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Vegetable oils (VOs) are an environmentally benign alternative and sustainable carbon feedstock for various
industrially relevant compounds, e.g. epoxidized products (EVOs). The commercial production of EVOs is a
heterogeneous liquid-liquid reaction with low reaction rates and a limited epoxide selectivity. Furthermore,
the separation of the EVOs from the reaction mixture is very intricate, limiting large-scale applicability. In
this work, we introduce surface-active imidazolium tungstate ionic liquids (SAILs) as sustainable catalysts
for the epoxidation of VOs in water using hydrogen peroxide as a green oxidant. Micelle formation and
substrate uptake into the aqueous phase depend on the nature of the cation of the SAIL catalyst, which
was studied by dynamic light scattering (DLS), transmission electron microscopy (TEM) and cryo-TEM at
various concentrations and temperatures. Recycling studies demonstrate that the catalyst remains in the
aqueous phase and can be recovered completely. The absence of the catalyst and additive in the product
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Introduction

The limited supply and growing consumption of fossil carbon
resources require sustainable alternatives. Vegetable oils
(VOs) are abundant and renewable, and thus industrially
relevant precursors for lubricants, plasticizers and polymer
stabilizers, cosmetics, surfactants, coatings and resins." For
instance, the epoxidation of waste lipids (e.g. used cooking
oils, yellow/brown grease, rendering oils or oil mill effluents)
offers pathways for environmentally friendly waste recycling
towards sustainable value-added products.>® On an industrial
scale, unsaturated VOs are converted to their epoxidation
products (EVOs) via the Prilezhaev reaction with peracetic
acid or performic acid, which are formed in situ by the acid-
catalyzed oxidation of the corresponding acids with aqueous
hydrogen peroxide (H,0,).>* However, this method suffers
from intrinsic drawbacks, such as mass transport limitations
between the organic substrate and the oxidant in the aqueous
phase, difficult separation of the product/non-recyclable
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phase is verified by inductively coupled plasma mass spectrometry (ICP-MS) and 3*P-NMR spectroscopy.

catalyst mixture, formation of corrosive carboxylic acids and
low selectivities due to acid-catalyzed ring opening reactions.’
Most often, these systems require large amounts of acetic acid
in addition to sulfuric acid to efficiently activate H,O,
compared to common catalysis systems.® Epoxidation of VOs
with molecular transition metal catalysts was studied as well.
Methyltrioxorhenium, a well-known epoxidation catalyst, was
used for VO epoxidation with good reaction rates under mild
conditions.” Yet, catalyst recycling has not been systematically
studied.®  Other  homogeneous approaches involve
molybdenum complexes which, however, demand comparably
rough conditions making catalyst recycling difficult.’
Polyoxometalates (POMs) are among the most prominent
epoxidation catalysts and they have been used in biphasic
epoxidation since the seminal studies by Venturello and
Ishii,'® and hence, they were also used for the epoxidation of
VOs via in situ transfer into the VO phase."" Due to quasi-
homogeneous conditions, product/catalyst separation has not
been the focus.'*** Biphasic approaches involving manganese
complexes with sophisticated ligand systems show good
reaction rates under moderate conditions.'* Several groups
reported on heterogeneous organocatalysts consisting of
strongly acidic ion exchange resins which in situ form peroxo
species upon treatment with various peroxides.>'”™” These
systems often suffer from lower activities/selectivities due to
diffusion limitations and acid-mediated ring opening of the
epoxide moiety although the heterogeneous nature of the
catalyst allows facile recycling. Other heterogeneous

This journal is © The Royal Society of Chemistry 2024
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approaches are based on mesoporous silica with an active
metal incorporated into the network structure, such as Ti or
Mn."®' However, these catalysts exhibit drawbacks which are
similar to those of heterogenized organocatalysts. Silica-
supported peroxycarboxylic acids show activities comparable
to classic Prilezhaev-type reactions for the biphasic
epoxidation of unsaturated fatty acids and esters with good
conversions and epoxide selectivities.”® The catalyst is
recyclable; yet, the conversion and selectivity decreases with
each catalysis run, pointing to deactivation mechanisms and/
or catalyst leaching.

