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ABSTRACT: The Al, Zr, and Ti modified MCM-41 materials were prepared by post-synthesis
method, and then the Ni-W species were introduced on them by using the co-impregnation method
to obtain high-performance hydrodenitrogenation (HDN) catalysts. The activity of the catalysts
was evaluated by the HDN reaction of quinoline. The optimum HDN activity was observed
on the catalyst supported on the Al modified MCM-41. The high performance of the NiW/Al catalyst
was due to the higher dispersion of Ni, W species, the more density of acid sites, the more
appropriate nature of W species, and the lower reduction temperature of W species. Moreover,
the catalysts prepared by co-impregnation method showed better performance than the catalysts
prepared by the sequential impregnation method in the HDN of quinoline.
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INTRODUCTION

The nitrogen compounds in the heavy oils could
generate serious environmental pollution.
Hydrodenitrogenation (HDN) can remove nitrogen from
petroleum feedstocks, which providing more processable
and environmentally transportation fuels. In practice,
HDN is carried out  simultaneously  with
hydrodesulfurization (HDS) in the presence of catalysts,
yet HDN is less well-studied than HDS [1]. Meanwhile,
the nitrogen compounds in the heavy oils can accelerate
the deactivation of catalyst. Therefore, it is necessary
to remove the nitrogen compounds in the heavy oils and
pay more attention to the investigation of the HDN.

Generally, the Al,O; as a conventional support
for HDS and HDN has desirable properties, such as high
mechanical strength and low cost. However, it provides
too strong metal-support interaction [2]. The TiO;
and ZrO, have attracted attention due to the higher intrinsic
HDS activity. However, the TiO, and ZrO, have
low surface areas [3, 4]. Recently, well-ordered mesoporous
silica such as MCM-41 has attracted considerable interest
due to its high surface areas and homogeneous
pore diameters. However, the MCM-41 provides very low
metal-support interaction [5]. Therefore, the researchers
try to combine the Al;,O3, TiO, and ZrO; with the MCM-
41 to take advantage of the overall properties of them [6-9].
It was reported that the MCM-41 modified by Al, Zr
and Ti have been used as supports for HDS catalysts and
offer certain advantage in the HDS [6-8]. In our previous
work [9], the NiW catalysts prepared by sequential
impregnation method using Al, Zr and Ti modified
MCM-41 as supports showed significant improvement
in the HDN activity of quinoline.

As everyone knows, the impregnation method of
catalysts plays an important role in the precursor structure
of catalysts and in the activity of catalysts. It was reported
that the impregnation method significantly affected the structure,
dispersion and chemical states of metal species on the
catalysts [10, 11]. As mentioned above, the sequential
impregnation method was used to prepare the NiW catalysts
using Al, Zr and Ti modified MCM-41 as supports, which
showed significant improvement in the HDN activity of
quinoline [9]. Therefore, in the present study, the co-
impregnation method was taken to prepare the NiW
catalysts using Al, Zr and Ti modified MCM-41 as supports.
The aim is to study the effects of the incorporation of Al, Zr
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and Ti into MCM-41 on the structure and performance
for HDN of quinoline over the NiW catalysts prepared
by co-impregnation method. Moreover, the difference
in properties of catalysts which prepared by different
impregnation methods were also discussed.

EXPERIMENTAL SECTION
Preparation of Catalysts

The MCM-41 was supplied by the Catalyst Plant of
Nankai. The modified supports were prepared by
postsynthetic method described in our previous work [9].
They were prepared in the following way. Aluminium
isopropoxide (Al(i-PrO)s, 99 %, Aldrich), zirconium
propoxide (Zr(n-PrO)as, 70 wt.% solution in 1-propanol,
Aldrich), Titanium isopropoxide (Ti(i-PrO)s, 97 %,
Aldrich) were used as Al, Zr and Ti sources, respectively.
Isopropanol was used as solvent. In the postsynthetic
procedure, calcined MCM-41 materials were impregnated
in isopropanol containing Al(i-PrO)s, Zr(n-PrO)s or
Ti(i-PrO)4 for 12 h at room temperature. The samples
were then dried at 80 °C for 12 h and calcined at 550 °C
for 6 h. The modified supports were denoted as
Al-MCM-41, Zr-MCM-41 and Ti-MCM-41, respectively.
The nominal atomic ratio of M/Si (M=Al, Zr or Ti)
is 0.025 for all the modified supports.

