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Effect of nickel precursors on the performance of Ni/AlMCM-41
catalysts forn-dodecane hydroconversion
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Abstract

The bifunctional Ni/AlMCM-41 catalysts with 2.0 wt.% nickel loading were prepared by means of the wetness impregnation technique using
three nickel precursors: nickel nitrate, alkaline tetraamine nickel nitrate and nickel citrate. The texture, crystal phase and surface metal/acidity
functions were characterized by the techniques such as N2-sorption, XRD, XPS, H2-chemisorption, FT-IR and NH3-TPD. It was shown that
the catalyst prepared with nickel citrate exhibited stronger metal–support interaction and higher metal dispersion than those prepared with
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ickel nitrate and alkaline tetraamine nickel nitrate. The intimate metal–acid interaction and the enhanced (de)hydrogenating ca
his catalyst led to the highest catalytic activity and isomerization selectivity inn-dodecane hydroconversion.

2004 Elsevier B.V. All rights reserved.
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. Introduction

Nickel-supported catalysts are widely used in various im-
ortant industrial hydrogenation processes such as hydro-
racking and hydroisomerization ofn-paraffin [1–3]. Over
hese catalysts, the hydrocarbons are dehydrogenated (hy-
rogenated) on the metallic nickel active sites, while isomer-

zation and cracking occurred on the Brønsted acid sites of
he support[4,5]. This determined that the proper acid/metal
alance is critical for obtaining ideal hydroisomerization-
racking behavior of hydrocarbons.

The typical supports used in then-paraffin hydroconver-
ion are amorphous acidic oxides, zeolites, etc.[6–8]. Based
n these materials, the nickel catalysts have gained impor-

ant applications in petrochemical industry for the purpose
f producing high-quality gasoline and improving the low-

emperature properties such as the pour point of diesel fu-
ls as well as lube oils[2,7]. However, these catalysts have
ore or less shortcomings such as sensitivity to deactivation
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by coking, large production of gases by excess crackin
pore opening restrictions for large molecules[9]. Thus, there
is more desired to seeking novel bifunctional catalysts
improved stability and diffusion transfer capacity in the c
version of heavy paraffin fractions.

The discovered mesoporous MCM-41 aluminosilic
possessing high surface area, tunable uniform meso
and mild acidity, might be a good candidate to design
bifunctional catalyst used in the conversion of long ch
paraffins[10,11]. Till now, various bifunctional nickel ca
alysts supported on mesoporous AlMCM-41 materials
been prepared and extensively characterized[12–27]. The
most widely used method is impregnation or ion-excha
with different nickel salt solutions, such as nickel nitr
[12–17,21,23–26], nickel chloride[16,17] or amine nicke
nitrates[22]. Usually, the catalysts prepared in such ab
methods contained some larger nickel particles on the
ternal surface of the supports. To improve the nickel dis
sion over the MCM-41 support, direct adding the nickel
into the synthesis solution of MCM-41 has been tried to
corporate the nickel atoms into the framework wall of
E-mail address:yhsun@sxicc.ac.cn (Y. Sun). support, but the mesostructure is heavily distorted even at
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very low nickel contents of 1.5 wt.%[17,22]. Recently, alter-
native preparation method of Ni-containing MCM-41 cata-
lysts using a non-crystalline, film-forming nickel citrate has
been developed[28–31]. Lensveld et al. have impregnated
nickel citrate aqueous solution onto the pure-silica MCM-
41 and gained highly dispersed nickel oxide particles[28].
Also, Eliche-Quesada et al. reported that the use of nickel
citrate as the nickel source could effectively inhibit the ag-
gregation of nickel particles on the surface of the zirconium-
doped MCM-41[31]. These studies largely extended the
preparation of nickel-containing MCM-41 catalysts and some
of the catalysts are successfully applied in the oligomeriza-
tion of olefin [32], (de)hydrosulfurization and hydrogena-
tions [14,23,26,33]. However, the catalytic applications of
these catalysts in the hydroconversion of long-chain paraf-
fins are still limited[12,34–36].

