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The kinetics of the hydrodesulfurization (HDS) of dibenzothiophene (DBT), 4,6-dimethyldibenzothiophene
(4,6-DMDBT), and their hydrogenated intermediates over bulk tungsten phosphide (WP) was studied. WP
possessed high hydrogenation/dehydrogenation activity but was highly sensitive to piperidine inhibition.
4,6-DMDBT reacted faster than DBT, and both DBT and 4,6-DMDBT reacted mainly through the hydrogena-
tion pathway. The methyl groups suppressed the direct desulfurization of 4,6-DMDBT but significantly
promoted the hydrogenation of 4,6-DMDBT and the dehydrogenation of 1,2,3,4-tetrahydro-4,6-dimethyl-
dibenzothiophene (TH-4,6-DMDBT) and 1,2,3,4,4a,9b-hexahydro-4,6-dimethyldibenzothiophene, but
decreased the rate of hydrogenation of TH-4,6-DMDBT. Piperidine inhibited the HDS of 4,6-DMDBT much
more strongly than that of DBT. Substantial dehydrogenation of TH-4,6-DMDBT to 4,6-DMDBT and two of
its isomers occurred. The formation of these 4,6-DMDBT isomers in the dehydrogenation of
TH-4,6-DMDBT and the hydrocracking of 1-methyl-4-(3-methylcyclohexyl)-benzene, as well as the
formation of cyclopentylphenylmethane and (cyclopentylmethyl)cyclohexane, is ascribed to the metallic
character of WP.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

The metal-rich transition-metal phosphides (e.g., WP, MoP,
Co2P, CoP, Ni2P) have attracted increasing attention as a novel class
of hydrodesulfurization (HDS) catalysts, due to their high activity
and stability under HDS conditions [1–3]. They are covalent com-
pounds, in which the electron density is shared between the metal
and phosphorus atoms [4]. The order of overall activity of the
transition-metal phosphides in the simultaneous HDS of diben-
zothiophene (DBT) and hydrodenitrogenation (HDN) of quinoline
is Fe2P < CoP < MoP < WP < Ni2P, based on comparison with an
equal number of sites as determined by CO chemisorption [5–7].
The most active (Ni2P) and the second most active catalyst (WP)
possess different structures. The crystal structure of Ni2P is the
same as that of Fe2P, and the hexagonal unit cell contains one Ni
atom in tetrahedral coordination and another Ni atom in
square-pyramidal coordination [7]. Tungsten phosphide, on the
other hand, adopts the orthorhombic manganese phosphide
(MnP) structure, which is closely related to the hexagonal NiAs
structure, but in which lattice distortions accompany the
formation of chains of phosphorus atoms [8].

For the development and practical application of high-
performance transition-metal phosphide HDS catalysts, an
intensive study of the HDS reaction mechanism and kinetics of
the most refractory sulfur-containing molecules, such as DBT and
its alkylated derivatives (DBTs), over this new family of catalysts
is needed. The HDS reaction networks of these molecules are
complex and can be divided into two parallel pathways: direct
desulfurization (DDS) and hydrogenation (HYD). DDS leads to the
formation of biphenyls, while HYD yields not only the final
desulfurized products cyclohexylbenzenes and bicyclohexyls, but
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also tetrahydro (TH), hexahydro (HH), and dodecahydro (DH)
sulfur-containing intermediates [9]. Therefore, the HDS reactions
not only of the parent sulfur-containing molecules but also of their
hydrogenated intermediates should be investigated. Previously, we
studied the HDS of DBT and its hydrogenated intermediates, 1,2,3,4-
tetrahydro-dibenzothiophene (TH-DBT) and 1,2,3,4,4a,9b-hexahydro-
dibenzothiophene (HH-DBT), over bulk Ni2P and MoP catalysts
[10,11] and the HDS of 4,6-dimethyldibenzothiophene
(4,6-DMDBT), 1,2,3,4-tetrahydro-4,6-dimethyldibenzothiophene
(TH-4,6-DMDBT), and 1,2,3,4,4a,9b-hexahydro-4,6-dimethyldibenzo-
thiophene (HH-4,6-DMDBT) over bulk Ni2P [12]. Over Ni2P, DBT
mainly desulfurized by the DDS pathway, while desulfurization of
4,6-DMDBT occurred predominantly through the HYD pathway,
and 4,6-DMDBT reacted much more slowly than DBT [10,12]. In
addition to these results, which are in line with results obtained
with sulfided Co–Mo and Ni–Mo catalysts [9,13], TH-4,6-DMDBT
readily dehydrogenated to dimethyldibenzothiophene [12], whereas
Table 1
The structures and acronyms of the main compounds involved in the present work.

Name

Dibenzothiophene

1,2,3,4-Tetrahydro-dibenzothiophene

1,2,3,4,4a,9b-Hexahydro-dibenzothiophene

Dodecahydro-dibenzothiophene

Biphenyl

Cyclohexylbenzene (phenylcyclohexane)

Cyclopentylphenylmethane

Bi(cyclohexane)

Cyclopentylcyclohexylmethane

4,6-Dimethyldibenzothiophene

1,2,3,4-Tetrahydro-4,6-dimethyldibenzothiophene

1,2,3,4,4a,9b-Hexahydro-4,6-dimethyldibenzothiophene

Dodecahydro-4,6-dimethyldibenzothiophene

3,30-Dimethylbiphenyl

1-Methyl-3-(3-methylcyclohexyl)-benzene

1-Methyl-4-(3-methylcyclohexyl)-benzene

3,30-Dimethylbi(cyclohexane)

1-Phenyl-1-cyclohexene

3-Phenyl-1-cyclohexene
TH-DBT did not dehydrogenate to DBT under identical reaction con-
ditions [10]. In the present work, we studied the HDS of these
sulfur-containing molecules over bulk WP (tungsten phosphide).
Since actual fuels contain not only sulfur-containing molecules, but
also nitrogen-containing compounds, we studied the HDS in the
presence of piperidine as a model nitrogen-containing compound.
Our aim was to gain a deeper understanding of the HDS performance
of WP, to determine the kinetics, and to investigate the inhibiting
effect of piperidine.

2. Experimental methods

2.1. Preparation of DBT, 4,6-DMDBT, and their hydrogenated
intermediates

DBT was synthesized as described in the literature [14]. TH-DBT
was synthesized according to the method of DiCesare et al. [15],
Structure Acronym

DBT

TH-DBT

HH-DBT

DH-DBT

BP

CHB

CPPM

BCH

CPCM

4,6-DMDBT

TH-4,6-DMDBT

HH-4,6-DMDBT

DH-4,6-DMDBT

DM-BP

DM-CHB

3,40-DM-CHB

DM-BCH

1-PCHE

3-PCHE
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with 2-bromocyclohexanone instead of 2-chlorocyclohexanone in
the first step. A mixture of 4,6-DMDBT and TH-4,6-DMDBT was
prepared by coupling 2-bromo-3-methyl-2-cyclohexen-1-one with
2-methylbenzenethiol and annulating the product with the aid of
polyphosphoric acid [16]. After separation by silica gel column
chromatography, 4,6-DMDBT was obtained as white needle-like
crystals and TH-4,6-DMDBT as a colorless liquid [16]. HH-DBT
[17] and HH-4,6-DMDBT [16] were produced by hydrogenation
of TH-DBT and TH-4,6-DMDBT, respectively, with zinc and trifluo-
roacetic acid at room temperature.
2.2. Preparation of tungsten phosphide catalyst precursor

Tungsten phosphate was prepared by adding an aqueous solu-
tion of 1.5 g (NH4)2HPO4 in 10 mL deionized water dropwise to a
solution of 3.0 g (NH4)6W12O39�xH2O in 15 mL deionized water
under stirring. The resulting clear solution was stirred and evapo-
rated to dryness, then dried at 120 �C for 12 h and calcined at
500 �C for 3 h to obtain the final oxidic precursor, which had a
composition of WO3�0.5P2O5. The P/W and O/W molar ratios were
1.0 and 5.5, respectively.
Fig. 1. TEM images of the bulk WP catalyst.
2.3. HDS activity measurement

The catalytic reactions were carried out in a stainless steel
tubular reactor (i.d. 8.0 mm). The oxidic precursor was pelleted,
crushed, and sieved to 20–30 mesh. Prior to the HDS reaction,
the precursor (0.10 g) was transformed into bulk WP by
temperature-programmed reduction under 1.0 MPa in a
150 mL/min H2 flow by heating from room temperature to 120 �C
at a heating rate of 10 �C/min and keeping this temperature for
1 h, then heating to 400 �C at 5 �C/min, and finally heating at
1 �C/min to 650 �C and holding at 650 �C for 2 h.

