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Abstract

A NiyP catalyst supported on a high-surface area SiO; (350 m? gfl) was prepared by temperature-programmed reduction, and its structural
and surface properties were studied. X-ray diffraction and extended X-ray absorption fine structure measurements were used to obtain structural
parameters for the supported NipP phase, and Fourier transform infrared (FTIR) analysis with the probe molecules CO and pyridine was carried
out to characterize the surface properties. The catalytic activity was measured at 573 K and 3.1 MPa in a three-phase fixed-bed reactor for
hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) using a model liquid feed. At standard conditions using 500 ppm S as 4,6-di-
methyldibenzothiophene (4,6-DMDBT), 3000 ppm S as dimethyldisulfide, 200 ppm N as quinoline, and 1% tetralin in a tridecane solvent, the
NipP/SiO; gave an HDS conversion of 85%, an HDN conversion of 100%, and a tetralin conversion of 37%, which were much higher than those
of a commercial Ni-Mo-S/Al,O3 catalyst, which gave an HDS conversion of 41%, an HDN conversion of 98%, and a tetralin conversion of
20% based on equal numbers of sites (240 umol) loaded in the reactor. The sites were counted by CO chemisorption for the phosphide and by
low-temperature O, chemisorption for the sulfide. The NipP/SiO; catalyst favored the hydrogenation (HYD) pathway for 4,6-DMDBT HDS to
generate methylcyclohexyltoluene and dimethylbicyclohexane with a relative HYD selectivity of 95%. It also favored hydrogenation for tetralin
to give decalin with a relative HYD selectivity of 89%. The NipP/SiO; catalyst also showed better resistance to N-compounds than the Ni-Mo-S/
Al O3 catalyst. The FTIR spectra of adsorbed CO showed that the Ni site in the Nip P phase gave rise to considerable 7 -back bonding, which was
related to the high activity of the NipP/SiO; catalyst in the hydrogenation of aromatics. The FTIR spectra of adsorbed pyridine showed that the
Ni; P phase had a P-OH group associated with Brgnsted acidity that was active for the protonation of N compounds. These results thus suggest
that the supported Niy P catalyst has bifunctional properties that are beneficial for catalytic activity in hydroprocessing.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Considerable concerns for cleaner air and more stringent
regulations of the sulfur content of transportation fuels and
non-road fuels have put considerable pressure on the refining
industry worldwide to produce cleaner fuels and have moti-
vated much research for the development of new hydrotreat-
ing catalysts. The sulfur problem is becoming more serious
in general because the allowed sulfur content, particularly of
diesel fuels, is becoming much lower (<15 ppm by 2006),
whereas the sulfur content of crude oils is becoming increas-
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ingly higher (average increase from 0.87% in 1981 to 1.42% in
2001) [3]. The challenge for deep desulfurization of diesel fu-
els is the difficulty in removing refractory sulfur compounds,
such as 4,6-dimethyldibenzothiophene (4,6-DMDBT), by con-
ventional hydrodesulfurization (HDS) processes. This problem
is exacerbated by the presence of nitrogen compounds that
adsorb competitively with the sulfur-containing species. New
catalysts have thus been developed to enhance the activity for
HDS of compounds like 4,6-DMDBT and to carry out simulta-
neous hydrodenitrogenation (HDN). Among alternatives to the
widely used sulfides are transition-metal carbides, nitrides, and
phosphides [4-9]. Metal phosphides are a novel catalyst group
for deep hydrotreating and have received much attention due
to their high activity for HDS and HDN of petroleum feed-
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stocks [9,15-17]. Transition-metal phosphide catalysts have
been studied in hydrogenation reactions [18-21], but research
focusing on hydrotreating has been carried out only recently
[7-15].

It has been found that transition-metal phosphides can
be easily synthesized by temperature-programmed reduction
(TPR) of oxidic precursors (metal phosphates) at moderately
high temperatures (773—873 K) [8]. Previous work has shown
that MoP, WP, and NiyP have good activity in hydroprocess-
ing [8,22-24], with overall activity in the following order:
Fe,P/SiO; < CoP/SiO; < MoP < WP < NipP/SiO; in the
HDS of dibenzothiophene (3000 ppm S) and in the HDN of
quinoline (2000 ppm N) at 643 K and 3.1 MPa, with the
comparison based on equal sites (240 umol CO/O; for phos-
phides/sulfides) loaded in the reactor. A study of the effect of
phosphorus content on NipP/SiO; catalysts found that samples
with excess P (initial Ni/P ratio = 1/2) gave more dispersed
and stable phases with higher activity (dibenzothiophene HDS
conversion of 100% and quinoline HDN conversion of 81%
at a liquid hourly space velocity [LHSV] of 0.65 h1) [24].
Recently, the structure, synthesis, and reactivity of phosphide
catalysts were reviewed [17].

Better knowledge of the surface and catalytic properties of
the supported phosphide catalysts will help enhance the activ-
ity and stability of phosphides for treating heavier feeds. In this
work we focused on investigating the structural and chemisorp-
tion properties of the supported NioP catalysts. We used ex-
tended X-ray absorption fine structure (EXAFS) spectroscopy
to study the atomic arrangement in the finely dispersed phos-
phide phases and Fourier transform infrared (FTIR) analysis to
study the chemisorption of CO and pyridine on their surfaces.
Previous work focused on the activity of NioP in the HDS of
thiophene [1] and dibenzothiophene [16,23-26]. In this study
that work is extended to the HDS of 4,6-DMDBT, investigat-
ing the effect of N compounds on HDS conversion and tetralin
hydrogenation. The Ni;P/SiO, catalyst and a commercial Ni—
Mo-S/Al, O3 catalyst are compared.

2. Experimental
2.1. Catalyst and reference samples

The supported NiyP catalyst was prepared as reported pre-
viously with excess phosphorus (Ni/P = 1/2) and a loading
of 1.156 mmoly; gs_ui,pm (12.2 wt% NiyP/SiO;) using a com-
mercial SiO; support (Cabot, Cab-O-Sil) of high surface area
(EH-5,350 m? g~!) [24,27]. A supported nickel phosphate pre-
cursor was prepared by incipient wetness impregnation of a
solution of nickel nitrate [Ni(NOj3);, Alfa Aesar] and ammo-
nium phosphate [(NH4)2HPO4, Aldrich], followed by drying
at 393 K for 6 h and calcination at 673 K for 4 h. The sup-
ported nickel phosphate was then reduced to a phosphide by
TPR from 298 to 883 K (at a rate of 1 Kmin~!). The hydrogen
flow rate was set at 1000 umol s~! [1500 cm>(NTP) min~!] per
g of sample. At the end of the temperature program, the sample
was cooled to room temperature in helium and passivated under
0.5% O>/He for 6 h.

Reference NiO/SiO, and PO,/SiO, samples were pre-
pared by impregnation of the SiO, support (Cabot, Cab-O-Sil,
EH-5, 350 m? g’l) with nickel nitrate [Ni(NO3),, Alfa Aesar]
(1.16 mmoln; g5,ppor) and (NH4)2HPO4 (2.3 mmolp gboor)-
followed by drying at 393 K for 6 h and calcination at 673 K for
4 h. The calcined NiO/SiO; sample was then reduced at 673 K
for 2 h to form a Ni/SiO, sample or was sulfided in a 10%
H,S/H; carrier at 673 K for 2 h to form a sulfided NiS/SiO,
sample. A bulk Ni;P (Cerac, 99.5%) reference was used for
comparison to experimental EXAFS results. The sulfide cata-
lyst was a commercial Ni-Mo—S/Al,O3 sample (Criterion 424)
containing approximately 15 wt% MoOs3, 3 wt% NiO, and some
phosphorus promoter. Typical phosphorus content for commer-
cial catalysts is 2—4 wt% [28].

