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Abstract: Olefin epoxidation is an important transformation for the chemical valorization of olefins,
which may derive from renewable sources or domestic/industrial waste. Different post-synthesis
strategies were employed to introduce molybdenum species into mesostructured and hierarchical
micro-mesoporous catalysts of the type TUD-1 and BEA, respectively, to confer epoxidation activity
for the conversion of relatively bulky olefins (e.g., biobased methyl oleate, DL-limonene) to epoxide
products, using tert-butyl hydroperoxide as an oxidant. The influences of (i) the type of metal
precursor, (ii) type of post-synthesis impregnation method, (iii) type of support and (iv) top-down
versus bottom-up synthesis methodologies were studied to achieve superior catalytic performances.
Higher epoxidation activity was achieved for a material prepared via (post-synthesis) incipient
wetness impregnation of MoO2(acac)2 (acac = acetylacetonate) on (pre-treated) siliceous TUD-1
and calcination; for example, methyl oleate was converted to the corresponding epoxide with 100%
selectivity at 89% conversion (70 ◦C). Catalytic and solid-state characterization studies were conducted
to shed light on material stability phenomena.

Keywords: catalytic epoxidation; olefins; porous materials; hierarchical zeolite; ordered mesoporous
silica; molybdenum

1. Introduction

The epoxidation of olefins to epoxides is an important chemical transformation car-
ried out in the industrial manufacturing of worldwide consumer goods such as, plastics,
detergents, solvents, clothing, antifreeze, perfumes, drugs, etc. Olefins may derive from
renewable sources of organic carbon [1] or domestic/industrial waste (e.g., used cooking
oils, citrus residues, biorefinery byproducts), and thus their valorization via epoxidation
processes may contribute to a sustainable biobased/circular economy.

The use of adequate catalysts, preferably heterogeneous ones, in olefin epoxidation
processes is important to achieve high productivity. The requirements to be put on solid
catalysts depend on several factors including the characteristics of the reactants. The
most common olefins used for producing consumer products are the (fossil fuel-derived)
commodity chemicals ethene and propene, which are very small molecules. However,
olefins derived from biomass components include a larger set of relatively bulky molecules,
such as unsaturated terpenes and fatty acids derived from vegetable oils. Hence, catalysts
possessing high specific surface area and mesoporosity may facilitate the accessibility of
the reactants to the active sites, enhancing the overall productivity. Regarding the type of
oxidant, hydroperoxides such as hydrogen peroxide (H2O2) and tert-butyl hydroperoxide
(TBHP) are preferred because they are readily available and relatively ecofriendly, as their
coproducts are water and tert-butanol (which may be repurposed), respectively. These
types of oxidants are used industrially, e.g., for the catalytic epoxidation of propene [2].
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Whereas TBHP is commercialized in the form of concentrated aqueous or organic solutions,
H2O2 is commercialized as less concentrated aqueous solutions because of its considerable
instability and poorer solubility in organic media [3–6]. Hence, the use of TBHP may allow
to reach high oxidant consumption efficiency (i.e., minimal unproductive decomposition
of the oxidant). Moreover, avoiding excess water (added together with the oxidant) in
the reaction media may prevent (i) competitive interactions between the reactants (olefin,
oxidant) and water at the active sites, (ii) formation of biphasic liquid–liquid mixtures
(which may suffer mass transfer limitations), and (iii) side reactions such as epoxide ring-
opening via hydrolysis. Furthermore, H2O2 may also affect the catalyst stability, as opposed
to TBHP [7,8].

Molybdenum-based catalysts are known to be effective for liquid phase olefin epox-
idation with hydroperoxide oxygen donors. Hence, several types of molybdenum solid
catalysts have been developed, such as carbon-based materials (e.g., graphene oxide),
organic polymers, hybrids (e.g., metal–organic frameworks), metal oxides or mixed metal
oxides (e.g., silica, zirconia, titania, alumina, clays), etc. [9,10]. Fully inorganic catalysts
seem attractive in that they may possess relatively high thermal and chemical stabilities
compared with carbon-containing catalysts (e.g., the latter may chemically degrade in
oxidizing media, thermally decompose during calcination to regenerate the thoroughly
used catalyst, etc.). Yet, important challenges such as catalyst deactivation phenomena (e.g.,
metal leaching) and/or poorer catalytic activity of the solid catalysts compared with their
homogeneous counterparts, continue to drive scientific research in this field to develop
more efficient heterogeneous epoxidation catalysts [7,11–18].

Regarding fully inorganic porous materials, ordered mesoporous silicas and zeolites
(crystalline aluminosilicates used in oil refining and petrochemical processes for decades)
are relatively robust, versatile and possess high specific surface area. Specifically, ordered
mesoporous silica/silicates of the type TUD-1 are attractive in that they are hydrothermally
synthesized via (green) non-surfactant routes (as opposed to e.g., MCM-41), and do not re-
quire relatively expensive polymeric organic templates (e.g., Pluronic P123 triblock copoly-
mer used for synthesizing SBA-15) [19,20]. According to the literature, Mo-containing
TUD-1 (Si/Mo = 100) prepared via hydrothermal synthesis using the polynuclear molyb-
denum precursor (NH4)6Mo7O24 catalyzed the epoxidation of cyclohexene with TBHP,
although with limited stability [13]. More recently, molybdena doped titania was supported
on TUD-1 silica and aluminosilicate supports, and tested for olefin epoxidation with H2O2;
catalyst stability was not addressed [21,22].

Zeolites are microporous materials, but they may be modified to introduce mesoporos-
ity, resulting in hierarchical micro-mesoporous zeotypes. Literature studies suggested that
the large pore BEA topology may be more effective for olefin epoxidation with TBHP than
the medium pore MFI topology, partly due to the more limited micropore sizes of the lat-
ter [23–25]. On the other hand, a literature study indicated that molybdenum impregnated
on siliceous BEA (using MoCl5 in dichloromethane) was unstable in the presence of H2O2
(not explored as catalyst) [7]. Niederer and Hölderich [17] prepared Mo-containing BEA
via gas phase isomorphous substitution for olefin epoxidation with TBHP; this catalyst
synthesis strategy involved the pre-synthesis of boron-containing BEA, followed by the
introduction of MoOCl3 at a high temperature of 240 ◦C. To the best of our knowledge, no
olefin epoxidation studies are reported in the literature for Mo-containing intracrystalline
hierarchical BEA zeotypes.

