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The rate constants of all reaction steps in the hydrodesulfurization (HDS) of dibenzothiophene (DBT), 4,6-
dimethyldibenzothiophene (DMDBT), and their tetra- and hexahydro intermediates TH(DM)DBT and
HH(DM)DBT over Ni-MoS,/y-Al,03 were determined. DBT, THDBT, DMDBT, and THDMDBT underwent
desulfurization by hydrogenolysis of both C-S bonds, while HHDBT and HHDMDBT underwent desulfur-
ization by cleavage of the aryl C-S bond by hydrogenolysis, followed by cleavage of the cycloalkyl C-S
bond by elimination as well as by hydrogenolysis. Ni promoted the C-S bond breakage of DBT, THDBT,
and HHDBT strongly, but promoted the (de)hydrogenation only weakly. The methyl groups suppressed
the desulfurization in the order DMDBT > THDMDBT > HHDMDBT and promoted hydrogenation.
These different degrees of steric hindrance are due to the hydrogenation of a phenyl ring, which
makes the THDBT and HHDBT rings flexible. H,S strongly inhibited the desulfurization rates in the
order (DM)DBT > TH(DM)DBT > HH(DM)DBT, but inhibited the (de)hydrogenation rates only slightly.
2-Methylpiperidine inhibited the hydrogenation of all molecules.

Inhibition by H,S
Effect of piperidine
Sulfided NiMo/y-Al,03

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

An ever-increasing number of countries have announced that
they will introduce stringent legislation regarding the maximum
permitted level of sulfur in gasoline and diesel automotive fuels
in order to abate air pollution. Sulfur is removed by hydrodesulfu-
rization (HDS) and to attain the required low levels of sulfur, it is
necessary to improve the HDS catalyst and the HDS process. There-
fore a better understanding of the reaction mechanisms and the
HDS kinetics of sulfur-containing molecules is required. Dibenzo-
thiophene (DBT) and its alkylated derivates, especially at the 4
and 6 positions (4,6-dimethyldibenzothiophene, DMDBT), are
among the molecules present in the fuel which are very difficult
to desulfurize and which cause problems in deep HDS, the removal
of large quantities of sulfur from fuel [1-6]. The mechanisms and
kinetics of HDS have been studied extensively and DBT and al-
kyl-substituted DBT have been shown to undergo HDS by two reac-
tion pathways, direct desulfurization (DDS) and hydrogenation
(HYD). DDS leads to the formation of biphenyls, while HYD yields
tetrahydro (TH), hexahydro (HH), and dodecahydro (DH) sulfur-
containing intermediates, which are desulfurized to cyclohexyl-
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benzenes (CHBs) and bicyclohexyls (BCHs) (Scheme 1) [1-11].
The HYD pathway is about equally fast for DBT and DMDBT, but
the DDS pathway is much faster for DBT than for DMDBT and much
faster than the HYD pathway [4,8-12]. As a result, DBT reacts
mainly by the DDS pathway and DMDBT reacts mainly by the
slower HYD pathway. This low DDS reactivity of DMDBT over
MoS,; catalysts is due to the steric hindrance of the alkyl groups
at the 4 and 6 positions, which are close to the sulfur atom and
prevent the o-binding of the sulfur atom with the catalytic site
[1-6,13-15]. The alkyl groups do not hinder the 7 adsorption of
DMDBT on the catalyst surface in the HYD reaction [8,11,16], but
decrease the rate of the final desulfurization in the HYD pathway
[11].

Most HDS results have been obtained from studies of DBT or
DMDBT. The information derived from studying only the parent
molecule in a complex kinetic scheme (Scheme 1) has, however,
a limited value. To obtain reliable kinetic data, the reactions of
the intermediates should be studied as well. At the same time, this
indicates how the sulfur atoms of the hydrogenated intermediates
are removed. The recent synthesis of the tetrahydro and hexahydro
intermediates of DBT and DMDBT [17,18] enabled the study of the
mechanisms and kinetics of the HDS of DMDBT and DBT and their
intermediates over MoS;/y-Al,03 [18,19].

The actual catalysts used in the industry, now and in the near
future, contain Co or Ni in addition to the active MoS, phase,
because the Ni and Co atoms improve the catalytic activity of the
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Scheme 1. Reaction network of the HDS of DMDBT.

MoS, catalyst several fold [2-6]. This has been ascribed to a pro-
motion of the DDS pathway and of the final sulfur-removal step
in the HYD pathway [11]. To determine the role of the promoter,
we studied the HDS of DBT and DMDBT, and their hydrogenated
intermediates (THDBT, HHDBT, THDMDBT, and HHDMDBT) over
a Ni-MoS;/y-Al,05 catalyst at 300 °C and at 3.0 and 5.0 MPa. These
HDS experiments were possible only because of the development
of a synthesis route that allowed us to obtain a sufficient amount
(10-20 g) of THDMDBT [20]. Since actual fuels contain not only
sulfur-containing molecules, but also nitrogen-containing com-
pounds, we studied the HDS in the presence of H,S and 2-methyl-
piperidine as a model nitrogen-containing compound. Our aim was
to reveal the reaction mechanisms, determine the kinetics, investi-
gate the inhibition effects of H,S and 2-methylpiperidine, and com-
pare the HDS of DBT and DMDBT over a Ni-MoS, catalyst with the
HDS over a MoS, catalyst.

2. Experimental

A sulfided Ni-MoS,/y-Al,03 catalyst (3 wt% Ni and 8 wt% Mo)
was prepared by incipient wetness impregnation of y-Al,03 (Con-
dea, pore volume 0.5 cm?/g, specific surface area 230 m?/g). The
catalyst was crushed and sieved to a 230-mesh (<0.063 mm) parti-
cle size. Further details of the catalyst preparation can be found
elsewhere [18].

Reactions were carried out in continuous mode in a heated
fixed-bed inconel reactor. The catalyst was sulfided in situ with
10% H,S in Hy (50 ml/min) at 400 °C and 1.0 MPa for 4 h. All the
experiments were performed at 300 °C. The gas-phase feed con-
sisted of 1 kPa reactant (DBT, THDBT, HHDBT, DMDBT, THDMDBT,
or HHDMDBT), 130 kPa toluene (as solvent), 8 kPa dodecane (as GC
reference), 0 or 35 kPa H,S, and 4.8 or 2.8 MPa H,. In some exper-
iments 1 kPa 2-methylpiperidine (MPi) was added to the feed to
decrease the speed of the reaction and to study the influence of a
nitrogen-containing compound. 2-Methylpiperidine was preferred
over piperidine, because piperidine is known to react to N-pent-
ylpiperidine, which complicates the determination of the mass
balance.

