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Abstract

The hydrodesulfurization (HDS) reaction network of 4,6-dimethyl-dibenzothiophene (4,6-DM-DBT) was investigated gwéd Jaf at
300°C and 5 MPa. 4,6-DM-DBT reacts almost exclusively through the hydrogenation pathway, with only 1% reacting via the direct desulfurizz
tion route. No significant further hydrogenation of the desulfurized compounds occurred. Three (partially) hydrogenated intermediates of the H'
pathway were observed: 4,6-dimethyl-1,2,3,4-tetrahydro-dibergaibne (4,6-DM-TH-DBT), 4,6-dimethyl-hexahydro-dibenzothiophene (4,6
DM-HH-DBT), and 4,6-dimethyl-perhydro-dibenzothiophene (4,6-DM-PH-DBT). These three intermediates were synthesized and their HD
studied. Hydrogenation and dehydrogenation reactions occurred readily between the intermediates. 4,6-DM-TH-DBT and 4,6-DM-HH-DE
interconverted rapidly and were in equilibrium in the HDS of 4,6-DM-DBT and close to equilibrium in the experiments starting from the inter-
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-DBT. Th
shows that the molecule planarity must be removed to weaken the steric hindrance caused by the methyl groups and to provide better acce
the sulfur atom. Temperature had a stronger promotional effect on desulfurization than on hydrogenation and enhanced sulfur removal from
reaction intermediates.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction tion (DDS) pathway, the C—S bonds of the reactant molecule are
broken by hydrogenolysis, leading to the formation of 313

The maximum allowed amount of sulfur in gasoline andmethyl-biphenyl. In the hydrogenation (HYD) pathway, the
diesel fuel was reduced to 50 ppm in many parts of the worldeactant molecule is first hydrogenated to intermediates, the
in 2005 and probably will be reduced even further by theC-S bonds of which are then broken to form’3j8nethyl-
end of the decade. Deep hydrodesulfurization (HDS) technoleyclohexylbenzene and 3;8imethyl-bicyclohexyl. Whereas
ogy must be implemented to attain this low level of sulfur.the HDS of DBT occurs mainly by the DDS pathway, the HYD
Molecules such as 4,6-dialkyl-dibenzothiophene, with alkylpathway dominates the HDS of 4,6-DM-DBT. A generally ac-
groups adjacent to the sulfur atom, are very difficult to desulcepted explanation for this phenomenon is that in the DDS
furize and are problematic in deep H}§2]. 4,6-Dimethyl-  pathway, the reactant must adsorb ir anode, perpendicu-
dibenzothiophene (4,6-DM-DBT) is therefore commonly usedar to the catalyst surface. In this mode, the neighboring methyl
as a model molecule in HDS studies. groups hinder bonding with the catalytic sites because they ex-

Extensive research with metal sulfide catalysts has showtend further into space than the lone pairs of the sulfur atom,
that the HDS of dibenzothiophene (DBT) and 4,6-DM-DBT oc-which are responsible for the bonding.
curs by two reaction pathway$—3]. In the direct desulfuriza- The HDS of 4,6-DM-DBT is dominated by the HYD path-

way and thus depends on the hydrogenating ability of the cat-
= Correspondi alyst. Because metals are much better hydrogenation catalysts
ponding author. . . .

E-mail addresses: jcat@tech.chem.ethz.ctoel.prins@chem.ethz.ch than metal sulfides, metal catalysts might be suitable for deep

(R. Prins). HDS. Unfortunately, metal catalysts are thermodynamically un-
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stable in the presence of sulfur-containing molecules, and th&,6-DM-DBT (Acros; 95%) and its partially and fully hydro-
metal particles may change in metal sulfide particles. The noblgenated derivatives 4,6-DM-TH-DBT, 4,6-DM-HH-DBT, and
metals on the right side of the periodic table should be less sed,6-DM-PH-DBT. These sulfur-containing intermediates were
sitive to sulfur; indeed, several investigations have shown thgtrepared in our laboratory by (partial) hydrogenation of 4,6-
Pt and Pd in particular are less susceptible to transformatioBM-DBT, as described herein. Possible further hydrogenation
to inactive sulfides than other metals. Furthermore, the suppodf the desulfurized reaction products was investigated through
has been shown to play an important role, with such supporta hydrogenation experiment with 1 kPa'3démethyl-biphenyl
as zeolites and silica—alumina stabilizing Pt particles much bet3,3-DM-BP, 99%; Aldrich). To simulate the presence of sulfur
ter than other supports. Thus the influence of the metal and theomponents in the system, the reaction was done in the presence
support on the hydrogenation of aromatics in diesel fuel oveof 1 kPa dibenzothiophene (DBT, 98%; Fluka). To diminish a
PtPd on amorphous silica—alumina (ASK)], benzene over possible influence of catalyst deactivation, all investigations of
Pt/zeolite MOR and Pt/LTI5-7], toluene[8] and tetralin[9] the conversion and product yields as a function of weight time
over PtPd/A$O3, toluene and naphthalene over PtPd/A%8), started at the highest weight time (lowest flow rate), with the
toluene over PtPd/ASA and PtPd/zeolite[¥1], naphthalene weight time decreased thereafter. We expected palladium to be
over PtPd/Mg-Al oxide[12], and tetralin over PtPd/ZrD  partly sulfided under these experimental conditifzig.
MCM [13] have been studied.

Few studies on the HDS properties of noble metals hav@.2. Preparation of 4,6-DM-TH-DBT
been published, however, and these dealt only with their gen-
eral activities and the DDS to HYD rati¢$4—19] Therefore, The production of 4,6-DM-TH-DBT was performed in a
we started with an investigation of the reaction network ofsimilar reactor as used in the HDS experiments. The reactor
the HDS of 4,6-DM-DBT over Pd, because this metal hasvas loaded with 400 mg 8 wt% Mp£Al 203 prepared by incip-
been reported to have the best resistance agaipSt Be- ient wetness impregnatig@2]. Before the reaction, the catalyst
cause this network is complex, it is not enough to study onlywas activated by in situ sulfidation with a mixture of 109%3H
the reaction of 4,6-DM-DBT,; the reactions of some or all ofin H> (50 nml/min) at 400°C and 1 MPa for 4 h. The tem-
the intermediates should be studied as well. Therefore, wperature was decreased to 32X) and the total pressure was
synthesized three key intermediates—4,6-dimethyl-1,2,3,4-tdncreased to 5 MPa, and then the liquid reactants were fed to
trahydro-dibenzothiophene (4,6-DM-TH-DBT), 4,6-dimeth- the reactor. The gas phase feed consisted of 130 kPa toluene
yl-1,2,3,4,4a,9b-hexahydro-dibenzothiophene  (4,6-DM-HH+(as solvent), 2.5 kPa 4,6-DM-DBT (almost the limit of solubil-
DBT), and 4,6-dimethyl-perhydro-dibenzothiophene (4,6-DM-ity, 45 mg/ml), 20 kPa BS, and~4.85 MPa H. The reaction
PH-DBT)—and studied their HDS in addition to that of was carried out at weight time= 4.9 gmin/mol. Under these
4,6-DM-DBT. We addressed the following questions: Howconditions, the product mixture consisted of 69% 4,6-DM-
does the DDS occur, and how does the last part of the HYD—DBT, 18% 4,6-DM-TH-DBT, 6.5% 4,6-DM-HH-DBT, 0.5%
that is, the final removal of sulfur from the hydrogenated DBT4,6-DM-PH-DBT, and 6% desulfurized products.

