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Abstract

A series of NipP and Ni,P5 hydrotreating catalysts supported on SBA-15 ordered mesoporous silica were prepared by impregnation of nickel
phosphate precursors followed by reduction in hydrogen at 873 K. The major product was NipP with additional phosphate species when a high
excess of phosphorus was used (P/Ni = 2). When a stoichiometric amount of P was used (P/Ni = 0.5), the sole product was NijoP5 without
Ni, P and phosphate byproducts. The active site density as determined by CO chemisorption for such Nij;P5 phases was about three times higher
than typically found for NipP/SiO; catalysts and in good accord with active site densities following from particle size. The excess phosphorus
results in mesopore blocking by unreduced phosphate species, impeding the accessibility of the Nip P active sites as probed by CO chemisorption.
The catalysts exhibited lower hydrodesulfurization (HDS) but similar or somewhat higher hydrodenitrogenation (HDN) activities than reference
alumina-supported NiMo or CoMo catalysts in simultaneous thiophene HDS and pyridine HDN, as well as parallel dibenzothiophene HDS and
ortho-methyl aniline HDN hydrotreating reactions. In general, the intrinsic activities of the NipP catalysts were higher than those of NijoP5 cata-
lysts. The activities of these phosphide catalysts were found to be stable or increasing with reaction time. X-ray photoelectron studies of reduced
catalysts exposed to a sulfiding mixture suggest that this increase is due to in situ sulfidation of the nickel phosphide to nickel phosphosulfide.
Thus, it seems reasonable that surface phosphosulfides form the active catalytic surface in these catalysts.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction drotreating catalysts [2]. Carbon-supported nickel sulfide with-
out molybdenum has proven to be an active hydrotreating cat-

Environmental regulations require significant reductions in alyst [3]. Thiophene HDS and quinoline HDN activities tended

the sulfur and nitrogen levels of transportation fuels. Fulfill-
ing these requirements necessitates the development of new
hydrotreating catalysts. High-surface area supports are useful
for the preparation of new catalytic materials. Recently, silica-
supported transition-metal phosphides were proven to outper-
form traditional Co(Ni)-Mo/Al,O3 hydrotreating catalysts in
model catalytic studies [1].

Generally, phosphates were used mainly as an additive to
improve the catalytic properties of CoMo- and NiMo-based hy-
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to increase in the presence of phosphorus [4]. These promising
results led to a systematic study of the hydrotreating activity of
nickel (cobalt)-phosphorus (sulfur) [Ni(Co)—P(S)] compounds
[5]. Unsupported Ni(Co)-P(S) model compounds and carbon-,
silica-, silica—alumina-, alumina-, and NaY zeolite-supported
Ni—P and Co-P catalysts were prepared, characterized, and
evaluated in thiophene HDS [5,6] and quinoline HDN [5,7].
During pretreatment or at reaction conditions, all compounds
(even NiPS; after severe sulfidation with Ho/H,S under high
pressure), and supported catalysts were transformed to NipP
(or CozP) and the beneficial effect of phosphorus introduction
to their hydrotreating activities was attributed to the formation
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of the phosphide [5-7]. Later, bulk transition-metal phosphides
[8,9] as well as silica-supported nickel phosphides [9,10] and
other transition-metal phosphides (MoP) [11] were found to be
more active HDN catalysts. The silica-supported catalysts were
prepared by pore-volume impregnation of nickel nitrate (or am-
monium heptamolybdate) and ammonium phosphate solutions,
and after drying and calcination at 623 K, the resulting oxidic
precursors were reduced in hydrogen flow up to 823 K. Precur-
sors with a P-to-Ni ratio of 0.5 yielded mainly Nij;P5, whereas
preparing phase-pure silica-supported NipP and MoP catalysts
required a slight excess of phosphate in the impregnating solu-
tion (P/Ni = 0.65 and P/Mo = 1.2, respectively) [10,11].

The effects of metal phosphide weight loading, initial P/Ni
ratios, and pretreatment conditions on the hydrotreating activi-
ties of silica-supported catalysts are not unequivocal in the liter-
ature. Optimum Ni, P loadings for hydrotreating were found at
around 18 wt% above low-surface area silica supports [12] and
at 30 wt% above high-surface area silica supports [13]. To ob-
tain the desired stoichiometry (phase pure NiyP), an excess of
phosphate must be added, i.e. for the optimal initial P/Ni ratios,
these are 0.65 [10], 0.8 [13], and 2 [14], respectively. For im-
pregnation, aqueous solution of di-ammonium hydrogen phos-
phate is used as the phosphorus source in most cases [8—12,14],
but sometimes it is replaced by ammonium di-hydrogen phos-
phate [13,15]. The latter solution is more acidic than the former
one, which is advantageous in the case of co-impregnation,
because the resulting metal phosphate salt solution is more sta-
ble at lower pH. Generally, however, consecutive impregnation
steps are used, and the nickel nitrate (or ammonium hepta-
molybdate) solution is first added to the silica support, followed
by drying and impregnation with the ammonium phosphate
solution. The oxidic catalyst precursor is obtained after calci-
nation and then reduced in hydrogen to the active phosphide
catalyst. For further characterization, the catalyst may be passi-
vated in a 0.5—1 vol% O containing gas flow.

Recently, other supports, such as alumina [15,16], carbon
[17,18], MCM-41 [19], USY [20], and HMS [21], also have
been applied for phosphorus-containing hydrotreating catalysts.
SBA-15 is a mesoporous silica composed of two-dimensional
hexagonal arrays of channels typically 5-9 nm in diameter [22].

The objective of this work was to combine the described
synthesis procedures to arrive at well-defined NiyP and Nij,P5
phases with SBA-15, which has high-surface area ordered
mesoporous silica support to examine the effect of different
phases of nickel phosphides on the hydrotreating. The catalytic
materials are evaluated in parallel HDS and HDN reactions.
Earlier [23], we studied NipP and NijpP5 containing SBA-
15- and CMK-5-supported catalysts in parallel thiophene HDS
and pyridine HDN reactions. Because the nanoporous carbon-
(CMK-5-) supported nickel phosphides exhibited much lower
catalytic activities and selectivities than the SBA-15 supported
ones [23], we did not study carbon-supported catalysts in this
work. We compared the structural and textural properties of
SBA-15-supported nickel phosphide catalysts as well as their
catalytic performance in combined thiophene HDS and pyri-
dine HDN and combined dibenzothiophene HDS and ortho-
methyl aniline HDN. The novelty of the present work is us-

ing a mesoporous silica support to give better dispersion and
to clarify the nature of active sites for nickel phosphide cata-
lysts.

2. Experimental
2.1. Materials

The preparation of the SBA-15 support has been described
extensively elsewhere [22]. SBA-15 has a two-dimensional
structure and was synthesized from sodium silicate with a
triblock copolymer (P123), which was used as a structure-
directing agent [22]. The specific surface area and pore volume
of SBA-15 were 701 m?/g and 0.90 cm? /g, respectively. The
chemicals used for catalyst preparation were Ni(NO3),-6H>0
(NNA) and (NH4)H,PO4 (AHP), which are Alfa Aesar Pura-
tronic products with >99.99% purity.

