst, 69% of
the Fe atoms were determined to reside in M(1) sites and 31% to
reside in M(2) sites. Two possible explanations for the higher pro-
portion of Fe in M(2) sites in the supported catalysts relative to the
unsupported materials are smaller average crystallite sizes of the
FexNi,_,P1.,0/Si0, catalysts (17-23 nm) compared to the unsup-
ported Fe,Ni, ,P materials (45-50 nm) or interactions between
the metal phosphide particles and the silica support. If the surfaces
of the Fe,Ni,_,P particles are terminated with M(2) sites, which
would be consistent with the conclusion of Oyama and Lee for
Ni,P particles [26], then a higher proportion of Fe (and Ni) in
M(2) sites would be expected as the surface-to-volume ratio in-
creases with decreased particle size. Mossbauer spectroscopy
measurements of catalysts with different particle sizes would be
needed to probe this further. The most important finding of the
Mossbauer spectroscopy measurements for the Ni-rich
FexNi,_,P,/SiO, catalysts is that an excess of Ni atoms reside in
M(2) sites due to the preferential ordering of the metals in these
materials. As discussed above, electronic structure calculations
indicate that Ni in M(2) sites of Ni,P and Ni substituted in M(2)
sites of Fe,P interact weakly with neighboring P atoms, consistent
with the Ni being metallic in character.

In a discussion of the structural and magnetic properties of
bimetallic phosphides, Goodenough hypothesized that the anoma-
lous site preferences in FeyNi, ,P materials can be understood in
terms of electron transfer from Fe to Ni in these materials [24].
As mentioned above, the smaller Ni atoms would be expected to
preferentially occupy the more spatially confined M(1) sites in
the lattice. However, the transfer of electron density from Fe to
Ni atoms could explain the preference for Ni atoms to locate in
the pyramidal M(2) sites in Ni-rich Fe,Ni, ,P materials. This
hypothesis is supported by the recent XPS and X-ray absorption
near-edge spectroscopy (XANES) measurements of Mar and
coworkers [15]. A slight shift of the Ni(2p;.,)-binding energy was

observed from its value of 852.89 eV for Ni,P to either higher or
lower binding energy depending on the composition of FeyNi,_ ,P
materials. For Feg 4Ni; gP, in which Ni atoms preferentially occupy
M(2) sites, the Ni(2ps.;)-binding energy shifts to a slightly lower
binding energy of 852.87 eV. On the other hand, for Fe;NijoP
and Fe; gNig4P in which Ni preferentially occupies M(1) sites, the
Ni(2ps/)-binding energy shifts slightly higher to 853.01 and
853.07 eV, respectively. Further evidence for electron density
transfer from Fe to Ni comes from analysis of the satellite intensity
in the Ni(2ps),) region of the XPS spectra and of the metal XANES
spectra [15]. Electron transfer from Fe to Ni would result in an in-
crease in size of the Ni atoms, which could explain why Ni prefer-
entially occupies M(2) sites in the Ni-rich Fe,Ni,_,P materials.

It was not possible to confirm the subtle binding energy shifts
observed by Mar and coworkers [15] in our XPS spectra of the
Fe,Ni,_,P,/SiO, catalysts due to the presence of the passivation
layer on the surfaces of the supported bimetallic phosphide parti-
cles. The surface compositions listed in Table 1 for Fe; 0oP1.00/SiO2,
Niz 00P1.60/S102 and a few of the Ni-rich Fe,Ni,_,P,/SiO, catalysts
are consistent with observations reported previously for
Co,Ni,_,P,/SiO, catalysts [4]. The Ni-rich bimetallic phosphide
catalysts exhibit P-rich surfaces (P°/Me®>0.50) relative to the
monometallic phosphides, which have metal-rich surfaces (P%/
Me?® < 0.50). It is hypothesized that the surface enrichment of P in
Ni-rich FeyNi,_,P,/SiO, and Co,Ni,_,P,/SiO, catalysts is associated
with an excess of Ni(2) sites at the surfaces of the metal phosphide
particles. The Mossbauer spectral results support this hypothesis
as the site occupancy results (Fig. 4) show that for x < ~0.60, Ni
atoms preferentially occupy M(2) sites, resulting in an excess of
Ni(2) atoms in the Ni-rich Fe,Ni,_P,/SiO, catalysts. Based on ex-
tended X-ray absorption fine structure (EXAFS) measurements,
Oyama and Lee [26] reported that the distribution of Ni in M(1)
and M(2) sites of Ni,P/SiO, catalysts changes as a function of the
phosphide particle size. As the Ni,P crystallite size decreased from
10.1 to 3.8 nm, the proportion of Ni in M(2) sites increased relative
to Ni in M(1) sites. The authors concluded that the surfaces of the
Ni,P particles terminate with M(2) sites and, therefore, the propor-
tion of these sites in the particles increases as the particle size de-
creases. Taken collectively, the EXAFS results for Ni,P/SiO,
catalysts [26], the Mdssbauer spectroscopy results for Fe,Ni,_,P,/
SiO, catalysts and the XPS surface compositions for FexNi, P,/
Si0, and CoxNiy_4Py/SiO, catalysts indicate that an excess of
Ni(2) atoms are present in the Ni-rich bimetallic phosphide cata-
lysts and that the surfaces of the phosphide particles are enriched
in Ni(2) sites.

