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Abstract

Silica-supported nickel phosphide @¥/SiO») catalysts have been prepared and characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM), elemental analysis, X-ray photoelectron spectroscopy (XPS) ahdrfiisorption measurementsoRNjSiO
catalysts were synthesized from oxidic precursors by reduction in either flowingy ld HbS/H> mixture. XRD and TEM analysis of a
25 wt% NiP/SiO; catalyst confirmed the presence obhRicrystallites dispersed on the surface of the silica support. XPS analysis of a
passivated 30 wt% NP/SIO, catalyst indicated the presence of two kinds of Ni species, as well as phosphide and phosphate species at
the catalyst surface. Thiophene hydrodesulfurization (HDS) activities were measuredRg6ND, catalysts with a wide range of pR
loadings (5—-35 wt%) and after different pretreatments. A 30 wt%PKBiO, catalyst, when pretreated only by degassing in flowing He,
was nearly 15 and 3.5 times more active than sulfided3/0, and Ni-Mqg/SiO, catalysts, respectively, after 100 h on-stream. The HDS
activities of the NyP/SiO, catalysts correlated well with theirJahemisorption capacities, allowing calculation of a turnover frequency
of 0.017+ 0.002 s™1. Based on XRD measurements of tested catalysts as well as catalysts subjecsi&iHoe tleatments at increasing
temperatures, silica-supported,Rishows excellent stability under HDS conditions.

0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction positive) effect on hydrodenitrogenation (HDN) activity than
on hydrodesulfurization (HDS) activity [2].

Phosphorus is often used as an additive in commercial 10 more fully understand the role of phosphorus in hy-
hydrotreating catalysts and, depending upon the method ofdrotreating catalysts as well as t.o. explore the propertles
phosphorus addition and the amount added, increases in hy©f & néw class of materials—transition metal phosphides—
drotreating activity can be achieved by including it in cat- & nun?b'er of studies have recently appeared in the literature
alyst formulations [1-3]. Despite the fact that its effects describing the HDN [4-13] and HDS [5,7,8,10-15] prop-
on hydrotreating have been extensively studied, the role ofert"_35 of bulk and s'L.lpported metal phosphide catalysts. _FO'
added phosphorus is not well understood [2]. For catalysts €USing on HDS, silica-supported molybdenum phosphide
supported on gamma-aluming-Al2Os), the typical sup-  (MOP/SiO;) [10,14] and nickel phosphide (b#/SiC;) [11,
port for commercial hydrotreating catalysts, the possible ef- 13:19] catalysts have shown particular promise, with activ-
fects for added phosphorus include increased mechanicaf'€S S|m|lar to or higher than thosg of suIﬂqu-based cata-
and thermal stability of the alumina support due to the for- lysts. Given the ne;ed to develop highly active HD_S cata-
mation of AIPQ, decreased interaction between molybdate lysts FO megt requirements for lower gulfur levels |n'fuels
species and the support which leads to the formation of combined with the prospeclt of processing lower qyallty be-
MoS,-like structures with altered particle morphologies, and troleum fegdstocks, further investigation of phosphlde-baged
increased catalyst acidity [1-3]. The influence of phospho- hydrotreating catalysts is needed to evaluate their potential.

rus has generally been observed to have a greater (and mor(?.g-uch research may al_so provide new insight into the role of
phosphorus additives in hydrotreating catalysts, as the pres-

ence of small, highly dispersed metal (Co, Ni, Mo) phos-
* Corresponding author. phide particles in these catalysts under working conditions
E-mail addressmark.bussell@wwu.edu (M.E. Bussell). cannot be ruled out.
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In this study, we describe the preparation opR/iSiOy solution and dried at 393 K. The precursor, which had a
catalysts and their characterization via a variety of tech- Ni/P molar ratio of 21.6, was reduced in flowing hydrogen
niques and compare their HDS catalytic properties to those (150 mL/min) as the temperature was increased from room
of sulfided Ny SiO,, Mo/SiO,, and Ni-Mqg/SiO, (Ni/Mo = temperature to 923 K (1 Knin). The sample was then
0.5) catalysts. Silica was chosen as the catalyst support incooled to room temperature in the flowing,Hlushed with
this study for two reasons. First, it is well known that phos- flowing He (60 mL/min) for 15 min, and then passivated in
phorus interacts strongly with-Al;Os, in many cases re-  a flow of 1.0 mol% Q/He (30 mL/min) for 2 h to yield
sulting in the formation of aluminum phosphates such as silica-supported NiP. A similar procedure was used for the
AIPOq4 at the surface of the support [2]. In this initial in-  other NpP loadings.
vestigation of the catalytic properties of supportedmi
therefore, it may have proven difficult to determine whether . o
the observed properties are associated with changes of the2'1'3' Sulfided NISIO;
support, modified interactions between Ni-containing phasesIo
and the support, or to WP itself. Second, the relatively in-
ert nature of Si@ facilitated the development of a synthesis
procedure for preparing supportedsRi which we expect
can be modified for other supports.

A NiO/SiOy catalyst precursor was prepared with a Ni
ading similar to that of the 30 wt% MP/SiO, catalyst.
Calcined silica (5.0 g) was impregnated with a solution
containing 8.402 g Ni(Ng)2-6H>O to give the desired
metal loading (30.1 wt% NiO). The resulting precursor was
dried in a 393 K oven and calcined in air at 773 K for 3 h.
The NiO/SiO, precursor was sulfided by heating from room
temperature to 650 K (5.9 Mnin) in a 60 mL/min flow of

