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Abstract

The present paper gives a detailed review of the different studies under investigation in our laboratory concerning the use of
TiO2 and TiQ:—AIl,0O3 composites prepared by chemical vapor deposition (CVD) as support for sulfide catalysts in the HDS
of dibenzothiophene (DBT) derivatives. The supports investigated here arg{ffa®n Degussa, 50 Aig), Al,Os (Nikki,

186 nt/g) and TiG—Al»,03 supports prepared by CVD of Tigbn alumina. Using several characterization techniques, we

have demonstrated that the support composite presents a high dispersion of@i§Q-Al,O3 without forming precipitates

up to ca. 11 wt.% loading. Moreover, the textural properties of the support composite are comparable to those of alumina.
XPS investigations of Mo and NiMo catalysts supported on the different carriers show that Mo-oxide species exhibit a higher
degree of sulfidation on the surface of pi@nd TiG:—Al»>O3 than on alumina. The HDS tests of 4,6-DMDBT under mild
operating conditions (573 K, 3 MPa) show that sulfide catalysts supported on the composite support (ca. 11 wt.%) are more
active than those supported on to 3i0r Al,Os. This higher HDS catalytic activity is attributed to the promotion of the
hydrodesulfurization pathway, whereby the pre-hydrogenation of one of the aromatic rings adjacent to the thiophenic one
may reduce the steric hindrance caused by the two methyl groups adjacent to the sulfur atom during the C-S bond cleavage.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction fur content of gas oil will be reduced from 500 to
50 ppm in 2005, whereas in the USA it will be low-
Recently, there is a renewed interest in hydrodesul- ered to 15 ppm in 2006. Furthermore, there are plans
furization (HDS) of gas oil because of new and more to decrease the sulfur level of gas oil to very low
severe environmental regulations that will take effect content (less then 10 ppm) by the end of the current
in several industrialized countries in the near future. decade. To meet such very stringent environmental
Indeed, in Japan and the E.U., e.g., the allowed sul- regulations, the hydrodesulfurization of crude oil in
refineries under higher conditions of pressure and
"+ Corresponding author. Tel+81-3-3238-3452: temperature (ultra deep hydrodesulfurizatio_n) seems
fax: +81-3-3238-4350. to be for the moment the only method available for
E-mail addressk-segawa@sophia.ac.jp (K. Segawa). diesel manufacturing companies. However, due to

0920-5861/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0920-5861(03)00404-8



