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Preface

Phenolic compounds as a large class of metabolites found in plants have attracted attention
since long time ago due to their properties and the hope that they will show beneficial
health effects when taken as dietary supplements. In this broad group of compounds, we
find flavonoids, phenolic acids, and stilbenoids, being flavonoids, as the most isolated com‐
pounds. They can be found in fruits, roots, leaves, seeds and flowers, and their concentra‐
tion varies depending on many biotic or abiotic factors or development stage, agricultural
practices, or edafo-climatic or geographic conditions. This book presents the state of the art
of some of the natural sources of phenolic compounds, for example, medicinal plants,
grapes, or blue maize, as well as the modern methods of extraction, quantification, and iden‐
tification, and there is a special section discussing the treatment, removal, and degradation
of phenols, an important issue in those phenolics derived from the pharmaceutical or petro‐
chemical industries.
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Chemical Structure of Phenols and Its Consequence  
for Sorption Processes

Magdalena Sobiesiak

Additional information is available at the end of the chapter

Abstract

Sorption of phenolic compounds is a very complex process and many factors influence 
it. At the beginning, detailed chemical structure of phenols is presented with its conse-
quence for physical properties, for example, values of melting and boiling points, solubil-
ity in water, pKa and Log P. Also influence of activating and deactivating substituents 
on the properties is explained. On this basis, interaction with the most frequently used 
sorbents, for example, chemically modified silicas, polymers and porous carbons, is 
described. Both sorbents characteristics including physical (porosity) and chemical prop-
erties (functional groups) and experimental conditions such as concentration of solutes, 
contact time, temperature, solvent effects and presence or absence of oxygen are taken 
into account. The explanations of irreversible adsorption and oxidative coupling phe-
nomena are included. The mechanisms of phenolic compounds sorption are described.

Keywords: phenol’s properties, phenol’s sorption, phenol’s interactions, structure, 
adsorbents

1. Introduction

There is a huge variety of phenolic compounds in our natural environment. Some like eugenol, 
thymol, pyrogallol, guaiacol or pyrocatechol are formed in natural way, but a vast majority of 
them are introduced as a consequence of industrial, agricultural and communal activities of 
humans. While the former are neutralized as the result of natural processes, the latter pose a 
serious risk to the environment.

Quantitative isolation of phenol and its derivatives from environmental matrices is usually 
difficult because of considerably different properties and low concentration. It was a stimulus 
to development of research on process of sorption and search for efficient sorptive materials.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



This chapter is devoted to review of current state of knowledge on sorption process of 
phenolic compounds. Many different types of sorbents are used for phenols in chromato-
graphic columns and solid phase extraction devices. Their efficiency is diverse and depends 
on many factors. As the most important chemical structure of adsorbate, a type of sorbent 
and its porosity as well as properties of solvent (or eluent) should be mentioned. Also other 
properties such as pH, temperature and presence of oxygen influence the process. For this 
reason, sorption of phenols is a very complex phenomenon. Although many researchers 
try to explain the mechanism of interaction of phenols with adsorbents, it is still an open 
problem.

Many groups of researchers tried to solve it using different scientific methods, for exam-
ple, chromatography [1, 2], spectroscopy (UV, mass spectrometry [MS], Fourier transform 
infrared spectroscopy [FTIR]) [3–5], thermal analysis [6], and computer simulations [7]. 
Based on the obtained results, some authors proposed explanations of phenomena and 
mechanisms accompanying the sorption of phenol. Understanding the mechanism is 
important from scientific point of view. Elucidation of this process is essential for reasons 
of utility and finding an answer to the questions how to improve efficiency of sorption phe-
nolic compounds in the processes of aqueous environment remediation. Effective removal 
of these species from industrial and urban waste water helps to protect aquatic ecosystem 
from toxic impact of phenols on the living organisms, which is an important aim all over 
the world.

2. Chemical structure and properties of phenols

Phenols are compounds possessing one or more hydroxyl groups (–OH) directly connected to 
the aromatic system (e.g. phenyl, naphthyl) [8, 9]. Figure 1 presents some examples of phenols 
with their systematic and common names.

All carbon atoms forming aromatic ring are sp2 hybridized. Therefore, phenyl has hexagonal 
planar structure with all bond angles 120° and delocalized π-electrons distributed over the 
ring. The C-O bond is formed from Csp2-Osp3 and the O-H bond is formed from Osp3-H1s. 
Two other orbitals of oxygen atom are occupied by two nonbonded electron pairs. For this 
reason, hydroxyl functional group C-O-H has a bent shape with almost the tetrahedral bond 
angle of 109.5° as it is represented in Figure 2. Oxygen is more electronegative than carbon 
and hydrogen that makes both the C-O and O-H bonds polar [10].

Moreover, electron pairs of oxygen atom are conjugated with aromatic system that causes 
partial transfer of negative charge from oxygen to the ring and delocalization of the charge. 
This effect additionally strengthens polarization of O-H bond. In consequence, phenol 
gains acidic character and ability to form phenoxide (phenolate) ion [9, 10]. Both phenol 
and its conjugate base are resonance stabilized. Dispersion of the negative charge over the 
molecule can be illustrated with the resonance structures or as a resonance hybrid as in 
Figure 3.

Phenolic Compounds - Natural Sources, Importance and Applications4



This chapter is devoted to review of current state of knowledge on sorption process of 
phenolic compounds. Many different types of sorbents are used for phenols in chromato-
graphic columns and solid phase extraction devices. Their efficiency is diverse and depends 
on many factors. As the most important chemical structure of adsorbate, a type of sorbent 
and its porosity as well as properties of solvent (or eluent) should be mentioned. Also other 
properties such as pH, temperature and presence of oxygen influence the process. For this 
reason, sorption of phenols is a very complex phenomenon. Although many researchers 
try to explain the mechanism of interaction of phenols with adsorbents, it is still an open 
problem.

Many groups of researchers tried to solve it using different scientific methods, for exam-
ple, chromatography [1, 2], spectroscopy (UV, mass spectrometry [MS], Fourier transform 
infrared spectroscopy [FTIR]) [3–5], thermal analysis [6], and computer simulations [7]. 
Based on the obtained results, some authors proposed explanations of phenomena and 
mechanisms accompanying the sorption of phenol. Understanding the mechanism is 
important from scientific point of view. Elucidation of this process is essential for reasons 
of utility and finding an answer to the questions how to improve efficiency of sorption phe-
nolic compounds in the processes of aqueous environment remediation. Effective removal 
of these species from industrial and urban waste water helps to protect aquatic ecosystem 
from toxic impact of phenols on the living organisms, which is an important aim all over 
the world.

2. Chemical structure and properties of phenols

Phenols are compounds possessing one or more hydroxyl groups (–OH) directly connected to 
the aromatic system (e.g. phenyl, naphthyl) [8, 9]. Figure 1 presents some examples of phenols 
with their systematic and common names.

All carbon atoms forming aromatic ring are sp2 hybridized. Therefore, phenyl has hexagonal 
planar structure with all bond angles 120° and delocalized π-electrons distributed over the 
ring. The C-O bond is formed from Csp2-Osp3 and the O-H bond is formed from Osp3-H1s. 
Two other orbitals of oxygen atom are occupied by two nonbonded electron pairs. For this 
reason, hydroxyl functional group C-O-H has a bent shape with almost the tetrahedral bond 
angle of 109.5° as it is represented in Figure 2. Oxygen is more electronegative than carbon 
and hydrogen that makes both the C-O and O-H bonds polar [10].

Moreover, electron pairs of oxygen atom are conjugated with aromatic system that causes 
partial transfer of negative charge from oxygen to the ring and delocalization of the charge. 
This effect additionally strengthens polarization of O-H bond. In consequence, phenol 
gains acidic character and ability to form phenoxide (phenolate) ion [9, 10]. Both phenol 
and its conjugate base are resonance stabilized. Dispersion of the negative charge over the 
molecule can be illustrated with the resonance structures or as a resonance hybrid as in 
Figure 3.

Phenolic Compounds - Natural Sources, Importance and Applications4

Figure 1. Examples of phenolic compounds.

Figure 2. The structure of phenol.
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All the above-mentioned structural features give the phenol specific physical and chemical 
properties. Phenol is a peculiar smelling, water-soluble crystalline solid, with low melting and 
high boiling point values. These attributes can be reinforced or weakened, if a substituent is 
connected to the aromatic ring. A chemical character (electron withdrawing or donating), the 
way of substitution—position and a number of functional groups attached to the ring—can 
alter properties of the phenol significantly. Some properties such as melting (MP) and boil-
ing points (BP), density (D), water solubility (w.s.), acidity in water (pKa) and octanol-water 
partition coefficient (Log P) of phenol and its derivatives are presented in Tables 1 and 2 [11, 
12]. Comparison of these data allows to evaluate the impact of substituents on change of the 
properties.

Many monohydroxyl derivatives (alkylphenols, alkoxyphenols, halogenophenols, 2- and 
3-nitrophenols) similar to phenol are crystalline solids with melting points below 100°C 
and boiling points ca. 200°C. Other nitrophenols, aminophenols, pentachlorophenol, 
 hydroxybenzoic acids and species possessing two or more hydroxyl groups in a molecule 
have very high values both melting and boiling points. While some phenols are sublime, oth-
ers decompose before reaching the boiling point. So, high temperatures are the consequence 
of intermolecular hydrogen bonds, which are formed between the molecules, thereby justify-
ing water solubility of these compounds. The examples of intermolecular hydrogen bonds 
that phenols can form with their own molecules and with molecules of water are shown in 
the Figure 4.

Figure 3. Resonance stabilized structures of phenol and phenoxide representing dispersion of negative charge and its 
resonance hybrid. Based on Refs. [9, 10].
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Figure 4. The intermolecular(purple dotted lines) and intramolecular hydrogen bonds (green dotted lines) formed by 
phenol and its derivatives. On the basis of Ref. [9].
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The possibility to form hydrogen bonds suggests that phenols should have good water 
 solubility, but this is not the rule. The unsubstituted phenol is relatively well soluble in water 
(83 g L−1), while its substituted derivatives are not. For most of them, solubility does not exceed 
30 g L−1. Alkyl and halogen groups enhance hydrophobic character of aromatic ring resulting 
in decrease of water solubility. For phenols possessing functional groups with strong polar 
character, differences in ability to dissolve are more pronounced. Even for isomers of the same 
compound, they can be significant. The close proximity of the –OH group to substituents such 
as -NO2, -NH2 and -COOH lead to formation of intramolecular hydrogen bonds. In this way 
coordinated the hydroxyl group becomes less active in the solvation process. Due to this fact, 
solubility of ortho-isomer is lower than meta or para ones (e.g. nitrophenols, hydroxylbenzoic 
acids).

Very interesting behavior demonstrates benzenediols and benzenetriols. Increasing number 
of hydroxyl groups implies their solubility should be better in comparison to phenol. It is 
indeed, but hydroquinone and phloroglucinol are exceptions. Solubility of these two com-
pounds is lower and amount 72 and 10 g L−1, respectively. This apparently abnormal behavior 
is the result of the presence of hydrogen bonds whose strength are additionally enhanced by 
symmetry of the molecules. The adjacent molecules form a kind of network in which each of 
them is strongly bonded with others by infinite chains of hydrogen bonds (Figure 5) [13–15]. 
In this way, a compact structure is created that prevents the penetration of solvent/water 
molecules into the interior. For this reason, dissolution process is significantly hindered. In 

Figure 5. Hydrogen bonds enhanced by symmetrical structure of the molecules in (a) hydroquinone and (b) 
phloroglucine. Based on Refs. [13–15].

Phenolic Compounds - Natural Sources, Importance and Applications12



The possibility to form hydrogen bonds suggests that phenols should have good water 
 solubility, but this is not the rule. The unsubstituted phenol is relatively well soluble in water 
(83 g L−1), while its substituted derivatives are not. For most of them, solubility does not exceed 
30 g L−1. Alkyl and halogen groups enhance hydrophobic character of aromatic ring resulting 
in decrease of water solubility. For phenols possessing functional groups with strong polar 
character, differences in ability to dissolve are more pronounced. Even for isomers of the same 
compound, they can be significant. The close proximity of the –OH group to substituents such 
as -NO2, -NH2 and -COOH lead to formation of intramolecular hydrogen bonds. In this way 
coordinated the hydroxyl group becomes less active in the solvation process. Due to this fact, 
solubility of ortho-isomer is lower than meta or para ones (e.g. nitrophenols, hydroxylbenzoic 
acids).

Very interesting behavior demonstrates benzenediols and benzenetriols. Increasing number 
of hydroxyl groups implies their solubility should be better in comparison to phenol. It is 
indeed, but hydroquinone and phloroglucinol are exceptions. Solubility of these two com-
pounds is lower and amount 72 and 10 g L−1, respectively. This apparently abnormal behavior 
is the result of the presence of hydrogen bonds whose strength are additionally enhanced by 
symmetry of the molecules. The adjacent molecules form a kind of network in which each of 
them is strongly bonded with others by infinite chains of hydrogen bonds (Figure 5) [13–15]. 
In this way, a compact structure is created that prevents the penetration of solvent/water 
molecules into the interior. For this reason, dissolution process is significantly hindered. In 

Figure 5. Hydrogen bonds enhanced by symmetrical structure of the molecules in (a) hydroquinone and (b) 
phloroglucine. Based on Refs. [13–15].

Phenolic Compounds - Natural Sources, Importance and Applications12

the similar way, slight solubility of other phenols (4-aminophenol/para-isomers, multi-substi-
tuted phenols) can be explained.

Acidity values (pKa) of most phenols are in the range of 8–10, which means they are acids 
stronger than water (pKa of water 15.7) but weaker than carbonic acid (pKa of 6.4). As it 
was mentioned above, acidity of phenol is the result of delocalizing of negative charge over 
the aromatic ring and resonance effect. Dipole moment is sensitive to this kind of changes. 
Entering an electron donating (-CH3, -C2H5, -OCH3, -NH2, -OH) or electronwithdrawing (-COOH, 
-NO2, -F, -Cl, -Br, -I) group to the ring causes changes in its electron density. As a consequence, 
altering of dipole moment of the molecule and its acidity is observed. For this reason, alkyl-
phenols are less acidic and nitrophenols are more acidic than phenol. This effect is particu-
larly well visible in case of picric acid. Three symmetrically situated nitro groups exert so 
strong electron-withdrawing effect that the pKa value for this phenol decreases up to of 0.42 
and is comparable with acidity of mineral acids, for example, HBrO3 (pKa = −0.69), H3PO4 
(pKa = 2.12) or strong organic acids CF3COOH (pKa = 0.2) and CCl3COOH (pKa = 0.6). Similar 
effect is also observed for chlorophenols. The higher is a number of chlorine substituents 
the more acidic is character of phenol (decrease of pKa value) particularly in case of tri- and 
pentachlorophenols.

3. The way of interaction with sorbents

Great varieties of physicochemical properties make phenols very difficult compounds to 
adsorb or extract, especially they occur at extremely low level of concentration. Although 
so many different sorbents are commercially available, none of them is universal. For this 
reason, researchers are constantly working to develop new, better and more efficient materi-
als for phenols sorption processes. All accessible sorbents due to their origin and chemical 
structure can be divided as the following classes:

1. Natural and mineral based (clay, silicas, zeolites) [16–23]

2. Polymer based [2, 17, 18, 20, 21, 24–28]

3. Carbons and carbonaceous materials (porous, activated, graphitized) [1, 17–20, 29–35]

4. Bioadsorbents: chitin, chitosan, peat, biomass [16]

5. Waste materials or by-products from agriculture or industry [16, 36–39]

6. Nanocomposites [40] and hybrid materials [41]

Independently of the above division, in each class, the materials can have hydrophobic or 
hydrophilic character due to the lack or presence of polar functional groups.

Retention of phenols from aqueous solution by nonpolar reversed phase adsorbent, for exam-
ple, silica sorbents (RP-C8, RP-C18, RP-cyclohexyl, RP-phenyl), is the result of apolar Van der 
Waals forces that play the key role in reversed phase mechanisms. Differences in the polarity 
and solubility of the phenols between the aqueous and the solid apolar phase cause the mass 
transfer leading to partition process. For this reason, the efficiency of sorbent is related to the 
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octanol-water partition coefficient, Log P (Tables 1 and 2), which is a measure of hydropho-
bicity (or lipophilicity) of the compound. The smaller is the value of Log P, the more limited 
is sorbent efficacy towards the compound. Conversely, increase in Log P provides its better 
affinity to the sorbent.

In sorption of phenols using hydrophobic polymers (e.g. PS-DVB (copolymer styrene- 
divinylbenzene) or hypercrosslinked resins) and graphitized carbons, the possible interac-
tions are also hydrophobic ones. The partition process occurs due to combination of apolar 
Van der Waals and π–π electrons interactions of the aromatic rings of the adsorbate and 
adsorbent. Therefore, the retention is the result of the reversed phase mechanism, too [18].

Unfortunately, for very polar phenols, the described interactions in many cases are insuf-
ficient to carry out the process of sorption efficiently. In order to facilitate the retention, two 
methods can be applied:

- Introduction of polar groups (acetyl, hydroxymethyl, benzoil, o-carboxybenzoil, carboxylic, 
sulfonic, amino [24]) to the hydrophobic skeleton of already existing sorbent [27, 42]. This 
method is applicable to preparation of chemically modified polymers, activated or grafted 
carbons [42].

- Synthesis of a new sorbent using compounds with polar moieties. In this way, silica-based 
materials: RP-cyano, RP-hydroxyl, RP-amine [43], polar polymers [2, 21, 25–28] and chemi-
cally activated or porous carbons [21, 27–29, 39] can be produced.

Resulting materials still retain the high capacity towards less hydrophilic compounds and 
gain possibility to specifically interact with polar molecules due to stronger interactions 
including: dipole-dipole, hydrogen bonding or even ionic if sulfonic or carboxylic or amine 
groups are present. Additionally, polar surface is more wettable and consequently support 
mass transfer of the more polar species from aqueous solution to the sorbent [18], thus influ-
encing the selectivity of sorption process and the capacity of the sorbent [26].

In a situation when a solution consists of phenols with significantly different properties, one 
sorbent may be insufficient to trap all the compounds quantitatively. In such cases, the pos-
sibility to achieve high retention and selectivity for all analytes is the preparation of device 
containing mixed or layered sorbents with different chemical characters [18, 20, 21].

4. Influence of different factors on process of phenols sorption

Process of sorption of phenolic compounds is very complex and many factors exert influ-
ence on its efficiency. Some of them were already described above. Others are presented 
below. The factors are arranged into three groups: the first, connected with adsorbents; the 
second, associated with adsorbate properties; and the last, related to environmental condi-
tions. Nevertheless, one should remember that none of the factors is working as separate. All 
of them make a system in which each element is closely linked with others, and changing one 
of them affects the rest.

Phenolic Compounds - Natural Sources, Importance and Applications14
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4.1. Adsorbent properties

4.1.1. Physical properties of an adsorbent

Many studies were carried out to find the correlation between specific surface area of sorbent 
and uptake of phenolic compounds. It is clear that as higher is the value of specific surface 
area, the higher are microporosity and the larger number of active sites available to interact 
with adsorbate. Consequently, extraction efficiency increases [23]. That is why, for hyper-
crosslinked polymers, higher sorption capacity is observed in comparison with traditional 
polymeric sorbents [18, 21].

On the other hand, there are many works indicating lack of correlation between the value of 
specific surface area and ability to adsorb phenols [16, 24, 25, 27, 33, 41]. However, specific 
surface area is still put into characteristic in order to define the morphology of the adsorbent 
and for comparative purposes.

In general, an adsorption process consists of three following steps:

- transport of the adsorbates from the bulk solution to the adsorbent exterior surface,

- diffusion of molecules to the pore of adsorbent, although a small amount of adsorbate is 
retained on the external surface and

- proper adsorption of the solutes on the interior surface of the micropores and in capillary 
spaces of the adsorbent. This final step is assumed to be rapid and leads to state of equi-
librium [16, 33]. A driving force of that process is an adsorption potential near the walls of 
micropores [23].

Consequently, adsorption of phenols is controlled by diffusion processes which are the slow-
est stage of the overall process. Therefore, characteristic features of porous structure like type 
of pores, their shape, size, a way of their connection and a size distribution are the most impor-
tant factors determining the adsorption process and deciding on proper application [31, 44].

In case of sorption processes realized in a dynamic mode (e.g. chromatography, solid phase 
extraction), size, shape and uniformity of sorbent particles also play significant role. These 
parameters have an impact on a length of diffusional path, availability of pores for adsorbed 
molecules, mass transfer resistance and contact time. Not meaningless is the geometry of a 
device (e.g. column, cartridge, sampler) as its length and diameter decide on the rate and 
efficiency of the process.

4.1.2. Chemical properties of an adsorbent

Chemical composition of the adsorbent surface determines the mechanism of phenols adsorp-
tion. As it is described above, the retention of phenols on the solid surface is the result of spe-
cific and nonspecific interactions. The main role is played by strong dipole-dipole interactions 
and hydrogen bonds between phenolic compounds and surface functional groups. Equally 
important are π electrons interactions of the aromatic systems of the adsorbate and adsorbent 
(if contains) [26, 32].
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Thus, retention of the polar phenols is enhanced by the presence of polar moieties on the 
sorbent surface, while sorption of the hydrophobic molecules and those forming strong intra-
molecular hydrogen bonds is not influenced by the polarity of an adsorbent surface [25].

The studies show that functional groups being active in retention of phenolic species are 
mainly located in larger micropores, and the increase in their concentration on the surface 
leads to the favoring of adsorption in larger pores. Consequently, the competition takes place 
between filling of the smallest micropores and the adsorption on active sites located in larger 
micropores [33].

The moderately and slightly acidic oxygen groups are as considered as the most important 
ones influencing the mechanism of phenols adsorption. The vital surface groups for this pro-
cess are bases and carbonyls [18, 33, 45]. According to Su et al., the increase in concentration 
of carbonyl groups on the surface provides more sites for the donor-acceptor interactions 
resulting in the improvement in phenol adsorption [23].

In addition, other polar moieties, for example nitrile [25], amine [24] or bicarbonate [27] on 
the sorbent surface, can positively influence the uptake of phenol and its derivatives by the 
formation of hydrogen bonds.

Many researchers observe decrease in adsorption of phenol with the increase in surface acid-
ity and with surface oxidation [33, 46, 47]. This phenomenon can be explained by

- strong interactions of phenols with the surface groups that lead to the creation of polymor-
phic forms of phenol [33],

- hydration process of polar groups (e.g. carboxyl) leading to creation of water clusters, which 
occupy active sites. The formed water complexes block the pore entrances and thus reduce 
surface available for sorption resulting in decrease of phenol adsorbability [23, 48].

In case of adsorption from solutions, the role of surface functionalities increases more and 
maybe even dominant [49]. The surface of adsorbent can be treated as a huge molecule cov-
ered with uniform (e.g. polymers) or various (e.g. active carbons) in chemical character func-
tional groups. If they are able to dissociate, ions are released to the solution. Their presence 
affects the acid-base equilibrium of the solvent. In order to characterize this process, point of 
zero charge (PZC) [44, 50], contents of acidic and basic groups [47] and their pKa [45, 50], or 
pH of sorbent slurry [48], are determined.

The ions on surface, those in solution and adsorbate molecules interact with one another 
by electrostatic attraction or repulsion. Confirmation of this phenomenon was presented in 
Tamon and Ozaki’s studies, who found that sorption characteristic of phenols in aqueous 
solution depends on electronic states of adsorbent surface and adsorbate [51]. The same phe-
nomenon controls adsorption of acids on surface with basic groups and bases on the acidic 
ones of ion exchangers or porous carbons [32].

4.2. Adsorbate properties

Adsorption of small organic molecules, especially containing functional groups, is affected 
by surface chemistry. The bigger is the molecule, the weaker is the effect due to the  steric 
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hindrance. As phenols possess in their molecules aromatic ring and at least one polar group 
(-OH), both these parts are active in competition for high-energy adsorption sites. The 
strength of retention of the molecule depends on size of molecule (the number of carbon 
atoms) and specific interaction caused by polar moiety [32]. The presence of substituents in 
the ring changes physical, chemical and energetic characteristics of the molecule, resulting 
in additional strengthening or weakening impact on the sorption process. It was also found 
that solutes with electron-donating groups show a tendency to irreversible adsorption, while 
those with electron-withdrawing groups do not [51].

Thus, for example, chloro or nitro groups which reduce the electron density of the aromatic 
ring cause growth of molecule hydrophobicity and decrease in water solubility. In conse-
quence, interactions between the adsorbed molecules and hydrophobic surface of adsorbent 
become stronger and an increase in adsorption capacity is observed [17, 46, 49, 52, 53]. For 
polar adsorbents, the effect will be opposite [25, 35].

4.2.1. Size of molecule

The molecular size of the adsorbate has a crucial meaning for adsorption process. The rate of 
mass transfer is controlled by diffusion of adsorbates in porous structure of the adsorbent. 
However, availability of the pores strictly depends on size of the molecule. The smallest mol-
ecules penetrate almost all pores, while for the larger ones, not all of them are accessible. This 
elimination of large molecules from entering the pores describes size exclusion mechanism. 
As a result, porous materials act as a molecular sieve. An increase in adsorption resulting 
from the rise of adsorption energy is supposed if the pore size is about twice the size of kinetic 
diameter of adsorbate molecule [46].

The species with branched or bulky substituents, which are too large to reach interior of 
micropores, are retained in mesopores [31]. Desorption of such solutes can be hindered due 
to being trapped inside pores.

4.2.2. Multicomponent effect

For multicomponent solutions additional effects become apparent. If the mixture consists of 
solutes having molecules of similar size, a competition between them for the active sites takes 
place. Compounds possessing higher affinity to adsorbent interact stronger with its surface 
and displace molecules interacting weaker [22, 27]. Hence, it follows a selectivity of adsorbent 
towards the specific compounds.

On the other hand, if molecules that are significantly different in size are present in the mix-
ture, the larger of them can block entrances of some pores effectively preventing adsorption 
of the smaller species [31].

Both the effects adversely affect the sorption and reduce the overall efficiency of the process

4.2.3. Initial concentration and contact time

Increase in the phenols concentration in solution leads to an increase in the amount of adsorbed 
compounds. This can be attributed to a rise of the driving force of the concentration gradient 
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with the rise in the initial phenols concentration and different arrangements of solute mol-
ecules on the surface of adsorbent [30]. At low concentrations, phenol molecules are lying flat 
in parallel with the surface. As a result, the surface occupied per molecule corresponds to the 
largest of its dimensions [54, 55]. At higher concentrations, accessibility of the surface for the 
individual molecules is considerably less. Consequently, the molecules have to change their 
position for upright to allow closer packing in parallel to each other. Then the area occupied 
in conversion to a single molecule is smaller that is observed as rise in adsorption density [55].

Different studies show that the contact time required for phenols solution to reach the equi-
librium is in the range of 1–24 h [30, 56, 57]. However, the uptake of phenols is the most rapid 
during the initial 30 min [56, 57]. It was also observed that the higher initial concentration, the 
longer equilibrium times were needed [30, 56]. Shaarani and Hameed explained the run of 
the process as follows: “initially the adsorbate molecules have to first encounter the boundary 
layer effect and then diffuse from the boundary layer film onto adsorbent surface and then 
finally, they have to diffuse into the porous structure of the adsorbent. This phenomenon 
takes relatively long contact time” [30].

Moreover, it was noted that at relatively large phenol adsorption values, when interactions 
between adsorbate molecules predominate, phenol uptake is higher for the more oxidized 
surfaces, whereas, in case of diluted phenol solutions, the competition between phenol mol-
ecules and water leads to substantial reduction in adsorption of phenol on oxidized surface. 
“Competition between water adsorbing in pores and phenol is mainly responsible for the 
changes in adsorption” [33].

4.3. Environmental conditions

4.3.1. Water and other solvents

Water molecules interact very weakly with the hydrophobic surface unless their concentra-
tion in adsorbed mixture is low (e.g. sorption from gas phase). If the contents of water rise like 
in case of sorption from aqueous solution or in head space techniques, the influence of water 
interaction with the surface is no longer negligible. Water begins to interfere with adsorption 
of organic compounds. Due to the better affinity to the surface, organic solutes are able to 
replace preadsorbed water. That impacts the kinetics and efficacy of the process. The effect is 
even stronger, if the surface is hydrophilic. The polar functional groups are predominantly 
adsorption centers capable of forming the hydrogen bonding. Interactions between water 
molecules lead to formation of clusters, which block entrances of pore as well as “the con-
densation of water in micropores at much lower humidity than that at which it happens on 
a fully hydrophobic surface” can take place [32, 33]. In consequence, adsorption of phenols 
diminishes.

From practical point of view both adsorption and desorption processes are equally impor-
tant. Adsorption of phenols is usually carried out from aqueous solution. However, to desorb 
retained compounds, organic solvent is necessary. It should be chosen so that its properties 
(solvating power, good wettability of adsorbent, miscibility, chromophoric nature and purity) 
provided quantitative, quick and simple process of recovery.
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individual molecules is considerably less. Consequently, the molecules have to change their 
position for upright to allow closer packing in parallel to each other. Then the area occupied 
in conversion to a single molecule is smaller that is observed as rise in adsorption density [55].

Different studies show that the contact time required for phenols solution to reach the equi-
librium is in the range of 1–24 h [30, 56, 57]. However, the uptake of phenols is the most rapid 
during the initial 30 min [56, 57]. It was also observed that the higher initial concentration, the 
longer equilibrium times were needed [30, 56]. Shaarani and Hameed explained the run of 
the process as follows: “initially the adsorbate molecules have to first encounter the boundary 
layer effect and then diffuse from the boundary layer film onto adsorbent surface and then 
finally, they have to diffuse into the porous structure of the adsorbent. This phenomenon 
takes relatively long contact time” [30].

Moreover, it was noted that at relatively large phenol adsorption values, when interactions 
between adsorbate molecules predominate, phenol uptake is higher for the more oxidized 
surfaces, whereas, in case of diluted phenol solutions, the competition between phenol mol-
ecules and water leads to substantial reduction in adsorption of phenol on oxidized surface. 
“Competition between water adsorbing in pores and phenol is mainly responsible for the 
changes in adsorption” [33].

4.3. Environmental conditions

4.3.1. Water and other solvents

Water molecules interact very weakly with the hydrophobic surface unless their concentra-
tion in adsorbed mixture is low (e.g. sorption from gas phase). If the contents of water rise like 
in case of sorption from aqueous solution or in head space techniques, the influence of water 
interaction with the surface is no longer negligible. Water begins to interfere with adsorption 
of organic compounds. Due to the better affinity to the surface, organic solutes are able to 
replace preadsorbed water. That impacts the kinetics and efficacy of the process. The effect is 
even stronger, if the surface is hydrophilic. The polar functional groups are predominantly 
adsorption centers capable of forming the hydrogen bonding. Interactions between water 
molecules lead to formation of clusters, which block entrances of pore as well as “the con-
densation of water in micropores at much lower humidity than that at which it happens on 
a fully hydrophobic surface” can take place [32, 33]. In consequence, adsorption of phenols 
diminishes.

From practical point of view both adsorption and desorption processes are equally impor-
tant. Adsorption of phenols is usually carried out from aqueous solution. However, to desorb 
retained compounds, organic solvent is necessary. It should be chosen so that its properties 
(solvating power, good wettability of adsorbent, miscibility, chromophoric nature and purity) 
provided quantitative, quick and simple process of recovery.
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For elution of adsorbed phenolic compounds, the most frequently used solvents are methanol 
[58], acetonitrile [59], acetone [18], ethyl acetate [18], tetramethylammonium hydroxide [17] 
and others [43]. If a single eluent is ineffective, a mixture of solvents can be considered. The 
volume of applied eluent depends on its eluting strength, polarity of the phenols, amount and 
surface chemistry of adsorbent, and type of device [18].

