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Abstract−MCM-41 was calcined at 500, 560, 600 or 650 oC. It was used as support for NiW catalysts of hydrodenitro-

genation (HDN) for quinoline in order to investigate the influences of the MCM-41’s calcination temperature on the

structure and the HDN performance of NiW catalysts. The NiW catalysts were characterized by XRD, N2 adsorption-

desorption, XPS, Raman, HRTEM and Py-IR techniques. The results showed that the surface area (SBET), the average

pore diameter (Dp) and the pore volume (Vp) of the MCM-41 increased with increase of the MCM-41’s calcination

temperature. The high SBET, Dp and Vp were beneficial for the high dispersion of W species, the formation of appropriate

nature of W species and acid sites on the catalysts. The HDN activity followed the order of NiW-650≈NiW-600>NiW-

560>NiW-500, while the relative selectivity of HDN pathways was similar for all the catalysts.
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INTRODUCTION

Hydrodenitrogenation (HDN) is one of the most important reac-
tions during hydrotreating processes of petroleum refining prod-
ucts because the nitrogen compounds in the products can result in
the fast deactivation of hydrotreating catalysts and serious environ-
mental pollution [1,2].

Conventional Mo or W sulfides promoted by Ni supported on
alumina are utilized as HDN catalysts [3,4]. In recent years, many
efforts have been aimed at improving the catalytic activity and the
selectivity of the catalysts, including the change of active metal com-
position [5,6], the uses of different types of active metals [7,8], addi-
tives [9,10] and supports [2,11], etc. Among these, the use of dif-
ferent supports is one of the most promising approaches. The support
of order mesoporous silica such as MCM-41 has attracted more
and more attention due to the high surface areas and the homoge-
neous pore diameters. There are several reports available on develop-
ing high performance HDN catalysts supported on MCM-41 [11-14].

The impregnation of active compounds is frequently used for
preparing HDN catalysts. Generally, prior to the impregnation of
active compounds, the support is calcined at high temperature. It is
recognized that the calcination temperature is one of the fundamental
factors that can affect the support’s nature, such as the surface area,
the pore diameter and the surface property. For example, Khder found
that the structural ordering of MCM-41 was improved as MCM-
41 was calcined at 550 oC [15]. Chen et al. reported that the lattice
contraction of MCM-41 and the loss of silanol density occurred as
MCM-41 was calcined at elevated temperatures [16]. Actually, the
support’s property strongly affects the activity and the selectivity of

the catalyst. However, little literature has been reported specifically
about the performance of hydrotreating catalysts supported on the
MCM-41 that was calcined at different temperatures. Moreover, it
is reported that the sulfided NiW catalysts are superior to the sulfided
NiMo catalysts for HDN reaction because of their high hydrogenation
activity [4]. Therefore, our objective was to investigate the influ-
ences of the MCM-41’s calcination temperature on the structure
and the HDN performance over NiW catalysts.

The NiW catalysts were prepared with MCM-41 as support, which
was calcined at temperatures of 500, 560, 600 or 650 oC. These cata-
lysts were characterized by XRD, N2 adsorption-desorption, XPS,
Raman, HRTEM and Py-IR techniques. The catalytic performance
in HDN of quinoline over the catalysts was investigated and the
correlation between the structure and the catalytic performance of
these catalysts in HDN of quinoline was also discussed.

EXPERIMENTAL SECTION

1. Catalyst Preparation

The MCM-41 was supplied by the Catalyst Plant of Nankai. Prior
to the impregnation of active compounds, the MCM-41 was calcined
in static air at 500, 560, 600 or 650 oC for 6 h, which was denoted
as MCM-500, MCM-560, MCM-600 and MCM-650. The catalysts
were prepared by co-impregnation method using an equilibrium-
adsorption technique. In this method, a solution containing required
amount of ammonium paratungstate (analytical grade) and nickel
nitrate hexahydrate (analytical grade) in water was impregnated onto
the MCM-41 support. After impregnation, the sample was dried at
room temperature for 12 h, then at 80 oC for 12 h. Finally, the cal-
cination was performed at 540 oC for 3 h. All the catalysts were pre-
pared with the same amounts of WO3 (20 wt%) and NiO (2.5 wt%).
The prepared catalysts were designated as NiW-X (X=500, 560,
600 or 650), where X is the calcination temperature of MCM-41.
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2. Characterization Techniques

The thermogravimetric analysis and differential thermal analysis
(TG-DTA) were recorded on a Rigaku Thermo plus Evo TG 8120
instrument at a heating rate of 10 oC·min−1 in air with a flow rate
of 30 ml·min−1.