62 Y. Saih, K. Segawa/ Catalysis Today 86 (2003) 61-72

the product quality specifications and also for safety gas oil. Such species are currently known to be the
reasons there are currently limits beyond which the alkyl-dibenzothiophenes (alkyl-DBT)}{g. 12 espe-
temperature and pressure can be increased during thecially those substituted in the 4 and 6 positions of the
hydrodesulfurization process. Therefore, great effort DBT skeleton such as 4,6-dimethyldibenzothiophene
will have to be devoted to the improvement of the re- (4,6-DMDBT). Indeed, since the last decade of the
finement processes and to the design of a new family last century, a great part of the scientific research cur-
of highly active HDS catalysts. rently done in all the laboratories concerning the ultra
For several decades, CoMo and NiMo/alumina deep HDS is focused on the study and understanding
have been used in industrial refining plants as HDS of the chemistry of the DBT derivatives. Recently,
catalysts. Meanwhile, it has been reported by several several review papers related to the chemistry of these
authors that variation of the support influences the species have been publishigdb,47]
electronic and catalytic properties of supported NiMo  The present paper reviews in detail the different
and CoMo sulfide catalysf4]. This may mean thata  studies under investigation in our laboratory concern-
further increase in the HDS activity of supported sul- ing the use of TiQ and TiQ-coated alumina prepared
fide catalysts can be achieved by changing the support.by CVD as supports for Mo and NiMo sulfide cata-
One of the most interesting carriers that is attracting lysts in the HDS of alkyl-DBT derivatives.
increasing attention is titania. Although Tithas a
small surface area (50-7(fg) compared to that of
alumina, Mo/TiQ catalysts exhibit three to four times 2. TiO2—Al>O3 supports prepared by CVD
higher HDS activity (per mole Mo) than Mo/AD3
[2,3]. Several investigators have attempted to under- The different supports investigated here are as fol-
stand such outstanding increase in the HDS catalytic lows: TiO, (P-25 from Degussa, 504ty), y-Al,O3
activity using several experimental techniq(ss16]. provided by NIKKI (N611-N, 186 r¥/g), and TiG-
It was concluded that Mo catalysts supported on coated alumina supports prepared by CVD.
TiO2 are uniformly dispersed on the support surface  The TiO—Al,O3 composites are prepared by chem-
and are better sulfided than on alumina. Moreover, ical vapor deposition technique using TiCGls a pre-
it was recently suggested that the role of titania is cursor. In a quartz tubular reactor, 2 gw#l,O3 are
not only to act as a conventional support but also as pretreated at 773 K under oxygen flow (25%min)
an electronic promotefl7,18] A further increase  for 2h; after that the substrate is exposed to 7TiCl
in the HDS activity of Mo/TiQ can be achieved (WAKO) vapor/Ny (Prici, = 0.43kPa) at 473K. In
if one can overcome the different deficiencies re- order to prepare supports with different Bi®@ading,
lated to the small surface area of titania and the low we varied the deposition time from 0.5 to 20h. The
thermal stability of the active anatase form. Conse- different samples are then hydrolyzed undeQOfN,
quently, several researchers used the thermal stabilitygas stream#+,0 = 2.30 kPa) at 473 K for 2 h. Finally,
of alumina to sustain the crystal structure of titania the solids are calcined at 773 K undes flow for 2 h.
in TiO2—Al,03 mixed oxides[19-38] Meanwhile, The TiO,—Al,03 composites prepared by CVD are
within our research team we have already demon- characterized using several experimental techniques,
strated that coating the-Al>,O3 surface with titania as described below. The Ti®@verall content is deter-
using a chemical vapor deposition technique (CVD) mined from X-ray fluorescence (XRF) measurements
may constitute an interesting strategy to overcome performed on a SXF-1200 analyzer from Shimadzu.
the titania disadvantageB9-42] Furthermore, it The results obtained for the different TiQAI,O3
was recently demonstrated that the use of titania with composites prepared at different decomposition times
a relatively higher specific surface area and a good are given inTable 1 XRF studies clearly reveal an
thermal stability leads to an increase in the specific increase of the Ti@ loading with increasing the
HDS catalytic activity of Mo/TiQ catalystg43-45] deposition time.
To lower the sulfur content of diesel fuel below the FT-IR spectroscopy is used to detect changes of the
500 ppm level one will have to deal with the most vibrational bands of hydroxyl groups on the alumina
refractory S-containing compounds still present in surface after deposition of T# IR measurements
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Table 1 3680
Specific surface area and pore volume wRAl,03, TiO, and 3723
composite TiQ—Al,O3 support loaded with different amounts of

titania?

3762
Deposition  TiO3 Specific surface Pore volume

time (h) (wt.%) area (M/g) (cm®/lg)
0 - 186 0.44
0.5 2.53 182 (187) 0.42
4 4.86 177 (186) 0.41
8 6.64 174 (186) 0.40
16 11.15 162 (183) 0.37 \\J

/

Vs

12 8.94 168 (185) 0.36
20 13.69 154 (179) 0.35 *A1205

2Values in parentheses correspond to the specific surface area
calculated for 1g of alumina.

TiO2-Al203 (2.3 wt%)
are taken at room temperature on a Shimadzu FTIR
8200PC, in the range from 3600 to 3900¢mBe-
fore data collection, the samples were evacuated in
situ at 773K for 2h. The IR spectra of-alumina
and TiQ—-Al,O3 composite supports with different \
loadings of titania are displayed kig. 1

Before CVD treatment, we observe the presence
of bands at 3762, 3723 and 3680¢chcorrespond- I Ti0z-Alz0s (1.0 wt%)
ing to hydroxyl stretching vibrations of Al-OH groups 3900 Wavenumber/ cm™ 3400
present on the alumina surface. These bands are rather
broad, due to the fact that the alumina carrier is a F9- 1. IR spectra of-Al203 and composite Tie-Al03 supports