The W precursor and Ni precursor of the catalysts
were the ammonium paratungstate and nickel nitrate
hexahydrate (analytical grade), respectively. The catalysts
were prepared by co-impregnation method using an
equilibrium-adsorption  technique. In this method,
the MCM-41 was impregnated with a solution containing
a mixture of W and Ni precursors salts. After impregnation,
the samples were dried at room temperature for 12 h
and then at 80 °C for 12 h. Finally, the calcination
was performed at 540°C for 3 h. All the catalysts were prepared
with the same amounts of WQO3 and NiO, their nominal
amounts were 20 wt% and 2.5 wt.%, respectively.
The prepared catalysts were designated as NiW or NiW/X
(X=Al, Zr and Ti). Moreover, as a representation
of catalysts prepared by sequential impregnation method,
the Ni/W/AI catalyst was prepared by sequential impregnation
method using Al modified MCM-41 as support.

Characterization Techniques

The X-ray diffraction (XRD) were recorded
on a Bruker D8 Advance diffractometer with Cu Ka radiation
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(A=1.54178 A). The power diffractograms were recorded
in the 20 range of 0.5-80 ° at a step of 0.01° s,

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 pore diameter was calculated
by applying the Barret-Joyner-Halenda (BJH) method
to the adsorption branches of the N2 isotherms. The pore
volume was obtained for the isotherms at P/P, = 0.99.

Laser Raman spectra were recorded on a LabRAM
HR800 System with a CCD detector at room temperature.
The 325 nm of the He-Cd laser was employed as
the exciting source with a power of 30 MW.

The XPS spectra were measured by using a Kratos
XSAMBO00 fitted with an Al Ko source (1486.6 eV)
with two ultra-high-vacuum (UHV) chambers. The binding
energy was referenced to the Cls 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.

IR spectra of adsorbed pyridine (Py-IR) were
recorded using a Nicolet-510P apparatus. Prior to
the pyridine adsorption, the calcined samples were pressed
into thin wafers and evacuated in situ under vacuum at
300 °C 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 temperatures and pyridine-adsorbed IR spectra
were recorded.

TPR experiments were carried out in a AutoChem Il 2920
equipment (Micromeritics, USA) using 0.01 g catalysts
for each run. Typically, the catalysts were pretreated in
Ar at 550 °C for 2h and then cooled at 30 °C.
Subsequently, the Ar flow was switched to 10 % Hy-Ar
mixed gas. The Ho-TPR was started from 30 °C to 900 °C
at a heating rate of 10 °C/min and simultaneously
monitored by a Thermal Conductivity Detector (TCD).

Scanning Electron Microscopy (SEM) was performed
using a JSM-7001F.

Catalytic Activity Test

The HDN reaction of quinoline was carried out
in a fixed-bed reactor (a 50 cm long stainless steel tube
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with an inner diameter of 6 mm) with the feed of quinoline
in n-heptane (0.5 wt.% N). The reactor was charged with
1 g catalyst in 20-40 mesh size. Prior to the reaction,
the catalyst was in-situ presulfided at 400 °C and 3 MPa
for 3 h with a 3 mL/h feed of 5 % CS; in n-hexane. After
that, the HDN reaction was carried out under the
conditions (pressure of 4 MPa, temperature of 350-390 °C
at a step of 20 °C, WHSV of 2 h*! and Hy/feed volumetric
ratio of 1000). Then after a stabilization period of 12 h,
the reaction products were condensed and periodically
separated from a gas-liquid separator. The reaction
products were analyzed by a 5860 gas chromatograph
equipped with a flame ionization detector and a capillary
column (DB-5).