In the present study, we have prepared several Ni/AlMCM-
41 catalysts using the wetness impregnation method and in-
vestigated the effect of nickel salt precursors on the catalytic
performance inn-dodecane hydroconversion. The crystalline
phase, textural properties and surface metal–acid functions
were characterized using various techniques. Based on the
characterization results, the correlations between the catalytic
performance and the surface metal–acid functions were fur-
ther studied.
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onto the AlMCM-41 support to get the 2.0 wt.% Ni loading.
After impregnation, the catalysts were dried at 393 K for 5 h
and calcined at 673 K for 4 h in air.

2.2. Characterization

X-ray powder (XRD) measurement was carried out using
a Philips PW 1050/25 diffractometer with Cu K� radiation
(50 kV, 30 mA). The textural properties of the samples were
determined in a Micromeritics TriStar 3000 automated nitro-
gen physisorption apparatus.

Ammonia temperature-programmed desorption (NH3-
TPD) was measured by a flow system with a thermal conduc-
tivity detector. The reduced catalyst (150 mg) was outgassed
in argon flow, heated to 873 K with 10 K/min, and kept for
30 min. The sample was cooled down to 373 K and adsorbed
by flowing NH3/Ar stream for 10 min. After equilibration in
argon flow for 1 h at 373 K, the catalyst was again heated
at a linear rate of 10 K/min to 873 K, and then the desorbed
ammonia were monitored by an online gas chromatograph
equipped with a thermal conductivity detector.

FT-IR spectra of pyridine adsorption were recorded on
a Nicolet Magna 550 Fourier transform infrared spectrom-
eter at 4 cm−1 resolution. The sample was finely grounded
and pressed into self-supporting wafer (10 mg/cm2, diame-
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. Experimental

.1. Catalyst preparation

Mesoporous aluminosilicate (AlMCM-41 with Gel Si/
15) was hydrothermally synthesized by modifying

rocedure reported in open literature[37]. Sodium alumi
ate (41% Al2O3) was dissolved in demineralised wa
nd mixed with a certain amount of silicate anions s

ion (28.8% SiO2, 10.8% Na2O). Then the cetyltrimethy
ammoniumbromide (CTAB) aqueous solution was ad
o the above mixture with stirring. Subsequently, the pH
he gel mixture was adjusted to ca. 10.3 by dropwise
ition of 2 M HCl. The resulting gel with molar comp
ition 1.0SiO2:0.41Na2O:0.033Al2O3:0.2CTAB:80H2O was
ransferred to a teflon-lined autoclave and aged at 393
8 h. The solid product recovered by filtration was was
ith deionized water, dried in air at 333 K and calcine
73 K for 5 h to get the template-free AlMCM-41. The p

onated form of AlMCM-41 was obtained by ion excha
ith 1 M NH4NO3 solutions twice at 323 K for 8 h, dried
mbient temperature, and then calcined at 813 K for 3 h

The nickel-supported catalysts were prepared by the
ess impregnation technique using three different nicke
ursors: nickel nitrate, alkaline tetraamine nickel nitrate
ickel citrate. Nickel citrate was prepared by mixing nic
arbonate and citric acid with a 3:2 molar ratio in deion
ater as described by Lensveld et al.[28]. In all cases, a ce

ain amount of nickel precursor solutions was impregn
er = 15 mm), and then placed into the measurement cel
aF2 windows. The sample was first reduced by hydro
nd then evacuated at 773 K (ca. 10−4 Torr) for 4 h prior to
dsorption of pyridine. IR spectra were recorded after su
uent evacuation at 433 K.

The temperature-programmed reduction (TPR) of
amples was performed in a flow system with a thermal
uctivity detector. The samples (100 mg) were first outga

n argon by heating to 773 K and then cooled at ambient
erature. Next, they were heated in an H2/Ar (5/95 volumetric
atio) reducing gas mixture from room temperature to 10
y a heating rate of 10 K/min and the detector signal
ecorded continuously.

