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Molybdenum-based epoxidation catalysts are among the most investigated since the homogeneous Mo-
based catalytic process claimed by Halcon International Inc. for liquid phase olefin epoxidation (EPO). While
homogeneous Mo-based catalytic technologies reached industrial implementation for olefin EPO, the
same does not apply for heterogeneous Mo-based ones, which have not reached industrial
implementation (e.g., to meet catalyst productivity and stability requirements). In this work, EPO
nanocatalysts consisting of oxides possessing molybdenum and M = Ta, Nb or W were prepared via a
simple, versatile methodology. The influence of the material synthesis conditions on the material properties
was investigated to meet superior catalytic performances. Promising Mo-based solid catalysts were
obtained which promoted the EPO of relatively bulky olefins such as fatty acid methyl esters (methyl oleate,
methyl linoleate), using tert-butyl hydroperoxide as oxidant under mild conditions; e.g., the materials
Mo(75D)M-0.3 with M = Nb, W (75 at% Mo relative to M, and MoO,Cl, as precursor), obtained in a fast
synthesis of 0.3 h, led to 92-96% epoxide selectivity at 84-95% methyl oleate conversion, at 70 °C. To the
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Introduction

The chemical valorisation of olefins via epoxidation (EPO)
routes is of great industrial relevance because epoxides are
important intermediates to many end use industries.” In the
search for more efficient epoxides production routes, EPO
technologies have evolved from hazardous stoichiometric
processes to greener catalytic processes, and the latter are
shifting from homogeneous to heterogeneous catalysis.>* For
example, the industrial heterogeneous catalytic EPO process
known as hydrogen peroxide-propylene oxide technology
(HPPO) uses a titanium silicalite-1 (TS-1) type catalyst, which
is a crystalline microporous material possessing an MFI
topology consisting of (medium pore) 10-memberred ring
channels with ca. 5.5 A width."*” While this catalyst is
suitable for small reactant molecules, such as light olefins
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best of our knowledge, these are the first Mo,M oxides reported for these reactions.

and H,0, as oxidant, it may be impractical for reactions
involving relatively bulky olefins and/or oxidant molecules
(e.g., organic hydroperoxides) due to its reduced pore sizes.®
This drawback gains considerable relevance in times where
the chemical industry faces challenges to use renewable
sources of organic carbon, such as relatively bulky vegetable
biomass components™'® which includes fatty acid esters with
varying degrees of unsaturation.™

Relatively bulky fatty acid methyl esters (FAMEs) are
important industrial chemicals with a growing market
(Scheme 1).”'>'® The EPO of FAMEs gives epoxy fatty acid
methyl esters (EFAMEs) with environmentally friendly
characteristics such as biodegradability and nontoxicity.™
EFAMESs have a growing global market with a broad applications
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Scheme 1 Chemical valorisation of fatty acid methyl esters (FAMEs)
obtainable from food/agricultural/industrial waste or surpluses, via
catalytic epoxidation (EPO) routes to useful epoxides.

This journal is © The Royal Society of Chemistry 2024


http://crossmark.crossref.org/dialog/?doi=10.1039/d3cy01299a&domain=pdf&date_stamp=2024-02-02
http://orcid.org/0000-0003-1273-803X
http://orcid.org/0000-0003-3495-2133
https://doi.org/10.1039/d3cy01299a
https://doi.org/10.1039/d3cy01299a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cy01299a
https://pubs.rsc.org/en/journals/journal/CY
https://pubs.rsc.org/en/journals/journal/CY?issueid=CY014003

Open Access Article. Published on 02 January 2024. Downloaded on 8/3/2025 8:09:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

profile, e.g., solvents, plasticizers, lubricants, biofuels.>"*"'**
However, heterogeneous catalytic EPO of FAMEs presents
challenges, such as the development of highly active, selective
and stable catalysts, using catalyst synthesis methodologies
which are timesaving and versatile (e.g, possibility of
introducing different metals to meet superior performances).'*
In the choice of the types of catalytic materials, fully inorganic
metal oxides may be preferable to materials possessing organic
components, in what concerns thermal and chemical stabilities.
Moreover, some monometallic or mixed metal oxides may be
prepared via synthesis strategies which only require the metal
precursors and an appropriate solvent (advantageous in relation
to ordered mesoporous metal/metalloid oxides synthesized
using organic templates which need to be subsequently
destroyed), with the possibility of offering some control over the
crystallinity, size and morphology of the materials.>*°

Molybdenum-based EPO catalysts are promising and
among the most investigated since the homogeneous Mo-
based catalytic EPO process claimed by Halcon International
Inc. (USA) in the 1960s.””>° While homogeneous Mo-based
catalytic technologies reached industrial implementation for
olefin EPO, the same does not apply for heterogeneous Mo-
based ones, which continue of great interest, albeit
challenging, e.g. to meet the catalyst productivity and stability
requirements.**3?

Besides molybdenum, different metal oxides
reported for olefin EPO, such as niobium, tantalum and
tungsten oxides.* To the best of our knowledge, mixtures of
Mo oxide with oxides of Nb, Ta or W were not investigated
for liquid phase EPO. According to the literature, precursors
of group 5 metals (e.g., niobic acid, Ta,05) may react with
several other precursors, such as molybdenum of group 6
(e.g, (NH4)¢M0,0,4-4H,0, Mo0Oj3), to form multimetallic
oxides,*>*® which may result in improved catalytic
performance for different oxidation systems.?” For example,
it was reported that the presence of niobium in mixed oxide
materials containing molybdenum (which is redox flexible)
may enhance the material's stability towards oxidation/
reduction. Moreover, niobium and tantalum may confer high
mechanical and corrosion resistance to materials.*®

In this work, EPO catalysts consisting of Mo and M = Ta,
Nb or W oxides were prepared via a simple and versatile non-
aqueous sol-gel synthesis, using acetophenone as solvent.
According to ECHA, acetophenone presents biodegradability
and low aquatic toxicity properties towards the
environment.*® These catalytic materials promoted the EPO
of relatively bulky olefins. The influence of the type and
concentration of the molybdenum precursor and synthesis
time on the material properties and catalytic performances
were firstly investigated, based on the model reaction of
cis-cyclooctene (Cy) using tert-butylhydroperoxide as oxidant,
at 70 °C. The catalytic stability was studied by performing
consecutive catalytic runs and characterising the recovered
solids. The best-performing catalysts were explored for the
EPO of the biobased FAMEs methyl oleate and methyl
linoleate. The Mo,M oxides were more effective than the

were
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monometallic oxides M,O,, and relatively stable Mo,Nb- and
Mo,W oxides promoted the conversion of the FAMEs; e.g.,
Mo(75D)M-0.3 with M = Nb, W (material synthesis time of 0.3
h, using 75 at% Mo relative to M, and MoO,Cl, as precursor),
led to 92-93% epoxide selectivity at 90-95% methyl oleate
conversion.