intermediates—occur? After partial evaporation of the solvent, unreacted 4,6-DM-
DBT was recovered by crystallization in toluene and separation

2. Experimental by filtration. The remaining mother liquor was added to com-
mercial silica and evaporated to dryness. The reaction products

2.1. HDSexperiments were separated by column chromatography over silica, using

petrol ether as the eluent. The fractions containing 4,6-DM-TH-

All of the experiments were performed over a 0.50 wt%DBT were further purified by vacuum distillation. M&, and
Pd ony-Al,03 catalyst (Condea, 35-60 mesh400-250 pm, 13C NMR spectroscopy revealed the final product to be 4,6-
BET surface area 220 yg, total pore volume 0.6 mg,  dimethyl-1,2,3,4-tetrahydro-dibenzothiophene.
metal dispersion 56% as calculated from the strong hydrogen
chemisorption), diluted with SiC in a continuous mode in a2.3. Preparation of 4,6-DM-HH-DBT and 4,6-DM-PH-DBT
fixed-bed Inconel reactd20]. We used 50 mg of catalyst in
the HDS experiments with 4,6-DM-DBT and 20 mg of catalyst 4,6-DM-HH-DBT and 4,6-DM-PH-DBT were prepared by
for the more reactive hydrogenated intermediates. Before thieydrogenation of 4,6-DM-DBT under high hydrogen pressure
HDS experiments, the catalyst was activated by in situ redudn a 300-ml stainless steel autoclave. The autoclave was loaded
tion in a 50 nmfmin hydrogen flow at 300C and 0.5 MPa with 10 g of 10 wt% Pd/C catalyst, 10 g of 4,6-DM-DBT, and
for 2 h. Then the total pressure was increased to the read-80 ml of glacial acetic acid (as solvent, crucial for a high con-
tion pressure of 5 MPa, and the liquid reactants were fed teersion). The reaction was carried out at 2@0and 15 MPa
the reactor. Most of the HDS and hydrogenation experimentsl, for 5 h. The hydrogenation product consisted of 47% 4,6-
were performed at 300C; only one HDS experiment with 4,6- DM-DBT, 4% 4,6-DM-TH-DBT, 42% 4,6-DM-HH-DBT, 4%
DM-DBT was done at 280C. The gas phase feed consisted4,6-DM-PH-DBT, and 3% desulfurized products.
of 130 kPa decane (as solvent), 8 kPa dodecane (as internal After the autoclave was cooled to room temperature, the cat-
standard), 1 kPa sulfur-containing reactant, a4d385 MPa hy-  alyst was filtered off. Because the catalyst adsorbed a large
drogen. The following sulfur-containing reactants were usedamount of products, it was refluxed in chloroform for 1 h and
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l l l PdA-Al,03. At T =5 g min/mol, the conversion reached 62%,
O Q Q ’ demonstrating the very high activity of the noble metal cata-
M/“ 6\M/4 lyst. Under identical conditions (30@, 5 MPa total pressure,

S \ / S \ 1 kPa of 4,6-DM-DBT), but in the presence of 35 kPa3H
only 18% of 4,6-DM-DBT was converted at=5 gmin/mol
Scheme 1. Structure of 4,6-DM-HH-DBT (A) and 4,6-DM-PH-DBT (B) with OVver 50 mg of sulfided NiMg/-Al>O3 catalyst, even though
their three and six chiral centers (*), respectively. the metal loading was much higher with 8 wt% Mo and 3 wt%

Ni [24].

filtered a second time. Both filtrates were then evaporated sepa- During the reaction over the palladium catalyst, six species
rately to dryness, and the unreacted 4,6-DM-DBT was purifiedvere observed: 3.alimethyl-biphenyl (3,3DM-BP), the
by recrystallization in toluene. The mother liquors were evapoProduct of the DDS pathway, and 4,6-DM-TH-DBT, 4,6-DM-
rated together with commerecial silica, and the reaction productsiH-DBT, 4,6-DM-PH-DBT, 3,3-dimethyl-cyclohexylbenzene
were separated twice by column chromatography, as was dord,.3-DM-CHB), and 3,3-dimethyl-bicyclohexyl (3,3DM-
in the preparation of 4,6-DM-TH-DBT. There were three dif- BCH), the intermediate and final products of the HYD route.
ferent isomers of 4,6-DM-HH-DBT in the reaction mixture, The results of GC-MS analysis confirmed that the tetrahydro-
isolated in the following proportions: 28% isomer A, 9% iso- intermediate was 4,6-dimethyl-1,2,3,4-tetrahydro-dibenzothio-
mer B, and 63% isomer C. After recrystallization, these isomer®hene, with the double bond located at the bridge between the
were characterized byH and3C NMR spectroscopy, MS/MS  partially hydrogenated six-member ring and the thiophene ring
experiments, and X-ray crystal structure determinaja®. (the 4a and 9b positions Bcheme 1

