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bstract

A recyclable amphiphilic catalyst, which composed of peroxotungsten anion and quaternary ammonium cation assembled in the interface of
he emulsion droplets, shows high selectivity and activity in the oxidation of sulfur-containing molecules to sulfones with hydrogen peroxide in
iesel under mild reaction conditions. All the sulfur-containing molecules present in diesel can be completely oxidized into sulfones with ∼100%
electivity of sulfones in W/O (H2O2-in-diesel) emulsion system. The sulfones can be readily separated from the diesel, and the sulfur level of
he desulfurized diesel can be lowered from about 500 ppm to below 1 ppm with about 98% yield of oil. In addition, the S-containing molecules
n straight-run gas oil are also readily oxidized to their corresponding products in the O/W emulsion reaction medium. The S-level of oil layer
f the oxidized oil was reduced to below 1 ppm from 312 ppm in the original straight-run gas oil with above 99% yield of oil. The amphiphilic

atalysts serve as not only a catalyst but also an emulsifying agent to stabilize the emulsion droplets. The emulsion droplets are not only in the
ighly dispersed form but also behave like homogenous catalyst with high activity. The limitations due to interphase mass transport are greatly
educed in emulsion reaction medium. Moreover, the emulsion catalysts can be easily separated and recycled by demulsifying.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Emulsion consists of one liquid dispersed in the form of
mall, spherical droplets in another immiscible liquid. Emul-
ions are optically untransparent and thermodynamically unsta-
le systems, with droplet diameters in the range of 0.1–10 �m
1]. The amphiphilic surfactants are usually added to emulsion
ystems, assembling in the interface of the emulsion droplets,
hus providing a protective membrane that prevents the droplets
rom flocculating or coalescing and enhancing the droplets for-
ation and stability. The properties of emulsion have been

nvestigated extensively in last decades, and the emulsions have

een widely utilized as media for food, cosmetics, pharmaceuti-
al industries, nanoparticle synthesis and enhanced oil recov-
ry [1–3], but the emulsion reaction medium has not been
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ell introduced into organic synthesis in the biphasic catalytic
ystem.

Phase-transfer catalysis (PTC) and micellar catalysis (MC)
s the conventional reaction media have received widely atten-
ion in synthetic organic chemistry [4,5], they often result in
ramatic increases in reaction rates through introducing the sur-
actant to the reaction systems. In recent years, the emulsion or
icroemulsion as the reaction media for organic synthesis has

een studied [6–8]. The emulsion reaction system can overcome
eagent incompatibility problems because high concentrations
f both hydrophilic and hydrophobic compounds can be dis-
olved simultaneously and also provide a high interfacial area
er unit volume therefore the reaction rates in the emulsion sys-
em can be greatly increased. In these systems, the catalysts
sually dissolve in the continuous phase or inside the emulsion
roplets, and the surfactant molecules adsorb on the surface of

mulsion droplets, thus the catalysts are difficult to be separated
nd recycled from the emulsion system (Fig. 1A).

Recently, Kobayashi and Wakabayashi [9] developed a Lewis
cid–surfactant-combined catalyst (LASC), which composed

mailto:canli@dicp.ac.cn
dx.doi.org/10.1016/j.molcata.2006.05.058
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Fig. 1. Principle of recyclable amphiphilic catalyst assembled in emulsions. (A)
The surfactant molecules adsorb on the surface of emulsion droplets, and the
catalysts are in the emulsion droplets, the catalysts are difficult to be separated
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nd recycled from the emulsion system. (B) Combining the catalyst with sur-
actant to form an amphiphilic catalyst, assembling in the interface of emulsion
roplets instead of only simple surfactant.

f water-stable Lewis acidic cations such as scandium and
nionic surfactants. The surfactant-type catalysts have been
uccessfully used for various typical carbon–carbon-forming
eaction such as aldol, allylation, and Mannich-type reactions
n colloidal dispersion systems. And Kaur and Kozhevnikov
10] and Neumann and Khenkin [11] have reported a sim-
lar concept which using the amphiphilic quaternary ammo-
ium tungstophosphate Q3{PW4[WO(O2)2]4} as catalyst for
he epoxidation of olefins in emulsion/microemulsion systems,
nd the catalyst can be reused. In principle, through combining
he catalyst with surfactant to form a surfactant-type catalyst,
nd tuning the hydrophile–lipophile balance (HLB) of surfac-
ants, the amphiphilic catalyst may act as an emulsifying agent to
tabilize the emulsion droplets instead of only simple surfactant,
ssembling in the interface of emulsion droplets (Fig. 1B), and
he amphiphilic catalyst could deposit between the water and
il phases after demulsification, This can be provided a simple
ethod for the catalyst and surfactant to separate and recycle.
Recently, we have developed an amphiphilic Q3PW12O40

