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1.1
Introduction

One of the principal aims of sustainable development of green processing is in the
teaching of green chemistry in colleges, high schools, and academic laboratories of
both developed and developing nations. The researchers from academia and pro-
fessionals from industry have chosen not to ignore the potential consequences of
green chemistry and processes and have realized that they have responsibilities in
education, research, and acceptance for industrial implementation of green chem-
istry (analysis, extraction, synthesis, separation, etc.) [1].They recognize that their
research will affect the future of the planet with the creation of new products and
processes that improve the quality of life and reduce environmental hazards [2–4].
The implementation of green chemistry technologies minimizes the use of mate-
rials that are hazardous to human health and environment [5], decreases energy
and water usage, and maximizes efficiency (Figure 1.1).
Extraction of natural products has been used probably since the discovery of

fire. Egyptians and Phoenicians, Jews and Arabs, Indians and Chinese, Greeks and
Romans, and even theMayans andAztecs, all possessed innovative extraction pro-
cesses (maceration, alembic distillation, etc.) used even for perfume, medicine, or
food. However, during the 1990s, it was not easy to find literature concerning the
dispersed efforts for greening the extraction practices. It was necessary to wait
for the tremendous development of green chemistry made by the Environmental
Protection Agency (EPA) and led by Paul Anastas [3], who published a series of
fundamental books from 1994 trying to create a general conscience on the need
for green chemistry.
Recent trends in extraction techniques have largely focused on finding solutions

that minimize the use of solvent and energy, such as supercritical fluid extrac-
tion, ultrasound extraction, subcritical water extraction, controlled pressure drop
process, pulse electric field, and microwave extraction. The tremendous efforts
made in greening extraction processes can be evaluated through the considera-
tion of books devoted to these aspects as can be seen in Figure 1.2.Theoretical and
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Old Practices Green Practices

• Use of toxic reagents
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• Reduction of waste
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1. Prevent waste

2. Maximize atom economy

3. Design less hazardous chemical synthesis

4. Design safer chemicals and products

5. Use safer solvents and reaction conditions

6. Increase energy efficiency

7. Use renewable feedstock

8. Avoid chemical derivatives

9. Use of catalyst

10. Design for degradation

11. Analysis in real time to prevent pollution

12. Minimize the potential accidents

Green chemistry principles

• Multistep procedures

• No energy, no reagents
consume considerations

• Accumulation of waste
for external treatment

Figure 1.1 Impact of green chemistry in changing industrial and academic practices.

practical efforts are absolutely necessary to convince themembers of the chemical
societies about the need for such a revolution in our mentality and practice.
Tomeet the requirements of themarket and to abide by the regulations in force,

any extraction process must meet a number of quality criteria, contrary to some
popular misconceptions; the “natural” state of an extract is no guarantee of its
harmlessness to humans and the environment. In such a changing context, we
must now switch over from a simple interest in data analysis to interest in models
to a strong consideration of the environmental side effects of our practices as a
consequence of the high demands of the extraction processes. This evolution or
revolution in the extraction of natural products is summarized in Figure 1.3. Green
extraction of natural products could be a new concept to meet the challenges of
the twenty-first century, to protect both the environment and consumers, and at
the same time enhance competition among industries to evolve more ecologic,
economic, and innovative methods. Within the green extraction approach, the
concept of the green extract is that of an extract obtained in suchway as to have the
lowest possible impact on the environment (lower energy and solvent consump-
tion, etc.) andwhose eventual recycling would have been planned for (coproducts,
biodegradability, etc.). The green extract should be the result of a whole chain of
values in both senses of the term, that is, economic and responsible, starting from
the production and harvesting of the plant, the transformation process of extrac-
tion, and separation together with formulation marketing.
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Figure 1.2 Books devoted to green extraction of natural products.

Various industrial sectors, such as pharmaceutical, cosmetic, and food indus-
tries have increasing needs in natural products. They are obtained from plant
or animal resources through extraction processes. In order to meet demand and
fulfill regulations, the extraction processes are challenged to increase extraction
efficiency (yield and selectivity toward compounds of interest), reduce or elimi-
nate petrochemical solvents, togetherwithmoderate energy consumption.Within
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Figure 1.3 Extraction of natural products: evolution or revolution.

these constraints, green extraction has been recently introduced on the basis of
green chemistry and green engineering further referring to modern “sustainable
processes.” In relation to green extraction of natural products, its definition has
been given by Chemat et al. [2]: “Green Extraction is based on the discovery and
design of extraction processes which will reduce energy consumption, allows use of
alternative solvents and renewable natural products, and ensure a safe and high
quality extract/product.” The listing of the six principles of green extraction of
natural products should be viewed for industry and scientists as a guideline to
establish an innovative and green label, charter, and standard, and as a reflection
to innovate not only in process but in all aspects of solid–liquid extraction. The
principles have been identified and described not as rules but more as innovative
examples to follow, discovered by scientists and successfully applied by industry.

• Principle 1: Innovation by selection and use of varieties of renewable plant
resources

• Principle 2: Use of alternative solvents, principally water or bio-based solvents
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• Principle 3: Reduction in energy consumption by energy recovery, using inno-
vative technologies

• Principle 4:Manufacture of coproducts instead of waste to include the bio- and
agro-refining industries

• Principle 5: Reduction in unit operations, favoring safe, robust, and controlled
processes

• Principle 6: Aiming for a non-denatured and biodegradable extract without
contaminants.

This chapter aims at specifying the notion of natural products and illustrat-
ing how natural products can be used as ingredients in different industrial sec-
tors. For this, we limit ourselves to compounds obtained from the plant kingdom.
The biomolecule composition of a vegetable cell is usually divided into two major
groups: primary and secondary metabolites. The former refers to key compounds
in plant metabolism, and the latter to compounds which are involved in specific
functions in the plant. Croteau et al. [6] introduced the term plant natural prod-
uct to designate secondary metabolites, due to their biological activity and role in
plant ecology.The expression “natural product” is today broadly used to designate
extracts obtained from plants containing specific compounds, possessing a tech-
nological, functional, or nutritional application [7, 8]. Using the example of the
orange tree as a veritable biorefinery, a few valuable metabolites are evidenced.
The chemical structure and diversity of the different classes of metabolites in the
plant kingdom are then reviewed. Some applications of natural products as ingre-
dients are ultimately presented.
This chapter also presents as ultimate examples, the successful application of

green extraction of natural products in academia as a vector of green teaching and
research and also in industry, presenting a continuous challenge for innovation
and competitiveness.

