
Chapter 9
Terpenes as Green Solvents for Natural
Products Extraction

Chahrazed Boutekedjiret, Maryline Abert Vian, and Farid Chemat

Abstract This chapter presents a complete picture of current knowledge on useful
and green bio-solvent “terpenes” obtained from aromatic plants and spices through
a steam distillation procedure followed by a deterpenation process. Terpenes
could be a successful substitute for petroleum solvents, such as dichloromethane,
toluene, or hexane, for the extraction of natural products. This chapter provides the
necessary theoretical background and some details about extraction using terpenes,
the techniques, the mechanism, some applications, and environmental impacts.
The main benefits are decreases in extraction times, the amount of energy used,
solvents recycled, and CO2 emissions.

9.1 Essential Oils as Sources of Terpenes: Recovery
and Composition

Essential oils are a natural complex mixture of volatile compounds synthesized by
aromatic plants. Known for their medicinal properties and their fragrance, they have
been used since ancient times for various purposes including medical treatments,
food preservatives, and flavoring of food. According to ISO and AFNOR standards,
essential oils are defined as products obtained from raw plant materials that must
be isolated by physical methods such as steam distillation, water distillation, water-
steam distillation, or cold pressing for citrus peel oils. Following distillation, the
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essential oil is physically separated from the water phase [1, 2]. They can also
undergo a secondary treatment such as deterpenation or rectification intended to
eliminate partially or completely a component or a group of components [3–5].

Essential oils exist almost only at the higher plants. The kinds able to synthesize
the components which compose them are distributed in about 50 families, of which
much is of Lamiaceae, Asteraceae, Rutaceae, Lauraceae, and Magnoliaceae. They
can be obtained from various parts of an aromatic plant such as flowers, fruits,
leaves, buds, seeds, twigs, bark, herbs, wood, and roots.

Essential oils are stored in specialized histological structures (glandular tri-
chomes, secreting cells, epidermic cells, cavities, channels), often localized on or
near the surface of the plant. If all the parts of the same species can contain an
essential oil, the composition of this one can vary according to its localization.
Thus, in the case of the bitter orange tree, the peel of the fruit provides the essential
oil of bitter orange or Curaçao essence; the flower provides the neroli essence
and the water distillation of sheet, branchless, and small fruits leads to the small
grain bigaradier essence. The chemical compositions of these three essential oils
are different.

Essential oils are liquid, volatile, soluble in usual organic solvents, liposoluble,
and generally lighter than water in which it is insoluble. The quantity (yield which
is generally between 0.005 and 10 %; often lower than 1 %) and quality (chemical
composition) of an essential oil depend on several parameters: extraction process
(steam distillation, water distillation, or water-steam distillation), operating condi-
tions (length of distillation time, temperature, pressure, etc.), and plant material (part
of the plant, environmental factors, cultivation methods, existence of chemotypes,
and influence of the vegetative cycle, etc.) [6].

The chemical composition of essential oils is relatively complex. The number
of compounds varies from oil to another and can exceed the 100 components; the
major compounds can represent more than 85 % of essential oil [6]. Two types
of compounds can be found in essential oils: hydrocarbon compounds known as
terpenes (monoterpenes, sesquiterpenes) and oxygenated compounds or terpenoids
which are functionalized terpenes (alcohols, aldehydes, ketones, esters, phenols,
etc.). These compounds are classified according to the number of isoprene units
(2-methyl butadiene) which constitute them. Monoterpenes, the structure of which
presents two isoprene units, are natural compounds characteristic of essential oils.
They can, sometimes, represent more than 90 % of the chemical composition as it
is the case of citrus essential oil with more than 95 % of limonene, or turpentine oils
(85 % of ’-pinene) [1].