After the precursor had been converted to the active WP phase,
the reactor was cooled to the reaction temperature of 340 �C and
the total pressure was increased to 4.0 MPa. The feed consisted
of 1 kPa reactant (DBT, TH-DBT, HH-DBT, 4,6-DMDBT,
TH-4,6-DMDBT, or HH-4,6-DMDBT), 165 kPa decalin (as solvent),
and about 3.8 MPa H2. In some experiments, 0.2 kPa piperidine
(Sinopharm Chemical Reagent Co., Ltd.) was added. Weight time
[18] was defined as s = wcat/nfeed, where wcat denotes the catalyst
weight and nfeed the total molar flow to the reactor
(1 g min/mol = 0.15 g h/L). The weight time was changed by vary-
ing the flow rates of the liquid (ranging from 0.05 to 0.3 mL/min)
and gas, while keeping their ratio constant. The correspondence
between the weight time s and contact time sc is 1 g min/mol =
1.44 � 10�4 s. The contact time is defined as sc = (wcat � nsite)/nfeed

0,
where nfeed

0 is the molar flow rate of the reactant (excluding
solvent), and nsite is the number of sites titrated by CO chemisorp-
tion (lmol/g).

The hydrogenation reactions of 1 kPa biphenyl (BP, Sinopharm
Chemical Reagent Co., Ltd.) and 1 kPa cyclohexylbenzene (phenyl-
cyclohexane, CHB, Acros) in the presence of 0.5 kPa benzothiophene
(BT), as well as the hydrogenation reactions of 1 kPa
3,30-dimethylbiphenyl (DM-BP, Tokyo Chemical Industry
Co., Ltd.) and 1 kPa 1-methyl-4-(3-methylcyclohexyl)-benzene
(3,40-DM-CHB) in the presence of 0.5 kPa DBT, were carried out
over WP under conditions identical to the HDS reactions described
above. 3,40-DM-CHB was synthesized by alkylation of toluene with
3-methylcyclohexanol in concentrated sulfuric acid [19]. All the
reaction products were analyzed off line by an Agilent-6890N gas
chromatograph equipped with a HP-5 column. Mass spectra were
recorded on a GC–MS instrument (Agilent-7890A GC/7000B MS).
The structures and the acronyms of the main compounds involved
in the present study was listed in Table 1.
2.4. Catalyst characterization and density functional theory
calculations

For characterization, a bulk WP sample was prepared under the
same conditions as used in in situ reduction, followed by passiva-
tion with 0.5% (volume) O2 in Ar. The X-ray diffraction (XRD) pat-
tern of the passivated WP catalyst was measured on a Rigaku
D/Max 2400 diffractometer with nickel-filtered CuKa radiation at
40 kV and 100 mA. Nitrogen physisorption was performed on a
Quantachrome Autosorb-1-MP analyzer. The X-ray photoelectron
spectroscopy (XPS) spectra were obtained with a Multilab 2000
X-ray photoelectron spectrometer using a MgKa source. For the
individual energy regions, a pass energy of 20 eV was used. All
binding energies were referenced to the C1s peak at 284.6 eV.
Transmission electron microscopy (TEM) images were taken using
a Tecnai G220 S-Twin microscope. CO adsorption was measured
using pulsed chemisorption [20]. NH3 temperature-programmed
desorption (NH3-TPD) of the bulk WP catalyst and, for comparison,
of fumed silica (specific surface area 282 m2/g) was carried out on a
Chembet-3000 analyzer. Prior to the NH3-TPD experiment, 0.2 g
passivated WP catalyst sample was re-reduced in H2 for 2 h at
500 �C and was then cooled to 30 �C and exposed to NH3 for
30 min. After the reactor was purged in a He flow, the temperature
was raised at a linear rate of 10 �C/min to 500 �C. Before the
NH3-TPD experiment with fumed silica, the silica was first dried
at 120 �C for 2 h.

The thermodynamics of the interconversion between DBT and
TH-DBT and between 4,6-DMDBT and TH-4,6-DMDBT under stan-
dard conditions was calculated using density functional theory
(DFT) at the B3LYP level with a 6-31G⁄ basis set. The calculations
were performed with the Gaussian 03 program [21].
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3. Results

3.1. Characterization

The XRD pattern of the WP catalyst (Fig. S1 in the
Supplementary Material) showed that tungsten phosphide had
formed by the reduction of the oxidic precursor. The CO uptake
of the prepared WP was 2.4 lmol/g. The XPS spectra of the bulk
WP catalyst in the binding energy regions of W4f and P2p are
shown in Fig. S2 (Supplementary Material). The W4f spectrum con-
sists of two split peaks due to spin–orbit interaction (W4f7/2 and
W4f5/2), with a separation of 2.18 eV, an intensity ratio of 0.78,
and a width ratio of 1.0 [22]. For the bulk WP sample, the major
doublet, with a separation (2.1 eV) close to the theoretical one
located at 31.0 eV (W4f7/2) and 33.1 eV (W4f5/2), can be attributed
to Wd+ species (0 < d 6 4) (Fig. S2A), which is related to the tung-
sten species in the WP phase [23]. The doublet associated with
W6+ at 35.5 eV (W4f7/2) and 37.5 eV (W4f5/2) was also detected,
with a very low intensity (Fig. S2A). The oxidation is due to air
exposure of the sample before XPS analysis [23]. The doublet in
the P2p region at 128.9 and 129.8 eV (Fig. S2B) shows that the P
species in the surface of bulk WP can be assigned to P bonded to
W in the form of a phosphide [24]. Because of the covalent nature
of WP [4], the binding energy locations of W and P are near the
elemental values [23]. The surface P/W atomic ratio determined
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Fig. 2. HDS of DBT over bulk WP at 340 �C and 0 kPa piperidine as a function of
weight time. (A) Relative partial pressures of the reactant and products. (B) The
conversion of DBT (Xs,DBT, dashed line) and the product selectivities (solid lines). The
inset in (A) shows the yield–time dependencies of TH-DBT, CPCM, BCH, HH-DBT,
and CPPM in the relative partial pressure range from 0% to 7%. The lines in this
figure and the following figures are simple connecting lines but not model fits.
by XPS was 0.85, indicating that the surface of the prepared WP
catalyst was slightly metal-rich relative to the stoichiometric value
(1.0). This is probably due to the loss of P at elevated temperature
during the reduction [25]. The TEM images (Fig. 1) demonstrate
that the WP particles were heterogeneously distributed with parti-
cle size range up to 60 nm. At higher resolution, the lattice fringes
with an interplanar distance of 0.29 nm, corresponding to the
(011) plane of WP, can be clearly observed, confirming the forma-
tion of the WP phase. The TEM images also indicate that the bulk
WP catalyst is not a porous material. Therefore, the specific surface
area and the pore volume of WP were only 8.8 m2/g and
0.05 cm3/g, respectively. Its micropore volume was almost zero.
The NH3-TPD profiles of bulk WP and fumed silica (the reference)
both showed a faint peak (Fig. S3 in the Supplementary
Material). Because silica has no measureable acidity, the weak peak
with an onset temperature close to 120 �C must be due to the
desorption of physisorbed NH3. Thus, the comparison of the
NH3-TPD profile of bulk WP with that of fumed silica indicates that
bulk WP catalyst has a low acidity.
3.2. Hydrodesulfurization of DBT and 4,6-DMDBT

The products of the reaction of DBT over bulk WP were BP, the
product of the DDS pathway, TH-DBT and HH-DBT, the
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conversion of 4,6-DMDBT (Xs,4,6-DMDBT, dashed line) and the product selectivities
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intermediates of the HYD pathway, and CHB and bi(cyclohexane)
(BCH), the final products of the HYD pathway. Furthermore,
substantial amounts of cyclopentylphenylmethane (CPPM) and
cyclopentylcyclohexylmethane (CPCM) were observed, with yields
comparable to those for HH-DBT and BCH, respectively (Fig. 2A).
The yields of TH-DBT at s = 0.74, 1.1, and 1.5 g min/mol were
5.4%, 5.6%, and 5.4%, respectively (Fig. 2A). Although slowly, the
yield–time curve of TH-DBT did pass through the maximum and
started to decrease at s > 1.1 g min/mol, indicating that TH-DBT
is an intermediate in the HDS of DBT. It is also a primary product,
because its selectivity increased with decreasing weight time and
extrapolated to a nonzero value at s = 0 g min/mol (Fig. 2B). CHB
was the most abundant and BP the second most abundant product.
They had comparable yields and selectivities. The BP selectivity
decreased slowly from 29.1% at s = 0.25 g min/mol to 26.3% at
s = 1.5 g min/mol (Fig. 2B). The result shows that the HDS of DBT
over WP mainly follows the HYD route, and that BP reacts further.