2.2. Characterization of samples

X-Ray diffraction (XRD) patterns of both the freshly pre-
pared and spent samples were obtained with a Scintag XDS-
2000 powder diffractometer operated at 45 kV and 40 mA
using Cu-K, monochromatized radiation (A = 0.154178 nm).
CO chemisorption uptakes were obtained on passivated, air-
exposed samples rereduced in hydrogen for 2 h at 723 K, and
used to calculate needed catalyst quantities in the hydroprocess-
ing tests. Pulses (20 umol) of CO at room temperature (300 K)
were passed over the sample to measure the total dynamic gas
uptake. A Micromeritics ASAP 2010 micropore size analyzer
was used to measure the specific surface area of the sample
from the linear portion of BET plots (P/Py = 0.01-0.10) at
77 K. Before the measurements, the passivated samples were
degassed at 403 K for 12 h. The chemical composition of
the samples was determined by inductively coupled plasma-—
absorption emission spectroscopy (Spectro Analytical Instru-
ments, Spectroflame FTMO AS85D). For complete dissolution
of the samples, aqua regia digestion was carried out with heat-
ing in a microwave oven (EthosPlus, Milestone).

X-Ray absorption spectra at the Ni K-edge (8.333 keV) of
reference and catalyst samples were recorded in the energy
range 8.233-9.283 keV at beam line X 18B at the National Syn-
chrotron Light Source at Brookhaven National Laboratory. The
X-ray ring at the National Synchrotron Light Source has a flux
of 1 x 10'° photonss~! at 100 mA and 2.5 GeV. The mono-
chromator is equipped with a Si(111) channel-cut single crystal
and has an energy range capability of 5.8-40 keV. The crys-
tal was detuned slightly to prevent glitches due to harmonics.
EXAFS spectra were recorded at ambient temperature in trans-
mission mode using ionization chambers for the detection of
primary (ly, 100% N3) and transmitted (I;, 75% N, balance
Ar) beam intensities. Bulk reference samples were diluted with
BN (0.1 gear + 0.3 ggn). The EXAFS data were analyzed by
Winxafs 97. To fit the experimental EXAFS spectra for the
fresh and spent samples, the theoretical EXAFS equation for
Niy P was used to calculate phase shifts and amplitude functions
of NiyP, using FEFF (version 8.20) [29]. Fitting was then car-
ried out for the fresh samples using the three dominant shells
(2 Ni-P at 0.2266 nm, 4 Ni-P at 0.2457 nm, and 4 Ni-Ni at
0.2678 nm), using a reducing factor (Sg), fixed as 0.90, a value
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obtained by fitting the Ni-Ni contribution in Ni foil. The quality
of the fit was evaluated by the residual factor (R-factor), which
is defined by

N N .
Residual factor (R-factor, %) = <Zi=1 lye;\;p(l) )itheO(m)
Zi:l Yexp @)

x 100,

where Yexp and ywmeol are experimental and theoretical data
points, respectively.

Transmission infrared spectra of pressed wafers (~15 mg) of
Ni, P/Si0; and Ni-Mo—-S/Al, O3 catalysts were collected in situ
in an infrared (IR) reactor cell placed in a FTIR spectrometer
(Bio-Rad Model FTS 3000MX) at a resolution of 2 cm™~! and
using 64 scans spectrum~!. The IR cell was equipped with KBr
windows, connections for inlet and outlet flows, and thermo-
couples connected to a temperature controller to monitor and
control the temperature. Before dosing CO and pyridine, the
Ni/SiO; and NipP/SiO; samples were reduced in Hp at 723 K
for 2 h, and the NiS/SiO, and Ni-Mo-S/Al,O3 samples were
sulfided in a 10% H,S/H, stream at 673 K for 2 h at a flow
rate of 100 umols~! (150 cm?® min~!). For the CO IR mea-
surements, the samples after pretreatment were cooled to room
temperature in a He flow and exposed to 1% CO/He until sat-
uration was achieved. The samples were then purged in He
carrier for 300 s to remove gaseous and weakly adsorbed CO
species. The spectra were obtained in the absorbance mode and
are shown after subtraction of a background spectrum obtained
on the samples before adsorption to make the adsorbate peaks
more clear. For pyridine adsorption, the samples were dosed at
373 K with a molar concentration of pyridine of 0.40% in a He
or H, carrier at a flow rate of 100 pmols~! (150 cm?® min~!)
until saturation was achieved. The samples were then purged
in He for 300 s at 373 K to remove the gaseous and weakly
adsorbed pyridine. The spectra are shown after substraction
of the background spectrum obtained at the various tempera-
tures without pyridine. Measurements were made at 373, 423,
473, 523, and 573 K, with the temperature raised at a rate of
0.17 Ks~! (10 Kmin~!) and a hold time of 180 s maintained
at each temperature.

2.3. Activity test for HDS

Catalytic activities for the HDS of 4,6-DMDBT, the HDN
of quinoline, and the hydrogenation of tetralin were carried
out at 3.1 MPa (450 psig) at 573 K (300 °C) in a three-phase
upflow fixed-bed reactor. The feed liquid was prepared by com-
bining 1% tetralin (Aldrich, 99%), 0% or 0.02% N as quino-
line (Aldrich, 99%), 0.05% S as 4,6-DMDBT (Fisher, 95%),
0.3% S as dimethyldisulfide (DMDS, Aldrich, 99%), 1% n-oc-
tane (Aldrich, 99%) as an internal standard, and n-tridecane
(Alfa Aesar, 99%) as a solvent. The liquid was delivered at
0.0833 cm?®s™! (5 cm*h~!) using a liquid pump along with
100 umol s~ ! [150 cm3(NTP) min~'] of hydrogen flow. Liquid
product compositions were determined with a Hewlett Packard
5890A gas chromatograph, equipped with a 50-m, 0.32-mm-i.d.
dimethylsiloxane column (Chrompack, CPSil 5B), on samples

Ni,P/SiO,
>
< Spent Ni,P/SiO,
=
g et Mg Mo
£
Ni,P
A A’\ A A_A__,'\»\.._
10 20 30 40 50 60 70 80
2 Theta / Degrees
Fig. 1. XRD patterns of fresh and spent Ni P samples.
Table 1
Physical properties of Nip P, Ni/SiO;, and NiS/SiO,
CO uptake BET area Ni/P molar
(umol gfl) (m? gfl) ratio
Niy P/SiO; 112 240 1/0.963
Ni/SiO, 17 139 -
NiS/SiO; 3 144 -

collected at 4- to 5-h intervals. Reaction products were iden-
tified by gas chromatography-mass spectroscopy (HP5972)
analysis. Quantities of catalysts loaded in the reactor corre-
sponded to the same amount of CO or atomic oxygen uptake
(240 pmol), and were 2.3 g for the NipP/SiO, catalyst, and
0.83 g for the Ni-Mo—S/Al,O3 catalyst, with corresponding
LHSV of 0.80, and 4.0 h™!. Before the hydroprocessing re-
action, the passivated phosphide catalysts were pretreated for
2 h at 623 K in 100 pymols™' [150 cm3(NTP) min~!] of Hy,
and the sulfide catalyst was pretreated at 578 K for 2 h un-
der 100 umols~! of 10% H,S/H; at a pressure slightly above
1 atm. The HDS of 4,6-DMDBT proceeded via two reac-
tion pathways, direct desulfurization (DDS) and hydrogena-
tion (HYD) followed by desulfurization. The DDS pathway
gave 3,3-dimethylbiphenyl (3,3-DMBP), and the HYD path-
way formed methylcyclohexyltoluene (MCHT) and dimethyl-
bicyclohexane (DMBCH). The products of the quinoline reac-
tion were primarily the denitrogenated molecules propylben-
zene and propylcyclohexane. The products of hydrogenation of
tetralin were the dehydrogenated (deHYD) molecule naphtha-
lene and the hydrogenated (HYD) molecule decalin.