2.2. Catalyst preparation

The SBA-15 support was dried at 393 K overnight. NNA
(0.980 g for 1 g of support) and AHP (0.775, 0.310, or 0.194 g
for P/Ni = 2, 0.8, or 0.5 for 1 g of support) were dissolved in
distilled water and mixed in a common metal phosphate solu-
tion. Then 2 g of the SBA-15 support was impregnated with
the diluted phosphate solutions by incipient wetness impregna-
tion. The catalyst precursors were dried at 393 K overnight. The
dried sample was pelletized with a press, ground, and sieved to
0.85-1.4 mm. The precursor sample was reduced in a hydro-
gen flow of 200 cm®/min. Toward this end, the sample was
heated in hydrogen to 623 K at a rate of 3 K/min, then to
873 K at a rate of 1 K/min and kept at this temperature for 1 h.
Subsequently, the gas was changed to 2000 cm?/min nitrogen,
followed by cooling to room temperature in 0.5 h. Finally, the
SBA-15-supported catalysts were passivated in a flow of 1 vol%
0 in Ny (total, 2100 cm?/min) for 1 h at room temperature.
The catalysts are designated by the support (SBA) and by the
initial P/Ni ratios, which were 2 (high excess phosphorus, de-
noted by subscript H), 0.8 (excess P, denoted by subscript E),
or 0.5 (stoichiometric P, denoted by subscript S) in the aqueous
metal phosphate impregnation solutions. A list of the prepared
catalysts with their Ni and P elemental composition as deter-
mined by inductively coupled plasma (ICP) measurements is
given in Table 1.

2.3. Temperature-programmed reduction

A catalyst analyzer (BEL CAT, PCI 3135) was used for
temperature-programmed reduction (TPR). The sample was
placed in a cylinder-like quartz reactor situated in a furnace
controlled by a temperature programmer (Yamatake SDI 15).
The temperature of the sample was monitored by a thermocou-
ple connected to the center of the reactor. Before reduction,
the sample was pretreated in helium gas stream (30 cm?/min
flow rate, heating from 300 to 673 K at a rate of 5 K/min
and maintained at 673 K for 2 h). The temperature of the
sample was raised from 373 to 940 K at a rate of 1 K/min
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Table 1

Physicochemical data of the various phosphide catalysts: BET surface areas (SBgT), total pore volumes, loadings, phases identified by XRD and corresponding
crystallite sizes (dxrp), P-containing phases detected by 31p NMR, CO uptakes (nco), and estimated surface site concentration (njteg)

Catalyst  SBET Pore volume  Ni P P/Ni molar ~ XRD dxXRD 31p NMR nco Rites”
(m?2 /2) (cm3 /2) (Wt%) (Wt%) ratio phases (nm)? phases (umol/g) (umol/g)

SBAg 223 0.27 11.1 52 0.88 Niy P 41 NipP + POZ_ 12 49

SBAE 364 043 11.3 25 0.42 NipP + NijpPs 8 (NipP)®  NipP + NijpP5 + POZ* 17 =

SBAg 454 0.49 127 3.0 0.45 Nij2Ps 17 Nij2Ps5 144 131

@ Crystallite sizes determined from line broadening of the XRD patterns of passivated catalysts by the Scherrer equation.
b Calculated from the XRD particle size according to Ref. [14]; ngjtes = Sefr-n-C with Segr the effective surface area of the nickel phosphide (Seff = 6/pd with p
being the density of nickel phosphides taken as p = 7.09 g/cm3 and n the average surface metal atom density = 1.01 x 1015 cm™2) and C the fractional weight

loading (gnickel phosphide /&cat)-

€ The crystallite size of the NipP phase is 8 nm in the in sifu reduced SBAE sample.
d' Metal site concentration is not calculated because the crystallite size of passivated SBAE catalyst cannot be determined.

and kept there for 30 min in a 5% Hj/Ar gas stream (flow
rate, 30 cm? /min). The degree of reduction was measured us-
ing a four-element semi-diffusion thermal conductivity detec-
tor.

2.4. X-ray diffraction

X-ray diffractograms below 26 = 3° were recorded on
a Rigaku Multiflex instrument operated at 1.5 kW, using CuK
radiation at 40 kV and 40 mA. X-ray diffraction (XRD) scan-
ning was performed under ambient conditions at steps of 0.01°
and an accumulation time of 1 s per step. In situ XRD patterns
were obtained in the range of 2@ = 30-60° on a Philips PW
1050 diffractometer using CuK|, radiation. The sample was re-
duced in a 70-cm? /min hydrogen gas stream while being heated
to 723 K at a rate of 3 K/min, followed by further heating to
773, 823, and 873 K at a rate of 1 K/min. At each of these
temperatures, the sample was kept isothermal for 1 h, with an
in situ XRD pattern recorded during the last 50 min. After
the sample was cooled to room temperature under hydrogen
gas stream, a final XRD pattern was recorded. The crystal-
lite size was calculated from the full width at half maximum
values derived from full profile fitting using Scherrer’s equa-
tion with Warren’s correction for instrumental line-broadening
at 20 =40°.

2.5. Nj adsorption measurements

The nitrogen adsorption—desorption isotherms were mea-
sured at liquid nitrogen temperature (77 K) using a Quan-
tachrome Autosorb-1MP volumetric adsorption analyzer. Be-
fore the measurements, the samples were outgassed under vac-
uum for 12 h at 473 K. The apparent specific surface areas were
calculated from adsorption data obtained from the linear portion
of Brunauer—Emmett-Teller (BET) plots (P/Py = 0.1-0.3).
The total volume of micropores and mesopores was calculated
from the amount of nitrogen adsorbed at P/Py = 0.95, as-
suming that adsorption on the external surface was negligible
compared with adsorption in pores. The pore size distributions
were calculated by analyzing the adsorption branch of the N>
sorption isotherm using the Barret-Joyner—Halenda method.

2.6. 3! P nuclear magnetic resonance

3P nuclear magnetic resonance (NMR) spectra were ob-
tained on a Varian 400-MR spectrometer at 161.9 MHz.
KH,PO,4 was used to optimize the magic angle spinning (MAS)
conditions and also as an external reference (4-0.4 ppm relative
to 85% H3PO4). The samples were placed in a 4-mm rotor and
spun at 10 kHz. The spectra were acquired using a single 90-
degree P-31 pulse (4 us) under high-power proton decoupling
conditions using composite pulses. The acquisition time varied
between 40 and 25 ms, the recycle time was 1 s, and 10,000—
40,000 scans were acquired.

2.7. Transmission electron microscopy

Transmission electron microscopy (TEM) experiments were
carried out in a Philips Tecnai 10 microscope operated at 80—
100 kV. The samples were dispersed in ethanol and placed on a
carbon grid before TEM examinations.

2.8. CO chemisorption

Irreversible CO uptakes were usually measured over 60 mg
of phosphide sample after re-reduction in hydrogen flow
(50 cm? /min) at 673 K for 2 h in a quartz reactor. After reduc-
tion, the catalyst was purged and cooled to room temperature in
helium flow. CO was adsorbed on the samples in 3—4 Torr pres-
sure steps in a 0-30 Torr pressure range. The total and physical
CO adsorption isotherms were determined at room tempera-
ture, with the difference of the two isotherms considered the
chemisorbed amount. The ratio of the surface Ni atoms was
calculated from the quantity of chemisorbed CO molecules as-
suming 1:1 stoichiometry.

2.9. X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) measurements
were carried out on a VG Escalab 200 setup with standard Al
anode (AlK, = 1486.3 eV) operating at 300 W. The pressure
during the measurements was around 10~° mbar. The reference
line for calibration was the C 1s line at 284.5 eV. The samples
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were re-reduced in hydrogen for 2 h at 673 K, followed by sul-
fidation in a mixture of HoS/H, (10 vol% H»S) for 2 h at 673 K.
After the samples were cooled to room temperature, they were
transferred to a glovebox without being exposed to air. Samples
were ground, pressed onto carbon film, and transferred to the
XPS apparatus through a transfer facility to avoid air exposure.