X-ray photoelectron spectra (XPS) were recorded
G ESCALAB210 spectrometer equipped with an Mg�

adiation and a hemispherical electron analyzer. The
ered samples were pressed into an indium foil, reduce
itu in H2 at 773 K for 4 h, and then moved into the pretre
ent chamber of the spectrometer under N2 flow protection
nergy regions of the photoelectrons were scanned a
nergy of 25 eV. Peak intensities were estimated by calc

ng the integral of each peak, after smoothing, subtractio
he S-shaped background and fitting the curve to a co
ation of Lorentzian and Gaussian lines. Energy corre
as performed using the C 1s line at 284.9 eV as a ch

eference.
Nickel dispersion was measured by H2 chemisorption in

ulse Chemisorb 2700 micrometrics apparatus. The sa
ere preheated at 773 K for 4 h in H2 flow, followed by clean

ng with Ar flow at 773 K for 30 min. Then the chemisorpti
xperiments were performed at room temperature.
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2.3. Catalytic test

n-Dodecane hydroconversion was carried out in a down
flow fixed-bed stainless steel tube reactor (i.d. = 6 mm;
120 cm in length) at 2.0 MPa and H2/n-dodecane molar ra-
tio of 20. The catalyst was pretreated in Ar flow and then
reduced in situ in a flow of H2 at 773 K for 4 h prior to the
start of the reaction. The gas products were analyzed by gas
chromatograph with a GDX-103 column and FID detector,
an OV-101 capillary column and FID detector for the liquid
ones.

3. Results and discussion

3.1. Textural and phase structure

Fig. 1 showed the XRD patterns of the samples. The
AlMCM-41 support exhibited only a broad (1 0 0) peak at
2θ = 2.2◦, while other diffraction peaks corresponding to the
(1 1 0) and (2 0 0) crystal plans were unresolved due to the
large amount of aluminum incorporation[38,39]. After nickel
impregnation, the intensity of the (1 0 0) peak decreased, in-
dicating that the distortion of the mesostructure took place.
The N2 sorption isotherms and the textural properties of the
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Fig. 2. N2 adsorption/desorption isotherms of the samples.

amount of hydroxides via SN2 mechanism[41], causing the
cleavage of the SiO bonds and further collapse of the frame-
work of AlMCM-41 during the hydrolysis course. Contrary
to this, the existence of hydrogen cations in the nickel nitrate
and nickel citrate aqueous solutions could protect the mesos-
tucture from being attacked by the hydroxides in some extent.
Therefore, the mesostructure of AlMCM-41 was mainly re-
tained after impregnation by nickel nitrate and nickel citrate
aqueous solutions.

3.2. Reducibility and metal dispersion

The H2-TPR profiles of the catalysts (Fig. 3) showed a
broad peak at 820–890 K, shouldered with a small peak at
660–690 K, indicating that there were two different nickel
species presented on the surface of the catalysts. The small
shoulder peak at low temperature coincided with the reduc-
tion of the large bulk NiO particles[28], which were proba-
bly located at the external surface of the support. The second
H2 consumption peak at higher temperature originated from
the reduction of the small nickel oxide species, chemically
bounded with the AlMCM-41 framework[26]. All the cat-
alysts mainly contained small nickel oxide particles, which
were revealed by the rather large area of the second H2 con-
sumption peak. The reduction peak of Ni(cit)/AlMCM-41
c three
amples were given inFig. 2 andTable 1, respectively. Th
lMCM-41 support showed a type IV isotherm, typical
esoporous MCM-41 materials[40]. Upon nickel impregna

ion with nickel nitrate and nickel citrate aqueous solutio
he shape of the isotherm hardly changed and the tex
roperties (surface area, pore volume and average pore
educed slightly. However, when the AlMCM-41 support w
oaked with alkaline tetraamine nickel nitrate solution,
apillary condensation step became less steep and th
ace area markedly decreased, indicating that the stru
f AlMCM-41 was more readily destroyed in the alkal
ickel salt aqueous solution. This result could be expla
y the interaction between the hydroxide and the AlMCM
upport. In the tetraamine nickel nitrate solution, the sil
roups on the surface of AlMCM-41 were attacked by a l