In order to combine the benefits of high catalytic activity
and catalyst recycling, biphasic systems offer a suitable
platform by switching towards the aqueous phase as a
reaction medium. Nevertheless, to the best of our knowledge,
there are no reports on the biphasic liquid-liquid
epoxidation of VOs with molecular transition metal catalysts
operating in the aqueous phase. Such a reaction requires the
use of surfactants, which have to meet the following
conditions: (i) the catalyst is either bound to the surfactant,
or is part of it, (ii) the catalyst/surfactant is exclusively
present in the aqueous phase, (iii) the VO substrate can be
solubilized in the aqueous phase by the surfactant, and (iv)
the surfactant is inert in the oxidative environment and does
not decompose the oxidant.'>'? Surface-active (mostly
imidazolium-based) ionic liquids (SAILs) are well known to
form micelles in aqueous media*’ and solubilize organic
molecules therein while not being soluble in the organic
media themselves.*> However, reports on multitasking single
component SAILs - acting as phase transfer agents and
catalytically active species — in water are still rare.'*'>** A
schematic illustration of the principle of micellar catalysis
with SAILs is shown in Scheme 1.

Surface-active imidazolium perrhenate SAILs were
investigated as multitasking catalysts for the epoxidation of
olefins in aqueous hydrogen peroxide.”® This work was
expanded to cheaper and more abundant tungsten-based
SAIL catalysts, which are significantly more active - especially
with organophosphonic acid additives.>® Hence, in this study,
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Scheme 1 Concept of micellar epoxidation catalysis of olefins with
SAIL catalysts. Upon addition of the olefin substrate (S) to the SAIL-
containing aqueous phase, a biphasic system is formed (step 1). Upon
heating and stirring, the substrate is solubilized in the aq. phase and
converted to the epoxide product P (step 2). After reaction completion,
the product phase (P) and the SAIL-containing ag. phase are fully
separated (step 3).
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the application of tungstate SAILs as catalysts for the
epoxidation of VOs is presented, which is the first example of
single-component surface active catalysts for VO epoxidation.
The influence of cation variation on the substrate
solubilization in the aq. phase and on the catalytic activity,
respectively, is investigated. The catalytic system is subjected
to consecutive catalysis runs to demonstrate facile product
separation and catalyst recovery.

Results and discussion
Synthesis and characterization of tungstate-based SAILs

For the SAIL synthesis, imidazolium bromide precursors were
synthesized according to published procedures (see the ESIY).
The imidazolium tungstate SAILs [RR'MIm],[WO,] (R = octyl
[O], dodecyl [Do]; R’ = H, methyl [M]) were obtained from the
respective imidazolium bromide precursors via an anion
exchange procedure.>>?® The bromide precursor was eluted
in a basic anion exchange resin and subsequently treated
with tungstic acid to yield the product in high yields (>95%)
and purities according to 'H- and C-NMR and elemental
analysis (see the ESIf). The presence of tungstate was
confirmed by "*W-NMR by a signal at -8.89 ppm for
[DoMIm],[WO,] (ESL;} Fig. S10). This shift is well in the range
of [OMIm],[WO,] at 6.02 ppm and the Na,WO, reference
signal at 0 ppm.>>?’

As the catalytic activity in multiphase systems is directly
correlated to the presence of micelles, their concentration,
size and shape, the critical micelle concentrations (CMCs)
were determined by tensiometry at different temperatures
(Table 1 and ESL} Fig. S1-S3). Generally, increasing alkyl
chain lengths from Cg to C,, significantly decrease the CMC
by a factor of 18, which is in accordance with our previous
studies.”® The additional methyl substituent at the C2-
position of the imidazole of [DoR'MIm],[WO,] (R’ = H, Me)
does not notably influence the CMC. In contrast, increasing
temperature leads to increasing CMC values, most likely due
to greater solubilization of the respective IL in aqueous H,0,
at higher temperatures.