In this work, fully inorganic molybdenum-containing catalysts possessing mesoporos-
ity were investigated for the liquid phase epoxidation of relatively bulky olefins, using
TBHP as oxidant (Figure 1). Specifically, the catalytic supports were (pre-treated) TUD-1
and a hierarchical micro/mesoporous BEA zeotype (hierBEA). These materials were fur-
nished with molybdenum sites via post-synthesis strategies, which may allow better control
over the metal loading in relation to, for example, the sol-gel method (not all metal in the
synthesis gel may be incorporated into the final material). Post-synthesis strategies which
avoid the use of solvents or that require minimal amounts of solvent, are economically and
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environmentally attractive, which is the case of incipient wetness impregnation (IWI) and
solid-state impregnation (SSI) used in the present study. The type of molybdenum precur-
sor is another important factor. In this respect, non-halide precursors may be preferable to
halide-containing ones to avoid the formation of halogenated byproducts and toxic waste,
and contaminations of the catalyst. On the other hand, mononuclear molybdenum precur-
sors may be preferable to polynuclear ones for achieving uniform metal distributions [15].
Hence, the following non-halide precursors were chosen: mononuclear MoO2(acac)2 and
(NH4)2MoO4, and, for comparison, the polynuclear precursor (NH4)6Mo7O24. The pre-
pared materials promoted the epoxidation of relatively bulky C8 olefins (cis-cyclooctene,
1-octene, trans-2-octene) and biobased olefins (methyl oleate, DL-limonene), leading to
relatively high epoxide yields at 70 ◦C. The post-synthesis strategy led to higher activity
than the sol-gel method (TUD-1 family), and, on the other hand, the type of post-synthesis
impregnation method (SSI versus IWI), type of support (TUD-1 versus BEA) and molybde-
num precursor influenced the catalytic activity. Higher epoxidation activity was reached for
Mo-TUD(IWI-acac) prepared via IWI of MoO2(acac)2 on pre-treated TUD-1 and calcination;
for example, methyl oleate was converted to the corresponding epoxide in 100% selectivity
at 89% conversion (70 ◦C). Catalytic and solid-state characterization studies shed light on
the material stability aspects.
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Figure 1. Chemical valorization of olefins to epoxides using fully inorganic silicate catalysts possess-
ing mesoporosity, prepared via top-down strategies.

2. Results and Discussion
2.1. Characterization of the Materials
2.1.1. Ordered Mesoporous TUD-1 Type Materials

The Mo-containing TUD-1(IWI) type materials were prepared via pretreatment of
(pre-made) siliceous TUD-1 (giving TUD-1(PT)), followed by incipient wetness impreg-
nation (IWI) and calcination, using the metal precursors MoO2(acac)2 (denoted acac),
(NH4)2MoO4 (denoted amm) and (NH4)6Mo7O24 (denoted ahm), which gave Mo-TUD(IWI-
acac), Mo-TUD(IWI-amm) and Mo-TUD(IWI-ahm), respectively. For comparison with the
IWI method, Mo-TUD(SSI-acac) was prepared via solid-state impregnation (SSI) of the
precursor acac (keeping the Mo loading constant).

The pretreated TUD-1 possessed an enhanced concentration of silanol groups (in-
creased from 0.79 mmolSiOH g−1 for TUD-1 to 1.85 mmolSiOH g−1 for TUD-1(PT), based on
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TGA), which may advantageously enhance the surface reactivity in the IWI process. No-
tably, for a 2 wt% Mo loading (0.21 mmolMo g−1), 1.85 mmolSiOH gTUD-1(PT)

−1 corresponds
to an available molar ratio SiOH/Mo of ca. 9. With the impregnation of molybdenum,
SiOH/Mo decreased to less than unity. Since the IWI and SSI methodologies do not require
downstream filtration and/or material washing processes, the amount of molybdenum
added to the support (0.21 mmolMo g−1, Si/Mo ∼= 70) may be totally retained in the
final materials.

For comparison with the post-synthesis strategies, Mo-TUD-1(HT) was hydrother-
mally synthesized (under static conditions) from a synthesis mixture possessing Si/Mo = 70.
However, the final material possessed Si/Mo = 149 (0.08 mmolMo g−1, based on ICP-
OES), suggesting that a significant fraction of molybdenum was not incorporated in the
final material.

The PXRD patterns of all TUD-1 type materials showed a very broad peak in the range
18–30◦ 2θ associated with amorphous silica, in agreement with the literature for TUD-1
type materials (Figure 2 and Figure S1a) [19]. A peak centered at ca. 3.5–4◦ 2θ may be
attributed to the mesostructured, three-dimensional sponge-like pore system of these types
of materials [19]. Molybdenum oxide (bulk MoO3) exhibited sharp reflections (reference
code: 04-015-7146) which were not verified for the molybdenum-containing TUD-1 type
materials. Hence, the latter did not possess a crystalline MoO3 phase.
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Figure 2. PXRD patterns of the prepared materials and, for comparison, bulk MoO3.

The SEM images showed micron-size particles of irregular morphology, and the ele-
mental mappings showed uniform Mo and Si distributions (exemplified for Mo-TUD(IWI-
acac) and Mo-TUD(HT) in Figure 3a,b).

All TUD-1 type materials exhibited type IV N2 sorption isotherms, with a hysteresis
loop (Figure 4a and Figure S1b) characteristic of mesoporous materials [26,27]. The specific
surface areas were in the range 318–485 m2 g−1 (Table 1) and the pore size distribution
curves presented a maximum in the range 8.2–8.5 nm, excluding Mo-TUD(HT) which pos-
sessed larger mesopores (ca. 18.3 nm) (inset of Figure 4a and Figure S1b). The incorporation
of molybdenum via IWI or SSI led to a reduction of SBET, especially for Mo-TUD(IWI-ahm)
which was prepared using the polynuclear precursor (NH4)6Mo7O24 (denoted ahm) and
for Mo-TUD(SSI-acac) prepared via SSI.
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The insets show the respective pore size distributions (with matching colors).



Catalysts 2022, 12, 1513 6 of 22

Table 1. Composition and textural properties of the prepared materials.

Sample Mo 1

(mmolMo g−1)
SBET

2

(m2 g−1)
Vp

3

(cm3 g−1)
Dp

4

(nm)

TUD-1 - 471 1.23 8.5
TUD-1(PT) - 485 1.24 8.5
Mo-TUD(IWI-acac) 0.21 355 1.19 8.2
Mo-TUD(IWI-amm) 0.21 398 1.08 8.5
Mo-TUD(IWI-ahm) 0.21 322 0.99 8.2
Mo-TUD(SSI-acac) 0.21 318 0.74 8.2
Mo-TUD(HT) 0.08 5 418 2.15 18.3
hierBEA 6 - 759 (468) 6 0.73 (0.12) 6 2.5–5 6

Mo-hierBEA 0.21 532 (427) 0.61 (0.05) 2.5–5
1 Mo loading of the material. 2 For the TUD-1 family, SBET coincides with the mesopore surface area; for the
BEA family, the mesopore surface area is indicated in parenthesis. 3 For TUD-1 type materials, the total pore
volume (Vp) equals the mesopore volume (i.e., the materials do not possess measurable micropore volume); for
BEA type materials, Vp is the sum of micro- and mesopore volume (the micropore volume (Vmicro) is indicated in
parenthesis). 4 Mesopore size range (2–50 nm); the BEA materials also exhibited a micropore size distribution.
5 Based on ICP-OES (Si/Mo = 149). 6 Data reported in reference [28].

