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A B S T R A C T

Phenolic compounds are parts of secondary metabolites mostly found in plant species with enormous structural
diversities. They can exist as glycosides or aglycones; matrix or free-bound compounds; and comprising mostly
polymerized or monomer structures. Additionally, these compounds are not universally dispensed within plants
with varied stability. This has contributed to challenging extraction processes; implying that employing a single
step or inappropriate extraction technique might change the recovery of phenolic components from the plant
samples. Hence, it is important to select an appropriate extraction method so as to recover the targeted phenolic
compounds. This is will helps to recover substantial yields from the sample matrix. Therefore, this review mainly
focuses on the phenolic compounds and several methods of extraction that are used to obtaining them from plant
materials. These extraction methods includes both conventional and unconventional techniques.
1. Introduction

Compounds with more or single aromatic rings coupled to a single or
more hydroxyl groups are commonly called phenolic. They are the most
common secondary plant metabolites with over 8000 known structures.
They range from the simple phenolic such as phenolic acids; to the
complex compounds like tannins. The compounds participate in plant
defence against ultra violet (UV), pathogens, and other predators. Their
presence in all plant organs makes them a vital ingredient of the human
diet (Balasundram et al., 2006; Shah et al., 2018).

Phenolics are found mainly in fruits, legumes, vegetables, tea, wine,
coffee, and accounts for the organoleptic characteristics of plant food.
Likewise, phenolic compounds are responsible for the bitterness of fruits
due to their interaction with salivary glycoprotein. Phenolics can also
added to the colour of many fruits and vegetables. Phenolics are known
to account for the differences in the flavour and colour of different wine
brands. Among the plants, phenolics are lignans, tannins, phenolics acids,
stilbenes, and flavonoids.

Flavonoids are the major polyphenols in human diets. Structurally,
flavonoids composed of a flavan nucleus with 15 carbon atoms arranged
in 3 rings such as C6–C3–C6 labelled A, B, and C. There are six subgroups
of flavonoid, these are flavones, flavanones, flavonols, flavanols, antho-
cyanins, and isoflavones. This grouping operates on the oxidation state of
central C ring in the flavonoid structure. The differences in the structure
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of each subgroup are partly attributed to the pattern and degree of hy-
droxylation, prenylation, glycosylation, or methoxylation. The com-
monest flavonoids are quercetin, catechin, naringenin, cyanidin-
glycoside, and daidzein (D’Archivio et al., 2007; Dai andMumper, 2010).

There are 2 classes of phenolic, they are acids-benzoic acid de-
rivatives (gallic acid) and cinnamic acid derivatives such as coumaric and
ferulic acid. Caffeic acid is mostly found in vegetables and fruits which
are mostly esterified with quinic acid. Ferulic acid is another common
phenolic acid found in cereals; mostly esterified with hemicelluloses (Dai
and Mumper, 2010).

Tannins are commonly subdivided into 2 groups: Hydrolysable and
condensed tannins. The hydrolysable tannins contain a central glucose
core in an esterified form with gallic acid. The formation of oxidative
linkage between the components of these structures’ accounts for the
great differences in their structures. Several oligomeric compounds with
molecular weight (MW) ranging from 200 to 5000 Da are formed from
various intermolecular oxidation reactions (Khanbabaee and van Ree,
2001). Regarding the condensed tannins, they are either oligomers or
polymers of flavan-3-ol bonded via the interflavan carbon bond.
Condensed tannins are called proanthocyanidins due to the fact that
when heated in an acidic alcohol solution, they can be degraded into
anthocyanidins via an acid-catalyzed oxidation process (Naumann et al.,
2017).

Recently, the attention of nutritionist has only been drawn to the
nutritional and health benefits of dietary polyphenols despite their wide
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List of abbreviations

CC Column chromatography
DCCC Droplet counter-current chromatography
EAE Enzyme assisted extraction
HHPE High hydrostatic pressure
LC-MS Liquid chromatography mass spectrometry
LLE Liquid-liquid extraction
MAE Microwave assisted extraction
MIPs Molecularly imprinted polymers
MSPD Matrix solid-phase dispersion
MW Molecular weight
PFE Pressurized fluid extraction
PLE Pressurized liquid extraction
SC-CO2 Supercritical CO2 extraction
SFE Supercritical fluid extraction
SPE Solid-phase extraction
SLE Solid-liquid extraction
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abundance. The major point of attraction to researchers and food man-
ufacturers are the potent antioxidant properties of polyphenols and their
preventive role in various oxidative stress-related conditions (Alara et al.,
2018a,b; Manach et al., 2004). Different studies have proven the pre-
ventive role of polyphenols in cardiovascular and neurodegenerative
conditions, as well as in other diseases and cancer in both in vitro and in
vivo experiments (Cory et al., 2018; Forni et al., 2019; Potì et al., 2019;
Vauzour et al., 2010). They have been found to influence the activity of
several enzymes and cell receptors. Hence, there are other biological
activities of polyphenols in addition to their antioxidant properties.

Moreover, the solubility and separation properties of polyphenols are
affected by their structural differences. For instance, the structure of any
compound has a significant influence on its polarity level, conjugation,
and interaction with the sample matrix. High molecular weight phenolics
are often insoluble because of their structural composition on their sol-
ubility. Furthermore, the stability of phenolic compounds varies due to
their non-uniform distribution in plants; for instance, some phenolic
compounds are stable while the remaining ones are either prone to
oxidation, thermolabile or volatile. The recovery of polyphenols from
source is a tedious task due to the high level of enzyme activity in most
foods and plants. Hence, the selection of the extraction process must be
done with utmost care to avoid the chemical alteration of the target
compounds (Bohlin, 1998; Robards, 2003).

Currently, there is no generally accepted procedure for the recovery
of all phenolics or those of a specific group from plant materials. Thus,
there is a need to establish an optimized process for the recovery of
phenolic compounds from plant materials by considering the following:

(a) The type of sample and targeted compounds such as total phe-
nolics, specific class of phenolics, a specific phenolic, and others;

(b) The object of the analysis that is being used for quantitation or
structural elucidation purpose;

(c) Technique availability.