The X-ray diffraction (XRD) was recorded on a Bruker D8
Advance diffractometer with Cu Kα radiation (λ=1.54178 Å). The
power diffractograms were recorded in the 2θ range of 1.5-80o at a
step of 0.01o s−1.

N2 adsorption-desorption isotherms were recorded on a Tristar-
3000 Micromeritics volumetric apparatus. The special surface area was
calculated according to the BET isothermal equation. The average
pore diameter was calculated by applying the Barret-Joyner-Hal-
enda method (BJH) to the adsorption branches of the N2 isotherms.
The pore volume was obtained for the isotherms at P/P0=0.99.

The XPS spectra were measured by using a Kratos XSAM800
fitted with an Al Kα source (1486.6 eV) with two ultra-high-vac-
uum (UHV) chambers. The binding energy was referenced to the
C1s peak (284.8 eV) to account for charging effects. The areas of
the peaks were computed after fitting of the experimental spectra to
Gaussian/Lorentzian curves and removal of the background (Shirley
function). Surface atomic ratios were calculated from the peak area
ratios normalized by the corresponding atomic sensitivity factors.

Laser Raman spectra were recorded on a LabRAM HR800 Sys-
tem with a CCD detector at room temperature. The 514 nm of the Ar+

laser was employed as the exciting source with a power of 1 MW.
High resolution transmission electron microscopy (HRTEM) was

performed using a JEOL (JEM-2100F). The calcined samples were
suspended in ethanol with an ultrasonic dispersion for several min-
utes and deposited on the microscope grid.

IR spectra of adsorbed pyridine (Py-IR) were recorded using a
Nicolet-510P apparatus. Prior to the pyridine adsorption, the cal-
cined samples were pressed into thin wafers and evacuated in situ
under vacuum at 300 oC for 2 h, then cooled to room temperature,
and successive pyridine was dosed until saturated adsorption on
the samples. Finally, the system was evacuated at different temper-
atures and pyridine adsorbed IR spectra were recorded.
3. Hydrodenitrogenation Measurement

The quinoline HDN reaction was carried out in a fixed-bed reac-
tor (a 50 cm long stainless steel tube with an inner diameter of 6 mm)
with the feed of quinoline in n-heptane (0.5 wt% N). The reactor
was charged with 1g catalyst in 20-40 mesh size. Prior to the reac-
tion, the catalyst was in-situ presulfided at 400 oC and 3 MPa for
3 h with a 3 mL/h feed of 5% CS2 in n-hexane. After that, the HDN
reaction was carried out under the conditions (pressure of 4 MPa,
temperature of 350-400 oC at a step of 10 oC, WHSV of 2 h−1 and
H2/feed volumetric ratio of 1000). After a stabilization period of
12 h, the reaction products were condensed and periodically sepa-
rated from a gas-liquid separator. The reaction products were ana-
lyzed by a 5860 gas chromatograph equipped with a flame ionization
detector and a capillary column (DB-5).

RESULTS AND DISCUSSION

1. Sample Characterizations

1-1. TG-DTA
The TG-DTA curve of the parent MCM-41, given in Fig. 1, is

similar to those previously published [17,18]. The TG curve exhib-
its three distinct stages of weight loss 30-130 oC, 230-350 oC and
above 350 oC. The first stage is due to the desorption of water. The
second stage is associated with the combustion of the organic tem-
plate species. The third stage is related to the water losses via conden-
sation of the silanol groups. Also, there is nearly no weight loss at
about 800 oC. From the inset curve (the magnifying figure of TG
curve), the weight loss above 500, 560, 600 and 650 oC is 5.3%,
3.0%, 1.8% and 0.9%, respectively. It indicates that the weight loss
is very small above 600 and 650 oC.
1-2.XRD

Fig.2 displays the small-angle XRD patterns of the MCM-41 which
was calcined at different temperatures. The small-angle XRD pat-
terns of all the MCM-41 have three peaks that can be indexed to
(100), (110), (200) reflections, which correspond to a well ordered
hexagonal pore system [19]. The result is confirmed by the nitro-
gen adsorption isotherms as shown in Fig. 4(a). Furthermore, the
position of (100) peak slightly shifts to higher angle with the increase
of MCM-41’s calcination temperature, which may be related to the
lattice contraction of MCM-41 during the higher temperature cal-

Fig. 1. TG-DTA curve of parent MCM-41.