3. Results
3.1. Structural features of NixP catalyst

Fig. 1 shows the powder XRD patterns of the fresh and spent
NiyP catalyst, as well as a bulk NiyP reference. The XRD pat-
terns confirm that a NipP phase is formed on the SiO; support
and that the phase is retained during the reaction. The physical
properties of the Ni;P/Si0O; catalyst are listed in Table 1.

Fig. 2 shows the hexagonal structure of NioP. The NiyP unit
cell has two types of Ni and P sites [denoted as Ni(I), Ni(II) and
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Ni(1),P(1)
Ni(l1),P(lly
Fig. 2. Local structure of NipP with two types of trigonal prisms.
Table 2
Curve-fitting results of the Ni K-edge EXAFS spectra for the bulk NiyP sample?
Parameter Ni-P Ni-Ni R-factor
Ni(I)-P(II) Ni(I)-P(I) Ni(ID)-PI) Ni(ID-P(I) Ni(I)-Ni(I) Ni(D)-Ni() Ni(I)-Ni(II) (%)
NijP reference 2 2 1 4 2 2 4
coordination number (CN)
Ni;P reference 0.2209 0.22662 0.23688 0.24567 0.2605 0.26131 0.26783
bond length (R)
Fit 1
CN 1.43 4.22 2.68
R (nm) 0.222 0.2618
o2 (1075 nm?) 7.835 8.0466
AE (eV) —8.424 —2.192
Fit2
CN 2.11 1.47 4.01 0.69
R (nm) 0.2237 0.2392 0.2646
a2 (1073 nm?) 0.879 6.91 1.599
AE (eV) 1.25 1.411 0.543
Fit 3
CN 2.01 1.75 3.99 0.48
R (nm) 0.2253 0.2401 0.2644
2 (1073 nm?) 3.00 0.499 6.00
AE (eV) 0.420 0.423 1.798
Fit4
CN 2.1 1.51 4.01 1.51
R (nm) 0.2248 0.2400 0.2649
a2 (1075 nm?) 4.76 1.606 6.01
AE (eV) 1.177 1.099 1.941

4 AR filtered = 0.1427-0.27598 nm, S(% = 0.9, the unit cell contains equal numbers of Ni(I) and Ni(II) atoms.

P(I), P(ID], which form two different trigonal prisms consist-
ing of various Ni—P and Ni—Ni subshells. The unit cell contains
3 Ni(I), 3 Ni(II), 1 P(I), and 2 P(II). Bond distance and coordi-
nation number for the subshells in each trigonal prism are listed
in Table 2. EXAFS simulations were carried out taking each Ni
site as the absorber in a 0.5-nm cluster to obtain phase shifts
and effective scattering amplitudes from fitted data of the bulk
NiyP reference and Niy P/SiO; sample.

Fig. 3 shows the Ni K-edge EXAFS spectra (left panels) af-
ter background subtraction and their Fourier transforms (right
panels) of Ni/SiO; (Fig. 3A), sulfided NiS/SiO, (Fig. 3B), Ni

foil (Fig. 3C), and a NiS reference (Fig. 3D). The first peaks in
the Fourier transforms are centered at 0.215, 0.200, 0.217, and
0.202 nm, respectively. A reduction factor, Sg, of 0.9 for the
absorber Ni atom was obtained from the spectrum of a Ni foil
reference (not shown).

Fig. 4 shows a comparison between simulated and exper-
imental EXAFS spectra for NiyP, with the left panels show-
ing the EXAFS oscillation and the right panels showing the
Fourier transforms. Fig. 4A shows the simulation for the ab-
sorber Ni(I), which gives two distinct peaks centered at 0.175
and 0.240 nm, corresponding to Ni—P and Ni—Ni contributions,
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Fig. 3. Ni K-edge EXAFS spectra and Fourier transforms of Ni/SiO;, NiS/SiO5, Ni foil, and NiS references.
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Fig. 4. Comparison of the Ni K-edge EXAFS spectra for simulated Ni P, bulk Niy P, and Nip P/SiO, samples.

respectively. Fig. 4B shows the simulation for the absorber  lysts with the Fourier transform spectra exhibiting peaks at 1.74
Ni(Il), which gives one broad peak centered at 0.225 nm, re- and 2.27 nm. Fig. 4D shows simulation results for the bulk ref-
sulting essentially from two overlapping peaks due to Ni-P and  erence NiyP sample with the Fourier transform showing peaks
Ni—Ni neighbors. Fig. 4C shows the results for NioP/SiO; cata- at 1.75 and 2.25 nm.
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Fig. 5. Ni K-edge Fourier transforms and Fourier filtered EXAFS spectra of bulk NiyP and Ni; P/SiO, samples.
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Fig. 6. FTIR spectra of adsorbed CO on Ni/SiO;, sulfided NiS/SiO;, Ni-Mo-S/Al; O3, and Ni; P/SiO, samples.

Fig. 5 shows the curve-fitting results of the Ni K-edge
EXAFS spectra for bulk Ni; P and NiyP/SiO; samples with the
left panels showing the Fourier transforms (solid line) and fits
(open circles), and the right panels showing the EXAFS oscil-
lations (solid line) and fits (open circles). The fitting parameters
are given in Table 2.

3.2. Surface properties of the Nio P catalyst

Fig. 6 shows room temperature FTIR spectra of adsorbed CO
in He flow on Ni/SiO,, sulfided NiS/SiO;, Ni-Mo-S/Al;03,
and NipP/SiO, samples. All bands are due to the C-O stretch.
Fig. 6A shows the IR spectrum before the introduction of CO
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Fig. 7. FTIR spectra of adsorbed pyridine on Ni/SiO,, sulfided Ni/SiO,, and Ni-Mo-S/Al, O3 samples.
A) Ni,P/SiO, 3078 B) Ni,P/SiO, 1446
3
<
U]
%]
=
@
2
o
4
<
1 1 1 1 " 1

" " " 1 " 1 " 1 "
3800 3600 3400 3200 3000 2800 2600

1 " 1 " 1 " "
1650 1600 1550 1500 1450 1400

-1
Wavenumber / cm

Fig. 8. FTIR spectra of adsorbed pyridine on the NipP/SiO, sample.

for a Ni/SiO; sample, exhibiting no peak. Fig. 6B shows the IR
spectrum of adsorbed CO on the Ni/SiO, sample, which gives
two broads bands centered at around 2046 and 1955 cm~'.
Figs. 6C and 6D show the results for sulfided NiS/SiO; and Ni—
Mo-S/Al,O3 samples, which give only traces of physisorbed
CO species observed at 2173 and 2117 cm™!. Fig. 6E shows
the IR spectrum with CO saturation for the Ni-Mo—S/Al,O3
sample, which gives the peaks for the physisorbed CO species
observed at 2173 and 2117 cm~!. Fig. 6F shows the IR spec-
trum prior to the introduction of CO for a NipP/SiO, sample,
again showing no peak. Fig. 6G shows the IR spectrum of ad-
sorbed CO on the Ni;P/SiO; sample, which gives a distinctive
IR band at 2083 cm™ . Fig. 6H shows the result for the sulfided
NiyP/SiO; sample (treated in a flow of 10% H,S/H; at 673 K
for 2 h), which retained the IR band at 2086 cm™!, with the
intensity being lowered.