The reaction products were analyzed off-line, as described else-
where [19]. Weight time [21] was defined as the ratio of the cata-
lyst weight to the molar flow to the reactor (1gmin/
mol =0.15 g h/l at 300 °C and at 5.0 MPa). The weight time was
changed by varying the flow rates of the liquid and the gaseous
reactants, while keeping their ratio constant. Each series of exper-
iments over a fresh catalyst started with a stabilization period of at
least 15 h (overnight) at the highest weight time. During two
weeks of operation almost no deactivation of the catalyst was ob-
served. A single experiment lasted for 12-24 h.

DBT (Acros), DMDBT (Acros), and 2-methylpiperidine (Acros)
were all used as purchased. THDBT was synthesized in two steps

according to the method of DiCesare et al. [22]. HHDBT was pro-
duced by hydrogenation of THDBT with zinc and trifluoroacetic
acid at room temperature [19]. THDMDBT was synthesized by a
four-step procedure, in which 2-bromo-3-methylcyclohexanone
was synthesized by the conjugate addition of trimethylaluminum
to 2-bromo-2-cyclohexen-1-one with copper bromide as a catalyst,
coupled with 2-methylthiophenol, and the product was annulated
to THDMDBT with a polyphosphoric acid catalyst [20]. HHDMDBT
was prepared in an autoclave by hydrogenation of DMDBT over a
Pd/C catalyst, and then separated by column chromatography
[7,17,18].

3. Results
3.1. HDS of DBT

All the HDS experiments over the Ni-MoS,/y-Al,03 catalyst
were performed at 300 °C and usually at 3 MPa, because at higher
temperature and H, pressure, the conversions of the tetrahydro
and hexahydro intermediates of DBT and DMDBT over the
Ni-MoS, catalyst were too high. To enable a comparison with the
results of our previous experiments over the less active MoS,/y-
Al,03 catalyst [19], obtained at 5.0 MPa, an HDS experiment was
also performed for each reactant at 5.0 MPa and 35 kPa H,S. The
studies at 3.0 MPa were carried out in the absence and presence
of H,S and MPi to determine their inhibition of the HDS Kkinetics.
Figs. 1 and 2 show the yield-time dependencies and the product
selectivities in the HDS of DBT under different conditions. Assuming
pseudo first-order kinetics, we calculated the initial rate constants
kpgr from the overall conversion of DBT at short weight time. By
considering the selectivities, it was also possible to calculate the ini-
tial rate constants of hydrogenation and desulfurization of DBT
(knyp and kpps, respectively). The results are given in Table 1.

Five products were observed in the HDS of DBT at 5.0 MPa and
35 kPa H,S (Fig. 1): biphenyl (BP), the product of the DDS pathway,
tetrahydro-DBT (THDBT) and hexahydro-DBT (HHDBT), the inter-
mediates of the HYD pathway, and cyclohexylbenzene (CHB) and
bicyclohexyl (BCH), the final products of the HYD pathway. The
selectivity of BP formation, that is, the selectivity for the DDS path-
way, was 72% and remained almost constant during the reaction
(Fig. 1B). This shows that the DDS route is much easier than the
HYD route for the HDS of DBT, and that BP is not further hydroge-
nated. The selectivities to THDBT and HHDBT decreased with
increasing weight time and were very low at high weight time,
indicating that these intermediates reacted quickly to the desulfu-
rized product molecules CHB and BCH.

At 3.0 MPa and 0 kPa H,S, DBT reacted very rapidly (Fig. 2A); BP
was the main product with a constant selectivity of 95% (Fig. 2B).
Addition of 35 kPa H,S caused a strong decrease in the conversion
(Fig. 2A), mainly due to the decrease in the formation of BP
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Fig. 1. Relative partial pressure of reactant and products (A) and product selectivities (B) of the HDS of DBT as a function of weight time at 300 °C, 5.0 MPa, and 35 kPa H,S.
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Fig. 2. HDS of DBT at 300 °C and 3.0 MPa. (A) Conversion of DBT in the absence of H,S and MPi (M), in the presence of 35 kPa H,S (®), in the presence of 1 kPa MPi (A ), and in
the presence of both 35 kPa H,S and 1 kPa MPi (V). Product selectivities in the absence of H,S and MPi (B), in the presence of 35 kPa H,S (C), and in the presence of 1 kPa MPi

(D).

(Fig. 2C). As a consequence, kpps was about 24 times lower at 35
than at 0 kPa H,S (Table 1), while kyyp was only four times lower.
The conversion of DBT was higher (Fig. 2A) and the rate constant
kpsr was about twice as high in the presence of 1 kPa MPi than
in the absence of MPi (Table 1). This was due to the promotion
of the desulfurization of DBT by MPi. The rate constant kpps was
twice as high in the presence than in the absence of 1 kPa MPi,
whereas kyyp decreased by a factor of 15. As a result, BP repre-
sented 99% of the reaction products (Fig. 2D).

3.2. HDS of DMDBT

DMDBT reacted 2.4 times slower than DBT at 5.0 MPa and
35 kPa H,S (Fig. 3), and six products were observed: dimethylbi-
phenyl (DMBP), the product of the DDS pathway, THDMDBT,
HHDMDBT, and (a trace of) 4,6-dimethyldodecahydrodibenzothi-
ophene (DHDMDBT), the intermediates of the HYD pathway,
and 3,3’-dimethylcyclohexylbenzene (DMCHB) and 3,3'-di-
methylbicyclohexyl (DMBCH), the final products of the HYD
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Table 1

Rate constants for the HDS of DBT, THDBT, and HHDBT over Ni-MoS,/y-Al,05 at 300 °C.

Reactant Piotal (MPa) Py (init) kPa Pwpi (init) kPa Rate constants (kPa mol/(g min)
Kppr kiiyp kpps
DBT 5.0 35 0 0.17 £0.01 0.044 0.13
3.0 0 0 1.20 £0.02 0.060 1.14
3.0 35 0 0.063 £ 0.003 0.015 0.048
3.0 0 1 236+0.12 0.004 2.32
3.0 35 1 0.097 £ 0.003 0.003 0.094
Kruper Khya kads
THDBT 5.0 35 0 0.50 + 0.03 0.35 0.15
3.0 0 0 0.29 + 0.02 0.09 0.20
3.0 35 0 0.13 £0.05 0.11 0.019
3.0 0 1 0.13 £0.01 0.039 0.091
3.0 35 1 0.032 £ 0.001 0.027 0.005
Kirper Kdenyd kaas
HHDBT 5.0 35 0 0.77 £ 0.01 0.65 0.12
3.0 0 0 0.39+0.01 0.23 0.15
3.0 35 0 0.26 £ 0.01 0.23 0.026
3.0 0 1 0.52 +0.05 0.13 0.39
3.0 35 1 0.20 +0.01 0.14 0.051
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Fig. 3. Relative partial pressure of reactant and products (A) and product selectivities (B) of the HDS of DMDBT as a function of weight time at 300 °C, 5.0 MPa, and 35 kPa H,S.

