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Magnetic NiSO4/c-Al2O3 catalysts were prepared by impregnating NiSO4 solutions
onto the c-Al2O3 support containing a magnetic material of Fe3O4. Characterization
by XRD, NH3-TPD, and thermal analysis showed that the magnetic NiSO4/c-Al2O3 cat-
alyst with a nickel content of 7.0% by weight had a monolayer dispersion of NiSO4

and the largest number of moderate strength acid sites, and a high specific saturation
magnetization. The magnetic catalyst was evaluated for light FCC gasoline olefin oli-
gomerization in both fixed-bed and magnetically stabilized bed (MSB) reactors. Com-
paring with that in the fixed-bed reactor, the optimal reaction temperature in the MSB
lowered to 443 K, and its space velocity ranged broadly from 2.0 to 6.0 h21. The sul-
fur-free diesel distillate produced by operation of the MSB for 100 h had higher cetane
number and good low-temperature flow property, which illuminates a promising
application of the MSB to manufacture clean diesel fuels with high productivity and
flexibility. � 2009 American Institute of Chemical Engineers AIChE J, 55: 717–725, 2009
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Introduction

It is forecast that the world will face significant diesel and
naphtha deficits by 2015, not least because of the rapid
increase in demand for diesel in China.1,2 Furthermore,
increasingly strict environmental protection regulations
require high-quality diesel fuels. The traditional process for
producing clean diesel fuels is hydrogenation; it is, however,

hard for traditional hydrogenation processes to meet all the
requirements for high-quality clean diesel fuels.3

Olefin oligomerization is a promising approach for the pro-
duction of clean diesel fractions free of sulfur and aro-
matics.4–7 Tabak et al. has developed an olefin oligomeriza-
tion process MOGD,8,9 which used ZSM-5 zeolites to con-
vert light olefins(C3–C6) to gasoline and diesel fuel in fixed-
bed reactors and found that high-quality diesel was favorably
produced at lower temperature (473–573 K) and higher pres-
sure (3.0–10.0 MPa). Vaccari et al. investigated C2, C4, and
C5 olefins oligomerization over MCM-41 type catalysts for
the synthesis of clean diesel fuels in a fixed-bed microreac-
tor, and obtained high selectivity of diesel fractions from C4

and C5 olefins at temperatures of 413–453 K, a pressure of
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5.0 MPa and weight hourly space velocities of 5.3–10.6
h21.4 These previous reports on olefin oligomerization to die-
sel generally adopted one pure compound involving C4, C5

olefin as the raw material. Therefore light FCC gasoline, an
industrially available stream containing large amount of ole-
fins mixture from C4 to C6, is a promising raw material for
oligomerization to produce clean diesel.

Solid acid catalysts such as zeolites,8–12 aluminosili-
cates13,14 and solid phosphoric acid catalysts15,16 are all
effective catalysts for the olefin oligomerization reaction.
Some metal sulfates, including NiSO4, CuSO4, Zr(SO4)2, and
Ti(SO4)2 can generate fairly large numbers of moderate or
strongly acidic sites when calcined at 623–973 K and, espe-
cially when supported on metal oxides, exhibit excellent cat-
alytic performances in olefin oligomerization.17,18 Cai et al.
have previously studied the oligomerization of light olefins
(C2–C4) to give gasoline over an NiSO4/c-Al2O3 catalyst
under the conditions of temperature of 323 K, pressure of 2.5
MPa and liquid hourly space velocity (LHSV) 1.0–2.0 h21 in
a fixed-bed reactor19,20 and found that very high catalytic ac-
tivity for alkene oligomerization was obtained. It was shown
that acid sites with moderate acid strength play an important
role in alkene oligomerization. Sohn et al. have also studied
the ethylene dimerization reaction over NiSO4/c-Al2O3 and
NiSO4/Fe2O3-ZrO2 catalysts in a fixed bed,21–24 and found
that both catalysts exhibited good performance for ethyl-
ene dimerization at around room temperature, and that
catalyst activity was closely related to its acidity. Because
NiSO4/c-Al2O3 catalysts show such excellent olefin oligo-
merization performance, they can be considered as poten-
tial catalysts for the production of clean diesel through
oligomerization.