As illustrated inScheme A, there are three chiral centers ~ 4,6-DM-TH-DBT, 4,6-DM-HH-DBT, and 4,6-DM-PH-DBT
in 4,6-DM-HH-DBT. Thus the carbon atoms at positions 4, 4ashowed behavior typical of reaction intermediates, formed by
and 9b can have their hydrogen atom in eitherdise or the ~ (partial) hydrogenation of 4,6-DM-DBT. Their yields passed
trans-configuration relative to each other, leading to four differ-through a maximum and their selectivities decreased with
ent diastereomers. Complete characterization of the 4,6-DMueight time, which means that they were subsequently con-
HH-DBT isomers obtained from the hydrogenation reactionverted. The final products of the HYD pathway after further
revealed that isomer A has the,4a)-tran5_(4a,9b)-cis Conﬁg- desulfurization were 3:3:)M-CHB and 3,3—DM-BCH, which
uration, isomer B has th@,4a)-trans—(4a,9b)-trans configura- ~ showed continuously increasing yield and selectivity curves.
tion, and isomer C has tH{@,4a)-cis—4a,9b)-cis configuration. ~ The 3,3-DM-BP selectivity was only 1% and was almost con-
The fourth diastereomer with th{d,4a)-cis{(4a,9b)-transcon-  stant throughout the reaction. Therefore, the product of the
figuration (isomer D) was found in trace amounts among théDS route did not seem to hydrogenate further to-8BI-
reaction products, but in too small an amount to allow isola-CHB under our conditions; 99% of 4,6-DM-DBT was always
tion for characterization. In the case of 4,6-DM-PH-DBT, theconverted via the HYD pathway, with only 1% converted
conditions led almost exclusively to the production of one di-through DDS.
astereomer'H and 13C NMR spectroscopy showed that this At low weight time, 4,6-DM-TH-DBT was the most abun-
had theall-cis configuration with respect to the six chiral cen- dant product, and the sharp increase in its yield demonstrates
ters of the molecule, located at positions 4, 4a, 5a, 6, 9a, and ghat it formed rapidly. The three (partially) hydrogenated sulfur

(Scheme B). compounds represented 65% of the reaction products at short
weight time ¢ = 0.5 gmin/mol) and 17% even at high weight

3. Results time (r = 9 gmin/mol). This indicates that partial hydrogena-
tion of 4,6-DM-DBT proceeded easily on BdAl 03, but that

3.1. HDSof 4,6-DM-DBT subsequent sulfur removal was relatively difficult. Moreover,

the three (partially) hydrogenated sulfur compounds evolved at
Fig. 1 shows the reaction profile and the product selectivthe same time, and their yields had similar time dependence.
ities in the HDS of 4,6-DM-DBT over 50 mg of 0.50 wt% The ratio of 4,6-DM-TH-DBT to 4,6-DM-HH-DBT was con-
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Fig. 1. Reaction profile (A) and product selectivities (B) in the HDS of 4,6-DM-DBT over 0.50 wt%-RtBO3 as a function of weight time4p 4,6-DM-DBT;
A 3,3-DM-BP; ¥ 4,6-DM-TH-DBT; » 4,6-DM-HH-DBT; « 4,6-DM-PH-DBT;® 3,3-DM-CHB; B 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%-Rt O3 as a function of weight time€p 4,6-DM-DBT;
A 3,3-DM-BP; ¥ 4,6-DM-TH-DBT; » 4,6-DM-HH-DBT; « 4,6-DM-PH-DBT; ® 3,3-DM-CHB; B 3,3-DM-BCH).

stant and equal to 2.1 throughout the reaction, whereas thgy hydrogenation to 4,6-DM-HH-DBT, 4,6-DM-PH-DBT, and

ratio of 4,6-DM-TH-DBT to 4,6-DM-PH-DBT changed from their desulfurized products, 3;®M-CHB and 3,3-DM-BCH,

4.2 to 3.4 with increasing weight time. At> 1.3 gmirymol,  and by dehydrogenation to 4,6-DM-DBT and the desulfurized

the fully hydrogenated and desulfurized compound;-B/8l- 3,3-DM-BP. Adding the selectivities of the components in-

BCH, became the main reaction product;’$8-CHB was volved in these two reaction branches and extrapolating them

the second most abundant component, at2.6 g min/mol. to r = 0 provided initial selectivities of 92% for the hydro-
Assuming pseudo-first-order kinetics for the HDS of 4,6-genation and 8% for the dehydrogenation route. The hydro-

DM-DBT at low conversions (where inhibition by43 is prac-  genation of 4,6-DM-TH-DBT was thus 11.5 times faster than

tically negligible), we calculated a rate constank@k.om-peT  the dehydrogenation. Based on these values, the following rate

= 0.58 moJ(g min) for the disappearance of the reactant. To-constants were obtained for the two pathway§arogenation=

gether with the selectivity of the pathways (1% DDS and 99%l.19 mol/(g min) andkgehydrogenatior= 0.10 mol/(g min).