Owing to the complexity of most samples, their preparation method
usually has a noticeable impact on result of the entire extraction pro-
cesses. Some of the common sample preparation methods before
extraction include drying, homogenization, filtration, and grinding.
Additionally, a hydrolysis step is added in most cases to facilitate the
release of compounds from the sample matrix with ease. Crude extracts
are commonly prepared using solvent extraction method; however,
assisted extraction methods, including those that added the use of
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ultrasounds, microwaves, and pressurized/supercritical fluids have been
commonly used to extract phenolic compounds from plant materials
(Selvamuthukumaran and Shi, 2017). Crude extracts are often a pool of
different classes of compounds which are soluble in the employed solvent
system. However, the unwanted phenolics and other interfering sub-
stances may need to be removed via an additional step, thereby requiring
an effective cleaning method such as solid-phase extraction (SPE),
droplet counter-current chromatography (DCCC), and column chroma-
tography (CC). Moreover, new alternative methods which include the
utilization of molecularly imprinted polymers (MIPs) are being devel-
oped in the extraction of targeted compounds (Sticher, 2008). Therefore,
this review focuses on the various ways of extracting phenolic com-
pounds from their sources.

2. Phenolic compounds from natural sources

Plants can synthesize several organic compounds called secondary
metabolites either during normal metabolic processes or in regarding to
certain environmental conditions including wounds, temperature, UV-
radiation, infection, and others (Cheynier, 2012; Tiago et al., 2017).
These metabolites are grouped into different clusters in relative to the
occurrence of phenol rings in their structures, and on the structures that
hold the ring in place. Phenolic compounds occurred as functional de-
rivatives such as methyl esters, esters and glycoside. They are seen inform
of the conjugate with poly- and monosaccharides which joined one or
more phenolic compounds (Balasundram et al., 2006). They include
flavonoids, phenolic acids, simple phenols, and hydroxycinnamic acid
derivatives. Phenolic compounds are categorized into different classes as
shown in Fig. 1. They are toxic to micro-organisms due to the presence of
several numbers of hydroxyl groups on the phenols. The actual structure
of phenol and structural identification of some phenolic compounds are
provided in Figs. 2 and 3, respectively. The physicochemical properties of
some phenolic compounds are presented in Table 1.

Several studies had been performed on various sources of polyphenols
including food wastes, vegetables, fruits, microalgae, algae, teas, and
others (Alara and Abdurahman, 2019a, 2019b; Hollman et al., 1997).
Huge quantities of polyphenols have been reported in most plant-derived
foods and agro-food wastes in recent years. Table 2 presents a summary of
some recent studies and their result on different sources of polyphenols.
Although polyphenols exist in several plant materials, however, their
quantity and type are dependent on the extraction methods used, their
chemical nature, the particle size, the presence of interfering compounds,
and storage condition (Suwal andMarciniak, 2018). Similarly, they vary in
their nature and chemical structure, ranging from simple to highly com-
plex substances with different contents of phenolic acids, anthocyanins,
phenylpropanoids, and tannins (Balasundram et al., 2006; Tsao, 2010).
Besides, they could exist in complexed forms with proteins, carbohydrates,
and the other insoluble high-MW phenolics (Herrero et al., 2012).

Therefore, phenolic compounds are often extracted from plant ma-
terials in a crude form, thereby demanding the modification of a given
extraction method to ensure the removal of the unwanted interferences
such as pigments, terpenes, fats, and wax. Solid-phase extraction
methods, fractionation and purification based on acidity are usually the
methods of choice for removing these interferences ( _Zwir-Ferenc and
Biziuk, 2006), but despite the benefits of the technology improvements
used for extracting polyphenol from natural origins, it must be certain
that their extraction efficiency is a function of several critical parameters
like solvent, the nature of the material, light, duration of extraction
period, pH, temperature, material size, solvent/substrate ratio, as well as
liquid-liquid or solid-liquid ratio (Herrero et al., 2012).

2.1. Flavonoids

All flavonoids have a similar structure as they consist of two aromatic
rings which include A and B attached to 3C atoms to give an oxygenated
heterocycle such as ring C. There are 6 subclasses of flavonoids according



Fig. 1. Main classes of phenolic compounds. These include phenolic acids, flavonoids, tannis, and stilbenes.

Fig. 2. Structure of phenol.
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to the type of heterocycle involved. These include flavanones, antho-
cyanidins, flavonols, flavones, flavanols, and isoflavones.

2.1.1. Flavonols
These are the commonest type of flavonoids in foods, with myricetin,

kaempferol and quercetin being the major representatives. They are
found abundantly in leeks, broccoli, kale, and onions with the concen-
trations of up to 1.2 g/kg fresh wt (Herrero et al., 2012). Also, flavonols
are abundant in tea and red wine in their glycosylated form with some
simple sugars like glucose or rhamnose. The outer part of some fruits
contains about 5–10 different flavonol glycosides (Kumar and Pandey,
2013). Observably, the concentration of flavonols in different fruits (even
those from the same species) vary due to the variation in their biosyn-
thesis in the presence of sunlight (Jeganathan et al., 2016). This is the
case in leafy vegetables where the greener outer part of the leaves con-
tains more flavonols compared to the inner pale coloured ones (Jos�e
et al., 2015). Beverages such as apple and cranberry drinks are rich in
flavonols (Boyer and Liu, 2004).

2.1.2. Flavones
The concentration of flavones in fruits and vegetables is less than that

of flavonols. Flavones are glycosides of apigenin and luteolin with little
reported sources, including sweet bell pepper, celery and parsley. They
exist as glycosides of flavones in cereals such as wheat and millet; while
in citrus skin, they exist as poly-methoxylated flavones including nobi-
letin, sinensetin, and tangeretin (Stuetz et al., 2010).
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2.1.3. Isoflavones
This subclass of flavonoids exists as phytoestrogens owing to their

affinity for estrogens receptors. Even though they are non-steroids, they
contain OH- in positions 7 and 4’ in a configuration like estradiol. The
basic difference between isoflavones and other flavonoids is the position
of benzene ring B in C3. Leguminous plants such as processed soya are
the essential sources of isoflavones in diets. Soybeans-sourced iso-
flavones contain three important molecules: glycitein, daidzein and
genistein. These molecules exist majorly as malonyl or acetyl glycosides.
Several isoflavonoids have been identified, soybeans were the most
investigated plant source (Wang et al., 2013). The processing method is
one factor that affects isoflavonoids content; for instance, fermentation
can result in the generation of miso and tempeh while heating can elicit
the hydrolysis of glycosides to aglycones that needs more heat.