RESULTS AND DISCUSSION
XRD of supports and catalysts

The small-angle XRD patterns and wide-angle XRD
patterns of supports are shown in Fig. 1A and B,
respectively. As described in our previous work [9],
the modified supports of AI-MCM-41, Zr-MCM-41
and Ti-MCM-41 can be prepared without lose
of the MCM-41 mesoporous structure and with highly
dispersed Al, Zr and Ti species.

The wide-angle XRD patterns of catalysts are shown
in Fig. 2. It can be found that the wide-angle XRD
patterns of catalysts are similar with that of the supports.
No crystalline phases are detected, suggesting that the Ni
and W species are well dispersed for all the catalysts [13].

N2 adsorption-desorption of supports and catalysts

The textural properties of the supports and catalysts
are presented in Table 1. As described in our previous
work [9], the MCM-41 possesses the highest surface area
(Seer), pore volume (Vp) and pore diameter (Dp).
The Sger, Vp and Dp decrease slightly after the incorporation
of Al, Zr and Ti, whereas the wall thickness shows
the opposite trend. At the same time, from Table 1,
significant decrease in the Sger and Vp is observed when
Ni and W species are impregnated to all the MCM-41
supports. The decrease in the Sger and Vp is due to
the dilution of the MCM-41 by Ni and W phases [14].
Also, the occupation and the blockage of pores by the metal
particles may lead to the decrease in the Sgerand Vp [15].
Among all the catalysts, the NiW catalyst is found to
have a minimum Dp of 3.05 nm, which may be one
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Fig. 1: Small-angle XRD patterns (A) and wide-angle XRD patterns (B) of supports: a MCM-41, b Ti-MCM-41,
¢ Zr-MCM-41, d AI-MCM-41
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Fig. 2: XRD patterns of catalysts: a NiW, b NiW/Ti, ¢ NiW/Zr,
d NiW/AI, e Ni/W/AI

of the reason for the lowest HDN activity over NiW
catalys. Moreover, the Sger, Vp and Dp are similar
in magnitude for the catalyst NiW/Al and Ni/W/AI.

The N adsorption isotherms and pore size
distribution of the supports and catalysts are shown
in Fig. 3A and B. They show that the sharpness of the step
(Fig. 3A) of the catalysts is much lower than that of
the supports, which indicates the uniformity of mesopore size
distribution according to the literature [16]. Therefore,
the uniformity of mesopore size distribution decreases
for the catalysts, especially the catalyst of NiW. Moreover,
it can be seen from Fig. 3B, the pore size distribution
changes narrowly in the catalysts relative to supports, it
reflects the formation of particles inside the pores [17].
Moreover, Fig. 3 shows that the NiW/AI catalyst exhibits
the similar N2 adsorption isotherms and pore size
distribution with the Ni/W/AI catalyst.
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Py-IR spectra of the supports and catalysts

The surface acidity of the supports and catalysts
was determined by the Py-IR technique. Usually, the bands
at approximately 1450, 1595, 1606 and 1621 cm™ are
assigned to Lewis acid sites, while the bands at around
1540 and 1639 cm™ are assigned to Bronsted acid sites.
In addition, the band at 1490 cm* can be associated with
pyridine adsorbed on both Lewis and Bronsted acid sites [18].
The Py-IR spectra of supports and catalysts recorded
at 200 °C are presented in Fig. 4A and B. The bands
assigned to Bronsted acid sites are not observed on the
surface of MCM-41, which is consistent with our
previous paper [9]. However, both the bands assigned
to Lewis and Bronsted acid sites are observed on the surface
of modified supports. It indicates that the incorporation of
Al, Zr and Ti into MCM-41 can introduce Bronsted acid
sites into the modified supports. From the Fig 4B,
it can be found that both the bands assigned to Lewis and
Bronsted acid sites are observed on the surface of all
the catalysts.

