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Epoxides derived from waste biomass are a promising avenue for the production of bio-based polymers,

including polyamides, polyesters, polyurethanes, and polycarbonates. This review article explores recent

efforts to develop both catalytic and non-catalytic processes for the epoxidation of terpene, employing

a variety of oxidizing agents and techniques for process intensification. Experimental investigations into

the epoxidation of limonene have shown that these methods can be extended to other terpenes. To

optimize the epoxidation of bio-based terpene, there is a need to develop continuous processes that

address limitations in mass and heat transfer. This review discusses flow chemistry and innovative reactor

designs as part of a multi-scale approach aimed at industrial transformation. These methods facilitate

continuous processing, improve mixing, and either eliminate or reduce the need for solvents by

enhancing heat transfer capabilities. Overall, the objective of this review is to contribute to the

development of commercially viable processes for producing bio-based epoxides from waste biomass.
1. Introduction

Terpenes are multifaceted compounds amenable to selective
functionalization via epoxidation, thereby yielding a broad
spectrum of molecules with diverse properties. Epoxides,
characterized by their oxirane rings and high reactivity, hold
a pivotal role in both the polymer industry and broader chem-
ical synthesis. Traditionally, petrochemical-derived epoxides
such as cyclohexene oxide, ethylene oxide, styrene oxide, and
propylene oxide have been extensively employed in a range of
industrial applications, including textiles, electronics, and
packaging. However, there is an escalating demand for the
development of alternative strategies that leverage waste
biomass as a feedstock, aiming to mitigate environmental
impact.1

Waste biomass serves as a renewable feedstock and presents
a promising avenue for the production of bio-based polymers,
including polyamides, polyesters, polyurethanes, and poly-
carbonates (Fig. 1). Lignocellulosic biomass, a major constit-
uent of waste biomass, has garnered signicant attention in this
domain. Moreover, terpenes, a prevalent class of natural
compounds, can be sourced from waste byproducts of forestry
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and agricultural activities to produce unsaturated mono-
terpenes. For instance, the pulp and paper industry generates
a-/b-pinene, while limonene is a byproduct of the citrus juice
manufacturing sector.2

Among renewable monoterpenes, turpentine is particularly
noteworthy as it is the most abundant byproduct of the Kra
paper pulping process, with the annual production of crude
sulfate turpentine (CST) estimated at 230 000 tonnes. Addi-
tionally, the distillation of resin from forest plants yields
approximately 100 000 tonnes of gum turpentine annually.
These signicant monoterpene feedstocks present an excellent
opportunity for the development of efficient catalytic methods
to convert them into versatile synthetic intermediates.3,4

Enhancing the range of bio-renewable products generated by
terpene bioreneries can improve the economic feasibility of
these processes, while simultaneously reducing waste and
overall carbon dioxide (CO2) emissions.3

Terpenes sourced from biomass, such as (R)-(+)-limonene
and a-pinene (as illustrated in Scheme 1), serve as valuable
resources with wide applications in avourings, fragrances, and
pharmaceuticals.2,5–7 Beyond these traditional uses, these
terpenes can also be transformed through chemical synthesis
into other benecial compounds. The epoxidation of waste
terpenes like limonene-1,2-epoxide and a-pinene oxide offers an
economically viable and environmentally sustainable approach
for generating valuable intermediates for diverse industrial
applications.8,9 For example, limonene-1,2-epoxide has
demonstrated its potential as a monomer in the synthesis of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Multiple routes to polymerize epoxides derived from biomass.

Scheme 1 Common monoterpenes found in turpentine oil.
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limonene polycarbonate, while a-pinene oxide can be iso-
merized to produce campholenic aldehyde, a key ingredient in
the fragrance industry.4,10

Despite growing environmental concerns, current industrial
methods for producing epoxides oen rely on outdated tech-
niques that use harmful chemicals, leading to issues of toxicity
and stability. As a result, there has been an increasing focus on
research into the epoxidation of (R)-(+)-limonene and a-pinene
using environmentally benign oxidants like hydrogen peroxide
(H2O2).11–21 Recognized as the ‘greenest’ terminal oxidant,
hydrogen peroxide generates only water (H2O) as a by-product,
Scheme 2 Epoxidation of terpenes with H2O2. (1) (R)-(+)-limonene,
(2) trans-limonene-1,2-epoxide, (3) a-pinene and (4) trans-a-pinene
oxide.

© 2023 The Author(s). Published by the Royal Society of Chemistry
as illustrated in Scheme 2. Consequently, the development of
cleaner epoxidation methods, particularly those based on
hydrogen peroxide, has become a signicant area of research in
recent years.

However, the use of H2O2 for terpene epoxidation presents
several challenges, including low selectivity due to the forma-
tion of multiple oxidative products, limited reaction rates
arising from the biphasic nature of the reaction, and the
immiscibility of hydrophobic terpenes with aqueous H2O2.
Additionally, the highly exothermic nature of the reaction
complicates heat removal.22–24 To overcome these challenges,
there is a pressing need to develop more efficient, environ-
mentally friendly, and intensied processes that improve both
mass and heat transfer. One promising avenue is the develop-
ment of continuous processes, which can mitigate mass and
heat transfer limitations. Flow chemistry and innovative reactor
designs, such as the Oscillatory Baffled Reactor (OBR), offer
a multi-scale approach for industrial applications. The OBR,
a tubular reactor equipped with baffles, facilitates efficient
multi-phase uid mixing and heat removal by generating and
dissipating vortices through the interaction between oscillating
uids and baffles. Employing catalysts like polyoxometalates
can lead to the highly selective epoxidation of (R)-(+)-limonene
and a-pinene with H2O2.5

This review offers a comprehensive overview of recent
developments in both catalytic and non-catalytic methods for
terpene epoxidation, employing a variety of oxidizing agents
and process intensication techniques. It also examines the
generalizability of ndings from limonene epoxidation studies
to other terpenes. A key focus of this review is the need for
continuous processes to overcome mass and heat transfer
limitations inherent in bio-based terpene epoxidation. To this
end, the review explores the utility of ow chemistry and
innovative reactor designs, such as the Oscillatory Baffled
Reactor, for achieving continuous processing, enhanced
RSC Adv., 2023, 13, 32940–32971 | 32941
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mixing, and reduced solvent use. Ultimately, the review aims to
contribute to the development of commercially viable processes
for the production of bio-based epoxides from waste biomass.
While there are existing reviews on the epoxidation of terpenes,
such as the work published by Mahamat et al. (2021),6 this
review offers a unique perspective by focusing on the catalytic
oxidative upgrades of renewable terpene olens. This review
provides a comprehensive analysis of the challenges in
achieving high selectivity and yields, particularly in the context
of complex reaction mixtures, the addition of organic solvents,
and high concentrations of oxidants.
2. Waste biomass as a resource for
bio-based polymers

Synthetic polymers are widely used in industries such as pack-
aging, textiles, toys, and electronics, and in 2014, approximately
300 Mt of polymers produced globally were fossil fuel-derived.7

However, the stocks of these feedstocks are declining despite an
increase in demand, and environmental concerns have raised
awareness of the raw materials used and the end-of-life options
of these polymers.8While the literature does not provide a direct
answer to the decrease in the production of fossil fuel-derived
polymers, there are indications of a shi towards bio-based
alternatives. For instance, Sheldon and Norton (2020) in
“Green Chemistry and the Plastic Pollution Challenge: Towards
a Circular Economy” discuss how substituting plastics derived
from fossil resources with bio-based alternatives can reduce
emissions of greenhouse gases.9 Similarly, Vogli et al. (2020) in
“Life Cycle Assessment and Energy Balance of a Novel Poly-
hydroxyalkanoates Production Process” compare the environ-
mental impacts of bio-based polymers with fossil-based ones,
suggesting a move towards more sustainable options.25 To
address these concerns and the diminishing supply of fossil
fuels, alternative measures focusing on the development of
renewable polymers are needed. The increasing interest in bio-
based polymers has been fueled by recent developments in this
eld, and policy and legislation, such as the 2015 climate
agreement by the United Nations, are supporting the growth of
sustainable bio-based polymers.26 Waste biomass is being used
to develop sustainable bio-based polymers that can reduce
waste and CO2 emissions. Many chemicals can be produced
from waste biomass, such as agricultural waste, forestry waste,
waste CO2, and paper waste, which can be used as feedstocks for
bio-based polymers. It should be noted that bio-based polymers
can vary in their biodegradability; they can be categorized as
either biodegradable (e.g., starch, PHA) or non-biodegradable
(e.g., bio-based PP).11

Fig. 2 illustrates bio-based alternatives to petrochemicals for
the manufacturing of polymers, such as poly (limonene
carbonate) and vegetable oil-derived triglycerides.12 Recent
research has focused on using carbohydrates in various forms,
such as starch, cellulose, glucose, and fructose, to synthesize
molecules like lactide, furan dicarboxylic acid (FDCA), ethylene
glycol, and ethylene, which can be converted to bio-based
polymers like polylactide (PLA), poly(ethylene furanoate)
32942 | RSC Adv., 2023, 13, 32940–32971
(PEF), bio-derived poly(ethylene terephthalate) (bio-PET), and
bio-derived polyethene (bio-PE). Terpenes, diacids, and levo-
glucosenone are some common platform chemicals used in this
process, with terpenes being used as feedstock due to their
abundance.13
2.1 Terpenes derived from waste biomass

Terpenes are hydrocarbons that occur naturally in plants,
animals, and insects.14,15 They can be used as bio-based feed-
stock to produce several valuable products. To reduce depen-
dence on fossil-based feedstocks and minimize greenhouse gas
emissions, scientists have sought viable plant-based routes.
Terpenes derived from waste biomass have been gaining
attention for their potential in the synthesis of ne chemicals
and various applications.16 The utilization of waste biomass for
terpene extraction not only provides a sustainable method for
chemical production but also adds value to underutilized plant-
based wastes.17 Modied terpenes that contain functional
groups are known as terpenoids. Terpenes can be classied
based on the number of isoprene units they contain, with the
general formula (C5H8)n. Table 1 lists the classication of
terpenes and provides examples for each class. The global
pulping industry produces an estimated 3.5 × 105 tonnes of
turpentine oil per year,18 and this number is expected to rise
with the current surge in the industry. Turpentine oil is
produced per tonne of pulp in quantities ranging from 0.3–1.0
kg,19 and the most commonly produced monoterpene is a-
pinene (∼70%).20 Limonene (∼8.6%, 0.3 × 105 tonnes per
annum) is obtained worldwide primarily from turpentine oil
production.18 The crude turpentine oil obtained from steam-
distilling pine typically contains 75–85% a-pinene, with the
remaining percentages being 0–3% b-pinene and 5–15% limo-
nene.21 Lemon peels are one of the main sources of limonene,
containing 90 wt% limonene.19 Citrus fruit peels yield limonene
in the steam extraction process, and orange peels and waste
products from orange harvesting are the primary sources of
limonene.22 Bio-based polymer production can benet from the
abundance of a-pinene and limonene available globally at low
cost.23 The agricultural and timber industries produce an esti-
mated 330 000 tonnes of terpenes each year.

