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The effect of using a mixture of 10 mol% H,S and H to passivate a NipP/MCM-41 catalyst was studied.
It was found that H,S passivation was superior to conventional O, passivation because it gave a higher
HDS activity and required no post re-reduction. Chemisorption of CO indicated that the passivation layer
covered or replaced the surface active sites. Characterization of X-ray photoelectron spectroscopy revealed

that the sulfur species on the surface of the HyS-passivated Ni;P/MCM-41 were polysulfide ligands rather
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than S%~ or S%‘ and the sulfur species were partially oxidized. A treatment with NH3 was also used, and
it was found that N species were strongly bonded to the surface sites of NiyP. Hydrodesulfurization and

Sulfur hydrodenitrogenation/hydrodeoxygenation were carried out in an alternating sequential manner to study

H,S passivation
Hydrodenitrogenation
Hydrodeoxygenation
Nickel phosphide
MCM-41

the effect of surface sulfur on the catalytic activity of Ni;P/MCM-41. Sulfur analysis of the spent catalysts
revealed that the HDS activity correlated with the sulfur content retained on NipP/MCM-41, indicating
that sulfur is part of the active sites of the HDS reaction.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The challenge of producing cleaner engine fuels from increas-
ingly low quality petroleum feedstocks has stimulated the inves-
tigation and development of high-performance hydrotreating cat-
alysts. An appealing approach to deep hydrodesulfurization (HDS)
and hydrodenitrogenation (HDN) is the development of new cat-
alytic active phases other than the conventional Mo- or W-based
sulfides. Transition metal carbides, nitrides, and phosphides are
promising candidates. Metal carbides, nitrides, and phosphides all
show very high activity in both HDS and HDN, but the carbides
and nitrides are unstable in the presence of H,S [1,2]. The de-
activation results from the transformation of metal carbides and
nitrides to sulfides under typical HDS conditions. In contrast to car-
bides and nitrides, metal phosphides are stable against H;S.

For this new series of phosphide hydrotreating catalysts, many
researchers have reported that sulfur is incorporated in the metal
phosphide catalysts during HDS reactions [3-5]. Based on the char-
acterization of spent nickel phosphides, Oyama et al. [3,6,7] pro-
posed that the surface active phase is a nickel phosphosulfide,
but that this active phase is unlikely to be NiPS3. Loboué et al.
prepared unsupported nickel phosphides by the decomposition of
NiPS3 [8], which was synthesized either by a solid-state reaction
route or by a soft chemistry route. Both nickel phosphides exhib-
ited much higher HDS activities than MoS,, and elemental analysis
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revealed the presence of sulfur in the spent catalysts. On the the-
oretical side, Nelson et al. used density functional theory (DFT) to
examine possible structures for the phosphosulfide overlayer on
the Ni;P(001) surface resulting from H,S adsorption and dissoci-
ation, as well as the replacement of surface phosphorus by sul-
fur [9]. They concluded that 50% of the surface phosphorus in the
NiyP structure can be replaced by sulfur under hydrotreating reac-
tions. All these results indicate that sulfur is involved in the HDS or
HDN in a typical hydrotreating process. The incorporation of sulfur
is reported to lead to improved HDS activity for NiP catalysts. But
Bussell and co-workers reported recently that sulfur might block
the active sites of cobalt phosphide [5].

In the preparation of metal phosphides, it is essential to pas-
sivate the obtained metal phosphides prior to exposure to air or
moisture because they react vigorously with oxygen and water,
leading to the formation of metal oxides. In a typical passivation,
a low concentration of O, (0.5-1.0%) in inert gas is used to mildly
oxidize the surface of the metal phosphides in order to form a
protective layer, which prevents the bulk oxidation of the phos-
phides. Since the oxides are not catalytically active, the catalyst has
to be reduced at elevated temperatures prior to the hydrotreating
reaction. In the fields of optoelectronic devices and photovoltaics,
sulfur passivation by (NHg)>S or HjS is used to improve the elec-
tronic properties of III-V semiconductors, such as InP and GaP [10].
However, this passivation method has not been used in the prepa-
ration of phosphide catalysts.

In the present study, we employed the sulfur passivation us-
ing H,S in Hy following the preparation of NiyP, and investigated
the relationship between the sulfur on NiyP and the catalytic per-
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formance in the HDS of dibenzothiophene (DBT), in the HDN of
quinoline, and in the hydrodeoxygenation (HDO) of phenol.

2. Experimental
2.1. Preparation of unsupported and supported Ni,P

Unsupported nickel phosphide (NiyP) was prepared from an ox-
idic precursor with Ni/P atomic ratio of 1.25. An amount of 1.6 g
(NH4),HPO4 was dissolved in 10 mL of deionized water to form
a transparent colorless solution, then 4.4 g Ni(NO3);-6H,0 was
added. The clear solution immediately became cloudy but, when
the pH of the mixture was adjusted to 2-3 using 0.5 M HNOs, it
became clear again. The water was then evaporated and the re-
sulting solid was dried at 120 °C overnight, followed by calcination
in air at 500°C for 3 h. The obtained oxidic precursor was then
pelleted, crushed, and sieved to 20-35 mesh.