1.2
Orange Fruit is not Limited to Produce Only Juice?

The pattern from metabolites to ingredients can be illustrated through the
example of the orange tree. The major industrial use of oranges is juice produc-
tion. However, the known diversity of the phytochemical composition of the
fruit and the orange tree allows considering the tree as a biorefinery of natural
products. The following section describes the by-product valorization of orange
juice production along with some examples of the phytochemicals identified in
the orange tree and fruit.
With a total production of 68million tons in 2012 [9], orange is one of themajor

crops in the processing industry. Out of the total production, 95% is used tomanu-
facture orange juice. Considering that 3 kg of oranges are necessary to produce 1 l
of orange juice, there is a great potential for valorization of the by-products gen-
erated [10]. Further, not only the by-products from the fruits but also the whole
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orange tree can be used for nutritional, pharmacological, or cosmetic purposes. In
this section, the pathways for valorization of orange products are described. Dif-
ferent types of by-products can be generated from orange juice production: those
from the orange tree and those from the orange itself. By-products generated by
orange juice production are pulps, peels, and seeds [10, 11].
One of the main by-products obtained from the orange fruit is the pulp

(42.5% w/w of orange waste) [9, 12]. Owing to their high fiber content, pulps
are mainly used for livestock feeding. Moreover, inclusion of the pulp in cattle
feed would support growth and lactation in a better way than would starch-rich
supplements [13].
Accounting for 50% of the mass of the fruit, orange peels contribute to a high

proportion of the by-products [11]. Peels can be processed by steam distillation
[14] or by cold pressing [15] to extract essential oil. Essential oil is used in foods
and beverages as a flavoring agent, in cosmetics, and in perfumes [16]. Peels also
contain some valuable chemicals, for example, pectin [17], which used as a textur-
ing agent and food stabilizer. Pectin can be incorporated in foods such as jam or
jellies. Peels contain structural components such as cellulose [18] and hemicellu-
lose. After biorefining, these molecules can be transformed into biofuels and bio-
chemicals.The juice extracted from the peels is evaporated to give citrus molasses
[19], marketed for livestock feeding [13], or is used in the fermentation process
of alcohol. Further use of this by-product requires more refining as the phyto-
chemicals in the juice contribute to a strong bitterness and dark color. As a refined
product, orange peel syrup can be used as natural sweetener. Orange seeds rep-
resent a small part of the residue from orange juice production (from 0.5 to 5%).
The main interest of the seeds is in their oil content (up to 40%). Extraction of
orange seed oil has been performed by organic solvents [20, 21]. However, because
the high oil content of the seeds, mechanical pressing could perhaps be used to
recover oil.
Flowers, leaves, and the lignocellulosic biomass have found various applica-

tions. Flavoring substances such as essential oils, namely, Neroli and Petitgrain,
are extracted from the flowers and leaves (less than 1% content [22]), respectively.
Oils can be used in the cosmetics and food industries [23, 24]. It is noteworthy
that the water distilled from flowers and leaves after the extraction of essential
oils (orange blossom water and eau de brouts) can also be valorized in the same
way as essential oils because of their aromatic characteristics. The lignocellulosic
biomass issued from roots, twigs, and leaves can also be valorized by the produc-
tion of biochemicals and/or biofuels [25, 26]. These inedible parts of the tree also
contain some alkaloids, which may be used in the pharmaceutical industry.
The numerous uses of orange by-products are due to the phytochemical com-

position of the fruit and the tree. The following section examines the structure
and localization of these natural products. The section focuses on the identifica-
tion of the chemical structure of the phytochemicals of interest contained in the
orange tree. Their localizations and structures are illustrated in Figures 1.4 and
1.5. The variety and structural complexity of these phytochemicals enables their
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Figure 1.4 Localization and structure of phytochemicals contained in the orange tree and
fruit.

classification according to their biochemical function into primary and secondary
metabolites.
Two types of polymers issued from primary metabolites are constitutive of

the by-products detailed in the previous section: cellulose and pectin. Cellulose,
which is polymer of cellobiose, is a structural cell component [27] and, therefore,
is present in the whole tree. Pectin would be located more specifically in the peel
of the fruit. The lipidic fraction is mainly found in the seeds of oranges. Although
seeds have a high oil content, the low amount of seeds in the orange fruit leads to
an overall low lipidic fraction taking the whole tree into consideration.
Three common classes of secondary metabolites are identified in the compo-

sition of the orange tree: terpenoids, alkaloids, and polyphenols. Terpenoids are
constitutive of essential oils and those found in oranges (Neroli and Petitgrain
oils) have different terpenic profiles. Neroli oil is composed of linalool, limonene,
beta-pinene, trans-beta-ocimene, linalyl acetate, and terpineol, while Petitgrain
oil is mostly composed of linalyl acetate and linalool [23, 24, 28]. Orange peels
also contain a terpenic fraction, which is exclusively composed of limonene. The
high concentration of limonoids were identified at first in the fruits of the the
Rutaceae family (e.g., Citrus), however those compounds were further identified
in other plants [29, 30]. Carotenoids are another terpenoid class identified in the
orange tree: β-cryptoxanthin, β-carotene, lycopene, and isomers of violaxanthin
were detected, more specifically, in the fruit [31]. Alkaloids are located in the
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Figure 1.5 Structure of secondary metabolites (terpenes and alkaloids) contained in the
orange tree.

leaves and the roots of the orange tree [32]. Owing to their biological activity,
these compounds are of interest in pharmaceutical applications. Synephrine,
which is an adrenergic and used for weight management, has been identified
in the orange tree [33]. It is mainly isolated from citrus species and commonly
found in juices. Although synephrine can be synthesized, the increasing demand
for natural extract makes this alkaloid an important extraction target. Other
alkaloids commonly reported from Citrus aurantium are octopamin, tyramine,
N-methyltyramine, and hordenine [34]. Polyphenols are the third class of
secondary metabolites found in the orange tree. Phenolic compounds identified
in the orange fruit (located more specifically in peel and juice) are essentially
flavanone glycosides such as nariginin, hesperidin, narirutin, and neohesperidin
[35]. These polyphenols are specific of the Citrus family, and are of increasing
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interest because of their antioxidant potential. In a less specific occurrence,
lignin, a structural component mostly found in the membranes of vegetable cells,
is found in the whole orange tree.
This introductive example of the orange tree, through the valorization of by-

products generated from orange juice production, allows us to distinguish differ-
ent categories of molecules considered as natural products.The following section
summarizes the categories ofmetabolites that can be identified in vegetables, aim-
ing at a classification of natural products.