Fig. 7 shows FTIR spectra in the high- and low-wavenumber
regions of adsorbed pyridine in a He carrier for NiS/SiO, and
Ni—Mo-S/Al; O3 samples after pretreatment in a flow of 10%
H,S/H, at 673 K for 2 h. The spectra were obtained after
adsorption at 373 K and successive heating to various tem-
peratures in a flow of He. For the sulfided Ni/SiO, sample,
positive peaks centered at 3091 cm~! (Fig. 7A), 1595 cm™!
and 1446 cm™! (Fig. 7C) were observed, which decreased in
intensity with increasing temperature. For Ni-Mo-S/Al,03,
peaks centered at 1607, 1489, and 1447 cm™! (Fig. 7D) were
observed, with no distinctive features found in the higher-
frequency region (Fig. 7B). Again, the intensity of the peaks
decreased on heating.

Fig. 8 shows FTIR spectra in the high- and low-wavenumber
regions of adsorbed pyridine in a He carrier for the NipP/SiO,
catalyst. Again, the spectra were obtained after adsorption at
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Fig. 9. FTIR spectra of adsorbed pyridine on the PO,/SiO; sample.
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Fig. 10. In situ FTIR spectra of the hydrogenation of the pyridine at 573 K on NiP/SiO, and Ni-Mo-S/Al, O3 samples.

373 K and successive heating to various temperatures in a flow
of He. Positive peaks centered at 3146 and 3078 cm ™! (Fig. 8A)
and at 1637, 1606, 1597, 1575, 1543, 1490, and 1446 cm™!
(Fig. 8B) were observed. Negative peaks at 3741 and 3668
cm~! (Fig. 8A) due to hydroxyl groups were also present. An
increase in the temperature led to a decrease in the intensity of
the peaks.

Fig. 9 shows FTIR spectra of adsorbed pyridine in a He
carrier for the PO,/SiO, sample. Once again adsorption was
carried out at 373 K, with subsequent sample heating. Positive
peaks centered at 3140, 3089, and 3037 cm~! (Fig. 9A) and
at 1639, 1622, 1546, 1490, and 1452 cm™! (Fig. 9B) were ob-
served. Negative peaks at 3740 and 3660 cm™! (Fig. 9A) due
to hydroxyl groups were also visible. An increase of the tem-

perature led to a decrease in the intensity of the peaks, with the
peaks at 3660, 1546, and 1490 cm~! retained up to 573 K.

Fig. 10 compares the FTIR spectra of pyridine adsorbed on
the Ni, P/SiO; (Fig. 10A) and Ni-Mo-S/Al; O3 (Fig. 10C) sam-
ples under He flow at 573 K. The behavior of the adsorbed
species is also examined on these catalysts at 573 K on switch-
ing the carrier flow from He to H, (Figs. 10B and 10D). For the
NiyP/SiO, sample, the main spectral features appeared at 1608,
1490, and 1449 cm~! in He, but these shifted to bands at 1597,
1575, 1472, and 1444 cm™! due to piperidine with the introduc-
tion of Hj. For the Ni-Mo-S/Al,O3 sample, the main spectral
features appeared at 1604, 1485, and 1446 cm~! in He. Unlike
in the NipP/SiO, sample, here switching the carrier from He to
H; led to little change in the IR peaks.
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Fig. 11. Activities in the HDS of 4,6-DMDBT and hydrogenation of tetralin for NipP/SiO, and Ni-Mo—S/Al,O3 at 613 K and 3.1 MPa.

3.3. Catalytic activity in the HDS of 4,6-DMDBT

Fig. 11 shows the HDS conversion of 4,6-DMDBT and
the selectivities toward the HYD and DDS products for the
Ni, P/SiO; and NiMoS/Al;O3 catalysts at 613 K (340 °C) and
3.1 MPa at two levels (0 and 0.02%) of N content (as quinoline).
Initially, the feed contained 4,6-DMDBT (0.05% S), DMDS
(0.3% S), and tetralin (1%) dissolved in tridecane. For the
NiyP/SiO; catalyst, the HDS conversion was high (97%), with
an HYD selectivity of 95%, whereas for the NiMoS/Al,O3
catalyst, the HDS conversion was low (around 60%), with an
HYD selectivity of 70%. The addition of N (0.02% N as quino-
line) led to a decrease in HDS conversion from 97 to 85% for
the Ni;P/SiO; and from 60 to 41% for the Ni-Mo-S/Al;0O3
catalyst. This was accompanied by a decrease in the HYD se-
lectivity from 95 to 94% for the NipP/SiO; catalysts and from
70 to 65% for the Ni-Mo—S/Al,O3 catalyst. Fig. 11 also dis-
plays the conversion of tetralin and its product selectivities. For
the Ni;P/SiO; catalyst, the tetralin conversion and HYD selec-
tivity were around 39 and 89%, respectively, and the addition
of N led to a slight decrease in these values to 37 and 86%. For
the Ni-Mo-S/Al,O3 catalyst, the tetralin conversion and HYD
selectivity were around 27 and 76%, respectively, and the addi-
tion of N led to a decrease in these values to 20 and 63%.

4. Discussion
4.1. Structural properties of the Nix P/SiO;

NipP [30] adopts a hexagonal structure (Space group: Pe,,,
D?Z,h, Struckturbericht notation: revised C22) with lattice para-
meters a = b = 0.5859 nm and ¢ = 0.3382 nm, in which the Ni
atoms form two types of nine-fold arrangements around each P
atom (Fig. 2). Both nine-fold arrangements consist of a Ni trig-
onal prism around a P and three additional Ni atoms bonded to

the center P through the three rectangular faces of the trigonal
prism. The two types of Ni and P sites [denoted as Ni(I), Ni(II))
and P(I), P(II)] form two different trigonal prisms in NiyP. Such
nine-fold arrangements are very common in metal-rich phos-
phides [31]. For example, the Ni(I) site is surrounded by 4 P
atoms (2 P at 0.2209 nm and 2 P neighbors at 0.2266 nm) and
8 Ni atoms [2 Ni(I) at 0.2613 nm, 2 Ni(II) at 0.2605 nm, and
4 Ni(Il) at 0.26783 nm]. The Ni(Il) site is surrounded by 5 P
atoms (1 P at 0.2369 nm and 4 P at 0.2457 nm) and 6 Ni atoms
[2 Ni(I) at 0.2605 nm and 4 Ni(I) at 0.26783 nm]. Equal num-
bers of Ni(I) and Ni(II) atoms are present in the unit cell.

