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Abstract

Air pollution causes the premature death of ca. 7 million people each year, with SO, gases being among
the most harmful contaminants. Reducing the sulfur content in liquid fossil fuels is crucial to overcoming
this health and environmental issue. Among the different available technologies, photooxidative
desulfurization (PODS) stand out as one of the most promising methods, since it only requires sunlight
to drive the reaction. Metal-Organic Frameworks (MOFs), with exceptional porosity and chemical
diversity, have emerged as potential adsorbents and photocatalysts for the removal of sulfur-containing
compounds from fuels. In this work, the reactivity of the ligand 2,5-disulthydrylbenzene-1,4-
dicarboxylic acid (H4DSBDC) with different V salts was evaluated to prepare new photocatalytically
active Metal-Organic Frameworks. Two new compounds, labeled as (DMA)KV'VO(DSBDC) and MIL-
47(V)-(SCHj;),, were successfully synthesized via solvothermal methods. X-Ray diffraction structure
analysis revealed that the second solid relies exclusively on V-O bonds, whereas both V-O and V-S
bonds are found in the first one. Both MOFs are stable in suspension and absorb light in the visible
region, prompting their evaluation as photocatalysts for visible-light-driven reactions. For the first time,
V-based Metal-Organic Frameworks are proposed for the photooxidative desulfurization reaction.
Among them, MIL-47(V)-(SCH3), demonstrated superior performance, achieving a desulfurization
efficiency of 73%, which was maintained for at least 4 consecutive cycles.
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Introduction

According to the World Health Organization (WHO), approximately 7 million premature deaths are
caused each year due to exposure to air pollutions,! recommending air quality levels for 6 key
contaminants: nitrogen dioxide (NO,), sulfur dioxide (SO,), carbon monoxide (CO), ozone (O3) and
particulate matter (PM). In this context, the combustion of sulfur-containing compounds in conventional
fossil fuels (e.g., gasoline and diesel) releases harmful sulfur oxides (SOy) into the atmosphere, which


mailto:psalcedo@ugr.es
mailto:thomas.devic@cnrs-imn.fr
mailto:yolanda.cortes@urjc.es
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi02257f

Open Access Article. Published on 09 December 2025. Downloaded on 12/24/2025 7:55:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

Page 2 of 22

le Onlin
react with water forming acid rain. Therefore, reducing the sulfur content in liquid fuelg 181511%%%‘8 Sune

required to mitigate serious environmental and health issues caused by SO, emissions, and to comply
with demanding regulations (i.e. 10-15 ppm of sulfur)® aimed at achieving ultra-low sulfur fuel
standards. To date, various methods have been developed to remove sulfur from fuels, including
adsorptive desulfurization (ADS), biodesulfurization (BDS), oxidative desulfurization (ODS),
extractive desulfurization (EDS) and hydrodesulfurization (HDS).* Among them, HDS is the most
widely used technology. However, it requires harsh operating conditions (i.e., H, pressure and
temperature), incurs substantial costs, and is of limited efficiency for removing refractory sulfur
compounds (e.g., dibenzothiophene, DBT),> which must be eliminated to comply with applicable
regulations. In contrast, visible-light photo-driven ODS (or PODS) has gained significant attention due
to its mild operating conditions, low energy requirements (using sunlight), enhanced safety (no hydrogen
involved) and environmentally friendly character, demonstrating excellent efficiency in removing
refractory sulfur compounds.® Visible-light-driven ODS involves two main steps: (i) oxidation of sulfur-
containing compounds into the corresponding sulfones by reactive oxygen species (ROS), generated
from an oxidizing agent in presence of a photocatalyst under visible light irradiation, followed by (ii)
extraction of the resulting sulfones.

Despite the promising potential of PODS, the development of efficient and robust photocatalysts
remains crucial for advancing sustainable and cost-efficient desulfurization technologies. In this
scenario, Metal-Organic Frameworks (MOFs) appear as promising candidates due to their chemical
diversity and their easily tunable properties, although they might suffer from insufficient chemical
stability and fast electron-hole recombination. While composite materials where the MOFs act as a host
or a support of the active catalyst have been reported,”!° the use of pure MOFs for PODS has been only
recently investigated. For instance, the zeolitic imidazolate framework ZIF-67'! and the Zr-based MOF
NH,-Ui0-66,'> which both possess a wide optical band gap (> 3 eV) were found to be active for the
photocatalytic degradation of dibenzothiophene (DBT) under visible light irradiation in the presence of
H,0, as an oxidant. The Ti-based MOF MIL-125-NH,, with a narrower band gap of 2.32 eV,
demonstrated superior photocatalytic performance in ODS, achieving 70% DBT removal within 25
min."3 Inorganic vanadium-based materials (e.g., V,05-ZnO, Ag;VO,)'*!> have also demonstrated
promising photocatalytic activity for PODS, in line with the ability of V to adopt several oxidation states
and favor electron transfer. Although V-based MOFs are considered as potential candidates for
photocatalytic processes in environmental applications,'® to the best of our knowledge, they have not
yet been explored as photocatalysts for light-driven ODS, and their application in thermal-driven ODS
has been scarcely reported.'¢ In the present work, we aimed at developing V-based MOFs presenting
optimized optical absorption features and evaluating their PODS activity. We selected the ligand 2,5-
disulthydrylbenzene-1,4-dicarboxylic acid (H,DSBDC), that not only absorbs light in the visible range
through n-n* transition but also can give rise to additional absorption through ligand-to-metal-charge
transfer (LMCT) via M-S bonds. Although most MOFs based on DSBDC follow the Pearson’s hard and
soft acid and base (HSAB) theory,!” with materials based on M! or M! cations built through M-S and
M-O bonds, '31920-22 meanwhile those based on M or M'V are based exclusively on M-O bonds,?*23-28
we recently showed that Fe'" and DSBDC can give rise to stable materials comprising M-S bonds.?%3°
With this in mind, we here evaluated the reactivity of the HyDSBDC ligand with VI and V'V cations,
leading to the successful synthesis of two new coordination polymers. The first solid,
(DMA)KVO(DSBDC), presents coordination of VIV to both O and S atoms, while the second is an
analogue to the MIL-47(V), denoted MIL-47(V)-(SCHs),, hence comprising only M-O bonds. The
thermal features, chemical stability and optical properties of these materials are here reported, as well
as their photocatalytic activities for the oxidation of DBT.