2.1.4. Flavanones
Flavanones are the major flavonoids of citrus; they are found as

hesperitin in oranges, eriodictyol in lemons and aglycones naringenin in
grapefruit. They are majorly glycosylated in position 7 by a disaccharide,
accounting for the bitter taste of some citrus skin. Between 40 and 140
mg flavanone glycosides can be found in one glass of orange juice (Kaur
and Kaur, 2014). Being that the solid part of citrus fruit contains the
highest flavanone content, the flavanone glycosides content of the whole
fruit may be up to 5 times more. Besides, aromatic plants such as mint
may contain flavanones.

2.1.5. Anthocyanins
These are the commonest studied flavonoids which exist as pigments

in several foods, accounting for the purple, red, pink, or cyan colour of
such foods. Structurally, it is a degradation product of the flavylium ion:
These are heterosides of an aglycone unit. Different anthocyanins mainly
vary in several aspects, including the position of these bonds, the nature
and number of bonded sugars, aliphatic or the aromatic carboxylates
attached to the sugar in the molecules, as well as the number of hy-
droxylated groups in the aglycone (Khoo et al., 2017).

The chemical characteristics of anthocyanins rely on their structures;
hence, the structures of anthocyanins must be perfectly understood
concerning their stability, reactivity, colour, and antioxidant activity.
Anthocyanins can exist in different forms, such as aglycones, esterified
with different organic acids, glycosylated with glucose at position 3, and
phenolic acids. They stabilize by complexing with other flavonoids (Khoo



Fig. 3. Structural identification of some phenolic compounds.
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et al., 2017). Anthocyanins are abundant in cereals, red wine and some
root vegetables like onions, cabbage, beans, and others. However, they
are generally seen in certain fruits such as cherries, red berries and
pomegranates (Martín et al., 2017).

2.1.6. Flavanols (proanthocyanidins and catechins)
Flavanols occur either as catechins or proanthocyanidins. The A ring

of the monomer undergoes several levels of hydroxylation on the 5th and
7th positions while the B ring undergoes the same on the 30, 40 and 5’
positions. The 3-position of the C ring is either esterified with gallic acid
or contain an OH- group. Although catechins can be found in different
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fruits, they are majorly sourced from beverages like red wine, fruit juices,
chocolate, and green tea (Arts et al., 2000). Flavanols found in food are
not glycosylated as found in the other flavonoids. Proanthocyanidins or
condensed tannins are varying flavonols bonded by C–C bond at either
4–6 or 4–8 such as B-type proanthocyanidins. Fruits including apples,
grapes, pears, and kiwis are the main sources of condensed flavanols;
they can also be sourced from tea, cocoa and others. Condensed flavanols
account for the bitter taste of chocolates, astringency of beverages and
fruit due to their capability to produce complexes with salivary proteins
(Katz et al., 2011).



Fig. 3. (continued).
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2.2. Stilbenes

Stilbenes exist in the human diet only in small amounts and mainly in
the form of resveratrol which has been investigated severally for anti-
carcinogenic, anti-inflammatory characteristics, and cardio protective
(Bahare et al., 2018). The identified sources of resveratrol are trees, few
flowering plants, grapevines, and peanuts but the main dietary origins
are wines, peanuts, grapes, and peanut products. In red wine, the
resveratrol content contains 15 mg glycosides/L and 0.3–7 mg aglyco-
nes/L (Claudine et al., 2004).

2.3. Lignans

Lignans are produced inform of 2-phenylpropane units. They are
phytoestrogens with reported estrogenic/anti-estrogenic activity. Their
food sources include linseed (probably the richest source), dietary fibre,
antioxidants, protein, oilseeds, vegetables, nuts, vegetables, garlic, fruits,
olive oil, wine, tea, beer, and coffee in small amounts. Lignans exist in
food as matairesinol or secoisolariciresinol, but in the human system as
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enterodiol or enterolactone. As per several studies, the benefits of lignans
in regard to health depends on the exact kind of lignan (Durazzo et al.,
2013).

3. Methods of extracting phenolic compounds

The updated outlines for the extraction techniques employed in
determining the phenolic compounds in plant materials from conven-
tional to unconventional methods are presented in this section. Con-
ventional extraction methods are mostly designated by utilizing larger
volume of extraction solvents and manual procedures that are mostly
dependent on the investigator and labour-intensive; thus, the techniques
are not ideally consistent (Alara et al., 2018a,b). These methods which
include solid-liquid extraction (SLE) or soxhlet extraction, liquid-liquid
extraction (LLE) and maceration are the most utilized methods under
this category. Since the conventional extraction methods suffer some
drawbacks, it is however important to overcome these challenges; this
brought about the use of unconventional extraction methods which have
been generated with the purpose of filling the missing gaps of
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conventional methods; these methods include pressurized liquid extrac-
tion (PLE), subcritical water extraction (SWE), supercritical fluid
extraction (SFE), microwave assisted extraction (MAE), solid phase
extraction (SPE), ultrasounds assisted extraction (UAE), high hydrostatic
pressure extraction (HHPE), solid-supported liquid-liquid extraction
(SSLLE), matrix solid-phase dispersion (MSPD), and counter-current
chromatography (CCC) (Shams et al., 2015). Some of the improved
properties of unconventional techniques include automation, enhanced
selectivity, higher extraction efficiency, and reduced consumption of
extraction solvents (Alara et al., 2018a,b; Azwanida, 2015).
3.1. Conventional extraction

The conventional extraction techniques of phenolic compounds are
maceration, decoction, percolation, infusion, digestion, serial exhaustive
extraction, and soxhlet extraction (Fig. 4) (Alara et al., 2018a,b; Kauf-
mann and Christen, 2002; Sticher, 2008). Currently, the maceration
method is not commonly used due to the availability of other more
feasible methods. Extraction by maceration is a simple process of soaking
a pulverized sample in the appropriate solvent in a closed system, fol-
lowed by constant or sporadic agitation at room temperature (Olejar
et al., 2015; Sticher, 2008). After the extraction period, a separation
process is applied to separate the solid parts from the solvent. This is
usually achieved by either filtration, decantation, or clarification (�Cuji�c
et al., 2016). Although this is an easy technique, it has the demerit of
being time-consuming and requiring solvents in large volumes (Alara
et al., 2018a,b; Kaufmann and Christen, 2002; Sticher, 2008).

