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Abstract

Composite TiO,-Al,O5 supports with different loadings of TiO, have been prepared by chemical vapor deposition (CVD),
using TiCl, as the precursor. The supports have been characterized by N, adsorption measurements, X-ray photoelectron
spectroscopy (XPS), X-ray fluorescence analysis (XRF) and IR spectroscopy. The specific surface area of each TiO,~Al,0;
support is comparable to that of y-Al,O4. High dispersion of TiO, on the Al,O; surface has been obtained, and no cluster
formation has been detected. Mo/TiO,—Al,05 and Ni-Mo/TiO,~Al,0; catalysts have been synthesized by impregnation and
co-impregnation method. We studied the conversion of Mo and Ni from the oxidic to the sulfidic state by XPS. Furthermore,
the catalytic behavior of Mo and Ni-Mo supported on Al,Os, TiO; and TiO,-Al,O3; has been investigated for the deep
hydrodesulfurization (HDS) of dibenzothiophene (DBT) and methy! substituted DBT derivatives. The conversion over the
TiO,-Al, O3 supported catalysts, in particular for the HDS of 4-methyl-DBT (4-MDBT) and 4,6-dimethyl-DBT (4,6-
DMDBT), is much higher than the conversion obtained over Al,O5 supported materials. In particular with regard to the Ni-Mo
catalysts, the ratio of the corresponding cyclohexylbenzene (CHB)/biphenyl (BP) derivatives is increased over the composite
support, indicating that the prehydrogenation of an aromatic ring is important for the HDS of DBT derivatives over TiO,—
Al,O; supported catalysts. © 1997 Elsevier Science B.V.
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1. Introduction suitable catalyst for the deep HDS is a very urgent

subject. Because of cost requirements, reaction tem-

Recently, the interest in the deep hydrodesulfuriza-
tion (HDS) (sulfur content <0.05 wt%) of gas oil has
been renewed due to the stricter regulations concern-
ing the sulfur content in diesel oil. In order to protect
the global environment, the Japanese government has
lowered the limit of the sulfur content to 0.05 wt% in
1997. To meet this assignment, the development of a
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peratures below 723 K and reaction pressures below
3.5 MPa are desirable. In the petrochemical industry,
v-alumina supported molybdenum oxide catalysts
promoted with cobalt or nickel have been widely used
for the HDS of sulfur compounds. They are as well
used for other industrial processes such as hydrocrack-
ing of heavy crude oil fractions, oxidations of aliphatic
alcohols, polymerization, metathesis, isomerization
and hydrogenation of alkanes. Recently, TiO, sup-
ported molybdena catalysts have attracted increasing
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attention, because of their higher reducibility to a
lower valence state of molybdenum and their higher
catalytic activity for HDS [1-3], as well as for hydro-
cracking, compared to alumina supported materials
[4]. Various studies focused on the characterization of
molybdenum species supported on TiO,, using several
experimental techniques such as Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS) and tempera-
ture programmed reduction (TPR) [5-15]. The for-
mation of the active sites when MoO; changes to
MoS; by sulfurization has been elucidated by Arnoldy
et al. [16]. Nishijima et al. [17] and Shimada et al. [18]
have investigated molybdenum catalysts supported on
AlyO3, TiO,, Si0, and MgO by means of extended
X-ray absorption fine structure (EXAFS), XPS and
Raman spectroscopy. They reported the presence of
different molybdenum species on the surface of the
supports investigated. However, pure TiO, supports
have very small specific surface areas compared to
alumina, and it is difficult to make pellets. Further-
more, the active anatase structure possesses only low
thermal stability. This makes TiO, support alone
unsuitable for industrial applications. In order to over-
come these drawbacks, increasing attention is being
paid to the development of titania—alumina composite
supports [19-25].

4-methyl-dibenzothiophene (4-MDBT) and 4,6-
dimethyl-dibenzothiophene (4,6-DMDBT) are key
sulfur compounds in the gas oil fraction and make
Arabian light middle distillates difficult to desulfurize
[26-31]. Nevertheless, in order to achieve deep HDS,
it is essential to desulfurize these molecules. Two
reaction pathways for the HDS of alkyl substituted
dibenzothiophene (DBT) are proposed; they are illu-
strated in Scheme 1. The direct sulfur abstraction
(direct desulfurization route) leads to BP derivatives,
whereas prehydrogenation is forming hexahydrodi-
benzothiophene as an intermediate (HDS route),
which is desulfurized to cyclohexylbenzene (CHB)
derivatives. Furthermore, it is known that hydrogena-
tion of neighboring phenyl groups reduces the steric
hindrance caused by the methyl groups. Mochida and
co-workers [32] presented the rate constants for the
desulfurization step of the hydrogenated intermediates
and compared them with the rate constants for the
direct desulfurization. In the case of 4-MDBT, the rate
constant for the desulfurization step of the hydroge-
nated intermediates was 30-35 times higher and 100
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Scheme 1. Reaction pathways in HDS of DBT, 4-MDBT and 4,6-
DMDBT.

times higher for 4,6-DMDBT, compared to the value
obtained for direct desulfurization. Most recently
Kabe and co-workers [33] reported the activation
energies, the adsorption heat and the product selec-
tivity for the deep HDS of DBT, 4-MDBT and 4,6-
DMDBT over three commercially available Co-Mo/
Al,0; and one Ni~-Mo/Al,O; catalyst. The activity of
the Ni-promoted molybdenum catalysts was higher
than the activity of the Co-promoted materials. At
higher temperatures, the formation of CHB derivatives
from the biphenyl (BP) derivatives became important
in the case of Ni-Mo/Al,O;. According to this pub-
lication, the rather low reactivities of 4-MDBT and
4,6-DMDBT were not attributed to the inhibition of
adsorption, but to the steric hindrance in the C-S bond
scission of the adsorbed molecules.