Bruzzoniti et al. in their paper presented efficiency of different eluents in desorption of phe-
nolic compounds from graphitized carbon black. They noted the effectiveness of eluent was 
affected by the value of pKa phenolic solute. Phenols with pKa about 7 were effectively eluted 
with tetramethylammonium hydroxide, while for phenols with higher pKa, methanol was 
better [17].

For newly synthesized sorptive materials, studies on eluent selection and optimization of 
desorption process should be conducted [18, 59].

4.3.2. Electrolytes: ionic strength

The presence of electrolytes, for example salts in the solution, affects the strength of electro-
static interaction between phenolic solutes and the surface of the adsorbent. If these inter-
actions are attractive and surface concentration of adsorbates is low, then the rise in ionic 
strength of solution causes decrease in uptake. But if they are repulsive or concentration 
of adsorbates on the surface is high, increase in ionic strength of the solution enhances the 
adsorption [60].

The presence of salts can influence the adsorption of phenols also by the effect of salting 
out. The electrolytes dissolved in the solution reduce or even destroy the hydration layer of 
organic compound causing decrease in its solubility, which affects favorably on adsorption.

Kuśmiderek and Świątkowski have compared the influence of an electrolyte on the adsorp-
tion of 4-chlorophenol on active carbon and multiwalled carbon nanotubes (MWCNTs). They 
used three different salts: Na2SO4, NaCl, NaNO3 at various concentrations. The presented 
results proved higher uptake of 4-chlorophenol on the active carbon in the presence of salts 
in all cases, whereas no significant difference was observed for adsorption on MWCNTs. It 
was also indicated that the desorption of the 4-chlorophenol increased with the increase in the 
ionic strength of the solution [60].

Dissimilar results were obtained by Mukherjee and De for sorption of catechol on mixed 
matrix membrane in the presence of NaCl. They justified their outcome by weakening forces 
between sorbent and phenols resulting in decrease of the uptake. They also defined this phe-
nomenon as the shielding effect [22].

4.3.3. pH

The change in pH affects chemistry of both the adsorbate and the adsorbent by shifting the 
equilibrium dissociation process of solutes and surface functional groups of the sorbent 
towards ionized or unionized form. Thus, adsorption of phenols is limited by the acid-base 
characteristic of the adsorbent and its microporosity, which subsequently influences kinetics 
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and effectiveness of the overall process. Higher values of uptake are observed for the com-
pounds in undissociated form [30, 61]. Therefore, most of phenols such as weak acids are 
better adsorbed from neutral or acidic solutions. At lower pH values, oxonium ions are pres-
ent in solution and they prevent dissociation of surface acidic groups. In these conditions, 
formation of hydrogen bonds and π-π interactions between phenolic adsorbates and sorbent 
surface is privileged. Accordingly, adsorption capacity is the highest [19]. The same applies 
to phenols, their transition point between acidic and basic form is associated with their pKa 
value. Below this value dominates acidic form and above it the conjugated base-phenoxide 
ion takes advantage.

The uptake of phenols decreases at higher pH, when the molecules turn into phenolate ions 
and the surface of the adsorbent is negatively charged. The presence of electrostatic repulsive 
forces impedes adsorption [16, 57]. Thus, the more acidic the surface of sorbent, the lower the 
adsorbability of phenols.

However, some researchers report the in certain pH range, adsorption for most phenols initially 
increases with the rise in pH to reach a certain value and then decreases with further increase 
in pH [16, 56]. This phenomenon can be explained by the fact that, in the presence of oxonium 
ions the surface functional groups of adsorbent gain a positive charge. As a result, adsorption 
of water increases and cluster formation takes place. Consequently, some of more active sites 
are not available. Second, already adsorbed molecules of phenols can block the entrances to 
fine pores and cause decrease in uptake. This effect is stronger at the lowest pH values [33].

4.3.4. Temperature

Due to the fact that process of physical adsorption is exothermic in nature, increase of tem-
perature causes decrease in phenol’s uptake [56]. Moreover, the rise in temperature increases 
the rate of the sorption process and leads to the disappearance of the effects associated with 
surface chemical composition [33].

In contrast, chemisorption is an endothermic process. Therefore, Shaarani and Hameed 
observed the increase of temperature slightly increases the uptake of 2,4-dichlorophenol at a 
higher concentration. They also found that the change of temperature alters the equilibrium 
capacity of the adsorbent for particular adsorbates [30].

4.3.5. Oxic and anoxic conditions

Influence of oxygen for process of phenols sorption was at first perceived for carbon adsor-
bents; hence, the facts presented here have been developed only based on the results obtained 
for these materials.

When phenols are adsorbed under oxic and anoxic conditions, differences in the uptake can 
be observed. The sorption capacities of some sorbents are higher under oxic conditions that 
imply promoting action of molecular oxygen in this process [3, 49]. The increase in adsorption 
is attributed to the oxidative coupling reaction leading to formation of timers or more substi-
tuted derivatives of phenols (multimers) that are attached to the surface of adsorbent [33, 55].
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The course of the process can be explained as follows: the molecules of phenols and those of 
oxygen diffuse to the surface of carbon, where they are preadsorbed. The adsorbed oxygen 
molecules form superoxo ions that yield rearrangements and further reactions with surface 
functional groups and adsorbed phenols leading to creation of various surface compounds. 
Thus, described reaction occurs only on the surface of carbon and is catalyzed by it [33].

Studies on this phenomenon revealed that

- the small pore size precludes oligomerization, thereby the presence of molecular oxygen has 
no significant effect on adsorption [3];

- narrow pore size distribution (PSD) reduces the oligomerization of phenols to some extend 
while the wider PSD favors it [1];

- 2-methylphenol shows oligomerization under oxic condition. The oligomerization of 2-chlo-
rophenol depends on the overall competitive effect of 2-nitrophenol and 2-methylphenol 
[1];

- surface concentration of carboxylic groups diminishes the oxidative coupling in the whole 
range of coverages [62];

- the lower ability of carbon to adsorb ions on the surface, the more significant differences in 
adsorption determined at oxic and anoxic conditions [33];

- oxidative polymerization (spontaneous and/or electrochemical) of chlorophenol is respon-
sible for a lack of anodic peak during voltammetric cyclization [5].

4.3.6. Irreversible sorption of phenols

Irreversible adsorption of phenols is closely related to process of chemical adsorption involv-
ing chemical reaction between adsorbates and surface functional groups of adsorbent [55]. As 
it was described above, the hydrogen bonding arising in the system adsorbate-active centers 
of adsorbent strengthens interactions and sorptive capacity, but also can cause difficulties 
related to irreversible sorption [18]. It can be also considered that phenol molecules or phen-
oxide radicals can react with active sites on a carbon surface, which leads to creation of cova-
lent bond between them [33].

Tessmer et al. investigated this problem and found that “grater structural ordering and delo-
calized electrons on the carbon surface may increase the basicity of the carbon but do not 
enhance its ability to promote irreversible adsorption. The presence of oxygen containing 
basic groups (chromene-type or pyrone-type) is likely the key factor promoting irreversible 
adsorption” [48].

Other studies demonstrate that lactone surface groups are responsible for both irreversibility 
of phenol adsorption due to chemical reaction and decrease in the difference between adsorp-
tion in oxic and anoxic conditions [33].

And another one proves that irreversible adsorption to carbon surfaces does not depend on 
oxidative coupling reaction, but oxidative coupling may enhance irreversible adsorption 
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when experimental conditions are conductive (pH of solution high enough, microporosity of 
adsorbent) [63].

The discrepancies in this matter indicate that it is a topic still open for discussion and further 
research.

5. Conclusions and future prospects

A lot of scientific research was performed in order to study and understand the process 
of sorption of phenolic compounds. This chapter presents the complexity of this pro-
cess and shows how many different factors have influence on it. The starting point is 
chemical structure and overview of physical and chemical properties of phenol and its 
ring-substituted derivatives. This characteristic is the basis to explain the behavior of the 
molecules in solution and during sorption. Next, the way phenols interact with the most 
popular sorbents are shortly described. Finally, factors influencing the sorption process 
were characterized.

Factors promoting the sorption:

- matching of the size of adsorbate molecules to the porous structure of adsorbent;

- the retention process of phenolics is mainly due to reversed phase mechanism, but in case of 
polar sorbents, it is also supported by specific attractive interaction (dipole-dipole, donor-
acceptor and ionic);

- elongation of contact time of a phenols solution with an adsorbent;

- salting effect;

- pH. Sorption characteristic depends on electronic states of both an adsorbent surface and 
an adsorbate. Phenols uptake is higher for compounds in unionized form as formation of 
hydrogen bonds and π-π interactions are favored;

- increase in temperature in case of chemisorption process.

Factors hindering the sorption:

- polar functional groups of the sorbent acts as adsorption centers. Their presence in larger 
pores can limit access to micropores (pore blocking effect) and lead to competition between 
the process of micropore filling and adsorption on active sites;

- steric effects and size exclusion mechanism;

- pore blocking caused by adsorption of large molecules or water clusters;

- multicomponent effect and displacement phenomena;

- shielding effect;

- increase in temperature in case of physisorption process.
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Irreversibility of phenols adsorption can be the result of

- a chemical reaction between adsorbate and surface functional groups;

- an oxidative coupling process in oxic conditions;

- trapping molecules (especially large or branched ones) in pores of adsorbent;

- the presence of electron donating substituents in phenol molecule enhances the effect of 
irreversible adsorption.

Although so many works were devoted to studies on phenols sorption, the general mecha-
nism of the process is still not fully understood and explained. There are some issues and 
unsolved problems requiring further investigations:

- There is still no consensus in the matter, what kind of the adsorbent functional groups has 
favorable and which undesirable influence on adsorption of phenols.

- Process of irreversible adsorption due to oxidative coupling requires additional studies con-
firming the proposed in literature mechanisms.

- Most of the studies concern the process of sorption of single compounds. Only a few research 
studies relate to multicomponent system, in which competitive adsorption take place. This 
aspect is particularly important from environment protection point of view. Interferents, 
such as ions from salts or organic contaminants of natural or anthropogenic origin, impede 
quantitative analysis of phenols in waste water.

- Relatively little studied are processes of cyclic adsorption—desorption, reproducibility of 
the adsorption properties and regeneration of adsorbent, which are extremely important 
for utility reasons.
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Abstract

Natural phenolic compounds are considered as one of the important secondary metabo-
lites for their chemopreventive and chemotherapeutic effects in cancer. These compounds 
show potent activities for cancer prevention and its treatment. There are many phenolic 
compounds present in medicinal and edible plants such as, flavonoids, bioflavonoids, 
stilbenes, chalconoids, chromones, phenylpropanoids, curcuminoids, coumarins, tan-
nins, lignans, neolignans, anthraquinones, quinones, xanthones, phenolic acids and their 
glycosides and many more. The antioxidant potential of phenolic compounds is almost 
bolded in the treatment and prevention of cancer. Mono phenolic, polyphenolic and 
phenolic acids compounds from a large variety of plants, foods, spices, insects, fungus, 
beverages, lichens, algae and mammals have been shown to inhibit or attenuate the ini-
tiation, progression and spread of cancers in cells in vitro and in animals in vivo. In this 
chapter, we try to cover general view and the recent literature to summarize structural 
information and cytotoxic effects of phenolic compounds on different cancer cell lines 
from medicinal herbs and plants.

Keywords: natural phenolic constituents, cytotoxic activities, cancer cell lines

1. Introduction

Natural products offer opportunities for innovation in drug discovery and play a major role 
for cancer cure. A considerable number of antitumor agents currently used in the clinic are 
of natural origin. For instance, over half of all anticancer prescription drugs approved inter-
nationally between the 1940s and 2006 were natural products or their derivatives. Among 
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them, plants have been the chief source of natural compounds used for medicine [1]. Many 
 traditional and folk medicinal plants have been use for cancer therapy throughout the world 
and they work very well for the prevention of cancers. Phenolic compounds play very impor-
tant role for the treatment and prevention on different types of cancers which are a major 
health problem around the world. These secondary metabolites associated with the health 
benefits of human derived from consuming high levels of fresh and dried fruits and veg-
etables. These compounds with hydroxyl bearing aromatic ring skeleton exhibit wide range 
of different biological activities including: anti-inflammatory, antioxidant, cytotoxicity, anti-
microbial, anti-allergic. According to WHO, 8.2 million people die each year from cancer and 
it is estimated 13% of all deaths worldwide [2]. In this chapter, we discuss the most recent 
literature on phenolic constituents from natural sources and their anticancer activities on dif-
ferent cancer cell lines (Table 1).

Source Compound name Class of 
compounds

Cytotoxic activity Refernces

Artocarpus 
heterophyllus

Artocarpin (1), 
cudraflavone C (2), 
6-prenylapigenin 
(3), kuwanon C (4), 
norartocarpin (5), albanin 
A (6), cudraflavone B (7)

Isoprenoid- 
substituted  
flavonoids

B16 melanoma cells [3]

Apple, grapes, 
tomato  
green tea, pine and 
many other

Kaempferol (8) Flavonoid p53 or PLK-1, in MCF-7 breast cancer and 
HeLa cervical cancer cells, U-2 OS human 
osteosarcoma cell, A549 lung cancer cell, 
Miapaca-2, Panc-1 and SNU-213 human 
pancreatic cancer cells

[4]

Dorstenia mannii Dorsmanin F (9) Flavanone LeukaemiaCCRF-CEM, MDA-MB-231-
BCRP, CEM/ADR5000 cells

[5]

Morus mesozygia Artocarpesin (10), 
cycloartocarpesin (11)

Flavonoid Induced apoptosis in CCRF-CEM 
leukemia cells

[6]

Oriental tobacco, 
Nicotiana tabacum

6,7-dimethoxy-4′hydroxy-
8-formylflavon (12), 
4′,7-dihydroxy-8-formyl-6-
methoxyflavon (13)

Flavonoid Human tumor (NB4, A549, SHSY5Y, PC3 
and MCF7) cell lines

[7]

Sophora flavescens Isoxanthohumol (14) Flavonoid Breast cancer (MCF-7), ovarian cancer 
(A-2780), prostate cancer (DU145 and 
PC-3) and colon cancer (HT-29 and 
SW620) cells, human cytochrome P450 
(CYP1A2).

[8]

Kushen Sophora 
flavescens

Kushecarpin D (15) Novel flavonoid Human umbilical vein endothelial cell 
line (ECV304), antiangiogenic activity, 
together with its antiproliferative effect 
on endothelial cells without causing  
apoptosis

[9]

Scutellaria barbata Luteolin (16) Flavonoid HepG2 and Bel7402 cells, human 
hepatocellular carcinoma cells, prostate 
cancer (PCa), assessing the PC3 and 
LNCaP cells, MCF-7 human breast cancer 
cells, PC12 cell line

[10–12]
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Source Compound name Class of 
compounds

Cytotoxic activity Refernces

Propolis and in 
honey

Chrysin (17) Flavonoid Oropharyngeal KB, mammary LM3, 
anaplastic thyroid KAT18, anaplastic 
thyroid HTh7, pancreatic PANC-1, 
liver H22, gastric SGC-7901, colon 
HT-29, cervical Hela, melanoma A375, 
oesophageal OE33, lung A549, colon 
DLD-1, rectal SW837, breast MDA-MB-231, 
glioma U87-MG, esophageal squamous 
KYSE-510, leukemia U937, prostate 
PC-3, hepatocellular HepG2, acute 
T-lymphoblastic leukemia CEM, 
neuroblastoma SH-SY5Y, squamous cell 
carcinoma FaDu, breast MCF-7, oral  
SCC-9, prostate DU-145, leukemia K562,  
cell line PC12

[13]

Macrothelypteris 
torresiana

DICO (18) Novel 
nonaromatic 
B-ring flavonoid

Human hepatoma HepG2 cells [14]

Mulberry tree  
Morus species

Morusin (19) Prenylated 
flavonoid

Human hepatoma SK-Hep1 cells [15]

Artocarpus  
communis

Artocarpin (20) Prenylated 
flavonoid

HepG2 and PLC/PRF/5 hepatoma cells, 
human cutaneous SCC cell line HSC-1, 
human T47D breast cancer cells

[16, 17]

Daphne genkwa Sieb Genkwanin (21) Flavonoid HT-29 and SW-480 human colorectal 
cancer cells

[18]

Strawberries, 
apples, persimmons, 
grapes, onions and 
cucumbers

Fisetin (22) Flavonoid Human malignant melanoma cells A375 
(CLR- 1619) and RPMI-7951 (HTB-66), 
SK-MEL-28 cells, A375 and SK-MEL-28 
cells, RPMI-7951 cells

[19]

Clerodendrum 
inerme and various 
medicinal herbs

Hispidulin (23) Flavonoid Human HepG2 hepatocarcinoma cell 
line and the mouse L929 fibroblast cell 
line, human HEK293 fibroblast cell lines, 
human renal cancer cell (HRCC) lines 
786-0 and Caki-1, PANC-1 cancer cells 
from human pancreas

[20, 21]

Fruits, vegetables, 
leaves and grains

Quercetin (24) Flavonoid HepG2 cells, Human GL-15 glioblastoma 
cells, breast cancer cells MCF-7 and 
MCF-7/dox

[22, 23]

All citrus fruits and 
Cordia obliqua

Hesperetin (25) Flavonoid Human esophageal squamous cell 
carcinoma Eca109 cells, human breast 
cancer MCF-7 cells, prostate cancer 
PC-3 cells, HT-29 human colon 
adenocarcinoma cell, human cervical 
cancer cell line HeLa cells

[24]

Hypericum 
perforatum

Apigenin (26) Flavonoid MCF-7 breast carcinoma cells, breast tumor 
cell line MDA-MB231, human cervical 
carcinoma HeLa cells, human colon 
carcinoma cell, human leukemia cells, A549 
lung cancer cell, human ovarian carcinoma 
HO-8910PM cells, human prostate cancer 
PC-3 cell, thyroid carcinoma cell lines, 
UCLA NPA-87-1 (NPA), cell line PC12

[25, 26]
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Source Compound name Class of 
compounds

Cytotoxic activity Refernces

Azadirachta indica Quercetin-3-O-β-d-
glucopyranoside (27)

Flavonoid Protect cells from H2O2-induced 
cytotoxicity

[27]

Polygonum 
amplexicaule

Amplexicaule A (28) Flavonoid 
glycoside

Human breast cancer cell lines MCF-7 
and MDA-MB-435

[28]

Wheat bran Triticuside A (29) Flavonoid 
glycoside

Human breast cancer cells (MCF-7 and 
MDA-MB-231)

[29]

Citrus fruits Naringin (30) Flavonoid 
diglycoside

Breast cancer (TNBC), MDA-MB-231, 
MDA-MB-468 and BT-549 cells, K562 
(human leukemia cell line), Raji (human 
Burkitt’s lymphoma cell line) and NK-92MI

[30, 31]

Filamentous 
bacterium 
streptomyces

Quercetin-3-O-α-l-
rhamnopyranosyl- 
(1→6)-β-d-glucopyranoside 
(31)

Flavonoid 
diglycoside

Human lung cancer A549 cells through 
p53 and cytochrome c

[32]

Cirsium setidens, 
Aster scaber

Pectolinarin (32) and 
astragalin (33)

Flavonoid 
glycoside

Human brain neuroblastoma SK-N-SH 
cells

[33]

Sophora japonica Troxerutin (34) Flavonoid 
diglycoside

Human prostate cancer radioresistant 
(DU145) and radiosensitive (PC3) cells

[34]

Bupleurum flavum, 
Artemisia capillaris

Vicenin (35) Flavonoid 
glycoside

Hepatocellular carcinoma HEP-G2 cells, 
human prostate carcinoma LNCaP, PC- 3 
& DU-145

[35, 36]

Soybean Genistein (36) Isoflavone CIP2A in MCF-7-C3 and T47D breast 
cancer cells, human prostate cancer cell 
PC3-M, PC3 and DU-145 human  
PCa cell lines, sarcomatoid mammary 
carcinoma cell line F3II, B16F0  
melanoma cell line

[37, 38]

Soybean Daidzein (37) Isoflavone LnCaP, DU145 and PC3 human prostate 
cancer cell lines, MCF-7 breast  
cancer cell

[39]

Ateleia glazioviana Biochanin A (38) Isoflavone Pancreatic cancer cells (Panc1 and 
AsPC-1)

[40]

Erythrina stricta, E. 
variegata

Alpinum isoflavone (39) Isoflavon Leukemia CEM/ADR5000 cells, drug-
resistant breast adenocarcinoma MDA-
MB-231-BCRP cells, CEM/ADR5000 cells, 
colon carcinoma HCT116

[41]

Pueraria lobata Puerarin (40) Isoflavone-C-
glucoside

Myeloid leukemia cell lines, U937, 
Kasumi-1, HL-60 and NB4 cells, breast 
cancer MCF-7/adriamycin (MCF-7/adr) 
cells, colon cancer HT-29 cell

[42]

Toxicodendron 
vernicifluum

Butein (41) Chalcone Human colon adenocarcinoma cell line 
220.1, human leukemia cells HL-60, 
HER2+ HCC-1419, HCC-2218 and SKBR-3 
breast cancer cells, human PCa (LNCaP, 
CWR22Rν1 and PC-3), human uveal 
melanoma cell lines (M17, SP6.5 and 
C918), HeLa human cervical cancer cell 
line

[43–47]
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Source Compound name Class of 
compounds

Cytotoxic activity Refernces

Azadirachta indica Quercetin-3-O-β-d-
glucopyranoside (27)

Flavonoid Protect cells from H2O2-induced 
cytotoxicity

[27]

Polygonum 
amplexicaule

Amplexicaule A (28) Flavonoid 
glycoside

Human breast cancer cell lines MCF-7 
and MDA-MB-435

[28]

Wheat bran Triticuside A (29) Flavonoid 
glycoside

Human breast cancer cells (MCF-7 and 
MDA-MB-231)

[29]

Citrus fruits Naringin (30) Flavonoid 
diglycoside

Breast cancer (TNBC), MDA-MB-231, 
MDA-MB-468 and BT-549 cells, K562 
(human leukemia cell line), Raji (human 
Burkitt’s lymphoma cell line) and NK-92MI

[30, 31]

Filamentous 
bacterium 
streptomyces

Quercetin-3-O-α-l-
rhamnopyranosyl- 
(1→6)-β-d-glucopyranoside 
(31)

Flavonoid 
diglycoside

Human lung cancer A549 cells through 
p53 and cytochrome c

[32]

Cirsium setidens, 
Aster scaber

Pectolinarin (32) and 
astragalin (33)

Flavonoid 
glycoside

Human brain neuroblastoma SK-N-SH 
cells

[33]

Sophora japonica Troxerutin (34) Flavonoid 
diglycoside

Human prostate cancer radioresistant 
(DU145) and radiosensitive (PC3) cells

[34]

Bupleurum flavum, 
Artemisia capillaris

Vicenin (35) Flavonoid 
glycoside

Hepatocellular carcinoma HEP-G2 cells, 
human prostate carcinoma LNCaP, PC- 3 
& DU-145

[35, 36]

Soybean Genistein (36) Isoflavone CIP2A in MCF-7-C3 and T47D breast 
cancer cells, human prostate cancer cell 
PC3-M, PC3 and DU-145 human  
PCa cell lines, sarcomatoid mammary 
carcinoma cell line F3II, B16F0  
melanoma cell line

[37, 38]

Soybean Daidzein (37) Isoflavone LnCaP, DU145 and PC3 human prostate 
cancer cell lines, MCF-7 breast  
cancer cell

[39]

Ateleia glazioviana Biochanin A (38) Isoflavone Pancreatic cancer cells (Panc1 and 
AsPC-1)

[40]

Erythrina stricta, E. 
variegata

Alpinum isoflavone (39) Isoflavon Leukemia CEM/ADR5000 cells, drug-
resistant breast adenocarcinoma MDA-
MB-231-BCRP cells, CEM/ADR5000 cells, 
colon carcinoma HCT116

[41]

Pueraria lobata Puerarin (40) Isoflavone-C-
glucoside

Myeloid leukemia cell lines, U937, 
Kasumi-1, HL-60 and NB4 cells, breast 
cancer MCF-7/adriamycin (MCF-7/adr) 
cells, colon cancer HT-29 cell

[42]

Toxicodendron 
vernicifluum

Butein (41) Chalcone Human colon adenocarcinoma cell line 
220.1, human leukemia cells HL-60, 
HER2+ HCC-1419, HCC-2218 and SKBR-3 
breast cancer cells, human PCa (LNCaP, 
CWR22Rν1 and PC-3), human uveal 
melanoma cell lines (M17, SP6.5 and 
C918), HeLa human cervical cancer cell 
line

[43–47]
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compounds

Cytotoxic activity Refernces

Spatholobus 
suberectus

Isoliquiritigenin (42) Chalcone Human leukemia cells HL-60 cell, 
human U373 glioblastoma cells, human 
hepatoma HepG2) cells, DU145 human 
prostate cancer cells

[48]

Eugenia aquea 2′,4′-dihydroxy-6-methoxy-
3,5-dimethylchalcone (43)

Chalcone Human cell lines liver cancer  
SMMC-7721 cells, pancreas cancer 8898 
cells, tumor of cervix uteri HeLa cells, 
lung cancer SPC-A-1 cells, high  
metastatic lung carcinoma 95-D cells and 
gall bladder carcinoma GBC-SD cells

[49, 50]

Polygonum  
limbatum

4′-hydroxy-2′,6′-
dimethoxychalcone (44)

Chalcone MDA-MB-231-pcDNA3 breast cancer, 
HCT116 (p53+/+) colon cancer cells/−),  
the U87MG glioblastoma cells

[51]

Humulus lupus Xanthohumol (45) Prenylated 
Chalone

Human breast cancer (MCF-7), colon 
cancer (HT-29) and ovarian cancer 
(A-2780) cells

[52, 53]

Piper methysticum Flavokawain B (46) Chalcone Breast cancer cell lines, MCF-7 and 
MDA-MB231, HCT116 human colon 
cancer

[54]

Artocarpus  
communis

Isolespeol (47) Chalcone Liver cell line Hep3B, PLC5, Huh7, 
human colon cancer HT-29, COLO205 
cell, SW 872 human liposarcoma cell

[55]

Ashitaba (Angelica 
keiskei)

Xanthoangelol (48), 
4-hydroxyderricin (49)

Chalcone Human neuroblastoma (IMR-32) and 
leukemia (Jurkat) cells, SW 872, HT-29, 
COLO205, Hep3B, PLC5, Huh7, HepG2, 
KATO III, human tumor cell lines, HL60 
(leukemia), CRL1579 (melanoma), A549 
(lung) and AZ521 (stomach)

[56, 57]

Dorstenia barteri, 
Psoralea corylifolia

Isobavachalcone (50) Chalcone CCRF-CEM leukemia cells, human 
neuroblastoma cell lines (IMR-32 and 
NB-39), Induced apoptosis in  
CCRF-CEM leukemia cells

[58]

Dorstenia 
poinsettifolia

Poinsettifolin B (51) Chalcone Leukaemia CCRF-CEM, MDA-MB-231-
BCRP, M/ADR5000 cells

[59]

Citrus kinokuni 2′-hydroxy-3,4,4′, 
5,6′-pentamethoxychalcone 
(52)

Chalcone Human breast adenocarcinoma (MCF-7), 
non-small cell lung cancer (NCI-H460) 
and melanoma (A375-C5)

[60]

Rhuspyroides Rhuschalcones II−VI (53, 
54) (53–57)

Bichalcone HT29 and HCT-116 colon tumor  
cell lines

[61]

Hibiscus syriacus Syriacusin A (58) Naphthalene Human skin fibrobrast cells (CRL-2076), 
human tumor cell lines  
UACC62, ACHN, SW620 and SF539

[62]

Rumex nepalensis Rumexneposide A (59) Naphthalene 
acylglucoside

A549 (human non-small cell lung  
cancer), SKBR3, MCF-10A, MCF-7 and 
H522 cells (nonsmall-cell lung  
carcinoma)

[63]

Pentas parvifolia and 
Pentas bussei

Parvinaphthol B (60), 
parvinaphthols C (61)

Naphthalene MDA-MB-231 human triple-negative 
breast cancer cell line

[64]
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Source Compound name Class of 
compounds

Cytotoxic activity Refernces

Rumex dentatus Chrysophanol (62) Anthraquinone MCF-7 breast cancer cell line, gastric 
cancer 7901 cells, Melanoma A375 cells 
and oophoroma SKOV-3 cells

[65]

Streptomyces sp. 
ERINLG-26

9,10-anthraquinone 
(63), 2-hydroxy-9,10-
anthraquinone (64), 
2,3-dihydroxy-9,10-
anthraquinone (65)

Anthraquinone A549 lung adenocarcinoma and 
COLO320 cancer cell line

[66–68]

Rheum palmatum Chrysophanol 8-O-beta-
(6′-acetyl) 
glucopyranoside (66)

Anthraquinone 
glucoside

Human oral squamous cell carcinoma 
(HSC-2) and salivary gland tumor (HSG) 
cell lines than against normal human 
gingival fibroblasts (HGF)

[69]

Cratoxylum  
maingayi and C. 
cochinchinense

Formoxanthone C (67) Xanthone Human lung cancer (NCI-H187), MCF-7 
(breast adenocarcinoma), KB (human oral 
cancer), HeLa (human cervical cancer) 
and HT-29 (colon cancer)

[70, 71]

Mangrove fungus 
Phomopsis longicolla, 
Fungus Phomopsis 
longicolla,  
Rhizhopora 
mucronata

Phomoxanthone A (68) Xanthone Tumour cell lines or of blood cancer cell 
lines

[72]

Garcinia  
mangostana

Garcinone C (69) Xanthone MCF-7, A549, Hep-G2 and CNE cell lines [73]

Garcinia nobilis Morusignin I (70), 
8-hydroxycudraxanthone 
G (71), cudraxanthone 
I (72)

Xanthone Breast cancer cells transduced with 
control vector (MDA-MB-231-pcDNA3), 
Human wild-type HCT116 (p53+/+) 
colon cancer cells, Human glioblastoma 
multiforme U87MG cells, Human  
HepG2 hepatocellular carcinoma cells 
and normal AML12

[74]

Securidaca 
longepedunculata

1,6,8-trihydroxy-2,3,4,5-
tetramethoxyxanthone 
 (73), 1,6-dihydroxy-
2,3,4,5,8-
pentamethoxyxanthone (74)

Xanthone Human pancreatic cancer cell line, 
PANC-1

[75]

Garcinia hunburyi Desoxymorellin (75) Xanthone HEL (human embryonic lung fibroblasts) 
and HeLa (Henrietta Lacks cervical 
cancer)

[76]

Garcinia cantleyana Cantleyanone (76) Xanthone Breast cancer (MDA-MB-231 and  
MCF-7), ovarian cancer (CaOV-3) and 
HeLa cells

[77]

Garcinia lateriflora Lateriflorone (77) Xanthone P388 cancer cell line [78]

Garcinia morella Gambogic acid (78) Xanthone T47D and DLD-1 breast cancer cells [79]

Garcinia  
gaudichaudii

Gaudichaudione (79) Xanthone Parental murine leukemia P388 and  
P388/doxorubicin-resistant cell lines

[80]

Garcinia cowa Cowaxanthones G (80) Xanthone Human cancer cell lines (HeLa, PANC-1 
and A549)

[81]
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(6′-acetyl) 
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Formoxanthone C (67) Xanthone Human lung cancer (NCI-H187), MCF-7 
(breast adenocarcinoma), KB (human oral 
cancer), HeLa (human cervical cancer) 
and HT-29 (colon cancer)

[70, 71]

