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Abstract: The Dawson-type polyoxotungstate emulsion catalysts Q18P2W13, Q18P2W17, and Q18P2W12 were successfully synthesized and
characterized by IR and °'P MAS NMR. They were used for the oxidation of sulfur-containing compounds such as
4,6-dimethyldibenzothiophene (4,6-DMDBT), dibenzothiophene (DBT), benzothiophene (BT), and 2,5-dimethythiophene (2,5-DMT) with
H0: as an oxidant under mild conditions. The activity of the catalysts decreased in the order: Q18P2W12 > Q18P2W17 > Q18P2W18. The oxida-
tive reactivity of the sulfur-containing compounds decreased according to DBT > 4,6-DMDBT > BT > 2,5-DMT. BT was completely oxi-
dized into the corresponding sulfone upon catalysis by Q"*P, W, at 60 °C for 30 min.
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Fig. 1. 'P MAS NMR spectra of Q"P,W 5 (1), Q"*P,W,; (2), and
Q"*P,W1, (3).
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(3) samples.
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Fig. 3. The conversion of the different sulfur-containing compounds
catalyzed by Q"SP,W s (a), Q"*P,W; (b), and Q"*P,W,, (c). Reaction
conditions: Model oil (S in decalin = 1000 ng/ul) 12.5 ml, catalyst 30
mg, HO»/S =3, 60 °C.
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The removal of sulfur in fuel oils is becoming a worldwide
challenge because of increasingly stringent environmental
regulations. In the petroleum refining industry, hydrodesul-
furization (HDS) is a conventional method for the removal of
sulfur compounds [1-3]. However, some refractory sulfur
compounds such as  4,6-dimethyldibenzothiophene
(4,6-DMDBT) and its derivatives are removed with difficulty
because of steric hindrance. To achieve ultra-deep desulfu-
rization through typical HDS more severe conditions are
required such as higher temperature, higher hydrogen pres-
sure, and catalysts with higher activity. These factors inevi-
tably lead to a higher operating cost. Oxidative desulfuriza-
tion (ODS) has been demonstrated to be a promising alter-
native because of its mild operating conditions and no hy-
drogen being required [4]. During this process, the sul-
fur-containing compounds in the fuels are easily oxidized
into sulphones, which can be removed in the later extraction
process using water-soluble polar solvents as the extractants
[5].

Various studies on the ODS process have used different
catalysts such as zeolitic titanosilicates [6—8], metal oxide
catalysts [9], and polyoxometalates (POMs) [10—13]. In our
previous work, we reported several quaternary ammonium
polytungstophosphate emulsion catalysts for the oxidation of
the sulfur-containing compounds present in fuel oils [14—16].
It is not necessary to add organic acids, polar extractants, or
polar solvents to the reaction system. Furthermore, these
catalysts can improve the formation of an emulsion and thus
increase the efficiency between the sul-
fur-containing compounds and hydrogen peroxide. The
Keggin-type lacunary polyoxotungstate catalyst shows

reaction

higher catalytic activity toward the oxidation of sul-
fur-containing compounds in the emulsion [16]. However,
few studies paid any attention to catalysis by POMs with a
Dawson-type structure during oxidative desulfurization.

Herein, a series of Dawson-type polyoxotungstate cata-
lysts, ngPzwlg, Q18P2W17, and Q18P2W12, were prepared and
used for the oxidation of sulfur-containing compounds.

K6[P,W150¢,]- 14H,0, Ko[P2W706,]-20H,0, and
Kio[a-H,PyW15045]-24H,0 were prepared using the method
described in the literature [17]. These salts (0.21-0.22
mmol) were dissolved in distilled water (15-30 ml) properly
followed by adjusting the pH with a solution of HCI (4
mol/L), respectively. Then a solution of octadecyl-
trimethylammonium chloride (CTAC) (2.1-2.2 mmol) that
was dissolved in alcohol (10 ml) was added dropwise. An
azure or white precipitate was immediately formed. After
continuous stirring for 1 h, the resulting mixture was filtered
and dried at 60 °C in vacuum for 12 h to give Q18P2W18,
Q'"*P,W,5, and Q"*P,W,, respectively.

High-power proton decoupling *'P MAS NMR spectra
were performed on a Bruker DRX 400 spectrometer operat-
ing at 161.8 MHz with a BBO MAS probe-head using 4-mm
ZrO;, rotors spun at 10 kHz. The recording parameters were
2.0 pus pulse, 2 s repetition time, and 2048 scans. The p
chemical shift was normalized with 85% H;PO, aqueous
solution. Fourier transform infrared (FT-IR) spectra were
recorded on a Nicolet 470 FT-IR spectrometer. The samples
were diluted with KBr and pressed into a pellet.