Experimental
Materials

The following reagents and chemicals were purchased from
Sigma-Aldrich, unless otherwise stated, and used as received.
Synthesis: acetophenone (99.9%), molybdenum(vi) dichloride
dioxide, tungsten(vi) chloride (=99.9%), tantalum(v) chloride
(99.8%, Alfa Aesar), and niobium(v) chloride (99.95%, ABCR).
Catalysis: cis-cyclooctene (95%, Alfa Aesar), methyl oleate
(99%), methyl linoleate (95%, Alfa Aesar),
tert-butylhydroperoxide (5.5 M in decane, containing ca. 4%
water), anhydrous a,a,a-trifluorotoluene (=99%), acetone
(99.5%, Honeywell, Riedel de Hien), 1,2-dichloroethane
(=99%), methyl decanoate (99%), undecane (>99%), and the
crystalline oxides MoO, (99%), MoO; (99.5%, VWR), WO,
(99%, Fluka), Nb,O5 (99.99%, Fluka) and Ta,Os (99.99%, PI-
KEM).

Synthesis of the catalysts

In a typical synthesis, 20 mL of acetophenone and a total of
0.5 mmol of the metal precursors (TaCls, NbCl;, WClg, and/or
MoCl; or MoO,Cl,) in the desired molar proportions, were
added to a microwave glass vial in a glovebox. The vial was
heated in an Anton Paar Monowave 300 microwave reactor, at
220 °C for 20 min. The solid product was separated by
centrifugation, washed four times with 20 mL of acetone and
ethanol, and dried at 65 °C for 12 h. The 24 h reactions (for
selected materials) were carried out in a similar fashion,
albeit using a Teflon-cup-lined stainless steel autoclave.>>"*°
The Mo,M oxide materials are denoted Mo(xD)M-t or Mo(xP)
M-t where x is the normalized at% of Mo relative to M of the
synthesis mixture (i.e., x = 25, 50 and 75 for a ratio Mo : M of
25:75, 50:50 and 75:25, respectively), ¢ is the material
synthesis time, and D corresponds to the use of MoO,Cl, as
precursor and P corresponds to the use of MoCl; as
precursor.

Characterization of the catalysts

Powder X-ray diffraction (PXRD) data were collected on an
Empyrean PANalytical diffractometer (Cu-K, X-radiation, 1 =
1.54060 A) equipped with a spinning flat sample holder and
a PIXcel 1D detector set at 240 mm from the sample, in a
Bragg-Brentano para-focusing optics configuration (45 kv, 40
mA) at ambient temperature. Samples were prepared in a
spinning flat plate sample holder and step-scanned from 3 to
70° (20) in 0.026° 20 steps with a counting time of 90 s per
step.

Catal Sci. Technol,, 2024,14, 646-659 | 647
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Scanning electron microscopy (SEM) images and EDS
analyses were obtained on a Hitachi SU-70 SEM microscope
equipped with a Bruker Quantax 400 detector operating at 15
kv. Samples were prepared by deposition on aluminum
sample holders followed by carbon coating using an Emitech
K 950 carbon evaporator. Transmission electron microscopy
(TEM), high resolution TEM (HRTEM), high angle annular
dark field scanning transmission electron microscopy
(HAADF-STEM), and elemental mapping analyses were
carried out on a FEI Talos F200S scanning/transmission
electron microscope (S/TEM) operated at 200 kv, and a
Hitachi HD2700 microscope equipped with a Bruker Quantax
SVE 6 EDS detector operating at 80-200 kV.

The textural properties were determined from the N,
sorption isotherms at -196 °C, which were measured using a
Quantachrome instrument (automated gas sorption data
using Autosorb IQ2, Quantachrome Instruments). The
sample was pre-treated at 170 °C for 3 h, under vacuum (<4
x 107* bar). The specific surface area was calculated using the
Brunauer, Emmett, Teller equation (Sggr)-

ICP-OES analyses (for Mo, W, Nb and Ta) were performed
at the Central Analysis Laboratory (University of Aveiro); the
measurements were carried out on a Horiba Jobin Yvon
Activa M spectrometer (detection limit of ca. 20 ug dm™;
experimental range of error of ca. 5%). Prior to analysis, 10
mg of solid sample was digested using 0.5 mL HF and 0.5
mL HNO;, and microwave heating at 180 °C.

Attenuated total reflectance (ATR) FT-IR spectra were
measured on a Bruker Tensor 27 spectrophotometer equipped
with a Specac® Golden Gate Mk II ATR accessory having a
diamond top plate and KRS-5 focusing lenses (resolution 4
em™, 256 scans). Diffuse reflectance (DR) UV-vis spectra were
recorded using a JASCO V-780 spectrophotometer equipped
with a JASCO ISV-469 integrating sphere coated with barium
sulfate, with light detection by a built-in photomultiplier tube
attached to the base of the sphere. The spectra were collected in
reflectance mode with a wavelength scan speed of 200 nm
min step size of 0.5 nm, and a slit width of 2.0 nm.

Catalytic tests

The catalytic reactions were carried out in borosilicate reactors
equipped with a Teflon valve for sampling and a magnetic
stirrer. Initially, the catalyst (5.6 g.,. per mole of olefin),
substrate and solvent (a,o,0-trifluorotoluene (TFT)) were added
to the reactor, which was then immersed in a temperature-
controlled oil bath at 70 °C, under stirring (1000 rpm, optimized
to avoid mass transfer limitations). After 10 min, the preheated
oxidant, namely tert-butylhydroperoxide (TBHP), was added to
the reactor, and this moment was taken as the initial instant of
the catalytic reaction. For the model reaction of cis-cyclooctene
(Cy), the initial reaction conditions were ca. 1 M Cy and mole
ratio TBHP: Cy = 1.5. For the biobased FAMEs, namely methyl
oleate (MeOle) and methyl linoleate (MeLin), the initial reaction
conditions were ca. 0.5 M FAME, and TBHP:FAME = 1.5 for
MeOle or 2.5 for MeLin.
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The evolution of the reactions was monitored by analyzing
freshly prepared samples by gas chromatography (GC), using
a Varian 450 GC instrument equipped with a BR-5 capillary
column (30 m x 0.25 mm x 0.25 um) and an FID detector
with H, as carrier gas. The quantifications of the reactants
and products were based on calibrations (the internal
standard was undecane for Cy, and methyl decanoate for
bioolefins). The initial activity (mmol g..' h™) was
calculated based on olefin conversion at 1 h reaction. The
reaction products were identified by GC-MS (GC MS QP2010
Ultra Shimadzu), using He as the carrier gas; the product
identifications were based on commercial mass spectrometry
databases (Wiley229, NIST14, NIST Chemistry WebBook,
MAINLIB) and mass spectra similarities. The products' mass
spectra were reported previously.*"**

The catalyst stability was evaluated by reusing the
recovered solids in consecutive batch runs, keeping constant
the initial mass ratio of catalyst:Cy:TBHP between runs.
After each run, the solids were separated from the reaction
mixture by centrifugation (3500 rpm), thoroughly washed
with acetone, dried overnight under air atmosphere, and
finally vacuum-dried (ca. 0.1 bar) at 60 °C for 1 h.