Table 2
Rate constants for the HDS of DMDBT, THDMDBT, and HHDMDBT over Ni-MoS,/y-Al,03 at 300 °C.
Reactant Protal (MPQ) Pips (init) kPa Pupi (init) kPa Rate constants (kPa mol/(g min)
kpmpsr kiyp kpps
DMDBT 5.0 35 0 0.054 + 0.002 0.050 0.004
3.0 0 0 0.17 £0.01 0.13 0.046
3.0 35 0 0.029 +0.001 0.026 0.003
3.0 0 1 0.049 + 0.001 0.030 0.019
3.0 35 1 0.006 + 0.001 0.005 0.001
kTHDMDBT khyd kdds
THDMDBT 5.0 35 0 0.65 £ 0.002 0.60 0.050
3.0 0 0 0.58 £ 0.004 0.35 0.23
3.0 35 0 0.31 £0.02 0.28 0.032
3.0 0 1 0.22 £ 0.003 0.12 0.10
3.0 35 1 0.091 + 0.006 0.076 0.014
kupmpsT Kdehya Kads Khyd
HHDMDBT 5.0 35 0 1.33 £0.001 1.23 0.10 0.050
3.0 0 0 1.08 £ 0.02 0.84 0.21 0.029
3.0 35 0 0.90 £ 0.003 0.80 0.05 0.041
3.0 0 1 0.56 + 0.02 0.35 0.18 0.022
3.0 35 1 0.30+0.001 0.25 0.030 0.031

pathway. In contrast to the high selectivity of BP in the HDS of DBT,
the selectivity of DMBP was only 7% (Fig. 3B), demonstrating that
the DDS route of DMDBT was strongly suppressed. As a result, kpps

was 13 times lower than kyyp (Table 2). The rate constant
kyyp(DMDBT) was slightly higher for DMDBT than that for DBT.
THDMDBT and HHDMDBT represented 82% of the reaction
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products at the lowest weight time and 52% at the highest weight
time, indicating that removal of sulfur from THDMDBT and
HHDMDBT is difficult under these conditions. The selectivity of
DMCHB and DMBCH increased continuously with weight time,
and these molecules were the final products of the HYD pathway.

Also at 3.0 MPa and 0 kPa H,S, the conversion of DMDBT was
much lower than that of DBT (cf. Figs. 2A and 4A). The rate con-
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decreased the conversion of DMDBT. The rate constant kpps was 15
times lower and kyyp five times lower at 35 than at 0 kPa H,S. As a
result, only 4% of DMDBT was converted at 7=1.0 g min/mol
(Fig. 4A), and the selectivities of the sulfur-containing intermedi-
ates were high (Fig. 4C). MPi inhibited the HDS of DMDBT, espe-
cially along the HYD pathway. The rate constants kpypgr, Kuyp,
and kpps were 3.7, 4.3, and 2.4 times lower at 1 than at 0 kPa
MPi, respectively.

3.3. HDS of THDBT

At 5.0 MPa, and 35 kPa H,S, THDBT quickly converted to
HHDBT, CHB, and cyclohexen-1-yl-benzene (CHEB) (Fig. 5A). All
the products behaved as primary products, because they had selec-
tivities higher than zero (70%, 25%, and 5%, respectively) at t=0
(Fig. 5B). The rate constant of hydrogenation of THDBT (knyq) was
about eight times higher than that of DBT, whereas its rate con-
stant of desulfurization (kqqs) was slightly larger (Table 1).

At 3.0 MPa and 0 kPa H,S, THDBT reacted fast, but slower than
DBT (Fig. 2A). To avoid an excessive number of figures, each com-
posed of four subfigures, the conversions of THDBT, HHDBT,
THDMDBT, and HHDMDBT and the selectivities of their HDS prod-
ucts obtained at 3.0 MPa are presented in Figs. SM1, SM2, SM3, and
SM4 of Supplementary Material (SM), respectively. The results for
THDBT are presented in Fig. SM1A. A substantial amount of CHEB
was observed in the HDS of THDBT, with a selectivity of 30% at
7=0 (Fig. SM1B), indicating that the hydrogenation of CHEB to
CHB was not very fast at 3.0 MPa. H,S strongly inhibited the desul-
furization of THDBT and decreased kqqs by a factor of about eleven,
but knya showed little change (Table 1). MPi inhibited both the
desulfurization and hydrogenation of THDBT by about 2.2 times
(Table 1), which shows that, in contrast to the desulfurization of
DBT, MPi did not promote the desulfurization of THDBT. CHEB
was the major primary product at T =0, with a selectivity of 50%
(Fig. SM1D). No BCH was observed in any of the HDS reactions of
THDBT (Figs. 5 and SM1), indicating that the further hydrogenation
of CHB to BCH was slow under our HDS conditions.

3.4. HDS of THDMDBT

THDMDBT converted quickly to HHDMDBT at 5 MPa and 35 kPa
H,S at short weight time (with 92% selectivity at 7 =0) and then
more slowly to other products at higher weight time (Fig. 6).
DMCHB behaved as a primary product and DHDMDBT and DMBCH
behaved as secondary products. The yield of HHDMDBT first in-
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creased and then decreased at 7> 1.0 g min/mol, indicating that
HHDMDBT reacted further, by dehydrogenation or desulfurization.
The yield-time curves of THDMDBT and HHDMDBT suggest that
these molecules tend to reach equilibrium, with a THDMDBT/
HHDMDBT ratio of 1.8 at 7=5.2 g min/mol. The rate constants
krupmpeT: Knyd, and kqqs of THDMDBT were about twelve times
higher than those of DMDBT (Table 2). The rate constant kqqs wWas
three times lower and knyq was 1.7 times higher for THDMDBT than
those for THDBT (cf. Tables 1 and 2), again indicating that methyl
groups inhibit desulfurization and promote hydrogenation.