Mesoporous MCM-41 was synthesized according to a pro-
cedure described before [11]. The synthesized siliceous MCM-
41 had a specific surface area of 1028 m2g~!, a pore volume
of 0.90 cm?®g~!, and a BJH average pore size of 3.4 nm. The
siliceous MCM-41-supported Ni;P was prepared from an oxidic
precursor with a total loading of 30 wt% NiO and P,0s5 (Ni/P =
1.25). An aqueous solution of 2.07 g of (NH4);HPO4 and 5.69 g
Ni(NO3);-6H,0 in 20 mL of deionized water was prepared accord-
ing to the procedure mentioned above. A quantity of 6.00 g of
MCM-41 was evacuated for 0.5 h and then wet-impregnated with
the prepared solution for 0.5 h at room temperature. The mix-
ture was heated to evaporate the water, and then the obtained
solid was dried at 120°C overnight, followed by calcination in air
at 500°C for 3 h. The oxidic precursor was pelleted, crushed, and
sieved to 20-35 mesh.

The unsupported or supported oxidic precursor was subjected
to a temperature-programmed hydrogen reduction in a U-shaped
tubular reactor. The temperature program included two stages:
(1) heating at 5°Cmin~! from room temperature to 120°C and
maintaining at 120°C for 1 h to remove adsorbed moisture in a
H; flow (150 mLmin~'); (2) further heating from 120 to 400°C at
5°Cmin~! and from 400 to 550°C at 1°Cmin~", then holding the
temperature at 550°C for 3 h.

To protect the metal phosphide structures, it is essential to pas-
sivate them before they are exposed to air. In the conventional
method [12-14], the prepared NiyP is passivated in a 1.0 mol%
0/He flow (30 mLmin~!) at ambient temperature and pressure
for 2 h. Here, we used 10 mol% H,S/H, to replace the 1.0 mol%
0, /He in the passivation at otherwise similar conditions. For com-
parison, we also tried treatment with gaseous NH3 for 1 h.

2.2. Hydrotreating reaction

The HDS, HDN, and HDO reactions were carried out in a tubu-
lar stainless steel trickle-bed reactor [15]. For a typical reaction,
a charge of 0.2 g of the passivated Ni,P catalyst was used, and held
in the middle of the reactor by two layers of quartz sand. Prior to
reaction, the catalyst was reduced at 500°C for 1 h in a Hy flow
(150 mLmin~1). For comparison, MCM-41-supported Ni,P was pre-
pared by an in situ reduction method in the same reactor [15].
For the in situ prepared and H,S-passivated catalysts, a reduction
at elevated temperature was not needed. The HDS activity of the
catalyst was evaluated using 0.8 wt% DBT in decalin, the HDN per-
formance was measured using 1 wt% quinoline in decalin, and the
HDO activity was tested using 1 wt% phenol in decalin. The con-
ditions for the HDS, HDN, and HDO reactions were 300°C, 4 MPa,
WHSV =24 h~!, and a H, flow rate of 50 mLmin~!. The sampling
of liquid products was started 3 h after start of the reaction when
conditions had stabilized, and liquid samples were collected at 1 h

intervals. Both feed and liquid samples were analyzed by means of
an Agilent-6890" gas chromatograph equipped with an FID detec-
tor using a commercial HP-5 capillary column (5% phenyl methyl
polysiloxane, 30.0 m x 320 pm x 0.25 pm).

In the HDS of DBT, only small amounts of sulfur-containing in-
termediates were detected and therefore we used the conversion
of DBT to measure the HDS performance of the catalysts. Sulfur
removal in the HDS of DBT follows two pathways: (1) the direct
desulfurization (DDS) pathway, in which sulfur atom is removed
by S-C bond cleavage to form biphenyl (BP); (2) the hydrogenation
(HYD) pathway, in which one of the aromatic rings is first hydro-
genated and then the sulfur atom is removed. Because biphenyl is
hardly hydrogenated to cyclohexyl benzene in the presence of sul-
fur species, the BP selectivity (Sgp) is used as a measure of the
DDS pathway activity, and (1 — Sgp) to represent the HYD pathway
activity.

In the HDN of quinoline, the conversion of quinoline is high,
but most products are nitrogen-containing tetrahydroquinoline in-
termediates. Therefore we define the HDN conversion as

Cqo — Cor — Cnc
Cao

HDN conversion = x 100, @))]

where Cqp represents the quinoline concentration in the feed, Cqr
is the quinoline concentration in the HDN liquid product, and
Cnc describes the sum of the concentrations of all the nitrogen-
containing intermediates in the HDN liquid product. The conver-
sion of phenol is used to represent the HDO performance.