Results and discussion
Characterization of the materials

Chemical composition of the metal oxides. The
monometallic oxides MO, (M = Mo, Ta, Nb, W) and the Mo,
M oxides Mo(xD)M-t and Mo(xP)M-t were prepared via
simple, one-pot solvothermal syntheses from the respective
metal (M, Mo) precursors and acetophenone (¢ = synthesis
time; xD and xP = normalized (x) at% of Mo relative to M,
using the precursor D = MoO,Cl, or P = MoCl;). Given the
relevance of molybdenum sites for catalytic EPO (described
in the Introduction section), the influence of the type and
amount of the Mo precursor, as well as of the synthesis time
on the materials properties were investigated.

The mole ratios of the materials (Mo/M), as well as those
of the respective synthesis (Syn) mixtures ((Mo/M)s,, = 0.3, 1
or 3 for x = 25, 50 and 75, respectively) are indicated in Fig.
S14 In general, Mo(xD)M-0.3 and Mo(xP)M-0.3 possessed
lower Mo/M than the respective (Mo/M)s,;, indicating that
not all metal content of the synthesis mixture was
incorporated in these materials. Increasing the synthesis time
from 0.3 h to 24 h led to higher Mo/M; e.g., the Mo/M ratios
of Mo(50D)M-0.3 versus Mo(50D)M-24 (both synthesized
using (Mo/M)g,, = 1) were in the ranges 0.10-0.23 and 0.54-
0.86, respectively.

On the other hand, the influence of the type of Mo
precursor (D or P) was studied for the Mo,M oxides with M =
W, Nb and x = 25, 50, or with M = Ta and x = 50. The D
precursor led to higher Mo/M than the P one, e.g., Mo(50D)
W-0.3 possessed approximately double the Mo/M ratio of
Mo(50P)W-0.3 (0.23 and 0.12, respectively). Hence, MoO,Cl,
seemed more favorable for introducing molybdenum in the
materials.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 PXRD patterns of the Mo,M oxides with M = Ta (A), Nb (B), or W (C): (b) Mo(50D)M-24, (c) Mo(75D)M-0.3, (d) Mo(50D)M-0.3, (e) Mo(50P)M-
0.3, (f) Mo(25D)M-0.3, (g) Mo(25P)M-0.3 (excluding for M = Ta). For comparison, bulk (a) MoO, (A-C) and (h) M,O, (M = Ta (A), Nb (B), W (C)).

ICP-OES gave roughly comparable results to EDS (please
see Table S1 and Fig. S2,t for selected materials).

Structural and morphological features. Fig. 1 shows the
PXRD patterns of the prepared materials. The type of Mo
precursor (D = MoO,Cl,, P = MoCl;) did not considerably
influence the structural features, as verified by comparing
the materials Mo(xD)M-0.3 versus Mo(xP)M-0.3 with the same
M and x.

The PXRD pattern of monometallic MoO, exhibits very
broad reflections, which are indicative of the presence of very
small crystallites. A 10-fold amplification of the diffractogram
of MoO, showed very weak peaks centered at ca. 37, 54 and
66° 20 (Fig. S37), assignable to the (100), (102) and (110)
crystal planes, respectively, of the hexagonal phase of
molybdenum(iv) dioxide (ICDD PDF card no. 00-050-0739).**
Koziej et al.>® reported the solvothermal synthesis of MoO,
nanoparticles possessing hexagonal crystal structure, using
MoO,Cl, as precursor and a solvent mixture of acetophenone
and benzyl alcohol at 200 °C for 10 min (in the present study,
solely acetophenone was used as solvent at 220 °C).
Commercial molybdenum(vi) trioxide (MoOs-com) possessed
an orthorhombic crystal structure (ICDD PDF card no. 01-
074-7909).

The PXRD patterns of Ta,Os, Nb,Os, Mo,Nb and Mo,Ta
oxides resultant from solvothermal syntheses with a duration
of t = 0.3 h, also show broad reflections indicative of small
crystallites (Fig. 1A and B).

For the Mo,M oxides with M = Ta, Nb (x = 50), increasing the
synthesis time from 0.3 h to 24 h led to the appearance of
narrow reflections from the hexagonal MoO, phase (ca. 36.7, 38,
41.5, 53.8, 66° 20; ICDD PDF card no. 00-050-0739). This
suggests that increasing the synthesis time resulted in the
growth of the MoO, particles, but not of those of Ta,Os or
Nb,O:s. It is worth noting that the presence of MoO, in the Mo,
M oxides indicates that they may possess reduced Mo(wv) sites.

The PXRD pattern of the W oxide nanoparticles showed a
main peak at ca. 24° 26, and additional weak broad peaks
centered at ca. 27.4, 36, 47.6 and (very weak) 56° 20,

This journal is © The Royal Society of Chemistry 2024

assignable to WO, ,, with monoclinic crystal structure (ICDD
PDF card no. 04-005-4539) (Fig. 1C).

The Mo,W oxides Mo(xP)W-0.3 (x = 25, 50) and Mo(25D)
W-0.3 exhibited comparable PXRD patterns to WO, ;,. For
the remaining materials (with greater x and/or ¢ values, using
the D precursor), namely Mo(50D)W-0.3, Mo(75D)W-0.3 and
Mo(50D)W-24, the peaks become more intense and narrower,
suggesting particle growth. Besides WO, ;,, these materials
seem to possess the orthorhombic phase of (W;_,Mo,)O; (x
< 1; based on ICDD PDF card numbers 00-054-1012 and 00-
046-1048); peaks at ca. 14, 18.2, 23, 27, 28.2 (main peak),
36.7, 47.1, 49.3, 50, 53.7, 55.7° 26. A longer synthesis time of
24 h (Mo(50D)W-24) led to enhanced crystallinity.

The morphology was studied by electron microscopy for
selected materials, namely Mo(75D)M-0.3 and Mo(50D)M-24
with M = Ta, Nb or W, which were synthesised using the
highest (Mo/M)s,,, of 3 or longer synthesis time of 24 h,
respectively (Fig. 2 and 3). The TEM, HAADF-STEM, and

Lggne
Fig. 2 TEM (a, e and i), HAADF-STEM and elemental maps (b-d, f-h
and j-1) of Mo(75D)M-0.3 with M = Ta (a-d), Nb (e-h) or W (i-l).

