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Abstract

The bifunctional Ni/AIMCM-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 surfacétynetal/acid
functions were characterized by the techniques suchaohption, XRD, XPS, B-chemisorption, FT-IR and NHTPD. It was shown that
the catalyst prepared with nickel citrate exhibited stronger metal-support interaction and higher metal dispersion than those prepared with
nickel nitrate and alkaline tetraamine nickel nitrate. The intimate metal—acid interaction and the enhanced (de)hydrogenating capability of
this catalyst led to the highest catalytic activity and isomerization selectivitydiodecane hydroconversion.
© 2004 Elsevier B.V. All rights reserved.

Keywords: AIMCM-41; Nickel precursor; Bifunctional catalyst:Dodecane hydroconversion

1. Introduction by coking, large production of gases by excess cracking or
pore opening restrictions for large molecul@s Thus, there
Nickel-supported catalysts are widely used in various im- is more desired to seeking novel bifunctional catalysts with
portant industrial hydrogenation processes such as hydro-improved stability and diffusion transfer capacity in the con-
cracking and hydroisomerization afparaffin[1-3]. Over version of heavy paraffin fractions.
these catalysts, the hydrocarbons are dehydrogenated (hy- The discovered mesoporous MCM-41 aluminosilicate,
drogenated) on the metallic nickel active sites, while isomer- possessing high surface area, tunable uniform mesopores
ization and cracking occurred on the Brgnsted acid sites ofand mild acidity, might be a good candidate to design the
the supporf4,5]. This determined that the proper acid/metal bifunctional catalyst used in the conversion of long chain
balance is critical for obtaining ideal hydroisomerization- paraffins[10,11] Till now, various bifunctional nickel cat-
cracking behavior of hydrocarbons. alysts supported on mesoporous AIMCM-41 materials have
The typical supports used in tmeparaffin hydroconver-  been prepared and extensively characteriggd-27] The
sion are amorphous acidic oxides, zeolites, [€€8]. Based most widely used method is impregnation or ion-exchange
on these materials, the nickel catalysts have gained impor-with different nickel salt solutions, such as nickel nitrate
tant applications in petrochemical industry for the purpose [12-17,21,23—-26]nickel chloride[16,17] or amine nickel
of producing high-quality gasoline and improving the low- nitrates[22]. Usually, the catalysts prepared in such above
temperature properties such as the pour point of diesel fu-methods contained some larger nickel particles on the ex-
els as well as lube oilR2,7]. However, these catalysts have ternal surface of the supports. To improve the nickel disper-
more or less shortcomings such as sensitivity to deactivationsion over the MCM-41 support, direct adding the nickel salt
into the synthesis solution of MCM-41 has been tried to in-
* Corresponding author. Tel.: +86 351 4041627; fax: +86 351 4050320, COrporate the nickel atoms into the framework wall of the
E-mail addressyhsun@sxicc.ac.cn (Y. Sun). support, but the mesostructure is heavily distorted even at
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very low nickel contents of 1.5wt.947,22] Recently, alter- onto the AIMCM-41 support to get the 2.0 wt.% Ni loading.
native preparation method of Ni-containing MCM-41 cata- After impregnation, the catalysts were dried at 393K for 5h
lysts using a non-crystalline, film-forming nickel citrate has and calcined at 673K for 4 h in air.

been developef8-31] Lensveld et al. have impregnated

nickel citrate aqueous solution onto the pure-silica MCM- 2.2. Characterization

41 and gained highly dispersed nickel oxide parti¢Rg].