2. Experimental methods 3.0 mol% HS/H, and holding at 650 K for 2 h.

2.1. Catalyst preparation
2.1.4. Sulfided MSIO,

2.1.1. NpP A MoO3/SiO, catalyst precursor (30.4 wt% MapPwas
Unsupported nickel phosphide @) was prepared fol-  prepared as follows. Calcined silica (2.5 g) was impregnated
lowing a procedure adapted from that described by Gopala-With a solution of 1.374 g (Nk)sM07024-4H20 to give
krishnan et al. [16]. An aqueous solution containing 3.67 g the desired metal loading. The resulting precursor was dried
(12.6 mmol) Ni(NQ@), - 6H20 (Alfa Aesar, 99.9985%) and  in @ 393 K oven and calcined in air at 773 K for 3 h. The
17.5 g (132.5 mmol) of (Ng)2HPO4 (Mallinckrodt, 99.9%) MoO3/SiO;, precursor was sulfided as described above.
was stirred overnight and then heated to 360 K for approxi-
mately 48 h, yielding a greenish-yellow precipitate, which 2.1 5. Sulfided Ni-M¢SiO, (Ni/Mo = 0.5)
was collected by filtration and dried at 373 K. A portion A N|O—MOO3/S|OZ Cata|y5t precursor (79 wit% N|O'
of the solid (NHNiPO4-H20) was subsequently reduced 30.4 wt% MoQ) was prepared as follows. Calcined sil-
by heating from room temperature to 923 K at a rate of jca (5.0 g) was impregnated with a solution of 3.019 g
1 K/min in flowing H (150 mL/min), followed by cool-  (NH,)gM07024- 4H,0 and dried at 393 K, then impregnated
ing to room temperature in a continued flow of.H he un- with a solution of 2.490 g Ni(Ng),-6H,O and dried at
supported NiP was then flushed with He (60 njinin) for 393 K, and finally calcined in air at 773 K for 3 h. The NiO-

15 min and passivated in a 30 nin flow of @ 1.0 mol%  Mmo04/Si0;, precursor was sulfided as described above.
O2/He mixture (Airgas) for 2 h. The He (Airgas, 99.999%)

and H (Airgas, 99.999%) were purified prior to use by pass-
ing through 5A molecular sieve (Alltech) ang @Dxyclear)
purification traps.

2.2. Catalyst characterization

2.2.1. X-ray diffraction measurements

2.1.2. NpP/SiOp X-ray diffraction (XRD) patterns were acquired on a

Ni»P/SiO, catalysts with theoretical WP loadings of ~ Rigaku Geigerflex powder diffractometer using the Vaseline
5, 10, 15, 20, 25, 30, and 35 wt% were prepared, with Smear method. The diffractometer is outfitted with a Cu-
the details for the synthesis of a 20 wt% oRjSiO, K. source { = 1.5418 A) and is interfaced to a personal
catalyst given below. The silica (SiD support (Cab-O-  computer for data acquisition and analysis using Materials
Sil, M-7D grade, 200 rfyg) was calcined at 773 K for ~ Data Incorporated (MDI) DataScan and Jade Plus 5.0 soft-
3 h prior to use. Impregnating solutions were prepared by ware. Catalyst samples, whether freshly prepared, tested in
dissolving 4.901 g Ni(N@)2 - 6H,0 (Alfa Aesar, 99.9985%) the HDS reactor, or subjected to g$fH, pretreatment,
and 1.551 g NHH,PO, (Baker, 99.1%) in approximately —were passivated in a flow of a 1 mol%He mixture as
10 mL water each. The nickel solution was added dropwise described above prior to mounting in the X-ray diffractome-
to 5.0 g of calcined silica until incipient wetness, followed ter. Catalyst precursors andJW¥/SiO, catalysts were pre-
by drying at 393 K, and calcination in air at 773 K for treated as described above, except that the temperatures of
3 h. The sample was then impregnated with thesNbP Oy the HbS/H treatment are those listed in Figs. 8 and 9.
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2.2.2. Elemental analysis 2.3. Thiophene HDS activity measurements

Analysis of the composition of unsupported;Riand
of a 25 wt% NpP/SiO, catalyst was carried out using Thiophene HDS activity measurements were carried out
inductively coupled plasma—atomic emission spectroscopy using an atmospheric pressure flow reactor, which has been
(ICP-AES). described in detail elsewhere [17]. Activity measurements

were carried out at a reaction temperature of 643 K using a
o . reactor feed consisting of a 3.2 mol% thiophgHdgmixture.
2.2.3. Transmission electron microscopy measurements Prior to the measurement of thiophene HDS activities,
TEM images were acquired using a JEOL 2010 high- he Ni,P/SiO, catalysts (or their oxidic precursors) were
resolution transmission electron microscope operating atgypjected to one of three different pretreatments (He degas
200 keV. Samples of the catalysts were placed on a 200 meshynjy, H,S/H,, and H). All catalysts were subjected to
copper grid coated with formvar and carbon. a degas in He (60 mimin) at room temperature for
30 min. For a HS/H» pretreatment, the degassed catalyst
was sulfided by heating from room temperature to 650 K
(5.9 K/min) in a 60 mL/min flow of 3.0 mol% HBS/H2 and
holding at 650 K for 2 h. Samples of the oxidic precursor of
a 20 wt% NpP/SiO; catalyst were pretreated in the $f/H

2.2.4. XPS measurements
X-ray photoelectron spectroscopy (XPS) measurements
were carried out using a Physical Electronics Quantum

2000 Scanning ESCA Microprobe system with a focused mixture similarly, but at a temperature of either 650 or

monochromatic Al-i, X-ray (1486.7 eV) source and a goqy o heating rate for the 823 KxB/H, pretreatment
spherical section analyzer. The XPS spectra were collectedWas 8.8 K/min. For a b pretreatment, the degassed catalyst
using a pass energy of 23.5 or 46.95 eV. The spectra were ) . b ' g y

referenced to an energy scale with binding energies forWas reduced by heating from room temperature to 650 K
5.9 K/min) in 60 in H d holdi t 650 K
Cu(2py2) at 93267+ 0.05 eV and Au(4f) 80+ 0.05 ey, (- K/MiN) in 60 mi/min H and holding a

o\ : . ._for 2 h. Following each pretreatment, the temperature was
Binding energies were corrected for sample charging using 5 i sted to the reaction temperature of 643 K and the flow
the C(1s) peak at 284.6 eV for adventitious carbon as a

) was switched to the 3.2 mol% thiopheit» reactor feed
reference. Low-energy electrons and argon ions were useq5o m(/min). The reaction was carried out for over 100 h,
for specimen neutralization. with automated sampling of the gas effluent occurring at 1-h
intervals. Thiophene HDS activities (nmol f{gcatS)) were
2.2.5. BET surface area and pulse chemisorption calculated from the total product peak.aree.ts calculated from
measurements the chromatogram after 100 h of reaction time.