To investigate the effect of the sulfur retained on the NiyP cat-
alyst in the hydrotreating reactions, we conducted the HDS and
HDN (HDO) in an alternating sequence. After the reaction, the cat-
alyst was flushed with cyclohexane and N3 at 300°C for 2 h to
remove the physically absorbed sulfur species. Then the spent cat-
alyst was transferred to the sulfur measurement unit. The total
amount of sulfur in the catalyst was determined using a high-
temperature combustion method according to the ASTM D 4239-
05 procedure. Briefly, a weighed sample was burned in a tube
furnace at 1000°C in a stream of oxygen. During combustion, all
sulfur species contained in the sample are oxidized to gaseous
oxides of sulfur (SO, and SO3). The gaseous products were then ab-
sorbed into a solution of H,0;, forming a dilute solution of H»SO4.
The sulfur content of the sample was calculated from the acid
quantity determined by titration. The nitrogen contents of spent
catalysts were measured on a Vario EL elemental analyzer.

2.3. Characterization

Powder X-ray diffraction (XRD) measurements were performed
on a Rigaku D/max-2400 instrument using CuKo radiation (A =
1.54 A) and a scan rate of 5° min—!, at 40 kV and 100 mA.

Fourier transform infrared (FTIR) spectra of pyridine adsorbed
on the passivated NipP/MCM-41 were recorded using an Equinox
55 instrument. Rectangular self-supported wafers of the samples
were prepared from the catalyst powder and placed in the sample
holder in an IR cell. After evacuation for 2 h, background spectra
were measured, and then the samples were exposed to pyridine at
room temperature for 10 min. The wafers containing chemisorbed
pyridine were subjected to thermal treatment at 100 °C in vacuum
and cooled to room temperature, and then the IR spectra were
measured again.

To investigate the relationship between passivation and active
sites, the CO adsorption capacity of the catalysts was measured
without re-reduction using a Chembet 3000 analyzer. Pulses of
1% CO in Ar were injected until breakthrough. The CO uptake of
the sample was calculated from the accumulated difference in the
peak areas of input and output signals.
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Fig. 1. Variation of DBT conversion in HDS catalyzed by Ni;P/MCM-41 catalysts post-
treated by different methods: (M) in situ reduction, (A) HyS passivation, (®) Oy
passivation, (4) O passivation and Hy reduction, (A) NH3 passivation, ((J) NH3
passivation and H; reduction.

Transmission electron microscope (TEM) images were acquired
using a JEOL 2010 high-resolution TEM operating at 200 kV. Sam-
ples of the unsupported Ni,P catalysts were placed on a 200-mesh
copper grid coated with formvar and carbon.

X-ray photoelectron spectroscopy (XPS) spectra of the O,-, HyS-,
and NHj-passivated NiyP/MCM-41 catalysts were acquired with
a Multilab2000 X-ray photoelectron spectrometer, using a MgKo
source. For the individual energy regions, a pass energy of 20 eV
was used. All binding energies were referenced to the C 1s peak at
284.6 eV.

To clarify the adsorption or bonding of sulfur or nitrogen on
NiyP after passivation, temperature-programmed desorption (TPD)
was conducted in He. The NH3- and H;S-passivated samples were
prepared in the TPD apparatus, and were not exposed to air. The
spent catalyst was not pretreated prior to TPD measurement. The
TPD profiles were measured on a Chembet 3000 analyzer, using
0.2 g of sample heated in a He flow (40 mLmin~!) at 10°Cmin~!
up to 900°C.

3. Results
3.1. Passivation by H,S

Like with metal nitrides and carbides, when a metal phosphide
is exposed to air, it will be oxidized violently to its oxide. There-
fore, a passivation procedure, conventionally mild oxidation by low
concentration Oy in Ar, He, or Nj, is essential when exposure of the
metal phosphide to air is inevitable.

In the present study, we investigated the use of 10% H,S in
H, to passivate freshly prepared Ni,P at ambient temperature and
pressure. The HDS performance of the H,S-passivated Ni,P/MCM-
41 at 300°C and 4.0 MPa is shown in Fig. 1, together with those
of Ni;P/MCM-41 catalysts prepared by in situ reduction, conven-
tional O, passivation-H, reduction (500°C for 1 h), O, passivation
without Hy reduction, NH3 passivation-H, reduction (500°C for
1 h), and NH;3 passivation without Hp reduction. It is clear that
H, reduction at 500°C is essential to achieve high performance
for the Oj-passivated NipP/MCM-41. After Hp reduction, the O-
passivated Ni;P/MCM-41 showed a slightly higher HDS activity
than the unreduced Ni;P/MCM-41 in the first 2 h. Thereafter, the
HDS activity of the reduced NipP/MCM-41 increased gradually with
reaction time until a steady conversion of DBT was achieved after

15 h, suggesting that a surface reconstruction takes place during
the HDS reaction. Without H, reduction prior to HDS reaction, the
0;-passivated Ni;P/MCM-41 showed a lower but stable HDS ac-
tivity. This lower activity suggests that O, passivation irreversibly
destroys part of the surface structure of NiyP.