Mangrove fungus 
Phomopsis longicolla, 
Fungus Phomopsis 
longicolla,  
Rhizhopora 
mucronata

Phomoxanthone A (68) Xanthone Tumour cell lines or of blood cancer cell 
lines

[72]

Garcinia  
mangostana

Garcinone C (69) Xanthone MCF-7, A549, Hep-G2 and CNE cell lines [73]

Garcinia nobilis Morusignin I (70), 
8-hydroxycudraxanthone 
G (71), cudraxanthone 
I (72)

Xanthone Breast cancer cells transduced with 
control vector (MDA-MB-231-pcDNA3), 
Human wild-type HCT116 (p53+/+) 
colon cancer cells, Human glioblastoma 
multiforme U87MG cells, Human  
HepG2 hepatocellular carcinoma cells 
and normal AML12

[74]

Securidaca 
longepedunculata

1,6,8-trihydroxy-2,3,4,5-
tetramethoxyxanthone 
 (73), 1,6-dihydroxy-
2,3,4,5,8-
pentamethoxyxanthone (74)

Xanthone Human pancreatic cancer cell line, 
PANC-1

[75]

Garcinia hunburyi Desoxymorellin (75) Xanthone HEL (human embryonic lung fibroblasts) 
and HeLa (Henrietta Lacks cervical 
cancer)

[76]

Garcinia cantleyana Cantleyanone (76) Xanthone Breast cancer (MDA-MB-231 and  
MCF-7), ovarian cancer (CaOV-3) and 
HeLa cells

[77]

Garcinia lateriflora Lateriflorone (77) Xanthone P388 cancer cell line [78]

Garcinia morella Gambogic acid (78) Xanthone T47D and DLD-1 breast cancer cells [79]

Garcinia  
gaudichaudii

Gaudichaudione (79) Xanthone Parental murine leukemia P388 and  
P388/doxorubicin-resistant cell lines

[80]

Garcinia cowa Cowaxanthones G (80) Xanthone Human cancer cell lines (HeLa, PANC-1 
and A549)

[81]
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Oncidium baueri Batatasin III (81) Stilbenoid U251 (glioma, CNS), MCF-7 (breast),  
NCI-ADR/RES (ovarian expressing 
phenotype multiple drugs resistance), 786-0 
(renal), NCI-H460 (lung, non-small cell), 
HT29 (colon), HaCat (human keratinocytes, 
immortalized non-tumoral cell)

[82]

Scirpus yagara Sciryagarol I (82) and II 
(83)

Cis-stilbenoid HeLa Cell Line human epitheloid cervix 
carcinoma

[83]

Gnetum 
macrostachyum

Macrostachyols D (84) Oligostilbenoid Human cervical carcinoma (HeLa) and 
human mouth epidermal carcinoma  
(KB) cell lines

Cajanus cajan Cajanotone (85), 
cajaninstilbene acid (86), 
pinosylvin monomethyl 
ether (87), longistylin A 
(88), longistylin C(89)

Stilbenoid Human hepatoma cell line HepG2, 
human breast adenocarcinoma MCF-7 
and human lung cancer cell line A549

[84]

Peanuts Arachidin-1 (90) Peanut  
Stilbenoid

Human leukemia HL-60 cells [85]

Combretum caffrum Combretastatin A-4 (91) Stilbenoid Human hepatocellular carcinoma 
 HepG2, SMMC-7721, gastric  
carcinoma BGC-803 cells, breast 
carcinoma MDA-MB-435

[86]

Macaranga  
siamensis

Macasiamenenes A (92), 
macasiamenene K (93), 
Macasiamenene L (94), 
acasiamenenes M (95)

Prenylated 
stilbenoid

MOLT-3 (acute lymphoblastic  
leukemia)

[87]

Monomeria barbata 1,4,7-trihydroxy-
2-methoxy-9,10-
dihydrophenanthrene (96), 
1,3,8-tri (phydroxybenzyl)-
4-methoxy-phenanthrene-
2,7-diol (97)

Phenanthrene HepG-2, promyelocytic leukaemia  
HL-60, ovarian carcinoma Skov-3

[88]

Bulbophyllum 
odoratissimum

Bulbophythrins A (98)  
and B (99)

Dimeric 
phenanthrene

Human leukemia cell lines K562 and 
HL-60, human lung adenocarcinoma 
A549, human hepatoma BEL-7402 and 
human stomach cancer SGC-7901

[89]

Helicteres hirsuta Pinoresinol (100), 
boehmenan (101) and 
boehmenan H (102)

Lignan LNCaP, Lu1 (human lung cancer),  
MCF-7 (human breast cancer) and 
HUVEC (human umbilical vein 
endothelial) cell lines,

[90]

Sambucus williamsii Sambucasinol A (103), B 
(104), C (105)

Lignan Human cell lines A549, SK-OV-3, 
SK-MEL-2 and XF498

[91]

Pycnanthus 
angolensis

Pycnanthulignene A (106) Lignan CCRF-CEM leukemia cell line, CEM/
ADR50 0 0 cells

[41]

Phyllanthus glaucus Phyllanthusmin C (107) Lignan  
glycoside

HL-60, MCF-7 and SW480 cells [92]

Table 1. Cytotoxic phenolics from different natural source.
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2. Natural phenolics with anticancer properties

2.1. Flavonoids and their cytotoxic activities

Flavonoids and their glycosides are the main phenolic constituents isolate form many natural 
sources in a reasonable amount. These phenolic compounds are very well-known for their cyto-
toxic activity and gave very promising results against different types of tumors. The basic struc-
tures of flavonoids are based on a C6-C3-C6 skeleton derived from 1,3-diphenylpropane. Flavonoids 
are further divided into three subclasses on the basis of their little structural changes, substitutions 
and degree of hydroxylation and polymerization, such as, flavonoids (2-phenylchromen-4-one), 
isoflavonoids (3-phenylchromen-4-one) and neoflavonoids (4-phenylchromen with no hydroxyl 
group substitution at position 2). More than ten thousand flavonoids have been identified from 
natural sources and it exhibit a number of human health benefits due to their interactions with 
different cellular targets including antioxidant, anti-inflammatory, antiviral and anticancer prop-
erties. Isoprenylated flavonoids isolated from Moraceae family has many cytotoxic activity in dif-
ferent cancer cell lines including MCF-7 human breast cancer, TK-10 human renal cancer and 
UACC-62 human melanoma cells, A549 human lung cancer, Hep3B human hepatocellular cancer, 
HT-29 human colorectal cancer cells.

The cell viability of B16 melanoma cells after 3 days culture with compounds Artocarpin, 
cudraflavone C, prenylapigenin, kuwanon C, norartocarpin, albanin A and cudraflavone B at 
different concentrations was determined using 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltet-
razolium bromide MTT colorimetric assays. These compounds 1–7 exhibit potent cytotoxicity 
in a concentration-dependent manner. The IC50 values are 10.3, 9.2, 32.5, 14.2, 7.8, 84.7 and 
12.5 μM [3].

Kaempferol is a dietary flavonoid and it has many protective effects for human health, was 
treated with human breast cancer cell line, MCF-7 and it regulated down the expression of 
polo-like kinase PLK-1, which has reported to regulate mitotic progression and to be upregu-
lated in several human tumors. This polyphenolic compound significantly reduces cell viabili-
ties of U-2 OS, HOB and 143B cells, but exerts low cytotoxicity on human fetal osteoblast 
progenitor hFOB cells. It has anticancer effects on Miapaca-2, Panc-1 and SNU-213 human 
pancreatic cancer cells. In a dose-dependent manner, its decreased viability of pancreatic can-
cer cells by increasing apoptosis. The anticancer effect of kaempferol mediated by inhibition 
of EGFR-related Src, ERK1/2 and AKT pathways and it could act as potent pancreatic cancer 
cells inhibitor [4]. The IC50 value of Dorsmanin F is a prenylated flavonoid and it ranged from 
5.34 to 1.94 μM towards leukemia CCRF-CEM cells to 33.30–28.92 μM towards MDA-MB-231-
BCRP cells, respectively and from 0.20 to 195.12 μM against CCRF-CEM. This compound 
induced apoptosis in CCRF-CEM leukemia cells, mediated by MMP disruption and increased 
reactive oxygen spp (ROS) production [5]. Artocarpesin, cycloartocarpesin (unique flavonoid 
structures) displayed cytotoxic effect on four cell lines with IC50 values, respectively, below 
106, 50 and 25 μM. The IC50 values of these compounds ranged from 23.95 μM for hepatocar-
cinoma HepG2 cell, 105 μM towards colon carcinoma HCT116 (p53−/−) cells for artocarpesin, 
from 15.51 μM for leukemia CCRF-CEM cells and 49.83 μM for glioblastoma U87MG.EGFR 
cells for cycloartocarpesin [6]. 6,7-dimethoxy-4′-hydroxy-8-formylflavon and 4′,7-dihydroxy-
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structures) displayed cytotoxic effect on four cell lines with IC50 values, respectively, below 
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8-formyl-6-methoxyflavon are formylated flavonoid and showed significant cytotoxicity 
against PC3 and A549 cell lines with IC50 values of 2.6 and 1.6 μM, respectively [7]. 
Isoxanthohumol is known as hops and wines flavonoid and it exhibits antiproliferative activ-
ity against human breast cancer MCF-7 cell lines, A-2780 ovarian cancer cell lines, prostate 
cancer PC-3 and DU145 and colon cancer SW620 and HT-29 cells lines. It inhibits the activa-
tion of carcinogens: 2-amino-3-methylimidazol-[4, 5-f]quinoline and aflatoxin B1, AFB1 via 
human cytochrome P450 CYP1A2 [8]. Kushecarpin D is a Chinese traditional herbal medicine 
and exhibits antiangiogenic activity demonstrated by its effects on migration, adhesion, tube 
formation of an endothelial cell line. The antiangiogenic activity, together with its antiprolif-
erative effects on endothelial cells, indicates that kushecarpin D is an excellent candidate for 
development as chemo preventive molecule to be used in combating tumor development [9]. 
Luteolin is one of the very important flavonoid found in many foods with lot of health benefits 
and it prevent cancers strongly, it induce cell cycle arrest and apoptosis in various human 
cancer cells and it synergize antitumor effects of 5-FU on Bel7402 and HepG2 cells, which can 
related with apoptosis and regulation of 5-FU metabolism. The IC50 value of luteolin on PC3 

and LNCaP cells was 31.44 and 32.05 μM, respectively. It resulted in a marked reduction in 
cell proliferation in a dose-dependent manner and enhanced the paclitaxel-induced apoptosis 
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lung colonization of SK-Hep1 cells in mice. It indicates that morusin possesses antitumor 
progression potential by suppressing STAT3 and NFkB [15]. Artocarpin showed significant 
anticancer activities on breast cancer cells (T47D cells) with IC50 value on T47D cells was 
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 tetrahydroxy flavonoid having many health benefits and it effects on short- and long-term 
growth of BRAF-mutated A375, SK-MEL-28 and RPMI-7951 melanoma cancer cells. Results of 
MTT assay demonstrated that fisetin (10–60 μM) treatment significantly decreased the growth 
of A375 8.64–61.75%, SK-MEL-28, 6.94–59.79% and RPMI-7951, 11.60–64.11% cells in a concen-
tration-dependent manner [19]. Hispidulin is found in many herbs and significantly inhibited 
HepG2 cell growth in a time and dose-dependent manner. Hispidulin (at 200 μM) inhibited 
the growth of HepG2 cells by nearly 50, 70 and 90% after 24, 48 and 72 h of treatment, respec-
tively, which suggest that hispidulin promotes HepG2 cell death through apoptosis. It inhib-
ited cell growth in a dose-dependent manner in (HRCC) lines 786-0 and Caki-1 cell lines, 
whereas Caki-1 cells were found to be more resistant to hispidulin treatment [20, 21]. Quercetin 
is a dietary flavonoid (berries flavonoid) showed strong cytotoxicity as 1.49-fold in MCF-7 
cells and 1.98-fold in MCF-7/dox cells. It suppressed proliferation and survival of HepG2 can-
cer cells and induced apoptosis by enhancing the expression of p53 and BAX through down-
regulation of ROS, PKC, PI3K and COX-2 [22, 23]. Hesperetin a citrus flavonoid exhibited 
inhibition of cell growth in a concentration and time-dependent manner with IC50 at 72 h 
200 μM. It could significantly promote apoptosis of Eca109 cells in a dose-/time-dependent 
manner [24]. Apigenin a trihydroxy flavonoid with potential health benefits exhibited strong 
growth inhibitory activity in HER2/neu breast cancer cells but was much less effective in 
inhibiting growth of cells expressing basal levels of HER2/neu. It induces apoptosis in 
MDA-MB-453 breast cancer cells with involving intrinsic and extrinsic apoptotic pathways. It 
has shown to downregulate levels of cyclin D1, D3 and cdk4 and increases p27 protein levels 
in breast cancer cells. Apigenin inhibited human cervical carcinoma HeLa cells growth 
through an apoptotic pathway. In various human colon carcinoma cells, it resulted cell growth 
inhibition and G2/M cell cycle arrest. The effects of apigenin on lung cancer cells were evalu-
ated and it inhibited A549 lung cancer cell. It has capability to significantly reduce cell number 
and induce apoptosis in PWR-1E, LNCaP, PC-3 and DU145 cells [25, 27]. Quercetin-3-O-β-d-
glucopyranoside also known as isoquercetin and found in mangoes in high amount and it is 
an interesting dietary compound worth further investigation as a cytoprotective agent. 
Pretreatment of PC12 cells with nontoxic concentrations of this compound protect cells from 
H2O2 induced cytotoxicity with decrease in generation of reactive oxygen species (ROS). These 
observations qualify it as cytoprotective dietary compound [27]. Amplexicaule A is found in 
many herbs and it increased levels of cleaved caspase-3,-8,-9 and PARP, resulted from sup-
pression of MCL-1 and BCL-2 expression in cells. This compound inactivated the Akt/mTOR 
pathway of breast cancer cells. It influenced strongly on breast cancer cells, most likely by 
induction of apoptosis [28]. Triticuside A a dietary flavonoid found in wheat and induced 
apoptosis accompanied by a significant decrease in Mcl-1 and Bcl-2 proteins and by increase 
in cleavage of caspases-3, -7, -9 and PARP. It suppressed the level of phospho-Akt and its 
downstream targets, mTOR and P70 S6 kinase. LY294002, a specific inhibitor of PI3K, signifi-
cantly enhanced the triticuside A induced apoptosis. It may a potentially useful wheat bran 
component and can used for treatment of breast cancer [29].

Naringin is a diglycoside flavonoid and found in many citrus fruits and it inhibited cell pro-
liferation and promoted cell apoptosis and G1 cycle arrest, accompanied by increased p21 
and decreased surviving. Significant inhibitory effects of naringin on the cell proliferation of 
TNBC cells were observed. MDA-MB-231 and BT-549 cells treatment with naringin (50, 100 
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and 200 M) for 48 h, significantly increased apoptosis in breast cancer cells. It exerts signifi-
cant effects on inhibition of breast cancer cells growth in through mediating-catenin pathway. 
Treatment of Raji with naringin showed maximum sensitivity towards NK cell lysis and the 
activity was 2.5-fold with naringin treatment [30–32]. Quercetin-3-O-α-l-rhamnopyranosyl-
(1→6)-β-d-glucopyranoside induces apoptosis in A549 cancer cells via caspase activation 
through cytochrome release from mitochondria. It tested against A549 lung cancer cell line, 
COLO320DM cancer cell line and Vero cell line and it showed prominent cytotoxic activ-
ity against A549 lung cancer cell. This compound showed 87.41% activity at dose of 164 μM 
with IC50 value of 82 μM. COLO320DM cancer cell line was maintained in complete tissue 
culture medium [32]. Pectolinarin and astragalin isolated from edible plants against H2O2-
induced cell death of human brain neuroblastoma SK-N-SH cells. These compounds showed 
protective effects against H2O2-induced cell death and inhibited ROS generation by oxida-
tive stress [33]. Troxerutin showed strong binding with calf thymus DNA in vitro and DNA 
interaction was confirmed by CD spectropolarimetry. The mode of binding of troxerutin to 
DNA was assessed by competing with EtBr or DAPI, known DNA intercalator and minor 
groove binder, respectively. It induced cytotoxicity in radioresistant DU145 and sensitive PC3 
prostate cancer cells. When troxerutin was pretreated with DU145 and PC3 cells and it were 
exposed to gamma-radiation, the cytotoxicity induced in PC3 and DU145 prostate cancer cells 
and it was monitored by MTT assay. The toxicity induced by troxerutin 5 μM was more than 
40% over control at 24 h, but more than 50% increase was observed at 48 h. Radiation per se 
induced around 18% cell death in PC3 cells [34]. Vicenin gave IC50 values 141.7 μM, 195.7 μM 
and 369.3 μg mL−1 on treatment with PC-3, DU-145 and LNCaP cells. Curcumin was used as 
positive control with IC50 17.90 μM. It is an active constituent of the medicinal herbs (Tulsi) 
and it effectively induced antiproliferative, antiangiogenic and proapoptotic effect in CaP 
cells (PC-3, DU-145 and LNCaP) [35, 36] (Figure 1).

2.2. Isoflavonoids and their cytotoxic activities

Isoflavonoids play very important role in human health-promoting natural chemicals. They 
belong to plants secondary metabolites, mediate diverse biological functions through numerous 
pathways. Isoflavonoids are phenolic compounds and possess a 3-phenylchroman skeleton that 
biogenetically derived from 2-phenyl chroman skeleton of flavonoids. Some studies reported 
that anticarcinogenic activities of dietary soy isoflavonoids play important role for prevent-
ing colorectal cancer. Isoflavonoids have shown to possess many biological properties that can 
account for cancer prevention. Isoflavones exert their effects through numerous pathways with 
respect to the cancer prevention; and it use mechanisms of action which appear to be various, 
complementary and overlapping.

Genistein is a soybeans isoflavones and it decrease the risk of breast cancer and induced 
downregulation of CIP2A in breast cancer cells MCF-7-C3 and T47D, which correlates with 
its growth inhibition and apoptotic activities. In a model of human prostate carcinoma, treat-
ment with genistein, decreased the metastatic burden, without changing the size of primary 
tumor and cell detachment were also decreased. According to studies, patients with PCa 
effectively tolerate genistein and therapeutic modulation of metastasis, specifically MMP-2 
(matrix metallopeptidase 2) is possible [39, 40]. Inhibitory effect of daidzein investigated by 
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Figure 1. Structures of flavonoids 1–35.
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bacterial flora in intestines, on DU145, LnCaP and PC3 human prostate cancer cell. The results 
provide a better understanding of the biomolecular mechanisms of this compound as natural 
anticancer agent and provide base for development of daidzein and its analogs as potent 
anticancer molecules [39]. Biochanin A is found in nuts and beers and it effects on pancreatic 
cancer progression and it induced dose-dependent toxicity on pancreatic cancer cells Panc1 
and AsPC-1. It reduced colony formation ability of Panc1 cells and induced dose-dependent 
apoptosis [40]. The IC50 value of Alpinum isoflavone ranged from 5.91 μM towards leukemia 
CEM/ADR5000 cell and to 65.65 μM towards drug-resistant breast adenocarcinoma MDA-
MB-231-BCRP cells. This sioflavone induced apoptosis of CCRF-CEM cells, mediated by the 
loss of MMP and increase the ROS production [41]. Puerarin prevents the proliferation of 
breast cancer cells (MDA-MB-231, HS578T and MCF-7) at 50% of cell growth inhibition with 
concentration of 46, 71 and 69 μM, respectively. Puerarin was further preventing three dif-
ferent types of breast cancer in the G0/G1 phase of the cell cycle and stimulated apoptosis in 
these cells [42] (Figure 2).

Figure 2. Structure of isoflavonoids 36–40.
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2.3. Chalcone and their cytotoxic activities

Chalcones mainly belongs to flavonoids family and known as open chain flavonoid in which 
two aromatic rings A and B structurally joined by α,β-unsaturated carbonyl system. Plants 
containing chalcones have been used traditionally as anti-inflammatory, antioxidant, antima-
larial, antimicrobial, antifungal, antitubercular, cytotoxic, antiviral, antitumor and chemopre-
ventive agent. These are very common phenolics specially founds in Leguminosae, Moraceae 
and Asteraceae families.

Butein is a natural dietary chalcone has many traditional uses and a herbal medicine. It 
reduced the cell viability of cultured human uveal melanoma cells in a dose-dependent man-
ner with IC50 at 13.3 and 15.8 μM in SP6.5 and M17 cell lines, respectively. Similar effects 
were also found in a highly aggressive and metastatic C918 cell line (IC50 16.7 μM). At 2 μM 
concentration, it inhibited the incorporation of 14C-labelled thymidine, uridine and leucine 
into the colon cancer cells whilst 5-fluorouracil (5-FU, a chemotherapeutic drug) at 50 μM 
concentration. The cytotoxic action of butein was different from 5-FU but may be similar to 
colchicine, a known HeLa cell inhibitor. Butein inhibit telomerase activity by downregulating 
hTERT gene expression in human leukemia cells and it causes apoptosis of breast cancer cells, 
while luminal HER2+ HCC-1419, HCC-2218 and SKBR-3 breast cancer cells. Treatment with 
butein (10–30 μM) decreased cell viability in LNCaP (29, 42 and 52%), CWR22Rν1 (20, 31 and 
42%) and PC-3 (11, 22 and 35%) cells. It inhibited colony formation, cell viability, migration, 
invasion, induced cell cycle at G2/M stage, cell apoptosis and enhanced caspase-3, -8 and -9 
activity in HeLa cells in a dose-dependent manner [43–47]. Isoliquiritigenin is a natural chal-
cone and used for the treatment of cancer, it is cytostatic and able to overcome the intrinsic 
resistance of U373 cancer cells to proapoptotic stimuli. After 72 h treatment with 10 μg mL−1 of 
isoliquiritigenin, a typical differentiated morphology observed in HL-60 cancer cells, includ-
ing the decrease in karyoplasmic ratio and the increase in kidney-shape nuclear cells. This 
compound is able to induce the monocytic differentiation in leukemia cells. It has potential 
as a drug for leukemia. HepG2 cells are significantly more resistant to isoliquiritigenin when 
the activity of p53 was blocked. Isoliquiritigenin inducible p53 plays a key apoptotic role and 
may do so by regulating the expression of specific target molecules that promotes efficient 
apoptotic cell death following G2/M-cell cycle arrest. It inhibits the proliferation of prostate 
cancer cells, via inhibition of ErbB3 signaling and PI3K/Akt pathway [48]. 2′,4′-dihydroxy-
6-methoxy-3,5-dimethylchalcone tested on human cell lines including liver cancer SMMC-
7721 cells, pancreas cancer 8898 cells, tumor of cervix uteri HeLa cells, lung cancer SPC-A-1 
cells, high metastatic lung carcinoma 95-D cells and gall bladder carcinoma GBC-SD cell lines 
was dose-dependent. It observed that different cells had a different sensitivity for inhibition 
effect of this chalcone. The IC50 values on cytotoxicity were 32.3, 37.2, 37.7, 81.3, 84.6 and 
84.8 μM for SMMC-7721, 8898, HeLa, GBC-SD SPC-A-1 and 95-D cells, respectively [49, 50]. 
4′-hydroxy-2′,6′-dimethoxychalcone showed IC50 values in a range of 2.54 μM against CEM/
ADR5000 leukemia cells to 58.63 μM towards hepatocarcinoma HepG2 cells. This compound 
arrested cell cycle between Go/G1 phase and induced apoptosis via disrupted mitochondrial 
membrane potential MMP and increased production of reactive oxygen species (ROS) in 
the studied leukemia cell line [51]. Xanthohumol is a prenylated chalcone found in beers; it 
caused dose dependent (0.1–100 μM) decrease in growth of MCF-7, HT-29 and A-2780 cancer 
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cell lines. After two-day treatment, the concentrations at which growth of MCF-7 cells was 
inhibited by 50% (IC50) were 13.3 μM for xanthohumol. After four-day treatment, IC50 for 
xanthohumol was 3.47 μM [52, 53]. Flavokawain B is known as kava chalcone and it induced 
caspase and mitochondria-dependent apoptosis which characterized by cytochrome c release 
and Bak translocation to mitochondria. It induces G2/M accumulation, autophagy and apop-
tosis, leading to HCT116 colon cancer cell growth inhibition. It further induced both MCF-7 
and MDA-MB231 and significant G2/M arrest was seen in MDA-MB231 cells [54]. Isolespeol is 
a geranyl chalcone and it showed inhibitory activity against human liposarcoma cells SW 872 
with IC50 values of 3.8 μM. Treatment of SW 872 human liposarcoma cells with this com-
pound stimulated increase protein expression of Fas, FasL and p53 [55]. Xanthoangelol and 
4-hydroxyderricin inhibit adipocytes differentiation through AMPK and mitogen-activated 
protein kinase pathways, resulting in the down-expression of adipocyte-specific transcription 
factors. Xanthoangelol induce apoptotic cell death by activation of caspase-3 in neuroblas-
toma and leukemia cells through a mechanism that does not involve Bax/Bcl-2 signal trans-
duction. Therefore, this compound may effective drug for the treatment of neuroblastoma 
and leukemia. 4-Hydroxyderricin showed significant cytotoxicity in four human tumor cell 
with IC50 values 4.8 μM (CRL1579), 5.5 μM (HL60), 4.2 μM (AZ521) and 10.2 μM (A549). 
4-Hydroxyderricin induced further the early apoptosis of HL60 cells and it observed as mem-
brane lipid exposure in the flow cytometry [56, 57]. The IC50 values for Isobavachalcone is a 
prenylated chalcone and having wide range of biological activities including anticancer, it 
ranged from 0.20 μM (towards CCRF-CEMcells) to 195.12 μM (towards leukemia CEM/ADR 
5000 cells) for doxorubicin. It induces apoptosis in CCRF-CEM leukemia cells, mediated by 
caspase activation and the disruption of MMP [58]. Cytotoxicity of Poinsettifolin B assessed 
against different sensitive and multidrug-resistant cancer cell lines. The IC50 values for this 
compound ranged from 5.34 to 1.94 μM towards CCRF-CEM leukemia cells, to 33.30 and 
28.92 μM towards human breast cells MDA-MB-231-BCRP, respectively and from 0.20 μM 
against human leukemia cell CCRF-CEM, to 195.12 μM against CEM/ADR5000 cells [59]. 
2′-hydroxy-3,4,4′,5,6′-pentamethoxychalcone is very potent in inhibiting breast adenocarcinoma 
(MCF-7), lung cancer (NCI-H460) and melanoma (A375-C5) cell lines [60]. Rhuschalcones 
II−VI showed potent cytotoxic activities against HCT-116 and HT29 human colon cancer cells 
[61] (Figure 3).

2.4. Naphthalenes and their cytotoxic activities

Naphthalenes are simplest and most important member of arenas, in which two benzene rings 
are fused with each other and it based on a C6-C4 skeleton. Many naphthalene-based natural 
products have been isolated from different sources and showed significant biological activities.

Syriacusin A inhibit activity of human neutrophil elastase HNE, a serine protease to degrade 
extracellular matrix ECM proteins including elastin, with IC50 values 8.0, 5.2 and 6.1 μM, 
respectively [62]. Rumexneposide A showed against broad spectrum activity against human 
cancer cells lines, including lung and breast cancer cells (A549, H522, MCF-7, MCF-10A, 
SKBR3) with IC50 value 31.0, 15.7, 21.8, 22.8 and 20.7 μM [63]. Parvinaphthol B, parvinaph-
thols C showed marginal cytotoxicity against the MDA-MB-231 human triple-negative breast 
cancer cell line with IC50 values ranging from 62.3 to 129.6 μM [64].
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2.5. Anthraquinone and their cytotoxic activities

Anthraquinones are the active constituents of many herbs with a tricyclic C6-C2-C6-based 
skeleton. They are widely distributed in the Fabaceae, Liliaceae, Labiate, Polygonaceae and 
Rhamnaceae families. Anthraquinone found in herbs (Polgyonum) in vegetable (cabbage, let-
tuce and beans).

Chrysophanol was active in the oophoroma SKOV-3 cell line, where the IC50 value was 
5.62 μM and with IC50 value 20.4 μM for MCF-7 breast cancer cell line [65]. 9,10-anthraqui-
none showed strong cytotoxic activity against COLO320 human colon carcinoma cell line. It 
gave 79.7% cytotoxicity at 300 μg mL−1 concentration of compound with 75 μg mL−1 IC50 value. 
The treatment of human colon carcinoma cell line COLO320 with 9,10-anthraquinone signifi-
cantly decreased the proliferation of cells and enhanced the formation of apoptotic bodies and 
fragmented DNA. The expressions of p53 and caspase-3 was upregulated from 9,10-anthra-
quinone in colon adenocarcinoma cells [66]. 2-hydroxy-9,10-anthraquinone showed cytotoxic 
activity against A549 lung and COLO320 cells lines and it showed 62.7% activity at the dose 
of 500 μg mL−1 with IC50 value of 400 μg mL−1 against COLO320 cells [67]. 2,3-dihydroxy-
9,10-anthraquinone inhibits PI3K/AKT activity after treatment. Also, COX-2 enzyme plays a 
major role in colorectal cancer and significantly reduced COX-2 enzyme in COLO320 cells. 

Figure 3. Structure of chalcones 41–57.
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quinone in colon adenocarcinoma cells [66]. 2-hydroxy-9,10-anthraquinone showed cytotoxic 
activity against A549 lung and COLO320 cells lines and it showed 62.7% activity at the dose 
of 500 μg mL−1 with IC50 value of 400 μg mL−1 against COLO320 cells [67]. 2,3-dihydroxy-
9,10-anthraquinone inhibits PI3K/AKT activity after treatment. Also, COX-2 enzyme plays a 
major role in colorectal cancer and significantly reduced COX-2 enzyme in COLO320 cells. 

Figure 3. Structure of chalcones 41–57.

Phenolic Compounds - Natural Sources, Importance and Applications44

It involves in apoptotic pathway, mitochondrial function, cell cycle checkpoint and control 
the over expression gene during the colorectal cancer [66]. Chrysophanol 8-O-beta-(6′-acetyl)
glucopyranoside exhibited relatively higher cytotoxic activities against human oral squamous 
cell carcinoma HSC-2 and salivary gland tumor HSG cell lines than against normal human 
gingival fibroblasts HGF cells lines [69] (Figure 4).

2.6. Xanthone and their cytotoxic activities

Xanthones are three-membered ring compounds with (C6-C1-C6) skeleton and are mainly 
found in higher plants and microorganisms. Now days, they gained great importance due 
to their significant pharmacological and biological properties. These types of natural com-
pounds have broad biological profile, such as, antihypertensive, anti-inflammatory, antiox-
idant antithrombiol, anticancer and antiviral activities. Xanthones are commonly found in 
Gentianaceae, Moraceae, Guttiferae, Clusiaceae, Polygalaceae in citrus fruits and mangosteen.