BET surface area measurements were obtained using a
Micromeritics PulseChemisorb 2700 apparatus. Approxi-
mately 0.10 g of catalyst was placed in a quartz U-tube and 3. Results
degassed at room temperature in a 60/min flow He for
30 min. This was followed by a 2-h degassing of the sam-
ple in a 45 mL/min flow He at 623 K and cooling to room
temperature under flowing He. The BET measurements were
carried out as described previously [17].

3.1. Catalyst characterization

Shown in Fig. 1 are XRD patterns for Mt/SiO, cata-
lysts with NbP loadings in the range 10-30 wt%, as well
: : as for unsupported NP and the Si@ support. The XRD
Oxygen (Q)-pulsed chemisorption measurements were pattern of the unsupported M is similar to a reference pat-

also carried out using the Micromeritics Pulse Chemisorb tern taken from the JCPDS powder diffraction file (Card 03-
2700 instrument. Qhemisorption capaciFy meas-urement50953) [18], as well as XRD patterns for 2 recently re-
were conducted using a 10.3 mol%/®ie mixture (AIrco).  nqrteq by others [9,11,19]. The elemental composition of the
Approximately 0.10 g of catalyst was degassed in 60/mL nqypported nickel phosphide was determined by ICP-AES
min He at room temperature for 30 min and either reduced g pe Ni, 93P1 00

or sulfided prior to measurements. Reduced samples were Tphe XRD patterns for the MP/SiO;, catalysts show the
pretreated by heating from room temperature to 673 K game peaks as those observed for unsupportg@, Miith
(6.3 K/min) in 60 mL/min Hz and holding for 2 h. Sulfided  the peak intensity increasing with increasing,Riload-
samples were pretreated by heating from room temperatureing, confirming that NiP crystallites are present on the sil-
to 650 K (5.9 K/min) in a 60 mL/min flow of 2 3.0 mol% jca support. Using the Scherrer equation [20] and the full
H2S/H2 mixture and holding for 2 h. Sulfided samples were width at half maximum of the {111} reflection at 40.8
then reduced in a 60 mimin flow Hy at 623 K for 1 h.  a Ni;P particle size of~ 17.8 nm can be estimated for
All samples were degassed in 45 pmhin He at 673 K for the 25 wt% NjpP/SiO, catalyst. An excess of phosphorus
1 h prior to measurements. The Ghemisorption capacity  (Ni/P = 2/1.6) was necessary in the oxidic precursors of
measurements were carried out at 196 K using a procedurethe Ni,P/SiO, catalysts in order to obtain phase pure, silica-
published elsewhere [17]. supported NiP. These observations are consistent with those
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Fig. 1. X-ray diffraction patterns for the silica support, 10, 15, 20, 25, and
30 wt% NbP/SiO;, catalysts, and unsupportedJRi

recently reported by others [11,19]. The elemental composi-
tion of the nickel phosphide phase of a 25 wt%RiSiO,
catalyst was determined to bejNP; o indicating that some
excess P remained on the catalyst following reduction. Cat-
alysts prepared with a WP molar ratio of 21 contained
substantial amounts of NiPs (Card 22-1190 [18]) as deter-
mined by XRD. As will be discussed later, these catalysts
deactivated rapidly under HDS conditions.

Shown in Fig. 2 are TEM images of a 25 wt%Rj SiO,
catalyst. As indicated by Fig. 2a, the JRi particle size
ranges from approximately 5 to 30 nm. The high-resolution
image in Fig. 2b shows a M particle having a diameter of
~ 14 nm, thed-spacing value of 3.20 A is assigned to the
{001} crystallographic plane of NP, and is in agreement
with the JCPDS powder diffraction file pattern for JRi
(Card 03-0953 [18]).

XPS spectra in the Ni(2p) and P(2p) regions for the
Ni2P precursor, unsupported® and a 30 wt% NP/SiOp
catalyst are shown in Fig. 3. The XPS spectrum for the
Ni>P oxidic precursor shows Ni(2p) and P(2p,2) peaks
at 856.2 and 133.0 eV, respectively. The R(2pbinding
energy is in good agreement with a value reported for P
(133.3 eV) in Nj(POy)2 [21] while the Ni(2p/2) binding
energy is in the range of those reported for Ni (855.6—
856.6 eV) in Ni(OH)» [22]. As a result, the peaks at
856.2 and 133.0 eV are assigned t&Nand Pt species,

211

(b)
Fig. 2. TEM micrographs of a 25 wt% bIP/SIiO, catalyst.

and are assigned to &i and Pt species in the oxide
layer formed on the NP particles following TPR synthesis.
For both the unsupported M and the 30 wt% NP/SIO
catalyst, additional peaks are observed in the Nj(2p
and P(2g,2) regions at 853.1-853.5 and 129.4-129.5 eV,
respectively, that are assigned to reduced Ni and P species
in Ni2P. These binding energies are consistent with those
reported by Nemoshalenko et al. [23] for unsupportegPNi

of 853.1 and 129.5 eV in the Ni(3jp) and P(2p,2) regions,
respectively. The Ni(2g2) binding energies are slightly
higher than reported values for Ni metal (852.5-852.9 eV
[24]) and lower than those reported for Ni in NiO (853.5—
854.1 eV [24]), indicating that the Ni in WP bears a
partial positive charge (Rit). The P(2p/2) binding energies
are below the value reported for elemental phosphorus
(130.2 eV [24]), consistent with the transfer of electron

respectively. Similar peaks are observed in the XPS spectradensity from Ni to P in unsupported and silica-supported

for unsupported NiP and the 30 wt% NP/SIiO, catalyst

Ni2P so that the phosphorus bears a partial negative charge
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Fig. 3. XPS spectra in the Ni(2p) and P(2p) regions for an oxidigPNi
precursor, a 30 wt% NP/SiO, catalyst, and unsupported M¥.

