Journal of Catalysis 286 (2012) 124-136

: : : : : =
Contents lists available at SciVerse ScienceDirect JOURNAL OF
CATALYSIS
Journal of Catalysis
journal homepage: www.elsevier.com/locate/jcat p—

Synthesis and hydrodesulfurization properties of NiW catalyst supported
on high-aluminum-content, highly ordered, and hydrothermally stable AlI-SBA-15

Yang Li*P, Dahai Pan?, Chengzhong Yu“*, Yu Fan?, Xiaojun Bao *>*

2 State Key Laboratory of Heavy Oil Processing, China University of Petroleum, Changping, Beijing 102249, People’s Republic of China
The Key Laboratory of Catalysis, China National Petroleum Corporation, China University of Petroleum, Changping, Beijing 102249, People’s Republic of China
€ Department of Chemistry and Shanghai Key Laboratory of Molecular Catalysis and Innovative Materials, Fudan University, Shanghai 200433, People’s Republic of China

ARTICLE INFO

Article history:

Received 16 September 2011
Revised 21 October 2011
Accepted 22 October 2011
Available online 7 December 2011

Keywords:

Al-SBA-15

pH adjustment
Hydrodesulfurization catalyst

ABSTRACT

Highly ordered mesoporous Al-SBA-15 with high aluminum content and high hydrothermal stability has
been synthesized by a new pH-adjusting and high-temperature hydrothermal treatment approach. Thus-
prepared samples were characterized by X-ray fluorescence spectroscopy, X-ray powder diffraction, 27Al
nuclear magnetic resonance spectroscopy, N, adsorption-desorption, temperature-programmed desorp-
tion of ammonia, Fourier transformed infrared spectroscopy with pyridine adsorption, temperature-pro-
grammed reduction with hydrogen, and high-resolution transmission electron microscopy. The results
showed that Al-SBA-15 had high aluminum loading (with its molar Si/Al ratio of 5.1, similar to that of
the initial gel mixture) and homogenously distributed Al species in the walls. Moreover, the product
showed extremely high hydrothermal stability (with only a 15.2% decrease in surface area after steaming
at 800 °C for 5 h) and moderate acidity. An Al-SBA-15-supported NiW hydrodesulfurization catalyst was
prepared and evaluated using dibenzothiophene hydrodesulfurization. Compared with y-Al,03- and SBA-
15-supported catalysts, the Al-SBA-15-supported NiW catalyst showed outstanding hydrodesulfurization

activity.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

SBA-15 [1,2], a new type of ordered hexagonal-array mesopor-
ous silica with two-dimensional p6mm hexagonal structure,
one-dimensional channels, thicker walls, and much higher hydro-
thermal stability than M41S [3,4], has received much attention
because of its favorable catalytic activities for reactions involving
the conversion of bulkier molecules such as those of heavy crude
oils and heavier petroleum fractions [5]. However, compared with
conventional microporous zeolites, SBA-15 has much weaker acid-
ity and lower hydrothermal stability because of its neutral Si
frameworks. These two shortages severely limit its industrial
applications, especially those dealing with high-temperature oper-
ations with steam, as encountered in petroleum fluid catalytic
cracking (FCC), which needs acidic active sites strong enough to
crack bulkier petroleum molecules to smaller ones in gasoline-
and diesel-fraction ranges and in the hydrotreatment of petroleum
refining products, which requires the involvement of acidic sup-
ports to favor hydrogenolysis/ring-opening and hydrogenation
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reactions [6]. Therefore, how to substantially improve the hydro-
thermal stability and acidity of SBA-15 has been the common focus
of materials and catalysis sciences. To date, various metal-ion-
substituted SBA-15 mesoporous materials have been prepared
[7-9], in which partial replacement of Si** ions by AI** ions is a
prior choice. This is because the ordered mesostructure and mod-
erate acidity of AI-SBA-15 materials are desirable for reactions
such as hydrodesulfurization (HDS) of dibenzothiophene (DBT)
and alkyl-substituted DBTs that have relatively large kinetic diam-
eters and steric hindrance and thus require catalysts with high
accessibility and suitable Brensted (B)/Lewis (L) acidities [10-12].

Incorporation of heteroatoms into pure silica SBA-15 can be
achieved during the synthesis of the material or by various postsyn-
thesis methods (grafting or impregnation) [13]. Much effort has
been devoted to the incorporation of aluminum into SBA-15 to cre-
ate acidic sites and improve its hydrothermal stability, which is also
an important characteristic of the material if used as a catalyst sup-
port.Itis extremely difficult to directly introduce metals into the sili-
ceous skeleton of SBA-15, because under strong acidic synthesis
conditions (pH < 2), metals exist only in their cationic form rather
than their corresponding oxo species [14-16]. Therefore, much
work in the past was devoted to postsynthesis grafting.
Nevertheless, introduction of heteroatoms into the siliceous skele-
ton of SBA-15 in such a way has some drawbacks, such as pore
blockage and texture property reduction [17,18]. Previous studies
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also demonstrated that the introduction of excessive Al may de-
crease the mesostructure regularity and the hydrothermal stability
[19,20].

Until now, there have been few reports on the synthesis of or-
dered mesoporous Al-SBA-15 with both strong acidity and high
hydrothermal stability under high-temperature steaming condi-
tions. To address this issue, we report a novel synthesis approach.
Our synthesis relies on fundamental understanding of the postsyn-
thesis grafting process. To favor the formation of Si-O-Al bonds,
the key is to maximize both Si-OH and AI-OH concentrations,
which can be achieved by adjusting the pH during the high-tem-
perature hydrothermal treatment (HTHT) process [21]. Our ap-
proach has the following features: (1) The HTHT pH is chosen
near the isoelectric point (pl) of silica (pI ~ 2) to produce a large
amount of Si-OH for postgrafting [15,22]; (2) the HTHT is advanta-
geous for the endothermic hydrolysis reaction and thus can trans-
form more AI*" into Al-OH species and benefit the formation of
hydrothermally stable mesoporous materials; (3) the preformation
of as-synthesized pure silica, SBA-15, at first and then the post-
grafting of Al species are essential to maintain a highly ordered
mesostructure with uniform mesopores. By maintaining the HTHT
pH at its optimum value, 2.4, Al-SBA-15 with a molar Si/Al ratio (¢)
of 5.1 similar to that of the initial gel mixture and homogenously
distributed Al species in the walls was successfully obtained. Sig-
nificantly, the material showed high hydrothermal stability after
the steaming treatment at 800 °C for 5 h and relatively strong acid-
ity. As expected, the NiW catalyst supported on Al-SBA-15 with
high accessibility and enhanced B and L acidities demonstrated
outstanding advantages for DBT HDS over the NiW catalysts sup-
ported on SBA-15 and y-Al,05.

