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Preface

Nowadays, we cannot find a production process in the perfume, cosmetic,
pharmaceutical, food ingredients, nutraceuticals, biofuel, or fine chemicals
industries which do not use solvent extraction processes, such as: maceration,
percolation, steam or hydro-distillation, decoction, infusion, and Soxhlet extraction.
In the food industry, besides the well-established huge extraction processes of
sugar beet and sugar cane, and the preparation of decaffeinated tea and coffee,
many food formulations have been developed by adding plant extracts used as
ingredients (such as antioxidants, antimicrobials, colors, aromas, pH regulators,
texturing agents) and nutraceutical concentrates. Bioactive compounds or their
precursors (antibiotics, chemopreventive agents, alkaloids, etc.) are extracted by the
pharmaceutical industry, either with conventional methods or modern technologies.
Recent trends in extraction techniques have largely focused on finding solutions
that minimize the use of solvents or to find alternatives for petroleum solvents.
This, of course, must be achieved while also enabling process intensification and a
cost-effective production of high-quality extracts.

For example, in the perfume industry, extraction of natural products was consid-
ered “clean” when compared with heavy chemical industries, but researchers and
professional specialists found that its environmental impact is far greater than first
appeared. The overall environmental impact of an industrial extraction cycle is not
easy to estimate; however it is known that it requires at least 50 % of the energy
of the whole industrial process. In spite of the high-energy consumption and the
large amount of solvents, often the yield is indicated in decimals. For example, a
single milliliter of rose absolute (used in famous perfumes) that weighs less than
1 g requires not only more than 1 kg of fresh roses as raw material (which became
a chemical waste) but also a large quantity of solvents (n-hexane to produce the
concrete and then alcohol to produce the absolute), energy (fossil) to evaporate the
large quantity of solvents, and water as cooling and cleaning agent which becomes
chemical wastewater.

The objective in preparing this book is to provide a complete picture of current
knowledge on alternative and green solvents used at laboratory and industrial scale
for extraction of natural product in terms of innovation, original methods and
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procedures, alternative solvents, and safe products. It will provide the necessary
theoretical background and details about solvent extraction focused on solid—
liquid, techniques, processes, mechanisms, protocols, industrial applications, safety
precautions, and environmental impacts. This book is aimed for professionals
from industry, academician’s researchers and lecturers engaged into extraction
engineering or natural product chemistry, and graduate-level students.

This book was prepared by a team of chemists, biochemists, chemical engineers,
physicians, and food technologists who have extensive personal experience in
research of innovative extraction techniques at the laboratory and industrial scales.
All the collaborating authors are totally convinced that this book is the starting point
for future collaborations in this new area, “alternative solvents for extraction of
natural products,” between research, industry, and education.

We wish to thank sincerely all of our colleagues who have collaborated in the
writing of this book. We hope to express them our scientific gratitude for agreeing
to devote their competence and time to ensure the success of this book.

Avignon, France Farid Chemat
Maryline Abert Vian
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Chapter 1
In Silico Search for Alternative Green Solvents

Laurianne Moity, Morgan Durand, Adrien Benazzouz, Valérie Molinier,
and Jean-Marie Aubry

Abstract The selection of the most appropriate alternative solvents requires
efficient predictive tools that avoid resorting to time-consuming trial and error
experiments. Several classifications of organic solvents exist but they most often
require the knowledge of one or more experimental characteristics, which might
be an obstacle in the case of emerging candidates. This chapter gives an overview
of existing tools for the characterisation and classification of organic solvents and
particular attention is given to purely predictive methods, such as the COnductor-
like Screening MOdel for Real Solvents (COSMO-RS). A panorama of the currently
available sustainable solvents is given, and these “green” alternatives are compared
to the classical organic solvents, thanks to a completely in silico approach. Examples
of substitutions are given to illustrate the methodology that can also be used to
design new alternatives.

1.1 Tools for Solvent Selection

Solvents play an important role in a great number of unit operations in chemistry
and chemical engineering. Resorting to solvents is usually required during a limited
period of time during the process since they are most often expected to play a role
of dissolvent, diluent, dispersant or extractant and should be removed afterwards.
Nevertheless, the right choice of solvent is crucial, and through the ages, several
methods for solvent selection have been developed. In former times, the choice of
the most appropriate solvent was purely empirical and was often made through trial
and error experiments and from empirical knowledge. This traditional approach to
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select a solvent usually followed the alchemist maxim similia similibus solvuntur
that is still underlying popular contemporary approaches in use. Solvent effects were
then related to the chemical structures, and several descriptors have been proposed
to describe them.

1.1.1 Solvents Descriptors and Classifications

Organic chemists traditionally classify solvents as non-polar, aprotic polar and
protic polar, according to their molecular structure and ability to establish hydrogen
bonding. To refine this classification, solvent effects can be related to various kinds
of descriptors that have evolved over time.

Initially, the only available quantitative descriptors were physical: enthalpy of
vaporisation, dielectric constant, refractive index, boiling point, etc. However, quan-
tifying solvent effects using physical descriptors demonstrated a moderate predictive
power because these descriptors describe properly the bulk but neglect specific
intermolecular interactions that are of the utmost importance whenever a second
compound is added to the solvent. Therefore two types of solute-solvent interactions
occur: the non-specific interactions (Van der Waals and the ion/dipole forces) and
the specific interactions (hydrogen bond donor and/or hydrogen bond acceptor,
electron pair donor/electron pair acceptor and solvophobic interactions) [1].

To assess these intermolecular forces, a solvent must be considered as a
discontinuum, in which solvent molecules interact with each other or with the
solute. For this purpose, well-chosen solutes, with a particular and quantifiable
sensitivity to solvent effects, were used and allowed to access empirical descriptors
that led to the emergence of numerous and useful empirical polarity scales, either
uniparametric such as the ET(30) of Reichardt [1] or multi-parametric such as the
solvatochromic parameters of Kamlet and Taft [2—4] or the Abraham parameters [5].
The last two approaches have been rationalised under the concept of linear solvation
energy relationships (LSER) [6]. Recently, more than 180 polarity scales have been
reviewed [7]. In the next section, the Hildebrand and Hansen solubility parameters
will be emphasised since they are widely used in industry to compare and select
solvents for various applications.

Over the past decade, purely theoretical descriptors have been introduced.
They offer several advantages, the most important are being that they are easy to
generate for any solvent and do not require any experiments. Different theoretical
alternatives have been introduced as reviewed by Murray et al. [8]. Politzer and
co-worker used electrostatic potentials computed on molecular surfaces to generate
theoretical descriptors [9] that were found to be highly correlated to Kamlet and
Taft solvatochromic parameters [10]. More recently, Katritzky et al. built QSPR
(Quantitative Structure Property Relationship) models to predict 127 polarity scales
based on theoretical descriptors. They carried out principal component analysis
(PCA) of 100 solvent scales based on 703 solvents [11]. Relying on this extensive
work, the authors emphasised that almost all theoretical descriptors can be related
to one of the generally accepted types of intermolecular interactions.
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1.1.2 Hansen Approach

The Hansen approach provides empirical descriptors, as presented above. At first,
the solubility parameter §y was introduced by Hildebrand and Scott [12] and was
defined as the square root of the cohesive energy density, correlated to the enthalpy
of vaporisation AHy,, and to the molar volume, V (Eq. 1.1). As the difference
between solute and solvent solubility parameters decreases, the tendency towards
solubilisation increases.

AHypy—RT

= (1.1)

ou =

The Hildebrand parameter was extended by Hansen by splitting it into three

components called the Hansen solubility parameters (Eq. 1.2). They correspond

to the three main molecular interactions, namely, dispersive (84), polar (§,) and
hydrogen-bonding contributions ().

8u =63+ 8 +6 (1.2)

The partial parameter for dispersive interactions, 84, is obtained from corre-
sponding state principles, by considering the so-called homomorph of the molecule,
while §, is derived from the ratio of the dipolar moment and the square root
of the molar volume. The hydrogen-bonding contribution is calculated as the
subtraction of §4 and &, to the Hildebrand parameter. The three Hansen parameters
can also be totally predicted by various group contribution methods such as the
thermodynamically consistent model of Stefanis and Panayiotou [13]. Alternatively,
the Hansen solubility parameters can be experimentally determined by individually
mixing the solute in a ratio 1:10 to a proper set of solvents having a wide range of
solubility parameters [14]. After 24 h of stirring at room temperature, the solubility
is visually evaluated by a score ranging from 1 (soluble) to 6 (non-soluble). These
scores are computed with a quality-to-fit function in order to build a solubility
domain [15].

The three Hansen solubility parameters define a three-dimensional space, known
as the Hansen space, in which all solvents and solutes can be located. A solute
can be visualised as a point surrounded by its solubility sphere. All solvents and
mixtures located inside this volume are likely to solubilise the solute. The closer the
solute and solvent parameters are, the better the solubility is [16]. The solute-solvent
distance, D, is defined according to Eq. 1.3:

2
D = \/4(8dsolvem - Sdsolule)z + (SPsolvem - SPsolule) + (Shsolvem - 8hsolule)2 (13)

The ratio between the distance D and the radius R of the solubility sphere is
called the “Relative Energy Difference” (RED) — see Eq. 1.4 — and allows a fast
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screening of molecules. RED < 1 indicates that a molecule is inside the sphere and
is likely to have a high affinity with the solute while higher values of RED indicate
a poor affinity:

D
RED = — (1.4)
R

The semi-empirical Hansen approach demonstrated its ability to correlate and
predict the behaviour of solvents. It provides reasonable results for the description
of molecular and macromolecular solubility and is thus a useful tool for various
industrial applications ranging from polymer processing [14] to coatings [17] and
cosmetics [16].

1.1.3 COSMO-RS Approach

The significant improvement in computational power and the sophistication of
recent algorithms led to the possibility to use extensively quantum descriptors
of the solvent effect. Cartier et al. showed that quantum chemistry provides a
more accurate and more detailed description of electronic effects than empirical
methods [18]. Thanks to a combination of a dielectric continuum solvation model
and a thermodynamic treatment of the molecular interactions, Klamt developed a
general approach in which a solvent can be treated in the liquid state. In the first
step, the COnductor-like Screening MOdel (COSMO) [19], the solute molecule is
considered to be embedded in a cavity that is surrounded by a virtual conductor.
The COnductor-like Screening MOdel for Real Solvent (COSMO-RS) then allows
the transfer from the state of the molecule embedded in a virtual conductor to a
real solvent [20]. COSMO-RS has already been successfully used for the prediction
or the modelisation of various properties in solution, as partition coefficients
(for instance, octanol-water [21] and blood brain [22]), pKa [23] or solubilisation of
cosmetic ingredients [16].

In a recent work [24], we have evaluated the potentialities of the COSMO-RS
approach to generate quantum descriptors for an a priori classification of solvents.
The descriptors obtained from COSMO-RS were treated by principal component
analysis coupled with a clustering procedure to provide a classification of solvents.
This a priori classification was compared to the one of Chastrette [25], who first
proposed a classification of solvents by resorting to a multi-parametric statistical
approach based on a selection of six physical descriptors — boiling point, molecular
dipole moment, molecular refraction, index of refraction, Hildebrand solubility
parameter and Kirkwood function — in conjunction with two microscopic quantum
descriptors (HOMO and LUMO energies).
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Fig. 1.2 o-profile (P(0), left) and o-potential (us(c), right) of three typical solvents: n-hexane
(apolar), ethyl acetate (hydrogen bond acceptor) and methanol (amphiprotic) (Adapted from Ref.
[24])

After DFT/COSMO geometry optimisations, COSMO surfaces can be gener-
ated via COSMOtherm. An example of COSMO surface is given in Fig. 1.1
for 1,2-propanediol. In the o-surface representation, green to yellow codes the
weakly polar surfaces, blue represents electron-deficient regions (§1) and red codes
electron-rich regions (6 7). This 3D information on the repartition of charge density
on the molecular surface can be reduced to a histogram P(o) that expresses the
redundancy of a surface density in a polarity interval. Such histograms have been
defined as o-profiles [21]. In the framework of COSMO-RS, it is also possible to
generate the so-called o-potential plots. This plot represents the chemical potential
Ws(o) of amolecular surface fragment in a solvent S as a function of the polarisation
charge density of this surface fragment (ranging from —3 to 3 e.nm™2). This
representation is of particular interest as it underlines the affinity of solvent S for
a polarity of kind o. The o-surface, o-profile and o-potential of 1,2-propanediol are
presented in Fig. 1.1.

Figure 1.2 shows the o-profile and o-potential of typical solvents. In the case
of apolar solvents, exemplified by n-hexane, the o-profile exhibits only one large
shouldered peak centred close to 0, with a maximum at —0.1 e.nm™2 corresponding
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to the protons. Since no hydrogen bond interaction can occur with a solute surface,
the corresponding o-potential curve pg(o) exhibits a U shape that is typical of
apolar solvents: the contact between n-hexane and the molecular surface of a solute
with a positive or negative charge density distant from 0 e.nm ™2 will be energetically
unfavourable (is(0) > 0 kJ.nm~2). Methanol is a typical example of an amphiprotic
solvent. Its sp>-oxygen induces at the same time a hydrogen acceptor and a hydrogen
donor character. Consequently, on the o-profile P(c0), two secondary maxima can be
observed beside the central peak corresponding to the carbon and hydrogens of the
methyl group. One maximum, in the negative o, corresponds to the hydrogen bond
donor character, and the other one, in the positive o, corresponds to the hydrogen
bond acceptor character. Therefore, the o-potential curve ps(o) will be the opposite
of that observed for apolar solvents in the regions distant from 0 e.nm™2: negative,
i.e. energetically favourable, ps(o) are obtained for both negative and positive
regions of a solute molecule, leading to a N-shaped curve. Ethyl acetate possesses
only one hydrogen acceptor group due to its sp>-oxygen. With the same analysis, it
is easy to understand why its o-potential curve is S-shaped, i.e. negative for o <0
and positive for o > 0.

This is a purely qualitative interpretation of o-profiles and o-potentials. In actual
fact, much more quantitative information is enclosed in these curves, and therefore
we have used them to extract theoretical molecular descriptors of the solubilising
properties further used as input parameters for solvent classification.

To attain a quantitative comparison of the o-potential plots, 61 discrete values
of ps(o) given by COSMOtherm can be extracted for every 0.1 e.nm™2 increment
within the interval —3 to 3 e.nm™2. It was performed for the 153 solvents of the
chosen dataset (the one of Chastrette [25]), and these 61 points were used to give a
description of the solubilising properties of each solvent and thus make up a set of
61 descriptors. This set could be reduced by PCA to a smaller number of relevant
descriptors since most of them contain redundant information. In our case, the vector
space could be reduced to only four eigenvectors, still accounting for 96.4 % of the
variance. By neglecting the fourth eigenvector, more than 85 % of the variance is still
expressed and all solvents can then be positioned in a pseudo-3D space (F1, F2, F3)
(see next paragraph).

A clustering procedure allowed gathering the 153 traditional solvents into ten
classes for which the sigma profiles and sigma potentials are presented in Fig. 1.3.
The description of these clusters will be discussed in the next paragraph. They are
in good agreement with the ten classes defined by Chastrette, and they even allow
a more accurate positioning of solvents that were mispositioned in this original
work [24].

The o-potentials derived from the COSMO-RS theory can thus be successfully
employed to describe and classify solvents in a purely predictive manner, with a
good consideration of hydrogen bond donor/acceptor interactions. This approach
is of particular interest in the context of solvent design and will be addressed in
Sect. 1.4.
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Fig. 1.3 o-profile and o-potential of typical solvents of the ten clusters. The grey regions show
the dispersion of the o-potential curves within each cluster (Adapted from Ref. [24])

1.2 Panorama of Current ‘“Green Solvents”

1.2.1 Classes of “Green Solvents”

The adjective “sustainable” or “green” is used to describe different types of solvents
including the ones that are produced from biomass feedstock and eco-friendly
petrochemical-based solvents that are non-toxic and/or biodegradable. Figure 1.4
shows the different families of solvents that are generally considered as “green”. It
is worth noticing that the greenness of some solvents is questionable with regard to
toxicity (e.g. ionic liquids) or biodegradability (fluorinated solvents and silicones).
The family of “eco-friendly” solvents is the most heteroclite one, since it gathers
all kinds of solvents with a good EHS (Environment, Human, Safety) profile. These
solvents may also be obtained by the valorisation of industrial by-products, as is the
case for the dimethyl, diethyl and dibutyl esters of glutaric, succinic and adipic acid,
and by-products of the nylon 6,6 manufacture (the so-called dibasic esters). Another
example of an “eco-friendly” solvent is 3-methoxy-3-methyl-butan-1-ol (MMB)
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Fig. 1.4 The seven classes of solvents generally claimed as “green” solvents [26]
(EHS Environment, Human, Safety)

which is a non-toxic and non-VOC solvent used in air freshener, household and
industrial cleaner formulations. For the same reasons, the alkyl alcanolamides are
considered as “eco-friendly” solvents, as well as some alkanes or dimethylsulfoxide.

Biosolvents mainly belong to three chemical families, namely, esters, alcohols
and terpenes. These bio-based solvents are obtained by chemical or biochemical
transformations of agro-synthons, i.e. defined molecules obtained from the biomass
feedstock. Grains and oleaginous plants contain vegetable oils, which are converted
to glycerol and fatty acids. They themselves are a source of solvents, giving
rise to glycerol carbonate, glycerol triacetate, or vegetable oil methyl esters. The
“sugar” platform (cellulose, hemicellulose, starch, sucrose) is the source of simple
sugars and polyols that can be further transformed, chemically or enzymatically, to
solvents. It should be stressed that, contrary to the “eco-friendly” family, all bio-
based solvents do not have a good EHS profile. For instance, furfuraldehyde is a
solvent readily obtained from various plant wastes, as corn stalk or sawdust, by
acidic hydrolysis of hemicellulose into pentosidic units that are themselves dehy-
drated. This biosolvent is both toxic and carcinogenic. A first hydrogenation gives
furfuryl alcohol that is also classified among the CMR (Carcinogenic Mutagenic
Reprotoxic, in the European Union) substances, and a subsequent hydrogenation
yields tetrahydrofurfuryl alcohol that has a good EHS profile.

Liquid polymers, such as polyethylene glycol, and silicone oils can also be
considered as green solvents because of their non-volatility.

Finally, there is a growing interest for ionic liquids, i.e. salts with a melting point
below 100 °C [27]. Typical ionic liquids have cations such as imidazolium, pyri-
dinium or pyrrolidinium and anions such as hexafluorophosphate, tetrafluoroborate
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or triflate. They are frequently considered as green solvents because of their non-
volatility. Nevertheless, the toxicity and biodegradability of such compounds are
currently questioned [28], and most common ionic liquids such as [Bmim][BF4]
(3-butyl-1-methylimidazolium tetrafluoroborate) do not show good biodegradation.
Because the toxicity of ionic liquids is often associated to the cation part, choline
has been investigated as a benign quaternary ammonium ion derived from renewable
resources [29, 30].

In a recent work [31], we have listed 138 “green” solvents through the review
of technical, commercial and scientific literature to provide a “panorama” of
sustainable solvents through the COSMO-RS approach. Supercritical fluids have
not been considered since they cannot be straightly modelled by COSMO-RS. This
list is recalled in Table 1.1.

1.2.2 Positioning of Alternative Solvents

The list of “green” solvents presented in Table 1.1 has been studied via the
COSMO-RS approach, as presented schematically in Fig. 1.5. One hundred fifty-
three traditional solvents were also included in the analysis, as presented in Sect. 1.1,
and PCA analysis of the sigma potentials followed by a clustering procedure further
provided the ten classes presented in Table 1.2 and in Figs. 1.6 and 1.7.

Tonic liquids cannot be positioned in any of the ten families, and therefore, they
should be considered as a full-fledged cluster. Al and A3 coordinates of choline
acetate, for example, are much higher than the ones of classical organic solvents.

The positioning of “green” solvents shows some distinctive features from the
one of classical organic solvents. Cluster III (Aprotic dipolar) is the most populated
family for green solvents, while cluster V (Apolar) is the largest one for classical
solvents. Cluster III is made up of esters (dibasic esters or fatty acid esters) and
ethers that are highly represented among sustainable solvents. If we take a closer
look at fatty acid esters, we observe that they either belong to cluster III or to cluster
V because of their particular chemical structure between alkane and aprotic dipolar
molecules. Because of this duality, such compounds could be considered as a fully
independent cluster. Cluster V contains few solvents and is mainly composed of
terpenes, the main representative apolar solvents among “green” solvents. Clusters
VII and VIII are also much populated by “green” solvents that are mainly alcohols
coming from renewable resources. All other clusters are much less populated.
Cluster II (weak electron pair donor bases) is only composed of 4 solvents, mainly
amides. Since no amines were encountered among the “green” solvents listed,
there is no solvent in cluster I. The same observation can be made for cluster VI
since this cluster is mainly made up of halogenated compounds in the classical
organic solvents. The lack of amines, aromatics and halogenated compounds among
“green” solvents has already been noted using a similar approach based on Kamlet
and Taft parameters [32].
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Table 1.1 The 138 “green” solvents with their CAS registry numbers, positioned in the ten

clusters as evidenced by the COSMO-RS analysis

Cluster I: Strong electron pair donor bases

No “green” solvents

Cluster II: Weak electron pair donor bases

Acetone
N,N-Dimethyloctanamide
Methyl 5-(dimethylamino)
—2-methyl-oxopentanoate
2-Pyrrolidone

Cluster III: Aprotic dipolar
Acetyltributyl citrate
Benzyl benzoate

Butyl acetate

Butyl laurate

1,4-Cineol

1,8-Cineol

Cyclopentyl methyl ether
Dibutyl sebacate

Diethyl adipate

Diethyl glutarate

Diethyl phthalate

Diethyl succinate
Diisoamyl succinate
Diisobutyl adipate
Diisobutyl glutarate
Diisobutyl succinate
Diisooctyl succinate
Dimethyl adipate
Dimethyl glutarate
Dimethyl phthalate
Dimethyl succinate
N,N-Dimethyldecanamide
Dimethyl isosorbide
Dioctyl succinate
1,3-Dioxolane

Ethyl acetate

Ethyl laurate

Ethyl linoleate

Ethyl linolenate

Ethyl myristate

Geranyl acetate

Glycerol triacetate
Glycerol-1,2,3-tributyl ether
Glycerol-1,2,3-triethyl ether
Glycerol-1,2,3-trimethyl ether
Glycerol-1,3-dibutyl ether

67-64-1
1118-92-9
1174627-68-9

616-45-5

77-90-7
120-51-4
123-86-4
106-18-3
470-67-7
470-82-6
5614-37-9
109-43-3
141-28-6
818-38-2
84-66-2
123-25-1
818-04-2
141-04-8
71195-64-7
925-06-4
2915-57-3
627-93-0
1119-40-0
131-11-3
106-65-0
14433-76-2
5306-85-4
14491-66-8
646-06-0
141-78-6
106-33-2
544-35-4
1191-41-9
124-06-1
105-87-3
102-76-1
131570-29-1
162614-45-1
20637-49-4
2216-77-5

(continued)
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Table 1.1 (continued)

Isoamyl acetate 123-92-2
Isobutyl acetate 110-19-0
Isopropylacetate 108-21-4
Isopropyl myristate 110-27-0
Isosorbide dioctanoate 64896-70-4
Methyl abietate 127-25-3
Methyl acetate 79-20-9
Methyl laurate 111-82-0
Methyl linoleate 112-63-0
Methyl linolenate 301-00-8
Methyl myristate 124-10-7
Methyl oleate 112-62-9
Methyl palmitate 112-39-0
Dimethyl 2-methyl glutarate 14035-94-0
2-Methyltetrahydrofuran 96-47-9
Menthanyl acetate 58985-18-5
n-Propyl acetate 109-60-4
Terpineol acetate 8007-35-0
Tributyl citrate 77-94-1
Triethyl citrate 77-93-0
Cluster I'V: Aprotic highly dipolar

Dimethylsulfoxide 67-68-5
2-Furfuraldehyde® 98-01-1
Propylene carbonate 108-32-7
y-Valerolactone 108-29-2
Cluster V: Apolar

Butyl myristate 110-36-1
Butyl palmitate 111-06-8
Butyl stearate 123-95-5
Cyclohexane 110-82-7
p-Cymene 99-87-6
B-Myrcene 123-35-3
Decamethylcyclopentasiloxane 541-02-6
B-Farnesene 18794-84-8
Ethyl oleate 111-62-6
Ethyl palmitate 628-97-7
Isopropyl palmitate 142-91-6
D-Limonene 5989-27-5
Methyl stearate 112-61-8
Isododecane 31807-55-3
Perfluorooctane 307-34-6
a-Pinene 80-56-8
B-Pinene 127-91-3
Terpinolene 586-62-9

Cluster VI: Asymmetric halogenated hydrocarbons (aprotic slightly dipolar)

No “green” solvents

(continued)
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Cluster VII: Amphiprotic
Benzyl alcohol

1-Butanol

Cyclademol

1-Decanol
Dihydromyrcenol
1,3-Dioxolane-4-methanol
Ethanol

Ethylhexyl lactate

Ethyl lactate

Geraniol
Glycerol-1,3-diethyl ether
Glycerol-1,2-dibutyl ether
Glycerol-1,2-diethyl ether
Glycerol-1,2-dimethyl ether
Glycerol-1,3-dimethy] ether
Glycerol-1-butyl monoether
Glycerol-1-ethyl monoether
Glycerol-2-butyl monoether
Glycerol-2-ethyl monoether
Glycofurol (n =2)
N,N-Diethylolcapramide
Caprylic acid diethanolamide
Isoamyl alcohol

Isopropyl alcohol

Methyl ricinoleate
Methanol

Nopol

1-Octanol

Oleic acid

1-Octanol

Oleic acid

Oleyl alcohol

Polyethylene glycol 600
Solketal

Ricinoleic acid

a-Terpineol

B-Terpineol
Tetrahydrofurfurylic alcohol
Cluster VIII: Polar protic
1,3-Dioxan-5-ol
1,3-Dioxolane-4-methanol
Ethylene glycol
Dipropylene glycol
Furfurylic alcohol®

100-51-6
71-36-3
25225-09-6
112-30-1
18479-58-8
5660-53-7
64-17-5
6283-86-9
97-64-3
106-24-1
4043-59-8
91337-36-9
4756-20-1
40453-77-8
623-69-8
624-52-2
1874-62-0
100078-36-2
22598-16-9
52814-38-7
136-26-5
3077-30-3
123-51-3
67-63-0
141-24-2
498-81-7
128-50-7
111-87-5
112-80-1
111-87-5
112-80-1
143-28-2
25322-68-3
100-79-8
141-22-0
98-55-5
138-87-4
97-99-4

4740-78-7
5464-28-8
107-21-1
110-98-5
98-00-0

(continued)
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Table 1.1 (continued)

Glycerol 56-81-5
Glycerol carbonate 931-40-8
Glycerol-1-methyl monoether 623-39-2
Glycerol-2-methyl monoether 761-06-8
5-(Hydroxymethyl)furfural 67-47-0
3-Hydroxypropionic acid 503-66-2
3-Methoxy-3-methyl-1-butanol 56539-66-3
Polyethylene glycol 200 112-60-7
1,3-Propanediol 504-63-2
Propylene glycol 57-55-6
Cluster IX: Organic acidic compounds

Acetic acid 64-19-7
Propionic acid 79-09-4
Cluster X: Polar structured

Water 7732-18-5
Ionic liquids

Choline acetate 14586-35-7
3-Butyl-1-methylimidazolium 174501-65-6
Tetrafluoroborate

Adapted from Ref. [31]

Solvents coming from renewable resources (biosolvents) are indicated in italic. The solvents
acceptable for pharmaceutical or cosmetic applications are in italics

#CMR compounds

Current sustainable solvents thus mostly belong to aprotic dipolar, amphiprotic
and polar protic compounds, while strong electron pair donor bases, weak electron
pair donor bases and aprotic slightly dipolar (asymmetric halogenated hydrocar-
bons) are scarcely or not represented at all among them.

1.3 Selection of Alternative Solvents for Extraction

Because of renewed toxicology standards and exposure guidelines, ever extending
lists of volatile organic compounds (VOCs), ozone depleting substances, hazardous
air pollutants (HAPs, in the USA) or CMR compounds (Carcinogenic Mutagenic
Reprotoxic, in the European Union), solvent substitution is not a novel concern.
When the use of a solvent becomes forbidden by new regulations, effective and
quick substitution solutions have to be found. In the case of extraction, chlorinated
hydrocarbons and n-hexane are two archetypal examples of such problematic
solvents. Their replacements by biosolvents have been analysed below in light of
the COSMO-RS and Hansen approaches.
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Fig. 1.5 Strategy used to position 138 green solvents (green dots) in the predefined 3D-space,
thanks to 153 classical organic solvents (empty dots) using the COSMO-RS approach. The
procedure is exemplified in the case of glycerol formal (1,3-Dioxolane-4-methanol) (red dot)
(Reproduced from Ref. [31] with permission from The Royal Society of Chemistry)

1.3.1 Replacement of Chlorinated Solvents

For many years, chlorinated solvents have been in widespread use in numerous
sectors, as degreasing of metallic surfaces, dry cleaning, paints (as thinner or
stripper), organic synthesis and extraction among others [33]. Dichloromethane
was previously used for the decaffeination of coffee which is now performed using
supercritical carbon dioxide. This keen interest in chlorinated solvents is due to their
outstanding physico-chemical properties, particularly their excellent solvent power,
their low inflammability and high volatility. However, from a EHS point of view,
chlorinated solvents exhibit a particularly bad footprint: most of them are classified
among VOCs and some are blamed for stratospheric ozone depletion. Their low



1 In Silico Search for Alternative Green Solvents

15

Table 1.2 Clustering of “classical” and “green” solvents with typical examples in each group

Cluster Name Classical solvents “Green” solvents
1 Strong electron pair donor bases Tributylamine -
I Weak electron pair donor bases Pyridine 2-Pyrrolidone
I Aprotic dipolar Diethyl ether Glycerol triacetate
Cyclohexanone Dioxolane
v Aprotic highly dipolar Sulfolane y-Valerolactone
Acetonitrile Propylene carbonate
A% Apolar Benzene Methyl stearate
CCly D-limonene
VI Aprotic slightly dipolar Dichloromethane -
(asymmetric halogenated Nitrobenzene
hydrocarbons)
VII Amphiprotic Ethanol Isoamyl alcohol
Benzyl alcohol a-Terpineol
VIII Polar protic 2-Aminoethanol Glycerol carbonate
Methanol Ethylene glycol
X Organic acidic compounds Phenol Acetic acid
X Polar structured Water Water
Formamide
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Fig. 1.6 2D - representation (A; vs. Ay) of green solvents (coloured circles) positioned within

the clusters previously defined with classical solvents (empty circles) (Reproduced from Ref. [31]
with permission from The Royal Society of Chemistry)
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the clusters previously defined with classical solvents (empty circles) (Reproduced from Ref. [31]
with permission from The Royal Society of Chemistry)

solubility in water and poor biodegradability induce long-term pollution of soil
and groundwater [33]. Some of them are listed among HAP or CMR substances
according to the US and/or European legislations. Therefore, for several years,
substitution of chlorinated solvents has been encouraged. Among all proposed
solutions, terpenes have been presented as alternatives in cleaning applications [34].

The closest neighbours of dichloromethane, tetrachloroethylene, carbon
tetrachloride, 1,1,1-trichloroethane, trichloroethylene and chloroform have been
looked for in the COSMO-RS classification presented before. Terpenic solvents
emerge as possible substitutes for tetrachloroethylene, carbon tetrachloride and
trichloroethylene (a-pinene for the first two and P-myrcene for the last one).
Actually, terpenes, such as p-cymene, terpinolene, a-pinene or D-limonene,
belong to cluster V, i.e. the cluster that contains, inter alia, some chlorinated
solvents. The closest neighbour of 1,1,1-trichloroethane is perfluorooctane that also
belongs to cluster V. This solvent has been chosen as a representative example of
fluorinated solvents that are presented as “green solvents” for organic synthesis
or in the electronics industry [26]. More surprisingly, the closest neighbours
encountered for dichloromethane and chloroform are respectively benzyl benzoate
that belongs to cluster III (aprotic dipolar) and benzyl alcohol, belonging to
cluster VII (amphiprotic). Actually, chloroform and dichloromethane belong to
a cluster that is not populated at all by the existing green solvents (cluster
VI), which justify the current interest in the design of new bio-based solvents
(see paragraph 1.4).
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1.3.2 Replacement of n-Hexane

n-hexane is a major solvent for the extraction of natural products and particularly
vegetable oils in the food industry. It has many advantages, in particular its high
solubilising capacity of oily constituents and its low boiling point, which facilitates
the recovery of solutes and solvent recycling. However, it is listed among VOCs
and HAPs, and in Europe, it belongs to the CMR list for its reprotoxicity and its
neurotoxic metabolite, 2,5-hexanedione [14]. Substitutes to n-hexane for extraction
are thus wanted, and terpenes are often put forward for this application. In particular,
Tanzi et al. [35] have shown that terpenes could be efficiently used for the recovery
of triglycerides from the algae Chlorella vulgaris. This substitution solution can be
investigated using the COSMO-RS and Hansen approaches.

1.3.2.1 Positioning of n-Hexane in the COSMO-RS Panorama

As already mentioned previously for chlorinated solvents, looking for solvents
having the closest o-potentials is a way to identify potential substitutes. n-hexane
belongs to cluster V (apolar compounds), with a typical U-shaped o-potential
showing the lack of H-bond donor and H-bond acceptor character. D-limonene,
p-cymene, a-pinene and B-pinene are common terpene solvents that also belong to
this cluster, as presented in Fig. 1.8, which indicates that their solubilising properties
should be close.

1.3.2.2 Combined Hansen and COSMO-RS Approaches
for the Substitution of n-Hexane

The solvents highlighted by the COSMO-RS panorama can be positioned in
the Hansen space. The Hansen solubility parameters of n-hexane, D-limonene,
p-cymene, a-pinene and PB-pinene listed in references [14, 36] are positioned in
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Fig. 1.9 Location of n-hexane, potential substitutes and fatty acid methyl esters (solute) within
the (8, 81) (top) and (84, 81) (bottom) maps

the 6,/8, and 84/8n 2-D maps in Fig. 1.9. The “solute” to extract (lipidic fraction)
has been modelled by the methyl esters of palmitic, linolenic and oleic acids that
are the three main fatty chains encountered in the oily fraction extracted from
Chlorella vulgaris [35]. The position of this “solute” takes into account the relative
proportions of each type of fatty acid as described in reference [35].

The close location of n-hexane and terpenes in the Hansen space is in good
agreement with the close positioning in the COSMO-RS panorama. Other “green”
solvents are found in the vicinity of n-hexane in the Hansen space, namely,
cyclopentyl methyl ether (CPME) and n-butyl acetate. They both belong to cluster
IIT (aprotic dipolar) in the COSMO-RS classification, in which solvents have an
electron-donor ability (H-bond acceptor).
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Fig. 1.10 Relative solubility of the mixture of fatty acids methyl esters considered in good (green),
poor (orange) and very bad (red) solvents, as determined through the “solvent screening” tool of
COSMOtherm

To compare the solubilising abilities of these “green” alternatives towards fatty
acid methyl esters, the “solvent screening” tool implemented in COSMOtherm was
used. It provides a ranking of relative solubilities from the prediction of uisolv, the
chemical potential of the compound of interest in a list of selected solvents. This
solvent ranking is presented in Fig. 1.10 for the solubilisation of the mixtures of
fatty acid methyl esters considered. The logarithm of solubility in mole fractions is
calculated, and the logarithm of best solubility is set to 0, all other solvents being
given relative to the best solvent. In the present case, n-hexane is the best solvent,
and the “green” substitutes cannot be distinguished, they are all set at log (x) =0.
For comparison purposes, the relative solubilities in water (worse solvent) and in
glycerol and glycerol carbonate (poor solvents) are also given.

Finally, it is also interesting to show that the Hansen approach can be used in a
very simplistic manner to identify possible efficient solvent mixtures. In the present
example, Fig. 1.9 shows that a-pinene can be brought closer to the position of the
target solute by addition of a solvent with higher 8, and 8y, and lower 84.

Figure 1.11 shows such a procedure in the case of the addition of ethanol to
a-pinene. The distance D of the solvent mixture to the solute in the Hansen space
is computed from Eq. 1.3 (see Sect. 1.1.2). The addition of ca. 6 % of ethanol
to a-pinene allows reducing the distance to the solute and is expected to enhance
the solubilising capacities. This effect was observed by Tanzi et al. [35] during the
recovery of triglycerides from Chlorella vulgaris for which the addition of a small
amount of methanol to chloroform proved to increase the extraction yield.
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Fig. 1.11 “Synergetic effect” according to Hansen for the solubilisation of fatty acid methyl esters
using an a-pinene/ethanol mixture

1.4 Design of New Solvents with Tailored Properties

1.4.1 Lack of Structures with Specific Properties

The panorama of green solvents according to the COSMO-RS approach evidences
that some solvent families are little populated or even not populated at all by “green”
solvents (clusters I, I, IV and VI, see Figs. 1.3, 1.6 and 1.7). In particular, the quasi-
emptiness of cluster II (weak electron pair donor bases) shows that “green” amide-
containing solvents should be developed. Some industrial solutions are starting to
emerge, such as amide-homologues of the dibasic esters.

To enlarge the scope of substitution solutions, it is thus of utmost interest to
develop new solvent structures with tailored properties for a given application.
Reverse engineering is a powerful tool for such an approach, which uses a “top-
bottom” strategy [37]. In a recent paper, we have presented a different approach that
starts from a chosen bio-sourced building block and generates new molecules by
applying chosen chemical transformations [38]. This approach has been exemplified
on the generation of itaconic acid-derived solvents and is presented in the last
section.

1.4.2 Automatic Generation of New Solvent Structures

The interest for using renewable resources (biomass) instead of fossil resources
(coal, oil) has grown exponentially in the last years. The “biorefinery” concept,
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Fig. 1.12 Schematic representation of the building blocks that are currently or will soon be
obtained from biorefineries, ordered by increasing number of carbon atoms. The frame colours
refer to the chemical feedstocks they come from

i.e. the transposition of the petrorefinery scheme to the processing of biomass, is
gaining importance, and a spectrum of products is expected to be obtained from the
biomass feedstock in the forthcoming years.

Figure 1.12 shows a schematic route from biomass to defined chemicals. The
main biomass sources providing incomes for biorefineries are forestry, dedicated
crops and vegetable residues (cobs, straw, sugarcane bagasse, etc.). The exploitation
of aquatic biomass (algae) is also a promising source of renewable carbon. The
chemical or biochemical transformation of this biomass feedstock may lead to a
spectrum of bio-based building blocks available for chemistry. As the main sources
are polysaccharides, the available building blocks are currently sugars and sugar
derivatives (polyols, organic acids obtained by fermentation).

The methodology used to generate virtual solvents is presented schematically in
Fig. 1.13 [38]. The software developed has been named GRASS as the acronym of
GeneratoR of Agro-based Sustainable Solvents. It requires three inputs: a bio-based
building block, readily available co-reactants and a list of selected transformations
that can be applied to the substrate and co-reactants. Virtual products are then
automatically generated using the architecture developed by Barone et al. in the
previous versions of the programme [39, 40]. This set can, in turn, be an input to
GRASS and transformed again.
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Fig. 1.14 Preparation of N-butyl-4-carboxypyrrolidinone ester starting from itaconic acid (left).
o-potential of the product p(o) compared to those of classical weak electron pair donor bases
belonging to cluster II (in grey) (Adapted from Ref. [38])

The methodology was applied to itaconic acid, an organic acid obtained by sugar
fermentation, and it highlighted a family of solvents that are readily obtained in two
steps, the N-butyl-4-carboxypyrrolidinone esters (Fig. 1.14). This family containing
a lactam function is of great interest since it is positioned in cluster II according
to the COSMO-RS classification, a class of solvents that is not much populated by
current “green” solvents (Fig. 1.14).
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1.5 Conclusion

The search for alternative solvents is a hot topic in many industrial fields, including
the extraction of natural products. A panel of so-called green solvents is already
available, and several tools exist to guide the selection of the most appropriate
alternative for a given application. In particular, the traditional Hansen approach
coupled with more modern modelling tools such as COSMO-RS provides accurate
predictions of solubilising abilities. These predictive tools can also be used to design
new solvent structures with tailored properties, in order to enlarge the scope of
“green” alternative solvents.
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Chapter 2
Solvent-Free Extraction: Myth or Reality?
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Abstract One of the many environmental challenges faced by Extraction field is
the widespread use of organic solvents. With a solvent based extraction the solvent
necessarily has to be separated from the final extract. A large number of these
solvents are toxic that pose a risk to workers and community members and virtually
all of them are classified as volatile organic compounds (VOCs) that contribute
to smog. In this context, the development of solvent-free extraction processes is
of great interest in order to modernize classical processes making them cleaner,
safer and easier to perform. This chapter presents a picture of current knowledge
on innovative solvent-free methods of natural products extraction. It provides the
necessary theoretical background and some details about extraction using the most
innovative, rapid and green techniques such as microwaves, instant controlled
pressure drop (DIC) process and Pulsed Electric Field (PEF): the technique, the
mechanism and some applications.
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2.1 Introduction

In a typical chemical or extraction process, solvents are used extensively for
dissolving reactants, solvating molecules, extracting products, separating mixtures.
However the major part of the organic solvents currently found in industry, in
spite of a large number of well-known advantages, are characterized by several
dangerous effects for the human health and the environment. Many organic solvents
are Volatile Organic Compounds (VOCs), and it means that they are highly volatile,
very useful for industrial applications, contribute both to increase the risks of fire
and explosion, and to facilitate the release in the atmosphere in which these solvents
can act as air pollutants causing ozone depletion and global warming. Moreover,
many conventional solvents are highly toxic for human beings, animals and plants,
and often their toxicological properties are completely unknown.

For example, n-hexane, solvent of choice for extraction of oils, can be emitted
during extraction and recovery; it has been identified as an air pollutant since it
can react with other pollutants to produce ozone and photochemical oxidants [1, 2].
Precautions to minimize the effects of these solvents by improved recycling have
limited success and cannot avoid some losses into the environment. Moreover, the
risk connected to potential accidents is still present.

During the last years, a central objective in extraction field of natural products
has been set to develop greener and more economically competitive processes
for the efficient extraction of natural substances with potential application in the
cosmetic or agrochemical industries. In this context, the development of solvent-free
alternative processes is of great interest in order to modernize classical processes
making them cleaner, safer and easier to perform.

Therefore the following benefits could be mentioned for solvent-free conditions:
(1) Avoid large volumes of solvent which reduces emission and needs for distilla-
tion; (2) The absence of solvents which facilitates scale-up; (3) Extracts are cleaner
without residues; (4) Safety is enhanced by reducing risks of overpressure and
explosions.

Extraction of olive oil using mechanical pressing is recognized as a solvent-
free alternative. Virgin olive oils are extracted from olive fruits by using only
physical methods, which include crushing of olives, malaxation of resulting pastes
and separation of the oily phase. Because of its location in mesocarp of cells and the
use of purely mechanical pieces of apparatus for its extraction, virgin olive oil does
not require further treatment before its consumption (Fig. 2.1).

This chapter presents a picture of current knowledge on innovative solvent-
free methods of natural products extraction. It provides the necessary theoretical
background and some details about extraction using the most innovative, rapid
and green techniques such as microwaves, instant controlled pressure drop (DIC)
process and Pulsed Electric Field (PEF): the technique, the mechanism and some
applications.
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Fig. 2.1 Solvent free olive oil extraction process

2.2 Solvent-Free Microwave-Assisted Extraction

The use of microwave energy was described for the first time in 1986 simultaneously
by Gedbye [3] in organic synthesis and by Ganzler [4] for extraction of biological
samples and analysis of organic compounds. Since then, numerous laboratories have
studied the synthetic and analytical possibilities of microwaves as a non-classical
source of energy. Several classes of compounds such as essential oils, aromas,
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pigments, antioxidants, and other organic compounds have been extracted efficiently
from a variety of matrices mainly and plant materials. Advances in microwave
extraction have given rise to solvent-free microwave technique namely Microwave
Hydrodiffusion and Gravity.

2.2.1 Principle

Microwave hydrodiffusion and gravity (MHG) [5] is a new and green technique
for the extraction of biomolecules patented in 2008. MHG was conceived for
laboratory and industrial-scale applications in the extraction of pigments, aroma
components, and antioxidants from different kind of plants. Based on a relatively
simple principle, this method also involves placing the plant material in a microwave
reactor, without adding any solvent or water. The internal heating of the in situ
water within the plant material distends the plant cells and leads to the rupture of
cells. The heating action of microwaves thus frees secondary metabolites and in situ
water, which are transferred from the inside to the outside of the plant material. This
physical phenomenon, known as hydrodiffusion, allows the extract, diffused outside
the plant material, to drop by gravity out of the microwave reactor and fall through
the perforated Pyrex disk.

A cooling system outside the microwave oven cooled the extract continuously.
The crude extracts are collected in a receiving flask for further analysis (Fig. 2.2).
MHG not only appeared as an efficient and economical technology but its chief
advantage is its environmental friendly approach as it works without using any
solvent just under effect of microwaves and earth gravity at atmospheric pressure.

2.2.2 Instrumentation

A Milestone NEOS-GR microwave laboratory oven (900 W maximum), as shown
in (Fig. 2.2), is used to perform the microwave hydrodiffusion and gravity (MHG)
extraction: this is a multimode microwave reactor of 2.45 GHz. Temperature is
monitored by an external infrared (IR) sensor. MHG could also be used to produce
larger quantities of extracts by using existing large-scale microwave extraction
reactors called “MAC-75 (Fig. 2.3).

2.2.3 Application

The feasibility of microwave process in the preparation of samples has been
investigated on different matrices, as shown in the Table 2.1. This process was
applied to many kinds of plants such as aromatic plants and citrus for an essential
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Fig. 2.2 Solvent free
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oil extraction [6-8]. The first example is the menthe pulegium L. extraction [6],
where 0.95 % of essential oil was obtained by the heating of 500 g of matrix at
500 W during 20 min at atmospheric pressure. For Citrus limon L. [7], 500 g of
matrix were also treated at 500 W for 15 min and two respective yields of 0.7 and
1.6 % of essential oil were obtained at atmospheric pressure. Another example with
Rosmarinus Officinalis L. [8] was tested by taking 500 g of plant at 500 W during
15 min, which provided 0.33 % of essential oil.
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Fig. 2.3 Pilot scale Solvent free microwave extraction ‘MAC 75’

Table 2.1 MHG application in extraction of natural compounds

Material Analytes Ref.
M. spicata L., M. pulegium L. Essential oil [6]
Rosemary leaves Essential oil [7]
Citrus peels Essential oil [8]
Onion (Allium cepa L.) Phenolic compounds [9]
Red, yellow, white and grelot onion Phenolic compounds [10]
Sea buckthorn (Hippophaé rhamnoides) Phenolic compounds [11]

Zill-e-Huma et al. reported MHG as a novel technique for extracting flavonoids
from onion. The plant tissues were strongly disrupted by microwave irradiation
through the microscopic observation of extracts, so that target compounds could
be efficiently extracted and detected by HPLC and other analysis [9, 10]. MHG was
also applied to extraction of flavonoids from sea buckthorn by-products, producing
a little lower yield of flavonol in a very short time (15 min) in comparison to
classic methods but a higher content of reducing compounds contained in MHG
extracts [11].
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2.3 Instant Controlled Pressure Drop Process (DIC, “Détente
Instantanée Controlée’’)

The instant controlled pressure drop process, abbreviated DIC for ‘Détente Instanta-
née Controlée’, was developed by Allaf et al. in 1988 [12]. DIC extraction is based
on fundamental studies with respect to the thermodynamics of instantaneity [13].

2.3.1 Principle

It consists of a thermo-mechanical process induced by subjecting the product to
a fast transition from high temperature/high pressure to a vacuum. DIC extraction
usually starts by establishing this high temperature/high pressure by injecting steam,
microwaves, hot compressed air, etc. for some seconds, proceeding then to an abrupt
pressure drop toward a vacuum (about 5 kPa with a rate higher than 0.5 MPa.s™!).
By instantly dropping the pressure, rapid autovaporization of the moisture inside
the material will occur. It will swell and lead to texture change which results
in higher porosity as well as a greater specific surface area and reduced mass-
transfer resistance through Darcy’s vapor transfer instead of Fick’s similar law. The
short time — high temperature operation (few seconds) and the immediate drop in
temperature (to be lower than 30°C) thanks to the pressure drop prevent further
thermal deterioration and provide a final extract of great quality.

2.3.2 Instrumentation

DIC equipment is in the main part divided in three components: (1) the autoclave
with heating jacket also named the processing vessel where the product is placed,
(2) the vacuum tank linked to a vacuum pump, and (3) the instant valve enabling the
abrupt connection between (1) and (2). The vacuum tank is cooled through a double
jacket in order to condensate the extracts. Other devices are part of the DIC process
such as a steam generator, an air compressor (for the electro-pneumatic actions)
and the vacuum pump. A schematic diagram of the DIC apparatus and the pressure
profile are presented in Figs. 2.4 and 2.5.

In order to undergo a DIC cycle, the raw material is placed within the autoclave
where a vacuum is subsequently applied. This will facilitate the contact between the
steam and the product enabling a homogenous heating of the product. It is afterward
filled with saturated steam set and maintained at a required pressure for an optimized
time. After this thermal treatment the steam is cut off and the spherical instant valve
is opened in less than 0.2 s inducing an abrupt pressure drop towards a vacuum in
the autoclave. After a vacuum period, the atmospheric pressure established in order
to recover the solid material. The extracts are collected from the vacuum tank.
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Fig. 2.5 Pressure-time profile of DIC processing cycle

Table 2.2 Instant'con'trolled Material Analytes Ref.

pressure drop applications
Malaysian Roselle Anthocyanins [14]
Seeds of Tephrosia purpurea  Oligosaccharides  [15]
Myrtle leaves Essential oil [16]
Lavender Essential oil [17]
Ylang-ylang Essential oil [18]
Rapeseed Oil [19]

2.3.2.1 Applications

The feasibility of DIC process in the preparation of samples has been investigated
on different matrices (Table 2.2).

Benamor et al. [14] have studied extraction of anthocyanins from Roselle calyces
using DIC. This work has demonstrated that DIC increases kinetics and extraction
yield of these compounds. The same authors have also noticed the impact of DIC
treatment on the oligosaccharides (stachyose and ciceritol) extraction from the seeds
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of the Indian Tephrosia purpurea plant [15]. DIC was shown to be an effective
extraction method in terms of processing time (1 h of extraction time instead of
4 h for conventional processes). DIC could be also used for the extraction of oil
from various plants. One of its advantages compared to other extraction processes
is the short-time contact of the oil with the apparatus heated zones to avoid the
harmful thermal reactions of the different molecules, combined to an abrupt pressure
variation that allows a rapid release of essential oil due to the rupture of the oil-
containing glands. The DIC process is more efficient in terms of rapidity (several
minutes versus several hours), essential oil yield (comparable even higher), and
higher content of oxygenated compounds.

2.4 Pulsed Electric Field (PEF)

Pulsed Electric Field (PEF) technology was invented in the 1960s in order first
to offer the possibility to preserve food by replacing traditional pasteurization.
Electrotechnologies based on effects of PEF are currently gaining a real interest
regarding food processing especially in the field of extraction [20-23].

2.4.1 Principle

Exposing a biological cell (plant, animal and microbial) to a high intensity electric
field (kV/cm) in very short pulses (s to ms) induces the formation of temporary
or permanent pores on the cell membrane [24]. The cell membranes are charged
and pores are formed in the membranes fostering the extraction. This phenomenon,
named electroporation, causes the permeabilization of cell membrane i.e. an
increase of its permeability and if the intensity of the treatment is sufficiently high,
cell membrane disintegration occurs [25] (Figs. 2.6 and 2.7).

Many fields are developing cell membrane disintegration such as biotechnology,
medicine and food industry [24, 26-28]. Cell membrane acts as a physical barrier
in removing the intracellular substances from plant food tissues in solid-liquid
extraction. The disintegration or permeabilization of the cell membrane in a
plant food tissue causes the release of intracellular water and solutes (secondary
metabolites) to migrate in an external medium. Thus, this method enables enhancing
extraction from food plants; it enhances mass transport out of the cell.

2.4.2 Instrumentation

A PEF treatment chamber consists of at least two electrodes and insulation that
forms the treatment volume (i.e. volume where the foods receive pulses). The final
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Fig. 2.7 Treatment chamber — lab scale device

distance between the electrodes can be optimized and fixed. The product exposure
to a pulsed voltage can hence be done in a batch or continuous treatment chamber.
Different pulse-forming networks can be used; their main components include
selected voltage power supply, one or several capacitor banks, inductors or/and
resistors [24]. Besides pulses of different shape can be generated, including simplest
exponential decay pulses and square wave pulses should be limited for exclusion of
any significant temperature elevation.
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Electric field treatment is applied by a PEF generator which power is also
determined depending on the needs. Shape and polarity are criterion of the generator
itself. Trains of pulses are usually used for PEF treatment. An individual train
consisted of n pulses with pulse duration ti and pulse repetition times Az. A pause
At can be set after each train, N being the number of trains. The total time of
electrical treatment during PEF treatments are calculated as #; = Ny #; Where Ny is
the total number of pulses Ny, = Nn.

These different parameters, whether temperature 7, electric field strength E
(V/cm), electric energy W (kJ/kg), number of impulsion n and duration of an
impulsion # can be modified regarding the needs.

Some indications regarding PEF parameters:

* Permeabilisation of plant cells 0.3-1.5 kV/cm 1-10 kJ/kg
* Inactivation of microorganisms 10-30 kJ/cm 50-200 kJ/kg

2.4.3 Applications

PEF whether direct treatment or as a pre-treatment facilitate the extraction of veg-
etable oil, active molecules such as anthocyanins, flavonoids, etc. The application
of electroporation through PEF offers a great potential for extraction purposes.
It improves kinetics extraction and enhances extraction yields. PEF treatment is
suitable for thermolabile fragile molecules since the extraction can be done at low
temperature.

Temperature contribution to electroporation efficiency is important, which
reflects the synergetic effect of the simultaneous thermal and PEF treatment and it
increases at small fields [29].

PEF treatment, or pre-treatment noticeably accelerates diffusion even at low
temperature (20—40 °C), which enable the “cold” soluble matter extraction [30].

When PEF is employed it is possible to regain antioxidant substances from plant
processing residual material, potential of pectin recovery is enabled [31]. Regarding
juice pressing with high polyphenol content, the choice of appropriate regime of
pressing is required. PEF application allowed decreasing of the applied pressure
and pressing time. PEF is very promising for enhancing juice and polyphenol
extraction [31-33]. PEF is a promising enological technology to obtain wines with
the high phenolic content necessary for the production of high quality oak aged red
wines [34].

For extraction both membrane of the cell and the vacuole have to be opened. The
releasing efficiency of ionic components, enzymes, proteins and other bio-products
can dramatically depend on the applied method of disruption. The PEF treatment
removes membrane barriers and accelerates release of the extract contents; it
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Table 2.3 PEF applications

M. Abert Vian et al.

Material Analytes Ref.
Apple mash Apple juice [33]
Grape by-products ~ Phenolic compounds  [34]
Sugar beets Sucrose [35]
Inonotus Obliquus ~ Betulin [36]
Soybean/Olive Oil [37]
Red beetroots Betalains [38]

however has practically no influence on the cell walls. As regards to electroporation,
pores resealing is possible after the pulse application. If sufficient energy is applied,
the pores are electroporated irreversibly (Table 2.3).
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Chapter 3

Supercritical Fluid Extraction: A Global
Perspective of the Fundamental Concepts
of this Eco-Friendly Extraction Technique

Susana P. Jesus and M. Angela A. Meireles

Abstract Supercritical fluid extraction (SFE) is a green technology that has been
applied on a commercial scale for more than three decades. SFE is a high-pressure
extraction method in which a mixture of solutes is separated from a solid matrix
by bringing the mixture into contact with a fluid in the supercritical state. A
supercritical fluid has very particular and unique characteristics, which enable its
use as an efficient extraction solvent. Carbon dioxide (CO,) is the most commonly
used supercritical fluid and has applications in food, cosmetic, pharmaceutical, and
correlated industries. Many research works have already demonstrated that SFE is a
technically feasible process that may also be commercially competitive in terms of
economic viability. Although SFE is commercially carried out in several countries,
it is nonetheless still considered as an emerging technology. This emerging status
remains associated with SFE technology because the conventional low-pressure
extraction methods remain the most frequently used extraction techniques, in
particular due to the comparatively low cost of investment that is required for
installing a low-pressure industrial plant. The physical phenomena that occur during
SFE have already been extensively investigated, and there is consensus that SFE is
a complex phenomenon that involves multicomponent systems. However, various
simplifications can be performed to describe SFE for the purpose of process design.
Presently, one of the major challenges for researchers in this area is the proposition
of practical procedures (experimental and/or calculation methods) in order to
simplify the determination of some process parameters which are required for the
studies of economic feasibility. This chapter presents the fundamental concepts of
SFE and gives special attention to the information that must be available to conduct
preliminary studies of process design and cost estimation.
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3.1 The Supercritical Fluid Extraction Technique

The consumers’ increasing concern about environmental issues and human health
has motivated the development of green technologies and the search for natural
ingredients with bioactive properties. In fact, the natural products market has
presented a progressive and continuous growth in the last decades. Natural matrices
are complex multicomponent systems, and so the selective separation of specific
substances is a difficult task that requires efficient extraction methods [1]. Rostagno
and Prado [1] recently published a book that presents a global view of the state-
of-the-art techniques for the extraction and processing of natural products. These
authors claim that there is a need for more efficient and selective processes, which
can improve the overall quality of natural products and also enable the development
of innovative products [1]. Nonetheless, most of the industries still use conventional
techniques that are based on outdated technologies. Considering this scenario, the
supercritical fluid extraction (SFE) is a particularly interesting alternative to extract
bioactive compounds from natural sources. Therefore, the SFE process has many
potential applications in food, pharmaceutical, and cosmetic industries.

The SFE is a high-pressure extraction method that has been carried out on a
commercial scale since the 1980s. The industrial-scale applications of SFE comprise
the decaffeination of green coffee beans and black tea leaves; the production of hop
extracts; the extraction of essential oils, oleoresins, and flavoring compounds from
herbs and spices; the extraction of high-valued bioactive compounds from different
natural matrices; the extraction and fractionation of edible oils; and the removal
of pesticides from plant material [2, 3]. At the very early stages of this technology,
very large vessels (up to 40 m?®) were sometimes built. Later, the extractors’ capacity
became smaller, and today, most extractor vessels have a volume that is equal to or
smaller than 1 m> [3].

According to Brunner [3], the costs of SFE processes are competitive. Further-
more, in particular cases, SFE processing is the only way to satisfy the product
specifications. A significant number of SFE industrial plants of various capacities
have been built since the 1980s. Most of the plants are distributed within Europe,
the USA, Japan, and the Southeast Asian countries. The state-of-the-art technology
that is necessary to design a SFE plant is commercially available. Standard designs
can be acquired from many suppliers, and special designs can be custom tailored for
a particular process [3].

SFE is a unit operation that performs the separation of a mixture of solutes
from a solid matrix by bringing the mixture in contact with a supercritical solvent
[4]. The solid material is placed in an extraction cell, forming a fixed bed of
solid particles. The supercritical fluid flows continuously through the fixed bed
and dissolves the extractable components of the solid [2]. The mixture of solutes
that is removed from the solid matrix is named the extract. SFE processes are
usually carried out in batch and single-stage modes because solids are difficult
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Fig. 3.1 A simplified flowchart of the SFE process (I CO; storage tank, 2 solvent pump, 3 heat
exchanger, 4 extractor, 5 pre-expansion valve, 6 separator, 7 cooler, 8 compressor; the system
contains several temperature and pressure controllers that are not shown) (Adapted from Pereira
and Meireles [7], with kind permission from Springer Science and Business Media)

to handle continuously in pressurized vessels and separation factors are high [3].
Nonetheless, the modification of the process from batch to continuous mode can
be performed by arranging two or more extractors in the process line [5, 6]. This
change allows the system to operate continuously despite the occurrence of solid
matrix exhaustion. Then, the arrangement of n extractors (where n > 2) operating
in a parallel configuration results in the continuous production of the extract by
intercalating the charge/discharge times of the n extractors in the plant. Plant
operation in a continuous mode occurs according to the following format: while
one extractor is in the charge/discharge step, the other n—/ extractors are in the
extraction step [6]. This operating mode presents the advantages of reducing the
process setup time and increasing productivity, which leads to a reduction of the
operating costs [3, 6].

A simple SFE process comprises two major steps: extraction and separation. In
the extraction step, the solvent is fed into the system and is uniformly distributed
throughout the extractor. The solvent flows through the solid matrix, extracting the
soluble compounds. In the separation step, the loaded solvent (the mixture formed
by solvent + extract) is removed from the extraction cell and fed into the separator
(flash tank), where the mixture is separated by a rapid reduction of the pressure. The
extract precipitates in the separator, while the solvent is removed from the system
and is delivered to a recycling step. The solvent is cooled and recompressed and
then returns to a storage tank, which feeds the extraction system [2, 7]. A schematic
diagram of the SFE process is shown in Fig. 3.1.
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3.2 The Supercritical Fluid

A pure component is considered to be in the supercritical state when both its
pressure (P) and temperature (7) are higher than their critical values (Pc and
Tc, respectively) [2]. The supercritical region is illustrated in the phase diagrams
presented in Figs. 3.2 and 3.3. In this region, the fluid can be considered either an
expanded liquid or a compressed gas [4].

Supercritical fluids (SCFs) show very particular and unique characteristics
that enable their use as efficient solvents. The densities of SCFs are relatively
high (compared to gases), and consequently, SCFs have high solvation power.
Furthermore, the density can be easily tuned by varying the system pressure or
temperature. This particular effect provides these fluids with a certain degree of
selectivity, which is useful for the extraction process and allows for easy solvent-
solute separation. The separation step can be performed by either decreasing the
pressure or increasing the temperature of the mixture (solvent + extract) leaving the
extraction column [4]. In the supercritical state, liquid-like densities are approached,
while the viscosity is near that of normal gases, and the diffusivity is approximately
two orders of magnitude higher than that of the liquid forms [3]. Therefore, in
comparison to a gas, a supercritical fluid (SCF) has higher density; in contrast,
compared to a liquid, the SCF possesses lower viscosity and a higher diffusion
coefficient. All of these characteristics result in a greater solvation power, which
allows high extraction rates when SCFs are applied as solvents.

Supercritical carbon dioxide (SC-CO,) is the most commonly used solvent
for applications of SFE in the food, cosmetic, pharmaceutical, and other similar
industries. According to Rosa and Meireles [4], two important justifications for
the choice of CO; are its low critical temperature (7¢ = 304.2 K) and mild critical
pressure (Pc = 7.38 MPa). Additionally, CO; is not only cheap and readily available
at high purity but is also safe to handle (nontoxic and nonflammable) and easily
removed by simple expansion to common environmental pressure values [3]. Some
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well-noted advantages of the SFE process are the solvent recycling possibility,
low energy consumption, adjustable solvent selectivity, prevention of oxidation
reactions, and production of high-quality extracts.

The properties of SC-CO, can be modified over relatively wide ranges. The sol-
vent power of SC-CO; is high for hydrophobic or slightly hydrophilic components
and decreases with increasing molecular weight [3]. Generally, when the operational
pressure is increased, more hydrophilic compounds can also be extracted. If the
goal is the extraction of more hydrophilic compounds, then the solvent polarity can
be increased by the addition of a polar solvent. The added solvents are named the
cosolvents or modifiers [4]. The cosolvent is generally a solvent of high polarity,
such as water or ethanol. These two solvents are conveniently selected because both
are classified as GRAS (generally recognized as safe). Therefore, the green concept
of supercritical technology is perfectly maintained. The cosolvent takes the form of

a compressed liquid (see Fig. 3.3) when held in the usual operational conditions of
the SFE process.

3.3 The Solid Matrix

In natural sources, the soluble portion of the solid matrix is generally composed
of several different classes of organic compounds. As a result, the extract (or
solute) is a complex mixture of chemical species, such as terpenes, terpenoids,
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flavonoids, alkaloids, and many other compounds [8]. The soluble fraction may be
located inside cellular structures and may interact very strongly with the nonsoluble
components of the raw material. Therefore, vegetable raw materials often pass
through a pretreatment process to facilitate solvent access to the solute and to
increase the solute-solvent interactions.

3.3.1 Raw Material Pretreatment

In SFE, the raw material commonly passes through a pretreatment stage before it
is fed into the fixed bed extractor. Pretreatment is performed to prepare the solid
particles, allowing the best possible efficiency to be achieved in the extraction
process. In most cases, the pretreatment process comprises one or more of the
following steps:

* Drying: A drying step is often used to adjust the water content of the solid matrix.
If the target compound is a nonpolar or slightly polar substance, then the water
content is reduced to increase the extraction efficiency. However, if the target
compound has a more polar structure, the drying process may not be necessary or
adequate. In some cases, the initial water contained in the solid particles can act
as a cosolvent and improve the extraction efficiency of certain polar compounds.

* Milling: The main purpose of the milling step is the reduction of the solid particle
sizes to enlarge the interfacial solid-fluid mass transfer area. Furthermore, the
milling process may also cause the destruction of some plant cellular structures
and, consequently, facilitate solvent access to the solute. Nonetheless, reducing
the particle size also increases the degree of compaction of the solid substrate.
Excessive bed compaction must be avoided because it can result in the formation
of preferential pathways of solvent access, preventing the solvent from reaching
all of the extractable material [5].

» Sieving: A sieving step is generally applied to standardize the size of the solid
particles. Some particles may be discarded according to the particle diameter
range of interest.

* Chemical reaction: A reaction step is not commonly applied, but it can be useful
in particular cases. A chemical reaction may be performed to free the target
solutes and improve the extraction efficiency.

3.4 The Definition of the Pseudoternary System

In SFE from natural matrices, the obtained extracts are complex mixtures composed
of different groups of chemical compounds. Therefore, the extract is always a
multicomponent system. Additionally, the solid matrix is a very complex mixture
that can contain intact cellular structures, as well as broken cellular structures [8, 9].
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Knowledge of the system’s composition and the physical phenomena that occur
inside the extraction bed is essential for creating a detailed description of the SFE
process. This knowledge is also fundamental to decision making with respect to
simplifying the description of the phenomena that take place within the extraction
cell. With respect to composition, some assumptions may be used to facilitate the
description of the SFE system (solid material + solvent). According to Rodrigues
et al. [8], a very simplified picture of the system is developed when it is treated as
been formed by three pseudocomponents (extract 4 cellulosic structure + solvent),
which are defined below:

o Extract (or solute): The extract is a multicomponent mixture composed of the
solids that are soluble in the extraction solvent. The extract interacts with both
the supercritical solvent and the cellulosic structure [8].

» Cellulosic structure (or inert material): The cellulosic structure is formed by a
multicomponent mixture that contains all of the solids that are insoluble in the
supercritical solvent. It is crucial to note that although being inert to the solvent
action, the cellulosic structure interacts strongly with the extract [8].

» Solvent: The solvent can be either a pure component (the fluid in the supercritical
state) or a mixture of the supercritical fluid and a cosolvent. In the typical
operating conditions of SC-CO, extraction, the cosolvent (water, ethanol, among
others) is a compressed liquid.