HYD), this gives the rate constants of the two routgsys =

0.006 mo)/(gmin) andkyyp = 0.57 mol/(g min). 3.3. HDSof 4,6-DM-HH-DBT

3.2. HDSof 4,6-DM-TH-DBT The 4,6-DM-HH-DBT reactant consisted of 88% isomer C,
11% isomer A, 1% isomer B, and traces of isomer D. To treat
The conversion of 4,6-DM-TH-DBT over 20 mg of 0.50 wt% the experimental data, all of the isomer peaks were quantified
PdA -Al,03 was about 10% higher than that of 4,6-DM-DBT separately and added together under the general name 4,6-DM-
over 50 mg of 0.50 wt% Pgt-Al,03 under the same conditions HH-DBT. The reaction profile shows that 4,6-DM-HH-DBT
(300°C and 5 MPa). The reaction profile and product selecis a very reactive component under our operating conditions
tivities are shown irFig. 2 The same species were observed(Fig. 3). Half of it converted already at= 0.2 g min/mol with
as in the HDS of 4,6-DM-DBT. Up ta = 3.2 gmin/mol, the  a selectivity of 70% to 4,6-DM-TH-DBT. The latter molecule
main product was 4,6-DM-HH-DBT, showing the typical reac- forms by dehydrogenation of the reactant and acts as a reaction
tion profile of an intermediate. This compound forms rapidlyintermediate. It was always the most abundant compound, hav-
by hydrogenation of the reactant, 4,6-DM-TH-DBT, and reacting 40% selectivity at high weight timer (= 3.6 g min/mol).
further, as demonstrated by the (slow) decrease in its yield witl,6-DM-DBT was obtained as a product of subsequent dehy-
weight time. drogenation and showed a constant selectivity of 8% through-
4,6-DM-DBT was obtained in significant amounts, with a out the reaction. Trace amounts of '3[EM-BP were also de-
constant selectivity of 8% throughout the reaction; it musttected (yield< 0.15%). The yields of 4,6-DM-PH-DBT and
be formed by dehydrogenation of the reactant on the cata4,6-DM-DBT increased progressively to 9 and 7% mat
lyst surface. As a result of the formation of this compound,3.6 g min/mol, respectively; thus, their formation was always
traces of 3,3DM-BP were also detected (yield 0.1%). somewhat faster than their consumption. Among the desulfu-
The rate at which 4,6-DM-PH-DBT and 4,6-DM-DBT form rized products, 3;3DM-BCH was more abundant than 3,3
must be slightly higher than the rate of consumption, beDM-CHB att > 1 g min/mol.
cause their yields increase slowly to 7 and 5%, respectively, at Assuming pseudo-first-order Kkinetics, we obtained
7 =3.6 gmin/mol. Up tor = 1.5 gmin/mol, larger amounts of k4 6-pm-HH-DBT = 3.02 Mo}/ (g min) for the conversion of 4,6-
3,3-DM-CHB were produced than of 3;®M-BCH, whereas DM-HH-DBT at low weight time. According to the reaction
at high weight times the fully hydrogenated compound was thaetwork, 4,6-DM-HH-DBT can convert in three different ways:
most abundant species. by hydrogenation to 4,6-DM-PH-DBT and further desulfur-
From the conversion of 4,6-DM-TH-DBT at low weight ization to 3,3-DM-BCH; by dehydrogenation to 4,6-DM-TH-
time and the assumption of pseudo-first-order kinetics, we calPBT, 4,6-DM-DBT, and the desulfurized 3;®M-BP; and
culated a rate constant éf 6.pm-TH-DBT = 1.30 Mo)/(g min) by direct sulfur removal to 3;2DM-CHB. Hence, the sums
for the disappearance of the reactant. 4,6-DM-TH-DBT react®f the selectivities of the involved products in each branch
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Fig. 4. Reaction profile (A) and product selectivities (B) in the HDS of 4,6-DM-PH-DBT over 0.50 wt%-R/Os3 as a function of weight timep 4,6-DM-DBT;
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and their extrapolation ta = 0 quantify the initial propor- DM-TH-DBT was also observed in low amounts, with a max-
tions of the three independent routes: 10% for hydrogenaimum yield of 2% and a constantly decreasing selectivity. 4,6-
tion, 83% for dehydrogenation, and 7% for desulfurization.DM-DBT and its desulfurization product 3;®M-BP were ob-
These values demonstrate that 4,6-DM-HH-DBT reacts 8 timegined in trace amounts (0.7 and 0.1%, respectively). Above
faster by dehydrogenation than by hydrogenation and 12 timeg 2 g min/mol, the major product was 3;®M-BCH, formed
faster by dehydrogenation than by direct sulfur removal. Fronjirectly by desulfurization of the reactant, 4,6-DM-PH-DBT. Its
the pathway selectivities, the following rate constants Wergigh selectivity of 43% at = 0.2 g min/mol doubled to 87% at
calculated:kdehydrogenatior= 2.51 MOl (gmin), knydrogenation= ¢ = 3.7 gmirymol. Small amounts of the desulfurized product
0.30 mol/(gmin), andkdesulfurization= 0.21 mol/ (g min). 3,3-DM-CHB formed with continuously increasing yield and
selectivity. At high weight time« > 2.9 g min/mol), it was the
second most abundant reaction product.

Pseudo-first-order kinetics led to a rate constant of
. . e . 0
The starting material, 4,6-DM-PH-DBT, contained 86% of k4 6.oM-PH.0BT = 0.96 mo)(g min) for the disappearance of

the all-cis diastereomer and small amounts of other isomers - ; ) .
During the HDS reaction over 20 mg of 0.50 wi% Pl ,0s, 4,6-DM-PH-DBT at low weight time. Two different reaction

isomerization of the reactant occurred at the same time a<utes are possible for 4,6-DM-PH-DBT: direct sulfur removal

its conversion; more than 10 different diastereomers were ad® produce 3,3DM-BCH and dehydrogenation hto 4'6'[?fM'
tected. These were quantified separately, but the plotted yieI'EJH'DBT' 4,6-DM-TH-DBT, 4,6-DM-DBT, and the desulfu-

of 4,6-DM-PH-DBT represents the sum of all the isomers. Thd2€d products 3;3DM-CHB and 3,3-DM-BP. The ratio of

experimental results are givenfiig. 4 all of the products involved in the dehydrogenation branch to

4,6-DM-PH-DBT did not seem to be particularly reactive 3,3-DM-BCH corresponded to the ratio of the two reaction
under our experimental conditions. At= 0.2 gmirymol, it ~ Pathways. Its extrapolation to = 0 gave a value of about
converted mainly (with 90% selectivity) to equal amounts of3 for the initial ratio of the dehydrogenation to the desulfur-
4,6-DM-HH-DBT by dehydrogenation and of 3,BM-BCH ization route. In other words, 75% of 4,6-DM-PH-DBT con-
by desulfurization. 4,6-DM-HH-DBT acted as a reaction inter-verted initially by dehydrogenation, whereas only 25% was
mediate. It was formed rapidly at low weight time but trans-directly desulfurized. Therefore, the rate constants of these
formed easily, as shown by the rather fast decrease in its yieldathways are estimated &gehydrogenatior= 0.72 mol/(gmin)
and selectivity curves. The dehydrogenation intermediate 4,6andkgesuifurization= 0.24 mol/(g min).

3.4. HDSof 4,6-DM-PH-DBT
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3.5. Hydrogenation of 3,3'-DM-BP ucts at this lower temperature show that 4,6-DM-TH-DBT
was the major product throughout the reaction, with a high
To investigate the possible hydrogenation of the desulfurselectivity of 41% atr = 0.5 gmin/mol and 25% atr =
ized reaction products, hydrogenation of 1 kPa-BI®1-BP 9 gmirymol (Fig. 6). 4,6-DM-HH-DBT was the second most
was performed at 300C and 5 MPa total pressure over 50 mg abundant reaction product up to = 7.3 gmin/mol. The
of 0.50 wt% Pdy-Al,03. The experiment was carried out si- yields of 4,6-DM-TH-DBT and 4,6-DM-HH-DBT both in-
multaneously with the HDS of 1 kPa of DBT, to simulate the creased sharply initially and then leveled off; they had a
presence of sulfur compounds in the systdfig. 5 shows constant ratio of 1.3. The third hydrogenated sulfur com-
the reaction profiles with the concentrations of DBT (dashegound, 4,6-DM-PH-DBT, behaved slightly differently, show-
line) and 3,3DM-BP, the yields of 3,3DM-CHB and 3,3- ing a constant selectivity at 10% and a steadily increasing
DM-BCH, as well as the product selectivities for the hydro-yield. Its formation was stronger than its consumption through-
genation of 3,3DM-BP. Very slow conversion of 3;3DM-BP  out the reaction. The ratio of 4,6-DM-TH-DBT to 4,6-DM-
was observed in the presence of the sulfur-containing DBTPH-DBT decreased from 4.3 to 2.6 with increasing weight
At T =9 gmirymol, when only 19% DBT remains, the con- time.
version of 3,3DM-BP barely reached 7%. The hydrogenation The three (partially) hydrogenated sulfur compounds al-
occurred almost exclusively to 3;BM-CHB, with a selec- ways constituted the major part of the reaction products at
tivity of 97%. The fully hydrogenated component, 3[3\- 280°C. The sum of their selectivities amounted to 82% at
BCH, formed in small quantities only, meaning that the sub-0.5 g min/mol and was still 54% at = 9 gmin/mol. This in-
sequent hydrogenation would be more difficult, as was exedicates that the subsequent sulfur removal is more difficult than

