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Micro-mesoporous composite material Beta-KIT-6 (BK) with the BEA microporous structure and cubic
[a3d mesoporous structure was synthesized and used as catalyst support for the hydrodesulfurization
of dibenzothiophene. The composite material possessed both KIT-6 and Beta structures. NiMo/BK had
similar acidity as NiMo/Beta and possessed more acid sites and stronger acidity than NiMo/KIT-6 and
NiMo/SBA-15. NiMo/BK showed the highest dibenzothiophene hydrodesulfurization activity among all
the catalysts that were studied, and the dibenzothiophene conversion on NiMo/BK was about 2-3 times
that of NiMo/Al,0s. The acidity of NiMo/BK enhanced the activity of the direct desulfurization pathway
more significantly than that of the hydrogenation pathway. Cyclohexen-1-yl-benzene was detected as
intermediate of the hydrogenation pathway. NiMo/KIT-6 exhibited higher activity than NiMo/SBA-15
due to the superior mass transfer ability of the cubic [a3d mesoporous structure.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The reduction of the sulfur content in gasoline and diesel fuels
has been a subject of intensive investigations in recent years. For
environmental reasons, the sulfur levels must be reduced to
10 ppm in many developed countries [1,2]. To meet the stringent
regulation of the sulfur content, even highly refractory molecules
such as dibenzothiophene (DBT) and 4,6-dimethyldibenzothioph-
ene (4,6-DMDBT) must be desulfurized. Due to the effects of large
molecular size and steric hindrance from the alkyl substituents, it
is difficult to desulfurize DBT and 4,6-DMDBT with traditional
hydrotreating catalysts. In order to remove these highly refractory
molecules, several approaches have been pursued, among which
the development of catalyst support is of great importance [1].

Mesoporous materials with open pores are ideal catalyst sup-
ports, for the catalytic conversion of large molecules because their
large pore sizes can mitigate the diffusion barrier for the reactants
and products. Mesoporous materials such as MCM-41 [3], HMS [4],
and SBA-15 [5] have been employed as supports for hydrodesulfu-
rization (HDS) catalysts. Sampieri et al. [6] prepared SBA-15 and
MCM-41-supported MoS, catalysts with various Mo loadings.
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MoS, slabs with an average length of 2.8 nm and a stacking degree
of 2 were present in the pores of the SBA-15-supported catalyst.
However, the relatively small mesopores in MCM-41 were blocked
by the MoS, slabs, resulting in a lower activity than that of the
SBA-15-supported counterpart [6].

Besides pore size, pore structure, e.g. pore shape and connectiv-
ity, also plays an important role in the diffusion process. Both
MCM-41 and SBA-15 are two-dimensional (2D) hexagonal
(p6 mm) mesostructures [7]. The unidirectional pore systems in
the 2D mesostructures cause more diffusion resistance than pore
system in three-dimensional (3D) mesostructure of the same pore
size. Recently, Kleitz et al. [8] reported a new cubic mesoporous sil-
ica material named KIT-6, which was prepared using triblock
copolymer EO,oP0O70EO,¢ (P123) as the mesopore-directing agent
and n-butanol as additive under acidic conditions. KIT-6 was re-
ported to possess bicontinuous cubic mesostructure with large
pore diameter and thick pore walls of about 8 and 3.5 nm, respec-
tively [8,9]. Complementary pores (about 1.7 nm) connecting the
two-group helical mesochannels were confirmed by TEM investi-
gation into KIT-6 nanowire replicas [10]. Soni et al. [11] reported
that KIT-6-supported Mo, CoMo, and NiMo catalysts exhibited
higher activities for the conversion of thiophene than SBA-15 and
v-Al,03-supported catalysts. However, just like SBA-15, pure sili-
ceous KIT-6 material is devoid of Bronsted and Lewis acid sites
[12]. This may be disadvantageous since a suitable acidity of the
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support can increase the conversion of the refractory molecules,
especially of 4,6-DMDBT [13,14]. Recently, important advances in
the improvement in acidity and stability of mesoporous materials
have been made through synthesis of micro-mesoporous compos-
ite materials [15,16]. Many micro-mesoporous materials, including
MSU-S [17], Beta-MCM-41 [18], Beta-SBA-15 [19], and mesoporous
ZSM-5 [20], were synthesized and applied in the field of catalysis.
Sun and Prins [13] reported that mesoporous H-Na-ZSM-5-sup-
ported Pt, Pd, and Pt-Pd catalysts exhibited much better catalytic
performance for the HDS of 4,6-DMDBT than conventional H-Na-
ZSM-5 or v-Al,03-supported catalysts and suggested that further
improvement in the catalytic performance can be expected by tun-
ing the acidity and pore size of the mesoporous zeolites. Beta-
MCM-41 was also used as a support to prepare a supported NiW
HDS catalyst [18], and the catalyst showed higher catalytic activity
than a pure Al,Os-supported catalyst. Compared with Beta-MCM-
41 and Beta-SBA-15, micro-mesoporous material Beta-KIT-6 pos-
sesses the large pore (larger than 5 nm) cubic [a3d mesostructure
which can further enhance mass transfer. This superior mass trans-
fer property combined with the appropriate acidity makes Beta-
KIT-6 more suitable for the HDS of refractory sulfur compounds.
However, until now, synthesis and catalytic application of Beta-
KIT-6 have, to our best knowledge, not been reported.

In this work, the novel Beta/KIT-6 composite material was suc-
cessfully synthesized from zeolite Beta seeds by a two-step hydro-
thermal crystallization method using Pluronic P123 triblock
copolymer (EO29-P0O7¢-EO,) and n-butanol. The Beta/KIT-6-sup-
ported NiMo catalysts were prepared and tested in the HDS of
DBT. To clarify the effects of pore structure and support acidity
on the catalytic performance, KIT-6, Beta, and SBA-15-supported
NiMo catalysts were prepared and tested as well. The physico-
chemical properties of the pure supports and supported NiMo cat-
alysts were characterized by various techniques, and their catalytic
performances were compared with that of a conventional NiMo/
Al,05 catalyst. The main factors affecting the catalytic performance
of Beta-KIT-6 composite-supported NiMo catalyst for the HDS of
DBT were also discussed. Moreover, the reaction network for the
HDS of DBT over the NiMo/BK catalyst was proposed.

2. Experimental
2.1. Preparation of the supports

Beta/KIT-6 (denoted as BK) was prepared as follows. A zeolite
seed solution was prepared by adding 0.19 g of NaOH, 0.76 g of
NaAlO,, and 21.43 g of tetraethylorthosilicate(TEOS) into 29.45 g
of an aqueous TEAOH solution (25%). The mixture of Al,03/SiO5/
Na,O/TEAOH/H,0 with a molar ratio of 1.0/30/1.4/15/360 was stir-
red for 4 h at room temperature and then transferred into an auto-
clave to age for 24 h at 140 °C to obtain a zeolite Beta seed solution.
An amount of 2 g of EO,¢gPO7¢EO,q (Pluronic P123) was dissolved in
49 g of H,0 with 27 g of 2 M hydrochloric acid at 35 °C,and 2.92 g
n-butanol was added and the mixture was stirred for 1 h. Finally,
4.8 g TEOS and 7.9 g of zeolite seed solution (containing 22.5 mmol
of SiO,) were mixed with the P123 solution, resulting in a mixture
of Al,03/SiO,/P123/HCI/H,O with a molar ratio of 1.0/60/0.92/
109.8/11,700. The mixture was stirred for 24 h at 35 °C and then
transferred to an autoclave for further reaction at 100 °C for 24 h.
The aluminosilicate precursor was collected by filtration, dried at
100 °C for 10 h, and calcined at 550 °C in air for 6 h to remove
the templates.