Essential oils can be recovered using a number of isolation methods. These
may include the conventional or innovative methods. Steam distillation, water
distillation, and water-steam distillation are the conventional methods usually used.
Although these methods are simple to use, they present disadvantages such as
long durations of treatment that can deteriorate the quality of extracted oils and
a very significant energy consumption. The innovative technique may include use
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of microwaves, liquid carbon dioxide, and mainly low- or high-pressure distillation
employing boiling water or hot steam. These methods are more efficient and energy
saving and give a better essential oils.

Essential oils are principally used in the perfume industry; they are also used in
the pharmaceutical industry, in particular in the field of external disinfectants and
more generally for aromatization of the medicaments intended to be managed by
oral way or as raw materials for the synthesis of active ingredients of medicaments,
vitamins, etc. Essential oils also find applications in various industries such as the
food industry (soft drinks, confectionery, dairy products, soups, sauces, snack bars,
bakery, and in animal nutrition).

In addition, substantial quantities of essential oils are used in the preparation
of toilet soaps, perfumes, cosmetics, and other home care products [7]. These
last years, new aspects concerning the use of essential oils for exploitation on
the production of bio-solvent have gained increasing interest. This interest was
justified by several researches undertaken on the use of terpenes as green solvents
for substitutions of petrochemical solvents. Essential oils constitute a safe and
economically attractive renewable source of these solvents.

9.2 Terpenes: Physicochemical and Solvation Properties

The relevant properties of terpene solvent as compared to n-hexane as a solvent
are listed in Table 9.1. Terpenes have similar molecular weights and structures to
substitute n-hexane. Solubility parameters of solvents have been studied by means
of Hansen Solubility Parameters (HSPs) [8]. The HSPs were developed by Charles
M. Hansen and provide a way to describe a solvent in terms of its nonpolar, polar,
and hydrogen-bonding characteristics. The HSPs work on the idea of “like dissolves
like” where one molecule is defined as being “like” another if it bonds to itself in
a similar way. The overall behavior of a solvent is characterized by three HSPs:
ıd, the energy from dispersion bonds between molecules; ıp, the energy from
dipolar intermolecular force between molecules; and ıh, the energy from hydrogen
bonds between molecules. n-Hexane and terpenes have similar values of the three
descriptive terms; they likely behave similarly in practice. From this point of view,
the terpenes are as effective as hexane to dissolve oils.

Figure 9.1 shows the Hansen model by plotting the ıp parameter against the
ıh parameter, representing the dipole and hydrogen-bonding interactions of each
chemical, respectively, for lipid classes of Nannochloropsis oculata and Dunaliella
salina microalgae functions of different solvents. From this figure, it is interesting
to spot visually miscibility homogeneous area where it can find extraction solvents
such as n-hexane, terpenes and chloroform, and microalgae lipids of interest such
as triacylglycerols (TAG), diacylglycerols (DAG), monoacylglycerols (MAG), and
free fatty acids (FFA).
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Table 9.1 Relevant properties of n-hexane and terpenes

n-Hexane d-Limonene ˛-Pinene p-Cymene

Nı CAS 110-54-3 5989-27-5 80-56-8 99-87-6
Chemical structure

Molecular
formula

C10H14 C10H16 C10H16 C10H14

Properties
Molar weight

(g/mol)
86.17 136.23 136.23 134.22

Molar
refractivity
(cm3)

29.84 45.35 43.96 45.26

Molar volume
(cm3)

127.5 163.2 154.9 155.7

Boiling point
(ıC)

68.54 175 158 174

Flash point (ıC) �23 48.3 32 47.2
Viscosity 25 ıC

(Cp)
0.31 0.83 1.32 0.83

Index of
refraction

1.384 1.467 1.479 1.492

Surface tension
(dyne/cm)

20.3 25.8 25.3 28.5

Density (g/cm3) 0.675 0.834 0.879 0.861
Dielectric

constant,
20 ıC

1.87 2.44 2.58 2.34

Polarizability
(cm3)