The density of acid sites on the surface of the supports
and catalysts at different temperatures is listed in Table 2.
It clearly shows that density of acid sites on the surface of
the supports follows the order of AI-MCM-41 > Zr-
MCM-41 > Ti-MCM-41 > MCM-41. The density of acid
sites on the surface of the catalysts follows the order of
NiW/Al > NiW/zZr > NiW/Ti > NiW. As a result,
the incorporation of Al, Zr and Ti into MCM-41 can enhance
the density of acid sites on the surface of the modified
supports and the corresponding catalysts, especially
for the support of AI-MCM-41 and the catalyst of NiW/AL.
Moreover, for comparison, the density of acid sites
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Table 1: Textural properties of the supports and catalysts.

/ Seer D,° Ve a? W,e \
Sample
(m*g?) (nm) (cm*g™ (nm) (nm)
MCM-41 1071.00 3.83 1.08 481 0.97
Ti-MCM-41 980.30 3.23 0.89 481 158
Zr-MCM-41 969.41 3.26 0.86 476 1.50
Al-MCM-41 980.60 331 091 472 1.41
Niw 601.09 3.05 0.44 - -
NiW/Ti 552.60 3.22 0.44 - -
Niw/zr 637.50 3.23 0.50 - -
NiW/AI 597.78 3.27 0.49 - -
\ Ni/W/AI 598.13 3.25 0.46 - - /

2 Sger, specific surface area calculated by the BET method.

®D,, pore diameter corresponding to the maximum of the pore size distribution obtained from the adsorption isotherm by the BJH method.
Vy, pore volume determined by nitrogen adsorption at a relative pressure of 0.99.

da, , unit-cell parameter determined from the position of the (1 0 0) diffraction line as a,=2d100/\3.

¢W,, pore wall thickness of MCM-41 materials calculated by subtracting of pore diameter (D) from the unit-cell parameter (a).
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Fig. 3: N2 adsorption-desorption isotherms (A) and Pore size distribution curves (B) of the supports and catalysts: a MCM-41,
b Ti-MCM-41, ¢ Zr-MCM-41, d AI-MCM-41, e NiW, f NiW/Ti, g NiW/Zr, h NiW/AI, i Ni/W/Al

on the surface of the Ni/W/AI catalyst also is listed in the
Table 2. It can be found that the density of acid sites
on the surface of the NiW/AI catalyst is higher than that
of the NIi/W/AI. It indicates that the co-impregnation
method can enhance the density of acid sites.

Raman spectra

To investigate the nature of metal oxide phase
presented on the catalysts, Raman spectra were
employed. The Raman spectra are exhibited in Fig. 5.
According to the literature, the MCM-41 does not present
Raman band [19]. The crystalline WOj3 presents the bands
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of 804, 710 and 274 cm™ [19]. In addition, the band
at 970 cm? is assigned to the symmetric stretching
of the W=0 band in octahedral polytungstate species, the band
of 883 cm is assigned to the NiWQO, [20], and a shoulder
at around 811 cm? reflects the Ni-W-O stretching
vibrations [19, 21].

Fig. 5 shows that the band assigned to the octahedral
polytungstate species (970 cm™) is observed for all
the catalysts and its intensity is higher for the catalysts
of NiIW/M (M=Al, Zr and Ti) than that for the catalyst
of NiW. Furthermore, the bands assigned to crystalline WO3
(804 and 710 cm™) and NiWQ, (883 cm') are observed
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Fig. 4: Py-IR spectra of the supports (A) and catalysts (B): a MCM-41, b Ti-MCM-41, ¢ Zr-MCM-41, d Al-MCM-41,
e Niw, f NiW/Ti, g NiW/Zr, h NiW/AL , i Ni/W/AL.

