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a b s t r a c t

Thiophene, due to its poison, together with its combustion products which causes air pollution and highly
toxic characteristic itself, attracted more and more attention to remove from gasoline and some high con-
centration systems. As the purpose of achieving the novel method of de-thiophene assisted by SO4

2−/ZrO2

(SZ), three reactions about thiophene in different atmosphere at room temperature and atmospheric pres-
sure were investigated. SO4

2−/ZrO2 catalyst were synthesized and characterized by X-ray photoelectron
spectroscopy (XPS), Fourier transformation infrared spectroscopy (FT-IR), X-ray diffraction (XRD) and
scanning electron microscope (SEM). The products were detected by gas chromatography–mass spec-
trometry (GC–MS). XP spectra show that ozone-catalyst system (SZO) have two forms of sulfur element
(S6+ and S2−) on the catalyst surface, which distinguished from that of air-catalyst system (SZA) and
blank-catalyst system (SZB) (S6+). And the results of GC–MS exhibited that some new compounds has
been produced under this extremely mild condition. Especially, many kinds of sulfur compounds contain-
ing oxygen, that is easier to be extracted by oxidative desulfurization (ODS), have been detected in the
SZA-1.5 h and SZB-3 h system. In addition, some long chain hydrocarbons have also been detected. While

in SZO-0.5 h system, only long chain hydrocarbons were found. The results show that total efficiency of
desulfurization from thiophene with ozone near to 100% can be obtained with the SO4

2−/ZrO2 catalytic
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oxidation reaction.

. Introduction

Recently, much more attention has been paid by governments
o the desulfurization of gasoline to meet the regulation for envi-
onmental protection. The US federal government and European
arliament mandated reduction of sulfur levels, which will be
educed to below 10 ppm by the year 2010 [1]. Thiophene, colorless
iquid, with pungent odour and highly flammable (boiling point:
4 ◦C, flash point: −1 ◦C), is an aromatic heterocyclic compound
onsisting of four carbon atoms and one sulfur atom in a five-
embered ring. Its vapour/air mixtures are explosive (explosive

imits, vol.% in air: 1.5–12.5). If inhalation and short-term expo-
ure, it would arouse cough, dizziness, sore throat and irritate the
yes and the skin. It can react violently with oxidizing materials,
ncluding fuming nitric acid. Thiophene decomposes on heating

nd burning, producing toxic and irritating fumes (sulfur oxides).
Ox species are the direct compounds leading to acid rain [2].

There are several well-established traditional technologies in
esulfurization. The hydrodesulfurization (HDS) of gasoline was
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arried out at about 623 K and pressure of 2–20 MPa, which are
xtremely out of mild condition [3,4]. Lots further researches of
atalysts related HDS were devised [5]. But the method of HDS
s still limited by its high cost. More new selective desulfur-
zation processes and innovative desulfurization approaches, not
elated to HDS technology, are required urgently. Currently, in
rder to remove these refractory sulfur compounds from petroleum
roducts, there are many researches and development efforts
n alternative methods, such as selective adsorption [6–8], ionic
iquid extraction [9], electrochemical oxidation [10], etc. Among
hese methods, oxidative desulfurization (ODS) is a promising new

ethod [11–13]. ODS selectively oxidize sulfur compounds to sul-
oxides or sulfones, which can be extracted by a polar solvent. Sulfur
as a strong affinity for oxygen, and oxygen can be added to sulfides
nd thiophene derivatives without breaking any carbon–carbon
onds. This process has been used effectively to remove sulfur from
uel.

Sulfated metal oxides is a new type of catalyst, it has some

dvantages, not only for its acid strength (H0 ≤ −12) [14], but also
o corrosion for the reactor and being free from pollution for the
nvironment. Moreover, this type of catalyst can be widely used
n many reactions, such as hydrocarbon transformations, esterifi-
ation, isomerization of n-alkanes, polymerization, acylation, and

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wangbo@snnu.edu.cn
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alyst sample was corrected by setting the binding energy of carbon
(C 1s) at 284.6 eV. X-ray diffraction measurements of the catalyst
powder were recorded using D/Max-3c (Janpan Rigalcu) diffrac-
tometer equipped with Ni filtered Cu K� (� = 1.5406 Å). Fourier
transformation infrared spectroscopy analysis of catalyst was car-

Table 1
Symbol of samples
ig. 1. Schematic diagram of the experiment. (1) Slurry reactor, (2 and 3) separato
ipeline, (9) catalyst, (10) product output, (11) flow meter, (12) gas distribution.

o on [15,16]. Sulfated zirconia (SO4
2−/ZrO2) is a typical example

nd exhibits an excellent catalytic activity for the reactions, has
ttracted much attention [17,18].

