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ABSTRACT: Herein, by introducing a VO2+ group into the microstructure of
phosphomolybdenic acid (PMA) and loading it onto MOF-808, a series of composite
catalysts were obtained by reducing the V element with Vitamin C (ascorbic acid). V
atoms exist in the secondary structural units of phosphomolybdic acid as [VO(H2O)5]-
H[PMo12O40]. Surprisingly, the VC-VO-PMA/MOF-808 completely removed DBT and
4,6-DMDBT from the simulated oil in 12 min. The EPR and XPS results verify the
electronic structure and valence state of V4+ in the composites. The oxygen vacancy and
V4+ generated by VC modification in VC-VO-PMA/MOF-808 have positive effects on
the oxidation desulfurization (ODS) activity. Based on the design of the microstructure
and electronic structure, this study provides a new paradigm for the development of
readily available and efficient ODS catalysts.

1. INTRODUCTION
The sulfides in gasoline and diesel mainly include aliphatic
sulfur compounds1 and aromatic sulfur compounds.2 SOx
produced by the combustion of sulfur compounds in gasoline
and diesel not only pollutes the atmosphere but also causes
irreversible harm to humans, animals, and plants.3 A certain
strategy has been used to remove sulfur compounds in gasoline
and diesel. Industrial hydrodesulfurization (HDS) technology
provides simple removal of aliphatic sulfides (e.g., mercaptans,
sulfides, etc.).4 However, HDS is not currently an ideal
reaction path for the effective removal of all sulfides, especially
aromatic sulfur compounds.5,6 Moreover, it must be
mentioned that HDS is carried out at high temperature and
high hydrogen pressure with high energy consumption, and the
fatal disadvantage of HDS is the reduction in the octane
number of gas oil.7 In contrast, oxidative desulfurization
(ODS8−11) carries out under a relatively mild condition, not
only reduces the energy consumption of the desulfurization
process but also improves the desulfurization efficiency.12 ODS
has received more and more attention in recent years.13,14

The composites of polyoxometalates (POMs15) and metal−
organic frameworks (MOFs16) are considered as promising
catalysts for the ODS reaction.17 These POMs include
heteropolyanions XM12O40

m−, in which the most common
metal atoms are M = Mo6+ or W6+, and X = P5+ or Si4+ are the
typically central atom.18,19 Keggin-type POMs have been
reported to have catalytic effects in many fields due to their
good structure stability and chemical tunability.20,21 HPMo-
x@MOF-199,22 PMo12@UiO-67,23 and [Bmim]3PMo12O40/
UiO-6624 have been proved to be effective catalysts for ODS.10

Chu et al. first coordinated formic acid on Ce to prepare MOF-

808 (Ce) and then treated it with acid to obtain MOF-808-F-
H with unsaturated metal sites, which showed good perform-
ance in the ODS reaction, and the TOF value of DBT removal
reached 180.3 h−1 at 50 °C because MOF-808-F-H can
interact with oxidants to produce active substances that
promote DBT oxidation.25 Mao et al. synthesized a porous
phosphomolybdate-based poly IL catalyst (PDIM-PMo-
W70%) based on PMA and poly[3-dodecyl-1-vinylimidazole]
bromide (PDIMBr) by ion self-assembly, the DBT conversion
rate could reach 100%, the closed water in the micropores may
undergo structural recombination, resulting in changes in
entropy enthalpy compensation, and the water cluster helped
the transport of H2O2, which greatly promoted the formation
of catalytic activity of polyacid peroxide and thus improved
ODS reactivity.26 Wang et al. synthesized vanadium-
substituted POMs.27 Zhu et al. successfully prepared a group
of imidazole-polyether sulfone ionic liquids with different
numbers of vanadium atoms and different kinds of imidazole
cations by the facile ion exchange method.28 However, in these
methods, Mo atoms are replaced by V atoms or other groups,
which is not conducive to the retention of Mo atoms as
important catalytic active sites. Furthermore, the synergistic
effect by introducing a V atom into the structure of Mo-POM
is not very well understood.
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To the best of our knowledge, it is of great importance for
the ODS reaction to introduce a oxygen vacancy in the MOF
structure of the POMs/MOFs composites.29 We have reported
that Zr-MOF easily loses lattice oxygen atoms to form oxygen
vacancies with electrons trapped in as eq 1.24