The XRD patterns of the fresh and spent NioP/SiO, sam-
ples indicate that the main bulk phase on the catalyst was NiyP
(Fig. 1), with line-broadening giving a crystallite size of 6.5 nm.
This is in agreement with transmission electron microscopy
images of a similar catalyst showing approximately 10-nm par-
ticles [26]. The sample was prepared by TPR in flowing hydro-
gen, which led to a loss of phosphorus during reduction and
gave a lower amount of phosphorus (Ni/P ratio = 1/0.963)
than the initial value (1/2). The surface area of the fresh
Ni,P/SiO; catalyst (240 m? g~!) was lower than that of the sup-
port (350 m? g~ 1) (Table 1), likely due to the agglomeration of
support particles. Chemisorption quantities of CO for the fresh
sample (112 umol g~ ') were moderate and were retained during
reaction [63]. The dispersion, defined as the fraction of surface
metal atoms, can be calculated from the CO uptake as 9.7%.
A 6.5-nm crystallite contains about 2300 unit cells and 23,000
Ni atoms. Based on the crystal structure and a surface atom den-
sity of 1.01 x 10" cm™2 [23], this corresponds to a dispersion
of 10.4%, which is in good agreement with the value calculated
from the CO uptake.

The XRD patterns of the catalysts (Fig. 1) demonstrated
low signal-to-noise ratios and do not yield detailed structural
information. EXAFS analysis is particularly useful for charac-
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Table 3
Comparison of curve-fitting results of the Ni K-edge EXAFS spectra for the bulk NipP reference and the NipP catalyst?
Samples Ni-P Ni-Ni R-factor
Ni(D)-P(I) Ni(ID)—P(IT) (LI (%)
Reference  CN R o2 AE  CN R o? AE  CN R o? AE
parameter (nm) (1073 nm?) (eV) (nm) (1075 nm?) (eV) (nm) (1075 nm?) (eV)
2 0.2209 1 0.2369 2 0.2605
2 0.2266 4 0.2457 2 0.2613
4 0.2678
NipP (bulk) 2.0+£0.1 0.2253 3.0+0.5 0420 1.7£0.2 02401 04+£05 042 4.0+£0.1 02644 6.0+0.5 1.80 0.48
+0.0002 +0.0002 +0.0002
NipP/SiO, 1.94+0.1 0.2225 6.4+£0.5 —4.260 32403 0.2383 84+£0.5 —4.26 3.0£0.1 0.2625 8.1£0.5 —1.15 1.048
+0.0003 +0.0003 +0.0002

2 AR filtered = 0.1427-0.27598 nm, Sg =0.9.

terizing such dispersed phases on supports with large surface
areas. Comparisons are made with bulk Ni (Fig. 3) and NiyP
(Fig. 4) reference samples. Fourier transform EXAFS spectra
for the NipP/SiO; catalyst show two overlapping peaks in the
0.15-0.30 nm region (Fig. 4C), corresponding roughly to Ni-P
and Ni—Ni bonds. For a quantitative analysis, it was impossible
to extract directly from the experimental spectra the phase shifts
and backscattering amplitude functions needed for the fits, be-
cause of insufficient separation of the peaks corresponding to
the Ni and P neighbors and the possible superposition in the sec-
ond shell of the Ni and P contributions. Therefore, the spectrum
of the Ni, P reference compound was first simulated using FEFF
with structural parameters obtained from the literature [30].
Two separate EXAFS simulations were carried out, taking the
Ni(I) and Ni(II) atoms to be absorbers in 0.5-nm Ni, P clusters.
The value of the reduction factor (S? = 0.9) for the absorber
Ni atom was obtained from the curve fitting of the Ni K-edge
EXAFS spectrum for a Ni foil reference (Fig. 3) and was used
for the simulations of the bulk and NipP catalyst samples. As
shown in Fig. 4, the calculated Fourier transform for the NiyP
with Ni(I) as the absorber exhibited the dominant features of the
4 phosphorus neighbors (2 at 0.2209 nm and 2 at 0.2266 nm)
and the 8 nickel neighbors (2 at 0.2605 nm, 2 at 0.2613 nm,
and 4 at 0.2678 nm), respectively. This allows us to understand
the details of the experimental spectrum, which confirms that
the first peak, centered at 0.181 nm, is due to a Ni-P bond and
the second peak, centered at the longer distance of 0.234 nm, is
due mainly to a Ni-Ni bond. The simulated Fourier transform
for the NipP with Ni(Il) as the absorber gave rise to a broad
peak centered at 0.2249 nm, in which two dominant features
can be observed, the 5 phosphorus neighbors (1 atom at 0.2368
and 4 atoms at 0.2456) and 6 nickel neighbors (2 at 0.2605 nm
and 4 at 0.2678 nm). The broad feature of this long-distance
peak thus comprises both Ni—-P and Ni—Ni contributions.

The contributions from the two nickel absorbers were used
to fit the experimental EXAFS spectrum for the bulk Ni,P. Be-
cause the number of independent fitting parameters is limited
by 12 as given by the formula [32], Njpg =2 Ak - AR/7 + 2,
a three-shell analysis, which uses nine parameters, is permissi-
ble. Various combinations of subshells, using two- and three-
shell methods, were applied to obtain the best fit (Fig. 5). The
two-shell method used one type of Ni-P shell and one type

of Ni—Ni shell (fit 1). In the Ni—P shell, two P(I) neighbors at
0.2266 nm were used; in the Ni-Ni shell, 4 Ni(I,II) neighbors at
0.26783 nm were used. The three-shell method used two types
of Ni-P shells and one type of Ni-Ni shell. In the first Ni-P
shell, two P(I) neighbors at 0.2266 nm were used. In the second
Ni-P shell, either one P(II) neighbor at 0.23688 nm or 4 P(II)
neighbors at 0.24567 nm were used and compared (fits 2 and 3).
In the Ni-Ni shell, either 2 Ni(I) neighbors at 0.26131 nm or
4 Ni(LII) neighbors at 0.26783 nm were used and also com-
pared (fits 3 and 4).

Table 2 summarizes the structural parameters of the NiyP
reference sample [27] and compares the curve-fitting results of
the two-shell (fit 1) and three-shell methods (fits 2—4). As ex-
plained above, various combinations of subshells were used to
obtain the best fit in both cases. The three-shell method showed
a better R-factor with more reasonable parameters than the two-
shell method. For bulk Ni,P, the coordination numbers of the
first a Ni(I)-P shell and the third Ni-Ni(LII) shell were in good
agreement with those of the NiyP reference, with slightly lower
bond lengths in both cases. The coordination number of the sec-
ond shell of Ni(II)-P was close to 1, and the bond length was be-
tween the values of the two different types of P neighbors. Note
that different combinations of fitting shells in the three-shell
method produced little change in the parameters, characteristic
of the averaging nature of EXAFS. For fit 3 in Table 2 in the
first shell of Ni—P, the lower bond length (0.2253 nm) was due
to the 2 P next-nearest neighbors at 0.2209 nm. In the second
shell of Ni—P, the lower coordination number (1.750) and bond
length (0.2401 nm) were due to the presence of the 1 P next-
nearest neighbor at 0.23688 nm. In the third shell of Ni-Ni, the
lower bond length (0.2644 nm) was due to the 2 Ni next-nearest
neighbors at 0.26131 nm. Even though various combinations of
the fitting reference shells were used, the resulting parameters
displayed only small differences. These results imply that the
three-shell analysis is effective for estimating the structural pa-
rameters.