The materials with and without molybdenum exhibited similar ATR FT-IR spectra,
which were different from that of bulk MoO3 (Figure 5a). The silicates essentially exhibited
bands associated with (i) surface silanol groups or Si-O polarized by the transition metal (Si-
O bond stretching at ca. 970 cm−1), and (ii) the siloxane framework (Si-O rocking vibration
(ca. 440 cm−1); symmetric (ca. 797 cm−1) and asymmetric (ca. 1060 cm−1) vibrations of Si-
O-Si bonds) [29–32]. Other bands associated with Mo species were not clearly distinguished
due to the predominating IR bands associated with the siliceous support.
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The diffuse reflectance UV-Vis (DR UV-vis) spectrum of TUD-1(PT) was featureless,
whereas the molybdenum-containing materials exhibited overlapping bands centered at
ca. 215, 250 and 300 nm (Figure 6). The bands up to 250 nm may be due to isolated
(mononuclear) molybdenum species, such as tetracoordinated monooxo- (Mo(=O)) and/or
dioxomolybdenum (Mo(=O)2) sites [33–36]. A shoulder at ca. 300 nm, may be due to
the presence of some molybdenum species possessing Mo-O-Mo groups [33,35,36]. Bulk
MoO3 exhibited a main broad band centered at ca. 354 nm, in agreement with literature
data [33–38], which was very different from the spectra of the TUD-1 type materials.
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Figure 7 shows the Raman spectra of the TUD-1 type materials and, for comparison,
the results for bulk MoO3 are included. Bulk MoO3 exhibits an intense band at ca. 820 cm−1

(assignable to νOMo2), and weaker bands at ca. 663 cm−1 (assignable to νOMo3 [39,40])
and 995 cm−1 (stretching mode of terminal Mo=O groups [39]), in agreement with literature
data [7,41]. The Raman spectrum of TUD-1(PT) was featureless, which may be partly due
to strong fluorescence. The spectra of Mo-TUD(IWI-acac) and Mo-TUD(IWI-amm) were
similar, as well as those of Mo-TUD(IWI-ahm) and Mo-TUD(HT), although the two sets
of materials exhibited different spectral features. Mo-TUD(IWI-ahm) and Mo-TUD(HT)
exhibited a band at ca. 820 cm−1 and weak bands at ca. 660–670 cm−1 and 982–989 cm−1,
which (by comparison with bulk MoO3) are assignable to higher nuclearity molybdenum
species [13,42]. Since PXRD did not show any peaks of crystalline molybdenum oxide
phases, the supported higher nuclearity molybdenum species may be very small enti-
ties, e.g., dinuclear species or clusters. On the other hand, for Mo-TUD(IWI-amm) and
Mo-TUD(IWI-acac), the Raman bands associated with bulk MoO3 were not clearly distin-
guished, suggesting that these materials possess relatively low nuclearity Mo species. The
overlapping bands in the range ca. 950–965 cm−1 of the TUD-1 type materials, may include
a band at ca. 958 cm−1 assignable to the stretching mode of terminal Mo=O groups, with a
possible contribution of Si-O stretching of defect sites containing molybdenum [16]. Overall,
the materials may possess both mono- and polynuclear Mo species, but Mo-TUD(IWI-acac)
and Mo-TUD(IWI-amm) seem to essentially possess relatively low nuclearity Mo species.
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2.1.2. Hierarchical Micro-Mesoporous BEA Zeotype

The preparation and characterization of hierarchical micro-mesoporous hierBEA zeo-
type has already been reported by some of us [28]. Specifically, hierBEA was prepared via
a top-down strategy involving desilication to form mesopores and dealumination to form
reactive silanol nests for bonding transition metals to the framework [28]. The zeotype was
essentially siliceous (Si/Al molar ratio = 697), microcrystalline, possessing both microp-
orosity (Smicro = 291 m2 g−1; Vmicro = 0.12 cm3 g−1) and mesoporosity (Smeso = 468 m2 g−1),
and had no measurable Lewis or Brønsted acidity [28]. In the present work, hierBEA was
subjected to solid state impregnation (SSI) of MoO2(acac)2 (denoted acac) and calcination,
giving Mo-hierBEA. Since no wash/filtration steps were applied after SSI, the amount of
molybdenum that was introduced during SSI (0.21 mmolMo g−1, Si/Mo ∼= 70) may remain
in the final material.

The PXRD pattern of Mo-hierBEA showed the characteristic reflection peaks of isomor-
phic forms of zeolite Beta (main peaks at ca. 6.5–9 and 22.5◦ 2θ, Figure 2), in agreement with
those reported for hierBEA [28,43–45]; no peaks associated with other crystalline phases
appeared. Hence, the BEA topology was essentially preserved during SSI/calcination,
and did not possess Mo-containing crystallites. Elemental mappings showed uniformly
distributed molybdenum (Figure 3c). The N2 sorption isotherm of Mo-hierBEA was of
type IV with a hysteresis loop associated with the mesoporosity (Figure 4b), similar to
that reported for hierBEA [28]. Consistently, the pore size distributions of Mo-hierBEA
included micropores (0.55–0.78 nm associated with the BEA topology; and 1.3–1.9 nm,
which may correspond to larger pores formed via desilication) and mesopores (2.5–5 nm)
(Figure 4b (inset), Table 1). The SSI process led essentially to a reduction of micropore
surface area (Table 1), suggesting that at least a fraction of the Mo sites may be located
inside micropores.

The ATR FT-IR spectra of Mo-hierBEA and hierBEA were similar, suggesting that
the surface chemistry was preserved during SSI/calcination (Figure 5b). A very weak
shoulder at ca. 925 cm−1 may be due to surface oxomolybdenum sites (e.g., of tetrahedral
{MoO4} species) and/or Mo-O-Si bonds [46]. The DR UV-vis spectrum of the support
hierBEA was featureless, whereas Mo-hierBEA exhibited overlapping bands at ca. 205,
250 and 300 nm (Figure 6), somewhat in parallel to that discussed above for the TUD-1
type materials. The Raman spectra of Mo-hierBEA and hierBEA were comparable, but the
main difference was the appearance of a band at 958 cm−1 for Mo-hierBEA, which did not
appear for hierBEA (Figure 7). According to the literature, this band may be associated
with well dispersed molybdenum species [39] and/or Si–O stretching of SiOH . . . OMo
defective sites [16]. The spectral range 330–500 cm−1 may have contributions from the
O-Mo-O bending mode of surface Mo sites [13,41], and the band at 976 cm−1 may have a
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contribution from the stretching mode of the dioxomolybdenum moiety (Mo(=O)2) of (Si-
O)2Mo(=O)2 type sites [7,13,16,41]. The bands associated with bulk MoO3 were not clearly
distinguished in the spectrum of Mo-hierBEA, supporting that this material possessed a
relatively uniform distribution of molybdenum species.

2.2. Catalytic Studies
2.2.1. General Considerations

The TUD-1 type materials and the hierarchical zeotype Mo-hierBEA were first tested
for the model reaction of cis-cyclooctene (Cy8) with TBHP (in decane), using α,α,α-
trifluorotoluene (TFT) as a solvent, at 70 ◦C. Cyclooctene oxide (Cy8O) was the only
product (100% selectivity) formed in quantitative yield within a 4–24 h reaction, depending
on the type of catalyst and its preparation method. An exception was Mo-TUD(HT), for
which quantitative epoxide yield was not reached within 24 h (although Cy8 selectivity was
100%). The carbon balances (based on the amount of olefin consumed and the amount of
epoxide formed) closed in 100%. Without a catalyst, the Cy8 reaction was very sluggish (5%
conversion at 24 h). Iodometric titrations (details in the experimental section) indicated that,
in the presence of the molybdenum-containing catalysts, TBHP was efficiently consumed
for olefin epoxidation, and no significant non-productive decomposition of TBHP (to O2
plus tert-butanol) occurred.