Decoction technique involves boiling the plant samples for a shorter
period of time or pouring boiled water over the plant samples and allow
the mixture to stand for a certain duration of time. This method is mostly
suitable for heat-stable and water-soluble phytochemicals from crude
drugs. The percolation method is similar to the maceration as it involves
placing the pulverized sample in a closed system and dropping of the
solvent gradually from the top towards the bottom (Kaufmann and
Christen, 2002; Sticher, 2008). Here, filtration is not required since the
percolator devices are equipped with filters that can only allow solvent
containing the extract to pass through. The problems of the percolation
method are similar to those of maceration method (time-consuming,
large solvent volumes) but in addition to the problem of solubility of the
polyphenols, sample size, and extraction duration. Moreover, infusion is
used for extracting volatile plant sample that can readily dissolve its
phytochemicals in an organic solvent. This is simply done by macerating
the plant sample using boiled or cold water for a shorter period of time
and allowing it to steep in the solvent for a duration of time. Digestion
technique is a modified maceration method involving the use of gentle
heating provided the temperature does not affect the active phyto-
chemicals in the plant sample. This technique is mostly employed for
plant materials that contain polyphenolic compounds or poorly soluble
materials. Additionally, serial exhaustive extraction entails the fraction-
ation of crude extracts with solvent of higher polarity from hexane (a
non-polar solvent) to butanol (a polar solvent) to achieve the extraction
of wider range of phytochemicals. This technique cannot be utilized to
extract thermolabile compounds due to the prolong heating (Alara and
Abdurahman, 2019).

Regarding soxhlet extraction method (Alara et al., 2018a,b; Luque de
Castro and García-Ayuso, 1998), the pulverized samples are placed in
timbles (made of cellulose) and positioned in the extraction chamber just
over the collecting flask under a reflux condenser. Then, the solvent
already added to the heating bottle is heated to produce vapour which
will condense under cool running water and drop back into the timbles
that hold the sample (Azwanida, 2015). The reflux is maintained sever-
ally; finally, the aqueous extract is obtained back from the heating flask.
Being a continuous process, soxhlet extraction is advantageous because it
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requires less time and less solvent compared to percolation and macer-
ation methods (Azwanida, 2015).

However, there is a need to handle the soxhlet extraction process
carefully because reports have highlighted the influence of excess heat on
the thermolabile polyphenols (Seidel, 2012). Another advantage of the
soxhlet extraction method is its convenience (Azwanida, 2015). Despite
the differences in these statedmethods, they all involve the use of organic
solvent at a given feed/liquid ratio. Among the generally utilized solvents
for extracting polyphenols are methanol, water, chloroform, n-hexane,
ethanol, propanol, ethyl acetate, and acetone (Zhang, 2018). These sol-
vents differ in their polarity; hence, they have different influences on the
extraction of phytochemicals. Organic solvents can easily mix; hence,
they are considered when the aim is to improve extraction yield as sug-
gested by several studies (Zhang, 2018).

Phytochemicals are mainly extracted using organic solvent and its
aqueous formulation; however, there are still doubts regarding the most
suitable solvent for polyphenols extraction. For instance, acetone has
been proven efficient in polyphenols extraction from lychee flowers
compared to methanol, water and ethanol (Liu et al., 2009). However,
another study reported water as the better solvent for polyphenols
extraction from walnut green husks (Fern�andez-Agull�o et al., 2013). A
recent study found aqueous and organic solvent to achieve better
extraction efficiencies compared to absolute organic solvents (Metrou-
h-Amir et al., 2015). Similarly, aqueous methanol had been suggested as
an adequate solvent for extracting polyphenols from Phoradendron cal-
ifornicumo oak extracts (Iloki-Assanga et al., 2015). The literature evi-
denced that there is no solvent generally acceptable as the best for
extraction of polyphenols; nevertheless, it is generally believed that
solvents of higher polarity often perform best in terms of polyphenols
extraction because of high solubility of polyphenols in such solvents. It
should be noted that a major influence that detects the solubility of
solutes in solvents is the structure of the solute which refers to phenolic
compounds in this context.

Because of the effect of several factors including the level of conju-
gation and presence of multiple hydroxyl groups on the extraction of
polyphenols, it is necessary to prior test and adapts the best solvent prior
to the main process. Therefore, the determination of the right solvent for
the development of a standard method for all forms of polyphenols may
be a difficult task even though it seems to conclude that solvent system
that allows the maximization of the polyphenols yield without causing
significant modification of targets’ chemical nature must be considered
good. In this context, the selection of any solvent for extraction purposes
must be based on the following factors: Solvent power, solvent polarity,
boiling temperature of the solvent, solvents’ reactivity, solvents’ viscos-
ity, solvents’ stability, safety concerns, legislature compatibility for food
usages, and potential reusability.
3.2. Unconventional techniques of extraction

Most laboratories opt for conventional extraction methods due to
their low cost and ease of use. Furthermore, studies have shown the
environmental problems and low efficiency of the conventional methods
including maceration, percolation and soxhlet extraction methods due to
their requirement of large organic solvent volumes. The conventional
extraction process often involves a recovery step which is followed by
extract concentration via an evaporation process that is a time-
consuming process. Finding the solution to these problems has elicited
the development of several methods in the last years. Such methods
include supercritical CO2 extraction (SC–CO2), microwave-assisted
extraction (MAE), ultrasound-assisted extraction (UAE), enzyme-
assisted extraction (EAE), pressurized fluid extraction (PFE), or even a
combination of these approaches. As per literature evidence, these novel
extraction methods seem to be the methods of choice compared to the



Table 1
Physicochemical properties of some phenolic compounds.