However, coating of the surface of commercially
available ~-alumina with TiO, may lead to TiO,-
Al,0; composite supports which could help to over-
come the disadvantages of pure titania supports, as
pointed out above. In the present work, we therefore
focused on the preparation of TiO,-coated alumina
composite supports by chemical vapor deposition
(CVD), using TiCl, as precursor and different load-
ings of TiO,. To examine the catalytic activity of the
TiO,—Al,05 supported Mo and Ni—-Mo catalysts, we
studied the deep HDS of DBT derivatives, such as 4-
MDRBT, 4,6-DMDBT, 2-methyl-DBT (2-MDBT) and
2,8-dimethyl-DBT (2,8-DMDBT), using mild reac-
tion conditions. In our study, we compared the con-
versions for the HDS of DBT, 4-MDBT and 4,6-
DMDRBT over MO/A1203, MO/TiOz, MO/TiOz—A1203
and the corresponding Ni-promoted catalysts.
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To elucidate the influence of the positions of
methyl-groups on the conversion rate, we studied
the HDS of a mixture of DBT, 2-MDBT and 2,8-
DMDBT, as well as of a mixture of DBT, 4-MDBT and
4,6-DMDBT over Ni-Mo catalysts on the different
supports.

2. Experimental
2.1. Preparation

Titania (TiO,) was supplied by Degussa (P-25,
51 m?g~') and the alumina (y-Al,03) support was
provided by NIKKI (N611-N, 186 m”g~'). The
composite types of TiO,—Al,O; supports were
prepared by CVD method of TiCly on <y-alumina
[34,35], according to the following procedure: 2 g
of Al,Oz (12-24 mesh) substrate was placed in a
quartz tubular reactor and pretreated for 2h at
773K in oxygen flow. The substrate was then
exposed to TiCl; (WAKO) vapor (0.43 kPa) at
473 K, when TiCl, was mixed with N, as carrier
gas. The deposition time was varied between 0.5
and 20 h, in order to obtain different loadings of
TiO,. Afterwards, the sample was hydrolyzed by
water vapor (2.30 kPa) with N, as carrier gas at
473 K for 2 h. Calcination was carried out under O,
flow for 2h at 773 K. The supported molybdena
catalysts used in this study were prepared by an
impregnation method. Impregnation was performed
at 323 K for 100 h, using an aqueous solution of
ammonium heptamolybdate (0.004 M, WAKO).
The supported Ni-Mo catalysts were prepared by
co-impregnation, according to the pore filling method,
using an aqueous solution of ammonium heptamolyb-
date (0.026 M) and nickel nitrate (0.695 M, WAKO).
After impregnation, all materials were calcined at
773 K for 10 h in air.

2.2.  Reaction conditions

The HDS reaction was carried out in a fixed bed
high pressure flow reactor, consisting of a 0.5 in.
stainless steel tube packed with 125-500 mg catalyst
mixed with quartz sand. Before the reaction, the
catalysts were dried at 773 K for 5h under oxygen
stream and presulfided with a mixture of H,S (5%) and

H, for 2 h at 573 K under atmospheric pressure. After
purging of excess H,S by nitrogen stream at 573 K for
0.5 h, H; and the reaction mixture were supplied to the
reactor.

The used methyl-substituted DBT derivatives
were synthesized as described in the literature [36].
All reaction mixtures used in this study were diluted in
n-dodecane. The initial content of sulfur was
0.05 wt% and the reaction temperature was 573 K
(H, pressure: 3 MPa, H, flow rate: 0.2 dm> min~",
LHSV: 6.04-48.32 h™'). The liquid products collected
from a gas-liquid separator were analyzed by GC
(Hitachi G-3000) and GC-MS (GC: Hewlett Packard
5890 Series II, MS: Nihondenshi JMS-SX 102A).
The activity of the catalysts under investigation was
estimated by the conversion of the DBT derivatives
and by the ratio of the products after reaching steady
state.

2.3.  Characterization of the catalysts

IR measurements have been carried out in order to
detect changes of the vibrational bands of hydroxyl
groups on the surface of the alumina support
caused by increased loading with TiO,. Spectra
were taken at room temperature on a Hitachi Model
270-30, in the range from 3900 to 3000 cm ™. Before
data collection, the samples were evacuated at 773 K
for 2 h.

Nitrogen adsorption measurements were performed
at 77 K on a Bel Japan Belsorp 28SA to determine the
specific surface area. As pretreatment, 200 mg of
support were placed in a quartz tube and evacuated
for 6 h at 573 K. The pore volume and the pore size
distribution was obtained by the Dollimore-Heal
method [37].

XPS measurements were carried out at room tem-
perature to investigate the state of molybdenum and
nickel species on the surface of the different supports.
Data were collected before and after sulfiding for 2 h
at 573 K, with 5% H,S diluted in H,. The data were
taken on a Surface Science Laboratory SSX-100
spectrometer, using monochromized Al Ka-radiation
(1486.6 eV) and the C (1s) binding energy (285.0 eV)
as reference. Before measuring, all samples have been
evacuated and pretreated at 573 K. The X-ray fluor-
escence (XRF) measurements have been performed on
a SXF-1200 analyzer from Shimadzu.
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3. Results and discussion
3.1. Characterization of the supports

The IR spectra of y-alumina and of TiO,—Al,O4
composite supports with different loadings of TiO, are
displayed in Fig. 1. Before CVD treatment, bands
appear at 3762, 3723 and 3680 cm™'. They corre-
spond to hydroxyl stretching vibrations of Al-OH
groups. The bands are rather broad, due to the fact
that the alumina support is a poorly crystalline mate-
rial. Even at low TiO, loadings (2.3 wt%), the vibra-
tional band at 3762 cm ™" has almost disappeared. The
bands at 3723 and 3680 cm™’ are not significantly
affected at very low TiO, coverages. Nevertheless, a
further increase of the TiO, loading, up to a total
amount of 11 wt% leads to a strong decrease of the
integral intensities of all observed vibrational bands.
This implies the substitution of AI-OH groups on the
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Fig. 1. IR spectra of 4-Al,05 and composite TiO,~Al,O3 supports
with different TiO, loadings.