The HjS-passivated Ni;P/MCM-41 showed comparable HDS
performance to the Ni;P/MCM-41 prepared by the in situ re-
duction method in steady state. The HDS activity of the H,S-
passivated Ni;P/MCM-41 reached the steady state in 4 h, sug-
gesting that slight surface reconstruction takes place during HDS
reaction. In contrast, it took much longer for the in situ pre-
pared NipP/MCM-41 to achieve the steady state. The HDS reaction
may be involved in the reconstruction of the surface. Both the
H,S-passivated NioP/MCM-41 and the in situ prepared Ni;P/MCM-
41 (TOF 0.012 s~! at steady state) showed higher HDS activities
than the O,-passivated Ni;P/MCM-41, even the one re-reduced at
500°C. For the in situ prepared NioP/MCM-41, the phosphide was
not exposed to air, avoiding damage of the surface. The compara-
ble HDS performance of the H,S-passivated Ni;P/MCM-41 to that
of the in situ prepared Ni;P/MCM-41 suggests that H,S passiva-
tion is an effective way to protect the surface structure of nickel
phosphide.

In addition to O, and H,S, we also investigated gaseous NHs3
to passivate Ni;P/MCM-41, taking into consideration that nitrogen
species are involved in hydrotreating catalysis as well. NH3 passi-
vation gave much lower HDS activity than Oy or H,S passivation
(Fig. 1). In contrast to O, passivation, only slight improvement was
observed after H, reduction at 500°C for 1 h.

The DDS and HYD selectivities (Fig. 2) indicated that the HDS of
DBT occurred mainly by the DDS pathway. Moreover, the pathway
selectivity was about equal for all the catalysts, implying that the
post treatment does not remarkably affect the nature of the active
phase but only the number of active sites on the surface of the
catalysts.

Fig. 3 shows the XRD patterns of Ni;P/MCM-41 passivated by
02, H2S, and NH3. The patterns were not affected by the various
passivations, indicating that O, H,S, and NH3; might be bonded to
the surface of NiyP in the passivations so as to suppress further
vigorous oxidation.

CO chemisorption can be used as a measure of active sites on
metal phosphide catalysts [3]. For Ni;P/MCM-41 without exposure
to air, the CO uptake was 15 pmolg~!. When the catalyst was pas-
sivated using O2, H»S, or NHs, the CO uptake became undetectable,
suggesting that all passivating reagents were strongly bonded to
the surface active sites, in addition to leading to the formation of
protection layers.

TEM images of the O;- and Hj;S-passivated bulk NiyP parti-
cles (Fig. 4) were taken to investigate any changes on the surface
layers. In each sample, the crystal particles were surrounded by
an amorphous layer of 1-3 nm. Both passivation procedures gave
rise to surface reconstruction of the crystalline NiyP particles. On
the average, the H;S-passivated NiP particle had a smooth exter-
nal surface whereas the O-passivated one had a rough surface or
burl-shaped particles, indicating that more severe reconstruction
took place in Oy passivation than in H,S passivation.

For each passivation method, the stability of the resulting pas-
sivated nickel phosphide is of great importance. To investigate the
stability of the passivated Ni;P/MCM-41, we compared the HDS
performance of a freshly passivated catalyst with that of samples
which were kept in air for 30 and 150 days after the H,S passi-
vation. Fig. 5 indicates that the H,S-passivated Ni;P/MCM-41 was
stable in air for 30 days. After 150 days storage in air, the catalyst
showed lower HDS activity in the first few hours, but its activity
resumed at steady state.

Fig. 6 shows the TPD profiles of HyS-passivated Ni,P/MCM-41,
spent Ni;P/MCM-41, and NHs-passivated Ni;P/MCM-41 in a flow
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Fig. 3. XRD patterns of Ni;P/MCM-41 passivated by different methods.

of He at a heating rate of 10°Cmin~!. There are two groups of
desorption peaks in the TPD curve of the spent catalyst and only
one group in that of the H;S-passivated Ni;P/MCM-41. The group
at low temperature might correspond to adsorbed H,S and -SH
groups on the surface of NipP. The group in the high temperature
range might be ascribed to the cleavage of strong chemical bonds
between sulfur and nickel and/or phosphorus, or to the decompo-
sition of sulfur species in the subsurface of the NiyP crystal. HS
passivation might give rise to weak coordination of sulfur with the
surface sites of NiyP, but structural reconstruction of the surface
and subsurface might continue to take place in the course of HDS.
The broad peak and its shoulder in the TPD curve of the NH3-
passivated NipP/MCM-41 in the high temperature range indicate
that NHs has stronger interaction with the active sites than H,S.