Chemical compound
(CAS number)

Form/colour Melting
point (�C)

Boiling
point (�C)

Solubility
in water

Molecular
weight

Relative
density
(water ¼ 1)

Flash
point
(�C)

Vapour
pressure
(kPa)

Relative
vapour
density
(air ¼ 1)

Auto
ignition
point (�C)

p-tert-butylphenol
98-54-4

98 237 soluble 150.21 0.908@ 80 �C

4-tert-
butylpyrocatechol

98-29-3

53.5 285 166.21

catechol
120-80-9

monoclinic tablets,
prisms
from toluene;
colourless
crystals; discolours to
brown on exposure
to light and moist air

105 245 very
soluble

110.11 1.344 127 cc 3 � 104 mm
Hg

3.79 510

p-chloro-m-cresol
59-50-7

dimorphous crystals;
slightly pink or white
crystals

67 235 slightly
soluble

142.58

2-chlorophenol
95-57-8

light amber liquid;
colourless to yellow
brown
liquid

9.3 174.9 slightly
soluble

128.6 1.2634 64 cc 0.23 4.4

3-chlorophenol
108-43-0

needles; white
crystals

33 214 slightly
soluble

128.6 1.268@ 25 �C 121 cc 0.13@44.2
�C

4-chlorophenol
106-48-9

needle-like, white to
straw coloured
crystals; pink
crystals

43 220 slightly
soluble

128.60 1.2238@78
�C/4 �C

13 Pa 4.43

cresol, all isomers
1319-77-3

yellowish,
colourless,
pinkish
liquid, or brownish-
yellow

11–35 191–203 50%
soluble

108.13 1.0300-1
.0380@25
�C/25 �C

43–82 14–32 Pa@
25 �C

3.72 559

o-cresol-95-48-7 colourless crystalline
compound; white
crystals/liquid

31 191 soluble 108.10 1.0470 81 cc 33 Pa@ 25
�C

3.72 599

m-cresol
108-39-4

yellowish
liquid or colourless

12 202 slightly
soluble

108.10 1.0340 86 cc 20 Pa@ 25
�C

3.72 588

p-cresol
106-44-5

prisms; crystals;
white crystals;
colourless;
crystalline mass

35 201.9 slightly
soluble

108.13 1.0178 86 cc 15 Pa@ 25
�C

3.72 559

2,6-di-tert-butyl-p–
cresol

128-37-0

white crystalline
solid; pale
yellowish crystalline
powder

70 265 insoluble 220.34 1.0480 127 cc 7.6

2,6-di-tert-
butylphenol

128-39-2

39 133 206.31

2,4-dichlorophenol
120-83-2

colourless crystals;
hexagonal needles
from benzene; white
solid

45 210 slightly
soluble

163.00 1.383@ 60
�C/25 �C

114 0.075 mm
Hg@ 25 �C

5.62

2,5-dichlorophenol
583-78-8

prisms from
petroleum ether and
benzene

59 211 @
744 mm
Hg

slightly
soluble

163.00 16.60 Pa @
25 �C

5.60

3,5-dichlorophenol
591-35-5

prisms from
petroleum
ether

68 233 @
757 mm
Hg

slightly
soluble

163.00 1.10 pa @ 25
�C

5.60

2,4-dimethylphenol
105-67-9

crystals; needles
from water;
colourless needles

25.4–36 211.5 @
766 mm
Hg

slightly
soluble

122.16 0.9650 10 mm Hg @
92.3 �C

dinitro-o-cresol
534-52-1

87 312 slightly
soluble

198.13 1.05 � 104

mm Hg @ 25
�C

6.80

hydroquinone
123-31-9

colourless, hexagonal
prisms; white
crystals;
monoclinic prisms
(sublimation);
needles from water;
prisms from
methanol

172 285–287 soluble 110.11 1.332 165 0.12 Pa 3.81 515

59 286 insoluble 170.20 124 cc 530

(continued on next page)
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Table 1 (continued )

Chemical compound
(CAS number)

Form/colour Melting
point (�C)

Boiling
point (�C)

Solubility
in water

Molecular
weight

Relative
density
(water ¼ 1)

Flash
point
(�C)

Vapour
pressure
(kPa)

Relative
vapour
density
(air ¼ 1)

Auto
ignition
point (�C)

2-hydroxybiphenyl
90-43-7

needles from
petroleum
ether; white, flaky
crystals; pinkish
crystals;
colourless crystals

1.213 @ 25
�C/4 �C

2.70 @ 163
�C

4-methoxyphenol
150-76-5

plates from water;
white
waxy solid

57 243 soluble 124.14 1.550 132 cc 421

nonylphenol, all
isomers
25,154-52-3

thick light yellow,
straw
coloured liquid

�10 293–297 insoluble 220.39 0.950 140 cc <0.01 7.59 370

pentachlorophenol
87-86-5

colourless crystals
(pure);
flakes (crude
product) or dark
greyish powder;
flakes or solid beads;
white monoclinic,
crystalline solid;
needle-like
crystals

190–191 309–310 slightly
soluble

266.30 1.978 @ 22
�C/4 �C

0.02 Pa 9.20

pentachlorophenol,
sodium salt
131-52-2

buff coloured flakes;
tan or white powder

33% @ 25
�C

288.34

phenol
108-95-2

colourless, white or
acicular
crystals, crystalline
mass;
colourless to light
pink,
interlaced or
separate,
needle-shaped
crystal, or a light
pink, crystalline
mass

43 181.8 soluble 94.11 1.0576 79 cc 47 pa 3.24 715

pyrogallic acid
87-66-1

white crystals;
orthorhombic;
needles or leaflets
from benzene

133 309 very
soluble

126.11 1.45 1.33 @ 168
�C

resorcinol
108-46-3

white needle-like
crystal;
needles from
benzene; plates from
water; pyramids and
rhombic
tablets

111 280 soluble 110.11 1.2717 1 mm Hg @
108.40 �C

1.0739

2,3,4,6-
tetrachlorophenol

58-90-2

needles from ligroin,
acetic
acid; brown flakes or
sublimed mass; light
brown mass

