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Abstract: The use of non-edible vegetable oils to produce oleochemicals has been attracting more
attention in recent years. Cardoon seed oil, derived from the Cynara C. plant, growing in marginal
and contaminated lands, represents a non-edible alternative to soybean oil to obtain plasticizers
through epoxidation reaction. The use of hydrogen peroxide as oxidant and in the presence of a
heterogeneous catalyst allows overcoming the limits of epoxidation with peracids. y-alumina has
been shown to have an active catalyst epoxidation reaction with hydrogen peroxide, mainly using
acetonitrile as solvent. However, the use of acetonitrile as solvent is widely debated due to its
hazardous character and health issues. For these reasons, the influence of solvent on the reaction
was studied in this work to find a more environmentally friendly and stable solvent. The study
showed that the epoxidation reaction takes place also in the absence of solvent although with lower
selectivity. The type of solvent influences both the epoxidation and decomposition reactions of
hydrogen peroxide. y-valerolactone was found to be the most promising solvent for cardoon oil
epoxidation reaction. This finding represents a noteworthy novelty in the field of epoxidation of
vegetable oils with hydrogen peroxide, opening the way to greener and cleaner process. Finally, an
optimization study showed that the most effective molar ratio between hydrogen peroxide and double
bonds for better selectivity was 4.5 and the need to use the highest possible initial concentration of
hydrogen peroxide (approximately 60 wt. %).
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1. Introduction

The sustainable development goals (SDGs) of 2015 aim to improve global wellness by addressing
social, environmental, and economical sustainability and represent imperatives that could drive
industrial and academic chemical research. The link with chemical sector is demonstrated by the fact
that among these, 14 require chemistry, and the term “chemicals” is explicitly expressed in SDG 12
(consumption and production), SDG 6 (water and sanitation), and SDG 3 (healthy lives and well-being).
Therefore, green and sustainable chemistry could be some valid tools in the achievement of SDG
purposes [1]. Biomass use is fundamental to respond to this demand for sustainability: in addition to
meeting the need for low environmental impact, as contributing to reduce the amount of Greenhouse
Gases (GHG), and low generation of waste, it offers a bridge towards economic and industrial
sustainability through the development of a proper biorefinery, which allows biomass conversion into
products with high added value [2,3]. Moreover, the use of biomass as renewable source meets some
principles of green chemistry, and its holistic application could allow achieving the circular economy
rather than the linear one. A circular economy is defined by two governing principles: maximize the
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value of resource indefinitely and minimize unrecoverable waste. For these reasons, unsustainable
resource consumption, waste, and pollution need to be avoided. Biomass use allows the realization of
a circular economy, after assessment by stakeholders across the value chain, from product design to
waste management [4,5].

Vegetable oils are one of the most promising and cheapest renewable feedstocks for bio-based
material production in the chemical industry owing to the degradation and low toxicity of resulting
products [6]. The main applications of oil-based products concern polymeric coatings, such as
additives [7,8] and plasticizers [9], lubricants [10], emollients for cosmetic formulations, surfactants,
and fuels [11]. Thanks to their versatility that allows their use in many industrial sectors, today, the
demand for vegetable oils, both in terms of consumption and generation, is continuously growing.
Epoxidized oils are very interesting oleochemicals; they are mainly used as polyvinyl chloride (PVC)
stabilizers, plasticizers for plastics [12,13], lubricants [10], and starting materials to produce polyols and
prepolymers in surface-coating formulations and to synthesize polyurethane foams [7]. Moreover, they
are used as modifier thermoset polymers, such as for linoleum flooring [14]. They are considered a
potential and renewable bio-based alternative to petro-based phthalates, other common PVC plasticizers.
The use of phthalates is nowadays strongly debated by the international scientific community due
to their toxicity issues arising from their aptitude to migration. For these reasons, some phthalates
(diethylhexyl phthalate (DEHP), diisononyl phthalate (DINP), and dioctyl phthalate (DOP)) were
banned in specific uses, such as in toys and healthcare supplies [15]. Epoxidized soybean oil (ESBO)
is surely the most important epoxidized vegetable oil with an annual production of approximately
100 kTon [16].