! . . . . with different TiQ; loadings. The values between parentheses

poorlly crystalline material. Increasing of the O represent the Tigloadings.
loading up to ca. 11wt.% leads to a strong decrease
of the integrated intensities of all observed vibrational Consequently, a large specific surface area and a large
bands. This implies the substitution of AI-OH groups pore volume are still preserved while coating the
on the surface of-Al,03 by AlI-O-Ti bridges during alumina support with TiQ using the CVD technique.
the CVD process. Fig. 2 shows the pore size distribution obtained for

In order to get more insight into the dispersion Al,03, TiO; (Degussa, P-25) and TSAl,03 com-
state of TiQ over+y-Al,03, we investigated the tex-  posite supports.
tural properties of the different Tiga-Al,O3 supports It can be seen that pure Ti(Qpossesses no pore
prepared by CVD using nitrogen adsorption measure- system. Deposition of titania on alumina leads to the
ments at 77 K. Specific surface areas and pore volumesformation of a composite support with a pore size
of v-Al,03 and TiQ—-Al,O3 composites containing  distribution similar to that of the substrate. Mean-
different amounts of titania, are depictedTable 1 while, the pore volume is only slightly decreased.
Increasing the Ti@ loading up to ca. 13.7wt.%  Consequently, the resulting Ti©Al,0O3 composite
leads to a decrease of the specific surface area of theremains mesoporous, with a more or less monomodal
TiO,—Al,03 supports from 186 Rig for pure alumina pore size distribution and an average pore radius of
to 154 nf/g. However, the specific surface area calcu- about 3.8 nm.

TiO2-Al203 (4.2 wt%)

TiO2-Al203 (7.7 wt%)

lated for 1g of alumina is not significantly affected. Bulk and surface composition of Ti93AI>O3 sup-
It is noteworthy that, even at 13.7 wt.% Ti@bading, ports prepared by CVD as determined by XRF and
the surface area of the TSAI,O3 composite is still X-ray photoelectron spectroscopy (XPS), respectively,

three times larger than the specific surface area of are depicted irFig. 3. The XPS measurements were
the commercially available pure TiQca. 50 n/g). performed on a Surface Science laboratory SSX-100
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Fig. 2. Pore size distribution of different supports. (1) 6.80 wt.%
TiO2; (2) 11.20wt.% TiQ.

spectrometer, using monochromized Ad Kadiation
(1486.6 eV); the C (1s) binding energy (284.8 eV) was
taken as a reference.

The increase of the total TihOoading determined
by XRF leads to a linear increase of Hi@mount on
the AlLOs surface. Moreover, the surface Ti/Al atomic
ratio is higher than the bulk Ti/Al within the Tigoad-
ing investigated here~g. 3). Thus, we can conclude
that the incorporation of significant amounts of tita-
nium into they-Al,0O3 matrix can be excluded within
the sensitivity of the investigation methods used here.

0.16

0.12

0.08

0.04

Ti(2p)/Al(2p) XPS ratio

0.00
0.00

0.02 0.04 0.06 0.08
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Fig. 3. Bulk and surface composition of Ti©AlI,Os supports
prepared by CVD.
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Consequently, in the case of Ti@Al,O3 com-
posites prepared by CVD, titania mainly covers the
surface of y-Al,03 support without forming pre-
cipitations. Moreover, the textural properties of the
composite support are very similar to those of alu-
mina. The IR investigations support such an assump-
tion, even though the vibrational bands of Al-OH
groups are not completely eliminated at loadings up
to 11wt.% TiG. This might be due to the fact that
the alumina surface is not completely covered. In
fact, assuming that titania forms a monolayer, the
surface of alumina would be completely covered only
at 15wt.% TiQ. Furthermore, it is known that in the
bulk phase of poorly crystalline alumina there are
Al-OH groups present even after calcination. These
hydroxyl groups cannot be substituted by Al-O-Ti
bridges, and the corresponding vibrational bands
in the IR spectra remain unchanged. Nevertheless,
higher loadings of TiQ may lead to a more complete
elimination of hydroxyl bands on the alumina sur-
face. The comparison of the surface composition and
the total amount of Ti@ (Fig. 3) unambiguously re-
vealed that titania is highly dispersed on the alumina
surface. The Ti@ loading of the composite support
used for the next investigations is ca. 11 wt.%, which
corresponds to an almost complete coating of alumina
surface.

