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Abstract: The MIL-100(Cr), PW12@MIL-100(Cr) and PW4@MIL-100(Cr) catalysts were prepared and
characterized through XRD, FTIR, BET, SEM, EDS and Raman spectroscopy. A comparison of the
catalytic properties of the synthesized materials in the epoxidation of FAMEs with hydrogen peroxide
was made. The PW4@MIL-100(Cr) catalyst exhibited the highest catalytic activity and provided
a high selectivity for the formation of epoxides. The effects of the reaction temperature, catalyst
loading, reaction time and FAME:hydrogen peroxide molar ratio on the reaction performance were
investigated, and the optimal process conditions were determined. An epoxide yield of 73% with a
selectivity of 77% could be obtained using PW4@MIL-100(Cr) after 4 h at 40 ◦C. The catalytic stability
test showed that PW4@MIL-100(Cr) could be easily separated and reused without any treatment for
at least five consecutive cycles without a loss of activity or selectivity.

Keywords: fatty acid methyl esters; metal–organic frameworks; epoxidation; polyoxotungstates;
phosphotungstic acid; MIL-100(Cr)

1. Introduction

Fatty acid methyl esters (FAMEs), which are currently used as fuels, are promising
raw materials for the production of a wide range of organic substances, e.g., corrosion
inhibitors, surfactants, biolubricants, etc. [1–6].

A promising rout of FAME utilization is the production of polyvinyl chloride (PVC)
stabilizers and plasticizers. These products are currently produced in industry by a homo-
geneous catalytic conventional epoxidation of vegetable oils and fatty acid esters (FAEs).
Performic acid and peracetic acid, which are formed in situ from hydrogen peroxide and
corresponding carboxylic acid, are mainly used as oxidants. The main disadvantages of
the conventional technology are the corrosion problems caused by the strong acids in an
oxidizing environment, its instability and the explosiveness of peracids as well as their
high reactivity, which leads to the formation of a large number of byproducts.

The use of hydrogen peroxide (H2O2) as an oxidant in combination with heterogeneous
catalysts eliminates these problems. Hydrogen peroxide is one of the most powerful
available oxidizing agents. At same time, hydrogen peroxide aqueous solutions are safe
for storage, operation and transportation. Moreover, hydrogen peroxide is a commercially
available, inexpensive and relatively nontoxic reagent [7–12].

Nowadays, titanium silicates are the most effective systems for the heterogeneous
liquid-phase oxidation of various organic substrates with H2O2 [13]. Among these cat-
alytic systems, a special place is occupied by the microporous TS-1 catalyst, which is
considered to be the best oxidation catalyst. Titanium silicate TS-1 exhibits a high catalytic
activity in the oxidation of various organic substances with hydrogen peroxide, e.g., the
hydroxylation of arenes, the oxidation of n-hydrocarbons, the epoxidation of olefins, the
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oxidation of thioethers, the ammoximation of ketones and a number of other important
processes [14–19].

Recent studies have demonstrated the use of micro- and mesoporous TS-1 as a hetero-
geneous catalyst in liquid-phase FAME epoxidation with H2O2 [20,21]. A conversion of
methyl oleate of 93% and a selectivity for 9,10-epoxy methyl stearate of 87% were attained
after 24 h at 50 ◦C in acetonitrile. Amorphous xerogel TiOx-SiO2 and mesoporous titanium
silicate Ti-MCM-41 were less effective.

The major drawback of the microporous titanium silicates is the small size of their
pores (5.3–5.6 Å), which makes it difficult to use these catalysts in reactions with large
molecules (for example, triglycerides, FAMEs, cyclic compounds, etc.). It was found that
micro- and mesoporous titanium silicates are rapidly deactivated by blocking their active
Ti-sites with organic deposits, which are presumably formed by the consecutive reactions
of their target products, such as dimerization or oligomerization [22,23].

Alternatively, organic hydroperoxides (typically, tert-butyl hydroperoxide, TBHP, or
cumyl hydroperoxide, CHP) can be used as oxidizing agents. Corma and coworkers tested
the epoxidation with both H2O2 and TBHP of methyl oleate using titanium-containing beta
zeolite (Ti-BEA) and Ti-MCM-41 materials (Ti-MCM41) [24]. With hydrogen peroxide in
acetonitrile, Ti-BEA showed better yields than Ti-MCM-41 (44% vs. 24%). At same time,
with TBHP, the epoxide yields over Ti-BEA and Ti-MCM-41 were 48% vs. 59%, respectively.

High yields (>98%) for the mono- and diepoxide derivatives of FAMEs were obtained
using Ti-MCM-41 with TBHP as an oxidant [25]. The process was carried out in ethyl
acetate solution for 24 h at a temperature of 90 ◦C.

An epoxide yield of about 20% was achieved with a selectivity close to 90% in toluene
solution for 25 h at 70 ◦C using a Ti-SiO2 catalyst [26]. The reusability of the catalyst
was evaluated with four experiments with the same catalyst, which was filtrated after
every experiment. It was shown that the catalyst was reusable at least four times without
significant drop-in activity [27].

Despite the fact that titanium-containing catalysts exhibited a greater stability when
TBHP was used as an oxidant, the use of hydrogen peroxide seems to be preferable. The
FAME epoxidation process was carried out at elevated temperatures when TBHP was used,
and alcohol was formed as a byproduct. In addition, TBHP is much more expensive [27].

