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Facile Synthesis of a Nanocrystalline Metal-Organic

Framework Impregnated with

a Phosphovanadomolybdate and Its Remarkable Catalytic
Performance in Ultradeep Oxidative Desulfurization

Yiwei Liu,” Shumei Liu,””’ Shuxia Liu,*® Dadong Liang,”” Shujun Li,”’ Qun Tang,”
Xingquan Wang,” Jun Miao,” Zhan Shi,” and Zhiping Zheng* ¢

Reducing the level of sulfur content in fuel oils has long been
desired for environmental reasons. Polyoxometalates (POM:s)
can act as catalysts to remove sulfur-containing heterocyclic
compounds by the process of oxidative desulfurization under
mild conditions. However, one key obstacle to the develop-
ment of POM-based catalysts is the poor solubility of POMs in
the overall nonpolar environment. We report a novel strategy
for the introduction of catalytically active POMs into nonpolar
reaction systems by encapsulating the inorganic catalyst

Introduction

Sulfur oxides resulting from burning fuel oils are responsible
for smog, acid rain, and respiratory problems in human beings.
Thus, reducing the level of sulfur content is not only necessary
but also important. At present, the main approach to decease
sulfur levels is hydrodesulfurization (HDS)." There are two
problems inherently associated with this process. One problem
is the high costs associated with the demanding reaction con-
ditions, such as high reaction temperature and the consump-
tion of high-pressure hydrogen gas. The second problem is
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within the pores of a metal-organic framework structure in
which the organic ligands act as hydrophobic groups. The
nanocrystalline catalysts, obtained rapidly and conveniently by
both solution and mechanochemical synthesis, showed re-
markable activities in catalytic oxidative desulfurization reac-
tions in both a model diesel environment and in real diesel
wherein dibenzothiophene was converted rapidly and quanti-
tatively into dibenzothiophene sulfone.

that this approach is efficient in removing thiols, sulfides, and
disulfides but not as effective in removing sulfur-containing
heterocyclic compounds, in particular dibenzothiophene (DBT)
and its derivatives. Therefore, developing non-HDS methods
have been long desired.”

Oxidative desulfurization (ODS) is an alternative strategy in
which the refractory organosulfur compounds are oxidized
into the corresponding sulfones; these sulfones are subse-
quently removed by extraction. This process relies on an oxi-
dant, commonly H,0,, together with a catalyst, often an ionic
liquid®™ or a heteropolyacid.”! Given that large-scale use of per-
oxides is dangerous, molecular oxygen would be a preferred
oxidant. Equally desirable is the use of environmentally benign
catalysts, a representative is polyoxometalates (POMs).®! De-
spite great efforts made and significant progress achieved, one
key obstacle to the development of POM-based catalysts is the
poor solubility of POMs in overall nonpolar environments.®
One solution is the use of amphiphilic POMs for which the
metal-oxo cores are charge compensated with cationic surfac-
tants; solubilization and stabilization are achieved by the for-
mation of an emulsion, which results from hydrophobic inter-
actions between the surfactant and the nonpolar medium.”
Unfortunately, in addition to their cumbersome preparation,
emulsions are inherently metastable; breakdown of the system
results in POM leaching and phase separation from the reac-
tion medium, and this leads to compromised catalytic
performance.

Recognizing the challenge of engaging the organic sub-
strates with the inorganic catalysts, we recently set out to
design a novel class of materials featuring catalytically active
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POMs encased by highly porous metal-organic frameworks
(MOFs),® denoted as POMs@MOFs. The primary consideration
is the promotion of substrate—catalyst interactions in the con-
finement of the framework. We noticed that if the organic part
of the MOFs was similar to the amphiphilic POM catalyst, the
organic ligands in the MOFs could act as hydrophobic groups
to introduce the POMs into the nonpolar medium and adsorb
the organic substrates. As a result, our aim may be achieved
by substrate diffusion into the porous structure and ideally in
close proximity to the encapsulated catalyst. Accordingly, occu-
pation of these pores by substrate molecules serves to precon-
centrate the reactants, which may possibly lead to enhanced
reaction kinetics as a result of favorable and “intensified” sub-
strate—catalyst organization. Furthermore, considering the aro-
matic nature of the targeted substrates, bridging ligands fea-
turing aromatic fragment(s) should be utilized in the assembly
of the MOF structure.