2.10. Parallel thiophene HDS and pyridine HDN catalytic
activities

The catalytic activity was evaluated in parallel HDS of thio-
phene and HDN of pyridine reactions in a stainless steel flow
microreactor with fixed catalyst bed at 593 K and 20 bar over-
all pressure, as described in detail elsewhere [24]. The catalyst
(sieve fraction 125-250 um) was fixed in the reactor between
two layers of glass wool. The catalyst amount (W) was varied
between 20 and 60 mg. The feed contained 240 ppm of thio-
phene (TH) and 220 ppm of pyridine (PY) in H» at a total flow
rate of 150 cm?/min delivered by a tension pressure saturator.
The rate of the feed, F, was kept constant. Each catalyst was
tested at two space velocities (W/F) using different amounts
of the fresh catalyst charge.

Before reaction, the phosphide catalysts were activated by
in situ reduction in an Hp stream at atmospheric pressure
(25 cm?®/min) while being heated at a rate of 6 K/min to
673 K and held at this temperature for 2 h. After activation,
the temperature was lowered to 593 K, and the gas flow was
replaced by the feed mixture at 20 bar of pressure through
a 6-port switching valve. Steady-state conversion was usually
attained after 3—4 h on stream, and the representative conver-
sions were calculated as average values from several subsequent
analyses done over another 2-3 h. The feed and the reaction
products were analyzed with an online gas chromatograph (HP
5890) equipped with a flame ionization detector and a packed
glass column (3.5 m) filled with Carbopack B 60/80 4% Car-
bowax 20M (Supelco) operating isothermally at 398 K. The
integral dependences of the conversions of individual compo-
nents on space-time W/F were obtained for every catalyst.
Tetrahydrothiophene was absent in the reaction mixture at our
experimental conditions, and HDS gave only C4 hydrocarbons
and H)S. In the HDN of pyridine, the amount of intermedi-
ate saturated amines (mostly piperidine, with traces of penty-
lamine) varied between 3 and 23%. The HDN reaction involved
two consecutive irreversible steps: pyridine hydrogenation and
piperidine (PI) hydrogenolysis. Both HDS and HDN reactions
were described by pseudo-first-order kinetic equations. The cat-
alyst activities are expressed by the rate constants for thiophene
HDS (ktn), pyridine hydrogenation (kpy), and piperidine hy-
drogenolysis (kcs). The rate constants correspond to the follow-
ing equations [25] and were calculated by nonlinear regression
from dependences of the conversions on W/ F":

for thiophene HDS: xty = xca = 1 — exp[—ktuW/ FrHl,
for pyridine HDN:  xpy = 1 — exp[—kpy W/ Fpy],
kpy
xp1 = ————— (exp[—kpy W/ Fpy] — exp[—kcs W/ Fpy]).
kcs — kpy

and
kcs
xcs=1-— exp[—kpy W/ Fpy]
kcs — kpy
kpy
+ ————exp[—kcs W/ Fpyl,
kcs — kpy

where x is conversion, TH is thiophene, C4 are C4 hydrocar-
bons, PY is pyridine, PI is piperidine, and C5 are Cs hydrocar-
bons.

For comparison purposes, the catalytic activity of a commer-
cial NiMo/alumina (Shell 324, 2.8 wt% Ni, 11.8 wt% Mo) was
evaluated under the same experimental conditions (but instead
of reduction, in situ sulfidation at 673 K for 2 h at atmospheric
pressure in a mixture of 10% HS in Hy was applied), as re-
ported recently [24].

2.11. Parallel dibenzothiophene HDS and ortho-methyl
aniline HDN catalytic activities

For the simultaneous dibenzothiophene (DBT) HDS and o-
methyl aniline (OMA) HDN hydrotreating reactions, a 100-mg
catalyst sample, sieved to a particle size of 125-250 um, was
diluted with 6 g of SiC to achieve isothermal plug—flow con-
ditions in continuous mode in a fixed-bed reactor. To remove
the oxygen from the surface, the catalyst was activated in situ
in Hy (at a flow rate of 100 cm?/min at atmospheric pres-
sure) at 673 K for 2 h (heating rate, 6 K/min). The reference
CoMo/Al,O3 catalyst (Shell C444, 9.8 wt% Mo and 3.4 wt%
Co) was activated in a 10 vol% H>S-containing H; stream at a
flow rate of 60 cm? /min under the same conditions. After acti-
vation, the pressure was increased to 3.0 MPa and the tempera-
ture was decreased to 613 K for the hydrotreating reactions. The
liquid reactant was fed into the hydrogen stream in the reactor
at a rate of 500 cm?®/min with a speed of 0.1 cm®/min using a
high-pressure pump. The composition of the feed was 70 kPa n-
decane, 1 kPa (400 ppm) n-heptane, 2.5 kPa (800 ppm) OMA,
and 0.6 kPa (200 ppm) DBT. The reaction products were ana-
lyzed online with a HP 5890 gas chromatograph equipped with
a CP Sil5-CB capillary column; n-decane and n-heptane were
used as internal standards for the HDS and HDN reactions, re-
spectively. The experiments were carried out for 12—-15 h, with
gas-phase samples taken every 45 min. Only biphenyl (BP) and
cyclohexylbenzene (CHB) for DBT HDS and toluene (T) and
methylcyclohexane (MCH) for OMA HDN were found as re-
action products.

3. Results
3.1. Composition of reduced and sulfided catalysts

As generally found in previous studies [10,13,14], the final
P/Ni ratios of the activated catalysts were lower than the ratios
used in the precursor solutions (P/Ni = 2 [high excess, denoted
by subscript H] or 0.8 [excess, denoted by subscript E] or 0.5
[stoichiometric, denoted by subscript S]; Table 1). In this way,
NipP (P/Ni = 0.5) and Ni»Ps (P/Ni = 0.42) were obtained,
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Fig. 1. TPR traces of SBAg (a), SBAE (b), and SBAy (c) catalysts. Intensity
is given in arbitrary unit (a.u.). Temperature range from 373 to 940 K, heating
rate 1 K/min in a 5% H;/Ar gas stream (flow rate 30 cm? /min).

even though the SBAg catalyst demonstrated a significant phos-
phorus excess (0.88). In contrast, elemental analysis of SBAg
(0.42) showed the presence of NijpPs when the phosphorus
content of SBAg (0.45) catalyst was intermediate between com-
positions corresponding to NijoPs and NipP. The active phase
composition also was determined after the combined thiophene
HDS and pyridine HDN catalytic reaction; the compositional
changes remained below 10% in these cases. The sulfur content
of the SBAg catalyst was determined after a sulfidation treat-
ment at 673 K for 2 h and was found to be 0.8 wt% S.

3.2. TPR

The TPR profile comprises two main features, one at low
temperature and one at higher temperature (Fig. 1). The first
peak at around 600 K corresponds to the reduction of nickel
oxides to metallic nickel [26]. The second peak is assigned to
the formation of nickel phosphides [26] and/or the reduction of
excess phosphate. The low-temperature peak shifted to higher
temperature when going from SBAg to SBAE. This peak was
not observed for SBAp, presumably due to the effect of ex-
cess phosphate. The maximum of the second peak occurred at
823 K for SBAg, but shifted to 933 K for SBAy. The TPR pro-
file for SBAE indicates that the maximum of the second peak
occurred beyond our experimental temperature limit (940 K).
The 823 K peak appeared as a weak shoulder for the SBAE and
SBAg samples.