Polyoxometalates (POMs) and peroxopolyoxometalates (PPOMs) are promising cat-
alysts for selective liquid-phase oxidation. Such systems attract attention with the wide
possibilities of their use in various fields of organic chemistry [28,29]. Tungsten-based
POMs are used as catalysts for the epoxidation of various alkenes with hydrogen peroxide.
Venturello’s [30] and Ishii’s [31] groups investigated the selective epoxidation of nonpolar
olefins in biphasic reaction media using the [PO4{W(O)(O2)2}4]3– PPOM catalyst. Poli
et al. [32] studied the epoxidation of FAMEs in the presence of a tungsten-containing cata-
lyst called “Tetrakis” ([(C8H17)3NCH3]3+ [PO4{W(O)(O2)2}4]3–). A conversion of substrates
of 90–95% and a selectivity for epoxides of 85–90% were achieved.

Despite the high activity of POM-based catalysts in the oxidation and epoxidation of
large organic substrates, these catalytic systems were soluble in the reaction media, which
necessitated a difficult stage of their separation.

To solve this problem, the use of immobilized POMs was proposed. Silicate [33,34]
ion-exchange resins [35,36], various polymeric materials modified with ionic liquids [37],
are used as supports for the heterogenization of POMs in the scientific literature. However,
several drawbacks are associated with these materials, including the low loading of POMs,
their leaching, the conglomeration of their particles, etc.

Recently, metal–organic frameworks (MOFs) have attracted increasing attention due
to their unique structures and wide applications in various fields, such as gas adsorp-
tion/separation, catalysis, sensors, drug delivery, magnetic materials, optical devices,
etc. [37–42].

MOFs are an excellent material for the support of various catalysts due to their
porous structure and high stability [38,43–45]. Polyoxotungstates [PW4O24]3– (PW4) and
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[PW12O40]3– (PW12) can be inserted into the nanocages of the metal organic framework
MIL-101 [33]. These catalysts were tested in the selective epoxidation of alkenes (3-carene,
limonene, R-pinene, cyclohexene, cyclooctene and 1-octene). The hybrid PW4/MIL-101 and
PW12/MIL-101 materials demonstrated similar catalytic activities in H2O2-based alkene
epoxidation, which was comparable to the activity of the corresponding homogeneous
PWx. Both materials behaved as true heterogeneous catalysts and could be recycled several
times (4–5 cycles). However, some deterioration of the catalytic properties occurred after
several reuses because of the partial destruction of the MIL-101 matrix and/or the filling of
the pores with the reaction products [46].

Moreover, the phosphotungstic acid (PTA) molecules would leach out during the
epoxidation process due to their size (10.0 Å) being smaller than the window size of MIL-
101 (16.0 × 16.0 Å2), which led to a decrease in the catalyst activity in the recycled runs. If
the size of the POMs was smaller than that of the nanocages but larger than the window
size of the MOFs, the POMs could be confined in the pores of the MOFs to prevent leaching.
However, the catalytic performance might decrease with the narrowing of the windows of
the MOFs due to the slower mass transfer [47].

MIL-100 is a carboxylate porous MOF with two types of mesopore cages of free
apertures of ca. 25.0 Å and 29.0 Å that are accessible through microporous windows of ca.
5.8 × 5.8 Å2 and 8.6 × 8.6 Å2. Thus, the geometry of MIL-100 should prevent the leaching
of the encapsulated PTA.

A bifunctional catalyst based on MIL-100(Cr) was used for selective sorbitol produc-
tion from cellulose [48]. Phosphotungstic acid was encapsulated into the MOF structure
followed by modifying the resulting composite with RuCl3. This catalyst allowed the
achievement of high yields of sorbitol of up to 95.1%.

The authors [49] studied the hydroxylation of phenol with formaldehyde to bisphenol
F in the presence of phosphotungstic acid and immobilized on metal–organic frameworks
MIL-100 (Fe or Cr) and MIL-101 (Fe or Cr). The results showed that catalysts based on
MIL-100 had a higher catalytic activity compared to those based on MIL-101. Moreover,
PTA/MIL-100(Fe) retained its catalytic activity for at least six cycles.

The present work considered the use of hybrid materials based on polyoxotungstates
PW4 and PW12 encapsulated in the metal–organic framework MIL-100(Cr) for the FAME
epoxidation process. The catalysts were synthesized and characterized through elemental
analysis, SEM, XRD, N2 adsorption, Raman spectroscopic studies and FTIR. The catalytic ac-
tivity, selectivity and stability of the obtained catalysts were studied during the epoxidation
of the FAMEs of rapeseed oil with hydrogen peroxide in acetonitrile.

2. Results and Discussion
2.1. Catalyst Characterization

The MIL-100(Cr), PW12@MIL-100(Cr) and PW4@MIL-100(Cr) catalysts were prepared
and characterized through XRD, FTIR, BET, SEM, EDS and Raman spectroscopy. MIL-
100(Cr) and PW12@MIL-100(Cr) were obtained through the hydrothermal method (see
Sections 3.2.1 and 3.2.2). PW4@MIL-100(Cr) was obtained by treating PW12@MIL-100(Cr)
with hydrogen peroxide and phosphoric acid (see Section 3.2.3).

The obtained catalyst powders had irregular morphologies with particle sizes ranging
from several hundred nanometers to several micrometers (see Supplementary Materials,
Figures S1–S3). The obtained MIL-100(Cr) sample consisted of clusters with rough surfaces
formed by nanoparticles with a size of 50–250 nm, which was consistent with the data
obtained earlier [50]. At the same time, PW4@MIL-100(Cr) and PW12@MIL-100(Cr) were
characterized by the presence of larger particles (2–10 µm) formed due to the agglomeration
of smaller particles.