Results and discussion

Synthesis and physicochemical characterization
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H,DSBDC was prepared at the multi-gram scale following the reported protocol.?! Its reacgié/l:itl%_ fggg}}DA%\lgzo;g;E
salts was first systematically investigated using the high throughput solvothermal reactors developed by
Stock et al.3? The nature of the solvent (water, alcohols, N,N-dimethylformamide-DMF and mixture)
and vanadium precursors (V'Cl;, VIVOSO,, VIVO(acac),), was investigated, as well as the effect of the
time, temperature and addition of acids (HCI, acetic acid-AcOH) or bases (MOH, M = Li, Na, K). Two
crystalline phases were identified, and their synthesis further up scaled for full characterization. It is
worth to note here that the yield of both syntheses (75 and 95%, respectively) surpasses for more than
twice, with some exceptions,*3° the ones typically reported for V-based MOFs prepared under

solvothermal conditions (< 40%).3642

The first solid was obtained from a mixture of VCl; and HDSBDC in DMF-water at 180 °C in presence
of KOH (yield = 75% based on V). Interestingly, the base has a strong influence of the reaction output:
only amorphous solids were obtained when using LiOH or NaOH instead of KOH, in line with the
crystal structure (see below). Amorphous solids were also obtained upon the addition of extra base (4
or 6 equivalents instead of 2) or when using a mixture of solvents (i.e. methanol and DMF) (Table S1).
On the other hand, the vanadium precursor has only a minor influence on the result, since the same
material can be obtained by using VIICl; or VIVO(acac),, although in the latter case a smaller particle
size and mixture of phases were observed (Figure S1). The micrometric size of the obtained crystals
(~50 pwm, Figure S2) allowed the elucidation of the crystalline structure by using conventional single
crystal X-ray diffraction (SC-XRD). The material, formulated (C,HsN)KVO(CsH,04S,) and denoted
(DMA)KVIVO(DSBDC), crystallizes in the triclinic space group P-1 with a = 6.9416(5) A, b =
10.3763(7) A, ¢ =10.4436(7) A, a = 101.025(6)°, B = 101.363(6)°, y = 98.543(6)° and V = 710.19(9) A3
(Tables 1 and S2; CCDC n° 2246050). The structure consists of fully deprotonated ligand DSBDC*
(Figure la) bound to vanadium and potassium to define an anionic network with entrapped
dimethylammonium (DMA) cations. Note that the presence of such an organic cation can be easily
rationalized considering the DMF decomposition, as already reported for other MOFs prepared in
similar synthetic conditions.** The vanadium ions are connected to two DSBDC linkers by both O and
S atoms through 6-membered chelate rings (Figure 1b) that define the square-base of a pyramid with
the V ion at the center. The apical position is occupied by an O atom, giving rise to the coordination
motif VO;S,. The V-O apical distance is significantly shorter that the equatorial ones (1.59 and ~ 1.95
A, respectively), indicating the formation of a vanadyl V=0 bond, which is characteristic of V!V
complexes.** The oxidation state of the vanadium is further confirmed by bond valence calculations
(BVC, Table 2)* and charge balance consideration. The resulting anionic {VO(DSBDC)?*}, chains
further interact with K* cations (dg.o = 2.61 —3.2 A; dx s~ 3.31 A, Figure S4), resulting in a 3D network
with 1D channels (~8 x 4 A2 considering Van der Waals radii of the atoms). The alkali ions are thus part
of the hybrid framework; considering the ionic radii of Li, Naand K (0.9, 1.16 and 1.52 A, respectively),
this probably explains why the framework could not be obtained with the smaller alkali. DMA cations
are disordered within the cavities, establishing N-H---O hydrogen bonds with the carboxylate and
vanadyl moieties. Finally, the purity of the polycrystalline samples prepared from VCI; was assessed by
Rietveld refinement (Figure S7 and Table S4) and elemental analysis (see SI for further details), both
indicating the absence of any impurity.
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Table 1. Unit cell parameters of (DMA)KVO(DSBDC) and MIL-47(V)-(SCHj),.

Compound (DMA)KVO(DSBDC) MIL-47(V)-(SCHj;),
Chemical formula (C,H,N)KVO(CgH,S,0,) VOH(C,,HgS,0,)
Crystal system Triclinic Monoclinic
Wavelength 0.71073 A 0.671415 A
Space group P-1 C2/c

a 6.9416(5) A 18.9190(4) A
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b 10.3763(7) A 11.6119(3) A DOI: 101035/ DBGI02257F
¢ 10.4436(7) A 6.87187(2) A
a 101.025(6) ° -
B 101.363(6) ° 108.9768(1) °
y 98.543(6) ° -
V 710.19(9) A3 1427.60(7) A3
M, - 87
7z 2 4