2. Experimental
2.1. Synthesis of Al-SBA-15 and SBA-15

Triblock copolymer P123 (EO;qPO70EO3q, M, = 5800) was pur-
chased from Aldrich. Tetraethyl orthosilicate (TEOS), aluminum ni-
trate (AI(NOs)3), hydrochloric acid (HCI), and acetic acid (HAc)
were obtained from Shanghai Chemical Co., People’s Republic of
China. The synthesis procedure is shown in Fig. 1. In a typical syn-
thesis batch, 3 g of P123 and 4.66 g of HAc were dissolved in 80 mL
of a 2.0-M HCI aqueous solution, followed by the addition of 6.24 g
of TEOS under stirring. After being stirred at 38 °C for 24 h, the
resulting white precipitate was filtered. The product was mixed
with 60 g of deionized water containing a required amount of
Al(NOs3)s, and the pH value of the solution was adjusted from 1
to 4 using a 2.0-M HCI solution. After being stirred for 2 h at room
temperature, the mixture was transferred into an autoclave for
HTHT at 150 °C for 24 h. The final product was collected by filtra-
tion, washed with deionized water, dried in air, and calcined at
550 °C to remove the template. The synthesized samples under dif-
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ferent conditions were named S-5-X, where S is the abbreviation of
the sample, 5 denotes the molar Si/Al ratio in the initial synthesis
mixture, and X stands for the pH value of the hydrothermal treat-
ment solution.

For comparison, a SBA-15 sample was also prepared as follows:
3 g of P123 and 4.66 g of HAc were dissolved in 80 mL of a 2.0-M
HCl aqueous solution, followed by the addition of 6.24 g of TEOS
under stirring. After being stirred at 38 °C for 24 h, the resulting
white precipitate was directly transferred into an autoclave for
HTHT at 150 °C for 24 h, and the final product was collected by fil-
tration, washed with deionized water, dried in air, and calcined at
550 °C to remove the template.

2.2. Preparation of Al-SBA-15, SBA-15, and y-Al;03 supported NiW
HDS catalysts

A NiW/AI-SBA-15 catalyst (the sample S-5-2.4 was selected as
the support because of its high aluminum loading and high hydro-
thermal stability) and a NiW/SBA-15 catalyst were prepared by the
sequential pore volume impregnation method using ammonium
metatungstate and nickel nitrate (both of which were purchased
from Beijing Chemical Co., People’s Republic of China) as metal
precursors, with W impregnated in the first and Ni in the second.
During the impregnation of W and Ni, the metal precursors were
dissolved with a 0.5-M oxalic acid (Shanghai Chemical Co., People’s
Republic China) solution. The oxalic acid can preferentially remove
the extraframework Al species formed during the calcination step
and thus reopen the blocked pore channels of the AlI-SBA-15 [23].
After each of the above impregnation steps, the sample was dried
at 120°C for 2 h and calcined at 500 °C for 4 h. The theoretical
loadings of NiO and WOs; in the SBA-15 and AI-SBA-15 supported
catalysts were 2.6 and 23 wt.% [24], respectively. For comparison,
a commercial NiW/y-Al,03 (Crosfield Sphexicat 550 s) [25] catalyst
was also prepared in a similar way to that for the NiW/Al-SBA-15
catalyst; the theoretical loadings of NiO and WO; for the NiW/y-
Al,03 catalyst were 4 and 22 wt.%, respectively.

2.3. Characterizations

The supports and catalysts were characterized by X-ray fluores-
cence spectroscopy (XRF), X-ray powder diffraction (XRD), N,
adsorption-desorption, temperature-programmed desorption of
ammonia (NHs-TPD), temperature-programmed reduction with
hydrogen (H,-TPR), Fourier transformed infrared (IR) spectroscopy
with pyridine adsorption (pyridine-FTIR), 2’Al nuclear magnetic
resonance (2’Al NMR) spectroscopy, and high-resolution transmis-
sion electron microscopy (HRTEM).

The NiO and WOs contents of the catalysts were determined by
XRF conducted on a Rigaku ZSX-100e instrument. XRD patterns
were recorded on a Siemens D5000 diffractometer, using Cu Ko
radiation (2 =1.5406A) and with 20 scanning speed at 4°/min
and diffraction lines of 20 between 15° and 60°. Low-angle XRD
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Fig. 1. An optimized procedure for the synthesis of Al-SBA-15.
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(20 =0.65-5°) analyses were performed on a Bruker D8 Advance
diffractometer using small divergence and a scattering slit of 0.05°.

N, adsorption-desorption measurements of the supports and
corresponding catalysts were performed on a Micromeritics ASAP
2002 instrument. The samples to be measured were first degassed
in the preparation station at 250 °C under a vacuum of 10> Torr
for 15h, and then switched to the analysis station for adsorp-
tion-desorption at liquid nitrogen temperature. The specific sur-
face areas were calculated by the Brunauer-Emmett-Teller (BET)
method [26], and the pore volumes of the samples were calculated
from N, adsorption-desorption isotherms. The mesopore diame-
ters corresponding to the maxima of the pore size distributions
were obtained from desorption isotherms by the Barret-Joyner-
Halenda (BJH) method [27].

27A1 NMR experiments on Al-SBA-15 were performed on a Var-
ian Unity Inova 300 spectrometer (Varian, USA) equipped with a
double-resonance 6-mm Chemagnetics MAS probe and operated
at frequency 59.59 MHz, pulse width 1.5 s, radiofrequency field
strength 50 G, pulse delay 2 s, and spinning rate 5 kHz for 10,000
scans.

H,-TPR analyses of the oxidic catalysts were performed on a
home-built apparatus. First, the catalyst samples, each 100 mg,
were pretreated in an Ar stream at 450 °C for 2 h and then cooled
to room temperature. Then, the Ar flow was switched to a 10% Ho/
Ar flow, and the catalyst samples were heated to 1050 °C at a rate
of 10 °C min~! and kept at this temperature for 0.5 h. The H, con-
sumption for reducing the corresponding metal oxides in the cata-
lysts was detected by a thermal conductivity detector (TCD).

The acid strength of the supports, oxidic and sulfided catalysts
NiW/SBA-15, NiW/AI-SBA-15, and NiW/y-Al,03, was determined
by NH3-TPD measurements using the same apparatus described
for the H,-TPR experiments. First, the samples, each 100 mg, were
heated from room temperature to 600 °C at a rate of 10 °C min~!
and then cooled to 100 °C in a pure He flow. Then, ammonia was
adsorbed at 100 °C for 20 min, and subsequently the samples were
purged by a flowing He stream at 100 °C for 1 h to remove exces-
sive and physically adsorbed NHs. Finally, the samples were heated
from 100 to 600 °C at a rate of 10 °C min~! in a pure He flow and
desorption patterns were recorded. The sulfided catalysts were ob-
tained by sulfiding the corresponding oxidic catalysts with a 3 wt.%
CS,/cyclohexane mixture at 400 °C and 4 MPa for 4 h.

Pyridine adsorption experiments were conducted on self-sup-
ported wafers in an in situ FTIR cell. The samples were dehydrated
at 500 °C for 5 h under a vacuum of 1.33 x 10> Pa and the adsorp-
tion of pure pyridine vapor at room temperature for 20 min was
followed; then the system was evacuated at 200 and at 350 °C,
and finally FTIR spectra were recorded.

HRTEM images of Al-SBA-15 and the sulfided catalysts NiW/
SBA-15, NiW/AI-SBA-15, and NiW/y-Al,05 were obtained on a Phi-
lips Tecnai G2 F20 transmission electron microscope operated at
an accelerating voltage of 200 kV.

2.4. Hydrothermal stability evaluation

The high-temperature hydrothermal stability of the calcined
samples was tested by treating samples at 800 °C for 5 h in a 15%
steam/nitrogen stream with the flow rate of nitrogen at
45 mL min~.