+ +••O V 2e 1/2Ox
O O 2 (1)

Deng et al. found that oxygen vacancies in 26-faceted
polyhedral high entropy oxide MnNiCuZnCoOx-1000 could
significantly promote the ODS effect.30 Zou et al. immobilized
molybdenum dioxide containing oxygen vacancies on electron-
rich nitrogen-doped carbon nanotubes, and obtained great
activity and renewability in ODS.31 By adjusting spatial
confining effect and electronic confining effect of V-MOF,
Chang et al. designed the confinement of MoO4

2− into V-
MOF32 reasonably to obtain the composite material with
oxygen vacancy and V4+, which exhibits great performance in
the ODS reaction.32 However, most of these composite
methods are expensive and complicated, and are difficult to
apply in actual industrial production. Therefore, we designed a
simple and accessible strategy to produce oxygen vacancy and
V4+ in POMs/MOFs composites. Herein, we innovatively
loaded PMA and VO-PMA on MOF-808 (Scheme 1)34 and

then modified them with Vitamin C (VC) to obtain a series of
composite catalysts. MOF-808 shows a pore diameter of 10 Å,
which is just enough to spatially confine one PMA molecule
with a size of 10 Å, to study the synergistic effect between
PMA derivatives and MOF-808 thus became very interesting.
The POMs/MOFs composite catalysts were applied to the
ODS reaction. It is found that VC-VO-PMA/MOF-808
efficiently removed DBT35,36 and 4,6-DMDBT in simulated
oil compared with other catalysts. Characterization results,
such as EPR and UV demonstrate that VC-VO-PMA/MOF-
808 contains oxygen vacancies and V4+. The results prove that
V4+ and the oxygen vacancies generated by VC modification
have a positive effect on the ODS activity. This study provides
a new idea for the development of facile and efficient catalysts
for ODS.

2. RESULTS AND DISCUSSION
2.1. Characterization Results. It can be seen very clearly

in the TEM images in Figure S1 that both MOF-808 and the
composite catalysts exhibit regular octahedral morphology.
The size of the nanoparticles is about 50−100 nm. SEM

images in Figure S2 can also clearly show that the catalyst has a
regular morphology and a uniform size. As is shown in Figure
1, C, Mo, O, Zr, and V elements are well dispersed in the
composites. The results indicate that PMA and VO-PMA are
uniformly confined into MOF-808 to form the composite
catalysts. The nitrogen adsorption−desorption isotherms and
pore size distribution curves of the catalysts are listed in Figure
S4. The samples all showed typical type I isotherms, indicating
a microporous structure. Accordingly, the pore size distribu-
tion computed by the Horvath−Kawazoe method is
distributed in 5 and 8−10 Å, in which the calculated 10 Å
pore is very consistent. The BET surface area and pore volume
of the samples are summarized in Table S1. The BET surface
area of VC-VO-PMA/MOF-808 samples is similar to that of
the MOF-808 samples and higher than that of the VO-PMA/
MOF-808 samples. The TGA curves shown in Figure S5
demonstrate that the skeleton of the samples collapses at 500−
600 °C.

The samples were subjected to powder X-ray diffraction
(PXRD) analysis, and the results are presented in Figures 2a
and S3. Diffraction peaks were detected at 4.3, 8.4, and 8.7° for
all samples. This is consistent with MOF-808, indicating that a
series of composite catalysts with MOF-808 structure as the
support were successfully synthesized. After the introduction of
PMA and VO-PMA into the micropore of MOF-808, the
framework of MOF-808 did not destroy. Furthermore, the
MOF-808 structure in the composite catalysts is also
maintained after modification PMA and VO-MPA with VC.
Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) was performed to accurately obtain the contents
of each element in the composites in Table 1. The presence of
P, Mo, and V elements implied that PMA and VO-PMA were
successfully loaded on MOF-808. As expected, the content of
Mo element in PMA/MOF-808 and VO-PMA/MOF-808 is
roughly the same, that the amount of effective active site is
similar. Moreover, the content of Mo element in PMA/MOF-
808 and VC-PMA/MOF-808 is similar, which proves that the
process of VC modification will not cause the loss of Mo
species. The similar Mo and V contents of VO- PMA/MOF-
808 and VC-VO-PMA/MOF-808 also support this conclusion.

