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NiW HDS catalysts supported on alumina-modified SBA-15 were prepared using acidic solutions of
ammonium metatungstate and nickel nitrate. Using this method of preparation the integrity of the SBA-
15 support was preserved. The results showed that aluminum incorporation into the support framework
leads to higher dispersion of the WS, phase and gives rise to the formation of Brensted acid sites, which
in turn increase the contribution of the isomerization-direct desulfurization (ISOM-DDS) pathway of 4,6-
DMDBT HDS. The higher activity displayed by the Al-modified catalysts in the HDS of 4,6-DMDBT seems
to be related to the presence of Brgnsted acid sites in the sulfided NiW/Al-SBA15(x) catalysts, to a higher
dispersion of the WS, phase and to the increased number of coordinatively unsaturated sites (CUS)

present in the sulfided catalysts.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The synthesis of mesoporous silica using triblock copolymer
surfactant as templating agent with different ordered porous
structures under highly acidic conditions was reported in 1998
by Zhao et al. [1,2]. SBA-15 presents interesting characteristics
that make it attractive as support for hydrodesulfurization
catalysts. SBA-15 presents adjustable pore size (from 50 to
300 A), thick pore walls and high hydrothermal stability. The
electrically neutral framework of SBA-15 [3-5] can be modified
by the incorporation of trivalent heteroatoms such as Al [6,7]
either during the synthesis or by post-synthetic methods such as
grafting using Al isopropoxide. Incorporation of Al during the
synthesis of SBA-15 presents difficulties because under the
highly acidic pH needed for the preparation aluminum is
dissolved. This problem can be circumvented by introducing
aluminum after the synthesis of SBA-15 by grafting either with
anhydrous AlCI; [8], aluminum isopropoxide in non-aqueous
solutions [9], or sodium aluminate in aqueous solution [10],
followed by calcination.

The incorporation of Al to SBA-15 improves the dispersion of
nickel promoted WS,/SBA-15 HDS catalysts [11]. NiW catalysts
supported on different materials have been employed in the
hydrodesulfurization of different sulfur molecules with acceptable
results [12,13]. It has been reported previously for Mo-based
catalysts that aqueous impregnation of AHM (ammonium hepta-
molybdate) at pH around 5 causes a partial destruction of the SBA-
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15 ordered porous arrangement [14,15]. However, when AHM is
dissolved in a 1:1 demineralized water—chlorhydric acid mixture
(pH < 1), the structural integrity of SBA-15 is preserved due to the
reaction of the most abundant H,MoO, species with HCI to form
MoO,Cl,, which does not interact with the silica framework of the
mesoporous support [16,17]. For W, at low pH the most abundant
species in solution is H;WO, [18]. Therefore, formation of a
comparable tungsten precursor is expected in H,O-HCI solutions.
In this case it will be possible to preserve the support hexagonal
structural order as it has been reported for NiMo/Al-SBA15(x)
catalysts [16].

W-based catalysts are known to have a more hydrogenating
character than their Mo counterparts. So, it is interesting to analyze
the performance of W-based catalysts, in particular NiW/AI-SBA15
catalysts, during the HDS of 4,6-DMDBT, which goes mainly
through a hydrogenation-desulfurization route, the observed
trends in hydrogenation will be corroborated by testing the
catalysts in the hydrogenation of an aromatic molecule such as
naphthalene.

Preservation of the SBA-15 support pore structure during
catalyst preparation is of importance to catalyst performance. In
this work we will prepare NiW/AI-SBA15(x) catalysts impregnating
the Ni and W precursors using HCI acidified solutions. It will be
examined if the preparation of the catalyst under acidic conditions
preserves the hexagonal arrangement of the AI-SBA15 support.
Additionally, the effect of aluminum content on catalyst acidity,
dispersion of the active NiW sulfided phase, and preferred reaction
routes (HYD or DDS) during the HDS of 4,6-DMDBT, and
hydrogenation of naphthalene will be analyzed. Some of the
results will be compared with those obtained previously for NiMo/
Al-SBA15 catalysts [16].
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2. Experimental
2.1. Support preparation