Alternative oxidant solutions were tested, namely, aqueous solutions of TBHP (TBH-
Paq) and H2O2. With these oxidant solutions, acetonitrile was used as solvent to avoid the
formation of triphasic solid (catalyst)-liquid (aqueous)-liquid (organic) mixtures, which may
suffer from severe mass transfer limitations. The use of TBHPaq or H2O2 had a detrimental
effect on the catalytic reaction; e.g., for Mo-TUD(IWI-acac), Mo-hierBEA and Mo-TUD(HT),
Cy8 conversion was less than 30% (100% Cy8O selectivity) at 4 h/70 ◦C (Figure 8). These
results may be due to an interplay of several factors such as competitive sorption effects of
the reactants versus water to the catalyst surface and/or in the coordination to the active
sites. According to mechanistic studies reported in the literature, Mo-catalyzed epoxidation
of olefins with hydroperoxide oxidants is generally a heterolytic mechanism where the
oxidant molecules (Lewis base) coordinate to the metal center (Lewis acid), forming an
oxidizing transition state responsible for (electrophilic) oxygen atom transfer to the olefin,
finally giving the epoxide product plus the coproduct of the oxidant (i.e., tert-butanol for
TBHP) [47–51]. Accordingly, water may have an inhibitory effect on the Lewis acid–base
interactions. On the other hand, H2O2 may affect the catalyst stability [7].
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Based on the above results, the performances of the prepared catalysts were further
studied using the organic solution of TBHP.

2.2.2. Mo-TUD(IWI) Type Catalysts

The Cy8/TBHP reaction in the presence of the Mo-TUD(IWI) type catalysts gave
Cy8O as the only product (100% selectivity). Although these materials possessed the same
Mo loading (Table 1), the reaction kinetics was different (Figure 9). The initial activity
followed the order, Mo-TUD(IWI-acac) (255 mmolCy8 gcat

−1 h−1) > Mo-TUD(IWI-amm)
(182 mmolCy8 gcat

−1 h−1) >> Mo-TUD(IWI-ahm) (79 mmolCy8 gcat
−1 h−1), and quantitative

epoxide yield was reached at 4 h, 6 h and 24 h for Mo-TUD(IWI-acac), Mo-TUD(IWI-
amm) and Mo-TUD(IWI-ahm), respectively. Based on the characterization studies, the
Mo-TUD(IWI) materials may possess different distributions (type, concentration) of surface
Mo species, which may partly explain the differences in activity; chemically different types
of Mo sites may possess different intrinsic activities, affecting the catalytic performance. For
example, based on the Raman studies, the least active catalyst Mo-TUD(IWI-ahm) seemed
to possess relatively high nuclearity Mo species, which may have lower intrinsic activity.
Somewhat supporting this hypothesis, a catalytic test using bulk MoO3 as a catalyst led to
14%/37% conversion (100% Cy8O selectivity) at 6 h/24 h, 70 ◦C, which was much poorer
than that for the Mo-TUD(IWI) type catalysts under similar reaction conditions (Figure 10).

Catalysts 2022, 12, x FOR PEER REVIEW 10 of 23 
 

 

Figure 8. Influence of the type of oxidant solution on catalytic epoxidation of cis-cyclooctene (Cy8), 
at 70 °C (4 h), using the oxidant/solvent systems: TBHP in decane/TFT (dotted bars); TBHP in 
water/CH3CN (black bars); H2O2 in water/CH3CN (diagonally-striped bars). Epoxide selectivity was 
always 100%. 

2.2.2. Mo-TUD(IWI) Type Catalysts 
The Cy8/TBHP reaction in the presence of the Mo-TUD(IWI) type catalysts gave 

Cy8O as the only product (100% selectivity). Although these materials possessed the same 
Mo loading (Table 1), the reaction kinetics was different (Figure 9). The initial activity 
followed the order, Mo-TUD(IWI-acac) (255 mmolCy8 gcat−1 h−1) > Mo-TUD(IWI-amm) (182 
mmolCy8 gcat−1 h−1) >> Mo-TUD(IWI-ahm) (79 mmolCy8 gcat−1 h−1), and quantitative epoxide 
yield was reached at 4 h, 6 h and 24 h for Mo-TUD(IWI-acac), Mo-TUD(IWI-amm) and 
Mo-TUD(IWI-ahm), respectively. Based on the characterization studies, the Mo-TUD(IWI) 
materials may possess different distributions (type, concentration) of surface Mo species, 
which may partly explain the differences in activity; chemically different types of Mo sites 
may possess different intrinsic activities, affecting the catalytic performance. For example, 
based on the Raman studies, the least active catalyst Mo-TUD(IWI-ahm) seemed to 
possess relatively high nuclearity Mo species, which may have lower intrinsic activity. 
Somewhat supporting this hypothesis, a catalytic test using bulk MoO3 as a catalyst led to 
14%/37% conversion (100% Cy8O selectivity) at 6 h/24 h, 70 °C, which was much poorer 
than that for the Mo-TUD(IWI) type catalysts under similar reaction conditions (Figure 
10). 

 
Figure 9. Kinetic profiles of the Cy8/TBHP reaction, in the presence of Mo-TUD(IWI-acac) (●), Mo-
TUD(IWI-amm) (∎), Mo-TUD(IWI-ahm) (▲), Mo-TUD(HT) (♦), or Mo-hierBEA (+), at 70 °C. 
Epoxide selectivity was always 100%. 

Figure 9. Kinetic profiles of the Cy8/TBHP reaction, in the presence of Mo-TUD(IWI-acac) (•),
Mo-TUD(IWI-amm) (

Catalysts 2022, 12, x FOR PEER REVIEW 10 of 23 
 

 

Figure 8. Influence of the type of oxidant solution on catalytic epoxidation of cis-cyclooctene (Cy8), 
at 70 °C (4 h), using the oxidant/solvent systems: TBHP in decane/TFT (dotted bars); TBHP in 
water/CH3CN (black bars); H2O2 in water/CH3CN (diagonally-striped bars). Epoxide selectivity was 
always 100%. 

2.2.2. Mo-TUD(IWI) Type Catalysts 
The Cy8/TBHP reaction in the presence of the Mo-TUD(IWI) type catalysts gave 

Cy8O as the only product (100% selectivity). Although these materials possessed the same 
Mo loading (Table 1), the reaction kinetics was different (Figure 9). The initial activity 
followed the order, Mo-TUD(IWI-acac) (255 mmolCy8 gcat−1 h−1) > Mo-TUD(IWI-amm) (182 
mmolCy8 gcat−1 h−1) >> Mo-TUD(IWI-ahm) (79 mmolCy8 gcat−1 h−1), and quantitative epoxide 
yield was reached at 4 h, 6 h and 24 h for Mo-TUD(IWI-acac), Mo-TUD(IWI-amm) and 
Mo-TUD(IWI-ahm), respectively. Based on the characterization studies, the Mo-TUD(IWI) 
materials may possess different distributions (type, concentration) of surface Mo species, 
which may partly explain the differences in activity; chemically different types of Mo sites 
may possess different intrinsic activities, affecting the catalytic performance. For example, 
based on the Raman studies, the least active catalyst Mo-TUD(IWI-ahm) seemed to 
possess relatively high nuclearity Mo species, which may have lower intrinsic activity. 
Somewhat supporting this hypothesis, a catalytic test using bulk MoO3 as a catalyst led to 
14%/37% conversion (100% Cy8O selectivity) at 6 h/24 h, 70 °C, which was much poorer 
than that for the Mo-TUD(IWI) type catalysts under similar reaction conditions (Figure 
10). 

 
Figure 9. Kinetic profiles of the Cy8/TBHP reaction, in the presence of Mo-TUD(IWI-acac) (●), Mo-
TUD(IWI-amm) (∎), Mo-TUD(IWI-ahm) (▲), Mo-TUD(HT) (♦), or Mo-hierBEA (+), at 70 °C. 
Epoxide selectivity was always 100%. 

), Mo-TUD(IWI-ahm) (N), Mo-TUD(HT) (�), or Mo-hierBEA (+), at 70 ◦C.
Epoxide selectivity was always 100%.