The BET surface area (Table 1, Supplementary Materials Figures S6–S10) of PW12@MIL-
100(Cr) was 409 m2·g−1, which was remarkably low compared with that of MIL-100(Cr)
(1383 m2·g−1). After the PW12@MIL-100(Cr) treatment with hydrogen peroxide, the surface
area of the obtained PW4@MIL-100(Cr) sample increased to 910 m2·g−1 This was due to
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the leaching of the excess PTA from the surface, which was also confirmed through an EDS
analysis (Table 2).

Table 1. Catalyst textural properties.

Catalyst BET Surface Area
(m2·g−1)

Pore Volume
(cm3·g−1)

Brønsted Acid Center
Concentration (mmol·g−1)

MIL-100(Cr) 1383 ± 32 1.1 0.9
PW12@MIL-100(Cr) 409 ± 9 0.3 2.7
PW4@MIL-100(Cr) 910 ± 26 0.5 1.7

Table 2. Catalyst EDS analysis results.

Catalyst C
(atomic%)

Cr
(atomic%)

P
(atomic%)

W
(atomic%)

P/W/Cr
Ratio

MIL-100(Cr) 58.16 5.63 - - -
PW12@MIL-100(Cr) 48.98 4.95 0.58 7.02 1/12.1/8.5
PW4@MIL-100(Cr) 54.21 4.98 0.46 2.13 1/4.6/10.8

The EDS mapping indicated that the samples were uniform and that the elements
were well distributed (see Supplementary Materials, Figures S4 and S5).

The XRD patterns of the prepared materials (Figure 1b–d) confirmed the formation of
the MIL-100(Cr) structure and its retention in the phosphotungstate-containing samples by
comparison with the MIL-100(Cr) simulated pattern from the crystal structure data [51]
(Figure 1a). For the simulation of the MIL-100(Cr) patterns, XRD was performed using
Vesta software (K. Momma and F. Izumi) “VESTA 3” for the three-dimensional visualization
of the crystal, volumetric and morphology data [52].
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Figure 1. XRD patterns of simulated MIL-100(Cr) (a), MIL-100(Cr) (b), PW12@MIL-100(Cr) (c), PW4@MIL-
100(Cr) (d) and PTA (e).

The MIL-100(Cr) sample (Figure 1b) had peaks of about 5.9◦, 6.2◦, 6.8◦, 10.4◦ and 11.0◦

angles corresponding to the MIL-100(Cr) structure reported in the literature [53].
For the PW12@MIL-100(Cr) sample, only peaks for angles of 10.4◦ and 11.0◦ were

observed in the XRD pattern (Figure 1c). The differences in the relative intensities of the
peaks in the MIL-100(Cr) pattern compared to those in the patterns of the PW12@MIL-
100(Cr) sample could be accounted for by the high loading of PTA, which was highly
dispersed on the support surface as noncrystalline species [49,54].
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The intensity of the peaks in the PW4@MIL-100(Cr) diffraction pattern was higher
(5.9◦, 6.2◦, 10.4◦ and 11.0◦) compared with that of the PW12@MIL-100(Cr) diffraction
pattern, which was also related to the leaching of the excess PTA.

It should be noted that there were no peaks which corresponded to PTA in the diffrac-
tion patterns of the phosphotungstate-containing samples (Figure 1c–e). This indicated a
good distribution of POMs and PPOMs throughout the volume of the obtained composite
materials [49].

The FTIR spectra of the prepared materials showed all the vibrational bands char-
acteristic of the framework-coordinated carboxylate groups expected in the MIL-100(Cr)
structure (Figure 2a–c). The bands at around 1388 and 1458 cm−1 (Figure 2a) were assigned
to the coordination of the tricarboxylate [53,55], and the multiple absorption peaks at
1500–1750 cm−1 were assigned to the characteristic absorption peaks of the benzene rings.
The bands at 524 cm−1 could be assigned to the Cr-O bonds of the MOF compound [50].
Thus, the FTIR analysis also confirmed the retention of the MIL-100(Cr) structure after
the preparation of the phosphotungstate-containing samples PW12@MIL-100(Cr) and
PW4@MIL-100(Cr).
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The FTIR spectrum of PW12@MIL-100(Cr) (Figure 2b) had bands specific to PTA: 1080
(vibrational frequency of P-Oa), 979 (stretching of W=Od), 899 (vibrational frequency of
W-Ob-W) and 822 cm−1 (W-Oc-W vibration), where a, b, c and d designated the specific
positions of the oxygen atoms in the Keggin structure, namely P–Oa–W3, Od=W, W–Ob–W
and W–Oc–W, connecting two W3O13 units through corner sharing and edge sharing,
respectively [56]. The characteristic peaks of pure phosphoric tungsten acid (889 and
802 cm−1) were shifted to 899 and 822 cm−1, which indicated the inclusion of PTA in the
support structure [49].

Since the bands corresponding to PW4 (Figure 2c) were rather weak due to the lower
FTIR sensitivity [46], Raman spectroscopy was used to characterize this material (Figure 3).

The typical Raman spectrum of MIL-100(Cr) was obtained with peaks at around
820 and 1000 cm−1, which was identical to those of the reported data in the literature
(Figure 3a) [57,58].

The PW12@MIL-100(Cr) spectrum (Figure 3b) showed an intense peak at 1000 cm−1.
This peak corresponded to the W=O stretch in PTA [59]. At same time, the Raman spectrum
of PW4@MIL-100(Cr) (Figure 3c) showed a slight shift of this peak to 956 cm−1 and had
additional peaks at 876 (vibrational frequency of O–O), 636 (vibrational frequency of W–O–
Oasym), 565 (vibrational frequency of W–O–Osym) and 323 cm−1 (vibrational frequency of
W–OH2), which confirmed the PW4 formation [60].
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Figure 3. Raman spectra of MIL-100(Cr) (a), PW12@MIL-100(Cr) (b) and PW4@MIL-100(Cr) (c).