Figure 1. Crystalline structure of (DMA)KVO(DSBDC): a) view along a axis and b) representation of
the VO(DSBDC) 1-D chain. Vanadium, potassium, sulfur, oxygen, nitrogen, carbon and hydrogen
represented in dark green, orange, yellow, red, pale blue, black and white, respectively.
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The second phase was obtained by reacting the HyDSBDC and V!CI; in a mixture of DMF aD%q %%121%/&555‘8 Srine
(MeOH) at 180 °C for 50 h (yield = 95% based on V). Unlike the (DMA)KVO(DSBDC) material, this
second phase cannot be obtained by using VVO(acac), as precursor. The DMF:MeOH solvent
proportion was systematically varied from 9:1 to 5:5), and a ratio of 8:2 was found to be optimal (Table
S1 and Figure S6). The replacement of methanol by other alcohols (ethanol, isopropanol) led to
unidentified or amorphous phases (Table S1). The solid was initially obtained in the form of small
crystallites (~0.5 um, Figure S3); attempts were carried out to increase the size of the crystals, including
the use of mineralizing agents (HF) and modulators (AcOH), and increasing the metal concentration
(from 0.05 to 0.2 M). This allowed growing larger needle-like crystals of up to 10 um (Figure S3), but
still too small for SC-XRD. The crystal structure was then elucidated by synchrotron powder X-ray
diffraction (PXRD). The material crystallized in the monoclinic space group C2/c with a = 18.9190(4)
A, b=11.61193) A, c=6.87187(2) A, B=108.9768(1)°, and V' = 1427.60(7) A3 (Figure S8 and Table
S3; CCDC n° 2497420). This phase exhibits a porous structure similar to that of the well-established
MOF MIL-47(V) (Figure 2a),’**7 where chains of VOg octahedra sharing vertexes (Figures 2b and S5)
are connected by the terephthalate ligands, creating channels along the ¢ axis with an approximate size
of 8 x 5.5A (considering the Van deer Waals radii of the atoms) that contain disordered DMF molecules
representing 27% of the unit cell volume according to PLATON calculations. BVC (Table 2) confirmed
the oxidation state of V as +III in the as-synthesized compound, similarly to what is found in the non-
functionalized MIL-47(V) material. The ligand is thus bound to the VI ions through the O atoms only,
but interestingly, the obtained material is not MIL-47(V)-(SH),, as could be expected by using the thiol-
functionalized version of the terephthalate linker, but rather corresponds to the thiomethyl-
functionalized version of the material (labeled as MIL-47(V)-(SCH;),), with formula
VIIOH(Me,DSBDC)-(guest) confirmed by elemental analysis (see SI). The linker methylation occurred
by an irreversible in situ condensation reaction with methanol.

Table 2. V-O and V-S bond distances and bond valence calculations for the obtained materials.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Compound Bond Distance (A) Bond valence V ox. state
(DMA)KVO(DSBDC) V-0 1.955(4) 0.65 4.11 +4
V-0 1.965(3) 0.60
V-Oyanayi 1.598(4) 1.44
g
V-S 2.3357(1) 0.74
V-S 2.3650(1) 0.68
MIL-47(V)-(SCHs), V-0 (x2) 1.936(4) 0.59 3.18 +3
V-0 (x2) 2.009(9) 0.48

V-0 (x2) 1.991(8) 0.51
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Figure 2. Structure of MIL-47(V)-(SCHs;), (a) and representation of the VOg4 chains (b). Vanadium,
sulfur, oxygen, carbon and hydrogen represented in dark green, yellow, red, black and white,
respectively. Entrapped DMF molecules were omitted for the sake of clarity.

MIL-47(V)-(SCHs;), is then exclusively built up from V-O coordination bonds. In contrast, in the
(DMA)KVO(DSBDC) material, both the carboxylate and thiolate groups are bound to the V!V cation.
Although this reactivity is not what is expected based on the HSAB theory, 7 it agrees with the
experimental observation in discrete coordination compounds, where the coordination of both hard
(carboxylate) and soft (thiolate) groups of the linker to MV cations was sometimes observed upon the
addition of a base to the reaction medium.**! This reactivity has also been recently reported by our
group for a series of layered materials formulated AFe(DSBDC) (A = Na, K, DMA), in which both S
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and O atoms from the DSBDC linker coordinate to the Fe!'" center.? Interestingly, although 515? ls(}/lr%)télg %ﬁg%“g;;g‘;ﬁ
conditions are comparable and the coordination mode identical (metallic cation chelated through a 6-
membered ring involving both the carboxylate and thiolate functions), the structures of the V- and Fe-
based solids are markedly different. This can be easily explained considering the in sifu oxidation of the
VI to create the VO?* specie, leading to isolated square-based VS,0; pyramids instead of the FeS,0,

edge-sharing octahedra found in AFe(DSBDC).

These different coordination modes are in agreement with the Fourier transformed infrared (FTIR)
spectroscopy analysis. As can be seen in Figure S12, when compared to the pristine ligand H{DSBDC,
one of the most significant differences is observed for the carboxylic/ate v elongation bands in the 1700-
1500 cm! region. For H,DSBDC, a single band is observed at 1680 cm™!, corresponding to the C=0
bond. For (DMA)KVO(DSBDC), two bands are observed at lower wavenumbers (1616 and 1582 cm-
1, in line with the interaction of the carboxylate group with the V(IV) and K ions. For MIL-47(V)-
(SCH3;),, a single band is found at lower wavenumber (1541 cm™), as a consequence of the bonding to
the VI jons. This analysis supports the fact that the environment of the carboxylate moieties are very
different in both MOFs. Another relevant difference is found for the v C-S bands. In the spectra of both
H,DSBDC and (DMA)KVO(DSBDC), a single band appears at 634 and 627 cm™!, respectively, and is
attributed to the S-C,,.,, bond. In contrast, the spectrum of MIL-47(V)-(SCHj3), exhibits two bands at
654 and 598 cm!, attributed to the S-C,,,, and S-CHj; bonds, confirming the alkylation of the S atoms
during the synthesis. Additional attribution of the IR vibration bands can be found in Table S5.