The surface acidity of the samples was determined by FTIR
spectroscopy of adsorbed pyridine. The FTIR spectra of pyridine-
absorbed Ni;P/MCM-41 passivated by different gases are shown
in Fig. 7. Three main absorption bands around 1450, 1490, and
1610 cm~! were observed for all the passivated samples. Accord-
ing to the literature, the bands at 1610 and 1450 cm~! correspond
to vibrations of pyridine adsorbed on Lewis acid sites whereas
the band at 1490 cm~! is assigned to the contributions of both
the Lewis acid and Bronsted acid sites to pyridine adsorption. The
spectra show that Lewis acidity is predominant in Ni,P/MCM-41.
Our previous study showed that few Lewis acid sites are present
on siliceous MCM-41 [16]. Therefore, NipP might contribute to the
Lewis acidity of the catalysts. The adsorption bands at 1643 and
1548 cm~! indicate the presence of Bronsted acid sites on the
H;S-passivated NipP/MCM-41. The Bronsted acid sites might be re-
lated to the -SH groups or the absorbed H,S on the surface [17].
The very weak adsorption bands at 1643 and 1548 cm~! in the
spectrum of Oy-passivated Ni;P/MCM-41 might result from the in-
teraction of pyridine with P-OH groups in the surface layer [18].
There is no distinct adsorption band at 1643 or 1548 cm™! in the
spectrum of NH3-passivated Ni;P/MCM-41, probably due to the ba-
sic nature of NHj.

The XPS spectra in the Ni(2p), P(2p), S(2p) and N(1s) regions
for Ni;P/MCM-41 catalysts passivated by O, HS, and NHs are
shown in Fig. 8. For the Oj-passivated Ni;P/MCM-41, the peaks
at 857.4 (Fig. 8a) and 134.2 eV (Fig. 8b) in the Ni(2p) and P(2p)
regions are assigned to NiZt and Pt species, respectively, in the
passivated layer formed on the surface of NiyP particles [13,19].
The peak observed at 853.6 eV (Fig. 8a) is assigned to reduced
Ni. The peak ascribed to reduced P species at 129.0 eV (Fig. 8b)
[13,19] was hardly observed, probably due to the low resolution
of the XPS analyzer. Compared with the O,-passivated Ni;P/MCM-
41, negative shifts of binding energies of surface Ni%t species
(shifted from 857.4 to 856.6 eV), the reduced Ni species (shifted
from 853.6 to 853.3 eV) and P>t species (shifted from 134.2 to
133.5 eV) were observed for NH3-passivated Ni;P/MCM-41. Never-
theless, no significant differences in XPS spectra of O2- and HjS-
passivated NipP/MCM-41 were observed. The binding energies of
Ni2* and Pt species in HyS-passivated Ni;P/MCM-41 were only
0.3 eV lower than those in O-passivated NiP/MCM-41, and the
binding energies of the reduced Ni species in the two samples
were essentially the same. Fig. 8c only shows the S(2p) spectrum
of HyS-passivated Ni;P/MCM-41 because no signal was detected
for the other two samples in this region. The S(2p) features ex-
hibited two distinct peaks. The 163.7 eV peak was assigned to the
polysulfide ligands (S%_) [20,21], whereas the 169.7 peak revealed
the presence of highly oxidized surface sulfate species or sulfonic
species [20,21]. On the other hand, only one peak at 399.9 eV was
detected in the N(1s) spectrum of the NHs-passivated Ni,P/MCM-
41 (Fig. 8d).



236 X. Duan et al. / Journal of Catalysis 261 (2009) 232-240

(c)

3.2. Role of sulfur in HDS, HDN, and HDO

To investigate the effects of sulfur, nitrogen, and oxygen on
the catalytic performance of H,S-passivated Ni;P/MCM-41, we con-
ducted alternating measurement of HDS and HDN or HDO ac-
tivity. Fig. 9 shows the variation of the HDS or HDN activity of
H,S-passivated NipP/MCM-41 with reaction time in the course of
HDS-HDN-HDS. The HDS reaction started with 0.8 wt% DBT in de-
calin at 300°C, 4.0 MPa, and WHSV 24 h~!. In a few hours, the
HDS activity reached steady state. After 24 h of HDS reaction, the
feed was switched to 1.0 wt% quinoline in decalin, while keep-
ing the same temperature, pressure, and WHSV. The HDN activity
was much lower than the HDS activity, but was stable. When the
feed was switched back to the decalin solution of 0.8 wt% DBT,
the HDS activity was initially much lower than that in the first
HDS run. The HDS activity increased gradually, but did not recover
completely in 48 h.

(d)

Fig. 4. TEM images of H,S-passivated NiyP particle (a, b) and O;-passivated one (c, d).

On the other hand, if we started with HDN instead of HDS, the
HDN activity was higher than that of HDN after HDS (Fig. 10).
However, the catalyst showed much lower activity in the subse-
quent HDS, and the recovery of the HDS activity was again very
slow.

When we replaced the HDN by the HDO of phenol, the re-
sults were quite different. As shown in Fig. 11, when the feed was
switched from DBT to phenol, the HDO activity increased gradu-
ally until complete conversion of phenol was reached. The catalyst
showed a dramatically high HDO activity and was stable up to
100 h. When the feed was switched back to DBT, the HDS per-
formance resumed immediately, but the HDS activity was lower
than in the first run.