11.83 17.98 17.42 17.94

Vapor pressure,
25 ıC
(mmHg)

150.9 1.54 3.49 1.65

Enthalpy of
vaporization
(kJ/mol)

28.85 39.49 37.83 39.34

Log P 3.94 4.45 4.37 4.02
Solubility in pure

water, 25 ıC
(mg/ml)

0.11 0.012 0.069 0.025

Rate evaporation,
25 ıC

8.30 0.25 0.41 0.14

Hansen parameters
ıd 14.9 17.2 17 18.5
ıp 0 1.8 1.3 2.6
ıh 0 4.3 2 1.9
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Fig. 9.1 Hansen parameters for lipid classes of Nannochloropsis oculata and Dunaliella salina
functions of different solvents
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9.3 Examples of Extraction Using Terpenes

Because of the consumers’, and numerous regulation authorities, concerns with
safety, environment, and health, which require a better control in the chemical
and food industries, a new tendency to return towards the natural products is
currently observed. Natural products, such as fruits and vegetables, spices, aromatic
herbs, and medicinal plants, are complex mixtures of bioactive compounds such
as lipids, proteins, vitamins, sugars, fibers, aromas, essential oils, pigments, antioxi-
dants, etc. Extraction of these bio-compounds requires the use of petroleum solvents
such as hexane, dichloromethane toluene, acetone, chloroform, etc. However, these
solvents are classified as hazardous for the environment and health.

Due to these negative effects and the increasingly severe regulations aiming
at the restriction of their use or their total elimination, such solvent has to be
avoided as much as possible. Therefore, increasing interest was given to find
alternative solvents more reliable and safer for the environment and health. In this
context, several innovations towards green solvents have been developed: solvent-
free technology [9, 10], use of water as alternative solvent [11], and use of ionic
liquids that have low vapor pressure and less emission of COV [12, 13].

Terpenes were also investigated in this field. They are found in essential oils and
oleoresins of fruit and aromatic plants and considered as renewable solvents, which
have a safety impact, less hazard risks, and less environmental impact; consequently
they can be a real substitution to petroleum solvents. The most commonly used
terpene as solvent is probably d-limonene which represents a major by-product
of the citrus fruits industry [14, 15]. Its physical properties were compared with
those of hexane in order to extract fat and oil from oleaginous seeds [16, 17]
or oil from rice bran [18, 19]. Limonene was also compared with toluene in the
Dean-Stark procedure based on its ability to form an azeotropic mixture with water
[20]. Recently, d-limonene was also used as a green solvent as a substitute of
dichloromethane for carotenoid extraction especially lycopene [21].

9.3.1 Pinene: Origin, Applications, and Properties

Another monoterpene susceptible to be an interesting alternative solvent is ’-
pinene. It is a monoterpene hydrocarbon which represents the major constituent
of turpentine oil from most conifers and a component of the wood and leaf oils
obtained from leaves, bark, and wood of a wide variety of plants like rosemary,
parsley, basil, yarrow, and roses [22].

Turpentine is a by-product of the wood and paper industry; its annual world
production was more than 130–150,000 T/year, which makes it an abundant and
cheap product. It constitutes 30 % of pine resin and is the most significant source
in volume of volatile organic compounds. Its composition is generally rich in
pinenes, 60 % of ’-pinene and its isomer “-pinene; their respective proportions vary
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according to the geographical origin of the pines. Pinene was generally obtained by
fractional distillation of steam-distilled wood turpentine. It is commonly used in the
fragrance and flavor industry – and as an insecticide, solvent, and perfume bases as
well as for camphor’s synthesis. It is completely miscible with oils and insoluble in
water. These last years, several researches were carried out to test the possibilities
of using pinene as a substitute of petroleum solvents for the extraction of bioactive
compounds.

