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Abstract

The hydrodesulfurization (HDS) reaction network of 4,6-dimethyl-dibenzothiophene (4,6-DM-DBT) was investigated over Pd/γ -Al2O3 at
300◦C and 5 MPa. 4,6-DM-DBT reacts almost exclusively through the hydrogenation pathway, with only 1% reacting via the direct des
tion route. No significant further hydrogenation of the desulfurized compounds occurred. Three (partially) hydrogenated intermediates o
pathway were observed: 4,6-dimethyl-1,2,3,4-tetrahydro-dibenzothiophene (4,6-DM-TH-DBT), 4,6-dimethyl-hexahydro-dibenzothiophene (-
DM-HH-DBT), and 4,6-dimethyl-perhydro-dibenzothiophene (4,6-DM-PH-DBT). These three intermediates were synthesized and th
studied. Hydrogenation and dehydrogenation reactions occurred readily between the intermediates. 4,6-DM-TH-DBT and 4,6-DM
interconverted rapidly and were in equilibrium in the HDS of 4,6-DM-DBT and close to equilibrium in the experiments starting from th
mediates. The partly saturated 4,6-DM-TH-DBT and 4,6-DM-HH-DBT intermediates could be desulfurized much easier than 4,6-DM-D
shows that the molecule planarity must be removed to weaken the steric hindrance caused by the methyl groups and to provide bett
the sulfur atom. Temperature had a stronger promotional effect on desulfurization than on hydrogenation and enhanced sulfur remov
reaction intermediates.
 2005 Elsevier Inc. All rights reserved.

Keywords: Hydrodesulfurization; 4,6-Dimethyl-dibenzothiophene; Partially hydrogenated intermediates; Mechanism; Palladium; Hydrogenation
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1. Introduction

The maximum allowed amount of sulfur in gasoline a
diesel fuel was reduced to 50 ppm in many parts of the w
in 2005 and probably will be reduced even further by
end of the decade. Deep hydrodesulfurization (HDS) tech
ogy must be implemented to attain this low level of sulf
Molecules such as 4,6-dialkyl-dibenzothiophene, with a
groups adjacent to the sulfur atom, are very difficult to de
furize and are problematic in deep HDS[1,2]. 4,6-Dimethyl-
dibenzothiophene (4,6-DM-DBT) is therefore commonly us
as a model molecule in HDS studies.

Extensive research with metal sulfide catalysts has sh
that the HDS of dibenzothiophene (DBT) and 4,6-DM-DBT o
curs by two reaction pathways[1–3]. In the direct desulfuriza
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tion (DDS) pathway, the C–S bonds of the reactant molecule
broken by hydrogenolysis, leading to the formation of 3,3′-di-
methyl-biphenyl. In the hydrogenation (HYD) pathway, t
reactant molecule is first hydrogenated to intermediates,
C–S bonds of which are then broken to form 3,3′-dimethyl-
cyclohexylbenzene and 3,3′-dimethyl-bicyclohexyl. Wherea
the HDS of DBT occurs mainly by the DDS pathway, the HY
pathway dominates the HDS of 4,6-DM-DBT. A generally a
cepted explanation for this phenomenon is that in the D
pathway, the reactant must adsorb in aσ mode, perpendicu
lar to the catalyst surface. In this mode, the neighboring me
groups hinder bonding with the catalytic sites because they
tend further into space than the lone pairs of the sulfur at
which are responsible for theσ bonding.

The HDS of 4,6-DM-DBT is dominated by the HYD pat
way and thus depends on the hydrogenating ability of the
alyst. Because metals are much better hydrogenation cata
than metal sulfides, metal catalysts might be suitable for d
HDS. Unfortunately, metal catalysts are thermodynamically
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stable in the presence of sulfur-containing molecules, and
metal particles may change in metal sulfide particles. The n
metals on the right side of the periodic table should be less
sitive to sulfur; indeed, several investigations have shown
Pt and Pd in particular are less susceptible to transforma
to inactive sulfides than other metals. Furthermore, the sup
has been shown to play an important role, with such supp
as zeolites and silica–alumina stabilizing Pt particles much
ter than other supports. Thus the influence of the metal an
support on the hydrogenation of aromatics in diesel fuel o
PtPd on amorphous silica–alumina (ASA)[4], benzene ove
Pt/zeolite MOR and Pt/LTL[5–7], toluene[8] and tetralin[9]
over PtPd/Al2O3, toluene and naphthalene over PtPd/ASA[10],
toluene over PtPd/ASA and PtPd/zeolite Y[11], naphthalene
over PtPd/Mg–Al oxide[12], and tetralin over PtPd/ZrO2-
MCM [13] have been studied.

Few studies on the HDS properties of noble metals h
been published, however, and these dealt only with their
eral activities and the DDS to HYD ratios[14–19]. Therefore,
we started with an investigation of the reaction network
the HDS of 4,6-DM-DBT over Pd, because this metal
been reported to have the best resistance against H2S. Be-
cause this network is complex, it is not enough to study o
the reaction of 4,6-DM-DBT; the reactions of some or all
the intermediates should be studied as well. Therefore,
synthesized three key intermediates—4,6-dimethyl-1,2,3,4
trahydro-dibenzothiophene (4,6-DM-TH-DBT), 4,6-dime
yl-1,2,3,4,4a,9b-hexahydro-dibenzothiophene (4,6-DM-H
DBT), and 4,6-dimethyl-perhydro-dibenzothiophene (4,6-D
PH-DBT)—and studied their HDS in addition to that
4,6-DM-DBT. We addressed the following questions: H
does the DDS occur, and how does the last part of the HY
that is, the final removal of sulfur from the hydrogenated D
intermediates—occur?

2. Experimental

2.1. HDS experiments

All of the experiments were performed over a 0.50 w
Pd onγ -Al2O3 catalyst (Condea, 35–60 mesh≈ 400–250 µm,
BET surface area 220 m2/g, total pore volume 0.6 ml/g,
metal dispersion 56% as calculated from the strong hydro
chemisorption), diluted with SiC in a continuous mode in
fixed-bed Inconel reactor[20]. We used 50 mg of catalyst i
the HDS experiments with 4,6-DM-DBT and 20 mg of catal
for the more reactive hydrogenated intermediates. Before
HDS experiments, the catalyst was activated by in situ re
tion in a 50 nml/min hydrogen flow at 300◦C and 0.5 MPa
for 2 h. Then the total pressure was increased to the r
tion pressure of 5 MPa, and the liquid reactants were fe
the reactor. Most of the HDS and hydrogenation experim
were performed at 300◦C; only one HDS experiment with 4,6
DM-DBT was done at 280◦C. The gas phase feed consist
of 130 kPa decane (as solvent), 8 kPa dodecane (as int
standard), 1 kPa sulfur-containing reactant, and∼4.85 MPa hy-
drogen. The following sulfur-containing reactants were us
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4,6-DM-DBT (Acros; 95%) and its partially and fully hydro
genated derivatives 4,6-DM-TH-DBT, 4,6-DM-HH-DBT, an
4,6-DM-PH-DBT. These sulfur-containing intermediates w
prepared in our laboratory by (partial) hydrogenation of 4
DM-DBT, as described herein. Possible further hydrogena
of the desulfurized reaction products was investigated thro
a hydrogenation experiment with 1 kPa 3,3′-dimethyl-biphenyl
(3,3′-DM-BP, 99%; Aldrich). To simulate the presence of sul
components in the system, the reaction was done in the pre
of 1 kPa dibenzothiophene (DBT, 98%; Fluka). To diminis
possible influence of catalyst deactivation, all investigation
the conversion and product yields as a function of weight t
started at the highest weight time (lowest flow rate), with
weight time decreased thereafter. We expected palladium
partly sulfided under these experimental conditions[21].