3. XPS studies
3.1. Mo catalysts

Molybdenum is deposited on the supports by im-
pregnation at 323 K using ammonium heptamolybdate
solution with the required concentration. Afterimpreg-
nation, all the samples are dried at 373 K for 12 h, then
calcined at 773K for 10 h.

It is widely accepted that supported Mo-species are
present on the surface of hydrodesulfurization cata-
lysts in a highly dispersed state. Therefore, the use of
conventional bulk characterization techniques cannot
help in determining the chemical state of Mo cata-
lysts supported onto Ti§) TiO2—Al>,03 and AbOs.
XPS can provide interesting information concerning
the state of highly dispersed catalysts. In the following
section we describe the states of supported Mo-species
before and after sulfurization using XPS.
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3.1.1. Oxidic state Mo-species and titania seems to be lower than with
The Mo(3d) XPS spectra for calcined catalysts alumina, leading to the formation of a more uniform
(6 wt.% MoG; nominal loading) and crystalline Ma©  distribution of Mo-oxidic species and well-resolved
are illustrated irFig. 4 (spectra A-D). For all the cat- Mo(3d) XPS doublet$40]. For the same reasons, we
alysts, the Mo(3d) XPS peaks show doublets similar can conclude that the interaction between Mo-species
to that of MoQ;, indicating that supported Mo-species and the composite support is lower than with alumina,
are present in Mo(VI) state. However, the peaks ob- yet higher than with titania. Accordingly, covering the
tained for Mo/AbO3 are much broader than those surface of alumina with titania lowers the interaction
obtained for Mo@, Mo/TiO2 and Mo/TiGQ—Al>03. between Mo-oxidic species and .
Moreover, the FWHM values (not shown here) in-
crease in the following order: M@iO, < Mo/TiO,— 3.1.2. Sulfidic state
Al,03 < Mo/Al,Os. Earlier, it has been reported that The sulfidation properties of Mo/AD3, Mo/TiO;
a strong interaction between molybdena and alumina and Mo/TiQ:—Al,O3 catalysts (6 wt.% Mog) were
favors the presence of more than one type of Mo(VI) investigated by XPS. The samples were sulfided at
species on the alumina surfaée,49] Therefore, the 673K for 2h in a BS/Hy (5vol.% H,S) mixture.
broadening of the Mo(3d) XPS peaks of Mo@; After sulfurization, the maxima due to Mo(VI)
can be attributed to the strong interaction between Mo species have strongly decreasefig( 4, spectra
and the alumina. Meanwhile, the interaction between E—H). The binding energies for crystalline Mp&re
233.0eV (3d,2) and 229.9eV (3¢)>). The spectra of
sulfided MoQ on the different supports can also be
assigned to Mog species, whereas Mo(VI) species
are still present. As already obtained for the calcined
materials, sulfided Mo/AlO3 reveal broader Mo(3d)
XPS peaks than Mg$SMo/TiO, and Mo/TiQ—Al,03

(H) catalysts. This might be explained by the reasons men-
tioned above. The Mo(3gb) binding energies of the
@) sulfided catalysts increase as follows: Md,03 <

Mo/TiO,—Al>03 = Mo/TiO,.

The effect of Mo loading (0—30 wt.% Mog)on the
(F) sulfidation properties of molybdenum catalysts sup-
© ported on TiQ, Al,03 and TiGQ—Al,O3 is described

below. The fraction of the MoSpresent on the cata-
lyst surface is estimated from the M¥)/Mo(IV) +
(D) Mo(VI) area ratio of the corresponding XPS peaks in
the 3d regionFig. 5).