2.5. HDS performance assessment

The DBT HDS activity of the NiW/Al-SBA-15, NiW/SBA-15, and
NiW/y-Al,05 catalysts was assessed in a fixed-bed microreactor
using 1 wt.% DBT in heptane as a model compound. Before the
reaction, the catalyst (0.5 g) to be tested was presulfided for 4 h
at 360°C, total pressure of 4.0 MPa, and a volumetric Hy/

hydrocarbon (HC, 3 wt.% CS, in heptane) ratio of 300. The HDS
reaction was carried out under conditions of temperature 360 °C,
weight hourly space velocity (WHSV) 30h~!, total pressure
4.0 MPa, and volumetric H,/HC ratio 300. After steady state was
reached, the liquid product was collected, and the sulfur content
in the reactant and product was analyzed by a WK-2C microcou-
lombmeter (Jiangsu Jiangfen Electroanalytical Instrument Co., Peo-
ple’s Republic of China). The various DBT HDS reaction products
were analyzed by an offline Finnigan Trace GC/MS instrument
installed with an HP-5MS capillary column (30 m x
0.25 mm x 0.25 um) and a pulsed flame photometric detector
(PFPD). Under the operating conditions tested, DBT was converted
to biphenyl (BP) and cyclohexylbenzene (CHB). Moreover, the
further hydrogenation and isomerization products, such as
cyclopentylmethylbenzene (CPMB), cyclopentylcyclohexyl (CPCH),
and cyclopentylmethylcyclohexane (CPMCH), were also detected
from the products obtained over the NiW/AI-SBA-15 catalyst.
The DBT HDS reaction of the NiW/Al-SBA-15 catalyst was also con-
ducted at other temperatures, such as 320, 340, and 380 °C, to
determine how the reaction temperature influences the selectivity
for the various DBT HDS products.

Catalyst activity was determined according to the following
equation by considering DBT HDS as a pseudo-first-order reaction
[28],

k:%ln<1l?>, (1)

where F is the feeding rate of the reactant in mol h™!, m is the cat-
alyst mass in g, and 7 is the total conversion of DBT. In addition, the
DBT HDS rate was also calculated in terms of turnover frequency,
TOF (s7'), defined as the number of desulfurized DBT molecules
per second and per catalytic site (per W atom on the edges of per
WS, crystallite). Thus-defined TOF represents the HDS efficiency
of the W phase promoted by Ni (Ni-W-S) in view of the negligible
HDS ability of the single promoter phase with a minor amount. For
supported WS, or MoS; HDS catalysts, Eq. (2), which is widely used
to estimate the relative proportion of W atoms on the edges versus
the total number of W atoms per crystallite, can be recommended
as a good estimate of TOF [28,29],

Wedge _ > i1 (6ni —6)
Wiotal ZL] (37112 -3n;+1) '

(2)

where Wegqge is the total number of W atoms located on the edges,
Wiotal is the total number of W atoms, n; is the number of W atoms
along one edge of a WS, slab determined from its length
(L=3.2(2n; — 1)A), and t is the total number of slabs determined
by HRTEM observation. Here, it is assumed that all the edge sites
are active for HDS reactions, so the real value of TOF could be higher
than that estimated from Eq. (2).

To understand whether the incorporation of Al into SBA-15 can
enhance the HDS reaction stability of the NiW/AI-SBA-15 catalyst,
the HDS behavior of the NiW/AI-SBA-15 catalyst was also evalu-
ated using a fluid catalytic cracking (FCC) diesel sampled from a
Chinese refinery with its boiling point in the range from 201 to
412°C, a density of 0.8762gcm™>, and a sulfur content of
1880 ppm. The HDS reaction was conducted in the same fixed-
bed microreactor used for the DBT HDS. Before being loaded into
the reactor, 2 mL of the catalyst to be tested was diluted with
the same volume of quartz particles. The NiW/AI-SBA-15 catalyst
was sulfided in a mixture of 3 wt.% CS, in cyclohexane. The sulfida-
tion procedure comprised the following steps: (1) The sulfiding
feed was introduced to wet the catalyst bed at 150 °C and 6 MPa,
after which the bed temperature was linearly increased to 180 °C
at a rate of 60 °C/h and kept at this temperature for 0.5 h; (2) the
bed temperature was increased to 230 °C at a rate of 60 °C/h and
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maintained there for 2 h; (3) the bed temperature was increased to
280 °C at the same rate and maintained there for 0.5 h; and (4) the
bed temperature was increased to the final sulfidation temperature
360 °C, and the operation was stabilized for 3 h. After sulfidation,
the feeding flow was switched to the diesel feed, and the HDS
assessment was carried out. The operating conditions were WHSV
1.5 h™!, temperature 360 °C, total pressure 6 MPa, and volumetric
H,/oil ratio 500. After steady state was achieved, the liquid product
was sampled for analysis.

3. Results and discussion
3.1. Characterization results for the supports

Fig. 2 shows the XRD patterns of calcined AI-SBA-15 samples
with a molar Si/Al ratio (¢) of 5. All of the Al-SBA-15 samples ex-
hibit three well-resolved diffraction peaks indexed as (100), (110),
and (200) that are associated with the p6mm hexagonal symmetry,
indicating that highly ordered mesoporous Al-SBA-15 materials
have been successfully synthesized at a temperature as high as
150 °C when the pH value (X) of the hydrothermal treatment solu-
tion is in the range 1-4. It is also noted that the variation of X has
little influence on the cell parameter of S-5-X calculated from the
first reflection peak shown in Fig. 2. The values of ¢ calculated
from the XRF analysis results as a function of the HTHT pH for S-
5-X are displayed in Fig. 3. The results show that the experimen-
tally determined ¢ of sample S-5-2.4 is exactly equal to the ex-
pected ¢ value (5). For the group S-5-X, ¢ decreases rapidly
when X is increased from 1.0 to 2.4, and then increases gradually
until X is 4. The point X =2.4 is a turning point, where ¢ reaches
its minimum, which is 5.1 for S-5-2.4. It is noteworthy that the
measured ¢ at X = 2.4 is just slightly higher than 5, indicating that
almost all Al species added in the initial reaction mixture have
been introduced into the final products.

Considering the grafting reactions between Si—-OH and Al-OH
described by Egs. (3) and (4), it is found that to maximize both
Si-OH and AI-OH concentrations the key is to adjust the hydro-
thermal treatment pH value:

[Al(H20)g]*" — [A(OH),(Hz0), " + xH" 3)
Si — OH + HO — Al — Si — 0 — Al + H,0. (4)

Before the hydrothermal treatment, the ordered mesostruc-
tured SBA-15-type material with abundant silanol groups in its
mesoporous walls has already been formed. During the subsequent
HTHT process, the silica matrix experiences further wall condensa-
tion and framework shrinkage. When the HTHT pH is lower than
2.4, the relatively high acidity of the solution inhibits the hydroly-
sis reaction of Al species; thus most Al species are homogeneously
dispersed in the synthesis system in the form of AI** cations, as
shown in Eq. (3). Consequently, with decreasing pH, the amount
of aluminum grafted into the final samples decreases rapidly.
When the HTHT pH is near the isoelectric point of silica (pI ~ 2)
[22], the further condensation of silica during the HTHT is slowest,

% S-5-1
3 \J\\ S-5-2
s J\\ S-5-2.2
z :%t S-5-2.4
£ S-5-2.6
b= ‘J\\ S-5-2.8
\j\\ S-5-3
S-5-4
1 2 3 4

20 (degree)

Fig. 2. Low-angle XRD patterns of samples S-5-X calcined at 550 °C.