The fixed-bed reactor is the typical reactor for heterogene-
ous catalysis in the chemical industry. Fixed-bed reactors suf-
fer from poor heat transfer characteristics, which in the case
of an exothermic reaction, such as olefin oligomerization, can
lead to ‘hot spots’ which adversely affect the operation of the
catalyst. A fixed-bed reactor also suffers from other inherent
disadvantages such as limited mass transfer properties, rela-
tively high pressure drops, and lack of operational flexibility.
A magnetically stabilized bed (MSB) reactor, has the advan-
tages of efficient interphase mass and heat transfer properties,
and low pressure drop,25–29 and has been shown to be an
effective way of achieving process intensification in the purifi-
cation of caprolactam30 and the methanation of carbon monox-
ide31 over Ni alloy catalysts and in the acetylene hydrogena-
tion over Pd-supported catalysts with a magnetic material of
NiFe2O4.32 Clearly the preparation of strongly magnetic cata-
lysts is a prerequisite if they are to be employed in an MSB
reactor. Recently, magnetic solid acid catalysts with a particle
diameter of less than 150 nm, have been prepared by
coprecipitation of catalytic materials (e.g. TiO2 or ZrO2)
and magnetic materials (e.g. Fe3O4 or c-Fe2O3).33,34 These
magnetic catalysts had specific saturation magnetization of
less than 12.0 emu g21, and are usually used as heteroge-
neous catalysts in a batch process, using a magnetic field
to separate the catalyst from the product at the end of the
reaction.

In this work, a novel strongly magnetic solid acid catalyst
has been synthesized by impregnating a c-Al2O3 containing a
magnetic material of Fe3O4, with NiSO4 solutions and has

been characterized by XRD, NH3-TPD, and thermal analysis.
The resulting magnetic NiSO4/c-Al2O3 catalysts were eval-
uated as olefin oligomerization catalysts using a light FCC
gasoline feedstock in both fixed-bed and MSB reactors,
and the effects of reaction temperature, pressure, space
velocity and magnetic field intensity on the diesel yield
were studied.

Experimental

Catalyst preparation

SiO2 is usually used to improve the dispersion and thermal
stability properties of the fine magnetic materials involving
NiFe2O4 and Fe3O4.35,36 In this work, Fe3O4 coated with
SiO2 ranged from 1.0 to 6.0 lm in diameter was used as the
magnetic material for the composite catalyst.

The Fe3O4 particles were prepared by coprecipitation
method. FeCl2 solution was mixed with FeCl3 solution (the
molar ratio of Fe21 to Fe31 equals 4.0) in a 1 l three-necked
flask by vigorous mechanical stirring. The pH of the mixture
was raised to 10–12 by adding NaOH solution. The mixture
was subsequently aged at 323 K for 1.0 h. And then, the pre-
cipitate was washed several times with distilled water and
absolute ethanol, and dried at 353 K for 2.0 h.

The magnetic Fe3O4/SiO2 particles were prepared by the
sol-gel method followed by acidification method. The sol-gel
coating process was performed at atmosphere temperature.
The mixture consisting of Fe3O4, absolute ethanol and tetra-
ethyl orthosilicate was ultrasonificated for 30 min, followed
by the addition of ammonium hydroxide solution in a drop-
wise manner with vigorous mechanical stirring. Stirring was
continued for 6 h. Then, the particles were washed several
times with distilled water and absolute ethanol, and dried at
353 K for 2.0 h.

The coated particles were further coated by acidification
approach. The aforesaid coated particles, at a concentration
of 20.0 g l21, were dispersed in distilled water with ultra-
sonic treatment for 5.0 min. The pH of the suspension was
raised to 8–10 by adding dilute NaOH solution. The suspen-
sion was transferred into a 500 ml three-necked flask with
vigorous mechanical stirring and heated to 358–368 K.
Na2SiO3 and dilute HCl. solutions were simultaneous added
to the suspension. The pH of the suspension was maintained
at 8–10 by controlling the titrating speed of the HCl, while
the titrating speed of Na2SiO3 was kept constant. After titra-
tion, the suspension was aged for 1.0 h and cooled to the
room temperature. Then, the particles were washed several
times with distilled water and absolute ethanol, dried at 353
K for 2.0 h. The resulting Fe3O4/SiO2 particle contained
15% (wt) SiO2 and its specific saturation magnetization was
60.2 emu g21.