Also, Eliche-Quesada et al. reported that the use of nickel X-ray powder (XRD) measurement was carried out using
citrate as the nickel source could effectively inhibit the ag- a Philips PW 1050/25 diffractometer with Cuwadiation
gregation of nickel particles on the surface of the zirconium- (50kV, 30 mA). The textural properties of the samples were
doped MCM-41[31]. These studies largely extended the determined in a Micromeritics TriStar 3000 automated nitro-
preparation of nickel-containing MCM-41 catalysts and some gen physisorption apparatus.

of the catalysts are successfully applied in the oligomeriza- Ammonia temperature-programmed desorption §NH

tion of olefin [32], (de)hydrosulfurization and hydrogena-
tions [14,23,26,33] However, the catalytic applications of

TPD) was measured by a flow system with a thermal conduc-
tivity detector. The reduced catalyst (150 mg) was outgassed

these catalysts in the hydroconversion of long-chain paraf- in argon flow, heated to 873 K with 10 K/min, and kept for

fins are still limited[12,34—36]

30 min. The sample was cooled down to 373 K and adsorbed

Inthe present study, we have prepared several Ni/AIMCM- by flowing NHs/Ar stream for 10 min. After equilibration in

41 catalysts using the wetness impregnation method and in-argon flow for 1 h at 373K, the catalyst was again heated
vestigated the effect of nickel salt precursors on the catalytic at a linear rate of 10 K/min to 873K, and then the desorbed
performance im-dodecane hydroconversion. The crystalline ammonia were monitored by an online gas chromatograph
phase, textural properties and surface metal-acid functionsequipped with a thermal conductivity detector.

were characterized using various techniques. Based on the FT-IR spectra of pyridine adsorption were recorded on
characterization results, the correlations between the catalytica Nicolet Magna 550 Fourier transform infrared spectrom-
performance and the surface metal-acid functions were fur-eter at 4 cm? resolution. The sample was finely grounded

ther studied.

2. Experimental
2.1. Catalyst preparation

Mesoporous aluminosilicate (AIMCM-41 with Gel Si/Al
= 15) was hydrothermally synthesized by modifying the
procedure reported in open literatU@r]. Sodium alumi-
nate (41% AJO3) was dissolved in demineralised water
and mixed with a certain amount of silicate anions solu-
tion (28.8% SiQ, 10.8% NaO). Then the cetyltrimethy-

and pressed into self-supporting wafer (10 mgfctiame-
ter=15 mm), and then placed into the measurement cell with
Cak, windows. The sample was first reduced by hydrogen,
and then evacuated at 773K (ca"fQorr) for 4 h prior to
adsorption of pyridine. IR spectra were recorded after subse-
guent evacuation at 433 K.

The temperature-programmed reduction (TPR) of the
samples was performed in a flow system with a thermal con-
ductivity detector. The samples (100 mg) were first outgassed
in argon by heating to 773 K and then cooled at ambient tem-
perature. Next, they were heated in giiAt (5/95 volumetric
ratio) reducing gas mixture from room temperature to 1023 K
by a heating rate of 10 K/min and the detector signal was

lammoniumbromide (CTAB) aqueous solution was added recorded continuously.

to the above mixture with stirring. Subsequently, the pH of

the gel mixture was adjusted to ca. 10.3 by dropwise ad-

dition of 2M HCI. The resulting gel with molar compo-
sition 1.0Si3:0.41Na0:0.033Ab03:0.2CTAB:80H0O was

X-ray photoelectron spectra (XPS) were recorded on a
VG ESCALAB210 spectrometer equipped with an Mg K
radiation and a hemispherical electron analyzer. The pow-
dered samples were pressed into an indium foil, reduced ex

transferred to a teflon-lined autoclave and aged at 393 K for situ in Hp at 773 K for 4 h, and then moved into the pretreat-
48h. The solid product recovered by filtration was washed ment chamber of the spectrometer undeiffldw protection.

with deionized water, dried in air at 333K and calcined at
873K for 5h to get the template-free AIMCM-41. The pro-
tonated form of AIMCM-41 was obtained by ion exchange
with 1 M NH4NO3 solutions twice at 323K for 8 h, dried at
ambient temperature, and then calcined at 813K for 3 h.