for the catalyst of NiW. On the contrary, no bands assigned
to them are observed for the catalysts of NiW/M (M=Al,
Zr and Ti), whereas a shoulder assigned to the Ni-W-O
(811 cmr?) species is observed. Hence, it can be concluded
that the incorporation of Al, Zr and Ti into the MCM-41
enhances the formation of octahedral polytungstate species
and the Ni-W-O species. This may be due to the stronger
interaction of W species with the amorphous oxides
(Al,03, ZrO; and TiO,) than that with silica. According to
the literature [22], the octahedral polytungstate species
and Ni-W-O species are precursors of active species
for hydrotreating catalyst. Hence, it can be concluded that
the incorporation of Al, Zr and Ti into the MCM-41 favors
the formation of the appropriate nature of W species
on the catalysts. From the insert curve in Fig. 5, it can be found
that the bands assigned to crystalline WO3 (804 and 710 cm')
and NiWO, (883 cm?) are observed for the catalyst
of Ni/W/AI. On the contrary, no bands assigned to them
are observed for the catalyst of NiW/AI. Therefore,
the co-impregnation favors the formation of the appropriate
nature of W species.

Moreover, as mentioned above about the wide-angle
XRD, no crystalline phases due to crystalline WO3 and
NiWOQ; are detected in the XRD patterns for the catalysts
of NiW and Ni/W/ALl. This discrepancy may be attributed
to that the crystalline WO3; and NiWO, crystal size
is below the detection limit of the XRD technique.

XPS

The chemical state and surface composition for all
the catalysts were revealed by XPS. The W4f and Ni2p
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spectra of the catalysts are shown in Fig. 6. It can be seen
that no significant change is observed in the spectra of
Wi4f and Ni2p for all the catalysts. The binding energies
(BE) of the WA4f, Ni2p are listed in Table 4. The W4f
core level spectra of all the catalysts show a W4f;;
and W4fs, doublet centered at BE about 35.8 eV and 38.0 eV,
respectively. Similarly, the Ni2p core level spectra of all
the catalysts show a Ni2ps, and Ni2py» doublet centered
at BE about 856.0 eV and 873.8 eV, with the
corresponding shake-up satellite at BE about 862.3 eV
and 880.5 eV. Therefore, 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; spectrum in the range of 35.8-36.5 eV ascribed to
WOj; and/or NiWO, [23], and the BE of Ni2ps/, spectrum
in the range of 855.7-856.5 eV ascribed to Ni»O3 and /or
NiWO, [24]

It is stated that the ratio of the metal-to-support
from the XPS result can provide the important information
regarding the dispersion of the metal species [24]. Thus,
the ratios of W/Si and Ni/Si on the catalysts are calculated
and the results are given in Table 3. It can be seen that
the surface atomic ratio of W/Si follows the order of
NiW/AI (0.145) > NiW/Zr (0.064) > NiW/Ti (0.059) >
NiW (0.043). This tendency is also valid for the surface
atomic ratio of Ni/Si and it follows the order of NiW/Al
(0.062) > NiW/Zr (0.057) > NiW/Ti (0.039) > NiwW
(0.017). Thus, it can be concluded that the incorporation
of Al, Zr and Ti into MCM-41 has a favorable effect
on the dispersion of W and Ni species on the catalysts.
In addition, the surface atomic ratio of W/Si
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Table 2: Acidity results for the supports and catalysts.

/ Bronsted acidity (umol pyridine / g) Lewis acidity (umol pyridine / g) \
Sample
100°C 200°C 250°C 100°C 200°C 250°C
MCM-41 17.5 0 0 99.5 0 0
Ti-MCM-41 43.9 34.0 26.3 174.6 423 19.6
Zr-MCM-41 92.3 61.8 44.4 2355 62.3 37.2
Al-MCM-41 118.3 80.5 51.7 3717 150.3 58.6
Niw 33.9 10.0 5.1 170.5 57.4 39.8
NiW/Ti 47.8 22.1 5.9 2205 84.7 55.3
Niw/zr 51.3 26.5 6.4 2436 93.1 64.7
NiW/Al 70.8 39.8 23.9 282.4 186.7 84.5
k Ni/W/AI 61.4 35.1 20.8 199.4 112.1 75.5 j
7 The low temperature peak (500-700 °C) can be ascribed
Ye s to the reduction of polymeric octahedral tungsten species
~ 970 o and the broad peak at high temperature (>800 °C) can be
2 @ assigned to the superimposed reduction of tetrahedrally
2 S e coordinated tungsten species [25, 26]. Moreover,
8 @ the maximum reduction temperature of the catalysts
= @ in the temperature range of 500-700 °C follows the order of
(b) sa3 804 710 NiW (613 °C) > NiW/Ti (566 °C) > NiW/Zr (553 °C) >
@ NiW/AI (543 °C), indicating that the incorporation of Al,