This kind of magnetic Fe3O4/SiO2 particles mixed quanti-
tatively with a pseudo-boehmite solution containing 1.7%
HNO3 and after stiring for 30 min, the resulting mixture was
dried for 12.0 h at 383 K in air, and subsequently calcined at
773 K for 4 h to afford the magnetic c-Al2O3 support. This
prepared magnetic Al2O3 support consisted of 30% (wt) mag-
netic material (Fe3O4/SiO2), and was sieved in the range of
75–105 lm for further characterization. The resulting support
showed a specific surface area of 195 m2 g21.
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A series of magnetic NiSO4/c-Al2O3 catalysts with differ-
ent nickel contents were prepared by the incipient wetness
method. The magnetic c-Al2O3/Fe3O4 support was impreg-
nated by an aqueous solution of NiSO4�6H2O, and then dried
at 383 K for 4.0 h followed by calcination at different tem-
peratures for 4.0 h in air. The prepared catalyst is denoted by
the weight percentage of nickel, e.g. NiSO4/c-Al2O3-4 indi-
cates that the catalyst contains 4% (wt) nickel.

Characterization

Powder XRD patterns were recorded using a Philips
X’Pert Pro powder X-ray diffractometer with Cu Ka radia-
tion, at 40 kV and 30 mA, and a scan speed of 48 min21 in
the 2h range 5–808.

Specific surface areas were measured using a Micromerit-
ics accelerated surface area and porosimetry 2010 system.
Samples were outgassed at 343 K for 8.0 h before the mea-
surements. The specific surface area was calculated using the
BET method based on the N2 adsorption isotherm.

Thermal analysis was carried out on a TA Instruments
Modulated DSC 2910 instrument in flowing air with a heat-
ing rate of 283 K min21.

Sample acidity was measured by ammonia temperature-
programmed desorption (TPD) using a Micromeritics
Autochem II 2920 instrument with helium as the carrier gas.
Catalyst samples were allowed to adsorb NH3 at 373 K, and
NH3 desorption was then monitored as the samples were
heated to 823 K.

Magnetic properties were measured using a JDM-13
vibrating sample magnetometer manufactured by Jilin Uni-
versity.

Chemical composition was analyzed by Rigaku 3080
X-ray fluorescence spectrometer with rhodium target at 50 kV
and 30 mA.

Elemental composition on the surface of the catalyst was
measured by PekinElmer PHI Quantera SXM X-ray photo-
emission spectrometry (XPS) with Al Ka radiation (sput-
tering conditions: argon ions with 2.0 keV energy, emission
current 20 mA).

Evaluation of catalytic performance

The catalytic properties of the NiSO4/c-Al2O3 materials
were evaluated using the experimental apparatus shown in
Figure 1. The MSB reactor, with i.d. of 9.0 mm and height
of 700 mm, was surrounded by four similar DC-powered
copper wire coils at regular intervals. A uniform axial mag-
netic field of up to 40.0 kA m21 can be generated in the
MSB reactor by adjusting the value of the current passed
through the copper coils. The loading of catalyst was 15.0 g
in each run. Before feeding the hydrocarbons, the reaction
system was purged for 1.0 h at room temperature by N2 flow
at 10.0 ml min21, and was then pressurized with N2. The
light FCC gasoline feed was then pumped into the reactor at
a known flow rate.

For the purposes of comparison, the magnetic NiSO4/c-
Al2O3 catalysts were also evaluated in a fixed-bed reactor
having the same size as that of the MSB reactor. The fixed-
bed reactor replaced the MSB reactor in the apparatus shown
in Figure 1, and the treatment for each reaction run was the
same as that for the MSB reactor, except for the absence of
an external magnetic field.