1.3
Chemistry of Natural Products

The term natural product designates any substance or chemical produced by
nature. Considering vegetables, this wide definition can be restricted to any
chemical vegetable component or phytochemical. In biochemistry, phytochemi-
cals are commonly classified into two groups according to their function: primary
and secondary metabolites. Primary metabolites include any compound essential
to basic plant metabolism and thus survival. On the other hand, secondary
metabolites are involved in ecological functions such as attractants for polli-
nators, in the protection against herbivorial and microbial infections, and in
allelopathy (which refers to a positive or negative effect, e.g., the growth of one
plant into another induced by phytochemicals). In this section, the well-known
primary metabolites are briefly reviewed, focusing on secondary metabolites.

1.3.1
Primary Metabolites

1.3.1.1 Glucides
Glucides are metabolites mainly used for the storage and transport of energy and
are located in every organ of a plant [27]. In cells, glucides are stored as starch
which is a polymer of glucose. Glucides are also metabolic precursors of sec-
ondarymetabolites and are constitutive of cell membranes. For instance cellulose,
a macromolecule composed of a repetition of glucose moieties, is one of the main
components of vegetable cell membranes. It is one of the most abundant com-
pounds on the Earth.
Owing to their numerous functions in basic plant metabolism, glucides con-

stitute a wide class of metabolites. The classification, chemistry, and structure of
glucides are described in many biochemistry reference books [36, 37], therefore,
their diversity is not reviewed in this section, but examples are given of glucides
having industrial applications. Glucides are divided into two classes: oses and
osides, which are polymers of oses or a combination of oses with a non-glucidic
molecule, respectively [38].
Oses classically processed in industry are fructose, glucose, and oses deriva-

tives such as polyols. One of the most-extracted oside is saccharose (e.g., isolated
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from sugar beet and sugar cane) [38]. The main polysaccharides which can be
extracted fromvegetables are fructosannes such as insulin, starch, cellulose, fibers,
mucilages, and pectins [38]. These macromolecules can be used as such for food
or nonfood application, or can also be chemically transformed to produce chemi-
cals or ingredients (e.g., starch is the starting point ofmodified starches, dextrines,
glucose syrups, glucose, and sorbitol). Fibers are a group mainly composed of cel-
lulose, hemicellulose, pectins, and lignins; because of their indigestibility, these
compounds qualified as “dietary fibers” [38]. Mucilages are highly hydrophilic col-
loids and can be used for their texturing properties (e.g., in pharmaceutical appli-
cations). Pectins are mostly located in fruits (apples, citrus fruits) and are struc-
turalmacromolecules that constitute cell walls.They can be used for their jellifying
properties [38].

1.3.1.2 Lipids

Similar to glucides, lipids have an energy storage function [27], and are the pre-
cursors of numerousmetabolites. Lipids are a group of heterogeneous compounds
(fatty acids, glycerolipids, cerides, etc.). In plants, lipids are stored in oleosomes
as oils, which are mainly composed of triacylglycerols (esters of glycerol and fatty
acids) [27]. Some lipid structures are illustrated in Figure 1.6.
Fatty acids are a large group composed of linear saturated and unsaturated

hydrocarbonated chains with a carboxylic acid function. Commonly found
saturated fatty acids range from butyric (C4) to arachidic fatty acids (C20) [39].
Longer chains exist and are synthesized through the same metabolic pathway by
elongation, but are less common in the plant kingdom. Unsaturated fatty acids
are classically produced by the addition of double bonds to the corresponding
saturated fatty acids [8]. The number of unsaturations and their position along
the carbon chain are used to classify unsaturated fatty acids. Palmitoleic (C16:1),
oleic (C18:1), linoleic (C18:2), linolenic (C18:3), and arachidonic (C20:4) fatty
acids are among the commonly found unsaturated fatty acids [27].
Through the combination of fatty acids with primary metabolites present in

plants (e.g., glycerol), complex compounds are formed (mono-, di-, and triglyc-
erides), such as glycolipids, glyceroglycolipids, phospholipids and phosphosphin-
golipids (based on sphingosine structure) [40], or aromatic polyketides such as
anthraquinones [41] and naphthoquinones [42].

1.3.1.3 Amino Acids and Proteins

Amino acids are of great importance inmetabolism, as they are the building blocks
of enzymes, peptides, and structural proteins. Amino acids are also precursors
of numerous secondary metabolites (alkaloids, betalains, some polyphenols, etc.)
[38]. Proteins play a major role in human and animal nutrition. However, the
applications as the final product or extract composed specifically of amino acids,
proteins, and enzymes are quite limited, and therefore are not developed in this
section.
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1.3.2
Secondary Metabolites

Secondary metabolites are involved in the development of specific characteristics
of the plant such as color and flavor (e.g., flowers), therefore, playing a role in the
ecological functions of a vegetable [6].Three types of phytochemicals are classified
as secondarymetabolites: terpenoids, alkaloids, and phenylpropanoids with allied
phenolic compounds [6]. Since secondary metabolites are involved in specific
functions, their number and diversity will depend on the plant being considered.

1.3.2.1 Terpenoids

Terpenoids cover a great range of diverse compounds: up to 25 000 terpenoids
have been identified [6]. Because of their flavoring properties, terpenoids are
mainly known as major components of essential oils [43]. Isoprenoids are the
building blocks of the terpenoid family and are synthesized through either the
mevalonate pathway or the deoxyxylulose pathway [44]. Terpenoids are classified
according to the number of isoprene units.Themain classes are listed in Table 1.1,
with some structures represented in Figure 1.7.
The tetraterpene carotenoid family contains the carotenoid and the xantho-

phyll family, which aremajor pigmentation components and which have also been
found to possess nutraceutical properties.Modifications of these terpenoid classes
lead to specific subclasses of compounds found to be bioactive principals of cer-
tain plant varieties. Some of the terpenoids of interest are listed in the follow-
ing. Gingkolids such as Gingkolide B are highly modified diterpenes from the
exclusive Gingko biloba species [45]. Steviosides are steviolglucosides (tricyclic
diterpene), which are of high interest in the sweetener industry [46]. Limonoids
like limonin, are degraded triterpenoids called tetranortriterpenoids due to the
removal of four carbons from a side chain [30]. Quassinoids such as bruceantin,
are another example of triterpenoids, which have lost 10 carbons and are not to be
confused with diterpene structures [47]. Steroids are tetracyclic-modified triter-
penoids, which represent a class of bioactive compounds. Their typical structure
is based on the cholesterol structure and the main sterols in plants are phytos-
terolssuch as stigmasterol, sitosterol, fucosterol, ergosterol, and campesterol [48].