3.5 Thermodynamic Aspects

The design of an engineering project of a SFE system requires knowledge of the
limitations that control the extraction process. According to Ferreira and Meireles
[10], the constraints of the SFE are related to two aspects: (a) the thermodynamics
(solubility and selectivity) and (b) the mass transfer phenomena. A discussion of the
first is presented in this section, while the second aspect is treated in Sect. 3.6.

3.5.1 Equilibrium Solubility (Y*)

The driving potential for mass transfer is determined by the difference relative to
the equilibrium state. According to Brunner [3], the phase equilibrium provides
information regarding (a) the capacity of the supercritical solvent, which is directly
related to the solubility of a specific solute in the solvent (the solubility is the
amount of a solute that is dissolved by the supercritical solvent at thermodynamic
equilibrium); (b) the selectivity of a supercritical solvent, which can be described
as the ability of a solvent to selectively dissolve one or more compounds; and (c)
the dependence of these two solvent properties on the conditions of state (P and 7).
If the capacity and selectivity are known, a guess can be made regarding whether a
separation problem can be solved using a supercritical solvent [3].
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It should be noted that two different approaches can be adopted when considering
the equilibrium solubility of an extract within a supercritical fluid, including (a)
the solubility of the pseudobinary system (Yp*), which is composed only of the
extract + solvent, and (b) the solubility of the pseudoternary system (Ytgr*), as
described in Sect. 3.4 (cellulosic structure + extract + solvent). It is well known
that the cellulosic structure strongly interacts with the extract. Thus, the solubility
of a solute as measured in the pseudobinary system differs significantly from the
solubility of the same solute when measured in the pseudoternary system [9].
A good example of the influence of the cellulosic structure on the solubility value
is given by Brunner [2]: the solubility of pure caffeine in SC-CO, (binary system)
is approximately 20 times greater than the solubility of caffeine measured for the
pseudoternary system (caffeine 4 coffee grains + SC-CO,) at the same conditions
of temperature and pressure. Brunner [2] also mentioned that the concentration
of caffeine in the supercritical solvent throughout most time of the SFE process
is less than 100 ppm. This value is significantly below the solubility of caffeine
as measured for the pseudoternary system (Yrer* =200 ppm at 7 =350 K and
P =30 MPa). Then, it can be said that when the solubility of the pseudoternary
system is relatively high (as in the caffeine example), the mass ratio of the solute in
the fluid phase () will likely be significantly lower than Yrgr* during typical SFE
operational conditions.

Equilibrium solubility is only reached under specific processing conditions.
A detailed discussion of the experimental determination of the pseudoternary
solubility is presented by Rodrigues et al. [8]. These authors used the dynamic
method to measure the pseudoternary solubility of extracts from three vegetable raw
materials (clove buds, ginger, and eucalyptus). In the dynamic method, a typical
SFE experiment is performed: the solvent is continuously fed into an extraction
column at a given pressure and temperature using a solvent flow rate (Qcoy) that
assures saturation at the exit of the column [4]. Rodrigues et al. [8] demonstrated
that there is a particular solvent flow rate (denoted Q*) at which the equilibrium is
achieved and the solubility must be measured. Therefore, the use of the dynamic
method requires that a certain set of experiments must be performed to determine
the specific solvent flow rate at which the solvent leaves the extraction cell under the
saturation condition [11]. This is necessary because, under large flow rates, there
is insufficient contact time to guarantee that the solvent is saturated. However, at
very low solvent flow rates, axial dispersion may interfere with the measurement of
solubility. Hence, there is an optimum solvent flow rate that is a function of the raw
material and the thermodynamic state (P and T') used in the SFE process [4, 11].

In the dynamic method, the equilibrium solubility is given by the slope of
the linear part of the overall extraction curve (OEC) (this curve is discussed
extensively in Sect. 3.6.2). The work presented by Rodrigues et al. [8] showed
that the experimental determination of Yrgr* requires a slow, tedious, and costly
experimental investigation because it is necessary to determine the CO, flow rate
that can be used safely for the measurement of the equilibrium solubility [9]. In
some works, the solubility is simply calculated by using the slope of the linear part
of an OEC determined under a random solvent flow rate (i.e., Qcoz # O*). Meireles
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[9] states that in this case, the measured value should be referred to as Ys/z* and that
there is a clear difference between Ytgr* and Ys*. This author also mentioned that
the difference can be understood by recalling that to measure the first value (the true
solubility in the pseudoternary system), it is expected that equilibrium is achieved
during the extraction experiment (i.e., Qco, must be equal to O*). In the second
case, the “solubility” (Ys/*) is measured at a given solvent-to-feed (S/F) mass ratio
using a random solvent flow rate. In the latter case, there is no guarantee that the
saturation of the solvent is reached; thus, the value of Ysg* cannot be treated as the
real equilibrium solubility.

3.5.2 Global Yield Isotherms (GYI)

When studying a SFE system, one of the first fundamental steps is the selection
of the temperature and pressure parameters, which must be chosen by taking into
account the quality and purity of the obtained extract. The quality of an extract is
determined by its chemical composition, which is directly related to the selectivity
of the solvent. Thus, a set of experiments must be performed based on various
combinations of temperature and pressure because both thermodynamic parameters
are strongly related to selectivity and solubility. These experiments deliver infor-
mation regarding the solvent density, which is directly associated with the solvent
power and consequently with the adjustable selectivity of SC-CO,. Moreover,
these experiments also provide information regarding the solubility of the solute
in the supercritical solvent. According to Carvalho et al. [12], the investigation of
a SFE process requires some knowledge of the behavior of the system of “solid
material + CO,.” The interactions of the extract with both the solvent and cellulosic
structure are fundamental to understanding the extraction process. However, very
little is known regarding these interactions because they involve multicomponent
systems of high complexity. The extension of these “solute-solvent” and “‘solute-
cellulosic structure” interactions can be evaluated through two types of experiments:
(a) the determination of the solubility of the pseudoternary system (as previously
discussed in Sect. 3.5.1) under different conditions of temperature and pressure and
(b) the results of the global yield isotherms (GYI) [12]. In GYI experiments, an
exhaustive extraction is conducted under different conditions of temperature and
pressure.

Meireles [9] claimed that to obtain reliable results for Yrgr*, the experiments
used to determine solubility must be performed in a SFE unit containing an extractor
vessel with a volume of at least 50 cm®. This requirement is because in these
experiments, an overall extraction curve (OEC) (see Sect. 3.6.2) must be built; thus,
the use of small amounts of feed material is generally associated with relatively
high experimental errors. Moreover, the solubility measurements require difficult
experimental work (as discussed in Sect. 3.5.1). However, the GYI experiments are
comparatively easy to conduct because they only require an exhaustive extraction.
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In this case, extractor vessels of small volumes (such as 5 cm?) and, consequently,
small amounts of the feed material can be safely used to perform GYI assays
because there is no need to build an OEC [9]. Therefore, taking into account all
the aspects cited above, it is apparent that the choices of operating temperature and
pressure may be easier upon consideration of the results of GYI experiments.

In terms of the total extraction yield or the yield of a specific target compound,
the results from GYT assays are generally plotted on a graph similar to the schematic
illustration presented in Fig. 3.4. From this plot, it is possible to evaluate the
effects of the parameters temperature and pressure on the extraction yield. Taking
into account an isothermal condition, the effect of operational pressure can be
understood. It is clear that a rising pressure results in an increasing extraction
yield. This effect is attributed to the increase in CO, density and, consequently,
the enhancement of its solvation power (although, a higher solvation power may
be associated with lower selectivity) [13]. The effect of the operational temperature
in SFE is typically more complex due to the combination of two variables, density
and vapor pressure. The vapor pressure of the solute increases with temperature,
causing increased solubility. However, the solvent density decreases with increasing
temperature, causing reduced solubility [11]. As a result, these two variables cause
inverse effects on the extraction yield. It is well known that the dominant effect
depends on the magnitudes of both effects individually.

At relatively low pressures (P < Pi, according to Fig. 3.4), the effect of solvent
density prevails; thus, increasing the temperature results in a reduction of the extrac-
tion yield. However, at relatively high pressures (P > Pi, according to Fig. 3.4), the
effect of vapor pressure dominates; as a result, increasing the temperature enhances
the extraction yield [2, 11, 13]. The pressure at which the inversion of the dominant
mechanism occurs is known as either the crossover point or the crossover pressure.
From the GYI graph (Fig. 3.4), it can be said that the crossover pressure (Pi)
falls somewhere between P2 and P3. At pressures less than Pi, the solvent density
always dominates, while at pressures higher than Pi, the dominant mechanism is the
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solute vapor pressure. The crossover point is a characteristic of each SFE system
(solvent 4 solute + cellulosic structure) and must be experimentally determined for
each distinct pseudoternary system.

Generally, when working with SFE from natural matrices, the major goal is
to produce extracts that are enriched in bioactive compounds. As a result, it is
important to hold in mind that the selection of the operating temperature and
pressure must be made by taking into account the extract characterization in terms of
its chemical composition and functional properties. To do so, the extracts obtained in
the GYI experiments should be characterized using appropriate methods, such as gas
chromatography with flame ionization detection (GC-FID), gas chromatography-
mass spectrometry (GC-MS), high-performance liquid chromatography (HPLC),
and ultraviolet spectrophotometry, among others [9]. Additionally, the bioactive
properties of the material should also be investigated, particularly if the production
of nutraceutical products is the purpose of the extraction process.

3.6 Mass Transfer Aspects

The mass transfer mechanisms that occur in SFE from natural solid matrices are
not readily understood. The difficulties encountered in describing and modeling
the SFE process arise from the fact that SFE involves multicomponent systems
with a significant number of components, which can belong to many different
chemical classes. Therefore, it is very difficult to establish the interactions between
the solvent, the solutes, and the solid matrix [10].

3.6.1 The Mass Balance Equations in the Fixed Bed Extractor

The SFE process is generally performed in a fixed bed extractor of cylindrical shape.
The solid particles are packed in the extraction cell, forming a fixed bed through
which the supercritical solvent is continuously flowed. A schematic representation
of the fixed bed extractor is shown in Fig. 3.5.

It is crucial to propose simplifications when carrying out calculations of the
process design. Some simplifications must be assumed to reduce the problem
to one that is mathematically tractable. To simplify the description of the SFE
process, the extraction system is usually treated as a pseudoternary (cellulosic
structure + extract + solvent) and biphasic system (fluid phase + solid phase). The
fluid phase (solvent + extract) and the solid phase (cellulosic structure + extract) are
both pseudobinary systems [9, 14]. A schematic diagram of the components inside
the fixed bed extractor is presented in Fig. 3.6.

When evaluating the mass balance of SFE, it is typical to assume that the
extraction cell is a cylindrical bed in which the solid particles are homogeneously
distributed. The solvent flows in the axial direction (z), and the extractor geometry
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Fig. 3.6 Diagram of the fixed bed extractor composition in SFE from natural matrices

is such that the bed height can be considered infinitely larger than the bed diameter
(Hp > > > dp). Then, the terms of the radial () and tangential (©) directions can be
neglected in the mass balance equations. Moreover, the solid and fluid phases can be
taken as nonreactive systems. By taking into account all of these assumptions, the
mass balance in the extraction bed can be described by Egs. 3.1 and 3.2 [14, 15]. It
is interesting to note that in SFE, the fluid phase can be treated as a diluted solution;
therefore, the solvent properties can replace the fluid-phase properties [10].
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where Y is the mass ratio of the solute in the fluid phase (kg/kg), X is the mass
ratio of the solute in the solid phase (kg/kg), t is the extraction time (s), u; is the
interstitial velocity of the solvent (m/s), z is the axial direction (m), D,y is the
dispersion coefficient in the fluid phase (m?/s), Dy is the diffusion coefficient in
the solid phase (m?/s), pcos is the solvent density (kg/m3), ps is the true density
of the solid matrix (kg/m?), J(X,Y) is the interfacial mass transfer term (s™'), and &
is the bed porosity (dimensionless).

The mass balance equations of the fluid and solid phases have been applied by
several authors who have proposed many mathematical models based on the mass
transfer phenomena that occur inside the extraction bed. One of the main differences
among the proposed mathematical models is how each author describes the interfa-
cial mass transfer term. This description depends on the personal assumptions that
are made by each author when developing a different mass transfer model. Some of
the mathematical models available in the literature are discussed in Sect. 3.7.

3.6.2 The Overall Extraction Curve (OEC)

According to Brunner [2], the course of SFE can be evaluated by analyzing
the variables of (a) the total amount of extract, (b) the extraction rate, (c) the
remaining amount of extract in the solid, and (d) the concentration of the extract
in the supercritical solvent at the extractor outlet. All of the cited variables can
be plotted as a function of the extraction time (or solvent consumption) to obtain
curves that give important information regarding the SFE process. In most cases,
variable (a) is selected such that the course of the extraction process is followed
by determining the accumulated mass of the extract against the extraction time (or
solvent consumption). This representation is the most commonly used and is well
known as the overall extraction curve (OEC). The information provided by the OEC
is useful for comparing the extraction results within a series of experiments when
using the same solid matrix [2, 3].

The mass of the extract that accumulates during the SFE process is typically
shaped as shown in the schematic curve presented in Fig. 3.7. The first part (P-I)
of the curve is a straight line and, therefore, corresponds to a constant extraction
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rate period. The second part (P-1II) is a nonlinear function that approaches a limiting
value, that is, the total amount of extractable substances in the solid matrix [2].
Under certain processing conditions (as discussed in Sect. 3.5.1), the slope of the
linear part of the graph may be given by the equilibrium solubility. However, it is
fundamental to remember that the straight line generally occurs because the mass
transfer resistance remains constant in the early stages of the extraction process.
Therefore, the presence of the linear region is not a proof that equilibrium conditions
have been attained during SFE [2, 3].

The shape of the OEC depends on the kinetics of solute extraction from the
solid matrix and the solvation power of the SC-CO,, which in turn depends on
the operational conditions [3]. The course of the SFE from a solid matrix follows
two types of curves for the extraction rate, as can be seen in Fig. 3.8. Curve 1 (C1)
represents the extraction rate when a high initial concentration of solute in the solid
substrate exists or when the solute is readily available to the solvent. Curve 2 (C2)
represents the extraction rate when a low initial concentration of solute exists in the
solid substrate or when the solute is not readily available to the solvent. Curve 2 also
corresponds to the second part (P-II) of curve 1 because a depletion phase always
comes after the first part (P-I, where a constant extract concentration is observed in
the fluid phase at the outlet of the extraction cell) [2].

According to Brunner [2], the first part (P-I) of curve 1 (C1) has several main
characteristics: (a) in the fluid phase, the mass transfer resistance dominates the
process, (b) the solute compounds are readily available at the interface solid/fluid,
and (c) a constant amount of extract is transferred to the bulk of the supercritical
solvent, resulting in a constant concentration at the bed outlet. In the second part (P-
II) of curve 1 (C1), as well as in curve 2 (C2), the extract concentration decreases
with increasing extraction time due to the increasing mass transfer resistances and
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Fig. 3.8 Extraction rate
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the depletion of the extract in the solid phase. The solid matrix will be depleted
of the extractable material in the direction of flow. The concentration of extract
components increases in the direction of flow both in the SCF and in the solid
material [2, 3].

3.7 Mathematical Modeling

Mathematical models based on the mass transfer phenomena, or even with merely
empirical basis, are important tools in SFE investigations. The mathematical
modeling of extraction curves may help develop an understanding of the kinetic
behavior of SFE through the definition of extraction rates, steps, time, and/or
mass transfer parameters with strong physical meaning [5]. The modeling of OECs
helps the determination of the extraction time (cycle time), which is important for
achieving the optimal utilization of an industrial-scale plant [2]. The main goal of
using a mathematical model is the determination of parameters that may be applied
to key aspects of process design, such as equipment dimensions, the solvent flow
rate, particle size, and the solvent-to-feed (S/F) mass ratio, among others [16]. Thus,
mathematical models can be useful tools for scale-up prediction, process design,
and/or cost estimation purposes.

Knowledge of the initial distribution of a solute in the solid substrate directly
affects the selection of the models that can adequately describe a given SFE system.
The extractable substances may be distributed within the solid matrix in various
ways. The solute can be (a) located freely on the surface of the solid material, (b)
adsorbed on the outer surface of the solid material, (c) heterogeneously distributed
inside the solid particle (located inside the pores or other specific cell structures), or
(d) evenly distributed within the solid particles [17].
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Many mathematical models have been developed to describe the OEC, ranging
from simple equations to very complex equations. Some extensive reviews concern-
ing the mathematical modeling of SFE were presented by Oliveira et al. [18] and
Sovova [19], among other authors. In this chapter, it is not our intention to deliver a
detailed discussion of all models available in the literature. Thus, we take a classical
approach and focus on the fundamental concepts while presenting some well-known
models from the SFE literature. According to Reverchon [17], the mathematical
models used to describe the OEC can be divided into three main categories based on
the approaches of (a) empirical evidence, (b) heat transfer analogy, or (c) differential
mass balance integration.

The models developed from the first category are based on the hyperbolic shape
of the typical OEC. One example is the model proposed by Esquivel et al. [20] for
describing the SFE of oil from olive husk. The empirical models use a hyperbolic
function to fit the experimental data. The general form of the models from this
category can be given by Eq. 3.3 [4]:

t
mext = XoF (Cl +t) (3.3)

where mgxt is the mass of the extract (kg), ¢ is the time of extraction (s), F' is the
mass of the feed material (kg), X, is the initial mass ratio of the extractable solute in
the solid substratum (kg/kg), and the constant C; is an adjustable parameter that has
no physical meaning (s). The empirical model may give good fits in some particular
cases, but it does not give any phenomenological information regarding the SFE
process. Thus, this model has limited application in terms of scale-up and process
design.

In the second category, an analogy is considered between SFE and the heat
transfer by diffusion. In this case, all mass transfer is considered to happen based
only on the mechanism of diffusion, allowing an apparent diffusion coefficient to be
obtained [4]. The model presented by Crank [21] for the description of heat transfer
in a solid particle cooling in a uniform medium was adapted by Reverchon [17] and
was used to fit SFE data [15]. Reverchon [17] applied Fick’s second law of diffusion
to obtain a model that describes the OEC according to Eq. 3.4:

22
mext = XoF |:1 - _Z —e ( - ﬁzDeft):| (3.4)

where mgxr is the mass of the extract (kg); ¢ is the time of extraction (s); F is
the mass of the feed material (kg); Xy is the initial mass ratio of the extractable
solute in the solid substratum (kg/kg); n is an integer number; r is the radius of
the spherical particle (m); and D is the adjustable parameter, which represents
the effective diffusion coefficient of the solute within the solid matrix (m?/s). The
application of the diffusion model is restricted to very few systems because in most
cases, it results in a poor fit. This behavior is expected because mass transfer in SFE
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may not be properly described by diffusion alone because convective mass transport
dominates the beginning of the process [4].

The third category comprises the majority of the mathematical models proposed
for the description of SFE processes. The starting point is the evaluation of the
differential mass balance (see Eqs. 3.1 and 3.2, which were presented in Sect. 3.6.1)
inside the fixed bed extractor [4]. Then, each author gives a personal interpretation
of the mass transfer phenomena that happen in both the fluid and solid phases. An
example from this category is the model presented by Sovova [22], which has been
extensively used by various researchers of SFE. A fundamental characteristic of
this model is that the solute is distinguished in two different fractions, one present
in broken cells and the other in intact cells [4]. As a result, this model was developed
for application when the raw material passes through a milling process before
extraction (see Sect. 3.3.1). The solute fraction present in the broken cells is denoted
as the easily accessible solute (Xp), which is located at the particle surface and is
the first fraction extracted. The fraction contained in the intact cells is denoted as
the hardly accessible solute (Xk) and is located inside the solid particle. The OEC
follows the shape of the type 1 curve (C1) described by Brunner [2] (as discussed in
Sect. 3.6.2).

Sovova [22] divided the OEC into three distinguishable regions [10, 11] as
follows:

» Constant extraction rate (CER): In the CER period, the external surfaces of the
solid particles are assumed to be fully covered with the easily accessible solute.
In this region, the solute is essentially removed by convection; thus, the mass
transfer resistance exists in the fluid phase.

» Falling extraction rate (FER): In the FER period, flaws in the superficial solute
layer begin to appear, and so the hardly accessible solute starts to be extracted.
As a result, the solute is extracted by both convection and diffusion mechanisms.
This is a transition period that is caused by the continuous depletion of the solute
layer in the external surface.

* Diffusion-controlled (DC): In the DC period, the solute at the particle surface
is completely exhausted, and only the hardly accessible solute is available for
extraction. As a result, mass transfer is controlled by intraparticle diffusion. The
mass transfer resistance exists in the solid phase due to the low diffusivity of the
solute in the solid matrix.

The model developed by Sovové [22] takes into account the solute solubility
(Y*) in the fluid phase and the mass transfer coefficients in both the fluid and solid
phases (kys and kxu, respectively) [10]. This model neglects the terms of dispersion
and accumulation in the fluid phase, as well as the diffusion in the solid phase.
Accumulation in the fluid phase was disregarded because the residence time of
the solvent was considered to be low enough to support this assumption. Hence,
the accumulation term was considered only in the solid phase [4]. The model also
assumes pseudo-steady-state and plug flow. The parameters temperature, pressure,
and solvent velocity are taken as constant throughout the entire extraction process.
The fixed bed is assumed to be homogeneous with respect to the particle size and
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the initial solute distributions [10]. The mass balance equations proposed by Sovova
[22] are presented in Egs. 3.5 and 3.6 for the fluid and solid phases, respectively.

WX o LX) (3.5)
0z e

3 (1—e) ps

where Y and X are the mass ratios of the solute in the fluid and solid phases,
respectively (kg/kg); t is the extraction time (s); u; is the interstitial velocity of the
solvent (m/s); pcoz and pg are the solvent and solid matrix densities, respectively
(kg/rn3); ¢ is the bed porosity (dimensionless); z is the axial direction (m); and J(X,Y)
is the interfacial mass transfer term (s™!) as described by Eqs. 3.7 and 3.8, which
must be applied when X > Xk and X < Xk, respectively. The initial and boundary
conditions for the mass balance equations are presented in Egs. 3.9 and 3.10.

J(X,Y) =kys (Y*=Y) 3.7)
J(X.Y) =kxaX (1 - YL) (3.8)
X (21 =0)= X, (3.9)
Y(z=0,1)=0 (3.10)

Sovova [22] solved the model equations and developed an analytical solution that
is presented in Eqgs. 3.11, 3.12, and 3.13, which must be applied, respectively, to
the CER (¢ <tcgr), FER (fcpr < f < trgr), and DC regions (¢ > tggr). The extraction
times that identify the ends of the CER and FER periods are denoted fcgr and #pgR,
respectively.

mext = Qco, Y [1 —exp (—2)]¢ (3.11)
mext = Qco, Y™ [1 — tcgrexp (Zw — Z)] (3.12)

Y* W Xo WQco Xp

MEXT = Ms] %Xo - Wln[l + exp( Y ) - 1} exp[ o > (tcer — 1) X,
(3.13)

Considering that
k

MISKYA PCO, (3.14)

~ 0co, (1—¢) ps
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miskxa
W= HSKXA (3.15)
Qco, (1 —¢)
ZY* Xoexp[W,ffs"z (ICER—I)] - Xk
Zy = In (3.16)
WX Xo— Xk
mis Xp
t = — 3.17
CER Y*Z0co, ( )
Xx + Xpexp (WXO/ *)
tpEr = fcER T+ s In Y (3.18)
Qco, W Xo
mis = F — mop = F — (X()F) (319)

The nomenclature used in Eqs. 3.11, 3.12, 3.13, 3.14, 3.15, 3.16, 3.17, 3.18, and
3.19 is specified as follows:

mgxt = the mass of the extract (kg)

t = the extraction time (s)

F = the mass of the feed material (kg)

X, = the initial mass ratio of extractable solute in the solid substratum (kg/kg)

mo = the initial amount of extractable solute in the solid substratum (kg)

mys = the mass of the inert solid (kg)

Ocoz = the solvent flow rate (kg/s)

pcoz and ps = the densities of CO, and the solid material, respectively (kg/m3)

& = the bed porosity (dimensionless)

Y* = the solubility of the extract in the supercritical solvent (kg/kg)

Xp = the mass ratio of the easily accessible solute in the solid substratum (kg/kg)

Xk = the mass ratio of the hardly accessible solute in the solid substratum (kg/kg)

kya and kxa = the mass transfer coefficients in the fluid and solid phases, respec-
tively (s™1)

The application of the model developed by Sovovd [22] generally results in
good fits to experimental data for many different raw materials. A significant
advantage of this model is that it provides a good physical description of the mass
transfer phenomena in SFE processes [11]. Therefore, it is a convenient choice for
the purposes of process design because the adjustable parameters (kya, kxa, and
Xk) can be applied in scale-up investigations. Years later, Sovovd [23] presented
another model that is also based on the concept of broken and intact cells. In
this new model, the term for accumulation in the fluid phase was considered,
and some changes were applied to the term of interfacial mass transfer. As a
result, the complexity of the mathematical model increased significantly, and then
the model was solved numerically because an analytical solution was no longer
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suitable [4, 23]. Furthermore, the number of adjustable parameters increased, and
more information was required for the application of the new mathematical model,
thereby limiting its practical use.

All of the models discussed thus far assume that the solute is a pseudocomponent.
Martinez et al. [24] proposed a model that can be applied under two different
assumptions regarding the solute composition, that is, to either a pseudocomponent
or a multicomponent system. The assumption of a multicomponent system may
be useful if there exists interest in knowing the kinetic behavior of specific
compounds that are present in the extract. In this chapter, we present the model
for a pseudocomponent solute, and we refer to it as the “logistic model.” Further
extension of this model to multicomponent systems is easily carried out because the
same considerations and analogous equations are used.

According to Martinez et al. [24], the model begins by applying the differential
mass balance inside the extraction bed for solid and fluid phases. This author
neglected the terms of accumulation and dispersion in the fluid phase because he
assumed that both phenomena lack significant influence relative to the convection
term. The main peculiarity of this model is the definition of the term of interfacial
mass transfer, which is described by one of the solutions from the logistic equation.
The model equation for a pseudocomponent system is presented in Eq. 3.20. The
logistic model has two adjustable parameters, named C, and #;,. No physical
meaning is attributed to the first parameter (C,), while the second (#y,) is defined
as the time during which the extraction rate reaches its maximum value [24].

XoF 1 +exp (Czlm)

exp (Caty) (1 +exp[Cy (tn — 1)] - (3.20)

MEXT =

where mgxr is the mass of the extract (kg), ¢ is the time of extraction (s), F' is the
mass of the feed material (kg), Xj is the initial mass ratio of the extractable solute in
the solid substratum (kg/kg), and C, (37" and t, (s) are the adjustable parameters.

The logistic model generally provides a relatively good fit to experimental
data gleaned from different raw materials. However, when applying this model to
common OEC shapes, many authors have obtained negative values for #;,; when
this happens, no physical meaning can be attributed to the parameter ,, [13]. The
absence of physical meaning brings an empirical character to this model; thus, the
model has limited application in terms of process design and scale-up.

3.7.1 The Spline Model

Many different mathematical models have been used to describe and understand
the kinetics of SFE processes, ranging from simple equations to very complex
equations. An example of a simplified approach used to model the extraction curve
is the so-called spline model, as presented by Meireles [9]. This model, which has
an empirical basis, is based on the assumption that the OEC can be described by a
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family of N straight lines. The lines from the spline model can be calculated using
Eq.3.21[9, 251" written for the 1st, 2nd, 3rd, ..., and N-th lines:

i=N—1 i=N
MEXT = (b() — Z tiai+1) + Zait (3.21)

i=1 i=1

where mgxr is the mass of the extract (kg), ¢ is the time of extraction (s), N is the
number of straight lines, by is the linear coefficient of line 1 (kg), > _a; (fori=1 to
i = N) are the slopes of lines 1 to N (kg/s), and ¢#; (for i =1 to i = N—1) is the time
in which the intercept between line “i”” and line “i + 17 occurs (s). Equation 3.21 is
greatly simplified for two or three straight lines, as presented in Eqs. 3.22, 3.23, and
3.24. When considering an OEC described by 3 straight lines, the mgxr for the three
different periods of extraction should be calculated using the following equations
[13]:

* For the first straight line (¢ <), the mgxr is obtained by Eq. 3.22:
mext = by + ait (3.22)
» For the second straight line (1 <t <1,), the mgxr is obtained by Eq. 3.23:
mext = (bo —t1az) + (a1 + ax)t (3.23)
* For the third straight line (# > t,), the mgxr is obtained by Eq. 3.24:
mext = (bo — hiaz — haz) + (a1 + ax + az) ¢ (3.24)

The spline model has been extensively used by our research group (LASEFI/FEA/
UNICAMP) to model the kinetic data obtained from SFE studies [11, 13, 26-28].
This model has been applied based on considerations that the OEC can be described
by two or three straight lines, depending on the shape of the extraction curve.
Although the use of two straight lines may be adequate in some cases, the model
with three lines is more versatile because it can be applied to any possible OEC
shape. Moreover, when the OEC is described by three straight lines, it is possible
to make a useful analogy with the three different extraction regions (the CER, FER,
and DC periods, as previously discussed in Sect. 3.7) that are observed in a typical
OEC. In this case, the parameters t; and t, (from Eqgs. 3.23 and 3.24) correspond to
fcer and fpgR, the extraction times that mark the ends of the CER and FER periods,
respectively. A schematic representation of an OEC that was fitted with three lines
is presented in Fig. 3.9.

'The model presented here (Eq. 3.21) is the revised form of the equations previously published
by Meireles [9, 25] because, in the original reference [9], typographical errors were present in the
equation that describes the spline model.
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Fig. 3.9 Schematic representation of the spline model: extraction curve of SFE from clove bud
(313 K/15 MPa, 226 g of feed material, solvent flow rate = 9.6 x 107> kg/s) fitted to three straight
lines, which were prolonged to evidence the intercept points (fcgr and frggr). Experimental data
were obtained from Prado [27] (CER constant extraction rate, FER falling extraction rate, DC
diffusion-controlled, fcgr is the time span of the CER period, #ggg is the time that marks the end of
the FER period)

To fit the experimental OEC to a spline containing three straight lines, a nonlinear
fit must be performed since the intercept points (fcgr and #ggr) are unknown. This
can be carried out by using the procedures PROC REG and PROC NLIN of the
SAS® software package (SAS Institute Inc., Cary, NC, USA) [13]. According to
Jesus et al. [13], the fitted lines may be associated with three different mass transfer
mechanisms (as illustrated in Fig. 3.9), following the classic description of the CER,
FER, and DC periods [22]. Thus the first, second, and third lines can be related to
the CER, FER, and DC regions, respectively. When studying SFE kinetics, it is a
very common procedure to apply the spline model for the determination of various
kinetic parameters that characterize the CER period. These parameters are [9, 13]
the time span of the CER period (#cgr), the extraction rate of the CER period (McgRr),
the mass ratio of the extract in the fluid phase at the bed outlet (Ycgr), the extraction
yield of the CER period (Rcgr), and the solvent-to-feed mass ratio of the CER period
(S/Fcer)- Both fcgr (s) and Mcgr (kg extract/s) are adjustable parameters from the
spline model (#; and a,, respectively, as presented in Eq. 3.23). Ycgr (kg extract/kg
CO,) is obtained by dividing Mcgr by the mean solvent flow rate (Qco2, kg CO,/s).
The parameters Rcgr (%, kg extract/kg feed material) and S/Fcgr (kg CO,/kg feed
material) should be calculated using modeled data (the values obtained for #cgr and
mgxt at the end of the CER period) [13].

The spline model generally presents a good fit to experimental data; thus, it is
capable of delivering a good description of the OEC quantitative behavior [13].
Furthermore, although the model possesses an empirical basis and is comparatively
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simple in terms of its mathematical complexity, it nonetheless delivers helpful
information regarding the SFE process. The association that can be made between
the first line and the CER period is particularly useful because the CER region is
the most important in terms of process design. According to Pereira and Meireles
[7], between 50 and 90 % (w/w) of the total amount of extract can be recovered
before the end of the CER period. Therefore, for many industrial applications, the
extraction process may be ended shortly after 7cgr because the best operational
conditions are likely those in which a significant amount of extract is produced
within a relatively short process time [7]. Therefore, the values of fcpr and Rcgr
approximately represent the minimum time that a SFE cycle should last and the
minimum extraction yield expected under the given process conditions [9].

Some works on scale-up (see Sect. 3.8 for details) have demonstrated that
the extraction yields and kinetic behaviors observed in laboratory assays can be
reproduced on a pilot scale [16, 28—-31]. Hence, it is possible that the same extraction
yields may be achievable in an industrial plant. In this case, the parameters fcgg,
S/Fcer, and Rcgr can be used in preliminary studies of economic feasibility (aspects
concerned with cost estimation are discussed in Sect. 3.9). According to Leal [32],
when using the spline model, the intersection between lines 1 and 3 (CER and DC,
respectively, as illustrated in Fig. 3.9) defines an additional parameter of time, which
is named #cgro. This parameter can also be used as a good estimation of the process
time in preliminary studies of COM predictions [13, 26].

In the literature on SFE, several additional complex mathematical models are
presented for the description of the OEC. These models, which have a phenomeno-
logical basis, may provide reliable descriptions of the mass transfer mechanisms
involved in the extraction process. This means that the adjustable parameters can
have significant physical meanings and, as a result, may be used for scale-up
purposes. Nonetheless, to apply phenomenological models, additional specific data
are required. The model proposed by Sovova [22], for example, requires information
concerning the extract solubility (Y*) in supercritical CO,, representing data that are
not always available; in many cases, such data may not be available in the literature,
and the associated experimental determination would be a difficult task (as discussed
in Sect. 3.5.1). Thus, considering the difficulties encountered in finding specific data
for many natural extracts, it is clear that one advantage of the spline model is that
only kinetic data are necessary to carry out OEC mathematical modeling. Moreover,
even with an empirical basis, this model provides useful and practical information
concerning the SFE process, particularly with respect to the CER period.

3.8 Scale-Up

Scale-up is the task of achieving on a larger scale the same process behavior that
was previously obtained in laboratory assays by considering the differences that are
inherent to the processes conducted on equipment of significantly different sizes
[5, 30]. By scaling up a process, a product with the same characteristics can ideally
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be obtained at a larger production rate with no or minimal modifications required.
The prediction of a process behavior at the industrial scale is one of the most
challenging tasks for food and chemical engineers [5].

After many decades of intensive research, the theoretical basis of SFE is now
well established. Hundreds of publications concerning the optimization of process
parameters in SFE from different raw materials are reported in published books,
articles, and patents based on the results obtained on the laboratory scale. However,
few data can be found for pilot-plant scales, and less data are available at the
industrial scale [5]. Open and accessible knowledge regarding commercial-scale
processes and equipment is very scarce. Information regarding industrial processes
depends on the policies of the companies that use and sell SFE units [33].

The available scale-up data in the open literature are inconclusive, so there
is no consensus regarding a general scale-up criterion that may be applicable
to SFE from solid matrices [30]. To validate scale-up criteria, it is necessary to
assess their applicability to different types of raw materials [34] because the mass
transfer mechanisms depend on the specific characteristics of the solid substrates
and respective solutes. The works that explore scale-up methods are usually limited
to specific raw materials and process conditions; as a result, significant care is
necessary when proposing a generalization. The process of defining universal scale-
up criteria is very complex. However, when considering the main process parameters
of SFE and how they affect extraction yield and kinetics, it may be possible to find
ways of achieving some effective scale-up procedures [5].

In SFE, the scale-up objective is the reproduction of the same extraction curve at
a larger scale by preserving some of the extraction parameters used at the laboratory
scale. Therefore, the biggest challenge is the discovery of which parameters, when
conserved, will lead to the same results (extraction rates, yields, and chemical com-
positions of the products) when performing the scale-up procedure. The solution to
this type of problem is tricky, and the challenge involves deep knowledge of the
limiting factors of the SFE process, which may be based on either thermodynamics
or mass transfer [5]. Del Valle et al. [35] suggested that caution is required when
working with simple scale-up procedures because in SFE, the relationships between
extraction rates and extraction conditions depend on several parameters and may
be very complex. Moreover, differences between the mass transfer phenomena may
occur when significantly increasing the process scale [35]. However, Prado et al.
[30] emphasize that the use of some simple criteria could help the development of
easily applicable scale-up methods, which would decrease the time and cost utilized
in the design of a SFE process.

According to Clavier and Perrut [36], a simple scale-up procedure for SFE
processes can be conducted by following two main steps: (a) perform small-
scale experiments to define the optimal extraction conditions by scanning over
the operational parameters (different pressures, temperatures, solvent-to-feed ratios,
and others) and then (b) select the scale-up method based on the factors that
limit mass transfer during extraction. Depending on the complexity and kinetic
limitations of the process, different strategies may be applied to the design of the
production unit. The easiest scale-up method consists of holding one or both of the
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ratios of Qcoy/F and S/F constant, where Qco; is the solvent flow rate, F is the
feed mass in the extractor, and S is the solvent mass required for the extraction [36].
Then, three scale-up criteria can be proposed [36]: (a) in the case of an extraction
limited by solubility, the S/F ratio should be held constant between the small and
large scales; (b) for a process limited by internal diffusion, the Qco,/F ratio should
be conserved from the small to the large scale; and (c) when both diffusion and
solubility are limiting mechanisms, both ratios (S/F and Qcoy/F) should be held
constant in the scale-up process.

The Qcop/F ratio is inversely proportional to the residence time of the solvent
inside the extractor, as can be seen in Eq. 3.25. It is important to emphasize that
the solvent density (pcoz), the bed porosity (¢), and the bed apparent density (op)
should be preserved when studying the abovementioned scale-up criteria. Therefore,
it is clear that the residence time (fgrgs) Wwill be conserved if the ratio between the
solvent flow rate (Qco;) and the feed mass in the extractor (F) is held constant.
Clavier and Perrut [36] note that the contact time between the solvent and solid
matrix is a determining factor for processes limited by internal diffusion; as a result,
the residence time should be conserved from the small to the large scale.

_ epcox F

= 3.25
pBQco2 (3:23)

IRES

where frgs is the residence time of the solvent (s), ¢ is the bed porosity (dimension-
less), pcoz is the solvent density (kg/m?), pp is the bed apparent density (kg/m?), F
is the feed mass in the extractor (kg), and Qcop is the solvent flow rate (kg/s).

The criterion that necessitates maintaining the Qcoy/F ratio as a constant (and
consequently preserving the residence time) has been effective when applied to the
scale-up of SFE from clove [16], peach almond [31], and striped weakfish wastes
[37]. However, it is considered unsatisfactory for the scale-up of SFE data from
vetiver roots [16]. This may have resulted from the physical properties of vetiver
oil (particularly, its high viscosity), which could have affected the mass transport
properties in small-scale experiments and may have contributed to a significant loss
of the extract at some locations within the equipment [16]. In the just-mentioned
works [16, 31, 37], the large-scale experiments were conducted on SFE equipment
with capacities no larger than 300 cm?; hence, no assays were performed on
pilot-scale units. The same criterion (constant Qcoa/F) was used to investigate
the scale-up of SFE from red pepper by performing large-scale experiments in a
pilot-plant unit [5]. The authors observed that the extraction curves obtained at
the laboratory (300 cm?® capacity) and pilot (5,150 cm® capacity) scales exhibited
significantly different kinetic behaviors, so the applied scale-up criterion could not
be used to accomplish the authors’ goal [5]. According to Martinez and Silva [5],
the divergences observed between applications at small and large scales may have
occurred as a result of bed compaction, variations in the efficiencies during the
separation step, distinct bed geometries, and mechanical dragging. Martinez et al.
[16] also investigated another scale-up proposal that consisted of holding constant



64 S.P. Jesus and M.A.A. Meireles

the superficial velocity of the solvent; however, this criterion was ineffective because
the results obtained for large-scale experiments were far from those achieved for
small-scale experiments.

In recent works from our research group, the criterion based on holding constant
both the S/F and Qco,/F ratios has been successfully applied to the scale-up of
SFE from different raw materials [27-30]. In these works, the small-scale extraction
curves were obtained on laboratory-scale equipment (an extraction vessel measuring
290 cm? in volume) and were then used as references for scaling up the SFE process.
The large-scale experiments were performed in a pilot-plant unit (an extraction
vessel measuring 5,150 cm® in volume), containing three separators that were
arranged in series. The proposed criterion was effective for the scale-up data of
SFE from clove [30], sugarcane residue [30], grape seeds [28], ginger [27], and
annatto seeds [29]. Taking into account the feed mass in the extractor, a 15-fold
scale-up was achieved for clove and sugarcane residue [30], a 17-fold scale-up
was performed for grape seeds [28] and ginger [27], and a 12-fold scale-up was
accomplished for annatto seeds [29]. The extraction curves obtained in small- and
large-scale experiments had similar shapes, but in all cases, the authors found that
the pilot-scale yields were higher (ranging from 5 to 20 % higher, depending on the
raw material used) than those achieved in the small-scale assays [27-30]. According
to Prado et al. [30], the manufacturers of SFE equipment claim that the extraction
process is more efficient at larger scales, so the higher yields achieved in pilot-scale
experiments are in agreement with the information delivered by manufacturers.

The scale-up procedure suggested by Clavier and Perrut [36] (holding one or
both of the S/F and Qcoy/F ratios constant) provides the significant advantage of
simplicity. Nonetheless, this approach does not take into account several important
factors that may affect the extraction process (radial diffusion, axial mixing, bed
compaction, etc.) and is incapable of predicting the effects of using a series of
extractors. A refined scale-up method that integrates all of the relevant factors in
SFE processes requires a numerical simulation that may estimate any possible plant
configuration and may lead to the optimization of industrial units [36].

3.9 Economic Analysis

It is apparent that industries must earn profits, so even the most brilliant technology
will never be accepted unless it can provide a product with a price tag that is at least
compatible to that of similar products that are already available in the market [38].
This means that demonstrating the economic feasibility of an emerging technology
is the only way to attract potential investors. Therefore, researchers should blend
their scientific enthusiasm with economic awareness [38] because the cost aspects
are fundamental to the process design.

According to Meireles [9], SFE from solid matrices was shown to be a technically
feasible process. However, despite the increasing number of industrial plants in
operation all over the world, in many regions (e.g., Latin America), SFE is not
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applied on a commercial scale [9]. Thus, although SFE has been used as an
industrial operation since the 1980s [2], it can still be considered an emerging
technology because the conventional techniques continue to be the most commonly
used approaches in various applications of solid-fluid extraction. One reason for this
is the restraints imposed by the high investment costs, which are usually associated
with the high-pressure aspect of the processes [9, 39]. Therefore, to spread SFE
technology, it is critical to find ways of demonstrating that this technique can be
profitable. Indeed, this is a task of major importance with respect to preventing the
elimination of SFE at the very early stages of the process design. Hence, efforts
must be undertaken to develop simple and reliable methods for estimating the cost
of manufacturing (COM) of SFE products because cost information is a determinant
factor in the initial stages of business plan analyses [9, 40]. Moreover, it is also
important to emphasize that a preliminary analysis of the COM must be performed
with minimal experimental information [40].

The COM of various SFE extracts has been systematically studied by our
research group for more than a decade. Based on the knowledge acquired from
this systematic investigation, we can state that the following information must be
available to perform cost estimations:

» The operating conditions of temperature and pressure should be selected by
taking into account the results from GYI experiments (see Sect. 3.5.2). Both
parameters are strongly related to equipment specifications and the utilities
demand.

* The extraction yield for a given extraction time and solvent-to-feed ratio, which
are process parameters that should be obtained from the OEC (see Sect. 3.6.2).
These parameters are necessary to determine the rates of solvent consumption
and extract production, as well as the cycle time.

» The description of the raw material pretreatment, which are the process steps that
must be conducted prior to the extraction process (as discussed in Sect. 3.3.1).
The pretreatment requirements are important for estimating the preprocessing
costs.

» The bed apparent density is required to calculate the mass of feed material that
must be packed into a certain bed volume. If a given production rate is desired,
then the plant capacity and the raw material demand can be determined using the
bed apparent density.

e The extract composition is valuable information, although it is not necessary
when calculating the COM. Nonetheless, characterization of the extract, in terms
of its chemical compounds and functional properties, is essential information
for defining the selling price of SFE products. If a reliable estimation of the
selling price can be made, then it is possible to also make a good prediction
of the payback period, which is a cost parameter that may attract investors and
aid decision makers.

Rosa and Meireles [39] presented a simple procedure for estimating the COM
of extracts obtained by SFE. These authors applied the methodology described by
Turton et al. [41], in which the COM is calculated as a sum of the direct costs,
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fixed costs, and general expenses [9, 39]. The direct costs are directly dependent
on the production rate, that is, they are composed of the costs of raw materials,
operating labor, and utilities, among others. The fixed costs are independent of the
production rate and involve taxes, insurance, depreciation, etc. The general expenses
are associated with business maintenance, such as administrative costs, research and
development, and sales expenses, among others [39]. The three components of the
COM (direct costs 4 fixed costs + general expenses) are then estimated in terms
of five main costs, as expressed in the model (Eq. 3.26) proposed by Turton et al.
[39, 41]:

COM = 0.304Fc; + 2.73CoL + 1.23 (Cyr + Cwr + Crm) (3.26)

where COM is the cost of manufacturing, which is expressed in US$/kg; Fy is the
fixed cost of investment; Coy is the cost of the operating labor; Cyr is the cost of the
utilities; Cwr is the cost of waste treatment; and Cry is the cost of the raw materials.

The fixed cost of investment (F¢cr) can be calculated on a yearly basis as the
product of the total investment by the annual depreciation rate (normally, a 10 %
rate is considered). In addition to the expenses associated with equipment and
installations, the investment cost should also include the initial amount of CO, that
is required to fill the solvent reservoir [39]. The cost of operational labor (Cor) is
related to the number of workers that are needed to operate the process equipment
(extractors, separators, heat exchangers, compressors, pumps, storage tanks, etc.).
The cost of the utilities (Cyr) is calculated by considering the demand for heating
steam, cooling water, and electric power [26, 39].

In the SFE of natural products, the raw material is a plant or animal substrate,
which may require one or more pretreatment steps (cleaning, selection, drying,
milling, etc.) before extraction can be performed. The cost of the raw materials
(Crm) is composed of expenses that include the solid substrate (both the solid
matrix and all of the pretreatment costs) and the loss of CO, during the process.
The solvent lost is associated with the leaking of CO, from the system, either as
a result of dissolution in the extract after the separation process or entrapment in
the solid substrate that is removed from the extractor [39]. Rosa and Meireles [39]
considered that a factor of 2 % (taking into account the total amount of solvent used
in a cycle of extraction) was adequate for estimating the CO; lost. Regarding the
generation of waste, the only waste accumulated is the exhausted solid, which is
harmless and can be reused in other industrial applications or is simply disposed of
as an ordinary organic waste [26]. In particular cases, the exhausted solid is the main
desired product, as in the removal of caffeine from coffee, the reduction of nicotine
in tobacco, and the removal of cholesterol from foods, among others. Therefore, the
cost of waste treatment (Cwt) can be completely neglected and is assumed to be
zero [26, 39].

As long as the production requirements of a particular SFE process are known,
the optimal configuration of the industrial plant can be determined [36]. A typical
SFE unit (see Fig. 3.1) is composed of two or more extraction columns; two
or more separators (flash tanks), which are arranged in series to allow a certain
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degree of extract fractionation; a CO, reservoir; a solvent pump; heat exchangers;
a compressor for CO, recycling; several valves; and temperature and pressure
controllers [7, 39].

To determine the input and output mass rates and the energy demands of the
industrial process, the mass and energy balance equations must be solved. This
can be achieved by using software (either homemade or commercial packages)
that addresses process engineering calculations. In recent years, our research group
has adopted the commercial software SuperPro Designer® (Intelligent Inc., Scotch
Plains, NJ, USA) as a useful tool for studying the economic feasibility of SFE
[26, 28, 34, 42—-46]. This software allows calculations of the process and economic
parameters, so it can be used to perform simulations of industrial-scale processes.
The COM and the payback period are some of the output data obtained from
simulations performed in SuperPro Designer®. According to the Association for the
Advancement of Cost Engineering International, cost estimations can be divided
into five classes (1-5), which are defined by taking into account the degree of
accuracy between the predicted value and the real COM. The class 5 estimation is
based on the lowest level of project definition, while the class 1 estimation is closer
to the final definition of the industrial project. The SuperPro Designer® software is
capable of estimating COMs that may be classified as classes 2-3 [26].

It is well known that the COM of a SFE product is significantly influenced
by extraction time (fgxT), Which is the time required for one cycle of extraction.
Therefore, it is very important to know the extraction curve because kinetic data can
be used to estimate the time in which the COM reaches its minimum value. Prado
et al. [28] studied the economic viability of the production of grape seed oil by
SFE. These authors investigated different times of extraction (from 60 to 300 min)
and plant capacities (0.005, 0.05, and 0.5 m?). The minimum COM (12 US$/kg)
was found for a plant size of 0.5 m® by considering an extraction time equal to
240 min [28]. Taking into account the selling price (40-80 US$/kg) of a similar
product (grape seed oil obtained by cold pressing), the SFE process was considered
to be economically viable [28]. Other examples of recent works in which similar
cost analyses were performed are summarized in Table 3.1.

The economic feasibility of a SFE product depends on a comparative analysis
between COM and the product’s selling price [9, 28, 39]. If the preliminary COM
estimated for a certain extract is lower than the market price of a similar product,
then there is a very strong indication that the process under investigation can be
economically viable. However, defining a selling price may not be a trivial task
because SFE extracts are still innovative products. Therefore, in many situations,
an equivalent product is not yet available in the market, preventing a selling price
from being accurately determined. Moreover, in the natural products market, the
prices are directly dependent on the extract quality, which can be evaluated in
terms of its chemical composition and functional properties. Then, depending on the
composition and properties of the extract, different selling prices are possible. It is
well established that, in most cases, SFE extracts tend to possess quality advantages
compared to extracts obtained by other techniques, particularly in comparison
to extracts produced with low-pressure solvent techniques. This happens because
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SFE is a green, selective, and mild extraction method, resulting in an extract that
is enriched in desirable compounds, free of toxic solvents, and without the loss
of compounds due to thermal degradation or oxidative reactions [7]. Thus, SFE
products may be given higher prices in comparison to extracts obtained using other
extraction methods. Prado and Meireles [45] reported that the selling price of clove
oil extracted by SFE is 110 US$/kg, whereas the price of clove volatile oil obtained
by steam distillation varies between 26 and 86 US$/kg. Generally, when the SFE
product is still not available in the market, the selling prices of oils produced by
steam distillation or cold pressing may be used as initial references in the cost
analyses of oils obtained by SFE [28, 39, 45].

In some cases, a preliminary cost analysis can indicate that the COM of a SFE
extract is too close to or even higher than the market price of a similar product [39,
44]. Even so, it is important to bear in mind that certain considerations must be made
before disregarding SFE as a viable process [39]. Some of the important factors that
should be considered when evaluating the results obtained in a preliminary cost
analysis are listed below [39, 44, 46]:

* Optimization of the process parameters: Generally, further and detailed studies
of process parameters can result in significant cost reductions. If the extraction
rates are increased, then the extraction time and the COM will be reduced [45].
Additionally, the evaluation of different plant configurations and operating modes
(by varying the number and arrangement of extractors) may lead to increasing
productivity, which can lead to a decrease in the operating costs and COM [3, 6].

* Different selling prices: The prices of natural products can vary significantly
according to the concentration of one or more target compounds. Extracts
obtained by SFE are generally recognized as nutraceutical products; as a result,
they may possess special uses and distinct prices. Therefore, the amount and
availability of specific bioactive compounds should be carefully evaluated to
verify the quality of the product and to specify the market price of the extract [39].

* Scale increase: Many authors have demonstrated that the COM of a SFE product
tends to be reduced when the plant capacity is increased [26, 28, 34, 42, 45, 46].
Albuquerque and Meireles [26] reported that the COM (SFE extract obtained
from annatto seeds) decreased from 125 to 109 US$/kg as the extraction vessels’
capacities were increased from 0.1 to 0.5 m>.

* Advancements in project detailing: In a preliminary analysis, the COM tends to
be overestimated because the worst-case scenarios are normally assumed to avoid
cost underestimations. Uncertainties in the process design are diminished as the
project advances, allowing more accurate cost calculations to be performed.

It is common knowledge that high-pressure plants are associated with high
investment costs. However, the cost of SFE units has decreased in recent years
due to competition between suppliers, which has motivated significant technical
improvements and cost reductions [44]. Furthermore, it is important to emphasize
that the COM is calculated as a sum of five main costs (as previously presented in
Eq. 3.26) [39]; hence, several other cost aspects (not only the investment costs) must
be considered to evaluate the economic feasibility of SFE processes. Many recent
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works have reported that SFE can be an economically viable method for obtaining
bioactive extracts [28, 29, 34, 39, 45]. Thus, it is clear that a promising business
opportunity is available [9] because SFE has shown true potential as a profitable
alternative for the production of high-quality and high value-added products.
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Chapter 4
Subcritical Water as a Green Solvent
for Plant Extraction

Mustafa Zafer Ozel and Fahrettin Gogiis

Abstract Subcritical water extraction (SWE), as a method, is non-toxic,
non-flammable, cheap, readily available, safe, environmental friendly and uses
a green solvent. Chemicals with different functional groups such as flavonoids,
vitamins, antioxidants and antimicrobials, can be extracted selectively using SWE.
SWE has become a popular green extraction method for different classes of
compounds present in numerous kinds of matrices and samples, such as those from
environmental, food or botanical sources. Plant oils normally contain a complex
mixture of organic compounds. They are largely composed of a range of saturated or
partially saturated cyclic and linear molecules of relatively low molecular mass and
within this range a variety of hydrocarbons and oxygenated compounds occur. SWE
is a technique based on the use of water as an extractant, at temperatures between
100 and 374 °C and at a pressure high enough to maintain the liquid state. SWE of
plant materials is a powerful alternative to traditional methods because it enables
a rapid extraction, and the use of moderate temperatures. This avoids the loss and
degradation of volatile and thermo labile compounds. Additional positive aspects
of the use of SWE are its simplicity, low cost, and a more favourable environmental
impact than traditional solvents. The extraction of phenolic compounds, essential
oil, carotenoids, flavonoids, flavour and fragrance compounds has been carried
out using SWE. SWE is also selective in that the operator is able to extract various
polar and non-polar organic compounds by choice, through varying the temperature.
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When doing this, the water must be kept in a liquid state using minor adjustments in
pressure. In the extraction of essential oils from herbs, SWE has been seen to give
recoveries comparable to those of steam distillation and solvent extraction.

4.1 Introduction

Subcritical water extraction (SWE) is a promising “green” technique based on
the use of water as the sole extraction solvent [1], at temperatures between 100
and 374 °C and at a pressure high enough to maintain the liquid state. Under
subcritical conditions, liquid water is less polar than at ambient temperature and has
an increased capacity for dissolving organic molecules [2]. There have been many
reports on SWE applications especially in the flavour and fragrance industries [2—4].

Subcritical water extraction is also known under the terms of superheated water
extraction, hot water extraction, pressurized hot water extraction, pressurized low
polarity water extraction, high-temperature water extraction and hot liquid water
extraction. Its popularity as a technique is increasing. Table 4.1 shows the results
of an internet search carried out on 15 January 2014 using the Science Citation
Index (SCI) [5]. The search was performed to see how many times subcritical water
extraction (under its various terms) had been used between 1990 and 2013 both in
the titles of papers and as topics of papers. It can be seen that subcritical water,
superheated water and pressurized hot water were the most commonly used terms
to describe the technique in the literature. Subcritical water, superheated water and
pressurized hot water, as terms, were used in the titles of papers 436, 156 and
94 times, respectively, between the years 1990-2013. Subcritical water extraction
seems to have been the most preferred term with others being less popular. In this
chapter we have used the term subcritical water (SW) or subcritical water extraction
(SWE). Figure 4.1 demonstrates the increasing use of SW and SWE as a studied
technique. The first paper to mention SW in its title was in 1991. It was then used
again only once in 1992, in 1993 and in 1995. From 1997, it started to appear

Table 4.1 Search using the SCI (on 15/01/2014) showing number of times subcritical water under
its various terms had been used in titles and topics of papers published 1990-2013

Used in titles Used as topics

of papers of papers
Term (1990-2013) (1990-2013)
Subcritical water 436 1,185
Superheated water 156 504
Pressurized hot water 94 223
Subcritical water extraction 103 268
Superheated water extraction 26 51
Pressurized hot water extraction 53 88

Source: Web of Science [5]
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Fig. 4.1 Result of search using SCI (on 15/01/2014) showing increase in the use of SW and SWE
in titles of papers published 1990-2013 (Source: Web of Science [5])

more often. In 2012, SW was used 59 times in the titles of papers. Trends are going
up gradually. It has become an increasingly popular extraction technique especially
for use with plant materials.

In the mid-1990s, SW began to be used in the extraction of non-polar to
mid-polar groups of compounds such as PAHs [6] and essential oils [7]. Its use
gained popularity and now has more uses such as the extraction of flavour and
fragrance compounds, essential oils and phenolic compounds from matrices such
as fruit, vegetables, plants, herbs and flowers. SW can be classed as a type of green
technology because one of the ways to adapt to the principles of green chemistry
is to reduce the use of toxic organic solvents and instead encourage the use of
green extraction techniques [8]. Traditional and commercial extraction techniques
such as steam distillation, solvent extraction and solid-liquid extractions require
long extraction times and usually use a large amount of toxic solvents. Thus the
environmental impact can be negative [8].

The literature on toxic solvents has been increasing from year to year. SW uses
an alternative green solvent to these toxic organic solvents. The use of toxic solvents
in chemical laboratories and the chemical industry is considered a very important
problem for the health and safety of workers and in environmental pollution. The
majority of solvents are organic molecules with hazardous and toxic properties and
can be costly in themselves and/or in their disposal. Their use, storage and disposal
also cause environmental problems. Many non-green organic solvents are still used
in the food industry such as in the extraction of food additives.

Bio-based solvents, ionic liquids, supercritical fluids and subcritical water are
becoming important alternative green solvents to be used in the future. As an
example, a green pilot process using SWE obtained potent antioxidants from
rosemary leaves [9]. They extracted dry antioxidant powder directly using SWE
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followed by drying using SC-CO; (80 bar) and N, flow (0.6 mL/min). SC-CO; is
one of the most promising ways to dry compounds from organics and showed better
recoveries than vacuum drying and freeze drying techniques.

The solubility of a compound can be an indicator of how well it can be
extracted. In the literature, there are many reports on the solubilities of many
organic compounds for temperatures near 25 °C [10]. However, there are only a
few articles about solubilities under SWE conditions. Miller and Hawthorne [10]
looked at solubilities of hydrophobic organic compounds such as benzo[a]pyrene
and chlorothalonil in subcritical water at temperatures from 25 to 250 °C and
pressures (30—70 bar). Increasing temperature elevated both compounds’ solubilities
rapidly. When the temperature of chlorothalonil was raised from 25 to 250 °C,
the solubility increased by a factor of 130,000. Solubilities of some flavour and
fragrance compounds such as limonene, carvone, eugenol, 1,8-cineole and nerol
were determined in subcritical water between 25 and 200 °C [11]. Solubilities
increased with temperature by a factor of 25—60. Other scientists have also found
temperature is very effective in increasing the solubilities of terephthalic acid,
fatty acids, gallic acids, catechin and protocatechuic acid under subcritical water
conditions.

4.2 Properties of Subcritical Water

Water is highly polar and a weak solvent for most organic compounds under
ambient conditions [12] but raising the temperature significantly above ambient
has a dramatic effect. Pressure is applied to keep water in a liquid state. Optimum
conditions for SWE of a given substance depend on temperature, pressure, pH,
flow rate, extraction kinetics, water properties and analyte chemical structure.
Some scientists found altering the pH of water to 3.5 using buffer solution to
be better for extracting from anti-cancer drugs [13, 14]. However many people
use water satisfactorily without pH adjustment [15-17]. Flow rate can also affect
the extraction rate. Mixing the water with solvent in some cases can enhance the
extraction yield of target compounds, although of course this can make the method
less green depending on which solvent is used. Using a mixture of water and
methanol improved the recoveries of catechin from tea leaves and grape seeds and
also of phenolic compounds from grapes [18, 19].

Increasing temperature means water becomes less polar (Fig. 4.2 and Table 4.2).
The polarity of SW is measured by the value of the dielectric constant. When water
is heated above 100 °C its dielectric constant decreases and water becomes similar
to organic solvents [13]. At 214 °C the dielectric constant of water is the same as
that of methanol at room temperature. At 295 °C water becomes similar to acetone.
The ability to tune the dielectric constant of water to mimic the dissolving power
of non-polar organic solvents has been used to selectively extract large organic
molecules from plants and foods [20, 21]. SWE yields are comparable to organic
solvent extraction techniques. Above 200 °C water may be an acid or base catalyst
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Fig. 4.2 Dielectric constant of liquid water with temperature changes (Data taken from the Inter-
national Association for the Properties of Water and Steam (IAPWS) [23]. Source: IAPWS [23])

Table 4.2 Dielectric constants of selected solvents at 25 °C showing their equivalent dielectric
constants in terms of SW temperature

Solvent Dielectric constant at 25 °C SW temperature (°C)
Acetonitrile 37.5 181.45
Methanol 32.7 213.78
Ethanol 24.5 269.00
Acetone 20.7 294.59

Source: IAPWS [23]

because its H;01 and OH™ ion concentrations are perhaps orders of magnitude
higher than in ambient water. Subcritical water is therefore a much better solvent
for hydrophobic organics than ambient water. It can itself be a catalyst for reactions
which normally require an added acid or base.

The basic SWE system set up is similar to the accelerated solvent extraction and
supercritical fluid extraction system [15]. In a laboratory built system, degassing
of water is needed to prevent potential oxidative corrosion of the extraction line
and cell [22]. Typically, a SWE system consists of a syringe or HPLC pump,
oven, valves, water reservoir, extraction cell, collection vial, pre-heating and pre-
cooling coils. A 5-10 m long pre-heated coil can equilibrate the water to the desired
temperature and, after the extraction, a 1-5 m cooling loop (in iced water) outside of
the oven cools the hot water containing extract back to room temperature. A pressure
control valve is placed between the cooling loop and the collection vial.

4.2.1 Temperature

Temperature is one of the critical factors that affect the extraction efficiency. The use
of high temperatures improves the extraction efficiency as it helps the disruption
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of analyte-sample matrix interactions caused by van der Waals forces, hydrogen
bonding and dipole-dipole interaction [24]. The thermodynamic properties of water
are typically described in terms of hydrogen bond strength and structure [25].
Changes in hydrogen bonding strength are reflected in the heat of vaporization
values and in the dielectric constant [26]. When SW temperature is lower, hydrogen
bonds are stronger and the dielectric constant value is higher. With increasing SW
temperature, the increased thermal agitation reduces the strength of each hydrogen
bond and leads to an amplified reduction in the dielectric constant value [27].

The reduction of the polarity of water generally leads to an increase in the
solubility of organic molecules in it [13]. Hawthorne and Miller [28] showed that
by applying high temperature during extraction, the polarity (dielectric constant) of
water decreases substantially. Increasing temperature decreases the surface tension
of any solvent, solutes and matrix and therefore enhances the solvent wetting of the
sample [29]. Higher temperatures will also decrease the viscosity of the liquid used,
thus allowing better penetration of matrix particles and enhancing extraction [22].
Likewise with water, increasing the temperature also decreases its viscosity and its
surface tension. This fact makes water a suitable solvent to extract polar, moderately
polar and non-polar organic compounds.

SWE temperatures are generally between 100 and 374 °C. However, many
thermolabile compounds such as those in essential oil can be degraded at high tem-
peratures (more than 200 °C). Some compounds can even degrade at 175 °C [15].
The use of high temperatures in the extraction process has been shown to result
in the generation of new bioactive compounds during the extraction process via
Maillard caramelization reactions. In general, more components are extracted when
the temperature is elevated, brought about by their increasing solubility. Jimenez-
Carmona et al. [30] for marjoram extraction and Gamiz-Gracia and Luque de Castro
[31] for fennel extraction by SWE found that the yields reached their maximum
at 150 °C over a temperature range of 50-175 °C. At 175 °C, the SW extracts
were seen to be dark brown with a strong burning smell especially in the case
of the flowers [32]. Some components appearing at 175 °C from the flowers may
have been browning reaction products (furfural, acetylfuran, 5-methylfurfural). The
appearance of these components in the case of the flowers might be explained due
to the high sugar content of the flowers compared to the leaves [32]. Kubatova
et al. [33] for savory and peppermint, Gamiz-Gracia and Luque de Castro [31] for
fennel and Ozel et al. [15] for Thymbra spicata extraction using SWE, also found
degradation at 175 °C [32]. In addition, Rovio et al. [16] for clove extraction and
Basile et al. [17] for rosemary extraction selected 150 °C as an optimum water
extraction temperature because of processing difficulties in further stages at higher
temperatures.

At higher temperatures, where extraction yields often increase, the risk of
degradation to the extract also increases. The tendency of a molecule to undergo
hydrolysis, oxidation, methylation, isomerization and other reactions depends on the
molecule [13]. For example, the bioactive and marker compounds in some medicinal
plants may be non-polar to polar and thermally labile. In order to extract non-polar
compounds effectively, it may be necessary to increase the temperature from 150
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Table 4.3 The minimum

. Temperature (°C)  Pressure (bar)
pressure range required to

keep water in a liquid state at 100 1.0
selected temperatures 120 2.0
140 3.6
160 6.1
180 10.0
200 15.5
300 85.8
374 219.1

Calculated from the Critical Pro-
cess website [48]

to 250 °C. An increase from 100 to 180 °C usually results in higher recoveries.
Further increases in the extraction temperature however, would cause the production
of degradation products. Such examples include beberine, strychnine, aristoloctic
acids, baicalein, glcyrrhizin, tanshinone from medicinal plants [34-36] phenolics
from origanum and thymbra species, catechin and epicatechin from tea leaves and
grape seeds [15, 17, 20, 33, 34, 37—41] The temperatures that can be used safely
depend on the type of material being extracted from. A high amount of bio-oil
(37 %) was obtained at a temperature of 360 °C from marine microalgae using
SWE [42].

By changing the temperature, solvent properties of water can be better tuned to
match the polarity of the target analytes and there is no need for a large selection
of solvents to be kept for different polarities. Figure 4.2 shows dielectric constants
of water at different temperatures. The dielectric constant is the key parameter in
interpreting solute-solvent interactions. The dielectric constant of water is high
at room temperature (80.26 at 20 °C), which favours the solubility of ionic and
very polar compounds [16]. The dielectric constant decreases with increasing
temperature which favours the solubility of non-ionic and non-polar compounds [6].

4.2.2 Pressure

Pressure has a lesser effect on extraction efficiency [15, 28]. A sufficient pressure
is required to maintain the liquid state above boiling point for efficient extraction.
The pressure forces the hot liquid water into areas of the matrixes that would not
normally be contacted by fluid under atmospheric pressure conditions [43]. The
necessary pressure range therefore is at least 16 bars at 200 °C and up to 219
bars at 374 °C (Table 4.3). Scientists have mostly used temperatures between 100
and 200 °C for plant extraction [11, 15]. The effect of pressure has no significant
difference in the amounts of extract obtained [15]. Varying the pressure has also not
changed extraction efficiencies for the extraction of essential oils from medicinal
plants and ginsenoisides [15, 44-47].