2.2. Preparation of 4,6-DM-TH-DBT

The production of 4,6-DM-TH-DBT was performed in
similar reactor as used in the HDS experiments. The rea
was loaded with 400 mg 8 wt% Mo/γ -Al2O3 prepared by incip-
ient wetness impregnation[22]. Before the reaction, the cataly
was activated by in situ sulfidation with a mixture of 10% H2S
in H2 (50 nml/min) at 400◦C and 1 MPa for 4 h. The tem
perature was decreased to 320◦C, and the total pressure wa
increased to 5 MPa, and then the liquid reactants were fe
the reactor. The gas phase feed consisted of 130 kPa to
(as solvent), 2.5 kPa 4,6-DM-DBT (almost the limit of solub
ity, 45 mg/ml), 20 kPa H2S, and∼4.85 MPa H2. The reaction
was carried out at weight timeτ = 4.9 g min/mol. Under these
conditions, the product mixture consisted of 69% 4,6-D
DBT, 18% 4,6-DM-TH-DBT, 6.5% 4,6-DM-HH-DBT, 0.5%
4,6-DM-PH-DBT, and 6% desulfurized products.

After partial evaporation of the solvent, unreacted 4,6-D
DBT was recovered by crystallization in toluene and separa
by filtration. The remaining mother liquor was added to co
mercial silica and evaporated to dryness. The reaction prod
were separated by column chromatography over silica, u
petrol ether as the eluent. The fractions containing 4,6-DM-
DBT were further purified by vacuum distillation. MS,1H, and
13C NMR spectroscopy revealed the final product to be
dimethyl-1,2,3,4-tetrahydro-dibenzothiophene.

2.3. Preparation of 4,6-DM-HH-DBT and 4,6-DM-PH-DBT

4,6-DM-HH-DBT and 4,6-DM-PH-DBT were prepared b
hydrogenation of 4,6-DM-DBT under high hydrogen press
in a 300-ml stainless steel autoclave. The autoclave was lo
with 10 g of 10 wt% Pd/C catalyst, 10 g of 4,6-DM-DBT, an
180 ml of glacial acetic acid (as solvent, crucial for a high c
version). The reaction was carried out at 200◦C and 15 MPa
H2 for 5 h. The hydrogenation product consisted of 47% 4
DM-DBT, 4% 4,6-DM-TH-DBT, 42% 4,6-DM-HH-DBT, 4%
4,6-DM-PH-DBT, and 3% desulfurized products.

After the autoclave was cooled to room temperature, the
alyst was filtered off. Because the catalyst adsorbed a l
amount of products, it was refluxed in chloroform for 1 h a
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Scheme 1. Structure of 4,6-DM-HH-DBT (A) and 4,6-DM-PH-DBT (B) wi
their three and six chiral centers (*), respectively.

filtered a second time. Both filtrates were then evaporated s
rately to dryness, and the unreacted 4,6-DM-DBT was puri
by recrystallization in toluene. The mother liquors were eva
rated together with commercial silica, and the reaction prod
were separated twice by column chromatography, as was
in the preparation of 4,6-DM-TH-DBT. There were three d
ferent isomers of 4,6-DM-HH-DBT in the reaction mixtur
isolated in the following proportions: 28% isomer A, 9% is
mer B, and 63% isomer C. After recrystallization, these isom
were characterized by1H and13C NMR spectroscopy, MS/MS
experiments, and X-ray crystal structure determination[23].

As illustrated inScheme 1A, there are three chiral cente
in 4,6-DM-HH-DBT. Thus the carbon atoms at positions 4,
and 9b can have their hydrogen atom in either thecis- or the
trans-configuration relative to each other, leading to four diff
ent diastereomers. Complete characterization of the 4,6-
HH-DBT isomers obtained from the hydrogenation react
revealed that isomer A has the(4,4a)-trans–(4a,9b)-cis config-
uration, isomer B has the(4,4a)-trans–(4a,9b)-trans configura-
tion, and isomer C has the(4,4a)-cis–(4a,9b)-cis configuration.
The fourth diastereomer with the(4,4a)-cis–(4a,9b)-trans con-
figuration (isomer D) was found in trace amounts among
reaction products, but in too small an amount to allow iso
tion for characterization. In the case of 4,6-DM-PH-DBT, t
conditions led almost exclusively to the production of one
astereomer.1H and 13C NMR spectroscopy showed that th
had theall-cis configuration with respect to the six chiral ce
ters of the molecule, located at positions 4, 4a, 5a, 6, 9a, an
(Scheme 1B).

3. Results

3.1. HDS of 4,6-DM-DBT

Fig. 1 shows the reaction profile and the product selec
ities in the HDS of 4,6-DM-DBT over 50 mg of 0.50 wt%
a-
d
-
ts
ne

s

,

-

e
-

b

-

Pd/γ -Al2O3. At τ = 5 gmin/mol, the conversion reached 62%
demonstrating the very high activity of the noble metal ca
lyst. Under identical conditions (300◦C, 5 MPa total pressure
1 kPa of 4,6-DM-DBT), but in the presence of 35 kPa H2S,
only 18% of 4,6-DM-DBT was converted atτ = 5 gmin/mol
over 50 mg of sulfided NiMo/γ -Al2O3 catalyst, even thoug
the metal loading was much higher with 8 wt% Mo and 3 w
Ni [24].

During the reaction over the palladium catalyst, six spe
were observed: 3,3′-dimethyl-biphenyl (3,3′-DM-BP), the
product of the DDS pathway, and 4,6-DM-TH-DBT, 4,6-DM
HH-DBT, 4,6-DM-PH-DBT, 3,3′-dimethyl-cyclohexylbenzen
(3,3′-DM-CHB), and 3,3′-dimethyl-bicyclohexyl (3,3′-DM-
BCH), the intermediate and final products of the HYD rou
The results of GC-MS analysis confirmed that the tetrahy
intermediate was 4,6-dimethyl-1,2,3,4-tetrahydro-dibenzot
phene, with the double bond located at the bridge between
partially hydrogenated six-member ring and the thiophene
(the 4a and 9b positions inScheme 1).