The PW4@MIL-100(Cr) formation was also confirmed by the results of the elemental
analysis (Table 1). For the sample PW12@MIL-100(Cr), the P/W molar ratio was 12.10.
After the hydrogen peroxide treatment, the P/W molar ratio decreased to 4.60. It was
connected to the predominant PW12 transformation into PW4.

2.2. Catalytic Epoxidation

The catalytic performance of MIL-100(Cr), PW12@MIL-100(Cr) and PW4@MIL-100(Cr)
was assessed during rapeseed FAME epoxidation with aqueous H2O2 in an acetonitrile
medium. Acetonitrile was chosen as the solvent in order to minimize the acid-catalyzed
side reactions of the FAME epoxide.

The identification of FAME epoxidation products was performed through GC-MS.
In all cases, the major products were FAME epoxides and oxidative cleavage products
(nonanal, methyl 9-oxononanate, etc.). In addition to the main products, some ketones
(9-oxostearate, methyl 10-oxostearate, etc.) were found in the reaction medium (see Supple-
mentary Materials, Figure S11).

It should also be noted that epoxide hydrolysis products (diols) were not detected in
any case. Diols were detected with the additional introduction of 0.1 N hydrochloric acid
into the reaction mixture. Apparently, diols are quickly consumed with the formation of
oligomerization products in the presence of epoxides.

Oligomerization products were also detected through HPLC-MS chromatography. The
molecular masses of the detected ions were in the range of 500–900 Da (see Supplementary
Materials, Figure S12).

Methyl stearate and the preprepared epoxides of FAMEs were used as substrates to
determine the byproduct formation route. Oxidation was carried out in acetonitrile in the
presence of PW4@MIL-100(Cr) at 60 ◦C for 4 h (substrate content of 1 wt%, molar ratio of
substrate:H2O2 of 1:8 and catalyst content of 15 g·L−1).

The epoxide conversion was 81% after 4 h during the oxidation of FAME epoxides
with hydrogen peroxide. Nonanal and methyl 9-oxononanate (total yield of 12.2%), formed
through oxidative cleavage, as well as methyl 9-oxostearate and methyl 10-oxostearate
(total yield of 3.5%), formed through rearrangement, were detected as the main products.

When methyl stearate was used as a substrate, its conversion was about 50% after
4 h. Methyl oxostearates, formed through the oxidation of the carbon skeleton at various
positions, were detected as the main products (see Supplementary Materials, Figure S13).

Thus, the reactions occurring during the epoxidation of FAMEs with hydrogen perox-
ide are presented in the scheme shown in Figure 4.
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Figure 4. The proposed scheme of the reactions occurring during the epoxidation of FAMEs.

Table 3 presents the results of the catalytic tests of MIL-100(Cr), PW12@MIL-100(Cr)
and PW4@MIL-100(Cr).

Table 3. Catalytic tests of MIL-100(Cr), PW12@MIL-100(Cr) and PW4@MIL-100(Cr) a.

Catalyst T, ◦C

Unsaturated
FAME

Conversion (%)

Hydrogen
Peroxide

Conversion (%)

Selectivity (%)

FAME
Epoxides

Nonanal,
Methyl

9-Oxononanate
Oxostearates Others

Time, h

1 4 1 4 1 4 1 4 1 4 1 4

none 50 >1 1 3 8 - - 62 62 - - 38 38
70 10 23 9 29 10 19 5 14 6 5 78 60

MIL-100(Cr) 50 7 18 36 64 17 22 45 28 13 5 26 46
70 28 44 49 86 21 22 20 16 2 2 57 61

PW12@MIL-100(Cr) 50 5 24 7 31 33 24 25 17 6 4 36 55
70 23 59 48 84 14 12 16 15 2 2 68 71

PW4@MIL-100(Cr) 50 69 98 38 81 76 49 8 15 2 3 14 33
70 100 100 87 99 36 22 11 14 3 4 50 60

a FAME content of 1 wt%, molar ratio of unsaturated FAMEs:H2O2 of 1:8 and catalyst content of 15 g·L−1.

The FAME conversion without a catalyst was negligible at 50 ◦C and reached only
22.7% at an epoxide selectivity of 19.4% after 4 h and after increasing the temperature to
70 ◦C. High-molecular-weight compounds as main products (selectivity of more than 60%)
were forming in the reaction mixture as a result of oxidative condensation.

The FAME consumption rate increased in the presence of MIL-100(Cr). It is known
that coordinatively unsaturated metal sites (CUS) can be easily generated in the structure
of MILs and that they exhibit a sufficiently high activity for certain oxidation processes,
such as sulfoxidation with H2O2 [61], the oxidation of cyclohexane [62], hydrocarbon
oxidation [63], etc.

It should be noted that the selectivity for epoxides (21.8%) and byproducts in the
presence of MIL-100(Cr) did not change significantly compared to the noncatalytic process.
However, the degree of the inappropriate consumption of hydrogen peroxide increased
significantly due to the sufficiently high acidity of the MOF. Brønsted acidity was present
in MIL-100(Cr), resulting from both the Cr-OH groups and coordinated water due to a
cooperative effect of the cation on the coordinated water molecule [64]. The determined
concentration of the MIL-100(Cr) Brønsted acid centers was 0.9 mmol·g−1 (Table 1). More-
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over, the CUS chromium(III) centers could provide accessible sites for guest molecules,
therefore playing the role of Lewis acid sites [64].

