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Abstract

2-Methylpyridine and 2-methylpiperidine strongly inhibited the hydrogenation pathway in the hydrodesulfurization (HDS) of dibenzothiophene
(DBT) and 4,6-dimethyldibenzothiophene over sulfided NiMo/γ -Al2O3, CoMo/γ -Al2O3, and Mo/γ -Al2O3 catalysts at 340 ◦C, 4.8 MPa H2, and
35 kPa H2S. The direct desulfurization (DDS) pathway was inhibited by both amines over the Mo and CoMo catalysts as well, but the NiMo
catalyst showed a promotion effect in the HDS of DBT at 300 ◦C and at low partial amine pressure. Experiments with other amines showed that
only the more basic and stable heterocyclic amines promoted the DDS pathway of DBT over NiMo. This promoting effect of amines on NiMo is
explained by the special location of the Ni promoter atoms, on the metal edge of the MoS2 particles with low sulfur coverage. The perpendicular
adsorption of amines hinders especially the π adsorption of DBT and 4,6-dimethyldibenzothiophene and thus the hydrogenation pathway, whereas
the filling of sulfur vacancies by H2S inhibits the DDS pathway.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

European environmental regulations currently allow no more
than 50 ppm sulfur in gasoline and diesel fuel and most likely
will require a further reduction by the end of the decade. Deep
hydrodesulfurization (HDS) technology must be implemented
to attain this low level of sulfur. Nitrogen-containing com-
pounds are harmful in deep HDS, because they inhibit the
HDS of sulfur-containing compounds through competitive ad-
sorption [1–3]. In the past, this was not a problem, because
the amount of nitrogen-containing molecules in desulfurized
naphtha and gas oil was still much smaller than that of the re-
maining sulfur-containing molecules. At the low sulfur level
currently required, however, nitrogen-containing compounds
compete with the sulfur-containing molecules for the sites on
the catalyst surface. Consequently, knowledge of the mutual
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effects of HDS and hydrodenitrogenation (HDN) is becoming
more important.

Dibenzothiophene molecules with alkyl groups in the 4 and
6 positions, adjacent to the sulfur atom, are among the most
difficult molecules to desulfurize and create difficulties in deep
HDS [3,4]; thus, 4,6-dimethyldibenzothiophene (4,6-DMDBT)
is often used as model molecule in HDS studies. The HDS
of 4,6-DMDBT goes through two reaction pathways: direct
desulfurization (DDS) by hydrogenolysis of the C–S bonds,
which leads to the formation of 3,3′-dimethylbiphenyl, and hy-
drogenation (HYD) to hydrogenated intermediates, followed
by desulfurization to 3,3-dimethylcyclohexylbenzene and 3,3′-
dimethylbicyclohexyl. Several research groups have reported
that nitrogen-containing molecules inhibit the DDS and the
HYD pathways of the HDS of dibenzothiophene (DBT) to dif-
ferent extents; the HYD route is strongly suppressed, whereas
the DDS route is less seriously affected [2,5–7]. In some cases,
the DDS conversion was enhanced, even though the total con-
version of the sulfur-containing compounds decreased [2,6,7].
Nagai even reported an enhanced overall conversion of DBT
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over NiMo/Al2O3 and NiW/Al2O3 catalysts in the presence of
acridine [5,8].

In previous work at 340 ◦C and 4.8 MPa H2, in the presence
of 35 kPa H2S, we observed a strong inhibition of the HYD
pathway of the HDS of DBT by 2-methylpyridine (2-MPy) and
2-methylpiperidine (2-MPiper) and enhancement of the DDS
pathway [9]. This enhancement is not due to a real promotion
effect, but rather results from the higher amount of DBT avail-
able for the DDS pathway because of the suppression of the
HYD pathway. This was confirmed by calculations in which it
was assumed that the rate constant of the DDS route was not
affected at low concentrations of N-compounds and that the
HYD pathway was totally blocked. At the lower temperature
of 300 ◦C, the inhibitory effect of 2-MPy and 2-MPiper on the
hydrogenation pathway of the HDS of DBT was increased [10],
but the influence of 2-MPiper on the DDS pathway turned into
a real promotion effect at low amine concentrations. Not only
the formation of biphenyl, but also the conversion of DBT, in-
creased at low partial pressures of 2-MPiper. At high partial
pressures of 2-MPiper, inhibition was observed.

To clarify these inhibiting and promoting effects and to gain
a better understanding of the role of the catalyst structure and
the promoter atom, we extended our investigation of the NiMo
catalyst to a series of nitrogen-containing molecules with cyclic
as well as acyclic structure, to 4,6-DMDBT, and to sulfided
Mo and CoMo catalysts. The results demonstrate that whereas
amines inhibit the HYD pathway over all catalysts, the influ-
ence on the DDS pathway depends on the catalyst. This is
explained by the position of the Co and Ni atoms at the metal
and sulfur edges of the MoS2 crystallites.

2. Experimental

Mo/γ -Al2O3, NiMo/γ -Al2O3, and CoMo/γ -Al2O3 cata-
lysts with 8 wt% Mo and 0 or 3 wt% promoter (Ni or
Co) were prepared by successive incipient wetness impreg-
nation of γ -Al2O3 (Condea; pore volume, 0.5 cm3 g−1; spe-
cific surface area, 230 m2 g−1) with an aqueous solution of
(NH4)6Mo7O24 · 4H2O, followed (for the promoted catalysts)
by an aqueous solution of Ni(NO3)2 · 6H2O or Co(NO3)2 ·
6H2O (all from Aldrich). After each impregnation step, the cat-
alysts were dried in air at ambient temperature for 4 h and
then in an oven at 120 ◦C for 15 h and finally calcined at
500 ◦C for 4 h. Organic chemicals were used as purchased from
Fluka (DBT, toluene, dodecane, heptane, 2-MPy, 2-MPiper,
piperidine, dipentylamine, N,N-dimethylaniline), Acros (4,6-
DMDBT, 2-methylpyrrolidine), and TCI (neopentylamine).