Energy regions of the photoelectrons were scanned at pass
energy of 25 eV. Peak intensities were estimated by calculat-
ing the integral of each peak, after smoothing, subtraction of
the S-shaped background and fitting the curve to a combi-
nation of Lorentzian and Gaussian lines. Energy correction

The nickel-supported catalysts were prepared by the wet-was performed using the C 1s line at 284.9eV as a charge
ness impregnation technique using three different nickel pre- reference.

cursors: nickel nitrate, alkaline tetraamine nickel nitrate and

nickel citrate. Nickel citrate was prepared by mixing nickel
carbonate and citric acid with a 3:2 molar ratio in deionized
water as described by Lensveld et[aB]. In all cases, a cer-

Nickel dispersion was measured by ehemisorptionin a
Pulse Chemisorb 2700 micrometrics apparatus. The samples
were preheated at 773 K for 4 h iniHow, followed by clean-
ing with Ar flow at 773 K for 30 min. Then the chemisorption

tain amount of nickel precursor solutions was impregnated experiments were performed at room temperature.
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2.3. Catalytic test S
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n-Dodecane hydroconversion was carried out in a down
flow fixed-bed stainless steel tube reactor .G6 mm;
120cm in length) at 2.0 MPa andxhh-dodecane molar ra-
tio of 20. The catalyst was pretreated in Ar flow and then
reduced in situ in a flow of BHat 773K 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 !
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3. Results and discussion Fig. 2. Ny adsorption/desorption isotherms of the samples.
3.1. Textural and phase structure amount Of hydroxides Via[& mechanisn'[lzl-l], Causing the

cleavage of the SIO bonds and further collapse of the frame-
Fig. 1 showed the XRD patterns of the samples. The work of AIMCM-41 during the hydrolysis course. Contrary

AIMCM-41 support exhibited only a broad (100) peak at 0 this, the existence of hydrogen cations in the nickel nitrate
20=2.2, while other diffraction peaks corresponding to the and nickel citrate aqueous solutions could protect the mesos-
(110) and (200) crystal plans were unresolved due to the fucture from being attacked by the hydroxides in some extent.
large amount of aluminum incorporatif88,39] After nickel Therefore, the mesostructure of AIMCM-41 was mainly re-
impregnation, the intensity of the (10 0) peak decreased, in- tained after im_pregnation by nickel nitrate and nickel citrate
dicating that the distortion of the mesostructure took place. @queous solutions.
The N, sorption isotherms and the textural properties of the
samples were given iRig. 2andTable 1 respectively. The  3.2. Reducibility and metal dispersion
AIMCM-41 support showed a type IV isotherm, typical of
mesoporous MCM-41 materigi0]. Upon nickel impregna- The H-TPR profiles of the catalyst$=ig. 3 showed a
tion with nickel nitrate and nickel citrate aqueous solutions, broad peak at 820-890K, shouldered with a small peak at
the shape of the isotherm hardly changed and the textural660—690K, indicating that there were two different nickel
properties (surface area, pore volume and average pore sizejpecies presented on the surface of the catalysts. The small
reduced slightly. However, when the AIMCM-41 supportwas shoulder peak at low temperature coincided with the reduc-
soaked with alkaline tetraamine nickel nitrate solution, the tion of the large bulk NiO particlef28], which were proba-
capillary condensation step became less steep and the sumly located at the external surface of the support. The second
face area markedly decreased, indicating that the structureH2 consumption peak at higher temperature originated from
of AIMCM-41 was more readily destroyed in the alkaline the reduction of the small nickel oxide species, chemically
nickel salt aqueous solution. This result could be explained bounded with the AIMCM-41 framewor[26]. All the cat-
by the interaction between the hydroxide and the AIMCM-41 alysts mainly contained small nickel oxide particles, which
support. In the tetraamine nickel nitrate solution, the silanol were revealed by the rather large area of the seconcbH-

groups on the surface of AIMCM-41 were attacked by a large sumption peak. The reduction peak of Ni(cit)/AIMCM-41
catalyst maximum at the highest temperature among the three