pected. the partial hydrogenation of 4,6-DM-DBT, which is relatively
fast on Pdy-Al,03. The final desulfurized products, 3,BM-
3.6. Effect of the temperature on the HDS of 4,6-DM-DBT CHB and 3,3-DM-BCH, showed about the same steady in-

crease in yield and selectivity at rather low levels. The product
The effect of temperature on the HDS of 4,6-DM-DBT of the DDS pathway, 3;3DM-BP, formed in trace amounts and
was studied by carrying out an experiment over 50 mg ohad a constant selectivity of 0.6%. Therefore, the ratio of the
0.50 wt% Pdy-Al,0O3 at 280°C and 5 MPa total pressure. DDS to HYD route was 0.6 to 99.4 for the conversion of 4,6-
The yields and selectivities of the different reaction prod-DM-DBT at 280°C.
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4. Discussion that formed rapidly Eig. 2). This explains why it behaved like
a primary product in the HDS of 4,6-DM-DBT. 4,6-DM-HH-
4.1. Reaction network of the HDS of 4,6-DM-DBT DBT acted as an intermediate, but its effective disappearance

was rather slow. The ratio of 4,6-DM-TH-DBT to 4,6-DM-

The hydrodesulfurization of 4,6-DM-DBT and its (partially) HH-DBT decreased with weight time and reached 2.3 at
hydrogenated sulfur-containing intermediates at 3D0and 3.6 gmirymol. Both 4,6-DM-DBT and 4,6-DM-PH-DBT had
5 MPa total pressure over 0.50 wt% PéAl,O3 shows that almost flat selectivity curves, although the former is expected
the desulfurized molecules, 3,8imethyl-cyclohexylbenzene 10 be a primary product and the latter a secondary product. Fur-
and 3,3-dimethyl-bicyclohexyl, were final products of the thermore, 3,3DM-CHB seemed to have nonzero selectivity
HYD pathway, because their yields and selectivities increaseBY extrapolation tor = 0. This can be explained by the fact
steadily as a function of weight timeFigs. 1-4. In turn,  thatif there is fast equilibrium between 4,6-DM-TH-DBT and
3,3-dimethyl-biphenyl was the only product of the DDS route. 4,6-DM-HH-DBT, then 4,6-DM-PH-DBT and 3;OM-CHB
The partially and fully hydrogenated sulfur-containing com-Will behave as (quasi) primary products. Thus, their selectivi-
pounds formed easily and acted as reaction intermediatei€s start with nonzero values at=0.
with their yields passing through a maximufid. 1). As ex- In the HDS of 4,6-DM-HH-DBT, large amounts of 4,6-DM-
pected, 4,6-DM-TH-DBT was the primary product of the HyD TH-DBT formed very rapidly by dehydrogenation of the reac-
pathway. Surprisingly, 4,6-DM-HH-DBT also seemed to havefant, with 4,6-DM-TH-DBT clearly a primary produckig. 3).
nonzero selectivity at = 0, even though it is a secondary prod- The relative concentrations of 4,6-DM-TH-DBT and 4,6-DM-
uct according t@cheme 2This would mean that it behaves as HH-DBT at high weight time were very similar to those ob-
a primary product as well. Moreover, 4,6-DM-TH-DBT and ta@ined in the HDS of 4,6-DM-TH-DBT. At = 3.6 gmirn/mol,
4,6-DM-HH-DBT evolved at the same time with a constant ra-their ratio equaled 1.8. Furthermore, 3[M-CHB and 3,3-
tio of 2.1, suggesting that they were in equilibrium under thePM-BCH had the same yields (15 and 19%, respectively)
present conditions and that the transformation of 4,6-DM-TH-Starting from 4,6-DM-TH-DBT and 4,6-DM-HH-DBT. These
DBT to 4,6-DM-HH-DBT was rapid relative to the other reac- V&lues are very close to the 14 and 22% obtained at
tions. If this transformation were much faster than the formatiors-6 9minymol in the HDS of 4,6-DM-DBT. In the reaction of
of 4,6-DM-TH-DBT, then 4,6-DM-HH-DBT would appear to 4:6-DM-HH-DBT, 4,6-DM-PH-DBT and 3,3DM-CHB acted
be a primary product as well. Furthermore, slow diffusion out of2S Primary p_roducts, with their nonzero selectivities obtained
the catalyst pores may mask the true kinetic character of the iy €xtrapolation ta = 0. 4,6-DM-DBT should be a secondary
termediates. The behavior of 4,6-DM-PH-DBT was less clearfProduct, butitbehaves like a primary product, probably because
because the slope of its selectivity curve was much less steep @ithe fast equilibrium between 4,6-DM-TH-DBT and 4,6-DM-

low weight time. According to the chemistry, 4,6-DM-PH-DBT HH-DBT.
should be a tertiary product. The HDS of 4,6-DM-PH-DBT showed that 4,6-DM-HH-

The experiments performed with the different sulfur-contain-°BT and 3,3-DM-BCH are primary products, because their

ing intermediates as reactants show that under our operat€lectivities have nonzero values by extrapolationr te- 0

ing conditions, hydrogenation and dehydrogenation reactiond19- 4. As mentioned earlier, 4,6-DM-PH-DBT reacted ap-
occurred easily on the catalyst surface. All of the sulfur com-Proximately three times faster by dehydrogenation than by de-
pounds, even 4,6-DM-DBT, were always visible, and Signif_sulfurization. In contrast to the experiments in which 4,6-DM-
icant amounts were produced rapidly. The HDS of 4,6-DM-1H-DBT and 4,6-DM-HH-DBT were used as reactants, in the

TH-DBT showed that 4,6-DM-HH-DBT was a primary product HDS of 4,6-DM-PH-DBT, the sulfur-containing products (4,6-
DM-HH-DBT, 4,6-DM-TH-DBT, and 4,6-DM-DBT) formed

61073 in much smaller amounts. Even 4,6-DM-HH-DBT reached a
- DDS route maximum yield of only 8%. This may be due to the fact that
S
4,6-DM-PH-DBT was slightly higher than that for desulfur-
S
y0.2

ization of 4,6-DM-HH-DBT, making desulfurization proceed

the rate constant for hydrogenation of 4,6-DM-HH-DBT to
o.elwq
mainly through 4,6-DM-PH-DBT.
0.