Fig. 5 shows that the fraction of MeSpresent on
© alumina increases with increasing the Mo loading
up to ca. 15wt.% Mo@, then it leveled off. At low
molybdenum loadings, the relatively low sulfidation
of Mo-species supported on alumina can be attributed
to the higher interaction between alumina and molyb-

(B

| | A) denum oxidic species, as reported abdvig.(4). Be-
o B sides, it was already reported by Li and Hercules that,
240 Binding energy/eV 55, at low Mo loadings, isolated molybdenum species in

_ _ tetrahedral configuration (M&) cannot be reduced to
Fig. 4. Mo(3d) XPS spectra of the calcined catalysts (B, C, D),

the sulfided materials (E, F, G), crystalline MogH) and MoGy Mo(IV) even at temperatures as high as 77§K)].
(A). Mo/Al,03 (B, E), Mo/TiO, (C, F), Mo/TiO—Al,03 (D, G). The same authors reported also that the reducibility

Mo nominal loading: 6.0wt.% Mo@ of Mo-species supported on alumina increases with
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Fig. 5. Sulfidation of Mo-species supported on different carriers
vs. Mo loading, as determined by XPS.

molybdenum loading. However, for Mo/TiOcata-
lysts the ratio M@lV)/Mo(IV) + Mo(VI) is relatively
higher than that observed in the case of alumina.
Moreover, this ratio is constant within the Mo range
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Fig. 6. Fraction of Mo% supported on different carriers vs.
Ni/(Ni + Mo) bulk atomic ratio.

different carriers investigated here is similar to that of
MoS,.

Fig. 6 represents the variation of the amount of
Mo$S; on the catalyst surface versus the (i + Mo)
bulk atomic ratio. The total loading of nickel and
molybdenum (NiO+ MoOg3) was kept constant and
equal to 20 wt.%.

investigated here and is equal to ca. 80%. This means We can see that the MBY)/(Mo(IV) + Mo(VI)

that Mo-species supported onto titania are highly
sulfided than on alumina. The relatively higher sulfi-
dation of Mo-species supported on Ti©ompared to

those supported over alumina has been also reported

by Okamoto et al.[9]. Mo/TiO>—Al,O3 catalysts
show the same behavior as Mo#@3; however, the
fraction of MoS on the composite support is higher
than on alumina and approaches that of MoATlgth
increasing Mo loading.

3.2. NiMo catalysts

NiMo catalysts are prepared by successive impreg-

nation (Mo first) using ammonium heptamolybdate
and nickel nitrate solutions with the adequate con-

ratio increases with MiNi + Mo) bulk atomic ratio

up to 0.5 and then it decreases, for all the carriers
investigated here. This can be considered to be one
of the promoting aspects of nickel. For the moment,
such an increase in the molybdenum sulfidation de-
gree could not be explained. Besides, it should be
noted that the reducibility of molybdenum species
from oxidic to sulfidic state decreases in the fol-
lowing order: AbOs < TiO>—AlI,03 < TiO, as
was observed above for unpromoted Mo catalysts
(Fig. 5).

Consequently, under the present sulfidation con-
ditions, Mo-species supported on both 3i@nd
TiO,—Al»,03 catalysts are highly sulfided, leading
to the formation of a Mo&like structure. However,

centrations. The solids were then treated as reportedon alumina the sulfidation of Mo is rather difficult,

above for Mo catalysts. The Ni- and NiMo-supported
catalysts were also sulfided at 673K as reported
above.

The different features of Mo XPS spectra of NiMo
sulfide catalysts (BE and FWHM) are similar to those
of MoS,. Consequently, the structure of molybdenum
species in NiMo sulfide catalysts supported on the

due to the relatively higher interaction of Mo-species
with alumina. For NiMo catalysts, sulfidation of Mo
increases in the following order: NiM&Il,03 <
NiMo/TiO2—Al,03 < NiMo/TiO2. Moreover, ad-
dition of Ni to Mo catalysts seems to improve the
sulfidability of Mo, which can be considered to be
one of the promoting aspects of Ni.
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4. HDS reaction of dibenzothiophene derivatives

DBT derivatives are the most refractory S-containing

compounds present in gas oil, especially those sub-

stituted in the 4 and 6 position of the DBT skeleton
(seeFig. 12. Currently, it is widely accepted that the
HDS of alkyl-DBT derivatives proceeds through two

67

exhibit higher heats of adsorption compared to that
of DBT. They conclude that the methyl-substituted

DBT species are more easily adsorbed on the cat-
alyst surface than DBT is. Indeed, they suggested
that DBT, 4-MDBT and 4,6-DMDBT are side-on ad-

sorbed on the catalyst surface and thus the adsorption
step cannot be considered as the rate-limiting step

parallel reaction routes as shown below in the case for the hindered DBT HDS process. The relatively

of 4,6-DMDBT. The first pathway is direct extrac-
tion of the sulfur atom (hydrogenolysis). The second
pathway is pre-hydrogenation of one aromatic ring,
followed by sulfur removal (hydrodesulfurization).

