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a b s t r a c t

SO4
2−/MxOy is of the greatest interest in solid catalysts and green catalysts. Slurry bubble column reactors

are of considerable interest in industrial processes and various biochemical processes. The cetane number
(CN) has widely used diesel fuel quality parameter related to the ignition delay time (and combustion qual-
ity) of a fuel. CN improvement of diesel fuels is a difficult task that refiners will face in the near future. For
that purpose, the tests were designed in which n-heptane is used as the reactant in the air or ozone atmo-
vailable online 3 December 2008

eywords:
ulfated metal oxides
lurry bubble column reactors

sphere at room temperature (RT) and local atmospheric pressure (LAP) using different catalysts of sulfated
tri-component metal oxides SO4

2−/Fe2O3-TiO2-SnO2 (SFTSn) and SO4
2−/MnO2-TiO2-SnO2 (SMTSn) in

slurry bubble column reactor. The products distribution was analyzed by gas chromatography–mass
spectrometry (GC–MS) method and the results show that the relative selectivity of long linear alkane

ximu
her c
etane number
-heptane
ong linear alkane

(C12–C28) reaches the ma
fuel components with hig

. Introduction

SO4
2−/MxOy is a new type of catalyst; it has some advantages

uch as it has good acid strength, it is quite stable to moisture, air
nd heat, is easily separated, less corrosive to reactors and con-
ainers, and more friendly to the environment [1]. So it has been
xtensively used in many organic catalytic reactions of esterifica-
ion, isomerization of n-alkanes, polymerization, acylation, and so
n [2]. It can be said that sulfated metal oxides are the most impor-
ant environmentally friendly heterogeneous catalysts to substitute
urrent liquid acids and halogen-based solid acids, with increasing
mphasis on green chemistry [3].

Slurry bubble column reactors (SBCRs) are cylindrical vessels
n which gas is sparged into a suspension of liquid and fine solids
typically catalyst). These reactors are of considerable interest in
ndustrial processes such as oxidation, hydrogenation of heavy oils,
ischer–Tropsch synthesis, liquid phase methanol synthesis, chlori-
ation, alkylation, wastewater treatment, and various biochemical
rocesses [4]. Their advantages include low pressure drop in the
eactor, excellent heat transfer characteristics resulting in stable
eactor temperatures, no diffusion limitations, and possibility of

ontinuous refreshment of catalyst particles [5].

Recent environmental legislation on diesel fuel, which is a fuel
erived from petroleum and consists mainly of aliphatics contain-

ng 8–28 carbon atoms, with ebullition points varying from 460 to

∗ Corresponding author. Tel.: +86 29 85308442; fax: +86 29 85307774.
E-mail address: wangbo@snnu.edu.cn (H. Ma).

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.11.096
m (87.330%) when SMTSn is used as catalyst in flow air at 60 min. Diesel
etane numbers can be easily obtained from this study.

© 2008 Elsevier B.V. All rights reserved.

690 K [6], focuses on sulfur content, polynuclear aromatics (PNA),
and cetane number (CN) [7]. The cetane number, dependent upon
the chemical composition of diesel fuel, is a dimensionless descrip-
tor for the ignition delay (ID) time of a diesel fuel upon injection
into the combustion chamber [8]. Diesel fuel with a high CN has a
short ignition delay period and starts to combust shortly after it is
injected into an engine where air has been compressed and, conse-
quently, heated to a high temperature. While the ignition delay can
be influenced by the engine type and operating conditions.

Generally speaking, normal paraffins have high CN that
increases with molecular weight. At the same carbon number,
isoparaffins have lower CN than n-paraffins. Also, iso- and cyclo-
paraffin have lower CNs than those with one long linear chain
with the same carbon [9]. Therefore, several approaches have been
proposed for the improvement of CN about diesel fuel to meet
environmental legislation regulations. One approach is to use com-
pounds known as “cetane boosters” to improve CN, but it will
increase the flammability of the fuel which are potentially more
hazardous. Another simple and effective method is directly trans-
forming cyclo-paraffin into linear paraffin.