The infrared (IR) spectra results of PMA and VO-PMA are
listed in Figure 2b. The results show that VO-PMA maintains a
similar Keggin structure to PMA. The peaks at 1065, 963, 869,
and 785 cm−1 can be respectively explained by the stretching
vibrations of P−Oa, Mo = Od, Mo−Ob−Mo, and Mo−Oc−Mo
(Oa, Ob, Oc, and Od represent oxygen atoms at different
positions in PMA).37 VO-PMA also shows the same vibration
characteristics in these positions, which gives evidence to the
Keggin structure of VO-PMA. The band at 1665 cm−1 in
MOF-808 can be assigned to the carbonyl group (C = O) in
DMF. It is obvious that this peak disappears in the composites,
which indicates that PMA/VO-PMA may substitute the
position of the neutral molecular such as DMF adsorbed on
MOF-808. The bands at 885 cm−1 can be attributed to Mo−
O−Mo (bridging oxygen) in PMA or VO-PMA.

The slight shift of the bands from 869 to 885 cm−1 can
provide preliminary evidence of the interaction between PMA/
VO-PMA and MOF. The bands at 1577 and 1381 cm−1 are
attributed to the asymmetric and symmetric stretching
vibration of carboxyl groups of BTC, respectively.38 The shifts
of these two bands in VC-PMA/MOF-808 and VC-VO-PMA/
MOF-808 also provide evidence of the interaction between
PMA/VO-PMA and MOF-808. The results of XPS are

Scheme 1. Structures of MOF-808 and VO-PMA for
Forming the VC-VO-PMA/MOF-808 Compositea

aGreen and pink spheres represent the tetrahedral- and adamantane-
shaped cages in the framework, respectively. The dark gray balls in the
framework represent the coordinated anions. For MOF-808, the
diameter of the hexagonal windows is about 10 Å.33
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presented in Figures 2c-f and S6. All data are corrected by the
binding energy (BE) of C 1s at 284.8 eV. Compared with
PMA/MOF-808 and VO-PMA/MOF-808, the O 1s of VC-
PMA/MOF-808 and VC-VO-PMA/MOF-808 show stronger
peaks at higher BE of about 531.5 eV. This indicates that the
modification by VC may lead to the generation of oxygen
vacancy defects. Considering that VC is a gentle reducing
agent, whether Mo5+ will be produced in the composite must
be verified. It is clear in the Figure 2d that there is no obvious
peak at the 230.4 eV.37 Therefore, we boldly hypothesized that
the reduction by VC resulted in the generation of oxygen
vacancies in the composites (oxygen vacancies can also be
detected by EPR subsequently) and V4+ (V4+ cannot be
detected by XPS in the composites due to the low content and
can be verified by EPR subsequently) without reducing the
Mo6+ to Mo5+. The slight difference between P 2p of PMA and
P 2p of VO-PMA proves that the presence of a V atom has an
effect on the P atom in the Keggin structure, which may lead to
different activities of the composites in the ODS catalytic
reactions. Furthermore, compared with PMA and VO-PMA,
the P 2p peaks and Mo 3d peaks in the composites shifted in
the lower BE direction. The result proves the interaction of
PMA and VO-PMA with MOF-808, that is, the electron
density around P and Mo atoms in PMA/VO-PMA increased
by the formation of the Mo−O−Zr bond with MOF-808. The
fine spectrum of Zr 3d did not change significantly in the
catalysts, proving the stability of the support material MOF-
808 in composite catalysts. The fitting spectra of V 2p in pure
VO-PMA are given in Figure S6. Both V5+ and V4+ exists in
VO-PMA. Thus, both [VO]PMo12O40 and [VO]HPMo12O40
are possible chemical formula for VO-PMA.39 Due to the low
content of element V in the composites, its spectrum was

unfortunately not obtained in XPS. The changes of the
chemical valence of V elements can be proved by EPR below.