O S O
CH3 CHg Vz

Hydrogenolysis route

CHy

Two theories have been put forward to explain the
low reactivity of these species. The first hypothesis

higher yield of cyclohexylbenzene (CHB) derivatives
observed by the authors during the HDS of hindered
DBT was attributed to the fact that the partial or
total pre-hydrogenation of one of the aromatic rings

Hydrodesulfurization route

CHg

adjacent to the thiophenic one forces the methyl groups
out of the sulfur ring system (puckering), leading to a

suggests that the transformation of these species isdecrease of the steric hindrance during the subsequent
limited by the adsorption step, since the presence of C-S bond breakage.

methyl groups in the sulfur neighborhood may alter
the adsorption of the substrate through the sulfur

To elucidate the influence of the position of the
methyl groups on the conversion rate in a mixture of

atom (end-on adsorption) and thus lead to a decreasemethyl-DBT derivatives, we investigated the HDS of a

in their intrinsic reactivity[51-54] The second the-
ory suggests that all DBTs derivatives, including both
4-MDBT and 4,6-DMDBT species, are adsorbed on
the catalyst surface through the aromatic ring adja-
cent to the thiophenic one (side-on adsorption). In
this case, the low reactivity of the hindered species is
attributed to the steric hindrance caused by the alkyl
groups adjacent to the sulfur atom during the C-S
bond cleavag¢s5-58]

Recently, Kabe and coworkers reported a kinetic
study of DBT derivatives HDS over three different
CoMo/Al;O3 industrial catalysts under mild operating
conditions (363-613 K, 5 MP4dp9]. The authors re-
ported that the 4-MDBT and 4,6-DMDBT substrates

mixture A of DBT, 4-MDBT, and 4,6-DMDBT (molar
ratio: 1/1/1) over Mo/A$O3 catalyst (6 wt.% Mo@).

For comparison, the HDS of a mixture B of DBT, 2-
MDBT and 2,8-DMDBT (molar ratio: 1/1/1) has been
performed under the same reaction conditions. The
HDS reaction is carried out in a fixed bed high-pres-
sure flow reactor, consisting of a 0.5in. stainless steel
tube packed with 250 mg catalyst mixed with quartz
sand. Before the reaction, the catalysts were calcined
at 773K for 5 h under oxygen stream and pre-sulfided
with a mixture of BS (5%) and H for 2h at 673K
under atmospheric pressure. After theSxcess was
purged by nitrogen stream at 673K for 0.5y &hd

the reaction mixture are supplied to the reactor.
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Table 2
Effect of methyl substitution in DBT skeleton on HDS catalytic activity of Ma/@} catalyst

DBT 2-MDBT 4-MDBT 2,8-DMDBT 4,6-DMDBT
Mixture A
Relative activity 1.00 0.43 0.17
Mixture B
Relative activity 1.00 1.50 1.97

aReaction conditions: reaction pressure 3 MPa, reaction temperature 573K, LHSV 12-Hhflow rate 200 mIminmt. The molar
ratio of DBT derivatives in mixtures A and B is 1/1/1.