Fig. 1. Powder XRD patterns of the samples.
atalyst maximum at the highest temperature among the

Fig. 3. H2-TPR profiles of the catalysts.
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Table 1
Textural properties of the Ni/AlMCM-41 catalysts

Catalysts Precursor SBET (m2/g) Pore volume (cm3/g) APDa (Å)

AlMCM-41 895 0.80 36.7
Ni(nit)/AlMCM-41 Ni(NO3)2 867 0.77 36.5
Ni(ami)/AlMCM-41 [Ni(NH3)4](NO3)2 775 0.69 34.7
Ni(cit)/AlMCM-41 Ni 3(Cit)2 855 0.73 35.6

a Average pore diameter.

catalysts, indicating that the nickel-support interaction was
strongest and the nickel oxide particles were highly dispersed
in the case of Ni(cit)/AlMCM-41 catalyst.

XPS analysis was used to study the nature of the surface
species. All the prereduced catalysts showed the similar XPS
spectra (seeFig. 4). The Ni 2p core level signal of the catalysts
showed a broad Ni 2p3/2 profile at about 852–857 eV, which
could be deconvoluted into three components. The peak at ca.
852.3 eV corresponded to the Ni0 species, two other peaks at
855.3 and 857.2 eV could be associated with the octahedral
Ni2+ and the very small crystallites of NiO located on the
framework wall of the mesostructure[31]. The peak area of
Ni0 signal was much smaller than that of NiO signals, indicat-
ing that only a small fraction of NiO was reduced. This might
lead us to consider that the NiO species on the surface of the
AlMCM-41 was in the form of charged clusters, strongly
interacted with the support, and then the charged NiO
species were rather difficult to be reduced. The signal with
the binding energy at 861.7 eV corresponded to the shake-up
satellite structure of Ni2+ [31,42]. The NiO emission lines of
the Ni(cit)/AlMCM-41 catalyst slightly shifted to the higher
binding energy values than those of Ni(nit)/AlMCM-41
and Ni(ami)/AlMCM-41 catalysts, indicating the stronger
metal–support interaction of the former catalyst. The
quantitative XPS analysis results were complied inTable 2.
T 0 ed
i
4 ed
r

Table 3showed the nickel dispersion of the catalysts ob-
tained by H2 chemisorption. The Ni(cit)/AlMCM-41 catalyst
demonstrated the highest percentage of metal exposed on
the total surface (external and inner surface) of AlMCM-41,
whereas the Ni(ami)/AlMCM-41 and Ni(nit)/AlMCM-41 led
to relatively lower nickel dispersion. This should be ascribed
to the nature of nickel precursors. It was known that the nickel
citrate precursor could leave a wetting, highly viscous film
on the surface of the support upon solvent removal, which
avoided the entrainment of Ni2+ ions from the mesopores of
the support. After calcination, this thin film was broken up
and decomposed, resulting in the formation of small nickel
oxide particles with high dispersion[28]. By contrast, us-
ing the nickel nitrate or alkaline tetraamine nickel nitrate as
nickel source, some Ni2+ ions could readily entrain out of the
mesopores with the lower viscous solvents flow upon dry-
ing, and then aggregated each other, forming relatively larger
nickel particles upon calcination. As a sequence, the nickel
species could be well dispersed on the mesoporous AlMCM-
41 support by using wetness impregnation with nickel citrate
aqueous solution.

3.3. Acidity

The AlMCM-41 exhibited two desorption peaks in NH3-
T nd
m up-
p re to
t at-
a (see
he reduction degree (Ni/Nitotal) of the catalysts decreas
n the order of Ni(nit)/AlMCM-41 > Ni(ami)/AlMCM-
1 > Ni(cit)/AlMCM-41, which coincided with the expect
esults of H2-TPR characterization.