The PW4 incorporated within the MIL-100(Cr) matrix showed a fairly good catalytic
activity and selectivity. The reaction over PW4@MIL-100(Cr) gave an epoxide with a 76%
selectivity at a 69% substrate conversion at 50 ◦C after 1 h of reaction.

At the same time, the PW12@MIL-100(Cr) sample was significantly less active and
showed results similar to the MIL-100(Cr) results. Only with an increase in the temperature
and the time of the process were differences in the catalytic activity observed, which could
be explained by the in situ conversion of PW12 to PW4 and other peroxotungstates.

2.2.1. Patterns of FAME Epoxidation with Hydrogen Peroxide Using the
PW4@MIL-100(Cr) Catalyst

The detailed data on the byproduct yields depending on the reaction condition are
presented in Table 4.

Table 4. The yields of the FAME epoxidation products.

Catalyst
Content
(g·L−1)

Unsaturated
FAME:H2O2
Molar Ratio

T, ◦C

Yield (%)

FAMEs
Epoxides

Nonanal,
Methyl

9-Oxononanate
Oxostearates Others

Time, h

1 4 1 4 1 4 1 4

15 1:8 30 23 67 2 3 0 1 1 7
15 1:8 40 43 73 2 7 1 1 3 14
15 1:8 50 53 48 6 14 1 3 10 33
15 1:8 60 67 24 8 12 2 4 21 60
15 1:8 70 36 22 11 14 3 4 50 60
30 1:8 60 42 7 12 15 3 5 41 72
7.5 1:8 60 62 36 6 9 1 3 14 52
3.75 1:8 60 46 59 5 11 1 2 9 24
15 1:4 60 65 48 7 11 1 2 18 37
15 1:2 60 64 53 4 5 1 1 12 25
15 1:2 40 29 62 2 5 1 1 5 8
15 1:1 40 47 39 3 3 1 1 10 19

Figure 5 shows the dependence of the unsaturated FAME conversion and the epoxide
selectivity on the reaction temperature in the presence of the PW4@MIL-100(Cr) catalyst.

With an increase in the reaction time, a decrease in the epoxide selectivity was observed
in all cases due to the sequential reactions of their cleavage and oligomerization. The
decrease in the epoxide selectivity was lower at low temperatures.

The highest epoxide yield (73.5%) was achieved at 40 ◦C after 4 h. The rate of un-
saturated FAME consumption increased sharply at higher temperatures. However, the
epoxide formation selectivity was significantly reduced, and the rate of hydrogen peroxide
decomposition was increased. In addition, significant consumption of methyl palmitate
and methyl stearate was observed with ketone formation at 60 ◦C and higher temperatures.
The conversion of saturated FAMEs was about 20.0% at 60 ◦C after 4 h.

The catalyst loading had a significant effect on the epoxidation reaction (Figure 6).
The highest epoxide yield (70%) at 60 ◦C and a molar ratio of unsaturated FAMEs:H2O2

of 1:8 was achieved after 45 min when the PW4@MIL-100(Cr) catalyst loading was 15 g·L−1.
Increasing the catalyst loading to 15 g·L−1 did not lead to a significant increase in the

FAME conversion. However, the epoxide yield was significantly reduced due to the side
reactions. The yield of the epoxidized FAMEs did not exceed 65% with a decrease in the
catalyst loading due to the increase in the reaction time, which was necessary to achieve



Catalysts 2023, 13, 138 9 of 17

high ester conversions, as a result of which the resulting epoxides were consumed by the
side reactions.
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The molar ratio of unsaturated FAMEs:hydrogen peroxide did not significantly affect
the epoxide selectivity (Figure 7) at the initial reaction stages (15–60 min). An increase in
the excess hydrogen peroxide with a longer reaction time led to a sharp decrease in the
epoxide yield due to the epoxide conversion side reactions. The maximum epoxidized
FAME yield (~70%) after 45 min was observed with a molar ratio of FAMEs:hydrogen
peroxide of 1:8 at 60 ◦C and a catalyst content of 15 g·L−1.
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2.2.2. Catalyst Stability and Recycling

The test for leaching was carried out according to the recommendations of Sheldon [65].
The catalyst was filtered from the reaction media at the reaction temperature to avoid the
readsorption of the leached materials, and the filtrate was allowed to react further. After the
removal of the catalyst, only about 3% of further FAME conversion was observed, which
could be taken as proof of the absence of PTA leaching, at least during the period of time
that the catalyst was evaluated. The test results are presented in Table 5.

Table 5. The results of hot filtration test for the PW4@MIL-100(Cr) catalyst.

Time (h) Conversion (%)
(FAME:H2O2 Molar Ratio of 1:2) *

Conversion (%)
(FAME:H2O2 Molar Ratio of 1:8) *

0 0 0
1 36 49

after hot filtration

2 37 50
3 38 51
4 37 52

* Reaction conditions: FAME content of 1 wt%, temperature of 40 ◦C and catalyst content of 15 g·L−1.

The results of the PW4@MIL-100(Cr) catalyst recycling test are shown in Figure 8.
The epoxidation reaction was carried out at 40 ◦C with a molar ratio of unsaturated
FAMEs:H2O2 of 1:2 and a catalyst content of 15 g·L−1 for 4 h.