1400 1200 1000 800 600 400 200

Wavenumber (cm™)

Fig. 5: Raman spectra of catalysts: a NiW, b NiW/Ti,
¢ NiW/Zr, d NiW/AI , e Ni/W/A.

and Ni/Si on the catalyst of Ni/W/AIl also are listed
in the Table 4. It can be found that the surface atomic
ratio of W/Si on the NiW/AI catalyst is higher than that of
Ni/W/AIl.  Therefore, the co-impregnation method
can enhance the dispersion of W species. However,
the tendency of Ni/Si is contrary to that of W/Si. It can be
interpreted by that the Ni species for the Ni/W/AI catalyst
is impregnated after W species, leading to the enrichment
of Ni species on the surface of Ni/W/AI catalyst.

H2-TPR

The reducibility of the catalysts was characterized
by Ho-TPR experiment. Reduction profiles of the catalysts
are presented in Fig. 7. The TPR profiles of all catalysts
show two principal reduction peaks in the temperature
ranges of 500-700 °C and >800 °C, respectively.
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Zr and Ti into MCM-41 leads to an easier reduction of
polymeric octahedral tungsten species on the catalysts.
The reason for this is better dispersion of W species
on the catalysts with Al, Zr and Ti [27, 28]. The decrease
of reduction temperature favors for the reduction and
sulphidation of the W species leading to the formation
of more active species [29]. Moreover, compared with
the catalyst NiW/AI, catayst Ni/W/AI exhibits the same
magnitude of maximum reduction temperature and
the decrease in Hz consumption in the temperature range of
500-700 °C. The same magnitude of maximum reduction
temperature may be attributed that the interaction
between the metal species and AI-MCM-41 is almost
equal for cataysts NiW/Al and Ni/W/AI. The decrease
in Hz consumption for catayst Ni/W/AI may be attributed
to the decrease in the relative amount of polymeric
octahedral tungsten species for the NiW/AI catayst.

SEM

In order to investigate the morphology of the
catalysts, the SEM characterization was carried out
and shown in Fig. 8. It shows that the incorporation of Al, Zr
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Table 3: The binding energies of the W4f, Ni2p and the ratios of W/Si, Ni/Si.

Binding energy (eV) \
Catalyst WI/Si Ni/Si
W4f7/2 W4f5/2 Ni2p3/2 Ni2p1/2
855.7 873.9
Niw 35.8 379 0.043 0.017
862.3 880.6
856.0 873.8
NiW/Ti 35.7 379 0.059 0.039
862.2 880.5
856.1 873.8
NiW/Zr 35.7 37.9 0.064 0.057
862.3 880.6
855.9 873.8
NiW/AI 35.8 37.9 0.145 0.062
862.3 880.3
856.2 873.8
Ni/W/AI 35.8 37.9 0.140 0.217
862.3 880.6 /
waf Ni2p
ﬂ )
3 @ :
2 © 2
8 A 2 (b)
= (b) -
ﬂ /\/\—/\/\ @)
(a)
30 3I2 3I4 3I6 3%3 4(IJ 4I2 421 850 860 870 880 890

Intensity (a.u.)