Table 1.1 Classification and examples of terpenoids according to the number of isoprene
units.

Category Example of terpenoid groups

Monoterpene (C10) Linalool (acyclic), limonene (cyclic), pinene (bicyclic)
Sesquiterpene (C15) Farnesol (acyclic), bisabolene (cyclic), α-eudesmol (polycyclic)
Diterpenes (C20) Phytol (acyclic), retinol (cyclic), taxadiene (polycyclic)
Sesterpene (C25) Geranylfarnesol
Triterpene (C30) Sapogenin (polycyclic)
Tetraterpene (C40) β-carotene (red pigment), xanthophyll (yellow pigment)
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1.3.2.2 Alkaloids
In general, alkaloids are defined as nitrogen-containing compounds.They possess
strong pharmacological effects which results in a close monitoring of edible prod-
ucts that may contain such compounds [49]. Alkaloids are biosynthesized starting
from various amino acids and it is easier to classify them regarding to their pre-
cursor, rather than based on their structure [8]. Examples of alkaloid chemical
structures are indicated in Figure 1.8.
Alkaloids originating from L-glutamate transformed into L-ornithine contain

the pyrrolidine ring system as well as the tropane ring system, which is found in
cocaine [39], atropine [41], or scopolamine [49]. The pyrrolizidine ring system
is another structure derived from the L-arginine pathway. The second group of
alkaloids derives from the L-lysine amino acid which forms the piperidine core
structure. One of the best-known alkaloids based on this structure is the piper-
ine found in black pepper [50]. But L-lysine is also precursor to the quinolizidine
structure [51], which is not found in common fruits and vegetables but can poten-
tially exist in more specific ethnic vegetables at some trace levels. The same goes
for alkaloids derived from the indolizidine structure [52]. Pyridine alkaloids, as
the vitamin B family, are more widespread in the human diet (e.g., niacin) [53],
contain such a core structure and originate, from the amino acid aspartic acid.
Alkaloids obtained from tryptophane can be built with the indole core structure
(tryptamine [54], harmine [55], serotonin [56]), and more rarely, as pyrroloindole
alkaloids or derived into ionic compounds like betalains [57], for example, betanin.
The biosynthetic pathway of betalains, however, suggests that its synthesis starting
from a tyrosine and not from tryptophan.
Anthranilic acid, as intermediates to tryptophane, can also lead to alkaloids

found in nature (quinazoline, quinoline, and acridine) [58] but none of impor-
tance in fruits and vegetables. The same goes for the imidazole-structured alka-
loids, which are derived from histidine [59]. The last alkaloid family we report
are the purine-derived alkaloids, which are extremely well known for their occur-
rence and wide consumption [60]. They are mostly represented by caffeine, theo-
bromine, and theophylline. All other alkaloids are generally combinations of the
pure alkaloids described here with combination into other families such as ter-
penoid alkaloids (taxol) [2] or steroidal terpenoids (tomatidine) [61].

1.3.2.3 Polyphenols
Polyphenols are well known as nutrients from nature, because of their ubiquitous
occurrence; and their pharmacological significance makes them major research
subjects in the nutraceutical sciences [62–66]. As they have been reviewed thor-
oughly by different authors, we briefly recall the main classes of polyphenols.
Phenolic acids constitute a wide class of polyphenols. The simplest phenolic

acids contain a carboxylic acid function with one or more hydroxyl substitutions
on the benzene ring (Figure 1.9).Themost common phenolic acids are gallic acid,
used as is or as an ester (galloyl), chlorogenic acids such as 4-chlorogenic acid,
and feruloylquinic acids such as 4 feruloyl-D-quinic acid, which originate from
trans-cinnamic acid [67]. Other commonly found phenolic acids are differently
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substituted ones, including hydroxybenzoic acids such as salicylic acid [68],
hydroxycinnamic acids such as 3-coumaric acid [69], protocatechuic acids such
as 3,4-dihydroxybenzoic acid, vanillic and piperonylic acids [70], and cinnamic
derivatives such as, ferulic, caffeic, and p-coumaric acids [62]. Owing to their
early occurrence in the main pathways for the biosynthesis of phytochemicals,
they are quite ubiquitous and well known either as stand-alone compounds or as
reagents in the food industry and in nutraceutical supplements [71].
More complex structures based on phenolic acids possess longer chain substi-

tution, extending the range of phenolic acids (Figure 1.10). These compounds are
hydrolyzable tannins, which are gallic acid esters with a glucose central structure.
Tannic acid [72] is a good example of highly substituted hydrolyzable tannin, yield-
ing 10 gallic acid moieties per glucose moiety. Their chemical composition and
geometry make hydrolyzable tannins class an extremely diverse family.
Apart from the hydrolyzable tannins, the largest family of polyphenols is the

flavonoids [73–75]. They are characterized as containing a benzopyrone moiety
as central core structure. The family is subdivided into the following subfamilies:
coumarins, flavones, isoflavones, neoflavones, and all subsequent derivatizations
of those core structures. All of them have been isolated from nutritionally rele-
vant sources. Flavones contain the following groups of compounds: flavonol, fla-
vanol, flavanone, and flavanonol [76–78]. Flavonol dimers or trimers also lead
to the proanthocyanidin group [79]. And finally, the very specific group of the
anthocyanins (as the aglycone core structure of the anthocyanidins) is an ionic
version of the flavoneswith the chemical specificity of the flavylliumcore structure
[62, 71]. Other compounds that are part of this greater family are the xanthones
[80, 81] and the stilbenes [82], which are present in specific genus and families of
edible plants.
Apart from thementioned polyphenol classes, structural polymerized polyphe-

nols are constitutive of cells. Lignin is an important part of the secondary cell wall
for plants and accounts for 30% of all nonfossil carbon fuel on earth [83, 84]. It is
found at a higher concentration in wood and wooden structures, but as structural
cell component is also located in leaves, flowers, and fruits. Lignin is a macro-
molecule composed of three monolignol molecules, namely, p-coumaryl alcohol,
coniferyl alcohol, and sinapyl alcohol, all of which are methoxylated to different
degrees [83].