0.

w

The fast hydrogenation and dehydrogenation reactions of the

partially hydrogenated sulfur-containing compounds and their

~

1.2
-
S

HYD route

f i f s i more or less parallel evolution suggest that 4,6-DM-TH-DBT
jo2 and 4,6-DM-HH-DBT were close to equilibriunkig. 7A il-
lustrates the ratio between those two components during the
different HDS experiments. As mentioned earlier, their ratio in
Q_Q the HDS of 4,6-DM-DBT at 300C remained constant at 2.1.
In the experiments performed with the partially hydrogenated
Scheme 2. Reaction network and semiquantitative pseudo-first-order rate cogUlfUr intermediates, 4,6-DM-TH-DBT and 4,6-DM-HH-DBT,
stants in the HDS of 4,6-DM-DBT at 30 and 5 MPa over 0.50 wt% Pd/ the ratio approached 2.1. The ratio of 4,6-DM-TH-DBT to
y-Al203. 4,6-DM-HH-DBT in the HDS of 4,6-DM-PH-DBT started at 0
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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-D®Y}, (
4,6-DM-TH-DBT (%), 4,6-DM-HH-DBT (¥¢), and 4,6-DM-PH-DBT Q) at 300°C over 0.50 wt% Pg/-Al,03 as a function of weight time.

for r =0, because 4,6-DM-TH-DBT was not present in the systhe steric hindrance of the methyl groups located at positions
tem at the beginning of the reaction. Thereafter itincreased witd and 6[25]. As a result, the hydrogenated ring can adopt a
weight time, as the partially hydrogenated sulfur-containingchair conformation, which moves the bulky substituent away
compounds form progressively. The increase was slow, howfrom the sulfur atom, making the sulfur atom more accessible
ever, and the ratio was far from equilibrium. This might be duefor desulfurization. Furthermore, molecular modeling calcula-
to inhibition by HS produced during the reaction. Also, the tions indicate that the lengths of the C-S bonds increase with
diastereomer of 4,6-DM-PH-DBT, used at the start of the exthe saturation degree of the molecules, making them more re-
periment, isomerized very rapidly to many other isomers. Thugctive.
the reactivity determined from the data obtained at low conver- The hydrogenation and dehydrogenation rate constants were
sion may not represent the system at high weight time. several times larger than the desulfurization rate constants
Fig. 7B shows the ratio of 4,6-DM-HH-DBT to 4,6-DM-PH- (Scheme 2 The largest rate constants were for the reactions be-
DBT in the HDS reactions of 4,6-DM-DBT, 4,6-DM-TH-DBT, tween 4,6-DM-TH-DBT and 4,6-DM-HH-DBT, and the lowest
4,6-DM-HH-DBT, and 4,6-DM-PH-DBT. The ratio obtained in rate constant was for the dehydrogenation of 4,6-DM-TH-DBT
the HDS of 4,6-DM-DBT at 300C decreased slightly from 2.0 to 4,6-DM-DBT. These differences must be due to conforma-
to 1.6 with weight time. In the HDS of 4,6-DM-TH-DBT and tion of the reacting molecules on the catalyst surface.
4,6-DM-HH-DBT, the 4,6-DM-HH-DBT to 4,6-DM-PH-DBT The conversion of the sulfur-containing compounds to desul-
ratio decreased strongly with time, reaching 2.5 and 2.0, respedudrized products (defined as HDS conversion) as a function of
tively, at T = 3.6 gmin/ymol. The three curves tended to take weight time again shows that 4,6-DM-PH-DBT behaves differ-
the same direction, but equilibrium apparently had not yet beeently than the other sulfur-containing molecules. 4,6-DM-DBT,
reached. Starting the HDS reaction with 4,6-DM-PH-DBT led4,6-DM-TH-DBT, and 4,6-DM-HH-DBT had similar HDS
to a very small, even slightly decreasing ratio. The low ratio isconversions (about 35% at= 3.6 g min/mol), demonstrating
probably due to the continuous excess of 4,6-DM-PH-DBT, ashat the reactant desulfurization must go through 4,6-DM-HH-
a result of the rather low rates of hydrogenation and dehydrobBT almost exclusively and that the consecutive hydrogenation
genation between 4,6-DM-HH-DBT and 4,6-DM-PH-DBT. reactions are not rate-limiting. Otherwise, depending on the
starting sulfur-containing component, different HDS conver-
4.2. Reaction rates sions would be obtained. In contrast, 4,6-DM-PH-DBT had a
higher desulfurization conversion of 53%rat= 3.6 g min/mol,
Comparing the conversions of the different sulfur-containingwith an HDS selectivity to 3;3DM-BCH of 94%. This con-
compounds, 4,6-DM-HH-DBT appears to be the most reactivdirms that it is easy to remove sulfur directly, with only a minor
molecule Figs. 1-34. However, the high reactivity of 4,6-DM- contribution of the dehydrogenation route.
HH-DBT is due mainly to its fast dehydrogenation to 4,6-DM-  Assuming that equilibrium between 4,6-DM-TH-DBT and
TH-DBT (70% selectivity atr = 0.2 gmin/mol). Therefore, 4,6-DM-HH-DBT is established, the product selectivities ob-
one must compare the rate constants for the separate reactitained from their HDS experiments can be recalculated by treat-
steps Scheme P to learn more about the rates of desulfu- ing both partially hydrogenated sulfur compounds together as
rization. The pseudo-first-order rate constants for the direateactants. The resulting product selectivity curves of the HDS of
removal of sulfur from the different sulfur-containing compo- 4,6-DM-TH-DBT and 4,6-DM-HH-DBT were similarHig. 8
nents show that desulfurizing 4,6-DM-DBT was extremely dif-and indicate that equilibrium between these two molecules
ficult (kpps = 0.006 mol/ (g min)), whereas 4,6-DM-HH-DBT was almost reached. 4,6-DM-DBT and 4,6-DM-PH-DBT now
and 4,6-DM-PH-DBT had fast and almost similar reactivi- clearly behaved as primary products, formed by dehydrogena-
ties (kpps = 0.21 mol/(gmin) and 0.24 magl(g min), respec- tion of 4,6-DM-TH-DBT and hydrogenation of 4,6-DM-HH-
tively). This reactivity order for the removal of sulfur, 4,6-DM- DBT, respectively. The selectivities of 4,6-DM-DBT and 4,6-
DBT « 4,6-DM-HH-DBT ~ 4,6-DM-PH-DBT, demonstrates DM-PH-DBT decreased with weight time, demonstrating that
that a higher saturation degree of the molecules helps decreatbey are reaction intermediates that are subsequently converted.
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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 wtyeMdO3 as a function of
weight time, assuming equilibrium between 4,6-DM-TH-DBT and 4,6-DM-HH-D#¥¥ 4,6-DM-DBT; « 4,6-DM-PH-DBT;® 3,3-DM-CHB; B 3,3-DM-BCH;
A 3,3-DM-BP).