KIT-6 was synthesized according to the literature [8,9] using a
triblock copolymer (P123) as structure-directing agent and n-buta-
nol as additive. In a typical experiment, 2 g of P123 was dissolved
in 57 g of distillated water and 19 g of 2 M hydrochloric acid, then

2.52 g of n-butanol was added under stirring at 35 °C. After stirring
for 1 h, 6.42 g of TEOS was added dropwise at 35 °C, and the result-
ing mixture was stirred for 24 h at 35 °C. The final solution was
transferred to a Teflon bottle and heated at autogeneous pressure
for 24 h at 100 °C. The solid product obtained after hydrothermal
treatment was filtered and dried at 100 °C. The template was re-
moved by calcination at 550 °C in air for 6 h.

Beta zeolite was prepared in the same way as the zeolite seeds
described in the BK synthesis, by adding 0.19 g of NaOH, 0.38 g of
NaAlO,, and 21.43 g of tetraethylorthosilicate (TEOS) to 29.45 g of
an aqueous TEAOH solution (25%) to get a mixture of Al,03/SiO0,/
Na,O/TEAOH/H,0 with a molar ratio of 1.0/60/1.4/15/360. The
mixture was stirred for 4 h at room temperature before being
transferred to an autoclave for aging for 48 h at 140 °C to form zeo-
lite Beta.

SBA-15 was synthesized using a method described elsewhere
[21]. Al-KIT-6 and Al-SBA-15 were synthesized using a postsynthe-
sis method described elsewhere [22]. A physical mixture of Beta
and KIT-6 (PBK) was prepared by adding 1 g of H-Beta and 4 g of
KIT-6 into 20 g of H,0O. The mixture was stirred for 4 h at room
temperature and dried at 50 °C for 20 h. Beta and BK were ion ex-
changed with 1.0 M NH4CI at 80 °C for 1 h before being washed
with water and calcined at 550 °C in air for 4 h. The procedure
was repeated twice to achieve the final products H-Beta and H-BK.

2.2. Preparation of the catalysts

Supported NiMo catalysts were prepared by two-step incipient-
wetness impregnation of ammonium heptamolybdate and nickel
nitrate, the Mo precursor was impregnated first. After each
impregnation step, the samples were dried at 110°C for 12 h,
and calcined at 550°C in air for 4 h. The loadings of Ni (NiO
3.5 wt.%) and Mo (MoO3 10 wt.%) were kept the same on all sup-
ports. For the BK-supported catalysts, samples with different Mo
loadings (3, 7, 13, and 16 wt.% of MoO3) were also prepared. A
NiMo/Al,O3 catalyst was prepared by incipient-wetness impregna-
tion of Al,O3; (Shangdong Zibo).

2.3. Characterization of the supports and the catalysts

The composite supports and catalysts were characterized by X-
ray powder diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), N, adsorption, Fourier
transform infrared spectroscopy with pyridine adsorption (pyri-
dine-FTIR), and 2’Al magic-angle spinning nuclear magnetic reso-
nance (2’Al MAS NMR). XRD patterns were recorded on an XRD-
6000 diffractometer at 40 kV using Cu Ko radiation. For wide angle
scans, the 260 range was from 20° to 80° (the diffractometer was
operated at 30 mA), and for small angle scans from 0.7° to 10°
(the diffractometer was operated at 250 mA).

Surface areas and pore size distributions (PSD) of the samples
were measured by nitrogen isotherms using a Micromeritics ASAP
2010 system. All the samples were degassed at 350 °C under vac-
uum prior to N, adsorption at —196 °C. The surface areas were cal-
culated by using the BET model. The total volumes of micro- and
mesopores were calculated from the amounts of nitrogen adsorbed
at P[Py =0.98, assuming that adsorption on the external surface
was negligible compared with the adsorption in the pores. The
PSD were calculated by using the Barret-Joyner-Halenda (BJH)
method. Nonlocal density functional theory (NLDFT) analyses were
performed to evaluate the PSD of the cubic Ia3d materials [9]. For
the analyses, the kernel of NLDFT equilibrium capillary condensa-
tion isotherms of N, at —196 °C on silica was selected as the model
isotherm (using desorption branch and assuming cylindrical
pores). The micropores were determined from the t-plot analysis.
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SEM images were obtained on a Cambridge S-360 apparatus
operating at 20 kV. The silica-based samples were coated with gold
before the SEM measurement. TEM images were taken from thin
edges of particles supported on a porous carbon grid using a Philips
Tecnai G2 F20 equipment operating at 300 kV.

The nature of the acid sites of the catalysts was determined by
pyridine-FTIR on a MAGNAIR 560 FTIR instrument (Nicolet Co., US)
with a resolution of 1cm™!. The samples were dehydrated at
500°C for 5h under a vacuum of 1.33 x 1073 Pa, followed by
adsorption of purified pyridine vapor at room temperature for
20 min. The system was then degassed and evacuated at different
temperatures, and the IR spectra were recorded. The absolute
amount of pyridine adsorbed on Bronsted acid sites and Lewis acid
sites can be calculated using IMEC(B)=1.67 cm/pmol, IM-
EC(L) = 2.22 cm/pmol described by Emeis [23].

27Al MAS NMR spectra were recorded with a Bruker Avance III
500 MHz spectrometer at 130.327 MHz with a 0.9 ps pulse width,
6 us delay time, and 12 kHz spinning speed.

2.4. Catalyst testing

The catalytic activities were studied by using DBT as the probe
reactant. The reactions were carried out in a continuous fixed-bed
inconel reactor (8 mm inner diameter and 400 mm in length) with
0.5 g catalyst (grain size of 0.3-0.5 mm). All catalysts were presul-
fided in situ with a mixture of 2 mol% CS,-cyclohexane and H, at
360°C and 4 MPa. After sulfidation, the temperature was de-
creased to the reaction temperature of 320 °C. Liquid reactant
was fed to the reactor by a SZB-2 double-piston pump. The feed
composition was 1.5 mmol cyclohexane (as solvent for DBT),
0.004 mmol dibenzothiophene, and 53.8 mmol H,. According to
reference [24], weight time was defined as T = ®cat/Neea, Where
car Was the catalyst weight and #geq, the total molar flow to the
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reactor. The weight time (7) was changed by varying the flow rates
of the liquid and the gaseous reactants with their ratio kept at a
constant value. Phenylcyclohexane (CHB) and cyclohexen-1-yl-
benzene (CHEB) hydrogenation reactions were carried out at a
weight time of 2.25 ¢ min mol~! and different temperatures with
a feed consisting of 1.5 mmol cyclohexane, 0.02 mmol of CHB or
CHEB, and 0.001 mmol DBT. All the reaction products were ana-
lyzed by offline Finnigan Trace GC/MS with a Trace Ultral gas chro-
matograph using a HP-5MS (30 m x 0.25 mm x 0.25 pm) capillary
column and a pulsed flame photometric detector (PFPD). The prod-
ucts of hydrogenation of CHEB were analyzed using HP-5MS
(60 m x 0.25 mm x 0.25 pm) capillary column.

The yields and selectivities should be considered as qualitative
trends and not as quantitative results, because they were calcu-
lated based on the products detected by GC-MS analysis and on
the C4 products that were calculated from the observed C12 to
C8. Other cracking products, which were not detected, were not ta-
ken into account. For example ‘cyclohexane’, the possible cracking
product that could not be detected, was not taken into account be-
cause cyclohexane was also used as the solvent.