At 3.0 MPa and 0 kPa H,S, THDMDBT reacted fast (Fig. SM2A)
and DMCHB was the most abundant product (Fig. SM2B). The rate
constants krupmpet, Khyd, and kqas of THDMDBT were all higher than
those of DMDBT, especially kqqs (Table 2). The rate constant kgqs
was slightly higher and kynyq was four times higher for THDMDBT
than for THDBT, indicating that the hindrance of the methyl groups
was not important under these conditions. 3-Methylcyclohexen-1-
yl-3-methylbenzene (DMCHEB) behaved as a primary product, but
its selectivity was very low. At 35 kPa H,S, HHDMDBT was the
most abundant product (Fig. SM2C), because H,S suppressed the
desulfurization of THDMDBT by a factor of 7 and caused only a
slight decrease in hydrogenation (Table 2). Just as for THDBT,
MPi inhibited the desulfurization as well as the hydrogenation of
THDMDBT, but the latter to a greater extent than the former (Table
2). DMCHEB behaved as a primary product with low selectivity
(Fig. SM2D).

3.5. HDS of HHDBT

HHDBT reacted fast to THDBT (with 83% at T =0) at 5 MPa and
35 kPa H,S (Fig. 7), and CHB and CHEB also behaved as primary
products (with low selectivities). The relative partial pressures of
the reactant and the products of the HDS of HHDBT (Fig. 7A) and
THDBT (Fig. 5A) were very similar at high weight time, with the
exception of the higher yield of BCH in the HDS of HHDBT. The
dehydrogenation rate constant kgenya of HHDBT was about 1.8
times higher than the hydrogenation rate constant knyq of THDBT.
The desulfurization rate constant kqqs of HHDBT was similar to
those of DBT and THDBT (Table 1).

The HDS of HHDBT was also fast at 3.0 MPa and 0 kPa H,S
(Fig. SM3A). The rate constant kyyppr Was higher than krypgr but
smaller than kpgr (Table 1). The rate constant kgenya(HHDBT) was
about 2.5 and four times higher than the kyyq of THDBT and DBT,
and kqqs(HHDBT) was 1.3 and 7.7 times lower than kqqs of THDBT
and DBT, respectively. A substantial amount of CHEB was observed
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Fig. 6. Relative partial pressure of reactant and products (A) and product selectivities (B) of the HDS of THDMDBT as a function of weight time at 300 °C, 5.0 MPa, and 35 kPa
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(Fig. SM3B). H,S inhibited the desulfurization of HHDBT by a factor
of six, but hardly affected its dehydrogenation (Table 1), so that
THDBT was the most abundant product at all weight times
(Fig. SM3C). The selectivity of CHEB was low, because H,S inhibited
its formation and did not affect its hydrogenation. The effect of MPi
on the HDS of HHDBT was very similar to that on the HDS of DBT.
The rate constant kqq4s increased by about 2.6 times after the addi-
tion of 1 kPa MPi, whereas Kqenya was about 1.8 times lower (Table
1); as a result, kyyppr increased by about a factor of 1.3. CHEB was
the most abundant primary product at low weight time
(Fig. SM3D).

3.6. HDS of HHDMDBT

HHDMDBT reacted the fastest of the six compounds that we
studied at 5MPa and 35kPa H,S, with high selectivity to
THDMDBT at short weight time (Fig. 8). The yield-time curves of
THDMDBT and HHDMDBT suggest that these molecules tend to
reach equilibrium, with a THDMDBT/HHDMDBT ratio of 1.6 at
7 =5.2 g min/mol, similar to the results for THDMDBT. DHDMDBT
and DMCHB had low yields and behaved as primary and secondary
products, respectively. The rate constants kyppmpet, Kdenyd, and Kads
of HHDMDBT (Table 2) were all about twice as high as KrupwmpsTs
knya, and kqqs of THDMDBT, respectively. The methyl groups pro-

moted hydrogenation and inhibited desulfurization. Therefore, kqqs
and kpyq were about 1.2 times smaller and two times larger than
those of HHDBT (cf. Tables 1 and 2).

At 3.0 MPa and 0 kPa H,S, kynpmper Was about twice as high as
kTHDMDBT (Table 2). mainly due to the hlgher kdehyd(HHDMDBT)
compared to kpyq(THDMDBT). Similarly, kynpmpsr Was about 2.8
times higher than kyppgr (cf. Tables 1 and 2), mainly due to the
3.6 times higher kgenyqof HHDMDBT than that of HHDBT. In the
presence of H,S, THDMDBT was always the most abundant product
(Fig. SMA4C), because H,S suppressed the desulfurization of
HHDMDBT four-fold and the dehydrogenation only slightly (Table
2). MPi decreased the rate constants of HHDMDBT by factors of 1.2
to 2.4 (Table 2) and the dehydrogenation of HHDMDBT to a greater
extent than the desulfurization of HHDMDBT. DMCHEB behaved as
a primary product with a low selectivity (Fig. SM4D).

4. Discussion
4.1. Reaction rates

The kinetic results of the HDS of DBT and its intermediates at
5.0 MPa and 35 kPa H,S are presented in Table 1 and combined

in Scheme 2, while the results for DMDBT and its intermediates
are presented in Table 2 and Scheme 3. Schemes 2 and 3 suggest
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Scheme 2. Rate constants in kPa mol/(g min) in the reaction network of the HDS of DBT over Ni-MoS,/y-Al,03 at 300 °C, 5.0 MPa, and 35 kPa H,S.

that the indicated rate constants are applicable when starting the
HDS with (DM)DBT, with TH(DM)DBT, as well as with HH(DM)DBT
as the reactant. However, this is true only when there are no differ-
ences in the inhibiting effects of these reactants. For instance, the
rate equation for the disappearance of DBT is

—dPpr/dt = KpgrKpgrPostPi /[1 + ZKiPi] + KpgrKpgrPosrPriy /[1 + ZK P,

where P; is the partial pressure of component i, K; is its adsorption
constant on a DDS site and K is its adsorption constant on an HYD
site, kpgy is the rate constant of DBT on a DDS site and kpg; is its rate
constant on a HYD site, and the summation X applies to all sulfur-
containing molecules present in the mixture. The rate constants
given in Table 1 are lumped rate constants, for instance
k:(DDS) = k:KiPy\, /[1 + ZK;P;]. If adsorption of the sulfur-containing
molecules cannot be ignored (XK;P;>1), then for instance the
lumped rate constant kryppr(DDS) = kpps for the DDS of THDBT
may depend on the fact if one starts with THDBT or with DBT as
the reactant, because in the former case kpps = KpypprKiuperPho/
(1 + KiypgrProper]  initially, and in the latter case
KrperKpsrPriz/[1 + KpgrPosr .