Table 1 lists the physical properties and composition of
the light FCC gasoline feed. The reaction product was sepa-
rated into gasoline distillate and diesel distillate with a cut-
ting temperature of 443 K because the amount of the distil-
late obtained above 623 K was less than 2.0% (wt). The per-

Figure 1. Schematic diagram of the magnetically stabilized bed (MSB) experimental apparatus.

Table 1. Properties of Light FCC Gasoline

Density (g/cm3) 0.643
Distillation range (K)

Initial boiling point 286
10% 299
30% 313
50% 329
70% 335
90% 347
Final boiling point 413

Group composition (wt) %
Saturated hydrocarbon 50.4
Olefin 49.4
Aromatic hydrocarbon 0.2
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formance of the catalyst was assessed by measuring the die-
sel yield. The properties of the product were measured after
the relevant ASTM procedures.

Results and Discussion

Characterization of the magnetic NiSO4/c-Al2O3

catalysts

The magnetic NiSO4/c-Al2O3 catalysts were characterized
by XRD, NH3-TPD and thermal analysis, to study the influ-
ence of varying nickel content on the catalyst structure and
acidity.

Figure 2a shows the XRD patterns of the magnetic NiSO4/
c-Al2O3 catalysts with different nickel content, after calcina-
tion at 773 K for 4.0 h. When the nickel content was 7.0%
(wt) or less, the only diffraction peaks observed were those
characteristic of c-Fe2O3 and Al2O3 with no peaks corre-
sponding to NiSO4. This is consistent with the formation of
a monolayer of NiSO4. When the nickel content was
increased to 8.0% (wt), the appearance of diffraction peaks
around 20 degrees 2h is consistent with the formation of
crystalline NiSO4 in the catalyst i.e. greater than monolayer
coverage; furthermore, the intensities of these peaks
increased with increasing nickel content. Cai et al. have pre-
viously reported similar results for NiSO4, dispersed on a c-
Al2O3 support.19 Furthermore, they showed that a monolayer
dispersion of NiSO4 exhibited high activity whereas larger
loadings of NiSO4, leading to the formation of double layers
of NiSO4, resulted in lower catalytic activity.

Figure 2b shows NH3-TPD profiles of the magnetic
NiSO4/c-Al2O3 catalysts with different nickel contents after
calcination at 773 K. The Fe3O4/c-Al2O3 support without any
added nickel showed a strong desorption peak at about 463
K and another relatively weak peak around 593 K. As the Ni
content was increased, the relative intensities of two peaks
showed a gradual change i.e. the peak at higher temperature
increased in intensity and its intensity exceeded that of the
low temperature peak when the nickel content reached 7.0%
(wt). Furthermore, the position of the high temperature peak
showed a gradual shift to lower temperature with increasing
nickel content, with the peak occurring around 553 K for a
nickel loading of 10% (wt). It is generally accepted that a
TPD peak around 463 K arises from desorption of ammonia
from weak acid sites, while a peak around 553–593 K results
from desorption of ammonia from moderate strength acid
sites.37 The total volume of adsorbed NH3 volume increased
at first with increasing nickel content, reaching a maximum
at 7.0% (wt) and then decreased (see Supp. Info. Figure 1).
This is consistent with the XRD patterns, since it is reasona-
ble to assume that loadings of nickel higher than 7.0% (wt),
resulting in multilayer deposition on the surface, will give
partial covering of the acid sites and as a consequence the
volume of adsorbed NH3 will decrease.

Figure 2c shows the DTA curves of pure NiSO4�6H2O and
the magnetic NiSO4/c-Al2O3 catalysts with different Ni con-
tents. In the case of pure NiSO4�6H2O, three endothermic
peaks were observed below 673 K corresponding to dehydra-
tion of NiSO4�6H2O, and one peak around 1153 K attributed
to decomposition of NiSO4.38 The magnetic NiSO4/c-Al2O3

