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Crystalline AlPO4-5 modified alumina was firstly developed as support for hydrodesulfurization (HDS). It can promote the

reducibility of metal oxides, inhibit inactive nickel spinel formation and facilitate more polymeric tungsten species formation, which

favors the promotion effect of nickel on tungsten and results in an enhanced activity in HDS of DBT.
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1. Introduction

Alumina is being used as support in most com-
mercial hydrodesulfurization (HDS) catalysts, due to
its outstanding textural and mechanical properties,
and its ability to keep active metal phases highly
dispersed and remain stable during operation or
facilitate redispersion of them during regeneration
[1,2]. But the strong interaction between alumina and
metal species, is generally believed to be responsible
for the formation of relatively less active ‘‘Type?’’
phases [1–3]. In order to adjust the strong metal-
support interactions, many elements (Ti, Si, P, F, B,
Mg, Na, etc.) have been tested as additives with the
desire to modify the surface properties of alumina,
such as changing its surface acidity [4,5] or its ability
in accommodating the metals [6–10]. However, the
tailoring effects of the framework elements of molec-
ular sieves on alumina surface have never been seen in
open literature.

Here we would like to report the first example of
AlPO4-5 modified alumina for HDS, prepared by
incorporating crystalline AlPO4-5 into the alumina
matrix. Notably, the crystalline AlPO4-5, characteristic
of alternate tetrahedral aluminum and phosphorus
atoms bridged by oxygen atoms [11], owns very mild
acidity to avoid undesired cracking brought by acidic
molecular sieves [12]. The purpose of the present work is
to investigate the tailoring effects of the crystalline alu-
minophosphate framework of AlPO4-5 on alumina and
its influence on metal-support interactions and HDS
activity.

2. Experimental

2.1. Composite support preparation

A typical preparation procedure was as follows. Firstly,
AlPO4-5 was synthesized according to the hydrothermal
crystallization method [11], followed by centrifugation,
filtering, and washing thoroughly. Secondly, the filter cake
was repulped in deionized water. And under vigorous
stirring (10,000 rpm) the obtained suspension was added
dropwise into the pseudo-boehmite sol, which was pre-
pared with the commercial pseudo-boehmite powders
peptized with 5 wt% nitric acid at room temperature for
8 h. Thirdly, the sol mixture was stirred vigorously in a
water bath at 348 K until the mixture became viscous
paste, then followed by extruding, drying, calcining at
823 K for 5 h. The obtained composite support was
designated AAP, containing the phosphorous content of
9 wt% (calculated by P2O5). And pureAl2O3 support was
prepared directly from the acidified pseudo-boehmite sol
as the reference sample, correspondingly.

2.2. Catalyst preparation

The catalysts NiW/AAP and NiW/Al2O3 with the
loading of 4 wt% NiO and 27 wt%WO3, were prepared
by pore volume co-impregnation method with an aque-
ous solution of nickel nitrate and ammonium meta-
tungstate, respectively. Prior to use, the samples were
dried overnight at 393 K and calcined at 823 K for 4 h.

2.3. Characterization

2.3.1. X-ray diffraction
X-ray diffraction patterns were recorded on a SHI-

MADZU-6000 diffractometer, using the Cu Ka
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radiation at 40 kV and 30 mA with a scanning rate of
2�/min.

2.3.2. 31P MAS NMR
All solid-state NMR experiments were performed

using a 6 mm Pencil probehead on a wide-bore Varian
Unity Inova-300 spectrometer, operating at 121.4 MHz,
p/2 (1.8 ls) pulses, 160 scans and 15 s recycle delay
using zirconia rotors of 6 mm outside diameter spinning
at 7.0 KHz and room temperature. 31P chemical shifts
are quoted with respect to an external 85% aqueous
solution of H3PO4.

2.3.3. N2 physisorption
The surface area and pore volume of the samples

were determined by N2 physisorption using a Microm-
eritics ASAP 2020 automated system. Each sample was
degassed at 623 K for 5 h prior to N2 physisorption.

2.3.4. Infrared Spectroscopy
Acid sites and acid type distribution of the oxide form

catalysts were determined by infrared spectroscopy (IR)
of chemisorbed pyridine. All spectra were recorded on a
MAGNA-IR560ESP Fourier-transform infrared spec-
trometer at a resolution of 0.35 cm)1. The sample degas
was carried out at 623 K and 10)3 Pa for 4 h prior to the
adsorption of pyridine. IR spectra were recorded after
subsequent evacuation at increasing temperatures from
473 to 623 K (1 h at each temperature).