1.0 1.5 2.0 2f5 3.0 35 4.0
HTHT pH

Fig. 3. ¢ as a function of the HTHT pH for calcined samples S-5-X.

and most Al species are in the form of aluminum oxo species rather
than AI** cations, leading to silica walls with the highest silanol
concentration where almost all aluminum oxo species are grafted
into mesoporous walls. On the other hand, when the HTHT pH is
increased, the value of ¢ shows a changing trend similar to the
case pH < 2.4, because the further condensed silica walls decrease
silanol concentration and thus lead to less aluminum being grafted
into the mesoporous framework and a gradually increasing ¢ of
the final samples. As a result, the silanol concentration of pure sil-
ica samples hydrothermally treated at a pH value close to pl
reaches its maximum when the other synthesis conditions are
the same [21]. We conclude that highly ordered mesoporous mate-
rials with a relatively large amount of grafted aluminum can be ob-
tained at a HTHT pH of 2.4. So we hereafter choose the sample S-5-
2.4 for more detailed study and denote it as Al-SBA-15.

The textural and structural characteristics of the synthesized Al-
SBA-15 and SBA-15 are given in Table 1. The results show that the

Table 1

Textural and structural characteristics of Al-SBA-15 and SBA-15.
Sample @? Sper (m? g™ 1) V, (cm® g )P D, (AY
Calcined Al-SBA-15 5.1 368 0.8 69
Calcined Al-SBA-15 after steaming for 5 h 5.1 312 0.7 60
Calcined SBA-15 / 389 1.0 83
Calcined SBA-15 after steaming for 5 h / 217 0.5 42

2 Molar Si/Al ratio determined by XRF.
b Pore volume.
¢ Pore diameter determined from the desorption isotherms by the BJH method.
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BET surface area and pore volume of the calcined Al-SBA-15 are
slightly smaller than those of the calcined SBA-15, decreasing from
389 to 368 m? g ! and from 1.0 to 0.8 cm® g~ !, respectively, indi-
cating that the grafting treatment and calcination cause slight
blockage of mesopores. Moreover, the drop in pore diameter (D)
from 83 A for SBA-15 to 69 A for Al-SBA-15 indicates that part of
the extraframework Al species are located inside the pores of the
Al-SBA-15 material [7]. After the steaming treatment at 800 °C
for 5 h, the decreases in BET surface area and total pore volume
were 15.2% and 12.7% for Al-SBA-15; they were 44.2% and 49.4%
for SBA-15, respectively. For comparison, the sample 1.5% Al-
MUS-S prepared by using preformed zeolite seeds as precursors
exhibited larger decreases in BET surface area and total pore vol-
ume, 21.3% and 56.6% [30].

The N, adsorption-desorption isotherms of the calcined Al-SBA-
15 before and after steaming treatment at 800 °C for 5 h are shown
in Fig. 4A. The calcined AI-SBA-15 exhibits a typical type IV iso-
therm and a very steep capillary condensation step accompanied
at relative pressure P/Py ranging from 0.65 to 0.90, characteristic
of ordered mesoporous materials with large and uniform mesop-
ores. The dimension and uniformity of mesopores in the calcined
Al-SBA-15 before and after steaming treatment are also directly re-
flected by the pore size distribution curves. From the inset of
Fig. 4A, it can be seen that the calcined AI-SBA-15 possesses a rel-
atively narrower pore size distribution, which is typical of a well-
ordered mesostructured material. It is worthy of noting that only
slight changes are observed in the N, adsorption-desorption iso-
therm and pore size distribution curve of the calcined Al-SBA-15
after treatment with steam at 800 °C for 5 h. In addition, after
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Fig. 4. N, adsorption-desorption isotherms and pore size distribution curves (A)
and low-angle XRD patterns (B) of Al-SBA-15 calcined (a) and steamed at 800 °C for
5h (b).
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the steaming treatment, Al-SBA-15 still displays three well-re-
solved peaks, indexed as the (100), (110), and (200) diffractions
of a highly ordered hexagonal symmetry (Fig. 4B).

The 27Al NMR spectra (Fig. 5a) of the as-synthesized Al-SBA-15
show that large amounts of Al species have been introduced into
SBA-15; significantly, the introduced Al species are inclined to lo-
cate at 4-coordinated sites (53 ppm) [30]. The deconvolution of
the spectra shows that the ratio of 4-coordinated framework Al
to 6-coordinated (0 ppm) extraframework Al is 1.7, suggesting that
about 63% of aluminum atoms incorporated into Al-SBA-15 are in
the silica framework, while the other extraframework aluminum
may be located on the surface of Al-SBA-15. For AI-SBA-15 pre-
pared by direct synthesis or postsynthesis methods [9,31-33],
the initial molar Si/Al ratio of the materials is usually between
30 and 40, which results in maximum alumina loadings of 2.1
and 2.8 wt.%, respectively. When the alumina loading is higher
than 14 wt.%, it is difficult to introduce all of the aluminum into
the framework, with part of the aluminum species in the resulting
materials being 6-coordinated extraframework aluminum. After
calcination at 550 °C to remove the template, more octahedral Al
species, accompanied by a small amount of pentahedral Al species
(27 ppm) [34], are observed in the corresponding calcined Al-SBA-
15 (Fig. 5b), indicating that calcination at high temperature causes
the “flaking-off” of Al atoms from tetrahedral sites in the mesopor-
ous walls to octahedral and pentahedral sites. This phenomenon is
more obvious when the thermal treatment temperature is in-
creased to 800 °C under steaming conditions (Fig. 5¢), for which
the deconvolution of the 2’Al NMR spectra reveals that the ratio
of 4-coordinated Al to 5-coordinated Al to 6-coordinated Al is
2.1:1:4.6.

The above discussion raises the question of where the extra-
framework Al is located. To answer this question, wide-range
XRD and HRTEM characterizations were conducted and results
are shown in Figs. 6 and 7. In the patterns of the AI-SBA-15 and cal-
cined Al-SBA-15, there are no characteristic reflections associated
with y-Al,0s, indicating no bulky y-Al,03 aggregates on Al-SBA-
15. The HRTEM images of the Al-SBA-15 and calcined Al-SBA-15
show that AI-SBA-15 has well-ordered hexagonal arrays of mesop-
ores and a 2D p6mm hexagonal structure; its large pores (~7 nm)
are clearly visible, indicating no obvious pore blockage of the Al-
SBA-15. The absence of the signals representing alumina in the
wide-range XRD and HRTEM characterization results of Al-SBA-
15 suggests that the extraframework aluminum is homogeneously
distributed on the outer surface and in the mesopores of Al-SBA-
15.

To evaluate the strength and types of acid sites of the calcined
Al-SBA-15 before and after the steaming treatment at 800 °C for
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Fig. 6. Wide-angle XRD patterns of y-Al,05 (a), Al-SBA-15 (b), and calcined Al-SBA-
15 (c).

Fig. 7. HRTEM images of Al-SBA-15 (A) and calcined Al-SBA-15 (B).