Table 1 summarizes the sulfur and nitrogen contents of NiyP/
MCM-41 after HpS passivation as well as after HDS, HDN, and
HDO. After H,S passivation, 0.66 wt% sulfur (206 pmolg—!) was
absorbed or incorporated on the surface of Ni;P/MCM-41 (entry 1),
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which was comparable to that of the in situ prepared NiyP/MCM-
41 after 24 h of HDS reaction (entry 2). Comparing with the CO
uptake (15 pmolg~!) with the sulfur retained on the passivated
surface, one may conclude that, in addition to covering the active
sites, the sulfur species might be mainly adsorbed on or incor-
porated into the passivation layer. After HDS reaction, the sulfur
contents changed slightly for the H,S-passivated NipP/MCM-41, ei-
ther fresh or after exposure in air for 30 d (entries 3 and 4). The
sulfur contents of the O,- and NH3-passivated Ni,P/MCM-41 (en-
tries 6 and 7) were much lower than that of the H,S-passivated
catalyst after 24 h of HDS reaction (entry 3). Moreover, the sulfur
content of the Oj-passivated and Hy-reduced Ni;P/MCM-41 (en-
try 5) was slightly lower than that of the H,S-passivated one. The
sulfur content of the HyS-passivated Ni,P/MCM-41 after HDS-HDO
(entry 9) was equal to that after HDS-HDN (entry 10), suggesting
that oxygen and nitrogen might have replaced the same kind of
sulfur species on the catalyst. When they were subjected to HDS
again, the sulfur contents on both catalysts increased remarkably
(entries 11 and 12), accompanied by the increase of HDS activ-
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Fig. 7. FT-IR spectra of pyridine absorbed on Ni;P/MCM-41 passivated by H,S (a),
NH3 (b), and O (c).

ity. However, if the reaction started with HDN catalyzed by H,S-
passivated NipP/MCM-41, the sulfur content changed only little af-
ter subsequent HDS (entries 13 and 14), indicating the difficulty
of replacing nitrogen species by sulfur species. It is important to
note that the total contents of sulfur and nitrogen of the spent
Ni;P/MCM-41 catalysts, over which HDN had taken place for over
24 h, were equivalent, suggesting the exchange between sulfur and
nitrogen species in switching between HDS and HDN.

To correlate the HDS performance with the sulfur content of
Ni;P/MCM-41 after HDS reaction, we plotted the DBT conversion
against sulfur content of various NiP/MCM-41 catalysts after HDS
reaction (Fig. 12). The HDS performance correlates well with the
sulfur content of the catalyst after HDS reaction except for NHs3-
passivated NipP/MCM-41, suggesting that sulfur acts as part of the
catalytic centers for the HDS reaction.

4. Discussion

Metal phosphides will be damaged when they are exposed to
air, due to a vigorous oxidation or even burning in the presence
of high-concentration oxygen. To avoid structural damage, a pas-
sivation process must be used when transferring the phosphide
catalyst from a preparation unit to a reactor. Because the oxides are
not catalytically active, a decrease in HDS activity is observed if the
0;-passivated catalyst has not been reduced at elevated tempera-
tures (i.e. 500 °C), prior to HDS reaction (Fig. 1). The NipP/MCM-41
prepared by in situ reduction showed higher HDS activity than the
one prepared by the conventional reduction-passivation-reduction
method, implying that the nickel phoshpide structure could not
be completely recovered by H; reduction of the Oj-passivated
Ni, P/MCM-41.

According to DFT calculations [9], Nelson et al. found that the
surface of NiyP is not energetically homogeneous. Structures with
sulfur on the surface are more stable than a clean NiyP surface
with free HpS molecules in the gas phase. The relative stability
at low temperature increases in the order: (free H,S + NiyP clean
surface) < (HS adsorbed on Ni,P surface) < (adsorbed -SH + one-
half free hydrogen molecule) < (adsorbed sulfur atom + free hydro-
gen molecule). H;S is prone to dissociate on the surface of NiyP at
low temperature and replace the phosphorus atoms at high energy
levels on the surface. This suggests that H,S might be an alter-
native passivating reagent in the preparation of nickel phosphide
catalysts.

The HjS-passivated Ni;P/MCM-41 exhibited a higher HDS activ-
ity than the O,-passivated one (Fig. 1). Re-reduction at 500 °C by
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Fig. 9. Performance of H,S-passivated Ni;P/MCM-41 in the consecutive HDS, HDN,
and HDS.

hydrogen improved the performance of the O,-passivated catalyst,
but the resulting HDS activity was not as high as that of the H,S-
passivated catalyst. This is in agreement with a result reported by
Sawhill et al. [13]. They found that an O,-passivated NiyP/SiO; cat-
alyst showed a higher HDS activity when it was subjected to sul-
fidation by H,S/H, than to Hy reduction. In other words, the HDS
performance of the O,-passivated and then reduced NiyP/MCM-41

100
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60 |-

40j .

20
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Fig. 10. Performance of H,S-passivated Ni;P/MCM-41 in the HDN of quinoline and
in the consecutive HDS of DBT.

was improved by the incorporation of sulfur in the catalyst. The
formed phosphosulfide layer of Ni;P seems to be more active than
the clean NiyP surface in the HDS reaction. This observation may
account for the gradual increase of HDS activity of metal phos-
phides in the first few hours of HDS reaction [3,4,13,22].