3. Results
3.1. Structure of the supports and the catalysts

The KIT-6 sample showed an intense XRD peak at 20 = 0.88° cor-
responding to the (2 1 1) plane, a shoulder for the (2 2 0) plane, and
a series of overlapping peaks for the (32 1), (400), (420), and
(3 3 2) planes (Fig. 1A). The XRD pattern indicates that this mate-
rial has a well-ordered mesoporous structure, which belongs to
the bicontinuous cubic space group Ia3d [25]. The unit cell param-
eter qg of the calcined sample was calculated to be 24.6 nm, in good
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Fig. 1. XRD patterns of: (A) BK, PBK, Al-KIT-6, KIT-6, Al-SBA-15, and SBA-15 samples in the small-angle domain, (B) KIT-6, BK, PBK, and Beta samples in the wide-angle
domain, (C) supports and catalysts in the small-angle domain, and (D) NiMo/BK catalysts with different Mo contents, (x) MoOs, JCPDS card 35-609.
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agreement with the literature [8,9,25], suggesting that this meso-
porous silica-based material is KIT-6 with body-centered cubic
symmetry. The SBA-15 sample also gave rise to a sharp and intense
peak at 20 = 0.88°, corresponding to its (1 0 0) plane, and two other
peaks at 26 = 1.52° and 1.74° for the (1 1 0) and (2 0 0) planes [21].
The BK sample exhibited a sharp peak at 20=0.86°, a hump at
20 =1°, and a broad peak centered at 1.6°. These peaks agree well
with the characteristics of the KIT-6 structure but have relatively
low intensities. This may be due to the presence of zeolite seeds
in the synthesis process, which are more difficult to assemble by
the mesostructure-directing agents [19]. The small-angle XRD pat-
terns of the Al-KIT-6 and PBK samples were similar to that of KIT-6,
indicating that they have similar mesoporous structures.

The Beta zeolite possesses very intense XRD peaks at 7.6° and
22.4° (Fig. 1B), which is characteristic of zeolite Beta. The BK and
PBK samples also show the same diffraction peaks as zeolite Beta,
but the peak intensities are relatively weak. However, pure KIT-6
exhibits no sharp peak in the wide-angle diffraction pattern. Based
on the XRD results, it is obvious that the as-synthesized material
BK possesses both KIT-6 and Beta zeolite structures.

Fig. 1C shows the small-angle XRD patterns of the supported
NiMo catalysts together with their corresponding support. They
clearly show that all catalysts (NiMo/BK, NiMo/KIT-6, NiMo/SBA-
15) exhibit the same structures as their corresponding support
and indicate that the mesoporous structure was retained after me-
tal loading.

The XRD patterns for the NiMo/BK catalysts with different me-
tal loadings (Fig. 1D) reveal that MoOs is well dispersed on the BK
support for loadings up to 10 wt.% since no MoOs peaks are de-
tected (Fig. 1D). The absence of XRD signals indicates that the par-
ticle size of MoOj3 is below 3-4nm [11]. In contrast, crystalline
MoOs is present in the NiMo/BK catalysts with 13 wt.% and
16 wt.% MoOs loadings, as shown by a series of weak peaks in
the range from 12° to 30°.

3.2. Porous properties of the supports and the catalysts

The porous properties of the supports and the catalysts were
examined by N, adsorption-desorption isotherms at —196 °C.
The textural and structural properties are shown in Table 1. The
SBA-15, KIT-6, and BK supports possess high surface areas and pore
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volumes, consistent with reported values [9,21]. SBA-15 has
micropores (Viic = 0.09 cm® g~') from the combustion of the tri-
block copolymer (the mesostructure template) that was inserted
into the silicate walls [7]. KIT-6 possesses a relatively large micro-
pore volume (V= 0.16) due to the presence of connecting pores
between two-group helical mesochannels. BK has a relatively large
Viic/Vimes ratio, because of the contribution of Beta zeolite and has
wider pore diameter and similar pore wall thickness as KIT-6. This
is probably due to the stability of the mesoporous walls that are
formed by assembling the zeolite primary units (contained in the
zeolite seed solution) and its lower tendency toward shrinkage
during the decomposition of the template.

The surface area and pore volume of the supported NiMo cata-
lysts significantly decrease when Ni and Mo are loaded on the sup-
ports (Table 1). This decrease is more pronounced for the SiO,-
based supported catalysts than for the Al,0s-supported catalysts.
This can be due to pore blockage caused by a low dispersion of
the active metal oxide phases, as proposed by Shimada et al. [26].

N, adsorption-desorption isotherms of the SBA-15, KIT-6, and
BK supports and their corresponding supported NiMo catalysts
all show type-IV isotherms with H1-type hysteresis loop and a
sharp capillary condensation step in the P/Py, range of 0.6-0.8
(Fig. S1), a characteristic of large channel-like pores with a nar-
row range of PSD. In contrast, the Beta support and the NiMo/
Beta catalyst have type I isotherms. In comparison, the Al,O3
support and the NiMo/Al,O3 catalyst show a H4-type hysteresis
loop with a small slope in the capillary condensation regime,
indicating a broad PSD. No change is observed in the type of iso-
therm and the shape of the hysteresis loop between the different
supports and their corresponding supported catalysts. This indi-
cates that the pore structure in the support is preserved after the
deposition of the active metals. The height of the hysteresis loop
decreases after Ni and Mo loadings due to the reduction of the
pore volume that results from metal deposition inside the mes-
opores (Table 1).

The BK, KIT-6, and SBA-15 supports showed a narrow PSD, and
the BK support has the largest mean pore size of 7.5 nm (Fig. 2), in
agreement with the data listed in Table 1. The Al,03 support pos-
sesses a weak and broad PSD, whereas no mesopores are detected
in the Beta zeolite. Moreover, all catalysts showed little change in
the PSD compared with their corresponding support.

Table 1
Textural properties of the supports and supported NiMo catalysts.

Samples Sper® (P g™") VP (am’g™') Ve (cm’g™") Vi (@m®g™")  Vinic/Vimes  @o° (nm)  dpy’ (nm)  dpgr® (nm)  b,," (nm)  Si0,/AL05'
SBA-15 699 1.03 0.99 0.09 0.09 11.6 6.4 5.7 52 -
KIT-6 887 1.13 1.06 0.16 0.15 24.6 6.4 5.7 6.6 -
BK 766 0.85 0.75 0.16 0.21 25.2 7.5 6.2 6.4 80
Beta 502 0.34 - 0.22 - - - - 71
Al,03 207 0.48 0.50 - - - 39 54 - -
PBK 652 0.89 0.81 0.16 0.20 - 5.9 - - -
Al-KIT-6 502 0.79 0.76 0.08 0.11 24.6 6.4 - 6.6 58
Al-SBA-15 427 0.70 0.68 0.03 0.04 12 6.4 - 5.6 58
NiMo/SBA-15 441 0.80 0.80 0.01 0.01 - 6.9 5.7 - -
NiMo/KIT-6 480 0.73 0.72 0.03 0.04 - 6.3 5.7 - -
NiMo/BK 442 0.56 0.51 0.07 0.13 - 7.5 6.2 - -
NiMo/Beta 339 0.26 - 0.15 - - - - - -
NiMo/Al,03 167 035 0.36 - - - 34 5.7 - -
NiMo/PBK 410 0.60 0.56 0.09 0.16 - 52 - - -
2 Calculated by the BET method.

b The total pore volume was obtained at a relative pressure of 0.98.

¢ Calculated using the BJH method.

d

Calculated using the t-plot method.