To check for differences in the adsorption constants of the sul-
fur-containing molecules, we performed the HDS of a mixture of
DMDBT and THDMDBT at 300 °C and 3 MPa. Because THDMDBT
does not react back to DMDBT (Fig. SM2), and the yield of
THDMDBT from DMDBT is low (Fig. 4) under our experimental
conditions, it is not necessary to label one of the two reactants to
distinguish semi-quantitatively between the origin of the products
in the mixed HDS experiment. The initial partial pressure of
DMDBT as well as THDMDBT was 0.5 kPa, so that the total initial
pressure of sulfur-containing molecules was 1 kPa, as in all exper-
iments in which only one molecule reacted. Comparison of the re-
sults of the mixed experiment with those of the single components
showed that the reaction of DMDBT was slowed down by the pres-
ence of 0.5 kPa THDMDBT, but that the reaction of THDMDBT was
hardly influenced by the presence of DMDBT. For our purpose, to
understand the kinetics of the HDS of DMDBT, the inhibition of
the reaction of DMDBT to THDMDBT by THDMDBT is of minor
importance, because the THDMDBT pressure in the HDS of DMDBT
alone is always below 0.05 kPa (Fig. 4A and B). Thus, applying the
rate constants presented in Tables 1 and 2 to Schemes 2 and 3 is
allowed, as long as they are regarded as being semi-quantitative
rather than quantitative.

The hydrogenations of the phenyl rings of DBT were the rate-
determining steps in the HYD pathway at 5.0 MPa and 35 kPa
H,S, because the hydrogenation of HHDBT to DHDBT was the slow-
est step and the hydrogenation of DBT to THDBT was the second
slowest step (Scheme 2). The rate constant of the DDS of DBT
was about 3.2 times larger than that of the HYD, and thus, the
DDS pathway dominates the HDS of DBT over Ni-MoS,/y-Al,05.
The rate constants of the desulfurization of DBT, THDBT, and

kops =

HHDBT were similar (0.12 to 0.15 mol/g min at 5 MPa and 0.02-
0.05 mol/g min at 3 MPa and 35 kPa H,S), indicating that the de-
gree of saturation of the molecules is unimportant for C-S bond
breaking under these conditions. Only at 3.0 MPa and O kPa H,S
the desulfurization of DBT was faster than that of THDBT and
HHDBT.

The hydrogenation of THDBT and the dehydrogenation of
HHDBT are the fastest reactions in the network of DBT; their rate
constants are several times higher than the desulfurization rate
constants. These data as well as the reaction profiles of the HDS
of THDBT and HHDBT (Figs. 5 and 7) suggest that these two mole-
cules tend toward equilibrium. The ratio of THDBT/HHDBT ap-
proached 2.0 at t=3.6gmin/mol and decreased to 1.6 at
7=>5.2 gmin/mol during the HDS of DBT, THDBT, and HHDBT
(Fig. SM5A). According to the rate constants in Table 1, the ratio
of kdehyd(HHDBT)/khyd(THDBT) is 1.9.

The smallest rate constant in the network of the HDS of DMDBT
over Ni-MoS,/y-Al,05 at 5.0 MPa and 35 kPa H,S (Scheme 3) was
that of the DDS of DMDBT to DMBP (0.004 mol/(g min)), about thir-
teen times lower than that of the HYD of DMDBT, showing that the
HYD pathway is strongly favored in the HDS of DMDBT. The rate
constant of the desulfurization of THDMDBT (0.05 mol/(g min)) is
thirteen times higher than that of DMDBT, while the rate constant
of the desulfurization of HHDMDBT (0.10 mol/(g min)) is 25 times
higher than that of DMDBT. This is explained by the smaller steric
hindrance by the methyl group at the 4-position for THDMDBT and
HHDMDBT compared to that for DMDBT.

The hydrogenation of THDMDBT and the dehydrogenation of
HHDMDBT were the fastest reactions in the kinetic network of
DMDBT. These data as well as the HDS reaction profiles (Figs. 6
and 8) suggest that both these molecules tend toward equilibrium.
Similar to the results of DBT, the ratio THDMDBT/HHDMDBT in
the reactions of DMDBT, THDMDBT, and HHDMDBT approached
1.7 at the highest weight time (Fig. SM5B). The ratio of
kaenya(HHDMDBT)/ky,ya(THDMDBT) is 2.1, according to the con-
stants given in Table 2. This value is close to that obtained for
THDBT and HHDBT, indicating that the equilibrium constant is
hardly influenced by the methyl groups.

4.2. Effect of Ni and the methyl groups

A comparison of the rate constants of the HDS network of DBT
over Ni-MoS,/y-Al,03 (Scheme 2) with the rate constants obtained
over MoS,/y-Al,03 [19] at 300 °C, 5.0 MPa, and 35 kPa H,S indi-
cates that the Ni promoter increased the rates of all the steps in
the reaction network. Fig. 9 shows the degree of promotion by Ni
(defined as the ratio k(NiMo)/k(Mo)) of the desulfurization and
the (de)hydrogenation rate constants of the sulfur-containing com-
pounds. The DDS of DBT was promoted 33-fold, but the HYD of DBT
was promoted only two-fold. The desulfurization of THDBT was
promoted nine-fold and that of HHDBT three-fold. As a result,
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the main HYD product over the Ni-MoS, catalyst was CHB
(Fig. 1B), whereas over the MoS, catalyst THDBT and HHDBT were
the main products. The interconversion of THDBT and HHDBT was
also faster over the Ni-MoS, catalyst than over the MoS, catalyst.
The promotion of the MoS, catalyst by Ni is, therefore, not only due
to the faster DDS of DBT, but also due to the faster desulfurization
of the hydrogenated intermediates in the HYD pathway. The de-
gree of Ni promotion of the desulfurization is in the order
DBT > THDBT > HHDBT (Fig. 9).