3.3. XRD

The XRD patterns recorded at low angles (below 26 = 3°)
demonstrate that all SBA-15-supported catalysts retained their
original ordered structures almost completely (Fig. 2). Some
deterioration of the structure could be seen, but the presence of
higher index reflections indicated that the mesoporous structure
was still intact.

The in situ XRD patterns recorded at high angles showed
the presence of two phosphide phases, NioP and/or Ni,Ps,
in the catalyst samples (Fig. 3, Table 1). Besides the final
(873 K) curves, only those patterns are shown, which changed

T

05 10 15 20 25 30
20 (degrees)

Fig. 2. XRD patterns of SBAg (a), SBAE (b), and SBAy (c) catalysts and SBA-
15 support (d) at low angle (20 < 3°). Intensity is given in arbitrary unit (a.u.).
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Fig. 3. In siru XRD patterns of the catalysts at high angle (20 > 30°) dur-
ing temperature-programmed reduction (3 K/min to 723 K, then 1 K/min to
773, 823, and 873 K, each temperatures kept for 1 h) in 30 cm? /min hydrogen
stream. Intensity is given in arbitrary unit (a.u.). Patterns of SBAg at 873 (a),
773 (b), and 723 K (c), those of SBAE at 873 (d), 823 (e), and 773 K (f), those
of SBAy at 873 (g), 823 (h), and 773 K (i). The four most intense lines of Niy P
and NijoP5 phases are designated by * and + symbols, respectively.

during the heating period compared with the previous pattern
(except for SBAg at 773 K; Fig. 3i). Crystalline phosphate
phases were not identified. The characteristic peaks of metal-
lic nickel at 44.4 and 51.8° [27] were observed only in the
pattern of SBAg at 723 K (Fig. 3c). At 773 K, only Ni>P5 ap-
peared in the patterns of SBAg (Fig. 3f) and SBAg (Fig. 3b).
A further increase to 823 K resulted in the presence of NiyP
in the patterns of SBAg (Fig. 3e) and SBAy (Fig. 3h). For
the SBAg, SBAE, and SBAy samples, the pattern no longer
changed after reduction at 773, 823, and 823 K, respectively.
This indicates that the final nickel phosphide state was re-
duced for all samples well below 873 K. When a higher ex-
cess of phosphorus was used, only the NioP phase was de-
tected (SBAp). The dominant phase in the stoichiometrically
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Fig. 4. Nitrogen adsorption—desorption isotherms of the SBA-15 support (a)
and SBAg (b), SBAE (c), and SBAY (d) catalysts at 77 K. The isotherms for
SBA-15, SBAg, and SBAE are offset vertically by 350, 250, and 100 cmB/g,
respectively.

prepared sample (SBAg) was NijpP5. The XRD pattern of the
SBAE catalyst showed some broad peaks of both phosphide
phases (Fig. 3), which contrasts with the stoichiometric P/Ni
ratio of NijpPs (Table 1). The crystallite sizes of passivated
catalysts calculated by Scherrer’s equation were quite uniform
(17-41 nm). The particle size of the passivated SBAg cata-
lyst could not be determined; however, a much smaller size
(8 nm) was calculated from the pattern of the in sifu reduced
sample. The crystallite size calculated from Scherrer’s equation
is a mean value and does not represent the full size distribu-
tion.

3.4. Nj porosimetry

The BET surface area and total pore volume of the parent
SBA-15 support were 701 m?/g and 0.90 cm? /g, respectively.
Table 1 indicates a very significant decrease in the specific sur-
face areas and pore volumes of all catalysts on metal phosphide
formation. The sorption isotherm of SBA-15 (Fig. 4a) exhibited
a narrow hysteresis loop in the P/ Py region of 0.53-0.72, due
to capillary condensation in the cylindrical mesopores. Com-
pared with the support, the nitrogen adsorption isotherms of
the nickel phosphide catalysts (Fig. 4, b—d) showed a signifi-
cant decrease in pore volume. The hysteresis loop was broader
to 0.42 P/ Py in the desorption branch. The average diameter
of mesopores was around 7 nm (Fig. 5). It is also noteworthy
that the pore size distribution of the nickel phosphide catalysts
became less homogeneous with increasing phosphorus loading
(Fig. 5). This indicates that some particles were situated inside
the mesoporous structure, partially blocking the cross-section
of the initial cylindrical pores. This pore-blocking effect was
most conspicuous in the SBAy sample (Fig. 5d).
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Fig. 5. Pore size distributions of the SBA-15 support (a), and SBAg (b),
SBAE (c), and SBAy (d) catalysts calculated from the sorption isotherms. The
distributions for SBA-15, SBAg, and SBAE are offset vertically by 2, 4, and
6 cm? /g, respectively.
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Fig. 6. Nickel phosphide region (2600-1100 ppm) in the 31p NMR spectra of
SBAg (a), SBAE (b), and SBAy (c) catalysts. Intensity is given in arbitrary unit
(a.u.). The isotropic signals are indicated by arrows.

3.5. 3P NMR

31p NMR was used to confirm the presence of crystalline
phases identified by XRD. Unlike XRD, this method is not
restricted to the identification of larger crystallites. Generally,
NiyP supported on silica exhibited two sideband patterns with
isotropic chemical shifts at 4081 and 1487 ppm [10]. Center-
bands for Nij2P5 on SiO, were located at 2259 and 1941 ppm,
respectively [10]. In the present case, the isotropic phosphide
signals were observed at 4071 and 1484 ppm for SBAy and at
2259 and 1962 ppm for SBAg (Fig. 6). Accordingly, the NiyP
region (1100-1700 ppm) in 3'P NMR spectra contained fea-
tures of the catalysts prepared by P excess only. The resonances
in the NijpPs5 region (1800-2600 ppm) were quite weak for
SBAg and even weaker for SBAg. At the same time, Ni3P could
not be identified in any of the studied catalysts. At least four
different phosphate signals with intense signal structures due
to paramagnetic phosphate species [28] were present in the 3'P
NMR spectra of SBAg and SBAE at chemical shifts of between
+4 and —40 ppm (Fig. 7). The signals at around +4, —6, and
—18 ppm can be assigned to H,,POf_")_, P,0%", and (PO )
species, respectively [29,30]. The peak at around —35 ppm can
be assigned to silicon phosphates in a paramagnetic (Ni) sur-
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Fig. 7. Phosphate region (200 to —200 ppm) in the 31p NMR spectra of SBAg
(a), SBAE (b), and SBAY (c) catalysts. Intensity is given in arbitrary unit (a.u.).

rounding [31]. The presence of a range of phosphate species
was likely related to the passivation procedure, which resulted
in the reoxidation of some nickel phosphide particles. More-
over, some unreduced phosphate species [11] were present due
to the excess phosphorus in the SBAy and SBAE samples. The
NMR spectrum of the catalyst prepared with the stoichiomet-
ric phosphorus content (SBAg) provides a minor indication of
the presence of a very weak phosphate signal around —25 ppm
(Fig. 7a).