catalysts exhibited a single endothermic peak at low tempera-

Figure 2. (a) XRD patterns of magnetic NiSO4/c-Al2O3

catalysts with different nickel contents after
calcination at 773 K; (b) NH3-TPD curves of
the magnetic NiSO4/c-Al2O3 catalysts with
different nickel contents; (c) DTA curves of
magnetic NiSO4/c-Al2O3 catalysts with differ-
ent nickel contents.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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ture (around 413 K) similar to the lowest temperature peak
observed for NiSO4�6H2O. When the nickel content was as
low as 4.0 % (wt), no other peaks appeared in the tempera-
ture range 423–1173 K. As the nickel content was increased
to 7.0% (wt), a very weak peak at 1093 K was observed,
whilst two weak peaks located at 1033 K and 1107 K were
observed for the NiSO4/c-Al2O3 -10catalyst. These data sug-
gest that the decomposition of sulfate anions is affected by
the presence of the c-Al2O3 support. The significant differ-
ence between the DTA trace of the material with a nickel
content of 10.0% (wt) and those of materials with lower
nickel contents is consistent with the XRD and NH3-TPD
results, which suggested that a monolayer dispersion was
obtained when the nickel loading was not higher than 8.0%
(wt).

Figure 3a shows the hysteresis loop of the magnetic
NiSO4/c-Al2O3-7 catalyst. The specific saturation magnetiza-
tion of the sample was 15.0 emu g21, which is higher than
that of other reported magnetic solid acid catalysts.32,33

Figure 3b shows the XPS spectra of the magnetic NiSO4/
c-Al2O3-7 catalyst. According to the X-ray fluorescence
results, the catalyst contained 20.9 % (wt) Fe3O4, however, it

could be seen from the XPS spectra that there was no Fe ele-
ment on the surface of the catalyst. The result indicates that
the SiO2 shell on the surface of Fe3O4 particles is dense and
uniform which can prevent the Fe3O4 particles from affecting
the performance of the catalyst.

Light FCC gasoline olefin oligomerization over
the magnetic NiSO4/c-Al2O3 catalysts in the
fixed-bed reactor

Magnetic NiSO4/c-Al2O3 catalysts with different nickel
contents were assessed for olefin oligomerization perform-
ance in the fixed-bed reactor. Figure 4 shows the variation in
diesel yield as a function of nickel content obtained with
magnetic NiSO4/c-Al2O3 catalysts calcined at 773 K. The
diesel yield increased with nickel content up to 7.0% (wt),
and then decreased at higher nickel contents. This is consist-
ent with maximum number of acid sites being present in the
material with a nickel content of 7.0% (wt) (as discussed
above and shown in Supp. Info. Figure 1).

The magnetic catalyst with a nickel loading of 7.0% (wt),
NiSO4/c-Al2O3-7, was calcined at different temperatures and
its efficacy in olefin oligomeriation was assessed. As shown
in Figure 5a, the NiSO4/c-Al2O3-7 catalyst calcined at 773 K
afforded the maximum diesel yield, of about 40%. Figure 5b
shows the NH3-TPD curves of the magnetic NiSO4/c-Al2O3-
7 catalyst calcined at different temperatures. Each curve
showed two peaks, one at 463 K corresponding to NH3 de-
sorption from weak acid sites, and the other at about 553 K
corresponding to desorption from moderate strength acid
sites. The relative intensities of these two peaks varied as the
calcination temperature was increased from 673 to 973 K.
For a calcination temperature of 773 K, the number of mod-
erate strength acid sites was larger than that of the number
of weak acid sites. Furthermore, the amount of NH3 adsorbed
on the catalyst calcined at 773 K, 14.5 ml g21, was larger
than that adsorbed on the catalysts calcined at higher or
lower temperatures (see Supp. Info. Figure 2).

Figure 3. (a) Hysteresis loop of the magnetic NiSO4/
c-Al2O3 -7 catalyst; (b) XPS spectra of the
magnetic NiSO4/c-Al2O3 -7 catalyst.

Figure 4. Effect of varying nickel content on the diesel
yield over magnetic NiSO4/c-Al2O3 catalysts
in a fixed-bed reactor operated under the
conditions of temperature of 463 K, pressure
of 3.0 MPa, and LHSV of 1.0 h21.
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The aforementioned data suggest that the maximum activ-
ity of the magnetic catalyst can be obtained with a nickel
loading of 7.0% (wt) when calcined at 773 K, since this ma-
terial has a monolayer of active catalyst on the support, with
the maximum number of medium strength acidic sites.
Therefore this catalyst was selected for further studies in the
fixed-bed and MSB reactors.