Table 1
Specific surface area and pore volume of ~-Al,0;, TiO, and
composite TiO,—Al,O3 support loaded with different amounts of
titania

Deposition TiO, Specific surface Pore volume
time (h) (Wt%) area (m?g™) (em’g™h)
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
12 8.94 168 (185) 0.36
16 11.15 162 (183) 0.37
20 13.69 154 (179) 0.35

Values in parentheses correspond to the specific surface area
calculated for 1 g of Al,O;.

surface of y-alumina by Al-O-Ti bridges during the
CVD process. Furthermore, the facts that almost all
bands of Al-OH groups disappear, and that the
decrease is directly correlated to the TiO, loading,
indicate a high dispersion and coating of Ti-species on
the Al,Oj3 surface by CVD.

The results obtained by XRF and N, adsorption
measurements for TiO,~Al,O; supports, prepared
using different deposition times, are given in Table 1.
XRF studies clearly reveal an increase of the TiO,
loading with increasing deposition time. This leads to
a decrease of the specific surface area of the TiOx—
Al,O; supports from 186 m? g~! for pure Al,Os to
154 m? g~} for the TiO,~Al,03 composite support
loaded with 13.96 wt% TiO,. However, the specific
surface area calculated for 1 g of Al,Oj is not sig-
nificantly affected. This linear decrease of the specific
surface area of the composite support with increasing
TiO, coverages reflects, in agreement with the IR
studies, a high dispersion of titania. At TiO; loadings
of 13.96 wt%, the surface area of the TiO,—Al,O4
support is still three times larger than the specific
surface area of the commercially available pure TiO,
support. The pore volume is also decreased with
increasing amount of TiO, covered on the y-alumina
support. Nevertheless, the decrease of the specific
surface area and the pore volume is not very signifi-
cant. A large specific surface area and a large pore
volume is still preserved while coating the alumina
support with TiO,, using the CVD method.

Fig. 2 shows the pore size distribution obtained for
~-Al,03, TiO, and TiO»—Al,O3 composite supports
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Fig. 2. Pore size distribution of different supports.

(6.80 wt% TiO, and 11.15 wt% TiO,). From Fig. 2, it
is obvious that pure TiO, possesses no pore system.
With regard to y-Al;O3 and TiO,-Al, O3, the average
pore diameter is only slightly shifted to lower values,
whereas the distribution of the pore volume is not
significantly affected by the coverage of alumina with
TiO,. These results reflect a homogeneous dispersion
of TiO, on the surface of the Al,O; support. The
resulting composite TiO,—Al,O; support remains
mesoporous, with a more or less monomodal pore
size distribution and an average pore radius of about
3.8 nm. Significant discrepancies in the pore size
distribution, caused by the different loadings of the
two investigated TiO,—Al,O, support, have not been
detected.

A comparison of the data obtained by XRF and XPS
is depicted in Fig. 3. The increase of the total TiO,
loading determined by XRF leads to a linear increase
of TiO, amount on the surface, which was determined
by means of XPS. Thus, TiO, can be assumed to be
situated on the surface of the Al;O3 support, and the
incorporation of significant amounts of titanium into
the y-alumina matrix can, within the sensitivity of the
investigation methods, be excluded.

Judging by the results described above, we can
assume that TiO, covers the surface of the y-alumina
support mainly without forming precipitations. The IR
spectra described above strongly support this assump-
tion, even though the vibrational bands of Al-OH
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Fig. 3. Bulk and surface composition of TiO,~Al,O; supports
prepared by CVD.

groups are not completely eliminated at loadings of
11 wt% TiO,. This might be due to the fact that the
alumina surface is not completely covered. With
regard to a closed packing of TiO, and under the
assumptions of a titania monolayer, the specific area of
the y-alumina support would be completely covered at
loadings of about 15 wt% titania. 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 substi-
tuted by Al-O-Ti groups, and the corresponding
vibrational bands in the IR spectra remain unchanged.
Nevertheless, higher loadings of titania may lead to a
more complete elimination of hydroxyl bands on the
alumina surface. The comparison of the surface com-
position and the total amount of TiO, unambiguously
reveals that TiO, is highly dispersed on the surface of
the ~-alumina support. According to these results,
CVD allows the coverage of the surface of alumina
supports by TiO,, using TiCl, as precursor without
forming large aggregates, under variation of the TiO,
loading over a wide range.

3.2.  XPS studies

Molybdenum XPS investigations have been per-
formed in order to elucidate the state of molybdenum
sites on the TiO,—~Al,O3 support. The results obtained
by the Mo 3d XPS spectra for calcined and sulfided



26 C. Pophal et al./Catalysis Today 39 (1997) 21-32

I ]

240 Binding Energy /eV 224

Fig. 4. Mo 3d XPS spectra of the calcined (A, B, C, D), the
sulfided (E, F, G) materials and of crystalline MoS; (H): MoO; (A),
Mo/AlL,O; (B, E), Mo/TiO; (C, F), Mo/TiO,-AlL0; (10.0 wt%
TiO,) (D, G).