80 M.Z. Ozel and F. Gogiis

4.2.3 Extraction Kinetics

The influence of the extraction time on the extraction kinetics is important. Four
kinetic steps control the extraction efficiency of SW. They are desorption of solutes
from the matrix, diffusion of SW into the organic matrix, the dissolution of the
analyte into the SW and, finally, the elution of the extract from the sample matrix. It
is clear when considering these four kinetic steps that higher temperatures will lead
to improvement of extraction efficiency [13].

SWE is very fast extraction technique over conventional essential oil production
techniques. For example, the efficient extraction of essential oil of Thymbra spicata,
Origanum micranthum and Achillea monocephala using SWE has been achieved
within 30 min of extraction time [15, 32, 49]. Essential oil extraction is very slow
using traditional steam distillation and Soxhlet extraction (4-24 h) [8]. The essential
oil composition has changed with changing temperature [15]. The browning reaction
products have observed at a temperature of 175 °C [15, 32, 49]. Extraction kinetic
studies have showed on Thymbra spicata that the extraction is very fast at high
temperatures (150-175 °C) [15].

4.3 Applications

The extraction of phenolic compounds, carotenoids, flavonoids, fragrances and
essential oils have been carried out using SWE and both qualitative and quantitative
results obtained.

4.3.1 Essential Oil

Essential oils are volatile aroma compounds found mainly in herbal plant materials.
They are well known for their use in food, medicinal and cosmetic products. Some
essential oils are known for their antioxidant, antimicrobial and antifungal activities
[8]. Previous workers [16, 31, 50] reported that SW for the extraction of essential
oils is a powerful alternative, because it enables a rapid extraction, and the use of low
working temperatures. This avoids the loss and degradation of volatile and thermo
labile compounds. Additional positive aspects of the use of SWE are its simplicity,
low cost, and more favourable environmental impact.

Essential oils normally contain a complex mixture of organic compounds. They
are largely composed of a range of saturated or partly unsaturated cyclic and linear
molecules of relatively low molecular mass and within this range a variety of
terpenes, sesquiterpenes and oxygenated compounds occur. The essential oils of
Origanum species have been proven to have antibacterial, antifungal and antioxidant
activities [7]. Oregano, thymus and thymbra are accepted as essential oil yielding
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plants, their essential oils consisting of mainly carvacrol and thymol (phenolic type
compounds). Carvacrol and thymols have been extracted from Origanum onites,
Origanum migrathum and Thymbra spicata using SWE [7, 15, 41, 49]. Fragrance
compounds have been extracted from Rosa canina, Rosa damascana using SWE
[3, 4, 11]. SWE has been used for the extraction of essential oils from rosemary,
marjoram, savory, peppermint, clove, salvia, sideritis, Teucrium chamaedrys and
Ziziphora teurica [16, 20, 30-33, 51, 52].

Ibanez et al. [20] extracted the most active antioxidant compounds from rose-
mary, such as carnosol, rosmanol, carnosic acid, methyl carnosate and flavonoids
such as cirsimaritin and genkwanin, using SWE. The data indicated high selectivity
for this method, and the antioxidant activity of the fractions obtained by extraction at
different water temperatures was very high. Kim and Mazza [53] reported that SWE
of phenolic compounds, including phydroxybenzaldehyde, vanillic acid, vanillin,
acetovanillone and ferulic acid, from flax shive was maximized at combined
conditions of high temperature and high NaOH concentration.

4.3.2 Phenolic Compounds

Phenolic compounds are one of the four major secondary metabolites found in
plants. The main source of phenolic compounds in the human diet comes from
plant based foods, namely vegetables, fruits, cereals, legumes and nuts [8]. The
type of extraction process is an important parameter for determination of phenolic
compounds from plant matrices.

A number of studies have been carried out using SWE and some are outlined
below.

SWE was found to be an appropriate extraction technique for obtaining a greater
quantity of polyphenolic compounds from winery by-products, and compared well
with conventional methods [54-57]. SWE has been used to extract ginsenosides
from American ginseng [58]; from tea leaves and grape seeds [37]; anthraquinones
(antibacterial, antiviral and anticancer compounds) from roots of Morinda citrifolia
[59]; and flavones, anilines and phenols from orange peels [60]. Catechin and
epicatechin were extracted using magnetic stirring-assisted extraction, ultrasound-
assisted extraction, static extraction and also SWE [37]. They found that SWE was
a better method in terms of recovery.

Lignans were also extracted from whole flaxseed by SWE [45]. Maximum
amounts of lignans and other flaxseed bioactives, including proteins, were extracted
at 160 °C. However, these authors reported that on a dry weight basis, the most
concentrated extracts in terms of lignans and other phenolic compounds were
extracted at 140 °C. Herrero et al. [46] extracted lignans, carbohydrates and proteins
from flaxseed meal. The maximum yield of lignans and proteins was obtained at
pH 9 at temperatures of 170 °C and 160 °C, respectively. Maximum recovery of
carbohydrates was at pH 4 and 150 °C.
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Hartonen et al. [56] compared the extraction of naringenin and other flavonoids
from knotwood of aspen using SWE, ultrasonic extraction, Soxhlet extraction and
reflux in methanol. They found SWE to be favourable. A high amount of oleuropein
and olive biophenols were extracted from olive leaves using SWE. Eight phenolic
compounds were extracted from potato peel using SWE [61]. A total of 32 phenolic
compounds (19 anthocyanins, 6 phenolic acids, 3 flavonols, resveratrol,catechin,
epicatechin and allagic acid) were extracted from wet and dried fruit berries
and by-products using SWE [62]. Monrad et al. [63] extracted higher yields of
polyphenolics such as anthocyanins and procyanidins using wet grape pomace with
SWE at 140 °C. Petersson et al. [64] looked at extraction and degradation kinetic
studies on anthocyanins from red onion using SW conditions. Pongnaravane et al.
[65] compared the effectiveness of SWE of anthraquinones from Morinda citrifolia
with that of other extraction methods, such as ethanol extraction in a stirred vessel,
Soxhlet extraction and ultrasound-assisted extraction [46]. The results of their study
showed that SWE extracts presented comparable antioxidant activities to those of
Soxhlet extracts, and that SWE extracts were more effective than ethanol extracts
and ultrasound-assisted extracts in terms of antioxidant activity.

Flavonoids are polyphenolic compounds. They reduce damage associated with
conditions such as cardiovascular disease and cancer [66, 67]. Ko et al. [68]
extracted non-polar flavonoids from 8 plants using SWE. They optimized different
temperatures for various samples. Flavanones of hesperidine and narirutin from
Citrus unshiu peel were extracted using SWE. Maximum yields of hesperidine and
narirutin were obtained at an extraction temperature of 160 °C using an extraction
time of only 10 min.

The effect of SWE parameters (termed by the authors as pressurized hot water
extraction) such as temperature and extraction times were tested on the total
phenolic content and DPPH radical scavenging capacity of kafir lime fruit peel
extract [69]. 200 °C and 15 min of extraction time yielded the best results under
the selected conditions. He et al. [70] tested total phenolic content and antioxidant
capacities of pomegranate seed residues using varying SWE conditions. Their best
conditions for extraction of phenolic compounds were found to be 220 °C, 30 min
of extraction time and a 1:40 solid to water ratio.

4.3.3 Carotenoids

Carotenoids are naturally occurring fat-soluble pigments. There are about 600
well known compounds, which are divided into two main classes, xanthophylls
and carotenes [8]. They are found mainly in fruits and vegetables. Conventional
extraction methods for carotenoids use toxic/non-green organic solvents such as
acetone, petroleum ether, diethyl ether, tetrahydrofuran, hexane, dichloromethane
and methanol [71, 72]. However, carotenoids have been extracted from green algae,
[73] carrots, green beans and broccoli [74] using SWE.
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4.3.4 Pesticides and PAHs in Food

Consumers are very concerned about pesticides and polycyclic aromatic hydro-
carbon (PAH) residues on food. Both groups of compounds are well known for
their toxic and carcinogenic properties. Pan et al., determined 21 pesticides from
black tea using SWE at 150 °C [75]. A rapid SWE method was developed for PAH
determination using temperatures between 150 and 200 °C [76]. Martorell et al.
[77] used SWE to find 16 PAHs from various foodstuffs. Edible vegetable oil was
also found to contain PAHs [78]. SWE can be thought of as a fast, reliable green
extraction technique for pesticides and PAHs from plant matrices.

4.3.5 Subcritical Water Chromatography (SWC)

Subcritical water chromatography (SWC) has received some attention in recent
years. Subcritical water (SW) can be used to replace the traditional solvent mixtures
in the mobile phase of HPLC in reverse phase chromatography [12]. Many HPLC
systems already have a column oven. Increasing the temperature of SW generates
an effective gradient for elution of the solvent as the polarity of the eluent decreases.
Temperature plays an important role in this separation. Increasing temperature can
decrease viscosity, which might cause band spreading due to the higher diffusion
rate at elevated temperatures [79]. Subcritical water has been applied as an HPLC
analytical solvent to extract and quantify caffeine, chlorophenols and anilines [80].
In another study, Rodriguez-Meizoso et al. [21] demonstrated that the combined
use of SWE and high-performance liquid chromatography-diode array detection
(HPLC-DAD) was a suitable protocol to obtain and characterize nutraceuticals
from natural sources, i.e., oregano. They also reported that changing the SW
temperature could be used as a means of fine tuning the extraction selectivity for
the extraction of antioxidant compounds from oregano. Causon et al. [81] separated
n-alcohols with subcritical water chromatography at high temperatures (exceeding
200 °C) using monolithic capillary columns. Subcritical water was compared as an
eluent with methanol/water and acetonitrile/water mobile phases for reverse phase
liquid chromatography [82]. SWE has been linked directly to SWC using a cold
polystyrene-divinylbenzene trap to separate pharmaceuticals and antioxidants [83].

Some of the important disadvantages of HPLC systems are their expense and
the fact that they are not environmentally friendly, using high purity toxic organic
solvents. The pump in a SWC system does not need to have to have a degasser unit
like many traditional HPLC systems. Therefore using SW in HPLC can decrease the
cost of the system. In a laboratory it is fairly easy to build your own SWC system.
Another advantage of the SWC is its compatibility with many commercial detectors
such as UV, FID, fluorescence detectors, refractive index detectors, electrochemical
detectors, light scattering detectors and even MS detectors [84].
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4.3.6 Microwave Subcritical Water Extraction

Microwave extraction or microwave-assisted extraction is a relatively new extraction
technique. Microwaves are applied during the extraction process to heat the solvents
and sample matrix which increases the kinetics of extraction. Microwave extraction
has a number of advantages over traditional methods of extraction of compounds
from plant samples, e.g. shorter extraction times, use of less solvents and being
more cost effective. There are various types of microwave extraction systems, such
as open or closed ones. Many companies offer open or closed vessel microwave
extraction systems with differing power levels. Microwave-assisted water extraction
[85], microwave-assisted distillation [86] and microwave-assisted hydro-distillation
[87] have been used in closed systems. Subcritical water extraction needs the water
to be kept within the appropriate pressure ranges at different temperatures (as given
in Table 4.3). Closed microwave systems do not need much pressure to reach
subcritical water extraction conditions. For example, only pressures of 2.0, 3.6 and
6.1 bar are needed for extraction temperatures of 120, 140 and 160 °C, respectively
(Table 4.3). Temperature is one of the most important factors contributing to the
recovery yield when using microwave-assisted extraction and SWE techniques.
Coelho et al. [88] and Passos and Coimbra [89] have recently used microwave
superheated water extraction of carbohydrates from brewers* spent grain and spent
coffee grounds. They also found that temperature is very important in extraction
efficiency from their samples. Teo et al. [90] extracted stevioside and rebaudioside
from Stevia rebaudiana using microwave-assisted extraction and [sic] pressurized
hot water extraction. They have found comparable results using both techniques.
People sometimes produce subcritical water conditions in closed microwave-
assisted extraction systems without realising it by varying temperatures, pressures
and amounts of sample loaded. This may well be helping with their extractions,
however, their ‘accidental’ use of SWE does not receive the credit it should for the
higher extraction efficiencies produced. Microwave-assisted extraction and SWE are
very effective extraction techniques for plant matrices. It is probable that combining
the two techniques into one may produce an even better extraction technique. We
need to await results of future work to come to this conclusion.

4.4 Conclusions

SWE is a fast, reliable, clean, cheap, environmentally friendly and green sustainable
technique. SW can extract polar, mid-polar and even non-polar compounds from
plant samples. Phenolics, essential oils, flavonoids, pectins and proteins have been
extracted using SWE. Plants are considered a very complex matrix. Temperature
plays an important role in extraction efficiency of target compounds. Increasing
temperature from 175 °C may cause degradation problems with many samples.
Pressure is important to keep water in the liquid state. Green and sustainable
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processes are becoming more popular. The cost of the SWE process may appear
more expensive in the laboratory scale, however, on an industrial scale it is
competitive with commercial methods. SW is being used for newer applications
such as in the HPLC mobile phase, extraction together with microwaves and also
for pectin and protein extraction.
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Chapter 5
Liquefied Dimethyl Ether: An Energy-Saving,
Green Extraction Solvent

Peng Li and Hisao Makino

Abstract Extraction is an essential procedure in the fields of food, pharmacy,
and renewable bio-fuels, and it affords the recovery of desired components and
the removal of undesired components from the natural feedstock. Conventional
extraction techniques involving organic solvents and supercritical fluids have been
extensively studied and used. Generally, these techniques are either economically or
environmentally unfavourable because of the use of toxic solvents and considerable
heating and pressurizing. Recently, a new extraction technique involving the use
of liquefied dimethyl ether (DME) as a green solvent has attracted tremendous
attention. This technique is economically efficient and environmentally friendly
by virtue of the unique physical and chemical properties of DME. Additionally,
the DME method can extract/remove the desired/undesired components as well as
dewater (dry) the wet materials simultaneously. These advantages render the DME
method practicable in several industrial fields. This chapter attempts to outline the
potential of liquefied DME as an extraction solvent by elucidating the operating
principles, procedures, and some recent studies and results.

Keywords Extraction ¢ Dimethyl ether » Dewatering

5.1 Introduction

Extraction techniques are widely employed for the isolation of various compositions
from natural resources in industries pertaining to food and pharmacy, and is
being considered employing in the field of renewable bio-fuels production from
natural biomasses In some cases, the extraction technique is an essential step in
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eliminating the undesired components from the feedstock. Basically, extraction
can be categorised based on the use of traditional solvents and critical fluids. The
traditional solvent extraction is the most common because chemical solvents have
high selectivity and solubility for the target compositions. In the traditional solvent
extraction, the solvent used is in the liquid form at room temperature and ambient
pressure. A wide range of organic solvents such as chloroform, methanol, hexane,
and petroleum ether have been applied [1, 10]; the selection of solvent is usually
dependent upon the type of target feedstock and target chemicals contained in
the feedstock. The major factors that influence the efficiency and selectivity of
solvent extraction are the physicochemical properties of the selected solvent such as
polarity, and the operating conditions such as temperature. In addition, the economic
and environmental concerns must be considered. The principle of the traditional
chemical solvent extraction is as follows: an organic solvent is in contact with
the extractable materials while the target compositions are continuously extracted
into the organic phase because of the permeability effect of the solvent on the
materials. The selection of the organic solvents is of tremendous relevance because
it must possess biocompatibility, maximum solubility for target compositions, and
extraction ability. The disadvantage of traditional solvent extraction is that most of
the organic solvents cause health hazards and/or environmental pollution. Besides,
pretreatment processes such as drying and cell disruption are normally required for
the extraction of available components from natural resources, increasing the overall
cost burden.

Supercritical fluid technology (SFT) is more efficient compared to traditional
solvent extraction, and shows high selectivity. The basic principle of SFT involves
the establishment of a certain phase (supercritical) which is beyond the critical
point of the fluid, wherein the meniscus separating the liquid and vapour phases
disappears, leaving behind a single homogeneous phase [27]. SFT is a suitable
substitute for organic solvents for a range of industrial and laboratory processes.
Carbon dioxide (CO,) and water are the most commonly used supercritical fluids,
which could be potentially used for the extraction of natural products. For example,
supercritical CO, has several advantages over traditional solvents, especially for
extracting less polar chemicals [11, 19]. The disadvantages of SFT are associated
with the high costs of operation and safety related issues; for instance, in the case of
supercritical CO,, the operating temperature and pressure are above 304.25 K and
7.39 MPa, respectively. In order to reduce the costs, recent studies involving near-
or sub- critical solvents such as dimethyl ether have been reported [2].

Central Research Institute of Electric Power Industry (CRIEPI) recently devel-
oped a new extraction technology that differs from both the traditional organic
solvent extraction and SFT. This technique uses liquefied dimethyl ether (DME)
as the solvent to extract the target compositions, and remove the water from
the wet materials simultaneously. The advantages of this method are that it is
highly cost-efficient and environmentally friendly. In fact, the use of DME as an
extraction solvent has been approved by the European Union [6]. Thus far, this
technique has been studied at both laboratory and bench scales for use in the
(1) dewatering and extraction of organic components from vegetal biomasses [22];
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(2) extraction of bioactive components from green tea leaves [18]; (3) extraction of
lipids and hydrocarbons from high-moisture microalgae [14, 16, 17]; (4) removal
of polychlorinated biphenyls (PCBs) from polluted soil and other materials [26].
A pilot-scale study on the use of DME for extraction purposes is also being carried
out in CRIEPI.

This chapter presents a complete picture of the current knowledge and recent
studies on the use of liquefied DME for extraction. It provides the necessary
theoretical background and relevant details of the method including the technique,
mechanism, and some recent results pertaining to the extraction of natural products.

5.2 Basic Principles

5.2.1 Properties of DME

The chemical structure of DME is shown in Fig. 5.1. DME is the simplest ether
with the formula, CH;OCH3, which is in a gaseous state at room temperature and
pressure. The standard boiling point of DME is —24.8 °C and its saturated vapour
pressure has been previously mentioned and explained in detail [28]; for example,
the pressure is 0.51-0.59 MPa over the normal temperature range of (20-25 °C).
Like other organic solvents, DME has high affinity for organic compositions, but
the difference is that it is also partially miscible in water. The phase equilibrium
relationship for the liquefied DME/water system is known [9]. At room temperature,
water is soluble in DME over the range of 7-8 wt%. For example, the weight of
DME required for the extraction of water is 1/(0.07-0.08) times the weight of water.
DME is almost non-toxic; the European Food Safety Authority has determined that
there are no health concerns with regard to the use of DME as an extraction solvent
in food processing [6].

5.2.2 Theoretical Principles of DME Extraction

A schematic depicting the steps involved in DME extraction is shown as Fig. 5.2.
In the first step, the target components and/or water in the natural materials are
extracted using liquefied DME; and as a result, a mixture of DME, water and
organic components is formed. Secondly, the concentration of water and organic
components in liquefied DME increases and reaches saturation, while the materials
are dried. Thirdly, the DME in the mixture is vapourised, and then the organic
components and water are separated. In the final step, the DME gas is again liquefied
for the next circulation.

H
| |
Fig. 5.1 Structure of DME E:C\ /C:g

molecule 0
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Fig. 5.2 Flow chart of process of DME extraction for wet natural feedstock
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Fig. 5.3 Schematic illustration of the DME extraction system

The principle of energy saving in the aforementioned process is shown in
Fig. 5.3, which represents a DME extraction system [22]. In this system, at
ambient temperature, DME is mixed with organic components and water in an
extractor, using which water and organic components are separated. By employing
techniques such as filtration and sedimentation, the water-organic-DME mixture can
be separated from the materials and ejected from the extractor. If the concentration
of the organic components in the mixture is insufficient for further use, the mixture
is recycled as the extractant. Next, the DME in the mixture is evaporated in a
heat exchanger by a low-level waste heat. As a consequence, supersaturated water
appears beneath the liquefied DME phase because the organic component dissolves
more readily into the liquefied DME. The organic-DME mixture is then separated
from the water layer, and most of the DME at this stage exists as a gas. The DME
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vapour is condensed in the heat exchanger using cold heat sources. The reutilization
of DME, including its evaporation and liquefaction, permits the efficient use of
low-level heat source. For large-scale applications, a heating source of unharnessed
waste heat at about 40 °C is desirable for DME evaporation. DME gas is then
liquefied again at a slightly lower temperature for recirculation. At this stage, a
cooling source of about 10 °C such as geo-heat, which is present within the first
50 m of the earth’s surface, is desirable [4].

5.3 Experimental

5.3.1 Laboratory-Scale DME Extraction Apparatus

Kanda et al., designed the laboratory-scale apparatus to evaluate the extraction
efficiency of the proposed method [13]. The apparatus mainly consisted of three
parts generally; however, in order to test the different materials based on their
respective properties, the apparatus was slightly modified. As shown in Fig. 5.4,
a vessel for storing the liquefied DME (TVS-1-100, Taiatsu Techno Corp., Saitama,
Japan), a vessel as extraction column (HPG-10-5 Taiatsu Techno Corp.) and
a storage vessel to hold the mixture of DME, water and/or extracted organic
components (HPG-96-3, Taiatsu Techno Corp.) were connected in series. The test
materials were loaded into the extraction column. Nitrogen (0.6 MPa) was used to
push the liquefied DME through the extraction system.

E_\:trn’chdl‘l-mlunm N e T T

Metering
valve

—
DME flow

DME gas

Organic extracts |-

Ng¢

Manometer

Removed water e
Liquefied DME tank Storagevessel

Fig. 5.4 Schematic diagram of the lab-scale DME extraction apparatus (the sample in the
extraction column is green tea leaves)
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Fig. 5.5 The prototype of the DME extraction process

5.3.2 Bench-Scale DME Extraction Equipment

The world’s first prototype of the DME extraction process was reported by Kanda
and Makino as shown in Fig. 5.5 [12]. Briefly, the equipment consisted of a
liquefied DME pump, extraction column (volume 0.01 m?, inner diameter 0.15 m,
length 0.55 m), evaporator, flash distillation tower (volume: 0.1 m?), and condenser,
connected in series to form a closed loop. In this extraction system, the operation
pressure was 0.51 MPa, and temperature in the extractor and distillation tower was
around 20 °C. Liquefied DME was mixed with wet test materials in the extractor,
and water and organic compounds were extracted. The mixture of water, organic
compounds and DME was separated from the test materials and ejected from the
extractor. Next, DME in the mixture was evaporated in the heat exchanger at 30 °C,
and the water and organic components were separated from DME in the distillation
tower. The DME vapour was then condensed in the heat exchanger at 15 °C.

5.4 Results and Discussion

5.4.1 Extraction and Dewatering of Vegetal Biomass

Li et al., reported the extraction of three representative common vegetal biomasses
including spent coffee grounds, green tea waste, and orange peels for validating
the performance of DME extraction method. These materials are the main sources
of industrial food waste generated on a huge scale worldwide, warranting their
effective utilisation. For example, the world annually produces around 6 million
tons of spent coffee grounds from the beverage factories [24]. According to a
credible report, the spent coffee grounds contain around 10-15 % of oily substances,
depending on the coffee species, which can be easily converted into biodiesel [20].
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Fig. 5.6 Pictures of original samples, dewatered bio-solids and extracted organic components. The
value in parentheses is the initial water content of biomass

Green tea is consumed worldwide as one of the most popular, traditional beverages,
particularly in Asian countries such as China, India, and Japan. The annual global
production of tea was about 4.51 million tons in 2010 [7].

As shown in Fig. 5.6, the surfaces of these vegetal biomasses became relatively
brighter after DME extraction owing to a substantial decrease in the water and
pigment contents of these samples. Figure 5.7 shows the changes in the water
content of the test samples and amounts of the organic extracts in the storage vessel.
As the amount of liquefied DME passing through the extraction system increased,
the water content in samples decreased while the amount of organic extracts in the
storage vessel significantly increased. When the amounts of consumed DME were
218.1, 196.9, and 200.5 g, the corresponding water contents in the samples were
5.0 %, 10.0 %, and 11.9 %, respectively. On the other hand, to obtain the maximum
amounts of organic extracts from the spent coffee grounds and green tea waste,
approximately 276.4 and 277.1 g of DME were consumed. The difference in the
DME consumption for dewatering and extraction of organic components for spent
coffee grounds and green tea waste may be due to the difference in the biologic
properties of these biomasses. The results also implied that the dewatering velocity
of the liquefied DME exceeded its extraction velocity for organic components, at
least for spent coffee grounds and green tea waste.
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The extraction yields of the organic components obtained using the DME extrac-
tion method were compared to those obtained from the widely-used conventional
Soxhlet method involving hexane. As shown in Fig. 5.8, with the Soxhlet method,
the extraction yields of the spent coffee grounds, green tea waste, and orange
peels were 17.24+0.2 %, 1.9+ 0.1 % and 0.9 +0.05 %, respectively; however,
the extraction yields using the DME method were 16.8 &= 1.0 %, 16.2 £ 1.5 %, and
6.2 £ 0.5 %, respectively. The difference in the extraction yields between the two
methods was because of the difference in the chemical compositions of the tested
biomasses and the chemical properties between DME and hexane.
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Table 5.1 Sample details of tested algae varieties

Water

Genus Cell form content (%) Location
N-595 Oscillatoria agardhii Filar 85 Northern Ireland
N1263 Oscillatoria agardhii Filar 85 Germany
ONC Microcystis aeruginosa ~ Granular ~ 93.4 Okinawa island (Japan)
GSK Microcystis aeruginosa ~ Granular ~ 91.1 Okinawa island (Japan)
GK12 Monoraphidium Granular  78.2 -

chlorophyta

Kanogawa Cymbela Acicular 93 Lake Kanogawa Ozu (Japan)
Hirosawa®  Microcystis Granular 91 Hirosawa mere Kyoto (Japan)

“Microalgae sample was mixed-species

5.4.2 Extraction of Bio-oils from Microalgae

Fossil fuel depletion and global warming have impelled researchers to work on
bio-fuel production from biomasses such as crops, animal fat, and microalgae
[25]. Among these, microalgae have attracted significant attention as the newest
generation of biofuel resource [8]. Compared to terrestrial plants, microalgae have
high oil content and growth rate; mass algal cultivation can be performed on
unexploited lands using systems supplying nutrients, thus avoiding competition with
limited arable lands [21].

In the conventional process, the recovery of bio-oils from microalgae generally
requires multiple solid-liquid separation steps. These processes involve drying, cell
wall disruption, and solvent extraction [23]. The extraction of bio-oils is usually
performed with toxic organic solvents such as hexane, chloroform, and methanol,
which means these processes are highly energy-intensive and damaging to the
environment [23]. For example, on the laboratory scale, bio-oil extraction with
hexane is normally carried out using the Soxhlet method at 70 °C for 18 h [5].
Such long duration of extraction and heating is a key drawback. The most rapid and
effective conventional extraction method for bio-oils is the Bligh-Dyer’s method
[1], which involves drying, cell disruption, and solvent (chloroform-methanol)
extraction. This standard method has been indispensable, not only for bio-oil
extraction from microalgae but also for the quantification of crude oil derived from
biological materials [10].

Kanda et al., investigated the extraction of bio-oils using liquefied DME on
several natural blue-green microalgae, and the results were compared to those
obtained using the Bligh-Dyer’s method [16]. The sample details of the tested algae
are listed in Table 5.1. The extraction volumes achieved using liquefied DME and
the Bligh-Dyer’s method are shown in Fig. 5.9. White columns represent the bio-oil
extraction yield using liquefied DME on the dry weight of the microalgae while the
black columns represent the results of the Bligh-Dyer’s method. Both NIES-595
and NIES-1263 belong to Oscillatoria agardhii, but their extraction yields were
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Fig. 5.9 Bio-oil extraction ratio using the DME and BD methods for several species of natural
microalgae

99+1 % and 14.0 £ 1 %, respectively. Conversely, the extraction rates of ONC
11.0£2 % and GSK 12.0+ 1.5 % were similar. The extraction yield of GK12
was 18.5 =2 % while that of the mixed-species of microalgae collected at Lake
Kanogawa was 22.5+ 1 %. The extraction yield of Hirosawa Mere showed the
highest extraction rate at 40.1 £2 %. The extraction yield of all the species was
more than 97.0 % as determined by the Bligh-Dyer’s method. This implied that the
extraction yields obtained using the DME extraction method were comparable to
those obtained using the Bligh-Dyer’s method.

In another recent study Kanda et al., proposed the use of this method to directly
extract hydrocarbons from the wet botryococcus braunii, which is a fine energy
source containing a considerable amount of hydrocarbons [17]. Our results indicated
that the extraction yields of hydrocarbons using DME were approximately identical
to those obtained using the Soxhlet extraction method involving hexane.

5.4.3 Other Recent Studies Involving DME

The use of DME not only affords the extraction of available components from
natural feedstock but also the removal of water and undesired components. Oshita
et al., successfully investigated the removal of PCBs and water from the river
sediments [26]. The maximum extraction efficiencies of liquefied DME for PCBs
and water were 99 % and 97 %, respectively. Only about 2 % of PCBs remained in
the sediment after DME treatment. Kanda et al., proposed this method to remove
the odorous components and water from the slurry of biosolids [15]. In their
study, the moisture content of the test sludge cake was reduced from 78.9 to
8.0 %. The amounts of the odorous components in the dewatered sludge including
hydrogen sulphide, methyl mercaptan, methyl sulphide, and acetaldehyde were
reduced significantly.
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Table 5.2 Balancing contents of caffeine and catechins

Post-HWE green DME extraction

Amount (jLg) tea leaves Tea leaves residue  Organic compounds Water Loss
Total (%) 100.0 28.4 1.6 70.0 -
Caffeine (ng/g) 1,210 Nd 47 498 665
Catechins (jug/g)

C 105 41 3 35 26
EC 798 201 16 342 239
GC 587 175 7 239 166
EGC 3,568 1,256 32 1,395 885
CG 79 42 4 28 5
ECG 1,574 740 42 510 282
GCG 362 187 7 110 58
EGCG 7,437 4,164 95 2,163 1,015

Nd not detected, DME dimethyl ether, C catechin, EC epicatechin, GC gallocatechin, EGC
epigallocatechin, CG catechin gallate, ECG epicatechin gallate, GCG gallocatechin gallate, EGCG
epigallocatechin gallate

5.4.4 Properties of Extracted Components and Dewatered
Bio-solids

The concentration and chemical compositions of the extracts derived from different
extraction solvents were different sometimes despite the slight changes in the
extraction conditions. Herein, two recent results obtained using the DME method
on the extraction of natural products were presented. In the first example, the
extractions of caffeine and eight catechins including catechin (C), epicatechin (EC),
gallocatechin (GC), epigal- locatechin (EGC), catechin gallate (CG), epicatechin
gallate (ECG), gallocatechin gallate (GCG), and epigallocatechin gallate (EGCG)
from green tea leaves were studied [18]. Table 5.2 shows the concentrations of
caffeine and catechins in the residue, organic extracts, and removed water. The
amounts (mass) of residue, organic extracts, and removed water from 100.0 % of
green tea waste were found to be 28.4 %, 1.6 %, and 70.0 %, respectively. Kanda
et al., evaluated the distribution of caffeine and catechins in the samples after DME
extraction. Probably, the losses in the contents of caffeine and catechins, as shown in
Table 5.2, were due to the differences in the analysis methods used for wet green tea
leaves (and its residue), and organic compounds and water. As shown in Table 5.2,
no caffeine was detected in the residue, indicating the good extractive ability of the
DME method for removing caffeine from such biological materials. Of the removed
caffeine, 41.2 % was present in water, which implied that the removed water might
not be suitable for low-caffeine applications without additional treatment. All the
catechins were detected in the residue, extracts, and water. However, we found that
the catechins remained in the residue and water rather than in the organic extracts,
probably because they migrated to the water layer from the upper DME-organic
layer with the evaporation of DME (refer to Fig. 5.4). Approximately 29.1-42.9 %
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Table 5.3 Proximate analysis and main elemental compositions of extracted lipids and dewatered
solids from vegetal biomass

Coffee grounds Microalgae (Kanogaw)
Analysis (wt.% dry basis) Lipids Solids Lipids Solids
Proximate analysis
Ash yield Nd 1.9 1.1 7.5
Volatile matter - 81.1 - 80.1
Fixed carbon - 17.0 - 12.4
Ultimate analysis
C 77.0 51.5 70.9 46.9
H 114 6.97 10.0 6.65
N 1.96 243 2.62 10.7
0} 9.60 37.1 15.0 27.8
S - 0.15 0.16 0.41
HHV MJ kg~ 1) 38.9 21.1 33.8 18.3

of the catechins were extracted into the water fraction while 25.2-56.0 % remained
in the residue after DME extraction. Here, it was noteworthy that 56.0 % of the most
important catechin, EGCG, still remained in the residue after DME extraction.

In the case of the extraction of lipids from spent coffee grounds, the chemical
compositions of the lipids extracted using liquefied DME were determined and
compared to those extracted using the Soxhlet method involving hexane. As shown
in Fig. 5.10, the gas chromatograms of the lipids obtained via DME extraction
resembled those obtained using the Soxhlet extraction with hexane; the carbon
number of the detected lipids was in the range of C16—-C18, which consisted of
both saturated and unsaturated fatty acids. This outcome was almost identical to a
previous report on the lipids derived from spent coffee grounds [20].

As mentioned earlier, this DME based technology can produce not only organic
extracts but also dried bio-solids as byproducts. For example, the properties of the
extracts and bio-solids derived from the spent coffee grounds and microalgae are
shown in Table 5.3. The concentrations of carbon and hydrogen in the lipids of both
spent coffee grounds and algae are higher, while nitrogen and oxygen are lower
compared to those in the solids. The higher heating values (HHVs) of the lipids
derived from either spent coffee grounds or microalgae are equivalent to those of
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Fig. 5.11 Proposed utilisation of the DME method in the tea industry

the first-generation biodiesel, and are essentially the same as the traditional fossil
oils [3]. In addition to the lipids, the bio-solids derived from both the spent coffee
grounds and microalgae via DME extraction also retained sufficient calorific density
to render themselves as potential carbon neutral fuels.

5.4.5 Future Possible Applications of DME Extraction

Owing to the unique properties of DME, this technique could be applied in
the extraction of natural products in several industrial fields. Here, two possible
applications of this technique were proposed for the tea industry and renewable
bio-fuel production from vegetal biomass. The utilisation of the DME method in
the tea industry has been depicted in Fig. 5.11. The right side in the figure has
been conceptualised according to the outcomes of a recent study [18]. Here, the
high-moisture green tea leaves after hot water extraction (HWE) are treated with
liquefied DME. As mentioned earlier, it is different from the conventional method
for that the DME method can simultaneously dewater (i.e. drying) and directly
extracts the organic constituents from the natural feedstock at room temperature.
This means that the heating of the extractant and the downstream hot-drying are
both unnecessary. Furthermore, DME is a safe solvent and does not remain stable at
room temperature. As a result, DME can be used for food processing. Therefore, the
product B can be used for beverage production either with or without pre-treatment.
The dried and decaffeinated product A can be used for the production of powdered
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green tea. The left side in the figure is a prospective concept derived from this
study. Here, the green tea leaves could be extracted directly using the DME method
without HWE. Thereupon, the amounts of caffeine and catechins in product B and
catechins in product A should be much higher than those remaining post-HWE.
Finally, the chemical compositions of product C from green tea leaves either with or
without HWE should be further studied carefully because such condensed organic
extracts from tea leaves usually contain other bio-active components, which may be
of commercial value.

For the production of renewable bio-fuels, the DME technique is advantageous
over the traditional extraction technologies [14, 16, 17, 22]. Herein, both traditional
and DME approaches were integrated in a graphic illustration as shown in Fig. 5.12.
There are four main steps: drying, cell disruption, solvent extraction, and solvent
recycling, numbered as steps 1, 2, 3, and 4, respectively. In the traditional method, all
four steps are normally required. The product obtained from the traditional method
is only bio-oil, which can be chemically converted into liquid bio-fuels such as
biodiesel. The water contained in the biomass is vaporized in step 1 in the traditional
method, and the disposal of the biomass residues needs to be considered. In the
DME approach, only steps 3 and 4 are required because of the dewatering ability and
penetrability of DME. Besides the main product of bio-oil, the byproducts, namely
dewatered bio-solids and removed water, could also be meaningfully utilised. For
example, if the removed water from the vegetal feedstock did not contain any DME
at room temperature, then such water could be used for agricultural irrigation.
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5.5 Conclusions and Future Applications

In comparison to the traditional solvent extraction technology and SFT, the DME
extraction has many advantages, particularly for natural product extraction from
high moisture containing natural feedstock. As an organic solvent, liquefied DME
is water-soluble; therefore, water can be removed from the feedstock simultaneously
with the organic components. The boiling point of DME is close to the room
temperature; therefore, the circulation of DME (gasification and liquefaction) is
efficiency in energy consumption. The safety of DME allows for the application
of this technique to the pharmacy and food industries. Above all, the uniqueness
of this technique lies in the fact that it couples both dewatering and extraction, and
therefore, both extracted chemicals and residue are obtained as products. However,
as a new technique, some certain phenomenon such as the excellent penetrability of
DME, needs to be clarified further. Additional efforts should also be directed toward
testing other sources of natural feedstock, and expanding the possible application of
this technique to other fields. A pilot-scale study should also be carried out to make
this technique industrially practicable as soon as possible.
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Chapter 6
Ethyl Lactate Main Properties, Production
Processes, and Applications

Carla S.M. Pereira and Alirio E. Rodrigues

Abstract Petroleum is still the basis for the production of chemicals. Nevertheless,
alternatives such as biomass and waste have been developed due to both envi-
ronmental impacts of petroleum production and use, and uncertainty about the
longevity and stability of petroleum supplies.

Ethyl lactate is derived from nature-based feedstocks (it is synthesized trough the
esterification reaction between ethanol and lactic acid, both reactants generated from
biomass raw materials), and can be used in place of several environment-damaging
halogenated and toxic solvents, including ozone depleting chlorofluorocarbons,
carcinogenic methylene chloride, and toxic ethylene glycol ethers and chloroform.
This chapter presents an overview regarding ethyl lactate main properties, its
synthesis and production processes, with particular emphasis to reactive/separation
processes based on innovative technologies, as reactive distillation, membrane
reactors and simulated moving bed reactors, and its applications (mainly for
extraction of bioactive compounds from natural sources).

6.1 Introduction

The environmental regulations as well as the increase in crude oil prices raised
stringent and compelling demands for the design and implementation of greener
products and processes.

Green solvents were developed as a more environmentally friendly alternative
to petrochemical solvents, being the most popular water (aqueous biphasic),
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Table 6.1 Ethyl lactate major benefits [4] (Reproduced by permission of The Royal Society of
Chemistry)

100 % biodegradable Renewable — biomass derived

FDA approved EPA approved SNAP solvent

Non carcinogenic Non corrosive

Great penetration characteristics Stable in solvent formulations until exposed to water
Rinses easily with water High solvency power for resins, polymers and dyes
High boiling point Easy and inexpensive to recycle

Low VOC Not a ozone depleting chemical

Low vapor pressure Not a hazardous air pollutant

FDA Food and Drug Administration, EPA Environmental Protection Agency, SNAP Significant
New Alternatives Policy, VOC Volatile Organic Compound

supercritical carbon dioxide and ionic liquids [1]. An increasing interest is also
being given to bio-based solvents (produced from biomass or waste) as the lactate
ester family solvents, which included ethyl lactate [2].

Anastas and Warner developed “the twelve principles of green chemistry”,
which are a list of suggestions on how to design greener processes and/or greener
products [3]. Ethyl lactate is in accordance with at least eight of these principles [4]:

1. Ethyl lactate is produced from renewable raw materials (by the reaction of
ethanol with lactic acid; both reactants can be obtained by fermentation of
biomass): 7th principle “Use of Renewable Feedstocks”.

2. Ethyl lactate is 100 % biodegradable, easy to recycle, non-corrosive, non-
carcinogenic, non-toxic (U.S. Food and Drug Administration approved its use
in food products) and non-ozone depleting [5]: 3rd principle “Less Hazardous
Chemical Syntheses”, 4th principle “Designing Safer Chemicals” and 10th
principle “Design for Degradation”.

3. Ethyl lactate can be produced using heterogeneous catalysts and without using an
excess of any of the reactants; the elimination of homogenous catalysts (usually
mineral acids) avoids the presence of corrosive catalysts and, as consequence,
eliminates a further step of their neutralization: /st principle “Prevention” and
9th principle “Catalysis”.

4. Ethyl lactate can be produced by using hybrid technologies where reaction and
separation of the products take place in a single unity eliminating the use of
solvents, reducing the capital cost (less separation units are needed) and requiring
less energy consumption: 5th principle “Safer Solvents and Auxiliaries” and 6th
principle “Design for Energy Efficiency”.

Due to the recognition of ethyl lactate as an environmentally benign chemi-
cal together with other ethyl lactate benefits, summarized in Table 6.1, several
applications of this green solvent are addressed in the literature, as pharmaceutical
preparations, fragrances, for inks and coatings industries, food additives, and more
recently, in organic synthesis and as extractive solvent of bioactive components from
natural sources.
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Considering the increasing importance of this compound, this chapter provides:
(1) ethyl lactate main properties, where temperature dependent properties, as
viscosity, vapor pressure, heat of vaporization and heat capacity are addressed; (2)
ethyl lactate synthesis by the esterification reaction between ethanol and lactic acid
and its production processes by using multifunctional reactors, where reaction and
separation steps are integrated into a single unit; and (3) ethyl lactate applications
with particular emphasis to the use of this compound as extraction solvent of
bioactive components.

6.2 Ethyl Lactate Properties

Ethyl lactate (CAS No.: 97-64-3, IUPAC name Ethyl (S)-2-hydroxypropanoate),
with molecular formula CsH;¢Os, is a clear to slightly yellow liquid, that when
dilute presents a mild, buttery, creamy, whit hints of fruit and coconut odor. It can
be found naturally in small quantities in a variety of foods, as chicken, wine and
some fruits or it can be derived from renewable resources as corn or sugar crops
(see Sect. 6.3.1 — “Raw Materials”).

Ethyl lactate is 100 % biodegradable, non-corrosive [6], non-carcinogenic and
non-ozone depleting, indeed it is so benign that it is approved by Food and Drug
Administration (FDA) to be used as food flavor additive.

Ethyl lactate has a high solvency power; in Table 6.2, the solvating properties of
ethyl lactate and the petrochemical N-methyl pyrrolidone are presented. It also has
high boiling point, low vapor pressure, and low surface tension. Some physical and
thermodynamic properties of ethyl lactate are presented in Tables 6.3 and 6.4.

The values of density, viscosity, vapor pressure, heat capacity, heat of vaporiza-
tion and thermal conductivity at different temperatures (Table 6.4) were calculated
by using Egs. 6.1, 6.2, 6.3, 6.4, 6.5, 6.6, respectively, with the constants presented
in Table 6.5 (based on appropriate experimental data available in literature).

Table 6.2 Solvating properties of ethyl lactate and N-methyl pyrrolidone ([4] — Reproduced by
permission of The Royal Society of Chemistry)

Ethyl lactate N-methyl pyrrolidone
Kauri butanol value >1,000 350
Solubility parameters
Hildebrand parameter 21.3 23.1
Disperse Hansen parameter 7.8 8.8
Polar Hansen parameter 3.7 6.0
Hydrogen-bonding Hansen 6.1 3.5
parameter
Miscibility Miscible in water and Miscible in water and

hydrocarbons hydrocarbons
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Table 6.3 Basic properties

of ethyl lactate (Data from Properties Ethyl lactate

[7]) Molecular weight — M (g/mol) 118.133
Melting temperature — T} (K) 248.25
Normal boiling temperature — Ty, (K) 426.15-427.15
Critical temperature — 7, (K) 588.00
Critical pressure — P, (bar) 38.60
Critical volume — V, (cm?/mol) 354.0
Acentric factor — ® 0.793

Table 6.4 Ethyl lactate

278.15K 298.15 K 318.15K
properties at different

temperatures p (g.cm?) 1.06 1.03 0.99
n (cP) 4.55 2.21 1.26
P,, (mmHg) 1.07 3.75 1.12x 10!

C, Jmol ' K™ 246x1072  255x 1072  2.64x 1072
AHY (Jmol™1) 6.17x10°  601x10*  5.84x 10*
AMWm™' K™  1.73x107!  1.68x107'  1.63x 107!

The density was determined by the Rackett equation, with p; (g.cm™) and T
(K), given by:

o = A~ (=F) 6.1)

The liquid viscosity dependency on temperature was described by the following
correlation, with nz(cP) and T (K):

B
logjgn. = A+ +CT + DT? (6.2)

The correlation of vapor pressure as a function of temperature was determined
by the Antoine-type equation with extended term:

B
logigPyy = A+ o + Clog,oT + DT + ET? (6.3)

with P,,(mmHg) and T (K).
The liquid heat capacity correlation was calculated by the expression:

C,=A+BT +CT*+ DT> +ET* (6.4)

with C,(Jmol™ K=Y and T (K).
The heat of vaporization as a function of temperature was determined by:

AH" = A1 -T,](B+CT, + DT}) (6.5)

with T, = T/T, and AHY(JK~ 'mol™1).
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The correlation of the thermal conductivity was calculated by:
A=A+BT+CT>+ DT>+ ET* (6.6)

with A(Wm~ 'K~ !) and T (K).
All the presented properties make of ethyl lactate a suitable compound for several
applications, as can be observed in Sect. 6.4.

6.3 Production Processes

6.3.1 Raw Materials

Common biorefinery building blocks as ethanol and lactic acid can be used to
produce ethyl lactate.

Ethanol is an important raw material in the chemical industry and it is the most
widely used biofuel for transportation. It can be produced from several biomass
crops, as sugar crops (e.g., sugar cane and sugar beet), starch crops (e.g., corn and
cassava) or cellulosic feedstocks (e.g., wood, grasses and agricultural residues).

The worldwide production of ethanol is growing every year. According to
Merchant Research and Consulting Report [9], from 2007 to 2012 the global ethanol
production increased by 56 %.

USA is the leader in ethanol market, with 59 % share of the global production,
followed by Brazil with 24 % share.

Lactic acid, an important chemical platform for the economy of renewable
compounds, can be produced by the fermentation of different carbohydrates, such as
glucose (from starch), maltose (produced by specific enzymatic starch conversion),
sucrose (from syrups, juices, and molasses), or lactose (from whey) [10, 11]. Other
feedstocks, particularly from wastes, are being investigated [12, 13].

According to a recent Report by Global Industry Analysts, Inc. (2012), the lactic
acid global market is forecast to reach 328.9 thousand metric tons by the year 2015
[14]. This market growth is driven by a rise in demand from existing end-use mar-
kets (mainly for the production of biodegradable polylactic acid, a well-known sus-
tainable bioplastic material [15, 16]) and development of new product applications.

6.3.2 Synthesis

The ethyl lactate synthesis involves a liquid phase reversible reaction between
ethanol and lactic acid, catalyzed by an acid catalyst, and having water as a by-
product:

+
Ethanol (Eth) + Lactic Acid (La) <—> Ethyl Lactate (EL) + Water (W)
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Lactic acid is an a-hydroxy acid; it contains a hydroxyl group adjacent to the
carboxylic acid functional group. A review on the chemistry of this compound
can be found in the literature [17]. The lactic acid bifunctional nature promotes
intermolecular esterification in aqueous solutions above 20 wt.% to form linear
dimer, and higher oligomer acids [18, 19]. An 88 wt.% lactic acid solution comprises
43.5 mol % of monomer, 9.2 mol% of dimer, 1.8 mol% of trimer and about 45 mol%
of water, while an 20 wt.% aqueous lactic acid solution is constituted only by
monomer and water, with a monomer molar percentage of about 5.6 mol% [20].

The degree of self-esterification increases with increasing acid concentration,
which compromises the use of lactic acid as reactant for the synthesis of ethyl
lactate; the use of high lactic acid concentration implies the presence of oligomers
that, during the esterification, will be converted into the corresponding esters. These
esters will simultaneously undergo hydrolysis and transesterification leading to a
mixture of acid and ester monomers and oligomers, according to:

2La; <= Lay; + W (lactic acid dimer formation)
La; +La;, <= Laz;+ W (lactic acid trimer formation)

La; + La,—; < La, +W (lactic acid oligomer formation) with n > 2
La; + Eth <= EL; + W (ethyl lactate formation)

La; + Eth <= EL, + W (ethyl lactate dimer formation)

Las + Eth <= EL3; + W (ethyl lactate trimer formation)

La, + Eth <= EL, + W (ethyl lactate oligomer formation)

OH 0
OH (0]
OH
(0) fe) n

where:

OH

Lactic acid (La;) Lactic acidoligomers (La, )
OH 0
OH
(0]
OC,H;
OC,H;
O n
(0]

Ethyl lactate (EL;) Ethyl lactate oligomers (EL, 1)
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In the ethyl lactate reaction kinetics studies, some authors use 20 wt.% lactic
acid solution as reactant in order to avoid the oligomers formation; however, even
when high lactic acid concentrations are used, the formation of oligomers is usually
neglected. As far as our knowledge goes, just two works take into account the
oligomers formation; nevertheless, their amount, at equilibrium, is less than 5 %
[20, 21].

The water concentration is a strong factor on the extent of the oligomers
formation, but the amount of ethanol is also important. For example, for a lactic
acid solution of 88 wt.%, the oligomers composition at equilibrium is 2.4 molar%,
when using a molar ratio between ethanol and lactic acid of 1, and is 0.4 molar%
when using an ethanol to lactic acid molar ratio of 3 [22].

A summary of the kinetic studies performed for the lactic acid esterification
with ethanol is presented in Table 6.6 [4]. As can be observed, most of the studies
consider heterogeneous catalysts, which is easily explained by their significant
advantages over the homogeneous ones, i.e.: easy to separate from the reaction
mixture; long life time; higher purity of products (side reactions can be eliminated
or are less significant); and elimination of the corrosive environment caused by
the discharge of acid containing waste. Some works also study the self-catalyzed
reaction (without the use of catalyst), but the use of catalyst is favorable, especially
in this esterification reaction as the self-catalyzed reaction rate is extremely slow.

Few authors take into account, in the kinetic model, the non-ideality of the
reaction mixture using activities instead of concentration; the kinetic model is
mainly expressed in terms of species concentration. In spite of the number of
kinetic studies available for this system, only one presents the thermodynamic
equilibrium constant defined as function of the species liquid activities, described by
the following equation: In(k) = 2.9625 — 515.13/T(K) [22]. There is another study,
regarding the vapor-liquid reactive equilibrium for the ethyl lactate synthesis, where
the thermodynamic equilibrium constant was determined; however, the values
predicted by the proposed equilibrium constant expression are not in very good
agreement with the experimental ones [23].

6.3.3 Ethyl Lactate Production by Multifunctional Reactors

The conventional way to produce ethyl lactate is in a batch reactor, where the
esterification reaction between ethanol (usually in excess) and lactic acid is carried
out until equilibrium; then the equilibrium mixture is fed to various separation units
(mainly energy intensive distillation steps) in order to recover ethyl lactate with the
desired purity, to remove water, and to recycle the unconverted ethanol and lactic
acid back to the reactor. The disadvantage of this process is in its economics, since it
represents high energy costs and investment in several reaction and separation units.

The most feasible engineering solution for the production of this type of com-
pounds that involve equilibrium limited reactions is using multifunctional reactors,
where reaction and separation steps are combined in a single unit. This process
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Eth + La w

EL

Eth

Eth + La w

Fig. 6.1 Schematic representation of the ethyl lactate production process patented by Argonne
National Laboratory [30]: reactor coupled with a pervaporation membrane unit and followed by:
(a) pervaporation unit; (b) two distillation columns

intensification methodology by process integration brings significant advantages
when compared with conventional process, as better energy efficiency (the same
resources are used to perform reaction and separation steps), conversion beyond the
equilibrium value (the products are removed from the reaction medium as they are
formed), productivity improvement, lower solvent consumption and of course this
integration results in compacter production plants.

Some multifunctional reactors were already studied aiming the sustainable
production of ethyl lactate, which are presented next.

6.3.3.1 Membrane Reactors

A process based in a reactor with an external pervaporation membrane unit for
reaction medium dehydration and followed by separation of the reaction mixture
in a plurality of pervaporation steps or, alternatively, followed by two consecutive
distillation columns is represented in Fig. 6.1. This process was patented by Argonne
National Laboratory [30] and is currently applied by VERTEC BIOSOLVENTS™
Company in the ethyl lactate production.
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Fig. 6.2 Layout of a pervaporation membrane reactor: (a) batch reactor coupled with a pervapora-
tion unit; (b) membrane and reactor in the same unit; (¢) continuous integrated membrane reactor

Other authors also focused their studies on the ethyl lactate synthesis using
pervaporation and/or vapor-permeation membrane reactors. Three configurations
were assessed: batch reactor, where the lactic acid esterification reaction takes place,
followed by a membrane for water removal, and recycle of the retentate to the
reactor [30, 25, 31-33] (Fig. 6.2a); membrane inside a batch reactor [34, 21, 35]
(Fig. 6.2b) and; tubular membrane packed in the lumen side with a heterogeneous
catalyst (Amberlyst 15-wet) [36] (Fig. 6.2¢).

The type of hydrophilic membranes tested were polymeric [25, 31, 30], ceramic
[32] and organic—inorganic hybrid membranes [33, 34] for pervaporation and
zeolites for vapor permeation [35, 21].

The main results obtained for the ethyl lactate production by using membrane
reactors are summarized in Table 6.7.

6.3.3.2 Reactive Distillation

The reactive distillation (RD) technology, where reaction is integrated with sep-
aration by distillation (Fig. 6.3), was successfully implemented by Asthana and
collaborators [37]; for a bottom temperature of 128°C, and a feed comprising a
mixture of ethanol and 88 wt.% lactic acid solution (ethanol/lactic acid molar ratio
of 3.6:1), it was obtained a 95 % lactic acid conversion and 95 % ethyl lactate purity
(ethanol free basis).
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Fig. 6.3 Typical reactive
distillation column applied to
ethyl lactate synthesis

Reactive Section

This process was also studied by Gao and co-workers [38]; however, when using
a bottom temperature of about 115°C and a feed ratio of ethanol to lactic acid of
4:1, an ethyl lactate yield of just 53 % was achieved.

In the most recent study [39], simulation work was performed considering the
fermentation step for the production of lactic acid from sucrose integrated with the
ethyl lactate synthesis using RD technology.

6.3.3.3 Chromatographic Reactors Based Technologies

The Simulated Moving Bed Reactor (SMBR), which combines chemical reac-
tion with continuous counter-current chromatography, was also evaluated for the
production of ethyl lactate [40]. It is reported an ethyl lactate productivity of
18.06 Kggr/(L,gs.day), a desorbent consumption of 4.75 Lgy/Kggr and a ethyl
lactate purity of 95 % (ethanol free basis), when using this technology at 50 °C,
pure ethanol as desorbent and Amberlyst-15 wet resin as catalyst and selective
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Fig. 6.4 Schematic representation of the ethyl lactate synthesis by SMBR

adsorbent to water (see Fig. 6.4). The maximum ethyl lactate productivity attained
was 31.7 Kgg /(L,gs.day), but it was accompanied by a high consumption of ethanol
(7.6 Lgn/Kggr), which implies diluted outlet streams; in the SMBR two outlet
streams diluted in the desorbent used are obtained: the extract and the raffinate,
requiring, therefore, additional separation steps.

In order to achieve high ethyl lactate productivity without the penalty on the
consumption of ethanol (desorbent), the SMBR was integrated with hydrophilic
membranes, which resulted in a new hybrid technology: the Simulated Moving Bed
Membrane Reactor (PermSMBR) [41, 42].

Once the physical PermSMBR unit does not exist yet, this technology was
just theoretically assessed, but using mathematical models that strongly rely on
experimental data (the SMBR [40] and the pervaporation performance of the
compounds involved in ethyl lactate synthesis [36] were experimentally assessed)
[41, 42]. The PermSMBR revealed a high performance with high productivity and
low solvent consumption which proves this technology potential for the sustainable
synthesis of ethyl lactate even when compared with other intensified processes. For
example, for an ethyl lactate productivity of around 16 Kgg /(Lesin-day), at 50°C,
the SMBR ethanol consumption is 165 % higher than that of the PermSMBR. For
a productivity of about 41 Kggy /(Liesin.day), the RD process developed by Asthana
et al. [32] (bottom temperature of 128 °C) requires a larger amount of ethanol by
152 % than the PermSMBR at 70 °C [42]. In all cases, an ethyl lactate purity of 95 %
(ethanol free basis) was obtained. Nevertheless, it should be mentioned that a fair
comparison among these technologies must be performed in terms of economical
evaluation, where capital and operational costs are considered.

A schematic representation of a PermSMBR based plant for the production of
ethyl lactate is shown in Fig. 6.5.
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Fig. 6.5 PermSMBR process scheme for ethyl lactate production

6.4 Applications

Ethyl lactate has many applications such as food additive (flavoring agent), fra-
grances, pharmaceutical (as dissolving/dispersing excipient [43, 44]), and agricul-
tural (for instance in copper [45] or cadmium [46] removal from contaminated soils).

Nevertheless, its main application is as green solvent; it can be used for chemical
reactions [1, 47] (for instance, in the greener synthesis of aryl aldimines [48],
synparvolide B [49], varitriol [50], and spiro-oxindole derivatives [51]), in magnetic
tape coatings replacing the hazardous air pollutants MEK, MIBK and toluene [52],
as paint stripper and graffiti remover, as cleaning agent for the polyurethane industry
and for metal surfaces, efficiently removing greases, oils, adhesives and solid fuels.
Moreover, it has the ability to replace a range of environment damaging halogenated
and toxic solvents as is the case of N-methyl Pyrrolidone [53], acetone and xylene,
in their numerous applications.

Among the solvent applications, one that is recently attracting an increasing
attention is the use of ethyl lactate for the extraction of bioactive components
from natural sources, probably motivated by the fact that an important trend in the
bioactive compounds extraction field is the search for new environmentally green
and food grade solvents.

The extraction of phytosterols from wet corn fiber by using ethyl lactate, which
provides an oil product with free phytosterols and free fatty acids, was proposed
by Abbas et al. [54]. Sclareol, a highly water-insoluble plant natural product, was
selectively extracted from Clary sage using ethyl lactate and recovered from the
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liquid solution by a CO, gas anti-solvent methodology [55]. Ishida and Chapman
[56] reported ethyl lactate as an excellent solvent to extract carotenoids from
different sources: lycopene isomers from tomatoes, and lutein and P-carotene
from corn and carrots. A keto-carotenoid, namely astaxanthin, was extracted using
ethyl lactate instead of the traditionally non-environmentally friendly solvents
used, as chloroform, acetone and petroleum ether [57]; when compared with the
conventional extraction procedures, the reported method gave better results (higher
extraction efficiency within short extraction time). The potential application of ethyl
lactate to recover squalene from pretreated olive oil deodorizer and tocopherol
from olive oil was assessed by Hernandez et al. [58] and Vicente et al. [59],
respectively. Manic et al. [60] studied the solubility of high-value compounds as
caffeine, vanillic acid, ferulic acid, caffeic acid and thymol in ethyl lactate in order
to infer ethyl lactate suitability as extractive solvent for these species. The solubility
results obtained in the previous study motivated the authors to evaluate the actual
extraction of caffeine from vegetal sources, such as green coffee beans and green tea
leaves, by using ethyl lactate [61]. The use of this solvent instead of ethyl acetate
(traditionally used) improved the caffeine recovery. The extraction of y-limolenic
acid from Spirulina microalgae using ethyl lactate was also employed [62].

6.5 Conclusions

Ethyl lactate is considered a green solvent that due to its unique advantages such as
biodegradable, non-toxic, high solvency power, excellent miscibility with organics,
among others, has already several applications as demonstrated by the examples
addressed in this chapter. Besides, new applications are underway, as the cases
of the use of ethyl lactate in organic synthesis and in the extraction of bioactive
components from natural sources. The feasibility of ethyl lactate for the extraction
of high-value products such as carotenoids, caffeine and y-limolenic acid, among
others, was already demonstrated.

The synthesis of ethyl lactate involves a thermodynamic limited reaction between
ethanol and lactic acid, having water as by-product. Therefore, in order to improve
the production of ethyl lactate, making it more commercially attractive and com-
petitive when compared with petro based chemicals, the use of reactive/separation
technologies, where at least one of the products is continuously removed from the
reaction mixture to lead to the depletion of the limiting reactant, increasing ethyl
lactate yield and purity, is beneficial. In this chapter, a literature survey related
to intensified ethyl lactate production processes, as membrane reactors, reactive
distillation and chromatographic reactors was presented. In all cases, it was possible
to achieve conversion far beyond the equilibrium value (>95 %) and high ethyl
lactate purity; however, each process is operated at different conditions and requires
different capital investment and so to make a decision on what is the most suitable
ethyl lactate production process, an economical evaluation taking into account each
process capital and operational costs should be performed.
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Chapter 7
Ionic Liquids as Alternative Solvents
for Extraction of Natural Products

Milen G. Bogdanov

Abstract Ionic liquids (ILs) have been proved as promising substituents of the
flammable, volatile, and toxic organic solvents in numerous processes. This chapter
considers the role of ILs in the extraction of natural products from their native
sources and represents a comprehensive overview on the recent achievements in the
IL-assisted solid-liquid extractions of secondary metabolites from plant matrices.
By analyzing the similarities and differences between the ILs and molecular
solvents, important factors that influence the extraction efficiency are discussed, and
some general conclusions regarding the advantages and disadvantages of the use of
ILs are emphasized. The effect of the IL structure on the extraction efficiency and
the possible extraction mechanism and the approaches for both IL recycling and
solute recovery after extraction are also discussed.

7.1 Introduction

Plants, animals, and microorganisms represent a sustainable source of natural
products useful to human beings [1]. Particularly, the plant kingdom offers a variety
of species, which have been used for millennia as remedies for numerous diseases in
different world areas [2]. Therefore, diverse natural species are still the main source
of ideas toward the development of new drugs, functional foods, and food additives.
Bioactive natural compounds are secondary metabolites, generated through various
biological pathways in secondary metabolism processes [3], and typically, their
manufacturing from the natural sources proceeds according to well-established
procedures [4], which usually begin with exhaustive extraction with molecular
solvents (VOCs), e.g., saturated hydrocarbons, alcohols, chloroalkanes, etc., and
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Fig. 7.1 Structure, name, and abbreviation of commonly used cations and anions in ionic liquids

followed by additional chemical treatment of the extracts in order for the compounds
of interest to be isolated in a pure form. These procedures are laborious, time
and energy consuming, and require complicated equipment. Moreover, the organic
solvents employed in the production of natural products are flammable, volatile,
and toxic, which is in a contradiction with the universally accepted nowadays 12
principles of the green chemistry [5]. Thus, the need for extractants of improved
characteristics from safety, ecological, and toxicological standpoint can be put
forward.

Room-temperature ionic liquids (RTILs) are promising candidates that could
meet the above requirements [6]. Consisting entirely of ions (usually charge-
stabilized organic cation and inorganic or organic anion, cf. Fig. 7.1), they are
liquids at ambient temperature and display a wide range of unique properties, such
as negligible vapor pressure, nonflammability, high thermal stability, low chemical
reactivity, etc. [7]. These unique properties, together with the fine-tunable density,
viscosity, polarity, and miscibility with other common solvents [8—10], favor their
application in diverse fields such as synthesis [11], catalysis [12], electrochemistry
[13], and analytical chemistry [14], to name just a few. Furthermore, harmful
VOCs have been successfully replaced by RTILs in different separation processes
including liquid-liquid and solid-liquid extractions [15].

This chapter considers the role of the ILs in the extraction of secondary
metabolites from natural sources. It begins with a short description of the ILs as
solvents, emphasizing the similarities and differences with the molecular solvents,
and proceeds with a comprehensive overview on the recent achievements in the IL-
assisted solid-liquid extractions of natural products by means of different extractive
techniques. Factors that influence the extraction efficiency are discussed, and some
general conclusions regarding the advantages and disadvantages of the extraction
methods employed are drawn. The effect of the IL structure on the extraction
efficiency and the possible extraction mechanism and the approaches for both
IL recycling and solute recovery after extraction are also discussed. This chapter
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is designed, on the one hand, in a way to provide detailed information to the
experienced researchers and, on the other hand, to give some clues to the researchers
who are just entering in this still unexplored area to help them to avoid potential
pitfalls and to identify the best method and the most suitable IL for a particular
extraction process.

7.2 Ionic Liquids as Solvents for Extraction

The knowledge of solubility data for the compounds of interest is essential for a
successful performance of the extraction and separation processes. Due to the low
solubility of natural compounds in water, other solvents such as alcohols, ethers,
chloroalkanes, and normal alkanes are commonly used. However, considering
the substance intended to be extracted, a particular solvent could be selected if
literature data for the compound class under investigation is known. Where such an
information is unavailable, one should follow the principle “like dissolves like,” i.e.,
that the solvent used should have a similar polarity to the compound(s) of interest.
The widely accepted and understood concept of polarity is based on the definition
that polarity is a sum of all possible (specific and nonspecific) intermolecular
interactions between a solvent and any potential solute, excluding these interactions
resulting in a chemical reaction [16]. This can be considered both as a physical
and a chemical phenomenon that comprises Coulombic interactions, dipole-dipole
interactions, hydrogen-bonding interactions, and donor-acceptor acid-base interac-
tions. Regarding IL polarities, they depend on the nature of the IL components
and are typically in the range from dipolar non-hydrogen-bond-donating solvents
(DMF, DMSO, acetonitrile) up to polar hydrogen-bond-donating ones (primary
alcohols, water) [17, 18]. This similarity, together with the others discussed below,
suggests ILs as good candidates for VOC substituents in dissolving natural products
of different polarity.

Besides solubility, which is a key feature in obtaining a crude extract with any
solvent, there are additional criteria for the proper solvent selection. Among them,
melting and boiling points, density, viscosity, and surface tension of the solvent
are of a significant importance. The melting temperature of the solvent should
preferably be lower than the ambient. RTILs meet those criteria, thus allowing easy
handling. Furthermore, because of their high thermal and chemical stability, the
use of ILs allows extractions to be conducted at higher temperatures than the one
offered by the common VOCs. The densities reported for ILs to date vary between
1 and 1.6 g cm™ [19] and appear to be the least sensitive physicochemical property
to variations in temperature and impurity content. High viscosity of a solvent is
not desirable in the extraction processes because it hinders the mass transfer of the
solute of interest. Compared to the common molecular solvents, ILs demonstrate
higher viscosity, ranging from 10 to 500 mPa s at room temperature [19], and this
can be considered as a drawback for their use as extractants. Nevertheless, this
property of ILs is strongly dependent on the temperature and water content [20], thus
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allowing the above shortcoming to be overcome by temperature elevation or by the
use of IL-molecular solvents mixtures. Low surface tension is important for solvent
penetration into the plant matrix by promoting better wetting of the solids. Unlike
most molecular solvents, which exhibit surface tensions at room temperature around
or below 22 mN m™!, the employed ILs in the solid-liquid extraction processes
present surface tension values ranging from 20 mN m™! up to 50 mN m™' [21].
Consequently, some ILs could be considered as substituents of commonly used for
extraction primary alcohols such as methanol, ethanol, isopropanol, etc., and could
be employed as additives to water in order to reduce its surface tension.

It is noteworthy that pure ILs can be considered as self-assembly amphiphiles
which form H-bonded-polymeric network, the latter being a general structural
pattern for both solid and liquid phases [22, 23]. However, the introduction of
other molecules into the pure ILs disrupts the H-bonded network and generates a
secondary nanostructure with polar and nonpolar domains. In case of dilution by
solvents, depending on the solvent polarity and H-bonding ability, supramolecular
aggregates, triple ions, contact ion pairs, or solvent-separated ions can be formed
[22]. For water, it has been shown to be located in the polar domain and that the
degree of its interactions with the IL ions is strongly dependent on the anion nature
[24]. It has been also found that the aqueous solutions of imidazolium-based ILs
can form aggregates, especially as the alkyl group attached to the imidazolium core
becomes longer, and a number of studies [25-30] demonstrated that the mesophase
structure of IL-aqueous mixtures could be “tuned” simply by careful selection of the
anion and adjustment of the water concentration, thereby tailoring the system for a
selective interactions with the solute of a particular interest.