Reactions were carried out in a continuous mode in a fixed-
bed Inconel reactor. The catalyst (0.05 g, diluted with 8 g of
SiC) was sulfided in situ with 10% H2S in H2 at 400 ◦C and
1.0 MPa for 4 h. After sulfidation, the pressure was increased
to 5.0 MPa, the temperature was decreased to reaction tem-
perature, and the liquid reactant was fed to the reactor, as de-
scribed elsewhere [9]. The HDS and HDN experiments were
performed at 300 and 340 ◦C. The gas-phase feed consisted of
130 kPa toluene (solvent for DBT and 4,6-DMDBT), 8 kPa
dodecane (reference for DBT, 4,6-DMDBT, and their deriva-
tives in the GC analysis), 1 kPa DBT or 4,6-DMDBT, 0 or
10 kPa heptane (reference for amines and their derivatives),
0–10 kPa amine, 35 kPa H2S, and 4.8 MPa H2. The partial
pressure of the sulfur-containing molecules in the gas feed in
the present study was lower than that in the work of Nagai and
Satterfield [2,5–8], but we always added gaseous H2S to the
feed to maintain the catalyst in the sulfided state. The ratio of
sulfur to nitrogen-containing compounds corresponded to that
used in the work of Nagai and Satterfield. The reaction prod-
ucts were analyzed by off-line GC, as described elsewhere [9].
Weight time was defined as τ = 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 (τ ) was changed
by varying the flow rates of the liquid and the gaseous reactants,
while keeping their ratio constant. The reaction was stable af-
ter 3–4 h; during the 2 weeks of operation, there was almost no
deactivation of the catalyst.

3. Results

3.1. HDS of DBT at 340 ◦C

The effect of 2-MPy and 2-MPiper on the HDS of DBT
was studied at 340 ◦C and 35 kPa H2S over Mo/γ -Al2O3 and
CoMo/γ -Al2O3 catalysts. The influence of both amines was
similar; therefore, we present figures only for the effect of
2-MPy. Over Mo/γ -Al2O3, the HDS of 1 kPa DBT was al-
ready strongly suppressed at 1 kPa of the amine (Fig. 1). The
conversion of DBT at τ = 5 g min/mol decreased by a factor
of 6.8 in the presence of 2-MPy (Table 1) and 9.4 in the pres-
ence of 2-MPiper (Table 2). The conversion further decreased
when the partial pressure of the amine was increased to 6 kPa
(Fig. 1) with reduction factors of 10.5 and 11.5, respectively.
However, the HYD pathway was much more inhibited than the
DDS pathway, by factors of 12 (HYD) and 3 (DDS) at 1 kPa
2-MPy (Table 1) and by factors of 15 (HYD) and 4 (DDS) at
1 kPa 2-MPiper (Table 2). Consequently, the initial HYD selec-
tivity, which was obtained by extrapolation to zero weight time,
decreased in the presence of the amines from 65% to 44% and
42% at 1 kPa 2-MPy and 2-MPiper, respectively, and to 39%
and 26% at 6 kPa of 2-MPy and 2-MPiper, respectively. This

Fig. 1. Conversion of 1 kPa DBT in the absence and presence of 2-methylpyri-
dine at 340 ◦C over Mo/γ -Al2O3.
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Table 1
HDS of 1 kPa DBT in the presence of 2-MPy at 340 ◦C over Mo/γ -Al2O3 and CoMo/γ -Al2O3 (τ = 5 g min/mol) and NiMo/γ -Al2O3 (τ = 3.5 g min/mol)

Conversion
(%)

Mo CoMo NiMo

0 kPa 1 kPa 6 kPa 0 kPa 1 kPa 2 kPa 6 kPa 0 kPa 2 kPa 6 kPa 10 kPa

Total 34.6 5.1 3.3 81.9 38.1 29.2 23.2 76.9 74.8 50.7 48.7
DDS 8.5 2.9 2.0 55.0 32.7 26.0 20.3 57.5 69.0 49.3 47.6
CHB 11.8 0.5 0.2 23.6 4.3 2.0 1.6 18.2 2.3 0.9 0.5
BCH 2.6 – – 2.5 – – – – – – –
TH-DBT 9.0 1.4 1.0 0.7 1.0 1.0 1.1 1.2 0.5 0.5 0.6
HH-DBT 2.7 0.3 0.1 0.1 0.1 0.2 0.2 – – – –

Table 2
HDS of 1 kPa DBT in the presence of 2-MPiper at 340 ◦C over Mo/γ -Al2O3 and CoMo/γ -Al2O3 (τ = 5 g min/mol) and NiMo/γ -Al2O3 (τ = 3.5 g min/mol)

Conversion
(%)

Mo CoMo NiMo

0 kPa 1 kPa 6 kPa 0 kPa 1 kPa 2 kPa 6 kPa 0 kPa 2 kPa 6 kPa 10 kPa

Total 34.6 3.7 3.0 81.9 34.3 27.1 13.3 76.9 73.8 59.6 50.2
DDS 8.5 2.0 2.2 55.0 29.9 24.0 12.0 57.5 72.8 58.9 49.7
CHB 11.8 0.3 0.2 23.6 3.4 2.2 0.5 18.2 0.8 0.4 0.2
BCH 2.6 – – 2.5 – – – – – – –
TH-DBT 9.0 1.2 0.5 0.7 0.9 0.7 0.7 1.2 0.2 0.3 0.3
HH-DBT 2.7 0.2 0.1 0.1 0.1 0.2 0.1 – – – –
Fig. 2. Conversion of 1 kPa DBT in the absence and presence of 2-methylpyri-
dine at 340 ◦C over CoMo/γ -Al2O3.

indicates that both amines have a strong inhibitory influence on
the HDS of DBT, but the HYD pathway is suppressed more
strongly than the DDS pathway. 2-MPiper inhibits the overall
HDS and the HYD pathway slightly more strongly than 2-MPy
(cf. Tables 1 and 2).

The conversion of 1 kPa DBT over CoMo/γ -Al2O3 de-
creased by a factor of 2.1 at 1 kPa 2-MPy (Fig. 2) and by a
factor of 2.4 at 1 kPa 2-MPiper (Table 2). An increase in the par-
tial pressure of the amine to 2 and 6 kPa led to a further decrease
in the conversion of DBT. Thus, at 6 kPa 2-MPy and 2-MPiper
the overall conversion of DBT was suppressed by factors of 3.5
and 6.2, respectively. The HYD pathway was inhibited more
strongly than the DDS pathway. At 1 kPa 2-MPy, HYD con-
version was reduced by a factor of 5, and DDS conversion
was decreased by a factor 1.7. The corresponding factors for
2-MPiper were 6.1 for HYD and 1.8 for DDS. Consequently,
the initial HYD selectivity decreased from 30% to 14% and
11% at 1 kPa 2-MPy and 2-MPiper, 13% and 10% at 2 kPa
2-MPy and 2-MPiper, and 12% and 8% at 6 kPa 2-MPy and
2-MPiper, respectively. Thus, as for the Mo/γ -Al2O3 catalyst,
2-MPiper suppressed the overall HDS and the HYD pathway
more strongly than 2-MPy.