Formoxanthone C has α,α,β-trimethylfuran ring and it showed potent cytotoxic activity 
against NCI-H187 with IC50, 0.22 μg mL−1, which is stronger than elliptecine, a standard drug 
with IC50, 0.45 μg mL−1 [70, 71]. Phomoxanthone A displayed strong anticancer activity, on 
the treatment against cisplatin resistant (CisR) cancer cell lines or blood cancer cell lines with 
an IC50 values in sub-micromolar concentration and it was up to 100-folds less active against 
PBMC peripheral blood cells from a healthy donors [72]. Garcinone C was tested for cytotoxic-
ity against MCF-7, A549, Hep-G2 and CNE cell lines by 3-(4,5-dimethylthiazol2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) colorimetric assay, while doxorubicin used as positive control. 
Garcinone C showed strong cytotoxicity against all cell lines with IC50 values from 4.3 ± 0.1 
to 7.1 ± 0.5 μM [73]. Morusignin I 70 and cudraxanthone I inhibited proliferation of all can-
cer cell lines including sensitive and drug-resistant phenotype. 8-hydroxycudraxanthone G 
showed activity on many cell lines with IC50 values ranged from 16.65 μM against CCRF-CEM 
leukemia cells to 70.38 μM against HepG2 hepatocarcinoma cells. The IC50 values of differ-
ent cells ranged from 7.15 μM against CCRF-CEM human leukemic cells to 53.85 μM against 
U87MG.∆EGFR human glioblastoma cells for morusignin I and 2.78 μM against MDA-MB231 
BCRP breast cancer cells to 22.49 μM against U87MG human glioblastoma cell line for cudrax-
anthone I [74]. 1,6,8-trihydroxy-2,3,4,5-tetramethoxyxanthone, 1,6-dihydroxy-2,3,4,5,8-penta-
methoxyxanthone were tested for preferential cytotoxic activity against human pancreatic 
cancer cells PANC-1 under nutrient deprived condition. These compound displayed potent 
cytotoxicity with PC50 of 22.8 and 17.4 μM, respectively. They triggered apoptosis-like PANC-1 
cell death in NDM with glucose sensitive mode [75]. Desoxymorellin inhibited the growth of 
HEL human embryonic lung fibroblasts and HeLa Henrietta Lacks cervical cancer cell with 
a minimum inhibitory concentration MIC of 0.39 mg mL−1 [76]. Cantleyanone displayed sig-
nificant cytotoxicity against breast cancer MDA-MB-231 and MCF-7, ovarian cancer CaOV-3 
and HeLa cells with EC50 values ranging from 0.22 to 17.17 mg mL−1 [77]. Lateriflorone was 
cytotoxic against P388 cancer cell line with an ED50 value 5.4 mg mL−1 [78]. Gambogic acid 
inhibited proliferation of T47D and DLD-1 breast cancer cells with GI50 values of 0.04 and 
0.03 mm, respectively [79]. Gaudichaudione displayed strong growth inhibitory activity 
against parental murine leukemia P388 and P388/doxorubicin resistant cell lines at low μM 
concentrations [80]. Cowaxanthones G showed potent inhibition on cell viability IC50 < 10 μM, 
while etoposide was used as positive control [81] (Figure 5).
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Figure 4. Structure of naphthalenes 58–61 and Anthraquinones 62–66.
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Figure 5. Structure of structure of xanthones 67–80.
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2.7. Stilbene and their cytotoxic activities

Stilbenoids are formed by flavonoid biosynthesis pathway and it consists on C6-C2-C6-based 
skeleton and usually found in peanuts, grapes and wines. Stilbenoid have a great interest 
on account due to their promising pharmacological activities including anticancer, antimi-
crobial, antioxidant and anti-inflammatory. Stilbenoid play important role of phytoalexin in 
plants. They play very important role in the defense of different pathogen.

Batatasin III inhibited growth of all cell lines including U251 glioma, CNS, MCF-7 breast, NCI-
ADR/RES (ovarian expressing phenotype multiple drugs resistance), 786-0 renal NCI-H460 
lung, non-small cell, HT29 colon, HaCat human keratinocytes, immortalized non-tumoral cell 
with GI50 values close to 30 mg mL−1 [82]. The cytotoxicity of Sciryagarol I and II was evaluate 
by MTT assay against human tumor cell lines MGC803, SMMC7721 and Hela and it showed 
significant cytotoxicity against Hela cell lines with IC50 values 61.21 and 7.21 μM, respectively 
[83]. Oligostilbene macrostachyol D showed significant cytotoxicity to HeLa cells with IC50 
value of 4.13 μM. Cajanotone, cajaninstilbene acid, pinosylvin monomethyl ether, longistylin 
A and longistylin C showed strong cytotoxicities against human hepatoma HepG2, human 
breast adenocarcinoma MCF-7 and human lung cancer A549 cell lines with IC50 values in the 
range of 3.5–15.5 μM, while doxorubicin used as a positive control [84]. Arachidin-1 induced 
human leukemia HL-60 cells death with EC50 value 4.2 μM and it was more potent than resve-
ratrol and induces cell death in HL-60 cells through only the intrinsic apoptotic pathway [85]. 
Combretastatin A-4 showed strong cytotoxity against human cancer cell lines: HepG2 with 
IC50 value 9.2, SMMC-7721 with IC50 value 12.8, BGC-803 with IC50 value 12.2, MDA-MB-231 
with IC50 value 17.6 μM [86]. Macasiamenenes A2, macasiamenene K, Macasiamenene 
L, acasiamenenes M exhibited significant cytotoxicity against MOLT-3 cancer cell line with 
the IC50 values in the range of 0.66–9.78 μM, etoposide used as Positive control standard [87] 
(Figure 6).

2.8. Phenanthrene and their cytotoxic activities

Phenanthrenes consist on three fused aromatic rings and found in Dendrobium and 
Dioscorea spp.

Cytotoxicities of 1,4,7-trihydroxy-2-methoxy-9,10-dihydrophenanthrene, 1,3,8-tri (phydroxy-
benzyl)-4-methoxy-phenanthrene-2,7-diol towards liver carcinoma HepG-2, promyelocytic 
leukaemia HL-60, ovarian carcinoma Skov-3 and epidermoid carcinoma A431 cancer cell lines 
were determined by MTT method. 1,4,7-trihydroxy-2-methoxy-9,10-dihydrophenanthrene is 
the strongest one to HepG-2 and Skov-3 with IC50 of 15.9 and 124.0 mmol L−1, respectively; 
1,3,8-tri (phydroxybenzyl)-4-methoxy-phenanthrene-2,7-diol is the strongest one to HL-60 
and A431 with IC50 of 34.9 and 46.4 mmol L−1, respectively [88]. Biphenanthrenes bulbophy-
thrins A and B were evaluated in vitro for their inhibitory ability against human leukemia 
cell lines K562 and HL-60, human lung adenocarcinoma A549, human hepatoma BEL-7402 
and human stomach cancer SGC-7901, using cisplatin as a positive control. Bulbophythrins A 
exhibited some selectivity against HL-60 and BEL-7402 with IC50 values of 1.27 × 10−3 and 1.22 
× 10−3 μmol mL−1, respectively, whereas bulbophythrins B was most active against A549 with 
IC50 value of 1.18 × 10−3 μmol mL−1 [89] (Figure 7).
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2.9. Lignan and their cytotoxic activities

Lignans based on (C6-C3)2 biphenolic skeleton and they consists on a large group of plant 
phenolic produced by the oxidative dimerization of two phenyl propanoid moieties. They are 
found in black berries, strawbwerries, raspberries, blue berries, broccoli, apricot, cabbage and 
many seeds. The antiestrogenic effects of lignans could help to reduce the risk of hormone-
associated breast, uterine, ovarian and prostate cancers.

Pinoresinol, boehmenan and boehmenan H were found the most cytotoxic against human 
cancer cell lines Lu1, LNCaP and MCF-7 and a normal cell line HUVEC with ED50 values for 
Lu1 cell line was 0.8, 10.4 and 5.3 g mL−1, for LNCaP cell line was 0.5, 9.5 and 7.7 g mL−1, while 
the ED50 values for MCF-7 cell line was 1.7, 10.0 and 10.2 g mL−1, ED50 values for HUVEC 1.1, 9.0 
and 6.2 g mL−1 were observed for these lignans. The cytotoxic activity of pinoresinol against 
various cancer cell lines has been mentioned in the literature. It exhibited cytotoxicity against 
the KB cell line with an IC50 value of 2.2 μg mL−1 [90]. The cytotoxic activity of Sambucasinol A, 
B and C was evaluated by determining their inhibitory effects on human tumor cell lines A549, 
SK-OV-3, SK-MEL-2 and XF498 using the SRB bioassay. These compounds showed cytotoxic-
ity against all cell lines, with IC50 values in the range of 11.07–19.62 μM [89]. The IC50 values 
for the pycnanthulignene A ranged from 0.20 μM (towards CCRF-CEM cells) for pycnanthu-
lignene A to 195.12 μM (towards CEM/ADR5000 cells) for doxorubicin [41]. Phyllanthusmin 
C showed significant cytotoxicity against human leukemia HL-60 cells, human breast MCF-7 
cells and human colon SW480 cell lines with IC50 values of 9.2, 19.2 and 20.5 μM, compared 
with the cisplatin with IC50 values of 1.7, 10.9 and 9.9 μM, respectively [92] (Figure 8).

Figure 6. Structure of structure of stilbenoids 81–95.
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Figure 7. Structure of phenanthrenes 96–99.
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Figure 8. Structure of lignans 100–107.
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3. Conclusion

Phenolic plays an important role in human nutrition and health benefit and chemoprevention 
is one of the most realistic and promising approaches for the prevention of malignant disor-
ders. The results of this chapter may help to identify the phenolic compounds from natural 
sources with optimized cytotoxic activity to be tested for the treatment of different types of 
tumors. Phenolic compounds are incorporated into them and the order of their incorpora-
tion efficiency is similar to its cytotoxic activity. The cytotoxic data of phenolic compounds 
compiled in this chapter and relationships presented here cannot only be useful in chemo-
prevention to choose the correct source of these compounds containing most active natural 
polyphenols, considering the individual genetic cancer risks and familial anamnesis but also 
in the selection of parent compounds to design and synthesize novel chemotherapy drugs 
starting from the valuable material given to us by the nature.
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Abstract

The increasing consumers demands to acquire healthier fruits and vegetables as well as 
the urgency in looking to natural compounds with antioxidant activity and enhanced 
antimicrobial activity against antibiotic-resistant pathogenic bacterial strains have encour-
aged a quick expansion of research studies about enhanced phenolic extraction and iden-
tification methods. Considering the importance of phenolics as natural compounds with 
antioxidant and antimicrobial activity, this chapter aims to present the most updated 
information about extraction methods, ranging from the traditional to the most advanced 
processes, as well as the access to the modern methods used in the identification and 
quantification of phenolics. The main goal of this chapter is to provide the reader with 
a broad view on the different protocols used to extract, identify and quantify phenolic 
compounds from different kinds of foods, including fruits and vegetables.

Keywords: phytochemicals, extraction, determination, colorimetric methods, HPLC, 
HPLC-MS

1. Introduction

The growing resistance of pathogenic bacterial isolates against the traditional chemical anti-
biotics as well as the resurgent of old disappeared diseases associated with the constant 
consumers’ demanding of healthier, nutritious and safe food has led the researchers to focus 
on searching for new, safe and effective molecules. One class of such molecules is the class 
of polyphenols. Polyphenols are a ubiquitous class of compounds largely present in plants 
as their secondary metabolites, which are synthesized during their normal development [1] 
in response to several stressful biotic and abiotic factors [2, 3]. This class of compounds are 
a much diversified group derived from the amino acids phenylalanine and tyrosine and 
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comprise simple phenols, hydroxybenzoic acids and cinnamic acid derivatives, flavonoids, 
coumarines, stilbenes and tannins, among others [4–6].

The results from the last decade’s research have shown that polyphenols have important ben-
eficial properties for human health, including antioxidative, antiaging, antibacterial and anti-
mutagenic [7–11]. Moreover, the recent evidence of their interaction with proteins, DNA and 
other biological molecules has enhanced their exploitation for the production of new natural 
product-derived therapeutic agents. Despite these advantages, several limitations still persist, 
particularly those related with their extraction efficiency, which affects the large-scale use of 
some of these substances. The difficulties in screening, extracting, separation and purifying 
these compounds have increased the development of new and modern methods to address 
these limitations. In this context, the aim of this chapter is to present an updated review 
about sources, technologies and methods that have been developed until now to improve the 
extraction, detection, separation and full characterization of such beneficial compounds, with 
special emphasis to their possible application in the design of nutraceuticals and functional 
food products.

2. Foods as natural resources of phenolics

Polyphenols have been exhaustively studied in their different natural matrices such as fruits, 
vegetables, teas, algae and microalgae and more recently agro-food wastes (peels, seeds, 
pulps, stems and roots) [12–15]. In the three last decades, there has been a prolific publication 
of scientific studies showing that plant-derived foods and agro-food wastes from industrial 
transformation have huge quantities of polyphenols. In Table 1 are summarized some recent 
studies, and as result from these and other studies, there is a diverse source of polyphenols 
in plant materials, but both type and amount seem to be highly influenced by their chemical 
nature, extraction methods, sample particle size, storage time and conditions, as well as by the 
presence other of interfering substances [25]. Also, their chemical structure and nature vary 
from simple to highly polymerized substances that include varying proportions of phenolic 
acids, phenylpropanoids, anthocyanins and tannins, among others [26–28]. Moreover, they 
might also exist in complex mixtures with carbohydrates, proteins and some quite insoluble 
high-molecular-weight phenolics [28]. Therefore, the phenolic extraction from plant materi-
als is always a mixture of different steps, and many modifications of a particular method 
are often needed for the removal of unwanted non-phenolic substances such as waxes, fats, 
terpenes, pigments (chlorophylls and carotenoids). Solid-phase extraction (SPE) techniques, 
purification and fractionation based on acidity, are commonly used to remove unwanted 
non-phenolic substances or even other unwanted phenolics [29].

Although the recent advances in the technology had providing innovative approaches to obtain 
enriched polyphenol natural extracts, we must ware that their extraction efficiency will always be 
dependent of several factors in which the nature of samples and solvent, pH, temperature, light, 
length of extraction period, particle size, solvent/sample ratio and liquid-liquid or solid-liquid 
extraction process [25], among others, are the most critical.
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3. Methods used in extraction of polyphenols

It is widely accepted that the extraction step is one of the most important stage in isolation 
of polyphenols, but based in literature, there is no consensus about one single and effec-
tive standard extraction method. On contrary, there are several reported methods with very 
accurate results, and according to the literature in some cases, the solid-liquid extraction 
with different types of solvents is more adequate [30], and in others, the ultrasound-assisted 
extraction method (UAE) increases the extraction efficiency [31], while in others, this incre-
ment is higher when a microwave-assisted extraction (MAE) is used [32], and advanced 
methods such as pressurized fluid extraction (PFE), supercritical CO2 extraction (SC-CO2) 

Polyphenols Source (some examples)

Phenolic acids

Hydroxycinnamic acids Cereals, coffee, cherries, citrus fruits and juices, peaches, 
plums, spinach, tomatoes, wheat flour, corn flour, rice 
flour, potato, olive mill wastewaters, winery sludge from 
red grapes, artichoke wastewaters, almonds

Hydroxybenzoic acids Oilseeds, cereals, coffee, cowpeas, wheat flour, black 
currant, blackberry, raspberry, squash seeds and shell

Flavonoids

Anthocyanins Grapes, red wine, grape seeds, grape skins, winery 
by-products, fermented grape pomace, strawberries, back 
and red currants, raspberries, plums, red cabbage

Chalcones Apples and apple juices,

Flavanols Apples, grapes, leeks, tomatoes, curly kale, onions, lettuces, 
berries, beans, red grapes, black and green tea, red wine 
and red winery by-products, cider

Flavanones Citrus fruits, citrus juices, orange peels and seeds wastes

Flavonols Apples, apple peels, beans, leeks, lettuce, onions, tomatoes, 
olive leafs, broccoli inflorescences, chestnut, olives and 
olive fermented pomaces

Flavones Spinach, citrus fruits, celery, pepper, capsicum pepper,

Isoflavones Soybeans, soy flour, soy milk, soy processing waste

Stilbenes Red grapes, grapes skins, grape seeds, red grape fermented 
pomaces

Xanthones Mango fruits and mango peels fermented pomaces

Tannins

Condensed tannins Apples, grapes, peaches, pears, chestnut, hazelnuts, nuts

Hydrolyzable tannins Pomegranate, raspberries

Table 1. Most common types of polyphenols found in foods and plant-derived products [14–24].
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and enzyme-assisted extraction (EAE) are even better to enhance the content of polyphenols 
in the extracts [33–39]. Despite this diversity, all have the common fact that the extraction 
must be conducted carefully but exhaustively with simple, rapid and feasible procedures, 
and if possible open to automation [40]. In the next paragraphs, we present a summarized 
information of the most commonly used methods for the extraction of polyphenols in several 
pant and food matrices.

3.1. Classical solvent extraction

The classical solvent extraction of polyphenols usually includes extraction by maceration and 
percolation and by successive Soxhlet extraction [41–45].

The maceration, widely used in the past, is nowadays in underuse since other methods are 
more feasible. It is a simple procedure in which the powdered sample is soaked in an appro-
priate solvent in a closed container, normally under room temperature with constant or spo-
radic agitation [41, 46]. In the end of the extraction, the solid parts need to be separated from 
the solvent, which can be done by filtration, clarification and/or decantation [47]. This method 
is quite simple to hand but has the main disadvantage of time-consuming, requires a large 
volume of solvent [41, 42, 48, 49].

Similar to the maceration, the percolation method is characterized by placing the powdered 
sample in a closed container (normally cylindrical) in which the solvent is discharged from 
the top towards the bottom in a slow movement (drop wise). [41, 42, 50]. In this case, the 
filtration is not necessary because the percolator device has itself a filter which placed at the 
bottom, and we can only collect the final liquid. This method faces the same issues of macera-
tion, which are time-consuming, large volumes of solvent, solubility of polyphenols, particle 
size of sample and contact time between solvent and sample.

In Soxhlet extraction [41, 42], the powdered samples are sealed in cellulose bags and placed 
in an extraction chamber located on top of a collecting flask beneath a reflux condenser, 
and after the addition of the solvent, the system is heated and the solvent condenses after 
reaching certain level of temperature [51–53]. A reflux occurs continuously. At the end, the 
liquid extract is collected to the flask positioned beneath the system [51–53]. The Soxhlet 
extraction is a continuous process with the advantage of being less time and less solvent 
consuming than the maceration or percolation methods [54]. However, some authors have 
stated that Soxhlet extraction must be handled carefully because the excess of tempera-
ture, always near to the boiling point, can destroy or modify some thermolabile polyphe-
nols [44]. Others reported that Soxhlet extraction is used widely because of its convenience 
[41, 42, 44, 54]. Although these have variations, all these three methods have the common 
usage of organic solvents in a solid/liquid ratio. Solvents such as water, methanol, ethanol, 
acetone, n-hexane, chloroform, propanol and ethyl acetate have been most commonly used 
for the extraction of polyphenols (Table 2). The difference between solvents resides in their 
polarity (Figure 1) which affects their capacity in extract phytochemicals. The miscibility of 
organic solvents (Figure 2) with each other’s or even other types of solvents is another fact 
to be considered in order to improve the polyphenol extraction yield as shown by several 
studies [59–63].
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In general, organic solvents and their aqueous formulations are mostly used in the extrac-
tion of phytochemicals, but it is still no clear which solvent is most adequate for the extrac-
tion of polyphenols. For example, acetone showed to be very efficient in the extraction of 
polyphenols [59] from lychee (Litchi chinenesis Sonn.) flowers in comparison with methanol, 
ethanol or water. While in walnut (Juglans regia L.) green husks, the highest extraction yield 
of polyphenols (44.1%) was obtained when water was used as extraction solvent [60]. By 
other hand, in a recent study [61], it was found that aqueous and organic solvent have a 
higher extraction efficiency than absolute organic solvents. Similar situation was observed in 
Phoradendron californicum oak extracts [62], in which aqueous methanol was the solvent most 
efficient for the extraction of polyphenols.

Solvent 
(alphabetical 
order)

Boiling point (°C) Density (g/mL) Solubility in 
H2O (g/100g)

Polarity Index1 Eluent 
strength2–4

Dielectric 
constant at 
20°C1, 2, 4

Acetone 56.2 0.786 Miscible 5.10 0.56 21.1

Acetonitrile 81.6 0.786 Miscible 6.20 0.65 36.64

Chloroform 61.2 1.498 0.8 4.40 0.40 4.81

Ethanol 78.5 0.789 Miscible 5.20 0.88 24.6

Ethyl acetate 77 0.894 8.7 4.30 0.58 6

Hexane 69 0.655 0.0014 0.06 0.01 1.89

Methanol 64.6 0.791 Miscible 6.60 0.95 32.6

2-Propanol 82.4 0.785 Miscible 4.30 0.82 18.3

Water 100 0.998 Miscible 10.20 >>1 78.54

1Data collected from http://macro.lsu.edu/HowTo/solvents.htm [55].
2Data collected from Speight (2005) [57].
3Data collected from Singh et al. (2014) [57].
4Data collected from Hakansson et al. (2016) [58].

Table 2. Important properties of some solvents commonly used in the extraction of polyphenols1–4.

Figure 1. Polarity of the organic solvents most commonly used in phytochemicals extraction from natural sources. 
Adapted with permission from Refs. [55–56].
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Based on the literature, there is no consensus about the best solvent to extract polyphe-
nols. However, it has been widely accepted that higher polarity usually means better 
solubility of polyphenols into extraction solvents; however, differences in the structure of 
phenolic compounds may be critical for their solubility. Thus, the extraction of polyphe-
nols and other phytochemicals must be prior tested and adapted to the solvent, because 
the diverse structures of polyphenols, such as multiple hydroxyl groups, conjugated or 
not with sugars, acids or alkyl groups, interfere in the extraction process. Therefore, it is 
very difficult to say what type of solvent is better to develop a standard method for all 
type of polyphenols, but the majority of the authors seem to agree that a good solvent sys-
tem is the one that allows the maximization of polyphenols extracted without any modifi-

Figure 2. Miscibility of organic solvents used in the extraction of phytochemicals from natural sources. Adapted with 
permission from Refs. [56–58].
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cations of their chemical nature. In this context, several factors must be considered when 
a specific solvent is selected, including (i) solvent power (selectivity); (ii) polarity; (iii) 
boiling temperature (should be low in order to facilitate removal of the solvent from the 
product); (iv) reactivity (the solvent should not react chemically with the extract neither 
should be decomposed quickly); (v) viscosity (low); (vi) stability (should be stable to heat, 
oxygen and light); (vii) safe in use (should be nonflammable and nontoxic for consumers 
and environment); (viii) if possible, suitability for reuse; and (ix) compatible with legisla-
tion for food applications.

3.2. Advanced methods of extraction

Classical extraction methods are dominated in many laboratory facilities mainly due to 
its simplicity and low economic cost. Nonetheless, many scientific reports have shown 
that maceration, percolation and Soxhlet extraction have low efficiency and several envi-
ronmental issues due to the pollution caused in the environment when large volumes of 
organic solvents are used. Moreover, the classical extraction often requires a recovery step 
followed by evaporation to concentrate the extract, which makes it a high time-consuming 
process. To overcome these constraints, a number of methods have been developed in the 
last years such as microwave-assisted extraction (MAE); ultrasound-assisted extraction 
(UAE); supercritical CO2 extraction (SC-CO2); pressurized fluid extraction (PFE); enzyme-
assisted extraction (EAE) or even combined approaches. From the hundreds of papers pub-
lished until now, it seems that these novel extraction techniques can be an interesting choice 
for classical extraction methods, offering several advantages such as less extraction time 
length, less volume of solvents, less final toxic residues, higher extraction yields and better 
reproducibility.

Hundreds of works have been published (some of them listed in Table 3) [63–73] about the 
use of such methods to improve the extraction yield of polyphenols in different matrices. 
In the next paragraphs is presented a detailed description of each method.

3.2.1. The microwave-assisted extraction (MAE)

The MAE is a method that uses energy of microwave radiation to heat solvent in contact 
with the sample [74–77]. The heat produced increases the diffusivity of the solvent towards 
the powdered sample, extracting and diffusing the phytochemicals out of the matrix [77]. 
The disruption of hydrogen bonds, as a result of microwave-induced dipole rotation of 
molecules, enhances the penetration of the solvent into the matrix, allowing the dissolu-
tion of the components into the liquid matrices [78]. This method has the advantage of 
less consuming time and solvent volumes than the classical approach [77–79]. This method 
has been largely used for the extraction of monomeric polyphenols (short chains) such 
as phenolic acids and flavonoids [78–80], but it has been less used to extract polymeric 
polyphenols such tannins and anthocyanins, because polyphenols with a higher number of 
hydroxyl-type substituents (long-chains) and those sensitive to higher temperatures (e.g., 
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anthocyanins) may be degraded under MAE extraction conditions [79, 80]. The tempera-
ture used for extraction is proportional to the power (watts) and time and inversely propor-
tional to the heat capacity of the solvent and the mass of sample [80]. Higher temperatures 
and small amounts of sample increase the rate of solvent diffusion and promote faster 
extraction kinetics [80].

Method Botanic matrix Results reported by the authors References

MAE Blueberries (Vaccinium corymbosum L.) The usage of MAE increased the yield of 
anthocyanins extracted.

[63]

MAE Grape seeds (Vitis vinifera) The MAE was able to extract maximum 
antioxidant phenolics with lower solvent 
volume in a shorter time.

[64]

UAE Cassia auriculata leaves The UAE process enhanced the phenolics 
extraction in less time.

[65]

UAE Mulberry pulp (Morus nigra) The UAE can be a reliable and economic 
tool to extract both anthocyanins and total 
polyphenols

[66]

PLE Mango (Mangifera indica L.) High yields of polyphenols were obtained 
at flow rate.

[67]

PLE Asparagus (Asparagus officinalis L) PLE revealed cheaper, faster and 
environmental friendly and a good 
alternative for the extraction of natural 
compounds.

[68]

SC-CO2 Pitanga leaves (Eugenia uniflora L.) SC-CO2 allowed to obtain extracts more 
concentrated in polyphenols.

[69]

EAE Pomegranate peels (Punica granatum L.) The incorporation of enzymes in the 
maceration improved the release of bound 
phenolics.

[70]

EAE Grape residues (Vitis vinifera) Celluclast®, Pectinex® Ultra® and 
Novoferm® were used to release phenolic 
compounds from grape wastes. The 
pretreatment with enzymes increased the 
yield of polyphenols extracted.

[71]

Combined 
approaches

Broccoli inflorescences (Brassica oleracea 
L. var. italica)

A combined method of EAE + UAE 
was used to extract polyphenols. The 
combined methods enhanced the content of 
polyphenol and antioxidant activity

[72]

Combined 
approaches

Lemon balm (Melissa officinalis L.) EAE + PLE were applied for the extraction 
of phytochemicals. The results showed that 
EAE + PLE enhanced the total phenolic 
content and the antioxidant capacity.

[73]

Table 3. Application of advanced methods in extraction of polyphenols in different foods and agro-waste matrices 
[63–73].
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Numerous phytochemical compounds, including polyphenols, have been extracted MAE 
system as shown in Table 4. It seems that MAE system provides higher polyphenols yield 
in less consuming time and solvents. However, there are some concerns when the MAE is 
used to extract polyphenols. Factors such as type of matrix, type and purity of solvent, the 
microwave application time, power, contact sample surface area and temperature can affect 
their efficiency. One of the most critical factors is the nature of solvent, which affects not 
only the solubility of the target components but also the efficiency of all physical process. 
The choice of solvent must take into account not only the affinity to the target phytochemi-
cals but also the ability to absorb microwave energy [81]. For example, solvents like hexane 
or dichloromethane, which are transparent to microwaves, do not heat up under micro-
wave [82, 83]; thus, they should not be used in this system. Others, such as ethanol, metha-
nol, or even water, have good microwave absorbing capacity [83], and they get heated up 
faster; thus, the length of the time and microwave power must be adapted to the solvent to 
enhance the extraction process without any deleterious effect on thermolabile components.

3.2.2. The ultrasound-assisted extraction (UAE) method

The UAE is a very simple method that relies on the mechanical effect caused by the implo-
sion of micro-sized bubbles, which cause a rapid tissue disruption allowing the release of 
compounds into the solvent [84]. This is a very simple method with relatively low cost, and 
it can be used on both small laboratory and large industrial scale [84, 85]. The use of UAE 
has been widely used in the last years in the extraction of polyphenols from different parts 
of plants such as leaves, stems, stalks, fruits, seeds [85–93]. In general, the experimental pro-
cedure involves the use of ultrasounds with frequencies ranging from 20 to 2000 kHz, which 
increases the permeability of cell walls and produces cavitation.

Several studies have reported that UAE allows a better and faster extraction of polyphenols 
with less degradation when compared with other extraction methods. For example, UAE 
shown to be highly efficient in the extraction of carnosic acid and rosmarinic compared to clas-
sical methods of extraction [94]. In a recent study [95], the maximum extraction yield of total 
polyphenols (13.2 mg/g dry weight) from spruce wood bark was obtained when UAE system 
was used. Also, an increment in anthocyanin content in purple sweet potato was observed 
when UAE was used [96]. All these studies have in common the same trend: under UAE, the 
rate speed dissolution of compounds into extraction solvent was always higher, and thus, the 
solvent volume used and need to extract phytochemicals was lower compared to the classical 
extraction methods. Based on these studies and others, it seems that UAE has the advantage 
of being less expensive due to lower solvent volume used, higher amount of samples tested 
and lower time needed to perform the extraction process. Also, they agree that the lower tem-
peratures and shorter sonication periods (time) are better to enhance the extraction of poly-
phenols contributing also to the preservation of the thermolabile and unstable compounds. 
However, some studies [97, 98] reported that sonication for long periods (>40 min) with higher 
energy levels (above >20 kHz) could have a deleterious effect on phytochemicals due to the 
decrease of diffusion area and diffusion rate and increased diffusion distance, leading to a 
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global decreased yield of total phenolic and flavonoid content. Moreover, under these condi-
tions might occur the formation of free radicals and consequently undesirable changes in the 
drug molecules [97].

3.2.3. Pressurized liquid extraction (PLE)

The PLE method, also known as “accelerated solvent extraction (ASE),” is a very recent new 
technology for phytochemicals extraction including polyphenols, which associates high tem-
perature and pressure [99]. In this method, high level of pressure (normally between 3.3 and 
20.3 MPa) is combined with high level of temperatures (between 40 and 200°C) to improve the 
solubility and desorption of molecules, increasing their movement from matrix into solvents, 
and thus increasing the yield of polyphenols extracted [54]. According to Nieto et al. [99], the 
PLE method is an advanced technique that provides a faster extraction processes and requires 
a small amount of solvents when compared with the classical extraction approach. Moreover, 
it allows better the usage of water as extraction solvent, which is limited in the other previ-
ous methods. The use of water as an extraction solvent in PLE, as so-called subcritical water 
extraction (SWE), is always possible, particularly when elevated temperatures are used [100]. 
When temperatures around 200°C are used, a change in the dielectric water properties occurs, 
and then, the water behaves like a normal organic solvent, increasing their extraction effi-
ciency [101]. The main advantages of PLE often reported by several researchers are cleanness 
of the extracts that PLE provides in comparison with classical maceration, Soxhlet, MAE and 
UAE, which results in reduced background noise during the subsequent analytical quantifica-
tion, is especially important when the LC-MS analysis due to ion-suppression effects [102]. By 
opposition, the main limitations often reported are the low selectivity towards the analytes 
during extraction, and many interferents may be extracted during the extraction process, an 
exaggerated dilution of the analytes, especially when a large number of cycles are used, and 
the high requirements in instrumentation, which increases their costs [103–105]. However, 
these limitations in PLE are a well-known extraction technique and have been used for the 
extraction of polyphenols from several different matrices [106–111].