5 h, pyridine adsorption IR spectroscopy measurements were ta-
ken after evacuation at 200 and 350 °C in the wavenumber range
1600-1400 cm~! and the results are shown in Fig. 8. It can be seen
that in the spectra of the calcined Al-SBA-15 (Fig. 8A), there are
three sharp bands due to the C-C stretching vibrations of pyridine.
According to the literature [35], the strong band at 1491 cm™!' is
due to pyridine molecules adsorbed onto both B and L acid sites,
while the bands at 1543 and 1454 cm ™' are due to protonation
of pyridine molecules by B acid sites and pyridine molecules ad-
sorbed onto L acid sites. After degassing at 350 °C, all the bands still
exist, indicating that the calcined Al-SBA-15 has medium/strong
acidity. We can assume that Al incorporation into SBA-15 can
generate bridging hydroxyl groups (Si-OH-Al, B acid sites) on
Al-SBA-15 [14]. These results are well in line with the 2’Al NMR
observations of framework Al species. Similar results can be also
seen for Al-SBA-15 after steaming treatment at 800 °C for 5 h.
Fig. 8B reveals that steamed AI-SBA-15 still shows the obvious
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Fig. 8. Pyridine-FTIR spectra of Al-SBA-15 calcined only (A) and calcined first and
then steamed at 800 °C for 5 h (B) after degassing at 200 and 350 °C.

bands at 1543 and 1454 cm™! after degassing at 200 °C, indicating
that the steamed AI-SBA-15 possesses both B and L acid sites. How-
ever, after degassing at 350 °C, the band at 1543 cm~! becomes
indiscernible due to the dealumination of the mesoporous frame-
work during the high-temperature steaming treatment.

In summary, the foregoing results demonstrate that Al-SBA-15
with the characteristic hexagonal mesoporous structure of SBA-
15 has been successfully prepared at pH 2.4. Compared with previ-
ous studies [9,31-33], the AI-SBA-15 we have synthesized has a
much lower molar Si/Al ratio (¢ =5.1, equivalent to about 14.3
wt.% alumina loading), extremely high hydrothermal stability,
and moderate B/L acidity. The Al NMR measurements confirm
that most aluminum species in the initial synthesis system have
been incorporated into the SBA-15 silica framework and homoge-
nously distributed in the walls. In line with this, the pyridine
adsorption IR spectroscopy measurements indicate that thus pre-
pared Al-SBA-15 possesses both moderate B and L acidity.

3.2. Characterization results of the catalysts

The textural characteristics of the three supported NiW cata-
lysts are given in Table 2. It is noted that after being loaded with
the active metals Ni and W, catalysts NiW/SBA-15 and NiW/Al-
SBA-15 suffer a decrease in surface area by 33% and 26%, respec-
tively, partly due to the increase in their densities. Compared with
that of Al-SBA-15, the decreased pore diameter of NiW/AI-SBA-15
is due to the incorporation of Ni and W into mesopores [36].
Fig. 9A shows the low-angle XRD patterns of NiW/AI-SBA-15 and
NiW/SBA-15 catalysts. The three reflections characteristic of the
hexagonal structure are still present, indicating the highly ordered
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Table 2

Compositions and textural characteristics of the catalysts.
Sample Si0, (wt.%)? AlL,O5 (Wt.%)? o° NiO (wt.%)? W,0, (Wt.%)* Sger (m?2 g™ 1) Vp (cm?g™') D, (A)
NiW/AI-SBA-15 63.1 8.6 6.2 3.2 24.5 273 0.5 65
NiW/SBA-15 72.2 - - 3.2 244 261 0.7 82
NiW/y-Al,05 - 73.6 - 41 22.3 230 0.5 48

¢ Determined by XRF.
> Molar Si/Al ratio.
¢ Pore diameter determined from the desorption isotherms by the BJH method.
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Fig. 9. The low- (A) and wide-angle (B) XRD patterns of NiW/SBA-15 (a) and Niw/
Al-SBA-15 (b). In (B), the 10 peaks of NiW/SBA-15 are indexed as the characteristic
reflections associated with monoclinic WOj5 crystallites.

mesostructure preservation of the supports after they are loaded
with Ni and W. The wide-angle XRD characterization (Fig. 9B)
demonstrates that only the catalyst supported on the pure SBA-
15 displays the characteristic reflections associated with mono-
clinic W03 crystallites (JCPDS Card 83-0951s), signifying that the
incorporation of aluminum into the SBA-15 support improves
the dispersion of W species. This can be reasonably explained
by the fact that the incorporation of aluminum to SBA-15,
especially the extraframework aluminum species, could play a
beneficial role in creating the “highly reactive” Al-OH responsible
for the stronger metal-support interaction, leading to the better
dispersion of W species.

The acidity of the three supports and the corresponding oxidic
and sulfided catalysts was studied by two methods. The first meth-
od used was NH3-TPD measurement. In terms of desorption tem-
perature, acid sites are classified as weak (100-250 °C), medium
(250-400 °C), and strong (>400 °C). The NHs3-TPD profiles of the
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Fig. 10. NH3-TPD profiles of the supports and oxidic catalysts (A) and the sulfided
catalysts (B).

three catalysts are shown in Fig. 10A. Both the NiW/SBA-15 and
NiW/AI-SBA-15 catalysts show two desorption peaks at about
100 and 175 °C, corresponding to weak acidic sites arising from
surface hydroxyl groups attached to Si [37]. The NiW/AI-SBA-15
and NiW/y-Al,05 catalysts display a similar broad peak in the tem-
perature range from 75 to 400 °C, revealing the presence of both
weak and medium acid sites. Moreover, the intensity of the
desorption peaks shows that the number of total acid sites in the
NiW/SBA-15 catalyst is much lower than that in the NiW/AI-SBA-
15 and NiW/y-Al,03 catalysts. NH5-TPD characterization of the
three sulfided catalysts was also conducted and the results are
shown in Fig. 10B. Li et al. [38] did the NH3-TPD characterization
of the oxidic and sulfided catalysts, and they considered that the
sulfidation did not change the acidic structures dramatically. From
Fig. 10, we can see that the amounts of acidity for the oxidic and
sulfided catalysts increase in the same order, NiW/SBA-15 < NiW/
Al-SBA-15 < NiW/y-AlL,0s.

To further determine the strength and types of acid sites in the
three catalysts, pyridine adsorption IR spectroscopy measurements
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Fig. 11. Pyridine-FTIR spectra of NiW/SBA-15 (a), NiW/AI-SBA-15 (b), and NiW/y-
Al,05 (c) after degassing at (A) 200 and (B) 350 °C.

were taken after evacuation at 200 and 350 °C in the wavenumber
range 1600-1400 cm~! and the results are shown in Fig. 11. The
peaks at 1446 and 1577 cm~! are attributed to pyridine adsorbed
onto L acid sites, and the peak at 1546 cm™! is assigned to pyridine
adsorbed onto B acid sites, while the peak at 1490 cm™! is ascribed
to pyridine adsorbed onto both B and L acid sites. An attempt has
also been made to quantitatively estimate the number of B and L
acid sites for the three catalysts using pyridine adsorption followed
by degassing at 200 and 350 °C, corresponding to the total and
medium/strong acid sites. The acid strength distributions and acid
quantities of the supports and corresponding catalysts are listed in
Table 3. After degassing at 200 °C, the total amount of (B + L) acid
sites of the NiW/AI-SBA-15 catalyst is slightly lower than that of
the NiW/y-Al,05 catalyst, but is about 4.7 times that of the NiW/

Table 3
Amounts of B and L acid sites of the different supports and catalysts determined by
pyridine-FTIR.