The synthesis of SBA-15 followed the method outlined by Zhao
et al. [1]. For aluminum-modified SBA-15 supports, the required
amount of SBA-15 was dispersed in 300 ml of anhydrous hexane
(Aldrich 95+%) containing different amounts of aluminum
isopropoxide (AIP, Aldrich 98+%) to yield supports with 30 and
15 Si:Al ratio. The resultant mixture was stirred at room
temperature during 12 h, and the powder was washed with
anhydrous hexane, air dried at room temperature and finally
calcined at 823 K during 5h. The synthesized supports were
labeled Al-SBA15(x) where x represents the atomic Si:Al ratio
(x=30, 15).

2.2. NiW catalysts preparation

Ammonium metatungstate (AMT, Fluka WOs; > 85%) was
dissolved in a 1:1 demineralized water-concentrated hydrochloric
acid (Aldrich 37%) mixture. The Al-SBA15 supports were impreg-
nated by pore volume, dried at 393 K for 12 h and calcined in air at
723 K during 6 h, using a heating ramp of 1 K min~". In all cases the
catalyst loading was 12wt% WOs. The Ni promoter was
successively impregnated using an aqueous solution of nickel
nitrate (Baker 99%) in the required amount to obtain 3 wt% NiO.
The catalysts were then dried in air at 393 K for12 h and calcined at
723 K for 4 h (heating rate 1 Kmin™").

2.3. Supports and catalysts characterization

The textural properties of supports and catalysts were obtained
from nitrogen adsorption-desorption isotherms measured at 77 K
with an automatic Micromeritics Tri-Star 3000 analyzer. X-ray
diffraction patterns were recorded on a Phillips PW 1050/25
powder diffraction system using Cu Ka radiation with a Ni filter
(A =1.5406 A) over the range 3° <26 < 90° (1° (2@) min~ ') and
0.5°<2 < 8° (0.5° (20)min~1). 2’Al MAS NMR spectra were
recorded on a Bruker Advance 400 equipment, using Al(H,0)s>* as
external 2”Al reference. Determinations were carried out at 300 K
with a 104 MHz frequency, a spin rate of 9 kHz and a 0.5 s delayed
recycling. FT-Raman spectra were recorded at room temperature
on a Nicolet 950 FT-Raman equipped with InGaAs detector and a
Nd:YAG laser source with 4 cm~! resolution and 200 scans. For the
NO and pyridine adsorption experiments, a thin wafer of the pure
catalyst powder was made (8 mg/cm?) and placed into a special IR
cell, then sulfided at the same conditions as for the catalytic test.
The sample was then pretreated under vacuum at 773 K for 1 h.
After that, a pulse of NO or pyridine was introduced at room
temperature and the IR spectra were collected outgassing from
room temperature to 373 K. All IR experiments were recorded

(a)
NIW/AI-SBA15 (15)
i s P ..f "\-v-'/ \wf’\mwm
; WI/AI-SBA15 (15)
/ "-\ h AI-SBA15 (15)
"“""‘““""‘""“"N B | Vi Ansa A A,
ppm 150 100 50 0 -50 -100 -150

Fig. 1.

ppm 150 100

37

using a Nicolet IR-Magna 760 spectrometer with 4cm™! of
resolution and 100 scans per spectrum. Sulfided catalysts were
characterized by HRTEM using a JEOL 2010 electron microscope
with a 1.9-A point-to-point resolution.

2.4. Catalytic evaluation

Prior to the catalytic test, the oxide catalysts were sulfided ex
situ at 673 K during 4 h in 15% H,S/85% H, mixture (25 mL min™!)
in a flow reactor. The catalyst was then transferred to the batch
reactor under nitrogen atmosphere. The 4,6-DMDBT HDS reaction
was performed at 573 Kin a Parr batch reactor loaded with 40 ml of
a 4,6-DMDBT-decane solution containing the equivalent to
1000 ppm S. After loading the liquid reactants and the catalyst
(0.2 g), hydrogen was introduced to the reactor so as to achieve
1000 psia at the reaction temperature. No additional flow of
hydrogen was introduced during the reaction.