The three-shell method was also applied for the NipP/SiO;
sample (using fit 3). Table 3 summarizes the curve-fitting results
of the EXAFS spectra for the bulk Ni;P sample and the freshly
prepared Ni;P sample. For NipP/SiO; in the first shell, the
Ni(I)-P(I) coordination number remained constant at around
1.9, with a decreased bond distance. In the second shell, the
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Ni(Il)-P{I) coordination number was much higher, at 3.19,
with a lower bond distance compared with that of the bulk Ni, P
(0.2383 vs. 0.2401 nm). In the third shell, a decrease in the Ni—
Ni(LII), coordination number and bond length can be observed.
In general, supported transition-metal catalysts show decreased
coordination numbers and bond lengths compared with bulk
samples, indicating atomic contraction in the dispersed parti-
cles [33]. Similar results were observed for the Nio P/SiO, sam-
ple, which had shorter bond lengths in all of the shells compared
with bulk Ni,P. The fitting results for the coordination numbers
show an increase for the second shell of Ni(I)-P(II) and a de-
crease in the third shell of Ni-Ni. These results are likely due
to the presence of extra P on the surface of the NiyP particles.
A study of the effect of Ni/P ratio in the preparation of sup-
ported NipP catalysts has shown that higher P is required to
obtain highly active and stable catalysts [23]. The introduction
of extra P in the preparation is important and was also carried
out in this work. Elemental analysis confirms that there is ex-
tra P with a Ni/P ratio of 1/0.963 (Table 1). Comparison to
the stoichiometric Ni/P ratio of 1/0.5 indicates a 48% P ex-
cess, although a portion of this probably resides on the support
as unreduced phosphate. The increased coordination number in
the second shell of Ni—P implies that the extra P affects the Ni—
Ni coordination. Similar features were found in Mo, N, suggest-
ing that the extra N could be interstitially located in Mo, N and
could deform the Mo—Mo coordination [34]. A study of the ef-
fect of dispersion of Ni, P catalysts supported on a high-surface
area support (Si-MCM-41) has shown that high dispersion in
NiyP results in stronger interactions between Ni and P, result-
ing in a higher coordination number in the second shell of Ni-P
and a higher P/Ni molar ratio after the reduction [63]. It was
also suggested that the extra P could reduce the Ni-Ni coordi-
nation, as was found here. The larger Debye—Waller factor in
the experimental sample is likely due to disorder in the smaller
particles.

4.2. Surface properties of the Nia P/SiO;

Studies of CO adsorption are useful for characterizing the
bonding properties of transition metal species [35-37]. Typ-
ically, the IR bands for M"*—CO surface complexes are ob-
served in the wavenumber region 22202000 cm™~!. For linearly
adsorbed CO species on Ni cations, four main vibrational re-
gions are found depending on the oxidation state of the Ni. Car-
bonyl complexes assigned to Ni>*—CO and Ni**—-CO give rise
to respective IR bands at around 2155 and 2136 cm~!, which
are detected only at low temperatures and are easily removed by
evacuation at room temperature [36]. The high frequency of vi-
bration and the low stability of the complexes indicate that CO
is bonded mainly by an electrostatic interaction and/or a o bond
to the Ni ion. Carbonyl complexes assigned to Nit—CO and
Ni%-CoO give rise to IR bands at around 2130 and 2065 cm™ L,
respectively, that are relatively stable and persist after evacu-
ation at room temperature [37,38]. The low frequency of the
vibration and the high stability suggests the presence of m back-
bonding due to the higher d-electron density of the Ni species
with a lower oxidation state.

For the Ni/SiO, sample, IR bands (Fig. 6) were observed
at relatively low frequency, 2046 and 1955 cm™'!, and were
assigned to linearly adsorbed and bridging CO species, respec-
tively [34]. After treatment in 10% H,S/H; at 673 K for 2 h, the
IR bands disappeared, indicating that the sulfided Ni metal was
not able to chemisorb CO. Similar to the sulfided NiS/SiO», the
sulfided Ni-Mo-S/Al,03 showed very weak IR peaks (at 2173
and 2117 cm™!) due to physisorbed CO species on cationic
sites, as found in previous studies [39-41]. Only at a very
low temperature (140 K) did IR bands appear at 2125 cm™!
with low intensity [34,42], indicating a low electron density
on the adsorbing metal sites. In contrast to these samples, the
NiyP/SiO; gave a distinctive and stable IR band at 2086 cm— .
After sulfidation, the peak reappeared at slightly higher fre-
quency of 2083 cm~! with diminished intensity. This effect,
observed previously on another study on NiyP/SiO; [1,2], was
attributed to weakening of the Ni-CO bond by electron with-
drawal by sulfur. This frequency fell in the region between that
of NiT—CO and Ni’-CO, indicating the presence of 7 back-
bonding in a low oxidation state. In addition, the IR band for
bridging CO species was not observed, which is understandable
because the bond distance given by EXAFS between Ni—Ni in
NiP is not close enough to form bridging CO groups compared
with that in Ni metal. Similar results are found for noble met-
als in a low oxidation state, such as Pt and Pd, which are well
known hydrogenation catalysts and display stable IR bands at
low frequency (~2010 cm~ 1) at room temperature [34,43]. The
noble metals are significantly deactivated in an S environment,
with a loss of active sites, however [44].

FTIR studies of pyridine adsorption as a function of tem-
perature on the catalysts and reference samples were carried
out to characterize the surface acidic properties. Pyridine is
a good probe molecule because it can coordinatively bond to
Lewis acid sites or can be protonated on Brgnsted acid sites,
with the pyridine ring vibrations modified in a characteristic
manner [42]. For example, the CC(N) vibration mode vigp of
the pyridine ring gives rise to wavenumbers at 1439, 1450, or
1545 cm~! depending on whether the molecule is physisorbed,
adsorbed on Lewis acid sites, or on Brgnsted acid sites [45].
For reduced Ni/SiO,, the adsorption of pyridine gave rise to IR
bands at 3741, 3091, 1595, and 1446 cm~! at 373 K (Fig. 7).
The positive peaks at 3091, 1595, and 1446 cm™! correspond
to the vibration modes, v7(CH), vg,[CC(N)], and vigp[CC(N)]
of the pyridine ring. The negative peak at 3741 cm™! corre-
sponds to an O-H stretching vibration mode on SiO, [46].
Because a background spectrum is substracted from all spec-
tra, the decrease in the negative peaks indicates recovery in the
O-H concentration with temperature. Initially, the O—H bond
on Si—OH is strongly perturbed by its interaction with pyridine,
but as the pyridine desorbs, the OH concentration rises again.
The O-H feature returns to normal (zero intensity) on heating
to 423 K, indicating that the pyridine is only weakly adsorbed
on the Ni/SiO,. For sulfided Ni-Mo—-S/Al,O3 the pyridine ad-
sorption gives rise to IR bands at 1607, 1489, and 1447 cm ! at
373 K, and no distinctive peak is found in the higher frequency
region (3800-2500 cm™!). The peaks at 1489 and 1447 cm™!
correspond to the CC(N) vibration mode vigp of the pyridine
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ring and are indicative of the presence of Lewis acid sites due
to Al sites on the Al,O3 support [47]. These peaks gradually
disappear on heating to 523 K, indicating that pyridine is held
with moderate strength on these sites on the Al,O3 support.