Based on the previous researches on the desulfurization, the
eaction of thiophene catalyzed by SO4

2−/ZrO2, assisted by air or
zone, has been investigated. Compared with the traditional ODS,
n this method, it is not necessary to extract the sulfur compounds in
zone-catalyst system (SZO) system. The results suggested that this
ethod can be achieved in oxidative desulfurization of oil and high

hiophene concentration systems, such as its vapour/air mixture
ccasions (vapour should be collected and compressed to liquid
efore treating). Due to the process operated at room temperature
nd atmospheric pressure, large cost can be saved. In addition, the
iquid products are mostly hydrocarbons, which could be directly
ombusted without any pollution.

. Experimental

.1. Materials

The chemical reagents used in the experiment were of analytical
rade and without further purification.

.2. Catalyst preparation

The sulfated metal oxide (SO4
2−/ZrO2) was prepared with chem-

cal co-precipitation method as the following procedures: 100 g of
rOCl2·8H2O was dissolved in distilled water, followed by addition
f 25% aqueous ammonia dropwise with stirring, the final pH of
he solution was adjusted to 8–9. The hydroxide was thoroughly
ashed until free from the subsistent chlorine ions which could

ffect the activity of catalyst, then dried in the air at 373 K for 24 h.
ubsequently, sulfate adsorption on the dried zirconia sample was
arried out by immersing the zirconia powder in a 0.8 mol/L sulfu-
ic acid solution for 8 h. The sulfated sample was washed and dried
n vacuo at 373 K. Finally, calcination of the material was processed
t 823 K for 3 h to obtain the catalyst.

.3. Experiment process
Fig. 1 provides a schematic diagram of the experimental equip-
ent used in the slurry reactor operations [19]. Slurry reactor is
kind of three phase fluidized bed which catalyst is fluidized by

he flow of liquid slurry (catalyst/reagent wt.% <20%). The gas feed

O
A
B

dryer, (5) gas generator, (6) gas absorber (NaOH), (7) sample output, (8) sampling

ow rate was controlled by gas generator <5> (ozone 2.5 g/h) which
epended on the gas along with the effluent gas flow from the
eactor and was continuous during the run. However, the slurry
ixture of thiophene and catalyst powder was batch in operating
ode. After the introduction of 50 mL of thiophene solvent and 9 g

atalyst powder, the procedure was carried out with the agitator
tiring effectively, achieving finely divided catalyst suspended in
hiophene. In order to investigate the effect and influence of air and
zone of desulfurization under SZ, three groups of reactions were
esigned in our lab-styled experiment, including thiophene–ozone
ystem, thiophene–air system, thiophene-off gas system. During
hese courses, certain content liquid was samplinged from sam-
le output <7> every 30 min. Table 1 gives the symbol of samples
nd catalysts. At the end of the reactions, the products and cat-
lyst were collected from product output <10>. Prior to analysis,
he product has been separated and then was analyzed by gas
hromatography–mass spectrometry (GC–MS), while the catalyst
as been analyzed by scanning electron microscope (SEM), X-ray
iffraction (XRD), X-ray photoelectron spectra (XPS), Fourier trans-
ormation infrared spectroscopy (FT-IR). A kind of acid gas was
etected and absorbed by gas absorbor (NaOH) <6>. The color of
ZO has converted into gray from white.

.4. Analytical methods

The scanning electron microscope measurements were per-
ormed using Quanta 200 scanning electron microscope produced
y Philips at 20 kV. The surface composition of catalyst after the
eaction was analyzed by X-ray photoelectron spectroscopy using
XSAM800 (Kratos) equipment operated in the FAT mode with

he nonmonochromatic Mg X radiation (h� = 1253.6 eV). The base
ressure in the chamber was in the range of 10−8 Pa. Charging of cat-
0.5 h 1 h 1.5 h 3 h Catalyst