To illustrate the existence of oxygen vacancies, the
composite catalysts were characterized by electron para-
magnetic resonance spectroscopy (EPR). The results are
shown in Figure 3a, and it can be seen that there is a small
signal for MOF-808 and PMA/MOF-808 at g = 2.004. The
EPR signal of VC-PMA/MOF-808 after VC modification is
obviously stronger. Therefore, it can be inferred that the
addition of VC increases the number of vacancy defects in the
composites. The V4+ will show a split EPR signal around g =
2.004, which affects the judgment of the existence of oxygen
vacancy in VO-PMA and its composite. Thus, the EPR results
of VO-PMA and its composites are given in Figure 3b. It is
shown that V4+ with split EPR peaks exists in the composites.
V4+ exhibits hyperfine structure resulting from the interaction
of the nuclear magnetic moment with the free electron (3d1).40

Furthermore, VC-VO-PMA/MOF-808 modified by VC has
obviously stronger V4+ signals than VO-PMA/MOF-808. The
results demonstrate that V5+ is reduced to V4+ by VC in the
composites. We have reported30 that V4+ promote ODS
activity compared with V5+. EPR results provide strong
evidence of the existence of oxygen vacancy and V4+, which
act as the active sites for the ODS reaction. 31P, 13C, and 1H
NMR were collected and are given in Figure 3d,e,f. For PMA
and VO-PMA, a strong 31P peak can be observed at a chemical
shift of −8 ppm, which is close to the Keggin structural feature
of [PMo12O40]3−. The broadened 31P signals of the composites
transfer to the high field at ∼−10 ppm, which is due to the
electron density around P elements increases significantly. This
result is consistent with the XPS result that electron transfer
from MOF-808 to PMA/VO-PMA leads to lower BEs of Mo

Figure 1. TEM element mapping of different samples. (a) PMA/MOF-808, (b) VO-PMA/MOF-808, (c) VC-PMA/MOF-808, and (d) VC-VO-
PMA/MOF-808.
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3d in the composites. The two main signals in 13C NMR at 170
and 134 ppm are derived from carboxyl C in COO− and
benzene C, respectively.41 The broaden signal at 8.7 ppm in
Figure 3d can be attributed to H atoms in the aromatic ring of
BTC linkers.42 After PMA/VO-PMA loading, the chemical
environment for C and H atoms in the BTC linkers slightly
changes.

The acid−base titration curve and first derivative curve for
different samples are shown in Figure S7. The structural
formula of perfect MOF-808 can be represented by
Zr6O4(OH)4(BTC)2(CH3COO)6.

43 All the samples have
two distinct titration jump points which can be seen from
the first derivative of the titration curves (pKa = 3.3 and 6.8
respectively, as shown in Table S2). By analyzing the structure
of the catalysts, it can be assumed that μ−OH (pKa = 3.3) and
the unsaturated Zr sites with the terminal Zr−OH (pKa = 6.8)
are responsible for the two titration jump points, respec-
tively.44,45 Zr−OH is related to the unsaturated metal sites
resulting from the competitive coordination of acetic acid and
BTC during the synthesis. This result illustrates the presence
of an unsaturated Zr site in the catalysts, which is consistent

Figure 2. (a) PXRD, (b) IR, and (c−f) XPS results of the samples.

Table 1. ICP-OES Results of the Samples

sample Zr (wt %) Mo (wt %) V (wt %)

PMA/MOF-808 30.8 7.52
VO-PMA/MOF-808 28.8 8.44 0.286
VC-PMA/MOF-808 30.5 7.51
VC-VO-PMA/MOF-808 31.9 7.18 0.158
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with the conclusion of EPR spectra. UV−vis diffuse reflectance
spectrum (UV−vis DRS) is also often able to demonstrate
oxygen vacancies in the composites. As shown in the Figure 3c,
VO-PMA, VC-PMA/MOF-808, and VC-VO-PMA/MOF-808
exhibit obvious absorption at 600−800 nm compared to PMA,
indicating the presence of V4+ and trapped electrons in the
oxygen vacancies as eq 1 described.

Since the oxygen vacancies captured by electrons can result
in electron transition, adsorption bands can be observed in the
600−800 nm region. This result together with the EPR results
proves that VC modification causes oxygen vacancies in the
composites. It is also worth noting that the absorption of VC-
VO-PMA/MOF-808 at 600−800 nm is stronger than that of
VC-PMA/MOF-808, which can be assigned to the V 3d
electron transition also occurred with d1 electron in V4+.

Moreover, according to the relationship between the
absorption edge (λ) and the energy bandwidth of each sample
(Eg = 1240/λ), the energy band widths were calculated and
listed in Table 2. After VC modification, the band gap

Figure 3. (a,b) EPR spectra, (c) UV−vis DRS spectra, and (d) 31P, (e) 13C, and (f) 1H NMR spectra of the samples.