The micelle diameters were investigated by dynamic light
scattering (DLS). At catalytic concentrations of the catalysts in
aq. H,0,, the detected micelles are all in the same range of
2-3 nm (see Table 1 and the ESLj Fig. S4). This phenomenon
most likely results from the ensemble of dominating

Table 1 CMCs of imidazolium tungstate SAILs in aq. HO, (50 wt% in
water) at RT and at 60 °C, determined by tensiometry, and their micelle
diameters in aq. H,O, at a conc. of 178 mmol L™ at 20 °C before and
after treatment with high oleic palm oil, determined by DLS (see the ESI¥
for details)

Mean size
CMC [mmol L] [diameter in nm]
IL 25 °C 60 °C Before After
[OMIM],[WO,] 46.2 55.4 3.0 (+0.44) 4.0 (+0.86)
[DOMIM],[WO,] 2.6 55  2.0(x0.35) 3.1 (x0.72)
[DOMMIM],[WO,] 2.6 4.0  2.3(x0.60) 3.1 (+0.59)
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supramolecular interactions, such as the electrostatic
repulsion of the polar head groups versus van der Waals
(vdW) interactions of the hydrophobic alkyl chains.
Therefore, in the case of [OMIm],[WO,], the repulsion
outweighs the vdW interaction leading to larger micelles,
while for [DoMIm],[WO,] the longer alkyl chain allows more
vdW contacts and results in a denser packing of the
supramolecular structure. Uptake of the organic substrate
into the micellar aggregates is crucial for solubilizing the
substrate in the aq. phase to overcome the diffusion and
mass transfer limitations of the biphasic reaction medium.
Therefore, all samples were additionally treated with high
oleic palm oil prior to the measurement.

In all cases, the micelles grew larger upon addition of the
substrate (Table 1), suggesting an incorporation of the
substrate inside the micelles. In the case of [OMIm],[WO,],
the volume of the spherical micelles increased from 14 nm®
to 33 nm’ after treatment with palm oil, and for
[DOMRImJ,[WO,] (R = H or Me) from about 5 nm?® to 16 nm®.
In consideration of the CMC values at a catalytic
concentration of 178 mmol L™, around 1/4 of the SAIL
[OMIm],[WO,] is dissolved in aq. H,0,, while 3/4 of the SAIL
forms micelles. In contrast, 99% of [DoMIm],[WO,]
molecules aggregate to micelles. This suggests that a SAIL
catalyst with a larger hydrophobic moiety solubilizes more
substrate in the aqueous phase as more micelles are formed,
which leads to a micelle volume increase by a factor of 3.5
upon substrate contact, despite their small size.

As previously mentioned, the catalyst concentration
likely affects the macroscopic parameters of the formed
micelles. Then, the SAIL [DoMIm],[WO,] was investigated
at low concentrations of 2.7 and 26 mmol L™ in aq.
H,0, at 20 °C. Meanwhile, at a catalytic concentration of
178 mmol L™, the IL forms small micelles with a

a
S
' Size [nm]
c
Fig. 1 (a) DLS measurements of [DoMIM],[WO,] at different

concentrations: 2.7 mmol L™ (red), 26 mmol L™ (blue) and 178 mmol
L™ (purple) in 50 wt% ag. H,O, at 20 °C. (b)-(d) TEM pictures of
[DOMIMI,IWO,] in 50 wt% aq. H,O, at concentrations of 2.7 mmol L™,
26 mmol L™ and 178 mmol L™, respectively.
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diameter of 2 nm; DLS detects large micelle aggregates of
130 nm at 26 mmol L™ and even larger ones at 2.7 mmol
L™ (460 nm) as presented in Fig. 1a. These results underline
the impact of concentration on the supramolecular
aggregates. Additionally, TEM measurements of the
respective samples were carried out (Fig. 1b-d). At a
concentration slightly above the CMC, mostly large
aggregates (>400 nm) are observed (Fig. 1b), which is in
accordance with the DLS data. However, these aggregates are
presumably formed from small primary micelles, but not
detected by DLS, due to strongly differing scattering
intensities (ESI;f Fig. S5). At 26 mmol L™, the mean size of
the spherical aggregates of small micelles decreases, in
accordance with DLS, while also areas predominated by
primary particles and network-like structure formation are
detected (Fig. 1c and ESIj Fig. S6). The TEM measurement
at catalytic concentrations further supports the DLS data as
mostly small micelles are present (Fig. 1d and ESLF Fig. S7).