Low molecular weight terpenes, such as monoterpenes, are
commonly used as fragrances due to their high volatility, while
some of the heavier terpenes like rubbers nd use in the latex
industry. Natural rubbers, which are polyisoprenes, are the
most abundant bio-based terpenes.14 Despite having a common
structural skeleton, plants produce structurally diverse mono-
terpenes24 Scheme 3 illustrates the biosynthesis routes and
skeletons of monoterpenes in plants.

Among the many uses of monoterpenes, a-pinene and (R)-
(+)-limonene nd application in the pharmaceutical industry,
as well as in avours and fragrances.14,27 Polyterpenes derived
from these terpenes can also be used as polymers.2 Turpentine
oil, which mainly consists of a-pinene (45–97%), b-pinene (0.5–
28%), and other monoterpenes including (R)-(+)-limonene, is
a major source of these monoterpenes.28 Recently, a-pinene has
been extracted from waste biomass, specically from wood pulp
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Bio-based alternatives to petrochemicals for the manufacturing of polymers.1
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processing, while (R)-(+)-limonene has been extracted from
citrus peel waste.29 Orange peel waste comprises 60% of the
orange mass in the orange juice industry30 and orange oil
extracted from orange peel is up to 96 wt% (R)-(+)-limonene.31

As a result, there is signicant potential to convert this waste
into valuable products such as bio-based polymers.32 Further-
more, (R)-(+)-limonene can be converted into useful chemicals
that nd application as food, cosmetic, or pharmaceutical
additives.

a-Pinene, another waste biomass-derived terpene, nds
application in several avours, fragrances, and pharmaceutical
precursors.2,24,33–37 Turpentine oil, a by-product of the wood and
paper industries, is composed mainly of a-pinene. Epoxidation
of a-pinene yields valuable products such as verbenol, verbe-
none, and a-pinene oxide.38,39 a-Pinene oxide is an invaluable
intermediate due to its many uses in various processes. It can be
isomerized into products like campholenic aldehyde, which is
useful in the production of sandalwood fragrances.5
© 2023 The Author(s). Published by the Royal Society of Chemistry
3. Epoxidation of terpenes
3.1 Introduction to epoxidation of terpenes

Epoxide is a highly reactive and versatile cyclic ether consisting
of a three-membered ring. Due to their versatility, epoxides are
suitable as intermediates in many chemical reactions,40 and the
polymer industry heavily relies on petrochemical-derived epox-
ides such as ethylene oxide, styrene oxide, and propylene oxide
(Scheme 4), which as of 2014 had a combined estimated world
production of 33 million tonnes/year.41 However, concerns for
environmental and sustainability issues have led to the emer-
gence of possible alternatives to conventional epoxides using
waste biomass and other non-petrochemical-based sources.1

Epoxides are used in various chemical processes such as the
production of polyester, polyurethane, epoxy resins, glycols,
alcohols, and carbonyl compounds. Long-chain alkenes like
soybean oil are commercially epoxidised to produce plasticisers
and stabilisers for PVC manufacturing.12 There are several
RSC Adv., 2023, 13, 32940–32971 | 32943
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Table 1 Classification of terpenes and examples.14

Classication General formula Examples Molecular structure

Hemiterpenes C5H8 Isoprene

Monoterpenes C10H16 (R)-(+)-limonene

Sesquiterpenes C15H24 Humulene

Diterpenes C20H32 Cembrene

Triterpenes C30H48 Squalene

Tetraterpenes C40H64 Carotenoids

Polyterpenes >8 isoprene units Rubber

Scheme 3 In plants, monoterpenes have a common skeleton and biosynthetic route.24

32944 | RSC Adv., 2023, 13, 32940–32971 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Ethylene oxide (EO), propylene oxide (PO) and their
respective polyethers, polyethene glycol (PEG) and polypropylene
glycol (PPG).

Scheme 6 Peroxide-based epoxidation of propylene to correspond-
ing propylene oxide using titanium catalyst.
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processes to produce epoxides, including the Prilezhaev route
(using peracids as oxidants), sharpless epoxidation (using
organic hydroperoxides), Jacobsen-Katsuki epoxidation (using
hypochlorites), Shi epoxidation (using dioxiranes), and the use
of aqueous hydrogen peroxides (H2O2),12 with various starting
materials commonly used such as alkenes, chlorocarbons,
carbonyl compounds, epichlorohydrin, and substituted
hydroxyls.42,43 One of the conventional epoxidation processes
involves the oxidation of ethylene to ethylene oxide, which
occurs in the gaseous phase using a silver-based catalyst at
temperatures between 220 and 330 °C,1 as shown in Scheme 5.

Similarly, propylene oxide can be produced via several
routes, with the peroxide-based process being used commer-
cially at a temperature between 100 and 130 °C using either
a molybdenum (Mo) or titanium (Ti) based catalyst,40,44 as
shown in Scheme 6. However, these hydroperoxide processes
have limitations in terms of the formation of side products, and
stoichiometric processes using peracids and catalytic processes
using oxidants such as O2, organic peroxides, and H2O2 are
more favourable.45

Mahamat et al. (2021)6 emphasize the critical role of terpene
epoxides as primary intermediates in the synthesis of various
green polymers, including epoxy resins and non-isocyanate
polyurethanes. They outline the efforts in developing both
catalytic and non-catalytic processes for terpene epoxidation,
primarily focusing on limonene. They highlight that epoxida-
tion is a key process that needs to be adapted for natural
products like terpenes, as it has been traditionally used to
valorize fossil-origin compounds. It can be deduced that it is
important to consider technical feasibility and scalability
Scheme 5 Epoxidation of ethylene-to-ethylene oxide with molecular
oxygen using a silver catalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry
alongside scientic understanding, highlighting the necessity
of epoxidation processes that are both efficient and adaptable to
a changing industrial landscape.

3.2 Oxidants used in terpene epoxidation

Epoxidation of alkenes can be achieved through three main
routes: Prilezhaev, hydroperoxide, and catalytic routes. The
Prilezhaev route typically uses peracids as oxidants, the hydro-
peroxide route uses organic peroxides such as tert-butyl
hydrogen peroxide (TBHP), while the catalytic route usually
employs molecular oxygen or H2O2 as oxidants. The active
oxygen from these oxidants is transferred to the double bonds,
resulting in the formation of an epoxide.

3.2.1 Oxygen (O2). Catalytic epoxidation has become
increasingly popular due to its advantages over peracids.
Researchers have focused on developing a “green epoxidation
process” using molecular oxygen, which is cheaper, easier to
obtain, and produces fewer byproducts than other oxidants.46

Commercial examples of this process include the epoxidation of
ethylene and propylene to form their respective epoxides.
However, the epoxidation of propylene and other alkenes using
a heterogeneous silver catalyst is not possible due to the
oxidation of allylic C–H bonds. The epoxidation of ethylene is
the only example of an epoxidation process using a heteroge-
neous silver catalyst.

Molecular oxygen is a green oxidant that offers many
advantages, but it also has some limitations. One of the limi-
tations is that molecular oxygen is less reactive toward organic
molecules at low temperatures and has less selectivity toward
the main products due to the formation of radicals.47 This can
lead to the substrate being oxidized into many side
products.47–49 To address these limitations, Pena et al. (2012)
used nickel-aluminium hydrotalcite as a catalyst to oxidize (R)-
(+)-limonene in the liquid phase using molecular oxygen at
temperatures between 70 and 90 °C under atmospheric pres-
sure and in solvent-free conditions (Scheme 7).47 They achieved
a (R)-(+)-limonene conversion of up to 50%, producing many
oxidative products including limonene-1,2-epoxide, limonene-
8,9-epoxide, carveol, and carvone. However, they also found
that the selectivity to epoxides was lower when using molecular
oxygen due to the thermal decomposition of limonene hydro-
peroxides that initiate autooxidation.47

In a study on epoxidizing limonene with oxygen, Co/SBA-16
was created via post-graing impregnation using a cobalt ace-
tylacetonate solution. Isobutyraldehyde and ethyl acetate were
used as green solvents, and the catalyst showed great activity
under mild conditions.50 The metal composition of the catalyst
was found to affect epoxide selectivity, with Co2+ being more
active than Fe2+, Ni2+, and Mn2+. Co2+ was found to catalyze
chain initiation and branching of alkene epoxidation by O2 in
RSC Adv., 2023, 13, 32940–32971 | 32945
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Scheme 7 Epoxidation of (1) (R)-(+)-limonene with molecular oxygen-producing (2) limonene-1,2-epoxide, (3) limonene-8,9-epoxide, (4)
carveol and (5) carvone.
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the presence of aldehydes, which activate dioxygen through
coordination with the metal core. Scheme 8 shows a radical
mechanism for epoxidizing limonene aerobically by an alde-
hyde catalyzed by SBA-16-supported Co2+. The reaction between
isobutyraldehyde (RCHO) and molecular oxygen generates the
acylperoxy radical, which acts as the primary epoxidizing agent.
This species directly converts limonene to epoxide through
pathway A or converts isolated Co2+ to Co-peroxy species
through pathway B. Oxygen is transferred through the reaction
between Co-peroxy and limonene in a concerted mechanism.

In a study using mesoporous silicon silica (SBA-16) graed
with cobalt, limonene was epoxidized aerobically using a new
“pH-adjusting” technique.51 The study examined various cobalt
loadings to optimize Co/SBA-16's catalytic performance. The
results showed that Co/SBA-16 (1.1%) had the best-optimized
epoxide yield (85%) and a lower cobalt loading than ideal Co/
SBA-16 (4.5%) produced by post-graing Co(acac)2.50 This was
because the cobalt precursor had not been introduced before
Scheme 8 An aerobic limonene epoxidation method is proposed in the

32946 | RSC Adv., 2023, 13, 32940–32971
calcining the SBA-16 support, making Co2+ ions more accessible
to silanol groups on the catalyst surface and increasing the
density of tetrahedral Co2+ species. However, as cobalt loading
increased, a decreasing trend in epoxide yield was observed,
possibly due to equivalent oxidation facilitated by greater
coordination of Co2+ ions at high cobalt loading.50 Increasing
the oxygen pressure from 15–44 psi resulted in the highest yield
of limonene epoxides, followed by a decrease at a higher oxygen
pressure of 58 psi, likely due to subsequent epoxide oxidation or
ring-opening. The reaction mechanism was proposed based on
a kinetic study under optimum reaction conditions, with the
proposed pathway C employing the peroxy intermediate
Co3+OO− in Scheme 9 being signicant only at extremely low
limonene concentrations due to the peculiar impact of a sharp
decrease in the initial rate of limonene epoxidation rate at
increasing limonene concentrations. Therefore, the method is
not suitable for large-scale use.
literature, reproduced from ref. 51.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 9 A proposed method for limonene aerobic epoxidation reproduced from ref. 50.
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A study investigated the direct epoxidation of limonene
using highly dispersed ruthenium (Ru) supported on activated
carbon (AC) prepared by several immobilisation techniques,
without the use of solvents.52 The study found that in mild
reaction conditions, Ru/AC showed excellent efficacy in the
solvent-free epoxidation of limonene. Furthermore, the selec-
tivity of the catalyst towards epoxidation was signicantly
impacted by the method of catalyst preparation. The cation
exchange catalyst showed the greatest selectivity and yield of
epoxidation products, despite having a lower conversion of
limonene (40.4%) compared to the catalyst made using the sol-
immobilization (SI) method. The oxidation of olens with
dioxygen can result in both epoxidation and allylic oxidation
products. The ratio of allylic oxidation to epoxide products
depends on the competition between alkyl peroxy radical
incorporation and hydrogen removal. Limonene was found to
be electrophilically attacked by ions leading to the formation of
1,2- and 8,9-epoxy limonene, the major epoxidation products,
and 1,2,8,9-diepoxy limonene, a secondary epoxidation product.
Allylic H-abstraction caused the formation of carveol and car-
vone. Scheme 10 depicts the two chemical routes that could be
used to produce the main oxygenated byproducts.