zone SZO-0.5 h SZO-1 h SZO-1.5 h SZO
ir SZA-0.5 h SZA-1 h SZA-1.5 h SZA
lank SZB-0.5 h SZB-1 h SZB-1.5 h SZB-3 h SZB
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The powder of SZ sample was calcined at 823 K. Sulfated zirco-
nia crystallize into the tetragonal crystalline phase at temperatures
usually higher than 873 K. As can be noted from this figure, the sam-
ple (Fig. 3a) exhibits poor crystalllinity. Only the broad diffraction
Fig. 2. SEM micrographs of catalysts. SZ for before reaction (a) 600×, (b) 2

ied out on a Bruker IFS 28 FT-IR spectrometer equipped with a MCT
etector (resolution of 4 cm−1). The samples were prepared as self-
upporting wafers (2 cm diameter and typically 7–8 mg/cm2) and
ere heated under vacuum at 373–773 K for 1 h before recording

pectra. FT-IR spectra of 1% (wt.%) catalyst in KBr disk were obtained
n the range 4000–400 cm−1.

The composition of products was analyzed with gas chro-
atography (HP6890)–mass spectrometry (JMS-600 W, JEOL). The
C–MS condition was as follows: helium carrier gas with a
.0 mL/min flow rate was used. The effluent from the GC column
as directly connected to MS. The mass spectrometer was operated

n the positive-electron impact mode with the ionization energy of
0 eV. The identification of each peak was achieved by comparing
he retention time (rt) and mass spectra.

. Results and discussion

.1. Characterization of the catalyst

.1.1. Scanning electron microscope and BET
The surface morphology of the catalyst before (SZ) and after

eaction (SZO) were compared (Fig. 2). It can be seen that the sur-
ace of catalyst before reaction was smooth, the size of the catalyst
as not uniform and varied from 10 to 100 �m before reaction,

owever, after reaction the particles are uniform (about 5 �m), it
ecame rough and looser after reaction, indicating that the surface
as changed in the desulfurization process.

All the samples were calcined at 773 K for 1 h in order to obtain
omparable BET surfaces. The surface area of the sulfated oxide is
and (c) 5000×. SZO for after reaction (d) 600×, (e) 2400×, and (f) 5000×.

uch larger (50 m2 g−1) than that of the oxide (25 m2 g−1) without
he sulfate treatment, indicating that SO4

2− anions on the surface of
O4

2−/ZrO2 can effectively impede its crystallization in calcination,
hus hindering the loss of its surface area.

.1.2. X-ray diffraction
The XRD patterns of catalysts before and after reaction are

resented in Fig. 3. It is a known fact in the literature that high-
emperature treatment normally leads to sintering of the samples.
Fig. 3. XRD patterns of SZ (a) and SZO (b).
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Table 2
Comparison of XPS data for element concentration on the surface of SZB, SZA and
SZO

C 1s O 1s Zr 3d S 2p

SZB
Area (cts-eV/s) 40,557 31,730 16,193 1266
Concentration (%) 72.18 23.51 3.31 1.00

SZA
Area (cts-eV/s) 52,525 34,695 14,870 1190
Concentration (%) 75.9 20.87 2.47 0.76
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ZO
Area (cts-eV/s) 59,690 49,155 12,578 2826
Concentration (%) 72.04 24.70 1.74 1.52

ines due to ZrO2 can be seen. There were little differences in XRD
atterns, possibly concluding that a change in phase does not occur

n the process of the reaction.

.1.3. X-ray photoelectron spectroscopy
Comparison of the XPS data for element concentration on the

urface of blank-catalyst system (SZB), air-catalyst system (SZA),
ZO (Table 2), it can be clearly seen that the adsorbed sulfur content
n the catalyst were relatively high, which is coincident with the
thers reported [20]. It also can be found that the sulfur content
n SZO was absolutely highest than that of SZA and SZB, moreover,
he molar ratio Zr/S of 3.31, 3.25 and 1.15 for SZB, SZA and SZO
ystem respectively, were obtained, indicating that SZO system is
ore active in adsorbing sulfur species than SZA or SZB system.
The binding energies of Zr 3d5/2 and 3d3/2 (Fig. 4) are in agree-

ent with the values reported in the literature [21]. In SZA and SZB
ystem of Zr spectra, it can be found that these two peaks over-
apped without any difference on binding energy, indicating that
he chemical environment of Zr were the same in these two cata-
ysts. While for SZO catalyst, the double peaks of 3d5/2 and 3d3/2
hift to a low binding energy, which means the chemical environ-
ent of Zr has changed. It may be due to the following reason: the

lectron cloud density of zirconium was increased when Zr O bond
as substituted by Zr S bond, which will contribute to the lower
inding energy. This hypothesis was also testified by XP spectra of
element.