Fig. 4. Ni 2p XPS spectra of the reduced catalysts.
PD profile (seeFig. 5), corresponding to the weak a
edium acid sites. After nickel incorporation onto the s
ort, the prepared catalysts had the similar acid featu

hat of AlMCM-41. However, the total acid sites of the c
lysts increased in comparison with that of the support

Fig. 5. NH3-TPD curves of the samples.
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Table 2
XPS analysis of the reduced Ni/AlMCM-41 catalysts

Catalysts Binding energy (eV) Surface atomic ratio

Al 2p Ni 2p3/2 Si/Al Ni0/Nitotal (%)

Ni2+ Ni0

Ni(nit)/AlMCM-41 75.2 855.3, 857.2 852.3 10.8 18.2
Ni(ami)/AlMCM-41 75.3 855.4, 857.3 852.3 11.1 15.6
Ni(cit)/AlMCM-41 75.5 855.7, 857.3 852.5 11.2 11.7

Table 3
Acidity and metal properties of Ni/AlMCM-41 catalysts

Catalysts Aciditya (mmol Py/g) NH3 desorbedb (mmol/g) DNi
c(%) nNi /nA

d

B L B + L

AlMCM-41 0.54 0.78 1.32 0.55 – –
Ni(nit)/AlMCM-41 0.52 0.88 1.40 0.63 11.1 0.07
Ni(ami)/AlMCM-41 0.51 0.85 1.36 0.59 13.5 0.09
Ni(cit)/AlMCM-41 0.49 0.84 1.33 0.57 17.0 0.11

a Calculated using the extinction coefficients by Emeis[47].
b NH3 desorbed beyond 373 K.
c Nickel dispersion.
d nNi /nA is the ratio of exposed nickel atoms number to the Brønsted acid number.

Table 3). Combined with the Py-IR results (seeFig. 6), it
could be seen that the Brønsted acid sites of the AlMCM-41
decreased while the Lewis acid sites were largely enhanced
upon nickel impregnation (seeTable 3), which ultimately
caused the increase of the total acid sites. The nickel mod-
ification over the acidity of the support had two different
effects[43–46]. The Ni species could cover some acid sites
(both Brønsted and Lewis acid sites), causing the decrease of
the total acid sites. On the other hand, the coordinately un-
saturated nickel cations could serve as a kind of new Lewis
acid centers, which compensated the original Lewis acid sites
being covered. In the present case, the compensating effect
of the Ni species override the covering one, which caused the
increase of the total acid sites. Besides, the total acid sites
of the catalysts increased in the order of Ni(cit)/AlMCM-
41 < Ni(ami)/AlMCM-41 < Ni(nit)/AlMCM-41, which was

F assed
a

contrary to the sequence of the nickel dispersion on the sur-
face of the catalysts. This might indicate that the covering
effect of the nickel species was more apparent compared with
the compensating effect at higher nickel dispersion.

3.4. Catalytic performance

The activities of the catalysts in then-dodecane hydro-
conversion versus temperature were shown inFig. 7. In
the temperature range of 573–633 K, the activities of the
catalysts increased sharply as the temperature increased.
However, the increase of the activities became moderate
beyond 633 K. This was probably due to the near attainment
of equilibrium for the isomerization reaction at higher tem-
perature. At given reaction temperature, the activities of the
catalysts increased in the following order: Ni(nit)/AlMCM-

F r Ni/
A

ig. 6. IR spectra of pyridine adsorbed on the samples after being deg
t 433 K.
ig. 7. n-Dodecane conversion as a function of temperature ove
lMCM-41 catalysts.
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Table 4
Composition of some cracked products on Ni/AlMCM-41 catalysts

Catalysts Xn-C12 (%) C3/C1 (molar) C4–C9 (mol%) i/n (C4–C9) (molar)

Ni(nit)/AlMCM-41 40.3 19.8 86.4 2.2
Ni(ami)/AlMCM-41 44.4 18.8 85.9 2.1
Ni(cit)/AlMCM-41 47.9 15.6 85.7 1.9

41 < Ni(ami)/AlMCM-41 < Ni(cit)/AlMCM-41, which was
consistent with the sequence of nickel dispersion on the
surface of the catalysts. This indicated that the activities
of the catalysts mainly depended on the nickel dispersion.
The higher dispersion of nickel particles might cause
a closer interaction between acid and metal sites, and
then more intermediates could be generated and further
transferred between the two active sites. As a result, the
Ni(cit)/AlMCM-41 catalyst with higher nickel dispersion
showed better activity than the other catalysts.