Sample Amount of acid sites (umol g~')

200 °C* 350 °C?

L B L+B L B L+B
Al-SBA-15 209.4 42.8 2722 186.0 32.0 218.0
NiW/AI-SBA-15 331.5 23.8 355.3 238.8 19.8 258.6
SBA-15° 31.1 - 31.1 359 - 359
NiW/SBA-15 75.2 - 75.2 46.6 - 46.6
y-Al, 05" 212.6 - 212.6 178.2 - 178.2
NiW/y-Al,05 3785 13.7 392.2 290.1 - 290.1

4 Degassing temperature.
® Pyridine-FTIR spectra of SBA-15 and y-Al,05 are not shown in this paper.

SBA-15 catalyst. This difference is more notable (about six times)
for the amounts of medium and strong acid sites (B + L after degas-
sing at 350 °C). The NiW/AI-SBA-15 catalyst possesses more B acid
sites, especially medium/strong B acid sites, than the NiW/y-Al,03
catalyst. Compared with the support Al-SBA-15, the NiW/AI-SBA-
15 catalyst has more L acid sites but fewer B acid sites. This is be-
cause (1) during the two impregnation steps, the acidic solutions
would react with the Al species, leading to the loss of Al species
(the values of ¢ for the AI-SBA-15 support and the NiW/AI-SBA-
15 catalyst are 5.1 and 6.2, respectively); and (2) after the impreg-
nation of W and Ni species, the two following calcination steps at
high temperature would cause the “flaking off” of Al atoms from
tetrahedral sites (framework) in the mesoporous walls to pentahe-
dral sites and octahedral sites (extraframework, with the nature of
weak L acid) [39]. In the NiW/SBA-15 and NiW/y-Al,05 catalysts,
there exist more L acid sites than in the SBA-15 and y-Al,05 sup-
ports, due to the formation of Si-O-W and Al-O-W linkages on
the surfaces of the catalysts [14]. Pyridine adsorption IR spectros-
copy measurements of the sulfided catalysts were also conducted
after evacuation at 200 and 350°C in the wavenumber range
1600-1400 cm ' (see Fig. S1 in the Supplementary Information).
It is observed that both sulfided NiW/Al-SBA-15 and NiW/y-Al,03
have B and L acid sites, while the sulfided NiW/SBA-15 has only
a negligible number of L acid sites. The numbers of acid sites for
all the three sulfided catalysts are lower than those for the oxidic
catalysts (see Table S2 in the Supplementary Information).

Strong interaction usually leads to good dispersion of metal oxi-
des and benefits the creation of accessible active sites [40], while
weak interaction yields metal oxides that can easily be reduced/sul-
fided but gives rise to the formation of larger active particles and
thus poorer dispersion of active species [41]. For WOs3 species dis-
persed on a support, octahedrally coordinated WO, species are re-
duced at temperatures from 300 to 700 °C, while tetrahedrally
coordinated or dimeric WO, species with strong interaction with
supports such as Al,03 are more difficult to reduce, requiring a tem-
perature of around 900-1000 °C [24]. To understand the reducibility
of the oxidic catalysts prepared from the different supports, H,-TPR
experiments were conducted and the results are shown in Fig. 12. It
can be seen that the H,-TPR profile of the NiW/AI-SBA-15 catalyst
exhibits three main reduction peaks, located at 488, 677, and
852 °C. The reduction peaks located at 488 and 677 °C can be attrib-
uted to dispersed polytungstate species with different degrees of
reducibility; the highest-temperature peak at 852 °C can be attrib-
uted to tetrahedrally coordinated tungsten species, which are hard
to reduce, due to interaction with the Al-modified support via
Al-O-W linkages [42]. Compared with that of the NiW/AI-SBA-15
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Fig. 12. H,-TPR profiles of the NiW/SBA-15 (a), NiW/AI-SBA-15 (b), and NiW/y-
Al,03 (c) catalysts.
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catalyst, the H,-TPR profile of the NiW/SBA-15 catalyst shows three
peaks at 458, 638 and 836 °C, notably shifting to lower temperatures
and thus indicating the weaker metal-support interaction due to
the less reactive surface hydroxyl groups attached to Si present in
the SBA-15 support. The H,-TPR profile of the NiW/y-Al,03 catalyst
shows only a single reduction peak at 916 °C, assigned to the reduc-
tion of tetrahedrally coordinated tungsten oxide species or the low-
condensed oligomeric tungsten oxide species on alumina, which are
mostly stabilized on the alumina-containing support [24]. In sum-
mary, the above results show that the strength of metal-support
interaction for the three catalysts increases in the order NiW/SBA-
15 < NiW/AI-SBA-15 < NiW/y-Al,05. This is because the incorpora-
tion of Al atoms into SBA-15 support creates a large number of more
reactive Al-OH groups that interact with W species to generate Al-
0O-W bonds, which have stronger interaction than Si-O-W bonds
[7], leading to the appearance of highly dispersed octahedral and
tetrahedral W%" species (in line with the disappearance of W05
peaks in Fig. 9B). So the NiW/AI-SBA-15 catalyst has better disper-
sion of active metal oxides than NiW/SBA-15 and therefore more ac-
tive sites, inducing higher catalytic activity [40]. It is also noted that
compared with the NiW/y-Al,03 catalyst, the NiW/AI-SBA-15 cata-
lyst has much weaker metal-support interaction, so the resulting
tungsten species can easily be reduced and sulfided.

To obtain information on the dispersion of the sulfided metal
species, HRTEM studies were carried out and the results are shown
in Fig. 13. In the NiW/SBA-15 catalyst (Fig. 13A), a large number of
WS, particles, long and curved (in some cases entangled), are ob-
served on the external surface, causing the blockage of pore
mouths. The highly stacked WS, slabs on the NiW/SBA-15 catalyst
are attributed to the weaker metal-support interaction [10]. The
NiW/AI-SBA-15 catalyst (Fig. 13B) presents a lower stacking degree
but a higher dispersion of WS, slabs than the NiW/SBA-15 catalyst.
In the reference catalyst NiW/y-Al,05 (Fig. 13C), WS, particles
stacked with only one or two slabs are observed, which is a conse-
quence of the strong interaction of the alumina support with W
species [43]. To make a quantitative comparison, the lengths and
layer numbers of WS; slabs on the sulfided catalysts were obtained
through statistical analyses based on 20 micrographs including
about 300 slabs obtained from different parts of each catalyst. It
can be observed that the morphology of WS, crystallites on the dif-
ferent catalysts, namely, the length and stacking layer number,
changes depending on the supports of the corresponding catalysts.
The average slab length (L,,) and stacking layer number (N,,) were
calculated according to the first moment of the distribution [44],
expressed by

Lav(Nav) :Z%%):;‘I\i/hv (5)

where M; is the slab length or stacking layer number of a stacked
WS, unit, and x; is the number of slabs or stacks in a given range
of length or stacking layer number. Table 4 gives the slab length dis-
tributions and stacking layer number distributions of the three cat-
alysts. It can be seen that the average length and stacking layer
number of WS, slabs in NiW/AI-SBA-15 are 4.8 nm and 2.2, respec-
tively, which stand between those (7.4 nm and 2.9 and 4.9 nm and
1.7) in NiW/SBA-15 and NiW/y-Al,0s, signifying that a compromise
between dispersion and stacking has been achieved.