Results and Discussion

We report herein the preparation and structural characteriza-
tion of such a material and the remarkable catalytic perfor-
mance of its nanocrystals for the oxidation of DBT. The com-
pound, formulated as [(CH3),N]{[Cuy(BTC),5(H,0),l¢-
[H3PV,M0,40,01}3-14H,0 (NENU-9, BTC=1,3,5-benzenetricarboxy-
late), was originally obtained under hydrothermal conditions
starting from copper nitrate; 1,3,5-benzenetricarboxylic acid
(H5BTC); [(CH5),NIOH; and HsPV,Mo0,,0,, (POVM), a phosphova-
nadomolybdate extensively studied for the ODS of thiophenes.
Crystallographic studies revealed a structure constructed from
paddle-wheel Cu, units and bridging BTC ligands (Figure S1,
Supporting Information), which is isostructural to previously re-
ported NENU-n (n=1-6) in which three kinds of pores
(types A, B, and C) were identified.”’ The most salient differ-
ence is that the POMs occupying the type A pores in the pres-
ent structure are the catalytically active POVM.

It was quickly realized that the crystal material was not par-
ticularly useful for ODS because of the large particle size,
which limits its dispersion in diesel fuels and which limits the
uptake of DBT. Nanocrystals, owing to their unique behavior as
a result of their reduced size, occupy a significant portion of
the novel materials developed for different applications."”
However, the preparation of POMs@MOFs nanocrystalline ma-
terials has been rarely taken into account. Recognizing the
unique behavior of nanomaterials as a result of their reduced
size and aiming to improve the catalytic performance of the
materials in hand, we explored the preparation of [Cu,(BTC),s-
(H,0),l6[HsPV,;M0,4,0,4,] (NENU-9N), the nanocrystalline form of
the original compound. We subsequently succeeded in the
preparation of phase-pure NENU-9N under ambient conditions.

Preparation of pure-phase nanocrystalline catalysts

In a typical preparation, the copper salt and an excess amount
of POVM were dissolved in distilled water. The pH of the solu-
tion was adjusted to 2.5. Then, a solution of a stoichiometric
amount of H,BTC (relative to Cu®*) in ethanol was added. A
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green precipitate was collected. The synthesis was finished
within minutes. Considering that POMs are introduced into the
frameworks as noncoordinated guests, the isostructural
[Cus(BTC),] framework without POMs could also be obtained
under the same conditions. The phase purity was confirmed
by powder X-ray diffraction (PXRD) studies. Through detailed
comparison of the PXRD patterns of NENU-9 and [Cu,(BTC),],
a notable difference in the patterns was revealed, that is, the
peak at 20 =9.48°, which can be identified as the characteristic
peak of [Cu;(BTC),] but not of NENU-9. To obtain phase-pure
NENU-9N, we systematically varied the concentration of POVM
and found that the characteristic peak of [Cus(BTC),] disap-
peared only if POVM was used in an excess amount, but all
the other diffraction peaks could be readily indexed to NENU-9
(Figure 1). We concluded that although interactions between
the Cu* cations and the POM anions exist,"" if the amount of
the POM added was not high enough, some of the Cu®* cat-
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Figure 1. PXRD patterns of a) NENU-9 (simulated), b) products obtained with
an excess amount of POVM, c) products obtained by using a stoichiometric
ratio, d) products obtained with an insufficient amount of POVM, and

e) [Cus(BTC),] (simulated). The experimental details are listed in Table S2,
Supporting Information.

ions coordinate with BTC to form [Cu,(BTC),] and the rest of
the Cu®* cations generate NENU-9N. As the concentration of
the POM is increased, the Cu?* cations cannot escape from the
POM anions, which results in phase-pure NENU-9N. Interesting-
ly, the color change of the products from blue (for [Cu,(BTC),])
to green (for NENU-9) is consistent with an increase in purity,
which provides convenient evidence to initially judge the
purity of the product (Figure S2, Supporting Information).

Pure-phase NENU-9N can be more facilely prepared by me-
chanochemical synthesis, but the nanocrystals are not well fac-
eted (Figure S3, Supporting Information). The nanocrystals pre-
pared by different methods can be readily dispersed in decalin
(Figure S4, Supporting Information), which is the model solu-
tion for diesel fuels.