A typical catalytic activity test proceeded as follows.
2,5-Dimethythiophene (2,5-DMT), benzothiophene (BT),
dibenzothiophene (DBT), or 4,6-DMDBT (0.39 mmol) was
dissolved in a solution of decalin (12.5 ml) in a 60 °C oil bath
to quantify the sulfur content as 1000 ng/ul. The catalysts
Q"*P,W5, Q"*P,W5, or Q"P,W,, (0.0044 mmol) and the
oxidant H,0O, (0.14 ml, 30%) were added to the above sul-
fur-containing solution simultaneously at a magnetic stirring
speed of 1000 r/min. The immediate formation of a turbid
W/O emulsion was observed. To follow the reaction, the
emulsion was sampled at time intervals of 1 h and stored in
an icebox to quench the reaction. The catalyst in the sampled
emulsion was separated from the emulsion phase by cen-
trifugation. The content of sulfur in the oil was determined
by a gas chromatography (Agilent 6890N) coupled with a
flame photometry (FPD, Agilent H9261) using a capillary
column (PONA, 50 m x 0.2 mm x 0.5 pm).

The *'P MAS NMR spectra in the solid-state show a
one-line spectrum with a resonance at d =—13.2 for ngPZWIg
(shown in Fig. 1(1)), a two-line spectrum with resonances at

=-8.8 and —13.7 for Q18P2W17 (shown in Fig. 1(2)), and a
one-line spectrum with a resonance at d = —8.8 for Q18P2W12
(shown in Fig. 1(3)). These results agree with that in the
literature [17—19]. Obviously, the structures of the heter-
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opolyanions [P2W18062]6’ and [P2W17061]10’ show no
changes during the synthesis of Q18P2W18 and Q18P2W17 by
their assembly with the quaternary ammonium cations.
However, the peak at 6 = —8.8 for Q'*P,W,, is very broad and
asymmetric as it has a small shoulder peak, which indicates
that the structures of the heteropolyanion [oc-H2P2W12048]12’
is distinctly distorted in the *'P MAS NMR spectrum of
Q18P2W12, but the original structure remained intact.

Figure 2 shows FT-IR spectra of Q18P2W18, Q18P2W17, and
ngPZWIZ. The P=0 bands at ca. 1090 ¢cm " for Q18P2W18, ca.
1086 cm' for Q"P,W,; and 1140 and 1086 cm ' for
Q18P2W12 further indicate the retention of the basic Dawson
framework compared with their corresponding potassium
salts. Moreover, the bands at ca. 1468 cm™ are due to a
contribution from the deformation vibrations of the C—H that
belongs to CH; or CH,. The asymmetric stretching vibrations
of C—H are found at ca. 2921 cm™' and the symmetric
stretching vibrations of C—H are at ca. 2851 cm™', which
results from the CH; or CH; in the octadecyltrimethylam-
monium cations. Therefore, quaternary ammonium cations
and polytungstophosphates anions efficiently combine with
each other by electrostatic interactions.

It has been found that K ,[a-H,P,W,045], which is un-
soluble in model oil, has no activity during BT oxidation
under the present conditions. The reaction mixture is a
two-liquid phase system, and mass transfer affects the reac-
tion negatively. However, the conversion of BT is greatly
increased upon catalysis by QIBPQWI 5, with 62% conversion
at 30 °C for 1 h. The reason is that the Q18P2W12 that was
synthesized in a moderate acidic solution by an organic
combination between quaternary ammonium cations and
polytungstophosphates can improve the formation of an
emulsion and the reaction efficiency between BT and H,0,.

The activity of Q'8P2W1 8 ngPZW”, and Q'8P2W1 » during
the oxidation of 4,6-DMDBT, DBT, BT, and 2,5-DMT was
investigated under mild conditions (Fig. 3). At 60 °C, the
conversion of DBT was 100% within 5 h, 30 min, and 5 min
when catalyzed by Q18P2W18, Q18P2W17, and Q18P2W12, re-

spectively. As shown in Fig. 3, the activities of Q18P2W12 and
Q18P2W17 are much higher than that of QIXPZWIX, which
could be related to the formation of active polyperoxometa-
late in the H,0,-based reaction system. Q18P2W[2 and
Q'"*P,W,;, which are both lacunary Dawson-type heter-
opolycompounds, can be more easily transformed into active
polyperoxometalates in the presence of hydrogen peroxide
according to the published work [16]. Moreover, Q'*P,W 1, is
much more unstable than Q'*P,W ; [17] and can be much
more easily transformed into an active polyperoxometalate.
Therefore, Q'*P,W,, has the best activity for BT oxidation
among the three studied catalysts and their activity decreases
in the order: Q18P2W12 > Q18P2W17 > Q18P2W18. The oxida-
tive reactivity order of the sulfur-containing compounds is
DBT > 4,6-DMDBT > BT > 2,5-DMT.

The oxidative reactivity order of the sulfur-containing
compounds is basically related to the electron density of the
sulfur atom in sulfur-containing compounds [20]. However,
steric hindrance because of methyl substitution in
4,6-DMDBT hinders the interaction between 4,6-DMDBT
and the catalyst. Therefore, the reaction rate of DBT oxida-
tion is higher than that of 4,6-DMDBT although the electron
density at the sulfur atom of DBT is lower than that of
4,6-DMDBT.

In summary, Dawson-type polyoxotungstate emulsion
catalysts could efficiently catalyze the oxidation of sul-
fur-containing compounds to their corresponding sulfones
under mild conditions. Q18P2W12 has a very high activity for
the oxidation of sulfur-containing compounds.
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