¢ XRD unit cell parameter (ao) was estimated from ag = dgo x 2/3"/? for SBA-15 [21], and ag = 6'/?d1; for KIT-6 and BK [9].

f Mesopore diameter calculated using the BJH method.

& Mesopore diameter calculated by the DFT method using the kernel of NLDFT equilibrium capillary condensation isotherms of N, at —196 °C on silica.
" Wall thickness evaluated according to references [21,10]: for SBA-15 [21], by = ao — dgyy, for KIT-6 [10] and BK, by, = ao/2 — dpfr-

! Determined by X-ray fluorescence.
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Fig. 2. Pore size distribution of: (A) supports and (B) supported catalysts.
3.3. Morphology of the supports This is probably due to the fact that the Beta zeolite nanocrystals

are integrated into the mesoporous material particles in the syn-

The SEM image shows that the SBA-15 support consists of many thesis process. Different from BK, the PBK sample exhibited well-

rice-like particles with a relatively uniform length of 1 um (Fig. 3). crystallized Beta zeolite crystals and KIT-6 spherical-shaped parti-

The KIT-6 particles have a spherical shape with smooth surface and cles. The Beta zeolite showed the typical crystal-like particles with
particles size of 2-5 pm. The BK particles are not regular in shape. size ranging from 400 to 600 nm.

Fig. 3. SEM images of: (A) SBA-15, (B) KIT-6, (C) BK, (D) PBK, and (E) Beta.
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The TEM image (Fig. 4A) of SBA-15 shows well-ordered hexag-
onal arrays of mesopores and confirms its 2D p6 mm hexagonal
structure [21,27]. The TEM images of KIT-6 (Fig. 4B) and BK
(Fig. 4C) show well-ordered cubic 3D mesoporous channels [9]
and confirm that both KIT-6 and BK possess the Ia3d cubic struc-
ture. Their large pores (~7 nm) are clearly visible in the TEM
images. These observations agree with the N, adsorption and
XRD results. The higher resolution TEM (HRTEM) image of BK
(Fig. 4D) show well-ordered Beta crystal lattices oriented in differ-
ent directions and that the microstructure and mesostructure were
overlapped in the BK sample. MoS, domains are seen in the HRTEM
image of NiMoS/BK (Fig. 4E). They are mostly present as isolated
slabs with stacks of three or four layers.

3.4. Al coordination structures

27A1 MAS NMR spectra of the Beta, BK, Al-KIT-6, and Al-SBA-15
supports are shown in Fig. 5. The spectrum of zeolite Beta shows
two sharp peaks. The intense peak at ~57 ppm is generally as-
signed to tetrahedral aluminum species (AlO4 structural unit),
which are in the framework of the zeolite [19,28]. The other signal
at 0 ppm is due to octahedrally coordinated extra-framework alu-

Fig. 4. TEM images of: (A) SBA-15, (B) KIT-6, (C), (D) BK, and (E) NiMoS/BK.

53
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Al-SBA-15

AIl-KIT-6

Beta
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200 150 100 50 0 -50 -100
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Fig. 5. 2’Al MAS NMR spectra of zeolite Beta, BK, Al-KIT-6, and Al-SBA-15.

minum species (AlOg structural unit). The results indicate that
most of the Al is embedded in the zeolite framework. Similar phe-
nomenon is observed for BK. The chemical shift of tetrahedral alu-
minum in BK is at ~57 ppm rather than ~53 ppm, indicating that
the framework aluminum species in BK is different from that in
Al-incorporated mesoporous silica materials (Al-KIT-6 and Al-
SBA-15). The BK sample also exhibits a signal at O ppm of extra-
framework Al species and another peak at ~10 ppm. The latter
peak can be assigned to a hexa-coordinated aluminum species
with SiO group around the AlQg structural unit (e.g., Q3®Al:
((OH)3Si0)3Al(0OH,)5-3(H,0), Q®IAl: ((OH)3Si0),AlI(OH2)4-2(H,0),
Q!ISIAL: ((OH)3Si0)AI(OH,)s-(H,0)) [28,29]. These results show that
extra-framework Al-0O-Si species exist in the BK support and sug-
gest that these Al-O-Si species are probably generated by the dis-
solution and dealumination of Beta zeolite seeds or the Beta
primary units in the seed solution under the acidic condition dur-
ing the synthesis of micro-mesoporous material. Al-KIT-6 and Al-
SBA-15 show only one peak with a chemical shift of 53 ppm, indi-
cating that all the Al are embedded in the mesoporous framework
[30].

3.5. FTIR spectra of the supports and the catalysts

Similar to the SiO,-based mesoporous materials (KIT-6 and
SBA-15), the framework vibration spectrum of BK consists of bands
centered at ~460, 810, 950, and 1030 cm™! (Fig. 6). The band at
460 cm™! is attributed to the Si-O-Si bending vibrations, the band
at 810 cm™! to the Si-O-Si symmetric stretching vibrations, and
the band at 1230 cm™! to the Si-0-Si asymmetric stretching vibra-
tions. The band at 950 cm™! is assigned to defective Si-OH groups
[31]. Two additional bands centered at ~520 and 570 cm™! in the
FTIR spectra of BK and Beta are typical vibration modes for zeolite
Beta (six- or five-membered rings of T-O-T (T=Si or Al) in micro-
porous zeolites) [32]. This indicates that there are some Beta zeo-
lite primary units in the BK material.

The acidities of the supported catalysts were investigated by the
pyridine-FTIR method. Absorption bands due to adsorbed pyridine
are observed in the spectra in the region of 1700-1400 cm™!
(Fig. 7). According to the literature [33-35], the NiMo/Al,Os,
NiMo/KIT-6, and NiMo/SBA-15 catalysts exhibit signals due to
hydrogen-bonded pyridine at 1596 cm™' and pyridine adsorbed
on Lewis acid sites (absorption peaks at 1446, 1575, 1609, 1622,
and 1492 cm™!). No Brénsted acid sites are observed in the spectra
of the NiMo/Al,03, NiMo/KIT-6, and NiMo/SBA-15 catalysts, as
judged from the absence of the absorption band of pyridinium at
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Fig. 6. FTIR spectra of: (a) SBA-15, (b) KIT-6, (c) BK, and (d) Beta.

1546 cm™. In contrast, bands at 1546 and 1639 cm~! are observed
in the spectra of the NiMo/Beta and NiMo/BK catalysts, suggesting
that there are Bronsted acid sites in these samples. These results
demonstrate that the BK-supported NiMo catalyst exhibits an acid-
ity similar to that of the Beta-supported NiMo catalyst, but differ-
ent from the acidities of the NiMo/KIT-6 and NiMo/Al,05 catalysts.
This is probably because both Beta- and BK-supported catalysts
possess framework aluminum species (see 2’Al NMR results)
which are responsible for the Bronsted acid sites.

Table 2 lists the acid strength distribution and the acid quantity
of the catalysts. These results were calculated from the IR spectra
collected from the catalysts with pyridine adsorption followed by
degassing at 200 °C and 350 °C (the total amounts of acid sites
were determined by the pyridine adsorption IR spectra after degas-
sing at 200 °C, and the amounts of medium and strong acid sites
were determined by the IR pyridine adsorption spectra after degas-
sing at 350 °C). After degassing at 200 °C, the total amount of acid
sites (B + L) of the NiMo/BK catalyst is similar to that of NiMo/Beta
and about twice as much as that of the NiMo/KIT-6, NiMo/SBA-15,
and NiMo/Al,O3 catalysts. This distinction is more notable (about
three times) for the amounts of medium and strong acid sites
(B + L after degassing at 350 °C). The NiMo/Beta catalyst possesses
more strong acid sites than the NiMo/BK catalyst, especially for the
Bronsted acid sites. All the Bronsted acidity in Beta is contributed
by medium and strong acid sites. There is a significant proportion
of weak Bronsted acid sites in NiMo/BK, although the total number
of Bronsted acid sites is less than that of NiMo/Beta. This may be
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Table 2
Amounts of Bronsted and Lewis acid sites determined by pyridine-FTIR of the
catalysts.