The nature of the copper salt and the pH of the solution
have profound effects on the size of the nanocrystals. We ob-
served that under otherwise identical conditions, the use of
copper acetate caused instant precipitation, whereas the reac-
tion mixture remained clear for a certain period of time if
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other copper salts (nitrate, sulfate, and chloride) were used.
These observations may be rationalized in terms of the struc-
tural similarity between the paddle-wheel Cu, units of copper
acetate and those of NENU-9N. As anticipated, faster reactions
produced smaller particles, whereas slower reactions favored
larger particles, and this is consistent with the results in
Figure 2, which shows the samples obtained by using copper
nitrate and copper acetate, respectively. Similar observations
were made by W6ll and co-workers who studied the assembly
mechanism of MOFs.!'?
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Figure 2. Field emission SEM of NENU-9N with a) copper nitrate as the metal
source at pH 2.5, b) copper acetate as the metal source at pH 2.5, and
c) copper acetate as the metal source at pH 4.0.

Considering the assembly process of NENU-9N, it is not sur-
prising that pH is significant in controlling the reaction kinetics
and, thus, the size of the resulting nanocrystals. Specifically,
higher pH values favor the formation of BTC and its subse-
quent coordination with copper ions, and this leads putatively
to smaller particles. Indeed, with the use of copper acetate at
pH 2.5, nanocrystals were produced with an average size of
550 nm, whereas at pH 4.0, much smaller but less well-faceted
nanocrystals were produced with an average size of 80 nm
(Figure 2).

Adsorption

As a necessary step in assessing the potential catalytic applica-
tions of NENU-9N, nitrogen adsorption experiments were per-
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formed at 77 K by using both NENU-9 and NENU-9N. Type |
sorption behavior was observed in both cases, and this sug-
gests that the microporosity was preserved (Figure S5, Sup-
porting Information). Notably, the BET specific surface area in-
creased by 35% from 418 to 564 m?’g~' as the size was re-
duced, which is significant for an enhancement in the sub-
strate adsorption and, ultimately, the catalytic performance.
Applying Dubinin-Astakhov (DA) analysis to the isotherm data
showed that the pore sizes were distributed narrowly at ap-
proximately 8.7 and 8.5 A for NENU-9 and NENU-9N, respec-
tively (Figure S6, Supporting Information)

How effectively DBT may be adsorbed into NENU-9N was
then investigated. As a representative study, a mixture of
NENU-9N and DBT in decalin was stirred continuously. The mix-
ture was sampled periodically and analyzed by gas chromatog-
raphy. The adsorption curve (Figure S7, Supporting Informa-
tion) clearly demonstrates facile and efficient uptake of DBT.
Complete adsorption was achieved within minutes, and this in-
dicates efficient preconcentration and portends the great cata-
lytic potential of NENU-9N. Such excellent adsorption proper-
ties are attributable thermodynamically to the favorable inter-
actions between DBT and the hydrophobic environment pro-
vided by the type B pores™ and kinetically to the reduced
size of the particles, which promotes facile diffusion of the
substrates.['%"3

Oxidative desulfurization

The catalytic activity of NENU-9N was investigated by the oxi-
dation of DBT to dibenzothiophene sulfone (DBTO,) in decalin
by using molecular oxygen as the oxidant. The reaction pro-
ceeded rapidly: approximately 90% of DBT was converted in
approximately 60 min, and complete conversion was observed
after an additional 30 min (Figure 3). FTIR suggested DBTO,
was the only product (Figure S8, Supporting Information).
Comparative studies with the use of 300 um NENU-9 and
POVM were performed. The conversion percentage after
90 min under otherwise identical conditions reached only ap-
proximately 41 and 2% for NENU-9 and POVM, respectively
(Figure 3). Clearly, inorganic POVM cannot interact very well
with DBT in the overall organic media. With the use of crystal-
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Figure 3. The percentage of DBT-to-DBTO, conversion versus reaction time
by using a) NENU-9N (average diameter =550 nm), b) NENU-9 (average di-
ameter =300 um), and (c) POVM (average diameter=300 um) as catalysts.

Reaction conditions: catalyst (0.01 mmol), DBT (147 mg, 0.8 mmol), and iso-
butyraldehyde (0.72 mL, 8 mmol) in decalin (50 mL) at 80°C.
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line NENU-9 as the catalyst, although improved catal-
ysis was observed as a result of MOF encapsulation
of the POM, the reaction failed to achieve complete
conversion even after an extended period of
120 min. These results unambiguously demonstrate
the significance of housing POMs in an organic envi-

ronment to promote substrate—catalyst interactions 4

and also demonstrate the necessity to reduce the
size of the catalyst-impregnated MOF to achieve
stable dispersion for facile and maximized adsorption
of the substrates and for enhanced kinetics of the
catalytic reactions. The turnover frequency (TOF) was
80 h™" for NENU-9N with an average diameter of
550 nm, which is higher than the previously reported
TOF of other POVM-based catalysts in emulsion sys-
tems (TOF~53 h™")."9 |n the catalytic process, alde-
hyde is needed, which is easily oxidized to the corre-
sponding peracid that then oxidizes DBT to DBTO,."™”
The two steps are detailed in the Supporting
Information.