Catal. Sci. Technol., 2024,14, 646-659 | 649
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Fig. 3 TEM (a, e and i), HAADF-STEM and elemental maps (b-d, f-h
and j-1) of Mo(50D)M-24 with M = Ta (a-d), Nb (e-h) or W (i-l). The
inset in (i) shows a HRTEM image of the WO, 7, nanobelts.

elemental maps showed that the materials consisted of
agglomerates of intimately mixed nanoparticles of different
morphology. For Mo,M oxides with ¢ = 0.3 h, the Ta and Nb
oxide components consist of irregular platelet-like
nanoparticles with the size of ca. 19 nm and 3-5 nm,
respectively; the W oxide component consists of
agglomerated nanobelts of ca. 7-12 nm width; and the Mo
oxide component is made of relatively large layered-like
particles of ca. 57 nm. For ¢ = 24 h, the Ta and Nb oxide
components tend to form spherical agglomerates (Fig. 3(a, b,
e and f)) of particles with sizes about 25 nm and 5-7 nm,
respectively; the width of the W oxide nanobelts increases to
ca. 25 nm, as well as their crystallinity (Fig. 3(i)); and the Mo
oxide component becomes made of irregularly shaped
interconnected particles of about 23 nm size. In general,
elemental mapping suggested that the different particles are
well mixed and in close proximity at the nanoscale (Fig. 2
and 3 and S41). The pure MoO, sample consists of large
sphere-like particles in the size range 350 to 500 nm.

Textural properties. The M,0, and Mo,M oxide materials
possessed higher Sypy than bulk MoO, (44 m* g™'), (Table
S27). The Sggr values for M, O, were intermediate of those of
the respective Mo,M oxides (with the same M); specifically,
Sper = 268 m* g™* for Nb,O5; compared to 193-402 m”> g™* for
the Mo,Nb oxides; 126 m* g for Ta,05; compared to 54-278
m?> g™' for the Mo,Ta oxides; and 185 m?> g™* for WO, .,
compared to 97-214 m* g for the Mo,W oxides.

Regarding the type of Mo precursor, for the materials
Mo(xD)M-0.3 with the same M and synthesized using the D
precursor, Sger decreased with increasing Mo/M ratio of the
materials (Fig. S5(a)f), whereas the opposite was verified for
the related materials synthesized using the P precursor (Fig.
S5(b)f). Hence, Sger does not solely depend on the type of
Mo precursor (or Mo/M) and may be due to interplay of
different factors. The type of M metal may also influence
Sger; €.g., Mo(50D)M-24 possessing (different) M = Ta and
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Nb, and synthesized using the same D precursor, possessed
somewhat comparable PXRD features (Fig. 1) and chemical
compositions (Table S1t), albeit considerably different Sger
(54 and 402 m”> g', M = Ta and Nb, respectively). Possible
differences in the size/density/structure of the nanoparticle
ensembles or agglomerates,*"** may at least partly influence
the interparticle void space and total specific surface area.
For example, for the Mo(50D)M-0.3 family, Sger (Table S27)
increased with decreasing particle size: M = Ta (19 nm width;
98 m> g '); M =W (7-12 nm; 118 m*> g '); M = Nb (3-5 nm;
254 m*> g™'). On the other hand, the morphology also seems
to affect Sppr; e.g, particle sizes were slightly larger for
Mo(50D)Nb-24 than (morphologically different) Mo(50D)Nb-
0.3, but the former possessed higher Sgpr (402 m* g~ versus
254 m> g ).

Surface chemistry. In general, the ATR FT-IR spectra of
the Mo,M oxides with M = Ta, Nb, resembled somewhat
closer the spectral features of the corresponding
monometallic materials M,O,, than of MoO, (Fig. 4). MoO,
exhibited a relatively intense IR band at ca. 956 cm™' due to
vibrational modes of terminal Mo—O groups, and a broad
band centred at ca. 660 cm™" which may be associated with
polynuclear Mo-O-Mo groups.*®™*®

Bulk Nb,Os exhibited a poorly defined spectrum; a broad
band centred at ca. 875 em ' may be due to stretching
vibrations of Nb=0 groups (Fig. 4B).*” Ta,0; exhibited
several broad bands below 1000 cm™ (Fig. 4A), which may be
due to vibrational modes of Ta-O-Ta and Ta-O type groups
with different bond lengths/angles/chemical environments
(band assignments are not consensual in the literature).’*>®
A comparative study for the Mo,M oxides with M = Ta, Nb,
indicated that an absorption band at ca. 956 cm™" (assignable
to v(Mo=0)) was distinguishable for Mo(75D)M-0.3 (M = Ta,
Nb) and Mo(50D)Ta-24 and hardly distinguishable for the
remaining materials (Fig. 4(A and B)). A broad band centred
at ca. 660 cm " (assignable to polynuclear Mo-O-Mo) was
somewhat distinguishable for Mo,Ta oxides, and not clearly
distinguishable for the Mo,Nb-mixed oxides (possibly due to
overlapping of broad bands).
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Fig. 4 ATR FT-IR spectra of the materials possessing M = Ta (A), Nb
(B), or W (C) and, for comparison, (@) MoO, is included in the three
plots; (b) Mo(50D)M-24, (c) Mo(75D)M-0.3, (d) Mo(50D)M-0.3, (e)
Mo(50P)M-0.3, (f) Mo(25D)M-0.3, (g) Mo(25P)M-0.3 (excluding for M =
Ta) and (h) M,O, (M = Ta (A), Nb (B), W (C)).
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Regarding the tungsten-based materials, WO, , exhibited
poorly defined bands at ca. 956, 610 and 530 cm™* (Fig. 4(C)).
The first band may be due to terminal W=0 groups®’ and
the others to polynuclear W-O-W groups possessing
different bond lengths/angles/chemical environments.>”*®
Similarly, the Mo,W oxides exhibited a band at ca. 956 cm™
assignable to v(M=0) (M = Mo or W), and bands at ca. 610
and 530 cm . The band at ca. 660 cm ', associated with
polynuclear Mo-O-Mo groups (verified for monometallic
Mo0,), was not clearly distinguishable in the spectra of the
Mo,W oxides.

The M metals belong to group 5 (Nb, Ta) and 6 (W), and
were in their highest oxidation states in the corresponding
synthesis precursors (Nb(v), Ta(v), W(vi)). The metals in these
oxidation states may be present in the Mo,M oxides (e.g.,
group 5 metals may be less prone to changes in oxidation
state). On the other hand, molybdenum (group 6) may have
different oxidation states. DR UV-vis spectroscopy may give
insights into the coordination numbers and oxidation states
of the metal sites. Fig. S61 shows the DR UV-vis spectra of
the materials M,0,, MoO, and selected Mo,M oxides, namely
Mo(75D)M-0.3 and Mo(50D)M-24 (M = Ta, Nb, W). In general,
the mixed metal oxides exhibited bands centred at ca. 210-
215, 240-250 and 310-320 nm. Rigorous assignments of
these bands are difficult, partly due to possible
superimposable contributions from M and/or Mo containing
groups. Some literature studies suggested that bands below
ca. 250 nm may be due to isolated molybdenum sites,”**
albeit (polymeric) MoO, also exhibited bands at ca. 215 and
240 nm, which were also verified for Ta,Os, Nb,Os; and
WO, ,,. Different literature studies suggested that bands
below ca. 250 nm may be partly due to distorted four-
coordinated {TO,} sites (T = Mo or M);**" 6163646771 1 the
cases of MoO, and Mo,M oxides (for which PXRD identified
the presence of MoO,), the bands below 250 nm may be
associated with reduced Mo(wv) groups. The relatively low
oxidation state of molybdenum in MoO, (Mo(wv)) results in an
increasing absorption above 350 nm, which was also verified
for crystalline (commercial) MoO,-com (together with very
weak absorptions at ca. 210 and 240 nm, Fig. S6DY) and in
agreement with literature data.®®”’°”® The presence of Mo(iv)
sites in the Mo,M oxide nanomaterials was further supported
by the fact that the very dark color of MoO, and MoO,-com
was also verified for the Mo,M oxides, especially Mo(75D)M-
0.3 and Mo(50D)M-24.