9.3.2 Pinene as an Alternative Solvent for Soxhlet Extraction

Oils and fats constitute a significant share of food and can have various origins:
animal or vegetable. Because of its very varied composition (complex mixture
of glycerides, free fatty acid, squalene, sterols, tocopherols, alkaloids, etc.), the
definition of lipids was not yet clearly established. However, it is this composition
which confers its taste, texture, odor and it is at the same time characteristic and
particular according to its source [23]. Fats constitute a subclass of lipids; they
gather the whole of fatty acids isolated in a lipidic extract [24]. These compounds,
provided by food, can play an essential role in all the forms of lives in order to
provide daily energy. They also intervene in certain biological mechanisms like the
transport of hormones and vitamins or the integrity of the membranes of the cells
[25, 26]. The interest brought to the fats is today growing, in particular because of
consumers and medical authorities who require a better control of quantities and a
quality of these compounds potentially absorptive in food. Consequently, dietetic
and nutritional properties of these compounds, as their implications on health, are
more and more controlled and require fast and effective methods of analyses.

Nowadays n-hexane is the most used solvent for extraction of oils and fats
using the Soxhlet extraction [27–32]. This choice is based on its properties,
namely, nonpolar, a high selectivity to fats and oils, a relatively low boiling point
(69 ıC), a rather low latent heat of vaporization (29.74 kJ/mol) which allows an
easy evaporation, an efficient extraction, and a limited energy cost. Despite these
advantages, it is ranked on top of the list of hazardous solvents and classified as
harmful, irritant, and dangerous for the environment and may cause disorders of
the central nervous system and fertility problems. Due to these negative effects, the
possibility to use ’-pinene as a substitute solvent to n-hexane for extraction of oil
was investigated.

9.3.2.1 Fats and Oils from Crops

In 2013, Bertouche et al. [33] proposed to use ’-pinene to extract oil of some oilseed
products: peanuts, soya, sunflower, and olive. Oils were recovered using Soxhlet
extraction (Fig. 9.2), according to standardized procedure [34]. The comparison
of the results with that obtained with n-hexane showed that yields of ’-pinene
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Fig. 9.2 Fat extraction and recycling procedure using n-hexane and ’-pinene. (a) Soxhlet
extraction. (b) Vacuum rotary evaporator. (c) Clevenger distillation

extracts were slightly higher than that of n-hexane. This difference is probably
due to the polarity of the ’-pinene slightly higher than that of hexane, which
has as a consequence a more significant capacity for triglyceride dissolution. Gas
chromatography coupled to mass spectrometry (GC-MS) and gas chromatography
(GC) analyses of free fatty acid methyl ester (FAME) derivatives indicate that fatty
acids extracted by both solvents are equivalent in terms of compounds identified
and relative proportions. The data revealed a good agreement with literature data,
and no significant differences (P > 0.05) were detected for both methods. Peanut
and olive oils were characterized by strong monounsaturated fatty acid (MUFA)
contents including oleic acid (C18:1) as a main component, whereas sunflower and
soya oils are richer in polyunsaturated fatty acids (PUFAs) with linoleic acid (C18:2)
as a principal compound.

9.3.2.2 Lipids from Microalgae

Another application using ’-pinene instead of n-hexane was developed by Dejoye
Tanzi et al. [35]. It concerns the extraction of oil from microalgae (Chlorella
vulgaris) by means of Soxhlet extraction. In this case also, ’-pinene gives better
yield of oils than n-hexane, and the fatty acid composition is similar for both
solvents. The main compounds are palmitic acid (C16:0), oleic acid (C18:1), and
linoleic acid (C18:3). This composition is comparable to that observed by other
authors [36, 37].