Seven products were observed in the HDS of 4,6-DMDBT
(Fig. 3): DM-BP, the product of the DDS pathway, TH-4,6-DMDBT
and HH-4,6-DMDBT, the intermediates of the HYD pathway,
1-methyl-3-(3-methylcyclohexyl)-benzene (DM-CHB) and 3,30-
dimethylbi(cyclohexane) (DM-BCH), the final products of the HYD
pathway, and small amounts of toluene and methylcyclohexane
(MCH). The ratio of toluene to MCH was one, and the yield of each
compound was less than 0.5% at s = 1.5 g min/mol (Fig. 3A). The
reactivity of 4,6-DMDBT was higher than that of DBT. At
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Fig. 4. HDS of DBT over bulk WP at 340 �C and 0.2 kPa piperidine as a function of
weight time. (A) Relative partial pressures of the reactant and products. (B) The
conversion of DBT (Xs,DBT, dashed line) and the product selectivities (solid lines). The
inset is the amplified (A) in the relative partial pressure range from 0% to 6%.
s = 1.5 g min/mol, the conversion of 4,6-DMDBT was 63.3%
(Fig. 3B), 10% higher than that of DBT (52.4%) (Fig. 2B). DM-CHB
and DM-BCH were the most abundant and the second most
abundant product, respectively. Their total selectivity at
s = 1.5 g min/mol reached 80.4% (Fig. 3B). The yield of DM-BP
was low (less than 3.2%, Fig. 3A). Its selectivity was only 5% and
was almost independent of weight time, demonstrating that the
HYD pathway dominates the HDS of 4,6-DMDBT. The low DDS
reactivity of 4,6-DMDBT is due to the steric hindrance of the
methyl groups at the 4 and 6 positions, which are close to the
sulfur atom and prevent the r-binding of the sulfur atom with
the catalytic site [13]. The selectivities to TH-4,6-DMDBT and
HH-4,6-DMDBT decreased with increasing weight time and were
low at high weight time, indicating that these intermediates
reacted quickly to the desulfurized products.

Piperidine strongly inhibited the reaction of DBT. At
s = 1.5 g min/mol, the conversion of DBT decreased drastically
from 52.4% in the absence of piperidine (Fig. 2B) to 10.5% in the
presence of 0.2 kPa piperidine (Fig. 4B). BP was the most abundant
product, and its selectivity at s = 1.5 g min/mol increased from
26.3% in the absence of piperidine to 51% in the presence of
piperidine (Fig. 4B). Piperidine decreased the yields of CHB and
BCH significantly. Consequently, TH-DBT became the second most
abundant product (Fig. 4). No CPPM or CPCM was observed after
the addition of piperidine.
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Fig. 5. HDS of TH-DBT over bulk WP at 340 �C and 0 kPa piperidine as a function of
weight time. (A) Relative partial pressures of the reactant and products. (B) The
conversion of TH-DBT (Xs,TH-DBT, dashed line) and the product selectivities (solid
lines). The inset is the amplified (A) in the relative partial pressure range from
0% to 11%.
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Piperidine inhibited the HDS of 4,6-DMDBT more strongly than
the HDS of DBT. The conversion of 4,6-DMDBT was completely
inhibited below s = 1.1 g min/mol, and at s = 1.5 g min/mol (the
highest weight time studied), only 5.2% conversion of 4,6-DMDBT
was obtained, with TH-4,6-DMDBT as the only product. The conver-
sion of piperidine was almost complete at s = 1.5 g min/mol (Fig. S4
in the Supplementary Material). This means that 4,6-DMDBT
cannot start to react until the piperidine concentration is low.
3.3. Hydrodesulfurization of TH-DBT and TH-4,6-DMDBT

TH-DBT reacted much faster than DBT, and its conversion
reached 90% at s = 1.5 g min/mol (Fig. 5B). Besides the hydrogena-
tion of TH-DBT to HH-DBT and the desulfurization of both TH-DBT
and HH-DBT to CHB, BCH, CPPM, and CPCM, TH-DBT also dehydro-
genated to DBT. CHB was the predominant product. While HH-DBT
and DBT are intermediates and primary products of the HDS of
TH-DBT, their yields passed through maxima at s = 0.25 and
0.74 g min/mol, respectively (Fig. 5A), while their selectivities
decreased with weight time and were unequal to zero at
s = 0 g min/mol (Fig. 5B). The yields of BCH, CPCM, and CPPM
(Fig. 5) were higher when TH-DBT was the reactant than when
DBT was the reactant (Fig. 2). A small amount of BP was detected
as a final product (Fig. 5).

TH-4,6-DMDBT reacted faster than TH-DBT. At s = 0.25 g min/mol,
its conversion was already 63.8% (Fig. 6B), about two times
larger than that of TH-DBT (32.5%, Fig. 5B). The major product at
s < 0.74 g min/mol was a mixture of three dimethyldibenzothio-
phene isomers (DMDBTs): 4,6-DMDBT, 2,6-dimethyldibenzo-
thiophene (2,6-DMDBT), and another, unknown isomer with mass
212. According to our previous work [12], this isomer is most likely
3,6-dimethyldibenzothiophene (3,6-DMDBT). At s = 1.5 g min/mol,
4,6-DMDBT was the major isomer and represented 88% of the
DMDBTs (Table S1 in the Supplementary Material). The selectivity
to 3,6-DMDBT was 10%, while that to 2,6-DMDBT was only 2%.
DMDBTs and TH-4,6-DMDBT tended to equilibrium with a
DMDBTs/TH-4,6-DMDBT ratio of 1.9 at s = 1.5 g min/mol. At
s > 0.74 g min/mol, DM-CHB was the most abundant product
(Fig. 6A), and DM-BCH became the second most abundant product,
at s = 1.5 g min/mol (Fig. 6), with a much higher yield than that of
BCH in the HDS of TH-DBT (Fig. 5). HH-4,6-DMDBT showed a low
yield. Both the yield–time and selectivity–time dependencies
indicated that HH-4,6-DMDBT and DMDBTs were the primary
products and intermediates in the HDS of TH-4,6-DMDBT (Fig. 6).
The other minor desulfurization products observed were toluene
and MCH, with a ratio close to 1 (Fig. 6).

The conversion of TH-DBT was only 41% at s = 1.5 g min/mol in
the presence of 0.2 kPa piperidine (Fig. 7B). HH-DBT was the main
product at s < 0.37 g min/mol, while CHB became the most abun-
dant product as weight time increased (Fig. 7). The formation of
BCH and DBT was strongly suppressed by piperidine. No CPPM or
CPCM was detected after the addition of piperidine.
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Piperidine decreased the conversion of TH-4,6-DMDBT more
strongly than that of TH-DBT, from 63.8% in the absence of piper-
idine (Fig. 6B) to 13.4% in the presence of piperidine (Fig. 8B) at
s = 0.25 g min/mol. The decrease (50%) was about twice that
observed in the HDS of TH-DBT (23%) (Figs. 5 and 7). Only four
products (DMDBTs, HH-4,6-DMDBT, DM-CHB, and DM-BCH) were
detected. The low yields and selectivities of DM-CHB and DM-BCH
indicated that the desulfurization reactions were more inhibited
by piperidine than the dehydrogenation/hydrogenation of
TH-4,6-DMDBT. Although the yield of the DMDBTs was signifi-
cantly lower in the presence of piperidine, it was still the most
abundant product (Fig. 8). However, its yield–time and selectiv-
ity–time curves changed substantially (cf. Figs. 6 and 8) because
piperidine slowed down the formation of DMDBTs, so that the
maximum in the yield–time curve was not reached yet at the high-
est weight time. The selectivities of 2,6-DMDBT and 3,6-DMDBT
decreased and thus the selectivity of 4,6-DMDBT increased
(Table S1 in the Supplementary Material). The addition of
piperidine did not change the features of the yield–time and
selectivity–time curves of HH-4,6-DMDBT except for an increase
in its yield and selectivity (cf. Figs. 6 and 8).
3.4. Hydrodesulfurization of HH-DBT and HH-4,6-DMDBT