The nanomaterials Nb,O; and WO, ,, exhibited a band
centered at ca. 320 nm which may be partly due to six-
coordinated metal sites.®**>*””* The Mo,M oxides (M = Ta, Nb,
W) also exhibited a band at ca. 310-330 nm, which at least for
the Mo,Ta oxides may be attributed to molybdenum containing
groups (e.g, six-coordinated Mo(vi) sites or Mo-O-Mo
groups),”® *>7%757¢ because Ta,0s did not exhibit bands in this
spectral range. In relation to the defective nanomaterials,
crystalline (commercial) MoO;-com (Mo(vi)), Nb,Os-com (Nb(v))
and WO;-com (W(vi)) exhibited a higher wavelength band (ca.
355 nm) which may be associated with their infinitely (long

This journal is © The Royal Society of Chemistry 2024
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range ordered) stacked octahedra of Mo(vi), Nb(v) and W(w),
respectively (Fig. S6-D).”%”>777% A lower wavelength band (ca.
260 nm) was predominant for crystalline Ta,Os-com which may
be associated with its distinct coordination features (shared
distorted polyhedra of Ta(v), i.e., {TaO¢} octahedra and {TaO,}
pentagonal bipyramides).®*®® In summary, the above results
suggested that decreasing the particle sizes down to the
nanoscale influences the surface chemistry, and the
nanomaterials may possess molybdenum sites with different
oxidation states (e.g., Mo(wv), Mo(v1)).

Catalytic studies

General considerations. The influence of the material
properties on the catalytic performances of the metal oxides
and catalyst benchmarking was firstly investigated, based on
the model reaction of cis-cyclooctene (Cy) with
tert-butylhydroperoxide (TBHP) (for catalyst screening).

TFT was chosen as solvent since it is readily available,
relatively inexpensive, and has good capacity to dissolve a wide
range of organic compounds.®® Its relatively high boiling point
(ca. 102 °C) makes it more appealing (e.g., avoiding atmospheric
emissions) than other more volatile halogenated solvents.
Additionally, its poor coordinating properties avoids competitive
reactions with reactant molecules in the coordination to active
metal species, which, together with the remaining aspects, has
contributed to its successful use as solvent in several catalytic
epoxidation systems,*"%>

Cyclooctene oxide (CyO) was the sole product (100%
selectivity), formed in up to 100% yield within 24 h, at 70 °C.
Blank tests carried out without catalyst or without oxidant,
gave negligible olefin conversion.

The bulk MO, materials led to sluggish results; conversion
at 24 h was 25%, 7% and 4% for M = Nb, Ta and W, respectively.
On the other hand, MoO, led to 100% conversion at 1 h,
suggesting that molybdenum plays an important catalytic role.
According to the literature, the performance of molybdenum
oxides may strongly depend on the type of crystalline
structure.®® For example, commercial orthorhombic MoOz-com
(Fig. S7T) was far less active (conversion at 1 h/4 h/24 h was
33%/79%/100%) than MoO,. However, MoO, presents stability
issues; the hexagonal crystal structure may suffer phase
transition;**®* and the epoxidation reaction in the presence of
MoO, led to yellow-coloured liquid phase, characteristic of
soluble oxidized molybdenum species. This was further
confirmed by a catalyst filtration test, which indicated a major
homogeneous catalytic contribution (please see the ESIf for
details).

Based on the mechanistic studies reported in the
literature for Mo-catalysed EPO of olefins with
hydroperoxide oxidants (ROOH), the active oxidizing species
may be formed via a heterolytic mechanism involving the
coordination of the oxidant (ROOH) to a molybdenum
centre.’®® This leads to the formation of a moiety of the
type {Mo-OOR} responsible for the oxygen atom transfer
step to the olefin, giving the epoxide product (plus the
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coproduct of TBHP, namely tert-butanol). These mechanistic
considerations may also apply for W-catalysed olefin
epoxidation,®®> and other metals (e.g., active oxidizing
species possessing the moiety {M-OOR} were reported for
Ta-containing catalysts in olefin epoxidation®®). Hence, one
cannot exclude the possible roles of Mo and M sites of the
Mo,M oxides, as discussed below.

Influence of materials synthesis conditions on the
catalytic performance. Based on the characterisation studies,
the type of Mo precursor (P or D), synthesis time (¢), mole
ratio (Mo/M)s,,, of the synthesis mixture and type of M metal,
influenced the material properties, which may affect the
catalytic performances.

Concerning the type of Mo precursor (keeping constant
the type of M), the Mo,M oxides synthesized using MoO,Cl,

View Article Online
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(D) were, in general, more active than those synthesized
using MoCl; (P), under similar conditions (Fig. 5(a-c));
exceptionally, Mo(50D)Ta-0.3 and Mo(50P)Ta-0.3 possessed
somewhat comparable activities.

The influence of x (or (Mo/M)sy,) Was investigated for the
two families of materials Mo(xP)M-0.3 and Mo(xD)M-0.3,
keeping constant the type of Mo precursor, type of M metal
and synthesis time (¢ = 0.3 h) (Fig. 5(d—f) and S87). In general,
olefin conversion (Fig. 5(d-f)) and initial activity (Fig. S87)
increased with increasing x. For example, for the Mo(xD)M-
0.3 family (Fig. S8(a)t), initial activity for M = Ta increased
from 18 mmolgy geae ' h™' (x = 25) to 157 mmoley gear ' ' (x
= 75); for M = Nb, from 25 mmolgy gear - h™" (x = 25) to 157
mmolgy geae ' h™' (x = 75); and for M = W, from 27 mmolg,
Scac - h™' (x = 25) to 157 mmolgy gear - h™' (x = 75). The

Influence of Mo precursor
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Influence of the material synthesis conditions on the catalytic performances: type of Mo precursor ((a) Mo, Ta oxides, (b) Mo,Nb oxides, (c)

Mo,W oxides); relative amount of Mo (x) in the material synthesis mixture ((d) Mo, Ta oxides; (e) Mo,Nb oxides; (f) Mo,W oxides); and type of M
metal (Mo(xD)M-0.3 with x = 25 (g), 50 (h) or 75 (i)). Reaction conditions: mole ratio TBHP:Cy = 1.5, 5.6 gcat molcy’l, 70 °C. Each set of three bars
indicates Cy conversion at 1 h (green), 4 h (red) or 24 h (blue) reaction. Epoxide (CyO) selectivity was always 100%.
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Influence of synthesis time
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Fig. 6 Influence of the material synthesis time (0.3 h or 24 h) on the

performances of the Mo(50D)M catalysts. Reaction conditions: mole
ratio TBHP:Cy = 1.5, 5.6 gcat molcy’l, 70 °C. Each set of three bars
indicates Cy conversion at 1 h (green), 4 h (red) or 24 h (blue) reaction.
Epoxide (CyO) selectivity was always 100%.

highest conversion at 1 h was 87%, reached for the materials
with x = 75 (Fig. 5(d-f)).