(P*-). Surface Ni and P concentrations were determined
using XPS for 20 and 30 wt% bP/SiO, catalysts to be 69
atom% Ni and 31 atom% P, which are very similar to those
expected from the bulk composition.

The BET surface areas ang ©hemisorption capacities
for the NP/SiO, and sulfided NiSiO,, Mo/SiO,, and Ni—
Mo/SiO; catalysts are listed in Table 1. The Ghemisorp-
tion capacities of the NP/SiO, catalysts exhibit an increas-
ing trend with NpP loading up to 30 wt% and are generally
higher than those of the sulfided /8iO,, Mo/SiO,, and
Ni—-Mo/SiO2 (Ni/Mo = 0.5) catalysts.

3.2. Catalyst evaluation and stability

Thiophene HDS activity data as a function of time on-
stream for a 30 wt% NP/SiO, catalyst, as well as for sul-
fided Ni/SiO», Mo/SiO, and Ni-Mo/SiO, (Ni/Mo = 0.5)
catalysts, are shown in Fig. 4. The JRySiO; catalyst,
which was pretreated only by degassing in flowing He, ex-
hibited the highest HDS activity over the entire testing pe-

3000

2500

2000

1500

1000

Activity (nmol Th/g cat/s)

60
Time (h)

100

Fig. 4. Thiophene HDS activity data for (a) 30 wt%oRj SiOy, (b) sulfided
Ni-Mo/SiO, (Ni/Mo = 0.5), (c) sulfided MgSiO,, and (d) sulfided
Ni/SiO, catalysts.
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Fig. 5. Comparison of the HDS activities after 100 h on-stream for 30 wt%
Ni,P/SiOy, sulfided Nj/SiOy, Mo/SiO,, and Ni-Mg/SiO, (Ni/Mo = 0.5)
catalysts.

loadings in the range 5—35 wt% and these activities are listed
in Table 1 and are plotted as a function of thedbemisorp-
tion capacities of the catalysts in Fig. 6. The HDS activities
of the N P/SiO; catalysts increase with b loading with

a maximum activity achieved for a loading of 30 wt%, ex-

riod. The HDS activities of the catalysts after 100 h on- hibiting a trend that mirrors that of the chemisorption ca-
stream are listed in Table 1 and are compared in Fig. 5. Thepacities. The low chemisorption capacity for the 35 wt%
30 wt% NipP/SiO; catalyst is 14.8 and 31.4 times more ac- NizP/SiO; catalyst is the average of two similar values mea-
tive than the sulfided MSIO,; and Ni/SiO, catalysts, re- sured for two different catalysts. At this time, it is unclear
spectively, and is 3.5 times more active than the sulfided Ni— why this catalyst does not fit the trend observed for the lower
Mo/SiO, catalyst (NYMo = 0.5). Thiophene HDS activi- loading catalysts. As shown in Fig. 6, the HDS activities of
ties were measured for PR/ SiO, catalysts with other NP the catalysts (with loadings up to 30 wt%) correlate well
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Table 1
Data for NpP/SiO, and sulfide catalysts
Catalyst BET surface Chemisorption HDS activity
area capacity (nmol Th

(m?/g) (Um0l Q/g)  (gats))
5 wt% NiP/SiO; 1025 299 5445
10 wt% NiP/SiOy 96.2 67.2 11560
15 wt% NipP/SiO, 935 914 20314 NiP
20 wt% NiP/SiO, 1031 1239 22845 2
25 Wi% NipP/SiO) 806 1535 24580 A
30 wt% NiP/SiO, 66.1 1661 25621
35 wt% NipP/SiO, 64.2 789 25511
Sulf. Ni/SiO, 1126 719 815
Sulf. Mo/SiOy 915 181 1732 Tested
Sulf. 20 wt% NpP/Si0,2 78.7 720 20023 2 2

@ Catalyst prepared by #8/H, treatment of the oxidic precursor at
823 K.
3000
Fresh
2500 L ‘ ° | Ni,P/Si0,
. [ J
T 2000 b ° ] L 1 L 1 . 1 L 1 . 1 .
e 20 30 40 50 60 70 80
= -1
= TOF = 0.017 +0.002 s
E 1500 - 1 Bragg Angle (20)
£ L
; 1000 L | Fig. 7. X-ray diffraction patterns for fresh and tested (110 h on-stream)
:E 20 wt% NipP/SiO; catalysts, as well as for unsupportedRi
>
500 | i )
XRD pattern of the tested 20 wt% M/ SiO, catalyst when
compared to the fresh catalyst, indicating no change in the
% s 100 750 200 bulk structure of the supported M particles. The only
0, Chemisorption Capacity (umol/g cat) apparent change in the XRD patterns is a slight increase in

intensity of the N4P reflections for the tested catalyst. Using
Fig. 6. Correlation of thiophene HDS activity with Cchemisorption the Scherrer equation, a M particle size of 19.6 nm is
capacity for NyP/SiO; catalysts. calculated for the tested 25 wt% 2/ SiO; catalyst, which