Light FCC gasoline olefin oligomerization intensified
by the MSB reactor

Figure 6 shows a comparison of the effects of varying
reaction temperature, pressure, space velocity and magnetic
field intensity on the diesel yield for both fixed-bed and
MSB reactors incorporating the magnetic NiSO4/c-Al2O3 -7
catalyst which had been calcined at 773 K.

Figure 6a shows the diesel yield as a function of varying
temperature under the reaction conditions of pressure of 3.0
MPa and an LHSV of 1.0 h21 in the fixed-bed reactor and
with pressure 3.0 MPa, LHSV of 4.0 h21 and magnetic field
intensity of 30 kA m21 in the MSB reactor. It can be seen that
the optimal reaction temperatures were 443 and 463 K for the
MSB and the fixed-bed reactors, respectively. The diesel yield
obtained using the MSB reactor was higher than that obtained
with the fixed-bed reactor over the entire temperature range
from 423 to 503 K. This can be attributed to the MSB having
more efficient interphase mass transfer properties, lower pres-
sure drop, and the absence of particle clogging, which inhibits
formation of hotspots during the exothermic reaction system
allowing a lower optimal reaction temperature.25,27

Figure 6b shows the effect of varying the system pressure
on the oligomerization performance of the magnetic catalyst
under the reaction conditions of temperature of 463 K and
LHSV of 1.0 h21 in the fixed-bed reactor and temperature of
443 K, LHSV of 4.0 h21 and magnetic field intensity of 30
kA m21 in the MSB reactor. The diesel yield showed a grad-
ual increase with system pressure in both reactors. At low
pressures, the light FCC gasoline feed was partially gasified
in the reactor so that lower diesel yield was obtained.
Increasing the system pressure resulted in liquefying of the
feed, which led to the observed increased diesel yields.

Figure 6c shows the influence of varying LHSV on the
diesel yield under the reaction conditions of temperature of
463 K and pressure of 3.0 MPa in both reactors and mag-
netic field intensity of 30 kA m21 in the MSB reactor. In the
fixed-bed reactor, the diesel yield decreased sharply from
41.6% (wt) to 23.1% (wt) as the LHSV was increased from
1.0 to 4.0 h21. In contrast, in the MSB reactor the diesel
yield showed only a gradual decrease from 45.6 to 39.7%
(wt) when the LHSV was increased from 2.0 to 6.0 h21,
whilst even for a much higher LHSV of 8.0 h21 the diesel
yield only decreased to 33.3% (wt).

High space velocities shorten the contact time of the feed
with the catalyst in the fixed-bed reactor, which results in the
observed decrease in the diesel yield. In the MSB reactor,
however, the catalyst bed expands with increasing space veloc-
ity, and the contact time is not reduced as sharply as that in
the fixed-bed reactor, and consequently the diesel yield is rela-
tively stable over a broad range of space velocities. The ability
to use higher space velocities highlights the superior perform-
ance of the MSB reactor compared with the fixed-bed reactor.

Figure 6d shows the effect on the diesel yield of varying
the magnetic field intensity in the MSB reactor under the
conditions of temperature of 443 K, pressure of 3.0 MPa and
LHSV of 6.0 h21. As the magnetic field intensity was
increased from 10.0 to 30.0 kA m21, the diesel yield
increased from 28.4 to 41.2% (wt), and then remained almost
constant with a further increase in magnetic field intensity to
40.0 kA m21. The optimal magnetic field intensity is there-
fore 30.0–40.0 kA m21.