1.4
FromMetabolites to Ingredients

Utilization of plants either for medicinal, industrial, or food purposes is related
to their biomolecular composition. While primary metabolites are ubiquitous to
the plant kingdom, by having functions essential to plant metabolism and con-
stituting the basis of human and animal nutrition, secondary metabolites occur
at much lower concentrations levels and, because of their biological function,
can be specific of a plant specie. Secondary metabolites, however, benefit from
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a strong interest as some compounds affect biological systems [85]. This charac-
teristic enables to qualify such compounds as bioactive [85]. Bernhoft [86] pro-
posed a definition of bioactive compounds: secondary plant metabolites eliciting
pharmaceutical or toxicological effects on humans and animals. Owing to their
reactivity and chemistry, bioactives are used in numerous applications. The fol-
lowing section details the use of some secondary metabolites as ingredients in the
pharmaceutical, nutritional, and food sectors. The uses of bioactive compounds
can be classified according to their technological role: coloring agents, functional
food and nutraceuticals, preserving agents, flavors, fragrances, and edible oils [7].
Some bioactive applications examples are presented in Table 1.2.
The natural coloring agent category refers to dyes, pigments, or any substance

that produces color [7]. Natural colors found in nature range over yellow, orange,
red, blue, and green. The bioactive compounds responsible for the production
of such colors differ according to their chemical structure, physical properties
(e.g., solubility), and localization in the plant (flowers, leaves, berries, etc.) [7]. All
compounds have in common a chromophore (molecule-specific structure) that
absorbs light in thewavelength range of the visible region known as pigment [100].
Some natural colorants such as chlorophylls contain metallic ions (e.g., Mg, Fe,
Zn), responsible for the overall color of the complex [101]. Considering the color
diversity, different major groups of chemicals were identified as responsible for
coloring: carotenoids (terpens), chlorophylls, anthocyanins (polyphenols), beta-
lains (alkaloids), and curcuminoids [100].These groups of molecules are commer-
cially available natural pigments and are used as alternative to synthetic pigments.
However, natural colorants are less stable than the synthetic ones as regards to
physical (light, temperature, and oxygen), chemical (alkalis, acids, oxidizing, and
reducing agents), and biological (enzymes, microorganisms) factors [100, 101].
Flavors and fragrances may mostly be attributed to essential oils contained in

aromatic plants. In industry, essential oils are formulated to produce flavor and
fragrances for a wide range of end uses such as in soaps, cosmetics, perfumes,
baked foods, ice creams, aerosols, syrups, and pharmaceutical preparations [102].
Essential oils are characterized by a strong odor, and appear as volatile and clear
liquids. As essential oils usually have a lower density than water, they are com-
monly extracted by hydro or steam distillation [16].The concentration of essential
oils in plants varies between 0.01 and 15% (w/w) [7], depending on the type of
plant and the part of the plant considered. Different plant organs can be used to
extract essential oils: seeds (anise [103]), barks (cinnamon [104]), woods (rose-
wood [105]), rhizomes (ginger [106]), leaves (rosemary [107]), flowers (lavender
[108]), peels (orange [87]), and roots (valerian [109]). From a chemical point of
view, essential oils are a complex mixture of compounds. Terpenes are the most
common compounds found in essential oils and more specifically the monoter-
penoid subclass (90% of identified terpenoids [7]). Aromatic and aliphatic com-
pounds of the shikimate, polyketide, and alkaloid groups are also constitutive of
essential oils (for example, aldehydes, alcohols, phenols, methoxy derivatives, and
methylene dioxy compounds [7, 110]).



20 1 Green Extraction: From Concepts to Research, Education, and Economical Opportunities

Ta
b
le
1.
2

A
p

p
lic

at
io

ns
in

th
e

fo
od

,n
ut

ri
tio

n,
an

d
co

sm
et

ic
s

in
du

st
ri

es
of

so
m

e
se

co
nd

ar
y

m
et

ab
ol

ite
s.

M
et
ab

ol
it
es

Ve
g
et
ab

le
so
ur
ce

Ex
tr
ac
t

Ex
am

p
le
s
of

ap
p
lic
at
io
n
s

Re
fe
re
n
ce
s

Te
rp
en

oi
ds

M
on

ot
er

pe
no

id
s

Li
m
on

en
e,
lin

al
oo

l
G
en
us

Ci
tr

us
Li
qu

id
,v
ol
at
ile

ex
tr
ac
ts

M
aj
or

co
m
po

ne
nt
so

fe
ss
en
tia

lo
ils

is
su
ed

fr
om

th
e
di
ffe

re
nt

ve
ge
ta
bl
e
so
ur
ce
s,
ap
pl
ic
at
io
ns

in
co
sm

et
ic
s(
pe
rf
um

es
,d

eo
do

ri
ze
rs
,b

od
y
ca
re

pr
od

uc
ts
)a

nd
fo
od

(fl
av
or
in
g)

in
du

st
ri
es

[8
7]

G
er
an

io
l

M
el

is
sa

offi
ci

na
lis

L.
[8
8]

C
itr
on

el
lo
l

Pe
la

rg
on

iu
m

gr
av

eo
le

ns
[8
9]

M
yr
ce
ne

H
op

s(
H

um
ul

us
lu

pu
lu

sL
.)

[9
0]

M
en
th
ol

C
or
nm

in
t,
pe

pp
er
m
in
t

[9
1]

Te
tr
at
er
pe
no

id
s

C
ar

ot
en

oi
ds

Bi
xi
n

Bi
xa

or
el

la
na

L.
A
nn

at
to
:b

ix
in
-r
ic
h
oi
l

ex
tr
ac
ts
,n

or
bi
xi
n-
ri
ch

ex
tr
ac
tw

at
er

so
lu
bl
e

Ye
llo

w
-r
ed

pi
gm

en
ts
,c
ol
or
in
g
ag
en
tE

10
6b

(b
ut
te
r,
m
ar
ga
ri
ne

,c
he

es
e,
ce
re
al
s,
fis
h

pr
od

uc
ts
)

[9
2]

N
or
bi
xi
n

K
et
oc
ar
ot
en

oi
ds

Re
d
pe

pp
er
s

(C
ap

sic
um

an
nu

um
L.
)

Pa
pr
ik
a:
ol
eo
re
sin

,p
ow

de
r

O
ra
ng

e-
re
d
pi
gm

en
ts
,c
ol
or
in
g
an

d
fla

vo
ri
ng

ag
en
tE

16
0c

[9
3]