The thermal stability of the materials was assessed by thermogravimetric analysis (TGA) and variable
temperature PXRD (VT-PXRD) under air, while the porosity was evaluated by N, sorption experiments
at 77 K. For (DMA)KVO(DSBDC), no weight loss was detected of the TGA curve before 290°C, in line
with the absence of volatile species in the structure. Above this temperature, a continuous weight loss is
observed up to 610 °C, and associated to the decomposition of the solid (Figure S15). In good agreement
with this, VT-PXRD experiments showed that the crystalline structure was maintained with no
noticeable structural modification up to 280 °C, becoming amorphous at higher temperature when the
decomposition started (Figure S16). Both experiments confirmed the structural role of the DMA cations,
which cannot be removed without compromising the structural integrity of the material. This was further
confirmed by N, sorption experiments that evidenced no accessible porosity for this compound.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Two forms of MIL-47(V)-(SCH3;), were studied: the pristine solid, that contain DMF molecules in the
pores (see above), and the MeOH-exchanged material. This latter was obtained by suspending the
pristine material in MeOH (see experimental section for further information). IR spectroscopy
confirmed the complete removal of the DMF molecules (Figure S13), while the PXRD patterns and
unit-cell parameters of both compounds presents slight differences (Figure S9), in line with the structural
flexibility of the MIL-47 materials (see below). The TGA curve of pristine MIL-47(V)-(SCHs), (Figure
S17) displayed an initial weight loss of around 10% from room temperature (RT) to 200 °C, which
corresponds to the DMF departure, followed by a second weight loss from 250 to 550 °C, attributed to
the material decomposition. The material suspended in MeOH presents a slightly different TG curve
(Figure S19), with the decomposition occurring at 250 °C and solvent departure completed at 80 °C, in
line with the lower boiling point of MeOH compared to DMF. In both cases, VT-PXRD data supported
these findings, revealing an amorphization temperature for both solids of ~250C°, associated to the
degradation of the framework (Figures S18 and S20). Below this temperature, a continuous shift of the
diffraction peaks is observed whatever the initial pore content. Additional VT-PXRD experiments
performed on the MeOH exchanged sample showed that this behavior is reversible when the experiment
is carried out under N, (Figure S22), but not when done under air (Figure S21). These results can be
rationalized in view of the behavior of MIL-47.3647 MIL-47 is formulated in its pristine state
VII(OH)(BDC)-(guest). Similarly to the isostructural MIL-53(M) (or M(OH)(BDC), M = Al, Cr, Fe,
Ga) solid, this MOF presents a high structural flexibility, associated with the existence of two extreme
pore opening, the close pore (CP) and large pore (LP) forms. When exposed to air at 200°C, VI is

Open Access Article. Published on 09 December 2025. Downloaded on 12/24/2025 7:55:54 PM.
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shift of the diffraction peaks observed when heating MIL-47(V)-(SCHj3), can be associated to structural
flexibility, as expected for a reduced V! form. Note nevertheless that the shift is moderate, indicating a
flexibility of lower amplitude than that of VI'(OH)(BDC)-(guest). This phenomenon is expected for
MIL-53 type framework functionalized by bulky groups that prevent the complete breathing of the pore
because of their steric hindrance.’>* The fact that this flexibility is not reversible when the experiment
is carried out under air suggests at first sight an oxidation into VIVO(Me,DSBDC) that becomes rigid,
similarly to VIVO(BDC). Nevertheless, a partial degradation could also explain the irreversible
diffraction peak broadening: the FTIR spectrum of the product after the thermal treatment (Figure S14)
indeed presents significant modification, including new bands at ~1170, 1230, ~1700 and ~3300 cm™!
associated to -SO3;H symmetric and asymmetric stretching, C=0 and O-H vibrations, respectively, and
the disappearance of the bands at ~2900 cm™' and ~650 cm™! associated to the -SCH; group that suggests
an irreversible oxidation of the organic ligand. The porosity of the MIL-47(V)-(SCH3), was confirmed
experimentally by N, sorption on the MeOH-exchanged material. As expected, the solid presents a type
I isotherm (Figure S10), with Sger = 450 m?-g! and V, = 0.18 cm?-g!. Horvath-Kawazoe pore size
distribution (Figure S11) showed a pore diameter around 6 A, which fairly agrees with the
crystallographic pore size (8 x 5.5 A, see above). The minor difference could be rationalized considering
the flexibility of the structure observed during the activation of the solid, which might also be evidenced
by the change of slope observed in the low-pressure range of the N, sorption isotherm (Figure S10). In
comparison with the non-functionalized version (MIL-47(V)),3¢ the MIL-47(V)-(SCH;), presents
roughly the half of the surface area and pores volume, in line with the presence of the bulky methylthio
(—SCHs) groups into the pores.

Eventually, the chemical stability of the materials was also evaluated by suspending a controlled amount
of powdered samples (2 mg mL!) in water and in a variety of industrially relevant organic solvents (i.e.
ethanol-EtOH, MeOH, tetrahydrofuran-THF, acetonitrile-ACN, DMF and hexane) under stirring
overnight. The structural integrity was then evaluated by PXRD (Figure S23 and S24 for
(DMA)KVO(DSBDC) and MIL-47(V)-(SCHs),, respectively). While (DMA)KVO(DSBDC) is stable
only in organic solvents and dissolved in water, the MIL-47(V)-(SCH3), retained its structure under all
tested conditions. Here again, the flexibility of MIL-47(V)-(SCHj;), was evidenced by the changes
observed in the PXRD pattern upon immersion in DMF, which reverted to the pristine PXRD pattern
after solvent exchange.