For reduced Niy P/Si0;, the adsorption of pyridine gives rise
to IR bands at 3741, 3668, 3078, 1606, 1597, 1575, 1543, 1490,
and 1446 cm™! at 373 K (Fig. 8). The negative peaks at 3741
and 3668 cm~! correspond to hydroxyl vibrations of SiO-H
and PO-H, respectively [45]. The broad band at 3078 cm™!
corresponds to C—H vibrations in pyridine. The peaks at 1543,
1490, and 1446 cm~! correspond to pyridinium ring vibration
modes vigp, of CC(N) on Brgnsted acid sites, vig, of CC(N) on
Brgnsted and Lewis acid sites, and vigp, of CC(N) on Lewis acid
sites [46]. The small peak at 1543 cm™! is assigned to adsorp-
tion on Brgnsted acid sites, which, unlike in Ni-Mo—S/Al,O3,
is probably due to the PO-H site, as also indicated by the de-
creased intensity of the band at 3668 cm™!. The assignment
of the PO-H group on the Ni;P/SiO; and Ni-Mo-S/Al;03
catalysts was addressed in a previous study [48], in which a
FTIR analysis of 2-methylpiperidine adsorption indicated that
a PO-H group on the NiyP phase could readily protonate 2-
methylpiperidine and form 2-methylpiperidium ion, as was also
found for Ni-Mo-S/Al,O3. The results here suggest that the
acidity of the PO-H group on NiyP/SiO; is slightly higher than
that on Ni-Mo-S/Al;03. For PO,/SiO,, pyridine adsorption
gives rise to IR bands at 3740, 3660, 3089, 1639, 1622, 1546,
1490, and 1452 cm~! at 373 K (Fig. 9). Note that the peak at
1546 cm™! assigned to adsorption on a Brgnsted acid site is
much stronger than the peak at 1452 cm™! due to adsorption on
a Lewis site, indicating that the Brgnsted acidity (due to PO-H
groups) is dominant over the Lewis acidity on PO,/SiO;. Also,
the small intensity of the peak at 3740 cm™! indicates that SiO—
H groups are scarce on the surface. This implies that the POy is
located on or close to the SiO-H site, as also discussed previ-
ously [47]. The peak assigned to the PO-H groups on PO,/SiO,
is observed at a lower frequency than that on Ni; P/SiO; (3660
vs. 3668 cm™!) and persists even after heating to 573 K, indicat-
ing a stronger acidity for PO,/SiO; compared with NipP/SiO;.

In situ FTIR measurements in hydrogen flow were carried
out to examine the hydrogenation ability of the NipP and Ni—
Mo-S/Al,03 catalysts at 573 K (Fig. 10). Pyridine was ad-
sorbed on freshly pretreated catalysts at 373 K; after heating
to 573 K in helium, the flow was shifted to hydrogen. The
FTIR spectra showed that after 180 s, adsorbed pyridine on
the NipP/SiO, was converted to piperidine, whereas on Ni—
Mo-S/Al,03 little change occurred in the spectrum. It is thus
concluded that the NipP/SiO; surface has two distinctive sites
that are very close to each other and are active for protonation
and hydrogenation. The Ni-Mo—S/Al,O3 has considerably less
hydrogenation ability.

4.3. Catalytic activities of the Ni> P/SiO;

Recently, more stringent environmental regulations for re-
ducing sulfur in transport fuels have highlighted attention on
deep sulfur removal from crude oil. Consequently, the focus
for much HDS research has moved to the most refractory sul-

fur compounds [50,52,53]. In diesel fuels, these are typically
the sterically hindered DBTs, that is, DBTs with alkyl sub-
stituents in the 4- or 4,6-positions [49,50]. The 4,6-DMDBT
molecule is typically some 10 times less reactive than DBT it-
self [51-53]. Considering that >99% of the refractory sulfur
compounds must be desulfurized to reduce the current sulfur
content of 500 ppm S to the new standards of 15 ppm S for
the United States and Europe, effective desulfurization of alkyl-
substituted DBTs is essential to achieving deep HDS.

Two reaction pathways for the HDS of alkylsubstituted DBT
have been proposed. The direct desulfurization pathway (DDS
route) leads to 3,3-DMBP, whereas the hydrogenation pathway
(HYD route) forms 4,6-tetrahydro- and hexahydro-DMDBTs as
intermediates, which are desulfurized to MCHT and DMBCH
[54-57]. Standard HDN/HDS catalysts consist of MoS,-type
phases supported on y-Al,O3 and promoted by Co or Ni. The
conventional Co—-Mo-S/Al,O3 catalysts desulfurize primarily
via the direct desulfurization route, whereas Ni-Mo-S/Al;O3
catalysts, which exhibit higher hydrogenation activity, desul-
furize via the hydrogenation route. But the Ni-Mo—S/Al,03
catalysts exhibit lower HDS activity than the Co-Mo-S/Al;03
catalysts, particularly in the presence of high concentration of
aromatics and nitrogen compounds, due to the inhibition caused
by those compounds [58]. For this reason, gas—oil refining cur-
rently operates mostly with Co—-Mo-S/Al,O3 catalysts at mod-
erate temperatures (340-360 °C) and pressures (3.0-5.0 MPa).
Nonetheless, these conditions are unable to achieve the low sul-
fur specification of gas oil of less than 15 ppm S [57]. Increasing
the temperature to achieve higher HDS rates causes degrada-
tion of the produced oil due to unwanted side reactions. Thus,
the development of more effective HDS catalysts is urgently
needed.

Studies were carried out with two different feeds at 573 K
and 3.1 MPa. Initially, a feed containing 0.35% S (0.3% S as
DMDS and 0.05% S as 4,6-DMDBT) and 1% tetralin in a tride-
cane solvent was used. The results are given in Fig. 11, which
shows conversions and selectivities based on equal sites loaded
in the reactor of the NipP/SiO; and Ni-Mo—-S/Al,O3 catalysts.
The sites were titrated by CO chemisorption for the phosphide
and O chemisorption for the sulfide. The amount of CO up-
take has been shown to track the activity of NipP [27,59] and is
reasonable. For NioP/SiO, the HDS reaction proceeded via the
HYD pathway (~95%) with a high conversion of ~97%. Intro-
duction of a N compound (quinoline) lowered the HDS conver-
sion by 12%, to 85%, with little change in HYD selectivity. The
catalytic activity for tetralin shows that the HYD pathway was
also dominant over the deHYD pathway (89% vs. 11%) and that
again the activity was little affected by the N compound. Similar
catalytic behavior was observed for Ni-Mo—S/Al, O3 but with a
much lower HDS conversion, particularly in the presence of the
N-compound. Ni-Mo-S/Al; 03 also demonstrated lower hydro-
genation activity for tetralin than NipP/SiO;, with the N com-
pound having a significant negative effect on the conversion.
These results indicate that for both 4,6-DMDBT and tetralin
conversion, Ni-Mo—S/Al,O3 is more affected by the N com-
pound than NiyP/Si0,. For Ni-Mo-S/Al, O3, the inhibition be-
havior of heterocyclic compounds is well documented [57,59,
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Table 4
Catalytic activities of NipP/SiO, and Ni-Mo-S/Al, O3 catalysts?
Catalyst N content HDS conversion HYD selectivity DDS selectivity TOF Specific rate Vol. rate