The catalyst was separated through centrifugation, weighed and loaded into the
reactor without any treatment after each reaction cycle. Then, the required amounts of
FAMEs and acetonitrile were loaded into the reactor, and the mixture was thermostated
with stirring. The calculated amount of hydrogen peroxide was loaded into the reactor
when the temperature reached 40 ◦C. After that, a sample of the reaction mixture was taken
for analysis, and the beginning of the reaction was fixed.

As can be seen, the PW4@MIL-100(Cr) catalyst could be easily separated and reused
without any treatment for five consecutive cycles without a significant loss of activity or
selectivity (Figure 8).

After five catalytic cycles the PW4@MIL-100(Cr) catalyst was characterized through
XRD, FTIR, BET, SEM and EDS.

The specific surface area and the pore volume were decreased (see Table 6), and some
agglomeration of the catalyst powder was observed (see Supplementary Materials, Figure
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S14) after five cycles, which indicated the reaction products’ deposition on the catalyst
surface. The results of the element analysis (Table 7) also confirmed this fact.

Catalysts 2023, 13, x FOR PEER REVIEW 11 of 17 
 

 

The results of the PW4@MIL-100(Cr) catalyst recycling test are shown in Figure 8. 
The epoxidation reaction was carried out at 40 °C with a molar ratio of unsaturated 
FAMEs:H2O2 of 1:2 and a catalyst content of 15 g·L−1 for 4 h.  

 
Figure 8. Reusability of catalyst. Reaction conditions: FAME content of 1 wt%; temperature of 40 
°C; catalyst content of 15 g·L−1; unsaturated FAME:H2O2 molar ratio of 1:2; reaction time of 4 h; 
blue—ester conversion, %; red—epoxide selectivity, %; and green—hydrogen peroxide conversion, 
%. 

The catalyst was separated through centrifugation, weighed and loaded into the 
reactor without any treatment after each reaction cycle. Then, the required amounts of 
FAMEs and acetonitrile were loaded into the reactor, and the mixture was thermostated 
with stirring. The calculated amount of hydrogen peroxide was loaded into the reactor 
when the temperature reached 40 °C. After that, a sample of the reaction mixture was 
taken for analysis, and the beginning of the reaction was fixed. 

As can be seen, the PW4@MIL-100(Cr) catalyst could be easily separated and reused 
without any treatment for five consecutive cycles without a significant loss of activity or 
selectivity (Figure 8).  

After five catalytic cycles the PW4@MIL-100(Cr) catalyst was characterized through 
XRD, FTIR, BET, SEM and EDS. 

The specific surface area and the pore volume were decreased (see Table 6), and 
some agglomeration of the catalyst powder was observed (see Supplementary Materials, 
Figure S14) after five cycles, which indicated the reaction products’ deposition on the 
catalyst surface. The results of the element analysis (Table 7) also confirmed this fact.  

Table 6. Textural properties of fresh and spent PW4@MIL-100(Cr) catalysts. 

Catalyst BET Surface Areas, m2·g–1 Pore Volume, cm3·g–1 
PW4@MIL-100(Cr) (fresh) 910 ± 26 0.5 

PW4@MIL-100(Cr) (after 1 catalytic cycle) 583 ± 18 0.4 
PW4@MIL-100(Cr) (after 5 catalytic cycles) 283 ± 7 0.3 

Table 7. Catalyst EDS analysis results. 

Catalyst 
C 

(atomic%) 
Cr 

(atomic%) 
P 

(atomic%) 
W 

(atomic%) P/W/Cr 

PW4@-MIL-100(Cr) (fresh) 54.21 4.98 0.46 2.13 1/4.6/10.8 
PW4@-MIL-100(Cr) (after 1 catalytic 

cycle) 
54.67 4.82 0.45 2.05 1/4.6/10.4 

PW4@-MIL-100(Cr) (after 5 catalytic 
cycles) 

57.57 4.70 0.43 1.95 1/4.5/10.2 

Figure 8. Reusability of catalyst. Reaction conditions: FAME content of 1 wt%; temperature of 40 ◦C;
catalyst content of 15 g·L−1; unsaturated FAME:H2O2 molar ratio of 1:2; reaction time of 4 h; blue—ester
conversion, %; red—epoxide selectivity, %; and green—hydrogen peroxide conversion, %.

Table 6. Textural properties of fresh and spent PW4@MIL-100(Cr) catalysts.

Catalyst BET Surface Areas, m2·g−1 Pore Volume, cm3·g−1

PW4@MIL-100(Cr) (fresh) 910 ± 26 0.5
PW4@MIL-100(Cr) (after 1 catalytic cycle) 583 ± 18 0.4
PW4@MIL-100(Cr) (after 5 catalytic cycles) 283 ± 7 0.3

Table 7. Catalyst EDS analysis results.

Catalyst C
(atomic%)

Cr
(atomic%)

P
(atomic%)

W
(atomic%) P/W/Cr

PW4@-MIL-100(Cr) (fresh) 54.21 4.98 0.46 2.13 1/4.6/10.8
PW4@-MIL-100(Cr) (after 1 catalytic cycle) 54.67 4.82 0.45 2.05 1/4.6/10.4
PW4@-MIL-100(Cr) (after 5 catalytic cycles) 57.57 4.70 0.43 1.95 1/4.5/10.2

As regards the MOF destruction, the XRD technique did not show significant changes
in the PW4@-MIL-100(Cr) structure after five catalytic cycles (see Supplementary Materials,
Figure S15). FTIR spectroscopy (see Supplementary Materials, Figure S16) also did not
reveal significant changes. It should also be noted that, after the catalytic tests, the P/W/Cr
ratio was retained, which confirmed the absence of framework destruction. Otherwise,
when the framework was destroyed, PW4 leaching should have occurred and as a result of
which the ratio should have changed.