Turco et al. have recently reported the possibility of replacing edible oils, such as soybean, with
more sustainable ones, such as cardoon oil, resolving in this way also the food-non-food debate raised
by environmentalists on the extensive consumption of vegetable oils for non-food purposes, especially
in poor and developing countries [17].

Non-edible oils are not suitable for human food due to the presence of some toxic components in
the oils [18], and they are expected to employ lands that are largely unproductive, poverty areas, and
degraded forests.

Cynara cardunculus L. or cardoon is a Mediterranean-region-native plant, which adapts to grow on
arid and contaminated lands and in harsh habitat conditions (high temperature, salinity, and drought).
This plant can be considered as an oil crop [19,20]; it has been estimated to produce a seed yield of
approximately 1.36 t ha~! y~!, with content at 25 wt. %, characterized by a composition similar to that
of soybean [20]. For these reasons, cardoon has been attracting an increasing interest in both academic
and industrial research for several applications [21,22], and it has been proposed as potential substitute
of soybean oil.

Today, epoxidized soybean oil is industrially produced by batch reactor according to the classical
method via Prileschajew reaction, by using peracids. In this path, the unsaturated fragments of oil react
with peracids generated in situ, for safety reasons, by the acid-catalyzed oxidation of the corresponding
organic acid with hydrogen peroxide. The peracid formation occurs in aqueous phase in the presence
of soluble mineral acids as catalysts, then the obtained peracid migrates into the oil-immiscible phase,
giving the epoxidation reaction. However, many problems are drawn from the aforesaid process,
such as low epoxide selectivity, corrosion of equipment, and complicated downstream procedures of
separation and recovery of the final product. Recently, many solutions have been proposed to make the
epoxidation process more sustainable, such as by the substitution of homogeneous acid catalyst with a
heterogeneous one (exchange resins [17,23-25], zeolites [12]) or by direct use of hydrogen peroxide
instead of peracids with heterogeneous catalysts, such as titanium-silica oxides [26] and niobium
oxide-based solids [27-29].

Recently, y-alumina was described as being a cost-effective and active catalyst for epoxidation
of vegetable oils and their derivates with hydrogen peroxide [17,30-33], mainly using acetonitrile as
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solvent [30]. y-alumina was found to be able to activate the hydrogen peroxide for the oxidation,
through the formation of a peroxide site [30-32].

However, solvents have received much attention in the field of green chemistry due to restrictive
legislation and evolving attitudes towards environmental issues [34], and acetonitrile is not considered
a green solvent [35,36], mainly raising health issues.

In light of these considerations, this work aimed at finding a greener solvent capable of replacing
acetonitrile in these processes, while maintaining satisfactory results in terms of oxirane yield. For this
purpose, a study of the performances of different solvents (acetonitrile, ethyl levulinate, y-valerolactone
and ethyl acetate) was carried out. Together with the epoxidation reaction, the influence on hydrogen
peroxide decomposition was also evaluated. y-valerolactone was found to be the most promising
solvent for cardoon oil epoxidation reaction. Finally, by using y-valerolactone as solvent, the effect of
the concentration of the reagents was investigated to identify the optimal conditions that would allow
to optimize the epoxy yields and improve the sustainability of the process.

2. Results and Discussion

Acetonitrile is a dipolar aprotic solvent and possesses a strong dipole moment. Among all the
types of solvents, the dipolar aprotic media feature major issues. This class of solvents is very useful
to chemists, but today, they are under strict environment, health, and safety regulations due to their
toxicity and environmental impact [36]. Starting from these considerations, in this work, some solvents
are evaluated aiming to find a more sustainable alternative to acetonitrile. In Table 1, the solvents
investigated in this work are resumed.

Table 1. List of solvent investigated in this work and their physical and chemical properties [37,38].