The study investigated two possible pathways for the epoxi-
dation of limonene using ruthenium catalysts. The rst
pathway involves the activation of limonene and oxygen by
ruthenium, leading to the formation of metal-alkene adducts on
the catalyst surface. The second pathway is the autoxidation of
limonene via a free radical chain mechanism, where the allylic
© 2023 The Author(s). Published by the Royal Society of Chemistry
C–H bonds of limonene are activated to produce limonene
hydroperoxide, which can then break down into epoxides and
allylic products when reacting with oxygen. The study found
that the ratio of epoxides to allylic oxidation products was
higher, indicating a preference for the rst pathway. Observa-
tions have been made on the epoxidation of a-pinene using
molecular oxygen. Patil et al. (2007) utilized a cobalt(II)-based
heterogeneous catalyst in dimethylformamide (DMF) solvent,
which resulted in a 47% conversion rate and 61% selectivity to
a-pinene oxide. However, the selectivity to epoxides was
reduced due to a free radical mechanism.53

In contrast, Almeida et al. (2022) investigated green solvents
such as organic carbonates for catalytic aerobic epoxidation of
biodegradable alkenes.31 Various catalysts were created using
a conventional impregnation technique, including manganese,
iron, and cobalt supported on alumina and silica. The cobalt
catalyst supported by silica calcined at 550 °C produced
signicant results, producing a wide range of epoxides from
biomass-based substrates with moderate to outstanding yields
in mild reaction conditions. This method relies on the in situ
production of active peroxy species from aldehydes and
molecular oxygen using a non-noble metal catalyst, allowing for
the basic limitations of conventional industrial techniques to be
resolved. Moreover, dimethyl carbonate is highly recommended
as a means of replacing undesirable solvents in industrial
processes, as stated in current solvent sustainability guides. The
reaction proceeds without any toxicity or reagent stability
issues, resulting in the desired epoxide compounds.
RSC Adv., 2023, 13, 32940–32971 | 32947
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Scheme 10 Proposed chemical route for solvent- and initiator-free aerobic limonene epoxidation.31
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Studies have recently focused on epoxidizing terpenes using
the dimethyldioxirane (DMDO) epoxidation method. Ahmat
et al. (2023) conducted a study on the DMDO-induced epoxi-
dation of limonene and pinenes in microemulsions.54 The study
produced DMDO in situ in amicroemulsion system to assess the
efficacy of using the surfactant cetyltrimethylammonium
hydrogen sulphate (CTAHS) to homogenize limonene and
pinene in aqueous solutions. Using CTAHS offered signicant
benets for the epoxidation process. Molar ratios of 1.6 and 0.9
of oxone/limonene and oxone/a-pinene resulted in 100% yields
of limonene bis-epoxide and a-pinene oxide aer 30 minutes.
This method could be highly useful on an industrial scale. The
main drawback of this method is the need to buffer the reaction
mixture at a pH of 7–8 with sodium bicarbonate. Nonetheless,
this approach has several advantages, including excellent
selectivity for epoxides, no by-product formation, no solvent
requirement in the aqueous medium, and no previous metal
catalyst production. Acetone was employed in small amounts as
a catalyst since it is easy to recycle and does not require deac-
tivation like metal catalysts. Furthermore, this epoxidation
method was carried out under ambient conditions as part of
a green process.

3.2.2 Hydrogen peroxide (H2O2). In recent years, aqueous
hydrogen peroxide (H2O2) has gained promising attention as
a sustainable oxidant for alkene epoxidation.55–65 The use of
H2O2 as an oxidant is advantageous as it produces only water,
making it a green and eco-friendly process.66–68 Studies on H2O2-
mediated epoxidation have employed various catalysts con-
taining metals such as molybdenum (Mo), rhenium (Re), tita-
nium (Ti), and tungsten (W).

Michel et al. (2012) used methyltrioxorhenium (MTO) as
a suitable catalyst for epoxidizing (R)-(+)-limonene with H2O2 in
dichloromethane (DCM) at 25 °C, showing a selectivity of 96%
toward epoxide with a yield of 77% aer 1 hour.63 According to
32948 | RSC Adv., 2023, 13, 32940–32971
their ndings, the catalyst requires a pyridine-based compound
to lower its acid centre and prevent diol formation. The catalyst
exhibited enhanced selectivity toward limonene-1,2-epoxide
and limonene bis-epoxides at lower and higher temperatures
(>25 °C), respectively.

Cagnoli et al. (2005) demonstrated the epoxidation of (R)-
(+)-limonene with H2O2 using a titanium-based heterogeneous
catalyst (Ti-MCM-41) in acetonitrile at 70 °C, reporting up to
60% conversion of (R)-(+)-limonene to several oxidative prod-
ucts, including limonene-1,2-epoxide, limonene bis-epoxide,
limonene-1,2-diol, carveol, and carvone (Scheme 11).69 The
catalyst showed only 60% selectivity to the epoxide, but it had
better activity than other titanium-based catalysts with minimal
leaching.

Epoxidizing a-pinene to a-pinene oxide selectively using
a metal catalyst is rarely reported in the literature. Cánepa et al.
(2011) investigated the use of a titanium-based catalyst (Ti-
MCM-41) in the epoxidation of a-pinene with H2O2 at 70 °C in
acetonitrile. They found that the reaction showed reduced
selectivity to a-pinene oxide and was more selective to verbe-
none (41%), verbenol (16%), and campholenic aldehyde (27%),
as shown in Scheme 12.60 In a more recent study, Cánepa et al.
(2015) used a heterogeneous vanadium-based catalyst to epox-
idize a-pinene with H2O2 at 70 °C in acetonitrile. They observed
a 91% conversion of H2O2 (with a-pinene in a higher molar ratio
of 4 : 1) aer 7 hours to yield several oxidative products, mainly
verbenones (46%) but achieved less than 3% selectivity to a-
pinene oxide.70

Tungsten-based polyoxometalates are known as effective
catalysts for epoxidation reactions using H2O2 as the oxidant.71

Jimtaisong and Luck (2006) compared the efficacy of
molybdenum-based and tungsten-based catalysts for the epox-
idation of cyclooctene using both TBHP and H2O2. They found
that the tungsten-based catalyst was more active than the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 11 Epoxidation of (1) (R)-(+)-limonene with Ti-MCM-41 producing (2) limonene-1,2-epoxide, (3) limonene bis-epoxide, (4) limonene-
1,2-diol, (5) carveol and (6) carvone.
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molybdenum-based catalyst when H2O2 was used as an oxidant,
but less active when TBHP was used.72

Ishii et al. (1988) and Venturello and D'Aloisio (1988)
demonstrated efficient epoxidation of alkenes using tungsten-
based polyoxometalates and H2O2 in a biphasic environment
containing quaternary ammonium salts as a phase transfer
catalyst.73 Venturello and D'Aloisio achieved up to 98%
conversion of 1-dodecene with 96% selectivity to epoxides at
70 °C in 1,2-dichloroethane (Scheme 13),74 while Ishii et al.
achieved 96% conversion of cyclooctene at 98% selectivity to
epoxides in chloroform.73 However, both methods require
chlorinated solvents, making them less environmentally
friendly, so alternative approaches have been developed.

An improved method for the epoxidation of alkenes was
developed using tungsten-based polyoxometalates in an organic
solvent-free system, which employed aminomethylphosphonic
acid (NH2CH2PO3H2) and a halide-free quaternary ammonium
hydrogensulfate (Q+HSO4−) as phase transfer catalyst, as
depicted in Scheme 14.75 This method signicantly impacted
further research on epoxidation reactions utilizing tungsten-
based catalysts and H2O2 as an oxidant, as the process was
conducted in an environmentally friendly manner. However,
the hydrolytic decomposition of acid-labile epoxides in acidic
conditions was a drawback, and the acid used in this method
was costly.

Grigoropoulou et al.76 improved the ‘Noyori’ method for the
epoxidation of (R)-(+)-limonene without using expensive ami-
nomethylphosphonic acid. They achieved 94% conversion of
(R)-(+)-limonene with 81% selectivity to limonene-1,2-epoxide
by studying the epoxidation of (R)-(+)-limonene with H2O2

using a sodium tungstate (Na2WO4) catalyst at a temperature of
70 °C in organic solvent-free conditions. To increase the selec-
tivity to epoxide and to prevent the ring-opening reaction in
acidic conditions, they used an inorganic salt (Na2SO4). Their
ndings had a substantial impact on the further development
Scheme 12 Epoxidation of (1) a-pinene with Ti-MCM-41 catalyst produc
aldehyde.

© 2023 The Author(s). Published by the Royal Society of Chemistry
of using H2O2 as an oxidant for selective epoxidation. Hachiya
et al. (2012) and Takumi et al. (2014)77 also added inorganic salt
to the solvent-free epoxidation of (R)-(+)-limonene with H2O2

using a tungsten-based catalyst and produced a stable epoxide
in acidic environments.78 However, the effect of Na2SO4 on the
stability of epoxides requires further understanding and will be
discussed in the relevant section (Section 4.6).

Maheswari et al. (2005) developed an improved version of the
‘Noyori’ method for the epoxidation of cyclooctene with H2O2.
They used a tungsten-based (Na2WO4/H2WO4) catalyst at 60 °C
in a biphasic system without solvents. They added chloroacetic
acids to mimic the effect of peracids, which resulted in a 90%
conversion of cyclooctene at 99% selectivity to cyclooctene
oxide. The residual acidity of the aqueous medium was crucial
for the catalytic performance of the tungsten-based catalyst. The
study found that acidity positively affects the epoxidation rate,
but this approach may not be suitable for acid-labile epoxides
such as terpenes oxide, as increasing acidity can lead to
hydrolytic decomposition.79 To address this, Kaur et al. (2010) 80

proposed a safer approach for the epoxidation of terpenes using
solid urea hydrogen peroxide (UHP) with a tungsten-based
catalytic system, which produced a yield comparable to condi-
tioned aqueous H2O2-based epoxidations.