is larger than the value for the fresh catalyst of 17.8 nm.
with their O, chemisorption capacities. From the slope of To further access the stability of the silica-supportegFNi
the linear regression plot, a turnover frequency (TOF) of under reaction conditions, samples of a 20 wt%MBIO,
0.017+0.002 s'1 can be calculated if it is assumed ong O  catalyst were sulfided at temperatures in the range 623—
molecule adsorbs to each active site. As mentioned earlier, 1023 K and then analyzed by XRD. Other than small
Ni»P/SiO, catalysts prepared from oxidic precursors with a increases in the intensity of the M reflections following
molar ratio NyP = 2/1 yielded catalysts containing a signif- H2S/Hz pretreatment (see Fig. 8), there is no evidence
icant Niy2Ps impurity. The HDS activity of the NiP/SiO, for the formation of new crystalline phases in the 20 wt%
catalysts containing NjPs impurities deactivated rapidly  Ni2P/SiO, catalyst despite being subjected tpSAH>
after being brought on stream. A 20 wt%,Rj SiO, catalyst treatment at temperatures as high as 1023 K.
containing a significant NpPs impurity (as determined by
XRD) had an activity of 720.7 nmol Tty cay/s after 100 h 3.3. Effect of pretreatment on catalyst activity
on-stream, just 32.2% of the HDS activity of a phase pure
20 wt% NiP/SiO; catalyst. Thiophene HDS activity measurements were carried out

To determine the stability of MP/SiO, catalysts under  for samples of a 20 wt% MNP/SiO, catalyst following

HDS reaction conditions, X-ray diffraction patterns were degas-only, reduction, ancbB/H, pretreatments, as well as
acquired for fresh and tested 20 wt%,RjSiO, catalysts for the oxidic precursor to this catalyst following degas-only
that are shown in Fig. 7. After 110 h on-stream in the and HS/H> pretreatments (at 650 and 823 K). The latter set
HDS reactor, no significant changes are observed in theof activity measurements was motivated by the observation
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fresh Ni,P/SiO,

Bragg Angle (20) Bragg Angle (20)
Fig. 8. X-ray diffraction patterns for 20 wt% bP/SiO; catalysts subjected ~ Fig. 9. X-ray diffraction patterns for the oxidic precursor of the 20 wi%
to HpS/H, pretreatments at the indicated temperatures. Ni2P/SiO; catalyst, subjected to 28/H pretreatments at the indicated
temperatures.

3000

that the oxidic precursor of the 20 wt% 4¥/SiO, catalyst
could be reduced to the phosphide catalyst using a pretreat- .
ment in a 3.0 mol% KS/H> mixture at a temperature of 2500 |
723 K or higher (see Fig. 9). As shown at the bottom of the
figure, the oxidic precursor of the 20 wt% 4®/SiO, cata-

lyst shows XRD peaks consistent with the presence of crys-
talline NiO (Card 06-0595 [18]) on the silica support. Upon
pretreatment in flowing bS5/H2 at increasing temperatures,
the XRD peaks of NiO disappear (623 K) and XRD peaks
for Ni2P appear (723 K) and grow stronger (823 K).

The data plotted in Fig. 10 show interesting trends
in the effect of pretreatment on HDS activity. For the
Ni>P/SiO; catalysts, there is a small but significant effect of
pretreatment on HDS activity with the reduced and sulfided 0 P S
catalysts 4.0 and 12.8% more active, respectively, after 100 0 20 40 60 80 100 120
h than the catalyst pretreated only by degassing in He (see Time (h)

Fig. 11). Independent of the pretreatment’ thQFMSIOZ. .. Fig. 10. Thiophene HDS activity data for 20 wt% JR/SiO, catalysts
catalysts all show the same trend with the HDS activity subjected to (a) biS/Ho, (b) reduction, and (c) degas-only pretreatments,
increasing over the first 24—-48 h and then decreasing slightly as well as for the oxidic precursor subjected tgS#H, pretreatments at
over the remaining time on-stream. In all cases, the 20 wt% (d) 823 K, (e) 650 K, or (f) a degas-only pretreatment.

Ni>P/SiO;, catalysts were more active or of equal activity at

the end of the testing period compared to when they were active forms. If the oxidic precursor is sulfided at 823 K,
initially brought on-stream, further indicating that they have which reduces the Ni phase to J# as described earlier,
excellent stability under HDS conditions. its initial HDS activity is almost as high as those of the

The oxidic precursor of the 20 wt% pR/SiO, catalyst, 20 wt% NiP/SiO, catalysts subjected to the different pre-
when pretreated by He degas-only or34H; at 650 K, ex- treatments. The HDS activity of the oxidic precursor sulfided
hibits a strongly increasing HDS activity over time indicat- at 823 K increases over the first 20 h, but then decreases
ing that the surfaces of the catalysts are evolving into more somewhat more rapidly over the remaining time on-stream
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Fig. 11. Comparison of the HDS activities after 100 h on-stream for
20 wt% NpP/SiO, catalysts subjected to degas-only, $iH, and H
pretreatments, and for the oxidic precursor to this catalyst subjected to
degas-only and pi5/H> pretreatments.

when compared to the 20 wt% M/ SiO, catalysts prepared
by Hx TPR. A NipP particle size of 26.9 nm was calculated
for the oxidic precursor sulfided at 823 K and then tested
in the HDS reactor, which compares well with the particle
size of 27.7 nm calculated for the freshly sulfided precur-
sor.

4, Discussion

It has been known for many years that the catalytic prop-
erties of transition metals can be substantially modified by
combining them with main group elements. In some cases,
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although Prins and co-workers observed sulfided Ni to have
a higher activity than sulfided Mo when both materials were
supported on carbon [32]. The beneficial HDS catalytic
properties typically associated with Ni come from its use
as a promoter of Mo- and W-based catalysts [1,3]. As
with Mo, however, the catalytic properties of Ni can be
substantially altered by combining it with different main
group elements, in this case P. The results presented in this
study, which are consistent with those recently published
by Oyama and co-workers [11,13,15], indicate that silica-
supported NiP has high activity for HDS. NP/SiO;
catalysts are substantially more active for thiophene HDS
than are sulfided NSIO;, Mo/SiO,, and Ni-Mg/'SiO,
(Ni/Mo = 0.5) catalysts.