C
ap
sa
nt
hi
n

C
ap
so
ru
bi
n

•
Fo

od
in
du

st
ry

(s
ou

ps
,

sa
us
ag
es
,

ch
ee
se
,

sn
ac
ks
,s
al
ad

dr
es
sin

g)
•
N
ut
ra
ce
ut
ic
al
an

d
ph

ar
m
ac
eu
tic

al
in
du

st
ri
es

Ze
ax
an

th
in

Vi
ol
ax
an

th
in

A
nt
he
ra
xa
nt
hi
n



1.4 From Metabolites to Ingredients 21

C
ro
ci
n

Cr
oc

us
sa

tiv
us

Sa
ffr
on

O
ra
ng

e-
re
d
pi
gm

en
ts
,c
ol
or
in
g
an

d
fla

vo
ri
ng

ag
en
t(
be

ve
ra
ge
s,
ba
ke
ry
,a
nd

co
nf
ec
tio

na
ry

pr
od

uc
ts
,c
ur
ry

pr
od

uc
ts
,s
ou

ps
)

[9
4]

Pi
cr
oc
ro
ci
n

Sa
fr
an

al
β-
C
ar
ot
en

e
C
ar
ro
ts
(D

au
cu

sc
ar

ot
a
L.
)

β-
C
ar
ot
en

e-
ri
ch

oi
l-s

ol
ub

le
ex
tr
ac
t

Fo
od

pi
gm

en
t,
nu

tr
iti
on

al
/p
ha

rm
ac
eu
tic

al
us
e

(e
.g
.,
pr
o-
vi
ta
m
in

A
)

[9
5]

Pa
lm

fr
ui
t

Po
ly
ph

en
ol
s

Fl
av

on
oi

ds
A
nt
ho

cy
an

in
s

G
ra
pe

ex
tr
ac
ts
(V

iti
sv

in
ife

ra
L.
)

Po
w
de
r

Fr
om

bl
ue

to
re
d
fo
od

pi
gm

en
ts
E1

63
(s
of
t

dr
in
ks
,s
ug

ar
co
nf
ec
tio

ne
ry
,d

ai
ry

pr
od

uc
ts
,

fr
ui
tp

re
se
rv
at
iv
es

(ja
m
s,
ca
nn

ed
fr
ui
t)

[9
6]

Is
ofl

av
on

es
So

yb
ea
ns

Po
w
de
r

U
se

as
an

tio
xi
da
nt
sa

nd
nu

tr
iti
on

al
ap
pl
ic
at
io
ns

[9
7]

Li
gn

an
s

Fl
ax
se
ed

s(
Li

nu
m

us
ita

tis
sin

um
L.
)

Po
w
de
r

N
ut
ri
tio

na
la
pp

lic
at
io
ns

[9
8]

A
lk
al
oi
ds

C
aff

ei
ne

C
off

ee
be
an

s
Po

w
de
r

Fo
od

an
d
be

ve
ra
ge

in
gr
ed
ie
nt
,p

ha
rm

ac
eu
tic

al
ap
pl
ic
at
io
ns

[9
9]



22 1 Green Extraction: From Concepts to Research, Education, and Economical Opportunities

While all food products and food ingredient play an essential role in nutrition
and sensory characteristics, some food component may provide an extra func-
tionality, conferring to the overall product health benefits or desirable physiolog-
ical effects beyond basic nutrition [111]. These functional foods are obtained by
enrichment in a given bioactive, which is used as an ingredient able to promote
or provide a beneficial effect on health such as acting on cardiovascular diseases,
cholesterol reduction, degenerative diseases, among numerous potential health
applications [7]. In functional foods, nutraceuticals may be distinguished by a
concentration of the bioactive compounds considered as a health-promoting com-
pound.These compoundsmay also be concentrated, serving as nutritional supple-
ments, known as nutraceuticals [112]. In plants, the bioactives found in functional
foods are mainly used for their different properties: polyunsaturated fatty acids
and phytosterolsmay also be encountered.While all of these bioactive compounds
are used for their specific health benefits (fibers, organic acids, polyunsaturated
fatty acids [113], phytosterols [114], and organosulfides [115]), some may also
be used additionally for a technological property: antioxidants (phenolics, toco-
pherols [116, 117]) and colorants (anthocyanins, betalains [118, 119]).
Edible fats and oils are respectively solid and liquid materials composed pre-

dominantly of glyceryl esters of fatty acids (90–95%), traces of non-glycerol-based
lipids are also identified (phytosterols, tocopherols, etc.) [120, 121]. Fats and oils
have been much used in food industry. Some of the major applications include
nutrition (more specifically regarding to essential fatty acids), cooking, spread
products (ingredients in bakery products and butters, respectively), shortening,
and biodiesel feedstock [122, 123]. The nonfood applications of fats and oils
include ingredients for formulation of soaps, detergents, paints, varnishes,
plastics, and lubricants, among others [124].
This section reviewed how natural products contained in plants can be used as

ingredients. Far from being exhaustive, it can be identified that a wide range of
metabolites can be used in various industrial sectors: mainly in food as comple-
ments or as additives (aromas, flavors, colorants) but also inmany other industries
such as the pharmaceutical and agricultural industries, or in medicinal extracts or
feedstuff. The introductive example of the orange tree biorefinery underlines the
huge potential of valorization of process by-products. By generalizing biorefin-
ing, the agricultural industry would gain much benefit by commercializing their
unused metabolites left in the waste biomass.

1.5
Green Extraction from Research to Teaching

Education plays an important role in materializing the concepts and principles of
green chemistry and engineering [125]. Teaching green chemistry serves several
key functions. First, it provides fundamental knowledge related to new chemi-
cal products and processes, data that are necessary to develop cleaner technolo-
gies [126].Moreover, these new products and processes developed in an academic
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setting can, in some cases, have direct applications to industry. Finally, academia
serves as the primary means to educate students about the need to design green
chemistry technologies, and provides them with the tools to do so.
For example, in Avignon University, to illustrate an application of green chem-

istry in teaching laboratories, we used a new green procedure employing ultra-
sound energy and microwave energy as the energy source to teach fundamental
extraction concepts.
As an example, we have developed a new green procedure, using microwave

energy as energy source, to teach the fundamental concepts of extraction of
essential oils (Figure 1.11). Essential oils are volatile secondary metabolites that
plants produce for their own needs other than nutrition. They are widely used