HH-DBT reacted fast over WP and its conversion reached 92% at
s = 1.5 g min/mol (Fig. 9B). TH-DBT was the main product up to
s = 0.74 g min/mol, and thereafter CHB became the most abundant
one (Fig. 9A). TH-DBT was a primary product, because its selectiv-
ity decreased with weight time and was unequal to zero at
s = 0 g min/mol (Fig. 9B), and its yield passed through a maximum
at s = 0.37 g min/mol, because it reacted further. The dehydrogena-
tion of TH-DBT to DBT occurred, but the very low yield of DBT
(Fig. 9A) demonstrates that the reaction was slow. TH-DBT and
HH-DBT tended to equilibrium with a TH-DBT/HH-DBT ratio of
2.3 at s = 1.5 g min/mol. The distributions of the hydrocarbon
products (CHB, BCH, CPPM, and CPCM) (Fig. 9) were similar to
those observed in the HDS of TH-DBT (Fig. 5).

HH-4,6-DMDBT reacted faster than HH-DBT. At low weight
time, DMDBTs and TH-4,6-DMDBT were the most abundant and
the second most abundant product, respectively (Fig. 10). The vari-
ations of the relative partial pressures and selectivities of DM-CHB,
DM-BCH, toluene, and MCH with weight time (Fig. 10) were almost
identical to those in the reaction of TH-4,6-DMDBT (Fig. 6), sug-
gesting that the dehydrogenation/hydrogenation reactions
between HH-4,6-DMDBT, TH-4,6-DMDBT, and DMDBTs are faster
than their desulfurization. Neither DM-BP nor dodecahydro-4,6-
dimethyldibenzothiophene (DH-4,6-DMDBT, the fully hydrogenated
intermediate) was detected in the HDS of HH-4,6-DMDBT.

Piperidine decreased the conversion of HH-DBT and
HH-4,6-DMDBT to 72.5% (Fig. 11B) and 72.2% (Fig. 12B) at
s = 1.5 g min/mol, respectively. Only TH-DBT, CHB, and BCH were
detected in the reaction of HH-DBT at 0.2 kPa piperidine
(Fig. 11). In the reaction of HH-4,6-DMDBT after the addition of
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piperidine, no toluene or MCH could be observed. The formation of
CHB and BCH in the HDS of HH-DBT (Fig. 11) and that of DM-CHB,
DM-BCH, and DMDBTs in the HDS of HH-4,6-DMDBT (Fig. 12) were
much more inhibited than the dehydrogenation of HH-DBT to
TH-DBT or that of HH-4,6-DMDBT to TH-4,6-DMDBT, respectively.
As a consequence, TH-DBT became the most abundant product in
the HDS of HH-DBT (Fig. 11), while TH-4,6-DMDBT was the
dominant product in the HDS of HH-4,6-DMDBT at 0.2 kPa
piperidine (Fig. 12), and the yields of both main products increased
continuously with weight time (Figs. 11A and 12A). After the addi-
tion of piperidine, the selectivities of 2,6-DMDBT and 3,6-DMDBT
in the reaction of HH-4,6-DMDBT decreased, and, thus, that of
4,6-DMDBT increased (Table S1 in the Supplementary Material).

3.5. Hydrogenation reactions

BP reacted slowly and, at s = 1.5 g min/mol and 0.5 kPa BT, its
conversion was 9.7% with CHB as the only product. CHB reacted
very slowly, and its conversion was less than 1.5%. This means that
the further hydrogenation of CHB over WP was negligible in the
presence of sulfur-containing compounds. DM-BP reacted much
faster than BP and had a conversion of 42.5% at s = 1.5 g min/mol
and 0.5 kPa DBT (Fig. S5 in the Supplementary Material). The major
product was DM-CHB. DM-BCH, toluene, and MCH were detected
at very low yields (each less than 3%), and the toluene/MCH ratio
was close to one. 3,40-DM-CHB was very reactive in the presence
of DBT (Fig. 13). However, it was not hydrogenated to 3,40-DM-BCH
but hydrocracked to toluene, MCH, 1-methylcyclohexene (MCHE),
and a small amount of ethylcyclopentane (ECP). Combined with the
very low hydrogenation reactivity of CHB, this suggests that WP has
very low activity for the hydrogenation of monoaromatic rings. Thus,
BCH and DM-BCH must be the products of the HDS of dodecahy-
drodibenzothiophene (DH-DBT) and DH-4,6-DMDBT, respectively.
This agrees with results obtained over Ni2P and MoP [10–12].

Of the products of the hydrocracking of 3,40-DM-CHB, MCHE
showed a maximum yield at s = 0.74 g min/mol (Fig. 13A) and a
nonzero initial selectivity (Fig. 13B), indicating that it was a
primary product and an intermediate in the reaction of
3,40-DM-CHB. Toluene exhibited a nearly constant selectivity of
about 50%, demonstrating that its further reaction was very slow.
MCH was the product of the hydrogenation of MCHE because the
selectivity of MCHE decreased with weight time while that of
MCH increased. ECP can be formed by the isomerization of MCH
or by the hydrogenation of ethylcyclopentene, the product of the
isomerization of MCHE.

4. Discussion

4.1. Comparison of the hydrodesulfurization performance of Ni2P, MoP,
and WP

The HDS of DBT, 4,6-DMDBT, and their hydrogenated interme-
diates over bulk Ni2P [10,12] as well as that of DBT, TH-DBT, and
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HH-DBT over bulk MoP [11], has been studied under reaction con-
ditions almost identical to those in the present work. This allows a
detailed comparison of the HDS performance of Ni2P, MoP, and WP.
It should be addressed that the bulk Ni2P catalyst was synthesized
with P in excess (Ni/P molar ratio of 1.0) [10]. The hydrogena-
tion/dehydrogenation activity of WP is stronger than that of Ni2P
and MoP, as can be concluded from the following facts. First, DBT
mainly desulfurizes by the DDS pathway over bulk Ni2P [10], while
the HYD pathway and DDS pathway play an equally important role
in the HDS of DBT over MoP [11]. Over WP, the selectivity of BP was
only about 30% (Fig. 2B), indicating that HYD is the dominant
pathway. Second, TH-DBT was dehydrogenated to DBT over WP
(Figs. 5, 7 and 9), but not over Ni2P or MoP [10,11]. Third,
TH-4,6-DMDBT was readily dehydrogenated to DMDBTs over WP.
At low weight time, DMDBTs was the most abundant compound,
and its yield passed through a maximum in the HDS of
TH-4,6-DMDBT (Fig. 6) and HH-4,6-DMDBT (Fig. 10). Over Ni2P,
the yield of DMDBTs increased with weight time and did not reach
its maximum at s = 1.5 g min/mol, demonstrating that the reaction
between TH-4,6-DMDBT and DMDBTs was far from equilibrium
[12]. Fourth, BP and DM-BP were hydrogenated over WP in the
presence of sulfur-containing compounds. This may explain the
gradual decrease in the selectivities of BP and DM-BP with increas-
ing weight time in the HDS of DBT and 4,6-DMDBT, respectively
(Figs. 2 and 3). However, the hydrogenation of BP over Ni2P [10]
and MoP [11] and that of DM-BP over Ni2P [12] were negligible
under the same reaction conditions.
Generally, the thiophenic compounds are assumed to follow
pseudo-first-order kinetics during HDS [26–28], and the reaction
orders of the total reaction as well as of the DDS and HYD path-
ways are one [28]. However, it should be noted that the kinetics
of the HDS of the sulfur-containing compounds is complicated.
The first-order model is primitive and is a simplification under
specified conditions. As pointed by Cho et al. [29], although the
first-order assumption is common, it can miss essential steps in
the reaction pathway by not considering surface species.
Moreover, the first-order assumption did not consider the different
adsorption behaviors of DBT, 4,6-DMDBT, and their hydrogenated
intermediates [30]. Previously, we studied the kinetics of
the HDS of DBT over the supported Co–Mo sulfides [28]. A compar-
ison of the Langmuir–Hinshelwood (L–H) model with the
pseudo-first-order model revealed that the more complicated rate
expression of the L–H model can be simplified to an expression for
a first-order reaction if the concentration of DBT was relatively low
and the surface of the catalyst was almost bare, as in a typical com-
mercial hydrotreating process as well as in our case at high tem-
perature (340 �C). In the present study, all the reaction
conditions were chosen carefully according to our previous work
[28] to avoid the external mass transfer limitation. Moreover, we
studied the influence of the size of the catalyst particles on the
HDS of TH-4,6-DMDBT at s = 1.1 g min/mol and 0 kPa piperidine
(Table S2 in the Supplementary Material). Under the conditions,
the conversion of TH-4,6-DMDBT was as high as 90%. The