3,3-DM-CHB is also a primary product of the reaction net- ized products, 3/3DM-CHB and 3,3-DM-BCH. However, in
work from the couple 4,6-DM-TH-DBT and 4,6-DM-HH-DBT. all of the experiments starting with different sulfur-containing
Its almost constant selectivity shows that this component is a feompounds, 3/3DM-BCH was the most abundant desulfurized
nal product (from the desulfurization of 4,6-DM-HH-DBT) that component forc > 1-15 gmin/mol. This may be due to the
does not react further. The tendency of the selectivity of-3,3 fact that the rate constants considered were determined from
DM-BCH to reach zero by extrapolation to= 0 confirms that  experiments with specific diastereomers of 4,6-DM-HH-DBT
itis a secondary product, formed by subsequent desulfurizatiofmainly cis—cis) and 4,6-DM-PH-DBT 4&ll-cis). The reaction
of 4,6-DM-PH-DBT. mixtures in actual systems may behave differently, especially
Studying the hydrogenation of 3;8imethyl-biphenyl (the because of isomerization. This is likely the case for 4,6-DM-
product of the DDS pathway in the HDS of 4,6-DM-DBT), per- PH-DBT, because only small amounts of thiécis diastere-
formed in the presence of dibenzothiophene, showed that themer were found under our experimental conditions. Another
hydrogenation reaction to 3;®M-CHB was minor Fig. 5 reason may be inhibition by 4$ produced during the reaction.
and that the subsequent hydrogenation of-BBI-CHB to
3,3-DM-BCH was negligible. This confirms the observations 4.3. Stereoisomers
made in previous experiments, in which continuously increas-
ing yields and constant selectivities to 3[3-BP demon- To treat the experimental data, all the isomers of the com-
strated that a significant reaction does not occur thereafter. Thigounds formed during reaction were quantified separately and
is especially understandable given the low concentrations ahen added together. Four different diastereomers of 4,6-DM-
3,3-DM-BP in the system. HH-DBT and 13 of 4,6-DM-PH-DBT were detected. The HDS
Combining the results leads to the reaction network inreactions of these sulfur-containing components indicate that
Scheme Zor the HDS of 4,6-DM-DBT at 300C and 5 MPa  the molecules used as reactants isomerized at the same time
over 0.50 wt% Pd/-Al,0Os. In addition to the indicated reac- as their conversion. Therefore, plotting the selectivities of the
tions, direct desulfurization of 4,6-DM-TH-DBT also may be isomers as a function of weight time may provide information
possible, as for 4,6-DM-DBT. This would yield 3;BM-CHB,  about their relative behavior.
and finally 3,3-DM-CHB by further hydrogenation. However,  Fig. 9illustrates the yields and the distribution of the 4,6-
this additional intermediate was not observed in the producDM-HH-DBT diastereomers. The starting material contains
mixture, probably because its formation is rather slow (prob-88% isomer C, 11% isomer A, 1% isomer B, and traces of iso-
ably as slow as the formation of 3;8imethyl-biphenyl from  mer D. Fig. 9A indicates that the major isomer (C) converts
4,6-DM-DBT) and its hydrogenation is very fast. rapidly and is almost the only reacting species. The yield of
The comparison of the semiquantitative pseudo-first-ordeisomer A increases from 10 to 13% at low weight time, then de-
rate constants emphasizes the fact that the desulfurization rereases very slowly. The yield curves of the two other isomers
actions, as well as the dehydrogenation of 4,6-DM-TH-DBT(B and D) change only slightly and pass through a maximum at
to 4,6-DM-DBT, are the slowest steps in the network. Thisaboutr = 2 gmin/mol. This suggests that isomerization occurs
explains the large proportions of all of the sulfur-containingbetween the different diastereomers, but much more slowly than
intermediates under our experimental conditions. Accordinghe overall conversiorkig. 9B shows the changes in isomer dis-
to the reaction network and the rate constants estimated frotnibution in the mixture during the HDS reaction. At the highest
the initial rates, 3,3DM-CHB should be present in larger weight time in our experimentz(= 3.6 gmin/mol), equilib-
amounts than 3;3M-BCH at high weight time. Indeed, at rium was not reached, but the changes in the selectivities be-
equilibrium, the ratio of 4,6-DM-HH-DBT to 4,6-DM-PH-DBT came smaller. At this point, the four diastereomers were present
should reach 2.4. Because the direct removal of sulfur is alin the following proportions: 39% isomer C, 50% isomer A,
most as fast from these two sulfur-containing molecules, abold% isomer B, and 2% isomer D. This sequence is in relatively
the same ratio, 2.4, should be found between their desulfugood agreement with the energy estimations for the different
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Fig. 10. Yields (A) and distribution (B) of diastereomers in the HDS of 4,6-DM-PH-DBT over 0.50 wt%-Ri3/O3 as a function of weight time (dashed line for
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diastereomers obtained by molecular modeling with the Hyperemer was only a minor product in the HDS of 4,6-DM-HH-
chem program. The molecular modeling indicates that isomer®BT, which initially consisted mainly of isomer Cig—is).

C (cis—cis) and A trans—cis) are very close in energy (20.59 and  Different isomers must also be considered in the case of the
20.57 kcalmol, respectively). They are the most stable speciesdesulfurized products, because 'd8-CHB and 3,3-DM-
followed by isomer Bifans-trans, 22.40 kca/mol) and finally =~ BCH have two and four chiral atoms, respectively. For'-3,3

by isomer D ¢is-trans, 24.41 kcalmol), the configuration with DM-CHB, the two possible diastereomers were observed; these
the highest energy. always had a ratio of about 1:1. Only three of the six possible

Similar treatment of the data for the HDS of 4,6-DM-PH- diastereomers of 3;M-BCH were detected; their ratio was