Catalysts Amount of acid sites (umol g~)

200 °C* 350 °C?

L B L+B L B L+B
NiMo/KIT-6 382 - 382 180 - 180
NiMo/BK 727 29 756 533 15 547
NiMo/SBA-15 335 - 335 198 - 198
NiMo/Beta 677 98 774 510 98 608
NiMo/Al,03 358 - 358 221 - 221

¢ Degassed at 200 °C and 350 °C.

due to the distinctive Al chemical environment and the presence
of extra-framework Si-O-Al species in the BK sample (see Fig. 5).

3.6. Catalyst performance in the HDS of DBT

The BK-supported NiMo catalyst showed the highest DBT con-
version at all weight times, and its DBT conversion was about 2-
3 times as much as that over the Al,Os-supported catalyst at
7=0.75 gmin mol~' (Fig. 8A and B). The KIT-6-supported catalyst
exhibited a lower DBT conversion than the BK-supported catalyst
at all weight times, although it had larger surface area and pore
volume (Table 1). This is probably due to the weaker acidity of
the pure silicon KIT-6 (Table 2). In contrast, the conversions of
DBT over the KIT-6-supported catalyst were higher than those over
the SBA-15-supported catalyst, although they have similar textural
properties (pore diameter and pore volume) and acidity. The 3D
pore channel connectivity is the major factor accounting for the
significant improvement in the catalytic activity. The Beta-sup-
ported NiMo catalyst exhibited the lowest conversion although it
has the most acid sites (Table 2). This is probably due to the small
pore size and pore volume. The Al-KIT-6-supported NiMo catalyst
showed a slightly higher DBT conversion than the KIT-6 supported
one at low weight times (from 7=0.75 to 2.25), while it had
slightly lower activity at high weight time (7 =4.5) (Fig. 8A and
B). The Al-SBA-15-supported NiMo catalyst showed a slightly high-
er DBT conversion than the SBA-15 supported catalyst at all weight
times (Fig. 8A and B), but both AI-KIT-6- and SBA-15-supported
NiMo catalysts had lower activities than the BK-supported catalyst
(Fig. 8A and B). PBK-supported NiMo catalysts showed higher
activities than NiMo/Beta and NiMo/KIT-6 at low weight time,
but lower than the NiMo/BK catalyst. These results indicate that
the BK material effectively integrated the superior acidity proper-
ties of Beta and the mesoporous structure of KIT-6 rather than
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Fig. 7. FTIR spectra of pyridine adsorbed on (a) NiMo/Al,03, (b) NiMo/SBA-15, (c) NiMo/KIT-6, (d) NiMo/BK, and (e) NiMo/Beta after degassing at (A) 200 °C and (B) 350 °C.
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the separated crystal particles of Beta and KIT-6 in the PBK mixture
(Fig. 3D).

The DBT conversions of NiMo/BK series catalysts with different
MoOs3 loadings increased up to 10 wt.% MoOs loading and de-
creased with further increasing in the MoOs loading at two differ-
ent weight times (Fig. 9). These results indicate that the optimal
MoOs loading is 10 wt.%. This is probably due to the bad dispersion
of the active metal of catalysts with too high MoOs loading. In this
case the active metals aggregated to a bulk phase, which leads to a
decrease of the utilization ratio and pore blocking.

The product distributions in the HDS of DBT over the BK, KIT-6,
and Beta-supported catalysts are shown in Fig. 10. Five products
were detected over the BK-supported NiMo catalyst: biphenyl
(BP), a product of the DDS pathway [36]; tetrahydro-dibenzothio-
phene (THDBT), an intermediate of the HYD pathway; and CHEB,
a product of direct desulfurization of THDBT, isomers of dimethyl-
decalin (Iso-DM-Decalin) and isomers of alkylcyclohexane (Alkyl-
CH). Iso-DM-Decalin and Alkyl-CH were identified by GC-MS, as
shown in Fig. S3-A and B, by a series of GC peaks with retention
times from 8.53 to 9.41 min. The MS spectrum of the GC peak at
8.53 min is similar to that of Iso-DM-Decalin, (including 2,3-di-
methyl-decahydronaphthalene, 1,2,-dimethyl-decahydronaphtha-
lene, and 3,8-dimethyl-decahydronaphthalene, Fig. S4), but the
positions of the methyl groups could not be determined unequivo-
cally. GC peaks at retention times 8.74, 8.77, 8.83, and 8.89 min
show similar MS spectra as the MS spectrum of the peak at
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Fig. 9. Conversion of DBT in the HDS reaction over NiMo/BK catalysts with different
MoOs loadings.

8.53 min, indicating that they are isomers of DM-Decalin
(Fig. S6). The GC peak at 9.41 min shows similar MS spectrum as
that of ethyldecahydronaphthalene, but the position of the ethyl
group is uncertain (Fig. S5). GC peaks at 3.07-4.09 min show sim-
ilar MS spectra as Alkyl-CH, indicating that the products are iso-
mers of Alkyl-CH (Fig. S7). The yield of and selectivity to Iso-DM-
Decalin reached 23% and 24%, respectively, at higher weight time
(Table 3). No CHB and bicyclohexyl (BCH) were detected (Fig. S2),
which are the products of the HYD pathway in the HDS of DBT over
NiMo/Al,O3 [36]. The presence of Iso-DM-Decalin and Alkyl-CH in
the products indicates that isomerization reactions take place in
the DBT HDS reaction over NiMo/BK. Among the final products,
BP was always the most abundant product, irrespective of weight
time. The selectivity to BP was about 70% at low weight time and
60% at high weight time, indicating that the DDS pathway is much
faster than the HYD pathway over NiMo/BK catalyst under our
reaction conditions. A slow rate of hydrogenation to CHB and fur-
ther isomerization to Iso-DM-Decalin and Alkyl-CH may explain
the slight decrease in the selectivity of BP because the increase in
the selectivities of [so-DM-Decalin and Alkyl-CH with weight time
is slightly higher than the decrease in the selectivity of THDBT.
The product distribution over the Beta-supported catalyst was
similar to that over the BK-supported NiMo catalyst with the for-
mer having lower DBT conversion and higher yield of cracking
products of Alkyl-CH (Figs. 8 and 10C, and S2). Only three products,
BP, THDBT, and CHB were observed over the KIT-6-supported cat-
alyst (Fig. 10B, S2). The product distribution was similar to that re-
ported for NiMo/Al,05 [24,37]. The absence of BCH in the products
indicates that complete hydrogenation of CHB is very slow over the
NiMo/KIT-6 catalyst under the reaction conditions. No Iso-DM-
Decalin and Alkyl-CH were detected in the products over the
KIT-6-supported NiMo catalyst (Fig. S2), demonstrating that differ-
ent reaction pathways or intermediates play a role during desulfur-
ization of THDBT (an intermediate of the DBT HDS reaction).