Of great interest in developing green catalysts is the poten-
tial recovery of the catalyst by filtration or centrifugation. Both
the structural integrity (Figure S9 and S10, Supporting Informa-
tion) and the activity (Figure S11, Supporting Information) of
the catalyst were maintained after the catalyst was reused over
a number of cycles. We also performed a leaching test of fresh
NENU-9N. The UV/Vis spectrum indicated that no POVM was
leached even after the catalyst had been soaked for 48 h (Fig-
ure S12, Supporting Information).

The remarkable performance of the catalyst points to yet an-
other great feature, that is, the MOF pores serve as nanostruc-
tured reactors that do not get clogged by the products. If the
channels were blocked, the reaction would have become in-
creasing sluggish, and the catalyst would have been deactivat-
ed quickly. To rationalize these observations, one may consider
the nature of the pores. They are hydrophobic and favor aro-
matic guests owing to the presence of a large number of ben-
zene rings. It is thus reasonable to argue that occupancy by
less polar and planar DBT is favored over occupancy by more
polar and less planar DBTO.. This subtle difference in intermo-
lecular interactions may be critical in keeping the flow of a con-
tinuous reaction: The highly polar sulfones vacate the pores
for subsequent occupation by additional thiophene molecules.
As such, the catalytic activity is maintained. Corroborating evi-
dence is the deposition of a large amount of needlelike crystals
(Figure S13, Supporting Information), identified as DBTO,,
upon cooling of the reaction mixture to room temperature;
highly polar DBTO, crystallized out from the much less polar
decalin in essentially quantitative yield.

It is then possible to propose a mechanism for the oxidation
of DBT to DBTO, catalyzed by NENU-9N (Scheme 1). Driven by
hydrophobic-hydrophobic and aromatic—aromatic interactions
with type B pores and facilitated by the reduced size of the
catalyst and hence stable dispersion of the nanocrystals in so-
lution, the DBT molecules are adsorbed and “forced” to inter-
act with POVM, as they are confined in close proximity. DBTO,,
the product, escapes through the channels.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. The possible catalytic process for the conversion of DBT into DBTO,. Two
kinds of pores are marked (types A and B). Type A pores are occupied by POVM units.

With such excellent catalytic activity observed in model
diesel, oxidation of prehydrotreated diesel was also performed
to evaluate the catalytic capacity of NENU-9N in a real diesel
environment. Only decalin was substituted by prehydrotreated
diesel [sulfur content=500 parts per million by weight
(ppmw)], and otherwise the reaction conditions were identical.
The conversion of DBT into DBTO, was complete in approxi-
mately 1.5 h, which is similar to the reaction in the model
diesel environment. However, a difference was that there was
no clear precipitation of the sulfones, but they could be further
removed by a polar extractant”®' Ultradeep desulfurized
diesel was thus obtained (Figure S14, Supporting Information).

Conclusions

In summary, we report a novel strategy for the introduction of
catalytically active POMs into nonpolar reaction systems by en-
capsulating the inorganic catalyst within the pores of a MOF
structure. The nanocrystalline catalyst, which was obtained rap-
idly and conveniently by both solution and mechanochemical
synthesis, showed remarkable activity in a catalytic oxidative
desulfurization reaction, wherein DBT was converted rapidly
and quantitatively into DBTO,. Effective preconcentration of
the substrate molecules, made possible by the attractive forces
between such molecules and the pore structures and as
a result of the shortened diffusion path, is believed to be criti-
cal for the enhanced reactivity. This strategy should be readily
extendable to the synthesis of other MOF-encapsulated POM
catalysts, including those that are useful for liquid-phase cata-
lytic reactions, especially in nonpolar media.