Optical characterization

The optoelectronic properties of both materials, as well as the free ligand H,DSBDC, were evaluated
using diffuse reflectance (DR) UV-Vis spectroscopy in the 200-800 nm range (Figure 3 and Figure S25).
H4,DBSDC ligand presents at low reflectance (hence high absorbance), from 200 to ~450 nm, likely
associated to m-m* transitions. Both MOFs also absorb light in the visible range, but with different
features. For MIL-47(V)-(SCHs),, light is absorbed from 200 up to 550 nm; this can be associated to the
ligand-centered m-m* transition (see above) together with additional V' centered d-d transitions. These
features are also found for (DMA)KVO(DSBDC), but an additional broad band spanning from ~550 to
at least 800 nm is also visible. This last band is likely associated to LMCT, similarly to what is found in
analogous vanadium-phenolate complexes,*>** but here through V-S bonds. The optical band gaps were
estimated using Tauc plots, reaching 2.19 and 2.43 eV for MIL-47(V)-(SCH;), and
(DMA)KVO(DSBDC), respectively (Figure S27 and S26). These values should nevertheless be
considered with caution, knowing that the reflectance spectra involve multiple contribution as discussed
above. In addition, photoluminescence (PL) experiments were conducted using an excitation of 415 nm
(Figure S28), revealing that both materials exhibit an emission band at 510 nm, possibly with a slightly
lower intensity for MIL-47(V)-(SCHa),.
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Figure 3. DR-UV-Vis spectra of (DMA)KVO(DSBDC) (blue), MIL-47(V)-(SCH3), (red) and
H4DSBDC ligand (black).

Photocatalytic desulfurization

Considering their chemical stability and strong light absorption in the visible range,
(DMA)KVO(DSBDC) and MIL-47(V)-(SCH;), were evaluated as photocatalysts for the PODS of DBT,
using H,0O, as an oxidant and visible light as the energy source (Table 3). The evolution of the amount
of both DBT and its oxidation product DBT sulfone (Scheme S1) was followed by high performance
liquid chromatography (HPLC). As the reaction could not be carried out directly in oil due to the poor
dispersion of the MOF in this apolar medium and extraction issues, initial tests were conducted in a
liquid-solid phase system based on ACN, in which the MOFs are stable (see above) and easily dispersed.
This allowed comparing the visible-light-driven photocatalytic activity of both materials while
minimizing mass transfer limitations encountered in liquid-liquid-solid phase system (L(ACN)-L(oil)-
S(catalyst), see below). A reaction time of 3 h was selected, in line with previous studies on V-based
MOFs for thermally-driven ODS.3* Control experiments performed in the absence of the MOF
photocatalyst and with various amounts of H,O, (H,O, / DBT molar ratio = 3 and 6, Entries 1 and 2,
respectively) resulted in negligible DBT removal. Furthermore, adsorption and oxidation tests using
MIL-47(V)-(SCHj3), in the dark (Entries 3 and 4) revealed the limited DBT adsorption capacity of the
material, and only a minor amount of the oxidation product (7.2 £0.9 %). In the absence of photocatalyst
and under dark conditions, only DBT extraction into the polar phase was observed (blank P, Figure 4a),
with a DBT removal of 44 = 3 %, and no DBT sulfone detected in the ACN phase. A blank thermal
experiment at room temperature without photocatalyst resulted in only DBT extraction, with no sulfone
formation (blank TC, Figure 4b).
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In contrast, under visible light, both MIL-47(V)-(SCH;), and (DMA)KVO(DSBDC) displayed
significant DBT removal (i.e. 23.8 = 1.1 % and 20.2 £+ 1.0 %, respectively) using an H,O,/DBT molar
ratio of 3 (Entries 5 and 7). When doubling the amount of oxidant (H,O,/DBT = 6), the removal of DBT
increased further, reaching 41.8 £ 1.4 % and 44. 5 + 2.6 % for MIL-47(V)-(SCH3), and
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concentration of oxidant and the photocatalytic performance. Note that both materials exhibited
comparable photocatalytic activity at 3 h, suggesting that the additional LMCT visible light absorption
path for (DMA)KVO(DSBDC) does not play a significant role in the photocatalytic process.

Furthermore, the structural integrity of both photocatalysts after the reaction was evaluated by PXRD
(Figure S29 and S30). Both MOFs retained their crystallinity under low oxidant concentration (H,O, /
DBT = 3). However, under high oxidant concentration (H,O, / DBT = 6), a broadening of the diffraction
peak is observed for (DMA)KVO(DSBDC), suggesting a partial degradation.

Table 3. DBT removal and yield of DBT sulfone using V-MOF photocatalysts.

H202 / Removal of Yield of
Entry Photocatalyst DBT molar Irradiation DBT sulfone
. DBT (%)¢
ratio (%)

1 - 3 Yes - -
2 - 6 Yes - -
3 MIL-47(V)-(SCH;),* - No - -
4 MIL-47(V)-(SCH;),® 3 No 16 + 1 72+09
5 MIL-47(V)-(SCHj;),* 3 Yes 24 +1 15+2
6 MIL-47(V)-(SCHj;),° 6 Yes 42 +1 40+ 1
7 (DMA)KVO(DSBDC)® 3 Yes 20+ 1 13+1
8 (DMA)KVO(DSBDC)® 6 Yes 44 +£3 38+2

2Reaction conditions: 20 mg of photocatalyst, 10 mL of a solution of 575 ppm DBT in ACN, under darkness and
in the absence of H,0, for 3 h. Y Reaction conditions: 20 mg of photocatalyst, 10 mL of a solution of 575 ppm
DBT in ACN, under darkness for 3 h. ¢ Reaction conditions: 20 mg of photocatalyst, 10 mL of a solution of 575
ppm DBT in ACN, under visible irradiation for 3 h. ¢ DBT removal and yield of DBT sulfone determined by
HPLC.

Kinetic studies for both V-based photocatalysts were performed under optimized conditions (i.e., H,O,
/ DBT molar ratio = 6). As can be seen in Figure S31, DBT removals of 43 + 2 and 41 + 2 % were
achieved within 30 min for MIL-47(V)-(SCH;3), and (DMA)KVO(DSBDC), respectively,
corresponding to DBT sulfone yields of 39 = 1 % and 37 = 2 %. Notably, MIL-47(V)-(SCH;), reached
a DBT sulfone yield of 40 + 2 after just 15 min, significantly higher than that of (DMA)KVO(DSBDC)
(27 £ 1.1% in 15 min), indicating a faster DBT oxidation rate for MIL-47(V)-(SCHj3), compared to
(DMA)KVO(DSBDC). This enhanced oxidative performance is likely not related to the microporosity
of MIL-47(V)-(SCH3), (pore size is not in favor of fast DBT diffusion), but rather results from its higher
external surface exposed to DBT, arising from the lower particle size and possibly a lower recombination
rate of photogenerated electron-hole pair, as suggested by the photoluminescence (PL) analysis.