DBT led to the yields and the distribution of diastereomersconstant at 2:1:1. There were no significant changes in the iso-
depicted inFig. 10 This situation is much more complex, be- mer ratios when the reactions were started with the different

cause 13 species (of a maximum of 20 possible isomers) weffUr-containing molecules or with 3;®M-BP. It seems that
detected, some present in only trace amounts. Only the m he removal anq rglntroductloq ofahydrogen atom from and to
jor diastereomer of the starting mixture could be isolated ancti e sulfur-containing intermediates is fast on the Pd surface.
fully characterized; this appears to be tiécis isomer. The
yield curves confirm that the major diastereomer in the initial
solution isomerized rapidly, because its disappearance (50%

atr = 0.2 gmin/mol) was _much faster than th_e overall con- ments performed at 30€ and 280C (Figs. 1 and §shows
version (19% at = 0.2 gmirymol). Most of the iSOmers pro- 4+ mch smaller amounts of the desulfurized products formed
duced have yields passing through a maximum at relatively low; |4, temperature. Thus, the yields of 3[3VI-BP, 3,3-DM-
weight time, which means that they also react further. CHB, and 3,3DM-BCH decreased by factors of 2.0, 2.3, and
The major 4,6-DM-HH-DBT diastereomer, produced in the3 5, respectively, when the temperature was lowered 20
HDS of 4,6-DM-PH-DBT throughout the experiment, was iso-|n contrast, the sulfur intermediates 4,6-DM-TH-DBT, 4,6-
mer A (trans—cis), not isomer C ¢is—is) as would be expected pM-HH-DBT, and 4,6-DM-PH-DBT gave even higher yields
from the dehydrogenation of thal-cis 4,6-DM-PH-DBT di-  at 280°C for r > 3 gmir/mol. However, the shape of their
astereomer. This is probably due to the isomerization reactiongurves at 280°C differed; after a sharp increase at low weight
Moreover, the distribution of the 4,6-DM-HH-DBT diastere- time, the yields leveled off slowly. The maximum values were
omers confirmed that isomer A is the isomer that converts mosiot yet reached, which means that the formation of the sulfur-
easily. In the same way, ttatl-cis 4,6-DM-PH-DBT diastere- containing intermediates by hydrogenation still predominated

4.4. Effect of temperature

Comparing the results of the 4,6-DM-DBT HDS experi-
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Pdfy-Al»03 as a function of weight time.

over their consumption by desulfurizatioRig. 11 confirms fact; at 300°C, the ratio of 4,6-DM-HH-DBT to 4,6-DM-PH-
that desulfurization was more affected than hydrogenation b{pBT was not constant, but decreased slowly from 2.0 to 1.6
a change in the temperature, probably because desulfuriza4th increasing weight time. At 28TC, the decrease from 3.2
tion has a higher activation energy. When the temperature wae 2.1 was much more pronounced, demonstrated that equi-
lowered by 20C, the overall conversion of 4,6-DM-DBT de- librium had not yet been reached. Moreover, the ratio of 4,6-
creased from 76 to 49%-(g. 11A), whereas the HDS conver- DM-HH-DBT to 4,6-DM-PH-DBT was higher at 280 than
sion, the conversion to desulfurized products, decreased fromt 300°C. This demonstrates that the system was still in the ki-
63 to 23% Fig. 11B) for T = 9 gmin/mol. In other words, netic regime and not under thermodynamic control.

83% of the converted molecules were desulfurized at°8)0

but only 46% were desulfurized at 280. 5. Conclusions
Moreover, the selectivity of the DDS route changed from 1 to
0.6% when the temperature was lowered by @0confirming A detailed study of the HDS reaction network of 4,6-

that d_esulfurization is more strongly suppressed than hydrodimethyl—dibenzothiophene was carried out over,Ral»0s.
genation at low temperature. The stronger promotional eﬁec’f‘he results indicate that 4,6-DM-DBT reacted almost exclu-

of temperature on the DDS pathway in the removal of Su”ursively through the hydrogenation pathway. The reactant was
from DBT [20,26] and 4,6-DM-DBT[24] was also observed  qnyerted with only 1% selectivity via the direct desulfurization

on sulfided Co—-Mo and Ni-Mo catalysts. The weaker effect of,,te N significant further hydrogenation of the desulfurized

temperature on hydrogenation may also be explained by the faghmnounds occurred under the experimental conditions.
that at lower temperature, the hydrogenation—dehydrogenation a|| of the (partially) hydrogenated sulfur-containing inter-
equilibrium shifts to the hydrogenation sidéig. 12confirms | \adiates of the HYD pathway—namely 4,6-DM-TH-DBT, 4,6-
this point; the ratio of 4,6-DM-TH-DBT to 4,6-DM-HH-DBT DM-HH-DBT, and 4,6-DM-PH-DBT—were observed in the
(circles) was constantat 1.3 at 280and at 2.1at300C. ~  Hpg of 4,6-DM-DBT. After these three compounds were syn-
As mentioned in SectioB.6, 4,6-DM-PH-DBT behaved dif-  {hegjzed, the HDS experiments were performed separately. The
ferently at 280°C than at 300C. lts evolution no longer fol-  yegyits demonstrate that hydrogenation and dehydrogenation
lowed that of the other two sulfur-containing intermediates petween the sulfur-containing intermediates occurred easily on
4,6-DM-TH-DBT and 4,6-DM-HH-DBTFig. 12illustrates this e catalyst surface. Moreover, 4,6-DM-TH-DBT and 4,6-DM-
HH-DBT rapidly converted to one another, due to their similar
behavior and evolution. Calculations of their molar ratios con-

44 firmed that they were in equilibrium in the HDS of 4,6-DM-
DBT and close to equilibrium in the experiments starting from
34 “‘\u\\ the partially hydrogenated sulfur-containing compounds.

A comparison of the experimental data indicated that desul-

21 'ti::\;\: furization was easier from the more saturated components.

] oo e O-oooooneenn oo ° This confirms that the molecular planarity must be removed to
weaken the steric hindrance caused by the methyl groups and
0 , , , , ‘ to provide better access to the sulfur atom. Finally, temperature
0 2 4 6 8 10 was found to have a stronger promotional effect on desulfur-
weight time [g'min/mol] ization than on hydrogenation. Thus, the direct desulfurization

) ) ) route and the removal of sulfur from the reaction intermediates
Fig. 12. Ratio of 4,6-DM-TH-DBT to 4,6-DM-HH-DBT@®, ©) and ratio of . .
4,6-DM-HH-DBT t0 4,6-DM-PH-DBT W, ) at 300°C (—) and 280C (---)  WETe enhanced at higher temperature. Furthermore, the'equmb—
in the HDS of 4,6-DM-DBT over 0.50 wt% Pg/Al ,03 as a function of weight UM between 4,6-DM-TH-DBT and 4,6-DM-HH-DBT shifted
time. toward the 4,6-DM-TH-DBT side.
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