4,6-DM-TH-DBT, 4,6-DM-HH-DBT, and 4,6-DM-PH-DBT
showed behavior typical of reaction intermediates, formed
(partial) hydrogenation of 4,6-DM-DBT. Their yields pass
through a maximum and their selectivities decreased
weight time, which means that they were subsequently c
verted. The final products of the HYD pathway after furth
desulfurization were 3,3′-DM-CHB and 3,3′-DM-BCH, which
showed continuously increasing yield and selectivity curv
The 3,3′-DM-BP selectivity was only 1% and was almost co
stant throughout the reaction. Therefore, the product of
DDS route did not seem to hydrogenate further to 3,3′-DM-
CHB under our conditions; 99% of 4,6-DM-DBT was alwa
converted via the HYD pathway, with only 1% convert
through DDS.

At low weight time, 4,6-DM-TH-DBT was the most abu
dant product, and the sharp increase in its yield demonst
that it formed rapidly. The three (partially) hydrogenated su
compounds represented 65% of the reaction products at
weight time (τ = 0.5 g min/mol) and 17% even at high weigh
time (τ = 9 g min/mol). This indicates that partial hydrogen
tion of 4,6-DM-DBT proceeded easily on Pd/γ -Al2O3, but that
subsequent sulfur removal was relatively difficult. Moreov
the three (partially) hydrogenated sulfur compounds evolve
the same time, and their yields had similar time depende
The ratio of 4,6-DM-TH-DBT to 4,6-DM-HH-DBT was con
Fig. 1. Reaction profile (A) and product selectivities (B) in the HDS of 4,6-DM-DBT over 0.50 wt% Pd/γ -Al2O3 as a function of weight time (F 4,6-DM-DBT;
Q 3,3′-DM-BP; a 4,6-DM-TH-DBT; � 4,6-DM-HH-DBT; � 4,6-DM-PH-DBT;" 3,3′-DM-CHB; 2 3,3′-DM-BCH).
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Fig. 2. Reaction profile (A) and product selectivities (B) in the HDS of 4,6-DM-TH-DBT over 0.50 wt% Pd/γ -Al2O3 as a function of weight time (F 4,6-DM-DBT;
Q 3,3′-DM-BP; a 4,6-DM-TH-DBT; � 4,6-DM-HH-DBT; � 4,6-DM-PH-DBT;" 3,3′-DM-CHB; 2 3,3′-DM-BCH).
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stant and equal to 2.1 throughout the reaction, whereas
ratio of 4,6-DM-TH-DBT to 4,6-DM-PH-DBT changed from
4.2 to 3.4 with increasing weight time. Atτ � 1.3 gmin/mol,
the fully hydrogenated and desulfurized compound, 3,3′-DM-
BCH, became the main reaction product; 3,3′-DM-CHB was
the second most abundant component, atτ � 2.6 g min/mol.

Assuming pseudo-first-order kinetics for the HDS of 4
DM-DBT at low conversions (where inhibition by H2S is prac-
tically negligible), we calculated a rate constant ofk4,6-DM-DBT
= 0.58 mol/(g min) for the disappearance of the reactant.
gether with the selectivity of the pathways (1% DDS and 9
HYD), this gives the rate constants of the two routes:kDDS =
0.006 mol/(g min) andkHYD = 0.57 mol/(g min).

3.2. HDS of 4,6-DM-TH-DBT

The conversion of 4,6-DM-TH-DBT over 20 mg of 0.50 wt
Pd/γ -Al2O3 was about 10% higher than that of 4,6-DM-DB
over 50 mg of 0.50 wt% Pd/γ -Al2O3 under the same condition
(300◦C and 5 MPa). The reaction profile and product se
tivities are shown inFig. 2. The same species were observ
as in the HDS of 4,6-DM-DBT. Up toτ = 3.2 g min/mol, the
main product was 4,6-DM-HH-DBT, showing the typical rea
tion profile of an intermediate. This compound forms rapi
by hydrogenation of the reactant, 4,6-DM-TH-DBT, and rea
further, as demonstrated by the (slow) decrease in its yield
weight time.

4,6-DM-DBT was obtained in significant amounts, with
constant selectivity of 8% throughout the reaction; it m
be formed by dehydrogenation of the reactant on the c
lyst surface. As a result of the formation of this compou
traces of 3,3′-DM-BP were also detected (yield� 0.1%).
The rate at which 4,6-DM-PH-DBT and 4,6-DM-DBT for
must be slightly higher than the rate of consumption,
cause their yields increase slowly to 7 and 5%, respectivel
τ = 3.6 g min/mol. Up toτ = 1.5 gmin/mol, larger amounts o
3,3′-DM-CHB were produced than of 3,3′-DM-BCH, whereas
at high weight times the fully hydrogenated compound was
most abundant species.

From the conversion of 4,6-DM-TH-DBT at low weigh
time and the assumption of pseudo-first-order kinetics, we
culated a rate constant ofk4,6-DM-TH-DBT = 1.30 mol/(g min)
for the disappearance of the reactant. 4,6-DM-TH-DBT re
e

-

-

h

t
-

,

-
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e
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s

by hydrogenation to 4,6-DM-HH-DBT, 4,6-DM-PH-DBT, an
their desulfurized products, 3,3′-DM-CHB and 3,3′-DM-BCH,
and by dehydrogenation to 4,6-DM-DBT and the desulfuri
3,3′-DM-BP. Adding the selectivities of the components
volved in these two reaction branches and extrapolating t
to τ = 0 provided initial selectivities of 92% for the hydro
genation and 8% for the dehydrogenation route. The hy
genation of 4,6-DM-TH-DBT was thus 11.5 times faster th
the dehydrogenation. Based on these values, the following
constants were obtained for the two pathways:khydrogenation=
1.19 mol/(g min) andkdehydrogenation= 0.10 mol/(g min).

3.3. HDS of 4,6-DM-HH-DBT

The 4,6-DM-HH-DBT reactant consisted of 88% isomer
11% isomer A, 1% isomer B, and traces of isomer D. To tr
the experimental data, all of the isomer peaks were quant
separately and added together under the general name 4,6
HH-DBT. The reaction profile shows that 4,6-DM-HH-DB
is a very reactive component under our operating condit
(Fig. 3). Half of it converted already atτ = 0.2 g min/mol with
a selectivity of 70% to 4,6-DM-TH-DBT. The latter molecu
forms by dehydrogenation of the reactant and acts as a rea
intermediate. It was always the most abundant compound,
ing 40% selectivity at high weight time (τ = 3.6 g min/mol).
4,6-DM-DBT was obtained as a product of subsequent d
drogenation and showed a constant selectivity of 8% throu
out the reaction. Trace amounts of 3,3′-DM-BP were also de
tected (yield� 0.15%). The yields of 4,6-DM-PH-DBT an
4,6-DM-DBT increased progressively to 9 and 7% atτ =
3.6 g min/mol, respectively; thus, their formation was alwa
somewhat faster than their consumption. Among the des
rized products, 3,3′-DM-BCH was more abundant than 3,3′-
DM-CHB at τ � 1 g min/mol.

