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Abstract

Strict environmental regulations and declining quality of petroleum feedstocks have made sulfur removal one of the most important current
problems in refining. A novel, high-activity NipP/SiO, catalyst with exceptional activity in deep hydrodesulfurization (HDS) was studied by in
situ extended X-ray absorption fine structure (EXAFS). The measurements were conducted at realistic conditions of high pressure (3 MPa) and
high temperature (613 K) and were made possible by the use of a low-volume cell with cubic boron nitride windows. The spectra thus obtained
reveal that the bulk Ni, P structure is stable at reaction conditions, but that the active surface has Ni—S bonds.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The study of heterogeneous catalysts at reaction conditions
provides important information about surface active phases and
reaction mechanisms and allows the design of improved com-
positions. Studies of working catalysts with methods capable
of atomic-level resolution have been mostly restricted to gas-
phase reactions at mild conditions, because of the strong in-
terference of the fluid phase. Extended X-ray absorption fine
structure (EXAFS) spectroscopy is a powerful technique that
can provide structural information about catalysts under oper-
ating conditions. Considerable progress has been made in the
design of experimental cells for EXAFS measurements since
the first reports of high-pressure [1,2] and liquid-phase [3] cells.
The first cell that could be used with a liquid feed at high pres-
sure (73 bar) and high temperature (523 K) used a downward
trickle flow to wet a catalyst wafer, with the main atmosphere
being gaseous [1,2].
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A recent paper summarized previous research and described
a cell that can be used for liquid-phase batch reactions up to
250 bar and 493 K [4]. The cell described in the present study
can be operated at 50 bar and 723 K and is usable in batch or
flow mode. It uses flat windows held close to the sample and a
mixed flow of liquid and gas.

Recently, hydrodesulfurization (HDS), an industrial process
used to remove sulfur from petroleum feedstocks, has come
to prominence because of worldwide legislation limiting the
amount of sulfur in transportation fuels. EXAFS has been ap-
plied to the investigation of hydrotreating catalysts, but to date
little work has been done on structural analysis in the lig-
uid phase, particularly under elevated temperature and pressure
conditions [1,2]. This is because of the strong absorption of
X-rays by liquids and the severe stresses on the window ma-
terial at realistic reaction conditions. Nonetheless, the use of
liquid-phase conditions for HDS is important, because it is well
known that gas-phase conditions do not reproduce the results
obtained with liquids [5,6].

A key development for the work described in this report was
the construction of a low-volume cell with flat windows trans-
parent to X-rays that were chemically, structurally, and ther-
mally stable. Earlier cells could not handle both high tempera-
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tures (>600 K) and pressures (>20 bar) for liquids [4,7]. Can-
didate materials that were considered included beryllium and
diamond, but these had the drawback of being susceptible to
oxidation by surrounding air at the high temperatures required
for reaction. In addition, diamond is expensive and gives dif-
fraction peaks, and beryllium is dangerous because it is highly
toxic and its oxide readily forms flakes. The substance finally
chosen was high-purity cubic boron nitride (c-BN), a material
that has become available only recently. c-BN is ideal for the
cell windows because it is transparent to X-rays and is chem-
ically stable at high temperatures. Moreover, it is the hardest
substance next to diamond, with a tensile strength of 1079 MPa
(compared with 2000 MPa for diamond), and has no tendency
to form cracks even at 1473 K.

This paper reports measurements of a liquid-phase HDS
catalytic reaction at high pressure (3 MPa) and temperature
(613 K) using X-ray absorption spectroscopy. The catalyst is
a novel material, Ni;P/SiO,. Transition metal phosphides are
a new class of catalyst with extremely high activity for HDS
and hydrodenitrogenation reactions, with better performance
than commercial sulfide catalysts [§—10]. Among the phos-
phides, nickel phosphide has been found to be particularly ac-
tive [10,11]. An earlier study found that the catalyst consisted
of small NiyP clusters dispersed on the support [12], and that
these clusters were stable at reaction conditions with gas-phase
reactants [13]. In the present work, the state of the catalyst was
probed at reaction conditions in the liquid phase. The findings
reveal the presence of Ni-S bonding in the active catalyst and
implicate a phosphosulfide as the active phase.