Besides physicochemical properties of ILs that affect the extraction outcome,
some other requirements regarding the whole process of economical and environ-
mental impact should also be taken into account. A high selectivity of a solvent
enables fewer technological stages to be used, and in the case of a complex mixture,
where multiple components could be extracted, a group selectivity is desirable.
Auvailability and costs are also important. The solvent should be readily available,
and it is not its price that is important, but the annual cost due to the inevitable
operation losses. Although the ILs perform as excellent extractants, they are still
expensive compared to the conventional molecular solvents. Therefore, efficient
recycling is another important issue that addresses the economics of their use.
To this end, the recovery and reusability of the ILs after extraction is a key
issue that should be thought over in more details in the near future. From an
environmental standpoint, the appropriate solvent should be as less as possible
volatile, flammable, corrosive, and toxic. Corrosive and flammable solvents increase
the process’ demands not only because of the sophisticated equipment required
but might also result in a more expensive pre- and posttreatment of the waste
products. The removal of solvents from residual plant material can also cause
serious problems, and posttreatment may be necessary to reduce the residue level.
In food and pharmaceutical processing, only nontoxic solvents should be taken into
consideration, since any hazard associated with the solvent inevitably requires extra
safety measures.
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Based on the above reasoning, a quite obvious conclusion could be drawn that
the ILs, mainly due to the versatility of possible ion combinations and fine-tunable
physicochemical properties, could be considered as potential substituents of the
volatile, flammable, and toxic organic solvents commonly employed in solid-liquid
extraction processes. Nevertheless, one should keep in mind that consideration of
ILs in general as nonflammable, nontoxic, biodegradable, noncorrosive, and all
properties related to their “greenness” are true in the same extent as they are not. For
example, it sounds somehow confusing when [C,C;im][BF4] and [C,C;im][PF¢]
are chosen as best extractants among others, since it is well known nowadays that
both [BF4]™ and [PF¢]™ anions hydrolyze in the presence of water [31] to give the
highly corrosive HE.

7.3 Solid-Liquid Extraction with Ionic Liquids

Plants are complex matrices containing a range of secondary metabolites which
differ in their functional groups and polarities, thereby leading to the simultaneous
dependence of the extraction of these metabolites on the plant material type, solutes
nature, and extractant properties. Therefore, as much as possible, factors controlling
the partitioning of the compounds of interest should be taken into account in order
for best extraction outcome to be achieved and reproducible results to be enabled
(cf. Fig. 7.2).

Regarding the raw material, the particle size and moisture content are important,
and their influence on the extraction efficiency should be always considered, espe-
cially in the case when a novel method for quantification is going to be developed.
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Fig. 7.2 Some important factors to be considered prior to extraction
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Besides this, different plant parts such as leaves, flowers, branches, bark, seeds,
fruits, or rthizomes and roots could be extracted, and the plant parts used should be
clearly denoted, since all of them differ by morphology and chemical composition
[32]. Furthermore, the chemical composition of the plant might vary with season,
maturity, and growing area, so it is of a great importance that all ingredients of
the batch sample, particularly when they belong to the same compound class,
are known. This is necessary because the presence of additional unknowns might
compromise the analysis and thereby result in a wrong interpretation of the data
obtained. Another issue worth to be addressed is the nomenclature used for naming
the plant material. Various nomenclature systems have been applied to plants to date.
These include common names (e.g., black pepper), which are well accepted in our
everyday lives; botanical names (e.g., Piper nigrum), which are widely used in the
scientific community; and pharmaceutical names (e.g., Piperis nigri fructus), which
are used to denote unequivocally the medicinal plant parts. Because of their easy
recognizability, someone would prefer to use common names, but should eventually
keep in mind that they vary from region to region and from language to language.
Moreover, different plants may be known by the same common name and vice versa,
thus causing a lack of clarity and confusion if they are not used in a proper way.
Therefore, the botanical nomenclature, because of its wide acceptance and accuracy
in naming biological species, should be preferred when the results are disseminated
to an international audience. However, the common names of a particular plant could
be also used for the sake of simplicity, but in this case the botanical name as well as
the plant parts extracted should be clearly denoted.

Since the solid-liquid extraction may be affected by a large variety of factors,
an appropriate optimization should be performed. The procedure for adjusting these
factors comprises a series of apparently simple steps; however, the ultimate success
of this type of research depends on the attention devoted to each aspect of the work.
The variables mainly evaluated in the solid-liquid extractions with ILs depend on
the extraction techniques employed (cf. Sect. 7.3.1) and could be summarized as
follows: IL structure (both anion and cation type), IL concentration, sample moisture
content, pH, preliminary soaking time, extraction temperature, irradiation power,
irradiation time, pressure, solid-liquid ratio, particle size, and number of extraction
cycles. It is noteworthy that in most of the articles published to date, otherwise
important operation parameters are neglected and so not studied. For instance,
limited number of articles controls the moisture of the plant material or examines the
influence of pH on the extraction efficiency — two factors that affect the efficiency
and robustness of the extraction procedure in a great manner.

Besides IL structure, four to six variables are mainly selected for optimization in
the papers summarized in this chapter (c¢f. Table 7.1). The majority of the authors
prefer the unvaried method, which comprises consecutive variables changing, in
order for the influence of each particular factor to be assessed and thus the highest
extraction yield to be achieved step-by-step. In some cases, in order to prove that
the total amount of the solutes of interest is recovered from the batch sample, a
comparison with other representative techniques such as Soxhlet extraction had
been performed. Even though this approach could ensure an exhaustive extraction,
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it is noteworthy that it does not consider the simultaneous influence of multiple
factors on the extraction efficiency, thus not corresponding to the overall optimized
conditions. In order for these relationships to be assessed properly and the most
significant process parameters to be found, more sophisticated statistical approaches
such as orthogonal design and response surface methodology are also employed
(Table 7.1).

7.3.1 Extraction Procedures

A range of techniques, which differ in their cost and complexity, can be used
for extraction of natural products from plant materials. In the ideal case, the
extraction method selected should be exhaustive, i.e., to yield as much of the
desired metabolites or as many compounds as possible. It should be simple, fast,
safe, economical, environmentally friendly, and reproducible. Regarding ILs, the
classical extraction under stirring at ambient conditions or elevated temperature
(HRE) has been shown effective and economical, but more sophisticated extraction
technologies, such as microwave-assisted extraction (IL-MAE), ultrasound-assisted
extraction (IL-UAE), joint application of UAE and MAE, IL-assisted ultrahigh
pressure extraction (IL-UPE), and IL-based negative-pressure cavitation-assisted
extraction (IL-NPCE) are also employed. All these methods possess specific
requirements, and in some cases, a comparative analysis between them has been
performed. The following section describes the recent achievements concerning
IL-assisted extractions by means of different extraction procedures. Factors that
influence the extraction efficiency are discussed, and some general conclusions
regarding the advantages and disadvantages of the extraction methods employed
are drawn.

7.3.1.1 Classical Extraction

The extraction of value-added chemicals from plants can in some instances be
accelerated by conducting the process at high temperature, since elevated tempera-
ture simultaneously increases the compounds’ solubility inside the solid matrix and
facilitates their diffusion into the extractant. Indeed, classical extraction procedures
such as maceration, percolation, or batch extraction are often carried out at a
temperature higher than the ambient. Among the classical methods, batch extraction
seems preferred by many authors and has been applied as an extraction technique
for recovery of alkaloids, phenolic compounds, and lipids.

Considering the fact that some ILs are able to dissolve cellulose, Jin et al.
[56] explored the ability of pure [C4C;im]Cl to improve the release of phenolic
aldehyde paeonol from the roots of Cynanchum paniculatum. The authors studied
the influence of several parameters on the extraction efficiency and found that at
the optimized conditions (70 °C, 8 h, s/l ratio 1:7.3), the IL-assisted extraction
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gave higher yield than that obtained by Soxhlet extraction. Additionally, they
found that the extraction efficiency toward paeonol was strongly dependent on
the pretreatment time, temperature, and solid-liquid ratio. It was observed that
temperatures higher than 70 °C and soaking times longer than 8 h result in
significantly reduced extraction efficiency, this being attributed to the increase in
viscosity due to increased cellulose dissolution. Thus, the use of pure ILs could
be considered as a drawback if compounds other than cellulose are intended to be
extracted. This shortcoming could be overcome if IL mixtures with water, organic
solvents, other ILs, or molten salts are employed instead of pure ILs. Taking into
account the latter, Bogdanov et al. [40] studied the extraction ability of a series
of water solutions of 1-alkyl-3-methylimidazolium-based ILs toward the aporphine
alkaloid glaucine from aerial parts of Glaucium flavum (yellow horned poppy).
The authors demonstrated that at same conditions (80 °C, 1 h, s/l ratio 1:30),
0.5 M [C4C im][Ace] possesses higher extraction efficiency than that obtained by
HRE in pure water (ca. 50 % increased) or by IL-UAE with 30 min preliminary
soaking (ca. 25 % increased). Further, it was shown that the extraction efficiency
is highly dependent both on the solid-liquid ratio and on the concentration of the
IL applied. However, at the optimized conditions (1 M [C4C;im][Ace], 80 °C, 1 h,
s/l ratio 1:40), a quantitative extraction outcome (compared to Soxhlet extraction
with methanol) was achieved. In a subsequent study, Bogdanov and Svinyarov [41]
conducted a detailed kinetic analysis on the same system and showed that the total
amount of the target alkaloid could be extracted in less than 60 min, regardless of the
temperature (20 min at 80 °C and 40-60 min at 20 °C). The latter result suggests the
immense advantage of the use of IL-aqueous mixtures over pure ILs, since it allows
such extractive systems to be employed to recover value-added chemicals at mild
conditions by means of maceration or percolation — technologies commonly used in
the industry. In another study, Cldudio et al. [42] demonstrated that aqueous solution
of [C4C,im]Cl is a suitable extractive solvent for batch extraction of caffeine from
the seeds of Paullinia cupana (guarand). At the optimized extraction conditions
(2.34 M [C4C;im]Cl, 70 °C, 30 min, s/l ratio 1:10), the authors reported more than
50 % enhanced extraction efficiency of the IL-aqueous system, compared to the one
obtained by Soxhlet extraction with dichloromethane, and tagged that the particle
size plays an important role in achieving higher yields. Recently, Ressmann et al.
[43] introduced a novel, cost-efficient, and high-yield extraction media, consisting
of surface-active ILs, for the extraction of active ingredients from natural sources.
It was found in this study that IL-aqueous micellar systems might be employed to
extract piperine from the seeds of Piper nigrum (black pepper) at concentrations one
order of magnitude lower than those normally employed in IL-assisted extractions
and that the extraction efficiency is strongly dependent on the CMC of the respective
ILs. Using this strategy, the target alkaloid piperine was extracted quantitatively
for 3 h at room temperature by means of 50 mM [C,betaine]Cl-aqueous solution.
In another study, Ribeiro et al. [69] employed water solutions of cholinium-based
ILs to extract polyphenols and saponins from aerial parts of Camellia sinensis
(tea) and llex paraguariensis (mate) by simple orbital extraction. The authors
observed that 30 % aqueous solution of [(HO)>C,(C;); N]CI (choline chloride)
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gives comparable extraction efficiency with that obtained with 30 % ethanol and
that the extraction outcome is independent on the temperature, thus allowing the
process to be conducted under more benign conditions. An interesting issue that
deserves additional attention appears from this study. Namely, that the ammonium
salt used possesses melting temperature higher than 100 °C, which means that it
could not be considered as an ionic liquid by definition. Considering that any “ionic
liquid” used in solution loses the unique properties characteristic of its pure state,
the question arises whether the term “quaternary salts” is not more appropriate to be
adopted in such cases.

The batch extraction with ILs seems to be the preferred extraction technique for
the recovery of lipids from various sources. Young et al. [83] first reported the use
of IL-molecular cosolvent systems to extract bio-oil from the biomass of Dunaliella
spp. and Chlorella spp. microalgae and the seeds of Jatropha spp., Brassica spp.
(rape), Calophyllum inophyllum (Alexandrian laurel), and Millettia pinnata (Indian
beech). It was shown in this study that [C,C;im][C;OSO3]-methanol (1:1.2, w/w)
mixture is able to extract lipids in satisfactory yields after 18 h at 65 °C. Moreover,
it was found that the extracted lipids auto-partitioned to a separate immiscible
phase, thus allowing easy harvesting. Considering this as an advantage, Severa
et al. [79] employed the same IL-methanol cosolvent system in a subsequent study
for simultaneous extraction and separation of phorbol esters and lipids from the
seeds of Jatropha spp. Similarly, Kim et al. [82] used a system consisting of
[C4C;im][OTf] and methanol to extract lipids from both commercial and cultivated
microalgae Chlorella vulgaris and showed that a broad range of fatty acids are
successfully extracted. In another study, Choi et al. [80] used IL-IL mixtures to
improve the lipid extraction yields from algae biomass. Particularly, it was found
that the [C,C;im][HSO4]-[C,C;im][SCN] mixture (1:1, w/w) gives nearly sixfold
higher extraction outcome compared to [C,C;im][HSO4] in pure form. A similar
synergistic effect, leading to an increased extraction yields, was also documented
by Choi et al. [81] in the extraction of lipids from Chlorella vulgaris by means of
mixtures of ILs with molten salts, such as Zn(NO3),.6H,0, Mg(ClO4),.6H,0, and
FeCl3.6H20.

Summarizing, the batch extractions with ILs do not require special equipment
and are normally performed at a wide temperature range 20-120 °C. This factor
and the soaking time and the solid-liquid ratio depend both on the type of the plant
matrix and the type of compounds to be extracted. The extraction times are rather
broad, ranging from 20 min to 18 h, depending on the temperature applied and the
compounds intended to be extracted. Both pure ILs and their mixtures with water,
organic solvents, other ILs and molten salts could be successfully employed in this
process.

7.3.1.2 Ultrasound-Assisted Extraction

Ultrasound-assisted extraction (UAE) shows certain advantages in comparison to
other extraction methods, since it is easy to perform, does not require complicated
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equipment, and significantly reduces the extraction times and solvent consumption
[88]. In addition, UAE provides more effective mixing and faster energy transfer
and allows operation at ambient conditions, which can be advantageous if thermally
unstable compounds are to be extracted. Ultrasonic waves facilitate solvent pene-
tration and swelling of the plant material due to the formation and further collapse
of gas bubbles into the bulk of a solvent. This phenomenon causes enlargement of
the matrix pores and occasionally cell tissue disruption, thereby promoting easier
convection of the compounds of interest.

As can be seen from Table 7.1, IL-UAE appears to be the preferred extraction
technique in IL-assisted extraction of glycosides, but alkaloids [36—39] and phe-
nolic compounds [53-55, 57-59] are also frequently recovered by this method.
Zhang et al. [36] studied the extraction ability of [C4C;im]Br toward two bis-
benzylisoquinoline alkaloids, namely, fangchinoline and tetrandrine, from the roots
of Stephania tetrandra. They found that at the optimized conditions (1.5 M
[C4Cim]Br, pH=09.8, 150 W, irradiation 40 min, s/l ratio 1:20), ultrasound can
improve the extraction yield (30-50 % increased), compared to other reference
methods such as UAE and HRE with ethanol. Piperine, the alkaloid responsible
for the pungency of black pepper (Piper nigrum), was also efficiently extracted
by IL-UAE by means of 2 M [C4C;im][BF4] for 30 min, but at a signifi-
cantly higher irradiation power — 500 W [37]. In another study, Yang et al.
[38] extracted the antimicrotubule drug vinblastine, together with its precursors
vindoline and catharanthine, from the leaves of Catharanthus roseus by means
of 0.5 M [(C; = C,)C,im]Br. Despite the fact that [(C;=C;)C;im]Br has proved
to be an effective solvent, preliminary soaking for 2 h was found necessary for
sufficient extraction in this case. Moreover, it was reported that at least three
extraction cycles had to be performed to achieve quantitative yields. The same
tendency was observed by Ma et al. [39] in the extraction of the quinoline alka-
loids camptothecin and 10-hydroxycamptothecin from the seeds of Camptotheca
acuminata by means of 0.75 M [CgCim]Br. It is noteworthy that strong temperature
dependence of extraction efficiency on time and ultrasonic power was observed
when susceptible to oxidation and thermal degradation phenolic compounds such
as anthraquinones [54], acetophenones [61], procyanidins [59], and chlorogenic
acid [55] were extracted from their natural sources by IL-UAE. By contrast, less
sensitive to oxidation phenolic compounds such as lignans and flavonoids have
been extracted without such problems from the bark of Magnolia officinalis [53]
and Apium graveolens [57], respectively. The latter suggests that the influence of
as much as possible factors should be taken into account in order to establish the
optimal extraction conditions for a particular process.

IL-UAE has also proved to be an efficient method for the extraction of a variety
of glycosides. Cao et al. [63] demonstrated that IL-UAE with 1.5 M [C4C;im][BF,4]
simultaneously reduces the extraction time from 6 h to 30 min and enhances the
extraction yields by factor of 35-40 compared to the conventional HRE in ethanol
in the extraction of iridoid, phenylethanoid, and cucurbitacin glycosides from the
rhizome of Picrorhiza scrophulariiflora. The enhanced effect of IL-UAE is also
reported by Fan et al. [68] in the extraction of benzodiazepine site antagonist
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puerarin (isoflavone 8-C-glucoside) from the roots of Pueraria lobata. In this study,
the influence of sonication time and power on the extraction efficiency was found
significant, since ultrasound treatment longer than 30 min and power higher than
480 W results in a decrease of extraction yields, most likely due to degradation
of the target compound. The same time dependence on the extraction efficiency
was observed by Yang et al. [65] in the simultaneous extraction of isoliquiritigenin
(halcone), liquiritin (flavanone glycoside), and glycyrrhizic acid (saponin) from
the roots of Glycyrrhiza spp. and by Lin et al. [70] in the extraction of group of
saponins named ginsenosides from the roots of Panax ginseng. Another important
factor — preliminary soaking — was studied by Yang et al. [66] in the extraction
of glycosides from the roots of Acanthopanax senticosus. The authors showed
that IL-UAE of eleutheroside B and E with 0.64 M [C4C;im]Br is ca. 55-60 %
more effective in comparison with pure water or sodium chloride solution at the
same extraction conditions (sonication for 30 min at 250 W) and is comparable
in extraction yields with methanol HRE but for a fourfold reduced extraction
time, from 2 h to 30 min. The extraction ability of the IL-based extractant used
seems to be overestimated in this case, since 2 h preliminary soaking was found
necessary in order for quantitative yields to be achieved by IL-UAE, so 2.5 h seem
to describe the whole extraction process in a more proper way. The importance of the
preliminary soaking was also documented by Yang et al. [64] when the extraction
of aesculin (coumarin glucoside) and aesculetin (phenolic coumarin) from the bark
of Fraxinus rhynchophylla was studied. In this case, soaking time of 4 h prior
to 44 min sonication at 250 W was found optimal. It was also found that 90 %
extraction efficiency could be reached if at least two successive extractions were
performed. Nevertheless, the efficiency of 0.86 M [C4C;im]Br aqueous solution
was shown to be higher than that provided by pure water, acetone, ethanol, and
methanol at the same conditions. Recently, Zhu et al. [67] developed an IL-based
online ultrasonic extraction combined with solid-phase trapping (IL-OUAE-SPT)
to extract selectively the flavonoid glycosides rhodiosin and rhodionin from the
roots of Rhodiola rosea. Briefly, the target compounds were first extracted under
sonication at 25 °C from the plant material by continuous pumping of the IL-
based extractive system through the extraction cell and then selectively trapped with
polyamide resin. Following this procedure, higher extraction yields ca. 15-30 %
were achieved for significantly reduced extraction times in comparison with the
UAE with methanol or maceration with water. Moreover, this approach was shown
to reduce the level of other polyphenols in the extracts, thus protecting the analytical
equipment used for quantification.

Summarizing, the optimal extraction conditions commonly employed in IL-UAE
are as follows: more usual frequencies applied are 20-60 kHz using sonication
powers in the range 150-500 W and sonication times ranging from 20 to 90 min; in
some studies, in order for higher extraction yield to be achieved, several extraction
cycles (3-5 cycles) are performed. The latter together with the need for preliminary
soaking (2—-8 h) could be considered as a drawback for IL-UAE. IL-UAE is usually
performed at ambient conditions, since high temperature may result in a degradation
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of thermally unstable compounds. The same phenomenon was observed when
increased ultrasound frequency, power, and/or sonication time is applied.

7.3.1.3 Microwave-Assisted Extraction

Microwave-assisted extraction (MAE) is widely recognized as a green technology
for extracting natural products from plants [8§9]. MAE is based on the absorption of
microwave energy by polar molecules such as water, methanol, acetone, etc. When
a microwave passes through these solvents, its energy is absorbed and converted
into thermal energy, thereby ensuring simultaneous heating of the whole sample
(including the plant matrix) in an efficient and homogeneous way. Furthermore,
the increased temperature in the matrix causes superheating and liquid vaporization
within the plant cells, which might result in cell walls and/or membranes disruption.
As a consequence, the penetration of extracting solvent into the plant tissues
and vice versa is greatly facilitated. ILs, because of their ionic structure, tunable
properties, and negligible volatility, are considered by many authors as potent
candidates for VOC alternatives in MAE. Indeed, IL-assisted MAE (IL-MAE)
has been successfully applied to extract variety of classes of compounds such as
alkaloids, phenolic compounds, essential oils, etc. (cf. Table 7.1).

Both 1.5 M [C4C;im][BF,] and 1 M [C¢C;im][BF,] have been shown to be
efficient extractants for the recovery of the phenolic alkaloids liensinine, isoliensi-
nine, and neferine from the seeds of Nelumbo nucifera by Lu et al. [33]. At the
optimized extraction conditions, IL-MAE results in 20-50 % higher extraction
efficiency compared to the conventional HRE and MAE with 80 % methanol, for
a significantly reduced extraction time, from 2 h (HRE) to 1.5 min (IL-MAE).
However, in case of [C¢C im][BF4], a strong dependence between the solid-liquid
ratio and extraction efficiency is observed. It was found that the efficiency increases
when the ratio is changed from 1:5 to 1:10 and then dramatically decreases with
further alteration to 1:20. An increase in viscosity due to increased chain length of
the imidazolium cation has been proposed as an explanation of this phenomenon,
but more reasonable explanation seems to be that the increased volume of the
solvent lowers the extraction efficiency due to ineffective heating for the short
irradiation time applied. Moreover, a slight decrease in yields was observed when a
microwave power higher than 280 W was used. Interestingly, such dependence has
not been observed by Ma et al. [34] when the aporphine alkaloids N-nornuciferine,
O-nornuciferine, and nuciferine were extracted from the leaves of Nelumbo nucifera
with 1 M [CeC,im]Br, despite that an increased efficiency up to 47 % was achieved
for 2 min. The latter suggests that the matrix morphology and the IL type should
always be considered during the extraction optimization. Other important factors,
namely, preliminary soaking and number of extraction cycles, have been studied
by Wang et al. [35]. They showed that for the effective extraction of the quinoline
alkaloids camptothecin and 10-hydroxycamptothecin from samara of Camptotheca
acuminata, at least 2 h preliminary soaking and 2 extraction cycles at 8§ min
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irradiation are necessary for IL-MAE to give ca. 17 % higher extraction outcome
compared to MAE with 80 % ethanol at the same conditions.

In the first article regarding IL-MAE of phenolic compounds [44], Du et al.
showed that 2.5 M [C4C;im]Br performs better than methanol in the recovery
of trans-resveratrol from the rhizome of Fallopia japonica. Under the optimized
extraction conditions (60 °C, s/l ratio 1:20) ca. 93 % extraction efficiency was
achieved in 10 min. The authors stressed that the sample size is of a great importance
for better extraction of trans-resveratrol, since particles larger than 0.45 mm hinder
the solvent penetration into them, which lowers the extraction yields. Similar
dependence was also observed by Du et al. [45] in the IL-MAE of resveratrol and
quercetin from the tubers of Smilax china and by Liu et al. [48] in the extraction
of quercetin and kaempferol from Toona sinensis and Rosa chinensis. Moreover,
a strong temperature dependence on the extraction, leading to a decrease in yields
when the temperature exceeded 60-70 °C, was documented in those studies. On
the contrary, such phenomenon was not observed in the extraction of quercetin
and other phenols from the leave samples of Psidium guajava [45] and Myrica
rubra [46]. As in the case of alkaloids, the extraction of paeonol from the roots
of Cynanchum paniculatum was found to be strongly dependent both on the solid-
liquid ratio and particle size by Jin et al. [49]. In this case pure [C4C;im]Cl
was used as an extractant, and the aforementioned dependence was attributed to
the ability of this IL to dissolve cellulose from the matrix, which might affect
negatively the mass transfer due to increase in viscosity. IL-MAE was used as a
sample preparation technique for the extraction and determination of nine bioactive
flavones, isoflavones, stilbenes, and coumarins from the leaves of Cajanus cajan by
Wei et al. [51]. It was found that 0.75 M [C4C,im]Br is able to extract quantitatively
the active compounds for 7 min at the optimized conditions (60 °C, 300 W, s/l
ratio 1:12). Similar optimal extraction conditions (50 °C, 600 W, s/l ratio 1:12)
were reported appropriate for the extraction of bioactive phenolic compounds named
phloroglucinols from aerial parts of Dryopteris fragrans [50]. It was found that the
relative extraction efficiency of IL-MAE with 0.75 M [CgC;im]Br is higher than that
achieved by IL-UAE and IL-NPCE, as well as by HRE and MAE with 80 % ethanol.
IL-MAE also proved an appropriate method for the effective extraction of water-
insoluble phenolic compounds named depsidones from crustose lichen Pertusaria
pseudocorallina by Bonny et al. [52]. It was found that [C;C;im][C,;0S03]
performed 1.5-fold better in IL-MAE than in IL-HRE. Considering these results, IL-
MAE with [C;C;im][C;0SOs3] was further successfully employed in the extraction
of depsides, depsones, and depsidones from other lichen, e.g., Pertusaria amara and
Ochrolechia parella, respectively.

IL-MAE appears to be the preferred technique for the extraction of essential
oils (EO). Zhai et al. [73] used pure [C4C;im][PFs] as water substituent in IL-
MAE to extract essential oils from two commonly used spices in cooking, namely
Illicium verum (star anise) and Cuminum cyminum (cumin). It was found in this
study that the IL is able to absorb microwave energy more readily than water,
which allows the appropriate extraction temperature to be reached nearly three times
faster. Thus, at the optimal conditions, IL-MAE ensures considerably shortened
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extraction time (15 min) in comparison with the conventional hydrodistillation,
which needs 180 min to extract the essential oils completely. Moreover, it was found
that the use of IL-MAE reduces the oxidation and hydrolyzation of the essential
oil constituents. A similar approach has been used by Jiao et al. [77] to extract
EO from the seeds of Forsythia suspensa, but in this case, the hydrodistillation
was performed after subsequent addition of extra water into the IL when IL-
MAE is completed. The authors studied the extraction kinetics to show that the
use of 76 % [C,C;im][C;CO;] results in ca. 64 % enhanced yield compared to
0.91 M [C,Cim][C;CO;] aqueous solution. IL-MAE has been also applied for
the simultaneous extraction and distillation of EO from the cortex of Cinnamomum
spp. [76] and leaves of Rosmarinus officinalis [74]. It is noteworthy that microwave
irradiation applied in the above studies strongly accelerates the extraction process,
but without causing significant changes in the composition of EO. Similarly, 0.25 M
[C12Cim]Br was found to be the most suitable IL for the simultaneous extraction of
EO and biphenyl cyclooctene lignans from the fruits of Schisandra chinensis [75].
In this study, the preliminary soaking for 4 h and subsequent irradiation for 40 min
at 385 W were found necessary.

Summarizing, IL-MAE has been widely applied to extract active ingredients
from plants, especially in case of thermally unstable analytes. Compared to the
conventional extraction methods, IL-MAE provides higher extraction rates and
yields and is less solvent and energy consuming. The optimal extraction conditions
employed in IL-MAE depends on the plant material morphology and IL structure
and could be systematized according to Table 7.1 as follows: microwave power,
280-700 W; temperature, 50105 °C; irradiation times, 1.5-40 min; and solid-liquid
ratio, 1:7-1:40. In some cases, a higher solvent volume results in lower extraction
efficiency and preliminary soaking followed by several extraction cycles have to be
performed.

7.3.1.4 Other Extraction Techniques

Considering the benefits of IL-UAE and IL-MAE in the extraction of sec-
ondary metabolites from plant materials, a combined ionic liquid-based
ultrasonic/microwave-assisted extraction (IL-UMAE) methodology was developed
by Lu et al. [54] to extract bioactive anthraquinones from Rheum spp. (thubarb). A
comparative analysis toward other methods such as HRE, UAE, and MAE showed
that at the optimized conditions (500 W, solid liquid ratio 1:15), IL-UMAE exhibits
higher extraction efficiency (19-24 % enhanced) for the remarkably short extraction
time of 2 min.

An alternative method that provides higher extraction yields at reduced process-
ing time, energy, and solvent consumption, namely, IL-based ultrahigh pressure
extraction (IL-UPE), has been employed by Liu et al. [72] to extract hydrophobic
bioactive compounds named tanshinones from Salvia miltiorrhiza with 0.5 M
[CsCiim][PFs] in ethanol. In this procedure, extractant and solid material, with
or without packing, are subjected to pressures between 100 and 800 MPa for a
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given period. During the optimization of the process parameters, it was found that
the extraction outcome is dependent on the pressure applied, reaching a maximum
at 300 mPa and then decreasing ca. 25 % when 500 MPa is reached. However,
at the optimized conditions, IL-UPE was found to give similar extraction yield
compared to IL-UAE, but for a significantly reduced extraction time of 2 min. The
effectiveness of IL-UPE is attributed to the cell tissue disruption, which allows the
compounds of interest to be easily washed away from the plant matrix.

In recent years, a new extraction method called negative-pressure cavitation
extraction (NPCE) has gained increased popularity. Compared to classical extrac-
tion methods such as maceration, HRE, and UAE, it possesses enhanced extraction
ability and has been successfully applied to recover diverse bioactive compounds
from plant materials [90]. NPCE is a cheap and energy-efficient method that
can keep a constant low temperature. It also ensures inert atmosphere during the
extraction, since nitrogen is continuously introduced into the liquid-solid system,
in order to increase the turbulence, collision, and mass transfer between the solvent
and matrix. The latter suggests NCPE as an appropriate method for recovery of
thermosensitive and susceptible to oxidation compounds.

IL-assisted NPCE (IL-NPCE) with [CgC;im]Br was recently reported by Duan
et al. [60] as an efficient method for the extraction of three main flavonoids —
genistin, genistein, and apigenin — from the roots of Cajanus cajan (pigeon pea).
The process was initially performed in a lab-scale device and after optimization of
the extraction parameters was shown to give higher extraction yields than IL-UAE
and, similar with these, obtained by IL-HRE. In addition, IL-NPCE proved to be less
solvent and time consuming and was further transferred to scale-up experiments
to extract 500 g of the plant material. A comparison between the lab-scale and
pilot-scale experiments showed that same extraction yields were obtained in 15 min
in both cases, thus suggesting IL-NPCE as an appropriate method for industrial
application.

7.3.2 Effect of Ionic Liquids on the Extraction Efficiency

Generally speaking, ILs proved to be better extractants than common molecular
solvents (e.g., water, methanol, ethanol, dichloromethane, chloroform, toluene,
etc.), and this was clearly demonstrated by many comparative experiments. It is
a well-known fact that properties such as polarity, viscosity, density, and surface
tension for a series of ILs based on the same cation are strongly dependent on the
anion type, and therefore, at the very beginning of many studies, a comparative
analysis of the extraction ability of different anions, coupled mainly with [C4C;im]™
as cation, had been performed (cf. Table 7.1). A wide range of anions differing in
their complexity and possibility for non-covalent interactions have been assessed.
The results obtained from these experiments show that, with some exceptions, Br™
anion appears to be the most preferred among the others. Nevertheless, anions
such as C17, [BF4] ™, [PFe], [OTs] ™, and [C;CO,]~ were also proved successful.



154 M.G. Bogdanov

In particular cases, [C;CO,]~ and [OTs]™ anions showed comparable or better
extraction ability than CI™ and Br™, but the latter were chosen due to better total
extraction efficiency, in case of similar compounds are to be extracted, or due to
economical reasons. Anions with well-established toxicological profiles, namely,
saccharinate {[Sac]~} and acesulfamate {[Ace]”}, were also employed, showing
better performance than C1~ and Br™. Considering the properties of the anions that
had been mainly selected, it could be concluded that the hydrogen-bonding ability
[91] is the main factor that influences the extraction outcome, but a synergistic effect
with -7 and n-7 interactions, offered by some aromatic ring containing anions,
could also be assumed. Exceptions are [BF4]™ and [PFg]™ anions, but the results
obtained with ILs containing these ions should be accepted with attention, since, as
was discussed in Section 2, they tend to hydrolyze, especially at higher temperature,
and to form hydrogen fluoride [31], which for sure decreases the initial pH value of
the extractive system.

Having an appropriate anion selected, the next step is the effect of the cation
to be assessed, this being achieved by performing comparative extractions with
ILs based on the same anion. The great importance of the “organic” nature of
the cation could be rationalized by a comparison of results obtained at same
conditions for solutions of both organic and inorganic salts based on the same anion.
Furthermore, it is noteworthy that the extraction outcomes were found sometimes
highly dependent on the cation type and sometimes not, and this clearly shows that
the specific interactions between the IL species and solutes of interest have to be
taken into account. Particularly, [C4Ciim]™T was proved superior to the rest toward
extraction of phenolic acids [45], and considering the efficiency order found in
this case {[C4Cjim]™ > [C4pyr]™ > [(C;)4 N}, the author concluded that the two
electron-rich aromatic cations solvate the phenolics in a more efficient manner
via - and n-7 interactions, thus ensuring better solubilization. In contrast, a
comparison between the extraction yields of caffeine obtained with [C4C;im]Cl
and [C4C,pyrr]Cl did not show significant differences, and so the influence of the
aromatic cation in this case seems negligible [42]. The length of the side alkyl chain
in the cation was also found of a significant importance, since it influences the IL
properties. Considering the results summarized in Table 7.1, it could be concluded
that the [C4C;im]T cation manifested as the most promising candidate when an
extended set of cations were evaluated, but nevertheless, in some cases cations with
longer alkyl substituents were found more appropriate.

Another influential factor, namely, the IL concentration, is of an immense
importance from an applied standpoint. For instance, the use of ILs in an insufficient
concentration could result in an incomplete extraction, whereas the use of extra
quantities of the ILs will increase in a meaningless manner the overall process cost.
Generally speaking, the higher the IL concentration, the higher extraction outcomes
obtained, but nevertheless, many studies reported an initial increase in extraction
yields with the IL concentration, followed by a decrease after reaching a maximum.
The latter was attributed to the increase in viscosity, caused either by the IL itself or
by dissolution of additional compounds, particularly carbohydrates, from the plant
matrix. Nevertheless, because IL physicochemical properties are greatly affected
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by the presence of cosolvents [20], variations in IL concentration could be used
for fine-tuning of the extractive systems, thus allowing a selective extraction to be
achieved.

Summarizing, ILs have proved to possess a strong dissolving power due to
the distinct multiple interactions provided by the ions. The anion influence on the
extraction efficiency was found pronounced in comparison with that of the cation,
and the relative order of hydrogen-bonding ability could be employed to explain
these results. For the same anion, the cation type was found significant, giving
advantage to the electron-rich aromatic cations. The length of the side alkyl chain
and the IL concentration are also important, since their variation could change the
extractive systems properties. Based on the above, it could be concluded that both
cation and anion influence the extraction efficiency mainly due to the enhanced non-
covalent interactions, e.g., hydrogen-bonding and -7 and n-7 interactions, with
the solutes of interest.

7.3.3 Extraction Mechanism

Du et al. [45] were the first who tried to put some light onto the mechanism of
solid-liquid IL-MAE by measuring the kinetics of extraction of phenolic compounds
by means of [C4C;im]Br. The solutes studied were gallic acid, ellagic acid, and
quercetin extracted from the leaves of Psidium guajava and also trans-resveratrol
and quercetin from the tubers of Smilax china. The kinetic curves obtained were
found similar for all samples, showing that the extraction yields of the extracted
compounds increase rapidly at first and then reach an equilibrium. Further, it was
observed that the equilibrium concentration of the solutes extracted from Smilax
china tubers is attained in 6 min, which differs from the results obtained for
the Psidium guajava leave sample, where the three solutes were extracted in 11,
10, and 6.5 min, respectively. On the one hand, this indicates that the matrix
morphology has influence on the extraction and, on the other, suggests that the solute
structure is also important. Additional elucidation of the extraction mechanism
was performed by scanning electron microscopy (SEM) and infrared spectroscopy
(FTIR). The microstructure of the leave and tuber samples studied by SEM was
found obviously modified after IL-MAE and not in HRE, which suggests that the
extraction efficiency in IL-MAE could be attributed to the microwave ability to
cause cell explosion and thus to facilitate the solute release into the extract. Further,
the FTIR analysis performed showed no changes in the sample chemical structure
before and after IL-MAE, suggesting that the plant tissues were not destroyed
by the IL. Based on the results obtained, the authors concluded that the IL-MAE
mechanism is not related to the sample characteristics.

Similar influence of microwave irradiation on the sample microstructure was
observed by Du et al. [46] during IL-MAE of myricetin and quercetin from the
leaves of Myrica rubra by means of the acidic IL [C4C;im][HSO4] or acidified
[C4C;im]Br and not in case of MAE with acidified ethanol. The latter allowed a
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conclusion to be made that the solvent could influence the extraction mechanism,
but again without causing changes of the matrix chemical structure. The same
conclusion, based on SEM and FTIR analyses, has been also drawn independently
by Liu et al. [74] and Ma et al. [75] after examination of the simultaneous extraction
of phenolic compounds and essential oils from the leaves of Rosmarinus officinalis
and fruits of Schisandra chinensis, respectively.

In other studies, Liu et al. [47, 48] demonstrated that the surface and cell wall
structures of Toona sinensis and Rosa chinensis samples were visibly destroyed
both after IL-MAE and IL-UAE of quercetin and kaempferol with [C4C;im]Br
or [C3C im]Br aqueous solutions and concluded that the mechanism of the two
methods employed is based on cell destruction caused either by sudden rise in
temperature by the microwave irradiation or by mechanical vibrations by ultrasound
waves. The role of the temperature and microwaves as the main factors affecting the
extraction process was also denoted by Yansheng et al. [86] in the protic IL-assisted
MAE of biologically active lactones from Ligusticum chuanxiong. It was found in
this study that the extraction efficiency of IL-MAE is much higher than that of
the standard extraction under the same temperature, thus suggesting a synergistic
reaction of breaking and heating effect of the microwaves. This was further proved
by means of SEM analysis of plant samples after IL-assisted and conventional
solvent MAE. The results obtained showed the same plant tissue disruptions in both
cases, so a conclusion that the mechanism of IL-MAE is similar to the conventional
organic solvent MAE has been made.

A more in-depth study on the mechanism of solid-liquid extraction with ILs has
been published recently by Bogdanov and Svinyarov [41]. Based on a measured
kinetic data for batch extraction of the aporphine alkaloid glaucine from the leaves
of Glaucium flavum by means of 1 M [C4C;im][Ace], the authors assessed the
temperature dependence of the extraction and performed a detailed comparative
analysis when IL-aqueous solution and methanol were used as extractants. The rate
of extraction was found to increase sharply at the beginning of the operation and to
become slower and slower approaching the saturation level for each temperature
studied, which is a typical behavior for second-order processes [92-94]. It is
noteworthy that this phenomenon was found more pronounced for the molecular
solvent than for the IL solution, which reached the saturation level faster. The
results obtained showed a great advantage of the IL-assisted extraction over the
molecular solvent, since the glaucine was not only extracted quantitatively with the
IL, but this was achieved for a considerably shortened soaking time, regardless of
the temperature applied. To rationalize these results, the authors proposed a detailed
mechanism describing the whole process in terms of solute-solvent, solute-matrix,
and matrix-solvent interactions at every stage of the extraction process, and as a
result, the apparent asset of the IL-assisted extraction was attributed to the ability
of the IL, despite being in an aqueous solution, not only to solubilize better the
solute of interest but to disrupt the cell tissues to some extent and to modify the
matrix permeability by H bonding with the carbohydrate building blocks forming
the cell walls. As in the case of IL-MAE, the aforementioned deduction was further
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Fig. 7.3 Representative scanning electron micrographs (350x and 2,500x) of G. flavum leaf
samples extracted with (a) water, (b) methanol, and (¢) 1 M [C4C im][Ace]

proved by SEM examination of the cross section of leave samples extracted with
different solvents. The results obtained (cf. Fig. 7.3) clearly showed significant
physical changes of both internal and bulk structure of the plant matrix after IL-
assisted extraction, and not in case of water or methanol, thus proving that the
ILs are able to interact with the cellulose even being dissolved in water. This was
further proved by Claudio et al. [42] who studied the batch extraction of caffeine
from the seeds of Paullinia cupana in IL-aqueous media. The performed SEM
analysis after 30 min extraction showed again that compared to pure water, the
seeds’ cells are broken in a higher extent in the presence of 2.34 M [C4C;im]ClI-
aqueous solution, which significantly improves the extraction yield of caffeine in
the latter. Moreover, based on FTIR and TGA analysis of the biomass prior to and
after extraction, the authors concluded that although the pure ILs were shown to be
good candidates to dissolve biopolymers, particularly carbohydrates, the presence of
water prevents this in a great extent, thus allowing selective extraction of secondary
metabolites from plant materials. Similar effect of the IL-aqueous solution on the
plant material microstructure was also reported by Rasmmann et al. [43] in the
solid-liquid extraction of piperine from Piper nigrum by means of surface-active
ILs. Noticeably, the changes in the biomass morphology in this case, which could
not be observed when pure water is used as extractant, were caused by ILs in 50 mM
concentration.

Based on the above reasoning, a conclusion could be made that the role of
ILs in the solid-liquid extraction processes from plants is not limited only to the
enhanced solute-solvent interactions, which means an increased solubility of the
compounds of interest, but it could also be attributed to the pronounced solvent-
matrix interactions leading to a plant matrix permeability modification. In sum,
due to the unique property of ILs to interact with carbohydrates via hydrogen
bonding, they could be considered as worthy substituents of molecular solvents in
the extraction of value-added chemicals by classical extraction methods, while the
use of MAE, UAE, UPE, or other techniques that are known to cause cell tissue
disruption will contribute additionally to the facilitation of the process as a whole.
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7.3.4 Ionic Liquid Regeneration and Solute Recovery

Despite ILs being proved as excellent extractants, they are still expensive in com-
parison to the conventional molecular solvents commonly used in the production
of natural products. Therefore, the efficient recycling of ILs is an important issue
that addresses the economics of their use. Taking this into account, it is noteworthy
that the purification of ILs after solid-liquid extraction is studied to a very limited
extent. The following section considers the recent achievements regarding this issue,
as well as the possible ways for the solute recovery.

In the pioneering work on the solid-liquid extraction by means of ILs, Lapkin
et al. [84] demonstrated that artemisinin — a compound of pharmaceutical interest —
could be recovered successfully from protic IL by addition of an anti-solvent.
Artemisinin could be considered as a neutral compound, so the addition of water
to the crude IL extract, in a ratio of 3:1 (v/v) with respect to the IL, causes
simultaneous separation of an oil fraction and precipitation of the artemisinin at
ambient conditions. The latter allowed the target compound to be isolated for 10 min
in 82 % yield and in a high purity (>95 %, NMR), and the loss of 18 % artemisinin
in this case was attributed to its partial solubility into the oil phase formed. It
is noteworthy that the examination of the possible removal of the accumulated
nonvolatile impurities from the ILs has not been performed in this particular study,
which is of a great value if the long-term stability of the solvent and the impact
on the process economics have to be assessed. The importance of the latter could
be rationalized by considering the results obtained by Yansheng et al. [86], who
studied the extraction of bioactive lactones from Ligusticum chuanxiong by means
of the protic IL [(HO?*)C,0C5(C1),HN][C,CO,]. It was found that the extraction
efficiency toward the target compounds decreases in a significant manner after two
successive extractions, and this was attributed to the ability of the pure IL to dissolve
and accumulate other compounds from the plant matrix. The latter was proved by
the observation that the IL viscosity increases gradually with the extraction time,
which hinders the mass transfer and thus poses difficulties if successive extractions
are intended to be performed. Consequently, the use of pure ILs increases the
process demands due to the need of IL purification after every single extraction
step. Considering this, the authors further tried to purify the IL and to recover the
compounds of interest by re-extraction with n-hexane. The results obtained were
not satisfactory, so a conclusion has been made that in order for successful back-
extraction to be performed, a more specific solvent should be selected.

A success in the direction of neutral solute back-extraction and IL purification
was recently reported by Ressmann et al. [43], who achieved ca. 95 % recovery
of piperine from 50 mM [Cj,betaine]Cl-aqueous extract by performing a single
back-extraction with butyl acetate in a ratio of 1:4 (v/v) with respect to the
former. After the removal of the organic solvent, the neutral alkaloid has been
isolated quantitatively in an excellent purity, confirmed by 'H NMR analysis. The
above procedure allows not only the quick and clean solute recovery but ensures
the IL-based extractant recycling at the same time. This way, the residual IL-
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aqueous solution could be directly used in a subsequent extraction of fresh plant
material. Indeed, five successive runs without any loss of performance were further
carried out. Another important factor that influences the economics and safety of
the solid-liquid extraction, namely, the loss of IL due to its absorption on the
processed plant material, was recently addressed by Yan et al. [71], who reported
an increasing IL loss with increasing size of the particles extracted. However,
after the removal of the water under vacuum, the author recycled the residual
acidic IL [(HO3S3C3)C;im][HSO4] from the water-soluble impurities by adding
absolute ethanol and subsequent filtration. Similarly, [C,C;im][C;CO,], used for
the extraction of essential oil from the fruits of Forsythia suspensa by Jiao et al.
[77], was successfully recovered by the addition of ethanol to the IL-aqueous
solution (after essential oil removal by hydrodistillation) and subsequent azeotropic
distillation of water. This approach proved successful, and the recovered IL was
reused in five repetitive extraction cycles, showing the same extraction efficiency.

Unlike the neutral compounds discussed above, most alkaloids are basic in
nature and exist in the form of salts in the plant matrix. Thus, they could be
supposed to be highly soluble both in ILs and water and therefore to be hardly
recovered by distillation or by anti-solvent-induced precipitation from the IL-
aqueous solutions. A possible way of alkaloids recovery, and so IL purification, was
proposed by Bogdanov et al. [40], who recovered the aporphine alkaloids glaucine
and cataline from [C4C;im][Ace]-aqueous solution by means of back-extraction
with ethyl acetate. After this procedure, the IL was recovered quantitatively and
in a high purity (HPLC and '"H NMR), and the subsequent water removal under
reduced pressure was shown to allow a successful repetitive extraction of fresh
plant material to be conducted with the same IL. Similarly, Claudio et al. [42]
found that dichloromethane, chloroform, and n-butanol are good candidates for
back-extraction of caffeine from crude [C4C;im]Cl-aqueous extract. Despite that
the two chlorinated solvents were found to ensure better partitioning, and thus
higher re-extraction yields than the alcohol used, the latter was selected for the
caffeine recovery due to its lower volatility and toxicity. Furthermore, the authors
showed that the same IL-based extractant could be reused at least in three successive
extractions without loss of efficiency, which allows the solute of interest to be
accumulated into the extract. The latter is of a great importance from a practical
standpoint, since every successive extraction cycle will decrease the overall cost of
the IL employed.

A combined strategy for the simultaneous solute recovery and IL recycling was
developed by Bonny et al. [52] for the isolation of phenolic compounds, such as
variolaric acid, alpha-alectoronic acid, and lecanoric acid from [C;C;im][C;OSOs]-
aqueous solution. The approach consists of a preliminary extraction with diethyl
ether of the filtered crude IL-based extract, followed by addition of aqueous acetone
as anti-solvent. This way, the target phenolics were obtained as precipitates and the
extraction yields were then evaluated by means of HPTLC analysis.

Another approach, based on the ability of IL to form aqueous two-phase systems
(ATPSs) was also employed for phenolic compounds recovery. Tan et al. [95]
studied the partition of phenolic anthraquinones in a [C4C;im][BF4]/Na,SO4 ATPS.
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The observed strong pH dependence in this case allowed the target compounds to be
first preferably partitioned into the IL-rich phase at pH ca. 4 and then re-extracted
into a fresh salt-rich phase after adjusting the pH value ca. 14. Following this
procedure, aloe-emodin and chrysophanol were recovered in 92 and 91 % yields,
respectively. Similarly, the pH dependence on the partition of natural phenolic acids
in [C4C;im][OTf]-based ATPS was used as a platform for the successful recovery
of gallic, vanillic, and syringic acids by Cldudio et al. [96]. It was found that the
charged acidic species preferentially partition into the salt-rich phase, whereas their
neutral forms tend to partition into the IL-rich phase. Thus, Na,SO4 was initially
used as a kosmotropic salt to induce the formation of IL-based ATPS and so
to concentrate the solutes of interest into the IL-rich phase. The latter had been
separated and reused to form a new ATPS with Na,COs (pH ca. 11), and thus
simultaneous back-extraction with excellent yields and IL recovery were achieved.
Using similar strategy, Ribeiro et al. [69] recovered polyphenols and saponins from
[(HO)*C»(C))3 N]Cl-aqueous extract. In this case, K3PO4 was found appropriate to
induce the ATPS formation, thus ensuring distribution of the solutes of interest into
the IL-rich phase. The back-extraction from the latter was achieved by addition of
a hydrophobic IL, so an aqueous phase concentrated of saponins and phenols has
been finally obtained.

An elegant approach for the simultaneous recovery of shikimic acid and IL
recycling was recently reported by Zirbs et al. [85]. After precipitation of the
biopolymers dissolved into the pure IL by the addition of water as an anti-solvent,
the authors employed an ion exchange resin in acetate form to separate the dissolved
shikimic acid from the acetate-based IL [C,C;im][C;CO,]. This way, the purified
[C,Cim][C;CO;] is obtained as an aqueous solution, which, after water removal,
could be directly used in a subsequent extraction. Shikimic acid was further isolated
in a high purity via elution with 10 % acetic acid, leaving the resin ready for a
consecutive separation. Similarly, Zhu et al. [67] used polyamide resin for selective
trapping of the glycoside flavonoids rhodiosin and rhodionin from crude IL extract.

Summarizing, several approaches considering both the ILs and solutes of interest
properties have been successfully applied for their separation and purification. The
methods employed for neutral compounds recovery include anti-solvent-induced
precipitation, back-extraction with organic solvents, or hydrodistillation of volatile
compounds. Back-extraction with organic solvents appears to be the only successful
way for recovery of basic compounds such as alkaloids and IL-based ATPS
proved to be a successful method for the recovery of acidic compounds. In some
cases, ion exchange resin or resin for selective trapping gave satisfactory results.
Noticeably, the employment of IL-aqueous solutions should be preferred in the
case when secondary metabolites are to be extracted, since the use of pure ILs
increases the level of accumulated impurities into the extract, thus increasing the
process demands. In conclusion, although some achievements have been done in
the direction of IL recycling and solute recovery, additional work is necessary in
order for more conclusive generalization to be made.
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7.4 Conclusion

ILs, mainly due to the versatility of possible ion combinations and fine-tunable
unique physicochemical properties, can be considered as potential substituents of
the volatile, flammable, and toxic organic solvents commonly employed in the solid-
liquid extraction processes. Indeed, ILs have proved to be efficient extractants in the
recovery of a wide variety of value-added chemicals, such as alkaloids, polyphenolic
compounds, saponins, lipids, essential oils, etc.

A range of techniques, which differ in their cost and complexity, can be
employed in the IL-assisted extractions from natural sources. The most studied
methods include classical batch extraction (HRE), microwave-assisted extraction
(IL-MAE), ultrasound-assisted extraction (IL-UAE), IL-assisted ultrahigh pressure
extraction (IL-UPE), and IL-based negative-pressure cavitation-assisted extraction
(IL-NPCE). All these methods possess specific requirements and certain advantages
compared to the rest in the recovery of a particular group of compounds. For
instance, UAE appears to be the preferred technique in IL-assisted extraction of
glycosides and IL-MAE for recovery of essential oils and phenolic compounds.
Regardless of the technique employed, ILs have proved to be better extractants
than common molecular solvents, and IL-assisted extractions have been shown more
effective and economical in comparison to organic solvents at the same conditions.

Both pure ILs and their mixtures with water, organic solvents, other ILs, and
molten salts could be successfully employed in the extraction of natural products.
In all cases, IL-assisted extractions significantly reduce the extraction times and
solvent consumption, and this could be attributed to the stronger dissolving power
of ILs, due to the distinct multiple interactions provided by the ions. Both cation and
anion influence the extraction efficiency mainly due to the enhanced non-covalent
solute-solvent interactions provided, but the role of ILs in the solid-liquid extraction
processes from plants is not limited only to this, but it can also be attributed to
the pronounced solvent-matrix interactions leading to a plant matrix disruption and
permeability modification.

Despite that ILs have proved to be excellent extractants, they are still expensive
in comparison to the conventional molecular solvents commonly used in the
manufacturing of natural products. Therefore, the efficient recycling of ILs is an
important issue that addresses the economics of their use. It is noteworthy that the
purification of ILs after solid-liquid extraction is studied to a very limited extent.
Nevertheless, several approaches considering both the ILs and solutes of interest
properties have been successfully applied for their separation and purification. The
methods employed include anti-solvent-induced precipitation, back-extraction with
organic solvents, hydrodistillation of volatile compounds, and partitioning in IL-
based ATPS, and in some cases, ion exchange resin or resin for selective trapping
has given satisfactory results. Noticeably, the employment of IL-aqueous solutions
should be preferred in the case when secondary metabolites are to be extracted, since
the use of pure ILs increases the level of accumulated impurities into the extract,
thus increasing the process demands.



162 M.G. Bogdanov

In conclusion, the knowledge for the IL-based extractive systems gained to date
represents a promising basis for the future development of novel and improved
methodologies for the recovery of useful compounds from natural sources by means
of solid-liquid extraction. IL-assisted solid-liquid extractions have been successfully
employed mainly on a laboratory scale, and so, the need for a transfer into an
industrial scale processes could be put forward. To this end, more efforts toward
the development of equipment that meets the specific requirements of IL-assisted
extractions and the assessment of the overall process costs are necessary. Finally,
an easily available and inexpensive novel ILs with improved properties from an
environmental standpoint [97] and efficient procedures for IL recovery and recycling
are also crucial factors, which will definitely decide the fate of these innovative
extractive systems.

Acknowledgments The author would like to dedicate this work to Professor Willi Kantlehner, on
the occasion of his 70th birthday, with gratitude for his guidance into the field of ionic liquids.

References

1. Cragg GM, Newman DJ (2013) Natural products: a continuing source of novel drug leads.
Biochim Biophys Acta 1830:3670-3695
2. Brusotti G, Cesari I, Dentamaro A et al (2014) Isolation and characterization of bioactive
compounds from plant resources: the role of analysis in the ethnopharmacological approach.
J Pharm Biomed Anal 87:218-228
3. Azmir J, Zaidul ISM, Rahman MM et al (2013) Techniques for extraction of bioactive
compounds from plant materials: a review. J Food Eng 117:426-436
4. Bucar F, Wube A, Schmid M (2013) Natural product isolation — how to get from biological
material to pure compounds. Nat Prod Rep 30:525-545
5. Anastas PT, Kirchhoff MM (2002) Origins, current status, and future challenges of green
chemistry. Acc Chem Res 35:686-694
6. Ventura SPM, e Silva FA, Gongalves AMM et al (2014) Ecotoxicity analysis of cholinium-
based ionic liquids to Vibrio fischeri marine bacteria. Ecotoxicol Environ Saf 102:48-54
7. Freemantle M (2009) An introduction to ionic liquids. RSC Publishing, Cambridge
8. Bogdanov MG, Kantlehner W (2009) Simple prediction of some physical properties of ionic
liquids: the residual volume approach. Z Naturforsch B 64:215-222
9. Bogdanov MG, lIliev B, Kantlehner W (2009) The residual volume approach II: simple
prediction of ionic conductivity of ionic liquids. Z Naturforsch B 64:756-764
10. Bogdanov MG, Petkova D, Hristeva S et al (2010) New guanidinium-based room-temperature
ionic liquids. Substituent and anion effect on density and solubility in water. Z Naturforsch B
65:37-48
11. Hallett JP, Welton T (2011) Room-temperature ionic liquids: solvents for synthesis and
catalysis. 2. Chem Rev 111:3508-3576
12. Parvulescu VI, Hardacre C (2007) Catalysis in ionic liquids. Chem Rev 107:2615-2665
13. Opallo M, Lesniewski A (2011) A review on electrodes modified with ionic liquids. J Elec-
troanal Chem 656:2-16
14. Poole CF, Poole SK (2011) Ionic liquid stationary phases for gas chromatography. J Sep Sci
34:888-900
15. Ho TD, Zhang C, Hantao LW et al (2014) Ionic liquids in analytical chemistry: fundamentals,
advances, and perspectives. Anal Chem 86:262-285



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

ITonic Liquids as Alternative Solvents for Extraction of Natural Products 163

Reichardt C, Welton T (2011) Solvents and solvent effects in organic chemistry, 4th edn. Wiley,
Weinheim

Reichardt C (2005) Polarity of ionic liquids determined empirically by means of solva-
tochromic pyridinium N-phenolate betaine dyes. Green Chem 7:339-351

Jessop PG, Jessop DA, Fu D et al (2012) Solvatochromic parameters for solvents of interest in
green chemistry. Green Chem 14:1245-1259

Meindersma GW, Maase M, Haan ABD (2007) Ionic liquids. In: Ullmann’s encyclopedia of
industrial chemistry. Wiley-VCH, GmbH & Co. KGaA, Weinheim

Jacquemin J, Husson P, Padua AAH et al (2006) Density and viscosity of several pure and
water-saturated ionic liquids. Green Chem 8:172-180

Tariqg M, Freire MG, Saramago B et al (2012) Surface tension of ionic liquids and ionic liquid
solutions. Chem Soc Rev 41:829-868

Dupont J (2004) On the solid, liquid and solution structural organization of imidazolium ionic
liquids. J Braz Chem Soc 15:341-350

Greaves TL, Drummond CJ (2013) Solvent nanostructure, the solvophobic effect and
amphiphile self-assembly in ionic liquids. Chem Soc Rev 42:1096-1120

Cammarata L, Kazarian SG, Salter PA et al (2001) Molecular states of water in room
temperature ionic liquids. Phys Chem Chem Phys 3:5192-5200

Gaillon L, Sirieix-Plénet J, Letellier P (2004) Volumetric study of binary solvent mixtures
constituted by amphiphilic ionic liquids at room temperature (1-alkyl-3-methylimidazolium
bromide) and water. J Solut Chem 33:1333-1347

Sirieix-Plénet J, Gaillon L, Letellier P (2004) Behaviour of a binary solvent mixture constituted
by an amphiphilic ionic liquid, 1-decyl-3-methylimidazolium bromide and water: potentiomet-
ric and conductometric studies. Talanta 63:979-986

Inoue T, Dong B, Zheng L-Q (2007) Phase behavior of binary mixture of 1-dodecyl-3-
methylimidazolium bromide and water revealed by differential scanning calorimetry and
polarized optical microscopy. J Colloid Interface Sci 307:578-581

Bhargava BL, Klein ML (2009) Formation of micelles in aqueous solutions of a room temper-
ature ionic liquid: a study using coarse grained molecular dynamics. Mol Phys 107:393-401
Bhargava BL, Yasaka Y, Klein ML (2011) Computational studies of room temperature ionic
liquid—water mixtures. Chem Commun 47:6228-6241

Tonova K, Svinyarov I, Bogdanov MG (2014) Hydrophobic 3-alkyl-1-methylimidazolium
saccharinates as extractants for L-lactic acid recovery. Sep Purif Technol 125:239-246

. Freire MG, Neves CMSS, Marrucho IM et al (2010) Hydrolysis of tetrafluoroborate and

hexafluorophosphate counter ions in imidazolium-based ionic liquids. J Phys Chem A
114:3744-3749

Heinrich M, Barnes J, Gibbons S et al (2012) Fundamentals of pharmacognosy and phytother-
apy, 2nd edn. Churchill Livingstone, Elsevier, New York

Lu Y, Ma W, Hu R et al (2008) Ionic liquid-based microwave-assisted extraction of phenolic
alkaloids from the medicinal plant Nelumbo nucifera Gaertn. J Chromatogr A 1208:42-46
MaW, Lu Y, HuR et al (2010) Application of ionic liquids based microwave-assisted extraction
of three alkaloids N-nornuciferine, O-nornuciferine, and nuciferine from lotus leaf. Talanta
80:1292-1297

S-y W, Yang L, Y-g Z et al (2011) Design and performance evaluation of ionic-liquids-
based microwave-assisted environmentally friendly extraction technique for camptothecin
and 10-hydroxycamptothecin from samara of Camptotheca acuminata. Ind Eng Chem Res
50:13620-13627

Zhang L, Geng Y, Duan W et al (2009) Ionic liquid-based ultrasound-assisted extraction of
fangchinoline and tetrandrine from Stephaniae tetrandrae. J Sep Sci 32:3550-3554

Cao X, Ye X, Lu Y et al (2009) Ionic liquid-based ultrasonic-assisted extraction of piperine
from white pepper. Anal Chim Acta 640:47-51

Yang L, Wang H, Zu Y-g et al (2011) Ultrasound-assisted extraction of the three terpenoid
indole alkaloids vindoline, catharanthine and vinblastine from Catharanthus roseus using ionic
liquid aqueous solutions. Chem Eng J 172:705-712



164 M.G. Bogdanov

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Ma C-h, Wang S-y, Yang L et al (2012) Ionic liquid-aqueous solution ultrasonic-assisted extrac-
tion of camptothecin and 10-hydroxycamptothecin from Camptotheca acuminata samara.
Chem Eng Process 57-58:59-64

Bogdanov MG, Svinyarov I, Keremedchieva R et al (2012) Ionic liquid-supported solid—
liquid extraction of bioactive alkaloids. I. New HPLC method for quantitative determination of
glaucine in Glaucium flavum Cr. (Papaveraceae). Sep Purif Technol 97:221-227

Bogdanov MG, Svinyarov I (2013) Ionic liquid-supported solid-liquid extraction of bioactive
alkaloids. II. Kinetics, modeling and mechanism of glaucine extraction from Glaucium flavum
Cr. (Papaveraceae). Sep Purif Technol 103:279-288

Claudio AFM, Ferreira AM, Freire MG et al (2013) Enhanced extraction of caffeine from
Guarand seeds using aqueous solutions of ionic liquids. Green Chem 15:2002-2010
Ressmann AK, Zirbs R, Pressler M et al (2013) Surface-active ionic liquids for micellar
extraction of piperine from black pepper. Z Naturforsch B 68:1129-1137

Du F-Y, Xiao X-H, Li G-K (2007) Application of ionic liquids in the microwave-assisted
extraction of trans-resveratrol from Rhizma Polygoni Cuspidati. J Chromatogr A 1140:56-62
Du F-Y, Xiao X-H, Luo X-J et al (2009) Application of ionic liquids in the microwave-assisted
extraction of polyphenolic compounds from medicinal plants. Talanta 78:1177-1184

Du F-Y, Xiao X-H, Li G-K (2011) Ionic liquid aqueous solvent-based microwave-assisted
hydrolysis for the extraction and HPLC determination of myricetin and quercetin from Myrica
rubra leaves. Biomed Chromatogr 25:472-478

Liu X, Wang Y, Kong J et al (2012) Application of ionic liquids in the microwave-assisted
extraction of quercetin from Chinese herbal medicine. Anal Methods 4:1012-1018

Liu X, Huang X, Wang Y et al (2013) Design and performance evaluation of ionic liquid-
based microwave-assisted simultaneous extraction of kaempferol and quercetin from Chinese
medicinal plants. Anal Methods 5:2591-2601

Jin R, Fan L, An X (2011) Microwave assisted ionic liquid pretreatment of medicinal plants
for fast solvent extraction of active ingredients. Sep Purif Technol 83:45-49

Li X-J, Yu H-M, Gao C et al (2012) Application of ionic liquid-based surfactants in
the microwave-assisted extraction for the determination of four main phloroglucinols from
Dryopteris fragrans. J Sep Sci 35:3600-3608

Wei Z, Zu Y, Fu Y et al (2013) Ionic liquids-based microwave-assisted extraction of active
components from pigeon pea leaves for quantitative analysis. Sep Purif Technol 102:75-81
Bonny S, Paquin L, Carrié D et al (2011) Ionic liquids based microwave-assisted extraction
of lichen compounds with quantitative spectrophotodensitometry analysis. Anal Chim Acta
707:69-75

Zhang L, Wang X (2010) Hydrophobic ionic liquid-based ultrasound-assisted extraction of
magnolol and honokiol from cortex Magnoliae officinalis. J Sep Sci 33:2035-2038

Lu C, Wang H, Lv W et al (2011) Ionic liquid-based ultrasonic/microwave-assisted extraction
combined with UPLC for the determination of anthraquinones in Rhubarb. Chromatographia
74:139-144

Zhang L, Liu J, Zhang P et al (2011) Ionic liquid-based ultrasound-assisted extraction of
chlorogenic acid from Lonicera japonica Thunb. Chromatographia 73:129-133

Jin R, Fan L, An X (2011) Ionic liquid-assisted extraction of paeonol from Cynanchum
paniculatum. Chromatographia 73:787-792

Han D, Row KH (2011) Determination of luteolin and apigenin in celery using ultrasonic-
assisted extraction based on aqueous solution of ionic liquid coupled with HPLC quantification.
J Sci Food Agric 91:2888-2892

Tang B, Lee YJ, Lee YR et al (2013) Examination of 1-methylimidazole series ionic liquids
in the extraction of flavonoids from Chamaecyparis obtuse leaves using a response surface
methodology. J Chromatogr B 933:8-14

Sun X, Jin Z, Yang L, et al (2013) Ultrasonic-assisted extraction of procyanidins using ionic
liquid solution from Larix gmelinii bark. J Chem (1):1-9



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

ITonic Liquids as Alternative Solvents for Extraction of Natural Products 165

Duan M-H, Luo M, Zhao C-J et al (2013) Ionic liquid-based negative pressure cavitation-
assisted extraction of three main flavonoids from the pigeonpea roots and its pilot-scale
application. Sep Purif Technol 107:26-36

Sun Y, Liu Z, Wang J et al (2013) Aqueous ionic liquid based ultrasonic assisted extraction of
four acetophenones from the Chinese medicinal plant Cynanchum bungei Decne. Ultrasonics
Sonochem 20:180-186

Wei W, Fu Y-, Zu Y-g et al (2012) Ionic liquid-based microwave-assisted extraction
for the determination of flavonoid glycosides in pigeon pea leaves by high-performance
liquid chromatography-diode array detector with pentafluorophenyl column. J Sep Science
35:2875-2883

Cao X, Qiao J, Wang L et al (2012) Screening of glycoside isomers in P. scrophulariiflora
using ionic liquid-based ultrasonic-assisted extraction and ultra-performance liquid chromatog-
raphy/electrospray ionization quadrupole time-of-flight tandem mass spectrometry. Rapid
Commun Mass Spectrom 26:740-748

Yang L, Liu Y, Y-g Z et al (2011) Optimize the process of ionic liquid-based ultrasonic-assisted
extraction of aesculin and aesculetin from Cortex fraxini by response surface methodology.
Chem Eng J 175:539-547

Yang L, Li L-1, Liu T-t et al (2013) Development of sample preparation method for isoliquir-
itigenin, liquiritin, and glycyrrhizic acid analysis in licorice by ionic liquids-ultrasound based
extraction and high-performance liquid chromatography detection. Food Chem 138:173-179
Yang L, Ge H, Wang W et al (2013) Development of sample preparation method for
eleutheroside B and E analysis in Acanthopanax senticosus by ionic liquids-ultrasound based
extraction and high-performance liquid chromatography detection. Food Chem 141:2426-2433
Zhu S, Ma C, Fu Q et al (2013) Application of ionic liquids in an online ultrasonic assisted
extraction and solid-phase trapping of rhodiosin and rhodionin from Rhodiola rosea for UPLC.
Chromatographia 76:195-200

Fan J-P, Cao J, Zhang X-H et al (2012) Optimization of ionic liquid based ultrasonic assisted
extraction of puerarin from Radix Puerariae Lobatae by response surface methodology. Food
Chem 135:2299-2306

Ribeiro BD, Coelho MAZ, Rebelo LPN et al (2013) Ionic liquids as additives for extraction of
saponins and polyphenols from mate (Ilex paraguariensis) and tea (Camellia sinensis). Ind Eng
Chem Res 52:12146-12153

Lin H, Zhang Y, Han M et al (2013) Aqueous ionic liquid based ultrasonic assisted extraction
of eight ginsenosides from ginseng root. Ultrason Sonochem 20:680-684

Yan W, Ji L, Hang S et al (2013) New ionic liquid-based preparative method for diosgenin
from Rhizoma dioscoreae nipponicae. Pharmacogn Mag 9:250-254

Liu F, Wang D, Liu W et al (2013) Ionic liquid-based ultrahigh pressure extraction of five
tanshinones from Salvia miltiorrhiza Bunge. Sep Purif Technol 110:86-92

Zhai Y, Sun S, Wang Z et al (2009) Microwave extraction of essential oils from dried fruits
of Illicium verum Hook. f. and Cuminum cyminum L. using ionic liquid as the microwave
absorption medium. J Sep Sci 32:3544-3549

Liu T, Sui X, Zhang R et al (2011) Application of ionic liquids based microwave-assisted
simultaneous extraction of carnosic acid, rosmarinic acid and essential oil from Rosmarinus
officinalis. J Chromatogr A 1218:8480-8489

Ma C-h, Liu T-t, Yang L et al (2011) Ionic liquid-based microwave-assisted extraction
of essential oil and biphenyl cyclooctene lignans from Schisandra chinensis Baill fruits.
J Chromatogr A 1218:8573-8580

Liu Y, Yang L, Zu Y et al (2012) Development of an ionic liquid-based microwave-assisted
method for simultaneous extraction and distillation for determination of proanthocyanidins
and essential oil in Cortex cinnamomi. Food Chem 135:2514-2521

Jiao J, Gai Q-Y, Fu Y-J et al (2013) Microwave-assisted ionic liquids treatment followed by
hydro-distillation for the efficient isolation of essential oil from Fructus forsythiae seed. Sep
Purif Technol 107:228-237



166

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

M.G. Bogdanov

Severa G, Kumar G, Cooney MJ (2013) Corecovery of bio-oil and fermentable sugars from
oil-bearing biomass. Int ] Chem Eng, Article ID 617274

Severa G, Kumar G, Troung M et al (2013) Simultaneous extraction and separation of phorbol
esters and bio-oil from Jatropha biomass using ionic liquid—methanol co-solvents. Sep Purif
Technol 116:265-270

Choi S-A, Oh Y-K, Jeong M-J et al (2014) Effects of ionic liquid mixtures on lipid extraction
from Chlorella vulgaris. Renew Energ 65:169-174

Choi S-A, Lee J-S, Oh Y-K et al (2014) Lipid extraction from Chlorella vulgaris by molten-
salt/ionic-liquid mixtures. Algal Res 3:44-48

Kim Y-H, Choi Y-K, Park J et al (2012) Ionic liquid-mediated extraction of lipids from algal
biomass. Bioresour Technol 109:312-315

Young G, Nippgen F, Titterbrandt S et al (2010) Lipid extraction from biomass using co-solvent
mixtures of ionic liquids and polar covalent molecules. Sep Purif Technol 72:118-121

Lapkin AA, Plucinski PK, Cutler M (2006) Comparative assessment of technologies for
extraction of artemisinin. J Nat Prod 69:1653-1664

Zirbs R, Strassl K, Gaertner P et al (2013) Exploring ionic liquid—biomass interactions: towards
the improved isolation of shikimic acid from star anise pods. RSC Adv 3:26010-26016
Yansheng C, Zhida Z, Changping L et al (2011) Microwave-assisted extraction of lactones
from Ligusticum chuanxiong Hort. using protic ionic liquids. Green Chem 13:666—670

Ma C-h, Liu T-t, Yang L et al (2011) Study on ionic liquid-based ultrasonic-assisted extraction
of biphenyl cyclooctene lignans from the fruit of Schisandra chinensis Baill. Anal Chim Acta
689:110-116

Vilkhu K, Mawson R, Simons L et al (2008) Applications and opportunities for ultrasound
assisted extraction in the food industry — a review. Innov Food Sci Emerg Technol 9:161-169
Zhang H-F, Yang X-H, Wang Y (2011) Microwave assisted extraction of secondary metabolites
from plants: current status and future directions. Trends Food Sci Technol 22:672-688

Dong L-L, Fu Y-J, Zu Y-G et al (2011) Negative pressure cavitation accelerated processing
for extraction of main bioactive flavonoids from Radix Scutellariae. Chem Eng Process
50:780-789

Claudio AFM, Swift L, Hallett JP et al (2014) Extended scale for the hydrogen-bond basicity
of ionic liquids. Phys Chem Chem Phys 16(14):6593-6601. doi:10.1039/C3CP55285C
Rakotondramasy-Rabesiaka L, Havet J-L, Porte C et al (2007) Solid-liquid extraction of
protopine from Fumaria officinalis L. Analysis determination, kinetic reaction and model
building. Sep Purif Technol 54:253-261

Harouna-Oumarou HA, Fauduet H, Porte C et al (2007) Comparison of kinetic models for the
aqueous solid—liquid extraction of Tilia sapwood in a continuous stirred tank reactor. Chem
Eng Commun 194:537-552

Su C-H, Liu C-S, Yang P-C et al (2014) Solid-liquid extraction of phycocyanin from Spirulina
platensis: kinetic modeling of influential factors. Sep Purif Technol 123:64—68

Tan Z, Li F, Xu X (2012) Isolation and purification of aloe anthraquinones based on an ionic
liquid/salt aqueous two-phase system. Sep Purif Technol 98:150-157

Claudio AFM, Marques CFC, Boal-Palheiros I et al (2014) Development of back-extraction
and recyclability routes for ionic-liquid-based aqueous two-phase systems. Green Chem
16:259-268

Bubalo MC, Radosevi¢ K, Redovnikovi¢ IR et al (2014) A brief overview of the potential
environmental hazards of ionic liquids. Ecotoxicol Environ Saf 99:1-12


http://dx.doi.org/10.1039/C3CP55285C

Chapter 8
Enzymatic Aqueous Extraction (EAE)

Lionel Muniglia, Nathalie Claisse, Paul-Hubert Baudelet,
and Guillaume Ricochon

Abstract Aqueous enzymatic extraction is employed for fractionation of plant raw
material and for extraction of molecules of interest in a safe manner. For many
years, the improvement of industrial enzymes lead to new potentialities and new
products and implies today an entire rethinking of green extraction and its economic
prospects.