Numerous researches have shown that there exist so called
“Co(Ni)-Mo(W)-S” phases in which S vacancies occurring at
brim/edge sites of MoS, crystallites are considered to be active
sites for HDS reactions [45]. Depending on the nature of metal-
support interactions, the Co(Ni)-Mo(W)-S structure may be
present as either type I or type II, which have different catalytic
properties. The type I phase is less stacked and thus not fully sul-
fided, containing some Mo(W)-0-Al linkages with the alumina

Fig. 13. HRTEM images of the sulfided catalysts NiW/SBA-15 (A), NiW/Al-SBA-15
(B), and NiW/y-Al,05 (C).

Table 4

Average length (L,,) and average stacking layers (N,y) of WS, crystallites.
Catalyst NiW/SBA-15 NiW/AI-SBA-15 NiW/y-Al,03
L,y (nm) 7.4 4.8 49
Nay 29 22 1.7

support related to the strong interaction between Mo(W) and hy-
droxyl groups on the alumina surface and thus having lower activ-
ity. On the other hand, if the interaction between Mo(W) and
hydroxyl groups on the alumina surface is dramatically decreased,
the resulting structures have increased intrinsic activity. This kind
of structure is termed the type Il Co-Mo-S phase. A highly stacked
type II metal sulfide phase can favor the adsorption and HDS of
DBT and its derivatives through the prehydrogenation pathway,
because the HDS of DBT and its derivatives with larger molecular
size is a geometry-demanding reaction [46]. The NiW/SBA-15 cat-
alyst has the highest degree of stacking, and this should reduce the
number of brim sites that are necessary for sulfur elimination via
the perpendicular adsorption of the molecule through the S atom
[33,45,46]; the NiW/y-Al,05 catalyst has the lowest degree of
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stacking, with most active sites being of type I, which is unfavor-
able for the planar adsorption of the DBT molecule through the
aromatic rings and decreases the intrinsic hydrogenation ability
[24]; the NiW/AI-SBA-15 catalyst has compromised dispersion
and stacking of WS, slabs, creating more type II active sites with
more brim active sites than the other two catalysts while having
a moderate dispersion of WS, slabs.

The foregoing results indicate that even after the impregnation
of W and Ni, the NiW/AI-SBA-15 catalyst still preserves the charac-
teristic hexagonal structure of SBA-15. Compared with the Niw/
SBA-15 and previously reported NiW/AI-SBA-15 catalysts
[9,10,33], the NiW/AI-SBA-15 catalyst prepared by us has three
advantages: (1) the better dispersion of W and Ni on the surface,
as determined by the wide-angle XRD characterization results
shown in Fig. 9B; (2) the moderate metal-support interaction,
which benefits the creation of accessible active sites without sacri-
ficing the number of active sites; and (3) the larger numbers of B
and L acid sites, which would favor the hydrogenolysis/isomeriza-
tion and hydrogenation ability of the catalyst [12,41].

3.3. Catalytic activity

The catalytic activity of the three sulfided NiW catalysts was
examined, using DBT HDS as a model reaction, and the product dis-
tributions obtained at 360 °C are shown in Table 5. The typical GC
chromatograph of HDS products of reactant DBT over the NiW/Al-
SBA-15 catalyst is also obtained (see Fig. S2 in Supplementary
Information). Generally, there are two reaction pathways for DBT
HDS [28]. The first is direct desulfurization (DDS) leading to the
formation of BP, and the second is the hydrogenation route
(HYD), consisting of the prehydrogenation of one of the aromatic
rings of DBT followed by the elimination of the sulfur atom, first
yielding tetrahydrodibenzothiophene (THDBT), then the corre-
sponding hexahydrodibenzothiophene (HHDBT), and finally CHB
as the principal desulfurized product of HHDBT and THDBT. All

Table 5
Selectivity of the final products over the different catalysts for DBT HDS at 360 °C.
Selectivity (%) NiW/AI-SBA-15 NiW/SBA-15 NiW/y-Al,05
BP 71.5 71.7 60.5
CHB 16.6 23.8 30.8
DCH 13 1.5 24
THDBT 0.5 2.0 23
HHDBT 0.5 - 0.7
CHEB 2.9 1.0 1.7
CPMB 4.3 - 1.6
CPCH 1.8 - -
CPMCH 0.6 - -

2 The selectivity data were calculated from the GC-MS analysis results. This
method is just a semiquantitative method since, the GC response factors of all the
products cannot be obtained.

of these products were observed over the NiW/SBA-15 catalyst,
as reported [47]. Moreover, for the NiW/y-Al,05 catalyst, cyclohex-
enylbenzene (CHEB) was detected in the final products, as Wang
and Prins [48] reported. Under the reaction conditions we used,
CHB and CHEB can suffer further hydrogenation and isomerization,
yielding dicyclohexyl (DCH) and CPMB, respectively. Additionally,
for the NiW/AI-SBA-15 catalyst with higher medium/strong B acid-
ity than the NiW/y-Al,03 catalyst, further isomerization products
from DCH, such as CPCH and CPMCH, were also detected. By com-
bining the results reported in the previous studies [49] and those in
the present study, a reaction network for the DBT HDS was de-
picted in Fig. 14. Reactions 1-6 are typical processes in the DBT
HDS reaction over the NiW/SBA-15 catalyst; reactions 7-9 happen
over the NiW/y-Al,05 catalyst with the additional new product
CPMB, i.e., the isomerization product of CHEB; reactions 11 and
12 only happen over the acidic catalyst NiW/AI-SBA-15 with the
observation of CPCH and CPMCH, i.e., the further isomerization
products of DCH. When the acidic Al-SBA-15 is used as the support,
the resulting NiW/AI-SBA-15 catalyst has a larger number of L acid
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Fig. 14. Reaction network of DBT HDS over the NiW/AI-SBA-15 catalyst.
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Table 6
Rate constants (kyps), TOFs, and HYD/DDS pathway ratios obtained over the different
catalysts for DBT HDS at 360 °C.

Catalyst kups (103 molg 'h™!)  TOF (10*s~')  HYD/DDS ratio
NiW/AI-SBA-15  7.51 1.26 0.23
NiW/SBA-15 1.96 0.53 0.33
NiW/y-Al,05 4.59 1.14 0.51

sites and most importantly the largest number of B acid sites
among the three catalysts, as shown in Table 3. These acid sites en-
hance both the DDS and HYD abilities of the NiW/AI-SBA-15 cata-
lyst. B acid sites especially enhance the hydrogenolysis and
isomerization activities of the catalyst, as demonstrated by the
existence of the largest amounts of BP and some other further
isomerization products. Finally, we must point out that no lighter
cracking products (C3-Cg) of DBT HDS were detected, significantly
different from the results reported in previous studies [7,31]. We
attribute this to the smaller number of strong B acid sites and
thereby negligible cracking ability of the NiW/AI-SBA-15 catalyst.