—— AIMCM-41
Ninity AIMCM-41 ——— Ni(nit)/AIMCM-41
Nifcit/AIMCM41 —eme Ni(ami)/AIMCM-41
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Fig. 1. Powder XRD patterns of the samples. Fig. 3. Hp-TPR profiles of the catalysts.
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Table 1

Textural properties of the Ni/AIMCM-41 catalysts

Catalysts Precursor Sset (M2/Q) Pore volume (crf{g) APD? (A)
AIMCM-41 895 0.80 36.7
Ni(nit)/ AIMCM-41 Ni(NO3)> 867 0.77 36.5
Ni(ami)/AIMCM-41 [Ni(NH 3)4](NO3)> 775 0.69 34.7
Ni(cit)/AIMCM-41 Ni 3(Cit), 855 0.73 35.6

2 Average pore diameter.

catalysts, indicating that the nickel-support interaction was  Table 3showed the nickel dispersion of the catalysts ob-
strongest and the nickel oxide particles were highly dispersedtained by b chemisorption. The Ni(cit)/AIMCM-41 catalyst
in the case of Ni(cit)/AIMCM-41 catalyst. demonstrated the highest percentage of metal exposed on
XPS analysis was used to study the nature of the surfacethe total surface (external and inner surface) of AIMCM-41,
species. All the prereduced catalysts showed the similar XPSwhereas the Ni(ami)/AIMCM-41 and Ni(nit)/AIMCM-41 led
spectra (sekig. 4). The Ni2p core level signal of the catalysts to relatively lower nickel dispersion. This should be ascribed
showed a broad Ni 2 profile at about 852—-857 eV, which  tothe nature of nickel precursors. It was known that the nickel
could be deconvoluted into three components. The peak at cacitrate precursor could leave a wetting, highly viscous film
852.3 eV corresponded to theMNipecies, two other peaks at  on the surface of the support upon solvent removal, which
855.3 and 857.2 eV could be associated with the octahedralavoided the entrainment of Rfiions from the mesopores of
Ni2* and the very small crystallites of NiO located on the the support. After calcination, this thin film was broken up
framework wall of the mesostructuf@l]. The peak area of  and decomposed, resulting in the formation of small nickel
Ni® signal was much smaller than that of NiO signals, indicat- oxide particles with high dispersiof28]. By contrast, us-
ing that only a small fraction of NiO was reduced. This might ing the nickel nitrate or alkaline tetraamine nickel nitrate as
lead us to consider that the NiO species on the surface of thenickel source, some Kif ions could readily entrain out of the
AIMCM-41 was in the form of charged clusters, strongly mesopores with the lower viscous solvents flow upon dry-
interacted with the support, and then the charged NiO ing, and then aggregated each other, forming relatively larger
species were rather difficult to be reduced. The signal with nickel particles upon calcination. As a sequence, the nickel
the binding energy at 861.7 eV corresponded to the shake-upspecies could be well dispersed on the mesoporous AIMCM-
satellite structure of i [31,42] The NiO emission lines of 41 support by using wetness impregnation with nickel citrate
the Ni(cit)/AIMCM-41 catalyst slightly shifted to the higher aqueous solution.
binding energy values than those of Ni(nit)/AIMCM-41
and Ni(ami)/AIMCM-41 catalysts, indicating the stronger 33 Acidity
metal-support interaction of the former catalyst. The