This chapter deals with enzymatic aqueous extraction as an alternative method
for green extraction. The interests of the use of enzymatic mixtures during green
extraction processes of natural molecules are detailed through successful and recent
improvements. A focus is done on vegetable products. Advantages and drawbacks
of enzymatic-based technologies are described: implementation, availability of
enzymes, diversity of activities, development of new enzymatic activities, cost,
safety, efficiency, etc.

From lab to industrial scale, examples illustrate the state of the art in enzymatic
aqueous extraction.

These technologies are also considered through economical and environmental
considerations dealing with actual knowledge. This allows us to envisage future
industrial development of enzymatic aqueous extraction processes and to position
them as green processes.
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Finally, some elements are taken into account in assessing the potential benefits
of combining various green technologies to promote synergies with green extraction
technologies and improve efficiency, improve the economic balance, and reduce
environmental impact.

8.1 Introduction

Enzyme-assisted aqueous extraction (EAE) processes were developed for about
40 years with more and more interesting outlooks and an industrial feasibility
now about of success. Indeed, many pitfalls have been raised with the progress
of technology, and besides a whole system needs to be reinvented with the use
of alternative extraction technologies. Today, advances in enzyme catalysis, the
availability and diversity of enzymes plus increasingly strong environmental con-
straints pave the way for numerous credible industrial developments. A recent report
(published in 2011) by the French Environment and Energy Management Agency
(called ADEME, a French public agency under the joint authority of the Ministry
for Ecology, Sustainable Development and Energy and the Ministry for Higher
Education and Research) entitled “Barriers to the replacement of volatile organic
compounds in industrial processes” listed the “solutions to overcome technical and
economic bottlenecks to the substitution of solvent-based products . ...” Among the
different solutions, two were devoted to enzyme technology and cited as follows:

* Mechanical solution with enzyme preparation
* Water extraction with enzyme preparation

Considering the six principles of eco-extraction defined in the book entitled Plant
Eco-Extraction, Innovative Processes and Alternative Solvents [1], enzyme-assisted
aqueous extraction enables compliance with established criteria. First of all, EAE
is based on the valuation of renewable substances as a whole, the raw material is
derived from plants, and renewable and waste generation is minimized. All parts of
the raw material are valued and the economical value of each products is increased.
Unit processing operations are minimized and often simplified. They are also energy
efficient and comparable to other alternative technologies. Finally, and this is a
fundamental point, products are better preserved and their intrinsic properties less
distorted.

Thus, this chapter illustrates the potential of aqueous processes assisted by
enzymes. The principles of enzyme technology will be described with the features
of the method and of the enzymes that are key to its efficiency. Various examples
will be presented to illustrate the advances in this field. Initially, enzyme-assisted
aqueous extractions were applied mainly to oil commodities. Today’s applications
are varied, and fractionation of non-oil plant material is of great interest with respect
to the products formed.
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8.2 Detailed Understanding of EAE

8.2.1 Mechanisms Observed: The Role of Water as Solvent

Aqueous extraction processes have water as unique solvent. The principle of
extraction is thus at the opposite of the process based on the use of organic solvent.
Those principles were initially developed by Johnson [2] and then followed by
Rosenthal [3].

The processes of extraction by organic solvent are based on their capacity to
dissolve and extract oils. In EAE processes, oil does not have the same affinity with
water and thus cannot be dragged away as in solvent extraction. The spontaneous
dissolution of a species in a solvent is always followed by a decrease of the free
energy of the system. The Gibbs equation associates the free energy (AG), the
enthalpy (AH), the absolute temperature (7'), and the entropy (AS) as

AG = AH —TAS

During the dissolution, the thermic energy of the system is consumed to split
the molecules of the solute and the molecules of the solvent. The system’s energy
is gained back, while the molecules of the solute interact with the molecule of the
solvent. The global variation of enthalpy is exothermic (negative) if the energy lost
by the system in the disruption of interactions solute/solvent and solvent/solute is
higher than the energy absorbed by the creation of interaction solute/solvent. In that
case, the dissolution is spontaneous. In the case of aqueous extraction processes, the
interactions between triglyceride and water are particularly weak and do not allow
the split of the molecules of water gathered by hydrogen bonds. Oils are not soluble
in water in normal conditions of dissolution.

Extraction of oil in aqueous medium is thus based on the opposite phenomenon of
dissolution: the insolubility of oil in water. The goal is to dissolve the water-soluble
compounds, which are responsible for the retaining of oil in a closed structure,
triggering then its natural release. In theory, yields of extraction of water-soluble
compounds are favored by all the techniques (enzyme, milling, etc.) permitting to
increase their dissolution in water. Hence, for enzymatic aqueous extractions, it is a
priority to have a complete knowledge of the cell wall composition, of the enzymatic
activities, and of the influence of the pretreatments and working conditions.

8.2.2 Enzyme as the Main Tool

An enzyme is a biological molecule, which has the capacity to catalyze a chemical
reaction. Except for ribozymes (RNA), all the enzymes known up to now have a
proteic nature. Enzymes are the biological tools of nature for life. Every organism
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possesses its own toolbox to run the chemical reactions necessary for its good
functions. Enzymes are catalysts: they contribute to increase the kinetic of chemical
reactions (10°-10'? faster) and make them feasible more rapidly. They differ from
chemical catalysts on three points:

* Softer conditions of reaction (pH, temperature, pressure, etc.)

» Greater specificity of reactions

* Regulation of the catalysis possible via external parameters (concentration in
products and substrates, pH, temperature, metabolism, etc.)

There is a large number of available enzymes: up to now more than 6,000
different chemical reactions are biocatalyzed. More than 90,000 names of enzymes
have been listed, and the proteic structure of 27,700 of them is identified (BRENDA
database: http://www.brenda-enzymes.org).

Nomenclature of enzymes was recently homogenized. Historically, one enzyme
could have several different names, or one name could correspond to several
enzymes. Today, enzymes are referenced under an E.C. number composed by a
category (X), a subcategory (y), a last category under that one (z), and a number
of order (w). Each enzyme is thus associated with a number defined as E.C.
x.y.z.w. E.C. means “Enzyme Commission”; x defines the type of chemical reaction
catalyzed; y and z, respectively, designate the main substrate and cosubstrate of the
enzyme; and w is the serial number. In this classification, enzymes with a number
starting with 1.y.z.w catalyze reduction-oxidation reaction; enzymes with number
starting with 2.y.z.w. catalyze the transfer of chemical functions. The generic name
of enzyme is attributed by adding the suffix “ase” to the name of the reaction
catalyzed, for example, oxidoreductase, transferase, etc.

Since enzymes catalyze specific reactions, in the context of EAE, it is important
to know the composition of the raw material, in order to determine the most
appropriate enzymes to run the extraction.

8.2.3 Superior Vegetal Cell Wall

In order to reach the compounds of interest stocked in vegetal cells, several barriers
have to be crossed: extracellular cell walls, cell walls, and oleosomes. Each of those
cell walls is composed of its own constituents organized in a complex structure.
Those cell walls are synthesized and hydrolyzed naturally by specific enzymes. The
main constituents of the vegetal cell wall are illustrated in Fig. 8.1.

8.2.4 Extracellular Cell Walls

In plants, the extracellular matrix is mainly composed of sugars and proteins and
confers rigidity and protection to the protoplasts. There are two types of cell walls:
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Fig. 8.1 General diagram of a plant cell wall (Frédéric Paulien(c))
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e The primary cell wall surrounding growing cells
* The secondary cell wall surrounding mature cells

8.2.4.1 Primary Cell Wall

It is constituted of four types of polymers arranged between them.

Cellulose is a linear glucan with units linked via p-1,4 bonds. A molecule of
cellulose can contain more than 3,000 units of glucose, and even though it is
hydrophilic, cellulose is not soluble in water. In the cell wall, chains of cellulose
are assembled in parallel to form microfibrils. Those microfibrils have a diameter
comprising between 5 and 12 nm, and they are composed of 36—1,200 molecules
of cellulose linked together with the hydrogen bonds of the neighboring glucose
hydroxyl groups. Microfibrils are measuring between 5 and 15 nm, and they
are separated from each other from 20 to 40 nm. Microfibrils are constituted of
amorphous domains as well as crystalline domains, which are very organized and
thus not easily accessible for enzymes. Microfibrils are entangled in an amorphous
matrix composed essentially of hemicellulose and pectic compounds.

The hemicelluloses are a complex mixture of heterogeneous carbohydrates and
carbohydrate-derived compounds forming a branched network. It contains hexoses
(glucose, mannose, galactose), pentoses (arabinose, xylose), methylated derivatives
(rhamnose, fucose), and acids (uronic, acetic). Hemicelluloses are constituted
of an osidic backbone (linear structure being often homologs of cellulose like
xyloglucan, arabinogalactan, galactomannan, etc.). Hemicellulose and cellulose
are linked together via hydrogen bonds. This osidic backbone is branched with
short segments positioned in a defined order (xylogalactose fucose in the case of
xyloglucans). Hemicellulose can be extracted with weak alkali (NaOH 7.5 %).

Considering pectins, pectic compounds are a set of heterogeneous polysaccha-
rides rich in galacturonic acid. The main pectin chains are constituted of uronic
acid units linked in a-1,4 (polygalacturonic acid). Those units are sometimes found
with rhamnose linked in 1,4 or in 1,2 creating thus branches called “pectic elbows.”
Those formed structures are called zigzag rhamnogalacturonan. Units of rhamnoses
or galacturonic acids can have lateral chains of galactans, arabinans, or mixtures of
arabinogalactans.

Glycoproteins are polypeptides containing hydroxyproline named HRGP
(hydroxyproline-rich glycoprotein). Those molecules have several particularities:

* Numerous amino acids bearing hydroxyl groups (hydroxyproline, serine, tyro-
sine)

* Repeating peptidic sequences (ser hyp hyp hyp hyp)

* Peptidic sequences including tyrosine, allowing the formation of diphenol bonds
with hemicelluloses or pectins

* Presence of galactose and arabinose involved in the formation of bonds with
polypeptides and polyholosides for the formation of the constitutive cell walls
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8.2.4.2 Secondary Cell Wall

The secondary cell wall is composed of around 45 % (w/w of dry weight) of
cellulose, hemicellulose, and a small part of pectic compounds. Most of the
secondary cell walls are also composed of lignin (up to 35 % of dry weight). The
lignin is a complex system of cross-linked bonds between simple phenolic alcohols
(p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol). It is recalcitrant to any
extraction process, which would not trigger its degradation.

The formation of lignin is possible thanks to free radicals, which react spon-
taneously and randomly, issued from the action of peroxidases. Moreover, those
free radicals can form covalent bonds with cellulose and hemicellulose. Only a few
bacteria and fungi are capable of biodegrading lignin (lignolysis). This degradation
is realized thanks to powerful exo-cellular peroxidases that are capable of opening
aromatic cycles, allowing then a complete lignolysis.

8.2.4.3 Oleosomes

Oil is stocked as droplets surrounded by a non-membranous layer inside the cells.
Those systems are called oleosomes. Oleosomes are formed when a particular
proteic structure constituted of oleosins is bonded at the surface of droplets to form
a limit layer. Oleosomes are thus constituted of a core of triglycerides surrounded by
a monolayer of phospholipids in which are connected the oleosins. Those proteins
are formed of three amphiphilic domains N- and C-terminal and of a central
hydrophobic segment comprising 72 amino acids. The goal of this limit layer is
to provide oleosomes from coalescence.

8.2.5 Algal Cell Wall

The cell walls of algae are composed of most of the regular constituents of terrestrial
plants: cellulose, hemicellulose, pectin, etc.

However, there is a wide diversity of structures and of cell wall compositions
between family, species, and even within one species [4]. Particular and original
compounds are regularly discovered. The cyanobacteria are prokaryote microalgae
being gram negative bacteria and therefore possess cell walls constituted of two
membranes (inner and outer) containing a layer of peptidoglycans [5]. Green algae
can contain chitin and chitosan which are also constitutive compounds of the
exoskeleton of insects and cell wall of fungi [6]. Cell walls can be composed of
algaenans, which is a family of molecules comprising long aliphatic C-chains (C30
to C120) conferring a great resistance to algae. Some of them have a structure
close to sporopollenins which are constituents of the cell wall of pollen grains [7,
8]. Green algae can also contain ulvans which are sulfated polysaccharides from
Ulvophyceae [9].
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Red algae can be composed of lignin (abundant polymer in the secondary vascu-
larized cell walls), carrageenans, porphyrans, and agarose (conferring the gelatinous
aspect of their cell walls) [10]. Brown algae are composed of alginates or alginic
acids, polysaccharide formed of mannuronic acid and guluronic acid, fucoidans
(family of sulfated polysaccharides constituted of sulfated esters of fucose (F-
fucoidan) or glucuronic acids (U-fucoidan)), homofucans, and collagen (fibrillary
proteins) [11]. Some of the microalgae have an organic structure composed of silica
called frustule (diatoms, etc.), a mineral structure made of calcium carbonate scales
as cell walls [12] or even no cell wall (e.g., Dunaliella tertiolecta) [13].

8.2.6 Enzymes Able of Hydrolyzing Vegetal Cell Walls

The use of enzymes in the food and biotechnologies industries is now widespread.
Four families of enzymes are commonly used to hydrolyze raw materials: cellulases,
hemicellulases, pectinases, and proteases. Among those enzymes, all of them have
the capacity to hydrolyze part of the constituents of vegetal cell walls.

* Cellulases are hydrolyzing the cellulose to release molecules of cellobiose and
glucose when the hydrolysis is complete.

* Hemicellulases are hydrolyzing hemicelluloses producing simple sugars or
oligosaccharides.

» Pectinases are hydrolyzing the different types of pectins, releasing uronic acids.

* Proteases are capable of hydrolyzing proteins releasing peptides, amino acids,
etc.

The first three cited enzymes can be used alone or in a mixture; however,
proteases have to act separately for three main reasons. They are capable of
hydrolyzing the enzymatic proteins and thus of deeply decreasing the specific
activities of hydrolytic mixture of enzymes. Moreover, if the extraction is used in
order to produce oil, the peptides released by the action of protease will highly
stabilize the resulting emulsions. Finally, if the goal is the extraction of proteins,
proteases must be prohibited in order to preserve their native structure.

8.2.6.1 Cellulases

The insoluble form of cellulose (crystalline microfibrils) is very recalcitrant to
enzymatic hydrolysis. However, there are microorganisms capable of efficiently
hydrolyzing cellulose producing a variety of enzymes called cellulases.

Mechanisms of action of cellulases are not entirely clearly identified. Zhang
et al. consider that the chemical mechanisms the most widely accepted for enzy-
matic hydrolysis result from the synergic action of three main types of enzymes
(Fig. 8.2) [14]:
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Fig. 8.2 Cellulase action on cellulose

* Endoglucanases are capable of hydrolyzing the p-1,4 glucosidic intramolecular
bonds.

* Exoglucanases hydrolyze cellulose from the ends of glucosidic chains, releasing
then glucose or cellobiose.

e Finally, B-glucosidases are hydrolyzing molecules of cellobiose into two
molecules of glucose in order to eliminate that dimer.

Two steps are important in the hydrolysis: the hydrolysis in the solid phase and
the one in the liquid phase. During the primary hydrolysis (solid phase), endo-
and exoglucanases depolymerize the substrate until it becomes soluble (degree of
polymerization <6). The limiting factor of that hydrolysis is thus the concentration
of endo- and exoglucanases. The secondary hydrolysis, which takes place in
the liquid phase, implies essentially the hydrolysis of cellobiose into glucose by
B-glucosidases, even though B-glucosidases have also the capacity to hydrolyze the
soluble cyclodextrins. The fixation of cellulases is a surface phenomenon, and it
might sometimes be difficult for enzymes to rapidly degrade cellulose. The chains
of glucan of microfibrils are very close to each other in the crystalline part: the
access of enzymes is limited. In order to penetrate the microfibrils and give access
to enzymes, it is necessary to dissociate the molecules of cellulose by breaking the
intermolecular hydrogen bonds.

8.2.6.2 Hemicellulases

Hemicelluloses are linear polysaccharides, branched to microfibrils of cellulose by
hydrogen bonds or to pectin by covalent bonds. This structure is forming a complex
solid network around vegetal cells.

The principle of the degradation of hemicellulose by enzymes is the same as
the one for cellulose. This structure is however more complex and requires a
greater diversity of enzymatic activities due to the large variety of hemicelluloses.
There are numerous oligosaccharides forming hemicelluloses, and consequently a
large number of different linkages are formed. Enzymes are in general specific to
one type of linkage; as a consequence, a lot of them are involved in the degradation
of hemicelluloses. The mode of action of the main hemicellulases is presented in
Fig. 8.3 according to reviews published in 2003 by Howard and Shallom [15, 16].
Table 8.1 resumes the main hemicellulases activities.
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8.2.6.3 Pectinases

The biodegradation of pectins is realized thanks to pectinases and specifically
endopolygalacturonases, which only act on acid units (non-esterified). The esterified
units are degraded by methyl pectin esterases, which permit to adapt the substrate
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Table 8.1 Main hemicellulases and esterases necessary to hydrolyze hemicelluloses in vegetal

cell walls
Enzymes Substrate EC number
B-1,4-xylosidase B-1,4-xylo-oligomers (xylobiose) 3.2.1.37
Endo-f-1,4-xylanase B-1,4-xylan 3.2.1.8
Exo-fB-1,4-mannosidase B-1,4-manno-oligomers 3.2.1.25
(mannobiose)
Endo-f-1,4-mannanase B-1,4-mannan 3.2.1.78
Endo-a-1,5-arabinanase o-1,5-arabinan 3.2.1.99
B-Galactosidase Terminal nonreducing -D-galactose 3.2.1.23
residues
B-Glucosidase Nonreducing pB-D-glucosyl residues 3.2.1.21
a-Glucuronidase a-D-glucuronoside 3.2.1.139
a-L-arabinofuranosidase a-Arabinofuranosyl (1 —2) ou 3.2.1.55
(1 = 3) xylo-oligomeres
a-1,5-arabinan
a-Galactosidase a-galactopyranose(l — 6) 32.1.22
manno-oligomers
Endo-galactanase B-1,4-galactan 3.2.1.89
Acetylxylan esterase 2- or 3-O-acetyl xylan 3.1.1.72
Feruloyl esterase 4-hydroxy-3-methoxycinnamoyl 3.1.1.73

group from an esterified sugar

to react with the previous enzyme. In the case of highly methylated pectins, only
the pectin lyases from bacterial origin (non-detected in plants) are capable of
hydrolyzing them.

Pectinases were the first enzymes, which were commercially available in the
1930s for their use in the production of wine and fruit juices. While the structure of
vegetal cell walls was identified in the 1960s, scientists were capable of formulating
more appropriate mixtures of enzymes to the industrials which were interested in
enzymatic reactions.

Nowadays, pectinases are at the heart of the processes developed in the industries
of fruit juices, as well as in the textile industries. More recently, pectinases have
also found applications in the biotechnologies industries. As for hemicelluloses and
celluloses, the complete hydrolysis of pectins requires the synergic action of several
pectinases (Table 8.2, Fig. 8.4).

8.2.6.4 Algae Hydrolytic Enzymes

Some algae have in their cell walls or extracellular matrices original homo- or het-
eropolysaccharides such as alginates and fucoidans of brown algae or carrageenans
of red algae. Enzymes from various resources including viruses, bacteria, fungi,
marine mollusks, and algae have been reported to have specific hydrolysis activities
on those algal cell wall polysaccharides.
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Table 8.2 Main pectinases and their classification

Enzymes Substrate EC number

Pectin-esterase Methyl ester of galacturonates 3.1.1.11

Polygalacturonase Random hydrolysis of (1 — 4)-a-D-galactosiduronic 3.2.1.15
linkages in pectate and other galacturonans

Exopolygalacturonase Hydrolysis of (1 — 4)-a-D-galactosiduronic 3.2.1.67
linkages in pectate from their nonreducing end

Pectin lyase Eliminative cleavage of (1 — 4)-a-D-galacturonan 42.2.10

methyl ester to give oligosaccharides with
4-deoxy-6-O-methyl a-D-galact-4-enuronosyl
groups at their nonreducing ends
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An enzyme from the marine bacteria Formosa algae shows specific hydrolysis
activity on fucoidan of brown algae [17]. A fucoidan endohydrolase enzyme (EC
3.2.1.44) from a bacterium of the Flavobacteriaceae family hydrolyzes fucoidan
into tetra- or hexasaccharide forms from fucopyranose disaccharidic units [18].

Kim et al. reported recently an alginate lyase activity from Microbacterium
oxydans [19], and the hydrolytic activity on §-1,4 linkages of alginate has also been
shown from an enzyme of the chlorovirus CVNI1 infecting the green algae Chlorella
NC64A [20] (EC 4.2.2.11 and EC 4.2.2.3).
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The sea cucumber intestine bacteria identified as Pseudoalteromonas sp. and
the marine bacteria Cellulophaga sp. show carrageenase activities with enzymes
able to hydrolyze, respectively, kappa- and iota-carrageenans (EC 3.2.1.83 and EC
3.2.1.157) [21, 22]. Agarose is hydrolyzed by an exo-p-agarase (EC 3.2.1.83) from
endophytic marine bacterium Pseudomonas sp. of the red algae Gracilaria dura [23]
and an a-agarase from Thalassomonas sp. which also hydrolyzes B-1,3-linkages of
porphyran [24].

Enzymes hydrolyzing green algae polysaccharides found in cell walls such as
ulvan have also been reported from a marine bacterium [25]. The enzyme named
“Val-1,” from the chlorovirus CVK2 has been shown to cleave chains of - and
a-1,4-glucuronic acids found in an original polysaccharide of the Chlorella strain
NC64A cell wall [26].

8.3 Enzymatic Aqueous Extraction

8.3.1 Press or Solvent Process Using Enzymes

Enzymes can be used as additional tools to regular processes in order to increase
yields of extraction by weakening the vegetal cell walls.

8.3.1.1 Oil Extraction

The first studies on enzyme-assisted aqueous extraction of oil were performed in
1972. At that time, Sherba published their research work on the fractionation of
soybean with proteases [27]. In 1975, Lanzani published a preliminary report on
the utilization of enzymes for extraction of vegetal oil [28]. In 1977, Fantozzi
et al. [29] used enzymes as a pretreatment step on olive fruit before pressing by
conventional techniques. Fullbrook pursued this topic of research in 1983 [30].
His results were encouraging since he demonstrated that solvent penetrates more
easily inside the seeds when the vegetal cell walls are partially hydrolyzed by
enzymes. The yields were significantly improved since he obtained 50 % more
oil from rapeseed and 90 % more from soybean. Sosulski et al. formulated a
mixture of B-glucanases, pectinases, cellulases, and hemicellulases and showed that
an enzymatic pretreatment step before the Soxhlet extraction increased the yield
in oil by 45 %. He also demonstrated in 1993 that an enzymatic pretreatment step
before pressing improved the yield in oil up to 30-50 % on rapeseed, depending
on the variety [31]. Further research works on soybean and sunflower using
commercial enzymatic mixture showed improved yields in oil by 8-10 % and 4 %,
respectively [32].

This yield improvement is due to the breakdown of vegetal cells: enzymes are
efficient tools for combination with other techniques. It will be shown in a later
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Table 8.3 Yields and process conditions of enzyme-assisted aqueous extraction of rapeseed

Enzyme T (°C) t (h) yld extrac References
Protease 40-50-65 3 74 % total oil [28]
Protease pectinase a-amylase 40-50-60 3 78 % total oil [28]
B-Glucanase protease 50-63 3 72 % total oil [30]
Hemicellulase 50-53 3 75 % total oil [30]
Multi-activities 50 4 Nd [36]
Multi-activities 45-50 6 Nd [37]
Multi-activities Nd Nd 80 % total oil [38]
Pectinase cellulase B-glucanase 48 5 92.5

T temperature, f time, yld extrac yield of extraction

section that enzymes provide significant improvements combined with other eco-
friendly technologies.

8.3.1.2 Other Compounds Extraction

Cerda et al. (2013) studied the phenolic content of thyme extract [33]. This study
shows that the total phenolic content extracted with a mixture of water and ethanol
was improved by 70 % using enzymes as pretreatment. Similar results were obtained
on the phenolic extraction of unripe apples. Total phenolic content and caffeic acid
content were about 2- and 13-folds higher than those of the control with different
enzymatic mixtures [34].

In the study of [35], bioactive compounds were extracted from ginger (Zingiber
officinale Roscoe) with organic solvents and a combination of solvents after
a pretreatment with different types of enzymes. Extraction yields of oleoresin
and 6-gingerol content were higher than values obtained without the enzymatic
pretreatment. Similarly, the largest total polyphenol content is obtained by ethanol
extraction of ginger pretreated with cellulase.

8.3.2 Enzyme-Assisted Aqueous Extraction

Enzymatic aqueous extractions have been studied for several decades, and the yields
reached with that technique have constantly improved. Table 8.3 displays some
examples representing the evolution of yields of rapeseed oils from 1975 to today.

In Table 8.3, enzymatic mixtures are first composed of proteases and then
progressively replaced by cellulosic activities. Enzymes seem to be more efficient
in mixture than separately. Yields of extraction increased regularly from 1975 up
to now. This is partly due to the evolution of equipments (better stirring, better
regulation of parameters, etc.) but also to the better quality, selection, efficiency,
and concentration of available enzymes.
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Numerous other substrates have been investigated. It has been proved that the use
of enzymes capable of hydrolyzing cellulose, hemicelluloses, pectins, and proteins
enhances the yield of oil extraction on most substrates, such as soybean [39, 40],
corn [41], olive [29, 42, 43], coconut, [44, 45], avocado [46, 47], sunflower [28, 48],
palm [49], etc.

8.3.3 Pretreatment of EAE

Pretreatments consist in preparing the seeds before the extraction step itself. In the
case of enzyme-assisted aqueous extraction, the role of pretreatment is to prepare
the seeds for the action of enzymes. Pretreatments aim to reduce or suppress the
structures of compounds that could limit the enzymatic hydrolysis. Pretreatments
and conditions of their applications depend on the type of biomass to process.
There are two categories of pretreatment methods: physical or chemical (sometimes
both). On one side, physical treatments include grinding, vapor-phase cracking, and
hydrothermolysis [50]. On the other side, chemical treatments consist in acidic or
basic processes (using generally H,SO4 or NaOH). Both types of treatments are
designed to remove lignin or hemicelluloses, which are limiting in further steps of
the process. For example, pretreatments are frequently used for the production of
ethanol since it is necessary to strongly increase the yield in molecules of glucose.

8.3.3.1 Inactivation of Endogenous Enzymes

It is necessary to inhibit the action of endogenous enzymes such as myrosinases or
lipases during aqueous extraction, in order to preserve the quality of oil. Eylen et al.
studied the kinetic of inactivation of myrosinases by a thermic treatment of whole
broccoli [51]. They demonstrated that this enzyme is not anymore detected after an
exposure time of 30 min at 72.5 °C or after 10 min at 75 °C. It was also shown that
the time required for inactivation is decreased if the seed is not intact.

In 2006, Zhang showed that the totality of myrosinases were inactivated while
dipping rapeseeds in boiling water for 5 min, which decrease the glucosinolate
content of 11.28 % [52]. They demonstrated that the inactivation is facilitated in
the presence of an aqueous medium (90 °C as reference temperature for the study).
The thermic treatment is more efficient using microwave heating than vapor heating.
The percentage of free fatty acids increases with the period of treatment similarly
with both heating techniques.

8.3.3.2 Grinding

The grinding of seeds aims to reduce the size of particles in order to increase
the accessible surface of cell walls for enzymatic hydrolysis, that is, the enzyme-
substrate interactions. Supposing that the particles of seeds are spherical, it is neces-
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sary to reduce drastically the volume to increase the accessible surface. Sphere is the
geometrical structure that has the largest volume for the smallest surface. This prop-
erty implies to minimize the volume of seed particles to favor the access of enzymes.

The ratio surface over volume is 3 times the opposite of the radius of the sphere.
This means that the volume of the sphere is reduced 3 times faster than the surface
when the radius is shortened. From this point of view, it is of great importance to
grind seeds as finely as possible.

The grinding of seeds in a process of enzyme-assisted aqueous extraction is
thus an essential step. Everyone agrees to affirm that the finer the ground is, the
better is the extraction process. By opposition, the grinding is not much studied
as a parameter for the entire process. The main publications on the topic briefly
described the parameters of grinding and eventually the particle size data issued
from the seeds processed with an aqueous treatment. The size of particles is
however very detailed for animal feeding applications. Many research studies were
performed on particle sizes to best fit with animal digestion in order that digestive
enzymes efficiently hydrolyze the totality of ingested food. Unfortunately it is not
possible to extrapolate those results to the vegetal enzymatic extraction process
because the period in the intestinal tract and thus the period of hydrolysis changes
with the sizes of particles. A ground material will be easily but rapidly digested,
whereas a material roughly ground will be less digestible but will stay longer in
contact with enzymes [53].

Concerning the study of grinding in aqueous extraction, Rosenthal et al. demon-
strated in 1998 that the damages caused by a grinder to vegetal cell walls were
sufficient to influence the yields of extraction in oil and proteins [54]. A finer
grinding will affect deeper the cell walls and will thus yield to better results. Their
study allows concluding that the effect of enzymes on soybean is not significant
compared to the role of the size of particles. The yields of oil after an enzyme-
assisted aqueous extraction vary from 28 to 66 %, while the average size of soybean
particles ranges between 850 and 150 pwm. The same observation was done on
corn germs [55]. In 2007, Evon et al. tested the impact of coupling a double screw
extruder with an enzymatic process of extraction on sunflower meal, and 55 % of oil
were recovered [56], which is not better than the yields reached by Rosenthal with
a simple grinding step [54].

8.3.3.3 Vapor-Phase Cracking

The material is disposed in a reactor under a very high pressure, then the vapor
is quickly removed, and the pressure decreases accordingly. The main physical or
chemical changes of biomass processes with this technique are often attributed to the
removal of hemicelluloses. This hydrolysis is realized via the release of acetic acid
produced by the hydrolysis of acetyl groups linked to the hemicelluloses. Moreover,
water acts as an acid at high temperatures. The vapor allows the transfer of large
amounts of heat inside the seeds, limiting thus the dilution of biomass in large
volume of water (ratio water/biomass of 6 %).
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Weil enlightened the efficiency of this treatment in 1997. The treatment of the
seeds at around 250 °C for one hour produces after cooling yields of 80-90 % of
cellulose converted into glucose, whereas the yields only reach 50-60 % with no
pretreatment. Weil also noticed that the initial pH of 5 drops to 3 at the end of the
reaction [57].

The improvement of enzymatic treatments depends mainly on the removal of
hemicelluloses, on the reduction of the size of particles, and on the raising of the
volume of pores.

Research studies of Shankar et al. in 1997 showed that the flaking of soybean
coupled with a vapor treatment facilitates the action of enzymes [58].

8.3.3.4 Hydrothermolysis

This technique is based on the same principle as vapor-phase cracking. The main
difference of this pretreatment is that the pressure is high enough for the water to
remain in a liquid state at high temperatures (at 200 °C, the pressure must be greater
than 15.5 bars). This implies significantly shorter time of reaction (a few minutes).
As for vapor-phase cracking, hemicelluloses are rapidly hydrolyzed by the liberation
of acetic acid. In particular conditions (220 °C for 2 min [59]), it is possible to
partially solubilize lignin (50-66 %).

8.3.3.5 Acidic Treatments

Diluted sulfuric acid is mixed with biomass to hydrolyze hemicelluloses into simple
carbohydrates. In order to solubilize biomass, Leea et al. tested different acid
concentrations from 0.0735 %, 0.4015 %, to 0.735 % by weight for 10, 15, and
20 min, as well as different temperatures from 140 to 204 °C [60]. They succeeded
in solubilizing from 83 to almost 100 % of hemicelluloses, 26.3-52.5 % of lignin;
95.2-79.6 % of hemicelluloses were hydrolyzed into simple carbohydrates, and the
residual fraction was composed of oligomers.

Cellulose processed with this treatment is highly accessible to enzymes (more
than 90 % of cellulose is concerned).

8.3.3.6 Alkali Treatments

In comparison with the acidic pretreatments, alkali treatments are realized at lower
temperatures and pressures. They can be performed at room temperature; however,
the time of reaction reaches several hours or days instead of minutes. Moreover, on
the contrary of acidic pretreatments, salts are formed within the biomass during the
reaction. Those salts are then not easy to remove.

The treatment with lime was used, for example, on wheat straw or on poplar
[61, 62].
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The main result of an alkali treatment is the removal of lignin from biomass,
which increases the reactivity of resulting polysaccharides. Moreover, this type of
technique removes the acetyl substitutes and the uronic acids linked to hemicellu-
loses which can provide enzymes from accessing the glycosidic linkages [63].

It is however hardly considerable to use such a technique for a process in food or
cosmetic industries.

However, Jiang et al. improved yields of oil extraction and processing of protein
hydrolysates from peanut in a three-step process involving chronologically alkaline
extraction and two steps of enzymatic hydrolysis [64].

8.4 Influence of Extraction Parameters

8.4.1 Enzymatic Mixture

The composition of the enzymes mixture is a key factor; the nature of its activities
and their relative proportions determine all or part of process performances. As
explained, in order to destroy completely the cell wall, it is necessary to use different
and complementary enzyme activities.

When enzymatic activities are numerous, extraction yields are better: the effects
of an enzyme will promote the release of a favorable substrate to another family
of enzymes. This has been demonstrated on many substrates using xylanases and
pB-glucanases [65], which confirms that the efficiency of oil extraction is dependent
of the level of degradation of plant cell walls. When the reaction medium contains
a high amount of a large number of enzymes, the oil yield will be high and rapidly
achieved. However, the optimal enzymatic mixture must be adapted to each kind
of seeds, each substrate, due to the variation of the parietal compositions between
species and varieties. It is impossible to use a specific enzymatic mixture for all
plant species.

The study of Ramadan on seeds and skin of goldenberry pomace illustrates
this effect [66]. A lot of different industrial enzyme mixtures have been tested:
CellulaseEC (Extrakt Chemie, Stadthagen, Germany) with cellulase, cellobiase,
glucosidase, pectinase, xylanase, and amylase activities; Cellulbrix (Novozymes
A/S, Bagsvaerd, Denmark) containing cellulase and cellobiase activities; Rohapect
VR-C supplied by AB Enzymes (Darmstadt, Germany, pectinase, protease, and
hemicellulase); Pektinase L-40 (pectinase) from ASA Spezialenzyme GmbH; Rap-
idase citrus oil (pectinase and proteases) produced DSM Food specialties; and
Gammazym ANP 71143 produced by Gamma Chemie GmbH (proteases). All these
enzymes have an optimum pH between 3.5 and 5 and optimal temperatures between
40 and 60 °C. Enzymatic hydrolysis has been realized at 50 °C under stirring
(150 rpm) and at pH 4.3.

It appears that the four best yields are obtained with enzymatic mixtures
composed with a large range of activities, and not with a single enzyme. Among
these four mixtures, three appear to be equivalent, and only the mixture with
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pectinases and protease appears to be less efficient. The best three yields are
obtained with mixtures of cellulases and pectinases, with or without proteases.

In a recent study, the extractions of turmeric oil with an enzymatic pretreatment
or not were compared [67]. The results show that the extraction yields are better
with enzymes than without, either for oleoresin, for curcumin, or for the volatile oil.
However, the choice of enzymes is of prime importance since some mixtures are of
benefit to the extraction (a-amylase and glucoamylase), while others are inefficient
(xylanase and cellulase).

Enzymatic extraction operates in this study because the enzymes have a selected
pH and optimum temperature close to each other.

Rosenthal et al. have demonstrated that combining protease activity with cellu-
lases significantly improves extraction yields of oil and protein from soybean [68].
However, proteins are hydrolyzed during extraction process, and a hydrolyzate is
obtained with oil. Multistep enzymatic extraction is now in development at the
laboratory scale. Either because the activities that have been identified as necessary
for the hydrolysis of the walls do not work in the same ranges of pH or temperature
or because it seeks to extract several products that are sensitive to enzymes (extract
protein at first, and then add protease to extract oil in a second time) [69].

84.2 pH

pH is an important parameter for two main reasons: its action on vegetal walls and
its effect on enzyme efficacy.
We can notice about the pH action on the cell wall polysaccharides that:

* Hydrogen bonds’ stability depends on the interval of pH (breaking in acid
environment).

* Furthermore for breaking hydrogen bonds, an acidic pH allows mobility of
Ca™™, which is involved in the polyuronic chain support and makes thus easier
the falling off of pectin cohesion.

So, acidic pH provides an increase in wall plasticity and intermolecular sliding
and facilitates the extension. But at this moment, molecules are not lysed.

The second important effect of an acidic pH is the enzyme activity dependence.
Indeed, enzymes are proteins so they will have different ionization depending on the
pH (as well as some of their substrates).

So pH changes the enzymatic protein structure and thus its bonding capacity
to the substrate. As the enzyme catalytic capacity is strongly depending on this
bonding capacity between protein and substrate, an inappropriate pH might strongly
decrease the enzymatic activity. pH-related denaturation may be irreversible to some
enzymes.

Moreover, it is surely likely that with an enzyme mixture, the optimal pH of each
enzyme will not be the same.

It is necessary to define an average pH, which is suitable for each enzyme activity
in the mixture.
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8.4.3 Temperature

Like the pH, temperature will have an effect on raw materials, for example, on
environment viscosity and also on enzymes efficacy.

The raw material that we have to hydrolyze is most of the time composed of a
mix of polysaccharides. The rheological behavior of these polymers is depending
on temperature while they are in water. The viscosity of a mixture of cellulose and
water might slightly decrease when the temperature increases. For example, starch
is a gelling agent that increases strongly the environment viscosity with temperature
increasing. The pectin, which is soluble at low temperature, has the capacity to
form a gel by cooling down after a heating step: this is the principle of making jelly
and jam. The medium viscosity could thus change a lot with temperature variation.
These modifications might be problematic during the process for the heating or stuff
transfers.

Enzymes are also really temperature sensitive. Like for most of the chemical
reactions, catalytic activity of the enzyme is higher with increasing temperature.
However, since they are also proteins, thermal denaturing is possible with a heating
step. A 3D structure modification, even a little one, could stop the substrate from
bonding and thus avoid the chemical reaction wanted. Denaturing temperature
is globally related to the producer organism. Generally, an animal enzyme has
a denaturing temperature of 40—45 °C, whereas this temperature is more than
60-65 °C for enzymes produced by microorganisms. Nevertheless, some enzymes
are thermo-resistant and could tolerate more than 100 °C during several minutes.
The temperature reaction is an important factor that should be kept in mind for
enzymatic extraction. Up to a certain point, the temperature could improve the
enzymes efficiency whose result is a decreasing viscosity of the environment by
hydrolyzing polysaccharides. With temperature effect, these same compounds might
increase the environment viscosity and thus disturb the enzyme activity by stopping
heating and stuff transfer.

8.4.4 Stirring

Stirring does not directly affect enzymes or raw material. It is however important to
consider this parameter for several reasons:

* It must ensure a good heat transfer to support the action of enzymes.

e It must allow a good mass transfer. The enzymes should be present in the entire
reaction volume and interact with their substrate at every moment.

e It must limit the shear to prevent emulsification if the raw material processed
contains oil.
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8.4.5 Seed/Water Ratio

Hagenmaier studied the extraction of sunflower oil at a seed/water ratio of 1:10
[70]. On the same seeds, Dominguez et al. coupled enzymatic hydrolysis followed
by pressing [48]. The seed/water ratio was studied to 2:5 (m:v) that promotes the
activity of enzymes; for 1:5 it would provide a better digestibility of the cake. The
same team fixed 2 years later the optimum ratio to 1:8. In 1992, Badr and Sitohy
determined an optimum for 1:3 [71].

The seed/water ratio is very often discussed in the literature; it is always different
depending on the raw material studied. The ratio is very often different even on the
same raw material as shown in previous example. Agitation is a critical factor, and
the viscosity of the medium is dependent of the seed/water ratio. The experimenter
will define this ratio according to equipments available in the lab for stirring. Results
shown in articles that will optimize this ratio do it accordingly to the equipement
available. It is normal that these results vary from one study to another.

8.4.6 Enzymes/Seeds Ratio and Hydrolysis Time

Likely to the seed/water ratio, seed/enzyme ratio and hydrolysis time are very
discussed. In theory, hydrolysis time and enzyme concentration are very correlated:
for example, time of hydrolysis can be divided by two, by doubling the concen-
tration of enzymes for similar results (if not saturated). On the other hand, by
decreasing the amount of enzyme and increasing the hydrolysis time in a propor-
tional manner, comparative results can be achieved. In practice the effectiveness of
the enzymes decreases more or less quickly when the hydrolysis time is prolonged.
Different inhibition factors may occur: from the raw material, from products of
reactions, from the process factors, etc. Besides, enzymes effectiveness decreases
over time.
To find a good ratio, it is necessary to take different factors into consideration:

* Enzymes have a cost, as the energy required for the process. It is necessary to
find a compromise between the amount of enzyme and the hydrolysis time.

* Yield: another economic factor. The reaction must be sufficiently effective to give
good yields and quality of molecules of interest.

* Microbiology: a mixture of water and organic matter is a very favorable
environment for the development of microorganism. The overall hydrolysis time
must take into account this factor.

* Product quality: some products may be sensitive to oxidation or temperature. An
extraction for too long can affect the quality of the oil or the concentration of
antioxidant that is sought to be extracted.
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8.5 A Wide Variety of Products

8.5.1 EAE Impacts on Products Quality

Most of the time, oils extracted by enzymatic aqueous process are of better quality
than other oils considering the general quality attributes such as fatty acid profiles,
free fatty acid contents, fatty acids composition, iodine value, saponification
number, unsaponifiable matter, peroxide value, phosphorus amount, nutrient content
(amount of tocopherols, etc.), refractive index, density, color, etc. [69, 72].

Considering other fractions obtained from the plant from enzyme-assisted
aqueous extraction, coproducts with a higher added value than those obtained by
methods using organic solvents are produced. Thus, proteins, polysaccharides, or
active compounds such as polyphenols can be extracted with good yields while
preserving their intrinsic qualities.

The main difference of EAE with other methods is that the enzymes can
selectively cut covalent bonds in the raw material. Only enzymes enable this
directed and selective hydrolysis of covalent bonds within the cell wall. As a result,
molecules of interest such as phenolic acids present in vegetable cell walls can be
released, and extracted yields are sometimes clearly superior to those obtained even
with organic solvents. Thus, the choice of the composition of enzyme mixtures
for the enzymatic modification of the plant is a crucial point. For example, if
the objective of splitting the raw material is the production of proteins in their
native form, proteases should be excluded from the process, and the extraction
conditions will remain soft (temperature, pH, etc.). Most of the time, these soft
physicochemical conditions are required to preserve the quality of enzymes and the
efficiency of EAE.

Today the products obtained by EAE are more numerous (proteins, polysaccha-
rides, oligosaccharides, oil, phenolic compounds, etc.) and abundantly described in
the literature. This increase is very significant in recent years, and this phenomenon
is reinforced by effective and growing consideration of environmental issues and the
sustainable development of processes.

Among different molecules sought by enzymatic aqueous extraction, the oil is
the product that has undergone the greatest number of program search for many
years. Today, the enzymatic aqueous extraction projects grow much more widely,
and all of the compounds of interest from a plant raw material are desired.

The oil quality is most often estimated by the authors through the amount of
free fatty acids contained in the oil after extraction. Enzymatic aqueous extraction
processes could potentially affect the oxidation of oils; free fatty acids and peroxide
value are therefore the first factors considered. Historically, oils extracted in the
early years had problems of oxidation stability. Thus, the oil obtained by pressing
assisted by enzymes showed a lower quality than that obtained by cold pressing,
according to Sosulski et al., but the oil quality was better than the oils treated
by solvent [31]. Free fatty acids were present in larger quantities in the study of
Bocevska (1993) with 1.5 % free fatty acid against 1.1 % for the control [41].
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Ramadan et al. (2009) concluded on higher peroxide value in the case of aqueous
extraction of goldenberry pomace oil [66]. They have noticed a decrease in radical
scavenging activity and oxidative stability for this oil extracted with enzymes prob-
ably due to a relative decrease in the levels of unsaponifiables and polar fractions
(polar lipids and phenolics). This decrease can be attributed to the extraction in
aqueous phase. In contrast, other authors, such as Najafian et al. (2009), saw no
significant differences in acidity and peroxide or iodine values, by comparing the
two types of processes [73]. Tano-Debrah did not notice loss of quality in extraction
assisted by enzymes (using proteases, cellulases, and pectinases) of coconut oil [74].
According to Towa (2010) and Latif and Anwar (2009), enzymatically extracted
soybean oil has less free fatty acid than its oil control [75, 76]. This level of quality,
equivalent to that obtained by conventional methods, was also reached on rapeseed
by Zhang in 2007 [77]. Compared to a method of solvent extraction, rapeseed oil
extracted enzymatically in this study shows more free fatty acids but has a lower
peroxide value, and the color is darker than that obtained from solvent. Iodine value,
saponification index, and fatty acid composition are similar in both cases. In the
same way, no significant differences were observed in the fatty acid profile, the
density, the refractometry index, the amount of free fatty acids, the iodine value,
the color index, the saponification, and the amount of unsaponifiable material of
soybean oils [76]. The same study reports an improvement on the tocopherol content
and on the oxidative stability. The same authors have already seen an increase in
the tocopherol content of 10 % in 2009 on a sunflower oil [78]. Ramadan et al.
(2009) also show that the levels of minor compounds values, such as phenols and
tocopherols, may be higher in the oils extracted with water [66]. However, the
opposite effect was observed for cottonseed oil, as demonstrated by Latif and Anwar
(2011) [76], which may indicate that these results are dependent on the raw material,
the extraction technique, and the enzymatic treatment conditions including the
nature of the enzymes employed. Soto et al. (2007) confirmed this hypothesis [79].

Thus, according to the studies examined, oils from enzymatic processes have
sometimes better quality and sometimes lower quality than oils extracted by simple
cold pressing or solvent. These results are linked to the conditions of aqueous
extraction. However, some general trends are confirmed. The fatty acid composition
does not vary and therefore also the iodine value. The color of the oil extracted
and the unsaponifiable matter is the same or higher than the oils witnesses but is
never lower. The levels of free fatty acids and peroxide indices are dependent on the
raw material, the conditions of implementation of the method, the oil separation,
and the storage of oil and seeds. The tocopherols and phenolic compounds (both
antioxidants) are generally higher in oils extracted enzymatically conferring better
oxidation resistance to oils [76, 78], contrary to what has been shown by Bocevska
etal. in 1993 [41] but confirmed in recent studies. Thus, the quality of virgin coconut
oil extracted thanks to enzymes is enhanced and better than commercial virgin
oil for free fatty acids and peroxides [72]. Moreover, contents in lauric acid and
vitamin E were found to be higher in virgin oil extracted thanks to enzymes than
in others oils (commercial virgin coconut oil and commercial standard coconut oil).
Considering the sensory analysis, coconut oil extracted with enzymes gives better
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scores than both other oils for desirable attributes like freshness and nutty odor. One
last advantage to quote but not least, overall quality of oils extract enzymatically
facilitates refining stages [80].

Generally, enzymatically extracted oils prove to be better than other oils. It seems
that the oxidation problems sometimes observed would be more related to storage
conditions rather than process.

Vegetable proteins are the second category of sought molecules thanks to
enzymatic extraction. An increasing interest is focused on proteins which are
described as a valuable coproduct of oil extraction. Proteins can be a benefit to
enhance nutritive value and functional properties of food [81]. However, the process
used to fractionate oilseed to valuable oil and proteins among all has a direct impact
on end-product performances. This is particularly true for the functional properties
of proteins that can be affected by the operational conditions of extraction associated
with denaturation (organic solvent, pH, temperature, salts, or ionic strength).
Ramadan et al. (2009) [66] have demonstrated that the enzymatic attack of the cell
wall during enzymatic extraction of oil from goldenberry pomace helps to improve
the extraction yields but also the quality of the meal with reduced fiber content and
enhanced digestibility. Many authors confirmed the improvement of the quality of
the meal obtained after enzymatic extraction of borage oil [31, 32, 79]. A recent
study from Bagnasco et al. (2013) presents an enzyme-assisted aqueous extraction
method performed on rice to value all different fractions obtained after conversion
of raw rice into white rice like rice hull and bran mainly [82]. A promising way to
value proteins is to combine an enzymatic hydrolysis of proteins during extraction
to prepare mixtures composed of proteins and peptides with sensory properties from
rice middlings as raw material.

The other constituents of the plant raw material are not to overlook as they
represent a potential. Thus, polysaccharides and their hydrolysis products, phenolic
compounds, and other nutrients are some of interesting molecules.

According to Aliakbarian et al. (2008) who quoted several authors, the addition
of enzymes helps reducing the complexation of hydrophilic phenolic compounds
with polysaccharides and thus increases the amount of free phenol present in the
oil and aqueous phase [83]. Moreover, the authors indicate a correlation between
the concentration of enzymatic mixtures and highest levels of total polyphenols and
antiradical power. Fan et al. (2011) compared the traditional hot water extraction of
polysaccharides from Grifola frondosa with enzyme-assisted aqueous extractions
[84]. Several enzyme mixtures were tested with activities used alone or in mixtures.
The results are clear: extraction with enzyme mixtures contributes, on the one hand,
to improve the extraction yields and, on the other hand, to improve the antioxidant
efficacy of extracted polysaccharides. The main explanation is that the hydrolysis
due to enzymes helps to reduce the molecular weight of polysaccharides, physical
characteristic that is in favor of the antioxidant activity. While not exhaustive,
mention may be made to Fu et al. [85] who first proposed the extraction of luteolin
and apigenin from pigeon pea (Cajanus cajan (L.) Millsp.) leaves. They compared
efficiency of pectinase, p-glucosidase, and cellulase to optimize extraction of these
active flavonoids.
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Among raw materials, which will be to consider in the near future, algae
represent a new wide field of investigation to produce new valuable molecules.
Enzymatic aqueous extraction is one of technologies that will split the algal material
in an eco-designed manner [85].

8.5.2 Reducing Emulsion Formed During EAE

During extractions performed on oil commodities, an emulsion composed of water
and oil may occur and block the recovery of free oil. Often this major pitfall was
the reason for the abandonment of this method for the extraction of oil materials.
Strategies can be implemented to prevent the formation of these emulsions (e.g., by
limiting the production of emulsifying molecules) or then to destabilize them at the
end of the process. During the extraction of oil from soybean flour, Chabrand and
Glatz (2009) described the formation of a stable emulsion and the near absence of
free oil [86]. They proposed to combine the action of protease and phospholipase
in a mixture to hydrolyze interfacial proteins and phospholipids to foster the
breakdown of oil droplets and promote coalescence. In order to be cost-effective,
they describe very high percentages of protease activity recycling (90 %). Similarly,
enzymes (aspartic endoprotease) are employed to successfully destabilize oil-in-
water emulsion found in coconut milk to produce virgin coconut oil [72]. The
protease hydrolyzes peptide bonds in the protein chain and helps to reduce the
emulsifying properties, which leads to coalescence of oil droplets.

Although it is more advantageous to reduce the formation of emulsions, certain
raw materials such as soybeans result in significant amounts of emulsified molecules
because of seed composition. Jung et al. (2009) proposed using several enzyme
mixtures, accurately selected, to help to deconstruct the emulsion formed during
EAE of soybeans and to improve yields of free oil [80]. Analyses showed that the
produced oil is of high quality and requires less refining steps than hexane-extracted
oil (degumming). Recently, Li (2014) proposed treating the cream obtained after
enzymatic-assisted extraction of soybean oil by an ethanol ultrasound-assisted
destabilization [87]. Almost 95 % of the oil contained in the cream was recovered
after optimization of operating conditions of the ultrasound system.

One other valuable option would be to promote these natural emulsions in areas
that need and request them such as cosmetics or detergents industry.

8.5.3 Bifunctionality of Enzymes

Chen et al. (2011) present an original approach where enzyme-assisted aqueous
extraction was combined with enzymatic modification using a unique activity
of cellulase from Penicillium decumbens, both hydrolyzing plant cell walls and
leading to transglycosylation of flavonols extracts [88]. In this study, flavonoids are
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extracted thanks to aqueous and enzymatic process from Ginkgo biloba leaves. That
cellulase is known to possess a strong transglycosylation activity that can change
the flavonol aglycones into polar glycosides whose higher solubility in ethanol-
water extractant leads to improved extraction without affecting the bioactivity of the
compounds. This example rather rarely described in the literature highlights another
strong asset of enzymatic processes in which extraction and functionalization are
combined in one step using a single catalyst. A similar approach is presented by
Xu et al. (2013) to enhance extraction of bioactives from Glycyrrhizae radix [89].
They confirm the synergistic action of bifunctional enzymes contributing to both
improve extraction yields degrading the cell walls but also deglycosylate flavonoids
extracts helping to make them more active. The use of enzymes able to perform
both transformations in the same batch contributes significantly to the improvement
of technical and economic performances of EAE processes.

8.6 Combination of Different Alternative Methods

Additional processing could very likely improve the efficiency of enzymatic
treatments or contribute to improved yields. These complementary treatments may
occur before, after, or in parallel with enzymatic treatment of biomass. Among the
alternatives that can be coupled to the enzyme extraction, mention may be made to
microwave- and ultrasound-assisted extractions and also hydrodistillation.

In a recent study of Li et al. (2013), the combination of the effect of microwave-
assisted extraction to the enzymatic hydrolysis seemed advantageous for the oil and
protein recovery from yellowhorn seed kernels [90]. Jiao et al. (2014) confirmed it
by obtaining the best extraction yields of pumpkin seed oil performing an enzymatic
pretreatment (cellulase, pectinase, protease) on the seeds before treatment with
microwaves [91]. Furthermore, the oil obtained by this combination of methods is
comparable in respect to physicochemical aspects with oil extracted with hexane
(refractive index, gravity, acid, and saponification values) and is more stable to
oxidation due to higher contents of phenolics and tocopherols among others. Gai
et al. (2013) have combined the enzymatic extraction with microwaves treatments
to improve yields of oil extraction of Isatis indigotica seeds and Forsythia suspense
seeds [92]. In both cases, they confirm the better oxidative stability of oils with
comparable physicochemical properties than solvent extracted oils.

Ultrasound pretreatments have also been associated with enzymatic aqueous
extraction for extracting watermelon seed oil [93]. Yields obtained are 20 % higher
than those obtained by the enzymatic extraction only. The same effect are measured
by Konwarh et al. (2012) who reported improvement of the extraction of lycopene
combining enzymatic extraction employed with ultrasounds [94]. Chen et al. (2012)
present a study combining ultrasounds and enzymes to improve the extraction of
crude polysaccharides from Epimedium leaves to produce active ingredients from
plant materials [95]. Xu et al. (2013) have compared the extraction of flavonoids
from Glycyrrhizae radix by enzyme aqueous extraction or sonication-assisted
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extraction [89]. The results show an equal efficiency of both processes carried out
separately. Da Porto et al. (2013) assessed the impact of an enzymatic pretreatment
on the extraction of grape-seed oil by conventional solvent extraction and ultrasound
one [96]. The results show that the enzymes significantly improved the extraction
with solvent, but have no significant effect on the ultrasound extraction, which yields
remain unchanged. These last studies demonstrate the need to optimize the sequence
of methods and their settings.

Adulkar et al. (2014) propose combining the action of hydrolytic enzymes and
ultrasound to remove grease wastewater output of dairy [97]. Although this method
does not involve vegetable raw materials, it illustrates the synergistic action of these
two methods. The optimization technique takes into account several parameters
including enzyme concentration, temperature, ultrasound power, frequency, duty
cycle, and agitation speed. The conclusion confirms the benefit of ultrasonication
combined with enzymatic catalysis.

Hosni et al. (2013) perform an enzymatic pretreatment (with cellulase, hemi-
cellulase alone, and a mixture of them) prior to hydrodistillation for recovery
of essential oils from thyme (Thymus capitatus L.) and rosemary (Rosmarinus
officinalis L.) [98]. As well as for yields of extraction than for antimicrobial
activities of essential oils, results are better when an enzymatic pretreatment is done.

Nevertheless, when different extraction methods are used together to achieve
better treatment efficacy and better quality products, it is sometimes necessary to
consider the negative impact of certain methods on the activity of enzymes and
their subsequent denaturation. Thus, as shown by Kapturowska et al. (2013), the
ultrasound treatment may be deleterious for enzymatic activity of lipases extracted
from Yarrowia lipolytica [99]. In these conditions, unless they have ensured the
preservation of enzymatic activity, protocols involving different successive steps
should be favored.

In conclusion, most of the time, the combination of different alternative extrac-
tion methods is favorable for yields and product quality. These studies, varied but
not exhaustive, demonstrate the synergies that can be beneficial to the performance
of clean extraction processes. However, the mixed results of some attempts show
the importance of optimizing the combinations defining whether their actions are
simultaneous or successive and in what order. The number of articles with such
studies is growing and probably foreshadows a key sector in the coming years.

8.7 Applications of EAE

EAE encounters many applications from reactions at the laboratory scale up to
industrial processes. This technique is considered as an alternative method to
produce valuable products via smooth conditions. Due to the large variety of
available enzymes, possibilities to find the most appropriate enzymatic tools for
the extraction are almost infinite. One of the main advantages of EAE, besides
its eco-friendly character, is the specificity of enzymes. Depending on the starting
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raw material, one can choose the most suitable enzyme or mixture of enzymes to
drive the desired reaction. EAE is widely used at the laboratory scale, and many
research studies are conducted on this topic. Emerging niche markets encourage the
development of such techniques. For example, the cosmetics market is increasingly
demanding of natural extracts produced in a “greener” way. EAE is then gaining
more importance and interest in this field.

8.7.1 Laboratory Scale

EAE is easily applicable at the laboratory scale as the process does not request
very sophisticated equipment. The enzyme-assisted aqueous extraction is mostly
studied to produce extracts containing valuable molecules but also to extract-specific
compounds difficult to isolate with conventional techniques. At a laboratory scale,
more enzymes are available which makes the development of such elaborated
processes easier to develop. Research works are also driven in parallel of extraction
processes to broaden the databank of available enzymes in order to find more
appropriate tools. The main objective is to define the best biological catalyst to run
the extraction specifically on a plant or on parts of a plant.

The enzyme-assisted aqueous extraction of molecules from plants is getting more
and more studied to develop alternative solutions than the use of hexane and other
harmful solvents. EAE is a process used for the extraction of oils or valuable
extracts with high contents in molecules of interest. Vegetal substrates such as
soybean, sunflower, rapeseed, and peanut are widely studied because they imply
large quantities at an industrial scale and thus imply large volumes of solvents for
their process [100, 101].

8.7.2 Pilot/Industrial Scale

8.7.2.1 Biofuel Applications

Some industrials are already using EAE at large scale. The most noteworthy
example is the extraction of cellulose-based materials for the production of fer-
mentable sugars for the biofuel industries. As mentioned previously, this chapter
mainly focuses on the EAE of non-lignocellulosic vegetal. However, as a brief
illustration, one can cite the pilot plant FUTUROL located in Pomacle-Bazancourt
in the north-east region of France. In this project launched in 2008 (Euros 76.4
million), a consortium of several R&D collaborators (IFP, ARD, INRA, Lesaffre)
is developing new energy solutions including EAE of biomass for the production
of biofuels. The main objective is to produce efficient alternative solutions for
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energy production valorizing agriculture by-products. The first results from the pilot
plant (capacity 180,000 L/year of bioethanol) are promising since biofuels with
competitive prices can be produced. The third phase of the project concerning the
transition to commercial-scale production, and the increase of the capacity up to 3.5
million liters per year is scheduled to be launched in 2016.