On the other hand, increasing the synthesis time from 0.3
h to 24 h (i.e., Mo(50D)M-0.3 versus Mo(50D)M-0.24 with the
same M) favoured the epoxidation reaction kinetics (Fig. 6).
The differences in reaction kinetics were very pronounced,
especially for M = Ta (for the material synthesis time of ¢ =
0.3 h and 24 h, the conversion was 14 and 100%, respectively,
at 4 h). Initial activity increased from 20 mmolgy gea ' h™" (¢
=0.3 h) to 175 mmolgy geae * h™' (¢ = 24 h) for M = Ta; from
27 mmolgy gear - ™' (¢ = 0.3 h) to 110 mmoley geae ' h™" (¢ =
24 h) for M = Nb; and from 52 mmolgy geae * h™* (£ = 0.3 h) to
103 mmolgy geae - h™' (¢ = 24 h) for M = W (Fig. S91).

In general, based on the characterisation studies for the
materials with the same M metal, increasing x and ¢ led to
higher Mo/M of the materials formed, which may partly
explain the faster catalytic reaction kinetics, as shown in
Fig. 7, ie., conversion somewhat increased with Mo/M,
especially for Mo/M > 0.1.
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same x, indicated differences in catalytic activities.
Specifically, for x = 25 or 50, olefin conversion (Fig. 5(g-i))
and initial activity (Fig. S10t) increased in the order Ta < Nb
< W. For x = 75, the differences in catalytic results were not
pronounced because of the very high activity of these
materials (ca. 87% conversion at 1 h, and initial activity = 157
mmolgy gear - h™" for the three materials Mo(75D)M-0.3).
These results did not correlate directly with Sggr which
increased in the order Ta (78 m®> g ') < W (104 m® g ') < Nb
(222 m?> g™") (Table S27).

In order to gain further insight into the influence of the type
of M, a comparative study was carried out for the Mo(50D)M-0.3
materials, keeping constant the initial mole ratio Mo: olefin of
the catalytic reaction mixture (Fig. S117). If all the molybdenum
sites of the different catalysts were equivalent (i.e., possessing
equal intrinsic activity), one could expect the reaction rate to be
similar because the initial mole ratio Mo:olefin was kept
constant in these catalytic tests. However, this was not the case,
i.e., the initial activity followed the order Nb < Ta < W and the
conversion at 24 h followed the order Ta < Nb < W, indicating
differences in reaction kinetics, and suggesting that not all Mo
sites were equivalent. The characterisation studies of the
materials with different M, indicated structural differences, e.g.,
Mo(50D)W-0.3 is crystalline, whereas the corresponding
materials with M = Ta and Nb did not exhibit distinguishable
crystalline domains (Fig. 1). Additionally, the characterisation
studies suggested that the nanomaterials may possess different
types of Mo sites (non-equivalent sites), which may have
different intrinsic activities. Moreover, the coordination
environment and/or redox properties of M species may be
different; e.g., according to the literature, Ta and Nb with
similar coordination spheres may possess significantly different
redox properties.”® From the characterization studies of the
MoM oxides, one cannot exclude the possible existence of
proximal Mo and M species. Accordingly, the M species could
influence the electronic/structural features of vicinal Mo
species, and consequently the intrinsic activities. Overall, the
catalytic performances seem to be due to a complex interplay of

Concerning the influence of the type of M metal, a  different material properties, such as structure, surface
comparative study for the materials Mo(xD)M-0.3 with the  chemistry and composition.
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Fig. 7 Dependency of Cy conversion at 1 h (A), 4 h (0) or 24 h (O) reaction, on the Mo/M ratio (EDS) of the Mo,M oxides with M = Ta (a), Nb (b) or

W (c). Reaction conditions: mole ratio TBHP: Cy = 1.5, 5.6 gcat molcy'l, 70 °C. Epoxide (CyO) selectivity was always 100%.
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Catalyst stability. The catalytic stability was studied for the
families of materials with the highest catalytic activities,
namely Mo(75D)M-0.3 and Mo(50D)M-24. These solids were
reused in consecutive batch runs (Fig. S12t), keeping
constant the initial mass ratio of Cy:TBHP:catalyst, and
characterized after use. In general, the olefin conversion
remained roughly comparable in consecutive runs, excluding
the materials with M = Ta which suffered partial drop of
activity (e.g., for Mo(50D)Ta-24, conversion at 4 h decreased
from 100% in run 1 to 75% in run 3; Fig. S12(a)7).

The characterisation studies of the used Mo,M catalysts
indicated that, in general, their structural (PXRD, Fig. S137)
and morphological features (electron microscopy, Fig. S14-
S17t), metal distributions (elemental mappings, Fig. S14 and
S157%), chemical compositions (Mo:M ratio, Fig. S18f) and
surface chemistry (ATR FT-IR (Fig. S197) and DR UV-vis (Fig.
S207t) spectroscopy) were essentially preserved. Exceptionally,
the MoO, hexagonal phase remained present in Mo(50D)Nb-
24-used, but not in Mo(50D)Ta-24-used (Fig. S13t), which
may be due to an interplay of several factors such as stability
issues. MoO, nanoparticles may be susceptible to partial
oxidation of interfacial Mo(wv) sites,”>°” and small variations
in the molybdenum valence may affect the physical
properties.®* Accordingly, differences in redox properties and
coordination features of Ta and Nb sites (discussed in the
literature for different coordination compounds of these
metals”®) may have implications on the stability of
immobilized MoO,.