70 150@15
mm Hg

insoluble 231.89 1.83@ 25 �C/
4 �C

1 mm Hg @
100.00 �C

2,3,5,6-
tetrachlorophenol

935-95-5

leaf, from ligroin 115 288 slightly
soluble

231.89 1.7 <10 Pa 8.1

leaf, from ligroin light grey powder;
fine
white crystals

358.58 150 0.08% 358.58

2,3,4-
trichlorophenol

15,950-66-0

Needles or white
powder

83.5
sublimes

197.50

2,3,5-
trichlorophenol

933-78-8

colourless crystals 62 248–249 insoluble 197.40 6.8

2,3,6-
trichlorophenol

933-75-5

needles from diluted
alcohol, petroleum
ether;
colourless needles

58 253 slightly
soluble

197.44 1.5 78 6.82

2,4,5-
trichlorophenol

95-95-4

needles from ligroin
or alcohol; grey
flakes in sublimed

67 253 slightly
soluble

197.40 1.678 @ 25
�C/4 �C

2.90 Pa @
25 �C

(continued on next page)
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Table 1 (continued )

Chemical compound
(CAS number)

Form/colour Melting
point (�C)

Boiling
point (�C)

Solubility
in water

Molecular
weight

Relative
density
(water ¼ 1)

Flash
point
(�C)

Vapour
pressure
(kPa)

Relative
vapour
density
(air ¼ 1)

Auto
ignition
point (�C)

mass; colourless
needles

2,4,6-
trichlorophenol

88-06-2

crystals from ligroin;
rhombic needles
from acetic acid;
yellow
flakes;
colourless needles

69 246 800 mg/l
@ 25�

197.45 1.4901 133 Pa @
76.5 �C

6.8

Table 2
Extracted phenolic compounds from plant materials.

Phenolic compounds Examples of plant sources

Flavonoids
Anthocyanins Grape skins, red wine, grape seeds, fermented grape pomace,

winery by-products, grapes, red and back-currants,
strawberries, plums, raspberries, red cabbage, pomegranate

Chalcones Apples
Flavanols Grapes, apples, tomatoes, leeks, lettuces, curly kale, berries,

onions, red grapes, beans, green and black, cider, tea, red
wine and red winery by-products

Flavanones Citrus juices, citrus fruits, seed wastes, orange peels
Flavonols Apples, apple peels, beans, leeks, lettuce, onions, tomatoes,

olive leafs, chestnut, olives and olive fermented pomaces
Flavones Capsicum pepper, citrus fruits, spinach, celery, capsicum

pepper
Isoflavones Soy processing waste, soybeans, soymilk, soy flour
Stilbenes Grape seeds, red grape fermented pomaces, grape skins, red

grapes
Xanthones Mango fruits and peels
Phenolic acids
Hydroxycinnamic
acids

Coffee, cherries, cereals, peaches, spinach, citrus juices and
fruits, plums, tomatoes, rice flour, wheat flour, corn flour,
olive mill wastewaters, potato, artichoke wastewaters and
almonds

Hydroxybenzoic
acids

Oilseeds, cereals, coffee, cowpea, wheat flour, black currant,
raspberry, squash shells and seeds, blackberry

Tannins
Condensed tannins Pears, grapes, pears, apples, peaches, chestnut, hazelnuts
Hydrolyzable tannins Pomegranates, raspberries

Source: Alfredo (2017).
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conventional methods as they offer numerous advantages which include
less solvent volume, higher yields, reduced toxic residues, better process
reproducibility, and less extraction time. The following subsections dis-
cussed these unconventional extraction techniques.

3.2.1. Microwave-assisted extraction (MAE)
Microwave-assisted extraction involves the use of microwave radia-

tion energy to heat-up the solute-solvent mixture (Alara and Abdurah-
man, 2019b). The pictorial representation of MAE technique is presented
in Fig. 5. The generated heat facilitates the solvents’ diffusivity into the
sample to improve the diffusion of the target phytochemicals out of the
sample (Alara et al., 2018a,b; Kaufmann and Christen, 2002). The
diffusion of the solvent through the sample increases the disruption of
hydrogen bonds holding the sample, thereby allowing the target com-
pounds to dissolve into the extraction fluid (Shams et al., 2015). The
merits of the microwave-assisted extraction are less time-wasting and
low solvent volumes (Alara et al., 2018a,b). The MAE has been found
useful in the extraction of short-chain polyphenols like phenolic acids
and flavonoids; however, it is used sparingly when considering polymeric
polyphenols such as anthocyanins and tannins due to the possibility of
microwave-assisted extraction destroying polyphenols with several
208
hydroxyl-type substituents and heat-sensitive ones such as anthocyanins.
The extraction temperature during MAE is directly a function of the time
and power (watts) but relates in an inverse proportion to the solvents’
sample mass and heat capacity (Pinela et al., 2016). Solvent diffusion and
extraction kinetics are favoured when using higher temperatures and
small sample volumes in microwave-assisted extraction process (Pinela
et al., 2016).

The MAE system has been used in the extraction of several phyto-
chemicals, including polyphenols, where it seems to provide a good yield
of polyphenols in less time and consuming fewer solvents. Nevertheless,
the issues to consider when using this technique for polyphenols
extraction include the type of material, solvent type and purity, power
and time of microwave application, available sample surface area, as well
as the operating temperature. The most critical factor is the type of sol-
vent as its effects cut across the whole process, ranging from the solubility
of the target components to the process efficiency. Hence, the solvent
must be selected with care by considering both its affinity to the target
compounds and its microwave energy absorption capability (Zhang et al.,
2011). Transparent solvents such as hexane or dichloromethane may not
be applicable in MAE due to their inability to heat up under microwave
radiation. Other solvents such as methanol, ethanol, or water, with good
microwave absorbing capacity can easily heat up, thereby reducing the
length of microwave power application time and hence, should be used
in the processes (Dudley et al., 2015). Besides, these solvents have no
serious influence on thermolabile compounds.

3.2.2. Ultrasound-assisted extraction (UAE) method
This type of method is an easy extraction technique that utilizes the

induced mechanical influence through micro-sized bubbles explosion to
give quick tissue disorganization which facilitates the diffusion of phy-
tochemicals from substance into the solvent (Vinatoru, 2001). It is a
simple and low-cost method which can be used in both small and
large-scale settings (Shirzad et al., 2017). The past few years have wit-
nessed an increased use of UAE for polyphenols extraction from different
sources (Dahmoune et al., 2014; Shirzad et al., 2017; Yu et al., 2017). The
experimental process generally requires the use of ultrasounds with a
frequency range between 20 and 2000 kHz to increase cell wall perme-
ability and produce cavitation. As per various reports, UAE ensures a
faster and better extraction of polyphenols with minimized breakdown of
compounds in relation to other techniques of extraction (Vinatoru,
2001). The pictorial representation of UAE technique is illustrated in
Fig. 6.