mulsion catalyst for the oxidation of sulfur-containing
olecules to sulfones in diesel [12a] and the selective oxidation

f alcohols to ketones [12b], using H2O2 as oxidant in emul-
ion. Furthermore, the emulsion droplets can be demulsified by
entrifugation and the catalyst can be easily separated and recy-
led. However, the Q3PW12O40 catalyst is not stable and easily
epolymerizes into several smaller active species after it reacts
ith hydrogen peroxide [12c]. In this work, we report an emul-

ion catalyst Q+[W(O)(O2)2(C5H4NCO2)]− that is synthesized
y using a combination of hydrophilic peroxotungsten anions
nd lipophilic surfactant (quaternary ammonium cations). Selec-
ive oxidation of sulfur-containing molecules in diesel was car-

ied out with amphiphilic Q+[W(O)(O2)2(C5H4NCO2)]− cata-
yst in the W/O emulsion systems. It was found that the emulsion
atalyst can be assembled in interface of the emulsion droplets
nd is very active and selective in the oxidation of DBT-like to
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ulfone under mild conditions. The catalyst can be completely
xidized sulfur-containing molecules into sulfones diesel with
toichiometric amounts of H2O2 are consumed. The sulfones
an be readily separated from the diesel, and the sulfur level
f the desulfurized diesel can be lowered from about 500 ppm
o below 1 ppm. The emulsion catalyst can be easily recovered
nd reused after demulsification. These provide a green, highly
ctive and highly selective oxidation process to achieve the ultra-
eep desulfurization of fuel oil.

. Experimental

.1. Preparation of amphiphilic catalysts based on
uaternary ammonium peroxotungstens

Preparation of amphiphilic catalysts is described as fol-
ows [13,14]: a solution of pyridine-2-carboxylic acid (7.4 g,
0 mmol) in 10 ml water was added to a solution of 75 ml
f 30% hydrogen peroxide containing tungstic acid (15 g,
0 mmol) at 0 ◦C. The resulting solution was stirred overnight
t room temperature. Then a solution of quaternary ammo-
ium cation (60 mmol, Q = (C4H9)4N+, [(CH3)3N+(C18H37)],
nd [(C18H37)2N+(CH3)2]) in 30 ml of alcohol (95%) was added
ropwise into the above aqueous solution. A white precipi-
ate was immediately formed. After continuously stirring for
4 h, the resulting mixture was filtered and dried at 40 ◦C
n vacuum for 24 h to produce a family of the amphiphilic

+[W(O)(O2)2(C5H4NCO2)]− catalysts with different chain
engths of the quaternary ammonium cations (Q = (C4H9)4N+,
(CH3)3N+(C18H37)], and [(C18H37)2N+(CH3)2]) catalysts
yield: 80–90%).

.2. Oxidation of model sulfur-containing molecules in
/O emulsion system

In a typical reaction run, the sulfide was dissolved in an
rlenmeyer flask containing 25 ml of decahydronaphthalene

S: 600 ng/�l). Then the Q+[W(O)(O2)2(C5H4NCO2)]− cat-
lyst (0.02 mmol) and hydrogen peroxide (0.16 g, 30 wt.%,
2O2/S = 3:1) were added into the solution. This mixture was
eated to 50 ◦C under vigorous stirring, and the turbid W/O
mulsion was formed. After reaction, the emulsion reaction
ystem was separated by centrifugation, and the upper decahy-
ronaphthalene solution was subjected to GC–FPD and micro-
oulometry analysis.