Assuming pseudo-first-order kinetics, we obtain
k4,6-DM-HH-DBT = 3.02 mol/(g min) for the conversion of 4,6
DM-HH-DBT at low weight time. According to the reactio
network, 4,6-DM-HH-DBT can convert in three different way
by hydrogenation to 4,6-DM-PH-DBT and further desulf
ization to 3,3′-DM-BCH; by dehydrogenation to 4,6-DM-TH
DBT, 4,6-DM-DBT, and the desulfurized 3,3′-DM-BP; and
by direct sulfur removal to 3,3′-DM-CHB. Hence, the sum
of the selectivities of the involved products in each bra
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Fig. 3. Reaction profile (A) and product selectivities (B) in the HDS of 4,6-DM-HH-DBT over 0.50 wt% Pd/γ -Al2O3 as a function of weight time (F 4,6-DM-DBT;
Q 3,3′-DM-BP; a4,6-DM-TH-DBT; � 4,6-DM-HH-DBT; � 4,6-DM-PH-DBT;" 3,3′-DM-CHB; 2 3,3′-DM-BCH).

Fig. 4. Reaction profile (A) and product selectivities (B) in the HDS of 4,6-DM-PH-DBT over 0.50 wt% Pd/γ -Al2O3 as a function of weight time (F 4,6-DM-DBT;
Q 3,3′-DM-BP; a 4,6-DM-TH-DBT; � 4,6-DM-HH-DBT; � 4,6-DM-PH-DBT;" 3,3′-DM-CHB; 2 3,3′-DM-BCH).
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and their extrapolation toτ = 0 quantify the initial propor-
tions of the three independent routes: 10% for hydroge
tion, 83% for dehydrogenation, and 7% for desulfurizati
These values demonstrate that 4,6-DM-HH-DBT reacts 8 ti
faster by dehydrogenation than by hydrogenation and 12 t
faster by dehydrogenation than by direct sulfur removal. F
the pathway selectivities, the following rate constants w
calculated:kdehydrogenation= 2.51 mol/(g min), khydrogenation=
0.30 mol/(g min), andkdesulfurization= 0.21 mol/(g min).

3.4. HDS of 4,6-DM-PH-DBT

The starting material, 4,6-DM-PH-DBT, contained 86%
the all-cis diastereomer and small amounts of other isom
During the HDS reaction over 20 mg of 0.50 wt% Pd/γ -Al2O3,
isomerization of the reactant occurred at the same tim
its conversion; more than 10 different diastereomers were
tected. These were quantified separately, but the plotted
of 4,6-DM-PH-DBT represents the sum of all the isomers. T
experimental results are given inFig. 4.

4,6-DM-PH-DBT did not seem to be particularly reacti
under our experimental conditions. Atτ = 0.2 gmin/mol, it
converted mainly (with 90% selectivity) to equal amounts
4,6-DM-HH-DBT by dehydrogenation and of 3,3′-DM-BCH
by desulfurization. 4,6-DM-HH-DBT acted as a reaction int
mediate. It was formed rapidly at low weight time but tran
formed easily, as shown by the rather fast decrease in its
and selectivity curves. The dehydrogenation intermediate
-
.
s
s

e

.

s
-

ld

ld
-

DM-TH-DBT was also observed in low amounts, with a ma
imum yield of 2% and a constantly decreasing selectivity. 4
DM-DBT and its desulfurization product 3,3′-DM-BP were ob-
tained in trace amounts (0.7 and 0.1%, respectively). Aboveτ =
0.2 g min/mol, the major product was 3,3′-DM-BCH, formed
directly by desulfurization of the reactant, 4,6-DM-PH-DBT.
high selectivity of 43% atτ = 0.2 g min/mol doubled to 87% a
τ = 3.7 g min/mol. Small amounts of the desulfurized produ
3,3′-DM-CHB formed with continuously increasing yield an
selectivity. At high weight time (τ � 2.9 g min/mol), it was the
second most abundant reaction product.

Pseudo-first-order kinetics led to a rate constant
k4,6-DM-PH-DBT = 0.96 mol/(g min) for the disappearance
4,6-DM-PH-DBT at low weight time. Two different reactio
routes are possible for 4,6-DM-PH-DBT: direct sulfur remo
to produce 3,3′-DM-BCH and dehydrogenation to 4,6-DM
HH-DBT, 4,6-DM-TH-DBT, 4,6-DM-DBT, and the desulfu
rized products 3,3′-DM-CHB and 3,3′-DM-BP. The ratio of
all of the products involved in the dehydrogenation branch
3,3′-DM-BCH corresponded to the ratio of the two reacti
pathways. Its extrapolation toτ = 0 gave a value of abou
3 for the initial ratio of the dehydrogenation to the desulf
ization route. In other words, 75% of 4,6-DM-PH-DBT co
verted initially by dehydrogenation, whereas only 25% w
directly desulfurized. Therefore, the rate constants of th
pathways are estimated askdehydrogenation= 0.72 mol/(g min)
andkdesulfurization= 0.24 mol/(g min).
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Fig. 5. Reaction profile (A) and product selectivities (B) in the hydrogenation of 3,3′-DM-BP in the presence of DBT over 0.50 wt% Pd/γ -Al2O3 as a function of
weight time (F DBT; Q 3,3′-DM-BP; " 3,3′-DM-CHB; 2 3,3′-DM-BCH).

Fig. 6. Product yields (A) and selectivities (B) in the HDS of 4,6-DM-DBT at 280◦C over 0.50 wt% Pd/γ -Al2O3 as a function of weight time (Q 3,3′-DM-BP;
a 4,6-DM-TH-DBT; � 4,6-DM-HH-DBT; � 4,6-DM-PH-DBT;" 3,3′-DM-CHB; 2 3,3′-DM-BCH).
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3.5. Hydrogenation of 3,3′-DM-BP

To investigate the possible hydrogenation of the desu
ized reaction products, hydrogenation of 1 kPa 3,3′-DM-BP
was performed at 300◦C and 5 MPa total pressure over 50 m
of 0.50 wt% Pd/γ -Al2O3. The experiment was carried out s
multaneously with the HDS of 1 kPa of DBT, to simulate t
presence of sulfur compounds in the system.Fig. 5 shows
the reaction profiles with the concentrations of DBT (das
line) and 3,3′-DM-BP, the yields of 3,3′-DM-CHB and 3,3′-
DM-BCH, as well as the product selectivities for the hyd
genation of 3,3′-DM-BP. Very slow conversion of 3,3′-DM-BP
was observed in the presence of the sulfur-containing D
At τ = 9 g min/mol, when only 19% DBT remains, the co
version of 3,3′-DM-BP barely reached 7%. The hydrogenat
occurred almost exclusively to 3,3′-DM-CHB, with a selec-
tivity of 97%. The fully hydrogenated component, 3,3′-DM-
BCH, formed in small quantities only, meaning that the s
sequent hydrogenation would be more difficult, as was
pected.