Experimental Section
Materials

All the raw chemicals were obtained commercially and used with-
out additional purification. The HsPV,M0,,0,,°34.5H,0 precursor
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was synthesized according to a procedure described in the litera-
ture and characterized by IR spectroscopy (Figure S15, Supporting
Information)."®

Characterization

FTIR spectra were recorded in the 400-4000 cm™' range with an
Alpha Centaurt FTIR spectrophotometer by using KBr pellets. Ther-
mogravimetric (TG) analyses were performed with a Perkin-Elmer
TGA7 instrument in flowing N, with a heating rate of 10°Cmin~".
Powder X-ray diffraction (PXRD) measurements were performed
with a Rigaku D/MAX-3 instrument with CuK, radiation in the 20=
3-50° range at 293 K. A Hiden isochema IGA 100B instrument was
used to measure N, sorption. The progress of the catalytic reac-
tions and liquid adsorption experiments were monitored by gas
chromatography (Shimadzu GC-14C instrument). Morphology anal-
ysis of the POM nanocrystalline materials was performed by using
a Quanta 250 FEG scanning electron microscope. UV/Vis spectra
were recorded with a UV-6100 Double Beam spectrophotometer.

Single-crystal diffractometry was conducted with a Bruker Smart
Apex CCD diffractometer with MoK, monochromated radiation
(1=0.71073 A) at room temperature. The linear absorption coeffi-
cients, scattering factors for the atoms, and anomalous dispersion
corrections were taken from the International Tables for X-ray Crys-
tallography. Empirical absorption corrections were applied. The
structures were solved by using the direct method and refined
through the full-matrix least-squares method on F? by using
SHELXS-97. Anisotropic thermal parameters were used to refine all
non-hydrogen atoms, except for crystallization water oxygen and
(CH3),N* cations. The hydrogen atoms attached to carbon posi-
tions were placed in geometrically calculated positions. Approxi-
mately 26 water molecules were estimated by TG analyses (Fig-
ure S18, Supporting Information), and only partial oxygen atoms of
water molecules were achieved with the X-ray structure analysis.
The crystal data and structure refinement results of NENU-9 are
summarized in Table S1 (Supporting Information).

CCDC 922227 (for NENU-9) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Hydrothermal synthesis of NENU-9

Large crystals suitable for single-crystal X-ray determination were
synthesized according to the procedure described in the litera-
ture® A mixture of Cu(NO,),3H,0 (0.24g, 1mmol) and
HsPV,M0,,0,4,:34.5H,0 (0.2 g, 0.083 mmol) in distilled water (10 mL)
was stirred for 20 min and then H,BTC (0.21g, 1 mmol) and
[(CH;),NIOH (0.09 g, 1 mmol) were added successively. The mixture
was stirred for 30 min at room temperature. The turbid mixture
(pH 2-3) was then sealed in a Teflon-lined autoclave and heated at
180°C for 24 h, followed by slow cooling to room temperature.
Green octahedral crystals were then collected.

Preparation of phase-pure NENU-9N by the solution method

NENU-9N (average diameter=1.3 um): A solution of Cu(NO;),:3H,0
(0.24 g, 1 mmol) and HsPV,M0,,0,4,-34.5H,0 (0.22 g, 0.092 mmol) in
distilled water (10 mL) was stirred for 20 min (solution A). The pH
of the solution was adjusted to 2.5 by the dropwise addition of
1M NaOH. H;BTC (0.14g, 0.67 mmol) was dissolved in alcohol
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(10 mL), and this solution was added dropwise to solution A with
continuous stirring at room temperature. A green precipitate ap-
peared gradually. The precipitate was collected by centrifugation
and washed through centrifugation and redispersion with alcohol
and distilled water. After drying in an oven at 60°C for 24 h, the
nanocrystalline material with an average diameter of 1.3 um was
obtained.

NENU-9N (average diameter =550 nm): A solution of Cu(OAc),-H,0O
(0.2 g, 1 mmol) and HsPV,M0,,0,,-34.5H,0 (0.22 g, 0.092 mmol) in
distilled water (10 mL) was stirred for 20 min (solution A). The pH
of the solution was adjusted to 2.5 by the dropwise addition of
1m NaOH. H;BTC (0.14 g, 0.67 mmol) was dissolved in alcohol
(10 mL), and this solution was added dropwise to solution A with
continuous stirring at room temperature. A green precipitate ap-
peared immediately. The precipitate was collected by centrifuga-
tion and washed through centrifugation and redispersion with al-
cohol and distilled water. After drying in an oven at 60°C for 24 h,
the nanocrystalline material with an average diameter of 550 nm
was obtained. The nanocrystals were characterized by FTIR spec-
troscopy (Figure S16, Supporting Information) and PXRD (Fig-
ure S17, Supporting Information).