In order to imitate catalytic conditions more precisely,
analogous measurements were performed using cryo-TEM.
For this, the sample solutions were heated to 50 °C prior to
drop casting, blotting and shock-frosting the sample,
resulting in a rod-like structure, which swells upon substrate
treatment (ESL Fig. S8). This most likely results from the
strong electronic repulsion of the head groups at high
concentrations, while hydrophobic interactions may be
promoted by formation of linear structures.

Analogous measurements of the [OMIm],[WO,] SAIL show
a homogeneous distribution of spherical micelles with an
average diameter of 15 nm (ESL} Fig. S9) which is in
accordance with our prior report.>® The increased size
compared to the DLS data most likely results from the
measurement procedure, as the copper grid is blotted in the
case of cryo-TEM measurements which flattens the spherical
micelle and then leads to an increase of the surface
according to the previous volume calculations.

To further investigate the substrate uptake by the
micellar system of [DoMIm],[WO,], catalytic amounts of the
SAIL (0.25 mmol) were dissolved in 1.4 mL of a 50 wt%
solution of hydrogen peroxide in water (25 mmol) and
stirred with an excess of palm oil. The precise amount of
solubilized substrate was determined by quantitative 'H-
NMR of an aliquot of the aqueous phase after full phase
separation (ESLj Fig. S11). Subsequently, at room
temperature and a catalytic concentration of [DoMIm],[WO,]
(178 mmol L"), 0.024 (£0.0012) mmol of palm oil is
preserved in the aqueous phase, corresponding to a
catalyst: substrate ratio of 1:10.

RZ
o 0
S~~~ ~ASR o"\é’\»):g\o/\/g/\g\ X =12 W0
\—=/ ?—OMM/_\/ R' = Oct, Do
?’O S H;0, " RZ=H, Me
0, n=01,234

Scheme 2 Catalytic two-phase epoxidation of vegetable oils with
imidazolium tungstate SAlLs as catalysts and aq. H,O, as the oxidant.

This journal is © The Royal Society of Chemistry 2024
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Two-phase epoxidation of vegetable oils catalyzed by SAILs

In a first case study, palm oil was chosen as the model
substrate for the biphasic epoxidation with IL catalysts
(Scheme 2). Firstly, SAILs with different cations were tested at
a concentration of 2.5 mol% and a constant palm oil: H,0,
ratio of 1:40:100 at 60 °C. As vegetable oils contain several
double bonds within triglyceride molecules with different
chemical environments (i.e. variable combination of fatty
acids), the respective amount of substrate is calculated
according to the mean amount of double bonds per
molecule. For instance, each experiment was performed with
4 mmol high oleic palm oil, which in average contains 2.5
double bonds per molecule, resulting in a ratio of 10 mmol
double bonds vs. 25 mmol H,0,. Additionally, 5 mol%
phenylphosphonic acid (PPA) was used as an additive, due to
a significant activity boost as previously reported.*® This
results from the formation of the catalytically active
tungstate/PPA adduct instead of the kinetically hindered
formation of the tetra(k-peroxo)tungstate complex upon H,0,
contact. It needs to be noted here that in all experiments, the
conversion and selectivity were determined by means of
titration techniques (see the ESIT for details). Since both the
substrates and their epoxidation products consist of complex
organic matrices and are virtually non-volatile, gas or liquid
chromatographic quantifications are not viable as samples
have to be extracted from their matrices prior to analysis.>®
In comparison, spectroscopic methods such as NMR and
FTIR are generally tedious. Analysis via 'H-QNMR by
integration of the respective olefin and epoxide signals for
common organic substrates is not possible. However, the
resonances of the educt and product are clearly shifted (ESL
Fig. S12-S14) and specific NMR analysis procedures for (E)
VOs are reported in the literature.>® Similarly, quantitative
analysis via FTIR remains difficult, due to marginal
differences between VOs and EVOs, also among different
derivatives with each other (see the ESLt Fig. S15-517).
Nonetheless, analysis by combination of FTIR with additional
techniques such as gas chromatography is possible.>® Here,
the substrate conversion was determined by iodometric
titration using iodine monochloride to react with the
unreacted C=C bonds of the substrate. The selectivity
towards epoxides is determined via acid-base titration by
ring opening of the epoxides with an excess of hydrochloric
acid (for the detailed procedure see the ESI{). Note that the
conversions obtained by this method correspond to the
amount of the epoxidized C=C bonds versus the total
amount of all C=C bonds in the substrate before the
reaction starts. A precise determination of how many C=C
bonds per substrate molecule were converted is not possible.
The increasing alkyl chain length from Cg < C;, leads to a
significant activity boost (Fig. 2). The most notable difference
within [RMIm],[WO,] is the low activity of R = octyl (40%
conversion after 6 h), which is most presumably resulting
from a weaker catalyst/substrate interaction than in the case
of R = dodecyl (98% conversion after 6 h). Compared to