Until a decade ago it was generally believed that all reactions
taking place during hydrodesulfurization and other hydrotreating
reactions take place at coordinatively unsaturated metal sites
(CUS) [3,23-25]. The stronger these reactions were inhibited by
H,S, the more sulfur vacancies were supposed to be involved in
the catalytic site and the larger the degree of unsaturation of the
corresponding metal atom was supposed to be. With the advent
of Density Functional Theory (DFT) in hydrodesulfurization science
around 2000, it became clear, however, that Mo-S bonds are very
strong, and that a large amount of energy is needed to create
coordinatively unsaturated Mo sites. Under hydrodesulfurization
conditions (H,S/H, =1073-10"" at 573-673 K), the (1010) edges
of MoS, particles, the so-called metal edges, therefore do not con-
tain Mo atoms on top of a square of four sulfur atoms, as originally
believed, but contain Mo atoms that are trigonal-prismatically
coordinated by six sulfur atoms. Also, Mo atoms at the (1010)
edges, the so-called sulfur edges, are not trigonal-prismatically
coordinated by six sulfur atoms, but are tetrahedrally coordinated
by four sulfur atoms (Fig. 10A) [26-28]. Because the trigonal-pris-

Metal edge (A) Sulfur edge

Ni-MoS,

Fig. 10. Location and structure of the Mo atoms at the metal and sulfur edges of a
MoS; particle and of the Ni atoms at the metal edge of a Ni-MoS, particle.

matically coordinated Mo atoms are fully coordinated, only the tet-
rahedrally coordinated Mo atoms play a role in catalysis.

According to the DFT calculations, the Co and Ni promoter
atoms at the edges of the MoS,; crystals have a different structure
than the edge Mo atoms [26-29]. The most recent DFT calculations
show that under HDS conditions, the Ni atoms are located at the
metal edges surrounded by four sulfur atoms in a square-planar
coordination (Fig. 10B) as well as at the sulfur edges in a tetrahe-
dral coordination (similar to Mo atoms at the sulfur edges of
MoS,, cf. Fig. 10A) or in a square-planar sulfur coordination [29].
The tetrahedral Mo atoms at the surface of the MoS, and Ni-
MoS, catalyst are less accessible for a sulfur-containing molecule
than the square-planar Ni atoms at the surface of the Ni-MoS, cat-
alyst. Thus, hydrogenation of DBT alleviates the steric hindrance on
the Mo sites to a greater extent than on the Ni sites.

The rate constants of the hydrogenation of DMDBT, THDMDBT,
and HHDMDBT and of the dehydrogenation of HHDMDBT were
somewhat higher than the corresponding rate constants in the
DBT network (Fig. 11). This shows that the methyl groups promote
the hydrogenation of the aromatic ring (with 7 adsorption, flat on
the catalyst surface), probably by electron donation. The rate con-
stants of the desulfurization of DMDBT, THDMDBT, and HHDMDBT
were about 33, 3, and 1.2 times smaller than those of DBT, THDBT,
and HHDBT, respectively (Fig. 11), because of the steric hindrance
of the ¢ adsorption (perpendicular to the catalyst surface) in the
desulfurization of DMDBT, THDMDBT, and HHDMDBT. The weaker
suppression of THDMDBT and HHDMDBT is due to the fact that the
hydrogenation of the phenyl ring allows the methyl group to rotate
away from the C-S-C plane, and this is especially true for the
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cyclohexyl ring of HHDMDBT. Consequently, even metal atoms
coordinated by several sulfur atoms can bind the hydrogenated
intermediates via the sulfur atom, and breaking of the C-S bond
speeds up.

4.3. Effect of H,S, MPi, and H, pressure

The effects of H,S and MPi on the HDS of DBT, DMDBT, and their
tetrahydro and hexahydro intermediates were investigated at
3 MPa. Several of the results obtained for DBT and DMDBT have
been observed before by others [2-15], but to compare all reac-
tions under the same conditions we had to study the HDS of DBT
and DMDBT at 3 MPa as well. The conversions of all six molecules
and the selectivities of the desulfurized products decreased when
35 kPa H,S was introduced, indicating that H,S strongly inhibited
the reaction of these molecules, especially the desulfurization.
Fig. 12 shows the degree of inhibition by H,S (defined as the ratio

>

1 I 0 kPa MPi
6 41 [ZZ1 1 kPa MPi )

Degree of inhibition, k0 H,S / k35 H,S
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of the rate constants in the absence and presence of H,S) of the
hydrogenation and dehydrogenation as well as of the desulfuriza-
tion of the sulfur-containing compounds at 0 or 1 kPa MPi. The de-
gree of inhibition by H,S was 0.09/0.11 = 0.8 for the hydrogenation
of THDBT and even suggests a promotion effect, but actually the
degree of inhibition was equal to one within the uncertainty of
the measurements. H,S had a minor effect on the hydrogenation
and dehydrogenation of most molecules over MoS,/y-Al,03
[9,19,30] and Ni-MoS,/y-Al,05 (present work). Only the hydroge-
nation of DBT and DMDBT was inhibited substantially (four- to
five-fold) by H,S over Ni-MoS,/y-Al,03 (Fig. 12A).

Previously, hydrogenation was supposed to take place on coord-
inatively unsaturated metal atoms, that is on sulfur vacancies [3].
To explain the hydrogenation of aromatic molecules such as tolu-
ene [31], pyridine [32], aniline [25], DBT and DMDBT [9] by &
adsorption, it had to be assumed that sites with multiple vacancies
were involved. This, however, seemed to be at odds with the fact
that the inhibition of aromatics hydrogenation by H,S was only
moderate. In the past years, STM investigations have shown that
so-called brim sites, on the basal planes of MoS, right behind the
edges (Fig. 10), have a metallic character and can hydrogenate
[33,34]. Since the basal planes are fully sulfided, H,S has no influ-
ence on hydrogenation over the MoS, catalyst. This explanation
has similarities to a proposal that hydrogenation is caused by elec-
trons and protons, instead of by hydrogen atoms, like in the Birch
reduction. In the Birch reduction of aromatics, dissolving an alkali
metal in liquid ammonia generates electrons and the protons come
from the ammonia. DBT could be reduced to THDBT and HHDBT
and DMDBT to THDMDBT and HHDMDBT [35]. In the MoS, cata-
lyst, the metallic brim sites can reduce the aromatic molecule,
and the proton can be delivered by the SH groups at the MoS,
edges.