3.6. TEM

Distinct differences in the morphologies and particle sizes
of the samples can be seen in the TEM images (Fig. 8). The
TEM image of SBAy (Fig. 8a) shows larger nickel phosphide
particles than that of SBAg (Fig. 8b). The particle size distrib-
ution of SBAg (Fig. 8b) appears to be more homogeneous than
that of SBAp (Fig. 8a). The typical pattern of the hexagonal
SBA-15 structure with a diameter of straight 8-nm [32] pores
can be clearly seen in the micrograph of the SBAg catalyst
(Fig. 8b) in agreement with the 7 nm average pore size diam-
eters (Fig. 5). In contrast, the pore structure of SBAy sample
(Fig. 8a) cannot be clearly distinguished, presumably due to the
presence of phosphate (Table 1, Fig. 7). In contrast to the typ-
ical stacked morphologies of Mo and W sulfides, phosphides
are not layered and form spherical particles that can be well
dispersed on supports [20]. Particles form aggregates on both
supports; particle size ranged from approximately 3 to 25 nm,
similar to the 5-30 nm NiyP particles observed on silica sup-
ports [13,33]. Larger agglomerates of nickel phosphides were
present on the external surfaces of the support grains (Fig. 8a),
and some particles were well distributed in the support meso-
pores (Fig. 8b). The large (25 nm) particles derived from TEM
(Fig. 8) and those calculated from XRD (17-41 nm) are in rea-
sonable agreement.

3.7. CO chemisorption

Phosphide sites can be titrated by CO chemisorption at room
temperature [1]. Irreversible CO uptake measurements were
used to titrate the surface metal atoms and to provide an es-
timate of the active sites on the catalysts [14]. The measured

(b)

Fig. 8. Transmission electron micrographs of SBAy (a) and SBAg (b) samples.

CO adsorption capacities (.5) are presented in Table 1. The ac-
tive site density of the SBAg catalyst (144 umol/gc,) was three
times higher than the highest value (49 pmol/g.y) reported for
NiyP/SiO; catalysts in the literature [14].

The considerable lower CO uptakes of SBAg and SBAy
catalysts indicate that their surface is blocked by phosphates,
which prevents adsorption [14] and therefore it is suggested
that reliable crystallite sizes cannot be calculated from CO
chemisorption [33]. The possibility of blocking by phosphate
species for the excess phosphorus samples is in accordance with
the NMR and TEM results. Phosphate species can be identified
in the NMR spectra of these samples (Fig. 7); moreover, the
pore structure cannot be clearly distinguished in the TEM im-
age of the SBAp catalyst (Fig. 8a).

3.8. X-ray photoelectron spectroscopy

XP spectra in the Ni(2p) and P(2p) regions for the reduced
and sulfided SBA-15-supported catalysts are shown in Fig. 9.
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Fig. 9. X-ray photoelectron spectra in the Ni 2p and P 2p regions for reduced and sulfided (SUL) SBA-15-supported catalysts: SBAg (a), SBAg SUL (b), SBAE (c),
SBAE SUL (d), SBAy (e), and SBAy SUL (f). Intensity is given in arbitrary unit (a.u.).

Table 2
XPS binding energies (BE, eV) and relative concentrations (X = Ni + P + S) for the reduced and sulfided (SUL) SBA-15-supported catalysts
Sample Ni 2p3,2 Ni Ni 2p; 2 Ni P2p P2p Ni®t/ > Ni Ni/X P/X Ni/P @
satellite satellite Pi=/3"P SIX
852.6 869.5 0.034 0.151
SBAQ 0.670 0.330 2.031
856.7 861.9 874.5 880.1 133.8 134.6 0
852.9 869.7 0.058 0.085
SBAE 0.445 0.555 0.800
856.6 861.6 874.5 879.8 133.9 134.8 0
852.7 869.6 0.053 0.180
SBAg 0.804 0.196 4.11
856.6 862.1 874.5 880.3 133.7 134.5 0
SBAQy 852.4 856.2 869.3 873.4 128.1 129.0 0.381 0.234
0.410 0.590 0.696
SUL 856.7 862.0 874.5 880.2 134.3 135.2 0.019
SBAE 853.1 856.9 870.0 874.1 128.8 129.7 0.597 0.182
0.403 0.509 0.793
SUL 856.5 861.8 874.4 880.0 134.6 135.4 0.068 0.088
SBAg 852.4 856.2 869.3 873.4 128.8 129.7 0.850 0.132
0.687 0.252 2.73
SUL 856.7 861.8 874.6 880.0 134.3 135.2 0.170 0.061

The binding energies and relative surface atomic ratios calcu-
lated from the band intensities are presented in Table 2. All
spectra were decomposed taking into account the spin-orbital
splitting of Ni 2p3,2 and Ni 2py; lines (17 eV) and the presence
of satellite peaks at about 5 eV higher than the binding energy
of the parent signal [34]. The bands at 856.5-856.7 eV and
at 133.7-135.4 eV are assigned to Ni** and P>t (phosphate)
species, respectively (BEs in bottom lines in Table 2). Some
spectra signals at 852.4-853.1 eV and at 128.1-129.7 eV were
observed, which are assigned to Ni®+ and P?~ species, respec-
tively (BEs in top lines in Table 2). These binding energies are
in good agreement with the Ni 2p3,» and P 2p values reported
in unsupported NipP and Niz(POg4), (857.1 and 133.9 eV, re-
spectively [6]) as well as in SiO,-supported Nij2Ps5 (856.8 eV
for Ni**, 853.0 eV for Ni®*, and 133.8 eV for P* [15]) and

NisP (857.2 eV for Ni2t, 853.5 eV for Ni*t, 134.3 eV for P>+,
and 129.5 eV for P2~ [13]) catalysts.

Only around 5% of the observed surface nickel atoms were
in the reduced Ni®* state in the reduced catalysts, but their con-
tribution increased to 38% in SBAy, 60% in SBAE, and 85%
in SBAg in the sulfided (SUL) samples. In parallel, the concen-
tration of reduced P?~ species also increased from zero in the
reduced samples to 2% in SBAy SUL, 7% in SBAg SUL, and
17% in SBAg SUL, indicating that at least part of Ni®* and all
of the P%~ species are constituents of the same phase.

The surface Ni and P concentrations for the reduced SBAgx
catalyst corresponded to the bulk composition of NiyP, in agree-
ment with the XRD result. This finding did not hold for the
other catalysts, possibly due to the significant changes in sur-
face active-phase dispersion (X/Si ratios varying from 8.5 to
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Table 3

Results for parallel thiophene HDS and pyridine HDN over mesoporous silica-supported nickel phosphides and an alumina-supported NiMo sulfide reference
catalyst. First-order rate constants for thiophene (TH) HDS (kTq), pyridine (PY) hydrogenation (kpy), and piperidine hydrogenolysis (kcs) are given (I' = 593 K,

P =20 bar)
Catalyst Thiophene HDS Pyridine HDN
kry (mol/(kgeath))  kp (mol/(molh))  kpy (mol/(kgearh))  kpy (mol/(molh))* ks (mol/(kgearh))  kcs (mol/(mol b))

SBAy 15 130 (319) 1.7 148 (35Y) 6.9 599 (142b)
SBAE 1.6 97 2.0 121 7.6 460
SBAg 2.8 19 32 22 29.9 207
NiMo/Al, 03¢ 8.1 - 2.5 - 6.1 -

4 Calculated from the value obtained from CO chemisorption (ncq).

b Calculated from the dispersion (ngtes)-

¢ NiMo/Al, O3 reference catalyst, data taken from Ref. [24].