Table 2. Band Gap of the Samples

sample band gap (eV)

PMA 2.33
VO-PMA 2.34
MOF-808 3.87
PMA/MOF-808 3.27
VO-PMA/MOF-808 3.16
VC-PMA/MOF-808 2.55
VC-VO-PMA/MOF-808 2.61
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decreased from 3.16 to 2.16 eV, implying the introduction of
V4+ and oxygen vacancy defect levels in the forbidden band
narrowed the band gap. This result facilitates the subsequent
understanding the ODS mechanism with the electronic
structure of the composites.

XPS valence band spectra were investigated to study the
electron structure of the samples. According to Figure 4a and
Table 2, the conduction band (CB) was calculated as −0.63 V
(vs RHE) for MOF-808 and 0.28 V (vs RHE) for VO-PMA.
The schematic diagram of the electronic structure of VC-VO-
PMA/MOF-808 is shown in Figure 4b. MOF-808 has an
oxygen vacancy (VO

••) with electron trapping, while VO-PMA
has V4+ defect levels. The oxygen vacancy energy level is close
to the bottom of the MOF-808 conduction band (CB). V4+

defect energy level is also near the bottom of VO-PMA. As a
result, electrons trapped in oxygen vacancies can be transferred
to the CB of MOF-808, resulting in electron aggregating on
the CB of MOF-808. The electrons of V4+ can also be excited
to the CB of VO-PMA as well. In addition, the CB of VO-
PMA (0.28 V vs RHE) is lower than that of MOF-808 (−0.63
V vs RHE). Electron transfer occurred from the CB of MOF-
808 to the lower CB of VO-PMA. XPS of VC-VO-PMA/
MOF-808 shows that the Mo active species has a higher
electron density due to electron transfer from MOF-808 to
VO-PMA, which shows an important synergistic effect between
the two for the ODS reaction.

2.2. ODS Activity Evaluation. In order to verify the high
ODS activity of the catalyst, DBT and 4,6-DMDBT were
dissolved in the simulated oil. In addition, due to the high
solubility of the oxidant TBHP in the simulated oil, it is fully in
contact with the sulfur containing compounds, further
reducing the mass transfer resistance of the reaction. It is

obvious that MOF-808 exhibits little catalytic activity in the
reaction in Figure 5a,b. After the loading of PMA or VO-PMA,
the activity was significantly improved. It should be noted that
the ODS catalytic activity of VO-PMA/MOF-808 is obviously
superior to that of PMA/MOF-808. It only takes 40 min to
completely remove 4,6-DMDBT. According to the ICP-OES
results, the contents of Mo species in VO-PMA/MOF-808 and
PMA/MOF-808 are similar; thus, the difference in activity can
be explained by the promoting effect of V4+ and oxygen
vacancy on the ODS reaction. The catalytic activity of the
composites obtained after VC modification was further
improved. Especially for the VC-VO-PMA/MOF-808 catalyst,
it only takes 7 min to remove all DBT, and 12 min to remove
all 4,6-DMDBT. The excellent activity of the VC-VO-PMA/
MOF-808 catalyst comes from two points. On the one hand,
the introduction of V4+ can promote the catalytic reaction, and
on the other hand, VC modification increases the oxygen
defects in the catalyst, providing more active sites for the
reaction. To the best of our knowledge, its superior
desulfurization performance ranks among the best in the
published work. A comparison of related works is given in
Table S3.

Considering the porosity of the MOF structure, in order to
exclude the effect of adsorption, a desulfurization reaction test
was carried out without adding any oxidant, and the results are
presented in Figure S8. Under such conditions, almost no DBT
and 4,6-DMDBT can be removed even with the addition of
VC-VO-PMA/MOF-808 catalyst. Therefore, it can be deduced
that the removal of DBT and 4,6-DMDBT is a chemical
reaction process rather than adsorption. Furthermore, the
catalytic activity of VC-VO-PMA/MOF-808 at 40, 60, and 80
°C was investigated to explore the dynamic characteristics of