This dependence of diesel yield on the magnetic field in-
tensity can be attributed to the hydrodynamic characteristics
of the MSB reactor. It is known that when the liquid velocity
is greater than the minimum fluidization velocity, the MSB
has three different operating regimes depending on the mag-
netic field intensity.39 These are the particulate regime, the
chain regime, and the magnetically condensed regime,

Figure 5. (a) Effect of varying calcination temperature
of the catalyst on the diesel yield over the
magnetic NiSO4/c-Al2O3 catalyst in a fixed-
bed reactor operated under the conditions of
temperature of 463 K, pressure of 3.0 MPa,
and LHSV of 1.0 h21; (b) NH3-TPD curves of
the magnetic NiSO4/c-Al2O3 catalyst calcined
at different temperature.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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respectively. In the particulate regime, the catalysts move
freely, and backmixing and entrainment occur; in the chain
regime, the catalyst particles align themselves along the
direction of magnetic field, and the bed is operated in a sta-
ble state with uniform voidage; in the magnetically con-
densed regime, bypassing occurs and the surface of the cata-
lyst is not fully available to the feed. Figure 7 shows the
operation regimes with the different fluid velocity of light
FCC gasoline in the MSB reactor. In case of the light FCC
gasoline olefin oligomerization, magnetic field strengths in
the range 30.0–40.0 kA m21 are sufficient to achieve chain
regime operation in the MSB reactor, resulting in higher die-
sel yields, whereas at lower magnetic field strengths the par-
ticulate regime occurs resulting in lower diesel yields.

Comparisons of the results in the MSB and the
fixed- bed reactors

Based on the above experimental results, the ranges of
optimal reaction conditions in the fixed-bed and the MSB
reactors for light FCC gasoline olefin oligomerization are
listed in Table 2. Table 3 shows the distillate range of the
products obtained under the conditions of temperature 463 K,
pressure of 3.0 MPa and LHSV of 1.0 for the fixed bed reac-
tor and temperature of 443 K, pressure of 3.0 MPa, LHSV of
6.0 h21 and magnetic field intensity of 30.0 kA m21 for the
MSB reactor. Although the average diesel yields in the MSB
reactor were only slightly higher than those in the fixed-bed
reactor, the broad space velocity range possible in the MSB
indicates its excellent operational flexibility.

Figure 6. Oligomerization performance of the magnetic NiSO4/c-Al2O3 -7catalyst calcined at 773 K in fixed-bed and
MSB reactors as a function of: (a) varying reaction temperature under the conditions of pressure of 3.0
MPa, and LHSV of 1.0 h21 for the fixed-bed reactor and pressure of 3.0 MPa, LHSV of 4.0 h21, and mag-
netic field intensity of 30 kA m21 for the MSB reactor; (b) varying system pressure under the conditions
of temperature of 463 K, and LHSV of 1.0 h21 for the fixed-bed reactor and temperature of 443 K, LHSV
of 4.0 h21, and magnetic field intensity of 30 kA m21 for the MSB reactor; (c) varying LHSV under the con-
ditions of temperature of 463 K, and pressure of 3.0 MPa for the fixed-bed reactor and temperature of
463 K, pressure of 3.0 MPa, and magnetic field intensity of 30 kA m21 for the MSB reactor; (d) varying
magnetic field intensity under the conditions of temperature of 443 K, pressure of 3.0 MPa, and LHSV of
6.0 h21 in the MSB reactor.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Properties of the oligomerization products obtained in
the MSB reactor

Stability tests of the magnetic catalyst were performed in
the MSB reactor for 100 h under the conditions of tempera-
ture of 443 K, pressure of 3.0 MPa, LHSV of 6.0 h21 and
magnetic field intensity of 30.0 kA m21. The properties of
the oligomerization products are given in Table 4. The gaso-
line distillate contains large quantities of light distillate and
saturated hydrocarbons, making it a high-quality feed, after
hydrogenation, for production of ethylene. Furthermore, the
diesel distillate possesses a high cetane number and good
low-temperature flow property and the characteristics of
clean diesel, i.e. sulfur-free and containing a low content of
aromatics. It should be noted that this diesel distillate meets
the requirement of the GB 252-94 standards for 250# diesel.

Conclusions

High magnetic NiSO4/c-Al2O3 catalysts have been success-
fully prepared by impregnation of a c-Al2O3 support contain-
ing a magnetic material of Fe3O4 with NiSO4 solutions.
Characterization by XRD, NH3-TPD, and thermal analysis
indicated that the magnetic NiSO4/c-Al2O3 catalyst with a
nickel content of 7.0% (wt) had a monolayer dispersion of
NiSO4 and the largest number of moderate strength acid
sites. This material also had a high specific saturation mag-
netization of 15.0 emu g21.