The influence of 2-MPy and 2-MPiper on the HDS of DBT
at 340 ◦C over NiMo/γ -Al2O3 was studied previously [9]. The
results, given in Tables 1 and 2, show that both amines strongly
suppressed the HYD pathway; at 2 kPa amine, 2-MPy reduced
it by a factor 6.9 and 2-MPiper by a factor 19.4. The DDS path-
way was not suppressed, but was promoted at low amine partial
pressure. Only at high amine partial pressure was there a weak
inhibition.

3.2. HDS of 4,6-DMDBT at 340 ◦C

The HDS of 4,6-DMDBT in the presence of 2-MPy and
2-MPiper was studied at 340 ◦C and 35 kPa H2S over Mo/γ -
Al2O3 and CoMo/γ -Al2O3 catalysts. Over the Mo/γ -Al2O3

catalyst, the reactivity of 1 kPa 4,6-DMDBT was strongly sup-
pressed at 2 kPa 2-MPy and 2-MPiper (Fig. 3). The conversion
of 4,6-DMDBT at τ = 5 g min/mol reached only 4.5% in the
presence of 2-MPy and 2.5% in the presence of 2-MPiper (Ta-
bles 3 and 4). The initial HYD selectivity decreased from 84%
in the absence to 82% in the presence of 2-MPy and 80% in
the presence of 2-MPiper. Again, 2-MPiper inhibited the over-
all HDS and the HYD pathway more strongly than 2-MPy.

The activity of the CoMo/γ -Al2O3 catalyst in the HDS of
4,6-DMDBT was even more strongly inhibited by 2 kPa 2-MPy
and 2-MPiper than that of Mo/γ -Al2O3 (Tables 3 and 4).
The conversion of 4,6-DMDBT was only 3.4% in the pres-
ence of 2-MPy and 3% in the presence of 2-MPiper. Conse-
quently, the performance of CoMo/γ -Al2O3 in the presence of
N-compounds was similarly low as that of the Mo/γ -Al2O3

catalyst. The initial HYD selectivity decreased from 88% in
the absence to 75% and 70% in the presence of 2-MPy and 2-
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Fig. 3. Conversion of 1 kPa 4,6-DMDBT in the absence and presence of 2 kPa
2-methylpyridine and 2-methylpiperidine at 340 ◦C over Mo/γ -Al2O3.

Table 3
HDS of 1 kPa 4,6-DMDBT in the presence of 2-MPy over Mo/γ -Al2O3,
CoMo/γ -Al2O3, and NiMo/γ -Al2O3 at 340 ◦C and τ = 5 g min/mol

Conversion
(%)

Mo CoMo NiMo

0 kPa 2 kPa 0 kPa 2 kPa 0 kPa 2 kPa 6 kPa

Total 26.3 4.5 49.1 3.4 46.4 12.4 3.3
DDS 4.1 0.8 5.4 0.9 11.7 4.3 1.4
MCHT 6.3 0.3 28.3 0.6 24.5 1.3 –
DMBCH 10.2 0.4 13.0 0.1 4.4 1.2 –
DM-TH-DBT 5.7 3.0 2.4 1.8 5.8 5.6 1.9

Table 4
HDS of 1 kPa 4,6-DMDBT in the presence of 2-MPiper over Mo/γ -Al2O3,
CoMo/γ -Al2O3, and NiMo/γ -Al2O3 at 340 ◦C and τ = 5 g min/mol

Conversion
(%)

Mo CoMo NiMo

0 kPa 2 kPa 0 kPa 2 kPa 0 kPa 2 kPa 6 kPa

Total 26.3 2.5 49.1 3.0 46.4 11.5 2.5
DDS 4.1 0.5 5.4 0.9 11.7 4.2 1.1
MCHT 6.3 0.1 28.3 0.6 24.5 1.1 –
DMBCH 10.2 0.2 13.0 0.1 4.4 1.0 –
DM-TH-DBT 5.7 1.7 2.4 1.4 5.8 5.2 1.4

MPiper, respectively. Therefore, 2-MPiper inhibited the overall
HDS and the HYD pathway more strongly than 2-MPy.

The influence of 2-MPy and 2-MPiper on the HDS of 4,6-
DMDBT at 340 ◦C over NiMo/γ -Al2O3 was studied previ-
ously [11]; the results are given in Tables 3 and 4. Both amines
suppressed both HDS pathways, but the HYD pathway more
strongly than the DDS pathway. Again, 2-MPiper had a stronger
effect than 2-MPy.

3.3. The effect of N-compounds on the HDS of DBT at 300 ◦C

Previously we reported a promoting effect of low con-
centrations of 2-MPiper on the HDS of DBT over NiMo/γ -
Al2O3 [10]. To see whether such a promotion effect also oc-
curred for CoMo/γ -Al2O3 and Mo/γ -Al2O3, we investigated
the HDS of DBT over these two catalysts at 300 ◦C and 0.1 kPa
2-MPiper; however, no promotional effect was observed. The
overall conversion of DBT was suppressed by a factor of 1.7
at 0.1 kPa 2-MPiper over the CoMo/γ -Al2O3 catalyst (Fig. 4).
HYD conversion decreased from 11% to 2%, and DDS con-
Fig. 4. Conversion of 1 kPa DBT in the absence and presence of 2-methylpiperi-
dine at 300 ◦C over CoMo/γ -Al2O3.

Fig. 5. HDS of 1 kPa DBT in the absence (F) and presence (1) of 0.1 kPa
neopentylamine at 300 ◦C over NiMo/γ -Al2O3.

version decreased from 23% to 18%. Thus, HYD selectivity
decreased from 32% to 10%, demonstrating that not only at
340 ◦C (Section 3.1), but also at 300 ◦C, the inhibitory influ-
ence was much more pronounced for the HYD pathway over the
CoMo catalyst. Similarly, no promoting effect was observed for
the HDS of DBT over the Mo catalyst, or for the HDS of 4,6-
DMDBT over the NiMo catalyst. The promotion effect seems
to be unique for the combination NiMo and DBT.