Epoxidation of biobased FAMEs. Among the most
abundant fatty acids are the unsaturated C18 compounds
oleic, linoleic and linolenic acids (and respective esters).'*
Three of the best performing catalysts, namely Mo(75D)M-0.3
with M = Ta, Nb and W, were further explored for the
epoxidation of methyl oleate (MeOle) and methyl linoleate
(MeLin) as model substrates of FAMEs, at 70 °C (Scheme 1).
These materials effectively promoted the epoxidation of the
FAMEs (Fig. 8 and 9, Table 1), leading to conversions in the
range 84-95% and 97-100% for MeOle and MelLin,
respectively, at 24 h. The higher reactivity of MeLin than
MeOle (keeping constant the initial mole ratio of oxidant/
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Fig. 8 Epoxidation of methyl oleate (MeOle) with TBHP, at 70 °C, in
the presence of Mo(75D)M-0.3 with M = Ta (0), M = Nb (A) and M = W
(O): (a) kinetic profiles and (b) dependency of product selectivity on
conversion for the monoepoxide. Reaction conditions: mole ratio
TBHP : FAME = 1.5, 5.6 gcat Mmoleame * 70 °C.
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Fig. 9 (a) Kinetic profiles of methyl linoleate (MeLin) epoxidation, in

the presence of Mo(75D)M-0.3 with M = Ta (0), M = Nb (A) and M = W
(O), and (b-d) dependency of selectivity on conversion (monoepoxides
(0), diepoxides (O0) and furan type products (A)). Reaction conditions:
mole ratio TBHP : FAME = 2.5, 5.6 gcat moleame % 70 °C.

(C=C double bond)), parallels that reported in the literature
for Nb-silica catalysts (although for the latter, olefin
conversion tended to a plateau after ca. 1 h reaction at 90 °C
due to partial catalytic deactivation®®). Since MeLin is a
polyunsaturated olefin, its conversion may be faster (two
C=C double bonds are available) than of the monoene
MeOle. Moreover, it was proposed in the literature that
polyunsaturated FAMEs may be more reactive than
monounsaturated ones, due to possible electron-donating
effects of adjacent allyl groups (H,C=CH-CH,).""’

For each FAME, the initial catalytic activity (mmol g., * h™")
followed the order Nb (94 mmolyeore Eeac - ™' 132 MmMOlyserin
gca{l hil) > W (88 mmOIMeOIe gcat;l hfl; 119 I‘nrnOlMeLin gca{l
h™) > Ta (69 mmolyeole Zear - h™'; 96 MMOlyierin Zea - h7Y).
These results somewhat correlated with the Mo/M ratio which
decreased in the same order (Fig. 8 and 9, Table S1t), and
with decreasing specific surface area (222 m* ¢”* (M = Nb) >
104 m* g (M = W) > 78 m*> g ' (M = Ta), Table S2+). However,
the initial activities expressed per unit of surface area (mmol
m™ h™) followed a different trend: Nb (0.42 mmolyeoe m >
h™; 0.59 mmolyerin M2 h™) < W (0.85 mmolyeoe m> h™
1.14 mmolyerin m> h™) = Ta (0.88 mmolyeoe Mm% 1.23
mmolyerin m> h™"). Possibly, the catalytic activity may be partly
influenced by the density of active sites.

The MeOle reaction in the presence of Mo(75D)M-0.3 gave
mainly the epoxide product, methyl 9,10-epoxyoctadecanoate
(MeOleEp) (Scheme 1), formed in 96% selectivity at 84%
conversion for M = Ta, and 92-93% selectivity at 90-95%
conversion for M = Nb and W (Fig. 8, Table 1).

The reaction of MeLin gave mono- and diepoxides (Fig. 9,
Scheme 2). The monoepoxides were methyl 12,13-epoxy-9Z-

This journal is © The Royal Society of Chemistry 2024
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Table 1 Selected catalytic results of FAMEs EPO, in the presence of Mo(75D)M-0.3

Reaction conditions®

M FAME t/h Conv.? (%) Product® Select.? (%) Yield? (%)
Ta MeOle 6 67 MeOleEp 98 66
24 84 96 81
Nb 6 83 MeOleEp 94 78
24 95 92 87
w 6 78 MeOleEp 100 78
24 90 93 84
Ta MeLin 6 86 MeLinEp 70 60
MeLinDiEp 30 26
CFur 0 0
24 97 MeLinEp 40 39
MeLinDiEp 45 44
CFur 15 15
Nb 6 93 MeLinEp 45 42
MeLinDiEp 35 33
CFur 20 19
24 100 MeLinEp 18 18
MeLinDiEp 30 30
CFur 52 52
w 6 91 MeLinEp 64 58
MeLinDiEp 35 32
CFur 1 1
24 97 MeLinEp 40 39
MeLinDiEp 48 47
CFur 12 12
Nb* 6 93 MeLinEp 20° 20°
MeLinDiEp 61° 61°
CFur 19° 19°
24 100 MeLinEp 8¢ 8¢
MeLinDiEp 64° 64°
CFur 28° 28°

“ Reaction conditions: mole ratio TBHP: FAME = 1.5 for MeOle or 2.5 for MeLin, 5.6 gca Molpamg ', 70 °C. b Olefin conversion at the specified
reaction time (¢). * MeOleEp = methyl 9,10-epoxyoctadecanoate, MeLinEp = methyl 9,10-epoxy-12-octadecenoate and methyl 12,13-epoxy-9-
octadecenoate, MeLinDiEp = methyl 9,10-12,13-diepoxyoctadecanoate, CFur = furan type cyclic products. ¢ Selectivity or yield of products, at 6

h/24 h. ¢ Reaction performed at 90 °C.

octadecanoate and methyl 9,10-epoxy-12Z-octadecanoate
(MeLinEp), and the diepoxides were diastereoisomers of
methyl 9,10,12,13-diepoxy-octadecanoate (MeLinDiEp). The
selectivity to the total epoxides (MeLinEp plus MeLinDiEp) at
6 h/24 h reaction was 99%/88% at 91%/97% conversion for
M = W; 100%/85% at 86%/97% conversion for M = Ta; and
80%/48% at 93%/100% conversion for M = Nb.

For the three catalysts with MeLin, the monoepoxides
were formed in approximately equimolar amounts (negligible
regioselectivity), suggesting that the two C=C double bonds
are similarly reactive. The kinetic profiles suggest that the
monoepoxides are intermediates of the conversion of MeLin
to diepoxides (Scheme 2). The latter are converted to (cyclic)
furan type products (CFur), namely methyl 10,13-dihydroxy-
9,12-epoxy-octadecanoate and methyl 9,12-dihydroxy-10,13-
epoxy-octadecanoate. According to the literature, these furan
type products may be formed via acid-catalyzed ring opening
of one epoxide group (giving diol intermediates) and
subsequent cyclisation involving the other epoxide
group.’>'°11%2 However, diol intermediates were not detected
in measurable amounts under these conditions, suggesting
that their cyclisation may be relatively fast.