8.7.2.2 Industrial Applications (Food, Health, and Beauty Care Products)

Enzymes are widely used at an industrial scale but mainly as biocatalysts for
synthesis and modifications of molecules today. Schmid et al. and Rolle have
published reviews establishing non-exhaustive lists of enzymatic reactions run at
an industrial scale [102-104]. Industrial biocatalysts users count BASF, Schering,
Lonza, Shimizu, Kyowa Hakko Kogyo Co. Ltd, Tosoh, DSM, and many more. There
is a broad range of applications mainly concerning the synthesis of pharmaceuticals,
compounds for chemistry of specialty, polymers, etc.

Roquette and Cargill are using enzymatic processes to produce polysaccharide-
derived ingredients (starch, oligosaccharides). Enzymatic extraction is also used
for the production of vegetal proteins: protein-rich plant materials are digested by
specifically designed enzymes, which are able to hydrolyze the constitutive plant
cell walls. This digestion results thus in the release of the inner content of vegetal
cells (proteins, phenolic compounds, sugars, etc.). In this context, EAE is a potential
powerful technique for the food industry for the production of vegetal proteins in
replacement of animal origin proteins. In this field, the RuBisCO protein (ribulose-
1,5-bisphosphate carboxylase/oxygenase), which main function is to catalyze the
first step of CO, fixation in most autotrophic organisms, is considered as the
most abundant vegetal protein on Earth [105]. It is at the heart of concerns for
meat protein substitutes. The RuBisCO products taste very much like meat, and
its bite has almost the same consistence. Some research groups have developed
interesting processes for the extraction and purification of RuBisCO protein for food
applications from Lucerne [106-108].

Enzyme-assisted extraction allows the production of a broad variety of bioactive
compounds. In their review published in 2012, Puri et al. have established a short
list of bioactive compounds available by enzymatic extraction processes [109].
Those compounds (oils and carotenoids, glycosides, phenolic compounds, proteins,
flavonoids, fibers, etc.) are produced choosing the most appropriate enzymatic
tools and have usually interesting yields compared with conventional techniques.
EAE already have several industrial applications. For example, pectinases are used
since more than 30 years in the juice industry for de-pulping and for clarification
[110]. Proteases and lipases are used in the leather-making industry as well as
in the protein-enriched food industry and in the pharmaceutical industry. Lipases
find applications in the production of skin care products while phospholipases
are mainly used as degumming agent for oil-rich seeds (soybean, canola, flax
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seed, hemp, etc.) [111, 112]. As early as the 1960s, Roquette launched the
first enzymatic industrial reaction for the bioconversion of starch. Rapidly after,
they were pioneering with a formulated dual-enzymes hydrolysis range for the
production of sugar syrups. The company ARD is also a leader in the field and
produces ingredients via enzymatic fractionation of vegetal through its daughter
company Soliance cosmetics. NIZO research group, located in the Netherlands, are
using proteases to produce and extract valuable peptides from proteins for the food
industry. Enzymatic tools also find applications in synthesis and modification of
molecules. For example, Cargill is using enzyme technology to modify molecules
to improve food application products performance (transesterification) (Transcend
TM enzymatic alternatives).

EAE is also interesting as a pretreatment step to predigest plant materials to
increase the bio-disponibility of the molecules of interest and allows the reduction
of reaction time [32, 113]. As an example, a predigestion step of tomato with
pancreatin can increase the extraction yield of lycopene up to 2.5-fold compared
with the solvent extraction only [114]. As mentioned previously, the enzymatic
extraction can be used successively or in combination with other technology
processes.

8.7.2.3 Biorefinery

New companies are developing EAE following the principle of biorefinery [115].
This concept established in 1997 defined the biorefinery as an overall concept of
a processing plant where biomass feedstocks are converted and extracted into a
spectrum of valuable products (E3 handbook, US Dept of Energy). This principle
leads to the reduction of production costs since every phase issued from the
extraction is valuable (aqueous extract, oily phase, residual undigested material,
emulsion).

A few existing industrial applications of enzymatic biorefinery already exist,
but it does not represent the main part of EAE applications. A young French
biotechnology company, BIOLIE, located in Nancy (France) has developed a new
technology based on this concept. The extraction of vegetal is realized using suitable
formulated cocktails of enzymes and leads to the production of oils and active
ingredients among others. The valorization of each phase of the extraction (lipidic
phase, emulsion, aqueous phase, insoluble un-hydrolyzed residual material) is then
possible (Fig. 8.5).

Further work on those phases leads in several steps to the separation, purification,
and enrichment to obtain compounds of interest. The eventual additional costs of
production for one ingredient is thus globally balanced with the exploitation of the
additional phases, which can be further refined depending on the needs. The process
is currently barely exploited, but its potential is very promising.
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Fig. 8.5 Principle of Emulsion
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8.7.3 Pros and Cons of EAE at an Industrial Scale

At the industrial scale, EAE has two main advantages being firstly to avoid the
risk and safety issues surrounding the use of solvent and particularly the use
of hexane. EAE is considered as an environmentally friendly alternative to the
solvent extractions of oils and as a sustainable process for the limitation of VOC
emissions. Secondly, even though yields could be lower with EAE than those
obtained with conventional solvent extractions, the quality of the products produced
via this smooth process is usually higher. It is well known that products issued from
enzymatic extraction like oils and aqueous extracts are richer in valuable actives and
have higher contents in nutriments. The “smooth” reaction conditions are preserving
the nutritional and organoleptic properties of ingredients. The process preserves the
integrity of the benefit molecules of plants. This specificity of the process is a major
sale argument in the food and cosmetic industries. At an industrial scale, this point
is a serious advantage concerning the economic part since, in a single step, products
have a better quality and are significantly enriched in valuable compounds.

One of the drawbacks of EAE is the cost of production. For large volumes of
production, the price of enzymes which are not always commercially available
represents the bottleneck of this technology [116]. For food applications, concerns
are given to the presence of eventual residual traces of proteins in the products as a
source of known allergens. Legislation is not completely defined on this topic, and
no cases have been described yet.

Besides this point, EAE may lead to the reduction of production costs (savings in
energy, time, and equipment facilities but also savings in costs of waste disposal,
etc.) combined with improved product quality. Most of the available enzymes
request fairly low reaction temperatures (usually less than 50 °C), resulting in a
reduction of energy needs. Moreover, the efficiency of enzymes and the specificity
of their chemical activity allow shorter extraction times.
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Purification of extracts issued from EAE is usually more complex than those
produced from solvent extractions. This is due to the global release of a higher
diversity of molecules in the phases [109].

EAE has potential applications in new product generation for food and cosmetic
markets [117]. Molecules of interest such as phenolic compounds can be extracted
by physicochemical or mechanical methods; however, those compounds can be
anchored in the plant cell walls via covalent bonds. In that case, extraction
by conventional techniques is less efficient than an enzymatic extraction where
enzymes are able to act specifically.

Itis possible to build a theoretical economic model for an EAE process, even with
expensive biocatalysts since as detailed previously the costs of production can be
globally reduced. However, very few commercial biocatalysts are available from off
the catalog, and this new technique might be in some cases overconsidered as a solu-
tion for the extraction of plant material necessitating specific enzymes. Moreover,
enzymatic reactions are usually more difficult to scale up for large volumes since
enzymes behave differently depending on parameters. Some alternative methods
are using supported enzymes, which allows the recycling of the biocatalyst several
times with no loss of activity [118, 119]. In that case, the life cycle of enzyme is
directly related to its resistance properties and to its condition of use. The impact of
the cost of enzymes is thus smoothed.

8.8 Conclusion

Observing the increasing number of articles on the topic of eco-extraction of
the plant associated with studies demonstrating the relevance of the fractionation
of plant raw materials by enzymatic aqueous extraction (EAE), that sector will
show significant growth in the coming years. Due to environmental constraints
increasingly strong and awareness of the need to consume healthy products,
techniques to promote all fractions of the plant while preserving the intrinsic
qualities of natural products are being valued. In this context, the success of
biocatalysis depends ultimately on the economics of this process and thus on
the exploitation of the maximum of products. The extraction process following
the principles of biorefinery appears to be the best solution. At the same time,
prices related to the implementation of enzymatic processes will decrease while
the value-added products will grow. Economic balance may then equilibrate. The
enzyme-assisted aqueous extraction provides rich phases with high potential in
valuable molecule contents. As the process is raising increasing interests from
academics and industrials, experience and knowledge on this technique will be
rapidly broaden, and its application will become easier. The design of a broader
range of enzymatic tools and the availability of those enzymes at an industrial scale
should encourage the development of applications and the uses of this technique.

A new industry is to build with new raw materials leading to new quality products
to sell on the market.
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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 CO, emissions.

9.1 Essential Qils 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 Curacao 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 a-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:
84, the energy from dispersion bonds between molecules; §,, the energy from
dipolar intermolecular force between molecules; and 8y, 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 §, parameter against the
dn 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

C. Boutekedjiret et al.

n-Hexane d-Limonene «-Pinene p-Cymene
N° CAS 110-54-3 5989-27-5 80-56-8 99-87-6
. . H H4C
Chemical structure ni@ ¢ >—C\>—CH;
\CH1 HiC —

Molecular C10H14 C10H16 C]()Hm C10H14
formula

Properties

Molar weight 86.17 136.23 136.23 134.22
(g/mol)

Molar 29.84 45.35 43.96 45.26
refractivity
(em?)

Molar volume 127.5 163.2 154.9 155.7
(cm?)

Boiling point 68.54 175 158 174
°0)

Flash point (°C) —23 48.3 32 47.2

Viscosity 25 °C 0.31 0.83 1.32 0.83
Cp)

Index of 1.384 1.467 1.479 1.492
refraction

Surface tension 20.3 25.8 253 28.5
(dyne/cm)

Density (g/cm?®) 0.675 0.834 0.879 0.861

Dielectric 1.87 2.44 2.58 2.34
constant,
20 °C

Polarizability 11.83 17.98 17.42 17.94
(em?)

Vapor pressure, 150.9 1.54 3.49 1.65
25°C
(mmHg)

Enthalpy of 28.85 39.49 37.83 39.34
vaporization
(kJ/mol)

LogP 3.94 4.45 4.37 4.02

Solubility in pure 0.11 0.012 0.069 0.025
water, 25 °C
(mg/ml)

Rate evaporation, 8.30 0.25 0.41 0.14
25°C

Hansen parameters

84 14.9 17.2 17 18.5

8y 0 1.8 1.3 2.6

O 0 43 2 1.9




9 Terpenes as Green Solvents for Natural Products Extraction

20 A Water
15
A
Methanol
eo“'w A Acetone
A Ethanol
® Nannochloropsis oculata
B i X @ Dunaliella salina
TAGDAG. . i || Fatty Acids
p-Cymene A B Chiorafor )
A:‘G 2 Chloroforme A Solvents
0 A a-Pinene d-limonene
gheene 5 10 15 20
I &y,
5
4,5 Bl i1
MAG M o
4
35
chloroform
TAG  ClE ke o
3 @ DAG g oo
&25 pomencA o M c1s:1n
TAG DAG
2 @ Nannochloropsis oculata
A ® Dunaliella salina
1,5 A d-limonene M Free Fatty Acids
1 a-pinene A Solvents
0,5
n-hexane
oA
0 2 4 6 8 10 12
5y,

209

Fig. 9.1 Hansen parameters for lipid classes of Nannochloropsis oculata and Dunaliella salina

functions of different solvents



210 C. Boutekedjiret et al.
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 o-
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 a-pinene and its isomer B-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 °C), 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 a-pinene as a substitute solvent to n-hexane for extraction of oil
was investigated.

9.3.2.1 Fats and Qils from Crops

In 2013, Bertouche et al. [33] proposed to use a-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 a-pinene
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Fig. 9.2 Fat extraction and recycling procedure using n-hexane and a-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 a-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 a-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, a-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].

a-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 (a-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 °C); this procedure is simple to realize. But
for a-pinene, the boiling point is very high (156-158 °C); 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 4- a-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 °C
(97-98 °C) at atmospheric pressure and even lower if reduced pressure is applied
regardless of the high boiling point (150-300 °C) of terpenes. The recycling rate of
a-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 mn
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 a-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 a-pinene (BP = 154 °C)
is higher than toluene (111 °C), as the mean time boiling point of azeotropic
pinene/water (BP = 97-98 °C) is also higher than azeotropic toluene/water mixture
(84 °C); consequently, the beginning of the water recovery is delayed for pinene.
However, when the distillation started the water recovery was faster when using o-
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,
a-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 f-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, a-pinene was also used as an alternative
to hexane for carotenoid extraction. In this context, a study was performed in order
to optimize the f-carotene extraction from dried ground carrot by maceration in o-
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 °C) and solid-to-solvent ratio (10-30 %).
The optimal yield obtained with «z-pinene was equal to 8.67 %, and the optimum
conditions of f-carotene extraction obtained by statistical analysis of CCD results
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were 23 % for a solid-to-solvent ratio and 40 °C for temperature. For comparison,
extraction of B-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
o-pinene may be an interesting sustainable way to replace petroleum-origin solvents
for carotenoid extraction.
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Chapter 10
Emulsion Extraction of Bio-products: Influence
of Bio-diluents on Extraction of Gallic Acid

Ka Ho Yim, Moncef Stambouli, and Dominique Pareau

Abstract Natural products and fermentation broths are complex systems.
Extraction processes such as emulsion extraction, a process derived from the
industrial liquid-liquid extraction, can be used to remove molecules. This chapter
presents preview studies dealing with these two processes for bio-products and
notably for organic acids from biomass: different parameters were described. Then,
a study on eco-conception of these processes for gallic acid with bio-diluents
(one hydrogenated terpene and three ethylic fatty acid esters) was presented and
compared with results using dodecane, a current petrochemical diluent. A pre-study
about eco-conception of liquid-liquid extraction for gallic acid was performed. An
extractant as tributyl phosphate (TBP) was necessary, and extraction yield was
higher with TBP diluted in ethylic fatty acid esters than in dodecane. So it is
possible with esters to reduce the TBP concentration. In extraction by emulsion
with the esters as diluents, there was no need of an extractant, gallic acid being
slightly soluble in these esters. However, emulsion containing these bio-diluents
swelled, which do not exist with dodecane.

10.1 Introduction

Green chemistry [1] is a current concept about the environmentally friendly
design of chemical products and processes. White biotechnologies using renewable
resources can contribute to this issue: products are directly extracted from biomass
or made from this source by microorganisms in bioreactors. Different extraction
processes, like emulsion extraction which is a process derived from the classic
liquid-liquid extraction, can be used in the three steps of bioprocesses: treatment
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of biomass, fermentation, and purification of bio-products. Continuous extraction
of bio-products during fermentation is particularly interesting because many bio-
products can inhibit microorganisms.

Gallic acid (Fig. 10.1) belongs to the class of natural organic acids, the main fam-
ily of bio-products. It presents in many plants and recovered by leaching the grinded
plants. Gallic acid is the 3,4,5-trihydroxybenzoic acid, presenting a carboxylic acid
function of pKa 4.26. Extraction of gallic acid has already been studied by different
processes as aqueous two-phase extraction with a micro-channel system [2] or with
ionic liquids [3] and as supported liquid membrane extraction [4]. However, gallic
acid has never been extracted by emulsion, notably containing bio-reagents.

Firstly, this chapter presents a review of previous studies on liquid-liquid and
emulsion extractions of organic acids from biomass, using petrochemical reagents
and with eco-conception of some extraction processes. Then, as an example, a
study on eco-conception of an optimized emulsion for gallic acid extraction was
presented, including preliminary studies of the extraction mechanisms in liquid-
liquid extraction.

10.2 Liquid-Liquid Extraction and Extraction by Emulsion
of Organic Acid from Biomass

10.2.1 Principle

Liquid-liquid extraction [5] is a traditional industrial process, composed of two
steps: extraction and stripping. Firstly, the molecule to be extracted, A, present
in an aqueous solution, is transferred to an organic phase where it reacts with
an extractant. The resulting molecule is quite soluble in the organic phase. The
stripping (or back extraction) is the reverse phenomenon: the loaded organic phase
is contacted with the aqueous stripping solution containing a chemical agent able
to back extract A. The organic phase is then regenerated and can be recycled to the
extraction step (Fig. 10.2).

Emulsion extraction (previously named extraction by emulsion liquid membrane)
[6] was developed from liquid-liquid extraction for applications in petrochemistry.

First, a water-oil emulsion is formed by dispersing an aqueous solution (the
stripping phase or internal phase) containing a stripping agent (T) into an organic
phase (the membrane) containing a surfactant to stabilize the emulsion, an extractant
(E) to improve the transfer, and a diluent. The droplets of the aqueous internal
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Fig. 10.2 Principle of liquid-liquid extraction

Fig. 10.3 Principle
of emulsion extraction
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phase are very small (from 1 to 100 pwm). The emulsion is then gently dispersed by
agitation into the aqueous feed (the aqueous external phase) containing the solute
A to be extracted; due to this agitation, a “water-oil-water” double emulsion exists.
As shown in Fig. 10.3, the extractant E reacts with A and enables its extraction
and its transfer across the organic membrane from the feed phase to the stripping
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one: it acts as a “carrier.” T, the stripping agent, allows the back extraction of A
in the internal phase. Emulsion extraction combines extraction and stripping in a
single step. After this step, the two phases of the emulsion are separated by electro-
coalescence to recover the concentrated aqueous solution and recycle the organic
phase to emulsification.

In some cases, feed solutions are organic and oil-water emulsions are used; the
membrane is an aqueous phase.

The advantages of emulsion extraction in comparison with liquid-liquid extrac-
tion are numerous: extraction and stripping performed in a single step, enhanced
kinetics due to the huge internal interface area, good efficiency even with trace
amounts of solutes, possibility of exhausting the feed solution, reduced contactor
volume, and interesting concentration factors with reasonable energy consumptions.
However, several drawbacks can be mentioned: no possibility of scrubbing between
extraction and stripping resulting in a reduced selectivity, importance of emulsion
stability to prevent back transfer of extracted solute, and sometimes difficulty in
breaking the emulsion by electro-coalescence.

10.2.2 Liquid-Liquid Extraction of Bio-based Organic Acids

As said before, it is generally necessary in liquid-liquid extraction to use an
extractant that is able to react with the species to be extracted. In the case of organic
acids, two different types of extractants can be employed.

10.2.2.1 Extraction by Basic Extractants

Organic acids can exchange protons. So the best extractants may be proton
acceptors, that is, bases as tertiary amines. There is then the formation of an ion
pair, corresponding to the following equilibrium:

AH + R3;N = A"R3;NH™' where AH is the organic acid and R3N the tertiary
amine; the underlined species are the organic ones.

Trioctylamine or TOA is one of the most used basic extractants.

Stripping agents must be bases stronger than amines, for example, soda, NaOH,
Or ammonia.

Extraction of organic acids from fermentation broths by TOA is one of the most
studied cases: for example, lactic acid [7], glycolic acid [8], succinic acid [9],
propionic acid [10], and malic acid [11].

In some cases, when the organic acid concentration is high (several g/1), a third
reagent, named modificator, is added to the organic phase to avoid the formation of
a third phase due to the low solubility of extracted complexes in diluents. Octanol
and decanol are current modificators.
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Particularly, in the case of lactic acid made from fermentation [7], different
diluents (dodecane, mineral oil, and kerosene) and different modificators (hexanol,
octanol, decanol, and ethyl acetate) were studied. With the same TOA (30 % v/v)
and modificator (20 % v/v) concentrations in dodecane, alcohols gave better results
than ester, and when comparing the alcohols, the shortest molecule (hexanol) is the
best. However, due to the toxicity of alcohols for microorganisms, the less toxic
(decanol) was preferred. As for the three tested diluents containing TOA 30 % v/v
and decanol 20 % v/v, the same results were obtained. But dodecane being the less
toxic solvent for microorganisms, it was chosen for further studies. When the TOA
concentration in dodecane and decanol 20 % v/v increased, the extraction yield
increased too. Using these results and the slope method, extraction mechanism was
identified: the stoichiometry of the extracted complex is 1:1 (TOA: lactic acid) as
expected.

Another main parameter is the pH of the feed solution. Indeed, in the case
of glycolic acid extraction by TOA diluted in kerosene [8], when the feed pH
decreased, the extraction yield increased: the conclusion is as expected that only
the acid form is extractable.

10.2.2.2 Extraction by Solvating Extractants

In this case, the extractant is a Lewis base whose lone electron pair interacts with
the hydrogen atom of the acid function. Current solvating extractants of this type are
tributyl phosphate (TBP) and trioctylphosphine oxide (TOPO); in these molecules,
the atom of oxygen bears two lone pairs.

The corresponding equilibrium is as follows:

AH 4 § = AHS where S is the solvating extractant.

Stripping agents are bases able to neutralize the extracted acid giving their
ionic forms which cannot be extracted by this type of extractant. Soda is a current
stripping agent.

The separation of acids (acetic, propionic, valeric, and butyric acids) from
fermentation broths by TOPO in kerosene [12] was studied; the pKa of these acids
is between 4 and 5. As expected, extraction strongly depended on pH: with a pH
(2.5) lower than pKa, extraction was better than with a higher pH (5.5). Moreover,
for shorter chains in the molecule, extraction was lower due to a higher affinity with
water.

Keshav et al. [13] showed that the nature of the diluent had a significant effect on
extraction of propionic acid by a solvating extractant: when comparing extraction
with TBP diluted in toluene, heptane, or petroleum ether, the best extraction was
obtained for toluene, and as for the others, the performance is equivalent, but lower.
Moreover, when TBP concentration increased, extraction yield increased too.
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10.2.3 Emulsion Extraction of Bio-based Organic Acids

Emulsion extraction of bio-products from biomass and notably from fermentation
broths [14] has already been studied. Most cases used “water-oil-water” emulsions
because fermentation broths were generally aqueous solutions. However, extraction
of bio-products from natural oils [15, 16] was directly performed with “oil-water-
oil” emulsions, as extraction of polyunsaturated ethylic fatty acid esters from fish
oils. The aqueous membrane contained silver ion as an extractant with concentra-
tions between 0.5 and 1 mol-1~! and saponin as a surfactant with concentrations
between 0.5 and 1 % w/w (for O/W emulsions).

In “water-oil-water” emulsion extraction, in some cases, no extractant is needed
because the solute to be extracted is slightly soluble in the organic membrane and
its concentration gradient makes the driving force. A well-chosen stripping agent is
added in the internal phase, to maximize the concentration gradient till the end of
the process, generally by changing its chemical form (e.g., acid to ion). Extraction
performance and kinetics can be improved by the addition of a suitable extractant.
As an example, extraction of tyrosol [17], a natural polyphenol present in olive oil,
was studied without and with extractant and modificator.

First, the organic membrane only contained a 2 % w/w nonionic surfactant (ECA
4,360 J) diluted in Shellsol, a paraffinic diluent. The stripping phase was a NaOH
1 mol - 17! solution. The resulting extraction was slow: after 20 min, extraction yield
was only 70 %. Isodecanol (2 % w/w) was then added to the organic phase as a
modificator to increase polarity; extraction was quantitative (97 %) after 20 min
because tyrosol, a polar molecule, is more soluble in the presence of isodecanol.
Finally, when a solvating extractant as Cyanex 923 (mixture of trialkylphosphine
oxides) was added in the membrane, extraction was fast, quantitative (97 %) after
only 6 min. Additional experiments with Cyanex 923 in the absence of isodecanol
showed the same extraction yield without the third phase. So isodecanol is useless
in this case.

Viscoelastic polymers [18] can be added to the organic membrane to improve
extraction and emulsion stability as in the study about extraction of penicillin G, a
natural antibiotic.

These polymers increase the membrane viscosity, and the emulsion is less fragile
faced with shearing forces of the agitation during the extraction process and so its
breakage is reduced. A low polymer concentration — in this paper, 1 % w/w — is
sufficient; a higher concentration considerably slows the solute transfer across the
membrane.

In these papers and some others dealing with emulsion extraction of organic acids
from biomass or synthetic fermentation media [19-21], after choosing the organic
reagents, researchers perform generally parametric studies to identify the influence
of chemical and operating parameters on extraction yield.

Several operating parameters of emulsification have a significant influence on
extraction as well as the volume ratio (membrane/internal phase), generally higher
than 1 in order to avoid emulsion detrimental inversion. Emulsification time (about
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10 min) and agitation with a rotor-stator (about 10,000 rpm) might be sufficient to
obtain a stable emulsion and small droplets.

Low extractant and surfactant concentrations — less than 5 % v/v — must be
sufficient to get a good and fast extraction; these reagents in greater concentrations
indeed increase the membrane viscosity and hence slow down solute transfer.
Moreover, when there is an important concentration of surfactant, greater than
its critical micelle concentration, large quantities of water can be transported by
inverse micelles between both aqueous phases, resulting in an increased emulsion
instability.

The initial salt concentrations of both aqueous phases have an influence on
osmosis: for example, too high salt concentrations in the internal phase increase
emulsion swelling due to osmosis, and its subsequent breakage; if the surfactant
concentration is lower than the critical micelle concentration, osmosis occurs only
if water is slightly soluble in the membrane.

pH is a very important parameter for extraction of acids as seen previously. It
must be carefully controlled in both aqueous phases all along the experiment.

Increasing temperature makes the phases less viscous and can accelerate solute
transfer, but the emulsion becomes more fragile.

As for the agitation during extraction, a minimal intensity is necessary to disperse
emulsion in the feed phase but a strong agitation can break emulsion. In fact,
agitation speed is particularly related to the volume ratio feed phase/emulsion which
controls the concentration performance of the process.

So emulsion extraction efficiency depends on many parameters. Experimental
design can then be very useful to obtain significant results with a minimal number
of tests. Berrios et al. [22] studied emulsion extraction of gibberellic acid made
by fermentation and peculiarly the effects of 12 parameters with a design of
16 experiments. First, the most important parameters were identified: these were
surfactant and extractant concentrations. With these two parameters and extraction
time, an optimization was performed with a second experimental design including
more precise ranges of parameter values.

10.2.4 Eco-conception of Extraction with Bio-reagents

Liquid-liquid extraction was recently studied in terms of eco-conception, using
bio-diluents. For example, tocopherol, a natural pharmaceutical active agent, was
extracted from olive oil by ethyl lactate [23]: due to the solubility of tocopherol in
ethyl lactate, there is no need of an extractant and good partition coefficients were
obtained.

In hydrometallurgy [24], yttrium, which is a rare earth, was efficiently extracted
by a synthetic extractant diluted in biodiesel.

Other examples about eco-conception of extraction processes from natural
products and in biotechnologies were found in studies dealing with leaching of
solids [25]: zein, a lipophilic protein present in corn grains, was extracted by
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different bio-solvents. Limonene, which is lipophilic as zein, was a better solvent
than ethyl lactate which is hydrophilic. The physical properties of both extracted
molecules and organic reagents are very important to adapt carefully in order to
maximize extraction.

Now, as an example, an experimental study on liquid-liquid and emulsion
extractions of gallic acid with some bio-diluents and its main results will be given
below.

10.3 Eco-conception of Liquid-Liquid and Emulsion
Extractions with Bio-diluents: Example of Gallic Acid

10.3.1 Choice of Bio-diluents

As the industrial diluents from petrochemical industry, bio-diluents must present
numerous favorable characteristics. They must have a low viscosity, a very low
solubility in water, and a high chemical stability. Their density must be far from
water solution densities to have efficient and rapid settling. Finally, they must not be
volatile and dangerous to respect green chemistry concept.

Bio-alcohols, the most famous bio-products, could not be used as bio-diluents
because they are soluble in water.

Terpenes, especially monoterpenes, are dangerous, volatile, and not very stable
due to their oxidation by air, according to suppliers. Hydrogenated terpenes are more
stable, as commercialized squalane from olive oil (Fig. 10.4a) which was tested in
our study.

About vegetal oils [26], they could not be used because they are too viscous.
Fatty acids, made from these oils by acid hydrolysis, could not be used too because
the unsaturated ones are not stable in the presence of air, most of saturated ones
are solid in ambient conditions, and the two liquid saturated ones are soluble in
water. Glycerol, a coproduct, is soluble in water too. Transesterification of natural
vegetal oils with light alcohols (notably from biomass) produces less viscous fatty
acid esters. Generally, the alcohol is methanol but this is the most dangerous bio-
alcohol. In our case, we used ethanol, less dangerous with respect to green chemistry
principles. Three ethylic fatty ester acids, ethyl caprate, ethyl laurate, and ethyl
myristate, were tested: in Fig. 10.4b, n is, respectively, 8, 10, and 12.

aj/\/\r\/Y\/\/k/\M
Fig. 10.4 Tested b 0

bio-diluents: (a) squalane and )j\
(b) ethylic fatty acid esters CH3(CH2)nCH2 (o)
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10.3.2 Application in Liquid-Liquid Extraction

The initial aqueous solution (gallic acid 294 wmol - 17!') was prepared by dissolving
gallic acid in distilled water.

The operating procedure was the following:

Extraction step. At ambient temperature (about 20 °C), 25 ml of the gallic acid
aqueous solution and 25 ml of different organic solutions (containing TBP or not)
were agitated a few minutes (equilibrium between both phases was reached as
verified) and afterwards settled.

Organic phase concentration measurement. 20 ml of the loaded organic phase
(light phase of the extraction experiment) was put into a new separatory funnel with
20 ml of NayHPO4 (250 mmol-17!) and agitated. Stripping is quantitative in all
cases due to the high pH (9-10) of the aqueous phase, which was previously verified.

Without an extractant, squalane and ethylic fatty acid esters could not extract gal-
lic acid, as dodecane; the extracted quantity of gallic acid was beyond the detection
limit of the analysis by UV-visible spectrophotometer at 760 nm with the Folin-
Ciocalteu method (15 wmol - 17!). So an extractant was necessary. Experiments were
previously made with TOA with no extraction efficiency in all cases.

TBP was then tested. A model was developed, assuming the formation of a
single organic complex between the associated form of gallic acid (AH) and TBP;
the dissociated gallic acid (ionic) is not being extracted by TBP. The following
equilibrium reaction can be written as follows:

AH + p TBP = AH(TBP), where AH stands for associated gallic acid.

Due to the large amount of TBP compared to gallic acid, the equilibrium-
free TBP concentration (i.e., not complexed with gallic acid) is equal to its total
concentration, [TBP].

Using the equilibrium constant of the reaction between AH and TBP and the
slope method, Eq. 10.1, where g is the associated gallic acid partition coefficient
(i.e., the ratio between the mass of the organic complex and the mass of AH in
aqueous solution), was obtained:

In(q) = p x In ([TBP]y) + In (K,) (10.1)

Although organic phase was rather viscous, gallic acid extraction was fast:
equilibrium was reached within 1 min. Figure 10.5 shows on logarithmic scale
partition coefficients of gallic acid, ¢, in the function of TBP concentration in
different diluents: results with bio-diluents were compared with dodecane, a current
diluent in liquid-liquid extraction.

Partition coefficients obtained for fatty acid ethylic esters are higher than those
obtained with hydrocarbons as dodecane and squalane. This difference might be
attributed to a better solubility of the GA-TBP complex and maybe a small extrac-
tion of gallic acid by the esters themselves. By calculating the linear regression of
In(g) vs In[TBP] for the five diluents, the following slopes were found, indicating
the stoichiometry p of the complex (Table 10.1).
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Fig. 10.5 Partition coefficients of gallic acid as a function of TBP concentration for different
diluents (# ethyl caprate, B ethyl laurate, & ethyl myristate, % squalane, and * dodecane)

Table 10.1 Stoichiometry for the model with one single complex

Ethyl caprate Ethyl laurate Ethyl myristate Squalane Dodecane
Slope 2.3 2.5 2.5 3.1 3.0
2 0.999 0.998 0.997 0.993 0.995

Using squalane gave the same performance and the same stoichiometry (three
molecules of TBP for one molecule of gallic acid) as dodecane because they are
both hydrocarbons. Contrarily, for ethylic fatty acid esters, the slopes might suggest
the coexistence of two organic complexes, AH (TBP), and AH(TBP)s;, whose
complexation constants were, respectively, K, and Kj3.

Assuming this hypothesis and using the two complexation constants,

[AH],;, = [AH(TBP),] + [AH(TBP);]

q/[TBP],* = K3 x [TBP], + Ky, (10.2)

q/[TBP]y? is then plotted against [TBP]y; the linear regressions give K, and K3
(Fig. 10.6).

The results are given in Table 10.2.

Correlation coefficients are near 1, which confirms the model. This mechanism
is different from the case of dodecane and squalane. Two different complexes are
formed, one with three molecules of TBP (as hydrocarbons) and the other with two
molecules of TBP, suggesting a different solubilization in the diluents in relation
with their physical properties. Ethyl caprate and ethyl laurate approximately exhibit
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Fig. 10.6 Model of the formation of two organic complexes in ethylic fatty acid esters (ethyl
caprate #, ethyl laurate O, and ethyl myristate £%)

Table 10.2 Values of complexation constants, K, and K3

Diluent K, M%) Kz M%) 2

Ethyl caprate 8 19 0.965
Ethyl laurate 9 21 0.985
Ethyl myristate 6 13 0.985

the same constants, higher than those of ethyl myristate. In the family of esters,
there are again differences in gallic acid solvation due to the physical properties of
the diluents. Due to their good performances, ethyl caprate and ethyl laurate were
used to study eco-conception of gallic acid extraction by emulsion.

10.4 Application in Extraction by Emulsion

As ethylic fatty acid esters could dissolve low quantities of gallic acid, the first
experiments of emulsion extraction did not use any extractant; the organic mem-
brane was an ethylic fatty acid ester containing ECA 4,360 (3 % v/v) as a surfactant
(not bio-sourced). The stripping phase was a basic Na,HPO,; 250 mmol-17!
solution. The emulsification of both phases, whose volume ratio was 1, has always
been performed at 13,500 rpm in 10 min with a rotor-stator (ULTRA-TURRAX
T25), in an iced-water bath to limit the temperature increase. For each experiment,
at ambient temperature (about 20 °C), an emulsion volume of 60 ml was mixed with
360 ml of the feed solution containing gallic acid (294 wmol -17!), with a magnetic
stirrer, at 430 rpm.
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Table 10.3 Extraction by emulsion of gallic acid using ethylic fatty acid esters
([GA]exl,O =294 Mmol . 171)

[GA]ext [GAlint
Diluent tgx (min) (wmol - ) (mmol -17") Sw (%) EY (%) BI (%)
Ethyl caprate 1 12511 1.8£0.1 103 57 95
2 60+ 19 25403 111 80 98
5 14+1 2.84+0.2 119 95 100
10 2343 23402 133 92 94
Ethyl laurate 1 193 £ 14 1.0£0,2 101 34 96
2 118+ 16 1.94+0.1 106 60 97
5 73+ 16 24402 111 75 99
10 3745 2440.1 122 88 97

The balance index (BI) was defined by the ratio between the sum of the masses
of gallic acid measured in the external, membrane, and internal phases at extraction
time ¢ and the initial one in the external phase at time 0. The extraction yield (EY)
was defined by the ratio between the mass in the internal phase at extraction time ¢
and the initial one in the external phase at time 0.

During these experiments, significant emulsion swelling was observed; this is
probably due to the higher water solubility in esters than in hydrocarbons (where
it is quite negligible). This solubility promotes water transfer from external to
internal aqueous phase due to the difference in osmotic pressures. In the case of
hydrocarbons, osmosis is negligible or at least much slower. Swelling of emulsion
(Sw) was measured by the ratio of sodium concentrations in the internal phase at
times O and ¢, [Na+]im,0 and [Nat iy, giving the dilution factor due to osmosis
and resulting in swelling. Analysis of Na* was performed by spectrophotometry of
atomic absorption.

Table 10.3 shows, for different extraction times (#gx), concentrations of gallic
acid in external and internal phases, emulsion swelling (Sw), extraction yield (EY),
and balance index (BI) corrected by emulsion swelling. Experiments were replicated
three times.

No gallic acid was found in organic membranes: stripping was then totaled as
expected. The balance index is close to 100 %, which is satisfactory. As Na,HPO,
was chosen as a stripping agent, the concentration gradient of associated gallic acid
was always maximal, the concentration in the internal phase being always zero.
Extraction by emulsion without TBP is efficient when ethylic fatty acid esters are
used because gallic acid is probably slightly soluble in them. The extraction of gallic
acid is faster for ethyl caprate than for ethyl laurate, suggesting gallic acid should
be more soluble in the first ester. After 5 min of contact, the extraction yield is 95 %
for ethyl caprate and only 75 % for ethyl laurate. For 10 min, the extraction remains
important for ethyl caprate (92 %) and increases to 88 % for ethyl laurate.

But the internal phase concentrations are strongly influenced by emulsion
swelling. Swelling is increasing with time and is more important for ethyl caprate
than ethyl laurate. After 2 min of extraction, where swelling is still reduced, the
concentration of gallic acid in the internal phase is higher for ethyl caprate than
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Fig. 10.7 Concentration factor as a function of time for different diluents (ethyl caprate ===
ethyl laurate ===, dodecane ' * ®* *, dodecane-ethyl caprate (1:1) #, TBP 1 % v/v in dodecane

A~ -, TBP 2 % v/v in dodecane - - ® -, and TBP 3 % v/v in dodecane - - # -); other parameters
were fixed such as Vi, /Vy, = 1, [ECA 4,360] = 3 % v/v, agitation speed = 430 rpm, Vex/Verm = 6,
[NayHPO4 i 0 = 250 mmol - 17!, and [GAJex 0 = 294 pmol - 17!

for ethyl laurate, as expected. However, after 10 min of extraction, the same value
in the internal phase was obtained for both diluents, despite the faster extraction
observed for ethyl caprate. So extraction is faster than emulsion swelling, and the
optimization of the contact time between the feed phase and the emulsion must
be carefully optimized to get the highest concentration in the internal phase along
with a good gallic acid recovery. The best conditions are obtained for ethyl caprate
in 5 min with 95 % extraction and 2.8 mmol I~! gallic acid in the internal phase
(concentration factor of about 10).

In Fig. 10.7, these results are compared with formulations using dodecane: the
concentration factor is the best parameter for comparison. The concentration factor
was defined by the ratio between the concentration of total gallic acid in the internal
phase at ¢ and its concentration in the external phase at time 0.

An experiment using a mixture of dodecane-ethyl caprate was performed to
check if extraction would be as efficient with lower emulsion swelling.

The maximal concentration factor of about 12 was obtained in the presence of
TBP in dodecane, because TBP highly accelerates extraction and dodecane exhibits
a reduced swelling, which could not be reached when ethylic fatty acid esters were
used because of swelling. As said before, the best concentration factor was obtained
with ethyl caprate and 5 min of extraction: f =9.6. In the first minutes, the same
concentration factor was obtained with ethyl caprate and dodecane containing TBP
2 % v/v, but after 5 min of extraction, swelling is diluting the internal phase for ethyl
caprate.



234 K. Ho Yim et al.

Mixing ethyl caprate and dodecane did not show good results; after 5 min of
extraction, the concentration factor was twice lower with this mixture than with
pure ethyl caprate, due to the lower extraction yield (49 %) and to the same emulsion
swelling (116 %).

10.5 Conclusion

Using bio-diluents in the studied extraction processes of gallic acid instead of
dodecane (petrochemical product) made them more environmentally friendly. Espe-
cially, ethylic fatty acid esters were good choices because they are made by
transesterification of vegetal oils with ethanol, and all the reagents of this production
can be bio-sourced.

In liquid-liquid extraction, it is necessary to add TBP which does not come from
green chemistry. For the same TBP concentration, higher partition coefficients of
gallic acid are obtained with the esters than with dodecane. So it is possible with
esters to reduce the TBP concentration. In extraction by emulsion with the esters
as diluents, there is an evidence and major advantage because there is no need of
an extractant, gallic acid being slightly soluble in these esters. Due to the basic
medium in the internal phase, the associated gallic acid concentration gradient is
always maximal, resulting in a fast and almost quantitative transfer, as for ethyl
caprate in 5 min. These esters however give emulsion swelling, which does not exist
with dodecane. So the internal phase is diluted, and the best obtained concentration
factor is about 9.6, using ethyl caprate after 5 min of extraction, instead of 12 for
dodecane, but with TBP.

In extraction by emulsion, even if the extractant is not mandatory, it would be
interesting to find one bio-sourced to increase the rate of extraction. Moreover, bio-
surfactants must be tested to get a totally environmentally friendly process.

Acknowledgment This work was financially supported by the “Conseil Général de la Marne” in
France.
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Chapter 11

Gluconic Acid as a New Green Solvent
for Recovery of Polysaccharides by Clean
Technologies
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Abstract The gluconic acid is an inexpensive and bio-based organic compound
with new insights to drive growth in the eco-friendly industries. In organic chem-
istry, the gluconic acid is considered as a sustainable medium for organic reactions;
meanwhile, natural product technologies suggest their potential as green solvents
for extraction. In this chapter, advances of use of gluconic acid as a green solvent
are presented in combination with green technologies for production of polysaccha-
rides from biomasses from animal (chitin), microbial (chitosan-glucan), or vegetal
(pectin) origins. Furthermore, this weak organic acid is capable of depolymerizing
chitosan under microwave radiation for the production of water-soluble chitosan.
The use of gluconic acid in combination with biomasses and clean technologies
offers new green processes for the production of specialty polysaccharides and its
derivatives under environmentally friendly process.
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11.1 Introduction

Bio-based technologies for the recovery of structural polysaccharides from
biomasses represent a generation of high-value multipurpose bio-refining and
sustainable companies. The market of polysaccharides has grown rapidly in
recent years as a result of new developments for biomaterials. Naturally occurring
polysaccharides can be extracted from animal, marine, microbial, or terrestrial
biomasses through extractive environmentally friendly technologies.

Chitin and chitosan represent a group of structural polysaccharides obtained
from crustacean [1] or fungal biomasses [2]. Terrestrial polysaccharides comprise
pectic substances, hemicelluloses (arabinan, arabinoxylan, galactan, glucomannan,
xylan, xyloglucan, etc.), and celluloses, which are obtained from wood or food
wastes [3]. Seaweed polysaccharides comprise old and emergent biopolymers (algi-
nate, carrageenan, fucoidan, porphyran, etc.), which are recovered from promising
and poorly explored biomasses [4].

A key issue in recovery of polysaccharide technology is the process of extraction
from the raw materials [5]. For the extraction of polysaccharides from vegetal
biomasses, the use of chemical, enzymatic, or physical hydrolyzing agents is a
necessary. At present, at industrial scale, the use of mineral acids are employed
for the polysaccharide recovery, however during the process is generated hazardous
emissions, polluted wastewater and damage to extraction reactors [4, 6]. Several
organic acids are intended to be used as a substitute of mineral acids for production
of polysaccharides from animal, marine, microbial, or terrestrial biomasses. Pectin
polysaccharides have been extracted with organic acids such as citric [7-9], malic,
lactic [10, 11], or oxalic acid [12]. Crustacean biomass has been demineralized with
lactic acid in combination with emergent technologies for chitin production [13, 14].
The use of organic acids in the production of polysaccharides has shown an increase
due to the environmental benefits offered during the extraction step.

Carbohydrate platform provides a supply chain of aldonic acids (i.e., gluconic
and xylonic acids) which are obtained by oxidation of the aldehyde functional
group of an aldose by chemical [15, 16] or biotechnological [17] methods. Gluconic
acid and its derivatives (salts and glucono delta-lactone) are used in the animal
feed, biotechnology, cosmetics, ceramic, dentistry, foods, pharmaceutical, and other
industries [18], and it has been identified in the list of building compounds that
can be produced from vegetal biomass in the future biorefineries [19]. Gluconic
acid has been recognized as new green solvent for use in organic synthesis
[20, 21].

Extractive capacity of gluconic acid in the industrial sector has been identified
for their polysaccharide extraction capacity as a new emergent green solvent [10,
22]. In this chapter, we describe some recent advances of our research group about
extraction of selected polysaccharides with aid of gluconic acid for development of
clean technologies for sustainable production of biopolymers.
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11.2 Gluconic Acid Production

Gluconic acid (pentahydroxycaproic acid) and its salts are produced through
chemical [16] or biotechnological [23] methods subsequent to oxidation of glucose
obtained generally from starch hydrolyzates. The procedures involve an oxidation
process of the aldehyde group of the D-glucose unit to produce a carboxylic salt,
and both methods generally employ glucose itself or a resource of this saccharide
[24]. Nonetheless, the production of gluconic acid by chemical methods presents
disadvantages for industrial goals, such as the low selectivity of the non-favored
reactions and the high cost of noble metals used as oxidizing reaction catalyst
[25]. As a consequence, the most efficient, non-expensive, and safest techniques
to produce gluconic acid are by biotechnological methods [26, 27].

The biotechnological methods of gluconate production make use of fermentation
or enzyme technologies. The fermentation processes, in solid and liquid media, have
been extensively used employing different microbial species. Fungi and bacteria
correspond to the widely utilized microorganisms to produce efficiently gluconic
acid [24]. Detailed information about biotechnological production of gluconate
salts can be found in recent reviews [24, 26]. After fermentation, gluconic acid
is obtained from gluconates by using electrodialysis as well electrodialysis with
bipolar membranes [28].

11.3 Use of Gluconic Acid for Pectin Production

Pectin is a polymer having properties of interest for the manufacture of food,
cosmetics, and medicine applications and, in the last years, to enhance quality
and/or functionality of those products. Chemically, complex mixtures of anionic
polysaccharides naturally are present in plant cell walls, especially in the middle
lamella and primary cell wall [29].

Pectins contain a high proportion of acidic and neutral sugar moieties shaping
their conformation [30], but generally, they do not possess either exact structures or
specific composition. The molecule does not behave as a polymer of straight con-
formation in solution and generally adopts a wormlike conformation. Most common
substituent groups are acetyl, feruloyl, and/or methyl esters that cover a variable
proportion of carbonyl-free groups depending on the development stage, tissue, or
type of cell [31]. The central region of the pectin contains a long homopolymeric
chain of (1 —4) a-D-galacturonic acid, which may contain up to 200 units of
length usually called homogalacturonan region [32]. Homogalacturonan linked
to two pectic structures are recognized: the rhamnogalacturonan-type I, which
constitutes, together with homogalacturonan, the fundamental components of pectic
substances, and homogalacturonan modified, which may be of type xylogalactur-
onan or rhamnogalacturonan-type II. The rhamnogalacturonan-I has branches to
other types of polymers of varying length, comprising the neutral sugars arabinose
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and galactose, so that depending on the predominant sugar, the biopolymers may
be called arabinans, galactans, and arabinogalactans. The rhamnogalacturonan-II
is also branched to neutral sugars and other acidic components that confer a high
complexity [33, 34].

Structure and chemical composition determines the feasibility of pectin extrac-
tion as well as their properties [35]. Pectins have been extracted typically using
physical [36], chemical [37], microbial, or enzymatic methods [6, 38—40]. Physical
methods generally accompany all others since heating is considered, in one or other
way, for pectin solubilization either biological transformation. More commonly, a
combination of those extraction methods has shown success [41]. The raw material,
in addition to the pectin fine structure and chemical composition, influences the
major pectin quality or yield. Depending on the favorable action of the extraction
method for disrupting the plant tissue (leading to a partial chemical disintegration
of the polysaccharide matrix), as well as the protopectin solubilization (controlled
beta-elimination and/or pectin enzymatic hydrolysis), the optimal method for
pectin extraction might be improved and optimized varying parameters such as
temperature, pressure, pH, ionic strength, or use of pretreatment, among others.
Unfortunately, some extreme conditions lead to protein or carbohydrate degradation
and should be controlled to prevent it at maximum.

Conventionally, extraction of pectin at industrial scale is performed using hot
acidified water (pH 1.0-2.5; temperature 60-90 °C; time of at least 1 h), although
this condition affects the degree of polymerization of pectin [29]. According to some
electron micrographs of orange peel (rich in pectin), it presents a microporosity that
can be increased by heating, hydration, and pressure; the higher this microporosity,
the higher the water diffusion and positive linear effect in extraction of pectin
[42]. In consequence, the use of acidic solutions can also lead to improve solvent
accessibility to soluble pectins and/or induce a hydrolysis of insoluble protopectins.

Manufacturers have developed thermal processes using diluted mineral acids
(nitric, sulfuric, or hydrochloric) [29], although organic acids (citric, gluconic,
malic, and lactic) have also been explored as an alternative [10, 11]. The raw
material or preprocessed source of pectin might provide the pectin into the hot
solution to produce slurry containing the highest yield of the hydrocolloid with
the best quality in terms of molecular weight, composition, purity, and gelling
properties. The extracted liquid pectin should be fractionated by filtering or spinning
the slurry and must be concentrated using ethanol or isopropanol and finally washed,
dried, and milled to obtain the solid powder.

Heating technologies may vary at industrial and laboratory scale extractions.
Conventional heating, autoclave, conventional soxhlet, electric pulses, and
microwave technologies have been explored to determine optimal extraction
conditions in different pectin sources [37, 43]. Microwave-assisted extraction is
an alternative to reduce times of extraction and energy consumption, in addition
to improve yield because this methodology can achieve higher cell disruption.
As reported by Huang et al. [44], microwave-assisted extraction combined with the
use of ionic liquids, neoteric solvents composed of organic cations and inorganic or
organic anions, increases the ability of pectin extraction and may also be of interest
for environmentally friendly methods.



11 Gluconic Acid as a New Green Solvent for Recovery of Polysaccharides. . . 241

Ao

—— Citric acid

—— Gluconic acid
®
2
®
£
:

T /f/ T
4000 3000 1000

Wavenumber (cm)

Fig. 11.1 Infrared spectra of the pectic polysaccharides extracted from citrus peel pomace by
autoclave treatment with organic acids

Acidification for hydrolysis is an important exploring field since mineral acid is
corrosive, non-environmentally friendly, and not suitable for human consumption.
Inorganic acid method is more widely used commercially; however, organic acids or
enzymatic processes are more suitable and must gain application in the next years.
In particular, enzymatic extraction exhibits improved mild conditions, low energy
consumption, and no pollution, and combined with a microwave heating method, it
produces higher yields as compared with conventional methods based in its ability
to disrupt cells [41]. Limited studies have been conducted on the feasibility of the
use of organic acids for pectic extraction [7, 8, 10, 11].

Vazquez-Mejia [10] evaluated the effect of using 0.5 % citric or gluconic acid
on the extraction process by autoclave treatment (121 °C/10 min) from lime citrus
pomace. Similar pectin yields (dry basis) were obtained by using 0.5 % citric
(22.16 £ 3.40 %) or gluconic acid (22.47 & 0.94 %). In Fig. 11.1, infrared spectra
for both extracted pectins with organic acids from industrial lime pomace are shown.
The vibrational characteristics of polysaccharides generally dominate the region
between 1,200 and 900 cm™! because of the C—O stretch bonds related to sugars
[7]. Both extracted pectins obtained with gluconic acid, as well as with citric acid,
showed a significant absorption in the wavenumber in 1,750 cm™! corresponding
to high methoxyl-pectic polysaccharides. The results indicate that the extraction
process in the presence of organic acid is not affected by the moieties of methoxyl
groups in pectin.

The viscosity of the citric acid-extracted pectin was 7.87 &= 0.04 mPa x seg, while
that pectin extracted by gluconic acid was 7.60 & 1.44 mPa x seg. Both types of
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Fig. 11.2 Neutral sugar compositions (% w/w, dry weight) of lime pectin using organic acid under
autoclave

lime pectin extracts showed an uronic acid content about 50-60 %. The type of
organic acid used in the extraction of pectin showed differences in the quantity of
neutral sugars present in each sample (Fig. 11.2). The pectin extracted with gluconic
acid was characterized by a high arabinose content compared with the sample
extracted with citric acid. These results suggest that the use of gluconic acid can
maintain a large amount of neutral sugars of side chains of pectin after extraction.
Differential gelling properties of the pectin was in function of the physical, chemical
and compositional characteristics of the polymer and the solvent [33].

11.4 Use of Gluconic Acid for Crustacean Chitin Production

After cellulose, chitin is the second most abundant natural biopolymer on earth [45].
The crustacean shells are known to be constituted mainly for chitin, protein, and
calcium carbonate [2]. Chitin is highly hydrophobic and insoluble in water, and it is
constituted mainly by B-1,4-linked N-acetyl-D-glucosamine and minor proportion
of D-glucosamine [46].

Currently, chitin is commercially produced by a thermochemical process based
on demineralization and deproteinization of crustacean wastes. Chitin is obtained
after removal of protein, calcium carbonate, and other minor components by
treatment with sodium hydroxide and hydrochloric acid [47].

The use of harsh chemicals has motivated the development of biotechnologi-
cal (microbial or enzymatic) methods to decrease large amounts of energy and
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Fig. 11.3 Effect of contact time and gluconic acid concentration on release of carbon dioxide from
shrimp shells. Dried shrimp shells (300 mg) were mixed with 15 mL of distiller water or gluconic
acid at 24 °C for 60 min in closed container and capped with CO, gas analyzer. All experiments
were made by triplicate

pollutants during chitin production [48]. The microbiological method for chitin
recovery involves lactic acid fermentation, which is produced by lactic acid bacteria
supplemented with exogenous carbon sources. In this process, there is simultaneous,
but incomplete demineralization and deproteinization of crustacean wastes [49-51].
Another biotechnological approach is the use of enzymes, which are specific for
the release of chitin-associated protein [52]. A variety of enzymatic procedures for
deproteinization has been developed over the years [50]. This method does not allow
the removal of minerals during the process [13]. Nevertheless, biotechnological
methods for chitin bioproduction from crustacean wastes are still limited to
industrial scale due to long processing times.

Crustacean wastes are generally demineralized with HCI under different reaction
conditions for production of marine chitin [53]. An alternative for mineral acids
is the use of organic acids from agricultural origin, which are generally safe,
produce low hazardous emissions, are easy to degrade in the environment, and allow
conservation of natural resources [13].

In our laboratory, we have explored the use of gluconic acid as green solvent for
shrimp and crab shells demineralization under closed reactors at room (24 °C) or
high (121°C) temperature. Figure 11.3 shows the course of the release of carbon
dioxide from shrimp shell by several concentrations of gluconic acid and water as
a control, in a laboratory closed reactor. The release of carbon dioxide from dried
shrimp shells by using 5 or 10 % of gluconic acid after 60 min reaction was more
than 800 mg/L. Such results show that more than 5 % of gluconic acid is enough
for carrying out the process of demineralization of shrimp wastes. No release of



244 J.C. Contreras-Esquivel et al.

0 4
O Q
20
S
B 40+
o
% o -
=
801 —o— Water
—e— Gluconic acid
100 T T T T
0 10 20 30 40
Time (min)

Fig. 11.4 Effect of contact time and type of demineralizing agent on weight loss of shrimp shells.
Shrimp shells (3 g) were suspended in extractant solution (150 mL) and then autoclaved for
correspondent time. After processing, slurry was filtered, and insoluble biomass was washed with
water and dried (60°C) until constant weight. Insoluble biomass corresponds to demineralized
shrimp shells or chitin

carbon dioxide was observed when distilled water was used. These results suggest
that gluconic acid is an efficient demineralizing agent at low temperature conditions
for the recovery of chitin from wastes and conversion ratio of chitin depending on
the concentration of acid.

Recently, environmental-friendly methods have been described for reducing the
process time in manufacturing of chitin. Great efforts have been focused on reducing
the processing for crustacean wastes for chitin production with thermochemical
processes assisted by microwave, ultrasound, or autoclaving [13, 14, 46, 54].

Microwave-assisted technology, which has been recently successful for process-
ing biopolymers, has been studied for chitin and chitosan recovery. Microwave-
assisted heating for chitin production involves the use of microwave energy to heat
the solvents (demineralizing agents) that are in contact with crustacean materials. A
promising method involves the use of microwave radiation to crustacean wastes
in an acidic environment. Although there are several papers and patents on the
use of microwave heating for synthesis of chitosan, microwave heating has only
recently been applied to deproteinization/demineralization for chitin recovery [13,
14]. Microwave heating technology helped in saving time and energy during
deproteinization and demineralization steps of crustacean wastes. Recently, we
have developed a patented process for chitin production using a microwave-assisted
technology in combination with organic acids [14].

Figure 11.4 shows the effect of type or demineralizing agent (5 % gluconic acid
or water) and contact time on weight loss of shrimp shells by autoclave-assisted
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Fig. 11.5 Effect of gluconic acid concentration on demineralization process of shrimp shells by
autoclave processing for 5 min at 121 °C

processing (121°C). The weight loss of the shrimp shells treated for 10 min in
aqueous media under autoclave was 10 %. At the same time, the samples treated
with 5 % gluconic acid lost 50 % of weight.

It was also studied the effect of gluconic acid concentration on weight loss of
shrimp shells by autoclaving processing as an index of the demineralization process
(Fig. 11.5). As the concentration of gluconic acid in the medium increases, the
weight loss of the shrimp shell decreased due to demineralization process. A plateau
state was produced after the use of 5 % gluconic acid. Based on the results described
above, the use of gluconic acid as demineralizing agent in the environmentally
friendly chitin industry is suitable.

11.5 Use of Gluconic Acid for Chitosan Processing

Chitosan is a cationic biopolymer composed of glucosamine and N-acetyl-
glucosamine units associated by f-1,4-glycosidic linkages [55]. This macro-
molecule is not soluble in water, which limits its wide application in the medicine
and food industry [56]. In previous research on chitosan, the most popular solvent
for dissolution has been acetic acid solution; however, this acid has a strong
unpleasant smell [55]. Dissolved chitosan has antimicrobial and metal-binding
properties and form beads, gels, fibers, films, and scaffolds [57]. Under mild
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Fig. 11.6 Effect of gluconic acid concentration on the transmittance of chitosan solution

acidic conditions, chitosan can be depolymerized to yield water-soluble derivatives
(i.e., glucosamine, chitosan oligomers, or water-soluble chitosan) by chemical,
enzymatic, or physical methods.

In our laboratory, we tested the possibility of using gluconic acid as emergent
greener solvent for chitosan dissolution [22]. The effect of gluconic acid concen-
tration on the transmittance at 610 nm of chitosan (2 %, w/v) solution is shown
in Fig. 11.6. As the gluconic acid concentrations increases, the intensity of the
transmitted light of chitosan solution increased. Transmittance above 70 % in the
region of 610 nm of chitosan solution was achieved with gluconic acid ranging
between 6 and 8 % (v/v). Based on the results, gluconic acid is also suitable as a
green solvent for the dissolution of chitosan.

Dissolved chitosan in 5 % (v/v) gluconic acid was depolymerized in a safe
closed microwave pressure vessel (Nordic Ware Co., Minneapolis, MN, USA). The
study was conducted to evaluate different microwave heating times (0, 1, 5, and
10 min) under pressure on the loss of viscosity of chitosan. The results showed
that microwave irradiation causes decreasing of viscosity of chitosan solutions as
the contact time increased (Fig. 11.7). The viscosity of irradiated mild-acidified
chitosan decreased 35 % after 10 min compared with control solution. In the
presence of 3 % (v/v) H,O, together with chitosan dissolved in 5 % (v/v) gluconic
acid, the extent of viscosity decreased about 85 % after 5 min of microwave
irradiation versus a control solution (data not shown). Tian et al. [58] evaluated
chitosan depolymerization by addition of hydrogen peroxide along with HCI in
a wide range of temperature from 25 to 70 °C for incubation periods of 1, 2 or
3 h. In our depolymerization process, the chitosan dissolved with gluconic acid,
hydrogen peroxide, and pressure is rapidly degraded by the promotion of these
environmentally friendly conditions.
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Fig. 11.7 Course of change of viscosity of chitosan dissolved in gluconic acid by microwave
heating reaction. Viscosity was evaluated with portable vibrational viscometer (Viscolite 700,
Hydramotion Ltd, UK). All experiments were made on triplicate

11.6 Use of Gluconic Acid for Fungal Chitosan-Glucan
Production

Aspergillus niger is one of the most important microorganisms used in biotech-
nology for many decades to produce extracellular enzymes and organic acids [59,
60]. This industrial mold is considered “as generally recognized as safe” (GRAS)
by the US Food and Drug Administration [61] for bioprocessing. Large amounts
of A. niger wastes are generated in dry basis every year which are industrially
considered for the production of animal feed, glucosamine, and biopolymers [62].
The structural biopolymers present in rigid cross-linked network from Aspergillus
spp. cell walls are chitin, chitosan, glucan, and proteins [63—65]. In the A. niger,
glucans are covalently associated with chitosan [66]. The reported glucan content of
fungal cell wall has ranged from 30 to 60 %, depending on cultural conditions. The
glucan component is responsible for the tensile strength, rigidity, and shape of the
cell [67]. Most glucans are water-insoluble linear polymers made of glucose units
joined through B-1,3 bonds, which are present in fungal cell wall [62].

Gluconic acid (6 %, v/v) has been used as green solvent to release and dissolve
chitosan-glucan biopolymer from A. niger biomass by pressurized microwave-
assisted extraction [22]. The effect of heating temperature (110, 120, and 130°C)
and contact time (0.42, 30, 60, and 90 min) was evaluated for maximizing the
extraction of chitosan-glucan biopolymer. The solubilization rate of acidic-soluble
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biopolymer increased as temperature and contact time raise. The best conditions
for chitosan-glucan extraction were heating temperature of 130 °C and heating time
of 60 min within a maximal yield of 10.5 % (dry basis) and dynamic viscosity of
0.69 mPa x s. The green process based on the use of gluconic acid as green solvent
enhanced the release of chitosan-glucan complex from a rigid cross-linked network
present in A. niger biomass under environmentally friendly process. Extraction
assisted by microwave and the use of an extracting agent acid (gluconic acid) are
suitable for the recovery of a fungal polysaccharide with characteristics of chitosan-
glucan.

11.7 Conclusions

The gluconic acid has recently emerged as an important alternative to mineral acids
in the new development of extraction methodologies of structural polysaccharides.
The combination of employing gluconic acid with green-energy sources has resulted
in a variety of technologies capable of substituting the highly pollutant chemical
production processes of specialty polysaccharides. Since the gluconic acid is
advantageously produced by biotechnological methods, its wastes industrially gen-
erated might be easily biodegraded. The synergy offered by the gluconic acid and
extraction technologies as microwave, hydrothermal pressurizing, or sonication is
promising when considering eco-friendly technological developments of industrial
polysaccharide manufacturing. Criteria such as productivity, cost, and bio-based
issues are the value-added advantages of the use of gluconic acid.
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Chapter 12

2-Methyltetrahydrofuran: Main Properties,
Production Processes, and Application

in Extraction of Natural Products

Anne-Gaélle Sicaire, Maryline Abert Vian, Aurore Filly, Ying Li,
Antoine Bily, and Farid Chemat

Abstract 2-Methyltetrahydrofuran (MeTHF) is a solvent produced from renewable
raw materials by the hydrogenation of products obtained from carbohydrate frac-
tions of hemicellulose from various feedstocks. MeTHF has the advantages to be
biodegradable and has a promising environmental footprint, good preliminary tox-
icology assessments, and an easy recycling. An experimental study was conducted
with MeTHF, in comparison to n-hexane, for the extraction of carotenoids and
aromas. In parallel to this experimental study, a HSP (Hansen solubility parameters)
theoretical study has been realized for the evaluation and the understanding of the
interactions between the solvent and different compounds such as triglycerides
contained in canola oil, carotenoids, and aromas. The results of these studies
show that MeTHF appears to be a potential alternative solvent to n-hexane for the
extraction of various products.

12.1 Introduction

Extraction processes appear to take a very large part in industrial processes and
produce not only by-products but also waste solvent or wastewater to recycle or
eliminate. Extraction solvents generally are organic volatile compounds produced
from nonrenewable resources, such as petroleum, and may be harmful for human
health and environment. For example, one of the extraction solvents most commonly
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Fig. 12.1 MeTHEF structure o)

-

Table 12.1 MeTHF major benefits

Biodegradable Renewable — biomass derived
Noncarcinogenic Noncorrosive

High solvency power for resins, polymers, and dyes Stable to acids and bases

Quite low boiling point Easy to recycle

Low vapor pressure Not a hazardous air pollutant
Low VOC Not an ozone-depleting chemical

VOC volatile organic compound

used industrially is n-hexane, a fraction of petroleum. It has the advantage to be quite
easy to obtain and to have chemical properties that provide ideal functionalities
in terms of solubility for various products such as vegetable oils. Moreover, it is
very easy to recycle considering its very low miscibility with water. Nevertheless
n-hexane is produced from fossil energies and has recently been classified as CMR
3 which means that it is suspected to be reprotoxic [1].

Biomass-derived chemicals appear to be in accordance with several of the
12 principles of green chemistry described by Anastas and Warner [2] such as
the third principle concerning the reduction of hazardous chemical syntheses, the
fourth concerning the use of safer chemicals, the tenth concerning the degradation,
or the seventh suggesting the use of renewable feedstock. These principles give
suggestions for the design of greener products and processes.

In fact, 2-methyltetrahydrofuran (MeTHF) represented in Fig. 12.1 is a solvent
produced from renewable raw materials as its reactants can be obtained from
biomass by the hydrogenation of products obtained from carbohydrate fractions of
hemicellulose from various feedstocks [3-5]. It is biodegradable, has a promising
environmental footprint and good preliminary toxicology [6] assessments, and is
easy to recycle. Considering all the advantages of this solvent, summarized in
Table 12.1, several applications of MeTHF can be found in the literature especially
as green solvent in organic chemistry [3, 7], but it can also be considered as an
interesting solvent for the extraction of bioactive components from natural sources
[8, 9].

12.2 MeTHF Properties

MeTHEF represented in Fig. 12.1 (CAS No. 96-47-9, [IUPAC name 2-methyltetrahy-
drofuran), with molecular formula CsH (O, is a clear liquid that is derived from
renewable resources as corncobs or sugarcane bagasse. MeTHF is biodegradable,
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Table 12.2 Basic properties

of MeTHF Properties MeTHF
Molecular weight — M (g/mol) 86.1
Melting temperature — T (°C) —136
Normal boiling temperature — Ty, (°C)  80.2
Vapor pressure at 20 °C (mm) 102
Density at 20 °C (g/mL) 0.854
Viscosity at 25 °C (cp) 0.46
Flash point (°C) —11
Enthalpy of vaporization (kJ -kg™!) 375
Dielectric constant at 20 °C 6.97

Solubility in water at 20 °C (g/100 g) 14

nontoxic, and non-ozone depleting; indeed, it is still not approved yet by the Food
and Drug Administration (FDA) to be used for food contact. General properties of
MeTHEF are presented in Table 12.2. All the presented properties [3, 7, 10] make
MeTHEF as a suitable compound for several applications especially in the extraction
field.

12.3 Production Processes

12.3.1 Raw Materials

Building blocks for the synthesis of MeTHF are issued of carbohydrates derived
from lignocelluloses’ biomass, which represent the largest terrestrial biomass
resources. Although MeTHF can be produced thanks to catalytic processes from
furfural or levulinic acid. Both compounds are obtained from the implementation of
the concept of biorefinery with the retreatment of by-products such as corncobs
or sugarcane bagass generated by agricultural industry. Furfural, a heterocyclic
aldehyde with molecular formula CsH4O,, is a versatile compound in the fragrance
industry. It is a colorless oily liquid with an almond smell. Lignocellulose material
can lead to furan molecules by dehydration reactions of carbohydrates from biomass
origin. Furfural can be isolated from polysaccharide hemicellulose, polymers of C5
sugars, contained in many plant materials. The pentosan contained in hemicellulose
is hydrolyzed in pentose carbohydrates which are dehydrated to furfural in acid
conditions using sulfuric or phosphoric acid as catalysts [11]. Levulinic acid is a
keto acid with molecular formula CsHgOs. It appears as a white crystalline solid,
and it is a highly versatile compound with several applications like in resins or
plasticizers industry but also as precursor for pharmaceuticals [12]. Levulinic acid
can be produced by acid hydrolysis at high temperature of carbohydrates [13], which
are C6 sugars such as glucose, galactose, or sucrose, isolated from wood-based
feedstock.
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12.3.2 Synthesis

MeTHEF can be produced from furfural or levulinic acid as shown in Fig. 12.2.