As an option to reach a higher CN, while simultaneously reduc-
ing aromatics, is further upgrading the petroleum stream by deep
hydrotreating. The resulting CN greatly depends upon the nature
of the crude as well as the refinery blending strategies. Even after

deep hydrogenation, the expected high CN regulations may not be
met.

Some researchers have suggested that chain polymerization
process is a potential solution for significantly improving CN
[10–12]. The main aim of this work is to study the feasibility of syn-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wangbo@snnu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.11.096
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hesis of linear long chain paraffin from low weight alkanes directly
t room temperature (RT) and local atmospheric pressure (LAP).

To exemplify the approach, some tests have been selected:
-heptane coupling at room temperature and local atmospheric
ressure catalyzed by sulfated tri-component metal oxides
f SO4

2−/Fe2O3-TiO2-SnO2 (SFTSn) and SO4
2−/MnO2-TiO2-SnO2

SMTSn) in slurry bubble column reactor. The catalyst was char-
cterized by means of Thermogravimetric-Differential scanning
alorimetry (TG-DSC), X-ray photoelectron spectroscopy (XPS),
ourier transform infrared spectroscopy (FT-IR), and X-ray diffrac-
ion (XRD). The distributions of the products were investigated by
as chromatography–mass spectrometry (GC–MS), and the results
how that the main products are the C number of n-alkane from C12
o C28, which can all be used as diesel fuel components that have
igher cetane numbers.

. Experimental

.1. Sulfated metal oxides preparation

The reactants and solvents used were of analytical grade
nd used without any further purification. FeCl3, MnSO4·H2O,

nCl4·5H2O, TiCl4, H2SO4 (98%), NH3·H2O (25–28%) and n-heptane
ere obtained from Xi’an Reagent Co.

The sulfated metal oxides were prepared by adopting a two-step
oute [13]. The metal precursors were prepared by a homogeneous
o-precipitation method [14]. For this purpose, an aqueous solu-
ion containing the requisite quantities of FeCl3, TiCl4 and SnCl4,
nd the other aqueous solution containing the requisite quantities
f MnSO4, TiCl4 and SnCl4 were prepared and mixed together sep-
rately. The solutions were hydrolyzed with ammonium hydroxide
25%) with vigorous stirring until the pH of the solution reached
o 8–9, and then mixed precipitates were formed and allowed to
ettle for 24 h. The precipitates were filtrated off and extensively
ashed with deionized water, and dried at 373 K for 12 h. Then,

ulfation of the amorphous hydroxides was carried out by the fol-
owing procedure: treatment with sulfuric acid (0.5 M) (5 ml of acid
olution per 1 g of solid) at room temperature for 6 h, followed
y filtration and drying at 373 K for 3 h. Finally, all the samples
ere calcined at temperature 873 K for 3 h to obtain the sulfated

ri-component metal oxides SO4
2−/Fe2O3-TiO2-SnO2 (SFTSn) and

O4
2−/MnO2-TiO2-SnO2 (SMTSn).
.2. Experimental set-up and analysis of the products

Fig. 1 shows the schematic diagram of experimental set-up for
atalytic reaction. The reactor system mainly comprises a reactor. At

Fig. 1. The schematic diagram
aterials 166 (2009) 860–865 861

room temperature and normal atmospheric pressure, to make the
gas–liquid–solid three phases contacted sufficiently, slurry bubble
column reactor was used, which contained 120 ml n-heptane and
10 g catalyst, and the oxidant was continuously input by a gas gener-
ator. The reaction cell was cooled by the cooling water in a trough to
form the room temperature condition, and the reactor system was
airproofed to prevent the volatilization of organic compound. The
compositions of reaction mixture were identified with gas chro-
matography (GC) (Agilent 6890)–mass spectrometry (MS) (5973,
Hewlett-Packard, Palo Alto, CA, USA). The GC–MS condition was as
follows: Helium carrier gas with 1.00 ml/min of flow rate was used.
The oven temperature was programmed from 323 to 533 K. The
effluent from GC column was directly connected to MS.