S S S S

DBT TH-DBT HH-DBT DH-DBT

BP CHB BCHCPPM CPCM

0.48±0.02
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(0.0067±0.0001)

0.18±0.01
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(0.032±0.002)
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(0.050±0.001)

0.070±0.001*

Scheme 1. Pseudo-first-order rate constants (in mol/(g min)) in the reaction network of the HDS of DBT over WP at 340 �C and 4.0 MPa in the absence or presence
(in parentheses) of 0.2 kPa piperidine. ⁄ In the presence of 0.5 kPa BT.
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4,6-DMDBT TH-4,6-DMDBT HH-4,6-DMDBT DH-4,6-DMDBT

DM-BP DM-CHB DM-BCH

1.0±0.04
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Scheme 2. Pseudo-first-order rate constants (in mol/(g min)) in the reaction network of the HDS of 4,6-DMDBT over WP at 340 �C and 4.0 MPa in the absence or presence of
0.2 kPa piperidine (in parentheses). –: completely inhibited by 0.2 kPa piperidine at s 6 1.1 g min/mol; ⁄: in the presence of 0.5 kPa DBT.

L. Yang et al. / Journal of Catalysis 330 (2015) 330–343 339
conversion of TH-4,6-DMDBT was hardly changed over these WP
catalysts, suggesting that the mass transfer limitation is negligible
when the particle size is less than 16 mesh (1.18 mm). Thus, all our
experimental conversion data for the HDS of DBT, 4,6-DMDBT, and
their hydrogenated intermediates, as well as the hydrogenation of
BP and DM-BP, over WP were fitted with the pseudo-first-order
model (Figs. S6–S8 in the Supplementary Material). The regression
analysis indicate that the HDS of DBT and TH-DBT (Fig. S6 in the
Supplementary Material) and the hydrogenation reactions
(Fig. S8 in the Supplementary Material) can be reasonably fitted
(R2 > 0.95), whereas good fits were obtained only at short weight
time (s < 0.74 g min/mol) for the HDS of HH-DBT (Fig. S6 in the
Supplementary Material) and that of 4,6-DMDBT and its hydro-
genated intermediates (Fig. S7 in the Supplementary Material).
Such deviations at high weight time should be due to the effect
of conversion. Taking TH-4,6-DMDBT (Fig. 6) and HH-DBT (Fig. 9)
as examples, the conversions of the two compounds at
s > 0.74 g min/mol were both higher than 85%, and the equilibrium
between TH-4,6-DMDBT and 4,6-DMDBT and that between
HH-DBT and TH-DBT were almost reached under the conditions.
This means that the corresponding reverse reactions cannot be
neglected at high weight time. Additionally, the inhibitory effect
of H2S may become significant at high conversion. Therefore,
the conversions of HH-DBT and TH-4,6-DMDBT were lower than
the values estimated by the pseudo-first-order model at
s > 0.74 g min/mol (Figs. S6 and S7 in the Supplementary
Material). Evidence is that in the presence of piperidine, when
the conversion of TH-4,6-DMDBT (Fig. 8) and HH-DBT (Fig. 11)
was suppressed, the experimental data of the HDS of HH-DBT
and of TH-4,6-DMDBT can be well fitted to the pseudo-first-order
model (Figs. S6 and S7 in the Supplementary Material). Hence, to
simplify the kinetic calculations and to compare the HDS perfor-
mance of WP with that of Ni2P, MoP, and the metal sulfides
reported in previous publications, we calculated the rate constants
of the HDS of DBT, 4,6-DMDBT, and their hydrogenated inter-
mediates from the experimental data at short weight time
(s < 0.74 g min/mol) by assuming pseudo-first-order kinetics and
by taking the hydrogenation of BP and DM-BP into account.
These rate constants are valuable for a semiquantitative compar-
ison, but it should be mentioned that they are valid only at short
weight times (s < 0.74 g min/mol). The results are shown in
Schemes 1 and 2.

To compare the intrinsic activity of Ni2P, MoP, and WP, the rate
constants of some steps in the networks of the HDS of DBT and
4,6-DMDBT over the catalysts were normalized by dividing the
corresponding rate constants by the CO uptake of each catalyst
[31]. Based on the available data shown in Table 2, the
active-site-based rate constants of the hydrogenation/dehydro-
genation reactions over WP were all higher than those over Ni2P
and MoP, confirming that WP possesses a higher hydrogena-
tion/dehydrogenation activity than Ni2P and MoP. For instance,
the active-site-based rate constant of DBT to TH-DBT over WP
was about 2 and 4 times larger than those over MoP and Ni2P,
respectively. In the HDS of 4,6-DMDBT, the active-site-based rate
constant of 4,6-DMDBT to TH-4,6-DMDBT over WP was one order
of magnitude larger than that over Ni2P. On the other hand, the
active-site-based rate constant of the DDS of DBT decreased in
the order Ni2P > MoP > WP. The intrinsic DDS activity of WP in
the HDS of DBT was close to that of MoP. Nevertheless, as shown
in Table 2, the active-site-based rate constant of the DDS of
4,6-DMDBT over the bulk Ni2P catalyst was one order of magnitude
lower than that over the bulk WP catalyst. Although we cannot



Table 2
The active-site-based rate constants of some reactions (in mol/(lmol min)) in the network of the HDS of DBT and 4,6-DMDBT over Ni2P, MoP, and WP at 340 �C and total pressure
4.0 MPa in the absence or presence of piperidine (partial pressure in kPa).

Ni2P MoP WP

0 kPa 0.25 kPa 0.5 kPa 0 kPa 0.25 kPa 0 kPa 0.2 kPa

Hydrogenation/dehydrogenation reactions
DBT ? TH-DBT 0.056 – 0.012 0.09 0.023 0.20 0.032
TH-DBT ? DBT 0 0 0 0 0 0.075 0.011
TH-DBT ? HH-DBT – – – 0.18 0.10 0.4 0.087
HH-DBT ? TH-DBT – – – 0.8 0.52 1.0 0.35
4,6-DMDBT ? TH-4,6-DMDBT 0.043 0.017 – – – 0.42 0
TH-4,6-DMDBT ? 4,6-DMDBT 0.038 0.021 – – – 1.3 0.087
TH-4,6-DMDBT ? HH-4,6-DMDBT 0.11 0.057 – – – 0.14 0.11
HH-4,6-DMDBT ? TH-4,6-DMDBT 0.49 0.13 – – – 1.9 0.54

DDS of DBT and 4,6-DMDBT
DBT ? BP 0.28 – 0.17 0.13 0.068 0.083 0.013
4,6-DMDBT ? DM-BP 0.0023 0.0013 – – – 0.023 0

Note: –, not available.

340 L. Yang et al. / Journal of Catalysis 330 (2015) 330–343
give a definite explanation for the low DDS activity of the bulk Ni2P
in the HDS of 4,6-DMDBT at present, it should be noted that the
Ni2P catalyst was prepared with phosphorus in excess (Ni/P molar
ratio of 1.0) [10], whereas a stoichiometric W/P ratio (1.0) was
adopted for the synthesis of the bulk WP catalyst. The XPS charac-
terization revealed that the surface W/P ratio (0.85) was close to
the stoichiometric value. According to Oyama et al. [25], the Ni2P
active phase can be blocked by excess phosphorus at high
phosphorus content. Thus, our results seem to suggest that this
blocking effect is particularly pronounced for the HDS of
4,6-DMDBT over the bulk Ni2P catalyst.