3.2.4. The supercritical CO2 extraction (SC-CO2)

The SC-CO2 extraction is a process in which the CO2 is used as supercritical fluid and proba-
bly is one of the most widely used fluid because it is nontoxic, nonflammable, inert cheap and 
easily available in high quantity with high grade of purity [112]. SC-CO2 extraction is pos-
sible to use different combinations of temperature and pressure [112], making this method 
one of the most versatile for creating a multitude of end products. Due to the multitude of 
combinations, low temperatures (31.6°C, the critical point of carbon dioxide) and pressure 
(7.386 MPa) are needed, and the SC-CO2 has been considered very popular in a lab-scale labo-
ratorial facilities. Moreover, since low temperatures and pressure are used, there is a good 
preventing of thermal degradation of phytochemicals. The main advantage s of SC-CO2 are 
[112–116] as follows: (i) more extraction capacity due to their higher diffusion coefficient and 
lower viscosity than the liquids, which increases a higher mass transfer from solid matrix 
towards solvents; (ii) it allows higher penetration of solvents into the matrices which increase 
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the effectiveness and polyphenols extraction yield; (iii) it allows different combinations of 
pressure and temperature and thus allows a better adaptation of the extraction conditions 
to the different types of food and plant matrices, increasing the solubility of their different 
components in the supercritical fluids; (iv) it allows the CO2 recycling at the end of the pro-
cess, without any disgrace of chemical residue to environment at the end of the extraction 
and separation process.

3.2.5. Enzyme-assisted extraction (EAE)

The EAE is a recent method and is based on the capacity of the enzymes to degrade cell wall 
components into solvents, in general water, with high stability and high bioactivity [117]. In 
EAE, the enzymes added to food, plant matrices or agro-food wastes are capable to break and 
weaken the cell walls, increasing the exposure of their cellular components to extraction [71, 
118], and thus increasing the capacity to extract polyphenols from the matrices. In fact, some 
phytochemicals are dispersed in plant cell cytoplasm, and even, some compounds are bound 
with the polysaccharide-lignin by hydrogen or hydrophobic chain, which are not accessible 
with a routine organic solvents [119, 120]. Thus, a previous treatment with enzymes can be the 
only choice, and an enzymatic pretreatment might be the unique and effective way to release 
bounded compounds from cells [121].

Cellulases, hemicelullases, pectinases and other enzymes may be used to hydrolyze effi-
ciently the cell wall components, enabling the efficiency of extraction of phenolic compounds. 
Several papers have been published about the positive effect of EAE on increment of poly-
phenol extraction yield. In 2012, in a study with grape wastes [71], it was found a strong incre-
ment in the release of polyphenols when celluclast®, pectinex® and novoferm® enzymes 
were used. Similar trends were noted in other works [122, 123] which concluded that EAE 
should be regarded as an alternative method for improved extraction of insoluble-bound 
phenolics (linked to carbohydrates and proteins of cell wall matrices) from winemaking by-
products. These and many other authors observed that the ability of enzymes to degrade cell 
walls and membranes enables the extraction efficiency of bioactive compounds, and in sev-
eral situations, the EAE technology might be the unique way to extract effectively bioactive 
compounds from foods and agro-industrial by-products. In addition to these advantages, 
the EAE method has been recognized as one of the most eco-friendly methods, because it 
uses water as solvent instead of organic chemicals, often toxics [119], and is one of the mod-
ern extraction methods that are gaining more attention because of the need for eco-friendly 
extraction technologies.

3.2.6. Combined approaches

In some circumstances, it is possible to find different studies in which the extraction of phy-
tochemical is done throughout combined methods. This occurs, particularly in situations in 
which a single extraction method is not as efficient as we would expect, and thus, a combi-
nation of extraction processes could be the unique effective method to obtain extracts with 
different polyphenols.
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4. The identification and measurements of phenolics

There is a great diversity of studies about the development of new methods for polyphenol 
quantification. The high-performance liquid chromatography (HPLC) with or without mass 
spectrometry (MS) is one of the most commonly applied method to identify and quantify 
polyphenols. However, the classical spectrophotometric assay is still used, even if their results 
are limited.

4.1. The classical colorimetric methods

The classical spectrophotometry UV/Vis method [124], even with modifications, is still widely 
used to measure total phenolic content in plant materials. This method is based on the chemi-
cal reduction of polyphenols in an alkaline medium to form a blue chromophore complex 
(phosphomolybdic/phosphotungstic acid) that can be quantified by visible-light spectropho-
tometry (at 760 765 nm). Many studies have discussed the advantages and disadvantage of 
using routinely this method to quantify the level of polyphenols, and most of them seems 
to agree that although they are easy to perform, low cost, rapid and applicable routinely in 
the most laboratories, they are not accurate. In addition, the reagents used in the method do 
not react specifically with only polyphenols, and they react with any reducing substance like 
ascorbic acid, pigments, aromatic amines and sugars [125], and thus, these methods measure 
the total reducing capacity and not just the polyphenols compounds. Also, their reagents react 
with some nitrogen-containing compounds such as hydroxylamine and guanidine [126], thiols, 
many vitamins and some inorganic ions [127] Therefore, many researchers have chosen to use 
this method only as an indicative tool of total reduction capacity and not for a specific quan-
tification of polyphenol compounds. However, these methods are still considered useful for a 
quick and prior screening of numerous samples, and for many applications, a simple measure 
of total amount of polyphenols is enough.

Similar to total polyphenols, total flavonoids can be measured by spectrophotometry meth-
ods, and the AlCl3 method [128, 129] is the most vulgarized method used to determine the 
total flavonoid content. Vanillin and 4-(dimethylamino)-cinnamaldehyde (DMCA) assays are 
often used to determine the level of proanthocyanidins, in which the flavonoid catechin is 
used as standard [130, 131]. Like in total polyphenols, the vanillin or DMCA method can 
overestimate the amount of total flavonoids present in samples. The proanthocyanidins can 
also be determined by butanol-HCl [132] and bovine serum albumin (BSA) [133] methods. 
The butanol-HCl method is based on the cleavage of the flavonoid bonds by hot acid, fol-
lowed by an auto-oxidation reaction which converts flavan-3-ols into anthocyanidins. The red 
extract formed has a maximum absorbance at around 550 nm. In the BSA method, the flavo-
noids complex is dissolved in an alkaline solution (sodium decyl sulphate-triethanolamine) 
followed by a reaction with ferric chloride solution to form a violet complex with a maximum 
absorbance at 510 nm.

Another spectrophotometric method widely used in the quantification of polyphenols is the 
UV/Vis spectrophotometry method to determine the anthocyanin content. The anthocyanins 
constitute one of the main class of polyphenols largely present in plant samples, particularly 
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in red, blue and black color fruits such as grapes, blueberries, raspberries, redcurrants, black-
currants, pomegranates and strawberries, among others. The quantification of anthocyanins 
is in general performed by the differential pH method [134] based on the property of the 
anthocyanin pigments to change the color with pH, in the wavelength ranging from 490 to 550 
nm [134]. The anthocyanins suffer reversible structural modification with a change of pH, and 
this change allows to estimate spectrophotometrically the total amount of anthocyanins, even 
in the presence of degraded pigments and other interfering compounds.

All these spectrophotometric methods are considered simple and cheap, but only gives a gen-
eral estimation about the content of each class of polyphenols but do not allow the quantification 
of polyphenols individually.

4.2. Chromatography

In the course of the last four decades, several chromatography methods were developed to 
overcome the main constraints of the classical spectrophotometry methods. The development 
of new technologies and software led to the appearance of improved methods capable of sepa-
ration, identification and quantification of phytochemicals individually. These methods are 
generally based on the principle that a sample is composed of a mixture of components which 
are separated when the mixture passes through two phases: a mobile (liquid or gaseous) and 
a stationary (solid, liquid or gel). It is used for the qualitative and quantitative analysis, and 
the components are separated and analyzed according the properties of a given solution. The 
great diversity of combinations between the two phases makes possible an existence of several 
differentiated techniques.

4.2.1. Principles

The basic principles of chromatography are universal [135] and thus widely accepted by all 
researchers. The main principles are more or less the following ones: (i) chromatography is 
a physical and chemical method of separating, identification and quantification of different 
components of samples; (ii) the separation always dependent of the interaction between the 
components of the mixture with the mobile and stationary phases, and, thus a large combina-
tions of the three are possible; (iii) the interaction of the matrices components with the mix of 
both phases is influenced by different intermolecular forces including ionic, dipole, nonpolar 
and effects of specific affinity or solubility; (iv) the mobile phase is generally named as eluent, 
and the absorbent material, named as stationary phase; (v) the analyte is the compound to be 
separated; (vi) a chromatogram is the visual output of the chromatograph; (vii) the instru-
ment used for qualitative and quantitative detection of analytes after separation is named as 
detector; (viii) the separation of components present in the mixture occurs according to the 
different chemical affinity for the stationary phase, and it happens as the eluent advances 
on the stationary phase; (ix) the separation of compounds is slower when compounds have 
strong interaction with the stationary phase and faster when the components have weaker 
interaction with the stationary phase, and by this, the compounds will be separated from 
each other as they move over the support material; (x) the component to be analyzed must 
have solubility with the mobile phase, and different compounds have different retention time 
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values; (xi) the identification and quantification of components in the mixtures are done by 
comparison with pure commercial standards of known commercial concentration, through 
analytical curves.

The chromatography can be classified according to several criteria [135, 136], but in general, 
the chromatography applied in separation, identification and quantification of phytochemicals 
is classified as:
(i) Gas chromatography (GC), when gas chromatography makes use of a pressurized gas 
cylinder and a carrier gas (e.g., helium), to carry the solute through the column. The most 
common detectors used in this type of chromatography are of thermal conductivity and flame 
ionization detectors. There are three types of GC as follows: (1) gas adsorption, (2) gas-liquid, 
and (3) capillary gas chromatography.
(ii) Liquid chromatography (LC), when a liquid adsorbent is used. This method is used in 
large-scale applications since adsorbents are relatively inexpensive. There is a liquid-liquid 
chromatography which is analogous to gas-liquid chromatography. The three types of mod-
ern LC are as follows: (1) reverse phase, (2) high performance and (3) size exclusion liquid 
chromatography, along with supercritical fluid chromatography.
(iii) Ion exchange chromatography (IEC), when charged molecules mobile phase passes 
through the column, until a binding site in the stationary phase appears and retains the mol-
ecules. There are two types of ion exchange chromatography: (1) cation exchange in which 
the stationary phase carries a negative charge, and (2) anion exchange in which the stationary 
phase carries a positive charge. The method is mainly used in the purification of biological 
materials.
(iv) Affinity chromatography (AC), which is a technique that involves the chemical modifi-
cation of a given compound by attaching another compound with a specific affinity for the 
desired molecules. This method requires that the compounds to be analyzed must be inert 
and easily to modify, and otherwise, it can be very difficult to perform, and a large number of 
impurities can appear. Therefore, this type of technique is only used in advanced processes 
of purification.

4.2.2. The use of HPLC-DAD/UV-VIS and HPLC-MS

The high-performance liquid chromatography (HPLC), referred in the past as high-pressure 
liquid chromatography, like other chromatography methods is a technique used to separate, 
identify and quantify phytochemicals from plant mixtures and relies on pumps to pass a 
pressurized solvent containing the plant samples, foods or other matrices through a column 
filled with a solid adsorbent material (e.g., silica) [137]. The HPLC methods, however, differ 
from other liquid methods, particularly from “low pressures,” because it uses high pressures 
(ranging from 50 to 350 bar), while the others normally use the force of gravity to pass the 
mobile phase through the column [137, 138]. Each component of the samples interacts differ-
ently with the adsorbent material of the column, causing a different flow rate for the different 
components in the mixture, thus leading to the separation of the components as they flow 
out the column. The columns used in the HPLC methods are made with smaller adsorbent 
particles size ranging from 2 to 50 µm [137, 138].
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Although there is many variations in the HPLC equipment available in the market, the basic 
HPLC equipment includes a sampler (to carry the sample mixture into the mobile phase), 
pumps (to deliver mobile phase through the column, with a specific flow) and a detector (such 
as UV/Vis or photodiode array (PDA), which generates signal proportional to the amount 
of compound present in the sample mixture [138]. The signal detected allows the identifica-
tion and quantification of sample components. Each compound detected has a specific reten-
tion time; however, due to the interaction strength of interactions between the analytes and 
stationary phases, the retention time can vary. Nowadays, modern HPLC equipment has a 
digital processor, which uses a software interface to control the instruments and provides 
data analysis. Other modern models are equipped with several pumps, which allow different 
combinations of various solvents at different ratios changing in time, creating a gradient in 
the mobile phase.

Nowadays, the classic HPLC evolved to HPLC coupled with a mass spectrometry detector (MS), 
called as LC-MS or HPLC-MS [138]. This new technique allows a more accurate identification 
which is based on the specific fragmentation of each separated molecule. This enhances the 
sensitivity and is oriented for the separation of chemicals with specific masses in a complex mix-
ture. The separation of molecules or fragments occurs according to their mass-to-charge ratio 
in an analyzer by electromagnetic fields. The ions are detected by a qualitative and quantitative 
analysis, and the signal is processed into mass spectra. The HPLC-MS equipment is in general 
composed of three modules: (1) an ion source, which converts gas phase sample molecules into 
ions; (2) a mass analyzer, which sorts the ions by their masses by applying electromagnetic 
fields; and (3) a detector, which measures the value of the signal detected and provides data 
for the quantification of each ion present. In the last years, this new method has been strongly 

Method Purposes Reference

HPLC-ESI-MSn, Separation and identification of the main polyphenols in black 
currant (Ribes nigrum L.)

[139]

HPLC-MSn Identification and quantification of phenolic compounds in 
hazelnut (Corylus avellana L.) kernels, oil and bagasse pellets

[140]

HPLC-DAD-ESI-MS/MS Comparative fingerprint and quantification of polyphenol of 
aqueous extracts of Cornus mas and Crataegus monogyna.

[141]

HPLC-PDA–ESI-MS/MS Identification of phenolic acids, flavonol glycosides in blueberry 
(Vaccinium corymbosum L.), blackberry (Rubus fructicosus L.), 
raspberry (Rubus idaeus L.) and cranberry (Vaccinum vitis-idaea L.)

[142]

HPLC-DAD-ESI-MS/MS Characterization of chemical profile of mango (Mangifera indica L.) [143]

HPLC-PDA–ESI-MS/MS Determination of anthocyanins in cherry (Prunus avium L.) and 
cranberry (Vaccinium oxycoccos L.)

[144]

HPLC-DAD–ESI-MS/MS Characterization of phenolic compounds from Turkish black tea 
(Camellia sinensis L. Kuntze)

[145]

Table 4. Some recent examples of the usage of HPLC-MS system for separation and quantification of polyphenols in 
different matrices.
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implemented in academies in basic research, pharmaceutical and agro-chemical industries to 
study physical, chemical and biological properties of a great diversity of compounds, as well, 
and quality control of drugs, foods and natural products. In Table 4 are presented some recent 
works [139–145] in which HPLC-MS was effectively used for polyphenol characterization of 
plants and food with very accurate results.

5. Conclusions

This chapter discusses the importance of polyphenols as well as the availability of differ-
ent methods to extract them from its natural sources. The most widely used methods in the 
extraction of polyphenols are the classical ones which usually includes maceration, percola-
tion and successive Soxhlet extractions. Although these methods are still in use, they involve 
long extraction times, huge quantities of solvent, higher accumulation of residues and very 
limited results. Therefore, new methods such as UAE, MA, PLE, S-CO2 and EAE have been 
developed in the recent years with very feasible results. Also, the evolution of separation and 
identification techniques of polyphenols has evolved from a simple colorimetry method to the 
most advanced chromatography techniques. However, the growing demand for new bioac-
tive molecules from natural sources enhances the continuous search for new and innovative 
methods to extract and separate new molecules, which never ends.
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Abstract

Omega-3 polyunsaturated fatty acids (ω3 PUFAs) from fish oils promote well-established 
health and antiaging benefits that justify their use as functional ingredients in dietary 
supplements, healthy foods, and nutraceutical products. Dietary supply is needed 
because human metabolism exhibits limited to synthesize ω3 PUFAs. However, the 
practical use of such lipids as food ingredients is often limited due to their high sus-
ceptibility to oxidation, which is responsible for the undesirable off-flavor and odor of 
rancid oils, associated with the loss of nutritional value. Produced phenolic lipids were 
a good solution for all these problems. These phenolic lipids are preferentially produced 
by enzymatic bioprocesses that exhibit high selectivity toward polyfunctional substrates 
and mild reaction conditions compared with chemical synthesis pathways. This chapter 
presents the acylation of phenolic compounds and lipids using enzyme under various 
operating conditions. In conclusion, the acylation of lipids with natural phenolic com-
pounds resulted in the formation of a lipophilic ester that should be able to stabilize the 
oil, fats, and emulsions against oxidation. Acylation of lipids to phenolic compounds that 
have antioxidant properties thus protects the lipids from oxidation, and the phenolic 
lipid derivatives carry the combined health beneficial properties of lipids and the phe-
nolic molecules.

Keywords: phenolic compounds, omega-3, phenolic lipids, enzymatic esterification, 
oxidative stability, neuroprotection, fish oil

1. Introduction

In the recent years, interests for natural substances with beneficial activity to human have 
sharply risen. In fact, there is a significant increase in nutraceuticals and pharmaceutical 
products, based on natural compounds. The main interest has been observed for natural sub-
stances with strong antioxidant activity because oxidative stress induced by multiple factors 
is the main cause of many pathological conditions such as inflammation, cancer, coronary 
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heart disease and even skin aging. Also, there has been a significant consumer interest in 
health enhancing the role of specific foods or physiologically active food components.

Unsaturated lipids have been widely recognized for their role in the maintenance of human 
health. These lipids, especially those from the omega-3 (ω-3) series, have been linked to inhibi-
tory effects on atherosclerosis cardiovascular and Alzheimer’s diseases [1–3]. However, the use 
of such lipids remains strongly limited due to their high susceptibility to autoxidation. To over-
come this difficulty, a lot of researches have been carried out focusing on the development and 
the use of antioxidants that could delay or even prevent omega-3 lipid oxidative degradation. In 
this context, natural plant phenols were perceived by many researchers as potential substitutes 
for controversial synthetic antioxidants; however, the major drawback of these compounds is 
their low solubility in matrices that strongly restrains their use in food applications [4, 5].

The hydrophilic nature of phenolic compound reduces their effectiveness in oil-based formu-
lae and emulsions [6]. The synthesis of more lipophilic derivatives, especially esters, could 
help to increase their lipophilicity and then their interactions with lipidic phases that need 
to be stabilized. To achieve this goal, acylation with fatty acids appears as a promising way 
(lipophilization) that could extend the scope of application of phenolic antioxidants in lipid-
rich food matrices. When applied to polyunsaturated lipids, this approach is expected to pro-
vide stable ingredients with high nutritional value and high antioxidant potential. Additional 
effects could be an increased bioavailability of phenols as well as cumulative and even syner-
gistic biological activities [7, 8].

Many studies reported the enzymatic synthesis of phenolic lipids based on the ability of 
lipases to catalyze the acylation of phenolic compounds with either fatty acids or triacylg-
lycerols (TAGs) [9–13]. Main advantages of enzyme-catalyzed processes include the use of 
mild reaction conditions that limit substrate degradation and high selectivity that avoids the 
production of undesirable compounds and facilitates further purification protocols [14].

2. Fatty acids and phenolic compounds

Dietary fat is an essential component for digestion, absorption, and transport of fat-soluble 
vitamins and phytochemicals, such as carotenoids and lycopenes. Dietary fat contributes 
approximately 34% of the energy in the human diet. Because fat is a main source of energy 
(9 kcal/g), humans are able to obtain adequate energy with a reasonable daily composition of 
fat-containing food item products.

2.1. Fatty acids

Fatty acids are classified as saturated fatty acid (SFA), monounsaturated fatty acid (MUFA) 
and polyunsaturated fatty acid (PUFA). The essential fatty acids (EFAs) refer to those polyun-
saturated fatty acids (PUFAs) that must be provided in our food because these EFAs cannot be 
synthesized in our body, and they are necessary for a good health. The main two families of 
EFAs are omega-3 (ω-3) and omega-6 (ω-6). ω-3 and ω-6 structures are based on the position 
of the double bond from the methyl (omega) terminal of the aliphatic carbon chain [1, 15]. The 
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parent fatty acid of the ω-6 series is linoleic acid (18:2n-6) and the parent fatty acid of the ω-3 
series is linolenic acid (18:3n-3.). ω-3 includes alpha-linolenic acid (ALA), docosahexaenoic 
acid (DHA), and eicosapentaenoic acid (EPA) (Figure 1).

Human body can synthesized omega-3 and omega-6 from linoleic acid and linolenic acid, 
respectively, through a series of desaturation (addition of a double bond) and elongation 
(addition of two carbon atoms) reactions [16]. Unlike linolenic and linoleic acid, oleic acid 
(18:1n-9) is consumed in substantial amounts in the Western diet and is not an essential fatty 
acid. There is a little eicosatrienoic acid (ETA, 20:3n-9) in cell membranes, however, probably 
because of the overwhelming competition from dietary linoleic acid for the relevant desatu-
rase and elongase enzymes. The pathways for desaturation and elongation of ω-3 and ω-6 
fatty acids are given in Figure 2.

2.2. Health benefits of omega-3 fatty acids

The ω-3 fatty acids provide a wide range of benefits from general improvements in health to 
protect against inflammation and disease. Several studies have indicated that the consump-
tion of ω-3 fatty acids provides benefits in reducing the risk of cardiovascular diseases [1, 2]. 

Figure 1. Omega-3 and omega-6 fatty acids.
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DHA and EPA have been used in a number of small clinical trials to understand their efficacy 
and shown to possess immunomodulatory properties depending on their localization in dif-
ferent cell types. DHA is selectively incorporated into retinal cell membranes and postsynap-
tic neuronal cell membranes, suggesting that it plays important roles in vision and nervous 
system function [17–19]. DHA content in the brain may be particularly important, since ani-
mal studies have shown that depletion of DHA in the brain can be resulted in learning defi-
cits. It is not clear how DHA affects brain function, but changes in DHA content of neuronal 
cell membranes could alter the function of ion channels or membrane-associated receptors, as 
well as the availability of neurotransmitters [20, 21]. Increasing ω-3 fatty acid intake enhances 
the DHA content of cell membranes, resulting in higher proportions of DHA in the body 
(Figure 3).

The ω-3 fatty acids are reported to associate with the brain development; also, it is important 
for the vision and the functions of the reproductive system. This may be due to the fact that 
DHA is a component of brain nerve synapses, in the eye’s retina, in the testes, and in sperms 
and plays a vital role in the development and functions of these organs and systems [20]. The 
nervous system contains approximately 35% PUFAs as its lipid content; most of which are 
long-chain (LC) PUFAs. In addition, higher prenatal intake of DHA has been shown to be asso-
ciated with improved visual, cognitive, and motor development in offspring. Children given 
ω-3 PUFA-supplemented formula demonstrated enhanced visual and mental  capabilities [19], 

Figure 2. Desaturation and elongation pathway of ω-3 and ω-6 fatty acids.
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while in human adults, clinical studies have suggested a low intake or  inadequate. The ω-3 
fatty acids possess antithrombotic properties, which in combination with their anti-inflam-
matory effect is likely to positively aid cardiovascular disease treatment. DHA and EPA also 
appear to possess anticancer and antiapoptotic effects. Additionally, these PUFAs suppress 
gene expression of lipogenic genes in the liver and trigger adipose fatty acid oxidation, sug-
gesting a potential role against obesity [15, 22].

2.3. Phenolic compounds

Phenolic compound is chemically defined as a substance that contains an aromatic ring con-
taining one or more hydroxyl substitute including functional derivatives [23]. In general, 
phenolic compounds are present in a wide variety of food plants as esters or  glycosides 

Figure 3. Beneficial effects of omega-3 oil for human body.
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 conjugated with other compounds, such as flavonoids, alcohols, hydroxyl fatty acids,  sterols 
and  glucosides. Phenolic compounds found in foods may be categorized accordingly to 
three groups, simple phenols and phenolic acids, hydroxycinnamic acid derivatives and 
flavonoids. The simple phenols include the monophenols, such as p-cresol found in berry 
fruits (e.g., raspberry, blackberry) and diphenols, such as hydroquinone found commonly in 
vanilla [5, 24].

Phenolic compounds play a major role in the protection against oxidation processes. The anti-
oxidant properties of phenolic compounds can act as free radical scavengers, hydrogen dona-
tors, metal chelators and singlet oxygen quenchers [25, 26].

2.3.1. Nutritional and antioxidant properties

Phenolic compounds are natural antioxidants that are present in food or in the body, to delay 
or stop the oxidation of that substance. The main advantages of these natural antioxidant 
are (1) they are readily acceptable by the consumers; (2) they are considered to be safe; (3) 
no safety tests are required by legislation; and (4) this natural antioxidant is identical to the 
food which people have taken over a hundred years or have been mixing with food. Phenolic 
compounds are associated with nutritional and organoleptic qualities of foods from plant 
origin [24, 26]. Phenolic compounds at low concentration protect foods from autoxidation, but 
at high concentration, they can cause undesirable discoloration as a result of their interaction 
with the carbohydrate or protein components.

Among naturally found phenolic compounds, phenolic acids are of high interest due to their 
potential biological properties [27, 28]. Many phenolic acids are known to be potent antioxi-
dants through their radical scavenging activity, and due to their chemical structure, the reac-
tivity of phenolic acids increases as the number of hydroxyl and methoxyl groups increases 
[29]. The consumption of fruits, vegetables, and soft drinks such as tea and coffee, which con-
tain phenolic compounds, has been linked to lower risk of some diseases, such as cancer and 
CVD [30, 31]. However, the use of phenolic acids as natural antioxidants in foods and nutra-
ceutical supplements has the limitation of low solubility in oil-based media. Nevertheless, 
lipase-catalyzed reactions of lipids with phenolic acids could produce structured lipids with 
phenolic moieties, which would have health benefits and improved solubility characteristics 
[32–35].

2.4. Synthesis of phenolic lipid (PL) compounds

Phenolic lipids (PL) are types of fats and oils modified to improved nutritional or physical 
properties by incorporating phenol compound on the glycerol backbone. Phenolic lipids play 
an important role as antioxidant and biological active compounds, but their contents in the 
nature are minor, and the procedures for separation and purification are not easy, very expen-
sive and take a long time, which makes their applications in the food or cosmetic industry 
very inconvenient. Consequently, the synthesis of PL has attracted more attention in recent 
years because it is a good way to improve the hydrophobic nature of phenolic compounds, 
which could be achieved by chemical or enzymatic synthesis.
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2.4.1. Chemical synthesis of phenolic lipids

Chemical synthesis is a traditional method that is used for PL preparation. Synthesis of PL 
through chemical synthesis could be done by using Friedel-Crafts acylation reaction or Fisher 
acid catalysis esterification. These processes are generally carried out at relatively high tem-
peratures and pressures under anhydrous conditions, using rather unspecific alkali metal or 
alkali catalysts. Some related works have been provided in this topic, one of them is the work 
of Qianchun et al. [36] about the chemical synthesis of phytosterol esters of polyunsaturated 
fatty acids (PUFAs), which could be used in different formulations of functional foods. Direct 
esterification of phytosterols with PUFA was catalyzed by sodium bisulfate to produce sterol 
esters of PUFA without organic solvent. The modeling of sodium bisulfate with superfluous 
fatty acids as solvents to synthesize phytosterol esters of PUFA was successfully performed 
with degree of esterification up to 96% and less oxidative products in the reaction process [36].

The chemical esterification of flavonoids with some fatty acids was provided by [37] and its 
product exhibited lipophilic, antiradical and antioxidant properties. In works reported by 
Zhong and Shahidi [38, 39] on epigallocatechin gallate (EGCG), the predominant catechin in 
tea was structurally modified by esterification with fatty acids, including stearic acid (SA), 
docosapentaenoic acid (DPA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). 
The esterification of EGCG with these fatty acids using acylating agents, namely, the acyl 
chlorides, resulted in yields of 65.9, 42.7 and 30.7 for SA, EPA and DHA, respectively [39]. 
This esterification leads to produce various compounds that have anti-inflammatory effect 
and also shows higher inhibition effect against hydroxyl and peroxyl radical-induced DNA 
scission [38]. Phenolic lipid (PL) chemical synthesis meets some partial needs; this pattern 
possesses a low degree of regioselectivity and is generally accompanied by drastic reaction 
conditions, many intermediary stages and purification steps to remove by-products and cata-
lyst residues. The main drawbacks to chemical transesterification are (1) non-selectivity lead-
ing to random distribution of FAs, (2) isomerization of sensitive PUFAs by the alkali catalyst, 
(3) production of fatty acid soaps and unwanted by-products and (4) requiring substantial 
post-treatment and downstream processes, especially when food applications are concerned.

2.4.2. Enzymatic synthesis of phenolic lipids (PLs)

The application of enzymes is widely in different fields such as pharmaceutical, cosmetic and 
food industry. Enzymatic synthesis of PL from fats and oils is receiving a lot of attention as a 
method for their modification because of the advantages of milder reaction conditions, mini-
mization of side reactions and by-product formation, a selective specificity, a wider variety 
of pure synthetic substrates, fewer purification steps and a more environmentally friendly 
process [40]. Even if enzymes may be more expensive than chemical reagents, the enzyme-
catalyzed acylation is a well-mastered technique for synthesis of selectively modification of 
PL at present. A high degree of conversion to the desired products could be achieved under 
the optimal reaction conditions. The enzymatic processes can be used in the production of 
fats and oils containing beneficial fatty acids and phenolic compounds. Some reviews have 
given a comprehensive understanding and shown a whole outline on the enzymatic synthesis 
of PL [41–46].
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In particular, enzymes appear to be very effective for the synthesis of molecules involving the 
grafting of a lipophilic moiety or a hydrophilic one. This review will be described and discussed 
in some of the recent works in the field of enzyme-assisted acylation of fatty acids with phenolic 
compounds in order to modify the hydrophilic/lipophilic properties of the initial molecules to 
obtain new products with multifunctional properties combining, for example, antimicrobial, 
antioxidant and emulsifying properties. The enzymatic synthesis of phenolic lipids has been 
reported previously in Refs. [10, 45, 47–49]. A lot of enzymes can be used in the synthesis of PL 
and selectivity is the most important characteristics of enzymes used in phenolic lipid synthe-
sis. Lipase is the most enzymes used in this type of process because of high selectivity, lower 
overall reaction time and fewer side reactions when compared with chemical methods [50]. An 
example of a synthesis reaction catalyzed by the lipase is shown in Figure 4. This overwhelm-
ing interest is based largely on consumers’ desire to maintain overall well-being with minimal 
effort and an industries’ ability to respond to this need. Furthermore, with the consumption 
of manufactured foods continually on the rise, there is a distinct advantage to providing more 
healthful choices for consumers. The concept of a natural phenolic lipid composed of a long-
chain aliphatic and phenolic moiety readily fits this mold, particularly since the inclusion of 
unsaturated lipids into these compounds could result in additional nutritional benefits. Lipases 
constitute the most important group of biocatalysts for biotechnological applications.

2.5. Lipases

2.5.1. Definition, sources, and applications

Lipase enzymes are defined as glycerol ester hydrolyses that can hydrolyze tri-, di-, and 
monoacylglycerols [52, 53]. Lipases are soluble in water as a result of their protein nature, 
but it could act on lipids, which are water insoluble, at the interface between oil and water 
[53, 54] and catalyze esterification and transesterification in addition to the hydrolytic activ-
ity on TAG [55–57]. Lipases are originated from a wide variety of sources including animals, 
plants and microorganisms. Animal lipases include pregastric esterase, pancreatic lipase, 
and lingual lipases [53]. Plants such as wheat germ and castor beans also contain lipases 
[58, 59]. Finally, microbial sources including yeast (Candida and Geotrichum), molds (Rhizopus, 
Aspergillus), and bacteria (Bacillus, Pseudomonas) [60]. Lipases are widely used because of their 
ready availability, low cost of production, utility in food, biotechnology, and pharmacology 
[61]. Novel biotechnological applications have been successfully established using lipases for 
the synthesis phenolic lipids, the production of pharmaceuticals, agrochemicals, and flavor 
compounds [52, 62, 63]. Moreover, the use of lipases in the food industry is increasing due to 
the need for the production of esters, biodegradable polyesters, and specific FAs [64].