2. Experimental
2.1. Catalysis

Hydrotreating activities of the NipP/SiO; catalyst and a sul-
fided Ni-Mo-S/Al;03 reference (Criterion 434) were tested
in a three-phase, packed-bed reactor operated at 3.1 MPa and
613 K with a model feed liquid containing 3000 ppm of sulfur
as dibenzothiophene (DBT), 200 ppm of nitrogen as quinoline,
1 wt% tetralin, 0.5 wt% n-octane as an internal standard, and
balance n-tridecane. The reactors were 19 mm o.d./16 mm i.d.
316 stainless steel tubes with central thermocouples for tem-
perature monitoring. The catalysts were in the form of pellets
(16/20 mesh). The hydrogen flow rate was set to 100 umol/s

75.0

(150 ¢cm®/min, NTP) with a mass flow controller (Brooks,
model 5850E), and the feed liquid was injected by a high-
pressure liquid pump (LDC Analytical, model NCI 11D5) at
a flow rate of 5 cm?/h, to give a liquid hourly space veloc-
ity (LHSV) of 6.1 h~!. Quantities of catalysts loaded in the
reactors corresponded to the same amount of CO uptake for
the phosphide and O, uptake for the sulfide (240 umol). Be-
fore the reactivity testing, the catalysts were pretreated in Hp
for the phosphide and in 10% H,S/H; for the sulfide at 723 K
for 3 h. Hydrotreating products were collected every few hours
in sealed septum vials and analyzed with a gas chromatograph
(Hewlett—Packard, model 5890A) equipped with a 0.32 mm
i.d. x 50 m fused silica capillary column (Chrompack, CPSIL-
5CB) and a flame ionization detector.

2.2. Insitu EXAFS

The high-pressure cell for EXAFS studies comprised 0.8-
mm c-BN windows fixed to a central block by two stainless
steel end pieces sealed with Cu sheets. The c-BN was pre-
pared in high-purity form without binders by sintering hexago-
nal boron nitride at high temperature and high pressure (2400 K
and 7.7 GPa). Fig. 1 shows a diagram of the in situ EXAFS
cell. The distance between the windows and the sample was de-
creased to 3 mm, to minimize the absorption of X-rays by the
reaction liquid. (Importantly, the windows are thermally resis-
tant and inert, and thus do not require external cooling.) The
cell was heated by six cartridge heaters (200 V, 1200 W in to-
tal), and temperature was monitored by a thermocouple. The
sample was in the form of a wafer and positioned 3 mm from
the windows. According to the Roark formula,

_3pa r\’ 1)
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where omax 1s maximum tensile strength, P is pressure, v is the
Poisson ratio, r is radius, and d is thickness, the 0.8-mm c-BN
can bear 240 MPa of hydrostatic pressure.

The in situ EXAFS measurements were carried out at BL7C
and BLOC in the Photon Factory, Institute for Material Structure
Science, High-Energy Accelerator Organization (KEK-IMSS-
PF) with aring energy of 2.5 GeV and a current of 450 mA. The
X-rays were passed through a Si(111) double-crystal mono-
chromator and focused onto the sample. The EXAFS data were

Fig. 1. Top and side views of in situ EXAFS cell. 1—end piece, 2—central block, 3—gas entry, 4—gas exit, 5—cartridge heater, 6—M12 screw, 7—sample port.

Distances in mm.
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collected in transmission mode using /y and / ionization cham-
bers filled with 100% N; and 15% Ar in N, respectively. Re-
action gases were supplied by a gas-handling system [14]. The
fresh sample was ramped at a rate of 1.4 K/min to 723 K in
50 cm?/min of H, for 3 h. Subsequently, the cell was cooled
slowly to room temperature, and then pressurized to 3 MPa
with pure Hp and heated to the reaction temperature of 613 K
in a flow of hydrogen at 80 cm?/min. The feed of model
oil was started at a rate of 2 g/h; this model oil was com-
posed of 20 wt% tetralin, 77 wt% tetradecane, and 3 wt%
DBT, corresponding to a sulfur content of 5900 ppm. EXAFS
spectra were recorded after steady-state conditions were estab-
lished.

3. Results and discussion
3.1. Catalytic tests

It was found that the activity of NiyP/SiO; (dibenzothio-
phene conversion, 74%) was higher than that of a commer-
cial Ni-Mo—-S/Al,0O3 catalyst (69%) (Fig. S1) in the HDS of
dibenzothiophene. The data were collected in the presence of
200 ppm N (a strong inhibitor of HDS) at a relatively high
LHSV, 6.1 h™!. Steady state was reached quickly (in 6 h) with
both catalysts. The stability of the NioP catalyst suggests that
it reached a steady-state surface composition early in the reac-
tion run. The conversions were based on equal sites (240 pmol)
loaded in the reactor based on CO chemisorption for the phos-
phide and low-temperature O, chemisorption for the sulfide,
and so are directly comparable.

3.2. XRD

XRD data of the samples (Fig. S2) fit the main lines of a
Ni,P reference at 20 = 40.7°, 44.6°, 47.4°, 54.2°, and 55.0°.
The lines are broadened and indicate the presence of particles
~6 nm in diameter. There is no change before and after reac-
tion, indicating that the particles are stable.