4.2. Hydrodesulfurization kinetics and the effect of methyl groups

In the network of the HDS of DBT in the absence of piperidine
(Scheme 1), both the hydrogenation of TH-DBT to HH-DBT and
the reverse dehydrogenation of HH-DBT to TH-DBT were very fast,
the dehydrogenation being fastest. The reaction of HH-DBT to BCH
and CPCM was the slowest step. This must be due to the slow
hydrogenation of HH-DBT to DH-DBT, because the desulfurization
of DH-DBT is very fast [30]. In the absence of piperidine, the hydro-
genation of DBT to TH-DBT (0.48 mol/g min) was 24 times faster
than the hydrogenation of HH-DBT to DH-DBT (0.02 mol/g min),
demonstrating that over WP, hydrogenation of the second phenyl
ring is much more difficult than that of the first phenyl ring. The
same result was obtained over Ni2P [10], MoP [11], and conven-
tional sulfide catalysts [13,17,32], which can be attributed to the
lower resonance energy of a multiring aromatic system than of a
monoaromatic ring. The dehydrogenation of TH-DBT to DBT was
about as fast as the DDS of DBT. The desulfurization rates
decreased in the order HH-DBT (0.85 mol/g min) > TH-DBT
(0.33 mol/g min) > DBT (0.20 mol/g min). This order is the same
as that observed over Ni2P [10], but different from that over metal
sulfides. Over a Ni–MoS2/Al2O3 catalyst at 300 �C and 3 MPa, the
desulfurization rates for DBT, TH-DBT, and HH-DBT were in the
order DBT > TH-DBT > HH-DBT [13], while over a Co–MoS2/Al2O3

catalyst the order was DBT� TH-DBT > HH-DBT [32]. One expla-
nation could be that the desulfurization of HH-DBT over WP fol-
lows a different mechanism than that of DBT and TH-DBT. Over
Ni2P, we found that DBT and TH-DBT underwent desulfurization
mainly through hydrogenolysis, while the desulfurization of
HH-DBT occurred via b-elimination [10]. At present, we cannot
explain why metal sulfides behave differently in the HDS reactions
from the metal phosphides. Nevertheless, it should be noted that
the nature of the metal sulfides is different from that of the metal
phosphides. Metal sulfides such as MoS2 and WS2 are semiconduc-
tors, whereas metal phosphides are metals.
The methyl groups at the 4 and 6 positions significantly
enhanced the hydrogenation rate of 4,6-DMDBT and the dehydro-
genation rates of TH-4,6-DMDBT and HH-4,6-DMDBT, but
decreased the rate of hydrogenation of TH-4,6-DMDBT to
HH-4,6-DMDBT. In the network of the HDS of 4,6-DMDBT at
0 kPa piperidine (Scheme 2), the dehydrogenation of
HH-4,6-DMDBT to TH-4,6-DMDBT was the fastest step, and its rate
constant (4.5 mol/g min) was 1.8 times higher than that of the
dehydrogenation of HH-DBT to TH-DBT (2.5 mol/g min,
Scheme 1). The dehydrogenation of TH-4,6-DMDBT became the
second fastest step. It was about 17 times faster than the dehydro-
genation of TH-DBT to DBT. This explains why the DMDBTs were
the most abundant products at short weight times in the HDS of
TH-4,6-DMDBT and HH-4,6-DMDBT (Figs. 6 and 10). Over bulk
Ni2P, we also observed fast dehydrogenation of TH-4,6-DMDBT to
DMDBTs [12], but no dehydrogenation of TH-DBT to DBT under
the same conditions [10]. Thus, the dehydrogenation of
TH-4,6-DMDBT is much faster than that of TH-DBT.

We therefore calculated the thermodynamics of the hydrogena-
tion of 4,6-DMDBT to TH-4,6-DMDBT and DBT to TH-DBT under
standard conditions by the DFT method at the B3LYP/6-31G⁄ level.
This method has been employed by Chen et al. for the calculation
of the thermodynamics of DBT [33]. The �DfG

0 obtained for the
hydrogenation of DBT was 22.8 kJ/mol, much higher than that for
the hydrogenation of 4,6-DMDBT (7.1 kJ/mol) (Table S3 in the
Supplementary Material). The partial pressure of 4,6-DMDBT is
thus expected to be higher than that of DBT under equilibrium
conditions.

The hydrogenation of HH-4,6-DMDBT and the subsequent
desulfurization of DH-4,6-DMDBT to DM-BCH (0.2 mol/g min)
were one order of magnitude faster than that of HH-DBT to BCH
(0.02 mol/g min), and this was no longer the slowest step in the
network of the HDS of 4,6-DMDBT. Instead, the DDS of
4,6-DMDBT was the slowest due to the steric hindrance caused
by the methyl groups. Its rate constant (0.06 mol/g min) was about
four times smaller than the DDS of DBT (0.2 mol/g min). However,
the rate of the HYD of 4,6-DMDBT (1.0 mol/g min) was two times
faster than the hydrogenation of DBT (0.48 mol/g min, Scheme 1).
Because the HYD pathway is more important than the DDS path-
way in the HDS of DBT and 4,6-DMDBT over bulk WP, the conse-
quence of the increase in the rate of the HYD pathway is that
4,6-DMDBT is more reactive than DBT. As shown in Figs. 2 and 3,
4,6-DMDBT exhibited higher conversion than DBT, and the yields
of DM-CHB and DM-BCH (the products of the HYD pathway of
4,6-DMDBT) were larger than those of CHB and BCH (the products
of the HYD pathway of DBT). For reference, the turnover frequen-
cies (TOFs) of DBT and 4,6-DMDBT at short weight time
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(0.37 g min/mol) over WP, Ni2P, and MoP were all calculated
(Table S4 in the Supplementary Material). Over Ni2P, as generally
accepted, the TOF of 4,6-DMDBT in the absence of piperidine was
much lower than that of DBT. However, 4,6-DMDBT showed a
higher TOF than DBT at 0 kPa piperidine. These results suggest that
WP is particularly promising for deep HDS. Not only the hydro-
genation of the sulfur-containing compounds, but also that of
DM-BP, was accelerated by the methyl groups. The rate of hydro-
genation of DM-BP in the presence of 0.5 kPa DBT (0.36 mol/g min)
was five times as fast as that of BP at 0.5 kPa BT (0.07 mol/g min),
demonstrating that the hydrogenation of DM-BP cannot be
neglected in the HDS of 4,6-DMDBT. Also, over a Ni–MoS2/
c-Al2O3 catalyst, the methyl groups promoted the hydrogenation
of 4,6-DMDBT, TH-4,6-DMDBT, and HH-4,6-DMDBT; this was
suggested to be the result of electron donation by the methyl
groups [13].

While the DDS of TH-DBT (0.33 mol/g min) was 2.6 times
slower than that of HH-DBT (0.85 mol/g min) (Scheme 1), the
DDS of TH-4,6-DMDBT (0.33 mol/g min) was faster than that of
HH-4,6-DMDBT (0.23 mol/g min) (Scheme 2). This is in agreement
with results reported for the HDS of DBT, 4,6-DMDBT, and their
hydrogenated intermediates over metal sulfides [13,32]. At
300 �C and total pressure 3 MPa, the rate constants of the DDS of
TH-4,6-DMDBT and HH-4,6-DMDBT over a Ni–MoS2/c-Al2O3 cata-
lyst were 0.23 kPa mol/g min and 0.21 kPa mol/g min, respectively
[13]. Over a Co–MoS2/c-Al2O3 catalyst under identical conditions,
the obtained rate constants of DDS of TH-DBT and HH-DBT were
0.13 and 0.10 mol/g min, respectively [32]. Sun and Prins sug-
gested that the removal of the sulfur atom from these molecules
over metal sulfides proceeds by a hydrogenolysis reaction through
a late transition state, determined by formation of a carbon–metal
bond, rather than through an early transition state, determined by
breaking of the carbon–sulfur bond [32]. In other words, the hydro-
genation weakens one of the C–S bonds in the DBT molecule, but
aryl–metal bonds are more stable than alkyl–metal bonds [32].
Thus, the fact that the rate constant of the desulfurization of
TH-4,6-DMDBT to DM-CHB is higher than that of HH-4,6-DMDBT
to DM-CHB would suggest that the desulfurization of
TH-4,6-DMDBT and HH-4,6-DMDBT over WP does not proceed
through elimination, but through hydrogenolysis.