The magnetic NiSO4/c-Al2O3-7 material with a nickel con-
tent of 7.0% (wt) was assessed as a light FCC gasoline olefin
oligomerization catalyst in both fixed-bed and MSB reactors.
In the fixed-bed reactor, the optimal reaction conditions were
found to be a temperature of 463 K, pressure of 3.0 MPa and
LHSV of 1.0–2.0 h21, under which conditions the diesel yield
was in the range 37.9–41.6% (wt). In the MSB reactor with a
magnetic field strength of 30.0–40.0 kA m21, the optimal
reaction temperature was reduced to 443 K, and space veloc-
ities over a broad range of 2.0–6.0 h21 resulted in higher die-
sel yields than those obtainable in the fixed-bed reactor.

A stability test of the magnetic NiSO4/c-Al2O3-7 catalyst
with a nickel content of 7.0% (wt) was performed under the
conditions of temperature of 443 K, pressure of 3.0 MPa,
LHSV of 6.0 h21 and magnetic field strength of 30.0 kA
m21 in the MSB reactor for 100 h. The resulting products
comprised a gasoline distillate that is a suitable raw material
for ethylene production, and a clean diesel distillate that pos-

Figure 7. The operation regimes under different fluid
velocity of light FCC gasoline in the MSB
reactor.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table 2. Range of Optimal Reaction Conditions
in the MSB and the Fixed-bed Reactors with

the Magnetic NiSO4/c-Al2O3 Catalyst

Items MSB Fixed-bed

Reaction temperature (K) 443–463 463
System pressure (MPa) 3.0 3.0
LHSV (h21) 2.0–6.0 1.0–2.0
Magnetic field intensity (kA m21) 30.0 –
Diesel yield (wt) % 39.7–45.6 37.9–41.6

Table 3. Distillate Range of the Product Obtained
in the MSB and the Fixed-Bed Reactors with

the Magnetic NiSO4/c-Al2O3 Catalyst

Distillate range (K) MSB Fixed-bed

Initial boiling point 318 324
10% 329 331
30% 351 350
50% 408 400
70% 487 502
90% 529 546
Final boiling point 601 618

Reaction Conditions: temperature of 443 K, pressure of 3.0 MPa, LHSV of
6.0 h21, and magnetic field intensity of 30 kA m21 for the MSB reactor, and
temperature of 463 K, pressure of 3.0 MPa and LHSV of 1.0 h21 for the
fixed-bed reactor.

Table 4. Properties of the Oligomerization Products

Gasoline distillate Density (293 K), g/cm3 0.658
Distillate range (K)

Initial boiling point 312
50% 346
90% 414
95% 433
Final boiling point 443

Group compositions (wt) %
Saturated hydrocarbon 74.8
Olefin 22.9
Aromatic hydrocarbon 2.3

Diesel distillate Density (293 K), g/cm3 0.80
Kinematic viscosity (293 K), mm2/s 3.87
Distillate range (K)

Initial boiling point 443
50% 506
90% 616
95% 633

Final boiling point 639
Freezing point (K) \-323
Closed-flash point (K) 335
Mechanical impurity null
Sulfur content 0
Colority 0.5
Cetane number 60
Hydrocarbon composition (wt) %

Alkane 34.70
Cycloalkane 61.10
Alkylbenzene 4.20
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sesses high cetane number and good low temperature flow
properties, meeting the requirements of GC252-94 standards
for -50# diesel. The results show that the MSB reactor con-
taining the magnetic NiSO4/c-Al2O3 catalyst allows a signifi-
cant intensification of the light FCC gasoline olefin oligome-
rization process by enhancing the interphase mass transfer
and the operational flexibility.
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Notation

LHSV5 liquid hourly space velocity, (h21)
rs5 specific saturation magnetization, (emu g21)
Ul5 the fluid velocity of light FCC gasoline, (mm s21)
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