Mo/Al,05, Mo/TiO;, Mo/TiO>-Al,03, crystalline
MoO; and crystalline MoS, powder are illustrated
in Fig. 4. The peaks obtained for Mo/Al,O3 (B) and
Mo/TiO,-Al,O3 (D) are much broader than those
obtained for MoO3; (A) and Mo/TiO, (C), whereas
the binding energy distribution detected for Mo/Al,O3
(B) is broader than that of Mo/TiO,-Al,05; (D).
Furthermore, the binding energies were strongly
dependent on the support. The binding energies of
crystalline MoOs are 236.5 and 233.5 eV, while the
lowest binding energies have been obtained for Mo/
Al,O; (235.7 and 232.6 eV). However, the binding
energies of the calcined materials increase in the
following order: Mo/Al,O3<Mo/TiO,—-Al,03<Mo/

TiO,. According to these differences, the support
affects the average valence state of the molybdenum
species. Metals possessing a higher oxidation state are
generally assumed to experience higher binding ener-
gies [38,39]. Different interactions between the Mo-
species and the supports are known to affect the value
of the molybdenum binding energies. However, the
specific surface areas of TiO,—Al,0O5 and ~-alumina
are about three times higher than that of the TiO,
support. The spectra of crystalline MoO3; and Mo/TiO,
are very similar, with regard to the binding energy as
well as with regard to the full widths at half-maximum
(FWHM), indicating the state of molybdenum to be
also very similar. This leads to the assumption that a
more or less three-dimensional MoQ; structure is
present on TiO,, whereas on the much larger surface
of TiO,~Al,05; and Al,O; a poorly crystalline two-
dimensional network of molybdenum might be pre-
sent. Under this assumption, the different oxidation
states and the discrepancies of the detected FWHM
can be explained. Nevertheless, there is no direct
experimental proof for this suggestion.

Table 2 shows the FWHM derived from the Mo 3d
XPS spectra of the calcined, unsulfided molybdena
catalysts. The TiO, coverage of the composite support
has been varied in order to elucidate the influence on
the state of the Mo-species on the surface. As already
stated above, the spectra of Mo/TiO, reveals the
lowest FWHM, whereas the highest values have been
obtained for Mo/Al,Os. Furthermore, with regard to
the composite support, the amount of TiO, loaded on
the ~y-alumina significantly affects the broadening of
the peaks in the Mo 3d XPS spectra. The FWHM of

Table 2
FWHM of the XPS peaks corresponding to the Mo 3ds/; and 3ds.
binding energy for different Mo catalysts

Catalyst FWHM (eV)
Mo 3d3/2 Mo 3d5/2

Mo/Al,O4 333 3.12
Mo/Ti0O,-Al,05 (3.54) 2.26 2.39
Mo/TiO,-Al,0; (6.05) 225 2.44
Mo/TiO,-Al,0; (8.85) 2.16 2.17
Mo/TiO,~Al, 05 (10.20) 2.14 2.24
Mo/TiO,-AlL 05 (13.10) 2.53 2.75
Mo/TiO, 1.70 1.82

MoO; loading: 6 wt%. Values in parentheses correspond to the
TiO, loadings.
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the Mo/TiO,~Al,O3 catalysts fundamentally is
increased by higher titania coverages. Nevertheless,
no strictly linear correlation has been observed. In
particular, this is true for the samples covered with
8.85 and 10.20 wt% TiO,. Nevertheless, the state of
the molybdenum species on the TiO,-Al,O3 compo-
site support can be regarded as a transition state
between the Mo/Al,O5 and Mo/TiO,. The broadening
of the 3d XPS peaks might be caused by strong
interactions between Mo and the support, as well as
by structural distortions. TiO, loadings of 8.85 and
10.20 wt% provide Mo species which are more similar
to the Mo species present on pure TiO, supports than
to molybdenum supported on Al,Os. The fact that
TiO, loadings of 13.10 wt% lead to larger FWHM of
the Mo XPS peaks might be caused by saturation
effects while loading the Al,O; surface with TiO, and
the formation of TiO, precipitations. However, within
the sensitivity of the experimental techniques used, no
TiO, clusters have been detected.

After sulfurization, the maxima due to Mo(VI)-
species have strongly decreased. The binding energies
for crystalline MoS, (H) are 233.0eV (3ds;) and
2299 eV (3dss;). The spectra of sulfided MoO; on
the different supports can also be assigned to MoS;
species, whereas Mo (VI) species are still present. As
already obtained for the calcined materials, sulfided
Mo/Al,O5 (E) and Mo/TiO,~Al,0; (G) reveal broader
binding energy distributions than MoS, and Mo/TiO,
(F). This might be caused by the same reasons as
mentioned above. However, the binding energies
(3dsjy) of the sulfided catalysts increase as follows:
Mo/ A1203<M0/T i02—A1203:M0/T 10,. Nevertheless,
in agreement with the calcined materials, the spectra
of MoS, and of sulfided Mo/TiO, are very similar with
regard to the FWHM of the peaks, indicating the
structure to be very similar. As already stated above,
and in particular in the case of the Al,O5 support, there
are still Mo(VI) species present and the sensitivity of
the XPS technique used, is not high enough to make
any conclusion on the exact structural state of Mo on
the surface of the different supports.