2.3.5. Temperature-programmed desorption
NH3-temperature-programmed desorption (TPD) of

the supports and the oxide form catalysts was per-
formed, respectively, by using Quantachrome Autosorb-
1, equipped with a QUADSTAR 32-bit quadrupole
mass spectrometer (QMS) 200 to monitor the exit gas. A
sample of 0.20 g was charged in the quartz tube and
heated at a rate of 10 K/min to 773 K for 30 min under
N2 flow before exposure to 100% NH3 at 298 K for
30 min. The NH3-TPD spectrum was recorded from 373
to 973 K at the heating rate of 10 K/min after removing
weakly adsorbed NH3 by heating the catalyst to 373 K
under pure N2 flow. The total flow rate of gas was fixed
as 30 cm3/min.

2.3.6. Temperature-programmed reduction
The temperature-programmed reduction (TPR)

experiments of the oxide form catalysts were carried out
on a Quantachrome Autosorb-1. Prior to the reduction,
the catalyst sample in a quartz reactor was pretreated in
an O2 flow of 30 cm3/min at 573 K for 3 h and cooled
down to room temperature. Then the TPR experiment
was run in a 10% H2/Ar (by volume) flow of 30 cm3/
min, heating up to 1273 K at a rate of 5 K/min, with a
Quantachrome Autosorb-1-C TCD controller to moni-
tor the exit gas.

2.3.7. Diffuse reflectance spectra
Diffuse reflectance spectra (DRS) of the oxide form

catalysts were recorded in the 350–800 nm range using
corresponding support as reference on a Hitachi U-4100
Spectrophotometer.

2.3.8. Laser Raman spectra
Laser Raman spectra of the oxide form catalysts were

recorded in the range of 200–1400 cm)1 under ambient
conditions on a computer-controlled Renishaw micro-
scopic confocal Raman spectrometer, model RM2000,
using the 514.5 nm line from a Spectra Physics model
165 Ar ion laser as the exciting source. The spectra shift
width was typically 1 cm)1, and laser source powers at
the sample were ca. 4.7 mW.

2.3.9. X-ray fluorescence spectroscopy
The contents of Ni, W, and P were determined on a

ZSX100e X-Ray fluorescence analyzer.

2.3.10. Catalytic activity evaluation
The HDS of DBT was carried out in a continuous

flow fixed-bed micro-reactor under the conditions:
4.0 MPa, 553 K, the catalyst loading of 0.60 g,
0.58 wt% DBT in decane as the model feed, the feed
flow rate of 6.85 mL/h, H2/Oil ratio of 500 v/v. The
catalysts were presulfided in situ with the sulfiding feed
of 10 vol% CS2 in decane, 4.0 MPa and 573 K. After
steady-state conditions were reached, the liquid effluents
were periodically collected. And the total sulfur content
in the feed (Sfeed) and products (Sproduct) was measured
by using a LC-4 coulometric sulfur analyzer. Finally, the
HDS activity of DBT was calculated as follows:

HDS conversionð%Þ ¼ ½ðSfeed � SproductÞ=Sfeed� � 100:

3. Results and discussion

3.1. X-ray diffraction

The XRD patterns of the calcined samples as shown
in figure 1 indicate that composite support AAP exhibits
all the characteristic peaks of AlPO4-5, confirming its
stable embedding in the alumina matrix. After the
loading of nickel and tungsten, the characteristic peaks
of AlPO4-5 partly weaken, ascribed to the dilution effect
or partial breakdown of crystalline AlPO4-5 structure
caused by the metal species [13]. But no visible metal
oxides peaks are found in the XRD patterns of NiW/
AAP or NiW/Al2O3.

3.2. 31P MAS NMR

In order to investigate if there was an interface
between crystalline AlPO4-5 and alumina in the com-
posite support AAP, through which exerting the tailor-
ing effects of AlPO4-5 on alumina, the 31P MAS NMR
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spectra of AlPO4-5 and composite support AAP were
recorded, respectively. It can be clearly seen that there
was a strong resonance at )29.3 ppm in the 31P MAS
NMR spectra of AlPO4-5 (as shown in figure 2), which
is characteristic of the tetrahedral phosphorus P(OAl)4
in aluminophosphate molecular sieve AlPO4-5 [14,15].
In contrast, a strong resonance at )29.4 ppm was also
found in the 31P MAS NMR spectra of composite
support AAP (as shown in figure 3), which indicated
that AlPO4-5 is successfully stabilized in the alumina
matrix and still retains its highly crystalline structure.
Interestingly, a weak shoulder peak at )13.9 ppm was
also found, suggesting that the chemical environment of
some phosphorous atoms is different from the tetrahe-
dral phosphorus P(OAl)4 in molecular sieve AlPO4-5
[14–16]. It can be reasonably explained that a new
interface forms between molecular sieve AlPO4-5 and
alumina [17,18], because through our composite support
preparation method, AlPO4-5 was in close contact with
alumina. Moreover, during the calcination treatment,
the terminal hydroxyl groups on the outside surface of
AlPO4-5 particles maybe reacted with those of alumina
surface to produce new chemical bonds.