Fig. 2. Small-angle XRD patterns of the MCM-41: (a) MCM-500;
(b) MCM-560; (c) MCM-600; (d) MCM-650.
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cination [16].
The wide-angle XRD patterns of the catalysts, in Fig. 3, show

that all the catalysts exhibit a very broad peak corresponding to the
amorphous silica walls. No peaks related to Ni and W crystalline
phases are detected in the XRD patterns of all the catalysts. These
results reveal that the particle size of Ni and W crystallites is very
small or they are highly dispersed on the support [20].
1-3. Nitrogen Adsorption-desorption

The textural properties of MCM-41 and the catalysts are listed
in Table 1. MCM-500 shows the least specific surface area (SBET),
average pore diameter (Dp) and pore volume (Vp) among all the
supports. It may be due to that a small quantity of organic frag-
ments is still preserved within the pore structure [17]. Moreover,
the SBET, Dp and Vp of the MCM-41 increased with increase of the
MCM-41’s calcination temperature. However, Dp and Vp of the
MCM-41 do not significantly vary (about 0.03 nm and 0.03 cm3·g−1)
when it was calcined above 600 oC. This well agrees with Keene et al.

[17] and the result of TG-DTA (a small weight loss above 600 oC).
Furthermore, a significant decrease in the SBET and Vp is observed
when Ni and W species are impregnated to the MCM-41. In fact,
the decrease in the SBET is due to the dilution of the parent MCM-
41 by Ni and W phases [21]. Also, the occupation and the blockage
of pores by the metal particles may lead to the decrease in the SBET.
To confirm the blockage of MCM-41’s pores, the normalized SBET

values are calculated using an equation proposed by Vradman et
al. [21] (see Table 1).

NSBET=SBET of catalyst/[(1−y)×SBET of support]

where NSBET is normalized SBET and y is the weight fraction of the
metallic phases. The value of NSBET for the catalyst of NiW-500 is
0.67. However, the value of NSBET for other catalysts is about 0.79 and
higher than that of the NiW-500 (0.67). It indicates that the blockage
of MCM-41’s pores by Ni and W species for the catalyst of NiW-
500 is the most significant one among all the catalysts. The result
agrees with the nitrogen adsorption isotherms shown in Fig. 4(A).

The N2 adsorption isotherms and pore size distribution of the MCM-
41 and the catalysts are shown in Fig. 4(A) and (B). According to
the literature [22], the sharpness of the step on the N2 adsorption
isotherms indicates the uniformity of mesopore size distribution.
Fig. 4(A) and (B) show that all the MCM-41 present a type IV iso-
therm with an H1 hysteresis loop and a narrow pore size distribu-

Fig. 3.Wide-angle XRD patterns of the catalysts: (a) NiW-500; (b)
NiW-560; (c) NiW-600; (d) NiW-650.

Table 1. Textural properties of the MCM-41 and catalysts

Sample SBET
a (m2·g−1) Dp

b (nm) Vp
c (cm3·g−1) NSBET

d

MCM-500 0938.5 3.32 0.81 -

MCM-560 0995.6 3.63 0.89 -

MCM-600 1038.3 3.69 0.92 -

MCM-650 1039.2 3.59 0.93 -

NiW-500 0496.9 2.79 0.35 0.67

NiW-560 0616.2 2.91 0.45 0.79

NiW-600 0638.2 3.06 0.49 0.78

NiW-650 0658.8 3.27 0.58 0.80

aSBET, specific surface area calculated by the BET method
bDp, average pore diameter corresponding to the maximum of the pore

size distribution obtained from the adsorption isotherm by the BJH

method
cVp, pore volume determined by nitrogen adsorption at a relative pres-

sure of 0.99
dNSBET=SBET of catalyst/[(1−y)×SBET of support], y is the weight fraction of

the metallic phases

Fig. 4. N2 adsorption-desorption isotherms (A) and Pore size dis-
tribution curves (B) of the MCM-41 and catalysts: (a) MCM-
500; (b) MCM-560; (c) MCM-600; (d) MCM-650; (e) NiW-
500; (f) NiW-560; (g) NiW-600; (h) NiW-650.
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tion. However, the sharpness of the step (Fig. 4(A)) of the catalysts
is much lower than that of the MCM-41, indicating the decrease of
the uniformity of mesopore size distribution, especially for the cata-
lyst of NiW-500. This may be due to the smallest pore diameter of
MCM-500 (Table 1). Moreover, from Fig. 4(B), the pore size dis-
tribution slightly shifts to the lower pore diameter in the catalysts
relative to MCM-41 supports, which reflects the formation of parti-
cles inside the pores [23].
1-4. XPS