The selectivity towardi-dodecane over the three catalysts
decreased with the increase of conversion (seeFig. 8), which
was commonly observed in the hydroisomerization-cracking
of n-paraffins. However, the isomerization selectivity was al-
ways higher for the Ni(cit)/AlMCM-41 as compared with the
other catalysts in the whole conversion range. According to
the proposed bifunctional reaction mechanism for hydroiso-
merization and hydrocracking[48–50], the balance between
metal and acid functions had great influence on the isomer-
ization selectivity. Generally, the balance between metal and
acid functions of the bifunctional catalysts was characterized
by the ratio of the number of hydrogenating sites to the num-
ber of Brønsted acid sites (nNi/nA). The higher thenNi/nA
value was, the stronger (de)hydrogenating activity could be
obtained over the catalyst. Therefore, the paraffins could be
r ta-
l ee
T of
t n the
h

cane
i was

F f
d

Fig. 9. The ratio of monobranched to multibranched dodecane isomers
(M/B) as a function of conversion ofn-dodecane.

shown in Fig. 9. In all cases, the M/B ratio declined
with the increase of conversion, which was in line with
the branching mechanism via protonated cyclopropanes
[5,48,51]. At the same conversion, the M/B ratio decreased
in the sequence of Ni(cit)/AlMCM-41 > Ni(ami)/AlMCM-
41 > Ni(nit)/AlMCM-41, consistently with thenNi/nA value
of the catalysts. Since the isomerization proceeded through
successive branching from normal to mono- to multibranched
dodecane[52], the highernNi/nA value suggested that there
was shorter residence time of the intermediate carbenium ions
on the acid sites. Thus, the more monobranching carbenium
ions could be transferred to the metal sites without further
being branched.

Fig. 10 gave the carbon number distribution of the hy-
drocracking products at conversion of ca. 45%. The major

F ysts
a

eadily (de)hydrogenated over the Ni(cit)/AlMCM-41 ca
yst due to its highestnNi/nA value in the three catalysts (s
able 3), which in turn suppressed the further cracking
he carbenium ions on the acid sites and then resulting i
ighest isomerization selectivity.

The ratio of monobranched to multibranched dode
somers (M/B) as a function of the total conversion

ig. 8. Isomerization selectivity as a function of the conversion on-
odecane.
ig. 10. Distribution of the cracked products over Ni/AlMCM-41 catal
t the conversion of ca. 45%.
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cracked products were C3–C9 hydrocarbons and the similar
carbon number distribution was symmetrical centered at C6
over the three catalysts, indicating thatn-dodecane carried
out a nearly ideal hydrocracking behavior. Besides, a trace
of hydrogenolysis reaction might occur on the nickel metal
surface because there were a very small amount of C1 + C2
and C10 + C11 presented in the cracked products. The lower
C3/C1 ratio and the more linear light hydrocarbons were ob-
tained on the Ni(cit)/AlMCM-41 catalyst (seeTable 4), which
coincided with the enhanced metal/acid ratio and the degree
of branching of the dodecane isomers prior to cracking as
discussed above.

4. Conclusions

The bifunctional Ni/AlMCM-41 catalysts have been pre-
pared by means of the wetness impregnation method us-
ing three different nickel precursors: nickel nitrate, alkaline
tetraamine nickel nitrate and nickel citrate. The mesostruc-
ture of AlMCM-41 was more readily destroyed in the al-
kaline tetraamine nickel nitrate solution due to the exis-
tence of a large amount of hydroxides, which accelerated
the hydrolysis reaction of the silanol groups. The cata-
lyst prepared with nickel citrate as the precursor possessed
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Rodŕıguez-Castelĺon, A. Jiḿenez-Ĺopez, Langmuir 19 (2003) 498

32] N.A. Bhore, I.D. Johnson, K.M. Keville, Q.N. Le, G.H. Yokomiz
US Patent 5,260,501 (1993) Mobil Oil Corporation.
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