Although the authors cited above have reported methods for
producing limonene-1,2-epoxide with high selectivity and
minimal hydrolytic decomposition in recent years, the process
has not been fully optimized, and the reaction kinetics remain
unclear. Additionally, little attention has been given to condi-
tions that promote the ring-opening of the epoxides. To address
these issues, we utilized aqueous H2O2 as an oxidant for the
epoxidation of (R)-(+)-limonene and a-pinene. This choice was
made due to H2O2's higher selectivity for epoxides and its
environmentally friendly properties. We employed a tungsten-
based polyoxometalates catalyst, which showed superior
activity with H2O2 compared to other catalysts. Section 3.8
ing (2) a-pinene oxide, (3) verbenol, (4) verbenone and (5) campholenic

RSC Adv., 2023, 13, 32940–32971 | 32949
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Scheme 13 Epoxidation of 1-dodecene to 1,2-epoxydodecane using quaternary ammonium salt (Q+X−) as phase transfer catalyst.
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provides a further discussion of the chemistry, structure, and
mechanism of the polyoxometalate catalyst. Many oxidative
products can be generated by epoxidation of (R)-(+)-limonene
with H2O2 (oxidant). Scheme 15 shows products of (R)-
(+)-limonene epoxidation, including their respective
stereoisomers.

H2O2-based epoxidation of (R)-(+)-limonene (1) with
tungsten-based polyoxometalates yields both limonene-8,9-
epoxide (2 and 3) and limonene-1,2-epoxide (4 and 5), which
are a mixture of cis- and trans-isomers. Limonene-1,2-epoxide
is the primary product due to the electrophilic nature of the
oxidative species, which likely causes epoxidation at highly
substituted double bonds.81 To produce Limonene-bis-
epoxide (6, 7, 8 and 9; a mixture of four stereoisomers),
external double bonds of limonene-1,2-epoxide must be
epoxidized. The hydrolytic decomposition of limonene-1,2-
epoxide can also result in the formation of limonene-1,2-
diol (10) facilitated by acid (H+) and H2O. Additionally,
allylic oxidation of (R)-(+)-limonene primarily produces car-
veol (11), which can be further oxidatively dehydrogenated to
produce carvone (12).82 The well-known H2O2-based epoxi-
dation reaction of a-pinene with a metal catalyst produces
several oxidative products. Scheme 16 presents a simplied
version of the reaction scheme.

The tungsten-based catalyst used in the epoxidation of a-
pinene (1) with H2O2 primarily produces a-pinene oxide (2) due
to the electrophilic nature of the peroxo species, attracting
substitution of p bonds.75 The hydrolysis of a-pinene oxide
yields pinanediol (3) and sobrerol (5), assisted by H+ and H2O. a-
Pinene oxide can also undergo rearrangement to form cam-
pholenic aldehyde (4) and allylic oxidation to produce verbenol
(6), which can then be oxidatively dehydrogenated to form ver-
benone (7). The nature of the catalyst and radical formation
determine whether epoxidation or allylic oxidation predomi-
nates.29 Various hydroperoxides, including verbenyl hydroper-
oxides, can also be formed as intermediates using an active
catalyst.83,84 Research has shown that a-pinene can isomerize
during the oxidation process to produce several products,
including b-pinene, (R)-(+)-limonene, terpineol, camphene, and
3-carene.85,86 The rearrangement of a-pinene oxide has
produced many products, such as pinocarveol,
Scheme 14 The epoxidation of cyclooctene with H2O2 in a halide- and

32950 | RSC Adv., 2023, 13, 32940–32971
isopinocamphone, and trans-carveol,10,87 Additionally, oxidation
can also lead to the formation of polymeric compounds, as
shown in Scheme 17.

In recent work, a novel approach to rapidly and selectively
epoxidize a-pinene using H2O2 in a single step without any
solvent was reported.23 Tungsten-based polyoxometalates were
used as a catalyst to epoxidize a-pinene with H2O2, and vari-
ables in the screening parameters included temperatures (30–
70 °C), oxidant concentrations (100–200 mol%), acid concen-
trations (0.02–0.09 M), and solvent types (e.g., p-cymene,
toluene, acetonitrile, and 1,2-dichloroethane). Using process
conditions of a 50 °C temperature, a solvent-free environment,
and a-pinene/H2O2/catalyst molar ratio of 5 : 1 : 0.01, almost
100% selective epoxidation of a-pinene to a-pinene oxide was
achieved with negligible side product formation within a short
processing time (20 min). 93% Conversion of H2O2 with 100%
selectivity to a-pinene oxide was achieved using a single-step
addition of the oxidant without a solvent. The study also
demonstrated that allylic oxidation rates increased as oxidant
concentrations increased. A kinetic study suggested that this
reaction was rst-order in terms of both the concentrations of
the catalyst and a-pinene, but fractional order (0.5) in terms of
the concentration of H2O2. An activation energy of 35 kJ mol−1

was required for the epoxidation reaction of a-pinene. The key
advantages of the described epoxidation procedure include the
ability to perform the reaction at a constant temperature under
a solvent-free environment to speed up the reaction rate and
achieve selectivity to a-pinene oxide of over 100%.

We recently reported a study on the synthesis of a-pinane
carbonate from a-pinanediol.88 This work represents the rst
example in the literature of producing a-pinane carbonate from
a-pinanediol, which is a by-product of the most common
monoterpene found in nature, a-pinene. Prior attempts to make
pinane carbonate by reacting a-pinene epoxide with CO2 failed
because the epoxide lacked reactivity in ring-opening polymer-
ization due to steric hindrance. In this case, we combined a-
pinanediol and DMC to create a-pinane carbonate under the
inuence of a TBD guanidine catalyst. The resulting white,
crystalline solid known as a-pinane carbonate had a melting
point of 86 °C. Aer recrystallization, the highest yield of a-
pinane carbonate obtained was 81.1 ± 2.8%, with 98.7% purity.
solvent-free system.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 15 Products of (R)-(+)-limonene epoxidation with hydrogen peroxide (H2O2) as oxidant in the presence of tungsten-based catalyst; (1)
(R)-(+)-limonene, (2) cis-limonene-8,9-epoxide, (3) trans-limonene-8,9-epoxide, (4) cis-limonene-1,2-epoxide, (5) trans-limonene-1,2-
epoxide, (6) RSS limonene bis-epoxide, (7) SRS limonene bis-epoxide, (8) RSR limonene bis-epoxide, (9) SRR limonene bis-epoxide, (10) trans-
limonene-1,2-diol, (11) carveol and (12) carvone.

Scheme 16 Product of a-pinene epoxidation with hydrogen peroxide
(H2O2) as an oxidant in the presence of a tungsten-based catalyst; (1)
a-pinene, (2) a-pinene oxide, (3) pinanediol, (4) campholenic alde-
hyde, (5) sobrerol, (6) verbenol and (7) verbenone.

Scheme 17 Products of isomerisation of a-pinene oxide; (1) a-pinene
oxide, (2) isopinocamphone, (3) pinocarveol, (4) trans-carveol, (5) 2-
methyl-5-(propan-2-ylidene) cyclohex-2-enol, (6) p-cymene, (7)
campholenic aldehyde and (8) fencholenic aldehydes.10
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We used several techniques, including FTIR, NMR, GC, GCMS,
and QTOF mass spectrometers, to characterise the produced a-
pinane carbonate.

To establish a feasible process for potential resource recovery
of the a-pinanediol starting material, we examined the reactivity
of the a-pinane carbonate for base hydrolysis using NaOH in
ethanol/water. The saponication of a-pinane into a-pinanediol
and sodium carbonate was completed in less than 30 minutes.
At an industrial scale, the a-pinane carbonate can potentially be
polymerized to produce poly(a-pinane carbonate), which is
a bio-based thermoplastic, like poly(limonene carbonates). To
recycle the initial feedstock for a-pinanediol, the used poly(a-
pinane carbonate) might be hydrolyzed in the same manner as
the a-pinane carbonate monomer.

The hydrolysis of alkyl esters has been reported previously.
The reaction mechanism for the hydrolysis of a-pinane
© 2023 The Author(s). Published by the Royal Society of Chemistry
carbonate is illustrated in Scheme 18.88 A rate-determining step
involves the bimolecular collision of the a-pinane carbonate
and hydroxide ion to create a tetrahedral intermediate, which
decomposes to give the products.89 For intermediate stabiliza-
tion, a molecule of water is required, but the same job can be
performed using a protic solvent like simple alcohols, which are
the product of alkyl esters hydrolyzed with a base.89,90 The
hydroxyl group acts as a nucleophile during the reaction as
illustrated in Scheme 18, reacting with a-pinane carbonate (a) to
produce intermediate (b), which disintegrates and thus the
carbonyl group reforms to form 2-carboxylate-3-pinanol (d)
using intermediate (c) in the basic ethanol/water solution,
which further rearranges to provide nal product (e). The
hydroxyl group most likely attacks on the opposite side in the
most electropositive position since one side of a-pinane
carbonate is more crowded, but further investigation is still
required to establish the precise mechanism of the reaction.
RSC Adv., 2023, 13, 32940–32971 | 32951
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Scheme 18 Proposed reaction mechanism - a bimolecular collision of solvated hydroxide ion with the alky esters carbonyl carbon.88
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3.2.3 Other oxidants
3.2.3.1 Prilezhaev epoxidation. The prilezhaev epoxidation

of alkenes is typically achieved using peracids as oxidants. Pri-
leschajew (1909) 91 rst demonstrated this method, which has
since become widely accepted as the most common technique
for synthesizing epoxides. Commonly used peracids include
peroxyacetic acid, hydroxybenzoic acid, peroxyformic acid, m-
chloroperoxybenzoic, and p-nitroperoxybenzoic (Scheme 19),
due to their relative availability, lower cost, the stoichiometric
yield of epoxides, and stability at mild temperatures.12

Peracids offer the exibility of reaction medium, as they can
be used in aqueous, organic, heterogeneous, and homogeneous
media. However, they are hazardous due to the generation of
32952 | RSC Adv., 2023, 13, 32940–32971
acid waste. The reaction scheme and mechanism of the epoxi-
dation of alkene using peracid are shown in Scheme 20.