The TEM images in Fig. 4 show that a smooth surface was
formed after H,S passivation, whereas a rough one was obtained
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Fig. 11. Performance of H;S-passivated NipP/MCM-41 in consecutive HDS, HDO, and
HDS.

for the O,-passivated NiyP, implying that a milder surface recon-
struction takes place in H,S passivation. In HyS passivation, H,S
dissociates readily on the surface of NiyP [23].

XPS characterization revealed that two sulfur species were pre-
sented on the surface of H,S-passivated NioP/MCM-41. The species
with binding energy of 163.7 eV was attributed to a polysulfide
species [20,21] rather than to S?~, such as in NiS or adsorbed H»S,
or (a much less extent) to Sg_, because the S(2p) binding energies
of $2~ and S%’ are located at 161.7 0.3 and 162.5 + 0.3 eV re-
spectively [20]. It is more likely that the dissociated sulfur atoms
are bonded to the surface sites of NiP, probably leading to the
formation of phosphosulfides. The S(2p) binding energy peak at
169.9 eV suggests that sulfur species on the surface of the pas-
sivation layer were oxidized to sulfates or sulfonic species in air.
Despite the partial oxidation, the H)S-passivated Ni,P/MCM-41
catalyst was fairly stable. The passivated catalysts showed equiv-
alent HDS activity to the freshly passivated catalyst after being
kept in air for 30-150 days (Fig. 5). The N(1s) signal for the NH3-
passivated Ni;P/MCM-41 (Fig. 8d) showed only one main compo-
nent with binding energy centered at 399.9 eV due to cationic
nitrogen [24], suggesting that NH3 was strongly adsorbed on the
surface of Ni;P/MCM-41. These strongly adsorbed NH3 species may
act as a base or electronic donor, and thus transform the surface
Ni and P species to an electron-rich state (Figs. 8a and 8b).
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Fig. 12. DBT conversion as a function of sulfur content on Ni;P/MCM-41 after HDS
reaction (24 h).

After passivation by H,S, O, and NHs, the CO uptake of
Ni;P/MCM-41 became zero, indicating that the “active sites”, which
are sensitive to O, were covered or replaced by HjS, O, and
NHjs. If these sites are occupied by sulfur species, a phosphosulfide
phase may form in the passivation step. Hence, it is not necessary
to re-reduce the catalyst prior to the HDS reaction. It is interesting
to note that a steady state was achieved much faster for the HyS-
passivated Ni;P/MCM-41 than for the O,-passivated NipP/MCM-41
in the HDS of DBT.

TPD in He of the HyS-passivated Ni;P/MCM-41 revealed that
H,S passivation may lead to the adsorption of HpS and dissoci-
ation of HyS to form weakly-coordinated bonds on the surface
of NiyP. According to the FTIR spectrum of pyridine absorbed on
the NioP/MCM-41 catalysts passivated by different gases, Bronsted
acid sites were generated after H,S passivation whereas no distinct
Bronsted acid sites were observed on the O,- or NHs-passivated
NipP/MCM-41. The Bronsted acid sites might be associated with
-SH groups generated by dissociation of H,S on the surface. These
weakly bond species keep the NiP particles stable in air. The TPD
profile of the spent Ni;P/MCM-41 indicates that there are mainly
two kinds of sulfur species retained on the surface of NiyP af-
ter the HDS reaction. The peaks below 400°C likely correspond
to adsorbed H,S and weakly bonded sulfur species, whereas the
peaks above 600°C might result from those sulfur atoms which
are incorporated in the crystal structure. The appearance of the

Table 1
Sulfur and nitrogen contents of Ni;P/MCM-41 after passivation and hydrotreating reaction.
Entry Post-treatment HDS/HDO/HDN S N Ni/P/S ratio (ns +nn)?
(Wt%) (Wt%) (mmolg=1)
1 H,S passivation Blank 0.661 - 1/0.5/0.078 -
2 In situ reduction HDS 0.597 - 1/0.5/0.072 -
3 H,S passivation HDS 0.689 - 1/0.5/0.083 -
4 30 d after HyS passivation HDS 0.694 - 1/0.5/0.084 -
5 0, passivation-H, reduction HDS 0.613 - 1/0.5/0.074 -
6 0, passivation HDS 0.391 - 1/0.5/0.047 -
7 NH3 passivation HDS 0.288 - 1/0.5/0.035 -
8 NH3 passivation-H, reduction HDS 0.361 - 1/0.5/0.043 -
9 H,S passivation HDS-HDO 0.346 - 1/0.5/0.042 -
10 H;S passivation HDS-HDN 0.346 0.418 1/0.5/0.042 0.407
1 H,S passivation HDS-HDO-HDS 0.482 - 1/0.5/0.058 -
12 H,S passivation HDS-HDN-HDS 0.656 0.339 1/0.5/0.079 0.447
13 H;S passivation HDN-HDS 0.543 0.371 1/0.5/0.066 0.435
14 H,S passivation HDN 0.522 0.422 1/0.5/0.063 0.465
15 H,S passivation HDO-HDS 0.45 - 1/0.5/0.054 -

Reaction conditions for HDS, HDN, and HDO: 300°C, WHSV 24~!, 4.0 MPa. Feed: 0.8 wt% DBT, 1.0 wt% quinoline, 1.0 wt% phenol.