Figure 4. (a) XPS valence band spectra, (b) schematic diagram of the electronic structure, and (c) diagram of the reaction site mechanism.
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the reaction. As shown in Figure S9, as the temperature
increases, the reaction rate gradually increases, conforming to
the general characteristics of chemical reactions. The relation-
ship between the concentration and the reaction time in the
reaction process is calculated by eq 2. Plot ln(C0/C) against
reaction time, in which C0/C is defined as the ratio of initial
sulfur concentration of DBT (4,6-DMDBT)/unreacted sulfur
concentration of DBT (4,6-DMDBT). As is given in Figure
5c,d, ln(C0/C)−time has a linear relationship. This is the
kinetic characteristic of a first-order reaction. This provides
evidence that the oxidative removal process of DBT and
DMDBT is a pseudo-first-order reaction, and the slope of the
line is the kODS of the reaction at that temperature. In addition,

according to the Arrhenius formula in eq 3, the apparent
activation energy (Ea) of the reaction could be calculated by
the linear relationship of ln kODS and exact temperature (T) in
Figure S10, and the Ea calculations for DBT and 4,6-DMDBT
oxidation are 54 and 67 kJ/mol, respectively.

=
C
C

k tln 0
ODS (2)

=k A
E

RT
ln lnODS

a
(3)

TON value is defined and calculated according to the
formula of TON = n/m (n is the mole of reacted DBT/4,6-

Figure 5. (a) DBT and (b) 4,6-DMDBT conversion over different catalysts at the condition of O/S = 3; Pseudo-first-order reaction for oxidation of
(c) DBT and (d) 4,6-DMDBT over VC-VO-PMA/MOF-808.

Figure 6. Calculated TON values for the catalysts. Reaction conditions: 500 ppm of DBT and 500 ppm 4,6-DMDBT, 10 g of simulated diesel oil,
20 mg of catalyst, 80 °C, O/S = 3:1.
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DMDBT per gram of catalyst, m is the mole of Mo atom per
gram catalyst). After VC modification, the TON values of
PMA/MOF-808 and VC-VO-PMA/MOF-808 increased sig-
nificantly (Figure 6). The TON value was as high as 1.81 mol/
mol for VC-VO-PMA/MOF-808, which was nearly two times
that of PMA/MOF-808. It suggests that VC modification
leading to the formation of oxygen vacancy and V4+ are
positive for the ODS activity.

Finally, the regeneration and recycling performance of the
catalyst are evaluated in Figure S11. The catalytic performance
of VC-VO-PMA/MOF-808 did not decrease in three cycles,
and all sulfur compounds in the simulated oil could be
removed within 12 min. XRD, IR, XPS results, and TEM
images of the used VC-VO-PMA/MOF-808 are given in
Figures S12−14. It is obvious that the structure of MOF-808
remains unchanged in the PXRD patterns. The vibration band
at 885 cm−1 in the IR spectrum proves that PMA Keggin
structure still exists. The XPS spectra of the composites did not
change. In the TEM image, the catalyst still maintains a
completely regular octahedral morphology. The above results
point to VC-VO-PMA/MOF-808 as a catalyst with good
regeneration ability and cycle stability and also provide a basis
for its large-scale application.

2.3. ODS Mechanism. VC-VO-PMA/MOF-808 shows the
highest ODS activity, which can be related to its micro-
structure and electronic structure. First, sufficient amounts of
unsaturated Zr sites in the MOF-808 microstructure with a
pore diameter of 10 Å create conditions for anchoring VO-
PMA with a molecular size of about 10 Å to form a Mo−O−Zr
bond. Proper porosity provides sufficient channels for reaction
substrates and oxidants. Second, the synergistic effect of VO-
PMA with exposed Zr sites gives it an advantage in ODS
reaction to form V4+ and oxygen vacancy as active sites. The
main active species in the ODS process is hydroxyl radicals
(•OH) produced from the TBHP decomposition as we
reported.30 A possible catalytic reaction mechanism was
proposed according to the formation of hydroxyl radical active
species and Mo−O−Zr active sites. As shown in Figure 4c, the
adjacent Mo−O and Zr−OH sites in the formed Mo−O−Zr
bond provide the adsorption sites for TBHP oxidant, the
oxygen atom in TBHP is linked with the Zr−OH site through
hydrogen bonding, and the hydrogen atom in TBHP is linked
with the Mo−O bond through hydrogen bonding. In the
presence of Mo−O−Zr collaborative catalytic sites, the peroxy
−O−O− bond breaks to form hydroxyl radicals. •OH can
easily oxidize the S atom in DBT and 4,6-DMDBT to produce
sulfoxides, the high electron density on Mo and V atoms for
VC-VO-PMA/MOF-808 is suggested to form •OH reactive
species more easily, thus promoting the ODS reaction.