For comparison, the free molybdenum precursor compounds (MoO2(acac)2 (denoted
acac), (NH4)2MoO4 (denoted amm) and (NH4)6Mo7O24 (denoted ahm) that were used to
prepare the Mo-TUD(IWI) materials, were tested as molecular catalysts (keeping constant
the initial molar ratio Mo:Cy8:TBHP, as for the Mo-TUD(IWI) materials) (Figure 10). The
three precursors led to Cy8O as the only product (100% selectivity). The precursors amm
and ahm led to poor results (18% and 30% conversion at 6 h, respectively, Figure 10b,c),
whereas precursor acac led to 100% conversion within 6 h (Figure 10a). These results
may be partly due to differences in the Lewis acidity, solubility and/or stability of the
free molybdenum compounds. For example, MoO2(acac)2 was completely soluble in the
olefin/solvent mixture, whereas (NH4)2MoO4 and (NH4)6Mo7O24 were partially soluble.
On the other hand, at 4 h, (NH4)2MoO4 retained its original colour (white), MoO2(acac)2
changed from orange to brown, and (NH4)6Mo7O24 changed from white to light yellow.
Hence, the free molybdenum compounds in solution may suffer chemical modifications.
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To check the influence of the type of post-synthesis method (IWI versus SSI), the
catalytic performances of Mo-TUD(IWI-acac) and Mo-TUD(SSI-acac) (possessing the same
Mo loading, Table 1) were compared. Mo-TUD(SSI-acac) was less active than Mo-TUD(IWI-
acac) (100% Cy8O selectivity for the two materials), suggesting that the IWI method was
more effective for introducing active Mo species in TUD-1(PT) (Figure 11).

Comparisons of the catalytic results for the Mo-TUD(IWI) catalysts (2 wt% Mo; re-
action conditions, 5.6 gcat/molCy8, TBHP:Cy8 = 1.5, 70 ◦C) with literature data for (fully
inorganic) molybdenum impregnated on ordered mesoporous silica/silicates is not trivial
due to the very different Cy8/TBHP reaction conditions used. For example, wet impreg-
nation of a very high 45 wt% Mo loading on a mesoporous zirconium silicate led to 64%
Cy8O selectivity at 38% Cy8 conversion after 8 h (using 50 gcat/molCy8; TBHP:Cy8 = 1;
reflux, acetonitrile (b.p. = 82 ◦C) as solvent) [52]. Wet impregnation of molybdenum (am-
monium molybdate precursor) on hollow mesoporous silica spheres (5 wt% Mo) led to 98%
Cy8O selectivity at 91% Cy8 conversion, 4 h/80 ◦C (using 10 gcat/molCy8; TBHP:Cy8 = 2;
1,2-dichloroethane solvent) [53]. Molybdenum supported on hollow mesoporous silica
spheres via wet impregnation/solvent evaporation/calcination (7 wt% MoO3) led to 96%
Cy8O selectivity at 99% Cy8 conversion, 2 h/80 ◦C, but using a very high amount of catalyst
(75 gcat/molCy8; TBHP:Cy8 = 1.2; 1,2-dichloroethane solvent) [12].
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2.2.3. Hydrothermal Synthesis Versus Post-Synthesis Strategies (TUD-1)

The hydrothermally synthesized (static conditions) material Mo-TUD(HT) was com-
pared (on the same catalyst mass basis) with Mo-TUD(IWI-amm) prepared via post-
synthesis IWI, using the same Mo precursor (amm). Mo-TUD(HT) led to 51%/86% Cy8
conversion at 6 h/24 h, 70 ◦C, and Cy8O was the only product (100% epoxide selectiv-
ity). Mo-TUD(HT) performed inferiorly to Mo-TUD(IWI-amm); initial catalytic activity
was 50 and 182 mmolCy8 gcat

−1 h−1, and epoxide yield at 6 h was 51% and 100%, respec-
tively (Figure 10b,d). These results may be partly due to differences in the Mo loading,
which was lower for Mo-TUD(HT) (0.08 mmolMo g−1 compared with 0.21 mmolMo g−1 for
Mo-TUD(IWI-amm), Table 1).

Comparison of the results for Mo-TUD(HT) (reaction conditions: 5.6 gcat/molCy8,
TBHP:Cy8 = 1.5, 70 ◦C) with literature data for other hydrothermally synthesized fully
inorganic molybdenum-containing ordered mesoporous silicas, tested as catalysts for
Cy8/TBHP conversion, is difficult due to the very different reaction conditions used. For
example, hydrothermally synthesized Mo-MCM-41 (4.21 wt% Mo; surfactant templating
synthesis) and Mo-SBA-15 (2.35 wt% Mo: synthesis using a triblock copolymer P123) led to
97–99% conversion at 3 h/40 ◦C using a very high amount of catalyst (33.3 gcat/molCy8;
TBHP:Cy8 = 3; decane as solvent) [16]. Hydrothermally synthesized bimetallic Mo-Ti-
SBA-15 possessing a very high Mo loading (Si/Mo = 6.5) led to 98% Cy8O selectivity at
99% Cy8 conversion, 4 h/80 ◦C (using 10 gcat/molCy8, TBHP:Cy8 = 2; 1,2-dichloroethane
as solvent) [54].

2.2.4. Hierarchical Mo-hierBEA

Hierarchical micro/mesoporous Mo-hierBEA led to 100% Cy8O selectivity at 93%/100%
Cy8 conversion at 6 h/24 h and 70 ◦C (Figure 9). A material prepared via SSI of acac (keeping
the Mo loading constant) on a commercial microcrystalline and microporous zeolite Beta,
namely Mo-BEA, performed inferiorly; conversion at 4 h/6 h was 67%/78% for Mo-BEA
and 88%/ 93% for Mo-hierBEA. Hence, the introduction of mesoporosity in the microporous
zeolite considerably enhanced the catalytic activity.

To the best of our knowledge, no olefin epoxidation results were reported in the
literature for fully inorganic Mo-containing intracrystalline hierarchical BEA zeotypes.
Niederer and Hölderich [17] reported the synthesis of microporous Mo-containing H-[B]-
BEA prepared via isomorphic substitution of B for Mo (Si/Mo ∼= 37) which led to 28%
Cy8O yield at 36% Cy8 conversion, 24 h/70 ◦C (chlorobenzene as solvent; TBHP:Cy8 = 0.5);
the epoxide selectivity was 77%.
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The catalytic performance of hierarchical Mo-hierBEA was compared with that of
the ordered mesoporous materials Mo-TUD(IWI-acac) or Mo-TUD(SSI-acac) (Figure 11).
Although the three materials were prepared via post-synthesis strategies using the acac
precursor and the same Mo loading, Mo-hierBEA was less active. The characterization
studies indicated that at least a fraction of Mo species may be located inside micropores
(Table 1). These results, together with the fact that (i) the micropore sizes of BEA are ca.
7.6 Å × 6.4 Å (linear channels)and ca. 5.5 Å × 5.5 Å (tortuous channel), (ii) Cy8 molecules
possess a molecular size of ca. 5.5 Å [55,56], and (iii) both olefin and oxidant need to access
the active sites to trigger epoxidation, suggest that the effective amount of active sites is
possibly lower than the Mo loading.