2.3. Characterization of the catalyst

Thermal analysis (TG-DSC) of the uncalcined samples was per-
formed on a Q1000DSC + LNCS + FACS Q600SDT thermoanalyzer
(TA Co., USA), under air atmosphere, in the temperature range
25–1000 ◦C with a heating velocity rate of 10 ◦C/min.

The presence of sulfate groups in the samples was confirmed
using a FI-IR Equinx55 model (Brucher Co., Ettlingen, Germany)
spectrum equipment, in the range of 400–4000 cm−1. The samples
were prepared as potassium bromide discs, in a 1:100 proportion.

The XPS spectra were acquired with a XSAM800 (Kratos) equip-
ment, with source of X-rays, Mg K� (1253.6 eV) anode and 4000 W
power and hemispheric electron analyzer. The base pressure in the
chamber was in the range of 10−8 Pa. This reference was in all cases
in good agreement with the binding energy (BE) of the C 1s peak,
arising from contamination, at 284.6 eV.

The XRD powder patterns of the solid were recorded
on a D/Max2550VB diffractometer (Rigaku D/Max2550VB + /PC,
Kawazaki, Japan) using Cu K� radiation (� = 0.15406 nm), at 40 kV
and 40 mA with scan speed 8 ◦/min in a 2� (10–70◦) and at a rate of
0.02 ◦/s.

3. Results and discussion

3.1. Thermoanalysis

DSC can easily differentiate between physically and chemically

adsorbed phases through the thermogram as endothermic and
exothermic transition peaks, respectively [15]. The DSC–TG results
of the uncalcined samples are shown in Figs. 2 and 3, respectively.
Below 250 ◦C two endothermic peaks observed can be attributed
to the removal of water (in hydration or structural). In the region

of experimental set-up.
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Fig. 2. DSC–TG of the uncalcined SFTSn.
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Fig. 3. DSC–TG of the uncalcined SMTSn.

f 300–600 ◦C, there is a loss of mass and some endothermic and
xothermic transition peaks, which can be due to the effect of phase
ransformation and oxide valence change. And a loss of mass was
bserved at 650–900 ◦C which might be the result of the crystal-
ization of the sample and the evolution of SO3 decomposed from
he sulfate species bonded to the surface of the sample. The pres-

nce of distinct regions of sulfate loss have already been reported
n studies by Ward and Ko [16], who prepared sulfated ZrO2 with
igh and low sulfate contents.

ig. 4. FT-IR spectra of different catalysts before reaction [(a) SFTSn catalyst; (b)
MTSn catalyst].
Fig. 5. XPS of SFTSn before (b) and after (a) the reaction.

3.2. FT–IR spectroscopy

The IR spectrum of SFTSn and SMTSn before the reaction shows a
huge band with a maximum at around 3500 cm−1 in the OH stretch-
ing region (Fig. 4), which was can be attributed to hydroxyls groups
coordinated to metal cation [17,18] or the band of H2O molecule.
Additionally, in Fig. 4a, a shoulder band at around 3200 cm−1 can
be assigned to terminal Mn–OH2+ groups, where the OH were com-
bined with protons creating a new type of acid sites, or to OH groups
strongly interacting with each other or with the surface through
hydrogen bond [19]. The band at about 1632 cm−1 is assigned to
the deformation vibration mode of the adsorbed water in the sul-
fated metal oxides [20], indicating that the sulfated metal oxides
was not completely dehydrated during activation.

In general, when metal oxides were modified with sulfate ion
followed by evacuating above 400 ◦C, a strong band assigned to S O
stretching frequency was observed at 1360–1410 cm−1 [21–26]. In
the figure, obvious bands observed at around 1400 and 1100 cm−1,
assigned to the asymmetric stretching vibration and symmetric
stretching vibration band of the O S O, respectively, indicated that
a chelate bidentate SO4

2− coordinated to metal oxides [21] because
the highest stretching vibration of the SO4

2− in the samples was
above 1200 cm−1 [17,18]. It also maybe inferred that sulfur element
in the sulfated metal oxides existed in a six-oxidation state (S6+).