3.6. Effect of the temperature on the HDS of 4,6-DM-DBT

The effect of temperature on the HDS of 4,6-DM-DB
was studied by carrying out an experiment over 50 mg
0.50 wt% Pd/γ -Al2O3 at 280◦C and 5 MPa total pressur
The yields and selectivities of the different reaction pr
-

.

-
-

f

ucts at this lower temperature show that 4,6-DM-TH-D
was the major product throughout the reaction, with a h
selectivity of 41% atτ = 0.5 gmin/mol and 25% atτ =
9 g min/mol (Fig. 6). 4,6-DM-HH-DBT was the second mo
abundant reaction product up toτ = 7.3 g min/mol. The
yields of 4,6-DM-TH-DBT and 4,6-DM-HH-DBT both in
creased sharply initially and then leveled off; they had
constant ratio of 1.3. The third hydrogenated sulfur co
pound, 4,6-DM-PH-DBT, behaved slightly differently, sho
ing a constant selectivity at 10% and a steadily increa
yield. Its formation was stronger than its consumption throu
out the reaction. The ratio of 4,6-DM-TH-DBT to 4,6-DM
PH-DBT decreased from 4.3 to 2.6 with increasing wei
time.

The three (partially) hydrogenated sulfur compounds
ways constituted the major part of the reaction product
280◦C. The sum of their selectivities amounted to 82% atτ =
0.5 g min/mol and was still 54% atτ = 9 gmin/mol. This in-
dicates that the subsequent sulfur removal is more difficult
the partial hydrogenation of 4,6-DM-DBT, which is relative
fast on Pd/γ -Al2O3. The final desulfurized products, 3,3′-DM-
CHB and 3,3′-DM-BCH, showed about the same steady
crease in yield and selectivity at rather low levels. The prod
of the DDS pathway, 3,3′-DM-BP, formed in trace amounts an
had a constant selectivity of 0.6%. Therefore, the ratio of
DDS to HYD route was 0.6 to 99.4 for the conversion of 4
DM-DBT at 280◦C.
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4. Discussion

4.1. Reaction network of the HDS of 4,6-DM-DBT

The hydrodesulfurization of 4,6-DM-DBT and its (partiall
hydrogenated sulfur-containing intermediates at 300◦C and
5 MPa total pressure over 0.50 wt% Pd/γ -Al2O3 shows that
the desulfurized molecules, 3,3′-dimethyl-cyclohexylbenzen
and 3,3′-dimethyl-bicyclohexyl, were final products of th
HYD pathway, because their yields and selectivities increa
steadily as a function of weight time (Figs. 1–4). In turn,
3,3′-dimethyl-biphenyl was the only product of the DDS rou
The partially and fully hydrogenated sulfur-containing co
pounds formed easily and acted as reaction intermedi
with their yields passing through a maximum (Fig. 1). As ex-
pected, 4,6-DM-TH-DBT was the primary product of the HY
pathway. Surprisingly, 4,6-DM-HH-DBT also seemed to ha
nonzero selectivity atτ = 0, even though it is a secondary pro
uct according toScheme 2. This would mean that it behaves
a primary product as well. Moreover, 4,6-DM-TH-DBT an
4,6-DM-HH-DBT evolved at the same time with a constant
tio of 2.1, suggesting that they were in equilibrium under
present conditions and that the transformation of 4,6-DM-T
DBT to 4,6-DM-HH-DBT was rapid relative to the other rea
tions. If this transformation were much faster than the forma
of 4,6-DM-TH-DBT, then 4,6-DM-HH-DBT would appear t
be a primary product as well. Furthermore, slow diffusion ou
the catalyst pores may mask the true kinetic character of th
termediates. The behavior of 4,6-DM-PH-DBT was less cl
because the slope of its selectivity curve was much less ste
low weight time. According to the chemistry, 4,6-DM-PH-DB
should be a tertiary product.

The experiments performed with the different sulfur-conta
ing intermediates as reactants show that under our op
ing conditions, hydrogenation and dehydrogenation react
occurred easily on the catalyst surface. All of the sulfur co
pounds, even 4,6-DM-DBT, were always visible, and sig
icant amounts were produced rapidly. The HDS of 4,6-D
TH-DBT showed that 4,6-DM-HH-DBT was a primary produ

Scheme 2. Reaction network and semiquantitative pseudo-first-order rate
stants in the HDS of 4,6-DM-DBT at 300◦C and 5 MPa over 0.50 wt% Pd
γ -Al2O3.
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that formed rapidly (Fig. 2). This explains why it behaved lik
a primary product in the HDS of 4,6-DM-DBT. 4,6-DM-HH
DBT acted as an intermediate, but its effective disappear
was rather slow. The ratio of 4,6-DM-TH-DBT to 4,6-DM
HH-DBT decreased with weight time and reached 2.3 atτ =
3.6 g min/mol. Both 4,6-DM-DBT and 4,6-DM-PH-DBT ha
almost flat selectivity curves, although the former is expec
to be a primary product and the latter a secondary product.
thermore, 3,3′-DM-CHB seemed to have nonzero selectiv
by extrapolation toτ = 0. This can be explained by the fa
that if there is fast equilibrium between 4,6-DM-TH-DBT a
4,6-DM-HH-DBT, then 4,6-DM-PH-DBT and 3,3′-DM-CHB
will behave as (quasi) primary products. Thus, their selec
ties start with nonzero values atτ = 0.

In the HDS of 4,6-DM-HH-DBT, large amounts of 4,6-DM
TH-DBT formed very rapidly by dehydrogenation of the rea
tant, with 4,6-DM-TH-DBT clearly a primary product (Fig. 3).
The relative concentrations of 4,6-DM-TH-DBT and 4,6-DM
HH-DBT at high weight time were very similar to those o
tained in the HDS of 4,6-DM-TH-DBT. Atτ = 3.6 gmin/mol,
their ratio equaled 1.8. Furthermore, 3,3′-DM-CHB and 3,3′-
DM-BCH had the same yields (15 and 19%, respective
starting from 4,6-DM-TH-DBT and 4,6-DM-HH-DBT. Thes
values are very close to the 14 and 22% obtained atτ =
3.6 g min/mol in the HDS of 4,6-DM-DBT. In the reaction o
4,6-DM-HH-DBT, 4,6-DM-PH-DBT and 3,3′-DM-CHB acted
as primary products, with their nonzero selectivities obtai
by extrapolation toτ = 0. 4,6-DM-DBT should be a seconda
product, but it behaves like a primary product, probably beca
of the fast equilibrium between 4,6-DM-TH-DBT and 4,6-DM
HH-DBT.