This journal is © The Royal Society of Chemistry 2024

For Mo(75D)Ta-0.3 and Mo(75D)W-0.3, the product
distributions at 24 h were very similar: at 97% MeLin
conversion, the selectivities were 40% MeLinEp, 45-48%
MeLinDiEp and 12-15% CFur (Fig. 9, Table 1). The Mo(75D)
Nb-0.3 catalyst led to higher CFur selectivity; 52% selectivity,
compared to 18% and 30% selectivity to mono and diepoxides,
respectively, at 100% conversion, 24 h. Although the latter
material possessed higher Sgpr, which may be favorable for
the adsorption of intermediates and corresponding
consecutive reactions, this does not seem to be the sole factor
influencing the products distribution because no direct
correlation between Sger and the product distributions (for the
different materials) could be established. The differences in
product distributions may be partly associated with differences
in structure/electronic properties of the materials' active sites
(suggested by the characterization studies). On the other hand,
water (TBHP may contain up to 4 wt% water) may interact with
metal sites and induce the formation of Bregnsted acidity,'®
which may contribute to epoxide ring opening reactions.
Moreover, according to the literature, in situ water adsorption
may affect the coordination number and oxidation state of
molybdenum.”*

Catal. Sci. Technol,, 2024, 14, 646-659 | 655
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Scheme 2 Conversion of methyl linoleate (MelLin) in the presence of
Mo(75D)M-0.3 (M = W, Nb and Ta), leading to epoxides and furan type
products.

Increasing the MeLin reaction temperature from 70 to 90
°C in the presence of Mo(75D)Nb-0.3, led to higher initial
activity (increased from 132 to 170 mmolyerin 8eac * h™') and
the reaction was complete within 4 h (Fig. S217). Moreover,
the ratio of diepoxides/monoepoxides was enhanced (i.e.,
MeLinDiEp/MeLinEp = 64%/8%, at 24 h), as well as the ratio
of (total epoxides)/CFur, (72%/28%). According to the above
mechanistic considerations (conversion of epoxide to CFur
via the intermediate formation of diol), the presence of water
(which was added together with the oxidant) may cause
epoxide ring opening. Possibly, at the higher reaction
temperature, competitive adsorption effects may be
unfavourable for water adsorption, avoiding consecutive
reactions.

To gain further insights into the influence of water on the
products distributions, the following catalytic tests were
carried out for MeLin conversion, in the presence of Mo(75D)
Nb-0.3, at 70 °C (Fig. S217): (i) adding (dehydrated) molecular
sieves to the reaction mixture (to reduce the water content in
the liquid bulk); and (ii) adding water to the catalytic reaction
mixture (ca. 35 wt% relative to the initial mass of MeLin). For
test (i), CFur yield was lower (20% at 24 h) than for the
normal catalytic test (52%), and MeLinDiEp yield was higher
(57% MeLinDiEp yield at 24 h, compared to 30% for the
normal catalytic test). Hence the removal of water enhanced
diepoxides yields and was unfavorable for CFur formation.
This was further confirmed by test (ii) which gave mainly
CFur (87%/98% yield at 24 h/48 h), and MeLinDiEp was not
formed in measurable amounts. In parallel to that verified
for test (ii), the addition of water to the reaction of MeLin at
90 °C led to faster formation of CFur (88%/98% yield at 6 h/
24 h, compared to 29%/55% at 24 h/48 h for the normal
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catalytic test at 90 °C) (Fig. S21f). Water may react with
epoxides leading to ring-opening and formation of diol
intermediates, and, as discussed above, the latter may
undergo fast cyclisation to CFur.

To the best of our knowledge, these are the first Mo,M
oxides (M = W, Nb or Ta) reported as catalysts for the target
reactions. A literature survey for Mo-containing silica/silicates
tested in the epoxidation of MeOle or MeLin, indicated two
previous studies.’®'% Gao et al.'®® reported the epoxidation
of MeOle with H,0,, in the presence of molybdenum
supported on the external surface of TS-1, which led to ca.
65% MeOleEp selectivity at ca. 52% conversion, 80 °C, 12 h;
e.g., Mo(75D)M-0.3 led to 100% MeOleEp selectivity at 78%
conversion, 70 °C, 6 h (Table 1). In a different study,
molybdenum containing mesoporous silica of the type TUD-1
led to 100% MeOleEp selectivity at 89% MeOle conversion,
using TBHP as oxidant at 70 °C, 24 h.'®* The two literature
studies reported deactivation of the silica-based catalysts.

A literature survey covering fully inorganic heterogeneous
catalysts possessing different transition metals or oxide
supports, tested for the target reactions is presented in Table
S3.f There are few literature studies, and they are mostly
focused on titanium-containing silicas/silicates. With MeOle
as substrate, the results for Mo(75D)M-0.3 (entries 1-3)
compared favorably to those reported for other catalysts. The
highest epoxide yield was reported for MoO;-Al,0;, albeit at
a higher reaction temperature of 115 °C (99% MeOleEp yield)
and catalytic stability was not reported (entry 4)."°° Ti-SiO,
and Ti-MCM-41 led to 86% at 24 h and >95% at 12 h,
respectively, at 90 °C (entries 7, 11), but catalytic stability was
also not reported.'”” With MeLin as substrate, the yields of
total epoxide products for the Mo(75D)M-0.3 catalysts were
intermediate (entry 15) of those reported for Ti-silicas, albeit
the catalytic stability was not reported.'®”*%%

Conclusions

The challenge of developing selective, stable epoxidation
solid catalysts for epoxidation (EPO) of relatively bulky olefins
with relatively bulky tert-butylhydroperoxide under mild
conditions, was studied by developing nanocatalysts
consisting of Mo,M oxides (namely, Mo(xD)M-t and Mo(xP)M-
t with M = Ta, Nb or W). The catalysts were synthesized via
versatile solvothermal methodology, simply using the desired
metals precursors and (biodegradable) acetophenone. In
order to meet superior catalytic performances, the material
synthesis conditions were optimised, namely, the type (D or
P) and amount (x) of molybdenum precursor, type of M
metal, and synthesis time (¢ = 0.3 or 24 h). The obtained Mo,
M oxides possessed Mo/M ratios in the range 0.01-0.97,
specific surface areas in the range 54-402 m”> g™' and
different structural features. Catalytic screening tests
(cis-cyclooctene model reaction) indicated that EPO activity
and epoxide yields can be enhanced by: (i) using MoO,Cl, (D)
as Mo precursor instead of MoCls (P), (ii) increasing the mole
ratio (Mo/M)sy, of the synthesis mixture, and/or (iii)

This journal is © The Royal Society of Chemistry 2024
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increasing the synthesis time. Importantly, the -catalysts
Mo(75D)M-0.3 and Mo(50D)M-24 with M = Nb, W were the
most stable.

The Mo(75D)M-0.3 nanocatalysts effectively promoted the
EPO of relatively bulky biobased fatty acid methyl esters
(methyl oleate, methyl linoleate) with TBHP; e.g., Mo(75D)M-
0.3 led to 92-96% epoxide selectivity at 84-95% methyl
oleate conversion. To the best of our knowledge, these are
the first Mo,M-mixed oxides reported for the target FAMEs
reactions.

The simple and versatile material synthesis methodology
can be further explored to prepare multifunctional catalysts,
e.g., for integrated acid-oxidation reaction systems. Moreover,
these nanomaterials may be interesting for preparing
formulated or composite materials for diverse applications.
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