Naphthalene hydrogenation (HYD) was carried out at 573 K in
the same batch reactor, which in this case was loaded with 40 ml of
naphthalene-decane solution (25,000 ppm of naphthalene) and
0.2 g of catalyst. The reactor was then pressurized with 600 psia of
hydrogen so that at the reaction temperature the pressure was
1000 psia. For catalyst sulfidation and loading of catalyst and
reactants the same procedure as for 4,6-DMDBT HDS was used. A
sample of the reaction mixture was taken each hour during the 6 h
of reaction. Reaction products were analyzed with a HP 6890 Gas
Chromatograph equipped with a 50 m length x 0.2 mm diame-
ter x 0.5 wm film thickness capillary column.

3. Results and discussion
3.1. NiW/AI-SBA15(x) catalysts

To analyze the way aluminum interacts with the SBA-15
framework, 2’Al MAS NMR spectroscopy experiments were
conducted. Fig. 1 shows the 2’Al MAS NMR spectra of supports
and catalysts.

According to literature the peaks at 50 and O ppm are assigned
to aluminum in tetrahedral environment (structural unit AlO4) and
to octahedral aluminum (structural unit AlOg), respectively [19].
The spectra of supports show the presence of AlO,; and AlOg
structural units but the intensity of the peaks reveals that
aluminum is mainly in tetrahedral coordination, suggesting that
most of the grafted aluminum on SBA-15 was incorporated into the
silica framework.

When tungsten is impregnated (Fig. 1), the intensity of the
peaks localized at 50 and O ppm is very similar indicating an
increase of octahedral Al species. However, after nickel impreg-
nation, the tetrahedral and octahedral Al peaks in the spectra
recover their original proportion. This behavior suggests a strong
interaction of W with aluminum, which increases the amount of
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27Al MAS NMR spectra of support, W and NiW catalysts supported on (a) Al-SBA-15 (15) and b) Al-SBA-15 (30).
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Fig. 2. Diffractograms of catalysts and supports at low angle.

octahedral Al in the sample. However, when Ni is incorporated, the
interaction of W with Al diminishes, possibly because the
interaction between Ni and W species is favored.

In contrast with the results obtained for Mo-based catalysts
[16], tungsten catalysts do not show the presence of a peak at
10 ppm associated to the formation of an hydrated form of
aluminum molybdate Al;(MoO4)s, possibly an Anderson type
heteropolymolybdate [Al(OH)sMogO15]>~.

The diffractograms of all W and NiW catalysts display the three
well defined characteristic peaks of SBA-15, indexed as (10 0)
reflection at 0.93°, (110) at 1.57° and (2 00) at 1.8°, associated
with the p6mm hexagonal symmetry (Fig. 2). These results indicate

Table 1
Physical properties of supports and NiW catalysts.

Sg (mz/g) dl 00 (A) dpore (A) Qo (A) E (A)
SBA-15 903 94.9 65.8 109.6 438
Al-SBA-15 (30) 785 95.9 65.6 110.8 45.2
AI-SBA-15 (15) 708 94.9 65.3 109.6 44.3
NiW/SBA-15 617 97.0 65.0 112.0 47.0
NiW/AI-SBA15 (30) 473 94.9 54.6 109.6 55.0
NiW/AI-SBA15 (15) 459 93.9 53.9 108.4 54.5

ap = cell parameter, E = wall thickness.

that impregnation of W by the method used here preserves the
SBA-15 hexagonal pore structure. After the successive impregna-
tion of Ni the hexagonal structure of SBA-15 was also preserved.
This was confirmed by the calculation of the cell parameter ag
(ao =2d; 0 0/</3) and d; ¢ ¢ spacing for all catalysts (Table 1), which
are similar to those found in the corresponding supports.