The HDS of 4,6-DM-PH-DBT showed that 4,6-DM-HH
DBT and 3,3′-DM-BCH are primary products, because th
selectivities have nonzero values by extrapolation toτ = 0
(Fig. 4). As mentioned earlier, 4,6-DM-PH-DBT reacted a
proximately three times faster by dehydrogenation than by
sulfurization. In contrast to the experiments in which 4,6-D
TH-DBT and 4,6-DM-HH-DBT were used as reactants, in
HDS of 4,6-DM-PH-DBT, the sulfur-containing products (4,
DM-HH-DBT, 4,6-DM-TH-DBT, and 4,6-DM-DBT) formed
in much smaller amounts. Even 4,6-DM-HH-DBT reache
maximum yield of only 8%. This may be due to the fact th
the rate constant for hydrogenation of 4,6-DM-HH-DBT
4,6-DM-PH-DBT was slightly higher than that for desulfu
ization of 4,6-DM-HH-DBT, making desulfurization procee
mainly through 4,6-DM-PH-DBT.

The fast hydrogenation and dehydrogenation reactions o
partially hydrogenated sulfur-containing compounds and t
more or less parallel evolution suggest that 4,6-DM-TH-D
and 4,6-DM-HH-DBT were close to equilibrium.Fig. 7A il-
lustrates the ratio between those two components during
different HDS experiments. As mentioned earlier, their ratio
the HDS of 4,6-DM-DBT at 300◦C remained constant at 2.
In the experiments performed with the partially hydrogena
sulfur intermediates, 4,6-DM-TH-DBT and 4,6-DM-HH-DB
the ratio approached 2.1. The ratio of 4,6-DM-TH-DBT
4,6-DM-HH-DBT in the HDS of 4,6-DM-PH-DBT started at
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Fig. 7. Ratio of 4,6-DM-TH-DBT to 4,6-DM-HH-DBT (A) and ratio of 4,6-DM-HH-DBT to 4,6-DM-PH-DBT (B) obtained in the HDS of 4,6-DM-DBT ("),
4,6-DM-TH-DBT (�), 4,6-DM-HH-DBT (�), and 4,6-DM-PH-DBT (!) at 300◦C over 0.50 wt% Pd/γ -Al2O3 as a function of weight time.
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for τ = 0, because 4,6-DM-TH-DBT was not present in the s
tem at the beginning of the reaction. Thereafter it increased
weight time, as the partially hydrogenated sulfur-contain
compounds form progressively. The increase was slow, h
ever, and the ratio was far from equilibrium. This might be d
to inhibition by H2S produced during the reaction. Also, t
diastereomer of 4,6-DM-PH-DBT, used at the start of the
periment, isomerized very rapidly to many other isomers. T
the reactivity determined from the data obtained at low con
sion may not represent the system at high weight time.

Fig. 7B shows the ratio of 4,6-DM-HH-DBT to 4,6-DM-PH
DBT in the HDS reactions of 4,6-DM-DBT, 4,6-DM-TH-DBT
4,6-DM-HH-DBT, and 4,6-DM-PH-DBT. The ratio obtained
the HDS of 4,6-DM-DBT at 300◦C decreased slightly from 2.
to 1.6 with weight time. In the HDS of 4,6-DM-TH-DBT an
4,6-DM-HH-DBT, the 4,6-DM-HH-DBT to 4,6-DM-PH-DBT
ratio decreased strongly with time, reaching 2.5 and 2.0, res
tively, at τ = 3.6 g min/mol. The three curves tended to ta
the same direction, but equilibrium apparently had not yet b
reached. Starting the HDS reaction with 4,6-DM-PH-DBT
to a very small, even slightly decreasing ratio. The low rati
probably due to the continuous excess of 4,6-DM-PH-DBT
a result of the rather low rates of hydrogenation and dehy
genation between 4,6-DM-HH-DBT and 4,6-DM-PH-DBT.

4.2. Reaction rates

Comparing the conversions of the different sulfur-contain
compounds, 4,6-DM-HH-DBT appears to be the most reac
molecule (Figs. 1–4). However, the high reactivity of 4,6-DM
HH-DBT is due mainly to its fast dehydrogenation to 4,6-D
TH-DBT (70% selectivity atτ = 0.2 g min/mol). Therefore,
one must compare the rate constants for the separate rea
steps (Scheme 2) to learn more about the rates of desul
rization. The pseudo-first-order rate constants for the d
removal of sulfur from the different sulfur-containing comp
nents show that desulfurizing 4,6-DM-DBT was extremely d
ficult (kDDS = 0.006 mol/(g min)), whereas 4,6-DM-HH-DBT
and 4,6-DM-PH-DBT had fast and almost similar react
ties (kDDS = 0.21 mol/(g min) and 0.24 mol/(g min), respec-
tively). This reactivity order for the removal of sulfur, 4,6-DM
DBT � 4,6-DM-HH-DBT ≈ 4,6-DM-PH-DBT, demonstrate
that a higher saturation degree of the molecules helps dec
-
h
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-
s
-

c-

n

s
-
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t

se

the steric hindrance of the methyl groups located at posit
4 and 6[25]. As a result, the hydrogenated ring can adop
chair conformation, which moves the bulky substituent aw
from the sulfur atom, making the sulfur atom more access
for desulfurization. Furthermore, molecular modeling calcu
tions indicate that the lengths of the C–S bonds increase
the saturation degree of the molecules, making them mor
active.

The hydrogenation and dehydrogenation rate constants
several times larger than the desulfurization rate const
(Scheme 2). The largest rate constants were for the reactions
tween 4,6-DM-TH-DBT and 4,6-DM-HH-DBT, and the lowe
rate constant was for the dehydrogenation of 4,6-DM-TH-D
to 4,6-DM-DBT. These differences must be due to conform
tion of the reacting molecules on the catalyst surface.

The conversion of the sulfur-containing compounds to de
furized products (defined as HDS conversion) as a functio
weight time again shows that 4,6-DM-PH-DBT behaves dif
ently than the other sulfur-containing molecules. 4,6-DM-DB
4,6-DM-TH-DBT, and 4,6-DM-HH-DBT had similar HDS
conversions (about 35% atτ = 3.6 g min/mol), demonstrating
that the reactant desulfurization must go through 4,6-DM-H
DBT almost exclusively and that the consecutive hydrogena
reactions are not rate-limiting. Otherwise, depending on
starting sulfur-containing component, different HDS conv
sions would be obtained. In contrast, 4,6-DM-PH-DBT ha
higher desulfurization conversion of 53% atτ = 3.6 gmin/mol,
with an HDS selectivity to 3,3′-DM-BCH of 94%. This con-
firms that it is easy to remove sulfur directly, with only a min
contribution of the dehydrogenation route.