Miscibilit
MW (g BP @ p (b) (kg L © u () iscibility

Solvent Acr. Formula mol-1) ) m-3) D) with wzitler (@)
(gL
Acetonitrile ACN  GCyH3zN 41.05 355 780 3750  3.44 miscible
Ethyl acetate EAC C4HgO, 88.11 350 901 6.02 1.78 85.3
y-valerolactone =~ GVL  CsHgO, 100.12 480 1103 3647 471 >100
Ethyl levulinate =~ ELV ~ C;H;,03 14417 479 1010 1190 5.19 22.7

@ Boiling point; ® density at 20 °C; © dielectric constant; () dipole moment; ) data at 25 °C.
The effect on conversion and selectivity of the different solvents can be observed in Figure 1.
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Figure 1. Conversion of double bonds (DB) and selectivity for epoxide, epoxidation, without solvent
(RUN 1) and in the presence of different solvents (ACN: acetonitrile RUN 2; EAC: ethyl acetate, RUN 3;
GVL: y-valerolactone, RUN 4; ELV: ethyl levulinate, RUN 5. Experimental conditions: 600 mg of
catalyst, 6.9 g of HyO, (60% wt.), 5 g (0.024 mol of double bonds) of cardoon oil, 20 cm? of solvent, and
reaction temperature of 78-80 °C.
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The solvent-free epoxidation run (RUN 1) provided a high conversion of double bonds (80%)
even if the selectivity value was very low (35%). These results can be justified by higher concentration
of hydrogen peroxide derived from the absence of a solvent. However, the yield and selectivity values
were lower than epoxidation with solvents due to the acidic characteristic of hydrogen peroxide if it
is specially concentrated. This acidic environment ruins the selectivity, promoting side reactions of
ring-opening reactions.

The high concentration of hydrogen peroxide favors the epoxidation reaction (Figure 2).

/\/\/\/E/\/\/\/WO\)\/OT(\/\/\/E/\/\/\/\ + 3H,0,

catalyst

/\/\/\/\W/\/\/\/\H/O\)\/Om/\/\/\/\w/\/\/\/\ + 3H,0

Figure 2. Epoxidation reaction with hydrogen peroxide as oxidant.

By contrast, the high concentration of water, in the presence of an acid environment, derived
by the acidic characteristic of hydrogen peroxide, enhances the rate of ring-opening side reaction
(Figure 3), ruining the selectivity:

o) e]

WMO
/\/\/\/\W/W\/YOJ\/O\”A/\/\/V\N\/\
0 . ‘Nu o

OH o

WMO "
\W\)\/{/V\/YO\)VO\’(\/V\/\)\/\/\/\/
OH fo) Ie} OH

Figure 3. Ring-opening reaction of epoxides with a nucleophile (Nu).

The presence of a solvent makes the reaction system more diluted that might preserve the
degradation of the oxirane group. This is evidenced by the selectivity values found for the epoxidation
runs in the presence of solvents (Figure 1). The epoxidation reactions were all performed in similar
conditions, changing only the solvent type. From the results in Figure 1, the strong effect of solvent
type on the epoxidation trend emerged.

The behavior of the different solvent with respect to selectivity is strictly linked with water
solubility. With the increase of solubility, an increase in selectivity was observed. Ethyl acetate (EAC),
ethyl levulinate (ELV), and y-valerolactone (GVL) gave quite the same conversion of double bonds
(60-65%) but with strong differences in selectivity GVL > EAC > ELV.

Acetonitrile was confirmed as being the most efficient solvent for this reaction system: The highest
conversion was achieved (88%) with selectivity similar to that of GVL (90%). In any case, the results
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obtained can be argued, taking into account the physical parameters, reported in Table 1, of the different
solvents, above all considering the dielectric constant values and the dipole moment.

The complete miscibility of acetonitrile with water, followed by y-valerolactone, justified by
the highest values of ¢ and p with respect to the other two solvents, allows explaining the better
results obtained.