There are two methods for performing epoxidation using
peracids: preformed peracid epoxidation and in situ peracid
epoxidation. In both methods, aqueous H2O2 is reacted with
carboxylic acid over an acidic catalyst (e.g., H2SO4) to form
a peracid.92 Preformed peracids require rigorous storage
procedures to minimize the risk of explosions due to
exothermic decomposition. In situ peracids are favoured
because they require minimal amounts of reactants to generate
the oxidative species in the reaction, making the process much
safer. The oxidative species are normally generated using
a mineral acid as a catalyst, such as H2SO4. Alternatively,
a heterogeneous catalyst such as an ion-exchange resin (IER)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 19 Commonly used peracids for epoxidation; (1) peroxyformic acid, (2) peroxyacetic acid, (3) m-chloroperoxybenzoic and (4) p-
nitroperoxybenzoic.
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could be used to overcome separation and purication issues
usually associated with homogeneous catalysts. The recycla-
bility and selectivity of heterogeneous IERs for in situ peracids
are better than for preformed peracids for the epoxidation of
undecyclinic acid.12

Researchers have been seeking an alternative to the peracid
epoxidation method that is selective, safe, and “clean” as per-
acids produce signicant amounts of acid waste, which poses
safety and environmental issues. Goud et al. (2017) compared
the performance of two types of peracids formed in situ, per-
oxyacetic acid and peroxyformic acid, for the epoxidation of
jatropha oil using IER (Amberlite IR-120) as a catalyst at
a temperature of up to 70 °C. They investigated the performance
of the peracids with and without the presence of solvent
(toluene) and found that the efficiency of peroxyformic acid in
the in situ epoxidation of peracid is higher than peroxyacetic
acid at temperatures below 80 °C. However, at temperatures
above 80 °C, peroxyacetic acid was as effective as peroxyformic
acid. Peracids have also been shown to be unsuitable for acid-
sensitive epoxides, such as terpene oxide, as they cause severe
hydrolysis of the epoxides.93

The peracetic acid route, which uses peracetic acids, such as
m-chloroperoxybenzoic acid, as an oxidant, is one of the most
common industrial epoxidation methods.42 These chemicals
produce signicant amounts of acid waste, which poses safety
and environmental issues.92,94 Peracids have also been shown to
be unsuitable for acid-sensitive epoxides, such as terpene oxide,
as they cause severe hydrolysis of the epoxides.76 As a result,
researchers have been seeking an alternative to the peracid
epoxidation method that is selective, safe, and “clean”.
Scheme 20 The reaction scheme and mechanism of the epoxidation o

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2.3.2 Hydroperoxide routes. The epoxidation of alkenes
using hydroperoxides, such as cumene hydroperoxides (CHP),
ethylbenzene hydroperoxides (EBHP) and tert-butyl hydro-
peroxides (TBHP), is a better alternative to peracids as they
are easier to handle and less hazardous for industrial epoxi-
dation.95 Hydroperoxides are signicantly superior to H2O2,
as they are soluble in hydrocarbons, while the dissolution of
hydrogen peroxide is only possible in polar solvents. Organic
peroxides have also been successfully used for the epoxida-
tion of acid-labile epoxides, resulting in a better yield than
peracids.12,42 Balula and Bruno studied the epoxidation of (R)-
(+)-limonene with TBHP and reported a 99% conversion with
100% selectivity, highlighting the advantage of using organic
hydroperoxides.75 Chiker et al. showed that when supported
titanium is employed as the catalyst, TBHP is signicantly
more selective towards epoxides than H2O2.55

Studies have also focused on developing a heterogeneous
catalyst for epoxidation using organic peroxides as oxidants.
Charbonneau and Kaliaguine reported the epoxidation of (R)-
(+)-limonene with TBHP using a titanium-based heterogeneous
catalyst at a temperature of 75 °C in acetonitrile.81 They reported
an (R)-(+)-limonene conversion of 80% at 79% selectivity to
limonene-1,2-epoxide. The reaction parameters, such as
temperature, TBHP concentration, and solvent polarity, have
been optimized. Solvents with higher polarity facilitate a higher
activity for the epoxidation reaction with TBHP compared to
solvents with lower polarity. Very little progress was made while
utilizing TBHP to increase transformation to limonene bis-
epoxide above Ti/SBA-16 catalytical system.96 Recent research
by Cunningham et al. produced a comparable outcome using
f alkene using peracid.

RSC Adv., 2023, 13, 32940–32971 | 32953
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Fig. 3 Influence of acidity on the structure of the polyoxometalates
complex, (a) Keggin, (b) lacunary Keggin, (c) Wells–Dawson and (d)
Anderson structure.102
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H2O2 as the oxidizing agent in an attempt to epoxidize
limonene.97

Using TBHP as an oxidant produces radicals during the
epoxidation reaction that are the same as observed for the
epoxidation of a-pinene using other similar kinds of oxidants.
Becerra et al. demonstrated the epoxidation of a-pinene with
TBHP by applying an iron-based heterogeneous catalyst at
a temperature of 50 °C in acetone. They obtained an a-pinene
conversion of 83% aer 23 hours to many oxidative products,
mainly verbenone. Their study concluded that under both
catalytic and non-catalytic conditions, TBHP decomposes to
form radicals that promote allylic oxidation of a-pinene
(Scheme 21).29

The use of organic peroxides, such as TBHP, generates
organic by-products that require additional separation
processes. For instance, in the presence of TBHP, (R)-(+)-limo-
nene and a-pinene epoxide produce tert-butanol, which neces-
sitates the further separation of the alcohol from the epoxide
products.98 In this regard, a greener and more selective oxidant
is required to develop a selective epoxidation process for (R)-
(+)-limonene and a-pinene.
3.3 Strategies to enhance reaction efficiency

3.3.1 Catalyst. Polyoxometalates (POMs) are versatile
compounds that have been used in catalysis due to their wide
variety of structures, which can incorporate many elements
from the periodic table.99,100 POMs are composed of transition
metals in the highest oxidation state from oxo-anionic clusters
through the dissolution of metal ions in an aqueous solution.101

The acidity of the proton centre is related to the metal ion
charge, and the structure and stability of the complex depend
largely on the pH of the solution. POMs with transition metal
substitutions have gained a lot of interest due to their oxida-
tively stable catalysts. Heteropolyanions are formed by the
fusion of an anion at the centre of the complex in acidic
conditions, and numerous anions can be fused. Hetero-
polyacids are formed when solid POM is composed of hetero-
polyanions, hydration water, and protons as counter-ions. A
commonly used POM/HPA species, H3PW12O40, is a superacid
used in many catalysis processes such as alkylation, acylation,
and oxidation. The redox mechanism of POM in oxidation
reactions can be used with either di-oxygen (O2) or hydrogen
peroxide (H2O2) as oxidants. The use of POM in epoxidation has
been investigated, and W-based POM was found to be the most
effective with H2O2.
Scheme 21 Epoxidation of (1) a-pinene with (2) TBHP producing (3) a-p

32954 | RSC Adv., 2023, 13, 32940–32971
Fig. 3 illustrates that the formation of a Keggin structure
occurs at a pH of approximately 1. This structure is easily
synthesized and highly stable with the general formula
[Xn+M12O40]

(8−n)−. Where P or silica (Si) is commonly used as the
central atom (X) and molybdenum (Mo) and W are the addenda
atoms (M). Increasing the pH to about 2.2 leads to the hydro-
lysis of the Keggin structure, resulting in the formation of
a lacunary Keggin with the general formula [XM11O39]

n−. Other
metal ions, such as iron (Fe2+), nickel (Ni2+), or cobalt (Co2+),
can be incorporated into the lacunary Keggin structure. Balula
et al. (2013) reported the use of lacunary Keggin phosphotung-
states as a catalyst for the epoxidation of (R)-(+)-limonene with
hydrogen peroxide at 80 °C, using acetonitrile as a solvent. They
found that the catalyst exhibited high activity, achieving
complete conversion of (R)-(+)-limonene to limonene-1,2-
epoxide, bis-epoxide, and limonene-1,2-diol. In the pH range
between 3.5–5, a Wells-Dawson structure with the general
formula [X2

n+M18O62]
(2n−16)− and a planar Anderson structure

with the general formula [Xn+M6O24]
(12−n)− are typically

obtained.
Polyoxometalates (POMs) with transitionmetal substitutions

have gained considerable interest as oxidatively stable catalysts.
However, achieving high reaction rates and epoxide yields
typically requires the use of chlorinated solvents. Hetero-
polyanions, formed by fusing an anion at the complex centre
inene oxide, (4) verbenol, (5) verbenone and (6) tert-butanol.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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under acidic conditions, have become a focus of research.
Various anions, including beryllium (Be), boron (B), aluminium
(Al), silicon (Si), germanium (Ge), tin (Sn), and phosphorus (P),
can be fused. When counter-ions such as protons (H+), Na+,
NH4+, K+, and Cs+ associate with these structures, a secondary
structure (salts) can form. Heteropolyacids (HPAs) are solid
POMs composed of heteropolyanions, hydration water, and
protons as counter-ions. HPAs have strong acidity, reportedly
stronger than mineral acids. H3PW12O40, a commonly used
POM/HPA species, is a superacid employed in many catalytic
processes, including alkylation, acylation, and oxidation.103

POM catalysts are gaining popularity in oxidation due to their
high Brønsted acidity, which provides efficient redox capability
enabling rapid reactions and regeneration.104 The redox mech-
anism of POMs in oxidation reactions can use either di-oxygen
(O2) or hydrogen peroxide (H2O2) as oxidants, where following
the oxidation of the substrate, the POM is re-oxidized by the
oxidant.

Numerous studies have investigated the suitability of
different compounds, such as Fe,105 Mn,106 Ru,107 Re,108 W,109

alumina,110 in addition to hydrotalcite,111 with hydrogen
peroxide for the epoxidation of alkenes. Among these, W-based
POM was found to be the most effective H2O2.112 whereas
commonly used Mo and Ti-based catalysts were less effective
with H2O2.113 The use of POM in epoxidation was rst discussed
by Venturello et al. (1983),71 who reported the epoxidation of 1-
dodecane using H2O2 oxidant with Na2WO4 and H3PO4 in
biphasic conditions. They identied the active oxidative species
[PO4[W(O)(O2)2]4]

3–, which is commonly referred to as the
Venturello anion (PW4).74 Themechanism of alkene epoxidation
with the Venturello anion is presented in Scheme 22.

Ishii et al. (1988) also investigated the suitability of POM for
alkene epoxidation.73 They tested the activity of three POM
Scheme 22 Reaction mechanism of alkene epoxidation using Venturell

© 2023 The Author(s). Published by the Royal Society of Chemistry
species, namely phosphotungstate (H3PW12O40), H4SiW12O40,
and H3PMO12O12, in biphasic conditions using H2O2 as an
oxidant in chloroform solvent. Among all POM tested, phos-
photungstate was found to be the most active. Like Venturello's
work, the use of a PTC (quaternary ammonium salts) as
a counter-ion was necessary. Fig. 4 depicts the structure of the
Venturello anion.