The S O structure is essential for generation of acid sites on
ulfate promoted oxide samples. The strong ability of S O in sul-
ate complexes to accommodate electrons from basic molecules is
driving force for generation of highly acidic properties [22]. In
rder to determine that SO4

2− group was successfully integrated,
P spectra of S element were also discussed. The binding energy of
2p3/2 in these two catalysts (Fig. 5) were observed at 169.20 eV,

greeing with that of Zr(SO4)2 [23], indicated that the S element

Fig. 4. Binding energy of Zr in SZO, SZA, SZB.
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xisted in the form of S6+ in the catalysts. The conclusion was also
onsistent with the FT-IR results.

While the binding energy of S 2p3/2 in SZO (Fig. 5c) not only
chieve the peak at about 169.2 eV as that of SZA and SZB, but also
he peak of 163.02 eV was located, which absolutely belong to S2−

24]. S2− ion, transformed rarely from S6+, may come from the reac-
ion of thiophene with ozone in the presence of catalyst, which was
lso inferred that the desulfur activity of SZO catalyst was higher
han that of SZA and SZB catalyst.

In the XP spectrum for C 1s of SZO, the spin–orbit compo-
ents of the peak were well-deconvoluted to four curves (Fig. 6 and
upplement material Table S1). The peak at 285.89 eV, correspond-
ng to C C, proved that the presence of unsaturated hydrocarbon
ormed during the process. The appearance of the lower one at
84.61 eV, corresponding to C C, was possibly due to the firm
dsorption of the reactant or products. Two separate peaks at 288.18
nd 286.81 eV, attributed to COOH groups and C O, respectively
25].

.1.4. FT-IR spectroscopy
Infrared spectra provide the messages of catalyst and its struc-

ure. Fig. 7 shows the representative infrared spectra of SZB, SZA
nd SZO. S exhibits great acid strength, its attribute to existence
f SO4

2− group. In the region 1400–900 cm−1, the spectral pattern
bserved here is quite complex, which accorded with the sulfate
ibrations [26,27]. XP spectra have made sure of that S6+ existed
n the surface of catalyst. Two possibilities of the sulfate vibrations
f SO4 groups were observed. One is chelating bidentate structure
Fig. 8a), whereas another vibrations is a bridged bidentate struc-
ure (Fig. 8b). For Zr element, it can be determined that binding
tructure of SO4

2− to Zr ions exhibits the bridged bidentate form
28]. As the SO4

2− group existed, due to the strong attracting elec-
rons from Zr ions via two covalent S O bonds, the centre metal
tom lacks electrons severely, thus strong Lewis acidic strength
s generated. And at the same time, Lewis acid could converts
o Brönsted acid site when Lewis acid site adsorbs water, which
hows in Fig. 8c vividly. Sulfation resulted in the appearance at
bout 1605 cm−1, which was matched with the bending mode of
hemisorbed water coordinated to Lewis acid sites oxyhydrogen-
onded to polar sulfate/hydroxyl groups [29,30]. However, band at
680 cm−1 is due to the stretching vibration bands of ketonic dou-
le bonds C O, which may overlap with chemisorbed water [31].
wide band appears at 3449 cm−1 corresponding to OH vibration
hich is ascribed to the physisorbed water in the catalyst [32].

.2. Characterization of the products

.2.1. GC–MS
Gas chromatography in conjunction with mass spectrometry

as been known for its superior separation of complex organic
ompounds, greater sensitivity and shorter measuring time, hence
s better suited for detection and identification of volatile organic
ompounds.

Fig. 9 and Table 3 show the GC spectrum (MS show from
upplement material MS Date S2) and the products distribution
f the SZB system 3 h later (SZB-3 h). Five main products were
btained, most are long chain hydrocarbons located (after rt 9 min),
ccounted for almost 100% selectivity in the products distribution.
ong chain hydrocarbon could combust without any pollution for

nvironment. According to MS analysis, little sulfur compounds
a–d) has been detected.