In particular, while the oil is miscible in all solvents, hydrogen peroxide and water are completely
soluble in acetonitrile and y-valerolactone, and only partially in esters [33]. Moreover, the lower
selectivity found when ethyl acetate as solvent was employed can be explained, assuming the presence
of acetic acid, produced by hydrolysis of ethyl acetate. This acid promotes the degradation of oxirane
groups by a ring-opening reaction [19].

In addition to the degradation reactions of oxirane group, the side reaction of decomposition of
hydrogen peroxide should be considered [39]. Hydrogen peroxide is the oxidizing species, which
reacts with the active sites to form the hydroperoxide groups, subsequently saturating the double
bonds with the formation of oxirane. Hence, the concentration of the latter is expected to significantly
influence the course of the reaction.

Turco et al. had demonstrated, in accordance with Van Vliet [40], that alumina not only acts as an
epoxidation catalyst but also promotes the decomposition of hydrogen peroxide.

v-alumina is characterized by a very complicated surface, with the presence of different Lewis
centers, for the type and strength, corresponding to coordinatively unsaturated aluminum ions and
hydroxyl groups. The epoxidation reaction was believed to occur on the surface of alumina by the
formation of hydroperoxide species, involving weak Lewis acid sites, consisting in five-coordinate
AR, Strong and medium Lewis acid sites, by contrast, were involved in undesired side reactions,
such as the ring opening of the epoxides and the decomposition of hydrogen peroxide.

Furthermore, according to [41], different solvents that dissolve hydrogen peroxide better or
worse could contribute to decomposition. To clarify this effect, appropriate decomposition runs were
carried out, bringing together hydrogen peroxide, solvent, and catalyst, according to the ratios used in
epoxidation, in the absence of oil. The results are shown in Figure 4.

100-3 .
—
e o
S
e
O, 50
T
S EAC
g GVL ACN —— ELV
&
0 1 1 1 1 1 1
0 60 120 180 240 300

Time (min)

Figure 4. Residual hydrogen peroxide values for decomposition runs in the presence of different
solvents. Experimental conditions: 600 mg of catalyst, 6.9 g of H,O, (60% wt.), 20 cm? of solvent, and
reaction temperature of 78-80 °C.

From the results of Figure 4, it is clear that the use of acetonitrile and y-valerolactone gave almost
similar results of decomposition of hydrogen peroxide (20% of hydrogen peroxide decomposition at
300 min). In the presence of esters as solvents (acetate and ethyl levulinate), which poorly dissolve
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hydrogen peroxide, the decomposition reaction would seem to be milder or almost zero (10% of
hydrogen peroxide decomposition at 300 min) [19].

Therefore, taking into account the epoxidation and decomposition results, y-valerolactone seemed
to be the most interesting solvent to replace acetonitrile in the epoxidation of cardoon oil. For this
reason, the optimization of the reaction conditions, using GVL as a solvent, was evaluated. In particular,
the influence of reactant concentration was investigated (RUN 3, RUNS 6-9).

In Figure 5, the conversion and epoxide selectivity values, related to RUNS 4, 6, and 7 are shown.

100 mmm Conversion mEl Selectivity

60—
<
= 40+
20-
0_
4.5 6.0

2.0 i .
Molar ratio H,0,/DB

Figure 5. Conversion of double bonds (DB) and selectivity for epoxide, epoxidation, and different

molar ratios of reactants. Experimental conditions: 600 mg of catalyst, 5 g (0.024 mol of double bonds)
of cardoon oil, 20 cm? of solvent, and reaction temperature of 78-80 °C.

Different results in epoxidation were observed by varying the molar ratio between hydrogen
peroxide and oil unsaturation. Taking into account both the conversion and the selectivity values
reached, the best molar ratio seemed to be 4.5. To explain this behavior, it is necessary to consider
the contribution of both the main and secondary reactions (epoxy degradation). An increment in
hydrogen peroxide/double bond molar ratio produced an increase of the epoxidation reaction rate, and
the secondary reactions also raised the water concentration, therefore ruining the selectivity with epoxy
degradation. These results are in agreement with the literature [40,42], where the pivotal role of the
water amount on the epoxidation rate is pointed out. Actually, a small amount of water is necessary to
rehydrate the surface, indispensable for the activity of alumina in this reaction. However, an excessive
quantity of water, derived by the reaction and the use of dilute hydrogen peroxide, diminishes the
selectivity to the desired epoxides.