(%) (%) (XA0) (%) (%) (1073571 (1073 pmolg~!s™!)  (mmolm—3s71)
Niy P/SiO; 0 97 95 5 6.6 7.5 2.8

0.02 85 94 6 5.8 6.6 2.4
Ni-Mo-S/Al, 03 0 60 70 30 4.1 11.8 7.2

0.02 41 65 35 2.8 8.1 4.9

4 Fap=0.0163 pmols_l, TOF = FagXa/L (L, site loading, 240 umol), specific rate = FaqX A/ Weat, Vol. rate = FagX A/ Veat-

60]. The heterocyclic compounds are known to competitively
adsorb on the active sites, particularly at lower temperatures
(<613 K), where the adsorption is thermodynamically more fa-
vorable. It is thus understandable that competitive adsorption by
the N compound on the Ni-Mo-S/Al,O3 catalyst leads to de-
creased conversion for both 4,6-DMDBT and tetralin. Catalytic
activity was less affected by the N compounds in Ni;P/SiO,
than in Ni-Mo—S/Al,0O3 catalyst, even though the HYD path-
ways were dominant for both 4,6-DMDBT and tetralin. It is
also interesting to note that little change in the product selectiv-
ity in the HYD pathways occurred with decreasing conversion,
indicating that hydrogenation and N-compound adsorption oc-
cur on different sites on the Niy P catalyst, likely the Ni centers
and the P-OH groups, respectively.

Table 4 compares the performance of the NipP/SiO, and
Ni—Mo-S/Al, 03 catalysts based on turnover frequency (TOF),
specific rate, and volumetric rate. The TOF tracks the conver-
sion values (Fig. 11) as the rate measurements were made with
equal sites loaded in the reactor. The TOF of the phosphide is
higher than that of the sulfide by a factor of 1.6, which increases
to 2.1 in the presence of N. For the specific and volumetric rates,
the respective activity of the phosphide is smaller by factors of
1.6 and 2.6 in the absence of N and by factors of 1.2 and 2.0
in the presence of N. The lower specific and volumetric activi-
ties of the phosphide are likely due to the use of a low-density
support (Cabosil) and the lack of optimization of the catalyst
with respect to dispersion. Nonetheless, the high intrinsic rates
as indicated by the TOFs suggest that the NipP material is a
promising material for further investigation.

4.4. Bifunctional behavior of the Niy P/SiO>

The NipP/SiO; catalyst shows unique acidic properties with
a moderately strong intermediate between that of PO,/SiO,
(higher) and Ni-Mo-S/Al;0O3 (lower), enabling protonation of
pyridine and piperidine [47]. Moreover, the NipP/SiO, catalyst
shows a high hydrogenation behavior, probably due to its metal-
lic nature. The FTIR studies of CO adsorption reveal that there
are sufficient electrons on the Ni site to allow m-back bond-
ing. It is known that w-back bonding is effective for molecular
activation, as electrons fill antibonding orbitals. This enhances
hydrogenation activity, as observed in metallic Ni, Pt, and Pd
catalysts [61]. However, these metals are readily sulfided with
loss of metallic character. A study of the electronic proper-
ties of SiO, supported Ni;P, MoP, and MoS; catalysts using
density functional calculations [62] has shown that the elec-
tron density around the metal followed the order MoS,/Si0; <

MoP/SiO, < NipP/SiO;, which correlated well with the thio-
phene HDS activities of the catalysts. It was suggested that the
higher electron density on the metal cation could enhance HDS
activity by facilitating the dissociation of H, and the adsorp-
tion of thiophene [60,63]. The presence of P in NiyP prevents
the compound from being bulk-sulfided and allows it to retain
metallic properties for hydrogenation.

These results thus suggest that the supported NirP cata-
lyst has bifunctional properties, being able to carry out hy-
drogenation and protonation on metallic Ni and acidic PO-H
sites, respectively. The catalytic bifunctional behavior is com-
monly found in highly dispersed noble metals supported on
acidic materials like zeolites, which exhibit higher hydrogena-
tion/dehydrogenation activity than those on nonacidic support
[42,43]. But the noble metals are very sensitive to sulfur, which
binds strongly with the metals and causes deactivation. The sul-
fur resistance of a bimetallic Pt—Pd catalyst has been shown
to be due to a strong interaction between Pt and Pd [64]. In
contrast to the noble metals, the supported NipP catalysts ex-
hibit high resistance to S and N compounds, particularly in
hydrotreating [24,25,63]. A study of the effect of dispersion in
NiyP catalysts supported on a high-surface area support (Si-
MCM-41) showed that highly dispersed NipP is particularly
active for HDS and resistant to S and N compounds. It was sug-
gested that a stronger interaction between Ni and P in the dis-
persed NipP phase could enhance sulfur resistance [59]. Also,
the resistance to N compounds is probably related to the acidic
properties of the NiyP, which provides sites for the formation
of the protonated N compounds as intermediate species in the
HDN [47]. Thus these results imply that the remarkable activ-
ity of the supported Ni, P catalyst has its origin in the proximity
of the Ni and P species, which is responsible for the creation of
proximal sites of high activity in hydrogenation and the activa-
tion of N and S compounds.

5. Conclusion

In this study, a nickel phosphide (NiyP) catalyst supported
on a high-surface area SiO, (350 m?g~!) was prepared by a
TPR method. The structural properties were characterized by
powder XRD and EXAFS, which showed that the hexagonal
NiyP phase was formed on the support and was stable during
the reaction. The catalytic activities for HDS of 4,6-DMDBT
and tetralin were tested on the Ni»P/SiO;, and Ni-Mo-S/Al,O3
catalyst samples at 573 K and 3.1 MPa. The results showed that
without N compounds in the feed, the NipP/SiO; catalyst exhib-
ited much higher activities than the Ni-Mo—S/Al,O3 catalyst
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in HDS, with respective conversions of 97 and 60%. The addi-
tion of a quinoline led to a small decrease in HDS conversion
(to 85%) for the Ni;P/SiO; catalyst, but a large drop (to 41%)
for the Ni-Mo—S/Al,O3 catalyst. Thus, the Niy P catalyst is tol-
erant of highly inhibitory N compounds. For Ni;P/SiO;, the
HYD pathway in the desulfurization 4,6-DMDBT was domi-
nant and was less inhibited by nitrogen compared with Ni-Mo—
S/Al;03. High hydrogenation activity was also obtained for the
reaction of tetralin. The surface properties of the catalysts were
examined by FTIR measurements of adsorbed CO and pyri-
dine, which showed that the NiyP catalyst has a high electron
density and is able to form w-back-bonded CO species on Ni
sites, and that Ni; P has moderate acidity in the form of PO-H
sites that are able to protonate N compounds, such as pyridine
and piperidine. These results thus suggest that the bifunctional
properties of the supported NiyP catalyst probably contributed
to the higher activity in hydrogenation and to high activity in
the reaction of N and S compounds.
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