3.7. Hydrogenation of CHEB and CHB

In order to understand the generation of Iso-DM-Decalin and
the absence of CHB in the products of the DBT HDS reaction over
NiMo/BK, the hydrogenation of 0.02 mmol CHEB and 0.02 mmol
CHB, in the presence of 0.001 mmol DBT, was studied at different
temperatures. Total CHEB conversion was observed at all reaction
temperatures (Fig. 11), indicating fast kinetics under the reaction
conditions. CHB and Iso-phenyl-hexadiene (Iso-PHDi) were the pri-
mary products in the hydrogenation reaction of CHEB at low tem-
perature (Fig. 12A), and with increasing reaction temperature, [so-
DM-Decalin and Alkyl-CH became the main products. Iso-PHDi
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Fig. 10. Product distributions in the HDS of DBT on (A) NiMo/BK, (B) NiMo/KIT-6, and (C) NiMo/Beta catalysts as a function of weight time.

Table 3

Yields and selectivities of the final products in DBT HDS reaction on NiMo/BK, NiMo/KIT-6, and NiMo/Beta catalysts at weight time of 4.5 and 0.75 g min mol~".

Catalyst Yield (selectivity)?®
Weight time (g min mol~') BP CHB CHEB THDBT Iso-DM-Decalin Alkyl-CH Cracking products®

NiMo/BK 4.5 55.7 (58.3) 0 1.4 (1.5) 0.5 (0.52) 23.0 (24) 11.3(11.9) 3.8 (4.0)
NiMo/KIT-6 4.5 50.9 (58.3) 35.8 (41) 0 0.65 (0.74) 0 0 -

NiMo/Beta 4.5 15.9 (34.1) 0 0 0.54 (1.2) 15.3 (32.9) 11.2 (23.9) 3.7 (8.0)

NiMo/BK 0.75 36.8 (69.3) 0 22 (4.1) 3.5 (6.5) 7.6 (14.3) 2.6 (4.9) 0.9 (1.6)
NiMo/KIT-6 0.75 9.3 (56.2) 4.3 (25.8) 0 3(18) 0 0 -

NiMo/Beta 0.75 2.6 (68.6) 0 0 0.42 (11) 0.78 (20.3) 0 -

¢ Numbers in bracket represent the relative selectivity. The yield and selectivity were calculated from the GC-MS analysis results. This method is just a semi-quantitative

method since the response factors of all the products in GC cannot be obtained.

b The cracking product yield is calculated according to the equation of (100 — x) * 8/12 * Yaiyi-cu = X, where x represents the yield of cracking product, Yayi-cu is the yield of

Alkyl-CH.

was identified by GC-MS, as shown in Figs. S8 and S9. The GC peak
at retention time 11.51 min has similar MS spectrum as that of Iso-
PHDi, but the position of the double bonds is uncertain. No CHB
was detected at 320 °C. Alkyl-CH must be formed from Iso-PHDi
because no CHB existed in the higher temperature range (from
290 to 320°C), and the selectivity of Alkyl-CH increased with
decreasing selectivity of Iso-PHDi. The slightly increased selectivity
of Iso-DM-Decalin in the higher temperature range indicates that
Iso-PHDi can also convert to Iso-DM-Decalin. It seems that the con-
version of Iso-PHDi happens only at high temperatures.

The CHB hydrogenation results (Figs. 11 and 12B) indicate that
CHB can convert to Iso-DM-Decalin and Alkyl-CH over the NiMo/
BK catalyst. The high conversion (91%) at 320 °C shows that CHB
conversion is more favorable at higher temperatures, in good
agreement with the results reported by Wang et al. [38]. The con-

version of CHB increases with temperature, which is probably due
to the shift of the equilibrium between CHB and CHEB to CHEB at
higher temperature. Moreover, more CHB is converted to Iso-DM-
Decalin than to Alkyl-CH, especially in the low temperature range
(Fig. 12B).

4. Discussion

The catalytic performances of HDS catalysts are affected by sup-
port and catalyst textural properties (i.e. surface area, pore size and
structure, pore volume), the dispersion of the active metals [39],
the acid properties of the catalysts [14,40], the reductive ability
of the catalyst oxide precursors, and the nature of the support.
These factors and their mutual interactions make it difficult to
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Fig. 11. Conversion of CHEB and CHB in the hydrogenation reaction over NiMo/BK
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reaction).

understand the catalytic reaction mechanism. In this study, several
catalysts were studied aiming at clarifying the relationship
between their catalytic performances and the pore structure and
the acid properties.

4.1. Effect of the pore structure on the catalytic performance for the
HDS of DBT

The pore properties of catalysts are important for the catalytic
conversion of reactants with large molecular size. Many efforts
have been made to achieve suitable pore structure to eliminate
the steric hindrance in the HDS of DBT or 4,6-DMDBT. Large pores
can eliminate diffusion resistance and enhance accessibility of the
active sites to reactant molecules. Because of the larger pore size,
mesoporous materials (especially MCM-41 with pore size of 2-
4 nm and SBA-15 with pore size of 6-10 nm) have been employed
as catalyst supports for the HDS of DBT or 4,6-DMDBT [3,5]. MCM-
41, with relatively smaller pore size, can generate diffusion resis-
tance after loading of the catalytically active material. Sampieri
et al. [6] reported that multilayer MoS, slabs loaded inside the
MCM-41 pores could lead to serious limitations in the accessibility
to the active sites, while this did not occur in SBA-15 because of its
larger pore size. This shows that pore size of mesoporous support
can affect HDS performance.

Besides the pore size of the support, the pore structure also
plays an important role in the catalytic performance of HDS cata-
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lysts. In this work, two types of pure silica mesoporous materials,
SBA-15 (2D-hexagonal (p6 mm) mesostructure) and KIT-6 (cubic
[a3d mesostructure), were synthesized and their corresponding
supported NiMo catalysts were prepared. Both catalysts have large
pore size (larger than 5 nm), possess similar textural properties
(Table 1), exhibit similar PSD (Figs. S1 and S2), even have similar
acidic properties (Fig. 7 and Table 2), and possess only few Lewis
acid sites. However, these two catalysts exhibit different DBT
HDS activities. The conversion of DBT reached 86% over the KIT-
6-supported catalyst at high weight time, which is about 23% high-
er than that of the SBA-15-supported catalyst. To a great extent,
the higher activity of the KIT-6-supported catalyst should be re-
lated to the pore structure. KIT-6 has a bicontinuous cubic struc-
ture of lIa3d symmetry and is composed of an enantiomeric pair
of 3D mesoporous networks, as in the MCM-48 structure. KIT-6
also possesses complementary pores of 1.7 nm, which form inter-
connections between the two main channel systems [8,10]. In con-
trast, SBA-15 has 2D hexagonal p6mm symmetry with cylindrical
pore network.

Previous studies [41,42] showed that mass transfer in the pores
of the cubic Ia3d structure (MCM-48 and KIT-6) is faster than in the
cylindrical pore network (MCM-41 and SBA-15) because the inter-
woven and branched pore structure of cubic Ia3d mesoporous
materials provides more favorable mass transfer kinetics than
the cylindrical pore network. This is further confirmed in this study
by the better catalytic HDS performance over the KIT-6-supported
catalyst than over the SBA-15-supported catalyst. Thus, on the one
hand, similar to the SBA-15 support, the large pore size of KIT-6
can enhance the DBT diffusion property, but, on the other hand,
KIT-6 further improves the mass transfer kinetics of DBT due to
its pore structure.