All reaction mixtures used in this study were diluted both conversion and CHBs selectivity while increas-
in n-dodecane. The reaction temperature is 573K (H ing the contact time. Comparing the three sulfur com-
pressure: 3MPa, Hflow rate: 0.2 drd/min, LHSV: pounds, we can see that the CHBs/BPs ratio increases
12-16hY). The liquid products collected from a in the following order: DBT < 4-MDBT < 4,6-
gas-liquid separator were analyzed by GC (Hitachi DMDBT. This implies that the HDS of 4,6-DMDBT
G-3000) and GC-MS (GC: Hewlett Packard 5890 se- proceeds principally through the hydrodesulfurization
ries I, MS: Nihondenshi JIMS-SX 102A). The activity pathway, leading to relatively higher CHBs/BPs ratios.
is estimated by the conversion of the DBT deriva- In the cases of DBT and 4-MDBT, the effect of
tives and by the ratio of the products after reaching support on the HDS reaction routes is negligible. For
steady state. The major products detected are unre-4,6-DMDBT, however, the CHBs/BPs derivatives ratio
acted DBTSs species, cyclohexylbenzene (CHBs) and is relatively higher for Mo/TiQ and Mo/TiQ—Al>,03
biphenyl (BPs) derivatives. catalysts compared to that of Mo/ADs.

The results of methyl-DBTs hydrodesulfuriza- The HDS of 4,6-DMDBT and the product selecti-
tion activity over Mo/AbOs catalyst are depicted in  vity were studied on Mo/TiQ, Mo/Al,O3 and Mo/
Table 2 The HDS activity of DBT was taken as a
reference. As expected, the conversion for the dif-
ferent compounds increases as follows: DBT 4- 08 m
MDBT > 4,6-DMDBT. For the second mixture B,
the HDS reactivity increases in the following order:
2,8-DMDBT > 2-MDBT > DBT. Consequently, the 0.6 | -
2,8-DMDBT species is the most reactive one among
the series investigated here. This was also reported
earlier by Kilanowski et al[60]. Therefore, isomer-
ization of the alkyl groups on molecules such as
4,6-DMDBT to positions that do not sterically inter-
fere with the catalytic active sites during the HDS 02 |
process will lead to an increase in the HDS activity.
This was recently proven by several authors using a R mé Da
combination of conventional HDS catalysts and acidic 0 1 1 0 ©° 1
compounds such as zeolitfsl,62] 0 20 40 60 80 100

In order to get more insight into the influence of the Conversion/%
support on the methyl-substituted DBT derivatives re-
action pathways, we carried out the HDS of the mix- Fig. 7. CHfBSD/g_';SJat?O ﬁtl_s afurgéign Zf &%ﬂé’?SiOg 0; Zn ;laggf%o'af

H H mixture o erivatives , 4- an ,0-
ture A at d.lfferem contact times. The catalystg used at 573K and 3MPa. Open s(ymbols represent 4-DMDBT, clozsed
were Mo/TiQ;, Mo/Al203 and Mo/Ti0;—~Al 203 with symbols represent 4,6-DMDBT, dashed symbols represent DBT;
a 6 wt.% MoQ loading. The results are illustrated in  Mmo/Tio,—Al,05 (squares), Mo/Ti@ (triangles), Mo/AbOs (cir-
Fig. 7. For all the catalysts, we observe an increase of cles). The MoQ loading of the catalysts is 6 wt.%.

04 | i

CHBs/BPs
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Fig. 8. HDS activities for 4,6-DMDBT over Mo/Ti©-Al,03
(11wt.% TiQ), Mo/TiO2 and Mo/ALO3 catalysts as a function
of Mo loadings. Operating conditiong: = 573K, P = 3MPa,
LHSV = 12-16 ! and H, flow rate= 200 cn¥/min.

TiO,—Al03 catalysts with different molybdenum
loadings (Mo: 3-30wt.% Mog). The results are
depicted inFigs. 8 and 9 We can see that the
4,6-DMDBT HDS catalytic activity increases for both
Mo/Al,03 and Mo/TiQ—-Al»,O3 catalysts with Mo

content. For Mo/TiQ catalysts, however, the HDS
activity shows a maximum around 15wt.% MO
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Fig. 9. Product selectivity for 4,6-DMDBT HDS reaction over
Mo/TiO2—-Al;03 (11wt.% TiQ,), Mo/TiO, and Mo/ALO3 cata-
lysts. Operating conditionsi = 573K, P = 3MPa, LHSV =
12-16 ! and H, flow rate= 200 cn¥/min.
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Fig. 10. Conversion of 4,6-DMDBT vs. Ni/(Ni Mo) bulk atomic
ratio for NiMo sulfide catalysts supported on different carriers.
Operating conditionsl’ = 573K, P = 3MPa, LHSV= 12-16h!
and H flow rate= 200 cn¥/min.