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Conversion of high oleic palm oil in the epoxidation catalysis
using imidazolium tungstate SAlLs with varying alkyl chain lengths at
60 °C. Reaction conditions: 500 rpm, 3.8 mL palm oil (4 mmol, 100
equiv. double bonds), 1.4 mL H,O, (50 wt% in water, 25 mmol, 250
equiv.), 2.5 mol% SAIL and 5 mol% PPA.

common olefinic substrates, vegetable oils possess significantly
larger molecule sizes with long hydrophobic alkyl chains that
offer the possibility for vdW contacts, which are formed more
extensively with dodecyl substituents. As previously mentioned,
the dissolved amount of catalyst does not engage in vdW
contacts, which are formed more extensively with dodecyl
substituents. Also, as stated above, the dissolved amount of
catalyst not taking part in micelle formation is 10 times higher
for [OMIm],[WO,] than for [DoMIm],[WO,] at 60 °C. Increasing
the hydrophobic content of the catalyst with a methyl
substituent at the C2 position did not show a notable impact
compared to C2 = H (95% vs. 92% conversion after 5 h). The
selectivity decreased with the reaction time in all cases as the
oxirane moiety is prone to the ring opening, and formation of
diols, in the acidic environment of the aqueous phase owing to
H,0, and PPA. Nevertheless, the selectivity is independent of
the hydrophobicity as all catalysts display selectivities of >70%
(ESL; Fig. S18).

In the following, the influence of the reaction temperature
was studied using [DoMMIm],[WO,] as the catalyst while
maintaining analogue catalysts:PPA:palm oil: H,0, ratios.
Upon reducing the temperature to 50 °C, the conversion
significantly declines to 55% after 5 h reaction time
compared to 95% at 60 °C (Fig. 3). The activation energy
value, based on the initial conversion rates, is 43.4 + 3.3 kJ
mol ™ (ESL} Fig. $22), which is somewhat higher compared to
the epoxidation of cyclooctene with tungstate ILs (32 K]
mol™).>® However, the activation energy is notably lower
compared to the activation energy for the Prilezhaev-type
epoxidation of corn oil (74 kJ mol™),*® indicating that mass
transfer limitations do not play an important role. At 80 °C,
the conv. increases to 98% after 2 h; however, the selectivity
decreases to 68%, while at 60 °C, the selectivity is 82% at
similar conversions (ESLj Fig. S19). Hence, all following

React. Chem. Eng., 2024, 9, 2710-2717 | 2713
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Fig. 3 Conversion of high oleic palm oil in the epoxidation catalysis with
[DoMMIM],[WO,] at different temperatures. Reaction conditions: 500 rpm,
3.8 mL palm oil (4 mmol, 100 equiv. double bonds), 1.4 mL H,O, (50 wt%
in water, 25 mmol, 250 equiv.), 2.5 mol% SAIL and 5 mol% PPA.

experiments were performed at 60 °C. Note that the activity
towards to epoxidation of vegetable oils is somewhat lower
compared to simple organic substrates, such as
cyclooctene,” which can be ascribed to the difficult
accessibility of double bonds in the complex organic
matrices.