Assuming that equilibrium between 4,6-DM-TH-DBT an
4,6-DM-HH-DBT is established, the product selectivities o
tained from their HDS experiments can be recalculated by tr
ing both partially hydrogenated sulfur compounds togethe
reactants. The resulting product selectivity curves of the HD
4,6-DM-TH-DBT and 4,6-DM-HH-DBT were similar (Fig. 8)
and indicate that equilibrium between these two molec
was almost reached. 4,6-DM-DBT and 4,6-DM-PH-DBT n
clearly behaved as primary products, formed by dehydrog
tion of 4,6-DM-TH-DBT and hydrogenation of 4,6-DM-HH
DBT, respectively. The selectivities of 4,6-DM-DBT and 4
DM-PH-DBT decreased with weight time, demonstrating t
they are reaction intermediates that are subsequently conv
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Fig. 8. Corrected product selectivities in the HDS of 4,6-DM-TH-DBT (A) and in the HDS of 4,6-DM-HH-DBT (B) over 0.50 wt% Pd/γ -Al2O3 as a function of
weight time, assuming equilibrium between 4,6-DM-TH-DBT and 4,6-DM-HH-DBT (F 4,6-DM-DBT; � 4,6-DM-PH-DBT;" 3,3′-DM-CHB; 2 3,3′-DM-BCH;
Q 3,3′-DM-BP).
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3,3′-DM-CHB is also a primary product of the reaction n
work from the couple 4,6-DM-TH-DBT and 4,6-DM-HH-DBT
Its almost constant selectivity shows that this component is
nal product (from the desulfurization of 4,6-DM-HH-DBT) th
does not react further. The tendency of the selectivity of 3′-
DM-BCH to reach zero by extrapolation toτ = 0 confirms that
it is a secondary product, formed by subsequent desulfuriza
of 4,6-DM-PH-DBT.

Studying the hydrogenation of 3,3′-dimethyl-biphenyl (the
product of the DDS pathway in the HDS of 4,6-DM-DBT), pe
formed in the presence of dibenzothiophene, showed tha
hydrogenation reaction to 3,3′-DM-CHB was minor (Fig. 5)
and that the subsequent hydrogenation of 3,3′-DM-CHB to
3,3′-DM-BCH was negligible. This confirms the observatio
made in previous experiments, in which continuously incre
ing yields and constant selectivities to 3,3′-DM-BP demon-
strated that a significant reaction does not occur thereafter.
is especially understandable given the low concentration
3,3′-DM-BP in the system.

Combining the results leads to the reaction network
Scheme 2for the HDS of 4,6-DM-DBT at 300◦C and 5 MPa
over 0.50 wt% Pd/γ -Al2O3. In addition to the indicated reac
tions, direct desulfurization of 4,6-DM-TH-DBT also may
possible, as for 4,6-DM-DBT. This would yield 3,3′-DM-CHB,
and finally 3,3-DM-CHB by further hydrogenation. Howev
this additional intermediate was not observed in the prod
mixture, probably because its formation is rather slow (pr
ably as slow as the formation of 3,3′-dimethyl-biphenyl from
4,6-DM-DBT) and its hydrogenation is very fast.

The comparison of the semiquantitative pseudo-first-o
rate constants emphasizes the fact that the desulfurizatio
actions, as well as the dehydrogenation of 4,6-DM-TH-D
to 4,6-DM-DBT, are the slowest steps in the network. T
explains the large proportions of all of the sulfur-contain
intermediates under our experimental conditions. Accord
to the reaction network and the rate constants estimated
the initial rates, 3,3′-DM-CHB should be present in large
amounts than 3,3′-DM-BCH at high weight time. Indeed, a
equilibrium, the ratio of 4,6-DM-HH-DBT to 4,6-DM-PH-DBT
should reach 2.4. Because the direct removal of sulfur is
most as fast from these two sulfur-containing molecules, a
the same ratio, 2.4, should be found between their desu
-
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ized products, 3,3′-DM-CHB and 3,3′-DM-BCH. However, in
all of the experiments starting with different sulfur-containi
compounds, 3,3′-DM-BCH was the most abundant desulfuriz
component forτ > 1–1.5 g min/mol. This may be due to th
fact that the rate constants considered were determined
experiments with specific diastereomers of 4,6-DM-HH-D
(mainly cis–cis) and 4,6-DM-PH-DBT (all-cis). The reaction
mixtures in actual systems may behave differently, espec
because of isomerization. This is likely the case for 4,6-D
PH-DBT, because only small amounts of theall-cis diastere-
omer were found under our experimental conditions. Ano
reason may be inhibition by H2S produced during the reactio

4.3. Stereoisomers

To treat the experimental data, all the isomers of the c
pounds formed during reaction were quantified separately
then added together. Four different diastereomers of 4,6-
HH-DBT and 13 of 4,6-DM-PH-DBT were detected. The HD
reactions of these sulfur-containing components indicate
the molecules used as reactants isomerized at the same
as their conversion. Therefore, plotting the selectivities of
isomers as a function of weight time may provide informat
about their relative behavior.

Fig. 9 illustrates the yields and the distribution of the 4
DM-HH-DBT diastereomers. The starting material conta
88% isomer C, 11% isomer A, 1% isomer B, and traces of
mer D. Fig. 9A indicates that the major isomer (C) conve
rapidly and is almost the only reacting species. The yield
isomer A increases from 10 to 13% at low weight time, then
creases very slowly. The yield curves of the two other isom
(B and D) change only slightly and pass through a maximum
aboutτ = 2 gmin/mol. This suggests that isomerization occ
between the different diastereomers, but much more slowly
the overall conversion.Fig. 9B shows the changes in isomer d
tribution in the mixture during the HDS reaction. At the high
weight time in our experiment (τ = 3.6 gmin/mol), equilib-
rium was not reached, but the changes in the selectivities
came smaller. At this point, the four diastereomers were pre
in the following proportions: 39% isomer C, 50% isomer
9% isomer B, and 2% isomer D. This sequence is in relativ
good agreement with the energy estimations for the diffe



238 A. Röthlisberger, R. Prins / Journal of Catalysis 235 (2005) 229–240

or
Fig. 9. Yields (A) and distribution (B) of diastereomers in the HDS of 4,6-DM-HH-DBT over 0.50 wt% Pd/γ -Al2O3 as a function of weight time (1 isomer A;
! isomer B;2 isomer C;" isomer D;� overall concentration).

Fig. 10. Yields (A) and distribution (B) of diastereomers in the HDS of 4,6-DM-PH-DBT over 0.50 wt% Pd/γ -Al2O3 as a function of weight time (dashed line f
the overall concentration) (� all-cis 4,6-DM-PH-DBT, the other symbols denote other, not identified, isomers of 4,6-DM-PH-DBT).
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diastereomers obtained by molecular modeling with the Hy
chem program. The molecular modeling indicates that isom
C (cis–cis) and A (trans–cis) are very close in energy (20.59 a
20.57 kcal/mol, respectively). They are the most stable spec
followed by isomer B (trans–trans, 22.40 kcal/mol) and finally
by isomer D (cis–trans, 24.41 kcal/mol), the configuration with
the highest energy.

Similar treatment of the data for the HDS of 4,6-DM-P
DBT led to the yields and the distribution of diastereom
depicted inFig. 10. This situation is much more complex, b
cause 13 species (of a maximum of 20 possible isomers)
detected, some present in only trace amounts. Only the
jor diastereomer of the starting mixture could be isolated
fully characterized; this appears to be theall-cis isomer. The
yield curves confirm that the major diastereomer in the in
solution isomerized rapidly, because its disappearance (
at τ = 0.2 gmin/mol) was much faster than the overall co
version (19% atτ = 0.2 gmin/mol). Most of the isomers pro
duced have yields passing through a maximum at relatively
weight time, which means that they also react further.