Figure 4. Enzymatic synthesis reaction capsiates (fatty vanillyl alcohol acid ester) catalyzed by lipase Novozym 435® [51].
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2.5.2. Mechanism of action

Lipase-catalyzed reactions have been gained a lot of interest over the last years; the major 
reason for this is that lipase can promote either ester formation or ester hydrolysis. Moreover, 
lipase can control the acylation and deacylation to produce specific fatty acids and triacylg-
lycerols (i.e., phenolic lipids). Lipase-catalyzed reactions can be classified into three groups 
which are hydrolysis, esterification, and transesterification [65].

2.5.2.1. Hydrolysis

Hydrolysis of lipids by lipases refers to the splitting of fat into its constituent acids and alco-
hols in the presence of water. Lipase-catalyzed hydrolysis can be used for the preparation 
of fatty acids from oils, especially for the selective hydrolysis and concentrations of PUFAs 
from edible oils [10]. Furthermore, lipase catalyzed hydrolysis reactions only in the presence 
of amount of water. This is due to the fact that water molecules participate in the breaking of 
covalent bond in the substrate as well as subsequent incorporation of their elements into these 
bonds to form reaction products [66].

Different products are determined during the extent of hydrolysis reaction as shown in 
Figure 5. Mixtures of monoacylglycerols, diacylglycerols and free fatty acids are produced; 
the more complete the hydrolysis, the higher the concentration of free fatty acids in the final 
reaction medium. In the end of lipase- hydrolysis reactions glycerol esters-enriched in w-3 
fatty acids were produced from fish oil. Reactions are ideal for removal of fatty acids from 
unstable oils, including conjugated or highly unsaturated fatty acids, which effectively reduce 
unwanted oxidation reactions [67]. Lipase catalyzed hydrolysis reactions produce glycerol 
esters enriched in ω-3 fatty acids from fish oil [68, 69]. Because natural fish oils do not contain 
more than about one-third of their fatty acids from the ω-3 family, hydrolysis reactions are 
particularly helpful for the purpose of concentration.

Figure 5. Enzymatic hydrolysis of triacylglycerol molecule. Reverse reaction corresponds to synthesis by esterification. 
R1, R2 and R3 are different acyl groups.
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2.5.2.2. Esterification

Esterification is the reverse reaction of hydrolysis and is used to synthesize selected products 
under appropriate reaction conditions [70]. The products of an esterification reaction are usu-
ally an ester and water. The water content of esterification reaction system strongly effects 
on lipase activity. Low water content shifts the equilibrium of the reaction to favor the syn-
thesis of lipids. So that additional techniques were used to drive synthesis reaction including 
removal of water that formed during the process by evaporation under reduced pressure [71] 
or by adding molecular sieves to adsorb the water. Direct enzymatic esterification of some 
primary alcohols and selected carboxylic acids was catalyzed by the Candida antarctica and 
Rhizomucor miehei lipases. The reactions were performed in solvent-free medium with the 
removal of water [72].

2.5.2.3. Transesterification

Transesterification is a process of acyl exchange between two molecules. This process nor-
mally takes place between an ester and alcohol (alcoholysis), an ester and an acid (acidolysis), 
or an ester with another ester (interesterification), and no water is involved in the reaction. 
Acidolysis is one of the most frequently used reactions to incorporate novel fatty acids into 
TAG in several researches [13, 73, 74]. Interesterification involving hydrolysis and esterifica-
tion, firstly hydrolysis of the TAG molecule, then followed by re-synthesis of the liberated 
fatty acids onto the glycerol molecule. Interesterification is another main strategy to incorpo-
rate PUFAs into TAGs. The literature reported extensive research work on the interesterifica-
tion reaction [75, 76]. Lipase-catalyzed alcoholysis, acidolysis, and interesterification reactions 
are described clearly in Figure 6.

2.5.3. Selectivity and specificity of lipase

It is beneficial to have knowledge about lipase selectivity/specificity to guide research to the 
best choice of lipase for particular fatty acid or for synthesis of PL containing ester of a specific 
fatty acid. Specificity generally refers to the ability of enzyme to differentiate between several 
substrates. Lipases can be divided according to their specificity into three groups: (i) nonspe-
cific lipases, (ii) acyl-group specific lipases, and (iii) positional specific lipases. Nonspecific 
lipase can catalyze the release of FA from any position on the glycerol molecule. Acyl-group 
specific lipases catalyze the release of a particular type of FA from the TAG molecules, while 
positional lipases attack sn-1,3 positions on the TAG molecule. The use of positional specific 
lipases has led to the production of useful TAG mixtures whose composition could not be pro-
duced by simple chemical transesterification. In recent years, positional specific lipases have 
been intensively used in research purposes and food industry sectors [77–79].

2.6. Enzyme reactions in organic solvent media (OSM)

Enzymes in organic solvents have manifested good selectivity and stability; however, cata-
lytic activities in this environment are generally lower than in aqueous solutions. This could 
be partly explained by the fact that in low water environments, enzymes are less flexible. On 
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the other hand, the activities of enzymes also depend on the type of organic solvent, since 
some are known to inactivate or denature biocatalysts. Meanwhile, the advantages of using 
organic solvent media are increased solubility of hydrophobic compounds that permits for 
greater interactions between substrates and enzymes as well as advantageous, partitioning 
of substrates and products; specifically, this is because partitioning of products away from 
the enzyme can decrease the possibility of inhibition due to excess product around the bio-
catalyst [51, 72].

When enzymes are placed in OSM, they exhibit novel characteristics such as altered chemo- 
and stereoselectivity, enhanced stability, increased rigidity, insolubility, and high thermal 
stability [80]. It has also been reported that the thermal stability of lipases can be improved 
in organic solvent systems since the lack of water prevents the unfolding of the lipase at high 
temperatures [81]. The activity of lipase in OSM depends on the nature and concentration of 
the substrate and source of the enzyme. Moreover, the organic solvent used can dramatically 
affect the activity of the lipase. Lipases are more active in n-hexane, n-heptane, and isooctane 
as compared to other solvents, such as toluene, ethyl acetate, and acetonitrile [82, 83]. It has 
been reported that the hydrophobicity of the solvent can affect the degree of acyl migration 
during transesterification using a 1,3-specific lipase [84]. Since the choice of organic solvents 
based on minimization of acyl migration may conflict with maximization of transesterifica-
tion, acyl migration is usually minimized by reducing reaction times [85]. With increasing 
concern for the environment, synthesis of PL in solvent-free systems [86–88] and ionic liquids 
systems [89] has been extensively studied.

Figure 6. Lipase-catalyzed transesterification reactions. R1, R2, and R3 are different acyl groups.
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The enzymatic synthesis of vanillyl-PUFA esters from fish oil and vanillyl alcohol in acetone 
solvent medium was studied by [10]. Lipase-catalyzed esterification of vanillyl alcohol with 
different fatty acids was carried out by [51] to the synthesis of capsiate analogs. Equimolar 
concentration of vanillyl alcohol and fatty acid was solubilized in tert-butanol and esterified 
using C. antartica lipase (Novozym 435) at 55°C for 4 h.

2.7. Enzyme reactions in solvent-free medium (SFM)

Enzymatic catalysis in solvent-free medium (SFM) has attracted considerable interest in the 
recent years [90]. It used as an efficient approach to the synthesis of natural products, pharma-
ceuticals and food ingredients. Under nonaqueous conditions, the industrial utility of enzymes 
can be improved, recovery of product and enzyme is eased, and the ability to catalyze reactions 
that are not favorable in aqueous solutions [91]. However, it would be technically beneficial if 
the enzymatic reactions were performed in mixtures of substrates in the absence of solvents. 
Lipase-catalyzed PL has been extensively studied in systems using organic solvents; however, 
if such a process is intended to be used in the food industry, it is preferred to develop solvent-
free systems. The downside of organic solvents is that they are expensive, toxic and flammable 
and their use involves higher investment costs to meet safety requirements [80]. On the other 
hand, solvent-free systems, which are a simple mixture of reactants and the biocatalyst, pres-
ent the advantages of using nearly nonaqueous organic solvents while offering greater safety, 
reduction in solvent extraction costs, increased reactant concentrations and consequently 
higher volumetric productivity defined as kg product per unit of reactor volume [53, 80].

Phenolic lipids have been received increasing attention in the food area, since they are a good 
way for providing nutraceutical FA to consumers. Hong et al. [47] studied the esterification of 
vanillyl alcohol with conjugated linoleic acid under vacuum in solvent-free system. Further 
studies on the enzymatic synthesis of structured phenolic lipids in SFM have also been con-
ducted by [34, 44, 92]. In these studies, phenolic acids were esterified with fatty acids resulted 
in the formation of more lipophilic constituents that can be used as a nutraceutical product. In 
addition, feruloylated mono- and diacylglycerols were synthesized in SFM using C. antarctica 
lipase, and the yield was 96% [92].

Lipase-catalyzed synthesis in SFM has a number of advantages as compared to that in OSM, 
including the use of a smaller reaction volume, maximization of substrate concentration and 
with no additional solvent recovery. In addition, downstream processing is easier as fewer 
purification steps are required providing significant cost savings, as well as toxic organic sol-
vents are completely avoided (clean conversions), and an increase in the volumetric produc-
tivity can be achieved [80]. However, there are some problems with the use of SFM, mainly, 
the high viscosity of the medium as well as the production of high amounts of glycerol, free 
FAs as by-products. These by-products affect the reaction equilibrium and limit the mass 
transfer rate [93]. Thus, the development of a bioprocess for the lipase-catalyzed synthesis in 
SFM is of major interest but with great challenge.

2.8. Parameters affecting the enzyme activity and conversion yield of phenolic lipids

Grafting of phenolic compound substrates with lipids is the major difficulty to overcome in 
such lipase-catalyzed reactions. Several parameters must be considered in order to achieve 
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lipase, and the yield was 96% [92].
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including the use of a smaller reaction volume, maximization of substrate concentration and 
with no additional solvent recovery. In addition, downstream processing is easier as fewer 
purification steps are required providing significant cost savings, as well as toxic organic sol-
vents are completely avoided (clean conversions), and an increase in the volumetric produc-
tivity can be achieved [80]. However, there are some problems with the use of SFM, mainly, 
the high viscosity of the medium as well as the production of high amounts of glycerol, free 
FAs as by-products. These by-products affect the reaction equilibrium and limit the mass 
transfer rate [93]. Thus, the development of a bioprocess for the lipase-catalyzed synthesis in 
SFM is of major interest but with great challenge.

2.8. Parameters affecting the enzyme activity and conversion yield of phenolic lipids

Grafting of phenolic compound substrates with lipids is the major difficulty to overcome in 
such lipase-catalyzed reactions. Several parameters must be considered in order to achieve 
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the reaction in satisfactory kinetics and yields and to overcome the fact that the two substrates 
greatly differ in terms of polarity and solvent affinity.

2.8.1. Effect of solvent

The interesting strategy is to carry out the synthesis reaction without using solvent. 
However, when it is not possible, the choice of an adequate solvent is important. The type 
of organic solvent employed can dramatically affect the reaction kinetics and catalytic effi-
ciency of lipases [94]. Two factors must be considered when solvent is selected; solvent 
affects the enzyme activity and solvent effect on the equilibrium position of the desired 
reaction. Polarity of the solvents is an important characteristic which determine the effect 
of solvents on enzymatic catalysis reactions. Log P value, the partition coefficient between 
water and octanol, is used as the indicator of solvent polarity. Laane et al. [95] reported that 
solvents with log P < 2 are not suitable for enzyme-catalyzed systems, since they strip off the 
essential water from the enzyme and therefore inactivate them. However, solvents with log 
P values in the range of 2–4 were weak water distorters, in which enzymes display medium 
activity and solvents with log P > 4 are ideal media for enzyme-catalyzed systems since they 
do not distort the essential water from the enzyme. Therefore, intermediate polarity media 
are often chosen. Other factors that must be taken into account in determining the most 
appropriate solvent for given reaction include solubility of reactants, solvent inertness, den-
sity, viscosity, surface tension, toxicity, flammability, waste disposal, and cost [96]. A good 
contact between the substrates must be obtained, and the selected solvent must be solubiliz-
ing them at least partially.

Various authors have tried to find original strategies to improve enzyme activity in organic 
solvent [71, 93, 94]. The effect of solvent concentration on the conversion yield of phenolic 
lipids synthesized from flaxseed oil and phenolic acids was demonstrated by [41]. Solvent 
concentration of 7% was the best concentration with 61.1% of conversion yield.

2.8.2. Lipase conditioning

Another important parameter in the synthesis reactions of phenolic lipids (PLs) is concern-
ing with the enzyme itself and especially its conditioning. Various techniques for lipase 
conditioning have greatly improved during the last 10 years in the field of enzyme immo-
bilization, chemical modification, or molecular engineering [97, 98]. Lipases are used after 
immobilization on a support. Different carrier materials are employed, and the resulting 
immobilized enzyme usually exhibits an improved thermostability compared to its free 
form. Moreover, the use of immobilized enzymes allows an easy removal and recovery of 
the biocatalyst once the reaction is over [99]. Lipase from Candida rugosa was immobilized 
onto montmorillonite via two techniques, i.e., adsorption and covalent-binding montmoril-
lonite [100].

2.8.3. Influence of water activity

Water content refers to the total amount of water present in the reaction system. Controlling 
of water activity is very important in lipid modification processes. Water content in the reac-
tion system is a determining factor in whether the reaction equilibrium will progress toward 
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hydrolysis or ester synthesis [101]. While ester synthesis depends on low water content, too 
low water activity prevents all reaction from occurring. The monolayer of water on the surface 
of enzyme is required to maintain the three-dimensional structure of the enzyme, which is 
essential to enzymatic activity [102]. This layer acts as a buffer between the enzyme surface 
and the bulk reaction medium. However, too much water can cause hydrolysis of the TAG 
[14]. The activity of lipases at different water activities is dependent on the source of the 
enzyme and the type of solvent and immobilization support used [103]. Lipases from molds 
have shown to be more tolerant to low water activity than bacterial lipases. The optimal water 
content for most interesterification reactions by different lipases has been reported to be in the 
range of 0.04 to 11% (w/v) [104].

However, the amount of water in the system should be minimized in order to decrease the by-
products. Lipases tend to retain the greatest degree of original activity, when immobilized on 
hydrophobic supports. Therefore, when the immobilized lipase contacts with oil in water emul-
sion, the oil phase tends to associate with and permeate the support, which can be assumed 
that an ordered hydrophobic network of lipid molecules will surround the support. Any water 
that reaches the enzyme for participation in the reaction must diffuse from the bulk emulsion. 
Thus, to avoid diffusional limitations, the oil phase must be well saturated with water [105].

Zhao et al. [106] investigated the effect of different reaction parameters on the enzymatic 
acidolysis of lard with capric acid catalyzed by Lipozyme TL-IM. They achieved the highest 
incorporation of capric acid (35.56 mol%) without added water. The amount of incorporation 
was almost constant up to 10% added water but decreased significantly above this amount. 
The current research work shows that Lipozyme TL-IM-catalyzed interesterification can easily 
be moved to the industrial sector for commercial exploitation. Both stirred tank reactors [107] 
and PBR [108, 109] can be used for the production of plastic fats, and the control of water activ-
ity in the system presents no particular difficulty, as is often the case in other lipase-application 
systems, in which the lipase activity was not affected by the reduction of water content in the 
system [107, 110].

2.8.4. Molecular sieve

In order to promote the synthesis of phenolic lipids by shifting the reaction toward synthesis 
rather than hydrolysis, a reduction of water content in the reaction mixture can be accomplished 
through the addition of molecular sieve pellets as dehydrating agents. Li et al. [111] reported 
that the addition of molecular sieves increased the rate and conversion yield; this is due to the 
effect of the molecular sieves to sequester the water layer from the enzyme molecule which is 
essential for the water-enzyme interaction. Mellou et al. [112] found that the conversion yield of 
rutin during esterification reaction with oleic acid catalyzed by immobilized C. antarctica lipase 
B in different solvents was varied from 37 to 71% under the use of molecular sieves (100 mg/
ml). However, Karboune et al. [113] observed 28 and 35% decrease in the maximum conversion 
yield upon the addition of 10 mg/ml of molecular sieves to the lipase-catalyzed biosynthesis 
of cinnamoylated lipids. This could be explained by the fact that molecular sieves promote the 
lipase-catalyzed synthesis reactions by dehydrating; however, excess of molecular sieves will 
capture the necessary water of enzyme, which may inhibit the enzyme activity.
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2.8.5. Substrate composition and concentration (molar ratio)

Chemical structures of the phenolic compounds have an effect on the conversion yield of the 
end products. Different studies presented the effect of chemical structure of phenolic com-
pounds which are hydroxylated or methoxylated derivatives of cinnamic, phenyl acetic and 
benzoic acids on the conversion yield [34, 35, 42, 44]. The presence of a hydroxyl group in 
the sn-2 position has a negative inductive effect. Thus, TAG is hydrolyzed at a faster rate as 
compared to DAGs, which are hydrolyzed faster than MAGs. Substrate conformation can 
also affect the reaction rate, since the hydrophobic tunnel in the lipase accepts aliphatic chains 
and aromatic rings easier than branched structures. Moreover, oxidation of substrates, such 
as PUFAs, could cause inhibition and decrease in lipase activity due to the production of 
hydroperoxides and their consequent breakdown to free radicals.

Substrate concentration has an effect on the rate of enzyme hydrolysis and transesterification. 
So, the selection of a suitable substrate molar ratio in terms of reaction efficiency (incorpora-
tion level of acyl donors per unit time) and productivity (product quantity per unit time) in 
a reaction system is very important. The choice of the proper substrate molar ratio is also 
related to the downstream processing expenses and associated difficulties of separating FFAs 
or acyl donors by evaporation and/or distillation. Previous studies have shown that high sub-
strate molar ratio would require a shorter reaction time, move the reaction equilibrium to the 
product formation, and improve the acyl incorporation [114, 115]. Yang et al. [114] reported 
the positive effect of substrate molar ratio on the interesterification reaction between EPA and 
DHA ethyl esters and tripalmitin. They indicated that the optimization results suggested a 
molar ratio of 6 along with an enzyme load of 20% (Lipozyme TL-IM) and a 17.9 h reaction 
time would provide the highest incorporation. However, due to the downstream purifica-
tion expenses, they decided to select the optimal conditions to be a molar ratio of 5 along 
with a 20% enzyme load and 20 h reaction time. Lee et al. [115] investigated the synthesis of 
1,3-dioleoyl-2-palmitoyl glycerol-rich HMFS from tripalmitin-rich fraction and ethyl oleate 
by lipase-catalyzed interesterification. Similarly, these authors reported an increase of OPO 
content (25.7%) with an increase of substrate molar ratio up to a ratio of 1:6 of tripalmitin-rich 
fraction to ethyl oleate.

The study of Sabally et al. [32] investigated the enzymatic transesterification of selected 
PAs with TAGs, including trilinolein and trilinolenin in organic solvent media (OSM), and 
reported that the affinity of Novozym 435 was found to be greater for DHCA than that for 
ferulic acid; these authors suggested that the presence of both the methoxyl substituent and 
the double bond on the side of the aromatic ring of the ferulic acid could explain its lower 
affinity for the transesterification reactions with TAG.

Karboune [42] study the effect of PA structure on the bioconversion yield (BY) of phenolic 
lipids (PLs) obtained by acidolysis of FSO with selected PAs, including hydroxylated and/
or methoxylated derivatives of cinnamic, phenyl acetic and benzoic acids in OSM, using 
Novozym 435 as biocatalyst. The overall findings showed that the BY of PL was dependent on 
the structural characteristics of PAs. The highest BY was obtained with cinnamic acid (74%). 
In addition, Karboune et al. [42] concluded that the presence of p-OH groups on the benzene 
cycle of cinnamic acid derivatives may have an inhibitory effect on the lipase activity, since 
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the BY decreased to 45 and 11%, respectively, when p-coumaric and caffeic acids were used 
as substrates. The inhibitory effect of p-OH substituent was most likely due to their electronic 
donating effect rather than to their steric hindrance in the enzyme-active site as the inhibition 
was much less significant (56%) in the presence of a double bond on the side chain conjugated 
with the aromatic ring of DHPA.

2.8.6. Reaction temperature

Temperature changes effect on different parameters including enzyme stability, affinity, and 
preponderance of the competing reactions [71]. Temperature normally affects lipase activ-
ity, and high temperatures usually increase the initial transesterification rate. However, high 
reaction temperatures deactivate the enzyme due to its protein nature [35]. The optimal tem-
perature used in transesterification reactions is mainly based on considering properties of 
feedstock, such as melting behavior at different temperatures as well as the reaction system 
that is with or without solvent. In a solvent-free system, the temperature is maintained high 
enough to keep the substrates in liquid state [40].

The optimal temperature for the most immobilized lipases ranges from 30–60°C, while it 
tends to be lower for free lipases. Heat stability of lipase also depends on whether a substrate 
is present. This is because substrates remove excess water from the immediate vicinity of the 
enzyme, hence limiting its overall conformational mobility. Ishihara et al. [116] studied the 
effect of temperature on vanillyl alcohol acylation with nonanoic acid to give vanillyl non-
anoate in n-hexane solvent medium. The authors found that the optimum temperature for 
enzymatic acylation was 70°C. Higher temperatures than 70°C lead to decrease the conver-
sion yield due to the deactivation of enzyme at high temperature. The effect of temperature 
on the synthesis of capsiate analog by lipase-catalyzed esterification of vanillyl alcohol and 
conjugated linoleic acid (CLA) was presented [47]. The range of temperature tested was from 
30 to 60°C. The results demonstrated that the yield increased when the temperature increased 
from 30 to 50°C. However, when temperature increased to 60°C, there is no increase effect on 
the yield.

2.8.7. Enzyme concentration

Normally, as the enzyme concentration increases, the reaction equilibrium will be shifted 
quickly toward the synthesis [117]. However, for economic reasons, it is important to reduce 
the enzyme loading and the reaction time. In addition, the presence of high enzyme concen-
tration in the reaction medium may increase the probability of its collision with the substrate 
subsequently enhancing the reaction rate [118]; however, after reaching certain enzyme con-
centration, the conversion yield was constant. Carrin et al. [117] reported that during the 
Lipozyme TL-IM-catalyzed acidolysis of sunflower oil with palmitic acid and stearic acid 
mixture, the extent of palmitic and stearic acids incorporation was enhanced by increasing 
the amount of enzyme in the reaction; however, when the enzyme concentration was greater 
than 8% by weight of substrates, there was no significant increase in the esterification yield. 
The effects of lipase concentration on the synthesis of capsiate analog were depicted in the 
work of [47].
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2.8.8. Agitation speed

In a heterogeneous enzymatic system, it is important to ensure that the rate of substrate dif-
fusion will not limit the rate of the synthesis reaction. The increase in agitation speed may 
decrease the boundary liquid layer surrounding the porous support, leading to lower diffu-
sion limitations. Lue et al. [102] reported an increase of the enzymatic activity from 108.6 to 
156.5 nmol/g/min, when the agitation speed of the system was increased from 0 to 200 rpm. 
The increase in the enzymatic activity indicated that external diffusion limitations of sub-
strates did occur within the range of agitation applied. Kumari et al. [118] reported that 
carrying the reaction at the optimum agitation speed can limit the external mass transfer 
limitations, in the case of immobilized enzymes, where the reactants need to diffuse from the 
bulk oil to the external surface of the enzyme particles and from there, subsequently to the 
interior pores of the catalyst. In addition [44] investigated the effect of agitation speed on the 
conversion yield of phenolic lipids synthesized from flaxseed oil and DHCA; the results have 
shown that the conversion yield increased significantly from 39 to 62.5% when the agitation 
speed was increased from 50 to 150 rpm, before it was decreased to 44.8% at agitation speed 
of 250 rpm. The low conversion yield could be attributed to insufficient agitation rate, a con-
dition in which a hydrophilic layer of glycerol may be formed around the enzyme, limiting 
hence the mass transfer rate of the oil to the surface of the lipase.

2.8.9. Carbon chain length

The effect of carbon chain length of fatty alcohols on the reaction rate was examined by [119]; 
the esterification of C4–C18 straight-chain fatty alcohol with dihydrocaffeic acid (DHCA), as 
a model of phenolic acid, was systematically evaluated. The results indicated that the con-
version of DHCA was significantly affected by the number of carbon chain of fatty alcohols. 
Conversion yield of 95% was achieved within 3 days when hexanol was used as an acyl accep-
tor, while only 56 and 44% conversions were achieved when 1-butanol and octadecanol were 
employed, respectively. The conversions of ferulic and caffeic acids under the same condi-
tions were much lower than was that of DHCA. In another by [120], various alkyl cinnamates 
were formed in high to moderate yield by lipase-catalyzed esterification of cinnamic acid and 
its analogs with fatty alcohols in vacuo at moderate temperatures in the absence of drying 
agents and solvents.

Several carboxylic acids of different chain lengths from acetic, propionic, butyric, caproic, and 
caprylic acids were tested via an enzymatic esterification reaction to produce hexyl ester in 
n-hexane and supercritical carbon dioxide (SCCO2). The reactions were carried out at 40°C, 
and the amount of enzyme used was 13.8 g/mol alcohol. Substrates were added at equimolar 
concentrations, with sufficient stirring to avoid external diffusion control. The results in both 
solvents show that the reaction rate increases with the chain length of the acid, but the final 
yields were similar.

2.9. Analysis and characterization of phenolic lipids

The structural analyses of phenolic lipids have been carried out using a wide range of various 
techniques. These mainly include thin-layer chromatography (TLC), high-performance liquid 
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chromatography (HPLC), gas-liquid chromatography (GLC), and liquid chromatography-
mass spectrometry (LC-MS). Thin-layer chromatography has been used for initial qualitative 
analyses of substrates by employing a wide range of organic solvent mixtures. Products from 
the esterification reactions are characterized and analyzed by TLC using silica gel G-25 plates 
[10, 47]. The elution solvents used depend on the nature of synthesized compounds. In the 
study of [10], the elution solvent used was chloroform/methanol mixture (80:20, v/v) and pure 
chloroform; the plates were visualized under UV light (254 nm), meanwhile, in the work of 
Hong et al. [47], the elution solvent was n-hexane/diethyl ether/formic acid (160:40:5.5, v/v/v), 
and the plate was visualized with 0.2% (w/v) 2,7 dichlorofluorescein in methanol solution 
under UV light.

High-performance liquid chromatography (HPLC) has often been used over other instrumen-
tations and has shown scientifically to be the overall preferred method of choice for quanti-
fication and separation of phenolic lipids following synthesis reactions. Phenolic lipids were 
separated on C18 reverse-phase column using a gradient elution system with UV detection 
at 280 nm [10]. Gas-liquid chromatography (GLC) analysis has been conducted for determin-
ing the fatty acid composition of the synthesized phenolic lipids. REF has reported on the GC 
analysis of phenolic lipid esters through the use of a CP-Sil CB-MS column linked to an FID 
detector.

Recent research on phenolic lipids has also made using liquid chromatography-mass spec-
trometry (LC-MS) that is considered being one of the most powerful techniques used for 
the characterization of biomolecules due to its high sensitivity and specificity. Generally, its 
application is oriented toward the specific detection and potential identification of chemicals 
in the presence of other chemicals (in a complex mixture). LC-MS has been used for the struc-
tural characterization of lipids and phenolic lipids [10, 116].

Many lipid systems have been studied by Fourier transform infrared spectroscopy (FTIR) in 
order to determine several aspects including the degree and the form of unsaturation of the 
acyl groups as well as their length [121]. The infrared region of the electromagnetic spectrum 
extends from 14,000 to 50 cm−1 and is divided into three areas: the far infrared from 400 to 
50 cm−1, the mid infrared region from 4,000 to 400 cm−1, and the near infrared from 14,000 to 
4,000 cm−1 [122].

2.10. Application of phenolic lipids

Phenolic lipids, compounds which have been known for a century, are more recently being 
extensively studied not only from the biological but also from the chemical point of view. 
Phenolic lipids used as novel antioxidants that synthesized enzymatically. These natural anti-
oxidants increased the antioxidant capacity and the oxidative stability of the edible oils [123]. 
These products can be used as nutraceuticals for their nutritional value and antioxidant capac-
ity as well as natural ingredients for their physicochemical characteristics [39]. Enzymatic 
esterification of omega-3 PUFAs with vanillyl alcohol leads to protect these compounds from 
oxidation, and the PUFA-phenolic derivatives prepared confer the combined health beneficial 
properties of PUFA and the phenolic molecules [10]. Studies of Zhong and Shahidi [38, 39] 
indicated that antioxidant activity of esters produced from the esterification of EGCG with 
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PUFA (EPA and DHA) was superior to that of parent compound in retarded of the oxidation 
of bulk oil and emulsion. The results suggest that these lipophilic derivatives of EGCG could 
be considered for use in food preservation and health promotion [38].

Recently, most of the observed activities of phenolic lipids were rather nonspecific and 
resulted from their amphiphilic and phenolic nature. Further investigation on various aspects 
of biology may open new opportunities to exploit their properties, as, for example, chemo-
preventive and antitumor agents, and to develop pharmaceuticals based on phenolic lipid 
compounds.
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Abstract

Anthocyanins are naturally occuring pigments belonging to the group of flavonoids, a 
subclass of the polyphenol family. They are common components of the human diet, as 
they are present in many foods, fruits and vegetables, especially in berries and red wine. 
There were more studies conducted on effect of processing and storage on changes and 
stability of colors of anthocyanins in foods such as fruits and also for their use as natural 
colorants. Besides, the interest on anthocyanins is still growing also owing to their strong 
antioxidant activity against many chronic diseases, numerous studies about their medici-
nal, therapeutical and nutritional value were also conducted. There are pieces of evidence 
regarding the positive association of their intake with healthy biological effects. They act 
as antioxidants both in the foodstuffs in which they are found and in the organism that 
take in foods rich in anthocyanins. Many efforts have been carried out to develop new 
analytical techniques for identification and quantification of anthocyanins in plant mate-
rials, as well as their effects in vivo and in vitro. With this in mind, an overview to general 
considerations concerning (i) polyphenol and flavonoid history; (ii) chemical structure, 
color and intake of anthocyanins and (iii) sample preparation and extraction methods are 
presented in this chapter.

Keywords: anthocyanins, pigments, sample preparation, extraction

1. Introduction

The progress in the last years in the interdisciplinary fields of chemistry, separation science, 
biology and pharmacy has boosted the natural product chemistry research [1–4], provid-
ing a valuable information about many classes of naturally occurring dietary phytochemi-
cals. Among these phytochemicals, polyphenols are the worldwide redox-active secondary 
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 metabolites of a phenolic nature [5–12]. The importance of secondary metabolites and their 
crucial role in many important functional aspects of plant life was recognized for the first 
time in the second-half of the ninetieth century by Julius Sachs (1873) [13, 14]. Polyphenols 
are natural compounds occurring in plants [15–18], including foods such as fruits, vegetables, 
cereals, tea, coffee and wine.

The study mainly focuses on organoleptical properties of polyphenols [19] and their physi-
ological importance to plants [20]. Later, polyphenols are found to be recognized by their nutri-
tional value, since they may help reduce the risk of chronic diseases [1, 21–24] and, in general, 
have a positive effect on health, because of their free radical scavenging capacity [25–27], which, 
among other biological effects, increases antioxidant activity and prevents cellular oxidation.