XPS technique was performed to better understand the disper-
sion of W species. It is stated that the ratio of the metal-to-support
from the XPS result can provide important information regarding
the dispersion of the metal species [24]. Thus, the ratio of W/Si on
the catalysts was calculated and the results are given in Table 2. The
ratio of W/Si follows the order of NiW-650 (0.048)≈NiW-600 (0.046)
>NiW-560 (0.042)>>NiW-500 (0.033). Therefore, the dispersion
of W species follows the order of NiW-650≈NiW-600>NiW-560>>
NiW-500. As stated in the section of N2 adsorption-desorption, the
SBET, Dp and Vp of the MCM-41 increase with the increase of MCM-
41’s calcination temperature. The high SBET, Dp and Vp of the MCM-
41 may lead to the higher dispersion of W species. Furthermore,
the high dispersion of W species may lead to the generation of more
active species on the catalysts. Moreover, because the XPS tech-
nique is a kind of surface technique, the lowest ratio of W/Si for
the catalyst of NiW-500 (0.033) may indicate that the W species
are deposited inside the pores of the catalyst of NiW-500. This well
agrees with the results of N2 adsorption-desorption.

The chemical state and surface composition of catalysts are also
revealed by XPS. The binding energies of the W4f and Ni2p are
compiled in Table 2. The W4f core level spectra of all the catalysts
show a W4f7/2 and W4f5/2 doublet centered at binding energy (BE)
about 35.8 eV and 38.0 eV, respectively. Similarly, the Ni2p core
level spectra of all the catalysts show a Ni2p3/2 and Ni2p1/2 doublet
centered at BE about 856.0 eV and 873.8 eV, with the correspond-
ing shake-up satellite at BE about 862.3 eV and 880.6 eV. There-
fore, W4f and Ni2p XPS spectra of all the catalysts have similar
peak shape at similar binding energy. According to the literature,
the BE of W4f7/2 spectrum in the range of 35.8-36.5 eV is ascribed
to WO3 and/or NiWO4 [6], and the BE of Ni2p3/2 spectrum in the
range of 855.7-856.5 eV is ascribed to Ni2O3 and /or NiWO4 [25].
1-5. Raman

The Raman spectra are given in Fig. 5. According to the litera-

ture, MCM-41 does not present Raman band [26]. The crystalline
WO3 presents the bands of 803, 710 and 274 cm−1 [27]. In addi-
tion, the band at 970 cm−1 is assigned to the symmetric stretching
of the W=O band in octahedrally coordinated W species [20].

Fig. 5 shows that several strong Raman bands assigned to crys-
talline WO3 (803, 710 and 274 cm−1) are observed for the catalyst
of NiW-500, indicating the poor dispersion of the W species on the
catalyst of NiW-500. However, no Raman bands assigned to crys-
talline WO3 (803, 710 and 274 cm−1) are observed for other cata-
lysts, indicating good dispersion of the W species on the catalysts
of NiW-560, NiW-600 and NiW-650. Therefore, it is inferred that
the catalyst of NiW-500 shows the worst dispersion of W species.
This is agrees well with the result of XPS discussed above. How-
ever, based on the aforementioned results of wide-angle XRD, no
crystalline phases due to WO3 are detected in the wide-angle XRD
patterns of NiW-500 catalyst. This discrepancy may be attributed
to the fact that the WO3 crystal size is below the detection limit of
the XRD technique.