To examine the effect of the catalyst and PPA loading
alongside their respective ratio on the catalytic activity and
selectivity of the reaction, experiments with catalyst loadings
varying from 1 to 10 mol% and IL:PPA ratios between 2:1
and 1:5 were performed (Fig. 4 and ESLj Fig. S20). At the
lowest catalyst concentration of 1 mol%, conversions of 53%
and 67% are obtained after 8 h with 2 mol% and 5 mol%
PPA (Fig. 4, dark purple vs. purple), respectively, while the

—e— 1 mol% IL, 2 mol% PPA
—a—1mol% IL, 5 mol% PPA

100 ——2.5mol% IL, 5 mol% PPA
—a—5mol% IL, 5 mol% PPA
—e—5mol% IL, 10 mol% PPA
—a— 10 mol% IL, 5 mol% PPA
80 —e—10 mol% IL, 20 mol% PPA

60

Conversion / %

40 -

20

Time/h

Fig. 4 Conversion of high oleic palm oil in the epoxidation catalysis with
different [DoMMIM],[WO,] loadings and varying SAIL: PPA ratios at 60 °C.
Reaction conditions: 500 rpm 3.8 mL palm oil (4 mmol, 100 equiv. double
bonds), 1.4 mL H,O, (50 wt% in water, 25 mmol, 250 equiv.).
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selectivity for the latter is slightly lower (81% vs. 76%).
Increasing the catalyst loading to 5 mol% at 5 mol% PPA
leads to almost full conversion (98%) after 4 h with a good
selectivity of 86%. Increasing the PPA amount to 10 mol%
results in somewhat higher activity at the start of the
reaction; however, the selectivity declines significantly to 64%
after 4 h with similar conversions. This suggests that the
catalytically active SAIL-PPA adduct is almost quantitatively
formed with stoichiometric amounts of PPA, while excessive
amounts promote the ring opening reaction of the oxirane
moiety due to the acidic nature of PPA. Interestingly, by
increasing the SAIL amount to 10 mol% while maintaining a
lower PPA loading of 5 mol% (2:1 ratio), the reaction rate is
increased (95% conv. after 2 h) but the selectivity at 76% is
lower compared to using half of the catalyst loading
(Fig. 4, red and ESLj Fig. S20). When the SAIL:PPA ratio is
changed to 1:2, which corresponds to catalyst and PPA
loadings of 10 and 20 mol% (Fig. 4, pink), respectively, the
initial reaction rate is enhanced (77% vs. 52% conv. after 1 h,
pink vs. red), while an almost quantitative conversion of 96%
is also obtained after 2 h reaction time. However, the
selectivity strongly decreases at excessive PPA loadings,
especially in the case of a catalyst loading of 10 mol% and 20
mol% PPA (40% after 2 h reaction time). This further
underlines the sufficiency of lower adduct (stoichiometric
amounts) addition to achieve reasonable reaction rates
without the promotion of side reactions.

The applicability of the catalytic system for VOs with
differing structural motifs, such as varying triglyceride
backbones with different amounts and chemical
environments of the olefinic bond, was tested with soybean
and corn oil as additional substrates. Each vegetable oil has
different amounts of C=C double bonds (DBs) on average
(high oleic palm oil: 2.5 DB, soybean oil: 4.5 DB, corn oil: 3.5
DB). The different chemical compositions of the respective
vegetable oils are summarized in Table 2. Therefore, the
amount of each VO for a standard catalytic experiment was
calculated to be equivalent to 10 mmol of double bonds. The
observed reaction rates for all three VOs are similar, as
shown in Fig. 5. In contrast, the selectivity slightly decreases
in the order high oleic palm oil > soybean oil > corn oil
(ESL} Fig. S21). The obtained profiles possibly result from
differing accessibilities of the respective double bonds and
subsequently the retention time of the substrate in the
aqueous phase, as the oxirane moiety is prone to ring-
opening and diol formation in an acidic environment. The
micellar SAIL system working in water is more efficient than
the Prilezhaev-based reaction, in which the catalysis takes
place at the interface between the substrate phase and water.
Also, it is superior to most homogeneous metal complex
catalysts (see Table 3).*”*'* Non-recyclable catalytic POM
systems based on phase-transfer catalysis in the organic
substrate phase display higher activities using methyl oleate
as a model substrate, which is a pure, processed derivative of
vegetable oils."" As an alternative to heterogeneous solid-
liquid systems,'®'® the SAIL catalysts show notably higher