0.9

23.4%). The undetectable (SBAg SUL) and very small sur-
face S concentrations of SBAg SUL (9%) and SBAs SUL (6%)
catalysts (Table 2) were in good agreement with our previous
results [6]; accordingly, the surface S content of sulfided unsup-
ported Nip P and Ni3(PO4), was 3 and 9%, respectively. The low
bulk sulfur content of SBAg SUL catalyst (0.8 wt%) also sup-
ports the low surface sulfidability of SBA-15-supported nickel
phosphide catalysts.

The surface active-phase composition of sulfided SBAg cat-
alyst was Nip 7P1.0S0.24, which fits very well with the particle
composition of Nip 4P10Sg.24 for a sulfided Nij;P5/SiO; cata-
lyst [15]. But the surface active phase composition of sulfided
SBAE catalyst was NiggP1.0S0.17, which does not fit with the
compositions of sulfided Nij2Ps/SiO, or sulfided NipP/SiO»
(Niz0P1.0S0.017) catalysts [15].

3.9. Parallel thiophene HDS and pyridine HDN catalytic
activities

Table 3 summarizes the catalytic activities as pseudo-first-
order reaction rate constants for the nickel phosphide cata-
lysts and a reference NiMo/Al,O3 catalyst. The activities were
nearly constant during the reaction, and no deactivation was ob-
served during the first 200 min. The metal phosphide catalysts
had a lower thiophene HDS reaction rate constant (kty) than the
reference catalyst. The SBA-15-supported catalysts had simi-
lar pyridine hydrogenation (kpy) and generally higher piperi-
dine hydrogenolysis (kcs) activities than the reference NiMo
catalyst expressed per unit catalyst mass. The reaction rate con-
stants are also expressed per mol metal site (Table 3).

3.10. Parallel DBT HDS and OMA HDN catalytic activities
and selectivities

The nickel phosphide catalysts displayed catalytic activity in
the HDS of DBT (Fig. 10) and the HDN of OMA (Fig. 11).
The HDS activities of SBAy and SBAg catalysts increased
with reaction time, whereas the initial activity of SBAg was
higher and increased less with time on stream. The HDN ac-
tivity of SBAE showed a significant activity increase (from 6%
to >10%) compared with that of the other samples. The SBAg
catalyst displayed the highest HDS and HDN activities on a
per-unit catalyst mass basis, but at the end of the reaction, the

HDS conversion
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Fig. 10. HDS conversion of dibenzothiophene (DBT) as a function of time on
stream over SBAg (@), SBAE (V), SBAy (A), and a reference CoMo/Al, O3
(W) catalyst during simultaneous HDS of DBT and HDN of OMA at 613 K and
30 bar.
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Fig. 11. HDN conversion of o-methylaniline (OMA) as a function of time on
stream over SBAg (@), SBAE (V), SBAy (A), and a reference CoMo/Al,O3
(M) catalyst during simultaneous HDS of DBT and HDN of OMA at 613 K and
30 bar.

activity of SBAp reached approximately similar HDS and HDN
levels as SBAg (Figs. 10 and 11).

The initial pseudo-first-order reaction rate constants for DBT
HDS and OMA HDN are given in Table 4. These values most
closely reflect the activities of the nickel phosphide phases.
Clearly, the catalytic activity on a per unit catalyst mass ba-
sis increased with decreasing phosphorus excess; therefore, this
activity was the highest for the SBAg catalyst prepared with
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Table 4

Results for parallel dibenzothiophene (DBT) HDS and o-methyl aniline (OMA)
HDN over mesoporous silica-supported nickel phosphides and an alumina-
supported CoMo sulfide reference catalyst. Initial pseudo first-order rate con-
stants for DBT HDS (kppT) and OMA HDN (koma) are given (T = 613 K,
P =30 bar)

Catalyst DBT HDS OMA HDN
kppT (mol/  kppT (Mol/  koma (mol/  koma (mol/
(kgeath)?  (molh)) (kgcarh))d  (molh))

SBAyh 0.7 63° (159) 0.7 57¢ (14h)

SBAE 0.3 190 0.7 40°

SBAg 1.6 11b 1.1 7.3¢

CoMo/ALO; 4.4 - 0.7 -

2 kppt (mol/(kg., h)) = X OppT, where X is the initial conversion, Q is
the molar rate of the reactant.

b kppT (mol/(molh)) = X OppT/nco, Where ncg is the CO uptake (from
Table 1).

¢ kppT (mol/(molh)) = X QpBT/ Msites» Where ngjtes is the estimated surface
site concentration (from Table 1).

4 koma (mol/(kgey ) = X Qoma-

¢ koma (mol/(molh)) = X Qoma/nCO-

f koma (mol/(molh)) = X Qoma /sites-

1.00- =

0.98 4

0.96 -

0.94 4

0.92 -

Biphenyl (HDS) selectivities
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Fig. 12. Biphenyl product selectivities of DBT HDS over SBAg (@), SBAE
(V¥), SBAY (A), and areference CoMo/Al, O3 (M) catalyst during simultaneous
HDS of DBT and HDN of OMA at 613 K and 30 bar.

initial stoichiometric P content. The HDS activities were com-
parable to that of the reference CoMo/Al,O3 catalyst, whereas
the HDN activities of the metal phosphide catalysts were gen-
erally higher.

The selectivities to biphenyl and cyclohexylbenzene of all
catalysts were quite similar at around 95% BP and 5% CHB
(Fig. 12). In contrast, the OMA HDN selectivities (Fig. 13) var-
ied among the catalysts. Toluene and MCH selectivities for the
SBAg catalyst were almost identical (55-60% and 40-45%, re-
spectively) and did not change with reaction time. The toluene
selectivities for SBAg and SBAp decreased significantly dur-
ing the reaction and reached the same low level (<60%) at the
end of the reaction as that for SBAg (Fig. 13).

The OMA HDN conversion of the SBAg catalyst was close
to 10%, and those of SBAy and SBAg catalysts reached or
exceeded this value at the end of the reaction (Fig. 11). The
toluene (HDN) selectivity of the SBAg catalyst was close to
60% and did not change during the reaction. The T selectiv-
ities of SBAg and SBAE samples were close to this value at
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Fig. 13. Toluene product selectivities of OMA HDN over SBAg (®), SBAE
(¥), SBAY (A), and a reference CoMo/Al, O3 (M) catalyst during simultaneous
HDS of DBT and HDN of OMA at 613 K and 30 bar.

long reaction times (Fig. 13). Based on these findings, it may
be concluded that the surface state of SBA-15-supported cata-
lysts was similar at long time on stream and differed from the
active sites in the CoMo reference catalyst.

In summary, SBAg was shown to be already an active HDN
catalyst after activation. The HDS activities of SBAg and SBAyg
increased with time on stream. The HDS and HDN activities
of SBAp both increased significantly during the reaction, and
the HDN selectivity became close to that observed for SBAg at
longer time on stream.