Figure 1.11 Practical work on green and conventional extraction techniques for Master
students at Avignon University.
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in foods, cosmetics, and pharmaceuticals [127]. In general they are complex
mixtures of organic compounds that give characteristic odor and flavor to the
plants. The objective of this teaching was to offer students the opportunity to
compare the potential of this green technique for extraction of essential oil with a
traditional hydrodistillation method (used in all the teaching laboratories all over
the world) and to appreciate the benefits of using greener chemical methods.
Green microwave extraction procedure is regarded as a greener method of
heating because extraction times tend to be shorter than those required using the
conventional procedure.
Microwave energy is well known to have a significant effect on the rate of var-

ious processes in the chemical and food industry [128]. Microwave extraction is
an area of research which has an impact in several fields of modern chemistry.
All the reported applications have shown that microwave-assisted extraction is
an alternative to conventional techniques for such matrices. The advantages of
using microwave energy, which is a noncontact heat source, for the extraction of
essential oils from plant materials, include more effective heating, faster energy
transfer, reduced thermal gradients, selective heating, reduced equipment size,
faster response to process heating control, faster start-up, increased production,
and elimination of process steps. Extraction processes performed under the action
of microwave radiation are believed to be affected in part by polarization and vol-
umetric and selective heating.
Microwave energy is a key enabling technology in achieving the objective

of sustainable and green chemistry for research, teaching, and commercial
applications. It has been shown that solvent-free conditions are especially suited
to microwave-assisted organic synthesis, as reactions can be run safely under
atmospheric pressure in the presence of significant amounts of products. When
coupled to microwave radiation, solvent-free techniques have proved to be
of special efficiency as green and economic procedures. Major improvements
and simplifications over conventional methods originate from their rapidity,
their enhancement in yields, and product purities. Microwave hydrodiffusion
and gravity (MHG) of essential oil has been compared with the conventional
hydrodistillation method, for the extraction of essential oil from fresh grapefruit
peel. The method offers important advantages over traditional alternatives,
namely, shorter extraction times, better yields, lower costs, greener features (as
there is no residue generation and no water or solvent is used), and greener
production (reduced CO2 is rejected in the atmosphere). MHG is a laboratory
exercise which easily teaches fundamental sustainable chemical lessons and
successfully incorporates green chemistry into the teaching laboratory in both
developed and developing nations.
At the same time, the idea has also been to develop a portable microwave-

assisted extraction (PMAE) [129, 130] that can be used directly in the crop or
the forest; this procedure is also appropriate for the teaching laboratory because
it does not require any special microwave equipment.
In recent years, portable sample preparation apparatus have been developed,

which can help with in-field extraction, sample preparation, analysis, and data
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evaluation. A portable instrument is defined as “easily” movable, convenient for
carrying, and capable of being transferred or adapted in altered circumstances
[131]. Miniaturization (downscaling) is an important factor in modern society
reflected strongly in science and technology [132] including medicine, chemistry,
environment, food safety [133], and so on. Miniaturization of a procedure can
be achieved simply by reducing the dimensions of the systems used in earlier
approaches or by developing completely new setups or techniques. When
compared to conventional systems, miniature systems can perform similar
methods with remarkably reduced consumption of plant matrix and solvents,
size and power requirement, system cost, faster analysis time, and massively
parallel analysis capability. It is an attractive method for application requiring
on-field rapid assay [134, 135]. Given its reduced size, this microwave technique
requires a small amount of sample in a small glassware system which is designed
as a miniature alembic to be placed inside a microwave oven. In this way, the
PMAE apparatus can provide information about the actual state of the fresh
samples and their essential oil content. This procedure is also appropriate for
the teaching laboratory, does not require any special microwave equipment.
The experiment developed, in addition to providing fast information on real
samples, allows the students to learn extraction, chromatographic, and spec-
troscopic analysis skills. It is a visual example of rapid, sustainable, and green
extraction of natural products. It is suitable of achieving success if commercially
introduced. and involves green chemical processing with microwave energy
(Figure 1.12).
Extraction of natural products has a very long history and has been associated

with commerce since ancient times. Archeological findings indicated that extrac-
tion processes were performed in Mesopotamia in 3500 BC [136]. During the
same period, trading activities and exchange of goods were intensifying. The first
solvents that were used were with water using hydrodistillation in Syria [136] or
fermented beverage such as beer and wine in Ancient Egypt [137].
Nowadays, the extraction of natural products takes an important place in

manufacturing processes of ingredients derived from natural products. Growing
numbers of finished products formula contain botanical ingredients for their
functional properties (coloring, antioxidants, flavor, and biological activity). The
largest market that uses botanical extract are the pharmaceutical segment and
food, followed by personal care. Botanical ingredients are a growing business
with very dynamic markets such personal care with approximately 10% of
estimated growth (especially cosmetics), foods (driven by the nutraceutical
sector with approximately 5% growth in 2012), and the pharmaceutical area
(2%).
The growth of the botanical extract industry is linked to several drivers

including

• request for naturally derived components by the consumers;
• a need for standardization and stability of the ingredients when compared to
raw botanicals.
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Figure 1.12 Introduction to green extraction for primary schools at Avignon University.

A current trend in the different markets of food, personal care, and nutrition
and health is the replacement of synthetic ingredients by naturally derived ingre-
dients.This trend has been driven by consumer request formore natural products.
The industry of natural products has been successful in providing natural solu-
tions as replacement to food dyes, food antioxidants, texturizers, aromas, active
compounds, and so on. It is interesting to note that the natural labeling does
not provide clear indication or evidence about the environmental impact of the
manufacturing process applied to the botanical raw material, nor does it indi-
cate the type of process and level of processing behind a botanical ingredient.
Furthermore, it does not allow the consumer to distinguish between hand-made
unstandardized products and industrially made standardized products.
Green extraction is a research thematic that encompasses a comprehensive

strategy based on the discovery and the design of extraction processes in order
to reduce energy consumption and promote the use of alternative solvents
and renewable raw material. Green extraction has been investigated mainly
at laboratory scale by several research teams mostly in Europe. Green extrac-
tion represents a good opportunity to rationalize and formalize eco-friendly
developmental and industrial practices across the industries.
Several industrials have shown interest in the principles of green extrac-

tion. Some of these principles are already in line with industrial practices and
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compatible with the primary interests of the botanical extraction industry. Some
of these principles areas follows:

• The use of alternative solvents.The spectrum of solvents that are currently used
in the industry varies according to the nature of the botanical raw material and
targeted compounds, availability of the solvent, and its cost. The regulatory
framework also defines what solvent can or cannot be used for a specific appli-
cation. Almost all the solvents currently used are derived from crude oil, with
the exception of water and ethanol produced by fermentation. Lipophilic sol-
vents such as hexane are among the primary targets in the quest for alternative
solvents.The use of alternative solvents also requires the involvement of solvent
manufacturers in term of solvent cost reduction and registration. Some solvents
already used do not need replacement solutions. For example, alcohol from fer-
mentation is used as an extraction solvent and it meets the definition of a green
solvent. Water is also the obvious choice of green solvent for polar compounds.
Water is already largely used for manufacturing processes in many applications
in food, personal care, or pharmaceutical ingredients. Although ecofriendly,
water extraction processes require optimization on energy uses and recov-
ery of intermediate polarity compounds (flavonoids, phenolic compounds,
alkaloids) that are often the targeted compounds. Water is also a solvent
that promotes hydrolysis and enzymatic activity during the manufacturing
process.