3. EXPERIMENTAL SECTION
3.1. Synthesis of MOF-808. ZrCl4 (0.466 g, 2 mmol),

trimesic acid (BTC, 0.14 g, 0.66 mmol), N,N-dimethylforma-
mide (DMF, 70 mL), and acetic acid (HAc, 50 mL) were
placed in a glass vessel. The mixture was sonicated for 30 min
and transferred to a PTFE-lined stainless-steel reactor for 36 h
at 120 °C. After the reaction is completed and reduced to
room temperature, the mixture is centrifuged, washed
thoroughly with DMF, and then dried at 70 °C for 10 h.
The white solid product MOF-808 is obtained.

3.2. Synthesis of VO-PMA. VO-PMA was synthesized
according to the synthesis of [VO(H2O)5]H[PMo12O40]·
23H2O given in the previous research.39 PMA (10 g, 4.85

mmol) was dissolved in 10 mL of water. Ba(OH)2·8H2O(1.56
g, 4.85 mmol) was added slowly to the solution by stirring
multiple times. Then, vanadyl sulfate hydrate VOSO4 (1.25 g,
4.85 mmol) was quickly added to the solution, and the mixture
was stirred for 30 min at room temperature. The resulting
barium sulfate BaSO4 precipitate was filtered out, and the
solution was kept at 4 °C in the refrigerator. The dark green
solid was obtained by slow recrystallization and was named
VO-PMA.

3.3. Synthesis of VO-PMA/MOF-808 and PMA/MOF-
808. Disperse 100 mg of MOF-808 and 10 mg of VO-PMA in
a mixed solution containing 30 mL of water and 30 mL of
ethanol. After 20 min of sonication, the reaction was
hydrothermal at 100 °C for 12 h. When reduced to room
temperature, the mixture was centrifuged, washed several times
with water and ethanol, and dried in an oven at 70 °C for 10 h
to obtain catalyst VO-PMA/MOF-808. PMA/MOF-808 and
VO-PMA/MOF-808 are synthesized in the same way except
that VO-PMA is replaced by an equal amount of PMA.

3.4. Synthesis of VC-VO-PMA/MOF-808 and VC-PMA/
MOF-808. 100 mg of MOF-808, 10 mg of VO-PMA, and 12
mg of Vitamin C were dispersed in 30 mL of H2O and 30 mL
of ethanol. Subsequent preparation and treatment methods are
the same as VO-PMA/MOF-808, and catalyst VC-VO-PMA/
MOF-808 was obtained. VC-PMA/MOF-808 are synthesized
in the same way with VC-VO-PMA/MOF-808, except that
VO-PMA is replaced by an equal amount of PMA.

3.5. Catalytic Reaction. First, dibenzothiophene (DBT)
and 4,6-dimethyldibenzothiophene (4,6-DMDBT) were dis-
solved in n-octane to obtain the simulated oil at concentrations
of 500 ppm each. Typically, 10 g of simulated oil and a certain
amount of tert-butyl hydroperoxide (TBHP) are placed in a
round-bottom flask. After slowly heating the flask from room
temperature to the target temperature, 20 mg of catalyst is
added to the reactor. GC with an FID detector was used to
detect the amounts of remaining DBT and 4,6-DMDBT in the
solution. Lastly, the samples were centrifuged, washed three
times with ethanol, and dried in an oven at 70 °C for 10 h to
obtain the used catalyst.

4. CONCLUSIONS
A series of composite catalysts were obtained by introducing a
VO2+ group into the phosphomolybdic acid microstructure.
Then, it was loaded on MOF-808 and modified with Vitamin
C. Surprisingly, the VC-VO-PMA/MOF-808 completely
removed DBT and 4, 6-DMDBT from the simulated oil in
12 min. The oxygen vacancy and V4+ generated by VC
modification in VC-VO-PMA/MOF-808 have a positive effect
on the ODS reaction. This study provides a new perspective
for the development of readily available and efficient ODS
catalysts.
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