4. Discussion
4.1. Active-phase composition

It is generally accepted that NipP is the active phase in
silica-supported nickel phosphide catalysts [1,5-7]. Nickel-rich
phosphides exhibit much higher HDS activity than phosphorus-
rich compositions over siliceous MCM-41, and Ni,P/MCM-41
has been reported to be the most active catalyst in the HDS of
dibenzothiophene [19]. In the present study, the catalysts con-
taining predominantly NijpPs showed higher HDS and HDN
activities compared with those catalysts with NiyP as the main
nickel phosphide active phase. An important and striking differ-
ence between the catalysts prepared with a stoichiometric ratio
(Nij>Ps) and those with higher phosphorus amounts in the final
catalyst is the significantly lower surface area and pore volume,
as well as less homogeneous pore size distribution of the re-
sulting catalysts. Indeed, Table 1 clearly shows that the surface
area and pore volume of the SBA-15-based catalysts decreased
significantly with increasing phosphorus loading. The NMR re-
sults indicate the presence of increasing amounts of phosphate
groups. The smaller surface area was not due to the deteriora-
tion of the ordered mesoporous structure, as demonstrated by
the low-angle XRD reflections. Consequently, we argue that
the loss of surface area was due to blocking of mesopores by
phosphate groups. As a result of the smaller surface area of
phosphate-containing catalysts, the Nij;Ps particles in SBAg
were smaller than the NiP particles in SBAg and SBAy. The
broader NMR signals of the Nij;P5 are in accordance with this
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difference. Thus, we tentatively attribute the greater activity of
the NijpPs5 phase in SBAg to its higher dispersion compared
with the NioP phase when the catalysts are prepared with an
excess of phosphorus.

Two time-resolved XRD studies of the oxidic precursors
by reduction in hydrogen revealed the formation of crystalline
phases in NipP/SiO, catalysts [26,35]. Accordingly, NiO was
reduced to metallic Ni at around 500-700 K [26] or near 673 K
[35] in the first step. Either NioP was produced directly in the
second step at 700-850 K [26] or Nij;Ps started to form at
823 K, followed by NiyP at 873 K. The final step was the re-
duction of phosphates at around 973 K [35]. NiyP formation is
difficult in supported catalysts when Nij,P5 forms first, because
the two crystal structures are very different [10]. The formation
of metallic nickel was observed at around 600-723 K in the
separate TPR and in situ XRD studies in the precursor of the
SBAg sample. Nij»P;5 started to form at around 773-823 K in
the precursors of SBAg and SBAEg (Figs. 1 and 3). NiyP for-
mation started at around 823 K in the precursors of SBAy and
SBAE, but did not form from Nij»P5 (Figs. 1 and 3). The for-
mation of Ni;P and the reduction of excess phosphates could
not be separated from the TPR traces. Because the maximum
of the second TPR profile (Fig. 1) was at least 60 K higher in
the precursors of SBAy and SBAE compared with the reduction
temperature during catalyst preparation (873 K), incomplete re-
duction of the nickel phosphates in these passivated catalysts
cannot be ruled out. NijpPs, NijpoP5s + NirP, and NipP active
phases likely were present in the passivated SBAg, SBAE, and
SBAg catalysts, respectively.

Despite the separated NijpPs and NipP active phases in
the passivated samples, the DBT HDS (Fig. 10) and OMA
HDN (Fig. 11) conversions of SBA-15-supported catalysts ap-
proached each other during the reaction, indicating some com-
mon active phase that is neither Nij2Ps nor Ni;P. This common
active phase is most likely a phosphosulfide one. Previously,
we identified the presence of a “special phosphosulfide” com-
pound in freshly prepared NiPSs by XPS [5,6]. However, on
sulfidation, this compound disappeared from the spectra. Sulfi-
dation decreased the surface sulfur content as probed by XPS of
this and other phosphosulfide model compounds [5,6]. Oyama
et al. [12] identified a surface phosphosulfide phase by XRD
and EXAFS on top of a NiyP core and suggested that this was
a possibly active phase of NipP/SiO catalysts. The maximum
sulfur level was suggested to be 5 mol% of the P content. In
contrast to this, by DFT calculations, Nelson et al. [36] stud-
ied the replacement of up to 50% of surface phosphorus of bulk
NioP to sulfur and suggested that surface Ni3PS is the actual
active phase of NiyP for hydrotreating reactions.

The XPS spectra of sulfided catalysts (Fig. 9) clearly show
a much higher proportion of nickel atoms in a Ni®* oxidation
state compared with that of phosphorus atoms in a P2~ state.
The ratio of these species (Ni’*/ 3" Ni and P*~/ Y P) was very
different in the three sulfided catalysts (Table 2). As outlined in
Section 3.8, the surface active phase composition as probed by
XPS of the sulfided SBAg catalyst was Nip 7P1,0S0.24, which
fits reasonably well with the bulk active phase composition,
Niz2P10S0.26, determined by elemental analysis. Such com-

positions correspond to the composition of the Nip 4P1,0S0.24
phase identified for a sulfided Nij,Ps/SiO, catalyst [15]. Be-
cause the HDS and HDN conversions of SBA-15-supported
catalysts resemble to each other in the final state of the hy-
drotreating reactions (Figs. 10 and 11), the presence of such
a phosphosulfide active phase seems to be a reasonable expla-
nation.

4.2. CO chemisorption

The number of active nickel sites as determined by CO
chemisorption [14], nco, are summarized in Table 1. These data
show very large differences in the active site densities. The CO
chemisorption number varied from 12 to 144 umol/gcy. Values
of 13 to 49 pmol/gcac for NipP/SiO, catalysts have been re-
ported in the literature [14,37], which is the highest CO uptake
found for catalysts prepared with an initial stoichiometric Ni/P
ratio. With the present set of catalysts, low CO chemisorption
active site densities were obtained when an excess of phospho-
rus was used. As outlined below, more extensively, the low CO
chemisorption values may be due to blocking of the pores by the
resulting phosphate species. As an alternative to the determina-
tion of active site density via CO chemisorption, we calculated
the number of sites from the average particle size as deter-
mined from the XRD line-broadening of passivated catalysts.
The number of sites, 7jes, 1 given by Segr-n-C, where Segr is the
effective surface area of the nickel phosphide, n is the average
surface metal atom density equaling 1.01 x 105 cm™2, and C is
the fractional weight loading (gnickel phosphide /Ecat)- Seff 18 cal-
culated by Sefr = 6/pd assuming cubic or spherical geometry
of the nickel phosphide particles [14,26], with p representing
the density of nickel phosphides, taken here as p = 7.09 g/cm?.
The corresponding results are also given in Table 1.

Comparison of the active site densities determined by CO
chemisorption and the particle size indicates that, within the
limits of experimental error, the values were similar for the
SBAg catalyst (144 and 131 pmol/g, respectively). In contrast,
the CO chemisorption value for the SBAy catalyst was sub-
stantially lower than that determined from the particle size (12
and 49 pmol/g, respectively). This indicates that for the SBAg
sample, the residual unreduced phosphate species plugged up
to three-quarters of the active sites. Similarly, Wang et al. [26]
reported a much lower CO uptake for a NipP/SiO; catalyst
compared with the expected value. The lesser extent of pore
plugging for the porous SiO; catalyst is likely due to the more
restricted average pore diameter of the mesoporous silica sup-
port used in this study.

4.3. Placement of the active phases

The relatively high CO chemisorption value for the SBAg
sample compared with values reported for silica-supported
nickel phosphides [14,37] indicates that the use of an ordered
mesoporous silica support resulted in improved dispersion of
the nickel phosphide phase. As such, a considerable part of
the nickel phosphide phase should be located inside the meso-
pores. The low-angle XRD patterns provide evidence that the
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ordered mesoporous structure of the catalysts remained intact.
The nitrogen adsorption isotherms and pore size distributions
indicate that some particles were residing inside the structure
and blocked some of the pores. TEM images and pore size dis-
tribution curves reveal a more homogeneous particle size distri-
bution in SBAg than in SBAy. Phosphates were not identified
in the SBAg catalyst, but the BET surface areas of all catalysts
were lower than those of the supports. This indicates that the
nickel phosphide phases were located inside the mesopores.
The specific surface areas of the catalysts containing excess
phosphates were much lower than that of the SBAg catalyst;
this is taken as a strong indication of pore plugging. Moreover,
in these catalysts, the particle size is large, and it can be argued
that the nickel phosphide particles are located mainly outside
the mesopores. In the SBAy catalyst, the phosphate species
were clearly blocking the mesopores and decreasing CO uptake.
SBAE with excess phosphorus also contained a quite widely
dispersed mixture of NioP and Nij,P5 phases, but, similar to
SBAg, the remaining phosphate species were clearly blocking
the mesopores. We did not calculate a number for ngiees, be-
cause the XRD patterns did not allow accurate determination of
the particle size of the NijoPs phase.