Fig. 5 shows the Ni 2p XPS spectra of crystalline
NiO (A), Ni-Mo/Al,0;3 (B), Ni-Mo/TiO, (C) and Ni-
Mo/Ti0,—Al,05 (D). NiQ reveals binding energies of
873.7eV (2py») and 856.1 eV (2ps3;2), whereas the
highest values are detected for Ni-Mo/Al, O (874.3
and 856.5 eV). Concerning the binding energies of Ni

Ni2p1/2

Ni2p3/2
m

]

889
Binding Energy /eV

Fig. 5. Ni 2p XPS spectra of the calcined (A, B, C, D), the sulfided
(E, F, G) Ni-Mo catalysts: NiO (A), Ni-Mo/A1,03 (B, E), Ni-Mo/
TiO, (C, F), Ni-Mo/Ti0,~AL,O5 (10.0 wt% TiO;) (D, G) and
sulfided NiO (H).

on different supports, not only interactions between Ni
and the carrier, but also interactions between nickel
and the molybdenum species have to be considered.
Nevertheless, and in contrast to the Mo 3d spectra
described above, the Ni 2p spectra of the calcined
catalysts are very similar with regard to the FWHM of
the maxima, indicating the state of NiO on the surface
of all catalysts to be very similar to crystalline NiO.

The corresponding XPS spectra of the sulfided
materials are also displayed in Fig. 5 (E, F, G, H).
Louwers and Prins [39] reported nickel to be present in
a NisS,-like phase after sulfurization. The binding
energies of sulfided NiO (H) are 870.9 eV (2p;,,) and
853.7eV (2ps;). Ni-Mo/AL,O; still reveals strong
maxima due to NiO species, indicating a significant
amount of unsulfided species to be present. The
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Table 3
Surface properties of different Mo catalysts as derived from the Mo
3d XPS spectra

Table 4
Surface properties of Ni-Mo catalysts according to the Ni 2p XPS
spectra

Catalyst S/Mo [MoS,]* Catalyst S/Mo [MoS,]*  [Ni;S;I°
Mo/ALO; 1.30 0.63 NiMo/ALO, 1.51 0.63 043
Mo/TiO,-ALO; (3.54) 1.26 0.63 NiMo/TiO,-ALO; (3.61) 1.69 0.62 0.44
Mo/TiO,-Al,0; (6.05) 147 0.68 NiMo/TiO2-ALO; (5.32) 1.79 0.69 041
Mo/TiO,-Al,0; (8.85) 1.54 0.71 NiMo/TiO,-ALO; (8.83) 2.06 0.77 0.53
Mo/TiO,-Al,0; (10.20) 1.63 071 NiMo/TiO,-ALO; (9.70) 2.03 0.78 0.55
Mo/TiO,-Al,0; (13.22) 1.65 0.79 NiMo/TiO,-ALO; (13.10)  2.04 0.81 0.53
Mo/TiO, 1.74 0.82 NiMo/TiO, 2.45 0.81 0.77

Pretreatment: 5% H,S/95% H,, 573 K; MoO; loading: 6.0 wt%,
MoS, (8/Mo0=2.29). Values in parentheses correspond to the TiO,
loading (wt%).

*MoS,/(MoS,+Mo03).

spectrum of Ni-Mo/TiO,-Al,0O; also exhibits peaks
which can be assigned to NiO. Nevertheless, those
peaks are much less intense than in the case of Ni-Mo/
Al,0s. According to these results, NiO can best be
transferred to the sulfided species over the TiO, sup-
port, whereas sulfurization of NiO over the composite
TiO,—-AlL,O; support is more efficient than over +-
alumina.

The ratios of S(2p)/Mo(3d), MoS,/(MoS;+Mo03),
for the different supports are depicted in Table 3. The
MoS,/(MoS;+MoQ3) ratio has been derived from the
normalized XPS peak intensities, using a Gauss—
Lorentz profile. To elucidate the influence of the
TiO, loading on the surface properties of the Mo/
TiO,-Al,O; catalyst, we investigated the MoS,/
(MoS,+Mo05) ratio as a function of the TiO, loading.
The results are also shown in Table 3. Concerning the
different supports, the S/Mo ratio clearly increases in
the order: Al,03<TiO»—Al,03<TiO,. Furthermore,
higher TiO, loadings also lead to larger S/Mo ratios.
Only the composite support coated with 3.54 wt%
TiO, revealed a lower S/Mo ratio than ~y-alumina.
Table 3 also indicates that, on the surfaces of all
catalysts, not all molybdenum has been sulfided to
MoS,, which is in agreement with the XPS data
already discussed.

However, our XPS studies unambiguously reveal
that the reducibility from oxidic to sulfidic molybde-
num species on the TiO,—Al,03 composite support is
higher than that on the Al,O; support. The possible
reasons are the differences in the interactions between
Mo species and the different supports. This is in

Pretreatment: 5% H,5/95% H,, 573 K; NiO: 3.0 wt%, MoOs:
6.0 wt%, MoS, (S/Mo=2.29). Values in parentheses correspond to
the TiO, loading (wt%).

*Mo0S,/(M0S;+MoO3).

PNi3S/(NiO-+Ni3S,).

agreement with the different FWHM of the peaks in
the Mo XPS spectra, which were strongly dependent
on the TiO, loading, implying different states of
molybdenum. As already stated above, broad peaks
in the XPS spectra indicate strong Mo-support inter-
actions, which may lead to lower reducibilities of
MoO; to MoS,. Therefore, Mo/TiO, provides high
transitions to the lower valence state of Mo, whereas
Mo species on pure <y-alumina reveal the lowest
reducibility during sulfurization.