4.2. Effect of acidity on the catalytic performance for the HDS of DBT

Supports or catalysts with proper acid distributions can im-
prove the conversions of DBT and 4,6-DM-DBT [13,14]. One expla-
nation is that acidity improves the rate of dealkylation and
isomerization reactions of alkyl substituents, which may transform
the refractory components into more reactive species and thus
accelerate the HDS process [14]. Moreover, acidic supports may
also improve catalytic activity by the creation of a second hydroge-
nation pathway through spillover of hydrogen atoms from the me-
tal particles to the aromatic sulfur-containing molecules that are
adsorbed on acid sites in the vicinity of the metal particles [43].

In this study, NiMo/KIT-6 and NiMo/BK catalysts were com-
pared to investigate the effect of acidity on the activities of the
HDS catalysts. XRD and TEM results (Figs. 1C and 4) showed that
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Fig. 12. Product distributions in (A) CHEB and (B) CHB hydrogenation reaction on NiMo/BK catalyst as a function of temperature.
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these catalysts possess the same mesoporous structure (Cubic Ia3d
mesostructure) and similar textural properties (pore size, total
pore volume, and surface area, see Fig. 2 and Table 1). However,
the BK-supported catalyst showed a higher DBT conversion than
the KIT-6-supported catalyst at all weight times. The DBT conver-
sion over the BK-supported catalyst was about 2.8 times higher
than that over the KIT-6-supported one at t=0.75 g min mol~".
The dramatic difference in activity between the two catalysts
may be mainly due to the effect of acidity. The Py-FTIR results (Ta-
ble 2) show that the NiMo/BK catalyst possesses about twice as
many total acid sites as NiMo/KIT-6, and even about three times
when only counting the strong acid sites. Moreover, the NiMo/
KIT-6 catalyst only has Lewis acid sites, while some Bronsted acid
sites are also present in the NiMo/BK catalyst.

The above results show that acidity has a positive effect on the
performance of the catalysts for the DBT HDS reaction. The mech-
anism of the effect of an acidic support on the catalytic perfor-
mance of metal sulfide catalysts has been discussed by several
researchers [14,44,45]. Pérot [14] considered that the positive ef-
fect of the presence of acidic components on the reactivity of
4,6-DMDBT was mainly attributed to demethylation and cracking
of the C-C bond of the thiophenic ring connecting the two benzenic
rings. In comparison, for DBT, the positive effect was attributed to a
direct action of the acidity on the HDS active phase. Solis et al. [44]
considered that the increase in the DBT HDS activity of metal sul-
fides by acidic supports is partly related to the improvement in
their hydrogenation properties which are ascribed to electronic ef-
fects of the acidity on the metal sulfide phase. By studying the thi-
ophene HDS behavior over a zeolite-containing catalyst, Welters
et al. [45] suggested that the synergetic effect of the acidic support
on the metal sulfide phase can be explained in three ways: (1) the
adsorption of thiophene on the acid sites leads to a higher concen-
tration of reactants around the metal sulfide particles, resulting in
an enhanced reaction rate; (2) the high concentration of protons in
close vicinity of the metal sulfide particles can lead to an accelera-
tion of the rate-determining step in the thiophene HDS reaction
and protons may also directly accelerate the C-S bond scission;
and (3) the interaction between the metal sulfide particles and
the protons of the acidic support may lead to the formation of a lar-
ger number of acidic SH groups on the sulfide surface, which are
probably involved in the thiophene HDS reaction. Therefore, a
higher concentration of SH groups can result in a higher activity.
Furthermore, Rozanska et al. [46] reported that pure zeolite alone
can hydrodesulfurize DBT through direct sulfur atom elimination
as well as hydrogenation-desulfurization routes.

The activities of the HYD and DDS pathways of the DBT HDS
reaction over the BK-supported NiMo catalyst were higher than
those of the NiMo/KIT-6 catalyst, as proved by the increased yield
of BP and total HYD pathway products (Table 3). The higher activ-
ity of the HYD pathway might be ascribed to the improvement in
the hydrogenation properties of the catalysts, which are mainly
promoted by the effect of support acidity on the metal sulfide
phase and hydrogen spillover function [47]. The acceleration of
the DDS pathway may be due to the presence of Bronsted acid sites
which provide protons in close vicinity of the metal sulfide parti-
cles and lead to a direct acceleration of the C-S bond scission
[45]. Meanwhile, NiMo/Beta exhibited a relatively lower activity
than NiMo/KIT-6, although it had a large amount of acid sites. This
is probably because the small pore channels of the Beta zeolite
make it hard for the reactant molecules to access the active sites.
Moreover, as shown in Table 3, the selectivity of BP (product of
the DDS pathway) in the DBT HDS reaction over NiMo/BK and
NiMo/Beta is higher than over NiMo/KIT-6 at low weight time,
demonstrating that the DDS pathway was accelerated more than
the HYD pathway over the BK-supported catalysts. This indicates
that the acidity effects on the catalytic performance of sulfide cat-

alysts for the DBT HDS reaction may be mainly due to the direct
acceleration of the C-S bond scission by protons or to an indirect
effect on the degree of stacking and thus changing the DDS versus
HYD ratio [48]. The decrease in the BP selectivity (Fig. 10A and C) of
NiMo/BK and NiMo/Beta at high weight time is a result of further
cracking of BP over the acidic catalysts, and the decrease is more
significant for the NiMo/Beta catalyst because of its stronger acid-
ity. The lower DBT conversion and higher yield of cracking prod-
ucts of alkylcyclohexane over NiMo/Beta indicate that the high
amount of acid sites does not further enhance the DBT HDS activ-
ity, but rather promotes undesired cracking reactions. This agrees
well with the results obtained by Lee et al. [49], which showed that
pure H-zeolite-supported catalysts leads to extensive cracking of
the reactants.

4.3. Reaction network for the HDS of DBT over the NiMo/BK and NiMo/
Beta catalysts

The reaction network for the HDS of DBT over NiMo/Al,03 has
been proposed by many researchers [24,50], in which DBT is
mainly converted in two parallel pathways: DDS and HYD. For
the DDS pathway, the C-S bond is broken by hydrogenolysis, in
which DBT and hydrogen atoms on the catalyst surface react di-
rectly to form the final product BP, and further hydrogenation of
BP is slow in the presence of DBT [36]. However, in the HYD path-
way, DBT is first hydrogenated to form THDBT, and then THDBT is
further desulfurized to form the final product CHB [24]. Wang and
Prins [36] reported that CHEB was detected in the final products of
the HDS of THDBT (the intermediate in the HYD pathway in the
DBT HDS reaction) [36]. In their study, CHB was the only primary
desulfurized product found in the THDBT HDS reaction in the ab-
sence of 2-methylpiperidine (MPi). In contrast, in the presence of
MPi, CHEB emerged as a primary product. They proposed that
the desulfurization of THDBT to CHB proceeds via the CHEB inter-
mediate and that hydrogenation of CHEB to CHB is fast but can be
slowed down by MPi. Thus, CHEB can be observed and become a
primary product in the presence of MPi.

The product distribution of the DBT HDS reaction that we ob-
served over NiMo/KIT-6 is similar to that observed over NiMo/
Al,03 by other researchers [24,50]: BP, the product of the DDS
pathway, THDBT, an intermediate of the HYD pathway, and CHB
a final product of the HYD pathway. However, the products over
NiMo/BK indicate that Iso-DM-Decalin and Alkyl-CH are the final
products instead of CHB (Fig. 10A and S2). Meanwhile, CHEB and
THDBT were detected as the intermediate products of the HYD
pathway. The absence of CHB in the products over the NiMo/BK
catalyst may be due to the following reasons: (1) the conversion
of CHB to the final products (Iso-DM-Decalin or Alkyl-CH) is very
fast so that CHB cannot be observed; (2) CHEB is directly isomer-
ized to form Iso-DM-Decalin rather than being hydrogenated to
form CHB. The CHEB and CHB hydrogenation results show that
CHEB reacts fast and directly converts into Alkyl-CH, Iso-DM-Dec-
alin, and Iso-PHDi at 320 °C (Figs. 11 and 12A). However, the reac-
tion of CHB to Iso-DM-Decalin is not so fast, especially at lower
temperature (Fig. 11). Thus, the absence of CHB and the presence
of Iso-DM-Decalin in the products of DBT HDS reaction over
NiMo/BK is probably due to the fast reaction rate of CHEB to Iso-
DM-Decalin or Alkyl-CH.