To distinguish the individual contributions of the DDS and HYD
routes to the overall HDS performance of the three catalysts, the
ratio of the HYD selectivity to the DDS selectivity is defined as
the ratio of the selectivity of CHB to that of BP at the same DBT
HDS conversion (50%). The selectivity to the various products is gi-
ven in Table 5, and the HDS rate constants, TOFs, and HYD/DDS ra-
tios are given in Table 6. Compared with the NiW/SBA-15 and NiW/
y-Al,05 catalysts, the NiW/AI-SBA-15 catalyst exhibits the highest
HDS rate constant kyps and TOF, revealing the best DBT HDS activ-
ity among the three catalysts. For all three catalysts studied, the
preferential HDS route is the DDS pathway, and the DDS activity
for the different catalysts is in the order NiW/y-Al,03 < NiW/SBA-
15 < NiW/AI-SBA-15. These results suggest that the use of Al-
SBA-15 as support leads to an improvement in the DDS ability of
the catalyst, enhancing the DDS route and thus resulting in an in-
creased HDS rate. This effect could be related to the enhanced B
acid sites and the changes in the morphology of the WS, active
phase induced by the stronger interaction of the oxidic precursor
phases with the Al atoms of the support [50,51].

Large pores can eliminate diffusion resistance and enhance
accessibility of the active sites to reactant molecules. Many efforts
have been made to achieve a suitable pore structure to eliminate
steric hindrance in the HDS of DBT or 4,6-DMDBT. Sampieri et al.
[52] reported that multilayer MoS, slabs loaded inside the MCM-
41 pores could lead to serious limitations for DBT to access the ac-
tive sites, while this did not occur in SBA-15 because of its larger
pore size, which suggests that the HDS of DBT over the NiW/Al-
SBA-15 catalyst would be in the kinetic-controlled region but not
in the diffusion-controlled zone. The DBT HDS performance of
the NiW/AI-SBA-15 catalyst was assessed at four different temper-
atures, 320, 340, 360, and 380 °C, and results are shown in Fig. 15.
From Fig. 15A, we can see that the HDS conversion of DBT increases
with increasing temperature. Fig. 15B shows that increasing reac-
tion temperature increases the HDS rate via the DDS route but de-
creases that via the HYD route followed by the DDS route, as
reflected by the increasing selectivity to BP and the decreasing
selectivity to CHB, respectively. This indicates that to some extent
there is a thermodynamic limit for the HYD route. The HDS of sul-
fur-containing compounds via ring hydrogenation prior to sulfur
removal was found to be thermodynamically limited, especially
at higher temperatures [53,54], because of the inverse relationship
of the adsorption rate and the reaction temperature. Thermody-
namically, the hydrogenation of DBT to form THDBT is only favored
at temperatures lower than 330 °C, becoming almost negligible at
temperatures higher than 425 °C [53]. From Fig. 15B, we can see
that the selectivity to other HYD products follows the same trend
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Fig. 15. HDS conversion (A) and selectivity of the final products (B) over NiW/Al-
SBA-15 catalyst for DBT HDS at different temperatures.

as reported in previous studies [49,53,54] with the increasing reac-
tion temperature.

To determine whether the incorporation of aluminum can im-
prove the HDS reaction stability of the resulting catalyst NiW/Al-
SBA-15, 2 mL of the NiW/AI-SBA-15 catalyst was evaluated, using
a FCC diesel as feedstock, for 200 h. As shown by the variation
trend of HDS conversion as a function of time on stream in
Fig. 16, the NiW/AI-SBA-15 catalyst demonstrated stable HDS
activity during the test, giving a desulfurization ratio of 99.5-
99.8% and a product sulfur content of lower than 10 ppm.

In summary, the superior DBT HDS performance of the NiW/Al-
SBA-15 catalyst could be attributed to the following three factors:

100

NiW/AI-SBA-15
98

96

94

HDS conversion (%)

92 4

90

-t T rrT Tt
40 60 80 100 120 140 160 180 200 220
Time on stream (h)

Fig. 16. HDS conversion with time on stream over catalyst NiW/AIl-SBA-15.
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(1) The better dispersion of the active metals, which is neces-
sary for the creation of a larger number of accessible active
sites. The dispersion of oxidic W and Ni species increases
with the incorporation of aluminum into the SBA-15 sup-
port, as shown by the wide-range XRD characterization
results in Fig. 9B. In addition, the homogenous distribution
of WS, crystals (Fig. 13B) was obtained due to the strong
interaction of oxidic W and Ni species with Al-OH on the
support, as confirmed by the H,-TPR characterization results
in Fig. 12.

(2) The short length and increased stacking layers of WS, slabs,
which favor the formation of more type Il active phase. In
the NiW/AI-SBA-15 catalyst, Ni-W-S phases consist mostly
of short slabs (~5 nm) of two layers, as shown by the HRTEM
images in Fig. 13B. On one hand, for a large sulfur-containing
molecule such as DBT, a lower degree of stacking of sulfide
slabs, as in the case of the NiW/y-Al,03 catalyst, hampers
the planar adsorption of the molecule through its aromatic
rings and thereby decreases the HDS activity [48]; on the
other hand, a very high degree of stacking sulfide slabs, as
observed for the weakly interacting support SBA-15, reduces
the number of corner sites, which are necessary for sulfur
elimination via the perpendicular adsorption of the mole-
cule through the S atom [45].

(3) The more and stronger B acid sites and enhanced L acid sites,
which favor the hydrogenolysis/isomerization and hydroge-
nation ability of the catalyst and enhance the HDS activity.
Solis et al. [55] considered that the enhanced DBT HDS activ-
ity of metal sulfides over acidic supports is partly related to
the improvement in their hydrogenation property due to
electronic effects of the acidity on the metal sulfide phase;
Gallezot et al. [56] reported that both B and L acid sites
can be used as the potential electron acceptors and the
resulting electron-deficient metal clusters can promote the
7 adsorption of DBT via its aromatic rings which is the pre-
requisite for the HYD pathway. The NiW/AI-SBA-15 catalyst
has the highest amount of B acid sites that are expected to
enhance the hydrogenolysis and isomerization ability of
the catalyst, and truly the DBT HDS products contain the
highest amount of DDS pathway product BP and the further
isomerization products CPMB, CPCH, and CPMCH, as shown
in Table 5. It is the perfect combination of the good disper-
sion and suitable stacking of metal sulfide crystals and the
enhanced B and L acid sites that endows the NiW/AI-SBA-
15 catalyst with the best DBT HDS activity.

4. Conclusions

In conclusion, highly ordered and highly hydrothermally stable
Al-SBA-15 materials have been prepared by adjusting pH and
increasing temperature during the hydrothermal treatment pro-
cess. Using such a method, almost all Al species have been success-
fully introduced into SBA-15. Thus-obtained AI-SBA-15 has
uniformly distributed mesopores, high hydrothermal stability,
and medium B/L acidity. Using AI-SBA-15 as support, a NiW/Al-
SBA-15 catalyst was prepared and showed much higher DBT
HDS activity than SBA-15 and Al,05; supported catalysts because
of the perfect combination of the better dispersion and higher
stacking of Ni-W-S phases on the support and the participation
of B and L acid sites. This study opens a new route to the introduc-
tion of Al and other heteroatoms into mesoporous silica materials
with various mesostructures and demonstrates the potential of
mesostructured silicoaluminate AI-SBA-15 with high aluminum
loading and suitable B and L acidity as support for deep HDS
catalysts.
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