2.2.5. Substrate Scope

The most active mesoporous catalyst Mo-TUD(IWI-acac) was tested with a broader
substrate scope: 1-octene, trans-2-octene and the biomass-derived olefins DL-limonene and
methyl oleate (TBHP, 70 ◦C) (Figure 12). For Cy8, 1-octene, trans-2-octene and methyl oleate,
the corresponding epoxide was the only product formed (100% epoxide selectivity). A
comparison of the results for the terminal and internal linear C8 olefins indicated that trans-
2 octene was more reactive than 1-octene. Based on the above mechanistic considerations,
these results may be partly due to the higher electron density of the internal C=C bond of
trans-2-octene, favoring the (electrophilic) atom transfer to the olefin. The higher reactivity
of cyclic Cy8 than linear trans-2-octene suggests that epoxidation at endocyclic double
bonds is favorable.
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selectivity was 100%.

The epoxidation of DL-limonene gave monoepoxide (1,2-epoxy-p-menth-8-ene) and
diepoxide (1,2:8,9-diepoxy-p-menthane) products in yields of 69% and 8%, respectively, at
4 h (81% conversion), and in yields of 57% and 15%, respectively, at 24 h (95% conversion).
The drop of monoepoxide yield was approximately equal to the increment of diepoxide
yield in the same time interval, indicating that the former is intermediate to the latter.
These results, together with the fact that the main product was the monoepoxide, indicate
high regioselectivity towards the epoxidation of the endocyclic C=C bond relative to the
exocyclic one (consistent with the above mechanistic considerations).
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Very few studies have been reported in the literature for the limonene/TBHP reaction
in the presence of fully inorganic Mo-containing ordered mesoporous silicas. A study
using hydrothermally synthesized Mo-MCM-41 (4.21 wt% Mo; synthesis via surfactant
template route) and Mo-SBA-15 (2.35 wt% Mo; synthesis using polymer P123) reported 87%
mono- and 9% diepoxide selectivity at 51% conversion, and 80% mono- and 14% diepoxide
selectivity at 44% conversion, respectively, at 24 h and room temperature (pentane as
solvent) [16]. In that study, a considerable amount of molybdenum catalyst relative to the
substrate was used (33.3 gcat/mololefin compared with 5.6 gcat/mololefin for Mo-TUD(IWI-
acac)) and, on the other hand, TBHP:olefin was 2 compared with 1.5 for Mo-TUD(IWI-
acac) [16]. An interesting study reported the continuous flow epoxidation reaction over
Mo-MCM-41 (Si/Mo = 35; synthesized using the surfactant template route), which led to
96% epoxide selectivity at 80% (R)-(+)-limonene conversion, 24 h/20 ◦C (TBHP:olefin ∼= 4;
pentane as solvent; loss of activity occurred) [18].

The reaction of the fatty acid methyl ester, methyl oleate, in the presence of Mo-
TUD(IWI-acac) at 70 ◦C, led to 100% selectivity towards the respective epoxidized product,
namely, methyl 9,10-epoxystearate, which was formed in 72%/89% yield at 4 h/24 h (Fig-
ure 12). These results are relatively good, considering the literature data for the same
catalytic reaction in the presence of fully inorganic Mo-containing ordered mesoporous
silicates. A macro-mesoporous Mo-containing SBA-15 type material hydrothermally synthe-
sized using several templates (Pluronic P123, poly(methyl methacrylate and cetyltrimethy-
lammonium bromide) led to ca. 99% epoxide selectivity at 91% methyl oleate conversion,
11 h/80 ◦C (using 10 gcat/mololefin; TBHP:olefin = 2; 1,2-dichloroethane as solvent); this
material performed inferiorly to hydrothermally synthesized mesoporous Mo-SBA-15 [57].
Molybdenum supported on hollow mesoporous silica spheres (4.5 wt% MoO3) led to 99%
epoxide selectivity at 80%/100% conversion reached after 8 h/24 h at 80 ◦C (using a very
high ratio 75 gcat/molCy8; TBHP:olefin = 1.2; 1,2-dichloroethane as solvent) [12].

2.2.6. Catalyst Stability

Hot filtration tests (details in the experimental section) were performed for each
catalyst to check for leaching of active species. No significant increment of olefin conversion
was verified for Mo-TUD(IWI-acac), Mo-TUD(IWI-amm) or Mo-hierBEA after separating
the solid catalyst (Figure 13). Specifically, the increment of conversion until 6 h was 5–6%,
which was similar to that for the blank test without a catalyst, suggesting the absence
of soluble active species leached from these solid catalysts. Mo-TUD(IWI-ahm) led to a
slightly higher increment in conversion (8%), and Mo-TUD(HT) led to a 15% increment in
conversion, suggesting leaching of some active species for these two materials.

The catalysts were used for three consecutive batch runs of Cy8/TBHP reaction at
70 ◦C. Between runs, the materials were washed and dried. For all materials, a partial
drop of catalytic activity occurred (Figure 14). For example, conversion at 6 h in run
3 followed the order: Mo-TUD(IWI-acac) (59%) > Mo-TUD(IWI-amm) (42%) > Mo-hierBEA
(31%) > Mo-TUD(IWI-ahm) (24%) > Mo-TUD(HT) (7%); Cy8O selectivity was always 100%.
For the three catalysts which led to the highest conversions in run 3, namely, Mo-TUD(IWI-
acac), Mo-TUD(IWI-amm) and Mo-hierBEA, the Si/Mo ratios were comparable to those
of the respective original materials: Si/Mo ∼= 70 and 70 ± 8 for fresh and used Mo-
TUD(IWI-acac), respectively; Si/Mo ∼= 70 and 71 ± 4 for fresh and used Mo-TUD(IWI-amm),
respectively; Si/Mo ∼= 64 and 62 ± 8 for fresh and used Mo-hierBEA, respectively (EDS).

A possible catalyst deactivation phenomenon is the adsorption of organic matter on
the catalyst surface during the catalytic reaction, which may passivate the active sites.
However, calcination of the used catalyst Mo-TUD(IWI-acac) (500 ◦C, 1 ◦C/min, 3 h,
under air), for example, led to a similar kinetic profile to that for the corresponding
washed-dried catalyst (only slightly enhanced initial activity, Figure S2), suggesting that
catalyst surface passivation by organic matter is not (at least solely) a factor responsible for
catalyst deactivation.
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Figure 14. Consecutive batch runs (run 1 (-); run 2 (o); run 3 (×)) of Cy8/TBHP in the presence
of (a) Mo-TUD(IWI-acac), (b) Mo-TUD(IWI-amm), (c) Mo-TUD(IWI-ahm), (d) Mo-TUD(HT) or
(e) Mo-hierBEA, at 70 ◦C. Epoxide selectivity was always 100%.

Further characterization studies were carried out to study the catalyst deactivation
phenomena. No significant differences between the original and used solids were verified
based on the PXRD patterns (Figure S3a), morphology or metal distributions (exemplified
in Figure S4) and ATR FT-IR spectra (Figure S3b). Strong fluorescence caused weak Raman
spectra of the used TUD-1 type solids; on the other hand, for the original and used Mo-
hierBEA catalyst, the spectral features were somewhat comparable (Figure S5). Nevertheless,
one cannot rule out the possibility of a fraction of very active Mo sites undergoing chemical
modifications in situ, giving less active or inactive Mo sites (although it was not possible to
distinguish these differences by the above solid-state characterization techniques).
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3. Materials and Methods
3.1. Materials