To evaluate the photocatalytic performance of the V-based MOFs in conditions closer to practical
applications, experiments were conducted in a liquid-liquid-solid phase system (L(ACN)-L(oil)-
S(catalyst)), using a mixture of 10 mL of a model oil (a solution of DBT in n-octane) and 5 mL of ACN,
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in the presence of H,0O, as an oxidant (H,O, / DBT molar ratio = 6), under visible light iff%%ﬁ&%%é%?&%ﬁé?;é;?
h (Figure 4a). In the absence of photocatalyst, only extraction of DBT into the polar phase was observed
(blank P, Figure 4a) with a DBT removal of 44 £+ 3 %, and no DBT sulfone detected in this phase. Upon
addition of the photocatalyst, DBT removal efficiencies of 66 + 3% and 63 + 2 % were achieved for
MIL-47(V)-(SCH3), and (DMA)KVO(DSBDC), respectively. Analysis of the acetonitrile phase
confirmed the oxidation of DBT into DBT sulfone, with yields of ca. 40% for both materials, suggesting

comparable photocatalytic activities under tested conditions.

Additionally, thermal-driven ODS experiments were also performed to investigate the influence of the
energy source (Figure 4b). Based on previously reported studies on V-MOFs used for thermal-driven
ODS,>>% the temperature was set at 60 °C. A blank thermal experiment was carried out at room

@
§ temperature in the absence of catalyst, resulting in only DBT extraction, with no sulfone formation
% (blank TC, Figure 4b). In contrast, in the presence of the catalyst, similar DBT removal efficiencies were
‘é obtained for both MOFs (542 + 03 % and 52.1 £ 0.7 % for MIL-47(V)-(SCH;), and
5 (DMA)KVO(DSBDC), respectively). However, the corresponding DBT sulfone yields were lower (30.9
= +0.3 % and 27.8 £+ 1.9 %) than those obtained under visible light irradiation, indicating that visible-light
S activation enhances the oxidative performance of both catalysts compared to purely thermal conditions.
2
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Figure 4. Comparison of a) photocatalytic (P) and b) thermal catalytic (TC) performance of
(DMA)KVO(DSBDC) and MIL-47(V)-(SCH3), for DBT removal efficiency and DBT sulfone yield.
Reaction conditions: 20 mg of catalyst, 10 mL of a solution of 575 ppm DBT in n-octane, 5 mL of ACN,
20 pL of a solution 30% H,0O, and 3 h of visible irradiation (photocatalysis) or 60 °C for 3 h (thermal
catalysis). Blank experiments, reaction conditions: 10 mL of a solution of 575 ppm DBT in n-octane, 5
mL of ACN, 20 pL of a solution 30% H,O, under dark conditions (Blank P) and at room temperature
(Blank TC).

(cc)

The chemical stability of both V-based catalysts was evaluated by PXRD and ICP-MS after 3 and 6 h
of reaction. While the PXRD pattern of MIL-47(V)-(SCH3;), does not significantly evolve (Figure S33),
that of (DMA)KVO(DSBDC) is significantly modified, with new diffraction peaks appearing after 6h
of reaction (Figure S32). ICP-MS analysis further revealed a significant leaching of vanadium for this
material (7.3 £ 0.4 % and 47.3 + 0.6 % after 3 and 6 h of reaction, respectively), while the loss is
negligible for MIL-47(V)-(SCH3), (2.7 £ 0.5 % and 2.6 + 0.9 % after 3 and 6 h of reaction, respectively),
confirming its superior chemical stability. Based on these results, MIL-47(V)-(SCH;), was selected as
the best photocatalyst for further analyses. The effect of light exposure time and oxidant concentration
was subsequently investigated. DBT removal efficiency of MIL-47(V)-(SCH3;), increased with reaction
time, from 57 =2 % at 30 min to 66 + 3 % at 3 h (see Figure S34). When the reaction time was fixed to
60 min and the oxidant concentration was doubled (H,O, / DBT molar ratio = 12), DBT removal
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improved significantly (61 + 2 % vs. 72.7 + 0.1 %, respectively). Thus, the highest D%Ilgqgigl%g“ggﬁ

efficiency (72.7 £ 0.1 %) was achieved at a H;O,/DBT molar ratio of 12 and a reaction time of 60 min.

Comparison with other reported MOF-based photocatalysts shows that MIL-47(V)-(SCH3), competes
with best behaving materials (Table 4) without the addition of any co-catalyst.

Table 4. Performance comparison between different MOFs and MOF-based composites in PODS.

Mass of .
catalyst Oxidant / DBT
. DBT . Time | Temperature | Removal
Material (mg)/Volume concentration . o Ref
. molar (min) (°O) (%)
or reaction . (ppm)
ratio
(mL)
This
MIL-47(V)-(SCHs3), 20/10 122 575 60 RT 73 work
HKUST-1 10/n.a. 10° 100 20 RT 39 8
BiVO,@HKUST-1 10/n.a. 102 100 20 RT 55 8
ZIF-67 80/80 82 500 60 30 65 !
MIL-125-NH, 10/7 5ab 1000 25 30 35 13
MIL-101(Fe) 90/180 32 500 30 RT 45 37
0.133CeO,/MIL- a 5
101(Fe) 90/180 3 500 30 RT 45
Ui0-66-NH, 20/50 b 250 90 RT 25 12
Ce-UiO-66-NH, 20/50 - 250 90 RT 35 12

aH,0,; ® O,. n.a.: not available.