The S/Mo, MoS,/(MoS,+Mo0O3) and NisSy/
(Ni3S,+NiO) ratios for the corresponding Ni-Mo
catalysts are displayed in Table 4. The S/Mo ratio
increases in the same order as found for the molyb-
denum catalysts. However, the Ni-Mo/Ti0,—Al,O;
materials with rather high TiO, loadings (8.83,
9.70, and 13.10 wt%) exhibit almost the same ratios.
This is also true for the MoS,/(MoS,+MoQ;) ratio.
The ratios obtained for Ni-Mo/TiO, and Ni-Mo/
TiO,-Al,O; (13.10 wt%) are equal, the NisSy/
(Ni3S,+NiO) ratios obtained for Ni-Mo/Al,O3 and
Ni-Mo/Ti0,-Al,05 (3.61 wt% TiO, and 5.32 wt%
TiO,) are almost the same. With the exception of
Ni-Mo/TiO,-A1,0;  (5.32 wt%), the  NizSy/
(Ni3S,+NiO) ratios for the Ni-Mo catalysts supported
on TiO,-Al,05 are higher compared to those for the ~y-
alumina supported Ni-Mo catalyst. In particular in the
case of the TiO,—Al,O; composite supports with
higher TiO, loadings (8.83, 9.70 and 13.10 wt%),
the Ni3S,/(Ni;S,+NiO) ratios are about 25% higher
than that obtained for the Al,O5 support. The highest
Ni3S»/(Ni3S,+NiQ) ratio was found for the pure TiO,
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Table 5

Conversions obtained over Mo catalysts for the HDS of DBT, 4-MDBT and 4,6-DMDBT

Catalyst Conversion (%)

DBT 4-MDBT 4,6-DMDBT
Mo/Al, O3 61.04 (0.06) 29.09 (0.12) 6.29 (0.34)
Mo/Ti0,-Al,05 (3.54)* 69.76 (0.05) 31.76 (0.13) 16.29 (0.45)
Mo/TiO,—Al,O; (6.05)% 75.12 (0.06) 38.81 (0.13) 19.25 (0.54)
Mo/TiO,-Al,O5 (8.85)* 71.38 (0.06) 44.91 (0.15) 28.90 (0.64)
Mo/TiO,-AlLO; (10.20)* 78.39 (0.06) 43.96 (0.16) 34.81 (0.69)
Mo/TiO,-Al05 (13.22)* 76.02 (0.04) 42.52 (0.13) 22.37 (0.56)
Mo/TiO, 83.17 (0.06) 46.37 (0.14) 21.12 (0.59)

MoO;: 6 wi%; pretreatment: 5% H,$/95% H, at 573 K, reaction temperature: 573 K; H, pressure: 3 MPa, H; flow: 200 cm® min~!, LHSV:
12.08-16.07 h™'. Values in parentheses represent the ratio of the CHB/BP derivatives.

()" TiO; (wWt%).

support. However, Ni-Mo/TiO,-Al,O3 (13.10 wt%
TiO,) exhibits a slightly lower Ni3S,/(NizS,+NiO)
ratio than Ni-Mo/TiO,-Al,O3 with a TiO, loading of
9.70 wt%. Furthermore, judged by the results pre-
sented in Table 4, and in agreement with the XPS
spectra, the NiO species have not been completely
sulfided under these conditions. The NizS,/
(Ni3S,+NiO) ratios detected for the composite sup-
port with rather high amounts of TiO, are higher than
those of Ni-Mo/Al,Os;. The fact that the NisS,/
(Ni3S,+NiO) ratios did not show a linear increase
with increasing TiO, loadings may be due to different
surface morphologies. Nevertheless, our studies
unambiguously reflect sulfurization of the nickel, as
well as of molybdenum species, to be more efficient
over the composite supports than over Al,O;.

3.3. HDS reaction

As already pointed out, the HDS of DBT derivatives
leads to the corresponding substituted BP and CHB
compounds. The product selectivity mainly depends
on the reaction pathway. Prehydrogenation of neigh-
boring phenyl groups leads to an intermediate, and
then CHB derivatives are produced (HDS route). In
contrast to that, the desulfurization without prehydro-
genation (direct desulfurization route) leads to the
corresponding BP products.

The conversions obtained at 573 K and a H; pres-
sure of 3 MPa, for the HDS reaction of DBT, 4-MDBT
and 4,6-DMDBT, over the Mo catalysts under inves-
tigation is depicted in Table 5. With regard to DBT,
the conversion rate over the different catalysts

increases as follows: Mo/Al,03<Mo/TiO,—Al,0;
(3.54-13.22 wt%)<Mo/TiO,. However, even materi-
als with TiO, loadings of only 3.54 wt% titania show
higher conversion rates of DBT than Mo supported on
pure y-alumina. In the case of DBT, the CHB/BP
ratios of all catalysts are around 0.05. Concerning the
conversions of 4-MDBT and 4,6-DMDBT, all cata-
lysts revealed lower conversion rates, because of the
lower reactivities of these compounds. However, with
regard to 4-MDBT, the ratios of the methyl-substituted
CHB/BP ratios detected over the investigated catalysts
are very similar, whereas observed conversions are
significantly higher over Mo/Ti0,~Al,O; and Mo/
TiO,. Thus, the high catalytic activity for the HDS
of 4-MDBT over Mo/TiO,—Al,03 and Mo/TiO, must
be due to the direct desulfurization pathway. However,
most remarkable is the very high catalytic activity of
the TiO,—Al,O; supported molybdenum, reaching
conversions of 34.81% (10.20 wt% TiO,) for the
HDS of 4,6-DMDBT. Over Mo/AL,O;, 4,6-DMDBT
conversions of only 6.29% are obtained. The high
conversions for the HDS of 4,6-DMDBT over Mo/
Ti0,—Al,05 can mainly be attributed to the high ratios
of corresponding CHB/BP ratios, which become
higher than those obtained over Mo/TiO, and Mo/
Al,Os. This implies the hydrodesulfurization route to
be more important for the HDS of 4,6-DMDBT over
Mo/TiO,-Al,05 compared to the Al,O; and TiO,
supported Mo catalysts. As already pointed out above,
prehydrogenation of an aromatic ring reduces the
steric hindrance by methyl groups during the C-S
bond scission and leads to the corresponding CHB
derivatives. However, the conversions of 4-MDBT and
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Table 6