Based on the results described above, the overall DBT reaction
network over the NiMo/BK catalyst is proposed in Scheme 1. Reac-
tions 1-4, 6, and 7 are typical processes in the DBT HDS reaction
over NiMo/Al,O3; or NiMo/KIT-6, and reactions 5, 8, 9 only happen
over the acidic catalysts NiMo/BK and NiMo/Beta. For both NiMo/
KIT-6 and NiMo/BK, the hydrogenation of the first phenyl ring is
the rate-determining step in the HYD pathway, and the desulfur-
ization of the partially hydrogenated intermediates is rather fast,
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since the yields of these intermediates are very low (Fig. 10A and
B). Reaction 6, the hydrogenation of BP to CHB, is slow because
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6
: ;
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CHB
CHEB
= OO0
—
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wm

s 0]

Alkyl-CH
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Scheme 1. Possible reaction network of the HDS of dibenzothiophene on NiMo/BK
catalyst.
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the selectivity of BP is almost constant with increasing weight time
(Fig. 10A and B). Meanwhile, further cracking of BP may occur over
acidic catalysts, e.g., NiMo/Beta (Fig. 10C). Reactions 5, 7, 8 and 9
have been proven by the results of hydrogenation of CHEB and
CHB over the NiMo/BK catalyst (Figs. 11 and 12A and B). Alkyl-
CH and Iso-DM-Decalin were detected as the primary products in
the hydrogenation of CHB, indicating that reaction 7 occurs at
the higher temperature (Fig. 12A and B). During the CHEB hydroge-
nation reaction, the higher selectivity of Alkyl-CH and Iso-DM-Dec-
alin at the higher temperature (Fig. 12A) indicates that Alkyl-CH
and Iso-DM-Decalin are mainly generated from CHEB via the Iso-
PHDi intermediate (reactions 5, 8, and 9). The existence of reaction
8 indicates that some cracking reactions take place over the NiMo/
BK catalyst. In this reaction, the intermediate Iso-PHDi molecule
has the same number of carbon atoms as the reactant DBT mole-
cule (12), but the product Alkyl-CH just has eight carbon atoms.
Apparently four carbon atoms were lost due to cracking. The lost
carbon atoms must be present in the gaseous product, but gaseous
products were not analyzed. Therefore, we calculated the yield and
selectivity of the cracking products according to the data of Alkyl-
CH, by taking the cracking into account (for details see Table 3 and
the note below Table 3). This confirms that CHEB is an intermedi-
ate in the DBT HDS reaction over NiMo/BK. Moreover, after the
complete conversion of CHB, Reaction 8 may also occur in the high-
er temperature range, which is supported by the slight increase of
the selectivity of Iso-DM-Decalin (Fig. 12A).

The presence of Iso-DM-Decalin and Alkyl-CH in the final prod-
ucts of the DBT HDS reaction over NiMo/BK indicates that besides
the cracking reactions that have been suggested by other research-
ers in which CHB is cracked into benzene and cyclohexane over
acidic catalysts [40,50], isomerization reactions also take place in
the hydrogenation of CHEB over the NiMo/BK catalyst. The isomer-
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Scheme 2. Possible reaction mechanism of hydrogenation of CHEB on NiMo/BK catalyst.
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ization reactions of CHEB might occur through a carbocation mech-
anism on Bronsted acid sites of the supports (Scheme 2). As shown
in Scheme 2, CHEB first forms a carbocation at the tertiary carbon
atom and then cracking occurs at B position to form hexylbenzene,
which further isomerizes and cyclizes on the acid site to form the
final products.

5. Conclusions

In this study, a novel micro-mesoporous composite material BK
with the BEA microporous structure and cubic Ia3d mesoporous
structure was successfully synthesized. The characterization re-
sults showed that the composite material possesses the same mes-
oporous structure as KIT-6 and contains Beta zeolite crystals. N,
adsorption showed that the BK material has a large uniform pore
size, large pore volume, and the surface area for typical mesopor-
ous materials. A BK-supported NiMo catalyst was prepared and
characterized. The cubic Ia3d mesoporous structure of BK re-
mained after impregnation of Ni and Mo, and MoOs is present in
highly dispersed state up to 10 wt.% loading with a crystallite size
smaller than 4 nm. Similar to NiMo/Beta, the BK-supported NiMo
catalyst exhibited more and stronger acidic sites than the catalysts
supported on pure silica materials, such as KIT-6 and SBA-15.

The catalytic testing showed that NiMo/BK had the highest DBT
HDS activity of all catalysts studied and that the DBT conversion on
NiMo/BK was about 2-3 times as much as that on NiMo/Al,O3 at
weight time 0.75 g min mol~!. The high activity of the BK-sup-
ported catalyst may be attributed to the combination of superior
mesoporous structure and large number of acid sites. The KIT-6-
supported NiMo catalyst exhibited higher DBT HDS activity than
the SBA-15-supported one despite its similar textural and acidic
properties. This indicates that the cubic [a3d mesoporous structure
has superior mass transfer property than the 2D cylindrical pore
network. Moreover, the acidity of the catalysts plays an important
role in the HDS of DBT. The BK-supported catalyst possesses more
acid sites and exhibits higher DBT conversion. Acidity can enhance
the reaction rates of both DDS and HYD pathways, but the
enhancement is more significant for the DDS pathway.

The DBT HDS reaction over the NiMo/BK catalyst follows a dif-
ferent network than the network over NiMo/Al,03. Two final prod-
ucts, Iso-DM-Decalin and Alkyl-CH, are mainly derived from the
isomerization of CHEB. They are formed via Iso-PHDi intermedi-
ates, and CHEB is an intermediate of the DBT HDS reaction.
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Appendix A. Supplementary material

The supplementary information includes nitrogen adsorption/
desorption isotherms of supports and supported catalysts
(Fig. S1), comparison of GC peaks from the products in the HDS
of DBT on NiMo/Beta, NiMo/BK and NiMo/KIT-6 at a weight time
of 0.75 g min mol~! (Fig. S2), GC peaks from the products in the

HDS of DBT on NiMo/BK (Fig. S3), MS peaks of the GC peak at reten-
tion time 8.53 min and standard samples from the MS library
(Fig. S4), MS peaks of the GC peak at retention time 9.41 min and
standard samples from the MS library (Fig. S5), MS peaks of the
GC peak at retention time 8.53-9.41 (Fig. S6), MS peaks of the GC
peak at retention time 3.19 min and 3.27 min and standard sam-
ples from the MS library (Fig. S7), GC peaks from the products in
the hydrogenation of CHEB on NiMo/BK at a weight time of
2.25 g min mol~!, temperature of 320 °C and Retention Time from
5.63 to 14.55 min (Fig. S8), comparison of MS peaks of the GC
(Fig. S8) peak at retention time 11.51 min and standard samples
from the MS library (Fig. S9). Supplementary data associated with
this article can be found, in the online version, at doi:10.1016/
j-jcat.2010.07.012.
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