This journal is © The Royal Society of Chemistry 2024
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Table 2 Chemical composition of vegetable oils by the content of their most abundant fatty acid

Fatty acid content [wt%|

Vegetable oils Palmitic (16:0) Stearic (18:0)

Oleic (18:1) Linoleic (18:2) Linolenic (18:3)

Palm oil** 44 5
Soybean oil* 10 4
Corn oil** 13 2

39 11 <1
18 55 13
30 53 1

Note that the exact chemical constitution of vegetable oils varies as they are natural products.

100
80 -
xR
S 60
(2]
)
>
5
8 40
20+ —— Palm oil
—— Soybean oil
—— Corn oil
0 T T T T T
0 1 2 3 4 5

Time/h

Fig. 5 Conversions of different vegetable oils with 5 mol%
[DoMMIM],[WO,] and 5 mol% PPA at 60 °C. Reaction conditions: 500
rpm, 3.8 mL palm oil (4 mmol, 100 equiv. double bonds), 1.4 mL H,0,
(50 wt% in water, 25 mmol, 250 equiv. per double bond).

activities and selectivities under similar conditions, as
presented in Table 3.

Catalyst recycling

For a truly sustainable reaction protocol to convert VOs into
EVOs, several requirements need to be fulfilled. For instance,
using hydrogen peroxide as an oxidant is environmentally

Table 3 Reported catalytic systems for the epoxidation of different vegetable

benign because it yields water as a by-product, meeting the
criteria of green chemistry. Another important premise is a
feasible product/catalyst separation without the need of
additional product purification, and hence, the possibility to
recycle the catalyst (if possible, on a long-term scale). To
demonstrate this, the recyclability of the tungstate-SAILs was
studied for five subsequent runs as shown in Fig. 6. The
reaction was performed with [DoMIM],[WO,] instead of
[DOMMIM],[WO,] as the catalyst using soybean oil as the
substrate, due to the lower viscosity compared to high oleic
palm oil (this also applies to the respective epoxidation
products), and hence to promote a faster phase separation.
For the recycling experiment, 5 mol% catalyst loading with a
PPA ratio of 1:1 is used. The scale of the reaction was
doubled and performed in a round bottom flask (see the ESI}
for the detailed procedure).

For each run, the reaction was stopped after 4 h, the two-
phase reaction mixture was allowed to stand, and after 3 h,
the organic phase was removed to ensure complete phase
separation. The residual aqueous phase was washed with
n-hexane three times and the solvent was removed under
reduced pressure. The following runs were started by
addition of fresh H,0, and soybean oil and heating to
reaction temperature. Throughout the five catalysis cycles, no
notable decline in activity (conversion of soybean oil) or
selectivity (to the respective epoxides) was observed,
suggesting that neither the catalyst nor the additive is lost
during the process. This also suggests that -catalyst
deactivation mechanisms, which are a common problem for
molecular catalysts aside from the intriguing catalyst/product