4.2. HDS properties of FexNi,_.P,/SiO, catalysts

The thiophene and dibenzothiophene HDS activities measured
for Ni-rich Fe,Ni,_.P,/SiO, catalysts are higher than those for an
optimized Nij 0oP1.60/Si0; catalyst. The thiophene HDS results are
consistent with those reported previously for CoxNi,_.Py/SiO,
catalysts [4]. In particular, a 25 wt.% Feg 3Nij 97P2.00/Si0; catalyst
had a thiophene HDS activity that was 40% higher than that of a
25 wt.% Niy ooP1.60/Si0> catalyst (at 643 K), and a DBT HDS activ-
ity that was 12% higher than that of the nickel phosphide catalyst
(at 548 K). Importantly, the 25 wt.% Fegg3Ni;.97P,.00/Si0O, catalyst
was also slightly more active than a commercial Co-Mo/Al,03
catalyst for dibenzothiophene HDS in the temperature range
548-573 K. The trend in thiophene HDS activities measured for
the Fe,Ni,_P,/SiO, catalysts as a function of Ni metal content
(Fig. 5) closely mirrors the trend observed for CoxNi,_,P,/SiO, cat-
alysts [4]. A Fe; 00P1.00/Si0, catalyst had a very low thiophene HDS
activity (as did a Co,.gP1.00/SiO; catalyst), but the substitution of a
small amount of Fe (or Co) into nickel phosphide yielded catalysts
(e.g. Fego3Nij97P200/Si0, and CogggNii.92P200/Si0,) that had
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thiophene HDS activities 34-40% higher than that of a Ni0oP1.60/
SiO, catalyst. These results are consistent with those of Abu and
Smith [2], who observed an unsupported CoggogNi,P catalyst to
have a significantly higher activity than that of a Ni,P catalyst for
HDS of 4,6-DMDBT.

Based on the HDS activity results summarized above, a number
of important conclusions can be made about the properties of bime-
tallic phosphide catalysts. A key finding is that the positive syner-
gistic effect on HDS activity due to the addition of a second metal
to nickel phosphide is not specific to Co, the first metal investigated,
but is also observed for Fe and suggests that this effect may be ob-
served for other transition metals as well. The similar thiophene
HDS trends observed for the Fe,Ni,_,P,/SiO, and Co,Ni,_,P,/SiO,
catalysts (as a function of Ni metal content) along with the
Mossbauer spectroscopy results for the iron-containing catalysts
lead us to conclude that high HDS activity correlates with Ni prefer-
ential occupation of M(2) sites and enrichment of these pyramidal
sites at the surfaces of the metal phosphide particles. Fe,Ni,_,P
and Co,Ni,_,P solid solutions exhibit similar Ni site occupancies
as a function of metal composition; Co,Ni,_4P solid solutions adopt
the hexagonal (P62 m space group [19]) over the compositional
range for which 0 < x < 1.7 [5]. Neutron diffraction measurements
revealed that there is ordering of the metals in the M(1) and M(2)
sites in Co,Ni,_,P materials [24,27], similar to what was observed
for Fe,Ni,_ P materials in the current and other studies using
Mossbauer spectroscopy [12]. Comparison of Fe site occupancy
(Fig. 4) and thiophene HDS activity (Fig. 5) plots show that there
is a correlation between increasing HDS activity and preferential
Fe occupation of M(1) sites (and, therefore, of Ni preferential occu-
pation of M(2) sites) with increasing Ni content of the Fe,Ni,_.P,/
SiO, catalysts. As described above, Oyama and Lee [26] concluded
that the surfaces of the Ni,P particles in supported catalysts termi-
nate with M(2) sites and, therefore, the proportion of these sites in
the particles increases as the particle size decreases. These authors
observed that as the proportion of Ni in M(2) sites increases, the
bulk P/Ni molar ratio also increases as square pyramidal Ni atoms
(M(2)) are surrounded by five P atoms while tetrahedral Ni atoms
(M(1)) are surrounded by four P atoms. This finding is consistent
with the surface compositions for Fe,Ni,_,P,/SiO, (Table 1) and Co,.
Ni,_,Py/SiO; [4] catalysts that show surface enrichment in P for the
Ni-rich materials, which have an excess of Ni in M(2) sites. Abu and
Smith [2] attributed the high 4,6-DMDBT HDS activity of an unsup-
ported CogogNi,P catalyst (1.7 times more active for than unsup-
ported Ni,P) to the enhanced acidity of the bimetallic phosphide
catalyst due to its highly P-enriched surface; an excess of surface
Ni(2) sites may play a role in the high activity of this catalyst as
well.