The need to use a high concentration of hydrogen peroxide is demonstrated by the results reported
in Figure 6 (RUN 3, RUN 8, and RUN 9). The use of more diluted hydrogen peroxide produced a
decrease of double bond conversion but also of selectivity. The observed phenomenon is in agreement
with the previous results where the influence of water on degradation reaction was pointed out.
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Figure 6. Conversion of double bonds (DB) and selectivity for epoxide for epoxidation in the presence
of different initial concentrations of HyO,. Experimental conditions: 600 mg of catalyst, 5 g (0.024 mol
of double bonds) of cardoon oil, reactants molar ratio of 4.5, 20 cm? of solvent, and reaction temperature
of 78-80 °C.

As can be seen from Figure 6, working with a more concentrated hydrogen peroxide and keeping
constant the molar ratio between reactants (HyO,/DB of 4.5), optimum values can be achieved both
in conversion and selectivity. This finding can be ascribed to an increase of reaction rate with
a minimization of the contribution of the secondary reactions of the ring opening by water in the
acidic environment.

3. Materials and Methods

3.1. Materials

The cardoon seed oil with iodine value of 125 (g12/100gsample) was recovered from a field experiment
made in Acerra, Naples (NA), a plain area of approximately 28 m, characterized by dry and very warm
spring-summers and by sandy loam soils (clay, 14.4%; silt, 22.6%; and sand, 63.0%), with a neutral pH,
and a content of N (0.2 wt. %) and organic matter (2.6 wt. %)). Oil was extracted with a mechanical
press, with an operative capacity of 14 kg/h and temperature regulated at 50 °C. The extracted oil
showed the following fatty acid composition (wt. %): palmitic = 11.2, stearic = 3.4, oleic = 25.4,
linoleic = 58.7, linolenic = 0.3, and others = 1.0. This composition, measured by gas-chromatographic
analysis, was supplied by INNOVHUB-SS0G.

Commercial alumina was supplied by Sasol, and it was used as received without further
purification (phase ; specific area, 200 m?g~!; pore volume, 0.37 cm3g~!). Hydrogen peroxide
(60 wt. %) was kindly provided by Solvay Italia. Ethyl acetate (99.5 wt. %), acetonitrile (99.9 wt. %),
ethyl levulinate (99 wt. %), y-valerolactone (99 wt. %), and all the other chemicals were purchased
from Merck at the highest level of purity available and used as received without further purification.

3.2. Experimental Runs

The runs were carried out in a laboratory-scale reactor, consisting of a three-necked round-bottom
glass batch reactor, heated in an oil bath, equipped with a condenser, a thermometer, and a magnetic bar
for vigorous stirring. Several decomposition and epoxidation runs were performed; they differ for one
or more operative variables, such as solvent and molar ratio between reagents. The hydrogen peroxide
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used was of 60 wt. % unless otherwise specified. The standard deviations relative to conversion and
selectivity values were 2.8% and 1.8%, respectively.

3.2.1. Hydrogen Peroxide Decomposition Runs

For the decomposition tests, 20 cm? of a certain solvent was added to the three-necked 100 mL
glass flask. Subsequently, 6.9 g of H,O, was added. After the addition of the magnetic bar, the glass
flask was connected to the condenser, placed in an oil bath, and upon reaching the temperature of
80 °C, 600 mg of y-alumina was added. After adding the catalyst, the system is kept isothermal at a
temperature of 80 °C for 5 h. Several withdrawals were taken from the reaction system at different
times. The process was immediately quenched in an ice bath to cool and centrifuged for 10 min at
30 rpm. The concentration of hydrogen peroxide was determined by iodometric titration according
to [43], by reacting with KI in a H,SOy solution (2 M), and titrating with 0.1 N Na;SOy, in the presence
of starch as indicator.