Hydrogenation on a Ni-MoS, catalyst can take place on brim
sites as well as on Ni sites, and the latter seem to be more active.
In the presence of H,S, the Ni sites get covered by sulfur atoms
[36] and become inactive, whereas the brim sites retain their activ-
ity. This would explain why hydrogenation activity of a Ni-MoS,
catalyst decreases to that of a MoS, catalyst in the presence of a
high partial pressure of H,S [11]. The reason why all hydrogena-
tions of TH(DM)DBT and dehydrogenations of HH(DM)DBT were
hardly influenced by H,S, whereas the hydrogenation of (DM)DBT
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Fig. 12. Degree of inhibition by 35 kPa H,S (ratio of the rate constants at 0 and 35 kPa H,S) on the hydrogenation of (DM)DBT and TH(DM)DBT and the dehydrogenation of
HH(DM)DBT (A), and on the desulfurization of these six compounds (B) at 3.0 MPa and 0 or 1 kPa MPi.
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was moderately inhibited over Ni-MoS,, might be due to the fact
that the hydrogenation of an alkene and corresponding dehydro-
genation of an alkane take place on another catalytic site than
the hydrogenation of a phenyl ring. The different influence of H,S
on the hydrogenations of benzene and toluene on the one hand
and cyclohexene on the other hand was explained this way
[23,37]. Whereas the hydrogenation of aromatic molecules takes
place on brim sites, alkenes might be hydrogenated on sulfur
vacancies, i.e. on accessible metal atoms.

The degree of inhibition of desulfurization by H,S (Fig. 12B) was
much larger than of hydrogenation and dehydrogenation (Fig. 12A)
and was in the order (DM)DBT > TH(DM)DBT > HH(DM)DBT
(Fig. 12B). This is the reverse of the strength of the M-S ¢-bond, be-
cause hydrogenation of the phenyl ring increases the electron den-
sity on the sulfur atom, and thus increases the interaction with the
active sites of the catalyst [38]. Therefore, the more weakly bonded
(DM)DBT has more difficulty in competing with H,S for the sulfur
vacancies. Furthermore, the inhibitory effect on DBT and its inter-
mediates is stronger than that on DMDBT and its corresponding
intermediates. Even though the methyl groups at the 4 and 6 posi-
tions hinder the binding of the sulfur-containing molecule to Mo or
Ni atoms that have a high sulfur coordination number, and thus are
less accessible, they still seem to enhance the strength of the M-S
o-bond by electron donation, as demonstrated by the higher desul-
furization rate of 2,8-DMDBT than that of DBT [13,15,39]. There-
fore, molecules with two methyl groups are better able to resist
the competitive adsorption of H;S.

The effect of MPi is complex. The inhibition of the hydrogena-
tion and dehydrogenation of the six compounds by 1 kPa MPi is
stronger (Fig. 13A) than the inhibition (or promotion of DBT and
HHDBT) of the desulfurization (Fig. 13B). As a result, the selectivi-
ties of the desulfurization products are higher in the presence of
1 kPa MPi (Figs. 2, 4, SM1-SM4). This verifies that MPi retards the
(de)hydrogenation of DBT and DMDBT and their intermediates
over Ni-MoS,/y-Al,03 to a greater extent than the desulfurization,
as reported before [30,40]. The inhibition of the hydrogenation is
most likely due to adsorption of MPi on the metal-like brim sites
just behind the edges. DFT calculations have shown that proton-
ation of pyridine by SH groups at the edges of MoS, substantially
increases the adsorption energy of pyridine on brim sites [41].
DFT calculations on the adsorption of pyridine at the edges of
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MoS, [41] and Ni-MoS, [42] showed that pyridine could also be
adsorbed on vacancy edge sites by ¢ bonding of the N atom of pyr-
idine to the metal atom and thus inhibit the direct desulfurization.
Analogously, we may expect that the more basic MPi molecules
will be strongly adsorbed on brim sites after protonation and on
edge vacancies by ¢ bonding.

The degree of inhibition of the hydrogenation of (DM)DBT,
TH(DM)DBT, and dehydrogenation of HH(DM)DBT by MPi is in
the order (DM)DBT > TH(DM)DBT > HH(DM)DBT (Fig. 13A), which
is the reverse order as over Mo/y-Al,03 [19]. This might be due
to the structure of the Ni-MoS, catalyst, which in the absence of
H,S contains Ni atoms at the metal edge that are not covered by
sulfur atoms and have a square-planar sulfur coordination with
open coordination positions (Fig. 10) [26-29]. Hydrogenation and
dehydrogenation occur quickly on a nickel-covered metal edge
that is almost free of sulfur. If a MPi molecule adsorbs in the ¢
mode on such a Ni atom, then the neighboring metal atoms may
not allow enough room for the 7 adsorption of two aromatic rings
of (DM)DBT, but enough for the adsorption of the double bond of
TH(DM)DBT or the single aromatic ring of HH(DM)DBT. As a result,
MPi inhibits the hydrogenation of (DM)DBT to a greater extent
than that of TH(DM)DBT and HH(DM)DBT. On the other hand,
hydrogenation and dehydrogenation take place on all the edges
of the MoS, catalysts, regardless of whether they are covered with
sulfur or not [33]. This may also explain why H,S strongly inhibits
the hydrogenation of (DM)DBT over a Ni-MoS, catalyst but has a
weaker effect on a MoS, catalyst.

MPi promotes the desulfurization of DBT over the Ni-MoS, cat-
alyst at low partial pressure [40,43], but such promotion does not
occur over the MoS;, and Co-MoS; catalysts or in the reaction of
DMDBT over the Ni-MoS, catalyst [19,40]. In agreement with
these results, we observed that the desulfurization of DBT and
HHDBT was twice as high in the presence of 1 kPa MPi as in the ab-
sence of MPi (Table 1). This promotion has been explained by a
geometrical effect [43]. The degree of inhibition of desulfurization
by MPi is in the order DMDBT > THDMDBT > HHDMDBT (Fig. 13B),
the same as the inhibition by H,S. This must be due to the different
o adsorption constants, as discussed above.

The rate constants of the (de)hydrogenation and desulfurization
of DBT and its intermediates were three- to five-fold lower at 3.0
than at 5.0 MPa total pressure (at 300 °C and 35 kPa H,S), and that
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Fig. 13. Degree of inhibition by 1 kPa MPi (ratio of the rate constants at 0 and 1 kPa MPi) on the hydrogenation of (DM)DBT and TH(DM)DBT and the dehydrogenation of
HH(DM)DBT (A), and on the desulfurization of these six compounds (B) at 3.0 MPa and 0 or 35 kPa H,S.
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of DMDBT and its intermediates were about 1.4 to two-fold lower
(Tables 1 and 2). Furthermore, the rate constants of dehydrogena-
tion of HHDBT and HHDMDBT decreased with decreasing pressure.
Thus, hydrogen influences the rate of (de)hydrogenation not only
through its partial pressure, but also through its effect on the struc-
ture of the catalyst surface. The number of catalytically inactive Ni
atom on the catalyst surface, in square-planar sulfur coordination
with an additional sulfur atom on top, increases with decreasing
H,/H,S ratio [32]. Nevertheless, a shift of the (quasi) equilibrium
of THDMDBT and HHDMDBT, toward THDMDBT, was observed
when the H, pressure was decreased from 5.0 to 3.0 MPa. The ratio
of THDMDBT/HHDMDBT at 3.0 MPa was around 2.4 to 2.8, as cal-
culated from the rate constants and reaction profiles of the HDS
of DMDBT and the two intermediates. This ratio is higher than
the ratio (2.0) at 5.0 MPa, most likely because of thermodynamics.