.3. Selective oxidation of real diesel in W/O emulsion
ystem

A 100-ml Erlenmeyer flask was charged with 50 ml of
rehydrotreated diesel (500 ppm S), 0.05 g of Q+[W(O)(O2)2
C5H4NCO2)]−, and 30 wt.% of H2O2 (H2O2/S = 3, molar
atio). This mixture was heated to 35 ◦C and the turbid W/O

mulsion was formed under vigorous stirring. After continu-
usly stirring for 4 h, the emulsion system was separated by
eans of centrifugation. The sulfones in the diesel can be

emoved by extraction with a polar extractant, such as 1-methyl-
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emulsion can be formed by mixing the [(C18H37)2
N(CH3)2] [W(O)(O2)2(C5H4NCO2)]− catalyst, sulfide,
and hydrogen peroxide in proper proportions under vigorous
stirring. The BT and 4,6-DMDBT can be completely oxidized

Fig. 3. Reaction profiles for oxidation of dibenzothiophene (DBT) using
amphiphlic Q+[W(O)(O2)2(C5H4NCO2)]− catalysts with different quater-
J. Gao et al. / Journal of Molecular C

-pyrrolidinone, and the desulfurized diesel is obtained. The
ulfur content in original diesel and the desulfurized diesel was
etermined by GC–FPD and microcoulometry.

.4. Selective oxidation of straight-run gas oil in W/O
mulsion system

A 100-ml Erlenmeyer flask was charged with 50 ml of
traight-run gas oil (312 ppm S), 0.05 g of [(C18H37)2N+(CH3)2]
W(O)(O2)2(C5H4NCO2)]−, and 30 wt.% of H2O2
H2O2/S = 3, molar ratio). This mixture was heated to
5 ◦C and the turbid W/O emulsion was formed under vigorous
tirring. After continuously stirring for 2 h, the emulsion
ystem was separated by centrifugation. Then the gasoline was
xtracted with H2O, and the desulfurized gasoline is obtained.
he sulfur content in the original gasoline and the desulfurized
asoline was determined by GC–FPD and microcoulometry.

. Results and discussion

.1. Oxidation of model sulfur-containing molecules in
/O emulsion system

The amphiphilic catalysts as emulsifying agent have pro-
ounced effect on the stabilization/breaking of emulsion
roplet. Here, we synthesized a family of the amphiphilic
+[W(O)(O2)2(C5H4NCO2)]− catalysts with different chain

engths of the quaternary ammonium cations (Q = (C4H9)4N+,
(CH3)3N+(C18H37)], and [(C18H37)2N+(CH3)2]). So the
ydrophile–lipophile values and emulsifying ability of the
mphiphilic catalysts can be adjusted according to the catalytic
eactions by optimizing the type and structure of the quaternary
mmonium cations. The structure of the catalyst was showed in
ig. 2.

To investigate the effect of the quaternary ammonium
ations on the emulsion properties of the catalytic sys-
em, the oxidation of dibenzothiophene (DBT) to sulfone
as performed with the oil-in-water (O/W) emulsion sys-

em containing different amphiphilic quaternary ammonium
atalysts in an emulsion system. The results are showed
n Fig. 3. The (C4H9)4N+[W(O)(O2)2(C5H4NCO2)]− cata-
yst with a shorter alkyl chain is difficult to form emulsion
roplets and cannot stabilize the dispersion system. The cata-
yst gives the conversion of 50% of dibenzothiophene (DBT)
t reaction times of 5 h (Fig. 3B). If the [(CH3)3N+(C18H37)]
W(O)(O2)2(C5H4NCO2)]− catalyst with longer chain is used,
etastable emulsion droplet can be formed during the reac-

ion, the dibenzothiophene (DBT) can be completely oxidized
nto sulfones at reaction times of 2 h (Fig. 3C). It was found
hat a milky metastable emulsion is readily formed when the
(C18H37)2N(CH3)2] [W(O)(O2)2(C5H4NCO2)]− catalyst with
wo longer alkyl chains is used under the reaction conditions.
he emulsion catalyst exhibits high reaction activity and the

omplete conversion of DBT was reached at reaction times of
ess than 120 min (Fig. 3D). The results indicate that the size
nd hydrophile–lipophile values of the amphiphilic catalyst have
ronounced effect on the emulsion droplets stability and the

n
C
d
0
g

ig. 2. The structure of the amphiphilic Q+[W(O)(O2)2(C5H4NCO2)]− cat-
lysts based on quaternary ammonium peroxotungsten (Q = (C4H9)4N+,
(CH3)3N+(C18H37)], and [(C18H37)2N+(CH3)2]).

atalytic activity. The emulsion droplets can provide a high inter-
acial area and the reaction rate can be highly increased. The
imitations due to interphase mass transport are greatly reduced
n emulsion reaction medium.