The increase in wall thickness, E (E = ag — dpore), Observed after
W and Ni impregnation indicated that the metals are covering the
walls of the pores. The diffractograms over the range
3° <26 <90° for NiW/AI-SBA15(x) catalysts (Fig. 3), show that
only the catalyst supported on pure SBA-15 displays the
characteristic reflections associated to WOs, indicating that
tungsten is better dispersed on the aluminum-modified catalysts.

N, physisorption isotherms of supports and catalysts (Fig. 4)
correspond, according to IUPAC, to a typical irreversible type IV
isotherm with H1 hysteresis. The SBA-15 isotherm shows an
inflection point at P/Po=0.6-0.8, characteristic of capillary
condensation inside uniform cylindrical pores. The P/Py position
of the inflection points corresponds to a pore diameter in the
mesoporous range and the sharpness of the step indicates
uniformity in the pore size distribution. The increasing shift of
the starting point of the hysteresis to lower P[Py values with the
load of aluminum indicates that alumination of SBA-15 decreases
surface area and narrows pore diameter, as Table 1 shows,
suggesting the deposition of aluminum on the SBA-15 pore walls.

The form of the isotherms of NiW/AI-SBA15(x) suggests, in
agreement with the XRD results, that the structural integrity of
SBA-15 remains after nickel and tungsten incorporation.

FT-Raman is a useful technique to observe the structural
characteristics of supported oxide species. WO5 generally gives rise
to strong Raman signals whereas those produced by SiO, and Al,03
are weak. The characteristic Raman peaks attributed to WO;
species are located at 811, 717, 605 and 273 cm~! [20]. The FT-
Raman spectra of NiW catalysts (not shown), revealed that only the
NiW/SBA-15 catalyst presents peaks at 811 and 717 cm™!,
associated to WOj3 in agreement with the XRD results.

It is expected that the changes observed in the Ni and W oxide
phases with Al incorporation will affect in turn the interaction of Ni
and W in the sulfided catalysts. To enquire on this effect, NO
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Fig. 3. Diffractograms of catalysts, 3° < 26G < 90°.
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Fig. 4. Nitrogen adsorption-desorption isotherms for supports and NiW catalysts.

adsorption experiments were conducted on the different sulfided
catalysts. For NiW catalysts, it is reported the existence of four NO
infrared bands assigned to adsorbed NO on sulfided Ni** at
1850 cm ™!, sulfided W** at 1780 cm™!, both sulfided Ni?* and W#*
at 1832 cm™!, and Ni?* on oxidic surroundings at 1900 cm™~' [21].
NO adsorption FTIR spectra (Fig. 5) show for all NiW/AI-SBA15(x)
catalysts a single broad band at 1720-1900 cm ! region, which
shifts to 1940 cm~! in the catalysts where the support was
modified with aluminum. After a deconvolution process, the
presence of bands at 1850, 1832 and 1800 cm ! in every catalyst is
evident, but only in those supported on aluminum-modified SBA-
15 the band at 1890 cm™! is present. This band is associated to
coordinative unsaturated Ni2* species on a different chemical
environment due to aluminum interaction with silica. The
1850-1800 cm ™! band intensity ratio gives an idea about the
proportion of nickel and tungsten coordinatively unsaturated sites
(CUS-Ni?*/CUS-W**) and their value is presented in Table 2. The
value of the CUS-Ni?*/CUS-W*" ratio increases with the amount of
aluminum incorporated into the support, indicating a higher
number of Ni?* CUS sites possibly associated to WS, crystallites
promoted by nickel, as previously reported [21].
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Fig. 5. Deconvolutions of FTIR spectra of adsorbed NO for sulfided NiW/AIl-SBA15(x)
catalysts.