3.3. XAFS

EXAFS spectra of the bulk (Figs. 2a—2c) and supported Niy P
samples before (Figs. 2d-2f) and after (Figs. 2g—2i) reaction
were measured at room temperature. In addition, in situ EXAFS
spectra were measured at 613 K just before the initiation of
the reaction (Figs. 2j—21) and again 10 h after the introduction
of reactants under steady-state conditions (Figs. 2m—20). The
Fourier transform of the SiO;-supported catalyst before and
after the reaction (Figs. 2f and 2i) measured at room temper-
ature shows the characteristic double-peak profile of NiyP [15]
(Fig. 2¢) due to Ni—P and Ni—Ni distances, consistent with the
XRD data. The Fourier transforms for the in situ EXAFS spec-
tra (Figs. 21 and 20) show a single peak with a shoulder, due to
the large Debye—Waller factors that attenuate the EXAFS oscil-
lations, particularly in the high-k region.

Due to the correlation effects in multishell fitting, only a
two-shell fitting of Ni—P and Ni-Ni bonds was carried out,

producing distances of 0.222 and 0.261 nm, respectively (Ta-
ble S1). The curve fitting results for NipP supported on SiO»
agree with those for NiyP bulk [16] within measurement error.
After the reaction, the double-peak profile is maintained, and
little change is seen in the curve fitting results.

Because a 6-nm cluster has only about 15% Ni atoms in
the surface region, analyzing this region requires removing the
contribution of the core. One way to do this is to take differ-
ence spectra between samples before and after the reaction;
but this approach is not generally applicable because of sample
movement due to thermal expansion and contraction in heat-
ing to reaction temperature. In contrast, in situ EXAFS spectra
of the catalyst before and during reaction can be directly com-
pared because the measurement temperature is kept constant
and the position changes due to thermal expansion are negligi-
bly small.

Such an analysis was carried out; the results show a small
but distinctive oscillation (Fig. 3). The lack of any system-
atic distortion in the background indicates that the subtraction
was successful. Curve fitting simulations assuming different
bonds, including Ni-P, Ni-S, Ni-C, and Ni-Ni, were carried
out; the calculated curve for a Ni-S bond gave a good fit, as
shown in Fig. 3 by the dotted curve. The calculated distance
of 0.228 + 0.004 nm is longer than that of the Ni-P bond
(0.222 nm) found in NiyP. In general, Ni-S bonds are longer
than Ni—P bonds. In typical Ni, S, compounds, Ni—S bonds are
found in the range of 0.225-0.240 nm (0.238 nm for NiS [17],
0.236 nm for NiS, [18], and 0.225 and 0.229 nm for Ni3S;
[19]), whereas in Ni, Py, Ni—P bonds are in the range of 0.218—
0.231 nm (0.223 nm for NipP [16], 0.223-0.231 nm for NiP
[16], 0.221 nm for NiP, [16], and 0.218-0.224 nm for NigP3
[20]). Therefore, the newly found bond corresponds to a Ni—-S
bond formed during the reaction on the surface. It was previ-
ously suggested [10,11] that a surface phosphosulfide phase
was formed in the HDS reaction; the Ni-S bond found here
provides direct evidence of its formation. The difference spec-
tra between the in situ EXAFS measurements can be used to
elucidate the nature of the active surface, because the experi-
mental conditions just before and at steady state are the same
except for the presence of the reactant. The newly built in situ
cell permits such measurements at reaction conditions.

The picture emerging from the XRD and EXAFS data is that
the particles are composed of core domains of NiyP, with sub-
stantial proportions of surface atoms. In the course of the HDS
reaction, the surface is partially sulfided, and a Ni-S distance
appears in the difference EXAFS spectra. The surface phos-
phosulfide has high activity, although it is well known that Ni
sulfide itself has low reactivity in HDS [21]. Particles of NiyP
with a layer of nickel sulfide are also expected to have low ac-
tivity because the surface chemistry will be dominated by the
exterior composition.

In this work, the in situ EXAFS measurements were ap-
plied to NiyP catalysts, but the same apparatus can be used
to study other systems, including hydrotreating catalysts such
as NiMoS, CoMoS, and PtPd. The high-pressure and high-
temperature EXAFS cell will allow the study of severe reaction
conditions.
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Fig. 2. EXAFS oscillations y (k) (a, d, g, j, m), k3x (k) (b, e, h, k, n) and their Fourier transforms (c, f, i, 1, 0) for NiyP bulk (a, b, ¢), SiO,-supported Nio P before
reaction (d, e, f) and after reaction (g, h, i), just before the feed flow (j, k, 1) and 10 h after the reaction initiation (m, n, o) under steady state conditions (613 K,

3 MPa).
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Fig. 3. Difference between the spectra before reaction and under steady state
conditions measured at 613 K. Solid curve corresponds to the observed dif- The online version of this article contains additional supple-
ference spectrum and the dotted line corresponds to that calculated for a Ni-S mentary material.
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