The synthesis procedure described here for silica-sup-
ported NpP catalysts differs somewhat from those re-
cently reported by others [11,15,19]. Oyama and co-workers
[11,15] utilized a single impregnation of a silica support with
a solution of Ni(NQ@)2 - 6H20 and NH;H2PO4 having a mo-
lar ratio of Ni/P=1/2 or 2/2, adding several drops of nitric
acid to the impregnating solutions to keep nickel phosphates
from precipitating. Following drying, the catalyst precursor
was calcined and then reduced via TPR in flowing td
a maximum temperature of 850 K. Stinner et al. [19] car-
ried out a sequential impregnation of a silica support with
Ni(NO3)2-6H20 and NHH2PO, with drying steps after
each impregnation to give a precursor with/Ri= 2/1.3.
Following calcination, the oxidic precursor was reduced to
silica-supported NiP by TPR in a flowing 5 mol% bJ/N2
mixture to a maximum temperature of 1023 K.

The synthesis described in the current study involved
sequential impregnation of silica with Ni and P contain-
ing solutions (to give a molar ratio of KNP = 2/1.6)
with calcination only after the Ni impregnation. The ox-
idic precursors were reduced to giveoRiSiO, catalysts
via TPR in flowing b to a maximum temperature of 923 K.
The Ni/P molar ratio and maximum TPR temperature em-
ployed were intermediary to those used by the other re-
searchers. Attempts to prepare;RiSiO, catalysts using
oxidic precursors prepared with a stoichiometric molar ra-
tio of Ni/P = 2/1 yielded P deficient catalysts as indi-
cated by the presence of NPs. Stinner et al. [19] ex-

it has been possible to carry out systematic investigationsamined the effects of the WP molar ratio and maximum

in which catalytic activities have been measured for com-
pounds of a transition metal with different main group ele-
ments for a particular reaction. For example, molybdenum
carbide 8-Mo2C), nitride (#-Mo2N), and phosphide (MoP)

are more active for thiophene HDS than is sulfided Mo when

TPR temperature, as well as the flow rate and composi-
tion of the reducing gas (Hor 5 mol% H/N>), on the
synthesis of silica-supported nickel phosphides. Pure silica-
supported NiP could not be prepared for molar ratios
Ni/P > 2/1.3, and the optimal synthesis utilized the di-

these materials are dispersed on an oxide support[14,17,25]luted reducing gas (5 mol%4AN>), high flow rates (200—
Such studies may ultimately lead to the development of new 600 mL/min) and a maximum TPR temperature of 1023

catalysts for industrial processes.

As indicated by the activity results shown in Figs. 4
and 5, Ni is a poor HDS catalyst when in a sulfided
form (i.e., sulfided NiSiOp). This observation is consistent
with results reported by others for sulfided Ni catalysts
in both unsupported [26,27] and supported [28-31] form,

K. The authors concluded that these conditions minimized
the partial pressure of 4D in the catalyst pores, and facil-
itated the formation and diffusion of volatile P-containing
species into Ni particles on the support. The results re-
ported here as well as those of Oyama and co-workers [11,
15] indicate that pure silica-supported,Ri can be pre-
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pared using pure Has the reducing gas, and that the max-  The XPS spectra for unsupportedoNiand a 30 wt%
imum TPR temperature can be lowered to 850-923 K if a Ni2P/SiO, catalyst (see Fig. 3) show peaks for oxidized Ni
greater excess of P is used in the oxidic precursofRNi and P species found in the surface passivation layer on the
2/1.6). NioP particles and, probably, due to P-containing species on
The oxidic precursors prepared by Oyama and co-workersthe support, but also show peaks at 853.1-831.5 and 129.4—
[11,15] and Stinner et al. [19] were calcined following 129.5 eV that are assigned to Ni and P species, respectively,
addition of Ni(NQ),-6H,0 and NHH-PQ, to the sil- in NioP. These binding energies indicate a slight transfer of
ica support. Depending upon the /MR molar ratio, calci- electron density from Ni to P, which is consistent with the
nation would be expected to produce nickel phosphates,interpretation by others of XPS spectra for amorphous Ni—
or a mixture of NiO and nickel phosphates on the silica. P alloys [34,35]. As discussed by Stinner et al. [19], the
In contrast, the synthesis described in the current studyshort Ni=Ni metal distance in NP indicates strong metal
utilized calcination only after impregnation of silica with bonding and this material does exhibit metallic character.
Ni(NO3) - 6H,0, which should yield supported NiO. Fol- At this time, it is unclear how the metallic properties
lowing subsequent impregnation with WH,PQy, the ox-  Of Ni2P relate to the high HDS activity of biP/SiO;
idic precursor is simply dried, which would be expected to catalysts. o o
give adsorbed phosphate species on the/8iO precursor. As indicated by the HDS activities compared in Fig. 4,
Despite the apparent separation of the Ni and P species in thé 30 Wi% NiP/SIO; catalyst is dramatically more active
oxidic precursor, TPR in flowing pyielded phase pure b than sulfided M@SIiO, and Ni/SiO; catalysts, as well as
on the silica support as confirmed by XRD and TEM. Inter- 3-° imes more active than a sulfided Ni-Mi0O, cata-
estingly, this synthesis procedure appears to gig®r8iO, lyst (Ni/Mo = 0.5). The NpP/SiO, catalyst is also twice
catalysts with a higher dispersion offfithan is achieved by ~ S active (after 100 h on-stream) as a 25 wt% VB,
methods involving calcination after impregnation of the sup- Catalyst tested under the identical HDS reaction condi-
port with both Ni(NQ)z - 6H,0 and NHH2POy. A 25 wit% tions [14]. It should be noted that commercial hydrotreating

NioP/SiO, catalyst was found to have an average crystal- catalystshr_nﬁst ((ijten are Su?ﬁ? rtedt?@mlz%(’j n Eart be- b
lite size of 17.8 nm and an £Ochemisorption capacity of cause a nigner dispersion ot the active sullide pnases can be