Fig. 5 also shows that a band at 970 cm−1 is observed for all the
catalysts, suggesting the presence of octahedrally coordinated W
species on all the catalysts. Therefore, both crystalline WO3 and
octahedrally coordinated W species coexist on the catalyst of NiW-
500. However, only octahedrally coordinated W species are present
on other catalysts. The octahedrally coordinated W species are the
genesis of active species for hydrotreating catalyst [28]. Hence, it
can be concluded that the support of the MCM-41 which was cal-
cined at higher temperature favors the formation of the appropriate
nature of W species on the catalysts.
1-6. HRTEM

To further investigate the dispersion of metallic species, the HRTEM
characterization was carried out. The HRTEM spectra of all cata-
lysts are shown in Fig. 6. It is confirmed that the average size of
the metallic oxide particles is below 4 nm for all the catalysts, which
is in accordance with the results of XRD. From Fig. 6 it is also ob-
served that the metallic oxide particles exist in the form of aggre-
gates on the catalyst of NiW-500, whereas the metallic oxide parti-
cles are well dispersed on other catalysts. As stated above about N2

adsorption-desorption, the MCM-500 shows the least SBET, Dp and

Table 2. The binding energies of the W4f, Ni2p and the ratios of
W/Si

Catalyst
Binding energy/eV

W/Si
W4f7/2 W4f5/2 Ni2p3/2 Ni2p1/2

NiW-500 35.9 38.0 856.0 873.7 0.033

862.2 880.8

NiW-560 35.8 37.9 856.0 873.8 0.042

862.3 880.3

NiW-600 35.8 38.0 856.2 874.1 0.046

862.5 880.6

NiW-650 35.9 37.9 856.1 874.0 0.048

862.4 881.3

Fig. 5. Raman spectra of the catalysts: (a) NiW-500; (b) NiW-560;
(c) NiW-600; (d) NiW-650.
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Vp among all the supports. These results demonstrate that the disper-
sion of metallic oxide particles is influenced by the textural proper-
ties of support.
1-7. Py-IR

The surface acidity of catalysts was determined by the in situ Py-
IR technique. Usually, the bands at approximately 1,446, 1.575, 1,595

and 1,608 cm−1 are assigned to Lewis acid sites, while the bands at
around 1,540 and 1,636 cm−1 are assigned to Brönsted acid sites.
In addition, the band at 1,490 cm−1 can be associated with pyridine
adsorbed on both Lewis and Brönsted acid sites [29]. The Py-IR
spectra of catalysts are presented in Fig. 7, which clearly reveals
that both Lewis and Brönsted acid sites coexist on the surface of all
the catalysts. The density of acid sites on the surface of the catalysts
at different temperatures is listed in Table 3.

Clearly, the density of both Lewis and Brönsted acid sites on the
surface of catalysts follows the order of NiW-650≈NiW-600>NiW-

Fig. 6. HRTEM micrographs for (a) NiW-500; (b) NiW-560; (c) NiW-600; (d) NiW-650.

Fig. 7. Py-IR spectra of the catalysts: (a) NiW-500; (b) NiW-560;
(c) NiW-600; (d) NiW-650.

Table 3. Acidity results for the NiW catalysts measured by FT-IR
spectroscopy combined with pyridine desorption at dif-
ferent temperatures

Catalyst

Brönsted acidity/

µmol pyridine g−1

Lewis acidity/

µmol pyridine g−1

Temperature/oC Temperature/oC

40 100 200 250 40 100 200 250

NiW-500 15.8 16.2 05.5 5.0 249.7 117.3 39.6 22.0

NiW-560 24.6 27.3 10.0 6.1 285.0 171.1 59.9 37.5

NiW-600 24.9 33.9 18.1 6.8 333.6 205.4 81.5 53.3

NiW-650 32.2 36.3 19.3 7.0 345.7 210.6 87.6 59.7
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560>NiW-500. As mentioned above, the SBET, Dp and Vp of the
MCM-41 increase with increase of the MCM-41’s calcination tem-
perature. The high SBET, Dp and Vp of the MCM-41 may lead to
the generation of more acid sites on the catalysts.
2. Hydrodenitrogenation