3.3. N2 physisorption

The textural properties of the samples listed in table 1
indicate that the composite support AAP has larger
surface area, but unexpectedly equivalent pore volume
compared with pure alumina. It can be probably ascri-
bed to a void space forming between AlPO4-5 crystal-
lites and alumina matrix, which contributes to the
retained total pore volume [17,18]. However, after the
loading of nickel and tungsten oxides, the surface area
and pore volume of NiW/AAP decrease considerably
and become smaller than those of NiW/Al2O3, due to
partial blocking of the channels of AlPO4-5 or break-
down of its crystalline structure caused by metal oxides
[13].

3.4. Infrared spectroscopy

The results of the acid sites and acid type distribution
of pure Al2O3 and AlPO4-5 were shown in table 2. It is
clear that AlPO4-5 has less total acid sites (pyridine
desorption temperature at 473 K) and less strong-
strength acid sites (pyridine desorption temperature at
623 K), compared with Al2O3. In contrast, there are
only L type acid sites on the alumina surface, while a few
of both B type acid sites and L type acid sites are
observed on the AlPO4-5 surface, but such acid sites are
mild and will not result in over-cracking as reported by
the previous literature [19]. Moreover, it should be noted
that no obvious signal of B type acid sites was observed
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Figure 1. X-ray diffraction patterns of (a) Al2O3; (b) AAP; (c) NiW/

Al2O3; (d) NiW/AAP and (e) AlPO4-5.
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Figure 2. 31P MAS NMR spectra of AlPO4-5.
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Figure 3. 31P MAS NMR spectra of composite support AAP.

Table 1

BET surface areas and pore volumes of the samples

Sample Surface

area (m2/g)

Pore volume

(cm3/g)

Al2O3 281 0.54

AlPO4-5 309 0.12

AAP 293 0.54

NiW/Al2O3 193 0.36

NiW/AAP 180 0.34
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in the pyridine-IR spectrum of composite support AAP,
because of the dilution effect brought by alumina.

3.5. Temperature-programmed desorption

NH3-TPD spectra of the supports and the oxide form
catalysts were shown in figures 4 and 5, respectively. It is
obvious that the shapes of the corresponding desorption
curves of the supports Al2O3 and AAP or the catalysts
NiW/Al2O3 and NiW/AAP are very analogous, sug-
gesting similar acidity distributions over them. How-
ever, the NH3 desorption peaks of both AAP and NiW/
AAP shift to lower temperature slightly in comparison
with those of Al2O3 and NiW/Al2O3, correspondingly,
ascribed to that AlPO4-5 owns less strong acid sites
compared with Al2O3, which has been proven by the
results of pyridine-IR desorption in table 2. The NH3-
TPD experimental results further confirm that NiW/
AAP with the incorporation of AlPO4-5 into alumina,
unlike previously reported acidic molecular sieves [12],
will not cause undesired over-cracking [19].

3.6. Temperature-programmed reduction

The TPR profiles of NiW/Al2O3 and NiW/AAP were
shown in figure 6. It is evident that the TPR peaks of
NiW/AAP notably shift to lower temperatures, com-
pared with those of NiW/Al2O3, correspondingly. It can
be properly interpreted that the incorporation of AlPO4-
5, especially attributed to the tailoring effects of its
naturally AlPO4-based framework, could play a benefi-
cial role in suppressing the most reactive hydroxyl
groups responsible for the metal oxides species inter-

acting strongly with alumina support [20], due to their
intimate contact and the formation of new interface,
which has been confirmed by the characterization of 31P
MAS NMR. Furthermore, the introduction of AlPO4-5
could also partly relieve the polarizing effect of alu-
minium ions of the alumina support on metal ions in the
catalysts, which results in substantial improvement on
metal-support interactions and causes easier reduction
of nickel and tungsten species [7,8,20,21].