For instance, ultrasound-assisted extraction had been reported to be
more effective in extracting rosmarinic and carnosic acid than that of the
conventional extraction techniques (Zu et al., 2012). A recent report
presented a maximum polyphenols extraction yield of 13.20 mg/g d. w.
from spruce wood bark using UAE method (Ghitescu et al., 2015).
Furthermore, the yield of anthocyanin from purple sweet potato was
reported to be higher when the UAE was employed (Cai et al., 2016). A
common thing among these reports is that the use of ultrasound-assisted
extraction increases the rate of compounds solubility into the extraction



Fig. 4. The pictorial representation of (a) percolation (b) decoction (c) soxhlet extraction.
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solvent, thereby reducing the required solvent volume to achieve com-
plete phytochemical recovery. Relying on these reports, this technique
seems to be less expensive due to the following reasons: Involvement of
lower solvent volume, higher sample volume tested, and requires lower
extraction time. It is also agreed that the shorter sonication time and
lower temperatures would enhance polyphenols extraction and preser-
vation of the thermolabile compounds. Meanwhile, some reports have
outlined that long periods of sonication greater than 40 min at a higher
energy level that is above 20 kHz could seriously affect the extracted
phytochemicals owing to the decreased rate of diffusion area/rate and
increased diffusion distance (Annegowda et al., 2010; Wang et al., 2008).
These conditions could facilitate the generation of unintended changes
and free radicals in the extracted compounds (Wang et al., 2008).
209
3.2.3. Pressurized liquid extraction (PLE)
The pressurized liquid extraction technique can also be called “accel-

erated solvent extraction (ASE)” (Fig. 7). It is one of the current techniques
developed for extracting phytochemicals. It requires the use of high tem-
perature and pressure (Nieto et al., 2010). High pressure ranging from 3.3
to 20.3 MPa is applied in combination with high temperature; ranging
from 40 to 200 �C to facilitate the desorption and solubility molecules into
solvents (Zhang et al., 2018). Nieto et al. approved that PLE is an advanced
extraction method which ensures rapid extraction process using a few
volume of solvents as compared to the conventional methods of extraction
(Nieto et al., 2010). Besides, it encourages a better usage of water as
extraction solvent such as the so-called subcritical water extraction due to
the involvement of high temperature (Teo et al., 2010).



Fig. 5. Pictorial representation of MAE technique.

Fig. 6. Pictorial representation of UAE technique.

Fig. 7. Pictorial representation of PLE technique.
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At higher temperatures of around 200 �C, there will be a change in the
dielectric properties of water, making it act as a standard organic solvent,
thereby improving the capacity of the extraction (Plaza and Turner,
2015). Among the reported positives of the PLE as per various re-
searchers include purity of the extracts compared with extracts from the
classical methods. This eliminates the need for any purification step
especially liquid chromatography mass spectrometry analysis (Sosa--
Ferrera et al., 2013). However, the major limitations of PLE are low
analytes selectivity during extraction, presence of interferents during the
extraction process, high level of extracts dilution especially when using
several numbers of cycles, and need for advanced instrumentation which
is a costly process. Despite these limitations, pressurized liquid extraction
is a common extraction method which had been utilized severally for
extracting polyphenols via various sources (Erdogan et al., 2011; Liazid
et al., 2014).

In order to improve the efficiency of a typical PLE process, some
parameters must be optimized and the most important of these param-
eters is solvent selection. Even though the properties of any solvent can
be modified under the elevated temperature used in PLE, the success of
the process still depends on the solvent employed. Several solvents and
their mixtures had been utilized for extracting phenolic component
through several sources, but the most frequently used solvents are
methanol, ethanol and their combination with water in various ratios.
The decision on the combination of these solvents must be systematically
taken as it has been proven that adequate selection of solvent may affect
the level of extraction of several phenolics from the same sample because
of the large distinct in the chemical composition of such components.

For instance, phenolic compounds extraction from parsley had been
proven to be impossible due to the difficulty of finding a common solvent
that will extract all the phenolic compounds in parsley (Maqsood et al.,
2014). In fact, the water content of any extraction solvent has an impact
on the compounds to be effectively extracted using such a solvent. Water
acidification can improve the efficiency of phenolic compounds extrac-
tion if the chemical nature of such compounds is considered. This tech-
nique has been reportedly used to extract anthocyanin from the grape
skin. Having carefully optimized the solvent selection by considering
different percentages of acidified water, the complex solvent mixtures
consisting of HCL, acetone, methanol, and water at the ratio of
0.1:40:40:20 was found to achieve the total acylated anthocyanins and
maximum phenolic compounds recovery (Ju and Howard, 2003).

Similarly, the other parameters including time, temperature, sample
packaging inside the extraction cell sample size, and solvent flow rate
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need to be optimized as they could influence the process. Although
pressure as a parameter is believed to facilitate the rupture of the sample
matrix and allow a better extraction experience; nevertheless, studies
have proven that pressure has no significant influence on the extraction
result if its value is highly sufficient in sustaining the solvent at liquid
phase throughout the process of extraction.

The pressurized liquid extraction is usually combined with solid-
phase extraction in an off-line or in-line mode to achieve better isola-
tion of the target phenolic compounds. Regarding on-line coupling, it
implies the positioning of solid phase within the extraction cells together
with the targeted extracted sample but demarcated through a dispersing
agent. This step ensures a better sample purity prior to chemical analysis.
Several studies have employed the off-line and in-line PLE-SPE technique
for extracting phenolic compounds (Plaza and Turner, 2015). Other
on-line commercial platforms had been reported to be used in quanti-
fying concentration of proanthocyanins in malt (Pritor and Liwei, 2005).
This case requires the use of an automated device which will mediate the
transfer of extracts from PLE collection bottle to SPE device.