quantitative XPS analysis results were compliedénble 2 The AIMCM-41 exhibited two desorption peaks in MH
The reduction degree (B’Nitotm) of the catalysts decreased TpD profile (seeFig. 5), corresponding to the weak and
in the order of Ni(nit)/AIMCM-41>Ni(ami)/AIMCM- medium acid sites. After nickel incorporation onto the sup-
41> Ni(cit)/AIMCM-41, which coincided with the expected  port, the prepared catalysts had the similar acid feature to
results of B-TPR characterization. that of AIMCM-41. However, the total acid sites of the cat-
alysts increased in comparison with that of the support (see
——-=— Ni(nitY AIMCM-41
A g Ni(ami)/AIMCM-41
f ===~ Ni(cin/AIMCM-41
ez - / — AIMCM-41
‘& 2 i
g z i
= 2 I.\
— ;f ===
/:?
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Fig. 4. Ni 2p XPS spectra of the reduced catalysts. Fig. 5. NHz-TPD curves of the samples.
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Table 2
XPS analysis of the reduced Ni/AIMCM-41 catalysts
Catalysts Binding energy (eV) Surface atomic ratio

Al 2p Ni 2pz/2 Si/Al Ni %/Nitotal (%)

Ni2* Ni®
Ni(nit)/AIMCM-41 75.2 855.3, 857.2 852.3 10.8 18.2
Ni(ami)/AIMCM-41 75.3 855.4, 857.3 852.3 11.1 15.6
Ni(cit)/AIMCM-41 75.5 855.7,857.3 852.5 11.2 11.7
Table 3
Acidity and metal properties of Ni/AIMCM-41 catalysts
Catalysts Acidit§ (mmol Py/g) NH; desorbeB (mmol/g) DniS(%) ni/nad
B L B+L

AIMCM-41 0.54 0.78 1.32 0.55 - -
Ni(nit)/AIMCM-41 0.52 0.88 1.40 0.63 111 0.07
Ni(ami)/AIMCM-41 0.51 0.85 1.36 0.59 135 0.09
Ni(cit)/AIMCM-41 0.49 0.84 1.33 0.57 17.0 0.11

@ Calculated using the extinction coefficients by Enjéig].

b NH3 desorbed beyond 373 K.

¢ Nickel dispersion.

d nni/na is the ratio of exposed nickel atoms number to the Brgnsted acid number.

Table 3. Combined with the Py-IR results (séég. 6), it contrary to the sequence of the nickel dispersion on the sur-
could be seen that the Brgnsted acid sites of the AIMCM-41 face of the catalysts. This might indicate that the covering
decreased while the Lewis acid sites were largely enhancedeffect of the nickel species was more apparent compared with
upon nickel impregnation (seBable 3, which ultimately the compensating effect at higher nickel dispersion.

caused the increase of the total acid sites. The nickel mod-

ification over the acidity of the support had two different 3.4. Catalytic performance

effects[43—-46] The Ni species could cover some acid sites

(both Bransted and Lewis acid sites), causing the decrease of The activities of the catalysts in thredodecane hydro-
the total acid sites. On the other hand, the coordinately un- conversion versus temperature were showrFig. 7. In
saturated nickel cations could serve as a kind of new Lewis the temperature range of 573-633K, the activities of the
acid centers, which compensated the original Lewis acid sitescatalysts increased sharply as the temperature increased.
being covered. In the present case, the compensating effecHowever, the increase of the activities became moderate
of the Ni species override the covering one, which caused thepeyond 633 K. This was probably due to the near attainment
increase of the total acid sites. Besides, the total acid sitesof equilibrium for the isomerization reaction at higher tem-
of the catalysts increased in the order of Ni(cit)/AIMCM- perature. At given reaction temperature, the activities of the
41 <Ni(ami)/AIMCM-41 <Ni(nit)/AIMCM-41, which was catalysts increased in the following order: Ni(nit)/AIMCM-