• Use of renewable raw material for botanical extracts. Agricultural by-products
are already used as starting raw material of botanical extractions (e.g., grape
seeds and grape marc and ginseng fibers) by several industries. The use of
agricultural by-products provides additional revenue to the primary producers
(growers) and globally improves the whole agricultural value chain.The current
trends in by-product valorization are to increase the value added by the process
derived from the by-product and to move from low-value valorization (organic
fertilizers, pellets for feedstock) to high-value specialty ingredients (functional
ingredients, health ingredients).

• Energy consumption by energy recovery and reduction of unit operations. The
natural products industry is a very competitive environment and to survive,
the botanical extract manufacturers are already using optimized processes.
The R&D, industrial, and cost control departments are constantly looking
for more effective and cost-efficient ways to extract botanicals. Most of the
industry members are aware that they need to reduce the carbon footprint
of their processes. Therefore, the green extraction principles of reduction in
energy consumption by energy recovery and reduction of unit operations and
favoring safe robust and controlled processes are already existing objectives for
industries especially on large volume items and/or commodity products. The
arrival of new extraction technologies at production scale (pressurized liquid
extraction, microwave-assisted extraction, etc.) will certainly benefit those
industries in the quest for more efficient extraction process on a long-term
basis.
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Even though the concept of green extractionmeets the demand of the final con-
sumer in terms of a greener product, education needs to be imparted in order to
explain what the benefits are for the final consumer. Consumers are not always
familiarized with what is an extract or that solvents are used in manufacturing
botanical ingredients. This will require popularization by the scientific commu-
nity and industry members and avoid the shortcuts of “green washing.”
Howdoes green extraction applies to the botanical extraction industry andwhat

remains to be done? We can take the antioxidant rosemary extraction processes
as an example. Rosemary is a symbol of the success of a safe and efficient antiox-
idant botanical solution that has replaced partially synthetic preservatives in var-
ious food matrices (especially meat and beverages). Initially, rosemary extracts
were declared as flavoring ingredients, in 1997, whenNaturex, Raps, and Robertet
decided to clarify the situation and invited all the rosemary extract producers to
join forces in order to register rosemary as a food antioxidant within the Euro-
pean legislation. In 2010, rosemary extracts were classified as food additives by
the European Commission and assigned the number E392 (Commission Direc-
tives 2010/67/EU and 2010/69/EU repealed in 2013 by EU regulation 231/2012
and 1333/2008). “Antioxidant: extracts of rosemary” are to be produced with one
of the four extraction processes described in the regulation, by means of solvent
extraction (ethanol, acetone, or ethanol followed by hexane) or supercritical car-
bon dioxide extraction, paying respect to purity criteria. The volume of rosemary
extracted by Naturex are significant, it currently represents about 50% of the rose-
mary collected in Morocco.

1.5.1
Principle: Innovation by Selection of Varieties and Use of Renewable Plant Resources

The starting point of the industrial extraction process is the selection of the feed-
stock biomass that will have the highest concentration in targeted compounds or
at the least the more cost-effective per kilogram of pure compounds. Naturex has
been using rosemary leaves from Morocco and other locations for 20 years, and
has maintained a long history of quantification of carnosic acid/rosmarinic acid
content material harvested in different locations and at different time of years.
Some specific varieties growing in the Atlas Mountains are especially high in
carnosic acid content. Carnosic acid concentrations decreased at high tempera-
tures and low precipitation rates [138] and acid levels decreased in parallel with
dropping relative water content in the plant [139]. Rosemary is a perennial plant
that supports very well the trimming of the aerial part. This wild harvesting is
sustainable and renewable and is contributing significantly toMoroccan economy.

1.5.2
Principle: Use of Alternative Solvents and Agro Solvent

Several extraction processes are derived from rosemary leaves. Polar compounds
such as rosmarinic acid are extracted with aqueous solvents and also methanol.
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Lipophilic compounds such as diterpenes phenolic acids are extracted with ace-
tone or ethanol solvent. Several versions of lipophilic extracts (containing carnosic
acid) are obtained after a multistep process, starting with ethanolic extraction
and followed by several steps of purification using various pH-differential precip-
itations, and solubilization [140]. The organic versions use ethanol derived from
fermentation.

1.5.3
Principle: Production of Coproducts Instead of Waste to Include Biorefinery

The rosemary leaves used in most of our rosemary processes are hydrodistillated
first and the obtained essential oil is further refined for flagrance and flavor appli-
cations. We note that this operation is performed in order to increase value chain
but also for technological reasons. Most customers request deodorized and dis-
colored versions of rosemary extracts in order to reduce organoleptic and color
impact on their recipes and the current purity criteria of the antioxidant E392
includes a ratio between antioxidant compounds and volatiles compounds. Rose-
mary leaves contains several others valuable fractions: ursolic acid, rosmarinic
acid, carnosic acid and derivatives, flavonoids, and lignocellulosic fibers. More
work is needed, because although several fractions are already valorized (carnosic,
ursolic, and rosmarinic acids), some fractions are not (fibers, waxes, etc.). Rose-
mary is a good model for applied research for a complete and comprehensive
biorefinery process.

1.5.4
Principle: Prioritizing a Non-denatured and Biodegradable Extract without
Contaminant

Once the product has been purified and dried, the native purified extract is ana-
lyzed according to a specification sheet that ensures that it meets the acceptance
criteria. The conformity to the specifications is also matched with the target
process yield (both mass yield and active yield). Naturex has been developing
an extensive portfolio of testing methods for both rosmarinic and carnosic
acids; these methods have been recognized as market standards and are used
worldwide. Internal specification such as the ratio between carnosol and carnosic
acid allows to ensure that carnosic acid has not been degraded in carnosol during
the process.

1.6
Conclusions and Perspective

Green extraction is a good idea and comprehensive strategy that promotes energy
consumption reduction and process efficiency, and minimizes environmental
impact of manufacturing processes of botanical extracts. Green extraction will
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benefit from industrial involvement and exposure to industrial constraints.
Industry members will benefit, as well, from green extraction with new technolo-
gies and new research tools to develop new products and to optimize existing
products. The research work remaining is important and will require synergies
and open communications between academic and private sectors in order to
transform these principles into an industrial use and bring eco-extracts to a large
number of consumers.
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