140.3 umolg. This crystallite size is smaller than the val- achieved. In this study, silica was used as the support for the

ues reported by Wang et al. [11] and Stinner et al. [19] of 20 Zﬂlé'gdeiﬁi;aelyséisc;:gtnage?xggs?ﬁl ﬁg?gzlea\rlﬁz Sl?iy:tro-
and 45 nm, respectively, for hi?/SiO, catalysts with NiP b e

loadings less than 10 wi% catalysts. It should be noted, however, that the dispersion

Elemental analysis of a 25 wt% Mt/SiO, catalyst gave of the sulfided Mg@gSiO, and Ni-Mao/SiO, catalysts is not

o . high and could be improved by using alumina as the sup-
a bulk Co.mposmon Of NigPy.o for the supported P par- ort. Using more industrially relevant hydrotreating condi-
ticles while XPS measurements yielded an average surfaceﬁ

. . L ons and alumina as the support for the comparison sulfide
composition of N 2P o for 20 and 30 wt% NiP/SiO; cat- o
catalyst, Oyama et al. [15] recently reported iSi

alysts. The elemental analysis indicates that the P content of Y y [15] y rep 2ISIO,

o L catalyst to be more active than a commercial sulfided
the silica-supported NP is slightly greater than the amount Co-Mo/Al,0; catalyst (Ketjenfine 756). Importantly, the

expected for NiP that is not surprising given the excess of P Ni»P/SiO; catalyst achieved high HDS activity with the dif-

used in the catalyst synthesis, while the surface of the cata-fjcit to desulfurize compounds, 4-methyldibenzothiophene
lysts have the expected stoichiometry within the error bar of ;4 4 6-dimethyldibenzothiophene.

the XPS measurements. Wang et al. [11] measured a higher 1, gain further insight into the HDS properties of

surface P content for their bi?/SiO, catalyst, Ni.oP1.o but Ni,P/SiO; catalysts, activity measurements were carried out
some P was lost during catalytic testing as the spent cat-f,, catalysts with NiP loadings in the range 5-35 wt%. A
alyst had a surface composition of NP1.0. Based upon  maximum in HDS activity was observed for the 30 wt%
31p NMR measurements, Stinner et al. [19] concluded that Ni>P/SiO, catalyst, which also had the highess €hemi-