2 The total molar content of sulfur and nitrogen per gram of catalyst.
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high temperature peaks after the HDS reaction suggests that fur-
ther sulfur-associated surface reconstruction occurs in the course
of HDS. This surface reconstruction may be related to the gradual
increase in HDS activity in the first few hours. Wu et al. also ob-
served two types of sulfur species, i.e. reversibly and irreversibly
bonded sulfur species, in a spent MoP catalyst [4]. They proposed
that the irreversibly bonded sulfur species were detrimental to
HDS performance.

Sulfur, oxygen, and nitrogen are involved in hydrotreating reac-
tions, and inevitably interact with the active sites on the surface
of the catalysts. Like O, and H,S, NH3 will cover the active sites
on the surface of NipP/MCM-41 at ambient temperature and pres-
sure, as evidenced by the CO chemisorption results. It seems that
NH3, HyS, and O, cover or replace the same type of active sites
in the Ni;P/MCM-41 catalysts, but NH3 passivation gave rise to a
dramatic decrease in HDS activity. In contrast to the O,-passivated
NipP/MCM-41, re-reduction led only to a minor improvement in
the HDS performance for the NH3-passivated catalyst (Fig. 1). Once
nitrogen species occupy the active sites, they can hardly be re-
moved by re-reduction or be replaced by sulfur species in the
course of the HDS reactions. On the other hand, if nitrogen species
are introduced in the H;S-passivated Ni;P/MCM-41 by the HDN re-
action (Fig. 10), the HDS activity increased slowly in the course of
the HDS reaction, probably due to a gradual replacement of ni-
trogen species by sulfur species. If the reaction was started with
HDS followed by HDN (Fig. 8), a similar trend was observed as
when the reaction was changed from HDN to HDS. These observa-
tions indicate that if the active structure is well protected by H,S
passivation the nitrogen species introduced by HDN are reversibly
adsorbed and can be replaced by sulfur.

If the HyS-passivated NioP/MCM-41 is used to catalyze the HDO
of phenol after HDS, the catalyst is very active and stable for 100 h
in HDO, although the HDO activity did not immediately achieve a
high level. When the reaction was shifted from HDO to HDS, the
HDS activity recovered immediately.

The sulfur content after HDS-HDN equaled that after HDS-HDO
(Table 1). This suggests that nitrogen and oxygen replace the same
sulfur sites on the surface of NiyP. These replaced sulfur atoms
might be the phosphosulfide active sites. In the consecutive HDS-
HDN-HDS experiment (Fig. 9), the replacement of sulfur by nitro-
gen was much faster than that of nitrogen by sulfur. In the case of
consecutive HDS-HDO-HDS (Fig. 11), the replacement of sulfur by
oxygen was dramatically slower than that of oxygen by sulfur.

The plot of the HDS performance of various NiP/MCM-41 cat-
alysts against the sulfur content after HDS reaction shows that the
performance is roughly correlated with the sulfur content, indi-
cating the important role of sulfur in the NiyP-catalyzed HDS and
other hydrotreating reactions.

5. Conclusions

A HjS-passivated NioP/MCM-41 showed higher HDS activity
than an O,-passivated counterpart. The H,S-passivated NiyP/MCM-
41 was stable up to 150 days. Moreover, it was not necessary to re-
reduce the HyS-passivated Ni;P/MCM-41 prior to the HDS reaction.
Therefore, it is concluded that H,S passivation is superior to O,

passivation in the preparation of nickel phosphide HDS catalysts.
NH3-passivated NioP/MCM-41 exhibited a dramatically lower HDS
activity than the H;S- or Oy-passivated counterparts. In contrast to
the Oj-passivated NipP/MCM-41, the Hy reduction at 500°C only
slightly improved the performance of the NH3-passivated catalyst.
XPS characterization revealed that the sulfur species on the sur-
face of the HyS-passivated Ni;P/MCM-41 were polysulfide ligands
rather than S2~ or Sg_ and the sulfur species were partially ox-
idized. After NH3 passivation, N species were strongly bonded to
the surface sites of NiyP.

An alternating HDS-HDN-HDS investigation indicated that the
replacement of sulfur by nitrogen was much faster than that of
nitrogen by sulfur. In the case of consecutive HDS-HDO-HDS, the
replacement of sulfur by oxygen was much slower than that of
oxygen by sulfur. Ni;P/MCM-41 showed extremely high activity
and stability in the HDO of phenol.

A correlation of the HDS performance with the sulfur content
of the spent Ni;P/MCM-41 catalyst after HDS reaction was estab-
lished: The catalyst with high sulfur content after HDS showed
high HDS performance. It is therefore proposed that sulfur species
or phosphosulfides serve in part as the HDS active sites.
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