To examine the influence of the amine in the HDS of
DBT in the presence of the NiMo catalyst, we tested several
amines (neopentylamine, dipropylamine, piperidine, 2-methyl-
pyrrolidine, and N,N-dimethylaniline) in addition to the two
amines (2-MPiper and 2-MPy) that we had studied in previous
work [10]. Neopentylamine was chosen because it is a pri-
mary amine, whereas dipropylamine, piperidine, and 2-methyl-
pyrrolidine are secondary amines (which are more basic than
primary amines) with noncyclic and cyclic structures. In addi-
tion to the aromatic 2-methylpyridine, which we had studied
in previous work, we chose N,N-dimethylaniline. All amines,
with the exception of dipropylamine, underwent hydrodenitro-
genation only very slowly at 300 ◦C and thus remained present
during the entire HDS reaction of DBT. All experiments were
performed as before [10] at 300 ◦C and 35 kPa H2S.

In the presence of 0.1 kPa neopentylamine, the conver-
sion of DBT decreased slightly, but the formation of biphenyl
was enhanced (Fig. 5 and Table 5). The HYD pathway was
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Table 5
HDS results and DDS (kDDS) and HYD (kHYD) rate constants (in 10−2 mol g−1 min−1) of 1 kPa DBT in the presence of 0.1 kPa amine over NiMo/γ -Al2O3 at
300 ◦C and τ = 4.5 g min/mol

Conversion
(%)

100 × k

(mol g−1 min−1)
0 kPa NPA DPA N,N-DMA 2-MPy Piper 2-MPiper 2-MPyrrolid

Total 38.4 35.9 36.2 36.5 37.6 42.9 44.4 44.7
DDS 25.9 33.0 30.2 28.2 35.3 40.0 42.2 41.5
CHB 10.9 1.9 4.5 6.1 1.5 2.1 1.5 2.6
TH-DBT 1.6 1.0 1.5 2.2 0.7 0.6 0.7 0.6

kDDS 9.2 8.7 9.3 9.1 11.1 12.2 12.8 12.5
kHYD 1.8 1.0 0.8 1.1 0.4 0.6 0.4 0.4
Fig. 6. HDS of 1 kPa DBT in the absence (F) and presence (1) of 0.1 kPa
piperidine at 300 ◦C over NiMo/γ -Al2O3.

strongly suppressed, because the amount of cyclohexylben-
zene formed was five times lower than in the absence of
neopentylamine. The amount of tetrahydrodibenzothiophene,
the intermediate in the HYD pathway, was only slightly lower.
This indicates that not only the hydrogenation reaction, but
also the further desulfurization reaction in the HYD path-
way, was suppressed. Also, dipropylamine and N,N-dimethyl-
aniline slightly inhibited the HDS of DBT (Table 5). Again,
this inhibition was due to suppression of the HYD path-
way, whereas the formation of biphenyl was enhanced. 2-
Methylpyridine behaved similarly (Table 5), as described pre-
viously [10].

In the presence of 0.1 kPa piperidine, the conversion of DBT
was enhanced by 4.5% at the highest weight time (Fig. 6).
This increase was due to a strong promotion of the DDS
pathway (Table 5), as was observed previously for 2-methyl-
piperidine [10]. The initial HYD selectivity decreased from
15% to 5%. The HYD pathway was strongly suppressed, as
in all competitive experiments, and the yield of cyclohexyl-
benzene decreased by a factor of five. The yield of the par-
tially hydrogenated intermediate tetrahydrodibenzothiophene
was lower in the presence of amine. The effect of 2-methyl-
pyrrolidine was very similar to that of piperidine and 2-methyl-
piperidine. DBT conversion and biphenyl formation were en-
hanced in the presence of 0.1 kPa 2-methylpyrrolidine, whereas
the amounts of cyclohexylbenzene and partially hydrogenated
intermediate decreased (Table 5).

3.4. HDN of 2-MPy and 2-MPiper over Mo/γ -Al2O3 and
CoMo/γ -Al2O3

To further compare the hydrogenation properties of the
NiMo, CoMo, and Mo catalysts, we studied the HDN of 2-MPy
and 2-MPiper at 340 ◦C and 35 kPa H2S. The HDN of 2-MPy
occurs via hydrogenation to 2-MPiper and breaking of the re-
sulting aliphatic C–N bond with the formation of hexylamine
and 2-aminohexane, which are further converted to hexenes and
hexane (Scheme 1) [12]. The most abundant products of the
HDN of 2-MPy over CoMo/γ -Al2O3 were 2-MPiper, 1-hexene
and 2-hexene (which we denote as hexenes in what follows),
and hexane, the final product (Fig. 7). Hexylamine and 2-
aminohexane were observed in very small amounts, indicating
that cleavage of the second C–N bond is easy. 2-Methyl-3,4,5,6-
tetrahydropyridine (2-methylpiperidine-imine) was also present
in small amounts.

The conversion of 2-MPy was higher over the Mo/γ -
Al2O3 catalyst than over the CoMo/γ -Al2O3 catalyst (cf.
Figs. 7 and 8), but this was due mainly to the rapid hydro-
genation to 2-MPiper. The subsequent nitrogen removal re-
actions were slower over the Mo/γ -Al2O3 catalyst than over
the Co-promoted catalyst. The yield of C6 products hardly
reached 4% at τ = 5 g min/mol, whereas it was four times
higher over CoMo/γ -Al2O3 (Figs. 7 and 8). The hexylamine,
2-aminohexane, and 2-methyl-3,4,5,6-tetrahydropyridine (2-
methylpiperidine-imine) intermediates were detected in more
pronounced amounts than over the promoted catalyst. Thus,
despite its good hydrogenation performance, the degree of deni-
trogenation over Mo/γ -Al2O3 is low. The conversion of 2-MPy
over CoMo/γ -Al2O3 was almost equal to that over NiMo/γ -
Al2O3 [12], but the yield of C6 products was higher over the
CoMo catalyst (Table 6).
Scheme 1. Reaction network of the HDN of 2-methylpyridine and 2-methylpiperidine.
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Fig. 7. HDN of 2-methylpyridine over CoMo/γ -Al2O3 at 340 ◦C (F, 2-meth-
ylpyridine; ", 2-methylpiperidine; Q, hexenes and hexane; 1, hexylamine and
2-aminohexane; *, 2-methyl-3,4,5,6-tetrahydropyridine).