The DBT product selectivity provides additional insight into the
properties of Ni-rich Fe,Ni, P,/SiO, catalysts that contribute to
their higher HDS activity relative to nickel phosphide The 25
wt.% Feg 03Niq.97P2.00/Si0; catalyst showed increased selectivity to-
ward cyclohexylbenzene relative to the 25 wt.% NiygoP1.60/Si0>
catalyst (Fig. 7), indicating enhanced HDS via the hydrogenation
pathway for the bimetallic phosphide catalyst. Based on structural
results from EXAFS measurements and 4,6-DMDBT HDS product
selectivities, Oyama and Lee [26] concluded that direct desulfuriza-
tion occurred on Ni(1) sites of supported Ni,P particles while HDS
via the hydrogenation pathway occurred on Ni(2) sites. This con-
clusion is consistent with an enrichment of Ni(2) sites at the sur-
face of the bimetallic phosphide particles of the Fego3Ni;.97P2.00/
SiO, catalyst, resulting in increased selectivity toward the hydroge-
nation pathway for this catalyst relative to the Ni; goP;60/SiO, cat-
alyst. Ni-rich FeNi,_4P,/SiO, catalysts also have higher site
densities (as determined by O, chemisorption (Table 2)) and great-
er resistance to S incorporation under HDS conditions compared to
the NiyooP1.60/Si0; catalyst (as determined by XPS, Table 1). We

conclude that the improved HDS properties of Ni-rich Fe,Ni,_,P,/
SiO, catalysts relative to Ni,P/SiO, can be traced to a higher con-
centration of Ni(2) sites at the surface of the bimetallic phosphide
catalysts. It follows, therefore, that the role of Fe in improving the
HDS properties of Ni-rich Fe,Ni,_,P,/SiO, catalysts is indirect in
nature and is related to the preferential ordering of the metals in
M(1) and M(2) sites in the crystal structure. A similar conclusion
can be drawn for the role of Co in determining the HDS properties
of Ni-rich Co,Ni,_,P,/SiO; catalysts [4].

5. Conclusions

Investigation of the bulk and surface properties of a series of
Fe,Ni,_.P,/SiO, catalysts indicates that the high HDS activity of
Ni-rich catalysts can be correlated with an excess of Ni(2) sites at
the surface of the phosphide particles. Mdssbauer spectroscopy
measurements revealed ordering of Fe atoms in the Fe,Ni, P,/
SiO, catalysts, with Fe atoms preferentially occupying M(2) sites
for catalysts with significant Fe contents (x > ~0.60), but the Fe site
preference reverses to favor M(1) sites as the Fe content decreases
(x < ~0.60). As a consequence, there is an excess of Ni atoms in
M(2) sites for the Ni-rich Fe,Ni,_,P,/SiO, catalysts. A 25 wt.% Feg o3-
Ni; 97P2.00/Si0; catalyst had a thiophene HDS activity 40% higher
than an optimized 25 wt.% Nij goP1.60/SiO; catalyst (at 643 K), and
a DBT HDS activity just over 10% higher than that of the nickel
phosphide catalyst (at 548 K). The higher HDS activities of Ni-rich
Fe,Ni,_,P,/SiO, catalysts (relative to Niy ooP1.60/Si02) can be traced
to higher site densities and greater resistance to S incorporation,
which we conclude is due to a higher Ni(2) surface site concentra-
tion for the bimetallic catalysts. The trend in HDS activities ob-
served for the Fe,Ni,_,P,/SiO, catalysts is similar to that reported
previously for Co,Ni,_.P,/SiO, catalysts [4] and is consistent with
the Ni site preferences, site densities and S resistance also observed
for these catalysts. HDS testing using 4,6-DMDBT is warranted to
further probe differences in the catalytic properties of supported
nickel phosphide and Ni-rich bimetallic phosphide catalysts for
deep HDS applications.
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