Ishii-Venturello chemistry has gained interest in alkene
epoxidation. A study by Duncan et al. (1995)43 investigated the
active species, the Venturello anion, in the epoxidation of 1-
octene with H2O2. They conrmed the presence of PW4 as the
active species and compared the activity of 11 POMs. The Ven-
turello anion required at least a 50-fold excess of H2O2 to form
from the P–W precursors. Interestingly, they observed the
formation of subsequent peroxo species (SPS) following the
interaction of PW4 species and the substrate. The SPS was
rapidly regenerated to form PW4 species by H2O2, as shown in
Scheme 23. The PW4 species was found to be the most active
POM for epoxidation, exhibiting more than double the activity
of the peroxotungstate species ([[WO(O2)2(H2O)]2O]

2–).
However, the use of chlorinated solvents is required to facilitate
the catalyst's acid character, which is a disadvantage. Also, the
irreversible adsorption of epoxide and diol can deactivate the
catalyst.114,115

Polytungstophosphate and PTC were used to adapt the
mechanism for epoxidizing (R)-(+)-limonene and a-pinene
using H2O2, as shown in Fig. 5. The biphasic nature of the
epoxidation of (R)-(+)-limonene and its oxidative products
requires the use of a hydrophobic substrate that is not miscible
with aqueous H2O2. Fig. 5 summarizes all the reactions involved
in the epoxidation of ((R)-(+)-limonene. The formation of the
oxidative species follows the Ishii-Venturello chemistry, which
has been extensively studied in the literature.12,43 The formation
o anion as the catalyst.114

RSC Adv., 2023, 13, 32940–32971 | 32955
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Fig. 4 The visualisation of the structure of Venturello anion (PW4).116

Scheme 23 Mechanism of active species formation.12
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of the polytungstophosphate catalyst from H2O2, tungstate, and
phosphate is facilitated by shuttles from the organic phase
through PTC (Q+). During the epoxidation reaction, both (R)-
(+)-limonene and limonene-1,2-epoxide receive active oxygen.
The H+ ions participate in the formation of the oxidative species
32956 | RSC Adv., 2023, 13, 32940–32971
as well as the protonic attack on the epoxides at the interphase.
When a protonic attack occurs between the epoxides and H2O
(nucleophile), a diol is formed. POM has been used as a cata-
lyst in signicant research on alkene epoxidation, as shown in
Table 4.

3.3.2 Biphasic reactions. A biphasic reaction system occurs
when reactants form two separate phases. The system offers
potential advantages such as rapid phase separation and reac-
tant recovery, which can lead to reduced energy costs by using
a simple separator instead of a distillation column. In most
cases, a catalyst is dissolved in one of the phases, usually the
aqueous phase when a metal catalyst is used. Fig. 6 illustrates
a simplied version of a biphasic reaction system that shows
product separation and recycling.

Typically, one of the phases in a biphasic mixture is a water-
based aqueous phase because of the high immiscibility of the
organic phase.117 However, biphasic systems consisting of two
uorous organic phases or involving ionic liquids have also
been used. Examples of biphasic reactions involving the
aqueous-organic system include alkylation,118 carbonylation,119

Diels–Alder reaction,120 epoxidation,71 and hydrogenation.121

Most organic reactions in a biphasic system are performed
using a phase transfer catalyst or in emulsication. Both
approaches have many benets, especially their effect on reac-
tion rates.122–127 Although one method may be dominant over
another, there are instances where the use of one method
signicantly alters the reaction rates. For example, Menger and
Elrington (1991) found that the oxidation of mustard was 80
times faster in emulsication than in a non-emulsied system
using a phase transfer catalyst.128 Some studies have investi-
gated the prospect of having both methods in one system.

Emulsication in a biphasic reaction can also be achieved in
a microuidic and membrane reactor. De Bellefon et al. (2000)
demonstrated that the isomerisation of allylic alcohol could be
emulsied using a microuidic reactor.129 They concluded that
the application of a microuidic reactor enhances emulsica-
tion, allowing for rapid screening of process variables.

An example of a biphasic epoxidation reaction involving (R)-
(+)-limonene was reported by Villa et al. (2002). They studied the
biphasic epoxidation of (R)-(+)-limonene using oxidant (H2O2)
with heterogeneous peroxotungstophosphate (Venturello
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Overall reaction scheme for the epoxidation of (R)-(+)-limonene, the formation of oxidative species, the decomposition of H2O2 and the
hydrolytic decomposition of the epoxides. Each reaction is visualized in the schematic diagram (an aqueous phase is shown in blue, while an
organic phase is shown in gold).

Fig. 6 A simplified version of a biphasic reaction system showing
product separation and recycling.

Fig. 7 Schematic of a ‘water-in-oil’ emulsion where the hydrophobic
tail of the surfactant stretches towards the organic phase (gold
background). In the meantime, the hydrophilic head remains in the
aqueous phase (blue background).
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anion) on Amberlite IRA-900 in acetonitrile. According to their
results, acetonitrile increased the (R)-(+)-limonene concentra-
tion in the aqueous phase, highlighting the relationship
between the concentration of (R)-(+)-limonene and the mass
transfer rate in the biphasic system.130

3.3.3 Surfactants. Surfactants lower the surface tension
between two liquids and consist of hydrophobic ‘tails’ and
hydrophilic ‘heads’.131 This unique feature allows each compo-
nent of the surfactant to be soluble in either an aqueous or
© 2023 The Author(s). Published by the Royal Society of Chemistry
organic medium. When the surfactant's hydrophobic tail
aggregates in an organic droplet, an ‘oil-in-water’ emulsion is
formed if the bulk aqueous phase is in contact with the
RSC Adv., 2023, 13, 32940–32971 | 32957
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hydrophilic head. Conversely, in a bulk organic phase, partic-
ularly in a non-polar solvent environment, the surfactant
molecules tend to form a ‘water-in-oil’ emulsion, where the
hydrophilic heads encapsulate the aqueous droplets, while the
hydrophobic tails stretch towards the organic phase. Fig. 7
schematically illustrates the formation of a ‘water-in-oil’ emul-
sion by the action of surfactant molecules in a biphasic mixture.
In biphasic reactions involving two immiscible liquids, surfac-
tants are typically used to form an emulsion. The stability of the
emulsions formed depends on the type of surfactant, which is
commonly categorised according to the polarity of the hydro-
philic head. Table 2 presents the classication of surfactants
and examples of surfactants for each class. During biphasic
reactions, surfactants function as phase transfer catalysts that
facilitate the formation of emulsions, increasing the contact
area between the immiscible reactants. Without surfactants,
mass transfer limited conditions may occur. In biphasic epox-
idation, phase transfer catalysts like quaternary ammonium
salts, including Adogen® 464 (methyl trialkyl-(C8–C10)-ammo-
nium chloride) and Aliquat® 336 (tri octyl methylammonium
chloride), are commonly used.62,79,132–135

3.3.4 Phase transfer catalyst. Phase transfer catalysts
(PTCs) are used as chemical catalysts to facilitate phase trans-
fers and transfer reactants from one phase to another for
reactions to occur.136,137 While PTCs are typically classied as
a type of heterogeneous catalyst, the product is not in the same
phase as the catalyst. PTCs offer a better rate of reaction for
a biphasic reaction, which can potentially reduce the use of
solvents to achieve a uniform mixture.138 Quaternary ammo-
nium salts are commonly used as PTCs for a biphasic reaction
involving anionic reactants or oxidants, with Table 3 listing
common quaternary ammonium salts used as PTCs.

The general mechanism of a PTC in a biphasic mixture is
shown in Fig. 8, where the Q+ ion pairs with the anionic reac-
tants or oxidants (Y−) in the aqueous phase before shuttling to
the organic phase. Additionally, alkenes (R) absorb active
oxygen in the organic phase, allowing the Q+ to return to the
aqueous phase to complete the cycle. The high conversions and
Table 2 Classifications of surfactants and examples of common surfact

Class Surfactant head net charge

Nonionic No charge

Anionic Negative

Cationic Positive

Zwitterionic Negative and positive (two heads)

32958 | RSC Adv., 2023, 13, 32940–32971
yields associated with PTC epoxidations, which typically occur
in two-phase systems, have attracted attention. PTCs can be
immobilized as a solid support, making them reusable and
avoiding waste problems completely. Furthermore, the process
can be made more commercially viable as PTCs are stable at
high temperatures, enabling higher conversion rates in less
time.

Ahmat and Kaliaguine (2023) present a signicant advance-
ment in the eld of terpene epoxidation, specically focusing
on limonene and pinene.54 The main nding of the study is the
successful epoxidation of these hydrophobic terpenes using
dimethyldioxirane (DMDO) generated in situ in a micro-
emulsion system. The study highlights the efficacy of cetyl-
trimethylammonium hydrogen sulfate (CTAHS) as a phase
transfer catalyst to homogenize the terpenes in the aqueous
reaction medium. The study by Murugan and Siva (2005) pres-
ents a novel soluble multi-site phase transfer catalyst (MPTC)
named 1,3,5-tris(4-(2,2′-bis(N-triethylammoniummethylene
chloride)eth-1-ene)phenoxymethyl)benzene (TBTEAPB).139 The
main nding is that this newly synthesized MPTC signicantly
enhances the C-alkylation of a-pinene with epichlorohydrin,
especially when compared to single-site and di-site phase
transfer catalysts (PTCs).

The TBTEAPB catalyst showed rate constants approximately
6 times higher than single-site PTCs and 3 times higher than di-
site PTCs. This indicates a substantial improvement in catalytic
efficiency, which is particularly signicant for the eld of
terpene modication. The study also found that the reaction
could be facilitated even under mild conditions, such as a low
concentration of base (20% NaOH) and lower MPTC concen-
trations, making the process potentially more sustainable and
cost-effective.

Apart from terpenes, PTC is widely used for various alkenes.
For instance, Duncan et al. (1995) demonstrated the epoxida-
tion of alkenes, such as 1-octene, using heteropolyacids in the
presence of a PTC.43 Using a PTC system, tungsten(VI) and
molybdenum(IV) based catalysts were investigated for the
epoxidation of alkenes. The amount and nature of PTC
ants

Examples

Alkylphenol ethoxylates (Triton™ X-100)
(Doong et al., 1998),140 sorbitan monolaurate
(SPAN® 20), polyethene glycol sorbitan
monolaurate (TWEEN® 20) (Bishopp et al.,
2014)141

Sulfonate: peruorooctanesulfonate (PFOS)
(Vecitis et al., 2008),142 carboxylate: sodium
stearate (Wang et al., 2010)143

Quaternary ammonium salts: cetyl methyl
ammonium bromide (CTAB) (Doong et al.,
1998),140 methyltrialkyl (C8–C10) ammonium
chloride (Adogen® 464) (Lee and chang,
1978)144

Cocamidopropyl betaine (CAPB) (Hunter and
Fowler Jr, 1998),131 phosphatidylethanolamine
(Attwood et al., 1992)145

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Common quaternary ammonium salts used in biphasic reactions

Type Example reaction References

Benzyltriethylammonium chloride Alkylation (Kimura et al., 1983)146

Methyltricaprylammonium chloride/
methyltrioctylammonium chloride

Oxidation (Venturello and D'Aloisio, 1988; Neumann and
Gara, 1994)74,147

Methyl tributyl ammonium chloride Esterication (Desikan and Doraiswamy, 2000)148

Fig. 8 Mechanism of PTC in a biphasic mixture.
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determine alkene oxidation, in addition to the assembling
anion of the catalyst.149 Similarly, Sato et al. (1996) described the
catalytic epoxidation of alkenes using H2O2 in a system
comprised of sodium tungstate catalyst, aminomethyl-
phosphonic acid, and methyl tri-n-octyl ammonium hydrogen
sulphate as the PTC, where both solvent and solvent-free
epoxidation showed high product yield corresponding to the
PTC amount. One study found that using quaternary ammo-
nium heteropolymer-tungstate degraded quickly to oxo-
peroxophosphate ions, which increased the yield of the epoxi-
dation reaction system.150