Fig. 8. HDN of 2-methylpyridine over Mo/γ -Al2O3 at 340◦C (F, 2-meth-
ylpyridine; ", 2-methylpiperidine; Q, hexenes and hexane; 1, hexylamine and
2-aminohexane; *, 2-methyl-3,4,5,6-tetrahydropyridine).

Table 6
HDN of 2-methylpyridine over Mo/γ -Al2O3, CoMo/γ -Al2O3, and NiMo/γ -
Al2O3 at 340 ◦C and τ = 5 g min/mol

Yields (%) Mo CoMo NiMo

Conversion 62.8 46.2 47.0
2-MPiper 45.2 25.5 34.2
C6-products 3.1 16.7 10.9
Amines 9.5 2.4 1.4
2-MTHPy 5.0 1.6 0.5

The HDN of 2-MPiper over CoMo/γ -Al2O3 showed that 2-
MPiper quickly converts to 2-methyl-3,4,5,6-tetrahydropyridi-
ne, 2-MPy, and hexylamines (Fig. 9). Above τ = 3 g min/mol,
the C6 products became the most abundant products. The 2-
MPiper conversion, yield of hexenes and hexane, and yield of
hexylamines at τ = 5 g min/mol were 65, 32, and 18% over
the CoMo catalyst (Fig. 9) and 33, 22, and 4.5% over the NiMo
catalyst [12], respectively. But comparing these data is difficult,
because the conversion of 2-MPiper over the CoMo and NiMo
catalysts differed by a factor of two. Therefore, it makes more
sense to compare the yields obtained at τ = 3.8 g min/mol for
CoMo and τ = 8.8 g min/mol for NiMo, where a similar con-
version of 57% was achieved. The yields of C6 products and
hexylamines were 25 and 16% over CoMo and 41 and 4.5%
Fig. 9. HDN of 2-methylpiperidine over CoMo/γ -Al2O3 at 340 ◦C (", 2-meth-
ylpiperidine; Q, hexenes and hexane; 1, hexylamine and 2-aminohexane;
*, 2-methyl-3,4,5,6-tetrahydropyridine; F, 2-methylpyridine).

over NiMo, respectively. These results show that the cleavage
of the first C–N bond was easier over the Co-promoted catalyst,
whereas the cleavage of the second C–N bond was easier over
the Ni-promoted catalyst.

4. Discussion

4.1. HYD and DDS rate constants

Our results show that amines influence the DDS and HYD
pathways differently, in accordance with previously reported
findings [2,5–8]. The inhibition was stronger for the HYD path-
way than for the DDS pathway for all three γ -Al2O3-supported
catalysts NiMo, CoMo, and Mo (Table 1). When a molecule re-
acts by two parallel reactions that are influenced differently by
an additive, a change in the conversion along one pathway does
not automatically mean that the corresponding rate constant
changes in proportion to this change. In our case, suppression
of the HYD pathway by the amines means that more DBT is
available for the DDS pathway. This leads to a higher DDS
conversion, even if the rate constant, kDDS, does not change.
In addition, the conversion of biphenyl (the product of the DDS
pathway) to cyclohexylbenzene (the product of the HYD path-
way) is lower, because the amines suppress the hydrogenation
not only of DBT, but also of biphenyl. These factors were taken
into account in a first-order analysis of the conversions and ini-
tial selectivities. The resulting rate constants, kDDS for the DDS
pathway and kHYD for the HYD pathway, show that methyl
groups in the 4 and 6 positions of 4,6-DMDBT, close to the
sulfur atom, had a minor positive effect on kHYD over Mo and
CoMo but noticeably increased kHYD over NiMo (Table 7). On
the other hand, methyl groups decreased kDDS by more than
a factor of 10 for the CoMo and NiMo catalysts and by a
factor of 3 for the Mo catalyst. As proposed previously [13],
this suggests that when 4,6-DMDBT adsorbs on a hydrogena-
tion site, the methyl groups do not point toward the surface,
whereas when 4,6-DMDBT is adsorbed on a DDS site, the
methyl groups do point towards the surface. In agreement with
this suggestion, amines and H2S affected the DDS and HYD re-
actions differently; 2-MPy decreased the kHYD constants more
than the kDDS constants (Table 7) and H2S decreased kDDS more
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Table 7
DDS (kDDS) and HYD (kHYD) rate constants (in 10−2 mol g−1 min−1) of
DBT and 4,6-DMDBT in the absence and presence of 2 kPa 2-methylpyridine
over Mo/γ -Al2O3, CoMo/γ -Al2O3, and NiMo/γ -Al2O3 at 340 ◦C, 5 MPa,
35 kPa H2S

Catalyst 2-MPy
(kPa)

DBT 4,6-DMDBT

kDDS kHYD kDDS kHYD

Mo 0 2.7 5 1 5.1
2 0.6a 0.5a 0.2 0.8

CoMo 0 26 11 1.7 13
2 5.9 0.8 0.2 0.5

NiMo 0 35 3.9 2.9 9
2 34 1.4 1.0 1.8

a Data measured at 1 kPa 2-MPy.

strongly than kHYD for DBT and 4,6-DMDBT over all three cat-
alysts [14]. Other groups obtained similar results [13,15–19].
Therefore, the effect of H2S (weak acid) is opposite to that of
the amines (bases), which points to an acid–base interaction of
adsorbate and catalytic site. Apparently, the HYD sites have
a more acidic character, and the DDS sites have a more basic
character [15].

Whereas kHYD of the HDS of DBT and 4,6-DMDBT
over all three catalysts and kDDS over CoMo and Mo de-
creased from the addition of small amounts of amine, kDDS

of the HDS of DBT over NiMo was hardly affected or in-
creased (Tables 5 and 7). Thus, at 300 ◦C, kHYD decreased
from 0.018 mol/(g min) in the absence of amine to 0.008–
0.011 mol/(g min) in the presence of 0.1 kPa neopenty-
lamine, dipropylamine, and N,N-dimethylaniline and to 0.004–
0.006 mol/(g min) in the presence of 0.1 kPa 2-methylpyridine,
piperidine, 2-methylpiperidine, and 2-methylpyrrolidine (Ta-
ble 5). In contrast, within the uncertainty of measurements,
the DDS rate constant remained equal to 0.09 mol/(g min), the
value in the absence of amine, when 0.1 kPa neopentylamine,
dipropylamine, and N,N-dimethylaniline were present. In the
presence of 2-methylpyridine, piperidine, 2-methylpiperidine,
and 2-methylpyrrolidine, however, the DDS rate constant in-
creased to 0.11–0.13 mol/(g min). Thus, the cyclic amines
behaved differently in the HDS of DBT over NiMo/γ -Al2O3