NENU-9N (average diameter=80 nm): A solution of Cu(OAc),-H,O
(0.2 g, 1 mmol) and HsPV,M0,,0,,:34.5H,0 (0.22 g, 0.092 mmol) in
distilled water (10 mL) was stirred for 20 min (solution A). The pH
of the solution was adjusted to 4.0 by the dropwise addition of
1M NaOH. H;BTC (0.14 g, 0.67 mmol) was dissolved in alcohol
(10 mL), and this solution was added dropwise to solution A with
continuous stirring at room temperature. A green precipitate ap-
peared immediately. The precipitate was collected by centrifuga-
tion and washed through centrifugation and redispersion with al-
cohol and distilled water. After drying in an oven at 60°C for 24 h,
the nanocrystalline material with an average diameter of 80 nm
was obtained.

Preparation of phase-pure NENU-9N by the mechanochemi-
cal method

Cu(NO;),:3H,0 (0.24 g, 1 mmol) and HsPV,M0,,04,-34.5H,0 (0.22 g,
0.092 mmol) were dissolved successively in distilled water (10 mL),
and the pH of the solution was adjusted to 2-4 with 1M NaOH.
After evaporating the solvent to dryness, the powder was mixed
with H;BTC (0.14 g, 0.67 mmol) in an agate mortar and grinded for
approximately 5 min. The color of the mixture turned green gradu-
ally. The product was washed through centrifugation and redisper-
sion with alcohol and distilled water. After drying in an oven at
60°C for 24 h, phase-pure NENU-ON with an average diameter of
approximately 150 nm was obtained (Figure S3, Supporting Infor-
mation) in approximately 91% yield (calculated on the basis of Cu).
FTIR spectroscopy and PXRD demonstrated that the products were
phase-pure NENU-9N (Figures S16 and S17, Supporting Informa-
tion). Copper acetate, copper sulfate, and copper chloride could
also be used as copper precursors.

Catalytic oxidation of DBT to DBTO, in decalin

In a typical case, dibenzothiophene (DBT; 0.147 g, 0.8 mmol) was
added to decalin (50 mL), and the final sulfur content was approxi-
mately 500 ppmw. When the reaction system temperature had sta-
bilized at 80°C, NENU-9N (0.044g, 0.01 mmol, average size
550 nm) and isobutyraldehyde (0.72 mL, 8 mmol) were added, and
molecular oxygen was bubbled through the reaction solution. The
complete reaction was performed with continuous stirring. An ali-
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quot of the ration mixture was periodically removed and put into
an ice chamber to stop the reaction. The progress of the reaction
was analyzed by gas chromatography. Upon completion of the re-
action, the catalyst was recovered by centrifugation and washed
with distilled water and anhydrous ethanol and then oven dried
for reuse. Comparative studies with the use of NENU-9 (0.048 g,
0.01 mmol, average size=300um) and HsPV,Mo0,,0,,-34.5H,0
(0.024 g, 0.01 mmol, average size=300 um) as catalysts were per-
formed under otherwise identical conditions.

Oxidation and desulfurization of prehydrotreated diesel

In a typical case, prehydrotreated diesel (50 mL, sulfur content
~ 500 ppmw) was heated to 80°C, NENU-9N (0.044 g, 0.01 mmol,
average size 550 nm) and isobutyraldehyde (0.72 mL, 8 mmol)
were added, and molecular oxygen was bubbled through the reac-
tion solution. The reaction was stirred continuously for 1.5 h. Then,
the sulfones in the oxidized diesel were removed by a polar extrac-
tant (for example, acetonitrile or 1-methyl-2-pyrrolidone), and the
product was analyzed by gas chromatography.

Liquid adsorption experiment

DBT (0.147 g, 0.8 mmol) was added to decalin (50 mL), and the
final sulfur content was approximately 500 ppmw. NENU-9N (1 g,
0.23 mmol) was added, and the reaction mixture was placed in an
oven at 120°C for 12 h and stirred continuously. An aliquot of the
mixture was periodically removed and analyzed by gas
chromatography.

Catalyst leaching experiment

NENU-9N (0.044 g, 0.01 mmol, average size 550 nm) was soaked in
distilled water (50 mL). An aliquot of the solution was removed
after 5, 10, 24, and 48h and analyzed by UV/Vis
spectrophotometry.
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