In summary, a large part of the NijoPs phase was present
in well-dispersed form inside the mesopores of SBA-15 when a
stoichiometric amount of phosphorus was used in the syntheses.
Increasing the amount of phosphorus to induce the formation
of NipP had a negative effect on the accessibility of the ac-
tive phase, because the remaining unreduced phosphate species
blocked the mesopores.

4.4. Parallel HDS and HDN reactions

The pseudo-first-order reaction rate constants for parallel
thiophene HDS and pyridine HDN reactions and parallel DBT
HDS and OMA HDN reactions are reported in Tables 3 and 4,
respectively. In general, compared with reference CoMo and
NiMo sulfide catalysts supported on alumina, the HDS activ-
ities of the nickel phosphide catalysts were somewhat lower,
whereas the HDN activities were almost the same order of
magnitude or higher (SBAg). Moreover, on the same basis, the
Nij2Ps-containing catalysts exhibited higher activity than the
NioP-based ones. On the other hand, the dispersion measure-
ments indicated substantial differences between these catalysts.
To account for such differences, the first-order reaction rate
constants were recalculated on the basis of the number of acces-
sible sites. Toward this end, the values for the CO uptake were
used following the argument that sites that are not accessible
for CO also will not be accessible for the larger reactants used
in the present work. Because the catalysts prepared with excess
phosphorus exhibited a discrepancy between the active site den-
sity based on CO chemisorption and that based on the particle
size, the first-order reaction rate constants were also expressed
on the basis of particle size active site density (7gjes). These in-
trinsic reaction rate constants based on CO chemisorption indi-
cated that catalysts containing predominantly Ni, P phases were
more active than those containing Nij2Ps phases. For the SBAg
catalyst, which contained a mixture of NiP and Nij2P5 due to

the smaller excess of phosphorus used in its preparation com-
pared with the synthesis of SBAp, the activities in the various
reactions were intermediate between those of SBAg (Nij;Ps)
and SBAy (NiyP). The higher activity of the Ni;P over the
Ni»P5 phase was in accord with recent reports [14,15,38]. For
the parallel DBT HDS and OMA HDN, substantial increases
of the reactivity were observed with time on stream. As shown
earlier by others [1,12-15,36], this activity increase was most
likely due to sulfidation of the surface of the nickel phosphide
phase to a nickel phosphosulfide, which agrees with the afore-
mentioned findings of sulfur incorporation in a spent sample.

The reliability of calculated intrinsic activities can be com-
pared with data published in the literature. A TOF of 0.017 s~ !,
calculated from O chemisorption capacities for thiophene
HDS over NiP/SiO; catalysts [13], is equivalent to kty =
61 mol/(molh), similar to the values for the three catalysts
shown in Table 3. Turnover rates for DBT HDS over Ni,P/
Si0; catalysts were 0.0015 [26] and 0.0030 s~ [37], respec-
tively, similar to the corresponding value of the SBAg catalyst
(0.0031 s~ or 11 mol /(mol h)) but much smaller than those of
excess phosphorus-containing catalysts (Table 4). Accordingly,
the intrinsic hydrotreating activities (or turnover frequencies)
of SBA-15-supported catalysts were similar to or even much
higher than those of NiyP/SiO; catalysts published in the liter-
ature.

4.5. HDS and HDN reaction pathways

The HDS reaction of DBT proceeds through two different
pathways; a hydrogenation (HYD) route and a direct desulfur-
ization (DDS) route. BP and CHB are the main products of the
DDS and HYD routes, respectively [39]. Nitrogen-containing
molecules are strong inhibitors for the HYD pathway; there-
fore, in the presence of these molecules, the amount of biphenyl
is six to nine times higher than the sum of tetrahydrodibenzoth-
iophene and cyclohexylbenzene [40]. This explains why our
BP selectivities were close to 95% over all nickel phosphide
catalysts (Fig. 10). Because HDS is a structure-insensitive re-
action [12], the bipheny] selectivities are quite stable.

HDN has been suggested to be a structure-sensitive reac-
tion [12]; therefore, the toluene (HDN) selectivities vary greatly
over the nickel phosphide catalysts (Fig. 11). The structure sen-
sitivity of HDN arises from structural differences in the active
surface phase [12]. Due to the wide variety of HDN conversions
(Fig. 11) and toluene selectivities (Fig. 13), the active surface
phases are different and changing during the reaction. Because
MCH is the final product of both pathways in the HDN reac-
tion network of OMA [11], we cannot differentiate between the
preferred reaction routes.

Similar to the HDS reaction of DBT, presumably the HYD
route is also suppressed in the HDN reaction of OMA, because,
in contrast to silica-supported metal phosphide catalysts [11],
the toluene selectivity is always >50% (Fig. 13). Therefore, we
agree with [40] that C-N and C-S bond-breaking occur at dif-
ferent active sites, whereas the hydrogenation sites for nitrogen-
and sulfur-containing molecules may be the same. The HYD
route is more suppressed in both (HDS and HDN) reactions on
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the SBA-15 than on the traditional silica-supported nickel phos-
phide catalysts.

5. Conclusion

We prepared three different NijoPs- and NiyP-containing
catalysts supported on ordered SBA-15 mesoporous silica by
reduction starting from impregnated nickel phosphate precur-
sors with initial P/Ni molar ratios of 0.5, 0.8, and 2. This varied
phosphorus content produced a significant effect on both the
structure and activity of the catalysts. Using a stoichiometric
phosphorus amount, we obtained Nij;P5 with a relatively ho-
mogeneous particle size distribution. For this SBAg catalyst,
active site densities, derived from CO chemisorption and from
the nickel phosphide particle size, were in good agreement. On
the other hand, when a high excess of phosphorus was used in
the preparation (SBAy) so as to arrive at NipP active phases,
CO chemisorption was impeded. Further characterization in-
dicated that the lower accessibility of the NipP particles was
caused by pore blocking with phosphate species. A slight ex-
cess of phosphorus (SBAE) also blocked the pores and yielded
a mixture of NipP and Ni»Ps in the SBA-15 catalyst. Thus, in
the absence of excess phosphate species that block the meso-
pores, high dispersion of Nij2Ps was observed in SBA-15. The
presence of phosphate species resulted in lower CO chemisorp-
tion because part of the active phase was not formed (due to
partial reduction or reoxidation after passivation), another part
was not accessible (due to pore-plugging), and only a small part
of nickel was in an accessible NioP form. Whereas the activity
per unit catalyst mass was highest in the Nij2Ps-containing cat-
alyst, the intrinsic activities per unit accessible sites show that
Niy P was more active. The SBA-15-supported Nij;P5 catalysts
indicated similar activity (turnover rate) to Nio P/SiO; whilst the
SBA-15-supported NipP phase outperformed NipP/SiO;. In-
deed, for ordered mesoporous silica-supported Ni, P, the excess
of phosphate species limited metal utilization in hydrotreating
reactions.
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