Binding energy (eV)

Binding energy (eV)

Fig. 6: WA4f and Ni2p spectra of the catalysts: a NiW, b NiW/Ti, ¢ NiW/Zr, d NiW/Al.
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Fig. 7: The H2-TPR spectra of the catalysts: a NiW, b NiW/Ti,
¢ NiW/Zr, d NiW/Al, e Ni/W/AL.
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and Ti remarkably affects the morphology of the catalysts.
The catalysts of NiW and NiW/Ti display some large particles
with irregular shape due to the aggregation between smaller
particles, especially for the catalyst of NiW. However,
the catalysts of NiW/Zr and NiW/AI only display small particles
with irregular shape. Besides, the small particles in the catalyst
of NiW/AI are best dispersed among all the catalysts.
It can be concluded that the incorporation of Al, Zr and Ti
can enhance the dispersion of particles on the catalyst,
especially the catalyst of NiW/AL

Hydrodenitrogenation
The effects of reaction temperature on the conversion
and HDN activity of quinoline over catalysts are
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Fig. 8: SEM micrographs of catalysts: a NiW, b NiW/Ti, ¢ NiW/Zr, d NiW/Al.

compared in Fig. 9. It clearly shows that the
conversion of quinoline is above 95% in the range of
reaction temperatures investigated for all the catalysts.
It indicates that quinoline can be hydrogenated easily
to hydrogenation products. Fig. 9 also shows that the
HDN activity increases with the increasing reaction
temperature for all the catalysts. Moreover, it can be found
that the HDN activity follows the order of NiW/Al >
NiW/Zr > NiW/Ti > NiW. It indicates that the incorporation
of Al, Zr and Ti is favorable for the HDN of quinoline,
which is well agreement with the result of our previous
work [9]. In the present work, the catalyst of NiW/Al
exhibits the highest catalytic activity with HDN of 39 %
at 350 °C and 90 % at 390 °C, whereas the catalyst of
NiW exhibits the lowest catalytic activity with HDN of
17 % at 350 °C and 54 % at 390 °C. The highest
catalytic activity on NiW/AI can be attributed to the
well dispersion of W and Ni species, the higher density
of acid sites, the more appropriate nature of W species
and the lower reduction temperature of W species
on the catalyst of NiW/AI than that on the other catalysts.
To make a quantitative analysis, the ratio of HDN
activity at 370 °C, density of acid sites (Py-IR, at 200 °C) ,
W/Si and Ni/Si (XPS) of the different catalysts

Research Article

are presented in Table 4. The ratio of HDN (NiW/M
(M=Al, Zr or Ti))/ HDN (NiwW) of the different
catalysts follows the order of NiW/AI (2.30) > NiW/Zr
(1.68) > NiWI/Ti (1.22). This tendency is also valid
for the density of acid sites, W/Si and Ni/Si of the
different catalysts. It indicates that there is positive
correlation between the HDN activity and the density
of acid sites, the dispersion of W and Ni species of the
catalysts.

Moreover, compared with our previous work about
the catalysts prepared by sequential impregnation
method using modified MCM-41 as supports [9],
the HDN results showed that the catalysts prepared by
co-impregnation method are more active than the catalysts
prepared by sequential impregnation method. It should
be noted that, no matter what kind of impregnation
method, the optimum HDN activity was observed
on the catalyst supported on the Al modified MCM-41.
In this paper, the Ni/W/AI catalyst is chosen as
an example due to its high HDN activity, which exhibits
the catalytic activity with HDN of 37 % at 350 °C and
85 % at 390 °C. As discussed above, compared with
the Ni/W/AI catalyst, the NiW/AI catalyst possesses
the higher density of acid sites (Py-IR), the more

7



Iran. J. Chem. Chem. Eng.

Fang Guo et al.

Vol. 39, No. 2, 2020

Table 4: The ratios of HDN, density of acid sites, W/Si and Ni/Si (NiW/M (M=Al, Zr or Ti)/( NiW)).