at low concentration. They inhibited the HYD pathway like all
other amines, but promoted the DDS pathway so much that the
total HDS conversion was higher than that in the absence of
amine. We believe that the special effect of the cyclic amines
is due to the fact that they have a higher basicity than the other
amines. Only dipropylamine has a similarly high basicity, but
in contrast to the cyclic amines, it is not stable under reaction
conditions. Dialkylamines are quickly converted to alkylamines
and alkanethiols [20], and the alkylamines (cf. neopentylamine)
do not promote the DDS pathway. 2-Methylpyridine had a sim-
ilar effect on the HDS of DBT as cyclic amines (Table 5),
although only a weak promotion of the DBT conversion was
observed. This is explained by the rapid transformation of 2-
methylpyridine to 2-methylpiperidine under the reaction condi-
tions. Thus, the inhibiting action of 2-methylpyridine was com-
pensated for by the promoting action of 2-methylpiperidine.
4.2. Catalyst surface

To explain the general inhibition of amines on the HYD
pathway and the special promotion of cyclic amines, exclu-
sively in the HDS of DBT over NiMo/γ -Al2O3, we first con-
sider what makes the catalyst surface of NiMo/γ -Al2O3 so
special and why DBT behaves differently than 4,6-DMDBT.
It is generally assumed that the catalytically active sites in a
Mo/γ -Al2O3 hydrotreating catalyst are the molybdenum atoms
at the edges and corners of the MoS2 crystallites, which have
at least one sulfur vacancy on the molybdenum atom and thus
allow chemical adsorption of the reacting molecule [21–23].
Density functional theory (DFT) calculations indicate that un-
der our HDS conditions (35 kPa H2S and 5 MPa H2), the Mo
catalyst contains 50% sulfided Mo edges, with sulfur atoms in
bridge positions between Mo atoms [24–29]. The Mo atoms at
the Mo edge are thus fully coordinated by six sulfur atoms in a
trigonal prismatic arrangement (Fig. 10). The most stable posi-
tion for the Co or Ni promoter atom is at the edges of the MoS2
particles, substituting a molybdenum atom [26] and forming the
so-called Co–Mo–S and Ni–Mo–S structures [23]. The NiMo
catalyst 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 [26,28,29]. The Co atoms in
the CoMo catalyst are preferentially situated at the sulfur edges
[24,26,28,29]. DFT calculations indicate that the Mo atoms at
the sulfur edges of MoS2 [27–29] and Ni-promoted MoS2, as
well as the Co atoms at the sulfur edges of Co-promoted MoS2
[28,29] are 50% sulfided under normal HDS conditions. The
Mo and Co atoms are surrounded by four sulfur atoms, the
outer two of which are in bridge positions between the metal
atoms. The bridge positions of the sulfur atoms on the Co atoms
are regular, leading to a tetrahedral sulfur coordination around
the Co atoms. In contrast, the bridging sulfur atoms on the Mo
atoms have a zigzag configuration, so that four sulfur atoms in
a distorted tetrahedron coordinate the Mo atoms. Fig. 10 shows
the structures of the metal and sulfur edges of MoS2, Ni-MoS2,
and Co-MoS2 under normal HDS conditions.

4.3. DDS rate constants

The rate constants for the DDS of DBT in the absence of H2S
are much larger than the hydrogenation rate constants and fol-
low the order Mo � CoMo < NiMo [14]. Methyl groups in the
4 and 6 positions and H2S decrease these rate constants more
than an order of magnitude, so that kDDS of the HDS of 4,6-
DMDBT becomes even smaller than kHYD for all three catalysts
(Table 7). The strong influence of the methyl groups and of H2S
is easily explained by hindering of the σ adsorption on sulfur
vacancies. The much lower kDDS for Mo than for CoMo and
NiMo can be explained by the locations and coverages of the
Mo, Co, and Ni atoms. In Section 4.2 it was shown that the Mo
atoms on the metal edge in the most stable MoS2 structure are
fully coordinated by six sulfur atoms and cannot adsorb DBT
[24–29]. The removal of sulfur atoms from this fully covered
Mo edge to create vacancies is very difficult [24,25,27,30,31],
although one DFT calculation indicated that a low concentra-
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Fig. 10. Structure of the metal and sulfur edges of MoS2, Ni-MoS2, and Co-MoS2 under normal HDS conditions as predicted by DFT calculations [24–29]. The
sulfur atoms are in yellow, the Mo atoms in blue, the Ni atoms in green, and the Co atoms in red.
tion of vacancies may exist [32]. Cristol et al. showed that DBT
molecules can adsorb in η1 (σ ) mode on such vacancies, but
4,6-DMDBT molecules cannot [33]. The relatively low DDS
activity of the Mo catalyst may be due to these few sulfur va-
cancies on the Mo edges. The Mo atoms on the most stable
sulfur edge of MoS2 might also explain the low DDS activ-
ity. These Mo atoms have a distorted tetrahedral coordination
(Fig. 10) [27–29], which would allow η1 adsorption of the in-
coming DBT molecules after rearrangement of the two external
S atoms [33]. However, the Mo atoms on the sulfur edge have
a formal charge of +0.67 and most likely bind H2S molecules
strongly. As a result, the Mo atoms on the sulfur edge actually
would not be coordinated by four sulfur atoms under normal
HDS conditions, but rather by four sulfur atoms and one or
two additional H2S molecules. Whereas most DFT calculations
have only considered the thermodynamics of the dissociation
of H2S on the catalyst surface into a sulfur atom and H2, one
calculation considered H2S adsorption and demonstrated that it
is reasonably strong (80 kJ/mol) on the Ni atoms at the metal
edge of the NiMo catalyst [32]. The fact that Mo–S bonding is
stronger than Ni–S bonding suggests that H2S adsorption on the
Mo atoms at the sulfur edge of the Mo catalyst may be substan-
tial; consequently, the Mo atoms on both the metal edge and
the sulfur edge would be totally covered. This would explain
the low DDS activity of the Mo catalyst. The fact that the Mo
catalyst has some activity (albeit very low) for the DDS of 4,6-
DMDBT might be due to the existence of some special sites.