Fig. 10 and Table 4 show the GC spectrum (MS show from
upplement material MS Date S2) and the products distribution of
ZA system 1.5 h later (SZA-1.5 h). At the different conditions of gas
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Fig. 5. Binding energy of S 2p3/2 SZB (a), SZA (b) and SZO (c).

Fig. 6. XPS spectra of C 1s of SZO.
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Fig. 7. FT-IR of catalyst.

Fig. 8. Binding form of SO4 and structure of SZ. (A) Chelating bidentate; (B) bridged bidentate; (C) Lewis acid and Brönsted acid site of the catalyst.

Fig. 9. GC of the product catalyzed by SZB system (SZB-3 h).
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Table 3
Product distribution of SZB system (SZB-3 h)

Compounds Structure Selectivity (%)

a Little

b Little

c Little

d

e

a
p
e
b
a

s
o
1
e
t
S
t
a
e
a

Table 5
Product distribution of SZO system (SZO-0.5 h)

Compounds Structure Selectivity (%)
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the primary ozonide into 2-ene-1,4-dione group [31]. FT-IR spectra

T
P

C

a

d

f

7.03

–h Hydrocarbon 92.97

nd off gas in the two reactions, it can be found that more kinds of
roduct has been formed than that of SZB-3 h, indicating that more
fficiency of desulfurization catalytic activity of the catalyst has
een achieved during the oxidative desulfurization of thiophene in
ir.

Fig. 11 and Table 5 show that GC spectrum (MS show from
upplement material MS Date S3) and the products distribution of
zone system 0.5 h later (SZO-0.5 h). Compared with SZB-3 h, SZA-
.5 h, only three long chain hydrocarbons have been detected. Sulfur
lement has been converted into a kind of acid gases, indicated
hat the efficiency of desulfurization is higher than that of SZB-3 h,
ZA-1.5 h. It is more simple to remove the sulfur element from cer-

ain system than the traditional ODS method at room temperature
nd atmospheric pressure. In order to prove this assumption, the
ffect of time on the desulfurization of thiophene reaction, was
lso investigated. The same result has been obtained: no sulfur

d
j
a
t

Fig. 10. GC of the product catalyze

able 4
roduct distribution of SZA system (SZA-1.5 h)

ompounds Structure

+ b + c

+ e

–j Hydrocarbon
19.76

+ c C23H46 + C36H74 80.24

ompounds were found.In the ozone atmosphere, S element can
e directly converted into a kind of gas directly, that is, the total
fficiency of desulfurization from thiophene with ozone near to
00%, and the most efficiency desulfurization, assisted by ozone,
as been obtained, the reaction conditions was more milder than
hat of traditional ODS method [11].

. Catalytic mechanism

Theoretically, the role of ozone on thiophene is a complex oxida-
ion reaction involving double bonds. In the given mechanism, the
atalyst behaves as a typical Lewis acid in the oxidation reaction
33].

In this, it forms an anion radical through an electron acceptor,
hich can add an ozone molecule as shown in Scheme 1. Firstly,

xygen combined with the superacidic Lewis acid sites generated
complex species. It is believed to be the initiation step in the for-
ation of a very reactive primary ozonide intermediate formed by

ycloaddition of ozone with thiophene ring in position 2,5, which
s followed by rapid thiophene ring cleavage and recombination of
ue to stretching vibration of keto-carbonyl (about 1680 cm−1) con-
ugated with C C (about 1600 cm−1). Unfortunately a strong band
ssigned to bending mode of chemisorbed water [29,30] appears in
he same region. In this context, it can be assumed that the increas-

d by SZA system (SZA-1.5 h).

Selectivity (%)

22.58

22.65

54.77
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Fig. 11. GC of the product catalyzed
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cheme 1. Possible mechanism for the main reactions of thiophene with
O4

2−/ZrO2 as the catalyst.

ng of absorbance in the region of 1700–1600 cm−1 observed after
zonization is due to stretching vibration bands of ketonic double
onds C O near C C, overlapping with the bands of chemisorbed
ater. The formation of C O and C C was also tested by XPS anal-

sis.

. Conclusion

Total efficiency of desulfurization from thiophene with ozone
ear to 100% has been obtained with the SO4

2−/ZrO2 catalytic oxi-
ation reaction. The efficiency of desulfurization with ozone is
igher than that of air, which would meet the demand of sulfur
ontent in gasoline and the regulation for environmental protec-
ion.

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.jhazmat.2008.08.003.
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