’-Pinene was also used in a simultaneous distillation and extraction process
(SDEP) for extraction of lipids from wet microalgae (Nannochloropsis oculata and
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Dunaliella salina) [38]. This procedure makes it possible to eliminate simultane-
ously water present in the sample followed by the extraction of oil. The innovation
brought by this method is double: on one hand drying algae before extraction of oils
is not anymore necessary, and on the other hand, only one green solvent (’-pinene)
is used instead of drying procedure followed by petrochemical solvents – n-hexane
to extract oil. Extracted lipids obtained using this new procedure and conventional
Soxhlet with n-hexane have been compared in terms of total lipid content and
fatty acid composition. Lipid yields for N. oculata and D. salina obtained by
SDEP procedure were higher than that obtained by Soxhlet extraction. These results
were in agreement with that previously reported for Chlorella vulgaris and oilseed
products and that reported in the literature [16–19] and explained by the difference
of polarity between the solvents used. On the other hand, in SDEP procedure
the matrix is in direct contact with the boiling solvent which is not the case with
the conventional Soxhlet. A higher dissolving ability of terpenes for lipids might
also be pointed out by the higher temperature used to boil this solvent which could
produce a lower viscosity of the analytes in the matrix and, accordingly, a better
diffusion rate of the solute from the solid phase to the solvent. From a qualitative
point of view, there is no significant difference in fatty acid composition obtained
by the two methods using bio-based (pinene) and petroleum (hexane) solvent.

9.3.2.3 ’-Pinene Recycling Capacity

In addition to the physical properties (polarity, selectivity, capacity of dissolution,
toxicity, etc.), one of the parameters to be taken into account in the choice of a
solvent is its capacity of recycling. In the case of the extraction by n-hexane, the
solvent is separated from the extract in a vacuum rotary evaporator (Fig. 9.2). The
boiling point of hexane is low (69 ıC); this procedure is simple to realize. But
for ’-pinene, the boiling point is very high (156–158 ıC); its elimination with the
rotavapor requires a high vacuum that could degrade the recovered extracts with
a more significant energy consumption. In order to resolve this problem in terms
of energy and temperature, the recovery of oil was carried out using a Clevenger
distillation of a mixture (oil C ’-pinene), a method suggested by Virot et al. [18] for
lipid extraction by d-limonene. This method was inspired by hydrodistillation using
a Clevenger apparatus of essential oils, whose terpenes are the primary constituents
(Fig. 9.2). This process, based on the principle of an azeotropic distillation with
water, allows the extraction of compounds at a temperature lower than 100 ıC
(97–98 ıC) at atmospheric pressure and even lower if reduced pressure is applied
regardless of the high boiling point (150–300 ıC) of terpenes. The recycling rate of
’-pinene by this method, which is close to 90 %, is significantly higher than that
of n-hexane (50 %), which constitutes an additional advantage for its use for the
extraction of oils and fatty acids.
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Fig. 9.3 Dean-Stark
apparatus for moisture
determination of vegetable
matrices

9.3.3 Pinene as an Alternative Solvent for Dean-Stark
Distillation of “In Situ” Water

Oven drying is the most common method used for moisture determination which
represents a key step in food analysis. However, for a sample containing volatile
compounds, the distillation method is the most suitable method. Several meth-
ods have been developed, and nowadays, the reference method for moisture
determination in food products containing volatile compounds is the Dean-Stark
distillation [39]. The principle of this method consists of an azeotropic distillation
between water and petroleum solvents: toluene or xylene. However, these solvents
are flammable and dangerous fire risk. They are toxic by ingestion, inhalation,
and skin absorption and have detrimental health effects, especially on the nervous
system, on the liver, and on the auditory function [40, 41]. Consequently, they are
to be avoided as much as possible. In this context, Bertouche et al. [42] investigate
the possibility to use ’-pinene instead of toluene in the Dean-Stark procedure for
moisture determination in food products (Fig. 9.3). The results of the moisture
determination of all investigated matrices (coriander and caraway seeds, onion,
garlic, carrot, leek, olive, and oregano) show that the values obtained with the two
solvents are comparable and were not statistically different.