These results were very similar to those reported by other authors
[17,27,28].

Fig. 6. XPS of SMTSn before (b) and after (a) the reaction.
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ig. 7. Binding energy and valence simulation curve of Fe 2p3/2 in SFTSn after the
eaction in air.

.3. XPS

Before and after the reactions, binding energy of all the ele-
ents of the sulfated metal oxides (SFTSn and SMTSn) was shown

n Figs. 5 and 6, respectively. The binding energy of sulfur S 2p was
bserved at 168.4 eV, agreed with these results that were reported
y other authors [29–31], which suggested that sulfur in the sul-
ated metal oxides existed in a six-oxidation state (S6+), which is
lso consistent with the result of FT–IR. After the reaction, the bind-
ng energies of S 2p were almost unchanged, inferring that the
alence of S was unchanged, it may be concluded that the sulfated
etal oxides can be reused and the catalytic activity was almost

nchanged.
SFTSn and SMTSn samples showed similar Ti 3d5/2 and Sn 3d5/2

inding energy values around 458.5–458.3 eV and 486.6–486.9 eV,
espectively, which suggested the presence of Ti4+ and Sn4+ in the
amples, and it agrees well with the data reported in literatures
32,33]. But the elements of Fe and Mn had variable valence and
ig. 7 shows the deconvoluted Fe 2p3/2 XPS spectra after reac-
ion in air. The different binding energies of 711.37, 709.44 and

06.27 eV assigned to three valent components Fe3+, Fe2+ and Fe0.
ig. 8 shows the deconvoluted Mn 2p3/2 XPS spectra after reac-
ion in ozone, the different binding energies of 644.40, 641.53 and
39.64 eV assigned to three valent components Mn4+, Mn3+ and

ig. 9. X-ray diffraction patterns of different catalysts [(I) SFTSn; (II) SMTSn] before and
eaction in ozone].
Fig. 8. Binding energy and valence simulation curve of Mn 2p3/2 in SMTSn after the
reaction in ozone.

Mn2+, which illuminated that Fe and Mn species were involved in
the coupling reaction.

3.4. XRD

Calcined SFTSn and SMTSn samples before and after the reac-
tions were characterized by XRD. It can be seen from the XRD
patterns (Fig. 9) that the main typical diffraction peaks character-
istic of tetragonal SnO2 (t-SnO2) are observed for all samples, in
agreement with previous literatures [34,35]. But XRD analysis does
not obviously present any characteristic diffraction peaks of tita-
nium oxide, iron oxide and manganese oxide. Therefore, titanium
oxide, iron oxide and manganese oxide would be either amorphous
or very well dispersed on the SnO2 phase. And there are no char-
acteristic peaks of metal sulphate in the patterns. There are little
differences in XRD patterns before and after reaction, maybe indi-
cating that no changes in the phase occurred in the process of the
reaction. It can be concluded that the structures of the samples are
very stable during the reaction.
3.5. GC–MS analysis

The product distribution was taken for GC–MS analysis, which
was known for its superior separation of complex organic com-

after the reaction [(a) before the reaction; (b) after the reaction in air; (c) after the
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Table 2
Distribution of the products of the coupling reaction using different catalysts in flow
air at 60 min.

No. Linear alkanes (Cn–Cm) Relative selectivity (%)

SFTSn SMTSn

a C12–C14 7.146 7.056
b C15–C20 32.197 33.291
c C21–C28 47.906 46.983
a + b + c C12–C28 87.249 87.330
ig. 10. The GC of the products reacted using SFTSn in flow air [(a) at 30 min; (b) at
0 min].

ounds, greater sensitivity, and shorter measuring time [36]. The
ffluent from GC column was directly connected to MS. The main
eaks on GC patterns were identified by comparing their mass spec-
ra with NIST library data and the result was verified by comparing
etention time of the product with that of the standards. The effect
f various factors in the process of the coupling of n-heptane was
nvestigated by the product analysis.