The emulsion system also can be applied to the selec-
ive oxidation of benzothiophene (BT) and 4,6-dimethyl-
ibenzothiophene (4,6-DMDBT). The water-in-oil (W/O)
ary ammonium cations in oil-in-water (O/W) emulsion (B = (C4H9)4N+,
= [(CH3)3N+(C18H37)], and D = [(C18H37)2N+(CH3)2]). Reaction conditions:

ibenzothiophene (DBT) in 25 ml of decahydronaphthalene (S: 600 ng/�l),
.02 mmol of the Q+[W(O)(O2)2(C5H4NCO2)]− catalyst and 0.16 g of hydro-
en peroxide (30 wt.%, O/S = 3.0:1).
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Table 1
Catalytic oxidation of sulfides present in real diesel (S: 500 ppm) using the W/O emulsion systems with different amphiphilic quaternary ammonium peroxotungsten
as catalysts (Q+[W(O)(O2)2(C5H4NCO2)]−, Q = quaternary ammonium cations) at 35 ◦C

Catalyst Q+[W(O)(O2)2(C5H4NCO2)]− Sulfide conversion (%) H2O2 efficiency (%) Emulsion stability Recovery yield of catalyst (%)

(C4H9)4N+ 0 – Unstable 0
[(CH3)3N+(C18H37)] 100 93 Metastable ∼68
[(CH3)2N+(C18H37)2] (fresh) 100 96 Metastable ∼90
Cycle 1 100 92 Metastable ∼88
Cycle 2 100 94 Metastable ∼92
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cycles) shows almost the same catalytic performance as the
fresh one, indicating that the catalyst can be recycled and reused
for this reaction (Table 1 and Fig. 5D). The sulfones can be
eaction conditions: 50 ml of prehydrotreated diesel (S: 500 ppm), 0.05 mmol
5 ◦C for 4 h. The catalyst was recovered by centrifugation and reused. The unr
ased on sulfides in the diesel, and the efficiency of H2O2 utilization was calcula

o corresponding sulfones under mild reaction conditions. It
s worthwhile to point out that these organic sulfides such as
T, DBT and 4,6-DMDBT and their derivatives are the most

efractory sulfur-containing molecules present in fuel oils
nd are extremely difficult to be removed using conventional
ydrodesulfurization (HDS) [15–18]. Operation at higher
emperatures, higher pressure, and more active catalysts with
he hydrodesulfurization (HDS) technology is indispensable,
ut brings higher investment and higher operating cost.
xidative desulfurization (ODS) turns out to be a promising
ethod as the sulfur-containing compounds can be readily

xidized to sulfones under mild reaction conditions. The
hemical and physical properties of sulfones are very different
rom those of the compounds of fuel oil. Therefore, they can
asily be removed by conventional separation operations (e.g.,
istillation, solvent extraction, adsorption, etc.).

.2. Selective oxidation of sulfides present in real diesel in
/O emulsion

Many types of oxidative systems of sulfides present in
uel oils have been reported, such as H2O2/organic acids,

2O2/inorganic acids, H2O2/Ti-containing zeolites and other
on-hydrogen peroxide systems (e.g., N2O, O3, etc.) [19–25].
owever, some components of the fuel are also oxidized along
ith the oxidation of S-containing molecules. Therefore, a large
uantity of oxidant of hydrogen peroxide is consumed, thus
ncreasing the operating cost. Here, we carried out the oxida-
ion of sulfides present in real diesel (about 500 ppm S) by
sing the amphiphilic catalysts with different quaternary ammo-
ium cations with O/S (H2O2/sulfides) molar ratio at 3.0 under
ild conditions and the catalytic performance of the catalysts

s listed in Table 1. It can be seen the catalysts with longer
hain such as [(CH3)3N+(C18H37)] [W(O)(O2)2(C5H4NCO2)]−
nd [(C18H37)2N+(CH3)2] [W(O)(O2)2(C5H4NCO2)]− can
orm metastable emulsion and oxidize the sulfur-containing
olecules into sulfones with high utilization efficiency of hydro-

en peroxide (>90%) and high recovery yield of the catalysts
∼90%). Small portion of catalyst lost in the emulsion reaction
ystems due to its amphiphilic property. But the lost catalyst can

e removed and recovered by the extraction without affecting
n the quality of the fuel oil. The formed metastable emulsion
roplets during the reaction can be observed with the opti-
al microscope (Fig. 4). Dynamic light scattering revealed that