To enquire about the surface acidity of NiW catalysts, pyridine
adsorption experiments were conducted. According to literature
reports, pyridine adsorbed on Lewis sites gives rise to bands at
1547 and 1640 cm™' and when adsorbed on Brensted sites there is
the presence of bands at 1454 y 1622 cm ™. Bands at 1446 and
1597 cm™! are attributed to hydrogen-bonded pyridine [22]. Fig. 6
shows the IR spectra of NiW catalysts after pyridine adsorption.
Only the catalysts supported on Al-modified SBA-15 present
Brgnsted and Lewis acid sites. It is expected that the presence of
Bronsted acid sites will favor the isomerization reaction route of
4,6-DMDBT transformation (see Fig. 7).

HRTEM images (Fig. 8) of sulfided catalysts show the existence of
the typical WS, layered structures. Over NiW/SBA-15 it is evident
that these structures are long and curved and in some cases
entangled, while over the aluminum-modified formulations are
short and more ordered. This indicates that the aluminum-modified
catalysts present higher dispersion of the WS, crystallites.

All the above results indicate that Al grafted on the surface of
SBA-15 incorporates to the surface mostly as tetrahedral Al

Table 2
Catalytic activity of supported NiW catalysts.

Xa k(h™) HYD/DDS Tol/MCH CUS-Ni%*/CUS-W** Naphthalene conversion Type of acidic sites
NiW/SBA-15 0.40 0.141 9.4 1.70 2.30 0.67 Lewis
NiW/AI-SBA15 (30) 0.87 0.389 7.1 1.74 2.80 0.90 Lewis and Brensted
NiW/AI-SBA15 (15) 0.91 0.407 8 1.84 3.76 0.96 Lewis and Brensted

Xa = 4,6-DMDBT conversion at t = 6 h, HYD/DDS = hydrogenation products/direct desulfurization product at 35% conversion, Tol/MCH = toluene/methylcyclohexane.
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Fig. 6. FTIR spectra of sulfided NiW/SBA-15 and NiW/AI-SBA15(x) catalysts with adsorbed pyridine.

without destroying the SBA-15 porous structure. Impregnation of
W and Ni under acidic conditions also preserves the characteristic
hexagonal structure of SBA-15. The incorporation of Al to SBA-15
allowed a good dispersion of the W and Ni phases on the surface,
which appear to be deposited on the walls of the pores. The
increase of the CUS-Ni%*/CUS-W*" ratio indicates that the number
of sites associated to the sulfided nickel phase increases with
aluminum incorporation to the SBA-15 framework suggesting the
formation of more NiWS promoted sites. Also, Brensted acidic
sites, are only present in aluminium-modified SBA-15 supports. So
it is possible that the use of these supports favors acid catalyzed
reactions like the isomerization contribution during 4,6-DMDBT
transformation.

3.2. Catalytic activity

To enquire on the effect of the above changes on the HDS
activity, hydrodesulfurization experiments of 4,6-DMDBT were
performed. Table 2 shows the HDS conversion results at t = 6 h for

o Q20

ISOM ‘l HYD Q:Q E— [Q_Q]
Sot L INORI
shle

DDS

Fig. 7. Scheme for HDS of 4,6-DMDBT through HYD and DDS pathways.

4,6-DMDBT and the values of the pseudo first order reaction rate
constant (k, h™1).

Aluminum-modified catalysts present significantly higher HDS
activity than the catalyst supported on pure SBA-15. The
conversion of 4,6-DMDBT was 91% for NiW/AI-SBA15(15) while
only 40% for NiW/SBA-15. The calculated reaction constant values
indicate that the catalyst supported on pure SBA-15 displayed an
activity 2.28 times smaller than NiW/AI-SBA15 (15).

The reaction pathways for the HDS of 4,6-DMDBT are
summarized in Fig. 7. Increasing the acidity of the catalyst can
improve its performance due to the displacement of methyl groups
(isomerization) induced by the acid character of the catalyst [23-
25]. This reduces the sterical hindrance allowing an easier access of
the sulfur to the catalyst active site.