12.3.3 Synthesis from Furfural

MeTHEF results from successive hydrogenations, as shown in Fig. 12.3, of furfural
(and reactions intermediates) over Ni-Cu, Fe-Cu, Cu-Zn, or Cu-Cr alloy catalysts as
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Fig. 12.3 Production of MeTHF from furfural

reported in the literature [14—18]. First, two successive hydrogenations of furfural on
the Cu-Zn catalyst allow nearly a complete conversion of the compound to furfuryl
alcohol directly converted to 2-methylfuran in a range of temperature of 200-300 °C
with a yield higher than 95 % [5].

MeTHEF results in the conversion of 2-methylfuran at lower temperature (100 °C)
over Ni-based catalyst with a yield around 86 %. Increasing the temperature would
decrease the quantity by conversion in 2-pentanone. The choice of the catalyst
also has a great importance in the conversion yield. In fact, MeTHF is the main
product of the hydrogenation of furfural depending on the catalyst and on reaction
conditions [5].

12.3.4 Synthesis from Levulinic Acid

The synthesis of MeTHF from levulinic acid consists in consecutive catalyzed
hydrogenations and dehydrogenations as shown in Fig. 12.4. The catalyzed hydro-
genation of the keto group of levulinic acid leads to a hydroxyl acid that results in
y-valerolactone. Further hydrogenation of the keto bond of y-valerolactone allows
the formation of the cyclic hemiacetal in equilibrium with the aliphatic hydroxyl
aldehyde. The hydrogenation of the last carbonyl group leads to 1,4-pentanediol
that is etherified in MeTHF by dehydration in acid conditions.

The reactions are conducted with a ruthenium catalyst complex with tridentate
phosphine ligands and acidic ionic additives in conditions described by Geilen
et al. [4].

12.3.5 Recovery of MeTHF

MeTHF can be recovered by conventional distillation, thanks to the solubility
behavior of MeTHF/water mixtures and the formation of a favorable azeotrope
between the two compounds.
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Fig. 12.4 Production of MeTHF from levulinic acid

Table 12.3 Solubility of water in MeTHF and MeTHF in water

Solubility of water in MeTHF Solubility of MeTHF in water
Temperature (°C) wt% water Temperature (°C) wt% water
0.0 4.0 0.0 21.0

9.5 4.1 9.5 17.8

19.3 4.1 19.3 14.4

29.5 4.2 29.5 11.4

39.6 43 39.6 9.2

50.1 4.4 50.1 7.8

60.7 4.6 60.7 6.6

70.6 5.0 70.6 6.0

As can be seen in Table 12.3, the solubility of water in MeTHF varies very
slightly between 0 to 70 °C, whereas the solubility of MeTHF in water decreases
a lot as the temperature is increased. Considering these properties, MeTHF/water
mixtures need to be separated at least at 60 °C in order to minimize the amount
of MeTHF in water [10]. The azeotrope formed between MeTHF and water
contains 10.6 % water and so 89.4 % MeTHEF. Though MeTHF can be recovered
at atmospheric pressure in batch or continuous distillation processes at 60 °C, as
shown in Fig. 12.5, considering the recycling of a mixture containing 100 parts
MeTHEF and 100 parts water [3, 7, 10].
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Fig. 12.5 Recovery of MeTHF at 60 °C

12.4 Applications

MeTHF has many applications as solvent for organic synthesis [3, 7, 10], but
considering its various properties it looks very promising as alternative to commonly
used petroleum solvent for extraction of natural products [8, 9]. A literature search
did not yield any reference to earlier reports on using MeTHF as solvent for
the extraction of natural products, although using MeTHF for the extraction of
carotenoids or aromas that usually imply solvents as n-hexane can be considered.

12.4.1 Extraction of Carotenoids

Solvents issued from petroleum are the one currently used for the extraction of
carotenoids. A study was conducted to evaluate the potential of MeTHF compared
to n-hexane, the solvent currently used by industrials.

A kinetic study was conducted during 3 h with n-hexane and MeTHF. Figure 12.6
gives the yield of total carotenoids extracted for 1 g of dry carrots.
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Fig. 12.6 Kinetic of total carotenoids extracted from carrots (0 MeTHF, A n-hexane)

As can be seen from Fig. 12.6, the extraction is realized in two steps. A first
solvent-exchange surface interaction takes place for a short time frame. Thus,
starting accessibility §Xs (in mg carotenoids/g dry material) corresponding to a
“washing” step reveals the amount of carotenoids obtained in a very short time frame
(t near 0) through the convection of solvent interacting with the exchange surface.
Afterward, the main part of the extraction is controlled through various penetration
processes of the solvent within the carrot particles (capillarity, molecular diffusivity,
etc.). The driving force of the global operation is the gradient of concentration and
the model can be similar to Fick’s law with an effective diffusivity Deg (m?-s7 ') as
the process coefficient [19].

According to Fick’s first law [19]

It can be assumed the absence of expansion or shrinkage of the solid particles
which are not moving, i.e., =0 and =constant.

ps{;s = _Deff%ps

Crank’s solution for a sphere

Xoo — X > 6 2702 Degy
= —— (t — ¢,
Xoo — Xy, ;iznz eXp ( ¢ 0))

Xoo— X
XOO - Xl‘o

= A exp(—k (t — 1))
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Table 12.4 Starting accessibility and effective diffusivity for the extraction of carotenoids from
carrots with n-hexane and MeTHF

Solvent 6Xs (mg/g DM) Degr (.1010 m?/s)
n-Hexane 0.220 0.009
MeTHF 0.269 0.013

Xoo — X
Ln (“—) = —k (t —19)
XOO_XZ‘()

Starting accessibility: value obtained by extrapolating diffusion model to t =0:
Xo# (Xi=0)

Xo— Xi = Xo = 06X,

with

38X : starting accessibility (g of extract/g of dry material)

Dy : effective diffusivity (m* s™)

ps : apparent density of the solute within the solid matrix (kg m_3)
pa : apparent density of the solid dry material (kg m™3)

vs : velocity of the solute (m s™")

vq © velocity of the solid dry material (m s™")

Xoo : amount of solute within the matrix (mg - g~' dry material)
dp : radius

X : amount of solute extracted at time ¢ (mg -g ! dry material)
k : transfer coefficient (m - s™")

Starting accessibility and diffusivity were calculated using previous equations.
Starting accessibility is determined by extrapolating the value for =30 min at
t =0. Calculated values are listed in Table 12.4. Starting accessibility appears to be
higher for MeTHF than for n-hexane, and D is 1.5 times higher with MeTHF than
with n-hexane. This means that the washing step with MeTHF permits to solvate a
higher amount of carotenoids at the surface of the matter than n-hexane does which
suggests that there is a part of the solute extracted almost instantly that comes from
the layers of cells the most exposed to the solvent. The same trend is observed for
the effective diffusivity Desr where the value for n-hexane is 0.009 x 10 — 10 m?/s
and 0.013 x 10 — 10 m?/s for MeTHF. This means that the extraction is faster with
MeTHEF than with n-hexane. This is probably due to the difference of boiling point
(69 °C vs 80 °C); a higher temperature increases the extraction, even if a higher
temperature can increase the risk of a degradation of the extract. The carotenoid
content in dry carrots was determined by HPLC analysis. After 6 h extraction
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MeTHEF permits to extract 419 pg/g dry matter, whereas n-hexane permits to extract
338 ng/g dry matter which represents 23 % more carotenes extracted with MeTHF
compared to n-hexane.

12.4.2 Extraction of Aromas

n-Hexane has been used as an extraction solvent for aromas of buds black currant.
Recent regulation have banned numerous common organic solvents, as n-hexane,
that have been recognized as hazardous to human health and environment. It
is urgently to replace n-hexane by alternative solvents that minimize health and
environmental risk. MeTHF can be considered as a good solvent from a (HSE)
Health Safety Environment point of view which makes it a good candidate for the
replacement of organic solvents. Performance trials using MeTHF and n-hexane
were conducted in bud black currant.

The quality of oils extracted by these solvents was evaluated. Compounds were
identified using GC-MS, while the content of separated components was measured
by GC-FID (Table 12.5). A total of 30 major compounds (in agreement with the
literature [20, 21]) were identified in n-hexane extract. The results reported in
Table 12.5 show that the relative proportions of these compounds are similar for
both solvents.

Extracts obtained with n-hexane and MeTHEF, respectively, contain 47.73 and
42.88 % of non-oxygenated compounds, while the amounts of oxygenated com-
pounds, respectively, were 25.26 and 17.06 %. The principal volatile compounds
were §-3-carene (21.45 % with n-hexane and 17.55 % with MeTHF) and terpinolene
(11.34 % with n-hexane and 8.16 % with MeTHF), followed by other important
compounds as sabinene, f-caryophyllene, caryophyllene oxide, p-cymen-8-ol, trans
p-ocimene, P-phellandrene, p-myrcene, a-humulene, cis B-ocimene, spathulenol,
humulene epoxide, limonene, terpinolene epoxide, and 3-caren-5-one. Some of
these main compounds are represented in Fig. 12.7. Besides, the higher extraction
yield (7.10 %) obtained with MeTHF compared to n-hexane (3.87 %) is probably
due to the fact that MeTHF allows the extraction of other compounds as amino
acids, flavonoids, and phospholipids.

12.4.3 Comprehension of Solubility of Primary and Secondary
Metabolites of Various Natural Products by Using
Hansen Theoretical Prediction

Hansen solubility parameters (HSP) of solvents and solutes have been studied
using HSP theoretical prediction [22]. HSP provides a convenient and efficient
way to characterize solute/solvent interactions according to the general “like
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Table 12.5 Major compounds extracted with n-hexane and MeTHF

Compounds RI n-hexane (%) MeTHF (%)
a-Thujene? 929 0.25 0.28
a-Pinene® 938 0.93 0.79
Camphene? 945 - -
Sabinene? 968 4.93 3.88
B-Pinene® 973 0.85 0.75
B-Myrcene® 983 1.86 1.46
2-Carene® 1,001 0.31 0.27
Alpha phellandrene? 998 0.17 0.15
§-3-Carene® 1,002 21.45 17.55
a-Terpinene® 1,009 0.81 0.69
p-Cymene?® 1,013 0.82 0.56
B-Phellandrene® 1,022 2.06 1.57
Limonene® 1,025 141 1.07
transf-ocimene® 1,026 2.79 2.24
cisp-ocimene® 1,037 1.69 1.35
y-Terpinene® 1,040 0.25 0.29
4-Terpinyl acetate 1,030 - -

cis sabinene hydrate® 1,068 0.35 0.22
a-p-Dimethylstyrene® 1,071 - -
Terpinolene® 1,080 11.34 8.16
trans sabinene hydrate® 1,097 0.33 0.23
Terpinolene epoxide 1.22 0.46
cis verbenol 1,110 - -
Dehydrolinalool® 1,124 - -
trans sabinol® 1,130 - -
Pinocarvone 1,135 - -
p-Cymen-8-ol* 1,163 2.85 1.73
Terpin-4-ol* 1,173 - -
a-Terpineol® (p-menth-1-en-8-ol) 1,180 - -
Eucarvone 1,240 - -
Bornyl acetate® 1,270 0.36 0.35
3-Caren-5-one 1.13 0.69
a-Terpinyl acetate® 1,340 0.32 0.35
Sesquiterpenes

B-Elemene® 1,380 0.22 —
o-Humulene® 1,452 1.82 2.32
o-Muurolene? 1,477 - -
Germacrene D? 1,480 0.82 1.29
y-Cadinene® 1,513 - -
§-Cadinene?® 1,524 - -
Spathulenol® 1,576 1.61 1.14
Caryophyllene oxide® 1,562 4.16 2.69
Aromadendrene oxide (1) 1,595 - -
Humulene epoxide IT* 1,600 1.59 1.04
Hardwickic acid 5.1 11.06

(continued)
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Table 12.5 (continued)

A.-G. Sicaire et al.

Compounds RI n-hexane (%) MeTHF (%)
Yields 3.87 % 7.10 %
Total non-oxygenated 47.95 % 42.88 %
Total oxygenated 25.26 % 17.06 %
Global identification 73.21 % 59.94 %
RI retention indices
The percentage correspond to percent of total peak area (%)
2Aromas already known in this matrix
H3C HsC CH4
/ CH,
H4C
H,C—
B-ocimene  H3C
CHj
CH,
CHj5
terpinolene
6-3-carene
CH, H,C  CHs
H3C CH4
CHs,
CHj
H,yC H CH, H,C o
B-caryophyllene B-caryophyllene-oxide
HO
p-cymen-8-ol

Fig. 12.7 Principal volatile compounds in bud black currant

dissolves like” rule. HSP has been found to be superior for more applications to
acknowledged Hildebrand parameter, which the fundamental total cohesive energy
density is partitioned by atomic dispersion forces (§4%), molecular polar forces
arising from dipole moments (8,%), and hydrogen bonds (exchange of electrons,

proton donor/acceptor) between moleculars (8,2), as given in Eq. (12.1):

5t01a12 = 5d2 + 8p2 + 8h2

(12.1)
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Table 12.6 Hansen solubility parameters of various solvents and extracts

Compounds 84 (MPal?)  §, (MPa?)  §, (MPa'?)  §or (MPa!?)
Solvent n-Hexane 15 0 0 15
MeTHF 16.8 4.8 4.6 17.7
Carotenoids in B-Carotene 17.4 0.8 1.7 17.5
carrots Lutein 17.8 1.3 4.5 18.4
Zeaxanthin 17.8 1.4 4.8 18.5
Main aroma Terpinolene 17.2 1.9 4.3 17.8
compounds in  §-3-Carene 16.4 1.1 2.2 16.6
black currant  B-Caryophyllene  16.8 0.7 22 16.6
Sabinene 16.5 1.6 2.1 16.7
trans B-ocimene  16.4 1.5 2.6 16.7
Possible Rapeseed oil! 16.4 4.7 4.2 17.6
triglycerides in  Rapeseed oil? 16.6 4 4.1 17.5
rapeseed oil Rapeseed oil® 16.6 4.1 3.6 17.5
Rapeseed oil* 16.5 4.2 4.6 17.6
Rapeseed oil’ 16.4 4 4.5 17.5

ITriglyceride (R; C18:1n9, R, C18:2n6, R3 C18:3n3)
2Triglyceride (R; C18:1n9, R, C18:1n9, R3 C18:2n6)
3Triglyceride (R; C18:1n9, R, C18:2n6, R3 C18:2n6)
“Triglyceride (R; C18:1n9, R, C18:1n9, R3 C18:3n3)
STriglyceride (R; C18:2n6, R, C18:2n6, R3 C18:3n3)

where § total is the Hansen total solubility parameter, which now consists of its three
partitioned HSP in terms of dispersion (84), polar (§,), and hydrogen-bonding (5y)
force, respectively.

In general, the more similar the two 8y are, the greater the affinity between
solutes and solvents. The chemical structures of the solvents and solutes discussed in
this article could be mutually transformed by JChemPaint ver. 3.3 to their Simplified
Molecular Input Line Entry Syntax (SMILES) notations, which were subsequently
used to calculate the solubility parameters of extracts and extractants. These solu-
bility parameters were further modeled to a frequently used two-dimensional HSP
graph for better visualization of the solute/solvent interaction due to insignificant
differences between §4s (HSPiP Version 4.1.03, Denmark).

Since MeTHF was firstly used as extractant for natural products, it is interesting
to introduce methods for predicting its physiochemical properties and the solubility
parameters of its extracts, most of which do not exist in HSP database. The
useful prediction method proposed by Yamamoto was applied to calculate HSP of
solutes and solvents only through their chemical structures due to its stability and
high accuracy comparing to other HSP estimation methods. Yamamoto-Molecular
Break (Y-MB) method breaks SMILES into corresponding functional groups and
thus estimates various physicochemical properties. The theoretical physicochemical
properties of extractants and the HSP of their main extracts were obtained by Y-MB
calculation through their chemical structures, which were represented in Table 12.6.
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MeTHF has nearly the same molecular weights (~86.1 g/mol) as that of
n-hexane. Moreover, it has higher boiling (82.4 °C) and flash point (—1.9 °C) in
comparison to n-hexane (69 °C and —23.3 °C, respectively), which signifies MeTHF
is a less flammable and less hazardous azeotrope with water. MeTHF with higher
HSP values is considered higher polarity than n-hexane. The major drawback of
using MeTHEF is its higher viscosity and density than n-hexane, which can induce
lower global identification in the component analysis, as well as its relatively high
boiling point which may lead to higher energy consumption in its recovery. In
addition, MeTHF with higher dielectric constant (6.97) has also found to be stable
in acids and base, which allows the extraction more efficient and stable. Besides,
this agro-solvent from renewable resources also has low volatility, which improves
safety and reduces solvent consumption and CO, emissions. Considering all these
aspects, MeTHF could be theoretically considered a better alternative solvent to n-
hexane in various extractions.

The two-dimensional (2-D) graph of 8, versus 8, has usually been used as
references for easy understanding of solubility in solvent extraction as the result
of the insignificant §4. Figure 12.8 illustrated that all combination possibilities of
triglycerides in rapeseed oils were distinguished by small variations depending on
their constituent fatty acids. According to the “like extracts like” principle, the
triglycerides of rapeseed oil may be the most possible solutes in MeTHEF, while the
main aroma compounds in black currant seemed more likely to dissolve in n-hexane.
Regarding carotenoids in carrots, lutein and zeaxanthin were more soluble in
MeTHEF, whereas a- and B-carotene were closed to n-hexane. These predicted results
were generally in accordance with experimental results even though MeTHF gave
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higher total extraction yield than n-hexane in all independent extraction of rapeseed
oil, aroma compounds, and carotenoids, which have further proved MeTHF as
the alternative solvent to n-hexane for the extraction of natural compounds from
plants.
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Chapter 13

Innovative Technologies Used at Pilot Plant
and Industrial Scales in Water-Extraction
Processes

Linghua Meng and Yves Lozano

Abstract Water remains the cheapest and the safest solvent to eco-friendly extract
number of biogenic substances from the worldwide biodiversity to produce natural
water-soluble extracts containing several biomolecule families such as polysac-
charides, proteins, polyphenols, glycosides, etc. Among these water-soluble com-
pounds, some showed potential free-radical scavenging capacity and antioxidant
activity. As extraction processes were often time consuming, mechanical operations
can be added to the extraction process to speed up water diffusion of valuable
compounds from raw material. Apart from using conventional operating techniques
such as mechanical stirring coupled with extraction medium heating, newly devel-
oped ones may increase efficiency of water-extraction processing. These innovative
techniques include ultrasound-assisted extraction, pressurised hot water extraction,
negative pressure cavitation-assisted extraction and pulsed electric field-assisted
extraction. Some of these techniques are still under development at various scales,
from the laboratory to the pilot plant, but others are already operational and used
in industrial processes. After water-extraction step, purification and concentration
of extracted products is often needed. Additional process steps are added, including
membrane separation technology and gel column chromatography. They are already
used at industrial scales and are preferred to heat-based separation techniques.
They are claimed to better preserve biological activity of most of the heat-sensitive
water-extracted compounds as they efficiently operate and avoid compound liquid—
gas phase transition. They remain among the most energy-saving technological
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systems and are frequently called ‘green technologies’. In this chapter, some of
these innovative technologies involved in water-extraction processes are presented,
and when applicable, pilot plant- or industrial-scale applications are described.

Green technologies aim to preserve the quality of the environment and the rational
utilisation of natural resources when they are used in transformation processes of
vegetal raw materials. To implement these objectives in practice, they are used to
prevent or to minimise the negative impact that some extraction processes may have
on the surrounding environment. They encourage the development of extraction
procedures that avoid, or reduce as far as possible, using extraction medium made
of hazardous substances or that produce new pollutants and waste.

To adapt the general principles of the green chemistry to plant extraction pro-
cessing, a similar approach has to be extended to the development of technologies
associated in the extraction processes, leading to the production of new added-value
natural water extracts obtained from various sources of vegetal raw material. These
principles are as follows:

1. To substitute the use of dangerous organic solvents with number of less haz-
ardous alternatives

2. To encourage the use of emerging extraction technologies

3. To make maximum use of high-efficiency separation techniques involving less
toxic organic solvents or using only products that are least harmful for the
environment

Solid-liquid extraction is a separation process involving transfer of solutes
from a solid matrix into a liquid, named solvent. Water is recognised as the most
‘green’ solvent because it is non-flammable, non-toxic, readily available and eco-
friendly compatible with the environment. Because of the polarity of water, many
hydrophilic compounds such as polyphenols, protein, glycosides, polysaccharides,
etc., can be easily dissolved in water.

The traditional water-extraction techniques commonly used at laboratory level
or industrial scale include maceration with or without stirring, mild heating or
heating under reflux. These techniques require generally long extraction times and
large amounts of sample and water. Especially, the heating process may destroy the
thermal-sensitive compounds which are normally bioactive ones.

To improve efficiency of water extraction, several innovative technologies have
been developed. Among them, the most popular and technologically advanced are
ultrasound-assisted extraction, pressurised hot water extraction, negative pressure
cavitation-assisted extraction and pulsed electric field-assisted extraction. Some
of them are still under development at various scales, but the others are already
involved in industrial processes.

Depending on the technological water-extraction process applied, additional
steps may be needed such as purification and concentration of the compounds
extracted in the aqueous solvent. Membrane separation technology and gel column
chromatography are already used at these process steps. They are preferred to
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the classical heat-based separation/concentration techniques because they better
preserve most part of the biological activity of the heat-sensitive extracted com-
pounds, as they can also operate efficiently at room temperature. They remain
among the most energy-saving technologies; this is why they are frequently
classified as ‘green technologies’.

Some of these innovative technologies involved in water-extraction processes
will be described in this chapter, and some applications at industrial and pilot plant
scales will be also presented.

13.1 Ultrasound-Assisted Water Extraction (UAWE)

Extraction of bioactive compounds using ultrasound (US) is one of the upcoming
extraction techniques that can offer high operation reproducibility with short extrac-
tion times, simplified manipulation, reduced solvent consumption, low-temperature
uses and reduced energy usage.

Ultrasounds are mechanic waves that necessitate an elastic medium to spread
over. The difference between sounds and ultrasounds is the frequency of the wave
of the signal: ultrasounds can be defined as vibrations of the same kind as ‘normal’
sound but of such a high frequency (higher than 20 kHz) that they cannot be heard
by the human ear. The field of the ultrasounds is limited in the upper frequencies by
those of the microwaves, starting at a frequency around 10 MHz.

As a sound wave passes through an elastic medium such as water, it induces
a longitudinal displacement of particles, as if the source of the sound wave acted
as a piston on the surface of this medium [1]. This action generates successive
compression and decompression cycles within the medium. If cycles follow each
other rapidly in a high frequency, small gas or vapour bubbles are formed,
developed and collapsed almost immediately and violently within the medium. This
phenomenon, called cavitation, created locally very intense physical or chemical
effects, as a result of extreme conditions of temperature and pressure produced
when the cavitation bubbles implodes. The temperature and the pressure have
been estimated to be up to 5,000 K and 2,000 atm in an ultrasonic bath at room
temperature, which can lead to the disruption of biological membranes placed in this
water bath, making easier mass transfers by increasing diffusion of water-soluble
compounds of the material into the water and by enhancing water penetration into
the cellular material. Carla Da Porto et al. [2] have compared the efficiency of the
ultrasound-assisted extraction (UAE) with conventional extraction applied to plant
material. They showed that 15 min treatment grape samples using UAE lead to
the same amounts of total polyphenols and total tannins than water maceration of
the sample during 12 h. The published work of Corrales [3] showed also that total
phenolic content obtained after 1 h time water UAE of a grape sample was 50 %
higher than the one obtained using classical water maceration. Antioxidant activity
of the ultrasound-assisted extract was about twofold higher than those of the extract
obtained by maceration.
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Fig. 13.1 Independent US probe (a) and built-in US water bath (b) for laboratory-scale uses
(Reprint from [1] with permission from Elsevier)

13.1.1 Characteristic Parameters of UAWE

The specific parameters used to describe an UAWE procedure are (1) the frequency,
(2) the power and (3) the ultrasonic intensity of the ultrasounds used.

The frequency of the ultrasounds is currently included in the range of 15 kHz
to 60 kHz. Usually, only the 20-25 kHz frequency range is used for ordinary
extractions, cleaning or degassing operations. Ultrasound power applied is generally
less than 500 W for a laboratory-scale extraction apparatus and can be within
1-3 kW for pilot plant- or industrial-scale systems [4].

The ultrasonic intensity (UI) generated by an ultrasound probe in a cylindrical
reactor tank is calculated from the following equation:

4P

where UI (W -cm™2) is the ultrasonic intensity, P (W) is the ultrasound power and
D (cm) is the internal diameter of the reactor tank.

13.1.2 Laboratory- and Industrial-Scale UAWE Apparatus

Ultrasound-assisted extraction is also called sonication or ultrasonication. At the
laboratory level, it is usually applied using an ultrasonic probe (Fig. 13.1a) or an
ultrasonic bath (Fig. 13.1b). For the ultrasonic probe system, sonication is generally
made using a single ultrasonic probe equipped with its electronic regulation. The
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Fig. 13.2 Laboratory-scale UAWE reactor with controlled temperature and stirring-speed (Reprint
from [1] with permission from Elsevier)

probe is immersed in a beaker where the material is soaked in solvent. The
ultrasonic frequency can be regulated of some models and the ultrasonic intensity is
delivered on a small surface (only the tip of the probe) which is more powerful
than the ultrasonic bath. This system of probe is widely used for sonication of
small volumes of sample, but it causes a temperature rise significantly. The US
bath is more frequently found in laboratories and used as an all-purpose extraction
or cleaning apparatus. The US frequency cannot be adjusted manually and the
delivered intensity is low and often highly attenuated by the water volume used
or by some adapted operating conditions to the sample quantity available. When
the sample quantity of the material to be extracted is small, it is a common practice
to dip the small sample into the water contained by a small beaker, which in turn
placed into the liquid of the water bath.

A more sophisticated laboratory-scale UAE reactor was developed by REUS Co
(www.etsreus.com, FRANCE), as shown in Fig. 13.2. This reactor can be used
to study UAE of different types of samples, under various controlled operating
conditions. This apparatus can be used to perform preliminary extraction experi-
ments for new applications of UAE of material samples. It helps to determine the
best extraction conditions in view to scale up the operation and to develop new
extraction process to operate at a higher scale using pilot plant- or industrial-scale
UAE extractors. This laboratory-scale apparatus consists of a double-walled bowl
(0.5-3 L) made of stainless steel that allows the thermoregulation of the extraction
medium. The bowl stands on base which contained the ultrasonic probes which is
controlled by an external electronic regulation. The ultrasonic intensity delivered
is about 1 W/cm? with a constant frequency of 25 kHz. A mobile stirring device
is added to the system and is composed of a propeller moved by a variable speed
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Fig. 13.3 Industrial-sale UAWE equipments with 50, 500, and 1,000 L reactor tank capacities
(Reprint from [1] with permission from Elsevier)

electric motor. The stirring system can be adjusted in direction of rotation and speed,
and the propeller can be set at the required depth in the extraction medium.

To run out pilot plant- and industrial-scale trials or to scale up UAE from
laboratory experiments, REUS offers UAE reactors with a tank capacity ranging
from 30 to 1,000 L (Fig. 13.3). A pump system is adapted to the ultrasonic tank in
order to fill it at the start of the operation. The pumping system can also be used,
to stir the extraction medium by continuous feeding back the tank with the water-
sample mixture collected at the bottom of the tank. It is also used at the end of the
UAE operation to empty the tank.

Industrial-scale UAWE equipments are generally preferred to conduct extraction
operations in a continuous countercurrent flow mode which is a more suitable
mode at this level. For this reason, an industrial extractor, using a counterflow
extractor assisted by a sound transduction system, was invented by Pacheco et al. [5].
According to the description given in the patent, the equipment (Fig. 13.4) included
an inclined casing (12) containing a helical screw conveyor (13) equipped with lots
of blades (17), a hopper (21) used to feed the extractor with the raw material at
the lower end of the casing (15). A second helical screw conveyor (22) forming a
specific angle 6 with the axis of the main screw of the casing allowed to continuously
load the raw material in the extractor. An outlet hopper was located at the upper end
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Fig. 13.4 Schematic diagram of the ultrasound-assisted countercurrent flow extractor (According
to [S])

(31) of the casing to release the extracted material. The equipment was completed
with a water load line (16) with different water upper inlets (23, 24, 25) to fill the
casing with water for material extraction which was recovered with the extracted
water-soluble compounds from the bottom outlets (19, 20). Two discharge lines
(27, 31) were placed at the front and the end of the casing to continuously recover
the extracted material during the process and to empty the casing at the end of the
operation. The extracted material was collected into two boxes (14, 26). During the
extraction, liquid and solid media were separated through a built-in filter (20). The
US transducer (29) is located at the lower end (15) of the casing, close to the material
feeder to provide ultrasounds as soon as the material entered the casing and put into
contact with extraction water.

Based on the principle of this invention, many small Chinese factories pro-
duced similar equipments for industrial continuous countercurrent flow extraction
(Fig. 13.5). According to the production levels targeted by the factories, various
sizes of such equipments were built to process from 33 to 1,350 kg/h of raw
material (Sinobest, www.sinobest.com.cn; Jining Tianyu www.tychaosheng.com).
Some of these extractors can operate using at the same time two different levels
of ultrasonic frequency: 20 kHz are first applied at the casing entrance (material
feeding section) and 45 kHz are then applied around the upper casing outlet
(material discharge section). The relative low ultrasonic frequency favours initiation
of rapidly formation and growing cavitation bubbles, and the high frequency allows
a better compound diffusion between the raw plant material and the extraction
water [6, 7].
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Fig. 13.5 A general view of a dynamic countercurrent UAWE Chinese plant

13.1.3 Application of UAWE at Pilot Plant
and Industrial Scales

Ultrasound-assisted water extraction (UAWE) is still considered as an emerging
technology that begins to have several new applications in the sector of the food and
pharmaceutical industries [7]. After laboratory-scale feasibility and reproducibility
studies have been undertaken, pilot plant experiments in batch mode have been
tested and validated, using pre-industrial equipments. Optimisation of operation
parameters of the process, conducted in a semi-continuous mode, was completed.
Up-scaling was then made to validate the process development at an industrial scale
and in a continuous production mode.

Several teams of French researchers [1, 8-10] proceeded to such UAWE
developments, in accordance with the principles stated by the green chemistry.
They applied this green technology to apple pomace processing, a waste from the
apple juice and cider manufacturing processes. This waste contained polyphenol
molecules showing antioxidant properties [9]. The studies were first performed
using a laboratory-scale ultrasound-assisted extractor (PEX1, R.E.U.S., Contes,
France), equipped with a 1 L volume beaker (i.d. =14 cm, 10 cm height). The
ultrasonic probe delivered a 25 kHz ultrasound frequency and a 150 W power. The
UAWE parameters (ultrasonic intensity, temperature and sonication duration) were
optimised using a central composite design within the following parameter ranges:
0.335-0.764 W - cm 2 for ultrasonic intensity and 10—40 °C for temperature and 5—
55 min for sonication time. The extraction medium used was a 50 mM malate buffer
solution at pH = 3.8. The best extraction conditions were found: 0.764 W - cm~2 for
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Fig. 13.6 Pilot plant-scale model of 30 L volume UAWE apparatus: general view, inside of the
reactor tank, recirculating pump and outside bottom of the reactor, top of the reactor with opened
protection door (Reprint from [11] with permission from Elsevier)

ultrasound intensity, 40 °C for temperature and 40 min for extraction time. The
solid-liquid ratio was optimised as 150 g-L~' dry material/water in function of
total polyphenols obtained by a conventional maceration method.

The optimised UAWE lead to a total amount of extracted polyphenol compounds
30 % higher (555 mg of catechin equivalent per 100 g of dry pomace weight) than
the one obtained by the conventional extraction, simple water maceration.

Then, the first scaling-up study is undertaken at pilot plant scale, using an
ultrasound-assisted extractor equipped with a 30 L volume extraction tank and
four probes delivering a ultrasonic frequency of 25 kHz with a total power of
4 x200 W (Fig. 13.6). The polyphenol extraction yield was about the same level
as those obtained by the extraction trial run at the lab scale using the optimised
experimental conditions. The extraction was completed within 40 min time, and the
total polyphenol of the water extract obtained was 560 mg catechin equivalent per
100 g of dry pomace weight.
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13.2 Microwave-Assisted Extraction (MAE)

Microwaves are non-ionising electromagnetic waves that combine the use of an
electric field and of a magnetic field, each one oscillating in a perpendicular plane to
the other at a frequency range of 0.3-300 GHz. Microwaves are characterised by the
three properties: transmittance, reflectance and absorption. Microwaves almost go
through materials such as glass, plastic or porcelain or even some organic liquid
without being absorbed (transmittance is total). However, metallic material can
totally reflect microwaves (reflectance is total), but liquid media, such as water or
polar molecule solutions, can absorb microwaves to a certain extent, resulting in
heat production within the media.

Considering that water molecules are known as dipoles, a sort of bar magnet,
with a positive and a negative pole. The electromagnetic field produced by the
microwaves oscillates as it passes through the water molecules, changing the
polarity of the field and causing the dipole/water molecules to flip themselves in
order to be aligned with the direction-reversing polarity millions of times a second.
At the microwave frequency used in commercial systems (2,450 MHz), the dipoles
align themselves and randomise at a speed of 4.9 x 10° times per second [12].
This molecular agitation and the friction of the water molecules reversing direction
generate heat within the water medium. In the case of solution with ionic solutes, the
ions create heat by colliding in the rapidly oscillating electromagnetic field, leaving
less microwave energy available for dipole/water molecule to generate heat.

Water molecules are the most polar ones and absorb most of the emitted
microwaves. Therefore, water appears to be the best solvent for MAE. The
extraction occurs when the water absorbs energy coming from the microwaves and
increases the pressure inside the plant material causing the cell structure to break
allowing water to penetrate into the matrix and subsequently increases the extraction
yield. This additional physical force to heat produced in the extraction medium
contributes to increase the extraction yield [13].

Working on MAE Lucchesi et al. [14] observed by scanning electronic
microscopy that the husk of cardamom seeds was clearly damaged after 1 h
extraction time. At the end of the extraction, the authors noticed a great number
of perforations on the external surface of the seeds and that some starch was also
dispersed in the water-extraction medium. In the same way, Zhang et al. [15] showed
that MAE created interstices on leaves of Epimedium koreanum and numbers of
chloroplasts have been released from the plant cells, leading the water extract to
turn from colourless to green.

MAE is now widely applied to extract from plant material many chemical
compounds such as phenolic compounds [16—19], polysaccharides [20], terpenoids
or essential oils [21, 22], alkaloids [15], saponins [23] and pectins [24]. MAE was
also proposed as a new alternative to the conventional hydrodistillation technique
for essential oil extraction, as this technology preserves heat-sensitive compounds
because water heating is quicker than hydrodistillation. Extraction yields are
generally found to be similar with those obtained with both techniques, but MAE
may be completed in shorter operation times, several folds lower than those required
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for hydrodistillation, for example. Essential oil composition obtained using these
two techniques may be slightly different because of water solubility of some
essential oil components that play a significant role in hydrodistillation but have
no real effect when using the solvent-free MAE directly with fresh plant material.

Therefore, MAE has attracted significant attention in research and development
of innovative applications for the extraction of natural products due to its special
heating mechanism, moderate capital cost, high-throughput capability and good
performance under atmospheric conditions.

13.2.1 Parameters of MAE

Besides the conventional parameters that characterise the operational conditions
of a MAE trial (volume of extraction medium, solid-liquid ratio, trial duration,
extraction temperature, etc.), microwave power is a specific one which has to be
taken under consideration [15].

Usually, microwave power is a parameter, manually controlled, that affects
directly the temperature of the extraction medium during MAE. Increasing the
microwave power leads generally to increase the extraction liquid medium tem-
perature, which in turn modifies the liquid physical properties, such as viscosity
and surface tension. Compound extraction yield is modified and if heat-sensible
compounds are present in the sample, they may also be affected by an extraction
temperature increase. Power level has to be adjusted to the mass amount of sample
to be extracted at the same time because the total microwave energy provided is
shared among the different pieces of samples put at the same time in the extraction
reactor, and each piece has to receive enough microwave energy so that extraction
can occur. Power level applied has to be adapted to the sample weight involved and
to the sensitivity of the compounds to be extracted [25].

Extraction time setting depends on the level of the microwave power applied.
Combination of the two settings has in turn an effect on the temperature reached
during the extraction trial and on the total energy delivered per sample weight unit.
This combination has to be fine-tuned to speed up sample extraction by increasing as
far as possible cell wall rupture and avoiding degradation of heat-sensitive extracted
compounds. Therefore, MAE apparatus shows generally two manual settings:

* One setting to adjust the microwave power according to the total volume
of extraction liquid and to the total weight of the sample to be extracted
(weight/volume ratio or number of sample pieces)

* One setting to fix the extraction time to take into account the acceptable
temperature rise during extraction [13]

Compared to conventional extraction techniques, MAE generally requires shorter
extraction time to reach the same extraction results. When using a traditional MAE
apparatus operating at 2,450 MHz frequency [12], it is widely recognised that a
10 min time is enough to complete the extraction [18, 26].
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Fig. 13.7 Domestic 1
microwave oven used for
MAE laboratory-scale studies

13.2.2 Laboratory- and Pilot Plant-Scale MAE Apparatus

Most of the researches on MAE undertaken at laboratory level used a simple
domestic microwave oven (Fig. 13.7). The apparatus is composed of a 20-25 L
volume cavity/oven and uses a probe system delivering a microwave frequency
of 2,450 MHz, and the variable power is generally limited within the range 500—
1,000 W only. Power and time settings are provided to set the desired values before
operation, according to the nature of the sample to be extracted.

Today, professional equipments are available from manufacturers and can be
used for laboratory-scale researches. These apparatus provide regulation functions
and various types of captors to control accurately and safely parameters and
operation conditions during the extraction process. Milestone Inc. in Italy (www.
milestonesci.com), CEM Co. (www.cem.com) in the USA and Sineo Microwave
Chemistry Technology Co. in China (www.sineomicrowave.com) are examples of
private sector developer manufacturers. These instruments can be classified into two
types of systems: closed vessel and open vessel.

* The closed-vessel systems used for MAE consist of a magnetron tube placed on
a turntable in an oven and equipped with only the necessary parameter controls.
Generally, one manual setting is provided to adjust the maximum power to
be delivered during the extraction trial and one setting to adjust the extraction
duration, also displaying the running extraction time, and to end the process in
case the maximum acceptable temperature in the extraction medium is reached,
and a pressure control is coupled with the on/off control of the magnetron
tube (Fig. 13.8). MAE closed-vessel systems, allowing sample extraction in
pressurised vessels, were developed and marketed by Milestone Inc. These
apparatus allow operating securely at higher temperature. They are equipped
with a specific extraction vessel with a vent-and-reseal technology security (US
Patent 5,270,010) that operates according to the three steps as shown (Fig. 13.9).
The vessel cap is held in place by a dome-shaped spring (sketch 1). When an
uncontrolled overpressure appends inside the vessel, the spring placed over the
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Fig. 13.8 Closed-vessel microwave chemistry workstation (MDS-8G model, Sineo Co., China)
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1. Veessel sealed. 2. Pressure released. 3. Vessel resealed.

Fig. 13.9 Vent-and-reseal technology to secure the MAE vessel (According to [27])

vessel cap is flattened by the overpressure and the cap lifts up slightly, releasing
the overpressure (sketch 2). Immediately after the overpressure released, the
spring pushes down the cap that reseals the vessel (sketch 3), while the extraction
process carries on and the vent-and-reseal system is ready to operate when
needed. This technical improvement eliminates potent risks of vessel failure
or explosion in case of a possible happening of an out-of-control exothermic
reaction during MAE.

* MAE open-vessel systems are solvent-free technology. Such apparatus are
mainly proposed by Milestone Inc. (NEOS and NEOS-GR models) (Fig. 13.10).
The two models are equipped with a chamber with door, built in a material that
does not allow microwave leakage to outside. This chamber is equipped with a
magnetron probe and its built-in electronic control device. MAE takes place in
this chamber. The vessel containing the sample to be extracted is placed in this
MAE chamber. The NEOS model is equipped with a glass distillation system,



282 L. Meng and Y. Lozano

Fig. 13.10 NEOS (a) and
NEOS-GR (b) models for
MAE (Milestone Inc.)

watertight connected to the vessel placed in the MAE chamber (sketch a). In
the NEOS-GR model, the MAE chamber is placed above another chamber. The
facing bases of the two chambers are pierced to allow a communication glass
tube to be placed. An extraction vessel placed into the upper MAE chamber is
watertight connected through the glass tube to the glass system placed into the
lower chamber. This system consists of glassware to collect the liquid extracted
from the raw material in the upper MAE chamber. The NEOS-GR system
is somewhat the upside down design of the NEOS system. In both systems,
glassware is put in direct connection with the open air, avoiding any possible
overpressure to occur during MAE.

The NEOS system was scaled up at pilot plant level by Milestone Inc. A
semi-industrial-scale apparatus, MAC-75 model as shown in Fig. 13.11, was man-
ufactured and is now marketed. The MAC-75 apparatus is a multimode microwave
reactor. It is equipped with 4 magnetrons (4 x 1,500 W total power, 2,450 MHz
frequency) that can be set to various power levels set by 500 W increment levels. The
stainless steel extraction chamber has a capacity of 150 L and contains a removable,
rotating PTFE drum that allows up to 75 L of sample to be loaded in.

The industrial microwave apparatus are designed more often for dying and sterili-
sation. At a larger scale, industrial MAE line is mainly composed of microwave gen-
erators (Fig. 13.12a), such as those provided by Synotherm Co. (www.synotherm.
net). These generators are attached with a specific design to open- or closed-type
microwave chambers. A model of such an apparatus is developed by Yueneng
Microwave Co. (www.pin-ba.com), as shown by Fig. 13.12b.
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Fig. 13.11 Semi-industrial-scale MAE apparatus MAC-75 model (Milestone Inc., reprint from
[28] with permission from Elsevier)

Fig. 13.12 Industrial-scale microwave generator (a) and MAE apparatus (b)

13.3 Pulsed Electric Fields Extraction (PEFE)

Pulsed electric fields (PEF) are a non-thermal emerging technology based on
the application of external electric fields that induce damage to cell membranes
(electroporation) with preservation of the intrinsic quality of the product processed,
including purity, colour, texture, aroma, flavour and other nutritional components.
This technology has made its way from the laboratory to market. It opens new
perspectives for the food industry. It can be used to preserve liquid bulk products
such as fruit juice, milk, yoghurt and soup, by inactivating the microbial organisms
they may contain [29]. The electric impulses can be applied homogeneously through
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the product, and the technology is readily applicable for the pasteurisation of
liquid foods at low temperature. Moreover, PEFE can speed up extraction of
natural compounds, compared to traditional solid/liquid extraction [30]. Many
researches have already demonstrated the progress brought to the efficiency of plant
extraction using PEF technology [31-33]. Yin Yongguang et al. [34] reported that
polysaccharide extraction using PEFE method gave higher yields compared to the
others conventional extraction methods, such as alkali-based or enzyme-assisted
extraction techniques. Eduardo Puértolas et al. [35] showed that grape treated by
PEF before alcoholic fermentation gave a wine with higher colour intensity, better
total polyphenol index (TPI) and higher total anthocyanin content (TAC) than wine
obtained without PEF pretreatment. Moreover, coupling PEF with the fermentation
process shortened about 48 h the grape maceration step, compared to the control
classical process.

PEFE proceeds through mass transfer between the raw material to be extracted
and the solvent. As the material to be extracted is generally from plant or animal
origin, the valuable compounds to be extracted are generally enclosed in the cell
tissues. The cell membrane is as a semipermeable barrier, playing an important
role in compound exchanges towards the membrane. The membrane structure
affects the selectivity and the speed of these exchanges. PEF treatment of such
raw material reduces selectivity and increases permeability of the cell membranes
of the material. PEF can also partially or totally destroy the cell membrane
integrity, leading to higher and quicker mass transfer between the cell content
and the surrounding solvent. This phenomenon, actively developed for applications
in molecular biology and in medicine, is called electropermeabilisation or more
commonly electroporation.

When a biological cell is exposed to external electric field strength, a time- and
position-dependent transmembrane potential is induced across the non-conductive
cytoplasmic membrane. This is the result of the accumulation of oppositely charged
ions on both sides of the membrane. Under the effect of the electric fields, attraction
between these ions occurs and causes reduction of the membrane thickness and
even the formation of pores. A critical value of the external electric field is required
to induce a transmembrane potential (0.2—-1.0 V) that leads to the formation of
reversible pores in the membrane. When a more intense PEF is applied, irreversible
electroporation takes place, resulting in cell membrane disintegration as well as loss
of cell viability [30].

In the food industry, products are generally preserved by heat treatments that
killed the bacterial flora they may contain. PFE can produce irreversible electropo-
ration if the level of PEF is high enough. Therefore, PEF can be advantageously used
to kill all kinds of these undesirable endogenous biological cells. This is the reason
why PEF has been extensively studied for non-thermal food processing providing
microbiologically safe and minimally processed foods. As transmembrane potential
is proportional to the radius of cell, the larger the cell, the greater the transmembrane
potential. Thus, the electric field strength level required for electroplasmolysis has to
be adapted to the cell size. It was also successfully applied to disintegrate biological
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Fig. 13.13 Designs of treatment chambers built-in commercial PEFE apparatus

tissue to improve the release of intracellular compounds during extraction of vegetal
sample. Generally, for plant cell, the electric field strength required is about 0.5—
5 kV/em [36].

The two components of a PEF-based apparatus are the pulse generator and
the treatment chamber. Different treatment chamber designs have been developed
in the past few years. Today, the three most important chamber designs kept in
the development of commercial PEF apparatus are configurations showing parallel
electrodes, coaxial electrodes and colinear electrodes (Fig. 13.13) [36].
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Fig. 13.14 Most usual pulse shape uses in common PEFE applications

13.3.1 Parameters of PEFE

The most typical process parameters that characterise PEF technology are electric
field strength, pulse shape, pulse width, number of pulses, frequency and pulse-
specific energy. The distance between the electrodes of the treatment chamber and
the voltage delivered define the strength of the electric field (E, in kV/cm units).
The most usually used pulse shapes are those with exponential decay or with square
waveform, as shown in Fig. 13.14. Square waveform geometry has been determined
to be the ideal pulse shape for PEF processing because in this configuration, the
electric field intensity remains constant within the pulse duration. The treatment
time for a PEF application is defined as a product of the pulse width and number of
pulses applied. The frequency (f) is the number of pulse per second (Hz).

The specific energy (W) of the pulse depends on the voltage applied, on the
treatment duration and on the ohmic resistance of the volume of the product filling
the treatment chamber, limited by the electrode length. This resistance is a function
of the geometry and the conductivity of this product volume. The specific energy is
calculated according to Eq. (13.2), and its value allows to evaluate the energy cost
of the PEFE process:

W = %/ k- E@)*dt
0

m = material mass (kg); ¢ = treatment time (s) (13.2)
E = strength of the electric field (kV -cm™!)
k = eletrical conductivity of the material treated (ms-cm™")

PEFE using water as solvent was studied to extract various bio-compounds from
different natural substrates, such as colourant compounds [33, 37, 38], sucrose
[32], polysaccharides [34], phenols [3, 39], podophyllotoxin [40], water-soluble
compounds from microalgal biomasses [41], fennel [42] and chicory [31].
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Fig. 13.15 Countercurrent PFE water extractor: (a) schematic representation and functioning
principle, (b) picture of a pilot-scale apparatus (Reprint from [43] with permission from Elsevier)

13.3.2 Applications of PEFWE at Pilot Plant Scale

Pulsed electric field-assisted water extraction (PEFWE) is not yet applied at the
industrial scale because there is a lack in the technology dealing with high-voltage
pulse generation at an industrial scale. Nevertheless, some PEFWE units were yet
developed at pilot plant scale.

The team of Eugene Vorobiev [43] developed an application of PEFWE to
extract sugar from sugar beets. A pilot plant scale countercurrent cold and mild
heat extractor was built. It consists 14 extraction sections set in series, as shown in
Fig. 13.15. The PEF treatment chamber (section 1 of the extractor) was specially
designed and isolated from the other sections. Section 1 was equipped with two
stainless steel electrodes to generate PEF. The sugar beet roots were cut into
cossettes and filled in the baskets and then placed in the 14 extraction sections.
The 14 sections of the apparatus were filled with running water from the last and
upper section (i.e. section 14) down to the lower PEF section (i.e. section 1). The
first basket with sugar beet cossettes was submitted to PEF treatment in section 1 for
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5 min, and then baskets were moved manually between the neighbouring sections.
The process continue in such a way that the baskets with sugar beet cossettes
moved from one section to the other and water was added to the last section 14
to contact with most exhausted cossettes every 5 min also in the opposite direction
(countercurrent flow). Each basket was filled with 0.5 kg of cossettes, and in each
section, the solid/liquid ratio was set as 1:1.2. The output water flow running out
from the PEF section 1 was enriched in extracted sugar by water diffusion during
its percolation through the 14 sections of the apparatus. This diffusion juice was
collected for further treatments.

The total time of diffusion can be calculated as 74 = 14 x5 min="70 min.
Water temperature was varied from 30 to 70 °C, which was controlled by the
thermocontroller inside the extractor. The temperature of cossettes at the input of
extractor was T = 10-13 °C.

This apparatus equipped a pilot plant-scale PEF generator (Hazemeyer, 5,000 V,
1,000 A, France). It provided monopolar pulses with a near-rectangular shape signal
and the electric field intensity used was E = 600 V -cm™! when operating at 30 °C
and was E =260 V-cm™! at 60 °C. A train of pulses consisted of 500 successive
pulses of 100 s duration each and repetition pulse of 5 ms intervals. Only one train
of pulses was used for a 50 ms PEF treatment of every set of sugar beet basket, which
corresponds to 5.4 kW -h-t~! energy input. Temperature elevation during each PEF
treatment cycle did not exceed 3 °C, making this PEFWE to be considered as a
low or moderate thermal extraction process. The juice purity (sucrose/total soluble
solid content) was not lower than those obtained by conventional hot water diffusion
(70 °C) of sugar beet cossettes.

The team of Javier Raso studied the influence of PEF treatment on wine making
at laboratory and pilot plant levels [35, 44—47]. They showed that phenol extraction
from grapes, specifically anthocyanin compounds, can be improved by using PEF
pretreatment. They confirmed that the same results were obtained when scaling
up the process at pilot plant level; they thought that the process could be used at
an industrial-scale level as an innovative use of PFE-assisted extraction for wine
making. Therefore, a PEFE equipment was built (Modulator PG, ScandiNova,
Uppsala, Sweden) which generates square waveform pulses of a width of 3 s and
a frequency up to 300 Hz [46]. The maximum output voltage was 30 kV and current
intensity was 200 A. Cabernet Sauvignon grapes were processed using a continuous
flow PEF treatment.

The extractor was equipped with a colinear type treatment chamber showing
two successive treatment zones of 2 cm long and 2 cm inner diameter each,
positioned between ground and high-voltage electrodes, as shown in Fig. 13.16a.
The applied electric field strength is not uniform along the 2 treatment zones
but shown symmetrically placed force lines, as shown in Fig. 13.16b. The grape
pomace was pumped in the colinear treatment chambers at a mass flow rate of
118 kg-h~!, using a progressive cavity pump (Rotor-MT, Bominox, Gerona, Spain).
PEF treatment consisted in an average of 50 pulses of an electric field strength of
5kV-cm™! (total specific energy: 3.67 kJ -kg™!) at a frequency of 122 Hz.
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Fig. 13.16 (a) Scheme of the colinear PEF treatment chambers, (b) finite elements method
simulation of the electric field line distribution from the weakest (1 kV-cm™!) to the strongest
electric field strength (7 kV -cm™!), input voltage = 14.2 kV of the upper half part treatment zone
of one chamber (Reprint from [46] with permission from Elsevier)

In this work, it was shown that an increase of the electric field from 2 to
7 kV-cm™! leads to an extraction rate increase of both anthocyanins and total
phenols.

13.4 Negative Pressure Cavitation Extraction (NPCE)

The negative pressure cavitation (NPC) technology was invented by the team of
Yu-jie Fu, at Northeast Forestry University, Haibin, China [48].

Cavitation is produced by pressure forces acting upon the liquid leading to
the formation of vapour cavities (small liquid-free volumes or bubbles) within
this liquid medium. This phenomenon occurs when a liquid is subjected to rapid
changes of pressure leading to the formation of cavities where the pressure inside
is low. When subjected to higher pressure, the cavities collapse rapidly and
generate an intense shockwave. Cavitation serves as a means to concentrate in
very short time in a region that diffused fluid energy to create a zone of intense
energy dissipation. Ultrasounds applied to a liquid medium can generate such a
phenomenon. Cavitation effects can also be produced by acoustic and hydrodynamic
means.

NPC is another type of technique to generate cavitation. It uses negative
pressures, and its intensity is not weaker than that produced by ultrasounds. Zhang
et al. [49, 50] compared the morphological change of pigeon pea roots treated
by these different techniques. They showed that the root cell walls were more
destroyed using NPC cavitation than using ultrasounds. Liu et al. [51] compared the
extraction efficiency obtained using four techniques: NPC, ultrasounds, microwaves
and reflux. They concluded that NPCE showed an equivalent extraction efficiency as
UAE which was more effective than MAE and reflux extraction. Moreover, the UAE
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Fig. 13.17 Layer distribution within an extraction medium submitted to NPC (Reprint from [52]
with permission from Elsevier)

produced a great amount of heat, as NPCE kept the extraction medium temperature
at its initial level, which was in favour of the extraction of heat-sensitive products
[50]. NPCE appeared also to be a cheap and energy efficient process to extract
natural products.

13.4.1 Mechanism and Parameters of NPCE

The mechanism that occurs during NPCE consists of successive formation and
collapse of tiny bubbles under the action of vacuum within the liquid extraction
medium placed in an extraction vessel along with the solid sample to be extracted
(pieces or powder of raw material). Four layers can be distinguished from bottom
to top of the extraction vessel: bubble formation layer, suspension layer, axle air
current layer and turbulent layer. When nitrogen gas is continuously introduced into
the extraction vessel, small nitrogen bubbles appear under the action of negative
pressure caused by light vacuum applied into the vessel (Fig. 13.17) and ascend
through the liquid—solid medium. This results in the formation of a highly instable
gas—liquid—solid system. The suspension layer is formed and is located a little higher
than the bubble formation layer. The tiny bubbles enter this suspension layer and
grow rapidly because of the negative pressure created locally in this area, until
they suddenly collapse, producing a cavitation phenomenon with intense collisions
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so that the surface of the surrounding raw material particles is corroded. The
extraction liquid can diffuse more easily into the solid particles, enhancing diffusion
of extractible compounds. Higher in the vessel, intense vertical motion created in the
axle air current layer helps extracting compounds from the sample material which is
completed in the turbulent upper layer situated near the source of vacuum. Thereby,
NPCE creates intensive cavitation-collision, turbulence, suspension and interface
effects that combine to form a dynamic mass transfer enhancing extraction and
accelerate mass transfer of targeted compounds from the sample solid matrix to
the solvent [49, 50, 52].

The parameters that affect the efficiency of NPCE are the negative pressure, the
nitrogen-gas flow, the particle size of the solid sample to be extracted, the extraction
time and the liquid—solid ratio.

According to the NPCE mechanism, successive formations and bursts of bubbles
in the liquid medium depend on the vacuum level created (negative pressure).
The cavitation phenomenon generally occurred when the vacuum is set between
—0.01 and —0.09 MPa. Zhang et al. [52] reported that a decrease of the negative
pressure from —0.02 to —0.05 MPa enhanced the extraction yield of flavonoids
from Dalbergia odorifera, and once the pressure was set lower than —0.05 Mpa,
the extraction yield decreased slightly.

Nitrogen-gas flow is another key parameter in cavitation technique that affects
extraction efficiency. Liu et al. [51] investigated the effect on the extraction yield
of five flavonoids extracted from pigeon pea leaves submitted to NPCE. They
observed a yield increase when the nitrogen-gas flow was set within the range of
10-40 mL-min~!, with an optimised gas flow 30 mL-min™', to get the highest
extraction yield.

13.4.2 Laboratory- and Pilot Plant-Scale NPCE Apparatus

The NPCE laboratory-scale device was designed and patented (Patent CN2597047)
by the team of Fu [51]. It consisted of an extraction pot (1), a collection pot (2),
a vacuum pump (4) and a nitrogen stock vessel (9). The extraction pot and the
condenser (5) were glass made, as the other parts were steel made. The 400 mL
volume extraction pot was a 17 cm high and 5.5 cm inner diameter cylinder
(Fig. 13.18). Solid samples and solvent were added into the extraction pot through
the inlet (3). The negative pressure was generated by a vacuum pump, and the
nitrogen gas was introduced through the bottom valve (4). After NPCE, the solvent
was collected in the collection pot (2) and filtered, and the residue was discarded.

A NPCE pilot plant-scale apparatus was developed by the same team [48]. The
apparatus showed the same types of elements as those described for the laboratory-
scale device, and a heating system was added to allow working at high temperature
(Fig. 13.19). The working extraction volume was brought to 10 L.
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Fig. 13.18 NPCE apparatus: schematic representation (a) and laboratory-scale unit (b) (Reprint
from [50] with permission from Elsevier)
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NPC extraction device
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13.4.3 Application of NPCE at Pilot Plant Scale

Since the NPCE technology has appeared for only 4 years, NPC applications were
not largely developed and NPCE is not widely used today. Only laboratory-scale
extractions of flavonoids and of other phenol compounds with antioxidant capacities
were studied and recently reported in the literature [49-52].

The only application of NPCE conducted at pilot plant level was the extraction
of the three main flavonoids (genistin, genistein and apigenin) from the pigeon pea
roots [48], using the device descried in the previous chapter (13.4.2). The extraction
conditions were firstly optimised at the laboratory scale using an optimisation
experimental design (Box—Behnken design). An ionic solution was used as the
extraction medium. Combinations of five kinds of anions (C1~, Br~ H,PO;™,
HSO,~ and BF;7) associated with 1-R-3-methylimidazolium cations (radicals R
being alkyl groups which chain length increased from ethyl to octyl) were compared
[48]. [Csmim]Br ionic aqueous solution with a concentration of 0.53 mol-L™! was
chosen as solvent. The optimised conditions for NPCE were: temperature = 74 °C,
negative pressure = —0.07 MPa, liquid-solid ratio =20:1 mL-g~! and the extrac-
tion time was 15 min. Five hundred grams of pigeon pea roots were extracted in the
pilot plant NPCE apparatus. Extraction yields for genistin, genistein and apigenin
were, respectively, 0.477 +0.013, 0.480 £ 0.014 and 0.271 £0.021 mg-g~'. As
these yields were similar to those obtained using the smaller laboratory-scale device,
the authors concluded that the NPCE method could be scaled up for applications at
industrial-scale level.

13.5 Pressurised Hot Water (PHW) Extraction (PHWE)

Pressurised liquid extraction, using heated water as the extraction medium (solvent),
is frequently named pressurised hot water extraction (PHWE). It is considered as
another emerging green extraction technology for different classes of compounds
present in numerous kinds of matrices such as environmental, food and botanical
samples. This technique is also known under different names, such as pressurised
solvent extraction (PSE), accelerated solvent extraction (ASE) or enhanced solvent
extraction (ESE).

Water is a highly polar solvent (high relative permittivity &, = 80), and when it is
heated at high temperature with enough pressure to maintain water in liquid form,
which is named pressurised hot water (PHW), its physical properties are changed.
Its relative permittivity falls (g, =35 at 200 °C), near those of simple alcoholic
solvents, such as ethanol (¢, = 24) or methanol (g, = 33 at 25 °C), making water as
good solvent as some organic ones. Thus, water becomes to be able to dissolve a
wider range of compounds including low-polarity organic ones. PHWE stands as a
good alternative to reduce utilisation of some organic solvents for liquid extractions
that traditionally used them.
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The term ‘pressurised hot water’” (PHW) is used to denote the region of
condensed phase of water between the temperature ranges from 100 °C (boiling
point of water) to 374 °C (critical point of water). It has been reported as subcritical
water, superheated water, near-critical water and pressurised low polarity water.

In the PHWE technique, the raw material sample, placed in a metallic pressure-
resistant cylindrical cell, is put into contact with the PHW, playing the role of a
chromatography eluant. As pressure has to be increased to maintain water in its
liquid state at the high working temperature, the targeted compounds present in the
sample may partition themselves between the sample matrix and the percolating
liquid (PHW). They are chromatographically eluted out from the cell into the
pressurised collection vial.

Lots of published papers showed that PHWE appeared as powerful technique
for water extraction of essential oils [53], proteins [54], polysaccharides [55,
56], anthraquinones [57], lignans [58], terpenes [59], low-polarity flavonoids [60],
phenolics [61], microbial lipids [62] and organic pollutants such as PAHs, PCBs,
pesticides, herbicides, etc. [63]. Efficiency of PHWE was also compared with other
extraction technologies, such as microsound-assisted extraction, sonication-assisted
extraction, Soxhlet extraction or other traditional reflux mode extractions. It was
reported that PHWE was as powerful as these traditional technologies and, in some
cases, was even more efficient [64].

13.5.1 Parameters of PHWE

The parameters that affect extraction efficiency of PHW technique include tem-
perature of the liquid-state pressurised water, extraction time, water flow rate and
use of extraction technical helps such as a small percentage of organic solvents or
surfactants [65].

Water temperature used for extraction is the most important parameter which
could affect extraction efficiency and selectivity of PHWE. When increasing water
temperature, water physicochemical properties change significantly: decrease of
its relative permittivity and reduction of its viscosity and surface tension. Hence,
raising the working temperature modified the polarity of the extracting water, which
turns it into a specific solvent for low-polarity compounds. As water viscosity is
reduced and water surface tension increased, diffusivity of the extracting water is
significatively enhanced, allowing water to enter more easily the sample matrix,
leading to a better mass transfer between water and the sample. But decomposition
of heat-labile extracted solutes can occur due to the applied high temperature and
pressure.

Working temperature was found to be a selectivity factor in PHWE as shown
by M. J. Ko et al. [60] in studying its application for flavonoids extraction. The
optimal extraction temperature for flavonoid aglycone with an OH side chain, such
as quercetin, was found to be 170 °C. For aglycone compounds with an O-CH3, as
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in isorhamnetin, or with a H group, as in kaempferol, or for apigenin, with double
bonds, the optimised extraction temperature was found to be 190 °C. Flavonoid
glycoside forms were better extracted at lower temperatures: 110 °C for quercitrin,
a glycoside form of quercetin and 150 °C for spiracoside and isoquercitrin.

Alicia Gil-Ramirez et al. [66] compared the extraction yields of isoxanthohumol
at different extraction temperature (50, 100, 150 and 200 °C). They found that the
highest yield was obtained at 150 °C.

Benito-Roman et al. [55] showed that 155 °C was the optimal temperature in
PHWE of B-glucans of high molecular weight. Above 160 °C, the yield of B-glucans
dissolved in extracting water decreased. Cacace et al. [58] found that maximum
amounts of lignans and other flaxseed bioactive compounds, including proteins,
were best extracted at 160 °C and phenolic compounds at 140 °C.

Yu Yang et al. [59] studied the stability of five terpenes during PHWE. They
showed that terpene degradation became more serious when water temperature
increased, and there was a significant drop of the extraction yield when water
temperature was set around 200 °C, but yields were quite similar at both temper-
atures 100 and 150 °C. Chunhui Deng et al. [S3] observed that the best extraction
efficiencies for three active terpenoids compounds, camphor, borneol and borneol
acetate, present in F. amomi samples were obtained at 160 °C.

Effect of pressure on PHWE yields is more limited than that of temperature
[55]. In general, liquids are highly incompressible in their subcritical states. At
constant temperature, pressure variation does not modify so much water solvation
power, making pressure parameter to have a lesser effect than temperature in PHWE
processes. Pressure is only used to maintain extraction water in its liquid state,
according to the working temperature used. Moderate pressures such as 15 bar
at 200 °C or 85 bar at 300 °C are enough to maintain water in its liquid state.
Within this pressure range, Chunhui Deng et al. [53] did not found much change in
extraction yields of the three terpenoids extracted from Fructus amomi, a traditional
Chinese medicinal plant. In most published works on PWHE of natural products,
the working pressure was kept within the range 10-50 bar [67-69].

PHWE can be performed in two modes: (1) the static mode where the sample
is just put into contact with water under the working temperature and pressure
chosen and (2) the dynamic mode where the water is percolated at a certain flow
rate towards the sample.

In the static mode, extraction duration depends strongly on the extraction
temperature and on the nature of the sample matrix and of the compounds to be
extracted. Extraction time during PHWE of B-glucan from waxy barley flour was
practically limited to 45 min when extraction temperature was set between 155
and 160 °C. The highest yield (53.7 %) was obtained after 18 min extraction time
[55]. Rovio et al. [70] investigated at different temperatures the extraction kinetics
of eugenol and eugenyl acetate from clove. They found that, at 125 °C, 80 min
extraction time was needed to completely extract the two terpenes, but only 15 min
was enough to obtain the same result when the working temperature was set at
250 °C or at 300 °C.
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In the dynamic mode of PHWE conducted at a laboratory scale, water flow
rates between 1 and 1.5 ml/min were used [67, 68]. But they may be out of
this range in some experimental trials. In PHWE of lignans from flaxseed (Linum
usitatissimum L.), using three extraction cells of 7.0,9.4 and 19.3 mm i.d. and 10 cm
long, the optimal water flow rate was found to as low as 0.5 mL/min [58]. On the
opposite, the water flow rate has to be set at a higher value of 5 mL/min to obtain
the best extraction yield for anthraquinone extraction [57].

In some cases, organic or inorganic additives have been used along with water
in PHWE to improve compound recovery. Ju and Howard [61] have compared
grape skin PHWE with and without adding sodium metabisulfite in the extraction
water to obtain anthocyanins and other antioxidant-active compounds. They showed
that 1,400 pg/mL sodium metabisulfite added to the extraction water improved
extraction contents of total anthocyanins and total phenolic. Eng et al. [71] evaluated
the assistance of surfactant for glycyrrhizin and ephedrine PHWE. They found
that adding anionic surfactant such as SDS to the extraction water enhanced the
solubility of the targeted compounds into the mobile phase and therefore higher
extraction yields were obtained.

13.5.2 Laboratory- and Pilot Plant-Scale PHWE Apparatus

There is not yet marketed PHWE apparatus to our knowledge. At laboratory
scale, this type of equipment is normally designed and built by researcher teams
themselves from a specific technical adaptation of already existing commercial
equipments, such as for accelerated solvent extraction (ASE) or supercritical fluid
extraction (SFE) [67].

Briefly, two major types of PHWE apparatus are built on the operating principles
related to the static and the dynamic extraction modes.