F
o
[

Q+[W(O)(O2)2(C5H4NCO2)]− catalyst, sulfides:H2O2 = 1:3 (molar ratio) at
H2O2 was determined by Ce(IV)(SO4)2 (0.1 M) titration. The conversion was
cording to the following formula: sulfides (mol)/consumed H2O2 (mol) × 100.

he size of the forming spherical emulsion droplets is about
00 nm in diameter that is within a range of typical emul-
ion size. While the (C4H9)4N+[W(O)(O2)2(C5H4NCO2)]−
atalyst with a shorter alkyl chain cannot form the emulsion
roplets and almost cannot catalyze the oxidation of the sul-
des present in diesel fuels because the catalyst is water-soluble
ith poor emulsifying ability during the reaction. Fig. 5 shows

he sulfur-specific gas chromatography (GC) analysis of real
iesel before and after the catalytic oxidation. The sulfides
resent in the diesel are mainly composed of wide range of
lkyl-substituted dibenzothiophenes (DBTs) (Fig. 5A). After
he real diesel was oxidized with the [(C18H37)2N(CH3)2]
W(O)(O2)2(C5H4NCO2)]− catalyst, the peaks of the DBTs
ompletely disappear, while the peaks of the corresponding DBT
ulfones appear at higher retention times (Fig. 5C), confirming
hat all the sulfur-containing molecules present in real diesel
an be completely oxidized into sulfones in the W/O emul-
ion system under mild reaction conditions. The used catalyst
an be easily separated from the reaction system by demulsi-
cation and sedimentation. The recovered catalyst (after two
ig. 4. The optical micrograph of the reaction mixture of 50 ml
f prehydrotreated diesel (500 ppm S), 0.05 g of [(C18H37)2N+(CH3)2]
W(O)(O2)2(C5H4NCO2)]−, and 30 wt.% of H2O2 (H2O2/S = 3, molar ratio).
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Fig. 5. Sulfur-specific GC–FPD chromatograms of real diesel, real diesel after
oxidation and desulfurized diesel. Gas chromatography (GC): Agillent 6890
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Scheme 1. The oxidation of sulfur-containing molecules to sulfones in diesel,
using H2O2 as oxidant in the W/O emulsion droplets. The emulsion catalytic
reaction medium is in the highly dispersed form and behaves like homogeneous
catalysis. During the reaction, the hydrogen peroxide as oxidant in the emulsion
d
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w
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t
a
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s
a

c
reaction media is usually encapsulated the catalysts in micelles,
and the reactions are normally carried out in a homogenous or
pseudohomogeneous phase. The phase-transfer catalysis is to

Fig. 6. Sulfur-specific GC–FPD chromatograms of straight-run gasoline before
quipped with a capillary column (PONA, 50 m × 0.2-mm i.d. × 0.5 �m); reac-
ion condition: 50 ml of prehydrotreated diesel (500 ppm S), 0.05 g of the cata-
yst, and 30 wt.% of H2O2 (H2O2/S = 3, molar ratio), 35 ◦C for 4 h.

ompletely extracted by a polar extractant, such as 1-methyl-
-pyrrolidinone, and the desulfurized diesel is obtained. The
ulfur-specific GC and microcoulometry for the desulfurized
eal diesel show that the sulfones present in the diesel can be
asily removed, and the sulfur content in the diesel after the
rocess is below 1 ppm with above 98% yield of diesel oil
Fig. 5E). The (C4H9)4N+[W(O)(O2)2(C5H4NCO2)]− catalyst
ith a shorter alkyl chain almost cannot catalyze the oxida-

ion of the sulfides present in diesel fuels to sulfones (Table 1
nd Fig. 5B). These results indicate only the amphiphilic cat-
lyst with proper hydrophile–lipophile values can uniformly
istribute in the water/oil interface and form a film around the
ispersed water droplets. The state of the amphiphilic catalyst
ot only maintains the emulsion droplets stable but also pro-
ides higher interfacial surface area where the reaction takes
lace, resulting in more reaction encounter probability and high
eaction rates. During the reaction, the highly dispersed droplets
f 30% H2O2 in the emulsion system can continuously supply
ctive oxygen to the catalyst. Then the sulfide was oxidized into
ulfone by the amphiphlic catalyst in the water/oil interface. The
xidation of sulfur-containing molecules to sulfones in the W/O
mulsion droplets can be described as in Scheme 1.