Analysis of the reaction pathways was made considering 4,6-
dimethyltetrahydrodibenzothiophene (DMTHDBT) and
dimethylcyclohexylbenzene (DMCHB) as HYD pathway products,
and all dimethylbiphenyls as direct desulfurization (DDS)
products. The HYD/DDS and toluene/methylcyclohexane product
ratios calculated at 35% 4,6-DMDBT conversions are shown in
Table 2. The values of the HYD/DDS ratio are between 7.1 and 9.4,
indicating a clear predominance of the hydrogenation route over
the hydrodesulfurization one. The incorporation of Al to the
catalyst support leads to an increase in HDS activity but also to a
decrease in the HYD/DDS ratio. This behavior can be rationalized
either by an increase in the DDS routes or a decrease in
hydrogenation. Since the contribution of the ISOM-DDS route
increases with catalyst acidity, it is possible that the observed
decrease in the HYD/DDS ratio is due to a greater relative
contribution of the ISOM-DDS pathway. In agreement with this,
the value of the Tol/MCH ratio is higher than one for all catalysts
and increases from 1.7 to 1.84 with the incorporation of Al. Since
the hydrogenation route produces equimolar amounts of toluene
and MCH (see Fig. 7), the higher value of the Tol/MCH ratio
indicates that other route, most likely the ISOM-DDS one, is
producing extra toluene. It has been reported that once 4,6-
DMDBT isomerizes the ISOM-DDS route is preferred over the
ISOM-HYD pathway [26].

Comparing the results obtained here with those of a previous
work on NiMo/AIl-SBA-15(x) catalysts [16], it is found that the
tungsten-based catalysts of this work present a slightly lower
overall HDS activity but higher selectivity towards the hydro-
genation route in the transformation of 4,6-DMDBT. For NiMo
catalysts the HYD/DDS ratios for the catalysts supported on pure
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Fig. 8. TEM micrographs of sulfided (a) NiW/SBA-15, (b) NiW/AI-SBA15 (30), and c) NiW/AI-SBA15 (15) catalysts.

SBA-15, AI-SBA15(30), and Al-SBA15(15) were 7.9, 4.5, and 5.1
respectively whereas for the similar W-based catalysts of this work
the values of the HYD/DDS ratios were 9.4, 7.1, and 8, respectively.
Since in both cases the increase in acidity due to Al incorporation is
the same, the results on the HDS of 4,6-DMDBT and particularly the
differences in HYD/DDS ratios indicate the more selective
hydrogenating character of NiW/AI-SBA15(x) catalysts.

To analyze further the effect that Al incorporation has on the
hydrogenating performance of the catalysts, naphthalene
hydrogenation was carried out. Conversion of naphthalene after
6 h of reaction is presented in Table 2. NiW/SBA-15 presents the
lowest conversion. The HDS activity increases with aluminum
content. NiW/AI-SBA15 (30) displayed a conversion 1.3 times
higher and NiW/AI-SBA15 (15) 1.4 times that of NiW/SBA-15. So,
the use of AI-SBA-15 supports for NiW render HDS catalysts with
improved hydrogenation and isomerization functionalities,
which are highly active in the hydrodesulfurization of 4,6-
DMDBT.

4. Conclusions

When NiW HDS catalysts supported on alumina-modified SBA-
15 are prepared using HCI acidified solutions of ammonium
metatungstate and nickel nitrate at pH~1.0 the integrity of the
SBA-15 support is preserved. Post-synthetic aluminum incorpora-
tion onto the support surface leads to higher dispersion of the WS,
phase and gives rise to the formation of Brgnsted acid sites, which
in turn increase the contribution of the isomerization-direct
desulfurization (ISOM-DDS) pathway of 4,6-DMDBT HDS. The
higher activity displayed by the Al-modified catalysts in the HDS of
4,6-DMDBT seems to be related to the presence of Brgnsted acid
sites in the sulfided NiW/AI-SBA15(x) catalysts, to a higher
dispersion of the WS, phase and to the increased number of
coordinatively unsaturated sites (CUS) present in the sulfided
catalysts. The products distribution shows that the activity of the
ISOM-DDS reaction pathway increases with aluminum content,
due to the presence of Bregnsted acidic sites.
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