Apparatus working on the dynamic extraction mode are composed of the
following parts: a pressurised solvent tank to supply water to the system, a pump for
pushing the solvent through the extraction cell containing the sample to be extracted,
a heater device to provide the system with the desired operation temperature, the
extraction cell consisting of a high-pressure-resistant cylinder where the solvent and
the sample are put together into contact for extraction to occur, a pressure control
device coupled with a back-pressure regulator and a collection vessel to recover the
extract (Fig. 13.20). The extraction vessel is usually a stainless steel cylinder having
10-15 cm long and an internal diameter of 7-20 mm and 10 mL total volume. The
high-pressure pump pressurises the water (extraction solvent) and pushes it through
the sample at a constant flow rate. Temperature of the extraction vessel is maintained
at the chosen value by various means such as GC ovens, sand baths or resistive
heating blocks [69, 72-74].

In the extraction vessel, the sample has to be finely dispersed by mixing it in a
powder form with a certain quantity of sand or other inert material to prevent any
possible clogging during solvent percolation through this bed of mixed particles. As
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plant particles have a general tendency to absorb some quantity of water leading
to some bed compression, the inert material added facilitated water percolation
monitored by the pumping system during the course of the extraction.

Apparatus working on the static extraction mode are now marketed by Thermo
Scientific (www.thermoscientific.com). An illustration of such apparatus is the
commercial laboratory-scale ASE® equipment proposed as one model of the Dionex
ASE system (www.dionex.com) (Fig. 13.21). Several models are offered: ASE 100
and ASE 150 system equipped with a single extraction cell, ASE 300 system with
12 cells, ASE 200 and ASE 350 systems with 24 cells. The newest model, Dionex
ASE 350 system, is an apparatus that automatically extracts up to 24 samples (of 1—
100 g each) and accommodates various cell sizes of 1, 5, 10, 22, 34, 66 and 100 mL
volume.

Pilot plant-scale equipments for PHWE were scaled up from the design of the
laboratory-scale apparatus [72]. Lagadec et al. [75] scaled up a PHWE system to
remove contamination products from soils using a super large extraction vessel of
102 mm i.d. x 1,000 mm long, which size is about 10 times bigger than those of
the laboratory-scale extraction vessel. The capacity of such a vessel is about 1,000
times compared to those of a laboratory-scale unit. This allows extraction of more
than 8 kg of soil sample per extraction cycle, compared to only 8 g sample that can
be extracted in a laboratory-scale apparatus. Water was heated by a propane heater
and the extraction cell is maintained in temperature using a thermocouple-controlled
heating tapes rather than using an oven. The hot water flow rate was set at 0.5 L/min
for the pilot-scale extractor.

13.5.3 Application of PHWE at Pilot Plant Scale

Irene Rodriguez-Meizoso et al. [76] applied PHWE at pilot plant scale to extract
antioxidant compounds from rosemary leaves. They developed an original system
for PHWE, including an on-line drying system: continuous PHWE of rosemary
leaves followed by a continuous production of an aerosol created from the extract
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Fig. 13.21 Thermo Scientific™ Dionex™ ASE™ 350 Accelerated Solvent Extractor

by a supercritical CO; nebulisation system. This aerosol was injected in the particle
formation chamber along with a hot N, gas flow which instantaneously dried
the aerosol, and particles of extract compounds were immediately formed in the
chamber (Fig. 13.22).

Water was pumped as the extraction solvent, into the extraction vessel, using a
modified Suprex Modifier pump. Extraction cell and inlet/outlet tubing connected to
the vessel were placed inside a GC oven (Carlo Erba Strumentazione, Milano, Italy)
to maintain the extraction temperature at the required level (200 °C) that allowed
maximal extraction of antioxidant-active compounds. The extraction cell was filled
with a mixture of solid particles of grinded rosemary leaves and washed sea sand.
The process starts by filling the extraction cell with water at room temperature.
Then, the CO; injection and the heating systems are started together. When the
starting working conditions were reached (80 bar, 2-3 mL/min CO, and 200 °C cell-
temperature), N, injection was started at a pressure of 6—7 bar and water is pumped
at a constant flow rate (0.1-0.3 mL/min) through the particle bed placed in the
extraction cell. With such an extraction system, 10 g rosemary extract was obtained
from 29.4 g of rosemary leaves using only 382 mL water. The extract obtained was
enriched in carnosic acid, an antioxidant-active compound of rosemary leaf [75].
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Fig. 13.22 Pilot plant-scale PHWE system developed by Irene Rodriguez-Meizoso et al. (Reprint
from [75] with permission from Elsevier)

13.6 Membrane-Based Separation and Extraction

Classical water extraction (maceration, infusion, decoction, etc.) of solid sample
material such as plant needs generally large volumes of water, and the bulk extract
obtained is generally a mixture of water-soluble compounds, of macromolecules
in colloidal state and of water-suspended insoluble particles. If the water-soluble
compounds remained not only the interest extracted compounds, they have to be
separated from other matters present in the extraction water. In further process
steps, they can be purified and concentrated. Several separation techniques are
available today to perform successfully all these additional technological steps
that are often needed to complete a water-extraction process chain. Among them,
membrane separation technology offers a certain number of advantages for the
separation, the purification, and the concentration of very valuable and heat-
sensitive water-extracted compounds. They can be applied in all these additional
process steps. Membrane-based separation is an emerging technology adapted for
the posttreatment of a global water extract since this technology can operate at
room temperature and avoid any phase change of the extracted products. Moreover,
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this technology is claimed to be more energy-saving than conventional thermal
separation/concentration processes such as evaporation, distillation, sublimation or
crystallisation. Major membrane separation techniques (microfiltration, ultrafiltra-
tion, nanofiltration, reverse osmosis) have nowadays found lots of specific uses and
applications in different industrial sectors. They are based on physical separation
technique according to the filtration principle, leading, from a liquid medium or
from a raw material extract process, to two output fractions, namely, permeate and
retentate. Both of them can be used further to recover the valuable extracted products
of interest they may contain.

13.6.1 General Considerations About Membrane Technology

With nearly 50 years of rapid technological development and progress, membrane-
based processes enjoy today numerous of industrial applications that have brought
great benefits to human life. These applications include water purification, dairy
standardisation and stabilisation, sea and brackish water desalination, wastewater
reclamation and reuse, food and beverage production, gas and vapour separation,
energy conversion and storage, air pollution control and hazardous industrial waste
treatment, hemodialysis, protein and microorganism separations, etc. The scope of
membrane technology applications is still extending and is stimulated by numerous
developments of novel or improved materials and separation membranes with
better chemical, thermal and mechanical resistant properties and better permeability
and selectivity characteristics, as well as by a significant decrease of capital and
operation costs. Development of novel applications using membrane separation
technology is however closely dependent of the future development of the heart of
the membrane process: the membrane itself with new intrinsic and specific physical
characteristics.

Generally speaking, a membrane is a barrier of a few hundred nanometres to
several millimetres thick to separate two phases and to be able to allow a selective
transfer of various components.

Separation membranes can be classified into two types, according to the internal
structure of the material they are made of. The first type is the isotropic membrane
group: they are microporous and non-porous membranes characterised by constant
structural properties along the entire membrane thickness, i.e. pore sizes are small
and relatively constant throughout the membrane thickness. In separation process,
these membranes act as depth filters, the solution move by diffusion through the
membrane and small particles in suspension in the solution may be retained in their
internal structure, resulting in clogging the membrane and reducing filtration fluxes.

The second type is the anisotropic (asymmetric) membranes group: the mem-
brane material shows a composite structure consisting of a number of layers, each
with different structures, pore sizes, and permeabilities. The anisotropic membrane
has a relatively dense, extremely thin and dense surface layer (i.e. the ‘skin’,
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also called the permselective layer) with constant pore sizes, which characterise
the average pore size and the selectivity of the overall filtration membrane. The
permselective layer is supported on a much thicker porous substructure showing
good flux, to withstand the compressive forces used in the separation or filtration
process. The thin layer is always on the high-pressure side of the membrane (the
feed side). These membranes had the advantage of higher transfer fluxes, and almost
all industrial processes use such membranes.

The liquid membranes can be also placed in this group. They consist of a liquid
phase (e.g. a thin oil film), either in supported or unsupported forms that serve as a
membrane barrier between two phases of aqueous solutions or gas mixtures.

Membrane separations are physical separation, compared to other separation
and concentration techniques. Membrane separations are attractive for industrial
because (1) membrane processes are suitable for filtration of liquids containing
sensitive products. The filter is a physical membrane that operates without addition
of any chemicals and is an absolute barrier for many types of compounds. Con-
centration of biological, nutritional and organoleptic compounds at low temperature
by membrane separation is more favourable than thermal evaporation operations;
(2) the membrane unit is modular and it is easy to assemble several membrane
units to scale up the useable membrane filtration surface from the laboratory-scale
equipment (some cm?) to industrial units with several hundred m> of membrane
surface. At this operating level, filtration and membrane cleaning can be conducted
in a continuous automated process with often efficient energy consumption; (3)
membrane separation can operate in different process modes (continuous, batch,
multi-stages) that can be also coupled with other technological unit operations.

Transport rate of species through the membrane (permeation) is achieved by
applying a driving force across the membrane. The flow across the membrane can
be driven by application of mechanical, chemical or electrical forces that can be
hydrostatic or vapour pressure, concentration gradient, temperature or electrical
potential. The way by which the material and the solution are transported across
a membrane gives a broad classification of the separation membranes [77]:

* Pressure-driven processes, such as in microfiltration (MF), nanofiltration (NF),
ultrafiltration (UF), reverse osmosis (RO) or in gas separation (GS), or partial-
pressure-driven processes, such as in pervaporation (PV)

* Concentration-gradient-driven processes, such as in dialysis

¢ Temperature-driven processes, such as in membrane distillation (MD)

* Electrical-potential-driven processes, such as in electrodialysis (ED)

Considering the temperature-sensitive biological activities of some water-
extracted natural products, pressure-driven membrane processes are preferred
for filtrating and concentrating such products. Depending on the membrane
performances, often linked to the nominal membrane pore size, pressure-driven
membrane separation process can be classified into four categories: microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). Their main
characteristics are shown in Table 13.1.
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13.6.1.1 Microfiltration

When membrane filtration is used for the removal of larger particles, microfiltration
and ultrafiltration are applied. Because of the open character (pores) of the
membranes, the productivity is high, while the pressure difference applied between
the membrane sides is low.

MF membranes are used for separation of particles with a size range of 0.1—
10 wm (impurities, viruses and bacteria) from a solvent or a water-extract solution.
The separation mechanism is based on a sieving effect of the membrane pores,
and particles are separated according to their dimensions although some charge
or adsorptive separation is possible. In MF process, the pressure applied is quite
low (P <3 bar) compared to that used in other filtration processes [78]. MF
membranes were mainly used for sterilisation by filtration in the pharmaceutical
industry (removal of microorganisms) or for final cleaning of rinse water in the
semiconductor industry (removal of undesired particles). MF was also easily and
economically used in cold sterilisation of beer and wine, as well as clarification of
cider and other cloudy juices. Both organic and inorganic materials can be used for
manufacturing microfiltration membranes. Most organic membranes are currently
made of organic polymers (cellulose acetate, polysulfone or polyamide) whose
qualities confer a great adaptability to different applications. Mineral membranes
are totally made of a mineral matter (e.g. ceramic membrane), so they can be used
within a large temperature range and a wide domain of mechanical constraints and
even aggressive chemical media.

These membranes can be used according to the two main filtration configura-
tions: cross-flow and dead-end filtration modes [79].

In the cross-flow filtration mode, the feed flow is tangential to the surface of
membrane, the retained retentate is removed from the same membrane side, whereas
the permeate flow, going through the membrane, is recovered on the other membrane
side.

When using a dead-end filtration mode, all the fluid passes in a direction
substantially perpendicular to the membrane surface, and all particles larger than the
pore sizes of the membrane are stopped at its surface. The trapped particles prevent
other contaminants from entering and passing through the membrane by building
up a ‘filter cake’ on the surface of the membrane which reduces the efficiency
of the filtration process until the filter cake is washed away in back flushing. The
main disadvantage of a dead-end filtration is the extensive membrane fouling and
concentration polarisation, and the process is a batch-type process which is easy to
implement and usually cheaper than the cross-flow membrane filtration [80].

13.6.1.2 Ultrafiltration

UF membranes were firstly manufactured with the initial goal of producing high-
flux RO membranes. The first commercial UF membranes were introduced in the
mid-1960s by Millipore and Amicon (www.millipore.com) as a spin-off of the
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development of asymmetric RO membranes. In the UF process, no significant
osmotic pressure is generated across the UF membranes because of the membrane
porous structure (pore size 1-100 nm) which allows permeation of micro-solutes
(molecular weights < 300 Da) through the membranes [81]. UF membranes have
an asymmetric porous structure and are often prepared by the phase-inversion
process. UF membranes are used to retain macromolecules, colloids and solutes
with molecular weight larger than 10,000. These chemical species may produce
an osmotic pressure of only a few bar. Thus, the driving force in UF is mainly
the hydrostatic pressure applied against one side of the membrane (0.5-10 bar).
The selectivity of UF membranes depends on size and surface charge differences
among compounds to be separated, on the membrane physical properties and on the
hydrodynamic conditions applied.

13.6.1.3 Nanofiltration

The term nanofiltration was introduced by FilmTec (www.dowwaterandprocess.
com) in the second half of the 1980s to describe a type of ‘RO process’ that
allows some feed water ionic solutes to permeate selectively through the separation
membrane, using a pressure gradient. NF spans the gap in particle size between
UF and RO. The size of the solutes excluded in this process is of the order of 1 nm,
while water and non-charged compounds with a molecular weight < 200 Da are able
to permeate the semipermeable separation layer of the membrane. Different from
RO membranes which have a non-porous structure and a transport mechanism of
solution-diffusion, NF membranes operate at the interface of porous and non-porous
membranes with both sieving and diffusion transport mechanisms. Therefore, it was
acknowledged that NF performed an intermediate capability as ‘loose’ RO (non-
porous, diffusion) or ‘tight’ UF (porous, sieving) [82, 83].

13.6.1.4 Reverse Osmosis

Reverse osmosis (RO) membranes do not work according to the principle of pores
governing separations by microfiltration and ultrafiltration. Separation takes place
by diffusion through the RO membrane. The pressure that is required to perform
RO is much higher than the pressure required for MF and UF, while productivity is
much lower.

Reverse osmosis (RO) is based on the diffusion principle and occurs when
the water is moved across the membrane against the concentration gradient, from
lower concentration to higher concentration. The principle of RO resulted from
the application of a pressure against the opposing osmotic pressure generated by
a solution containing solutes (Ps) to force the flow of water (Pw) in the opposite
direction to the natural direction generated by the difference between osmotic
pressures created by the two solutions (Ps > Pw). Pure water flows from the more


www.dowwaterandprocess.com
www.dowwaterandprocess.com

13 Innovative Technologies Used at Pilot Plant and Industrial Scales. . . 305

Feed waterl

o | l

[ ™ b o R
L _— _:> support plate
h-|l-' 'l- - --H_;>

Permeate

l Retentate

Fig. 13.23 Schema of a plate-and-frame module

concentrated to the less concentrated solution. RO is a membrane technology
generally used to concentrate water extracts obtained from previous extraction
techniques.

As RO membranes retained most of water-soluble compounds and salts, includ-
ing the small monovalent ions, it is one of the methods used to desalinate seawater.
RO membranes are generally categorised into asymmetric membranes and thin-
film or composite membranes. An asymmetric RO membrane shows a multilayer
structure made from one polymer material and has a thin, selective skin layer
supported by a more porous sub-layer.

13.6.2 Typical Membrane Modules at Pilot Plant
and Industrial Scales

Large membrane areas and small volumes are required for industrial applications
in membrane processes. Membrane units set together into membrane modules are
the practical solution. The module is the base for membrane installation and process
design. Four main types of modules, depending on the supported membrane, can be
distinguished as follows [84]:

* Plate-and-frame module is the oldest and simplest module. Sets of two mem-
branes are placed in a sandwich-like fashion with their feed sides facing each
other. In each feed and permeate compartment, a suitable spacer is placed. The
number of sets needed for a given membrane area furnished with sealing rings
and two end plates is then built up to a plate-and-frame stack. The membrane
permeate is collected from each support plate, as shown in Fig. 13.23.
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Fig. 13.25 Tubular filtration modules equipped with membranes and ceramic profiled membrane
units

e Spiral-wound module is a rolled plate-and-frame module around a central
collection pipe as shown in Fig. 13.24. Membrane and permeate-side spacer
material are then glued along three edges to build a membrane envelope. The
feed-side spacer separating the top layer of the two flat membranes acts also as a
turbulence promoter. The feed flows axial through the cylindrical module parallel
along the central pipe and the permeate flows radially towards the central pipe.
The spiral-wound module has a compact structure and large membrane area per
unit volume. It is easy to operate. The disadvantage is that the feed water must
be clarified to prevent fouling.

e Tubular module is shown in Fig. 13.25. The feed solution always flows through
the centre of the tubes, while the permeate flows through the porous supporting
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tube into the module housing. Profiled and multichannel ceramic membranes are
mostly assembled in such tubular module configurations. The main advantages
of the tubular module are usefulness and cleanness, but there is a major
disadvantage for large energy consumers about its reduced exchange surface per
unit volume (reduced compactness).

* Hollow-fibre module consists of a set of hollow fibres of diameter less than one
micrometre assembled together in a module, as shown in Fig. 13.26. The free
ends of the fibres are often potted with agents such as epoxy resins, polyurethanes
or silicon rubber. The membranes are self-supporting for this module. This
configuration provides the highest flow per module density.

The choice of the module configuration, as well as the arrangement of the
modules in a system, depends on economic considerations with correct engineering
parameters being employed to achieve this, which include the type of separation
problem; the eases of cleaning, maintenance and operation; the compactness and
scale of the system; and the possibility of membrane replacement [85].

13.6.3 Application of Membrane Technology at Pilot Scale

Perilla frutescens is an edible plant frequently used as one of the most popular
spices and food colourants in some Asian countries such as China and Japan. Water
extract of Perilla contains abundant polyphenols including anthocyanins, flavones
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and phenylpropanoids [86] that showed antioxidant activity [87]. Considering the
heat sensibility of polyphenol compounds contained in this plant, especially antho-
cyanins, one of the natural colourants which can be used in food and pharmaceutical
industry, the sterilisation and concentration of the water perilla extract should avoid
the heat treatment. A membrane process including cross-flow microfiltration (CFM)
and reverse osmosis (as shown in Fig. 13.27) was developed to clarify, sterilise and
concentrate the perilla extract at pilot plant scale by Meng et al. [88].

The dry leaves of perilla were extracted by acidified water using a ratio of
1:100 (g/mL) in room temperature overnight. Then, the extract was pre-filtrated
by a nylon cloth filter. After pre-filtration, a system of single-stage continuous feed
and bleed loop configuration (TIA, Bolléne, France) CFM was applied to clarify
and sterilise the perilla extract. The multichannel ceramic membrane used was a
P 19-60 (Membralox) industrial-type membrane, 800 mm long, 0.2 wm average
pore size, with a total filtration surface of 0.304 m? (Pall-Exekia, Tarbes, France).
The transmembrane pressure was set at 0.6 bar during the operation and the feed
flow was controlled at 4.5 m/s. The CFM permeate flux stabilised rapidly after
the start of the CFM to an average value of 150 L/h/m”. The concentration of
extract was realised by RO. The RO membrane used was of an industrial type, SW
30-2540 composite polymeric membrane, packed in a spiral-wound configuration
(Filmtec), with 2 m? of filtration surface. The process was kept going at a constant
transmembrane pressure of 40 bar until the volume of the RO retentate reached
the value of the dead volume of the RO unit (3 L). The flux of the RO permeate
(pure water) showed an immediate stabilisation at the value of 22 L/h/m? and stayed
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constant at this level for more than 45 min of operation. Finally, the CFM permeate
was concentrated 9.4 times by RO. HPLC analysis of the polyphenol compositions
in the extracts (before and after concentration) showed CFM, and RO process did not
make the degradation of the thermo-sensibility compounds. Finally, using a spray-
dryer, the concentrated extract was totally dried and made into powder which was a
stable antioxidant-active red product, with a long shelf-life.

The same general process chain was successfully applied to water extraction of
different plant materials, including leaves and flowers from tropical trees, plants or
herbs traditionally used in the local medicine. Therefore, concentrated water extracts
have been prepared from vegetal material used by African traditional healers
to prepare some local medicine or healthy beverage. Extraction-concentration
process started with plant water diffusion followed by membrane purification—
concentration. Membrane technology is used here for two purposes in the process:
cleaning the extraction water before using it in the diffusion step and purifying
the water extract (bacteria-free) and concentrating it for a better shelf-life in local
conditions and for making local marketing easier than using a single-strength water
extract.

Hibiscus sabdariffa flowers, Delonix regia flowers, Justicia secunda leaves and
Tectona grandis leaves were some of the traditional African plants that have been
processed with modern pilot-scale technology, in a way mimicking traditional
preparation recipes delivered by local practitioners [§9-91].

13.7 Conclusion

Although water is the ‘best’ and the safest solvent of the world, it was not
yet applied usually in industrial extractions because of its low extraction effi-
ciency towards many other non-water-soluble and valuable compounds that can be
extracted from the worldwide biodiversity and the difficulty to concentrate water
solutions. Many innovative technologies were developed to improve the efficiency
of water extractions. Ultrasound-assisted extraction has already been applied in
industrial processes such as the extraction of Chinese traditional medicine. Others
technologies still remain operational only at the laboratory and pilot plant scales,
and should need more research and development efforts to raise them to technically
and economically viable applications for the industry. Regarding the problem of
water-extract concentration, nanofiltration and reverse osmosis technologies may
provide interesting alternative solutions depending on the value added to the water-
extracted product and its potential uses in various industrial sectors, as a marketable
finished product or as a raw ingredient for manufacturing others final products. With
the additional use of membrane technologies in water extraction of various raw
materials, the water-extracts can be eco-friendly concentrated at room temperature
without extra-use of organic solvents or chemicals.



310 L. Meng and Y. Lozano

References

1. Chemat F, Zill-e-Huma, Khan MK (2011) Applications of ultrasound in food technology:
processing, preservation and extraction. Ultrason Sonochem 18(4):813-835. doi:http://dx.doi.
org/10.1016/j.ultsonch.2010.11.023

2. Da Porto C, Porretto E, Decorti D (2013) Comparison of ultrasound-assisted extraction with
conventional extraction methods of oil and polyphenols from grape (Vitis vinifera L.) seeds.
Ultrason Sonochem 20(4):1076-1080. doi:http://dx.doi.org/10.1016/j.ultsonch.2012.12.002

3. Corrales M, Toepfl S, Butz P, Knorr D, Tauscher B (2008) Extraction of anthocyanins from
grape by-products assisted by ultrasonics, high hydrostatic pressure or pulsed electric fields: a
comparison. Innov Food Sci Emerg Technol 9(1):85-91. doi:http://dx.doi.org/10.1016/j.ifset.
2007.06.002

4. U&STAR Ultrasonic Technology Co. Ltd (2014) Ultrasonic sonochemistry processor system,
lab, bench scale, industrial scale, commercial application machines, equipment, reactors,
devices. http://www.ustar-ultrasonic.com/product/Ultrasonic_Sonochemistry_Processor_
System_Lab_Bench_Scale_Industrial_Scale_Commercial_Application_Machines_
Equipment_Reactors_Devices.html

5. Pacheco MGC, Garreton LFJG, Hernandez YDPV, Camacho JGA, Lobo JIS (2011) Device
and method for extracting active principles from natural sources, using a counter-flow extractor
assisted by a sound transduction system. Spanish Patent WO2011079404 Al

6. Luo D-1, Zeng X-y, Xu B-c, Qiu T-q (2009) Design and analysis of dual-frequency ultrasound
dynamic countercurrent extraction apparatus. Tech Acoustics (Chin) 28(4):488-490

7. Knorr D, Froehling A, Jaeger H, Reineke K, Schlueter O, Schoessler K (2011) Emerging
technologies in food processing. Annu Rev Food Sci Technol 2:203-235

8. Chemat F, Grondin I, Shum Cheong Sing A, Smadja J (2004) Deterioration of edible oils
during food processing by ultrasound. Ultrason Sonochem 11(1):13-15. doi:http://dx.doi.org/
10.1016/S1350-4177(03)00127-5

9. Pingret D, Fabiano-Tixier A-S, Bourvellec CL, Renard CMGC, Chemat F (2012) Lab and
pilot-scale ultrasound-assisted water extraction of polyphenols from apple pomace. J Food
Eng 111(1):73-81. doi:http://dx.doi.org/10.1016/j.jfoodeng.2012.01.026

10. Khan MK, Abert-Vian M, Fabiano-Tixier A-S, Dangles O, Chemat F (2010) Ultrasound-
assisted extraction of polyphenols (flavanone glycosides) from orange (Citrus sinensis L.) peel.
Food Chem 119(2):851-858. doi:http://dx.doi.org/10.1016/j.foodchem.2009.08.046

11. Virot M, Tomao V, Le Bourvellec C, Renard CMCG, Chemat F (2010) Towards the industrial
production of antioxidants from food processing by-products with ultrasound-assisted extrac-
tion. Ultrason Sonochem 17(6):1066—1074. doi:http://dx.doi.org/10.1016/j.ultsonch.2009.10.
015

12. Sparr Eskilsson C, Bjorklund E (2000) Analytical-scale microwave-assisted extraction. J
Chromatogr A 902(1):227-250. doi:http://dx.doi.org/10.1016/S0021-9673(00)00921-3

13. Costa SS, Gariepy Y, Rocha SCS, Raghavan V (2014) Microwave extraction of mint essential
oil — temperature calibration for the oven. J Food Eng 126:1-6. doi:http://dx.doi.org/10.1016/
j-jfoodeng.2013.10.033

14. Lucchesi ME, Smadja J, Bradshaw S, Louw W, Chemat F (2007) Solvent free microwave
extraction of Elletaria cardamomum L.: a multivariate study of a new technique for the
extraction of essential oil. J Food Eng 79(3):1079-1086. doi:http://dx.doi.org/10.1016/j.
jfoodeng.2006.03.029

15. Zhang H-F, Yang X-H, Wang Y (2011) Microwave assisted extraction of secondary metabolites
from plants: current status and future directions. Trends Food Sci Technol 22(12):672—-688.
doi:http://dx.doi.org/10.1016/j.tifs.2011.07.003

16. gvarc—Gajic’ J, Stojanovi¢ Z, Segura Carretero A, Arrdez Romén D, Borras I, Vasiljevi¢ I (2013)
Development of a microwave-assisted extraction for the analysis of phenolic compounds from
Rosmarinus officinalis. J Food Eng 119(3):525-532. doi:http://dx.doi.org/10.1016/j.jfoodeng.
2013.06.030


http://dx.doi.org/10.1016/j.ultsonch.2010.11.023
http://dx.doi.org/10.1016/j.ultsonch.2010.11.023
http://dx.doi.org/10.1016/j.ultsonch.2012.12.002
http://dx.doi.org/10.1016/j.ifset.2007.06.002
http://dx.doi.org/10.1016/j.ifset.2007.06.002
http://www.ustar-ultrasonic.com/product/Ultrasonic_Sonochemistry_Processor_System_Lab_Bench_Scale_Industrial_Scale_Commercial_Application_Machines_Equipment_Reactors_Devices.html
http://www.ustar-ultrasonic.com/product/Ultrasonic_Sonochemistry_Processor_System_Lab_Bench_Scale_Industrial_Scale_Commercial_Application_Machines_Equipment_Reactors_Devices.html
http://www.ustar-ultrasonic.com/product/Ultrasonic_Sonochemistry_Processor_System_Lab_Bench_Scale_Industrial_Scale_Commercial_Application_Machines_Equipment_Reactors_Devices.html
http://dx.doi.org/10.1016/S1350-4177(03)00127-5
http://dx.doi.org/10.1016/S1350-4177(03)00127-5
http://dx.doi.org/10.1016/j.jfoodeng.2012.01.026
http://dx.doi.org/10.1016/j.foodchem.2009.08.046
http://dx.doi.org/10.1016/j.ultsonch.2009.10.015
http://dx.doi.org/10.1016/j.ultsonch.2009.10.015
http://dx.doi.org/10.1016/S0021-9673(00)00921-3
http://dx.doi.org/10.1016/j.jfoodeng.2013.10.033
http://dx.doi.org/10.1016/j.jfoodeng.2013.10.033
http://dx.doi.org/10.1016/j.jfoodeng.2006.03.029
http://dx.doi.org/10.1016/j.jfoodeng.2006.03.029
http://dx.doi.org/10.1016/j.tifs.2011.07.003
http://dx.doi.org/10.1016/j.jfoodeng.2013.06.030
http://dx.doi.org/10.1016/j.jfoodeng.2013.06.030

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.
28.

29.

30.

31.

32.

Innovative Technologies Used at Pilot Plant and Industrial Scales. .. 311

Zhang H-F, Zhang X, Yang X-H, Qiu N-X, Wang Y, Wang Z-Z (2013) Microwave assisted
extraction of flavonoids from cultivated Epimedium sagittatum: extraction yield and mecha-
nism, antioxidant activity and chemical composition. Ind Crop Prod 50:857-865. doi:http://dx.
doi.org/10.1016/j.indcrop.2013.08.017

Dahmoune F, Boulekbache L, Moussi K, Aoun O, Spigno G, Madani K (2013) Valorization
of Citrus limon residues for the recovery of antioxidants: evaluation and optimization
of microwave and ultrasound application to solvent extraction. Ind Crop Prod 50:77-87.
doi:http://dx.doi.org/10.1016/j.indcrop.2013.07.013

Ma F-Y, Gu C-B, Li C-Y, Luo M, Wang W, Zu Y-G, Li J, Fu Y-J (2013) Microwave-assisted
aqueous two-phase extraction of isoflavonoids from Dalbergia odorifera T. Chen leaves. Sep
Purif Technol 115:136-144. doi:http://dx.doi.org/10.1016/j.seppur.2013.05.003

Coelho E, Rocha MAM, Saraiva JA, Coimbra MA (2014) Microwave superheated water
and dilute alkali extraction of brewers’ spent grain arabinoxylans and arabinoxylo-
oligosaccharides. Carbohydr Polym 99:415-422. doi:http://dx.doi.org/10.1016/j.carbpol.2013.
09.003

Bousbia N, Abert Vian M, Ferhat MA, Petitcolas E, Meklati BY, Chemat F (2009) Compar-
ison of two isolation methods for essential oil from rosemary leaves: hydrodistillation and
microwave hydrodiffusion and gravity. Food Chem 114(1):355-362. doi:http://dx.doi.org/10.
1016/j.foodchem.2008.09.106

Périno-Issartier S, Ginies C, Cravotto G, Chemat F (2013) A comparison of essential oils
obtained from lavandin via different extraction processes: ultrasound, microwave, turbohy-
drodistillation, steam and hydrodistillation. J Chromatogr A 1305:41-47. doi:http://dx.doi.org/
10.1016/j.chroma.2013.07.024

LiJ, Zu Y-G, Fu Y-J, Yang Y-C, Li S-M, Li Z-N, Wink M (2010) Optimization of microwave-
assisted extraction of triterpene saponins from defatted residue of yellow horn (Xanthoceras
sorbifolia Bunge.) kernel and evaluation of its antioxidant activity. Innov Food Sci Emerg
Technol 11(4):637-643. doi:http://dx.doi.org/10.1016/j.ifset.2010.06.004

Prakash Maran J, Sivakumar V, Thirugnanasambandham K, Sridhar R (2014) Microwave
assisted extraction of pectin from waste Citrullus lanatus fruit rinds. Carbohydr Polym
101:786-791. doi:http://dx.doi.org/10.1016/j.carbpol.2013.09.062

Teo C, Chong W, Ho Y (2013) Development and application of microwave-assisted extrac-
tion technique in biological sample preparation for small molecule analysis. Metabolomics
9(5):1109-1128. doi:10.1007/s11306-013-0528-7

Jiao J, Li Z-G, Gai Q-Y, Li X-J, Wei F-Y, Fu Y-J, Ma W (2014) Microwave-assisted aqueous
enzymatic extraction of oil from pumpkin seeds and evaluation of its physicochemical prop-
erties, fatty acid compositions and antioxidant activities. Food Chem 147:17-24. doi:http://dx.
doi.org/10.1016/j.foodchem.2013.09.079

Vessel Technology. http://www.milestonesci.com/ethos-ex/ex-vessel-technology.html

Filly A, Fernandez X, Minuti M, Visinoni F, Cravotto G, Chemat F (2014) Solvent-free
microwave extraction of essential oil from aromatic herbs. From laboratory to pilot and
industrial scale. Food Chem 150:193-198. doi:http://dx.doi.org/10.1016/j.foodchem.2013.10.
139

Huang K, Wang J (2009) Designs of pulsed electric fields treatment chambers for liquid foods
pasteurization process: a review. J Food Eng 95(2):227-239. doi:http://dx.doi.org/10.1016/j.
jfoodeng.2009.06.013

Donsi F, Ferrari G, Pataro G (2010) Applications of pulsed electric field treatments for the
enhancement of mass transfer from vegetable tissue. Food Eng Rev 2(2):109-130

Loginova KV, Shynkaryk MV, Lebovka NI, Vorobiev E (2010) Acceleration of soluble matter
extraction from chicory with pulsed electric fields. J Food Eng 96(3):374-379. doi:http://dx.
doi.org/10.1016/j.jfoodeng.2009.08.009

Lépez N, Puértolas E, Condén S, Raso J, Ignacio A (2009) Enhancement of the solid—liquid
extraction of sucrose from sugar beet (Beta vulgaris) by pulsed electric fields. LWT Food Sci
Technol 42(10):1674-1680. doi:http://dx.doi.org/10.1016/j.1wt.2009.05.015


http://dx.doi.org/10.1016/j.indcrop.2013.08.017
http://dx.doi.org/10.1016/j.indcrop.2013.08.017
http://dx.doi.org/10.1016/j.indcrop.2013.07.013
http://dx.doi.org/10.1016/j.seppur.2013.05.003
http://dx.doi.org/10.1016/j.carbpol.2013.09.003
http://dx.doi.org/10.1016/j.carbpol.2013.09.003
http://dx.doi.org/10.1016/j.foodchem.2008.09.106
http://dx.doi.org/10.1016/j.foodchem.2008.09.106
http://dx.doi.org/10.1016/j.chroma.2013.07.024
http://dx.doi.org/10.1016/j.chroma.2013.07.024
http://dx.doi.org/10.1016/j.ifset.2010.06.004
http://dx.doi.org/10.1016/j.carbpol.2013.09.062
http://dx.doi.org/10.1007/s11306-013-0528-7
http://dx.doi.org/10.1016/j.foodchem.2013.09.079
http://dx.doi.org/10.1016/j.foodchem.2013.09.079
http://www.milestonesci.com/ethos-ex/ex-vessel-technology.html
http://dx.doi.org/10.1016/j.foodchem.2013.10.139
http://dx.doi.org/10.1016/j.foodchem.2013.10.139
http://dx.doi.org/10.1016/j.jfoodeng.2009.06.013
http://dx.doi.org/10.1016/j.jfoodeng.2009.06.013
http://dx.doi.org/10.1016/j.jfoodeng.2009.08.009
http://dx.doi.org/10.1016/j.jfoodeng.2009.08.009
http://dx.doi.org/10.1016/j.lwt.2009.05.015

312 L. Meng and Y. Lozano

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Lépez N, Puértolas E, Condén S, Raso J, Alvarez I (2009) Enhancement of the extraction of
betanine from red beetroot by pulsed electric fields. J Food Eng 90(1):60-66. doi:http://dx.doi.
org/10.1016/j.jfoodeng.2008.06.002

Yongguang Y, Yuzhu H, Yong H (2006) Pulsed electric field extraction of polysaccharide from
Rana temporaria chensinensis David. Int J Pharm 312(1-2):33-36. doi:http://dx.doi.org/10.
1016/j.ijpharm.2005.12.021

Puértolas E, Herndndez-Orte P, Sladafia G, Alvarez I, Raso J (2010) Improvement of
winemaking process using pulsed electric fields at pilot-plant scale. Evolution of chromatic
parameters and phenolic content of Cabernet Sauvignon red wines. Food Res Int 43(3):761—
766. doi:http://dx.doi.org/10.1016/j.foodres.2009.11.005

Puértolas E, Luengo E, Alvarez I, Raso J (2012) Improving mass transfer to soften tissues by
pulsed electric fields: fundamentals and applications. Annu Rev Food Sci Technol 3(1):263—
282

Loginova KV, Lebovka NI, Vorobiev E (2011) Pulsed electric field assisted aqueous extraction
of colorants from red beet. J Food Eng 106(2):127-133. doi:http://dx.doi.org/10.1016/j.
jfoodeng.2011.04.019

Chalermchat Y, Fincan M, Dejmek P (2004) Pulsed electric field treatment for solid-liquid
extraction of red beetroot pigment: mathematical modelling of mass transfer. J] Food Eng
64(2):229-236. doi:http://dx.doi.org/10.1016/j.jfoodeng.2003.10.002

Puértolas E, Cregenzan O, Luengo E, Alvarez I, Raso J (2013) Pulsed-electric-field-assisted
extraction of anthocyanins from purple-fleshed potato. Food Chem 136(3—4):1330-1336.
doi:http://dx.doi.org/10.1016/j.foodchem.2012.09.080

Abdullah SH, Zhao S, Mittal GS, Baik O-D (2012) Extraction of podophyllotoxin from
Podophyllum peltatum using pulsed electric field treatment. Sep Purif Technol 93:92-97.
doi:http://dx.doi.org/10.1016/j.seppur.2012.04.002

Goettel M, Eing C, Gusbeth C, Straessner R, Frey W (2013) Pulsed electric field assisted
extraction of intracellular valuables from microalgae. Algal Res 2:401-408. doi:http://dx.doi.
org/10.1016/j.algal.2013.07.004

Moubarik A, El-Belghiti K, Vorobiev E (2011) Kinetic model of solute aqueous extraction
from Fennel (Foeniculum vulgare) treated by pulsed electric field, electrical discharges and
ultrasonic irradiations. Food Bioprod Process 89(4):356-361. doi:http://dx.doi.org/10.1016/j.
fbp.2010.09.002

Loginova KV, Vorobiev E, Bals O, Lebovka NI (2011) Pilot study of countercurrent cold and
mild heat extraction of sugar from sugar beets, assisted by pulsed electric fields. J Food Eng
102(4):340-347. doi:http://dx.doi.org/10.1016/j.jfoodeng.2010.09.010

Lépez N, Puértolas E, Herndndez-Orte P, Alvarez T, Raso J (2009) Effect of a pulsed electric
field treatment on the anthocyanins composition and other quality parameters of Cabernet
Sauvignon freshly fermented model wines obtained after different maceration times. LWT
Food Sci Technol 42(7):1225-1231. doi:http://dx.doi.org/10.1016/j.1wt.2009.03.009

Puértolas E, Saldafia G, Condén S, Alvarez I, Raso J (2010) Evolution of polyphenolic
compounds in red wine from Cabernet Sauvignon grapes processed by pulsed electric
fields during aging in bottle. Food Chem 119(3):1063-1070. doi:http://dx.doi.org/10.1016/j.
foodchem.2009.08.018

Puértolas E, Lopez N, Saldana G, Alvarez I, Raso J (2010) Evaluation of phenolic extraction
during fermentation of red grapes treated by a continuous pulsed electric fields process at pilot-
plant scale. J Food Eng 98(1):120-125. doi:http://dx.doi.org/10.1016/j.jfoodeng.2009.12.017
Puértolas E, Lopez N, Condén S, Alvarez 1, Raso J (2010) Potential applications of PEF to
improve red wine quality. Trends Food Sci Technol 21(5):247-255. doi:http://dx.doi.org/10.
1016/j.tifs.2010.02.002

Duan M-H, Luo M, Zhao C-J, Wang W, Zu Y-G, Zhang D-Y, Fu Y-J, Yao X-H (2013) Ionic
liquid-based negative pressure cavitation-assisted extraction of three main flavonoids from the
pigeonpea roots and its pilot-scale application. Sep Purif Technol 107:26-36. doi:http://dx.doi.
org/10.1016/j.seppur.2013.01.003


http://dx.doi.org/10.1016/j.jfoodeng.2008.06.002
http://dx.doi.org/10.1016/j.jfoodeng.2008.06.002
http://dx.doi.org/10.1016/j.ijpharm.2005.12.021
http://dx.doi.org/10.1016/j.ijpharm.2005.12.021
http://dx.doi.org/10.1016/j.foodres.2009.11.005
http://dx.doi.org/10.1016/j.jfoodeng.2011.04.019
http://dx.doi.org/10.1016/j.jfoodeng.2011.04.019
http://dx.doi.org/10.1016/j.jfoodeng.2003.10.002
http://dx.doi.org/10.1016/j.foodchem.2012.09.080
http://dx.doi.org/10.1016/j.seppur.2012.04.002
http://dx.doi.org/10.1016/j.algal.2013.07.004
http://dx.doi.org/10.1016/j.algal.2013.07.004
http://dx.doi.org/10.1016/j.fbp.2010.09.002
http://dx.doi.org/10.1016/j.fbp.2010.09.002
http://dx.doi.org/10.1016/j.jfoodeng.2010.09.010
http://dx.doi.org/10.1016/j.lwt.2009.03.009
http://dx.doi.org/10.1016/j.foodchem.2009.08.018
http://dx.doi.org/10.1016/j.foodchem.2009.08.018
http://dx.doi.org/10.1016/j.jfoodeng.2009.12.017
http://dx.doi.org/10.1016/j.tifs.2010.02.002
http://dx.doi.org/10.1016/j.tifs.2010.02.002
http://dx.doi.org/10.1016/j.seppur.2013.01.003
http://dx.doi.org/10.1016/j.seppur.2013.01.003

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Innovative Technologies Used at Pilot Plant and Industrial Scales. .. 313

Zhang D-Y, Zu Y-G, Fu Y-J, Luo M, Wang W, Gu C-B, Zhao C-J, Jiao J, Efferth T (2012)
Enzyme pretreatment and negative pressure cavitation extraction of genistein and apigenin
from the roots of pigeon pea [Cajanus cajan (L.) Millsp.] and the evaluation of antioxidant
activity. Ind Crop Prod 37(1):311-320. doi:http://dx.doi.org/10.1016/j.indcrop.2011.12.026
Zhang D-Y, Zhang S, Zu Y-G, Fu Y-J, Kong Y, Gao Y, Zhao J-T, Efferth T (2010) Negative
pressure cavitation extraction and antioxidant activity of genistein and genistin from the roots
of pigeon pea [Cajanus cajan (L.) Millsp.]. Sep Purif Technol 74(2):261-270. doi:http://dx.doi.
org/10.1016/j.seppur.2010.06.015

Liu W, Fu Y, Zu Y, Kong Y, Zhang L, Zu B, Efferth T (2009) Negative-pressure cavitation
extraction for the determination of flavonoids in pigeon pea leaves by liquid chromatography—
tandem mass spectrometry. J Chromatogr A 1216(18):3841-3850. doi:http://dx.doi.org/10.
1016/j.chroma.2009.02.073

Zhang D-Y, Zu Y-G, Fu Y-J, Luo M, Gu C-B, Wang W, Yao X-H (2011) Negative pressure
cavitation extraction and antioxidant activity of biochanin A and genistein from the leaves
of Dalbergia odorifera T. Chen. Sep Purif Technol 83:91-99. doi:http://dx.doi.org/10.1016/j.
seppur.2011.09.017

Deng C, Yao N, Wang A, Zhang X (2005) Determination of essential oil in a traditional
Chinese medicine, Fructus amomi by pressurized hot water extraction followed by liquid-phase
microextraction and gas chromatography—mass spectrometry. Anal Chim Acta 536(1-2):237—
244. doi:http://dx.doi.org/10.1016/j.aca.2004.12.044

Ndlela SC, Moura JMLN, Olson NK, Johnson LA (2012) Aqueous extraction of oil
and protein from soybeans with subcritical water. ] Am Oil Chem Soc 89(6):1145-1153.
doi:10.1007/s11746-011-1993-7

Benito-Romén O, Alonso E, Cocero MJ (2013) Pressurized hot water extraction of -glucans
from waxy barley. J Supercrit Fluids 73:120-125. doi:http://dx.doi.org/10.1016/j.supflu.2012.
09.014

Chao Z, Ri-fu Y, Tai-qiu Q (2013) Ultrasound-enhanced subcritical water extraction of
polysaccharides from Lycium barbarum L. Sep Purif Technol 120:141-147. doi:http://dx.doi.
org/10.1016/j.seppur.2013.09.044

Pongnaravane B, Goto M, Sasaki M, Anekpankul T, Pavasant P, Shotipruk A (2006) Extraction
of anthraquinones from roots of Morinda citrifolia by pressurized hot water: antioxidant
activity of extracts. J Supercrit Fluids 37(3):390-396. doi:http://dx.doi.org/10.1016/j.supflu.
2005.12.013

Cacace JE, Mazza G (2006) Pressurized low polarity water extraction of lignans from whole
flaxseed. J Food Eng 77(4):1087-1095. doi:http://dx.doi.org/10.1016/j.jfoodeng.2005.08.039
Yang Y, Kayan B, Bozer N, Pate B, Baker C, Gizir AM (2007) Terpene degradation and
extraction from basil and oregano leaves using subcritical water. J Chromatogr A 1152
(1-2):262-267. doi:http://dx.doi.org/10.1016/j.chroma.2006.11.037

Ko MIJ, Cheigh CI, Chung MS (2014) Relationship analysis between flavonoids
structure and subcritical water extraction (SWE). Food Chem 143:147-155.
doi:10.1016/j.foodchem.2013.07.104

Ju ZY, Howard LR (2005) Subcritical water and sulfured water extraction of anthocyanins and
other phenolics from dried red grape skin. J Food Sci 70(4):S270-S276

Tran Nguyen PL, Go AW, Huynh LH, Ju Y-H (2013) A study on the mechanism of subcritical
water treatment to maximize extractable cellular lipids. Biomass Bioenergy 59:532-539.
doi:http://dx.doi.org/10.1016/j.biombioe.2013.08.031

Schantz M (2006) Pressurized liquid extraction in environmental analysis. Anal Bioanal Chem
386(4):1043-1047. doi:10.1007/s00216-006-0648-2

Teo CC, Tan SN, Yong JWH, Hew CS, Ong ES (2008) Evaluation of the extraction efficiency
of thermally labile bioactive compounds in Gastrodia elata Blume by pressurized hot water
extraction and microwave-assisted extraction. J Chromatogr A 1182(1):34—40. doi:http://dx.
doi.org/10.1016/j.chroma.2008.01.011


http://dx.doi.org/10.1016/j.indcrop.2011.12.026
http://dx.doi.org/10.1016/j.seppur.2010.06.015
http://dx.doi.org/10.1016/j.seppur.2010.06.015
http://dx.doi.org/10.1016/j.chroma.2009.02.073
http://dx.doi.org/10.1016/j.chroma.2009.02.073
http://dx.doi.org/10.1016/j.seppur.2011.09.017
http://dx.doi.org/10.1016/j.seppur.2011.09.017
http://dx.doi.org/10.1016/j.aca.2004.12.044
http://dx.doi.org/10.1007/s11746-011-1993-7
http://dx.doi.org/10.1016/j.supflu.2012.09.014
http://dx.doi.org/10.1016/j.supflu.2012.09.014
http://dx.doi.org/10.1016/j.seppur.2013.09.044
http://dx.doi.org/10.1016/j.seppur.2013.09.044
http://dx.doi.org/10.1016/j.supflu.2005.12.013
http://dx.doi.org/10.1016/j.supflu.2005.12.013
http://dx.doi.org/10.1016/j.jfoodeng.2005.08.039
http://dx.doi.org/10.1016/j.chroma.2006.11.037
http://dx.doi.org/10.1016/j.foodchem.2013.07.104
http://dx.doi.org/10.1016/j.biombioe.2013.08.031
http://dx.doi.org/10.1007/s00216-006-0648-2
http://dx.doi.org/10.1016/j.chroma.2008.01.011
http://dx.doi.org/10.1016/j.chroma.2008.01.011

314

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

82.

83.

84.

85.

L. Meng and Y. Lozano

Heng MY, Tan SN, Yong JWH, Ong ES (2013) Emerging green technologies for the chemical
standardization of botanicals and herbal preparations. TrAC Trends Anal Chem 50:1-10.
doi:http://dx.doi.org/10.1016/j.trac.2013.03.012

Gil-Ramirez A, Mendiola JA, Arranz E, Ruiz-Rodriguez A, Reglero G, Ibdiiez E, Marin
FR (2012) Highly isoxanthohumol enriched hop extract obtained by pressurized hot water
extraction (PHWE). Chemical and functional characterization. Innov Food Sci Emerg Technol
16:54-60. doi:http://dx.doi.org/10.1016/j.ifset.2012.04.006

Kronholm J, Hartonen K, Riekkola M-L (2007) Analytical extractions with water at elevated
temperatures and pressures. TrAC Trends Anal Chem 26(5):396—412. doi:http://dx.doi.org/10.
1016/j.trac.2007.03.004

Teo CC, Tan SN, Yong JWH, Hew CS, Ong ES (2010) Pressurized hot water extraction
(PHWE). J Chromatogr A 1217(16):2484-2494. doi:http://dx.doi.org/10.1016/j.chroma.2009.
12.050

Smith RM (2002) Extractions with superheated water. J Chromatogr A 975(1):31-46.
doi:http://dx.doi.org/10.1016/S0021-9673(02)01225-6

Rovio S, Hartonen K, Holm Y, Hiltunen R, Riekkola ML (1999) Extraction of
clove using pressurized hot water. Flavour Frag J 14(6):399-404. doi:10.1002/(sici)1099-
1026(199911/12)14:6<399::aid-ffj851>3.0.co;2-a

Eng ATW, Heng MY, Ong ES (2007) Evaluation of surfactant assisted pressurized liquid
extraction for the determination of glycyrrhizin and ephedrine in medicinal plants. Anal Chim
Acta 583(2):289-295. doi:http://dx.doi.org/10.1016/j.aca.2006.09.019

Pronyk C, Mazza G (2009) Design and scale-up of pressurized fluid extractors for food and
bioproducts. J Food Eng 95(2):215-226. doi:http://dx.doi.org/10.1016/j.jfoodeng.2009.06.002
Mustafa A, Turner C (2011) Pressurized liquid extraction as a green approach in food and
herbal plants extraction: a review. Anal Chim Acta 703(1):8-18. doi:http://dx.doi.org/10.1016/
j-aca.2011.07.018

Ong ES, Cheong JSH, Goh D (2006) Pressurized hot water extraction of bioactive or marker
compounds in botanicals and medicinal plant materials. J Chromatogr A 1112(1-2):92-102.
doi:http://dx.doi.org/10.1016/j.chroma.2005.12.052

Lagadec AJM, Miller DJ, Lilke AV, Hawthorne SB (2000) Pilot-scale subcritical water
remediation of polycyclic aromatic hydrocarbon- and pesticide-contaminated soil. Environ Sci
Technol 34(8):1542-1548. doi:10.1021/es990722u

Rodriguez-Meizoso I, Castro-Puyana M, Borjesson P, Mendiola JA, Turner C, Ibaiez E (2012)
Life cycle assessment of green pilot-scale extraction processes to obtain potent antioxidants
from rosemary leaves. J Supercrit Fluids 72:205-212. doi:http://dx.doi.org/10.1016/j.supflu.
2012.09.005

Wang LK, Chen JP, Hung Y-T, Shammas NK (2011) Membrane and desalination technologies.
Handbook of environmental engineering, vol 13. Humana Press Inc. New York.

Baker R (2004) Microfiltration. Membrane technology and applications, 2nd edn. Wiley,
Weinheim.

Tamime AY (2013) Membrane processing: dairy and beverage applications. Willey-Blackwell,
Weinheim.

Boerlage SFE (2001) Scaling and particulate fouling in membrane filtration systems. Swets
and Zeitlinger Publishers, Lisse

. Baker R (2004) Ultrafiltration. Membrane technology and applications, 2nd edn. Wiley,

Weinheim.

Jitsuhara I, Kimura S (1983) Structure and properties of charged ultrafiltration membranes
made of sulfonated polysulfone. J Chem Eng Jpn 16(5):389-393

Schifer Al Fane AG, Waite TD (2004) Nanofiltration: principles and applications. Elsevier,
Oxford

Scott K, Hughes R (1996) Industrial membrane separation technology, revised edn. Chapman
and Hall, Glasgow

Mulder M (1996) Basic principles of membrane technology, 2 edn. Kluwer Academic
Publishers, Dordrecht.


http://dx.doi.org/10.1016/j.trac.2013.03.012
http://dx.doi.org/10.1016/j.ifset.2012.04.006
http://dx.doi.org/10.1016/j.trac.2007.03.004
http://dx.doi.org/10.1016/j.trac.2007.03.004
http://dx.doi.org/10.1016/j.chroma.2009.12.050
http://dx.doi.org/10.1016/j.chroma.2009.12.050
http://dx.doi.org/10.1016/S0021-9673(02)01225-6
http://dx.doi.org/10.1002/(sici)1099-1026(199911/12)14:6%3C399::aid-ffj851%3E3.0.co;2-a
http://dx.doi.org/10.1016/j.aca.2006.09.019
http://dx.doi.org/10.1016/j.jfoodeng.2009.06.002
http://dx.doi.org/10.1016/j.aca.2011.07.018
http://dx.doi.org/10.1016/j.aca.2011.07.018
http://dx.doi.org/10.1016/j.chroma.2005.12.052
http://dx.doi.org/10.1021/es990722u
http://dx.doi.org/10.1016/j.supflu.2012.09.005
http://dx.doi.org/10.1016/j.supflu.2012.09.005

86.

87.

88.

89.

90.

91.

Innovative Technologies Used at Pilot Plant and Industrial Scales. .. 315

Meng L, Lozano Y, Bombarda I, Gaydou EM, Li B (2009) Polyphenol extraction from eight
Perilla frutescens cultivars. C R Chimie 12(5):602-611. doi:http://dx.doi.org/10.1016/j.crci.
2008.04.011

Meng L, Lozano YF, Gaydou EM, Li B (2009) Antioxidant activities of polyphenols extracted
from Perilla frutescens varieties. Molecules 14(1):133-140

Meng L, Lozano Y, Bombarda I, Gaydou E, Li B (2006) Anthocyanin and flavonoid production
from Perilla frutescens: pilot plant scale processing including cross-flow microfiltration and
reverse osmosis. J Agric Food Chem 54(12):4297-4303

Adjé FA, Lozano YF, Le Gernevé C, Lozano PR, Meudec E, Adima AA, Gaydou EM
(2012) Phenolic acid and flavonol water extracts of Delonix regia red flowers. Ind Crop Prod
37(1):303-310. doi:http://dx.doi.org/10.1016/j.indcrop.2011.12.008

Koffi EN, Le Guernevé C, Lozano PR, Meudec E, Adjé FA, Bekro Y-A, Lozano YF (2013)
Polyphenol extraction and characterization of Justicia secunda Vahl leaves for traditional
medicinal uses. Ind Crop Prod 49:682-689. doi:http://dx.doi.org/10.1016/j.indcrop.2013.06.
001

Adjé F, Lozano YF, Lozano P, Adima A, Chemat F, Gaydou EM (2010) Optimization of
anthocyanin, flavonol and phenolic acid extractions from Delonix regia tree flowers using
ultrasound-assisted water extraction. Ind Crop Prod 32(3):439-444. doi:http://dx.doi.org/10.
1016/j.indcrop.2010.06.011


http://dx.doi.org/10.1016/j.crci.2008.04.011
http://dx.doi.org/10.1016/j.crci.2008.04.011
http://dx.doi.org/10.1016/j.indcrop.2011.12.008
http://dx.doi.org/10.1016/j.indcrop.2013.06.001
http://dx.doi.org/10.1016/j.indcrop.2013.06.001
http://dx.doi.org/10.1016/j.indcrop.2010.06.011
http://dx.doi.org/10.1016/j.indcrop.2010.06.011

	Preface
	Contents
	Editors and Contributors
	Editors
	Contributors

	1 In Silico Search for Alternative Green Solvents
	1.1 Tools for Solvent Selection
	1.1.1 Solvents Descriptors and Classifications
	1.1.2 Hansen Approach
	1.1.3 COSMO-RS Approach

	1.2 Panorama of Current “Green Solvents”
	1.2.1 Classes of “Green Solvents”
	1.2.2 Positioning of Alternative Solvents

	1.3 Selection of Alternative Solvents for Extraction
	1.3.1 Replacement of Chlorinated Solvents
	1.3.2 Replacement of n-Hexane
	1.3.2.1 Positioning of n-Hexane in the COSMO-RS Panorama
	1.3.2.2 Combined Hansen and COSMO-RS Approaches for the Substitution of n-Hexane


	1.4 Design of New Solvents with Tailored Properties
	1.4.1 Lack of Structures with Specific Properties
	1.4.2 Automatic Generation of New Solvent Structures

	1.5 Conclusion
	References

	2 Solvent-Free Extraction: Myth or Reality?
	2.1 Introduction
	2.2 Solvent-Free Microwave-Assisted Extraction
	2.2.1 Principle
	2.2.2 Instrumentation
	2.2.3 Application

	2.3 Instant Controlled Pressure Drop Process (DIC, “Détente Instantanée Contrôlée”)
	2.3.1 Principle
	2.3.2 Instrumentation
	2.3.2.1 Applications


	2.4 Pulsed Electric Field (PEF)
	2.4.1 Principle
	2.4.2 Instrumentation
	2.4.3 Applications

	References

	3 Supercritical Fluid Extraction: A Global Perspective of the Fundamental Concepts of this Eco-Friendly Extraction Technique
	3.1 The Supercritical Fluid Extraction Technique
	3.2 The Supercritical Fluid
	3.3 The Solid Matrix
	3.3.1 Raw Material Pretreatment

	3.4 The Definition of the Pseudoternary System
	3.5 Thermodynamic Aspects
	3.5.1 Equilibrium Solubility (Y*)
	3.5.2 Global Yield Isotherms (GYI)

	3.6 Mass Transfer Aspects
	3.6.1 The Mass Balance Equations in the Fixed Bed Extractor
	3.6.2 The Overall Extraction Curve (OEC)

	3.7 Mathematical Modeling
	3.7.1 The Spline Model

	3.8 Scale-Up
	3.9 Economic Analysis
	References

	4 Subcritical Water as a Green Solvent for Plant Extraction
	4.1 Introduction
	4.2 Properties of Subcritical Water
	4.2.1 Temperature
	4.2.2 Pressure
	4.2.3 Extraction Kinetics

	4.3 Applications
	4.3.1 Essential Oil
	4.3.2 Phenolic Compounds
	4.3.3 Carotenoids
	4.3.4 Pesticides and PAHs in Food
	4.3.5 Subcritical Water Chromatography (SWC)
	4.3.6 Microwave Subcritical Water Extraction

	4.4 Conclusions
	References

	5 Liquefied Dimethyl Ether: An Energy-Saving, Green Extraction Solvent
	5.1 Introduction
	5.2 Basic Principles
	5.2.1 Properties of DME
	5.2.2 Theoretical Principles of DME Extraction

	5.3 Experimental
	5.3.1 Laboratory-Scale DME Extraction Apparatus
	5.3.2 Bench-Scale DME Extraction Equipment

	5.4 Results and Discussion
	5.4.1 Extraction and Dewatering of Vegetal Biomass
	5.4.2 Extraction of Bio-oils from Microalgae
	5.4.3 Other Recent Studies Involving DME
	5.4.4 Properties of Extracted Components and Dewatered Bio-solids
	5.4.5 Future Possible Applications of DME Extraction

	5.5 Conclusions and Future Applications
	References

	6 Ethyl Lactate Main Properties, Production Processes, and Applications
	6.1 Introduction
	6.2 Ethyl Lactate Properties
	6.3 Production Processes
	6.3.1 Raw Materials
	6.3.2 Synthesis
	6.3.3 Ethyl Lactate Production by Multifunctional Reactors
	6.3.3.1 Membrane Reactors
	6.3.3.2 Reactive Distillation
	6.3.3.3 Chromatographic Reactors Based Technologies


	6.4 Applications
	6.5 Conclusions
	References

	7 Ionic Liquids as Alternative Solvents for Extraction of Natural Products
	7.1 Introduction
	7.2 Ionic Liquids as Solvents for Extraction
	7.3 Solid-Liquid Extraction with Ionic Liquids
	7.3.1 Extraction Procedures
	7.3.1.1 Classical Extraction
	7.3.1.2 Ultrasound-Assisted Extraction
	7.3.1.3 Microwave-Assisted Extraction
	7.3.1.4 Other Extraction Techniques

	7.3.2 Effect of Ionic Liquids on the Extraction Efficiency
	7.3.3 Extraction Mechanism
	7.3.4 Ionic Liquid Regeneration and Solute Recovery

	7.4 Conclusion
	References

	8 Enzymatic Aqueous Extraction (EAE)
	8.1 Introduction
	8.2 Detailed Understanding of EAE
	8.2.1 Mechanisms Observed: The Role of Water as Solvent
	8.2.2 Enzyme as the Main Tool
	8.2.3 Superior Vegetal Cell Wall
	8.2.4 Extracellular Cell Walls
	8.2.4.1 Primary Cell Wall
	8.2.4.2 Secondary Cell Wall
	8.2.4.3 Oleosomes

	8.2.5 Algal Cell Wall
	8.2.6 Enzymes Able of Hydrolyzing Vegetal Cell Walls
	8.2.6.1 Cellulases
	8.2.6.2 Hemicellulases
	8.2.6.3 Pectinases
	8.2.6.4 Algae Hydrolytic Enzymes


	8.3 Enzymatic Aqueous Extraction
	8.3.1 Press or Solvent Process Using Enzymes
	8.3.1.1 Oil Extraction
	8.3.1.2 Other Compounds Extraction

	8.3.2 Enzyme-Assisted Aqueous Extraction
	8.3.3 Pretreatment of EAE
	8.3.3.1 Inactivation of Endogenous Enzymes
	8.3.3.2 Grinding
	8.3.3.3 Vapor-Phase Cracking
	8.3.3.4 Hydrothermolysis
	8.3.3.5 Acidic Treatments
	8.3.3.6 Alkali Treatments


	8.4 Influence of Extraction Parameters
	8.4.1 Enzymatic Mixture
	8.4.2 pH
	8.4.3 Temperature
	8.4.4 Stirring
	8.4.5 Seed/Water Ratio
	8.4.6 Enzymes/Seeds Ratio and Hydrolysis Time

	8.5 A Wide Variety of Products
	8.5.1 EAE Impacts on Products Quality
	8.5.2 Reducing Emulsion Formed During EAE
	8.5.3 Bifunctionality of Enzymes

	8.6 Combination of Different Alternative Methods
	8.7 Applications of EAE
	8.7.1 Laboratory Scale
	8.7.2 Pilot/Industrial Scale
	8.7.2.1 Biofuel Applications
	8.7.2.2 Industrial Applications (Food, Health, and Beauty Care Products)
	8.7.2.3 Biorefinery

	8.7.3 Pros and Cons of EAE at an Industrial Scale

	8.8 Conclusion
	References

	9 Terpenes as Green Solvents for Natural Products Extraction
	9.1 Essential Oils as Sources of Terpenes: Recovery and Composition
	9.2 Terpenes: Physicochemical and Solvation Properties
	9.3 Examples of Extraction Using Terpenes
	9.3.1 Pinene: Origin, Applications, and Properties
	9.3.2 Pinene as an Alternative Solvent for Soxhlet Extraction
	9.3.2.1 Fats and Oils from Crops
	9.3.2.2 Lipids from Microalgae
	9.3.2.3 α-Pinene Recycling Capacity

	9.3.3 Pinene as an Alternative Solvent for Dean-Stark Distillation of “In Situ” Water
	9.3.4 Pinene as an Alternative Solvent for Extraction of Carotenoids from By-Products

	References

	10 Emulsion Extraction of Bio-products: Influence of Bio-diluents on Extraction of Gallic Acid
	10.1 Introduction
	10.2 Liquid-Liquid Extraction and Extraction by Emulsion of Organic Acid from Biomass
	10.2.1 Principle
	10.2.2 Liquid-Liquid Extraction of Bio-based Organic Acids
	10.2.2.1 Extraction by Basic Extractants
	10.2.2.2 Extraction by Solvating Extractants

	10.2.3 Emulsion Extraction of Bio-based Organic Acids
	10.2.4 Eco-conception of Extraction with Bio-reagents

	10.3 Eco-conception of Liquid-Liquid and Emulsion Extractions with Bio-diluents: Example of Gallic Acid
	10.3.1 Choice of Bio-diluents
	10.3.2 Application in Liquid-Liquid Extraction

	10.4 Application in Extraction by Emulsion
	10.5 Conclusion
	References

	11 Gluconic Acid as a New Green Solvent for Recovery of Polysaccharides by Clean Technologies
	11.1 Introduction
	11.2 Gluconic Acid Production
	11.3 Use of Gluconic Acid for Pectin Production
	11.4 Use of Gluconic Acid for Crustacean Chitin Production
	11.5 Use of Gluconic Acid for Chitosan Processing
	11.6 Use of Gluconic Acid for Fungal Chitosan-Glucan Production
	11.7 Conclusions
	References

	12 2-Methyltetrahydrofuran: Main Properties, Production Processes, and Application in Extraction of Natural Products
	12.1 Introduction
	12.2 MeTHF Properties
	12.3 Production Processes
	12.3.1 Raw Materials
	12.3.2 Synthesis
	12.3.3 Synthesis from Furfural
	12.3.4 Synthesis from Levulinic Acid
	12.3.5 Recovery of MeTHF

	12.4 Applications
	12.4.1 Extraction of Carotenoids
	12.4.2 Extraction of Aromas
	12.4.3 Comprehension of Solubility of Primary and Secondary Metabolites of Various Natural Products by Using Hansen Theoretical Prediction

	References

	13 Innovative Technologies Used at Pilot Plant and Industrial Scales in Water-Extraction Processes
	13.1 Ultrasound-Assisted Water Extraction (UAWE)
	13.1.1 Characteristic Parameters of UAWE
	13.1.2 Laboratory- and Industrial-Scale UAWE Apparatus
	13.1.3 Application of UAWE at Pilot Plant and Industrial Scales

	13.2 Microwave-Assisted Extraction (MAE)
	13.2.1 Parameters of MAE
	13.2.2 Laboratory- and Pilot Plant-Scale MAE Apparatus

	13.3 Pulsed Electric Fields Extraction (PEFE)
	13.3.1 Parameters of PEFE
	13.3.2 Applications of PEFWE at Pilot Plant Scale

	13.4 Negative Pressure Cavitation Extraction (NPCE)
	13.4.1 Mechanism and Parameters of NPCE
	13.4.2 Laboratory- and Pilot Plant-Scale NPCE Apparatus
	13.4.3 Application of NPCE at Pilot Plant Scale

	13.5 Pressurised Hot Water (PHW) Extraction (PHWE)
	13.5.1 Parameters of PHWE
	13.5.2 Laboratory- and Pilot Plant-Scale PHWE Apparatus
	13.5.3 Application of PHWE at Pilot Plant Scale

	13.6 Membrane-Based Separation and Extraction
	13.6.1 General Considerations About Membrane Technology
	13.6.1.1 Microfiltration
	13.6.1.2 Ultrafiltration
	13.6.1.3 Nanofiltration
	13.6.1.4 Reverse Osmosis

	13.6.2 Typical Membrane Modules at Pilot Plant and Industrial Scales
	13.6.3 Application of Membrane Technology at Pilot Scale

	13.7 Conclusion
	References