3. Materials and Methods
3.1. Materials

FAMEs (content: methyl palmitate—5.1%, methyl oleate—59.4%, methyl linoleate—
24.6%, methyl stearate—2.1%, methyl linolenate—7.9% and others—0.9%) were obtained
through rapeseed oil transesterification with methanol as described previously [66].

Epoxidized FAMEs (oxygen oxirane content value of 3.8 wt% and 90.0 wt%) used
for the preparation of standard solutions were obtained through FAME epoxidation with
hydrogen peroxide using performic acid. The epoxidation was carried out in a glass flask
equipped with a mechanical stirrer, thermostatic jacket and reflux condenser. FAMEs were
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weighed and were charged in the reactor. Under continuous stirring, FAMEs were acidified
with formic acid and were heated. Then, hydrogen peroxide was slowly added dropwise.
After the reaction was finished, reaction mixture was taken out and thoroughly washed
with water to a neutral pH. Reaction conditions: FAME:HCOOH:H2O2 molar ratio of 1:5:2,
temperature of 45 ◦C and reaction time of 150 min.

Trimesic acid (95.0 wt%) and nonyl aldehyde (95.0 wt%) were obtained from Sigma–
Aldrich (Saint Louis, MO, USA). Acetonitrile was obtained from Scharlau (Barcelona,
Spain). Hydrofluoric acid (40.0 wt%), methyl alcohol (99.5 wt%), acetone (99.8 wt%),
phosphotungstic acid hydrate (99.5 wt%), phosphoric acid (85.0 wt%), Cr(NO3)3·9H2O
(99.0 wt%), acetic acid (99.5 wt%), potassium iodide (99.5 wt%), methyl ester 9-oxo-nonanoic
acid (98 wt%), methyl 10-oxooctadecanoate (98.0 wt%) and hydrogen peroxide (35 wt%)
were obtained from Vekton (St. Petersburg, Russia). Analytical standard methyl stearate
(99.0 wt% purity) was obtained from Sigma–Aldrich.

Unless otherwise stated, all chemicals in this work were commercially available and
used without further purification. Deionized water was used in all the experiments.

3.2. Catalyst Preparation
3.2.1. Synthesis of MIL-100(Cr)

MIL-100(Cr) was obtained through the hydrothermal method as described previ-
ously [64]. Cr(NO3)3·9H2O (10 mmol), trimesic acid (10 mmol), aqueous solution of
hydrofluoric acid (10 wt%, 10 mmol) and 50 mL of deionized water were placed in a
Teflon-lined autoclave reactor with a volume of 100 mL. The resulting mixture was kept
at 220 ◦C for 8 h. The resulting powder was previously washed with water to a neutral
pH and then was washed with methanol and acetone. The washed catalyst was dried in a
vacuum oven at 40 ◦C overnight.

3.2.2. Synthesis of PW12@MIL-100(Cr)

PW12@MIL-100(Cr) was obtained through the hydrothermal method. Cr(NO3)3·9H2O
(10 mmol), trimesic acid (10 mmol), aqueous solution of hydrofluoric acid (10 wt%,
10 mmol), phosphotungstic acid (1.4 mmol) and 50 mL of deionized water were placed into
a Teflon-lined autoclave reactor with a volume of 100 mL. The resulting mixture was kept
at 220 ◦C for 8 h. The resulting powder was previously washed with water to a neutral
pH and then was washed with methanol and acetone. The washed catalyst was dried in a
vacuum oven at 40 ◦C overnight.

3.2.3. Synthesis of PW4@MIL-100(Cr)

PW4@MIL-100(Cr) was obtained by treating PW12@MIL-100(Cr) with hydrogen perox-
ide and phosphoric acid. PW12@MIL-100(Cr) (2 g), aqueous solution of hydrogen peroxide
(30 wt%, 30 g) and aqueous solution of phosphoric acid (5 mol·L−1, 0.1 mL) were placed
into a glass laboratory batch reactor equipped with a thermostatic jacket, magnetic stirrer
and reflux condenser. The resulting slurry was stirred for 4 h at 40 ◦C. The resulting powder
was washed with water and dried in a vacuum oven at 40 ◦C for 4 h.

3.3. Catalyst Characterization

X-ray diffraction (XRD) patterns were recorded with a Shimadzu XRD-6100 diffrac-
tometer (Shimadzu, Kyoto, Japan) using Cu Kα radiation (λ = 0.1541 nm) in the 2θ range
from 10◦ to 50◦ with a step size of 0.02◦.

The elemental composition and morphology of the catalyst surface were determined
on a JSM-7600F scanning electron microscope (JEOL, Tokyo, Japan) equipped with the
energy dispersive analyzer INCA Energy TEM 250 X-Max.

The pore size and specific surface area of the obtained samples were measured using a
Sorbi MS instrument (META, Novosibirsk, Russia). Sample preparation included dehydra-
tion for 2 h at 110 ◦C and preliminary thermal treatment at 100 ◦C. To obtain a complete
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adsorption–desorption isotherm, the absolute calibration method was used. The specific
surface area was measured using the BET method.

Raman spectra were recorded using a NTEGRA Spectra instrument (NTEGRA, Ze-
lenograd, Russia) equipped with laser line of 473 nm. Laser power was kept at 3.6 mW.