loading. Furthermore, Mo/Tig-Al,O3 catalysts ex-
hibit the highest catalytic activity. The methylcyclo-
hexyltoluene (MCHT) selectivity increases with the
molybdenum loading for all the catalystsig. 9. The
MCHT selectivity over Mo/TiQ and Mo/TiQ:—Al203
catalysts is higher than that observed in the case of
Mo/Al,03 catalysts. Accordingly, the hydrodesulfur-
ization pathway seems to be promoted for molybde-
num catalysts supported on Ti@nd on TiG—Al,03
supports.

The 4,6-DMDBT HDS activities over NiMo sulfide
catalysts supported on D3, TiO2 and TiG—Al203
at 573K and 3 MPa are depictedkig. 10 The total
loading of nickel and molybdenum (Ni#©MoO3) was
kept constant and equal to 10 wt.%. For all the catalysts
investigated here, a maximum in the HDS catalytic
activity is observed for a Ni(Ni + Mo) ratio equal
to 0.5. The NiMo/AbO3 catalyst exhibits the lowest
catalytic activity. Meanwhile, NiMo/Ti@-Al,0O3 and
NiMo/TiO» catalysts exhibit almost the same catalytic
activity. Nevertheless, we expect a relatively increase
in the HDS catalytic activity of NiMo/Ti@-Al,03
compared to that of NiMo/Ti@for higher Metal load-
ings (e.g. 20wt.%). The MCHT/(MCHH# DMBP)
ratios observed for all the catalysts investigated
here present a maximum for Ni/(Ni Mo) ratio
0.5 (Fig. 11). It seems, however, that the contri-
bution of the hydrodesulfurization pathway to the
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Fig. 11. Product selectivity for the conversion of 4,6-DMDBT
vs. Ni/(Ni+ Mo) bulk atomic ratio over NiMo sulfide catalysts
supported on different carriers. Operating conditiofis= 573K,
P = 3MPa, LHSV= 12-16 it and H flow rate= 200 cn¥/min.

overall desulfurization of 4,6-DMDBT is relatively
important for NiMo/TiQ and NiMo/TiO—Al>03
catalysts.

5. Conclusion

Consequently, the desulfurization of 4,6-DMDBT,

that is present in considerable amounts in gas oil,
seems to proceed principally through the hydrodesul-
furization route Fig. 7). In fact, the pre-hydrogenation

of one of the aromatic rings adjacent to the thiophenic
one decreases the steric hindrance caused by the two
methyl groups. A further increase in the reactivity of
4,6-DMDBT can be achieved by using catalysts with
both higher hydrogenation and higher desulfurization
activity. The use of TiQ as a support seems to pro-
mote the hydrogenation activity of sulfide catalysts
and thus increases the over-all desulfurization rate
of 4,6-DMDBT, especially for relatively lower metal
loadings. However, a further increase in the amount
of Mo leads to a decrease in the HDS catalytic activ-
ity of Mo/TiO». This can be attributed to the low sur-
face area of titania. For this reason, we opted for the
use of TiQ-Al,03 composite prepared by CVD as
a support for Mo and NiMo sulfide catalysts. In fact,
TiO2-coated AbO3 supports exhibit textural proper-
ties similar to those of alumina and surface properties
similar to those of titania. Moreover, Mo-oxide species
supported on the composite carrier are better sulfided
than on alumina and probably more dispersed than on
titania. This leads to an increase of the number of HDS
active centers known to be coordinatively unsaturated
sites, as shown itscheme 1For these reasons the
Mo/TiO2—Al>03 catalysts exhibit the highest activity

one of the most refractory S-containing compounds for the HDS of 4,6-DMDBT.

Cn-BT

Feed stock

Product oil

2000 ppm

4— 4-M6-E-DBT

1000 ppm

500 ppm

Fig. 12. Chromatogram showing S-containing compounds present in Arabian distillate oil after HDS at different sulfur levels. (M) methyl;

(E) ethyl.
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