no silicon phosphates formed at the surface offNBIO; sorption capacity. The HDS activities of thesRj SiO, cat-
catalysts prepared by TPR of oxidic precursors in flow- alysts correlated well with their £&chemisorption capacities
ing H2. NMR signals associated with phosphate species (see Fig. 6) except for the 35 wt% 4/ SiO, catalyst. From
(H,PO,®~~, P04*", and (PQ"),) were detected, pre-  the slope of the linear regression analysis of the data, a TOF
sumably in the form of adsorbed species on the support. Us-of 0.017+0.002 s ! was calculated. This value can be com-
ing gravimetric measurements, Oyama et al. [33] observedpared to a TOF of @13+ 0.001 s measured for sulfided
that the excess P used in the impregnation is present in theMo/Al,0s catalysts (1.5-20 wt%) at 693 K [25]. In addition
oxidic precursor as a surface phosphate (most like®sP, to the higher reaction temperature (693 vs 643 K), the TOF
but that most of this is lost as RHiuring TPR. These re-  for the sulfided MgAl,O3 catalysts was calculated based
searchers found that some residual P, possibly in the form ofupon the HDS activities of the catalysts after 24 h on-stream,
P>Os on the silica support, does remain on theiSiO, instead of after 100 h as was the case for thePR5IO,
catalysts after TPR. catalysts. Together, these factors suggest that the TOF de-
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termined for the sulfided M@AI2O3 catalysts with a wide  crystallites under reaction conditions may result in a slight
range of Mo loadings would be somewhat lower under the decrease in the site density and a concomitant decrease in
conditions used in the current study, and perhaps similar toHDS activity.
the TOF of 0.0096's! calculated for the sulfided M&iO, The HDS activity of the NiP/SiO, catalysts exhibited
catalyst (30.4 wt% Mog) tested in the current study. We a mild sensitivity to the pretreatment employed, with a
conclude that the HDS activity of the pR/SiO, catalysts 20 wt% NiP/SiO, catalyst pretreated in a flowing28/H>
can be traced to both a high site density and a high TOF. mixture at 650 K being 8.5 and 12.8% more active than
The high chemisorption capacities of the;RiSIO, cata- samples of the same catalyst pretreated in eitheoitHe,
lysts are not surprising as it is expected thatMNcan ad- respectively (see Fig. 11). While XRD indicates no change
sorb @ on all surface planes and the correlation shown in occurs in the bulk structure of supported,Ri particles
Fig. 6 indicates that ®is a good probe of active site densi- following HoS/H2 pretreatment at temperatures in the range
ties. 623-1023 K (see Fig. 8), we do not yet have conclusive
An explanation for the high TOF of the pi/SiO, cat- results on how pretreatment in a flowing$fH> mixture
alysts is currently lacking. The TOF of@7+ 0.002 s! affects the surface of the supported;Riparticles. It is
is dramatically higher than that calculated for the sulfided possible that some sulfur is incorporated into the surface
Ni/SiO; catalyst (30.1 wt% NiO) of 0.001%sClearly, the of the NP particles during BS/Hz pretreatment leading
sites on the silica-supported ¥ provide the needed struc- to formation of a surface phosphosulfide layer that is more
tural and electronic characteristics for the efficient cleavage active than pure NP. Based on recently published EXAFS
of the C-S bonds of thiophene as well as the hydrogena-measurements of spentd®#/SiO, catalysts, Oyama and co-
tion of the resulting adsorbed hydrocarbon and sulfur speciesworkers [13] concluded that some sulfur is incorporated into
to give gas phase products. There were no significant dif- silica-supported NiP during the HDS of dibenzothiophene
ferences between the thiophene HDS product distribution and that the active catalytic phase is a surface phosphosulfide
for a 20 wt% NpP/SiO, catalyst and those reported pre- layer. The EXAFS spectra of the spentRjiSiO, catalysts
viously for MoP/SiO; and sulfided M@SiO, catalysts [14], were not consistent with a reference spectrum of NjPS
suggesting that the mechanisms of the reaction are similara phase which Robinson et al. [4] observed to convert
over the different catalysts. Characterization of the adsorp-to Ni2P when pretreated in flowing 4%$/Hz. It is not
tion sites at the surface of p/SiO, catalysts will be nec-  yet possible, therefore, to propose a composition for a
essary in order to more fully understand the high thiophene surface phosphosulfide layer at the surface of the silica-
HDS activity of these catalysts. supported NiP particles. It may be that the formation of
Under the conditions of thiophene HDS at atmospheric a surface phosphosulfide layer under reaction conditions is
pressure, NiP/SiO, catalysts exhibit excellent stability as responsible for the increase in HDS activity observed in the
reflected in their resistance to deactivation. The chemical sta-first 24—-48 h after the NP/SiO, catalysts are brought on-
bility of these catalysts under sulfiding conditions of either stream (see Figs. 4 and 10).
a 3.2 mol% thiopheryH, feed (at 650 K) or a 3.0 mol% While the synthesis presented here for the preparation
H>S/H2 gas mixture (at 623—-1023 K), as determined by of Ni>2P/SiO, catalysts, as well as those described recently
XRD, is consistent with this conclusion. Wang et al. [11] by others [11,15,19], utilizes TPR in flowingoHo pro-
used XRD to analyze a spentd®/SiO, catalyst after test-  duce the silica-supported phosphide phase, it is also possi-
ing on-stream in a mixed feed containing dibenzothiophene, ble to prepare NiP/SiO, catalysts from their oxidic pre-
quinoline, benzofuran, and tetralin at 643 K and observed thecursors by a HS/H, pretreatment. As shown in Fig. 9,
Ni2P reflections to remain, but noted the growth of a new H>S/Hy pretreatment of an oxidic precursor of a 20 wt%
peak that they tentatively assigned to;Ry. This observa- Ni2P/SiO; catalyst at temperatures in the range 723-1023 K
tion indicates the loss of some P from the silica-supported gives silica-supported NP with no evidence of any crys-
NioP and is consistent with XPS measurements that showedtalline impurities. Using XRD, Robinson and van Gestel [4]
a decrease in the/Ri ratio at the surface from 1.00 to 0.77. observed nickel orthophosphate §#Qs)2) to convert to
While the XRD results of Wang et al. [11] differ slightly Ni>P by a pretreatment of the orthophosphate salt in a 10
from ours, it should be noted that they observed an almostvol% H,S/H> mixture at 643 K, but to our knowledge this
identical trend in HDS activity as that reported here (see approach has not been reported for the synthesis of oxide-
Figs. 4 and 10) in that the dibenzothiophene HDS activity supported NiP catalysts.
of the Nk P/SiO, catalyst increased over approximately the The oxidic precursor to a 20 wt% HR/SiO, catalyst
first 20 h and then decreased slightly for the remainder of that was pretreated only by degassing in He initially had a
the time on-stream. A possible explanation of the slight de- very low HDS activity, but which increased monotonically
activation of the NiP/SiO;, catalysts may be the sintering of over the course of 110 h on-stream (see Fig. 10). When
the nickel phosphide particles under HDS conditions. Based coupled with the observation that ¥/SiO, catalysts can
upon XRD patterns for fresh and tested 20 wt%MiSIO; be prepared by k5/H> pretreatment of their oxidic precur-
catalysts (see Fig. 7), an increase in average crystallite sizesors, this observation suggests that the reducing conditions
from 17.8 to 19.6 nm was calculated. This growth opli present in the HDS reactor at the reaction temperature of
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by TPR in flowing . The HDS activity of the oxidic pre-
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rapidly than those of the catalysts prepared byTHR. Af-

ter 100 h on-stream, this catalyst has an activity that is 8.5—
22% lower than the 20 wt% MIP/SiO, catalysts prepared
by H, TPR and subsequently subjected to the different pre-
treatments (see Fig. 11). Possible explanations for the lower
HDS activity of the 20 wt% NiP/SiO, catalyst prepared
via this method is that the reduction inp8/H2 resulted in

a poorer dispersion of the pi? on the support, or that sul-
fur becomes incorporated at the surface of theP\jarticles
thereby blocking sites. The 20 wt% NH/SiO, catalyst pre-
pared via HS/H treatment of the oxidic precursor had an
average crystallite size of 27.7 nm and gngbemisorption
capacity of 72.0 umgh, which can be compared with val-
ues of 22.3 nm and 123.9 pumjiglfor the 20 wt% N3P/SiOp
catalyst prepared via HTPR. It should be noted that no at-
tempt was made to optimize the R/ SiO, catalyst synthe-
sis in which the oxidic precursors were reduced in the sul-
fiding mixture. Further investigation will be necessary to de-
termine whether this procedure for converting oxidic precur-
sors to NpP/SiOo catalysts is a viable method for preparing
high HDS activity catalysts.

5. Conclusions

Ni2P/SiO; catalysts have been prepared by two methods
in which oxidic precursors were reduced via TPR in either
flowing Hz or a HbS/H2 mixture. Synthesis of phase pure
Ni>P on the silica support was accomplished only when
an excess of P (MP = 2/1.6) was incorporated into the
supported precursor. XPS analysis of unsupporteé dind
Ni2P/SiO; catalysts indicates a slight transfer of electron
density from Ni to P. The NP/SiO, catalysts have high
thiophene HDS activity compared to sulfide-based catalysts,
with a 30 wt% NpP/SiO, catalyst being nearly 3.5 times
more active than a sulfided Ni-M8iO, catalyst (NyMo =
0.5). In addition, the NiP/SiO, catalysts exhibit excellent
stability under HDS conditions and show promise for use in
commercial hydrotreating catalysts.

cepted manuscripts prior to publication.
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