The results can be expressed in terms of grams of hydrogen peroxide, using the following
Equation (1):

Niit ViieMu202
o= — 5 12 1)

where Ny is the titrating solution normality, Vy; is the volume (L) of titrant, and Mp,0p (gmol_l) is the
molecular weight of hydrogen peroxide.

3.2.2. Cardoon Seed Oil Epoxidation Runs

In a typical experiment, 600 mg of catalyst, 20 cm? of solvent, 5 g of cardoon oil, and 6.9 g of H,O,
were used (unless otherwise specified). In this case, the molar ratio between oxidant and double bonds
is approximately 4.5. The temperature was kept constant (78-80 °C). All the reagents were added
in one pot at the beginning of the reaction. Each test lasted 5 h. At the end of each experiment, the
solution was separated from the catalyst by decantation, and then analyzed to evaluate both iodine
number and oxirane number to determine the double bond conversion and oxirane yield.

In Table 2, all epoxidation performed runs are reported. The same Sasol alumina previously
described was used as catalyst [30].

Table 2. Epoxidation runs *.

RUN  Solvent H,0; (60 wt. %) (g) H,O(g) H,0,/DB

1 - 6.90 - 4.5
2 ACN 6.90 - 45
3 EAC 6.90 - 45
4 GVL 6.90 - 4.5
5 ELV 6.90 - 45
6 GVL 3.03 - 2.0
7 GVL 9.08 - 6.0
8 GVL 6.90 3.50 45
9 GVL 6.90 13.60 4.5

* Experimental conditions: 5 g of cardoon oil (0.024 mol of double bonds, DB), 20 cm? of solvent, 600 mg of y-alumina,
and reaction temperature of 78-80 °C.

The iodine value (I.V., expressed as grams of I, per 100 g of sample) was determined according to
the standard NP-941 (1972) [44]. The fatty acid composition was determined by gas chromatography,
as Fatty Acid Methyl Ester (FAME), following the methodology described in ISO 12966-4:2005 and
ISO 12966-2:2017 [45].

The oxirane number (O.N. expressed as grams of oxirane oxygen per 100 g of sample) was
measured according to standard ASTM D1652-97 [46], using cetyltrimethylammonium bromide (CTAB)
dissolved in glacial acetic acid and perchloric acid solution (0.1 N) for potentiometric titration.
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The determination of I.V and O.N. allowed to calculate the double bond conversion, as shown in
Equation (2):
[LV.]; - [LV]

Conversion (%) = £ %100 2)
[LV.];
and the epoxide yield, as shown in Equation (3):
[O.N.]f X 1\/IW12
Yield(%) = ——=———— %100 3
feld(%) = V] xMWo ©)

where the suffixes i and f stand for initial and final, while MW, and MWg refer to molecular weight
of iodine and oxygen, respectively.
The ratio between yield and conversion gave the process selectivity (%), as shown in Equation (4):

Selectivity (%) = Q):;;elriion x 100 4)

4. Conclusions

In this work, the influence of the type of solvent on the epoxidation reaction of cardoon oil with
hydrogen peroxide was confirmed. The possibility of conducting the reaction was evaluated even
in the absence of a solvent; however, at the expense of selectivity. y-valerolactone was found to be
the green alternative to acetonitrile. Like acetonitrile, y-valerolactone is capable of dissolving both oil
and hydrogen peroxide, resulting in optimal reaction yields. Process optimization showed that the
most effective molar ratio, between hydrogen peroxide and double bonds, for better selectivity was 4.5.
Moreover, the study evidenced that it is necessary to apply the highest possible initial concentration of
hydrogen peroxide (about 60 wt. %) to guarantee not only high conversion values, but at the same
time preserve the selectivity with epoxide at acceptable values (>70%).
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