4.4. Mechanism of hydrodesulfurization

Although BP and DMBP behaved as primary products in the HDS
of DBT and DMDBT (Figs. 1-4), respectively, it is unlikely that the
two C-S bonds of DBT and DMDBT break simultaneously. The
DDS of DBT and DMDBT will, therefore, occur in two hydrogenoly-
sis steps, with C-S bond breaking to 2-phenyl-thiophenol for DBT
and to 2-(2-methylphenyl)-6-methylthiophenol for DMDBT, fol-
lowed by C-S bond breaking to BP and DMBP [44]. As explained be-
fore [18,19], it is very unlikely that arylthiols such as thiophenol,
DBT, and DMDBT undergo desulfurization by hydrogenation to a
dihydro intermediate followed by elimination of H,S, as proposed
earlier [9,10].

TH(DM)DBT underwent desulfurization to CHB and CHEB (Figs.
5 and SM1). The yield of CHB increased continuously with weight
time, and the yield of CHEB passed through a maximum, indicating
that CHEB was an intermediate and was hydrogenated to the final
desulfurized product CHB. The selectivity of CHEB at low weight
time was much higher in the presence of MPi, because MPi inhib-
ited the hydrogenation of CHEB to CHB. DMCHB was a primary
product in the HDS of THDMDBT (Figs. 6 and SM2), whereas
DMCHEB had low selectivity (and behaved as a primary product)
in the presence of MPi (Fig. SM2D). The hydrogenation of DMCHEB
was probably much faster than that of CHEB because of the
electron donation by the methyl groups. The reaction of THDBT
to CHEB and THDMDBT to DMCHEB may proceed by hydrogenoly-
sis of the two C-S bonds (an aryl C-S bond and a vinyl C-S bond)
[19]. Thereafter, fast hydrogenation of CHEB to CHB and of
DMCHEB to DMCHB occurs.

CHB and CHEB behaved as primary products in the HDS of
HHDBT. The yield-time curves of CHEB and CHB (Figs. 7 and
SM3) indicate that CHEB was an intermediate and reacted to
CHB. In the HDS of HHDMDBT, DMCHEB was observed only with
low selectivity and behaved as a primary product in the presence
of MPi (Fig. SM4D), similar to the HDS of THDMDBT. Several reac-
tion pathways are possible in the desulfurization of TH(DM)DBT
and HH(DM)DBT, depending on which C-S bond breaks first, and
whether elimination or hydrogenolysis of the aliphatic C-S bond
occurs, all of which can lead to the simultaneous formation of
(DM)CHEB and (DM)CHB. A Density Functional Theory (DFT) calcu-
lation of the desulfurization of dihydrobenzothiophene over a
MosSg cluster showed that the activation energy for hydrogenoly-
sis of the aryl C-S bond in dihydrobenzothiophene is lower than
that for breaking the alkyl C-S bond [45]. Cristol et al. calculated
a negligible difference in the energy of 2-ethylbenzenethiolate
and 2-phenylethanethiolate, the products of alkyl and aryl C-S
bond breaking of dihydrobenzothiophene [46]. Dihydro-benzo-
thiophene is similar to HHDBT, with one part of the molecule being
aromatic and the other part being aliphatic. Therefore, the desul-
furization of HH(DM)DBT over Ni-MoS,/y-Al,0; may well take

place by hydrogenolysis of the aryl C-S bond, followed by cleavage
of the cycloalkyl C-S bond of the resulting thiol by elimination to
(DM)CHEB and by hydrogenolysis to (DM)CHB. The selectivity of
CHEB over Ni-MoS,/y-Al,03 was higher than that over MoS,/y-
Al,03 at 5.0 MPa and 35 kPa H,S, possibly because elimination is
favored over Ni-MoS,/y-Al,05.

5. Conclusions

The mechanism of the desulfurization of DBT and its hydroge-
nated intermediates (THDBT and HHDBT) over Ni-MoS,/y-Al,03
is similar to that over MoS,/y-Al;05, and to that of DMDBT and
its intermediates (THDMDBT and HHDMDBT) over Ni-MoS,/y-
Al,03. DBT, THDBT, DMDBT, and THDMDBT undergo desulfuriza-
tion by hydrogenolysis of both C-S bonds. HHDBT and HHDMDBT
undergo desulfurization by cleavage of the aryl C-S bond by
hydrogenolysis, and then cleavage of the cycloalkyl C-S bond by
elimination as well as by hydrogenolysis.

The rate constants of all the steps of the kinetic networks of the
HDS of DBT and DMDBT were measured. Ni promoted the desulfur-
ization of DBT, THDBT, and HHDBT (DBT > THDBT > HHDBT), but
hardly promoted their (de)hydrogenation. The methyl groups at
the 4 and 6 positions of DMDBT, THDMDBT, and HHDMDBT sup-
pressed their desulfurization by steric hindrance in the order
DMDBT > THDMDBT > HHDMDBT and promoted hydrogenation.
These different degrees of steric hindrance are due to the hydroge-
nation of a phenyl ring, which makes the THDBT and HHDBT rings
flexible, especially the cyclohexyl ring of HHDBT.

H,S strongly inhibited the rates of the desulfurization of the six
molecules in the order (DM)DBT > TH(DM)DBT > HH(DM)DBT, but
affected their (de)hydrogenation only slightly. DMDBT and its
intermediates were less affected because of electron donation of
methyl groups. MPi inhibited the (de)hydrogenation of the six mol-
ecules in the order (DM)DBT > TH(DM)DBT > HH(DM)DBT, which
can be explained by the special structure of the Ni-MoS, catalyst.
MPi promoted the desulfurization of DBT and HHDBT, whereas it
inhibited that of THDBT and DMDBT and its intermediates. The
promotion effect can be explained by the transformation of hydro-
genation sites to desulfurization sites by the perpendicular adsorp-
tion of MPi.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jcat.2009.03.011.
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