3.7. Diffuse reflectance spectra

The DRS spectra of NiW/Al2O3 and NiW/AAP were
shown in figure 7. It is apparent that there are two peaks
at 590 nm and 630 nm, characteristics of tetrahedrally
coordinated Ni2+ ions in NiAl2O4, in the spectra of

Table 2

Total acid and acid type distribution of Al2O3 and AlPO4-5

Sample 473 K 623 K

B acid (mmol/g) L acid (mmol/g) B acid (mmol/g) L acid (mmol/g)

Al2O3 – 0.31 – 0.13

AlPO4-5 0.022 0.058 0.011 0.031
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Figure 4. NH3-TPD spectra of (a) AAP and (b) Al2O3.
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Figure 5. NH3-TPD spectra of (a) NiW/AAP and (b) NiW/Al2O3.
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Figure 6. TPR profiles for (a) NiW/Al2O3 and (b) NiW/AAP.
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NiW/Al2O3, agreeing well with the previous reports
[22,23]. However, with the incorporation of AlPO4-5
into alumina, such visible peaks disappear. Moreover,
the band around 420 nm, characteristic of octahedrally
coordinated Ni2+ ions, shifts to higher wavenumbers
indicating an increased incorporation of nickel with
tungsten producing Ni–W–O species [22,23]. Conse-
quently, it is safe to conclude that the tailoring effects of
aluminophosphate framework of AlPO4-5 on alumina,
can, to some extent, impede the diffusion of Ni ions into
the alumina lattice [22,23], and facilitate the Ni2+ ions
to be octahedrally coordinated on the composite sup-
port AAP.

3.8. Laser Raman spectra

The LR spectra of NiW/Al2O3 and NiW/AAP were
shown in figure 8. In the LR spectra of NiW/Al2O3, a
noticeable band at 975 cm)1 was found. However, the
corresponding peak shifted to 979 cm)1 in the LR
spectra of NiW/AAP, indicating that with the incorpo-
ration of AlPO4-5, the degree of polymerization of
tungsten species is increased [24–26]. It could be attrib-
uted to the surface properties of composite support
AAP favoring the formation of octahedrally coordi-

nated polymeric tungsten species, which has been
reported to interact with support weakly, contributing
to easier reducibility (as confirmed by TPR experimental
results in figure 6) and higher activity [24–27].

3.9. Catalytic activity evaluation

The HDS of DBT results were illustrated in figure 9.
It indicates that NiW/AAP exhibits higher HDS activ-
ity, owning an increase of more than 5% in HDS con-
version, compared with NiW/Al2O3. Furthermore, the
compounds distribution of the liquid effluents obtained
over NiW/AAP shows no obvious difference from that
of NiW/Al2O3 according to the GC chromatograms,
without much over-cracking products formation, due to
its mild acidity as confirmed by the experimental results
of Py-IR and NH3-TPD.

Consequently, the remarkable increase in HDS
activity of NiW/AAP can be ascribed to the reasons as
follows. Firstly, the tailoring effects of AlPO4-5 on
alumina through the interface formed between them (as
proven by 31P MAS NMR spectra in figure 3) remark-
ably improve metal-support interactions and cause eas-
ier reduction of metal species (as illustrated in TPR
profiles in figure 6); Secondly, the inhibiting formation
of inactive nickel spinel (as confirmed by DRS spectra in
figure 7), favors the promotion effect of nickel on
tungsten; Thirdly, the increased degree of polymeriza-
tion of tungsten species (as characterized by LR spectra
in figure 8), according to the previous reports [6,27],
maybe promoted the formation of the precursor of
active sites (Ni–W–S species) for HDS.

4. Conclusion

NiW/AAP shows notably higher activity in HDS of
DBT than NiW/Al2O3. It can be attributed to the
advantages stemming from the tailoring effects of crys-
talline AlPO4-5 on alumina. Firstly, the introduction of
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Figure 7. DRS spectra of (a) NiW/Al2O3 and (b) NiW/AAP.
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Figure 8. Laser Raman spectra of (a) NiW/Al2O3 and (b) NiW/AAP.
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AAP.
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AlPO4-5 into alumina substantially enhances the
reducibility of metal oxides. Secondly, the inhibiting
formation of inactive nickel spinel and the increased
degree of polymerization of tungsten species, probably
favored the promotion effect of nickel on tungsten or the
formation of the precursor of active sites for HDS,
resulting in a marked increase in HDS activity.
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