Our results thus suggest that the methyl groups in 4,6-DMDBT,
TH-4,6-DMDBT, and HH-4,6-DMDBT have several effects. They not
only provide strong steric hindrance for the direct removal of the
sulfur atom and substantially accelerate the hydrogenation/
dehydrogenation of the compounds, but also affect the modes of
cleavage of the C–S bonds in HH-DBT and HH-4,6-DMDBT. The
steric hindrance and few b-hydrogen atoms could explain why
hydrogenolysis is preferred for the cleavage of the cycloalkyl C–S
bond in HH-4,6-DMDBT over WP. To fully understand the role
the methyl groups, further experimental and theoretical work
and better insight into the nature of the active site(s) of WP are
required.

4.3. The inhibitory effect of piperidine

All steps in the networks of the HDS of DBT and 4,6-DMDBT
were strongly inhibited by piperidine (Schemes 1 and 2). Over
the bulk WP catalyst, the DDS and HYD pathways of DBT were
about equally inhibited by piperidine. The rate constants of these
two pathways were both about six times lower in the presence
than in the absence of piperidine. This is different from the cases
over metal sulfides [34–36] as well as over bulk Ni2P [10] and bulk
MoP catalysts [11]. Over these catalysts, the HYD pathway of DBT
was more strongly inhibited by nitrogen-containing compounds
than the DDS pathway. The reaction of 4,6-DMDBT was much more
strongly inhibited by piperidine than that of DBT. The conversion
of 4,6-DMDBT was completely inhibited by 0.2 kPa piperidine at
s 6 1.1 g min/mol. Only when piperidine was almost completely
converted at s = 1.5 g min/mol (Fig. S4 in the Supplementary
Material) did 4,6-DMDBT start to react. Therefore, we did not cal-
culate the rate constants of its HYD and DDS pathways. The overall
active-site-based rate constant of the HDS of DBT in the absence of
piperidine over WP (0.28 mol/lmol min) was comparable to that
over Ni2P (0.336 mol/lmol min) and higher than that over MoP
(0.22 mol/lmol min) (Table 2). For the HDS of 4,6-DMDBT, the
overall active-site-based rate constant over WP (0.44 mol/lmol min)
was 10 times higher than over Ni2P (0.045 mol/lmol min)
(Table 2), indicating that the intrinsic activity of WP in the HDS
of 4,6-DMDBT is much higher than that of Ni2P. However, the sit-
uation was reversed after the addition of piperidine. For the HDS
of DBT, WP became the least active catalyst (Table 2). Ni2P was
more nitrogen-tolerant than WP and MoP. Even in the presence
of 0.5 kPa piperidine, Ni2P was still the most active catalyst in
catalyzing the HDS of DBT (Table 2). The variations of the TOFs of
DBT and 4,6-DMDBT over Ni2P, MoP, and WP (Table S4 in
the Supplementary Material) agreed with these results. At
s = 0.37 g min/mol, the TOF of 4,6-DMDBT over WP decreased to
zero after the addition of piperidine. Thus, WP is more sensitive
to piperidine than Ni2P and MoP. This may explain why, although
WP is superior to Ni2P in the HDS of 4,6-DMDBT in the absence of
piperidine, its activity in simultaneous HDS and HDN is lower than
that of Ni2P [5,6]. The inhibitory effect of nitrogen-containing com-
pounds on HDS is usually ascribed to their competitive adsorption
with sulfur-containing compounds. If the same holds true for WP,
the adsorption of piperidine onto WP should be much stronger
than that of DBT and 4,6-DMDBT. Since the HDS of 4,6-DMDBT
was more inhibited by piperidine than that of DBT, the adsorption
of 4,6-DMDBT over WP is expected to be weaker than that of DBT.

The degree of inhibition of piperidine on the DDS of 4,6-DMDBT
and its hydrogenated intermediates was in the order 4,6-DMDBT�
TH-4,6-DMDBT > HH-4,6-DMDBT. This must be due to the different
adsorption constants of these molecules. As discussed above, the
DDS of 4,6-DMDBT, TH-4,6-DMDBT, and HH-4,6-DMDBT may
occur mainly through hydrogenolysis over WP. A prerequisite for
the hydrogenolysis of the aromatic sulfides over metal sulfides or
metals is the perpendicular adsorption of these molecules onto
the active site through the sulfur atom (r-adsorption).
Hydrogenation of a phenyl ring increases the electron density on
the sulfur atom, and thus increases the interaction with the active
sites of the catalyst [37]. Thus, the DDS of HH-4,6-DMDBT was less
inhibited by piperidine than the DDS of TH-4,6-DMDBT and
4,6-DMDBT over WP. However, as shown in Scheme 1, the inhibi-
tion of piperidine was much stronger on the DDS of HH-DBT than
on the DDS of DBT or TH-DBT. This might be another indication
that the DDS of HH-DBT occurs through a different mechanism.
According to our previous work [10], the desulfurization of
HH-DBT over WP most likely proceeds by b-elimination. Two types
of active sites are required for b-elimination: a basic site to abstract
the b-hydrogen atom and an acid or vacancy site to bind the sulfur
atom of the reactant [38]. The acid or vacancy sites can be severely
poisoned by piperidine, because it is a strong base.

Piperidine had a different effect on the dehydrogenation of
HH-DBT or HH-4,6-DMDBT and the hydrogenation of TH-DBT or
TH-4,6-DMDBT (Schemes 1 and 2), which was also observed over
Ni2P [12]. The equilibrium between the tetrahydro and hexahydro
intermediates should not be affected by an inhibitor. An explanation
could be that different amounts of the four HH-4,6-DMDBT isomers
(4,4a-trans;4a,9b-cis, 4,4a-trans;4a,9b-trans, 4,4a-cis;4a,9b-cis,
and 4,4a-cis;4a,9b-trans) were present in the reaction products,
which may complicate the thermodynamics [12]. Once we
have prepared large enough amounts of the pure isomers of
HH-4,6-DMDBT and HH-DBT, this question can be studied further.
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4.4. The metallic character of tungsten phosphide and the cleavage of
the cycloalkyl C–S bond

Over Ni2P, minor amounts of two isomers of 4,6-DMDBT
(2,6-DMDBT and 3,6-DMDBT) were detected in the reaction prod-
ucts of TH-4,6-DMDBT and HH-4,6-DMDBT [12]. Because the acid-
ity of Ni2P was too weak to catalyze the skeletal isomerization of
alkenes, it was suggested that the methyl group migration was
due to the metallic character of Ni2P [12]. The reason is that not
only acid sites but also metal surfaces are able to catalyze skeletal
rearrangements of hydrocarbons [39,40]. Also, in the present
study, 2,6-DMDBT and 3,6-DMDBT were detected, with selectivi-
ties (Table S1 in the Supplementary Material) similar to those over
Ni2P [12]. The NH3-TPD results (Fig. S3 in the Supplementary
Material) show that the acidity of WP was weak. To evaluate the
acidity of WP at the working temperature, the isomerization of
1-heptene was carried out at 340 �C and s = 1.5 g min/mol over
WP and quartz sand (as reference). The results (Table S5 in the
Supplementary Material) indicate that the selectivity of the skele-
tal isomerization products was as low as 0.7% at a 1-heptene con-
version of 84.8% over WP. Over quartz sand, the conversion of
1-heptene was 51.3%, and the selectivity of skeletal isomerization
was 0.1%. Thus, the skeletal isomerization of 1-heptene was negli-
gible over WP, demonstrating that WP had very low acidity. This
also means that the cracking of 3,40-DM-CHB observed in its hydro-
genation over WP (Fig. 13) cannot be attributed to the acidity of
WP, because cracking requires stronger acidity than skeletal iso-
merization [41,42]. Therefore, since both the skeletal isomerization
and hydrocracking of hydrocarbons can be catalyzed by a metal
surface [39], we suggest that both the methyl group migration in
the dehydrogenation of TH-4,6-DMDBT and the hydrocracking of
3,40-DM-CHB are due to the metallic nature of WP. The metallic
character of WP has been proved by NMR and DFT calculations.
Oyama et al. [43] attributed the large shift in the 31P NMR spec-
trum of WP to a Knight shift, because of the metallic character of
WP. Joshi et al. [44] reported that the metallic behavior of WP
was due to crossover of the Fermi level by bands originated from
3p states of P and 5d states of W. To verify this assumption, we
studied the hydrogenation of 3,40-DM-CHB over a Pd/SiO2 catalyst
under exactly the same reaction conditions as over the WP catalyst
(Fig. S9 in the Supplementary Material). The hydrogenation of
3,40-DM-CHB to 3,40-DM-BCH and the hydrocracking to toluene,
MCH, and MCHE occurred simultaneously over the Pd/SiO2 cata-
lyst, with similar total product selectivities. No ECP was detected.
The distributions of toluene, MCH, and MCHE over Pd/SiO2 were
similar to those over WP (Fig. 13), and the ratio of the selectivity
of toluene to the total selectivity of MCH and MCHE was close to
1. The hydrocracking of hydrocarbons over transition metals could
be interpreted in terms of metallocarbene chemistry [39]. Gault
[39] attributed the different product distributions in the isomeriza-
tion and hydrocracking of 2- and 3-methylpentanes over Pd, Pt, Ir,
Ni, and Co to their different capacities to form metallocarbenes.
Over WP, only 3,40-DM-CHB underwent hydrocracking, whereas
CHB was very stable. This suggests that methyl groups would
significantly promote the formation of metallocarbene intermedi-
ate between WP and 3,40-DM-CHB or decrease the stability of
3,40-DM-CHB.