oils and their derivatives

Substrate Catalyst Oxidant T[°C] t[h] Solvent Conv. [%] Sel. [%] Recycling reported? Ref.
Grape seed oil  Sulfuric acid CH;COOH/H,0, 65 6 None 93 69 No* 6
Corn oil Sulfuric acid CH3COOH/H,0, 75 n.a. None n.a. n.a. No* 30
Soybean oil CH3;ReO; H,0, 25 2 DCM 100 95 No 7
Soybean oil [MoO,(acac),] TBHP 110 24  Toluene 83 49 No 9
Sunflower 0il  rac-[Mn(OTf),(BPBP)] CH;COOH/H,0, 25 2 None 99 90 No 14
Sunflower oil ~ Amberlyst 39 CH;COOH/H,0, 75 4 None 90 96 Yes 16
Castor oil” Amberlite IR-120 CH;COOH/H,0, 50 10 Benzene n.a. n.a. No 17
Soybean oil Ti-HMS TBHP 60 6 Ethyl acetate 41 43 No 19
Soybean oil Mn-HMS TBHP 60 6 Ethyl acetate 43 51 No 19
Soybean oil [DoMIm],[WO,] H,0, 60 4 None 98 81 Yes This work

“ Prilezshaev-type epoxidations, involving peracetic acids that are consumed (converted to the corresponding carboxylic acids) and not
regenerated during the stoichiometric reaction. Sulfuric acid activates the peracids and/or stabilizes intermediates, but does not act as a classic
catalyst, making catalyst recycling not necessary in these cases. ” An epoxide yield of 78% was reported.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Conversion and selectivities of soybean oil in the epoxidation
catalysis with 5 mol% [DoMIM[;[WO4] and 5 mol% PPA. Reaction
conditions: 60 °C, 4 h, 500 rpm, 2.3 mL soybean oil (2.22 mmol, 100 equiv.
double bonds), 1.4 mL H,O, (50 wt% in water, 25 mmol, 250 equiv.).

separation, are absent. Note that kinetic experiments for each
recycling run - instead of reactions resulting in a single data
point — and the subsequent determination of the respective
reaction rates would underline these results.>* To ensure that
the product phase is free of catalyst, a sample of epoxidized
soybean oil was investigated via inductively coupled plasma
mass spectrometry (ICP-MS) for traces of tungsten (see the
ESIt for details). No metal was detected by this method,
ensuring that the tungsten content is below the detection
limit of 0.16 ug L™". Additionally, the organic layer does not
contain the additive PPA as revealed by *'P-NMR analysis,
since no signal is detected during the measurement. These
results underline that the product/catalyst separation of the
biphasic system after the reaction is possible by simple
mechanical methods.

Conclusion

This work shows the potential of multifunctional, surface-
active catalysts in the industrially relevant epoxidation of
vegetable oils by applying a two-phase reaction system
which allows for carrying out the catalysis in water and
for recycling the catalyst for reuse. Imidazolium tungstate
SAILs are efficient epoxidation catalysts under moderate
reaction conditions. The surfactant function of the SAILs
induces a phase transfer of the hydrophobic substrates
into water, where the catalytic function of the SAILs steps
into action. Furthermore, the recyclability of the catalyst
and additive, and the facile product separation by
mechanical methods without the need for purification was
demonstrated according to the principles of green
chemistry. The model system showed no loss in activity or
selectivity over five consecutive runs. The separated
product did not contain any traces of catalyst or additive,
as verified by *'P-NMR spectroscopy and ICP-MS. These
results, together with the straightforward and scalable

2716 | React. Chem. Eng., 2024, 9, 2710-2717
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synthesis from cheap starting materials, are promising
factors  towards the implementation of IL-based
epoxidation in continuous reactors, which are to date still
limited to mostly heterogeneous composite materials and
unfunctionalized substrates.

The IL motif provides the possibility to catalyze a
substrate with complex, functionalized organic molecules,
which is still challenging for industrial applications.
Furthermore, this platform offers a wide range of possible
applications, due to the simplicity of cation/anion
permutations and tuning towards the desired micellization,
solubility, phase behavior and reactivities besides the
epoxidation of olefins. This concept opens pathways for
sustainable multitasking catalysts not limited to specific
applications in the laboratory scope.

Experimental

A detailed description of the analytical methods, synthetic
procedures, catalyst characterization and the catalytic setups
are given in the ESLf
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