The KBr pellet technique was applied to determine IR specters of the catalyst samples.
IR spectra were recorded in air at room temperature using Shimadzu IRAffinity–1 spec-
trometer (Shimadzu, Kyoto, Japan) in the region of wavenumbers from 400 to 4000 cm−1

with a resolution of 0.5 cm−1.
The concentration of the Brønsted acid centers was determined through the back

titration method using sodium chloride as an anion-exchange agent [67]. In a typical
experiment, 100 mg of the sample was suspended in a saturated aqueous NaCl solution
(10 mL). The resulting slurry was previously treated with ultrasound and was then stirred
for 20 h and centrifuged. The separated powder was further washed with water (10 mL)
for 20 min and was centrifuged. The resulting centrifugates were mixed and titrated with a
NaOH solution (0.005 mol·L−1).

3.4. Catalytic Test Procedure

The FAME epoxidation was carried out in a glass laboratory batch reactor equipped
with a thermostatic jacket, magnetic stirrer and reflux condenser. A calculated amount
of FAMEs, hydrogen peroxide and solvent were placed into the reactor, and the mixture
was heated with stirring (600 rpm). After reaching the desired temperature, a weighed
sample of the catalyst was added to the mixture, and the beginning of the reaction was
fixed. During the process, the reaction liquid samples were taken at predetermined time
intervals. Each experiment was reproduced at least 2 times.

3.5. Analysis

Before analysis, the liquid samples were rapidly cooled to room temperature and
centrifuged.

The product identifications and quantitative analyses were performed through GC-MS
using a Shimadzu GC-2010 instrument equipped with a GCMS-QP2020 mass spectrometer,
FID and VB-1701 capillary column (length of 30 m, inner diameter of 0.25 mm and film
thickness of 0.25 µm; VICI, Poulsbo, WA, USA). The substrate and product concentrations
were quantified using the calibration curves of methyl stearate and epoxidized FAME
standard solutions in acetonitrile. Conversion, selectivity, and yield were determined with
the following formulas:

ConversionFAME(%) =
n0 (FAME) − ni (FAME)

n0 (FAME)
∗ 100 (1)

ConversionH2O2(%) =
n0 (H2O2)

− ni (H2O2)

n0 (H2O2)
∗ 100 (2)

SelectivityEFAME(%) =
ni (EFAME)

n0 (FAME) − ni (FAME)
∗ 100 (3)

YieldEFAME(%) =
XFAME∗SEFAME

100
(4)

The oligomerization products were identified through HPLC-MS using Agilent 1200
HPLC system equipped with an Agilent 6310 mass detector and C18 column (250 × 4.6 mm).

The concentration of hydrogen peroxide in the reaction mixture was determined using
standard iodometric titration as described previously [68].

Standard deviation was ±2% and ±3% for conversion and selectivity values, respec-
tively.
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4. Conclusions

The MIL-100(Cr), PW12@MIL-100(Cr) and PW4@MIL-100(Cr) were prepared, charac-
terized through various methods (XRD, FT-IR, BET, SEM and EDS) and tested as catalysts
in the epoxidation of unsaturated FAMEs with hydrogen peroxide.

The peroxopolyoxotungstate PW4 encapsulated in the MIL-100(Cr) matrix showed a
good catalytic activity and selectivity. The reaction using PW4@MIL-100(Cr) gave epoxides
with a 77% selectivity and a 95% unsaturated FAME conversion in optimal conditions
(reaction time of 4 h, temperature of 40 ◦C, FAME:H2O2 molar ratio of 1:8 and catalyst
loading of 15 g·L−1). At the same time, the PW12@MIL-100(Cr) sample was significantly
less active and showed results similar to the MIL-100(Cr) results.

The PW4@MIL-100(Cr) catalyst exhibited a good stability and reusability for five
consecutive reaction cycles without a significant loss of activity or selectivity.

Supplementary Materials: The following Supplementary Materials can be downloaded at https:
//www.mdpi.com/article/10.3390/catal13010138/s1, Figure S1: SEM images of (a,b) MIL-100(Cr);
Figure S2: SEM images of (a,b) PW12@MIL-100(Cr); Figure S3: SEM images of (a,b) PW4@MIL-
100(Cr); Figure S4: EDS analysis of PW12@MIL-100(Cr); Figure S5: EDS analysis of PW4@MIL-
100(Cr); Figure S6: N2 isotherm adsorption of MIL-100(Cr); Figure S7: N2 isotherm adsorption
of PW12@MIL-100(Cr); Figure S8: N2 isotherm adsorption of PW4@MIL-100(Cr); Figure S9: N2
isotherm adsorption of PW4@MIL-100(Cr) after 1 cycles; Figure S10: N2 isotherm adsorption of
PW4@MIL-100(Cr) after 5 cycles; Figure S11: Mass spectrum of FAME oxidation products (GC-
MS). (a) methyl 5-oxo-octadecanoate, (b) Methyl 9-oxononanate, (c) methyl 10-oxo-octadecanoate;
Figure S12: Mass spectrum of FAME Oligomerization products (HPLC-MS). Mass spectrum (positive)
of peaks with a retention time of 25.5 min; 25.9 min; 26.2 min; 26.9 min: 28.5 min; Figure S13:
Mass spectrum of methyl stearate oxidation products (GC-MS). (a) methyl 5-oxo-octadecanoate,
(b) methyl 10-oxo-octadecanoate, (c) methyl 17-oxo-octadecanoate; Figure S14: SEM images of (a)
fresh PW4@-MIL-100(Cr) and (b) spent PW4@MIL-100(Cr) powders; Figure S15: XRD patterns of
PW4@MIL-100(Cr) fresh prepared (a) and after 5 catalytic cycle (b); and Figure S16: FTIR spectra of
PW4@MIL-100(Cr) fresh prepared (a) and after 5 catalytic cycle (b).
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