The research on phenolic compounds is mainly focused on anthocyanins [28–29], natural pig-
ments and common components of the human diet (foods, fruits and vegetables, especially in 
berries and in red wine), As they provide for much of the red to blue pigmentation of flowers 
and fruits and have physiological functions in vegetative tissues. Their biosynthetic pathway 
has been the subject of much research and the associated biosynthetic and regulatory genes 
are well defined. Besides considerable interest in coloring properties of anthocyanins, they 
have also attracted attention due to their antioxidant activity [30–34] and their property is 
closely related, to a large extent, with their chemical structure. The pH-dependent ground-
state chemistry of anthocyanins is extremely rich. In the past 20 years, the health benefits of 
anthocyanins have become the subject of intensive research.

Analytical chemistry plays an importance role in this context [35–37] which determines the iden-
tity and quantities of anthocyanins in natural products, as well as their effects in vivo and in vitro.

This chapter intends to reflect the interdisciplinary nature of the research that is currently car-
ried out in anthocyanin pigments through an update of the state-of-art of a series of previously 
published reviews on this field in the year 2012 [28, 29, 38, 39]. First, general considerations con-
cerning polyphenols with emphasis on their role as secondary metabolites are made. Flavonoid 
classification, structure, biological activities, databases, intake and dietary sources are also con-
templated. Second, aspects of anthocyanin concerning its early history and chemical structure, 
color and intake are dealt. It should be noted that anthocyanins are readily distinguished from 
other flavonoids as they undergo rearrangements in response to pH. The antioxidant activity 
of anthocyanins is depending on their chemical structure. Finally, special attention is paid to 
analytical methodologies involved in the isolation, determination and characterization of bio-
active polyphenols in plants, fruits and vegetables, herbal drugs, medicinal plants and wines, 
including sample-handling strategies, a feature of analysis often ignored. The use of nonther-
mal technologies in the assisted extraction of anthocyanins will be covered in future reports.

2. Polyphenols

Plant phenols are among the most abundant and widely represented class of existing plant 
natural products [40] thanks to the continuous evolution of new genes brought about by gene 
duplication and mutation and subsequent recruitment and adaptation to specific functions.
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The amino acids phenylalanine and tyrosine (derived from the shikimic acid pathway) are 
the most common origin of polyphenols [41, 42]. Chemically, polyphenols belong to four 
main classes (Figure 1): flavonoids, phenolic acids (hydroxy derivatives of benzoic acid and 
cinnamic acid, i.e., p-hydroxybenzoic, protocatechuic, vanillic and syringic acids) and their 
esters (chlorogenic, caftaric, coutaric and fertaric acids), stilbenes (resveratrol, pterostilbene, 
piceatannol), characterized by a double bond (1,2-diarylethene) connecting the phenolic rings 
and lignans (pinoresinol, podophyllotoxin, steganacin), characterized by a 1,4-diarylbutane 
structure, i.e., having 2-phenylpropane units. Flavonoids and phenolic acids account for 60 
and 30%, respectively, of the total dietary polyphenols [43].

When the phenolic molecules are not attached to sugar moieties are known as the aglycone 
form; while those molecules conjugated with one or more sugar residues are called glyco-
sides. Most phenolic compounds are found in nature associated with mono- or polysaccha-
rides or functional derivatives [44] such as esters or methyl esters, varying widely in their 
hydroxylation pattern and can be glycosylated or acylated.

Despite the fact that most of the literature on phenolic compounds focuses mainly on those 
found in fruits, vegetables, wines and teas. However, many phenolic compounds present in 
fruits and vegetables (phenolic acids and flavonoids) are also found in cereals [45, 46].

For decades, this family of compounds has attracted the attention [47] since three British scien-
tists open the door to understand separation, structural elucidation and taxonomical distribu-
tion of phenolic compounds. As mentioned above, traditionally, the interest was focused on 
organoleptical properties of polyphenol such as color, astringency, bitterness, astringency and 
a range of other tactile or “mouth feel” characteristics [48, 49], as well as their physiological 
role in plants in the reproduction, pathogenesis and symbiosis. In last decades,  polyphenols 

Figure 1. Types of phytochemicals [38].
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are increasingly recognized due their nutritional value, since they may help reduce the risk of 
chronic diseases [50–53]. The capacity of phenolic compounds to trap free radicals depends 
upon their structure, in particular of the hydrogen atoms of the aromatic group that can be 
transferred to the free radicals [54, 55] and of the capacity of the aromatic compound to cope 
with the uncoupling of electrons as a result of the surrounding displacement of the electron-π 
system [27]. The polyphenols are still gaining attention.

Although the percentage of absorbed natural polyphenols is usually quite low [56], 
researchers have seen a large quantity of metabolites of polyphenols in the form of simple 
phenolic acids in the blood. The amount and form in which plant phenolic substances are 
administered influence greatly the physiological effects connected with their consumption 
[57]. About 1 g of polyphenols per day is commonly ingested with foods, being the most 
abundant antioxidant in the diet (about 10 times higher than the intake of vitamin C and 
100 times that of vitamin E) [28, 29, 58]. The daily intake of polyphenols is difficult to esti-
mate and depend on several factors. In the literature there are about 1000 peer-reviewed 
publications [28] concerning the polyphenol content in food. Recently, the construction 
and application of a database with polyphenols content in foods has facilitated this task 
[59]. The Institute Nationale de la Recherche Agronomique [60] has developed a new 
Phenol-Explorer database [59] covering over 60,000 foods useful to epidemiologists, food 
scientists and food manufacturers. The content of polyphenols of the 100 richest dietary 
sources can range from 15,000 mg per 100 g in cloves to 10 mg per 100 mL in rose wine [61]. 
EuroFir [62] is another database to build national food composition in different countries 
within the framework of the European Food Information Resources Network (i.e., Spanish 
[63] and Irish [64] databases).

3. Flavonoids

The flavonoids constitute the largest group of polyphenols (of low molecular weight) 
and are considered to be responsible for the color and taste of many fruits and vegetables 
[65, 66]. Since first identified in the mid-1800s, more than 9000 flavonoid structures have been 
described, with formulas, references and biological information [67, 68] and the list is con-
stantly increase. These include over 600 different naturally occurring anthocyanins [69] that 
are widely distributed among at least 27 families, 73 genera and innumerable species.

Many of these compounds are yellow in color, as the Latin root suggests. They are present 
particularly in the epidermis of leaves and the skin of fruits [9, 70]. Flavonoids can accumulate 
in vacuolar compartments, or be secreted, for example, as part of root exudates. Most attract-
ing is the accumulation of flavonoids on the surface of leaves and flowers [70]. Flavonoids 
play roles in many facets of plant physiology [71] and their influence on the transport of the 
plant hormone auxin is one of their most important roles.

Around 5000 of the flavonoids studied have antioxidant activity. Because the number of 
phytochemicals already identified is only a small part of those that exist in nature, there is 
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 considerable interest in new methods [37, 72–78] of separation, isolation and characterization 
of polyphenol structures from foods.

Concerning the chemical structures of flavonoids in which two aromatic rings are present 
that linked by three carbons in an oxygenated heterocycle, i.e., a flavan (2-phenyl-benzo-γ 
pyran) nucleus consisting of two benzene rings combined with an oxygen-containing pyran 
ring, the parent compound bearing a tricyclic (C6-C3-C6) skeleton. The heterocyclic ben-
zopyran ring is known as the C ring, the fused aromatic ring as the A ring and the phenyl 
constituent as the B ring. The structural differences in each flavonoid family result from vari-
ations in the number/substitution pattern of the hydroxyl and methoxy groups [28, 79, 80], 
as well as different glycosylation patterns and the presence of a C2-C3 double bond in the 
heterocycle pyran ring.

Compounds are classified according to differences in their heterocycle (C ring): flavo-
nols, flavones (catechins), flavanones, chalcones, dihydrochalcones and dihidroflavo-
nols, anthocyanins and isoflavonoids (isoflavones) [29, 55], varying in the oxidation state 
(degree of saturation) of the heterocyclic central pyran ring. When unsaturation is pres-
ent, the geometry of the molecule is planar, as in the case of anthocyanins, flavones and 
flavonols.

Flavonoids usually occur as glycosides in plants, reflecting a biological strategy increasing 
their polarity and necessary for storage in the plant cell vacuoles and decreasing their reactiv-
ity to interact with macromolecules [81–83]. While flavan-3-ols (catechins and theaflavins) are 
present in either a free form or as gallic acid esters (e.g., in tea). The glycosidic linkages appear 
to be important for the absorption of flavonoids [44].

Williams and Grayer [84] have stated: “Flavonoids continue to capture the interest of scientists 
from many different disciplines because of their structural diversity, biological and ecological 
significance (e.g. the colored pigments in many flower petals) and health promoting and anti-
cancer properties.” Recent advances in genomics, proteomics and metabolomics provide new 
approaches in the field of flavonoids in plant: protection against oxidative diseases, ability to 
modulate the activity of various enzymes and interactions with specific receptors are among 
the most significant health benefits [67, 85].

Flavonoids of dietary significance are present in edible plants in widely varying combina-
tions [86, 87]. Unlike traditional vitamins, flavonoids are not essential for short-term well-
being. The daily intake is almost at the same level as the sum of other antioxidants, including 
carotene, vitamin C and vitamin E, can range from several hundred mg up to 1–2 g [88] 
and although flavonoids are not essential for short-term may exhibit potential health ben-
efits at modest long-term intake [85, 89, 90]. Table 1 [91–98] shows the dietary sources of 
flavonoids. Great differences in flavonoid intake and food sources were observed between a 
large Mediterranean cohort and non-Mediterranean populations (U.S. and Finland as non-
Mediterranean countries) [99]. The mean intake for a Spanish population was 313 mg/day 
[99]. Estimated per capita daily flavonoid intake is 182 and 177 mg for the UK and Ireland, 
respectively [100].
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4. Anthocyanins

Anthocyanins are the largest group of phenolic pigments and the most important group of 
water-soluble pigments in plants [68, 69, 101–104], responsible for the red, purple and blue 
colors found in many fruits, vegetables, cereal grains and flowers, being odorless and nearly 
flavorless and contributing to taste as a moderately astringent sensation. Anthocyanins are 
almost universally found in higher plants (occurring in about 30 families), but in general 
anthocyanins seem to be absent [103] in the liverworts, algae and other lower plants, although 
some of them have been identified in mosses and ferns. Figure 2 shows a picture of plant spe-
cies rich in anthocyanins [105–107].

Anthocyanins are found mainly in the skin, except for certain types of red fruit [94], in which 
they also occur in the flesh (cherries and strawberries).

Anthocyanin biosynthesis was one of the first branches of the general propanoid metabolism 
[41, 108, 109], for which biosynthetic enzymes and corresponding transcription factors were 
identified, given the ease of visualization and control of mutants and genetic imbalances.

Anthocyanins have characteristic physicochemical properties that confer them its unique 
color and stability [30, 32, 110–112]. They are highly reactive molecules and thus sensitive to 

Flavonoid 
subclass

Prominent food flavonoids Typical rich food sources

Anthocyanins Cyanidin
Delphinidin

Bilberries, black and red currants, blueberries, cherries, 
chokeberries, elderberries, grapes, strawberries, pomegranate

Chalcones Cinnamon
Methylhydroxychalcone

Apples, pears, strawberries, tomatoes, cinnamon

Flavanols Catechin
Epigallocatechin
Epigallicatechingallate

Apples, blueberries, grapes, onions, lettuces, red wine, tea, 
chocolate, apricots, sour cherries, grape juice, mint

Flavanonols Taxifolin or dihydroquercetin
Aromaderin or dihydrokaempherol

Grapes, red onion, açai palm

Flavanones Hesperetin
Naringenin
Eriodiclyol

Citrus fruits and juices, peppermint

Flavonols Quercetine
Kaempferol
Myricetin

Apples, bean, blueberries, buck wheat, cranberries, endive, 
leeks, broccoli, lettuces, onions, olive, pepper, tomatoes

Flavones Apigenin
Luteolin

Citrus fruits, celery, parsley, spinachs, rutin, olives, artichoke

Isoflavones Genistein
Daidzein
Glyatein

Soybeans, grape seed/skin, chick peas, black beans, green peas

Xanthones Mangostin Mango, mangosteen, bark of pear, apples, cherries

Table 1. Dietary sources of flavonoids [28, 91–98].
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degradation reactions. Oxygen, temperature, light, enzymes and pH are among the factors 
that may affect anthocyanins chemistry and, consequently, their stability and color [113]. In 
the following, aspects of anthocyanins concerning its chemical structure, color, antioxidant 
activity and intake are dealt.

4.1. Chemical structure

Chemically, anthocyanins are glycosylated polyhydroxy or polymethoxy derivatives of 
2-phenylbenzopyrilium [68, 103, 114], usually with molecular weights ranging from 400 to 
1200 (medium-size biomolecules) and containing two benzyl rings (A and B). Anthocyanins 
usually contain a single glucoside unit, but many anthocyanins contain two, three, or more 
sugars attached at multiple positions [79], or occurring as oligosaccharide side chains. 
Intensity and type of the color of anthocyanins is affected by the number of hydroxyl and 
methoxyl groups [68, 115]: if more hydroxyl groups are present then the color goes toward a 
more bluish shade; and redness is increased if more methoxyl groups are present. The major 
anthocyanins are shown [116, 117] in Figure 3 and Table 2.

Anthocyanins mainly exist in glycosidic forms in fruits and with the exception of blueber-
ries, fruits usually contain anthocyanin derived from only one or two of the aglycone bases. 
Grapes offer a richer anthocyanin profile than many other fruits [118] (red grapes may con-
tain a mixture of more than 20 pigments [85, 119]. Various berries and black currants are the 
anthocyanin-richest fruits [120–122]. The eggplant is only one common vegetable [123] that 
contains a high level of anthocyanins.

Figure 2. Natural sources of anthocyanin pigments [105–107].

Figure 3. Structure of the major anthocyanins-3-O-glucoside present in fruits [29, 116, 117].
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The anthocyanins are all amphoteric [32, 34] forming salts with either acids or bases. In addi-
tion, anthocyanins occur in plants as salts (indicated by the positive charges on the hetero-
cyclic ring) and their color in plant cells depends mainly upon their mode of combination. 
The conjugated bonds in their structures (light-conjugated double bonds carrying a positive 
charge), which absorb light at about 500 nm, are the basis of the bright red, blue and purple 
color of fruits and vegetables [124] as well as the autumn foliage of deciduous trees. Every 
color except green has been observed (either natural or synthetic), depending on aspects such 
as a kind of substituent present in the B-ring, the local pH, the state of aggregation of the 
anthocyanins, complexation by organic molecules, or, as in the case of blue color [125], com-
plexation by metal cations.

In spite of the increasingly large number of structures, they are derived from only about 30 
different anthocyanidins [69, 126], most of them are based on cyanidin (31%), delphinidin 
(22%), or pelargonidin (18%). The other common anthocyanidins (peonidin, malvidin and 
petunidin), which contain methoxy group(s) on their B-ring (Figure 4), represent together 
21% of the isolated anthocyanins. One new methylated anthocyanidin, 7-O-methylcyanidin, 
five new desoxyanthocyanidins and a novel type of anthocyanidin called pyroanthocyanidin 
[11, 127] have also been reported. In spite of the structural diversity of anthocyanins, the three 
nonmethylated anthocyanidins are the most widespread in nature [128], which are present in 
80% of pigmented leaves, 69% of fruits and 50% of flowers.

4.2. Antioxidant activity

The relationship between diet and health has been known since ancient times and recent 
studies demonstrated the relevance of many food components in modulating health [1]. 
Due to anthocyanin’s positive charge (Figure 3), the number and arrangement of aromatic 
hydroxyl groups, the extent of structural conjugation and the presence of electron-donating 
and electron-withdrawing substituents in the ring structure made anthocyanins very effective 
donors of hydrogen to highly reactive free radicals (such as superoxide (O2

−), singlet oxygen 
(1O2), peroxide (RCOO⋅), hydrogen peroxide (H2O2) and hydroxyl radical (OH⋅) and reactive 
nitrogen species in a terminator reaction) and, thereby preventing further radical  formation 

Anthocyanidin Abbrev. R1 R2 λmax (nm)* Some of the produced colors

R3 = H R3 = gluc

Delphinidin Dp OH OH 546 541 Purple, mauve and blue

Petunidin Pt OH OCH3 543 540 Purple

Malvidin Mv OCH3 OCH3 542 538 Purple

Cyanidin Cy OH H 535 530 Magenta and crimson

Peonidin Pn OCH3 H 532 528 Magenta

Pelargonidin Pg H H 520 516 Orange salmon

Source: Ref. [29].

Table 2. Major anthocyanins-3-O-glucoside present in fruits [29].
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[55, 91, 129]. This effect protect cells from oxidative damage, which leads to aging and various 
diseases [102, 130–133], such as cancer, neurological and cardiovascular diseases, inflamma-
tion, diabetes and bacterial infections. The antioxidant capacity of phenolic compounds is 
also attributed to chelate metal ions involving in the production of free radicals [134], thereby 
reducing metal-induced peroxidation. Anthocyanin bioavailability has been the subject [135–
138] of recent reviews.

Laboratory-based evidence was provided (the potential health benefits of anthocyanins [139]. 
Consumption of diets rich in natural bioactive components (i.e., fruits and vegetables) as an 
alternative to pharmaceutical medication has been a subject [104, 140, 141] of considerable 
interest to researchers. In recent investigations carried out in population-based anthocyanins 
have been linked to a decrease in the incidence of several diseases, such as diabetes mellitus, 
cancer and cardiovascular diseases. In vivo studies have reported evidence regarding the posi-
tive association of their intake with healthy biological effects. However, much work remains 
to achieve definitive conclusions [139, 142] and the need for additional basic and applied 
research in this area is evident.

4.3. Color

Anthocyanins are the pigment compounds responsible for pale yellow, orange, red, magenta, 
violet and blue colors [143]. Carotenoids and betalains confer yellow and red colors [144], 
although only the families of Caryophyllales (except for Caryophyllaceae and Molluginaceae) 
produce betalains. Up to now, no plants producing both anthocyanins and betalains [109] 
have been discovered. Anthocyanins, carotenoids and other pigments contribute to the UV 
patterns that are visible to insects and serve [145] to signal flowers that are attractive to pol-
linators. Figure 5 shows a schematic representation of the biochemical process involving 
anthocyanins in color plants [146].

Figure 4. Structure of the main anthocyanins.
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In food chemistry, anthocyanins have been studied [68, 147, 148] in relation to changes and 
stability of colors in foods such as fruits during processing and storage and also for their use 
as natural colorants. Indeed, many types of anthocyanin food colorants have been developed 
and are now available to customize the appearance of foods. In horticulture, color conversion 
of flower pigments has become possible by new findings of anthocyanin research. Creation of 
flowers in new colors enriches our life; for example, the creation of blue roses [109] is a note-
worthy achievement. Genetic engineering is the key technology for converting flower color 
and it became possible after the discovery of genes involved in anthocyanin biosynthesis and 
elucidation of their expression mechanisms.

Figure 5. Schematic of the general flavonoid biosynthetic pathway relevant to flower color (ANS: anthocyanidin 
synthase; CHI: chalcone isomerase; CHS: chalcone synthase; DFR: dihydroflavonol 4-reductase; F3H: flavonoid-3′ 
hydroxylase; F3´5H: flavonoid-3′5´hydroxylase FLS: flavonole synthase; 3GT: flavonoid 3-O-glucosyltransferase; MT: 
Malonyl transferase) [146].
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Additionally, color may act as a “fingerprint” of a food product, being related to its flavor 
and at the same time [149] an estimate of its overall quality. In this sense, special attention is 
paid to the application of anthocyanin analysis in classification of wine [150]. Anthocyanins 
can be used as markers to classify wines according to the grape variety [49, 151], although 
this requires a complex separation with very high chromatographic efficiency, together with 
advanced statistical methods, especially when dealing with aged red wines, because of the 
formation [152] of pyranoanthocyanins (formed through the reaction of anthocyanins with 
small molecules).

4.4. Copigmentation

Copigmentation is almost always a variation toward blueness. This phenomenon induced by 
the presence of substances [153, 154] that are themselves colorless or only slightly colored in 
wine has received considerable attention [155, 156]. The basic role of copigments is to protect 
[125] the colored flavylium cation from the nucleophilic attack of the water molecule. The 
copigmentation complexes are easily disrupted by dilution returning to the pH-dependent 
equilibria among the structural forms of anthocyanins. It has been suggested that in acylated 
anthocyanins, the acyl groups interact with the basic anthocyanin structure, thus avoiding 
the formation of the hydrated species. This is the basis of characterizing [157] the color due to 
copigmentation. Copigmentation of flavonoids other than anthocyanins is also possible [158], 
but it is either a rare or an understudied phenomenon.

4.5. Intake

Anthocyanins are widely ingested by humans, mainly due to consumption [159] of red fruits 
(like berries and red grapes), vegetables such as red cabbage, red wines, cereals and purple 
corn. Accurate estimation of anthocyanin contents in foods and daily intake is critical in food 
science, nutrition and other related research fields. The type and concentration of anthocya-
nins differ widely among different fruits and vegetables. Intake levels of anthocyanins varies 
widely with region, season and among individuals with different social, cultural and edu-
cational backgrounds. High intake levels of anthocyanins can be achieved with the regular 
consumption of fruits (blueberries, blackberries, raspberries, strawberries, red grapes and 
saskatoon berries). Depending on nutritional habits, the daily intake has been estimated in 
the range [58] from several milligrams to hundreds of milligrams per person, while the con-
sumption of other phytonutrients such as carotenoids, vitamin E and vitamin C are estimated 
at 5, 12 and 90 mg/day, respectively.

Regular consumers of red wine are likely to have [149] significantly higher intakes. A glass of 
red wine provides around 115 mg of polyphenols, contributing toward a total intake [58] of 
phenolic compounds of 1171 mg/person/day. In the United States, an average daily intake of 
anthocyanins has been estimated [119] at 215 mg during the summer and 180 mg during the 
winter. Wu et al. [160] estimated that the mean daily intake of anthocyanins is 12.5 mg/per-
son in the United States; such a huge difference of the total anthocyanin daily intake estima-
tion must result from different food intake data. The influence of methodological differences 
in the assessment, as well as nutritional, social and cultural differences of the investigated 
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 populations, may also explain the wide range of anthocyanin consumption estimated by dif-
ferent authors. Anthocyanin intake in the German young shows differences between girls and 
boys [161], decreasing from young childhood to adolescence.

Up to now, anthocyanins have not been detected in processed food such as canned food, 
bread, or cereals. Also, although prepared baby food containing blueberries, rich in antho-
cyanins, are expected to find these compounds, analyses have hardly detected them [162]. In 
young infants [163] the anthocyanidin intake was found to be zero.

Due to antioxidant and other potential beneficial properties, grapes, various berries, red cab-
bage and other anthocyanin-rich foods are becoming more popular. Berry extracts are also being 
commercialized as nutraceuticals and dietary supplements [164] to meet consumer demands.

Currently, there is no recommended intake level of anthocyanins for optimal health or to avoid 
adverse effects; however, future research and continued consumer interest will undoubtedly 
present opportunities for pursing dietary guidance recommendations.

5. Sample preparation and extraction of anthocyanins

The presence of phytochemical bioactive compounds in food and dietary supplements poses 
difficult problems in connection with the optimization of their extraction process and deter-
mination. Aspects related to Ref. [165] the complexity of sample matrices, the presence of 
varying forms of bioactive substances and interaction with other components need to be 
solved. A number of factors including pH, metal ions, complex formation, light, temperature, 
enzymes, sugars, oxygen and ascorbic acid exert influence [166] on the stability of anthocya-
nins. The role of analytical chemistry is vital in this context, e.g., [34, 76, 91, 167–171] promot-
ing advances in separation science.

Most phenolic compounds are made up of only C, H and O, differing in some cases even by 
only one atom and in many others by constitutional or stereochemical isomers. The identifica-
tion of species proves thus be difficult because of subtle structural changes, being necessary 
for this purpose to apply [38] complementary techniques. Anthocyanins may be forming part 
of complexes, may be present in matrices of a complex nature and may appear in distinct 
equilibrium forms [30, 32, 34], depending of the pH of the medium. Acid dissociation, rate 
constant and tautomerization constants are of great importance in the analysis of bioactive 
compounds and in the interpretation of their mechanisms of action.

Time-consuming processes are involved [172] in the isolation, purification and determination 
of the structures of anthocyanins, which must be accomplished with care. However, there is 
no universal sample pretreatment technique applicable to all kind of samples. The primary 
steps required, sampling, sample preservation and sample preparation, are not always prop-
erly documented [173] in the analytical literature.

5.1. Sample preparation

A number of strategies are used [37, 174, 175] for the characterization of phenolic samples in 
plant materials. In any case extraction techniques and semipreparative isolation methods are 
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usually applied prior to the separation and quantification steps. After the first operations of 
drying and of powdering the plant material, it follows [176]: (i) a previous extraction step of 
the plant materials as well as a preliminary consequent purification step; (ii) fractionation of 
the mixture in order to isolate pure pigments and (iii) the final characterization and identifica-
tion of pure anthocyanins compounds (Table 3).

In order to avoid sample oxidation, thermal degradation, chemical and biochemical changes 
under mild extraction conditions [177] are recommended and drying, lyophilized, or frozen 
samples should be used. The deterioration processes of the compounds may be avoided by the 

Sample pretreatment Air-drying, freeze drying

Milling

Grinding

Homogenization

Filtration

Centrifugation

Extraction Direct

Solid extraction (SE)

Liquid-liquid extraction (LL)

Soxhlet extraction

Microwave-assisted extraction (MAE)

Ultrasound-assisted extraction (UAE)

Pressurized fluid extraction (PFE)

- pressurized liquid extraction (PLE/ASE)

- subcritical water extraction (SWE)

- supercritical fluid extraction (SPE)

Enzyme-assisted extraction (EAE)

Solid phase microextraction (SPME)

Membrane extraction (ME)

High hydrostatic pressure (HHP)

Electric fields (EF)

Purification Solid phase extraction (SPE)

Column chromatography (CC)

Countercurrent chromatography (CCC)

Analysis Spectrophotometric assays

Gas chromatography (GC)

Liquid chromatography techniques (LC)

Mass spectrometry (MS)
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addition of antioxidants compounds, by using inert atmospheres or working in the absence 
of light. However, no definitive procedure for storage and collection has been established.

To determine either the target analytes (in their various conjugated forms) or the aglycones 
is an important question [175, 178] to answer. When dealing with plant, food products and 
biological matrices, the instant conjugates are usually search, whereas in the other instances 
it is necessary to carry out a preliminary hydrolysis, e.g., an enzymatic or chemical (acidic or 
alkaline) treatment. Intentional hydrolysis for obtaining the aglycones of some flavonoid or 
derivatization of some fatty acids to esters is sometimes intentionally incorporated [79] to the 
extraction process.

Extraction represents an important phase [34, 38, 39, 79, 169] in the isolation, identification and 
utilization of anthocyanins. Anthocyanins are usually recovered by mean of a solvent extrac-
tion procedure. Parameters such as solvent-extraction kind and its composition, liquid-to-
solid ratio, extraction time and temperature require [179] proper optimization. The flavylium 
cation form of anthocyanins is red and stable in a highly acidic medium. Thus, the extraction 
solution should be enough (slightly) acid to maintain the flavylium cation form [180], but not 
so much as to cause partial hydrolysis of the acyl moieties in acylated anthocyanins. Protocols 
of extraction and analysis of plant materials and biological fluids are, however, difficult to 
accomplish because of [181] the structural diversity of anthocyanins and their susceptibility 
to heat, pH, metal complexes and copigmentation.

In the same way as flavonoids, in general, anthocyanins possess aromatic rings that contains 
polar substituent groups (─OH, ─C═O, or ─OCH3) and glucosyl residues, which altogether 
[28, 29] constitute a polar molecule. Flavonoid glycosides are of a more polar nature, whereas 
aglicones are extracted either with alcohols or alcohol-water mixtures. Cold acidified solvents 
(polar organic solvents, water) under mild conditions [167, 182] are used for the extraction of 
anthocyanins. The organic solvent usually used is methanol. However, solvents such as ace-
tone, ethanol, or acetonitrile may be used. These solvents system denature the cell membranes 
[93] also dissolving and stabilizing the anthocyanins. Acetic acid at about 7% or trifluoroacetic 
acid at about 3% are usually used; the organic solvent content [183] varying from 50 to 100% 

Nuclear magnetic resonance (NMR)

Capillary electrophoresis (CE)

Thin layer chromatography (TLC)

Voltammetry

Others

Hyphenated techniques

 GC-MS, LC-MS, LC-DAD-ES-MS/MS,

 CE-MS, LC-NMR, others

Table 3. Strategies for preparation and characterization of anthocyanin samples from plant materials [38].
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in the mixture. When a mineral acid is used it may assist [174] to the loss of the attached acyl 
group. Sulfurous water also allows [181] the reduction of organic solvent and cost extraction.

Phytochemical recovery of a good antioxidant from various sources may be achieved by using 
solvent extraction. The conventional solvent extraction procedure suffers from the drawback 
of requiring subsequent extraction and cleanup prior analysis. In addition, health and safety 
risks are associated with the use of large amounts of organic solvents, being on the other hand 
environmentally unfriendly. A modern trend toward [184]: (1) the use of samples smaller in 
size, volume, or organic solvent content; (2) an extraction with increasing selectivity or speci-
ficity; (3) improved recoveries and reproducibility; (4) greater automation facilities. A variety 
of modern techniques have been developed for this purpose, including solid phase extraction 
(SPE), countercurrent chromatography (CCC), microwave-assisted extraction (MAE), super-
critical fluid extraction (SFE), pressurized hot water extraction (PHWE) and high hydrostatic 
pressure extraction (HHP), among others. Selected applications of sample preparation tech-
niques on anthocyanin compounds are listed in Table 4 [185–213], an extension of applica-
tions previously published by the authors in [39]. The applications of other novel nonthermal 
techniques will be the subject of further study. Figure 6 shows a schematic representation of a 
highly separation and purification methodology based on a macroporus polymeric adsorbent 
for the determination of anthocyanins in bilberry [198].

Solid phase extraction

Type of matrix/analyte Extraction/cleanup technique Sorbent Final analysis References

Petals of the oboshibana 
plant (Commelina 
communis)/anthocyanidin 
3,5-diglucosides and their 
related chemicals

Sonication with 10% TFA 
aqueous solution/SPE

Discovery DPA-6S and 
DSC-SCX

UPLC-DAD [185]

Urine, serum and feces/
anthocyanin metabolites

Addition of a preservative (10% 
w/v ascorbate in 0.5 mM EDTA) 
prior to SPE

Strata-X SPE cartridges LC-MS/MS [186]

Grapes/anthocyanins SPE Vinylbenzene-based 
cartridges

UPLC-DAD [187]

Red wines/anthocyanins and 
derived pigments

SPE Zip-Tip® pipette tips 
filled with C18 stationary 
phase

ToF-MS [188]

Chinese black rice wine/
phenolic constituents

Acidification at pH 2 with  
HCl/SPE

Oasis HLB LC-MS/MS [189]

Wine lees/anthocyanidins, 
proanthocyanidins and 
anthocyanins

Liquid phase: SPE with 
filtration previous. Solid 
residue: MAE with a mixture 
60:40 (v/v) ethanol-water

HySpere C8 EC cartridges 
(end-capped silica-based 
octyl phase, particle size 
10 μm, 10 × 2 mm i.d.)