1) Time factor: Fig. 10 showed the total ion chromatogram (TIC)
of the products (the peak of the solvent was taken off) at 30
and 60 min using SFTSn in flow air. The relative selectivity of
different products at different times (30, 60 and 90 min) under
the same reaction condition was shown in Table 1. GC data of
every product at 30 min presented that no docosane (retention
time: 13.82 min) appeared but it obviously appeared at 60 min,
however, others remained almost unchanged and the relative
selectivity of main products is very similar as Table 1 shows.
Compared with these GC data, the conversion of n-heptane was

different and reached the maximum at 60 min by qualitative
analysis from the TIC. The results show that reaction time has
some effect on the reaction and 60 min has been selected as the
optimal reaction time.

able 1
istribution of the products of the coupling reaction using SFTSn in flow air at
ifferent time.

o. Linear alkanes (Cn–Cm) Relative selectivity (%)

30 min 60 min 90 min

C12–C14 7.644 7.146 6.872
C15–C20 36.677 32.197 34.935
C21–C28 40.426 47.906 44.250

+ b + c C12–C28 84.747 87.249 86.057

Fig. 11. The GC of the products reacted using SMTSn in flow air at 60 min.
Fig. 12. The GC of the products reacted using SFTSn in flow ozone at 60 min.

(2) Sulfated metal oxides factor: Fig. 11 showed the TIC of the prod-
ucts (the peak of the solvent was taken off) at 60 min using
SMTSn in flow air. The relative selectivity of different products
using different sulfated metal oxides under the above reaction
condition was shown in Table 2. Comparing with Fig. 10b, the
products were the same and their relative selectivity was sim-
ilar (Table 2), but the conversion of n-heptane was higher with
SMTSn than that of SFTSn by qualitative analysis from the TIC.

(3) Oxidant factor: Fig. 12 showed the TIC of the products (the peak
of the solvent was taken off) at 60 min using SFTSn in flow
ozone. The relative selectivity of different products using dif-
ferent oxidant under above reaction condition was shown in
Table 3. There were some difference between Figs. 12 and 10b:
some new products (retention time: 5.17–5.60 min) appear in
Fig. 12, oxygenous ramifications (heptan-4-ol, heptan-2-ol, 2-
methylhexan-3-ol, heptan-3-one and 4-methylhexan-2-one),
and their total relative selectivity is rather high (6.635%). The
relative selectivity of long linear alkane (C12–C28) decreased in
flow ozone using the identical sulfated metal oxides at the same
reaction time.

To sum up, the above-mentioned three factors have some effect
on the reaction process of the coupling of n-heptane. Long linear
alkane could be obtained from one-pot environmentally friendly
efficient coupling of n-heptane by SFTSn or SMTSn in the air or
ozone atmosphere at RT and LAP. Moreover, the relative selectivity
(87.330%) of long linear alkane (C12–C28) from n-heptane reaches

the maximum when the reaction under SMTSn catalyst in flow air
at 60 min is a little higher than that of reference reported (83.785%)
[37].

Table 3
Distribution of the products of the coupling reaction using SFTSn in different oxidant
at 60 min.

No. Main product Relative selectivity (%)

Air Ozone

a C12–C14 7.146 6.288
b C15–C20 32.197 32.971
c C21–C28 47.906 42.255
d Oxygenous ramifications – 6.635
a + b + c C12–C28 87.249 81.514
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. Conclusion

The sulfated metal oxides samples were characterized by TG-
SC, FI-IR, XPS, and XRD techniques, which indicated that a chelate
identate SO4

2− coordinated to metal oxides. In the tests, n-heptane
as as the reactant in the air or ozone atmosphere under RT and

AP using different sulfured tri-component metal oxides (SFTSn and
MTSn) in slurry bubble column reactor. And the compositions of
eaction mixture were identified with GC–MS. The reaction result
ortrayed that the diesel oil fractions (C12–C28) with high CN could
e gotten by one-pot environmentally friendly efficient coupling of
-heptane under above condition. The highest selectivity of C12–C28

n the reactions was 87.330%.
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