In order to confirm the effectiveness of pinene, the kinetic distillation for both
toluene and pinene for moisture determination of carvi seeds was followed. As
shown in Fig. 9.4, the kinetics were similar for the two solvents, and only small
variations could be observed in the beginning of the water recovery with pinene
which is delayed for 4 min. These variations can be explained by the difference in
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Fig. 9.4 Kinetics of water distillation of carvi seeds depending on the solvent

boiling point of the solvents. Indeed, the boiling point of ’-pinene (BP D 154 ıC)
is higher than toluene (111 ıC), as the mean time boiling point of azeotropic
pinene/water (BP D 97–98 ıC) is also higher than azeotropic toluene/water mixture
(84 ıC); consequently, the beginning of the water recovery is delayed for pinene.
However, when the distillation started the water recovery was faster when using ’-
pinene. Indeed 40 min provides the water content comparable to those obtained after
105 min with toluene. This reduction in the processing time represents a profit of
more than 60 % in terms of time and thus in consumption of energy. These results
were in agreement with those cited in the literature for limonene [20], from moisture
content point of view, reproducibility of results, and kinetics of distillation. Thus,
’-pinene is as effective as limonene and can be used like green solvent for the
determination of the water content of food products to replace toluene.

9.3.4 Pinene as an Alternative Solvent for Extraction
of Carotenoids from By-Products

Carotenoids are orange-red pigments belonging to the chemical family of ter-
penoids. They are formed by polymerization of isoprene units to an aliphatic
or alicyclic structure. This group of compounds can be synthesized by a great
number of plants, algae, and bacteria and present very interesting antioxidant
properties and potential beneficial health properties such as prevention of cancer
[43], cardiovascular diseases [44], or macular degeneration [45]. They are used as
food additives, cosmetic colorants, and antioxidants in the pharmaceutical industry.
Due to these properties and an increase in demand for natural products, the interest
carried to these compounds is increasing.
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Fig. 9.5 Device of
carotenoid extraction

Extraction of carotenoids is usually achieved by organic solvents generating
great yields of extraction. However, these solvents are harmful and generate
problems of health and a great amount of waste of questionable environmental
disposal. Consequently, alternative extraction methods using green solvents are
under research. In this context, the use of vegetable oils for carotenoids extraction
using canola, soybean, and olive oil as cosolvents has been successfully performed
by supercritical fluid extraction, resulting in a yield two to four times higher [46, 47].
Carotenoids extraction was also performed using sunflower oil as extraction media
in an ultrasound-assisted extraction (UAE) [48]. This original procedure was
compared with conventional solvent extraction (CSE) using hexane as a solvent. The
results showed that the UAE using sunflower as a solvent gives a “-carotene yield of
334.75 mg/L, in only 20 min, while CSE using hexane as a solvent gives a similar
yield (321.35 mg/L) in 60 min. Limonene is another green biodegradable solvent
that has been suggested as a good alternative to organic solvent for carotenoid
extraction from matrices such as tomatoes [21] and microalgae [49].

Besides vegetable oils and limonene, ’-pinene was also used as an alternative
to hexane for carotenoid extraction. In this context, a study was performed in order
to optimize the “-carotene extraction from dried ground carrot by maceration in ’-
pinene (Fig. 9.5). The response surface methodology using a face-centered central
composite design (CCD) was carried out. The parameters chosen for optimization
were temperature (ranging from 20 to 40 ıC) and solid-to-solvent ratio (10-30 %).
The optimal yield obtained with ’-pinene was equal to 8.67 %, and the optimum
conditions of “-carotene extraction obtained by statistical analysis of CCD results
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were 23 % for a solid-to-solvent ratio and 40 ıC for temperature. For comparison,
extraction of “-carotene with hexane in the optimal conditions was performed. The
yield obtained (8.21 %) is similar to that obtained by ’-pinene. We can assess that
’-pinene may be an interesting sustainable way to replace petroleum-origin solvents
for carotenoid extraction.
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