The higher DDS activity of the CoMo catalyst compared
with that of the Mo catalyst may be explained by the weaker
Co–S bond compared with the Mo–S bond, which will give a
lower H2S adsorption on the sulfur edge of the CoMo catalyst.
Thus, a higher number of sulfur vacancies will be present on
the surface of the CoMo catalyst than on the surface of the Mo
catalyst. The Ni atoms on the metal edge of the NiMo catalyst
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have a square-planar sulfur coordination and one free coordina-
tion site (Fig. 10) [26,28,29]. Thus, they can easily adsorb DBT
in the σ mode and induce a rapid DDS reaction. This explains
why NiMo has the highest kDDS.

4.4. HYD rate constants

The HYD rate constant kHYD is only moderately influenced
by the methyl groups, H2S, and the catalyst (Table 7). The
methyl groups even have a positive influence, which must be
due to the higher basicity of 4,6-DMDBT, and thus stronger
π adsorption and faster hydrogenation. The weak influence of
H2S indicates that sulfur vacancies are not a prerequisite for
hydrogenation. The moderate influence of the catalyst suggests
that hydrogenation takes place on all edges of the Mo, CoMo,
and NiMo catalysts, sulfur covered or not. The slightly stronger
inhibition of the hydrogenation of DBT and 4,6-DMDBT over
NiMo by H2S may be due to hydrogenation on the almost
sulfur-free nickel-covered metal edge, whereas hydrogenation
is slower on the sulfur-covered metal edges of the CoMo and
Mo catalysts. The AFM results of Lauritsen et al. are in good
agreement with these findings; those authors observed that the
so-called “brim sites” of the MoS2 particles (the Mo atoms just
behind the edges) have a metallic character on the metal as well
as on the sulfur edges [34]. This would explain why both edges
are active in hydrogenation.

In contrast to H2S, amines inhibit the hydrogenation of DBT
and 4,6-DMDBT more strongly than their direct desulfurization
(Table 7) and influence the NiMo and CoMo catalysts differ-
ently (Fig. 11 and Table 7). This is in agreement with a different
position for the promoter atoms. Thus, 2-MPy and 2-MPiper
inhibit the HDS of DBT and 4,6-DMDBT over the Mo and
CoMo catalysts (Tables 1–4), and 2-MPiper has a stronger ef-
fect than 2-MPy. The NiMo catalyst is slightly less sensitive to
the amines than the CoMo and Mo catalysts in the HDS of 4,6-
DMDBT [11] (Fig. 11b) and much less sensitive in the HDS of
DBT [9] (Fig. 11a). At low concentrations, cyclic amines even
promote the HDS of DBT over NiMo/γ -Al2O3.

The differences between the NiMo/γ -Al2O3 catalyst on the
one hand and the CoMo/γ -Al2O3 and Mo/γ -Al2O3 catalysts on
the other hand must be due to the differences in the locations of
the metal atoms on the metal and sulfur edges of the MoS2 crys-
tallites. Amines are basic and will adsorb on acid sites on the
catalyst surface. These are SH groups on the sulfur and metal
edges and exposed metal atoms on the metal edge. As shown
in Fig. 10, the metal edges of the Mo and CoMo catalysts con-
tain Mo atoms that are fully coordinated by basic S atoms and
acidic SH groups are not present. The Mo and Co atoms on the
sulfur edges of the Mo and CoMo catalysts, respectively, are
tetrahedrally coordinated by S atoms and most likely further
coordinated by H2S molecules, as discussed above. The H2S
molecules combine with the S atoms to SH groups. Amines can
adsorb on the SH groups and prohibit adsorption of DBT and
4,6-DMDBT and thus also prohibit their hydrogenation. The
sulfur edge of the NiMo catalyst has the same structure as that
of the Mo catalyst. The Ni sites at the metal edge of the NiMo
catalyst are hardly covered by SH groups, which can adsorb
amine molecules.

This unusual resistance of the Ni-promoted catalyst has been
explained by a geometrical effect [10]. When 2-MPiper adsorbs
in the σ mode on a Ni or Mo atom at the metal edge, it leaves
the neighboring metal atom free. A single metal atom is not
sufficient for the π adsorption and hydrogenation of DBT, but
can adsorb DBT in the σ mode. In this way, at low amine partial
pressure, HYD sites, which consist of several adjacent sulfur-
free metal atoms, are transformed into DDS sites [10]. Thus,
low amine concentrations even promote the HDS of DBT, but
suppress the HDS of 4,6-DMDBT. At higher partial pressure,
the amine molecules block many metal centers on the metal
edge and also decrease the rate of the DDS pathway.

In discussing the DDS and HYD pathways, we have as-
sumed that these two pathways occur independently and that
σ and π adsorption of DBT or 4,6-DMDBT determine HDS
selectivity. Although most of the literature agrees with these
assumptions, as early as 1981 Singhal et al. proposed that
the DDS and HYD pathways have a dihydro-DBT interme-
diate in common [35]. Recently, Bataille et al. [36] and Mi-
join et al. [37] repeated this proposal and considered Hof-
mann elimination to be exclusively responsible for the C–S
bond breakage. They explained the DDS and HYD selectiv-
ity by further reactions of the dihydro intermediate (i.e., direct
elimination or further hydrogenation, followed by elimination),
not by the adsorption of the DBT and 4,6-DMDBT mole-
cules. In doing so, they had to assume that the DDS reaction
Fig. 11. Conversion of DBT (a) and 4,6-DMDBT (b) in the presence of 2-methylpyridine and 2-methylpiperidine over NiMo/γ -Al2O3, CoMo/γ -Al2O3, and
Mo/γ -Al2O3 at τ = 4 g min/mol.
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occurs through the 4,6-DM-4,4a-dihydro-DBT and 4,6-DM-
4a,9b-dihydro-DBT intermediates, which are the only dihydro
intermediates that can undergo DDS by elimination [36], even
though they are kinetically as well as thermodynamically the
least likely dihydro intermediates. No mention was made of the
fact that methanethiol reacts very quickly to methane and H2S
over metal sulfide catalysts. Elimination cannot explain this sul-
fur removal but hydrogenolysis can, as DFT calculations have
shown [38]. Even alkanethiols that can undergo elimination
still react by hydrogenolysis as well. Thus, Kieran and Kem-
ball showed as early as 1965 that ethanethiol reacts to ethene
and ethane in approximately equal amounts [39], and, more re-
cently, it was shown that the alkane/alkene ratio in the HDS of
alkanethiols depends strongly on pressure and the H2S/H2 ra-
tio [20]. Therefore, there is no reason to discount the mode of
adsorption of the reacting molecules on the catalyst surface as
the determining factor in the HDS of DBT and 4,6-DMDBT.