Furthermore, when compared with other V-based MOF catalysts used in thermal-driven ODS, MIL-
47(V)-(SCH;), demonstrated improved DBT removal efficiency. The mesoporous vanadium(III)
trimesate MIL-100(V) indeed showed 72% DBT removal at 60 °C for 2 h using H,O, (O/S ratio = 8) as
the oxidant.>> The pristine MIL-47(V) achieved 34.8 % DBT removal at 120 °C for 3 h3* and 55 % at 60
°C for 2 h® using oxygen and tert-butyl hydroperoxide (TBHP) as oxidants, respectively, suggesting
that the SCH; functionalization has a positive impact of the activity of MIL-47(V). Overall, these
comparisons highlight the efficiency of MIL-47(V)-(SCH;), under visible-light-driven conditions,
offering a more sustainable and energy-efficient alternative compared to conventional thermal-driven
ODS processes.

Finally, the reusability of MIL-47(V)-(SCHj3), was evaluated under the optimized reaction conditions.
4 successive cycles were carried out. A good cyclability of the photocatalyst was observed, with DBT
removal efficiencies exceeding 70% during the first 3 cycles, followed by a further increase during the
4t cycle (85 + 1 %). The stability of the MOF was then evaluated by PXRD (Figure S35), FTIR (Figure
S36), ICP-MS (Table S6) and morphological analysis (Figure S37). As can be seen in the Figure S35,
although the diffraction peaks corresponding to the MOF structure were retained, a broadening is
observed after the 4™ cycle, suggesting a partial degradation of MIL-47(V)-(SCH3), upon extended use.
This was further confirmed by FTIR (Figure S36), which revealed the appearance of the new bands at
1700 and 1143 cm™!, associated to free carboxylic groups and possibly S=O bonds, respectively, and
thus suggesting a partial degradation of the framework and oxidation of the ligand. Finally, ICP-MS
(Table S6) revealed only a slight, but continuous, release of vanadium (from 3.9 % to 10.7 % in the 1%
and 4" cycle, respectively). The enhanced activity during the last cycle might hence be related with an
increase of vanadium exposed sites as a consequence of the ligand leaching and oxidation and
consequently partial amorphization of the MOF particles.
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Figure 5. DBT removal efficiency and DBT sulfone yield across consecutive 60-min photocatalytic
cycles using MIL-47(V)-(SCHs),

Conclusions

Two novel V-based MOFs were successfully synthesized and comprehensively characterized. Both
materials are constructed from the DSBDC ligand, which displayed distinct coordination modes
depending on the synthetic conditions. The addition of a base afforded (DMA)KVO(DSBDC), in which
ligand binds to V(IV) through both S and O atoms, while the use of DMF/MeOH mixture promoted the
formation of the porous MIL-47(V)-(SCHs),, a functionalized analogue of the MIL-47(V) containing -
SCH; functional groups derived from an in situ condensation reaction. Both materials presented good
chemical stability in various organic solvents, that, combined with their ability to absorb light in the
visible range, makes them suitable candidates as photocatalysts for the PODS reaction, reaching ~60%
of DBT removal in the L-L-S system. Among them, MIL-47(V)-(SCH3), showed superior performance
and chemical stability compared to (DMA)KVO(DSBDC). Upon optimization of the reaction
conditions, MIL-47(V)-(SCHj;), achieved 72% of DBT removal, maintaining its activity during 4 cycles.
These results pave the way for the development of new V-based photocatalysts for PODS, providing
that their long-term stability can be improved.
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Experimental methods
Synthetic procedures:

All the chemicals were purchased from Merck-Sigma Aldrich and used as received without further
purification. VCl; (97%, 157.3 g-mol!), VO(acac) (98%, 265.16 g-mol'), KOH (85%, 56.11 g-mol!),
DMF (ACS reagent, > 99.8%), MeOH (ACS reagent, > 99.8%). H,DSBDC was synthesized using the
reported procedure.’!

Synthesis of (DMA)KVO(DSBDC) or (C,HyN)KVO(C:H,0,S,) (MW = 378.35 g'mol): In a 23 mL
Teflon-lined reactor, 115.08 mg of H,DSBDC (0.5 mmol) and 78.6 mg of VCl; (0.5 mmol) were
dissolved into 9 mL of DMF. Then, 1 mL of a KOH 1M aqueous solution were added dropwise. The
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and washed with DMF, H,0 and EtOH and dried under air (~140 mg recovered).

For the solid prepared using VO(acac),, the same procedure was followed, adding 132.5 mg of
VO(acac), (0.5 mmol) instead of VCl;.

Synthesis of MIL-47(V)-(SCH;), or VNOH(C,,H30,S;) (MW dry = 324.24 g-mol’): In a 16 mL
Teflon-lined reactor, 476.4 mg of H4DSBDC (2.07 mmol) and 217.1 mg of VCl; (1.38 mmol) were
dissolved into 7.36 mL of DMF and 1.84 mL of MeOH. The mixture was heated at 180 °C during 50 h.
The obtained pale brown powder was recovered by filtration and washed with DMF and MeOH and
dried under air (~480 mg recovered).

For the solid prepared using acetic acid, the same procedure was followed, adding 0.286 mL of AcOH
(5 mmol, H*/M ratio = 10) after the addition of the solvents.

Activation of MIL-47(V)-(SCH3),: 200 mg of solid were suspended into 5 mL of MeOH under stirring.
After 2 h, the solid was recovered by centrifugation and dried under air.

Crystallographic studies:

SC-XRD data from (DMA)KVO(DSBDC) were collected at room using a Rigaku XtaLAB Synergy
diffractometer working at the Mo Ka radiation. The CrysAlisPro suite was used to integrate and scale
intensities and a semi-empirical absorption correction (ABSPACK) were applied on the basis of multiple
scans of equivalent reflections. The structure was solved by using SHELXT? and refined with the full
matrix least squares routine SHELXL®. Non H-atoms were refined anisotropically. H atoms were placed
in calculated positions and refined with idealized geometries.