Conversions obtained over Ni-Mo catalysts for the HDS of DBT, 4-MDBT and 4,6-DMDBT

Catalyst Conversion (%)

DBT 4-MDBT 4,6-DMDBT
NiMo/Al,04 93.27 (0.06) 65.50 (0.19) 31.92 (0.72)
NiMo/TiO,~Al,05 (3.54)* 93.69 (0.08) 66.37 (0.20) 34.12 (0.72)
NiMo/TiO,-AlL, 05 (6.05)% 93.16 (0.09) 66.05 (0.25) 40.94 (0.72)
NiMo/TiO,-Al, 05 (8.83) 93.50 (0.09) 67.45 (0.30) 43.93 (0.79)
NiMo/TiO,-Al, 05 (10.30)* 93.81 (0.10) 68.75 (0.31) 4431 (0.83)
NiMo/TiO,~Al 05 (13.10)° 93.44 (0.08) 66.74 (0.25) 43.21 (0.76)
NiMo/TiO, 90.51 (0.11) 61.94 (0.35) 39.29 (1.27)

MoOj: 6 wt%, NiO: 3 wt%; pretreatment: 5% H,S/95% H, at 573K, reaction temperature: 573 K; H, pressure: 3 MPa, H, flow:
200 cm® min~’; S content: 0.05 wt% in dodecane, LHSV: 24.16-32.14h™, Values in parentheses represent the ratio of the CHB/BP

derivatives.
()% TiO; Wt%.

4,6-DMDBT over Mo/TiO,—Al,0; (13.22 wt% TiO,)
are not as high than those obtained over Mo/TiO,~
Al,O; with lower TiO, loadings (8.85 and
10.20 wt%).

The conversions of DBT, 4-MDBT and 4,6-
DMDBT, as well as the CHB/BP ratios obtained over
the corresponding Ni-Mo catalysts are depicted in
Table 6. As is already known, nickel enhances the
catalytic activity, leading to conversions for DBT
above 90% over all materials under investigation.
The CHB/BP ratios over Ni-Mo/TiO,~Al,0; and
Ni-Mo/TiO, are higher than those obtained over the
molybdenum catalysts. This implies with regard to
Ni-Mo/TiO,-Al,0; and Ni-Mo/TiO, that the HDS
route will become more important than over the
corresponding Mo catalysts. Concerning the HDS of
4-MDBT and 4,6-DMDRBT, the catalytic activity of
Ni-Mo/Ti0,-Al,05 increases with the amount of
TiO; loaded on the ~-alumina surface, becoming
significantly higher than the activity obtained for
Ni-Mo/TiO,. However, over the Ni~Mo catalysts,
the highest CHB/BP ratios were obtained for the pure
TiO, support. The conversions of all DBT derivatives
detected over the composite supports with titania
loadings of 6.05 wt% and above are higher than those
achieved over Ni-Mo/TiO,. For the HDS of 4-MDBT
and 4,6-DMDBT, Ni-Mo/TiO,-Al,05; (10.30 wt%
TiO,) showed about 10% higher conversions than
Ni—Mo/TiO,, even though the detected CHB/BP ratio
is lower over the composite supported catalyst. TiO,
loadings of 13.10 wt% lead to a decrease of the
obtained conversions and the ratio of corresponding

CHB/BP derivatives. This is true for all sulfur com-
pounds under investigation. In correspondence to
Kabe and co-workers [33], the formation of CHB
derivatives from the corresponding BP compounds
over Ni-promoted catalysts is not expected to be
important at these mild reaction conditions. According
to the presented results, Ni promotes the catalytic
activity of the composite supported Ni-Mo catalyst
more than the catalytic activity of Ni-Mo/TiO.

To elucidate the influence of the positions of methyl
groups on the conversion rate in a mixture of different
DBT derivatives, we studied the HDS of a mixture of
DBT, 4-MDBT and 4,6-DMDBT (molar ratio: 1/1/1)
over Ni-Mo catalysts on the different supports (Al,Os,
TiO, and TiO,—Al;0;). In the course of this investiga-
tion, we used a TiO,—Al,O5 composite support with a
rather high titania loading (10 wt%). For comparison,
the HDS of a mixture of DBT, 2-MDBT and 2,8-
DMDBT (molar ratio: 1/1/1) has been performed
under the same reaction conditions. The conversion
rates as well as the reaction conditions are depicted in
Table 7. With regard to the conversion of the mixture
containing DBT, 4-MDBT and 4,6-DMDBT, the activ-
ities increase in the order: Ni-Mo/Al,O;<Ni-Mo/
TiO,—Al,03<Ni-Mo/TiO,. This is in contrast to the
conversions obtained for the HDS of the different
compounds presented in Table 6. Therefore, further
studies on TiO,~Al,O; supported Ni-Mo catalysts
with different titania loadings will be carried out, to
elucidate the influence of the amount of TiO, on the
catalytic activity under these reaction conditions.
However, in particular for the HDS of 4,6-DMDBT,
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Table 7

Conversions obtained over Ni-Mo catalysts for the HDS of a
mixture of DBT, 2-MDBT and 2,8-DMDBT (B), as well as of a
mixture of DBT, 4-MDBT and 4,6-DMDBT (A)

Catalyst Mixture Conversion (%)
DBT CIDBT C2DBT

NiMo/Al,O3 A 63.3 31.8 9.9
NiMo/TiO, A 75.6 39.6 17.0
NiMo/TiO-ALO;* A 67.3 34.6 149
NiMo/Al, O, B 49.1 67.7 86.4
NiMo/TiO, B 64.4 78.5 90.9
NiMo/TiO,-ALOs* B 61.3 79.4 91.0

*Prepared by CVD method.