All chemicals were obtained from commercial sources (Sigma-Aldrich, Germany,
unless indicated otherwise) and used as received. For syntheses, these included tetraethy-
lorthosilicate (TEOS, 98%), triethanolamine (TEA, 97%, Fluka), tetraethylammonium hy-
droxide (TEAOH, 35% (w/w) aq.), ammonium heptamolybdate ((NH4)6Mo7O24, denoted
ahm; 99%, Riedel-de-Haёn), ammonium molybdate ((NH4)2MoO4, denoted amm; 99.98%),
bis(acetylacetonato)dioxomolybdenum(VI) (MoO2(acac)2, denoted acac; 100%), anhydrous
absolute ethanol (EtOH, 99.9%, Carlo Erba), hydrogen peroxide (H2O2, 30% (w/w) aq.), hy-
drochloric acid (HCl, 37% aq., Panreac), deionized water (Milli-Q, Aldrich), and methanol
(MeOH, >99.9%). For catalysis, the substrates included cis-cyclooctene (Cy8, 95%, Alfa
Aesar), methyl oleate (99%), DL-limonene (>95%, Merck), 1-octene (98%), and trans-2-
octene (97%); the oxidants were tert-butyl hydroperoxide (TBHP, in decane 5.5 M), aqueous
tert-butyl hydroperoxide (TBHPaq, 70% (w/w) aq.) and aqueous hydrogen peroxide (H2O2,
30% (w/w) aq.); the solvents were anhydrous α,α,α-trifluorotoluene (TFT, ≥99%), acetoni-
trile (99.9%, Panreac); the internal standards were undecane (≥99%) and methyl decanoate
(99%). The support hierBEA corresponds to that reported in reference [28].

3.2. Synthesis of the Catalysts
3.2.1. Mo-TUD(IWI-x) Materials

Siliceous TUD-1 was prepared as described previously [58] and then subjected to
a pretreatment (PT). For the pretreatment, a solution (80 mL) was prepared by mixing
79.7 mL 30% aq. H2O2 with 0.3 mL 37% aq. HCl, which was added to 1 g of TUD-1. After
stirring for 1.5 h at 70 ◦C, the solid was separated by filtration, thoroughly washed with
hot deionized water (ca. 60 ◦C) until neutral pH, and dried at 100 ◦C, giving powdered
TUD-1(PT). Subsequently, TUD-1(PT) was subjected to incipient wetness impregnation
(IWI) using different molybdenum precursors: MoO2(acac)2 (denoted acac), (NH4)2MoO4
(denoted amm) and (NH4)6Mo7O24 (denoted ahm). Specifically, ca. 4.9 mL of 0.042 M Mo
precursor solution was added slowly in a dropwise fashion to 1 g TUD-1-PT under mild
stirring (ca. 500 rpm); the precursors amm and ahm were diluted in deionized water, and
acac in methanol. The slurry was gently stirred at ambient temperature until the solid
was dry. The resultant solid was calcined at 600 ◦C (heating rate of 1 ◦C min−1) for 5 h, in
air flow (20 mL min−1), giving Mo-TUD(IWI-x), where x refers to the Mo precursor used
(x = acac, amm or ahm).

For comparison, Mo-TUD(SSI-acac) was prepared in an identical fashion to that
described in Section 3.2.3 for Mo-hierBEA, keeping the Mo loading (2 wt%) constant.

3.2.2. Mo-TUD(HT)

For comparative studies, Mo-TUD(HT) was synthetized via the sol–gel method, under
hydrothermal (static) conditions (HT), as described in the literature [13]. Specifically,
(NH4)2MoO4 and TEOS were used as Mo and Si sources, respectively, and TEA and
TEAOH were used as templating and mineralizing agents. The molar composition of the
gel was 1SiO2:xMoOy:0.5TEAOH:1TEA:11H2O. Specifically, (NH4)2MoO4 (0.116 g) was
added to TEA (5.5 mL) and deionized water (7.2 mL), giving mixture A. After stirring
for 15 min, mixture A was added dropwise to TEOS (9.3 mL), under vigorous stirring,
followed by dropwise addition of TEAOH (3 mL). This mixture was stirred for ca. 2.5 h
at room temperature, subsequently aged for 24 h under static conditions, and then dried
at 98 ◦C for 24 h. The solid was gently ground using an Agate mortar and pestle, and
then hydrothermally treated in a 50 mL Teflon-lined stainless-steel autoclave for 24 h at
178 ◦C under autogenous pressure and static conditions. The resulting solid was subjected
to Soxhlet extraction using ethanol for 4–6 h, dried overnight at 60 ◦C, gently ground using
an Agate mortar and pestle, and finally calcined at 600 ◦C under air flow (20 mL min−1) for
10 h (heating rate of 1 ◦C min−1).
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3.2.3. Mo-hierBEA

The previously reported hierarchical aluminosilicate zeotype hierBEA [28] was sub-
jected to solid state impregnation (SSI) of MoO2(acac)2. Specifically, hierBEA was mixed
with MoO2(acac)2 (in a total amount equivalent to 0.2 mmolMo g−1) and then gently
ground using an Agate mortar and pestle (20 min mixing per 0.1 g of solid mixture). Fi-
nally, the solid was calcined at 550 ◦C (1 ◦C min−1) for 5 h under air flow (20 mL min−1),
giving Mo-hierBEA.

3.3. Characterization of the Catalysts

The powder X-ray diffraction (PXRD) data were collected at room temperature on a
Malvern Panalytical Empyrean diffractometer (Malvern Panalytical, Malvern, UK) 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). Cu-Kα X-radiation
(λ1 = 1.54060
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) filtered with a nickel foil was used. Samples were step-scanned from 3 to
ca. 65◦ (2θ) in 0.026◦ steps with a counting time of 70 s per step.

EDS analysis and elemental (Mo, Si) mappings were obtained on a Hitachi SU-70
microscope (Hitachi High-Tech Europe GmbH, Krefeld, Germany) equipped with a Bruker
Quantax 400 detector at 15 kV. Samples were prepared by deposition on aluminum sample
holders followed by carbon coating using an Emitech K 950 carbon evaporator (Quorum
Technologies, East Sussex, UK).

Nitrogen adsorption-desorption isotherms were measured at −196 ◦C using a Quan-
tachrome instrument (automated gas sorption data using Autosorb IQ2; Anton Paar
Group, Florida, FL, USA). The samples were pretreated at 250 ◦C for 3 h under vac-
uum (<4 × 10−3 bar). The total specific surface area was calculated using the Brunauer,
Emmett, Teller equation (SBET), the total pore volume (Vp) was based on the Gurvitch
rule (for a relative pressure (p/p0) of at least 0.99), and the mesopore surface area (Smeso)
and micropore volume (Vmicro) were calculated using the t-plot method. The pore size
distributions were calculated by the DFT method (adsorption branch).

For semi-quantitative comparison of the concentration of surface silanol groups of
TUD-1 and TUD-1(PT), thermogravimetric (TGA) measurements were carried out on a
Hitachi STA300 (Hitachi High-Tech Europe GmbH, Krefeld, Germany) device by heating
the samples to 800 ◦C (heating rate of 10 ◦C min−1) under nitrogen flow (20 mL min−1).
Following similar procedures to those described in the literature for silicas [59], the con-
centration of surface silanol groups (mmolSiOH g−1) was calculated based on the mass loss
in the temperature range 180–650 ◦C (∆m, expressed in g) using the following equation:
mmolSiOH g−1 = [2 × 1000 × ∆m/(MH2O × mi)], where MH2O is the molar mass of water
(18 g mol−1) and mi is the initial mass of sample (expressed in g).

ICP-OES analysis (for Si and Mo) was carried out on a Horiba JobinYvon Activa M
spectrometer (HORIBA Jobin Yvon Inc., Edison, NJ, USA; detection limit of ca. 20 µg dm−3;
experimental range of error of ca. 5%); prior to analysis, 10 mg of solid sample was digested
using 1 mL HF and 1 mL HNO3, and microwave heating at 180 ◦C.