The above discussion suggests that the CPPM and CPCM
detected in the HDS of DBT, TH-DBT, and HH-DBT (Figs. 2, 5 and
9) originate from the isomerization of the corresponding hydrocar-
bons over WP due to its metallic character. The low activity of WP
in the hydrogenation of the monoaromatic ring rules out BCH and
CPCM having been formed by the hydrogenation of CHB and CPPM,
respectively, during the HDS of DBT, TH-DBT, and HH-DBT. Also, in
the presence of benzothiophene, CHB showed a very low hydro-
genation reactivity over WP and BCH was the only product. This
suggests that CPPM cannot be the product of the isomerization
of CHB. We therefore investigated the hydrogenation of
1-phenyl-1-cyclohexene (1-PCHE) and 3-phenyl-1-cyclohexene
(3-PCHE) in the absence and presence of 35 kPa H2S at
s = 1.5 g min/mol. These two compounds are the intermediates of
the desulfurization of TH-DBT and HH-DBT to CHB [10,17]. H2S
was added because sulfur plays an important role in HDS over
transition-metal phosphides. A surface metal phosphosulfide gen-
erated during HDS reactions has been established as the real active
phase for working Ni2P and MoP catalysts [1,11,24,45]. As one of
the HDS products and an acid, H2S could influence the active sites
of WP or directly participate in the reactions, which allows the iso-
merization of the hydrocarbons and the formation of CPPM and
CPCM. The results summarized in Table S6 (Supplementary
Material) indicate that 1-PCHE and 3-PCHE were very reactive,
and complete conversion was achieved in the absence and in the
presence of H2S. CHB was the major product, with a yield around
83% at 0 kPa H2S. CPPM and CPCM were indeed detected in
the absence of H2S. However, their yields were lower than in the
HDS of HH-DBT (Fig. 9). No CPCM was observed in the presence
of H2S, because the hydrogenation of CHB to BCH was strongly
inhibited by H2S. This also means that isomerization of BCH into
CPCM does not take place and that H2S does not lead to the forma-
tion of acidic sites. The CHB/CPPM ratio varied from 21.0 (starting
from 1-PCHE) or 22.7 (starting from 3-PCHE) at 0 kPa H2S to 24.7 or
18.5 at 35 kPa H2S, respectively. Assuming that CHB detected in the
HDS of HH-DBT was derived solely from the hydrogenation of
phenylcyclohexene and taking the smallest CHB/CPPM ratio of
18.7, the maximum yield of CPPM in the HDS of HH-DBT at
s = 1.5 g min/mol is estimated to be 2.4% (45.4%/18.7), which is
only half of the experimental value (4.7%). Furthermore, the yield
of CPCM in the hydrogenation of 1-PCHE and 3-PCHE was lower
than that of BCH (Table S6 in the Supplementary Material). This
disagrees with the HDS of DBT, TH-DBT, and HH-DBT, where the
yield of CPCM was comparable to that of BCH (Figs. 2, 5 and 9), sug-
gesting that the isomerization of the corresponding hydrocarbons
over WP is not the only mechanism for the formation of CPCM
and CPPM.

Another possibility for accounting for the formation of CPCM
and CPPM is the heterolytic cleavage of the cycloalkyl C–S bonds
in HH-DBT and DH-DBT. For instance, the heterolytic cleavage of
the cycloalkyl C–S bond of HH-DBT leads to the formation of a
RS� anion and a carbocation (Scheme S1 in the Supplementary
Material). Elimination of the b hydrogen atom attached to C(9b)
or C(4) produces 1-PCHE and 3-PCHE, respectively, and the subse-
quent desulfurization and hydrogenation yield CHB. The creation
of the carbocation will allow a skeletal isomerization of the ring,
and the final product of this pathway could be CPPM (Scheme S1
in the Supplementary Material). When DH-DBT is the reactant,
BCH and CPCM can be formed. This mechanism is based on the
E1 elimination reaction, with sulfur as the leaving group. Surface
defects or vacancies may act as active sites to accommodate sulfur
[38], while the negatively charged surface sites (e.g., P sites) or
even formed S� anions might be the base that eliminates the b
hydrogen. This may explain why no corresponding skeletal isomers
of DM-CHB and DM-BCH were detected in the HDS of 4,6-DMDBT
and its hydrogenated intermediates. As discussed in Sections 4.2
and 4.3, the desulfurization of 4,6-DMDBT, TH-4,6-DMDBT, and
HH-4,6-DMDBT may proceed mainly through hydrogenolysis
rather than elimination. Such a heterolytic process or E1 elimina-
tion is only one of the possibilities for cleaving C–S bonds. The
hydrogenolysis of TH-DBT followed by the hydrogenation of the
derived phenylcyclohexene and the hydrogenolysis of HH-DBT
may also contribute to the formation of CHB. This would explain
why the yield of CHB was much higher than that of CPPM in the
HDS of HH-DBT over bulk WP. Two other questions are why
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CPPM and CPCM were not observed in the HDS of HH-DBT over
Ni2P under the same conditions [10], and why the yields of these
two compounds over MoP were too low to allow a mechanistic
study [11]. Apparently, WP is the most active transition-metal
phosphide for the heterolytic cleavage of the cycloalkyl C–S bond.
Our results suggest that the real active sites of the WP catalyst and
the surface reactions must be complex. A thorough understanding
of these points is needed before we can really answer these
questions.
5. Conclusions

WP possesses a higher hydrogenation/dehydrogenation activity
than Ni2P and MoP. Over WP, the HDS of both DBT and 4,6-DMDBT
occurred predominantly through the HYD pathway, in which the
hydrogenation of BP and DM-BP cannot be neglected. The rate con-
stants of all the steps of the kinetic networks of the HDS of DBT and
4,6-DMDBT were determined. The methyl groups at the 4 and 6
positions suppressed the direct desulfurization of 4,6-DMDBT
by steric hindrance, significantly promoted the hydrogenation of
4,6-DMDBT and the dehydrogenations of TH-4,6-DMDBT and
HH-4,6-DMDBT, but decreased the rate of hydrogenation of
TH-4,6-DMDBT. Consequently, the total HDS reactivity of
4,6-DMDBT over WP was higher than that of DBT. WP was highly
sensitive to piperidine. Piperidine inhibited the HDS of
4,6-DMDBT much more strongly than that of DBT. Substantial
dehydrogenation of TH-4,6-DMDBT to 4,6-DMDBT and two of its
isomers occurred. The formation of these isomers, as well as the
hydrocracking of 3,40-DM-CHB, is not due to the low acidity of
WP but probably to its metallic character. Based on kinetic
analysis, the mechanisms of the cleavage of the C–S bonds in these
polyaromatic sulfur-containing compounds over WP were dis-
cussed. The isomerization of phenylcyclohexene isomers over WP
is not sufficient to account for the formation of CPPM and CPCM.
Thus, we suggested that the heterolytic cleavage (E1 elimination)
of the cycloalkyl C–S bond in HH-DBT or DH-DBT should also be
considered.
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