The major 4,6-DM-HH-DBT diastereomer, produced in
HDS of 4,6-DM-PH-DBT throughout the experiment, was is
mer A (trans–cis), not isomer C (cis–cis) as would be expecte
from the dehydrogenation of theall-cis 4,6-DM-PH-DBT di-
astereomer. This is probably due to the isomerization react
Moreover, the distribution of the 4,6-DM-HH-DBT diaster
omers confirmed that isomer A is the isomer that converts m
easily. In the same way, theall-cis 4,6-DM-PH-DBT diastere-
r-
rs

,

re
a-
d

l
%

s.

st

omer was only a minor product in the HDS of 4,6-DM-H
DBT, which initially consisted mainly of isomer C (cis–cis).

Different isomers must also be considered in the case o
desulfurized products, because 3,3′-DM-CHB and 3,3′-DM-
BCH have two and four chiral atoms, respectively. For 3′-
DM-CHB, the two possible diastereomers were observed; t
always had a ratio of about 1:1. Only three of the six poss
diastereomers of 3,3′-DM-BCH were detected; their ratio wa
constant at 2:1:1. There were no significant changes in the
mer ratios when the reactions were started with the diffe
sulfur-containing molecules or with 3,3′-DM-BP. It seems tha
the removal and reintroduction of a hydrogen atom from an
the sulfur-containing intermediates is fast on the Pd surface

4.4. Effect of temperature

Comparing the results of the 4,6-DM-DBT HDS expe
ments performed at 300◦C and 280◦C (Figs. 1 and 6) shows
that much smaller amounts of the desulfurized products for
at low temperature. Thus, the yields of 3,3′-DM-BP, 3,3′-DM-
CHB, and 3,3′-DM-BCH decreased by factors of 2.0, 2.3, a
3.5, respectively, when the temperature was lowered by 20◦C.
In contrast, the sulfur intermediates 4,6-DM-TH-DBT, 4
DM-HH-DBT, and 4,6-DM-PH-DBT gave even higher yield
at 280◦C for τ > 3 g min/mol. However, the shape of the
curves at 280◦C differed; after a sharp increase at low weig
time, the yields leveled off slowly. The maximum values w
not yet reached, which means that the formation of the su
containing intermediates by hydrogenation still predomina
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Fig. 11. Overall conversion (A) and HDS conversion (B) in the HDS of 4,6-DM-DBT at 300◦C (F, solid line) and 280◦C (L, dashed line) over 0.50 wt%
Pd/γ -Al2O3 as a function of weight time.
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over their consumption by desulfurization.Fig. 11 confirms
that desulfurization was more affected than hydrogenation
a change in the temperature, probably because desulfu
tion has a higher activation energy. When the temperature
lowered by 20◦C, the overall conversion of 4,6-DM-DBT de
creased from 76 to 49% (Fig. 11A), whereas the HDS conve
sion, the conversion to desulfurized products, decreased
63 to 23% (Fig. 11B) for τ = 9 gmin/mol. In other words,
83% of the converted molecules were desulfurized at 300◦C,
but only 46% were desulfurized at 280◦C.

Moreover, the selectivity of the DDS route changed from 1
0.6% when the temperature was lowered by 20◦C, confirming
that desulfurization is more strongly suppressed than hy
genation at low temperature. The stronger promotional e
of temperature on the DDS pathway in the removal of su
from DBT [20,26] and 4,6-DM-DBT[24] was also observe
on sulfided Co–Mo and Ni–Mo catalysts. The weaker effec
temperature on hydrogenation may also be explained by the
that at lower temperature, the hydrogenation–dehydrogen
equilibrium shifts to the hydrogenation side.Fig. 12confirms
this point; the ratio of 4,6-DM-TH-DBT to 4,6-DM-HH-DBT
(circles) was constant at 1.3 at 280◦C and at 2.1 at 300◦C.

As mentioned in Section3.6, 4,6-DM-PH-DBT behaved dif
ferently at 280◦C than at 300◦C. Its evolution no longer fol-
lowed that of the other two sulfur-containing intermediat
4,6-DM-TH-DBT and 4,6-DM-HH-DBT.Fig. 12illustrates this

Fig. 12. Ratio of 4,6-DM-TH-DBT to 4,6-DM-HH-DBT (", $) and ratio of
4,6-DM-HH-DBT to 4,6-DM-PH-DBT (2, :) at 300◦C (—) and 280◦C (- - -)
in the HDS of 4,6-DM-DBT over 0.50 wt% Pd/γ -Al2O3 as a function of weight
time.
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fact; at 300◦C, the ratio of 4,6-DM-HH-DBT to 4,6-DM-PH
DBT was not constant, but decreased slowly from 2.0 to
with increasing weight time. At 280◦C, the decrease from 3.
to 2.1 was much more pronounced, demonstrated that e
librium had not yet been reached. Moreover, the ratio of 4
DM-HH-DBT to 4,6-DM-PH-DBT was higher at 280◦C than
at 300◦C. This demonstrates that the system was still in the
netic regime and not under thermodynamic control.

5. Conclusions

A detailed study of the HDS reaction network of 4,
dimethyl-dibenzothiophene was carried out over Pd/γ -Al2O3.
The results indicate that 4,6-DM-DBT reacted almost exc
sively through the hydrogenation pathway. The reactant
converted with only 1% selectivity via the direct desulfurizat
route. No significant further hydrogenation of the desulfuriz
compounds occurred under the experimental conditions.

All of the (partially) hydrogenated sulfur-containing inte
mediates of the HYD pathway—namely 4,6-DM-TH-DBT, 4,
DM-HH-DBT, and 4,6-DM-PH-DBT—were observed in th
HDS of 4,6-DM-DBT. After these three compounds were s
thesized, the HDS experiments were performed separately
results demonstrate that hydrogenation and dehydrogen
between the sulfur-containing intermediates occurred easil
the catalyst surface. Moreover, 4,6-DM-TH-DBT and 4,6-D
HH-DBT rapidly converted to one another, due to their sim
behavior and evolution. Calculations of their molar ratios c
firmed that they were in equilibrium in the HDS of 4,6-DM
DBT and close to equilibrium in the experiments starting fr
the partially hydrogenated sulfur-containing compounds.

A comparison of the experimental data indicated that de
furization was easier from the more saturated compone
This confirms that the molecular planarity must be remove
weaken the steric hindrance caused by the methyl groups
to provide better access to the sulfur atom. Finally, tempera
was found to have a stronger promotional effect on desu
ization than on hydrogenation. Thus, the direct desulfuriza
route and the removal of sulfur from the reaction intermedia
were enhanced at higher temperature. Furthermore, the eq
rium between 4,6-DM-TH-DBT and 4,6-DM-HH-DBT shifte
toward the 4,6-DM-TH-DBT side.
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