Attenuated total reflectance (ATR) FT-IR spectra were measured on a Bruker Tensor
27 spectrometer (Bruker, Billerica, MA, USA) equipped with a Specac Golden Gate Mk II
ATR accessory (Specac, Orpington, UK) with a diamond top plate and KRS-5 focusing
lenses (resolution 4 cm−1, 256 scans). Diffuse reflectance UV-vis spectra were recorded
on a Jasco V-780 spectrophotometer (Jasco Europe, Cremella, Italy) using an integrating
sphere coated with barium sulfate with light detection by a built-in photomultiplier tube
attached to the base of the sphere in reflectance mode with a wavelength scan speed of
200 nm min−1 in the range 190–900 nm, step size of 0.5 nm, and a slit width of 2.0 nm.

The Raman acquisitions were undertaken using a compact Raman 532 ER instrument
(Wasatch Photonics, Morrisville, PA, USA) installed in a metallurgical microscope (Olympus
BH2), enabling the micro-Raman back-scattering mode (532 nm laser line, 20–80 mW laser
power, 20 s integration time, 15 micra spot size diameter).
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3.4. Catalytic Tests

The catalytic epoxidation of olefins (1.8 mmol) with TBHP (2.75 mmol) was carried out
at 70 ◦C in the presence of 10 mg of catalyst, using α,α,α-trifluorotoluene (TFT) as solvent
(1 mL). The free molybdenum precursor compounds were tested with cis-cyclooctene (Cy8)
as substrate under similar conditions (1.8 mmol Cy8, 2.75 mmol TBHP, 2.1 µmol Mo, 70 ◦C).
The catalyst, substrate and solvent were added to a 10 mL capacity borosilicate batch
reactor equipped with a magnetic stirring bar (1000 rpm, optimized to avoid external mass
transfer limitations). The loaded reactor was closed and immersed in a thermostatically
controlled (and stirred) oil bath. After preheating the loaded reactor for 10 min, the oxidant
(also preheated at 70 ◦C) was added to the reactor; this instant was considered as the initial
instant of the catalytic reaction (the preheating operations warranted isothermal conditions
from the initial instant). 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 × 0.25 mm × 0.25 µm; H2 as carrier gas) and FID
detector. The quantifications of reactants and products were based on calibrations using an
internal standard (undecane for all substrates, excluding methyl oleate for which methyl
decanoate was used).

After the catalytic reaction, the solid catalyst was separated by centrifugation (3500 rpm),
thoroughly washed with acetone, dried overnight under atmospheric conditions, and finally
vacuum-dried (ca. 0.1 bar) at 60 ◦C for at least 1 h. The recovered catalysts were reused,
keeping the initial mass ratio catalyst:olefin:oxidant constant in consecutive batch runs. The
leaching tests (LT) were carried out as follows: after 30 min of the Cy8/TBHP reaction
in the presence of solid catalyst, the latter was separated from the reaction mixture at the
reaction temperature (70 ◦C) using a 0.2 µm PTFE membrane filter; the filtrate (solution) was
transferred to a separate pre-heated (clean) reactor and stirred for a further 6 h at 70 ◦C; the
reaction in the homogeneous phase was monitored by GC (an increment in Cy8 conversion
indicates that active soluble species were leached from the solid catalyst into the liquid phase
prior to the catalyst filtration step).

The consumption of TBHP was measured by iodometric titration. Specifically, the
reactor containing the catalyst, solvent and oxidant was heated at 70 ◦C for 4 h. After cooling
the reactor to ambient temperature and centrifugation (3500 rpm), samples were withdrawn
for titration. The non-productive oxidant decomposition (into O2) was calculated as the
difference between the initial and final concentration of the oxidant.

4. Conclusions

Fully inorganic mesostructured TUD-1 type materials and a hierarchical (micro/
mesoporous) BEA zeotype were used as supports for introducing molybdenum via different
methodologies, and their catalytic performances (after calcination) were studied for the
liquid phase epoxidation of relatively bulky C8 olefins and biobased methyl oleate and
DL-limonene, using tert-butyl hydroperoxide (TBHP) as oxidant, at 70 ◦C. Preliminary
catalytic epoxidation studies indicated that an organic solution of TBHP was a far more
effective oxidant solution than aqueous TBHP or H2O2.

The methodology used for the post-synthesis introduction of Mo species (incipient
wetness impregnation (IWI) versus solid-state impregnation (SSI)) on a pre-treated TUD-
1(PT) support, as well as the type of Mo precursor compound (acac, amm, ahm), influenced
the material’s surface chemistry and, consequently, the catalytic activity (based on the
model reaction of cis-cyclooctene (Cy8) with TBHP); epoxide (Cy8O) selectivity was always
100%. The characterization studies suggested that the IWI method and the use of the
mononuclear acac and amm precursors seemed to favor the formation of lower nuclearity
molybdenum surface species and led to superior catalytic activity.

In comparison with the post-synthesis strategies, the (one-pot) hydrothermal synthesis
of Mo-TUD(HT) (under static conditions using the same Si/Mo ratio in the synthesis gel as
that used in the post-synthesis strategies) led to lower Mo loading in the final material (i.e., a
fraction of the Mo of the synthesis gel was not introduced in the final material), which partly
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contributed to a slower Cy8 epoxidation reaction. Hence, the post-synthesis strategies may
allow a better control over the metal loading and enhanced olefin reaction kinetics.

The hierarchical hierBEA zeotype support was effective for introducing relatively
well dispersed molybdenum species via SSI (using the acac precursor). The SSI method is
a simple, neat strategy and advantageously avoids the use of solvents and downstream
solvent separation processes. However, Mo-hierBEA was less active than its counterparts
Mo-TUD(IWI-acac) and Mo-TUD(SSI-acac), which may be partly due to some active sites
of Mo-hierBEA, particularly those located inside micropores, being less accessible to the
relatively bulky reactant molecules.

The most active mesoporous catalyst Mo-TUD(IWI-acac) effectively promoted the
epoxidation of linear (1-octene, trans-2-octene) and biobased olefins (methyl oleate, DL-
limonene) at 70 ◦C. DL-limonene was converted to the corresponding mono- and diepoxide
products in 69% and 8% yields, respectively, at 81% conversion (4 h). On the other hand,
methyl oleate was converted to the epoxide in 100% selectivity at 89% conversion (24 h).

Catalytic stability studies carried out for three representative materials of the catalyst
preparation strategies used (Mo-TUD(IWI-acac), Mo-hierBEA, and Mo-TUD(HT)), sug-
gested the inexistence of measurable catalytic contributions from soluble metal species,
albeit partial loss of activity in consecutive batch runs occurred. The solid-state characteri-
zation studies of the used materials did not reveal significant differences between the fresh
and used solids. However, one cannot exclude the possibility of a fraction of relatively
active Mo-sites suffering chemical changes under the catalytic reaction conditions, forming
less active or inactive sites. Future in situ characterization studies under the catalytic
reaction conditions and/or more detailed molecular-level surface characterization studies
may valuably contribute to a better understanding of the catalyst deactivation phenomena
and the improvement and development of more efficient catalyst preparation strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12121513/s1, Figure S1: PXRD pattern (a) and N2 sorption
isotherms (b) (inset shows the pore size distribution) of Mo-TUD(SSI-acac); Figure S2: Kinetic profiles
for Mo-TUD(IWI-acac) used after wash-dry processes (•) or calcination (
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