MoO;: 6 wt%, NiO: 3 wt%, TiO,: 10 wt%; pretreatment: 5% H,S/
95% H, at 573 K, reaction temperature: 573 K; H, pressure:
3 MPa, H, flow: 200 cm® min~", LHSV: 24.16-32.14 h™". Mixture
A: DBT, 4-MDBT, 4,6-DMDBT in dodecane. Mixture B: DBT, 2-
MDBT, 2,8-DMDBT in dodecane. C1IDBT: 4-MDBT or 2-MDBT,
C2DBT: 4,6-DMDBT or 2,8-DMDBT.

the conversions obtained over Ni-Mo/Al,O5-TiO;
and Ni-Mo/TiO, are much higher than the conversion
detected over the Al,O; supported catalyst. As
expected, the conversion for the different sulfur com-
pounds increases as follows: DBT>4-MDBT>4,6-
DMDBT. The order of the conversion for DBT in a
mixture containing DBT, 2-MDBT and 2,8-DMDBT
is as follows:  Ni-Mo/Al,O3<Ni—-Mo/TiO,—
Al,O3<Ni-Mo/TiQ,, whereas for 2-MDBT and 2,8-
DMDBT the catalytic activity of Ni-Mo/Ti0O,—Al,03
is slightly higher (2-MDBT) or almost equal (2,8-
DMDRBT) to the activity of Ni-Mo/TiO,. However, the
conversion of DBT in a mixture with 2-MDBT and
2,8-DMDBT is lower than in a mixture containing
4-MDBT and 4,6-DMDBT.

This leads to the assumption of a competitive
mechanism between these sulfur compounds. The
electron density at the sulfur atom is enhanced in
the case of all methyl-substituted DBT derivatives.
Nevertheless, concerning the direct desulfurization
pathway, the steric hindrance retarding the C-S bond
occurs only when the methyl groups are at 4 or 4,6
position. However, the conversions of 2-MDBT and
2,8-DMDBT in a mixture with DBT are as follows:
2,8-DMDBT>4-MDBT>DBT. Due to the higher elec-
tron density located at the sulfur, the highest conver-
sion over all catalysts under investigation was found
for 2,8-DMDBT. The conversion rates obviously

reveal the lower catalytic activity of the Al,O3 sup-
ported catalysts, compared to the TiO, and TiO,-
Al,O3 supported materials. This is true for all sulfur
compounds contained in the two mixtures.

Judged by the detected conversions discussed
above, over TiO,—Al,0; and TiO, supported Ni-Mo
catalysts, the HDS route is much more important than
over the material supported on Al,03. According to
Mochida and co-workers [32], the prehydrogenation
of an aromatic ring leads to higher reactivities of 4-
MDBT and 4,6-DMDBT. This results in comparably
high conversions for the HDS of 4-MDBT and 4,6-
DMDBT over the molybdenum and Ni-Mo catalysts
supported on the TiO,—Al,O,; composite material. In
agreement with Kabe and co-workers [33], the reac-
tivity of the sulfur compounds under investigation
decreases in  the order:  2,8-DMDBT>2-
MDBT>DBT>4-MDBT>4,6-DMDBT. This is true
for all investigated catalysts. The conversion obtained
over Ni-Mo catalysts clearly reflects the role of Nias a
promoter of the catalytic activity of all investigated
materials.

4. Conclusion

In order to design a suitable catalyst for the deep
HDS of DBT derivatives, we prepared TiO,~Al,O3
supports by CVD.

1. Concerning the preparation of TiO,-Al,O5; com-
posite supports, CVD allows us to coat the surface
of alumina with TiO, using TiCl, as precursor for
titania, leading to the substitution of Al-OH
groups by AIl-O-Ti bridges. TiO, species are
highly dispersed on the alumina surface, preser-
ving a specific surface area comparable to ~-
alumina, while the amount of TiO, can be varied
over a wide range by choosing different deposition
times.

2. Mo(VI)O; species situated on TiO,-Al,O3 com-
posite supports can be transferred much more
easily into Mo(IV)S; by sulfurization and reduc-
tion than Mo(VI)O; species on pure Al,O; support.
This is also true for the sulfurization of NiO
species.

3. With regard to TiO,~Al,O3 supported Ni-Mo cata-
lysts the prehydrogenation of the DBT derivatives
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was very important, resulting in rather high ratios
of the corresponding CHB/BP derivatives and to
high conversion rates, in particular for the deep
HDS of 4-MDBT and 4,6-DMDBT.

4. According to the low CHB/BP ratios obtained over
Al,O; supported Mo and Ni-Mo catalysts, the
direct desulfurization route is preferred much more
strongly than over the corresponding TiO,-Al,0;
materials, leading to significantly lower conver-
sions of 4-MDBT and 4,6-DMDBT.

5. Furthermore, a strong dependence of the catalytic
activity as well as of the efficiency of the sulfur-
ization on the amount of TiQ, loaded on the ~-
alumina surface has been observed.

The presented results indicate that the composite
TiO,—Al,O5 supports prepared by CVD allow us to
overcome the disadvantages of pure TiO, supports as
described above, providing a very high catalytic activ-
ity for the deep HDS of DBT derivatives. Further
studies will be performed in order to elucidate the
influence of the size of the specific surface area on the
deep HDS reaction over the different materials. How-
ever, TiO,—Al,Q3 supports are suitable candidates to
substitute y-alumina in the industrial deep HDS pro-
cesses.
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