.3. Selective oxidation of straight-run gas oil in W/O
mulsion system

Ultra-deep desulfurization of straight-run gas oil (SR-LGO)
ia the oxidation mehtod has received much attention in recent
ears [20]. Here, selective oxidation of straight-run gas oil was
tudied in the W/O emulsion systems. Fig. 6 shows the GC–FPD
hromatograms of straight-run gasoline before and after the cat-

lytic oxidation. The sulfides present in SR-LGO are mainly
omposed of thioether and mercaptan compounds (Fig. 6A).
he GC peaks of the sulfur compounds in SR-LGO of oxidized
il were completely disappear (Fig. 6B). The result indicates

a
e
r
[
(

roplets can continuously supply active oxygen to the catalyst then the sub-
trate was oxidized into corresponding product by the amphiphilic catalyst in
he water/diesel oil interface.

hat the sulfides in straight-run gas oil are also readily oxi-
ized to their corresponding products in the O/W emulsion
nder the mild reaction condition. The oxidative products are
ater-soluble and can be easily transferred to the water phase.
he sulfur content of oil layer of the oxidized oil was reduced

o below 1 ppm from 312 ppm in the original SR-LGO with
bove 99% yield of oil. So a combined oxidation and extraction
an be completed using in the emulsion system. This provides
catalytic oxidation process that can selectively oxidize the

ulfur-containing molecules present in SR-LGO using H2O2 as
n oxidant under mild conditions.

The emulsion catalysis is different from the phase-transfer
atalysis (PTC) and micellar catalysis (MC) [4,5]. The micellar
nd after the catalytic oxidation. Gas chromatography (GC): Agillent 6890
quipped with a capillary column (PONA, 50 m × 0.2-mm (i.d.) × 0.5 �m);
eaction condition: 50 ml of straight-run gasoline (312 ppm S), 0.05 g of
(C18H37)2N+(CH3)2] [W(O)(O2)2(C5H4NCO2)]−, and 30 wt.% of H2O2

H2O2/S = 3, molar ratio), 35 ◦C for 4 h.
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ransfer a molecule or ion from one reaction phase to another,
nd the reaction occurs primarily within the bulk of oil phase.

hile the emulsion reaction system is that amphiphilic catalyst
s assembled in the interface of emulsion droplets, not in the
ontinuous phase or inside the emulsion droplet. The reactions
ake place in the interface of the emulsion droplets, which may
rovide unique microenvironment for substrates and catalyst. In
ddition, the emulsion catalysis provides a method of designing
nd organizing the amphiphilic catalyst in the molecular scale to
nhance the reaction rate and to recycle the catalyst. Several qua-
ernary ammonium peroxotungstens have been demonstrated in
his work, but the idea of the amphiphilic catalysts is not lim-
ted to these catalysts, and the reaction could be extended to
ide range of organic synthesis reactions when the catalysts are

ccommodated in the interface of the emulsion droplet.

. Conclusions

In summary, we report an amphiphilic Q+[W(O)(O2)2
C5H4NCO2)]− catalyst for the selective oxidation of S-
ontaining molecules present in diesel to sulfones in W/O emul-
ion systems. The emulsion catalyst possesses both hydrophilic
nd hydrophobic structure, and self-assembles in the interface of
mulsion droplets where the chemical reaction takes place. The
atalyst [(C18H37)2N(CH3)2] [W(O)(O2)2(C5H4NCO2)]− with
onger chain shows high selectivity and activity in the oxidation
f sulfur-containing molecules to sulfones in diesel with hydro-
en peroxide under mild reaction conditions. For examples, BT,
BT, 4,6-DMDBT and their derivatives can be completely oxi-
ized to corresponding sulfones with stoichiometric hydrogen
eroxide. The sulfones can be readily separated from the diesel
sing an extraction and the sulfur level of the desulfurized diesel
an be lowered from about 500 ppm to below 1 ppm. Moreover,
he amphiphilic catalyst can be separated and recycled.
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