4.5. HDN

The differences between the Mo, CoMo, and NiMo cata-
lysts are also apparent in the HDN of 2-MPy. As shown by
Scheme 1, the HDN reaction of 2-MPy is composed of a se-
quence of reactions. 2-MPy is first hydrogenated to 2-MPiper,
after which C–N bond breaking occurs, first to hexylamine or
2-aminohexane and then to hexane and hexenes and ammo-
nia [12]. The conversion of 2-MPy is determined solely by the
rate of hydrogenation of 2-MPy to 2-MPiper, but the degree of
nitrogen removal (i.e., yield of C6 and C6

=) is determined by
the rate of C–N bond breaking as well. At τ = 5 g min/mol,
Mo had the highest conversion of 2-MPy but the lowest degree
of nitrogen removal (Figs. 7 and 8, Table 6). In fact, the yield
of C6 products formed over Mo was lower than that of hexyl-
amines, indicating that the Mo catalyst had difficulty cleaving
both the first and second C–N bonds. The conversion of 2-MPy
was about the same over the NiMo and CoMo catalysts (Ta-
ble 6), but the breaking of the C–N bond was faster over CoMo,
as demonstrated by the lower yield of 2-MPiper and the higher
yield of C6 products.

The lower conversion of 2-MPy for the CoMo and NiMo
catalysts than for the Mo catalyst seems surprising, because the
former catalysts are generally considered the better hydrogena-
tion catalysts. Our results for the hydrogenation of DBT and
4,6-DMDBT confirmed this finding (Table 7), although the ad-
vantage of CoMo over Mo was only a factor of two in kHYD,
and NiMo performed similar to Mo in the HYD of DBT. The
conversion of 2-MPy over the Mo catalyst at 340 ◦C was rela-
tively fast in the beginning and then slowed down (Fig. 8). This
points to product inhibition. A very strong inhibition by the 2-
MPiper product was seen over the NiMo catalyst at 300 ◦C.
Adding 1 kPa 2-MPiper decreased the initial reaction rate of
6 kPa 2-MPy by a factor of 6.9 [9]. Assuming Langmuir–
Hinshelwood kinetics, this means that the adsorption constant
for 2-MPiper is 35 times larger than that for 2-MPy. Although
product inhibition will be less strong at 340 ◦C than at 300 ◦C,
it will still be substantial. The lower conversion of 2-MPy over
CoMo and NiMo than over Mo thus may be caused by stronger
product inhibition rather than by a lower hydrogenation rate
constant.

The degree of denitrogenation (i.e., yield of hexane and hex-
enes) in the HDN of 2-MPy was much lower over Mo than over
CoMo and NiMo, even though more 2-MPiper was produced
(Table 6). The degree of denitrogenation was higher over CoMo
than over NiMo at the same conversion of 2-MPy. This means
that the rate of breaking of the first C–N bond followed the or-
der CoMo > NiMo > Mo. However, in the HDN of 2-MPiper,
at the same conversion, NiMo had a higher yield of C6 prod-
ucts than CoMo, meaning that the cleavage of the second C–N
bond followed the order NiMo > CoMo > Mo. Thus, despite
faster breaking of the second C–N bond over the NiMo cata-
lyst, the overall HDN conversion was higher over the CoMo
catalyst. Zhao et al. showed that C–N bond breaking occurs
through substitution of the alkylamine by a thiol group by re-
action of the amine with H2S [20]. This substitution occurs not
by a normal organic SN2 substitution reaction, but rather by
dehydrogenation of the amine to an imine cation, followed by
addition of H2S, elimination of NH3, and hydrogenation to the
thiol [40].

5. Conclusion

For molecules like 4,6-DMDBT, with alkyl groups close to
the sulfur atom, σ adsorption and thus the contribution of the
fast DDS pathway to HDS is strongly hindered. Consequently,
deep HDS (removal of the most refractory sulfur-containing
molecules) depends on the remaining, less efficient HYD path-
way. HDS of 4,6-DMDBT is readily possible through the HYD
pathway but is strongly hindered in the presence of amines. The
strong negative influence of amines on the HYD pathway of the
HDS of DBT and 4,6-DMDBT shows why the deep removal of
sulfur from actual feeds is difficult. Optimum catalysts should
be able to remove sulfur by hydrogenation not only in the pres-
ence of H2S, but also in the presence of amines and ammonia.
Our results have demonstrated that the NiMo catalyst is much
less sensitive to amines than the Mo and CoMo catalysts. At
low concentrations, amines even promote the DDS pathway in
the HDS of DBT over the NiMo catalyst.

Amines strongly decrease the HDS rate and especially the
HYD rate. Geometric factors are held responsible for this inhi-
bition. Amines adsorb in the σ mode through an interaction of
their lone electron pair on the nitrogen atom with the catalyst
surface. In their standing-up configuration, they hinder the flat
π adsorption of the DBT and 4,6-DMDBT aromatic molecules
and thus their hydrogenation. H2S has another inhibiting effect
as well; it is small and does not constitute a large geometrical
constraint, but fills sulfur vacancies at the catalyst surface. It
thus diminishes the possibility of sulfur-containing molecules
adsorbing with their S atom on a surface metal atom. Conse-
quently, the DDS rate is decreased. HYD sites may not need
sulfur vacancies; hydrogenation seems to occur over the whole
edge surface on sites with and without sulfur vacancies. DDS
sites, on the other hand, need vacancies. Consequently, vacancy
sites are able to do hydrogenation as well as direct desulfuriza-
tion, whereas fully covered sites can do only hydrogenation.
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In explaining the behavior of the three catalysts, we relied
on information derived from DFT calculations. But it should
be noted that however useful these calculations are, they have
been able to calculate the structure of the Mo, Co, and Ni atoms
only at edges of the promoted and unpromoted MoS2 crystal-
lites. Currently, calculations of metal atoms at corner sites are
too demanding, because of the low symmetry and thus large
unit cells needed in the calculation. Consequently, such calcu-
lations have not yet been performed, and our knowledge about
the role of corner sites in DDS or HYD reactions remains lim-
ited. Early literature suggested that bare corner sites allow the
more space-demanding η5 and η6 π -adsorption and thus would
be good hydrogenation sites [41,42]. How stable such bare cor-
ner sites are in the presence of H2S and amines awaits future
calculations.
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