Chen et al. (2004) reported the epoxidation of alkenes in
a PTC system using acidic media and an organic solvent.125 In
their study, they found that H2O2 is the best oxidant and
sodium tungstate, and phosphoric acid are the best catalysts
for this process. Phosphate and sulphate anions were tested
in a recent study to assess how they affected the epoxidation
of alkene in Arquad 2HT® systems.132 In the reaction, both
anions were found to be effective. The phase transfer cata-
lyzed system also showed that tungsten(IV) had a stronger
activity than sodium tungstate. Bishopp et al. (2014) used
tungsten catalysts to epoxide sunower seed oil with H2O2,
without the presence of common PTC. To overcome the mass
transfer limitation associated with the biphasic system,
a non-ionic surfactant was used to create emulsions. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
emulsication reduced the diameter of droplets and facili-
tated the reaction. The researchers discovered that H2O2

decomposition increased exponentially above a certain cata-
lyst concentration, which reduced the epoxidation rate by
starving the system of oxidants. However, when the catalyst
concentration was lower, the H2O2 decomposition was
exceptionally low. By adding acetic acid to the tungsten
catalyst, the H2O2 decomposition was almost negligible. They
found that H2O2 was rst order at lower catalyst
concentrations.142

The separation of PTC from the reactionmixture has become
a signicant concern, leading to research on polymer-supported
PTC. Desikan and Doraiswamy (2000) used aqueous sodium
acetate to esterify benzyl chloride. They compared the activity of
methyl tributyl ammonium chloride dissolved in a polymer with
that of methyl tributyl ammonium chloride supported on
a polymer. The supported PTC showed about 50% higher
activity than the soluble form and was easy to separate post-
reaction.148

The PTC agent typically consists of a cation part (e.g.,
quaternary ammonium, Q+) and an anion part (e.g., chloride,
X−). Fig. 8 shows the general mechanism of a PTC in a biphasic
mixture.

3.3.5 Role of additives: sodium sulphate (Na2SO4). Sodium
sulphate (Na2SO4) is commonly used as a drying agent, and in
aqueous solutions, it ionizes into Na+ and SO4

2− ions,
exhibiting a neutral pH of 7. The salt can form a decahydrate,
which can mop up to 10 molecules of H2O per molecule of the
salt.153 The use of an acidic catalyst and the presence of H2O
was found to be detrimental to the stability of epoxides in
a biphasic epoxidation reaction using aqueous H2O2.152 To
prevent the hydrolysis of the epoxides, the addition of sodium
sulphate was reported to be effective in improving selectivity
toward acid-labile epoxides. A recent study showed that only
Na2SO4 was able to suppress the hydrolysis and ring-opening
of a-pinene epoxide, and saturation with the salt was required
to achieve the highest selectivity of the epoxides.78 This effect
could be attributed to Na2SO4 acting as a salting-out agent
rather than a drying agent. The salting-out process affects the
solubility of non-electrolytes in water, and Na2SO4 shows
remarkable repulsion on non-electrolytes compared to other
anions, with Na+ cations showing synergism with SO4

2−

anions.153 This salting-out effect could explain the peculiari-
ties of using Na2SO4 in preventing the hydrolysis of acid-labile
epoxides. Salting-out extractions are commonly used in
biochemistry, facilitating the recovery of organic compounds
in an aqueous medium, and the hydrophobic effect causes
solutes to aggregate and be repulsed.
RSC Adv., 2023, 13, 32940–32971 | 32959
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Scheme 25 As a bromination source, NBS is used to undergo ster-
eoselective epoxidation of (R)-(+)-limonene.
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3.4 Stereoselective terpene epoxidation

Orange peel essential oils are rich in the (R)-enantiomer of
limonene, which is also known as D-limonene (+)-limonene),
a chiral molecule. Limonene bis-epoxide produces two isomers
with distinct arrangements of the epoxide bridges for each
limonene enantiomer, resulting in diverse reactivities relevant
to subsequent polymerizations. Cunningham et al. (2020) used
an aqueous H2O2 oxidant to epoxidize a variety of trisubstituted
alkene bond-containing terpenes using tungsten-based poly-
oxometalate catalysts, which always produced two diastereo-
mers, racemic mixtures of the cis- and trans-epoxides of each
terpene.97 Similarly, mesoporous SBA-16 substituted with cobalt
was used to produce cis- and trans-diastereomers of limonene by
aerobic epoxidation, and the products had a precise distribu-
tion of 60 : 40 cis : trans limonene bis-epoxide (Scheme 24).50

Zinc b-diminate complex was used as a catalyst to synthesize
poly(limonene carbonate) from a cis/trans combination of (R)-
and (S)-limonene oxide, which showed that trans-diastereomers
of the epoxide are easily polymerized while the cis-diastereo-
mers are le unreacted, resulting in high regio, diastereo-
isomer, and enantiomerically pure polymer.154–156 Recent
studies have shown that the limonene-1,2-epoxide mixture
(available commercially i.e. 40 : 60, cis : trans) can be used to
synthesize polycarbonates and cyclic carbonates with a higher
conversion of the trans-isomer than the cis-isomer in the pres-
ence of tetrabutylammonium halides (TBAX) as catalysts.155,157

The diastereomeric cis-has lower reactivity than the trans-due to
the “boat-like” form of its transition state, which is correlated
with its higher activation energy. A stereoselective epoxidation
method needs to be developed to continue producing terpenes
in their trans-form. Hauenstein et al. (2016) proposed a large-
scale stereoselective synthesis method for the trans-isomer of
limonene-1,2-epoxide (>1 kg per batch) by brominating (R)-
(+)-limonene with N-bromosuccinimide (NBS) in an aqueous
acetone solution.155 Endo-cyclic trans-bromohydrin is formed,
which is readily oxidized into subsequent trans-limonene-1,2-
epoxide by using a 60 °C aqueous sodium hydroxide solution
for 2 hours (Scheme 25).

The amount of trans-limonene-1,2-epoxide in the resulting
products was found to be more than 85%. Recent studies have
shown that both the exocyclic and endocyclic double bonds of
(R)-(+)-limonene can be stereoselectively di-bromohydrated to
form trans-limonene bis-epoxide (Scheme 26).

Various parameters, such as reaction temperature, time, and
the molar ratio of (R)-(+)-limonene to N-bromosuccinimide
(NBS), were examined to produce trans-limonene bis-epoxide.
Scheme 24 Various isomers of limonene bis-epoxide are produced
from (R)-(+)−limonene.

32960 | RSC Adv., 2023, 13, 32940–32971
The optimal conditions were found to be a 1 : 2 (R)-(+)-limo-
nene : NBS molar ratio at 60 °C for 5 minutes, which resulted in
a 97% yield. Furthermore, a stereoselective epoxidation mech-
anism for (R)-(+)-limonene was proposed, leading to the
formation of trans-limonene bis-epoxide. The mechanism
involves the production of a bromonium ion intermediate from
the reaction between (R)-(+)-limonene and NBS in acetone and
water (Step 1 in Scheme 27), which is then attacked by the
hydroxyl group of water to form bromohydrin (Step 2) and
eventually trans-limonene bis-epoxide. The excess NBS causes
both double bonds to be bromohydrated (Step 3). Faster epox-
idation reactions were observed, and it was suggested that the
production of trans-limonene bis-epoxide occurred through an
intramolecular SN2 reaction in which NaOH deprotonated OH
to form an alkoxide intermediate, which then attacked the C–Br
to replace the bromide ion as a leaving group (Step 4).
3.5 Reactor optimisation

3.5.1 Batch epoxidation limitation. Batch epoxidation is
a common method used to produce ne chemicals and phar-
maceuticals, mainly due to the accessibility of expensive
chemical plant equipment and the fundamental technologies
and processes available. However, this method also has draw-
backs, such as the accumulation of reactive intermediates that
can result in the formation of undesirable by-products, res,
and explosions. Small asks can be used for rapid mixing, but
this can lead to selectivity losses in larger reactors, and large
vessels are prone to localized hotspots that compromise
safety.158 Additionally, scaling up batch processes can result in
the development of by-products and highly exothermic reac-
tions that require constant cooling, posing a challenge for
efficient and safe operation.159 One possible solution to increase
the efficiency of chemical processes and minimize waste
generation is ow chemistry, which allows for the development
Scheme 26 Using both (R)-(+)-limonene's exocyclic and endocyclic
double bonds as starting materials, trans-LBE is synthesized via ster-
eoselective di-bromohydration.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 27 NBS-mediated stereoselective epoxidation of (R)-(+)-limonene, reaction mechanism.
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of continuous chemical processes that can be scaled up for
industrial production with better safety and effectiveness.160

3.5.2 Advantages of ow chemistry. Flow chemistry and
continuous processing offer sustainable and environmentally
friendly alternatives for chemical synthesis. By combining
small-scale synthesis with industrial manufacturing, a more
reliable, scalable, effective, and secure synthetic process can be
achieved. In ow chemistry, a continuous ow of chemicals is
reacted in tubes and reactors, allowing for efficient mixing and
preventing the buildup of unreacted chemicals.161 Mixing
reagents is one of the key benets of ow chemistry and
continuous processes, which can be achieved using mixers that
create turbulent micro-mixing, such as static mixers. This
process stream provides good temperature control, and efficient
reagent mixing, and prevents the formation of side products
and temperature hot spots.162 Flow chemical methods also use
less or no solvent when reactants are mixed effectively, and the
large surface area to volume ratios in compact reactors enable
more precise control of reaction temperatures and shorter
reaction periods. This means that ow reactor tubes can be
intensied and more environmentally friendly, and optimiza-
tion of cryogenic and high-temperature reactions can be ach-
ieved using continuous procedures.

Ranganathan and Sieber (2017) present an innovative
approach to epoxidizing olens like monoterpenes (3-carene,
limonene, and a-pinene) by coupling the anthraquinone
autooxidation process for hydrogen peroxide (H2O2) production
with lipase-mediated epoxidation.163 Utilizing Candida antarc-
tica lipase B (CALB) and a unique hybrid reactor setup, the study
© 2023 The Author(s). Published by the Royal Society of Chemistry
overcomes the limitation of continuous H2O2 addition,
a common drawback in traditional methods. The process ach-
ieved high yields of epoxides (up to 88.8% for 3-carene and
83.8% for a-pinene) and allowed for the reuse of the catalyst for
up to ve cycles with minimal loss of activity. The study
concludes that this semi-continuous approach is scalable to
industrial standards and offers a broad range of applications
due to its efficiency and sustainability.

The ow chemistry method also allows efficient photo-
chemical reactions to be started by passing reaction streams
through UV lamps or other light sources, and solid-supported
reagents can be used as reactants to facilitate the purication
process. Moreover, the ability to handle hazardous or toxic
reagents safely is another benet of continuous processes.