MIL-47(V)-(SCHj;), structure was elucidated from powder X-ray diffraction (PXRD) data collected on
the CRISTAL beamline at Synchrotron SOLEIL (L'Orme des Merisiers, France). A monochromatic
beam was extracted from the U20 undulator beam by means of a Si(111) double monochromator. Its
wavelength of 0.671415 A was refined from a LaB, (NIST Standard Reference Material 660a) powder
diagram recorded prior to the experiment. The sample was loaded in a 0.7 mm capillary (Borokapillaren,
GLAS, Schonwalde, Germany) mounted on a spinner rotating at about 5 Hz to improve the particles’
statistics. Diffraction data were collected in continuous scanning mode with a MYTHEN?2 X 9K detector
(Dectris) allowing a measurement in less than 5 minutes. Calculations of structural investigations were
performed with the TOPAS (indexing, simulated annealing, difference Fourier calculations and Rietveld
refinement), and EXPO (whole powder pattern decomposition and Direct methods calculations)
programs.>-% The LSI-indexing method converged unambiguously to monoclinic unit cell with M, =
87 (see Table 1). Systematic extinctions were consistent with the C2/c space group, which was used to
initialize the structural determination. Direct methods led us to locate the vanadium atom on a symmetry
center. The organic ligand also localized on a symmetry center was then treated as rigid body, and its
orientation was allowed to vary during a simulated annealing process. The guest DMF was located by
both difference Fourier calculations and simulated annealing process. The final Rietveld plot (Figure
S7), corresponds to satisfactory model indicator and profile factors (see Table S2). This involves 24
structural parameters: 1 scale factor, 1 atomic coordinate for the O3 atom, 9 parameters for the
orientation and the translation of the organic moieties, 5 distances and 4 angles inside the organic ligand,
3 temperature factors and 1 occupancy factor for the DMF molecule.

CCDC-2246050, and CCDC-2497420 contain the supplementary crystallographic data for
(DMA)KVO(DSBDC) and MIL-47(V)-(SCHj3),. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via
http://www.ccdc.cam.ac.uk/Community/Requestastructure.
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PXRD patterns were collected either in a Bragg-Brentano mode with a Bruker D8 Advance
diffractometer, or in a Debye-Scherrer mode with an INEL XRG3500 diffractometer, both equipped
with a Cu anode (A = 1.5406 A).

Thermodiffraction experiments were carried out in an Anton Paar XRK 900 high-temperature chamber
with the Bruker D8 Advance diffractometer. TGA were collected under Air at 5°C min™!' up to 800°C
on a Setaram SENSYSevo equipment. For the ICP-AES experiments, solids were first dissolved in a
20% w/w HNO; and further analyzed thanks to an iCAP 6300 radial analyser (Thermo Scientific).
Inductively coupled plasma mass spectrometry (ICP-MS) experiments were performed in a Perkin
SCIEX NexION 300D at Servicios Centrales de Apoyo a la Investigacion (SCAI), University of Malaga.
Prior to the analysis, the samples were dehydrated and then digested in a HNO; solution (20% w/w) at
60 °C. Elemental analyses were carried out in a Flash 2000 analyzer from Thermo Scientific. N, sorption
experiments were carried out in a Micromeritics 3Flex equipment. The samples were degassed at 150
°C during 16h under secondary vacuum prior to their analysis. Scanning electron microscopy (SEM)
was carried out on a JEOL JSM-5800LV microscope. Samples were pasted on carbon tape and further
coated with carbon to improve the surface electronic conductivity. Optical microscope images were
acquired using a Zeiss SteREO Discovery V20 microscope equipped with a Zeiss Axiocam 208 color
digital camera.

Fourier transformed infrared (FTIR) spectra were recorded at room temperature with a Bruker alpha
FTIR spectrometer in the attenuated total reflectance (ATR) mode between 400 and 4000 cm'!. Diffuse
reflectance UV-Vis spectra were collected in a Perkin Elmer lambda 1050 equipped with an integration
sphere modulus. Photoluminescence spectra were acquired in an FS5 fluorescence spectrophotometer
(Edinburgh instruments) using a Xe lamp, exciting at 415 nm (4 slits).

Photocatalytic desulfurization experiments

The visible-light-driven ODS reactions were carried out in a 20 mL glass reactor. In a typical liquid-
solid (L(ACN)-S(catalyst)) system experiment, 20 mg of photocatalyst, 10 mL of a 575 ppm DBT
solution in ACN and 10 or 20 pL of a solution of 30% H,0, (0.097 or 0.194 mmol) were added to the
flak. The resulting dispersion was stirred at 900 rpm and exposed to visible light irradiation (using a 300
W Xe lamp at A > 400 nm). After 3 h, the photocatalyst was separated by centrifugation and the
supernatant was analyzed using high-performance liquid chromatography (HPLC) (Jasco LC-4000
series system, equipped with a photodiode array detector (PDA) MD-4015, C18 column 5 pm, 4.6 X
250 mm). The mobile phase consisted of a mixture of 90:10 ACN:H,0, with a flow rate of 0.8 mL-min!.
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For the liquid-liquid-solid (L(ACN)-L(oil)-S(catalyst)) system, the reaction was performed in a biphasic
mixture composed of 10 mL of a 575 ppm DBT solution in n-octane and 5 mL of ACN as the extracting
solvent, in the presence of 20 mg of photocatalyst and 20 or 40 pL of 30% H,0, (0.194 mmol). The oil
phase was analyzed by gas chromatography (GC) (Agilent GC 8860, equipped with a FID detector, HP-
PLOT 5A column 30 m, 0.53 mm, 25 um). The injector and detector temperatures were set to 290 and
310 °C, respectively. The column temperature was maintained at 80 °C for 1 min, then increased to 200
°C at a ramp rate of 15 °C min! and held at 200 °C for 10 min.

For recycling experiments, the photocatalyst was separated by centrifugation, washed with ACN and
dried at 100 °C for 2 h. Then, the photocatalyst was placed in contact with a fresh DBT solution under
identical conditions.
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