100

— - —&— Ni(cit/AIMCM-41
- - == Ni(nit)/ AIMCM-41 90 4 —%— Nitami¥AIMCM-41
....... Ni(amiy AIMCM-41 —&— Ni(nit/AIMCM41
- emee— Ni(cit/ AIMCM-41 80 4
——— AIMCM-41 oy
-~ B 704
= =
& .2 60
= 2
5 2 50
) 5]
O 40
30 +
20 A
10 4
T T T T T T T T T T T T T T T T T T X T v T ¥ T
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Fig. 6. IR spectra of pyridine adsorbed on the samples after being degassed™ig. 7. n-Dodecane conversion as a function of temperature over Ni/
at 433K. AIMCM-41 catalysts.
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Table 4
Composition of some cracked products on Ni/AIMCM-41 catalysts
Catalysts Xn-c12 (%) C3/Cy (molar) G—Cy (Mol%) i/n (C4—Co) (Molar)

Ni(nit)/AIMCM-41 40.3 19.8 86.4 2.2
Ni(ami)/AIMCM-41 44.4 18.8 85.9 21
Ni(cit)/ AIMCM-41 47.9 15.6 85.7 1.9

41 < Ni(ami)/AIMCM-41 < Ni(cit)/AIMCM-41, which was 3.0

consistent with the sequence of nickel dispersion on the o ] gl oy
surface of the catalysts. This indicated that the activities ] —&— Ni(cit)/ AIMCM-41
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 1.8
Ni(cit)/AIMCM-41 catalyst with higher nickel dispersion 164
showed better activity than the other catalysts.

The selectivity toward-dodecane over the three catalysts
decreased with the increase of conversion gge8), which "o % 30 40 S0
was commonly observed in the hydroisomerization-cracking
of n-paraffins. However, the isomerization selectivity was al-
ways higher for the Ni(cit)/AIMCM-41 as compared withthe  Fig. 9. The ratio of monobranched to multibranched dodecane isomers
other catalysts in the whole conversion range. According to (M/B) as a function of conversion afdodecane.
the proposed bifunctional reaction mechanism for hydroiso-
merization and hydrocrackir{g8-50] the balance between shown in Fig. 9. In all cases, the M/B ratio declined
metal and acid functions had great influence on the isomer-with the increase of conversion, which was in line with
ization selectivity. Generally, the balance between metal andthe branching mechanism via protonated cyclopropanes
acid functions of the bifunctional catalysts was characterized [5,48,51] At the same conversion, the M/B ratio decreased
by the ratio of the number of hydrogenating sites to the num- in the sequence of Ni(cit)/AIMCM-41 > Ni(ami)/AIMCM-
ber of Bragnsted acid sitesj/na). The higher thewi/na 41 > Ni(nit)/AIMCM-41, consistently with the;i/na value
value was, the stronger (de)hydrogenating activity could be of the catalysts. Since the isomerization proceeded through
obtained over the catalyst. Therefore, the paraffins could besuccessive branching from normal to mono- to multibranched
readily (de)hydrogenated over the Ni(cit)/AIMCM-41 cata- dodecang52], the highemyi/na value suggested that there
lyst due to its highegtyi/na value in the three catalysts (see was shorter residence time of the intermediate carbeniumions
Table 3, which in turn suppressed the further cracking of on the acid sites. Thus, the more monobranching carbenium
the carbenium ions on the acid sites and then resulting in theions could be transferred to the metal sites without further
highest isomerization selectivity. being branched.

The ratio of monobranched to multibranched dodecane Fig. 10 gave the carbon number distribution of the hy-
isomers (M/B) as a function of the total conversion was drocracking products at conversion of ca. 45%. The major

M/B ratio

T T T T T T
60 70 80 90 100

Conversion (%)

90 —&— Ni{cit/AIMCM-41
—— Ni(ami YAIMCM-41 30
80 —&— Ni(nit/AIMCM-41 O Ni (nit) Al MCM-41
= B Ni (ami)/ Al MCM-41
% 704 & 251 ONi ey A MCMAA1
= 2
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T304 =)
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Fig. 8. Isomerization selectivity as a function of the conversionnof Fig. 10. Distribution of the cracked products over Ni/AIMCM-41 catalysts

dodecane. at the conversion of ca. 45%.
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