3.2.4. Supercritical CO2 extraction (SC–CO2)
This method requires the use of CO2 as a supercritical fluid (Fig. 8).

This fluid is mostly used due to its non-toxicity, non-flammable, cost-
effective, and high availability with high purity grade (Morgan, 2013).
Under SC-CO2 extraction, different pressure-temperature combinations
can be applied (Morgan, 2013), making this technique the method of
choice for creating several end products. This possibility of several
combinations permits the use of low pressure (7.386 MPa) and temper-
ature (31.60 �C, the critical point of CO2), making SC-CO2 a common
method in lab-scale facilities. The combination of low temperatures and
pressure ensures the preservation of thermolabile phytochemicals. More
advantages of SC-CO2 include: (i) more extraction capacity due to the
higher mass transfer between the phases occasioned by decreased vis-
cosity and increased diffusion coefficient of CO2 compared to the



Fig. 9. Pictorial representation of EAE technique.
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solvents; (ii) higher solvent penetration into the samples; (iii) possibility
of different pressure-temperature combinations for better extraction
conditions adaptability; (iv) recyclability of CO2 as the extraction process
ends to ensure no harmful effect to the environment (De Zordi et al.,
2014; Morgan, 2013) (Fig. 9).

There are limitations to this process, such as those related to the
polarity of CO2. As a solvent of low polarity, CO2 is more suitable for the
extraction of the non-polar compounds. However, its application can be
extended to the other groups of compounds by introducing a small per-
centage of polar organic solvents into the extraction process to allow the
extraction of the polar compounds such as polyphenols. Among the
organic solvents suitable for use as co-solvents with CO2 include ethanol
and ethyl lactate (Kooi-Yeong et al., 2017).

For instance, the maximum extraction of phenolic compounds from
guava seeds had been achieved using supercritical CO2 with ethanol at a
temperature of 60 �C and pressure of 100 bar (Ty�skiewicz et al., 2018).
The typical percentage of ethanol when used as a co-solvent with CO2
usually ranges from 5 to 15%. Therefore, it is important to carefully
optimize this parameter to obtain the best compounds recovery rate.
Statistical evidence has shown the percentage and type of co-solvent as
the second most vital parameters when extracting polyphenols from
pomegranate seeds oil (Zam et al., 2012). The study also used water,
ethanol, and hexane as modifiers, but the comparison proved that the
co-solvent’s polarity must be reasonably increased to ensure adequate
recovery of polyphenols. Therefore, the selection of a suitable co-solvent
could be said to dependmainly on the concentration and type of phenolic
components contained within the sample; hence, these parameters
require careful consideration in relative to the percentage and type of
co-solvent for individual process.

Having selected the extraction based on the co-solvent and solvent,
the other parameters may require to be optimized, this includes tem-
perature of the process. For example, different pressure (100–400 bar)
and temperature (35–55 �C) ranges had been investigated on resveratrol
extraction from grapes pomace using 5% ethanol as a modifier (Casas
et al., 2010). From the result, a combination of the highest pressure with
the lowers temperature achieved the best extraction performance. Thus,
it is necessary to use chemometrics and statistics such as the
experimental-based approaches for this kind of application. Using these
tools will ensure the coverage of a wide range of experimental parame-
ters to establish the best conditions with the least experimental work.
Fig. 8. Pictorial representation of SC-CO2 technique.
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3.2.5. Enzyme-assisted extraction (EAE)
This is a current technique which exploits the capability of the en-

zymes to breakdown cell wall compartment to ensure the movement of
the cytoplasmic content into the extraction fluid such as water (Puri
et al., 2012). The enzymes employed during EAE are capable of breaking
and weakening cell walls to expose their cellular content to extraction
(G�omez-García et al., 2012; Swer et al., 2016). This ensures a better
chance of extracting polyphenols from such samples. In fact, most plant
phytochemicals are bonded to lignin which is a tough plant cell wall
component via hydrogen or hydrophobic bonds, making them conven-
tionally inaccessible (G�omez-García et al., 2012). Therefore, an enzy-
matic pre-treatment process will be required to facilitate the effective
release of such bonded phytochemicals.

Part of these enzymes is utilized to facilitate the extraction of
phytochemical components from plant materials include cellulases,
hemicellulases, pectinases, and others. They can be utilized to hydrolyze
the cell wall lignin to promote extraction efficiency. The positive influ-
ence of EAE on polyphenol extraction has been reported severally. A
report on the extraction of polyphenols from grape wastes showed a
strong performance with respect to polyphenols yield when celluclast®,
pectinex®, and novoferm® enzymes were employed as pretreatment
enzymes (G�omez-García et al., 2012). Other studies have reported a
similar trend by suggesting that EAE ought to be considered an alterna-
tive technique for better extraction of carbohydrates-bonded phenolics
from wine-making wastes (de Camargo et al., 2016). These studies
observed the activity of the enzymes in degrading cell wall components
to improve the extraction efficiency of bioactive compounds. Addition-
ally, this method has been identified as an eco-friendly method owing to
its use of water as a solvent rather than organic solvents. Besides, it is one
of the recent extraction techniques that are receiving much interest due
to the recent campaign for the adoption of eco-friendly laboratory
techniques.
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3.2.6. Combined techniques
Some situations may require a combination of different extraction

methods to improve the extraction of phytochemicals. This is usually the
case when a single extraction technique is not enough to completely
extract the target phytochemicals from the source material. Hence, an
integration of different extraction methods might be adequate approach
towards extracting such phytochemicals at a higher extraction efficiency.

4. Conclusion

This review has discussed phenolic compounds and different extrac-
tion methods employed in extracting them. The conventional extraction
techniques widely employed for extracting phenolic compounds from
plant materials are soxhlet, percolation and maceration. Even though
these techniques are still being used, they suffer some setbacks which
include recovery of limited yields, consumption of a higher amount of
extraction solvents, longer time of extraction, and enormous accumula-
tion of residues. These had stimulated the emergence of unconventional
techniques which include, MAE, UAE, SC-CO2, EAE, and PLE to overcome
the drawbacks from conventional techniques. Due to the importance of
phenolic compounds to humanity, the demand for new bioactive com-
pounds will continue to encourage the search for innovative extraction
techniques to achieve appreciable recovery yields from the plant
materials.
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