Microreactors offer an effective solution to reduce waste
production and provide excellent reaction and thermal control
due to their narrow channel diameters and static mixers, which
allow for extremely good mixing in the millisecond range.
Concentrated solvents or no solvents at all can be used, which
reduces the amount of waste produced.162 Real-time process
analytical technology (PAT) provides in-depth data for mecha-
nistic research and ensures high-quality chemical outputs. The
benets of ow chemistry and continual processing methods
can be increased by synthesizing chemicals in miniature micro-
or milli-reactors, which typically have volume capacities
between nanoliters and millilitres.164 Scaling up a continuous
ow reactor can be achieved by operating it for a longer time or
by using a “numbering up” method to execute reactions in
several reactors simultaneously. Alternatively, large continuous
RSC Adv., 2023, 13, 32940–32971 | 32961
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ow reactors can be built to produce large quantities of product
but may require more process development.165 In conclusion,
ow chemistry and continuous processing provide sustainable
and environmentally friendly alternatives to traditional batch
synthesis methods, offering benets such as efficient mixing,
better temperature control, and reduced waste production.
These methods can be further optimized using microreactors
and real-time process analytical technology.

3.5.3 Epoxidation of terpenes by continuous process.
Recently, we addressed the challenge of mass and heat transfer
during epoxidation by using a process intensication
approach.6 We investigated a continuous mode of epoxidizing
limonene and a-pinene with H2O2 using mesoscale oscillatory
baffled reactors (meso-OBRs) with three-dimensionally printed
mesoscale orice baffles and conventional baffles (Fig. 9). We
evaluated the performance of meso-OBRs in a solvent-free
condition in a single-step addition of oxidant in terms of the
induction period, steady-state quality, and heat transfer capa-
bility. We also examined whether meso-OBR could be used in
a heat pipe assembly for low-energy intensive and passive iso-
thermalization. Different meso-OBR designs were used to
continuously epoxidize terpenes with H2O2 in a solvent-free
environment (Fig. 10). We conducted a comparative analysis
of the performance of new 3D-printed baffles with single, tri-,
Fig. 9 An application of additive manufacturing to fabricate millimetre-
model showing a tri-orifice baffle (C) a printed, cured and cleaned mult

32962 | RSC Adv., 2023, 13, 32940–32971
and multi-orices and conventional baffles with helical and
integral ones (Fig. 11). The performance investigated included
mixing intensity, induction period, multi-steady-state, and heat
removal capability of the meso-OBR. We found that using tri-
and multi-orice did not intrude on the reaction's mixing
limitations, and the rate of reaction was comparable to batch at
mixing conditions of Reo > 850 and Reo > 500, respectively. The
tri- and multi-orice baffles achieved steady-state quickly and
had a shorter induction period (t = 1.5) and better reproduc-
ibility, with a variation of only 1.3%.

The smaller orice diameters of tri- and multi-orice baffles
induce smaller drop sizes while increasing the surface at the
same time, resulting in enhanced reaction rates. Multi-orice
baffles showed fewer variances in limonene epoxide yields
than other baffle designs, indicating a high extent of plug ow
and reproducibility. In a multi-steady-state screening of resi-
dence time, multi-orice baffles could screen the parameter in
half the time as helical baffles and just a fraction of the time as
batch baffles. Tight control of process parameters enabled clear
steady states to be attained at all residence times. The meso-
OBR designs demonstrated efficient heat transfer capability
under solvent-free conditions, enabling the reaction to become
isothermal with a temperature change of just ±1 °C. By doing
so, the need for solvent is eliminated, resulting in a 5-fold
scale orifice baffles. (A) Form2 SLA 3D printer (B) a SketchUp drawing
i-orifice baffled meso-OBR reactor.5

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Meso-OBRs designs configuration and schematics of the conventional, (A) helical baffles (B) integral baffles.5
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decrement in required reaction volume. Using multi-orice
meso-OBRs, terpenes can be epoxidized with H2O2, by up to
an 80-fold intensication factor. We used helically baffled
meso-OBRs to continuously epoxidize terpenes with H2O2

(Fig. 12). With multi-orice meso-OBRs, the epoxidation of
terpenes with H2O2 can be completed in just 30 minutes instead
of the 8 hours required by conventional processes.

Tibbetts et al. (2021) demonstrated a solvent-free contin-
uous ow epoxidation process of bio-renewable terpene
feedstocks using a recyclable polyoxometalate (POM) phase
transfer catalyst (PTC) made of tungsten and aqueous
Fig. 11 Orifice meso-OBR design schematics and configurations for 3D

© 2023 The Author(s). Published by the Royal Society of Chemistry
H2O2.166 The ow epoxidation was performed on a variety of
bio-renewable terpene substrates, resulting in the production
of large amounts of limonene 1,2-epoxide (Fig. 13). The use of
static mixing channels in the ow microreactor enhanced
heat and mass transfer rates between organic and aqueous
streams, resulting in rapid epoxidation reactions with
temperature control. The recovered catalyst can be recycled to
produce additional epoxides, making it possible to obtain
milligrams of a variety of epoxides by epoxidizing di- and tri-
substituted alkenes. In contrast to biphasic batch epoxidation
conditions, which can have potential hazards of thermal
printing, (A) single orifice (B) tri-orifice (C) Multi-orifice.5

RSC Adv., 2023, 13, 32940–32971 | 32963
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Fig. 12 The helically baffled meso-OBR is used for the flow epoxidation of terpenes with H2O2.5
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runaway reaction due to poor temperature control and inef-
fective mixing, ow epoxidation has a multitude of advan-
tages suitable for large-scale epoxide production. H2O2 is an
effective oxidant for catalytic epoxidation reactions in ow
reactors for petroleum-based substrates. The use of static
mixing channels in the ow microreactor enhances heat and
mass transfer rates, making it possible to achieve 89%
conversion of limonene to limonene 1,2-oxide and 90%
selectivity with a residence time of 16.7 minutes. To achieve
this, a 7.5 mL volume microreactor containing 2 mol% VPTC
and 1.6 equivalents of H2O2 (pH 7.0) owing at 27 mL h−1 was
used under optimal conditions.168
Fig. 13 Catalytic flow epoxidation of limonene using Venturello Phase T

32964 | RSC Adv., 2023, 13, 32940–32971
In previous studies, a-pinene oxide produced with H2O2/
VPTC in batch epoxidation was found to be hydrolyzed to its
anti-diol. However, under ow conditions, the addition of
30 mol% Na2SO4 to aqueous H2O2 (pH 7.0) with a high catalytic
loading of 3 mol% resulted in a 95% conversion and selectivity
for the corresponding oxide (Fig. 14). Similarly, using a high
temperature and catalytic loading (75 °C and 5 mol%) with
a shorter static mixer residency time of 1.65 min, a total
conversion of b-pinene into its respective b-pinene oxide with
55% conversion and 99% selectivity was achieved. We applied
the same ow epoxidation protocol to untreated industrial CST,
the world's largest renewable monoterpene feedstock, with high
ransfer Catalyst (VPTC) (reproduced from ref. 166).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Catalytic flow epoxidation of Untreated Industrial waste from biorefinery using Venturello Phase Transfer Catalyst (VPTC) (Reproduced
from ref. 166)

Table 4 List of research on alkene epoxidation using POM as a catalyst

POM catalyst Substrate Oxidant Temperature Solvent Conversion (%) Selectivity (%) Reference

[M4(H2O)2-(PW9O34)2]
n−, M =

Co(II), Mn(II) and Fe(III)
(R)-
(+)-Limonene

30 wt%
H2O2

80 °C Acetonitrile Co(II), Mn(II), Fe(III) =
86%, 68%, 89%

Co(II), Mn(II), Fe(III)
= 51%, 82%, 77%

Santos et al.,
2017 (ref. 167)

K10[M4(H2O)2-(PW9O34)2]$
20H2O M = Cu(II)

(R)-
(+)-Limonene

30 wt%
H2O2

2 °C 1,2-
Dichloroethane

96% 95% to limonene-
1,2-epoxide

Egusquiza et al.,
2012 (ref. 62)

[SeO4[WO(O2)2]s2] Cyclohexene 30 wt%
H2O2

Ambient Acetonitrile 99% 97% to cyclohexene
oxide

Kamata et al.,
2010 (ref. 168)

[Ti2(OH)2As
2–W19O67(H2O)]

8− (R)-
(+)-Limonene

30 wt%
H2O2

50 °C Acetonitrile 76% 75% to limonene-
1,2-epoxide

Donoeva et al.,
2010 (ref. 169)

[PW4O32] Cyclooctene 30 wt%
H2O2

65 °C Ethyl acetate 99% 99% to cyclooctene
oxide

Ding et al., 2008
(ref. 170)

Na2WO4/H2WO4 Cyclooctene 30 wt%
H2O2

60 °C Solvent-free 99% 99% to cyclooctene
oxide

Maheswari et al.,
2006 (ref. 171)

Na8H[DPW9O34]$19 H2O (R)-
(+)-Limonene

35 wt%
H2O2

2 °C 1,2-
Dichloroethane

100% 96% to limonene-
1,2-epoxide

Casuscelli et al.,
2005 (ref. 57)
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catalytic loading and the equivalent of H2O2 (5 mol% and 2.2)
and the addition of 30 mol% Na2SO4. Aer a total residence
time of 15 min at 60 °C, the three main components (a-pinene,
3-carene, and b-pinene) were consumed up to 95%, resulting in
the production of a-pinene oxide (63%) and 3-carene oxide with
excellent selectivity.166
4. Conclusions and prospects

The olenic terpene family is a promising renewable resource
that could lead to signicant economic gains in various
chemical industries. Terpenes can be found in the resin of
coniferous trees and the essential oils of citrus fruits, and
epoxidation reactions are a promising approach for trans-
forming them into value-added compounds for the pharma-
ceutical, fragrance, and avouring industries. This critical
review analyzes catalytic oxidative upgrades of renewable
terpene olens and discusses the challenges in achieving
high selectivity and yields with complex reaction mixtures,
hazardous organic solvents, and high concentrations of
© 2023 The Author(s). Published by the Royal Society of Chemistry
oxidants. While the review by Mahamat et al. (2021)6 offers
valuable insights into limonene epoxidation using various
oxidants, our work uniquely addresses the complexities of
achieving high selectivity and yields in the presence of
multiple challenges such as hazardous solvents and oxidants.
We believe that our focus on these aspects, as well as on the
potential synergy between heterogeneous and homogeneous
catalysis, adds a distinctive layer of understanding to the
eld. Further advancements are needed to achieve industrial
demands, and thorough knowledge of reaction mechanisms
is necessary to design epoxidation catalysts that are highly
active, selective, environmentally friendly, and cost-effective.
The synergy between heterogeneous and homogeneous cata-
lytic properties could be highly benecial, but satisfactory
catalyst systems that offer rates and selectivity equivalent to
those of homogeneous counterparts are still lacking.
Research on surfactants, phase transfer catalysts, inorganic
salts, and reaction kinetics is necessary to guide the future
design of innovative catalysts for green epoxidation that are
simple to separate and regenerate.
RSC Adv., 2023, 13, 32940–32971 | 32965
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