/ Catalyst HDN (Bronsted + Lewis) acidity WISi Ni/Si \
Niw 1 1 1 1
NiW/Ti 1.22 158 1.37 2.29
NiwW/zZr 1.68 1.77 1.48 3.35
NiW/AI 2.30 3.36 3.37 3.65

\_ Ni/W/AI 2.01 2.18 3.25 12.76 Yy,

100—— —————10 The HDN reaction network of quinoline is shown

$g in Fig. 10. Generally, the N in the quinoline can be removed

801 (c) [0 via  the saturated intermediates pathway

3 (b) a0 g (Q—>DHQ—PCHA—PCH+PCHE) and the aromatic

g 601 @ é intermediates pathway (Q—THQ1—OPA—PB) (Fig. 10).
I SORCY The product distribution for HDN of quinoline
0 S over the catalyst of NiW/AI is presented in Fig. 11.

204

T

350 360 370 380 390

Temperature (°C)

Fig. 9: Conversion and HDN of quinoline as a function of
temperature for catalysts: a NiW, b NiW/Ti, ¢ NiW/Zr,
d NiW/AI, e Ni/W/AI.

dispersion of W species (XPS) and the more
appropriate nature of W species (Raman).

An important observation is that the HDN activity
over the Ni/W/AI catalyst is higher than that over
the NiW/Zr and NiW/Ti catalysts for all investigated
temperatures. This result is not consistent with the result
of the Raman. As mentioned above, the Raman shows
that compared with the NiW/Zr and NiW/Ti catalysts,
the Ni/W/AI catalyst contains some unfavourable nature
of W species (crystalline WO3; and NiWO,). However,
the Py-IR and XPS show the opposite result. Compared
with the NiW/Zr and NiW/Ti catalysts, the Ni/W/AI catalyst
shows higher density of acid sites (Py-IR) and more
dispersion of W species (XPS). An explanation for this
phenomenon may be that the density of acid sites and
dispersion of W species are important than the nature of
W species for HDN activity of catalyst.

78

The main products are THQ1, THQ5, DHQ, PCH and
PB. With increasing of the temperature, the C-N band
cleavage is significantly accelerated, leading
to the decreased selectivity of THQ1, THQ5 and DHQ,
and the increased selectivity of the final products
of PB and PCH.

For different catalysts, the selectivity of PCH and PB
at all investigated temperature follows the order of
NiW/Al > NiW/Zr > NiW/Ti > NiW (Fig. 12). This
reveals that the incorporation of Al, Zr and Ti into MCM-41
enhances both the fully hydrogenated intermediates
pathway and the partially hydrogenated intermediates
pathway.

CONCLUSIONS

The Al, Zr and Ti modified MCM-41 were prepared
by postsynthetic method and were used as supports for
NiW catalysts, which were prepared by co-impregnation
method and wused in HDN of quinoline. The
characterization of the catalysts revealed that the
incorporation of Al, Zr and Ti into MCM-41 promoted
the dispersion of W and Ni species, the density of acid
sites, the formation of appropriate nature of W species
and the decrease the reduction temperature of W species
on the catalysts, especially Al. The HDN results showed
that the catalyst of NiW/AI exhibited the highest HDN
activity among all the catalysts. Moreover, the catalyst
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OQ CO GOO’W@

Fig. 10: HDN reaction network of quinolone. Q quinoline, THQ5 5,6,7,8-tetrahydroquinoline, DHQ decahydroquinoline,
THQ1 1,2,3,4-tetrahydroquinoline, OPA ortho-propylaniline, PCHA 2-propylcyclo-hexylamine, PCHE propylcyclohexene,
PCH propylcyclohexane, PB propylbenzene.

60{—s=— PCH

Distribution (%)

350 360 370 380 390

Temperature (°C)

Fig. 11: Product distribution for HDN of quinoline on the
catalyst of NiW/AL.
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Fig. 12: Selectivity of PCH and PB as a function of
temperature for catalysts: a NiW, b NiW/Ti, ¢ NiW/Zr,
d NiW/Al.
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of NiW/AI showed better HDN performance than the
catalyst of Ni/W/AL.
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