Catalytic activity was evaluated in the reaction for HDN of quino-
line and the results for all the catalysts are compared in Fig. 8 as a
function of the reaction temperature. It clearly shows that the con-
version of quinoline is about 95-99% in the range of reaction tem-
perature investigated for all the catalysts. It indicates that quinoline
could be hydrogenated easily to hydrogenation products. Fig. 8 also
shows that the HDN activity for all the catalysts increases with the
increase in the reaction temperature. It indicates that this reaction is
activation energy demanding [30]. In addition, the HDN activity of
the catalysts follows the order of NiW-650≈NiW-600>NiW-560>
NiW-500. It is well accepted that the high dispersion of metallic
species on the surface of the support is essential for the good perfor-
mance of hydrotreating catalysts, and that the surface properties of
support affect the dispersion and the local environment of the metal
species [14,31]. As stated previously, the SBET, Dp and Vp of the
MCM-41 increase with the increase in the MCM-41’s calcination
temperature. The high SBET, Dp and Vp of the MCM-41 favor the
dispersion of active species, the formation of the appropriate nature
of W species and acid sites on the catalysts. Therefore, it is not sur-
prising that the HDN activity follows the order of NiW-650≈NiW-
600>NiW-560>NiW-500. Because the HDN activity of the cata-
lysts of NiW-600 is similar to that of the catalysts of NiW-650, the
temperature of 600 oC is selected as the optimum calcination tem-
perature for the HDN of quinoline in order to save energy during
the calcination process.

The HDN reaction network of quinoline is presented in Fig. 9.
In general, there are two ways to remove the nitrogen atom from
quinoline, via OPA (aromatic intermediates pathway) or DHQ (sat-
urated intermediates pathway) (Fig. 9) [32]. It has been demonstrated
that the PCH/PB ratio can roughly represent the relative selectivity
of the two pathways [33].

Q, quinoline; THQ5, 5,6,7,8-tetrahydroquinoline; DHQ, decahy-

droquinoline; THQ1, 1,2,3,4-tetrahydroquinoline; OPA, ortho-pro-
pylaniline; PCHA, 2-propylcyclo-hexylamine; PCHE, propylcyclo-
hexene; PCH, propylcyclohexane; PB, propylbenzene.

We chose the catalyst of NiW-600 as an example to show the
product distribution for HDN of quinoline because the product distri-
bution is similar for all the catalysts (see Fig. 10). The main products

Fig. 8. Conversion and HDN activity of quinoline as a function of
reaction temperature for NiW catalysts. Reaction condi-
tions: P=4MPa, H2/feed=1,000, WHSV=2 h−1.

Fig. 9. HDN reaction network of quinoline.

Fig. 10. Product distribution for HDN of quinoline as a function
of reaction temperature for catalyst of NiW-600. Reaction
conditions: P=4MPa, H2/feed=1,000, WHSV=2 h−1.

Fig. 11. The ratio of PCH/PB as a function of reaction temperature
for NiW catalysts. Reaction is conducted at P=4MPa, H2/
feed=1,000, WHSV=2 h−1.
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are THQ1, THQ5, DHQ, PCH and PB. The selectivity of OPA and
PCHA is negligible, revealing that the further reaction rate of OPA
and PCHA is faster than their formation rate. With increasing of the
reaction temperature, the C-N band cleavage is accelerated, lead-
ing to the continuously decreased selectivity of THQ1, THQ5 and
DHQ, and the continuously increased selectivity of the final prod-
ucts of PB and PCH. However, it can be seen from Fig. 11 that the
PCH/PB ratio continuously decreases with increasing of the reaction
temperature. This is well agrees with Cocchetto [34]. The reason
may be that the C-N band cleavage is significantly accelerated with
increasing reaction temperature, but the hydrogenation reaction is
inhibited at the high reaction temperature because it is an exother-
mic reaction.

The ratios of PCH/PB for HDN of quinoline over different cata-
lysts are presented in Fig. 11. It is noted that the ratio of PCH/PB is
very similar for all the catalysts, suggesting that the relative selec-
tivity of the HDN pathways for quinoline is not influenced by the
calcination temperature of MCM-41.

CONCLUSION

MCM-41 was calcined at 500, 560 600 or 650 oC and used as
support for NiW catalysts. The surface area, the pore volume and
the average pore diameter of the MCM-41 increased with the in-
creasing of the MCM-41’s calcination temperature. Thus, the dis-
persion of W species, the active species and the acid sites on the
catalysts were improved. The catalytic performance of the NiW
catalysts was tested by the HDN of quinoline in the temperature
range of 350-400 oC. The results showed that the relative selectivity
of HDN pathways was similar for all the catalysts. However, the
HDN activity followed the order of NiW-650≈NiW-600>NiW-560
>NiW-500. The increase of HDN activity was ascribed to the higher
dispersion of the W species, the appropriate nature of W species and
the more acid sites on the catalysts. Since the similar HDN activity
of the catalysts of NiW-600 and NiW-650, the temperature of 600 oC
was selected as the optimum calcination temperature in order to
save energy during calcination process.
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