LC-MS/MS [190]

Hybrid grape/monomeric, 
nonanthocyanins, condensed 
tannins and anthocyanins

Acidification with HCl 0.01 M 
and centrifugation/SPE

Oasis HLB LC-DAD [191]

Anthocyanin Pigments: Importance, Sample Preparation and Extraction
http://dx.doi.org/10.5772/66892

131



Countercurrent chromatographic methods

Type of matrix/analyte Solvent system Elution mode/comment References

Crude mulberry/
cyanidin-3-glucoside and 
cyanidin-3-rutinoside

MTBE/n-butanol/
acetonitrile/0.01% TFA (1:3:1:5, 
v/v)

The upper phase was used as the 
stationary phase and the lower phase as 
the mobile phase

[192]

Blue honeysuckle fruits/
cyanidin 3-glucoside

MTBE/n-butanol/acetonitrile/
water/TFA (2:2:1:5:0.01, v/v). 
HSCCC

Head–tail elution mode with the upper 
organic phase as stationary phase

[193]

Mulberry fruit/anthocyanins MTBE, 1-butanol, 
acetonitrile, water and TFA 
(10:30:10:50:0.05; %, v/v)

Stationary phase: upper organic phase. 
Mobile phase: lower aqueous phase. The 
elution was in “head to tail” mode

[194]

Petals of Chaenomeles sinensis/
Anthocyanidins

n-butanol/MTBE/
acetonitrile/0.1% aqueous TFA 
(0.715:1.0:0.134:1.592, v/v/v/v). 
HSCCC

The lower phase in the solvent 
separator was pumped into the mobile 
phase bottle, the pumps for pumping 
MTBE, n-butanol, acetonitrile and 
0.1% TFA aqueous were set to a certain 
flow rate, the solvents were mixed 
and separated into two layers; and 
after rinsing the solvent separator, the 
upper phase flowed into the stationary 
phase bottle

[195]

Adsorbents and eluting agents

Solution (target compounds) Adsorbent Eluting and/or regenerating 
agent

References

Purple-fleshed potato/
anthocyanins

Amberlite XAD-7HP 75 vol.% acidic (7 vol.% acetic 
acid) aqueous ethanol

[196]

Blackberries/anthocyanins Polyamide resin Deionized water and ethanol 
(0.1% v/v HCl, pH = 3)

[197]

Bilberry based/anthocyanins Copolymerization of 
divinylbenzene and ethylene 
glycol dimethyl acrylate

Ethanol [198]

Blueberries/anthocyanins and 
polyphenols

FPX66 resin 3 bed volumes of 95% ethanol [199]

Jamun (Syzygium cumini L.)/
anthocyanins

Amberlite XAD7HP Aqueous acidified ethanol 
(above 40%, v/v)

[200]

Aronia melanocarpa berries/
antioxidant phenolics

XAD 7HP resin Ethanol-water mixtures [201]

Strawberry/aroma compounds 
and Anthocyanins

Cross-linked acrylonitrile-co-
divinylbenzene (AN/DVB)

Methanol [202]

Muscadine (Vitis rotundifolia) 
juice pomace/anthocyanins

FPX-66 resin Three bed volumes of aqueous 
ethanol (70%)

[203]

Black carrot/anthocyanins T-10-coded 1% acetic acid solution and 
methanol

[204]
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Pressurized fluid extraction

Matrix/compounds Solvent T (°C) Pressure/
cycles

Extraction 
time

Technique References

Blackberry (Rubus 
fruticosus L.)/anthocyanins

Ethanol:water 50% v/v 100 7.5 Mpa 55 min UPLC-QToF-MS 
and UPLC-UV-Vis

[205]

Red grape pomace/
anthocyanins

Ethanol:water 50% v/v 120 90 bar 90 min LC-Uv-vis [206]

Solanum stenotomun peel/
antioxidants

Ethanol in water acidified 
to pH 2.6

80 100 bar 3 h LC-Uv-vis [207]

Jabuticaba skins/
anthocyanins

Ethanol 553 K 5 Mpa 31 min Uv-vis [208]

Purple-fleshed sweet 
potato genotypes/
anthocyanins

Acetic 
acid:methanol:water 
mixture of 7:75:18% (v/v)

100 1500 psi 20 min LC-Uv-vis [209]

Microwave assisted extraction

Sample/analyte Comment Result Technique References

Blackberry/
anthocyanins

Ethanol was used as solvent. 
Microwave power of 469 W, a 
solvent concentration of 52%, 
a liquid–solid ratio of 25 g 
mL−1 and a time of 4 min

MAE was found to be the 
most effective method for 
improving the yield and 
antioxidant capacity among 
the other methods tested

Vis [210]

Blueberry leaves/
anthocyanins

80 mL of solvent consisting of 
30% ethanol and 1.5 M citric 
acid combination in a ratio of 
97:3 (v/v)

Time extraction and 
microwave power level were 
observed to be significant 
factors affecting the extraction 
of phenolic compounds. 
MAE was the best extraction 
method among MAE, 
ultrasonic extraction and 24-h 
room temperature extraction

Folin-Ciocalteu 
reagent 
(spectrophotometric 
method)

[211]

Black currant 
marc/
anthocyanins

Maximum yields of 
anthocyanins were achieved 
at pH2 with an extraction time 
of 10 min with a microwave 
power of 700 W.

A significant reduction of 
extraction time was achieved 
using MAE and the final 
anthocyanin concentration 
in the solvent phase of MAE 
increased by 20 % compared 
to the conventional extraction

LC-DAD [212]

Mulberry/
anthocyanins

59.6% acidified methanol, 425 
W power, 25 (v/w) liquid-to-
solid ratio and 132 s time

In comparison with 
conventional extraction, MAE 
is more rapid and efficient for 
extracting anthocyanins from 
mulberry

LC-MS [213]

Source: Ampliation from Ref. [39].

Table 4. Selected applications of extraction techniques applied to anthocyanins.
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6. Identification and quantification: a primer

The identification of anthocyanins has a critical role in taxonomic [214] and adulteration 
[215] studies, besides anthocyanins might replay synthetic days. HPLC, especially in the 
reversed phase, is the most widely used separation technique. Due to pH-dependent inter-
conversions among various molecular forms of the anthocyanins, a highly acidic mobile 
phase (pH < 2) is required to ensure that they are maintained predominantly in the flavy-
lium cationic form for maximum chromatographic efficiency. However, even at low pH 
[31, 32, 35, 110] some interconversion between the anthocyanin flavylium cationic and car-
binol pseudobasic forms occurs.

Regarding chromatographic detection techniques for the study of anthocyanins we have [168, 
180, 216, 217] diode array detection (DAD) and MS or tandem mass spectrometry (MS/MS) 
among the most widely used. Spectroscopy is the main technique used due to its simplicity 
and low cost providing very useful qualitative and quantitative information (anthocyanins 
have a specific and intense absorbance band in the range of 520–560 nm) [218–220], however 
the difficulty in obtaining reference compounds and the spectral similarities of the anthocya-
nins represent important drawbacks.

Various MS instruments, as well as the advances in nuclear magnetic resonance (NMR) 
have given a fresh impetus to anthocyanin analysis [78, 83, 221]. MS/MS is particularly 
suited for structure elucidation and compound identification [217, 222, 223] since infor-
mation pertaining to the aglycone moiety, type and number of sugars and other substitu-
ents can be obtained and many of the previously proposed reaction mechanisms for the 
formation of polymeric anthocyanins and other new pigments have been verified. NMR 
identification of anthocyanin compounds [78] offers new promising approaches for analy-
sis of complex phenolic mixtures. NMR is based primarily on the analysis of 1H NMR 
spectra but important structural information can also be provided by 13C NMR [170] and, 
especially for compounds that have many quaternary carbons, by combining homo and 

Figure 6. Schematic representation of a highly separation and purification of anthocyanins from bilberry based on 
macroporus polymeric adsorbent [198].
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heteronuclear 2D and 3D techniques. However, the relatively high capital costs are still an 
impediment [218] to their routine use in enforcement laboratories, a fact that must be taken 
into consideration.

The almost universal distribution of anthocyanins in flowering plants makes them also suit-
able for chemotaxonomic considerations [224] both at the family and genus level. Differential 
anthocyanins profiles may be used [164] for the detection and adulteration in specific com-
modities of berry fruit products. In the last few years, special attention has been paid [225] to 
the isolation and characterization of compounds that may delay the onset of aging, as occurs 
with some berry phenolics. The extremely low levels of anthocyanins usually present in bio-
logical samples [57, 168, 181, 186] (blood plasma and body tissues) possess further challenges 
to their identification and quantification, together with the lack of commercially available 
anthocyanin standards.

7. Final comments

In last decades, polyphenol chemistry has experienced an explosion of knowledge, being 
anthocyanins one of the most widely studied groups [27, 226, 227], due to its great poten-
tial for practical applications in various fields, contributing in addition this to obtain a better 
understanding of the chemistry of life.

Anthocyanins occur in all plant tissues including leaves, stems, roots, flowers and fruits 
imparting color. Anthocyanins are responsible for the red, purple and dark blue colors of 
many fruits and berries [68, 228–230]. Anthocyanins have antioxidant activity [55, 129, 231–
233] preventing radical formation. These nontoxic natural pigments have received consid-
erable attention from such as food, pharmaceutical and nutritional industries due to their 
potential applications in color-processed food and medicines [31, 33, 147, 234] which may 
replace synthetic dyes.

It was only a few decades ago that anthocyanins were regarded as highly degradable com-
pounds and the research studies mainly were focused on their chemical structures, color sta-
bility, use as food constituents and changes in foods during storage. Anthocyanins are now 
recognized as food constituents with potential health benefits [102, 131] and research related 
to these properties has markedly progressed at the molecular level. Anthocyanins will con-
tinue to attract researchers across various disciplines, including those involved in the creation 
of new flower varieties with novel colors. Research on the health benefits of anthocyanins will 
provide information [172] on underlying molecular mechanisms and absorption and metabo-
lism. Moreover, once these benefits are proven in humans, development of foods and dietary 
supplements in a capsule form [164, 235, 236] can be accelerated to promote the proven func-
tions, i.e. berry extracts are being commercialized as nutraceuticals and as dietary supple-
ments to fulfill consumer demands.

The development of analytical techniques to determine the identity and quantities of antho-
cyanins in natural products, as well as their effects in vivo and in vitro, is challenging. Up to 
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date, there is no universal extraction procedure suitable for extraction of all plant phenolics. 
The choice of an extraction method should maximize pigment recovery [237] with a minimal 
amount of adjuncts and minimal degradation or alteration of the natural state.

Solvent extraction involving the use of acidic solvents has been the most commonly used 
method [36, 79] for the recovery of diverse compounds found in flavonoids, including 
anthocyanins. The traditional solid-liquid or liquid-liquid extraction offers good recovery. 
Nevertheless, they are often described as laborious, time and solvent consuming and prone to 
errors. However, in recent years there are trends toward other environmentally and economi-
cally friendlier extraction techniques [38, 39, 110, 167, 184, 206, 238] using a smaller amount of 
(nontoxic) solvents and sample sizes, reducing working time and increasing selectivity, speci-
ficity, recovery and potential of automation. MAE, SFE, PLE, or PHWE are among the greener 
techniques that have experienced a large increase in recent years to extract anthocyanins from 
plant material and other samples.

Abbreviations

CCC Countercurrent chromatography

DAD Diode array detection

EDTA Ethylenediaminetetraacetic acid

HHP High hydrostatic pressure extraction

HPLC High-performance liquid chromatography

HSCCC High-speed countercurrent chromatography

MAE Microwave-assisted extraction

MS Mass spectrometry

MS/MS Triple quadrupole mass spectrometer

MTBE Methyl tert-butyl ether

NMR Nuclear magnetic resonance

PHWE Pressurized hot water extraction

PLE Pressurized liquid extraction

QToF Quadrupole-time of flight

SFE Supercritical fluid extraction

SPE Solid phase extraction

TFA Trifluoroacetic acid

UPLC Ultra performance liquid chromatography

Uv-Vis Ultraviolet-visible spectroscopy
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Abstract

This chapter reviews the chemical diversity of flavonoid phenolics in grapes (Vitis
vinifera L.) with impact on the sensory properties of red wines. Anthocyanins, flavan-3-
ols, tannins, and polymeric pigments are discussed from a chemical, technological, and
sensory perspective. Anthocyanins, responsible for the color of red wines, reach a peak
of extraction after 4 or 5 days of maceration, followed by a decrease in their concentra-
tion as maceration progresses. Flavan-3-ols and oligomeric tannins from skins are
responsible for bitterness and extracted within the first days of maceration, whereas
extraction of seed-derived tannins requires longer maceration times. Matrix effects,
including the presence of anthocyanins, polysaccharides, and other cell-wall compo-
nents affect the rate of retention of tannins into wine. Polymeric pigments, bearing
astringent and bitter properties different from those of intact tannins, are formed from
covalent reactions between anthocyanins and tannins, putatively accounting for the
changes in mouthfeel and textural properties of red wines during maceration and aging.
Different maceration techniques applied during red wine production affect the rate,
quantity, and the chemical composition of wine phenolics. Understanding of the factors
that modulate phenolic retention into wine should allow the winemaker to adjust
maceration variables to meet stylistic and/or commercial specifications.

Keywords: flavonoid, phenolic, anthocyanins, flavan-3-ols, tannins, polymeric
pigments, maceration, sensory analysis

1. Introduction

The term “phenolics,” however overarching, generally bears a positive connotation for grape
growers and winemakers alike. In spite of the use (and abuse) of the concept that touts
phenolics as naturally occurring, health-promoting compounds in plant-derived food and
beverages, it is in wine, like in perhaps no other beverage, where this term has been so widely
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discussed both in the popular press and in academia [1–4]. So this begs the question: why all
the hype surrounding phenolics in wine? Perhaps the first reason stems from the fact the most
phenolics bear color. Color in food and beverages have always captivated human beings. Louis
Pasteur, the prominent French chemist and microbiologist, used the term “wine color” a
whopping 119 times in its seminal treatise “Etudes sur le vin” [5]. Pigments were among the
first organic compounds studied in wine, perhaps as an unconscious acknowledgement to the
fact that it is color, through the sense of vision, the first attribute human beings appraise when
approaching a glass of wine. The term “oenin” to characterize the grape anthocyanin malvidin-
3-glucoside, one of the main pigments found in grapes and wines, was first used in 1915 [6].
The amphoteric nature of anthocyanins and their pH-dependent colored forms was recognized
as early as 1806: “The colouring matter of the Alicant raisin is the same as that of the red fruits
and common red wines; it has the singular property of becoming red by the acids; although
blue by nature, it becomes green with the alkalis…” [7]. Tannins, which contribute indirectly to
wine color, were also discussed by Pasteur [5] and later in 1895, by E. Manceau, then a
scientists at Möet et Chandon (France) who published a method to study tannins in, expectedly,
Champagne wines [8].

Another possible explanation for the early interest in the study of phenolics in wine is the fact
that specific phenolic compounds were early recognized as determinants of the flavor and
mouthfeel properties of red wines. The tactile sensation of astringency and the taste sensation
of bitterness in red wines were recognized, again, by Pasteur [5], but no link to phenolics was
made at the time. Later in 1958, E.C. Bate-Smith, a prominent British phytochemist, stated that
tannins in wines were responsible for the “liquoring properties and body” of wines and were
“intimately” concerned with the perception of quality [9]. Interest on the sensory aspects of
phenolic compounds in wines quickly sparkled a series of studies on how to maximize the
extraction of phenolics into wine during winemaking.

Indeed, Eugene W. Hilgard, a German-born UC-Berkeley professor, conducted perhaps the
earliest studies on the effect of different processing techniques during the fermentation of red
grapes in California (USA). His findings, though made between 1885 and 1890, were accurate
and were confirmed decades later using much more advanced analytical tools. Hilgard noted
that, for example, during red winemaking “maceration1 of the wine on the pomace after
fermentation increases tannins but adds nothing to color” [10]. Hilgard also noted that “it is
quite certain that, according to the method of fermentation used, the extraction of the pomace
and the consequent tint of the wine may seriously differ” [11]. This chapter expands on these
later thoughts, i.e., the factors that underpin the extraction and retention of phenolic com-
pounds into wine, along with the chemical and sensory implications they brought about to the
finished wines. Before discussing how phenolics are extracted during red winemaking, it is

1Maceration is a crucial step during red winemaking whereby the fermentation solids (skins, seeds, lees, and eventually
stems) are kept in contact with the fermenting must/wine. It is during maceration that phenolic compounds, free aroma,
and aroma precursors are extracted into wine. Winemakers also refer to maceration as “skin contact time” or “maceration
time.”
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discussed both in the popular press and in academia [1–4]. So this begs the question: why all
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pounds into wine, along with the chemical and sensory implications they brought about to the
finished wines. Before discussing how phenolics are extracted during red winemaking, it is
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stems) are kept in contact with the fermenting must/wine. It is during maceration that phenolic compounds, free aroma,
and aroma precursors are extracted into wine. Winemakers also refer to maceration as “skin contact time” or “maceration
time.”
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pertaining to present a succinct classification and occurrence of phenolic compounds in grapes
and wines as well as an overview of the factors that underpin phenolic reactivity in wines.

2. Classification, occurrence, and general reactivity

The term “polyphenol,” sometimes also referred to as phenol or flavonoid, encompasses about
4000 bioactive compounds of plant and fungal origin which have more than one aromatic
phenol ring within the structure as opposed to nonflavonoids or simple phenols [12, 13]. Phenolic
compounds are very reactive in wines due to the high electron density of the aromatic ring (s),
which is enhanced by the presence of one or more electron-donating hydroxyl groups [12, 14].
As a result, the electron density at the -ortho and -para positions activates the carbons on those
sites with partial negative charges, thus enabling the structure to undergo electrophilic sub-
stitutions at these positions (Figure 1). The reactivity of the phenol ring is further increased by
the weak acidic character of the hydroxyl group that can donate a proton (H+) due to the
partial migration of electrons from the oxygen in the hydroxyl to the aromatic ring [14]. In
addition, the pKa of the most acidic phenolic hydrogen is above 7, which explains why poly-
phenols are easily deprotonated forming phenolate ions at physiological pH. Phenolate ions
can donate electrons directly to oxygen, thereby forming reactive semiquinones [15]. However,
at pH values between 3 and 4, such as the ones normally encountered in red wines, phenols are
largely protonated and as such cannot directly donate electrons to oxygen [15–17].

Phenols can also readily participate in noncovalent interactions with various components of
the wine matrix. The hydroxyl groups can act both as H-bond donors or acceptors. The phenol
group(s) are also amphiphilic agents, as the hydroxyl groups are hydrophilic but the aromatic
ring is hydrophobic, allowing the structure to become engaged in hydrophobic interactions as
well [12]. Another distinctive property of phenolics is that, upon variation in the matrix

Figure 1. Activated sites of the phenol ring. Redrawn from Ref. [14].
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conditions such as pH [14] or oxidation-reduction potential [18], phenolics can act both as
electrophiles (i.e., electron-loving molecules) and nucleophiles, thus readily reacting with
electron-rich or electron-deficient compounds, respectively (Figure 2).

For the purpose of this chapter, occurrence, reactivity, chemical structure, and sensory properties
of phenolic compounds are discussed exclusively in the context of Vitis vinifera L. grapes and
wines. Also, only the most important polyphenols of the flavonoid group, namely anthocyanins,
flavan-3-ols and tannins, as well as their reaction products, will be discussed. Phenolics belong-
ing to the nonflavonoid class include benzoic (e.g., gallic, hydroxibenzoic, protocatechuic, vanillic,
and syringic acids) and cinnamic acid derivatives (p-coumaric, cafeic, ferulic, and sinapic acids).
Also, the hydroxylated stilbenes are included in the nonflavonoid class, of which trans- and
cis-resveratrol (3,5,4-trihydroxystilbene), as well as their glucose derivatives (trans- and
cis-piceids), have all been identified in grapes and wines [19, 20]. Although quantitatively much
less important than the flavonoid class, nonflavonoids phenolics play a direct role in both chemical
and coupled-enzymatic oxidation reactions in white and red wines [21, 22]. Cinnamic acids can
act as copigments,2 inducing changes in color through the phenomenon of copigmentation3 [23]
and can also impact wine aroma when metabolized by yeast of the genera Brettanomyces/Dekkera
to generate volatile ethyl-phenols [24].

Phenolic flavonoids possess a three-ring system, composed of 15 carbon atoms in the form
C6-C3-C6 [12, 13]. The central C ring contains oxygen forming a pyran ring that can adopt
various oxidation states, and it is fused to two aromatics rings, termed A and B (Figure 2a). In
the flavonoid family, the B-ring is fused to the pyran ring at position 2. The A ring is derived from
the phloroglucinol structure and is the most conserved portion of the C6-C3-C6 backbone.
Furthermore, different substitutions in the B ring define different compounds within a family.
The members of the flavonoid class found in grapes and wines all have the same substitution
pattern of hydroxyl groups at carbons 5 and 7 of the A ring. On the other hand, differences in the
oxidation state and substitution on the C ring define the different flavonoid classes [13]. Thus,

Figure 2. (a) Basic flavonoid ring structure and numbering, (b and c) sites for electrophilic substitutions, and (d) sites for
nucleophilic substitutions. Redrawn from Refs. [13, 25].

2Copigments are typically noncolored phenolic and/or nonphenolic compounds able to engage in copigmentation reac-
tions with anthocyanins.
3As defined by Boulton [34], the phenomenon of copigmentation is due to molecular associations between pigments and
other (usually non-colored) organic molecules in solution. These associations cause the pigments to exhibit far greater
color than would be expected from their concentration. When anthocyanins engage in copigmentation, both
hyperchromic (increase of absorbance) and bathochromic (shift of absorbance toward blue hues) are normally observed.
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anthocyanins represent the highest oxidation state of the C ring, and on the other extreme,
flavan-3-ols represent the most reduced state of the said ring.

From a chemical and sensory standpoint, the three most relevant phenolic classes within the
flavonoid family are flavan-3-ols (the “building blocks” of tannins), anthocyanins, and tannins.
A heterogeneous family of reaction products resulting from the reaction between anthocyanins
and tannins, the so-called polymeric pigments, are not originally present on grapes but formed
during winemaking operations and wine aging (Section 3.4). This chapter will focus on the
chemical and sensory aspects of flavan-3-ols, anthocyanins, tannins, and polymeric pigments
in red wines, providing along the way an overview of their extraction patterns during red
winemaking.

3. Chemical, sensory aspects, and extraction of phenolic flavonoids
during red winemaking

3.1. Anthocyanins

3.1.1. Occurrence, general chemistry, and sensory aspects

Anthocyanins occur as vacuolar components in the berry skin tissue (and in the mesocarp of
the so-called teinturier varieties) and are present as monomers of six glycosylated forms,
namely malvidin, cyanidin, petunidin, peonidin, delphinidin, and pelargonidin [26, 27].
Glycosylation occurs at the C3 position and renders the molecule water-soluble [28]. Acylation
in turn occurs in the C6 position of the glucose moiety by esterification with an aromatic
(p-coumaric, caffeic, ferulic, and sinapic acids) or an aliphatic acid (acetic, malic, malonic,
oxalic, and succinic acids) (Figure 3). The acylation of the sugar might promote the chemical
stability of the anthocyanin molecule [29], possibility through stacking of the acyl groups with
the pyrilium ring of the flavylium cation, thereby reducing the susceptibility to the nucleophilic
attack of water [30].

Anthocyanins are red pigments responsible for the color of red wines and owe their spectral
properties to the resonant structure given by a 10-electron system, partially delocalized between
the pyran C and A rings, as well as to the extended conjugated system of unsaturated bonds in
the structure [13, 31]. As a result, the maximum absorbance (λmax) of these compounds varies
between 475 and 540 nm depending upon the aglycone (known as anthocyanidin) and substitu-
tion patterns of the C ring [26]. The λmax between 475 and 540 nm confers anthocyanins blue to
red color hues. O-methylation in aglycones such as malvidin, petunidin, and peonidin causes a
slight reddening effect (Figure 4) and reduces the reactivity of the nearby phenolic hydroxyl
groups, thereby increasing the stability of the molecule [32]. On the other hand, the increase in
the number of free hydroxyl groups in the B ring increases blueness (i.e., bathochromic shift),
which in turn renders the structure more polar but less stable. Acylation has also been suggested
to produce a bathochromic shift, giving more purple tones, possibly as a result of intramolecular
copigmentation reactions [30]. These and other features can be observed in Figure 4 for purified
anthocyanins isolated from Cabernet Sauvignon grapes after preparative HPLC fractionation of
anthocyanins and confirmation by mass spectroscopy.
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Figure 4. Preparative HPLC chromatogram showing separation of anthocyanin monoglucosides and acyl-glucosides of
Cabernet Sauvignon grapes fromWashington State (USA). Anthocyanin fractions are shown approximately above of each
major peak and were collected directly from the elutant at pH ~ 1.8. Peak assignment: (1) delphinidin-3-O-glucoside, (2)
cyanidin-3-O-glucoside, (3) petunidin-3-O-glucoside, (4) peonidin-3-O-glucoside, (5) malvidin-3-O-glucoside, (6)
delphinidin-3-O-acetyl-glucoside, (7) petunidin-3-O-aceyl-glucoside, (8) peonidin-3-O-acetyl-glucoside, (9) malvidin-3-
O-acetyl-glucoside, (10) malvidin-3-(6-O-caffeoyl)-glucoside, (11) petunidin-3-(6-O-coumaroyl)-glucoside, (12) peonidin-
3-(6-O-coumaroyl)-glucoside (shoulder), and malvidin-3-(6-O-coumaroyl)-glucoside.

Figure 3. Basic anthocyanin structure, acyl groups, and the main six anthocyanindins found in V. vinifera grapes and wines.

Phenolic Compounds - Natural Sources, Importance and Applications158



Figure 4. Preparative HPLC chromatogram showing separation of anthocyanin monoglucosides and acyl-glucosides of
Cabernet Sauvignon grapes fromWashington State (USA). Anthocyanin fractions are shown approximately above of each
major peak and were collected directly from the elutant at pH ~ 1.8. Peak assignment: (1) delphinidin-3-O-glucoside, (2)
cyanidin-3-O-glucoside, (3) petunidin-3-O-glucoside, (4) peonidin-3-O-glucoside, (5) malvidin-3-O-glucoside, (6)
delphinidin-3-O-acetyl-glucoside, (7) petunidin-3-O-aceyl-glucoside, (8) peonidin-3-O-acetyl-glucoside, (9) malvidin-3-
O-acetyl-glucoside, (10) malvidin-3-(6-O-caffeoyl)-glucoside, (11) petunidin-3-(6-O-coumaroyl)-glucoside, (12) peonidin-
3-(6-O-coumaroyl)-glucoside (shoulder), and malvidin-3-(6-O-coumaroyl)-glucoside.

Figure 3. Basic anthocyanin structure, acyl groups, and the main six anthocyanindins found in V. vinifera grapes and wines.

Phenolic Compounds - Natural Sources, Importance and Applications158

The flavylium cation of the anthocyanins is responsible for the chromatic properties of young red
wines, with a molar extinction coefficient (ε) of 29,500 M-1 cm-1 for malvidin-3-glucoside in 0.1%
HClmethanolic solution [33]. As a result of this, some of the color observed in aged red wines can
still be attributable to the flavylium cation. However, upon crushing and during winemaking,
anthocyanins undergo a variety of electrophilic and nucleophilic substitutions giving rise to
cycloaddition and condensation products, and oligomeric and polymeric pigments (Section
3.4 and Figure 13). These transformations invariably have an impact on wine color, and it is
usually during maceration and postmaceration when the most noticeable changes in wine
color take place (Figure 5). For example, at the beginning of maceration, the intense purple-
red color and hyperchromic shift (i.e., increase in absorbance) observed in red wines is the
result of intra- and intermolecular and self-association copigmentation reactions [34]. Subse-
quently, with the disruption of copigmentation mediated by increasing ethanol levels, per-
ceived color decreases and shifts toward more red tones [35]. As maceration winds up and
aging ensues, the incorporation of anthocyanins into vitisins A, B, vinyl-catechol derivatives,
and xanthylium salts, to name some possible reactions that lead to the formation of the so-
called pyranoanthocyanins (Figure 13), causes a shift in color from deep-red to orange or
brick-orange hues [36]. It is also expected that the incorporation of anthocyanins into

Figure 5. Evolution of the full-length visible spectrum of a Malbec wine produced with different maceration times,
ranging from 4 hours to 21 days. The vertical line indicates the 520-nm wavelength, which is approximately the wave-
length of maximum absorbance for most anthocyanins. Notice the drop in the absorbance values of the full spectrum in
the wine produced with 21 days maceration relative to the wine produced with 8 days of maceration.
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oligomeric and polymeric tannins (to form the so-called polymeric pigments) should cause a
reduction in the molar extinction coefficient of the flavylium form, thus leading to a decrease in
color saturation as winemaking progressed [37]. In the case of pyranoanthocyanins, these do
not necessarily appear to have lower molar extinction coefficients relative to the native antho-
cyanins [38], and, in fact, their molar extinction coefficient is much more stable toward pH
swings [39].

Isolated anthocyanins are tasteless or indistinctly flavored [40]; however, upon reaction with
oligomeric or polymeric tannins during winemaking, oligomeric and polymeric pigments are
formed (Figure 14) and these can in turn modulate astringency (Section 3.4).

3.1.2. Extraction during winemaking

The diffusion of anthocyanins into the must requires the breakdown of two biological barriers,
namely the cell wall, including the degradation of the pectic substances in the middle lamella,
and the tonoplast of the vacuoles of the skin subepidermal cells [41]. Normal operations
during crushing ensure the breakdown of cellular walls, and native enzymatic reactions allow
for the degradation of pectic substances and polysaccharides in the middle lamella. The
diffusion process is favored by the water-soluble nature of anthocyanins, resulting in maximum
extraction rates and a peak of extraction within the first 3 to 7 days of maceration [35, 42–48] as
observed in Figure 6. The rate of extraction of the different anthocyanins seems to be similar
[45, 47] and proportional to their original concentration in grapes. However, some studies have
found that wines have a relative higher amount of malvidin-3-glucoside than that originally
present in the grapes [49, 50]. Establishment of unequivocal extraction and retention patterns
of different anthocyanin forms may be complicated by the fact that acylated anthocyanins may
undergo acid hydrolysis upon extraction into the fermenting must/wine [50], thereby releasing
the monoglucoside forms and/or by the fact that, for example, acylated derivatives are prefer-
entially adsorbed by wine lees [51].

Figure 6. Overview of the extraction of and evolution of anthocyanins during (a) prefermentative cold soak (CS),
maceration, end of malolactic fermentation (end MLF), and up to 24 months of bottle ageing (B) of Malbec wines
processed with a maceration length of 15 days (control) and with cold soak for 7 days + 15 days of maceration (cold soak),
and (b) maceration and bottle aging of Cabernet Sauvignon wines processed with a maceration length of 10 days (control)
and 30 days (extended maceration). Adapted from Refs. [43, 55].
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The early extraction of anthocyanins may also influence the solubility and retention of oligomeric
and polymeric tannins through the formation of polymeric pigments [52–54]. Following the peak
of anthocyanin extraction, a variable drop in concentration, which can be as high as 60% from
peak concentration, is typically observed [42, 43, 55] (Figure 6a). Loss of anthocyanins during
maceration in fermenting must and wines has been attributed to a variety of factors, including
ionic adsorption by the negatively charged yeast cell walls and yeast lees during postmaceration
[56, 57], adsorption onto bitartrate crystals and particulate matter [35], incorporation into small
and large polymeric pigments [43, 58], formation of pyranoanthocyanins [56, 59], and oxidative
cleavage of the heterocyclic C-ring leading to direct anthocyanin degradation [60]. A decrease in
copigmentation as a result of an increasing concentration of ethanol in the fermenting must
(which increases the hydrophobic character of the medium thereby disrupting the
copigmentation complex) also contributes to both the loss of anthocyanins and a decrease in
wine color [34, 35, 61]. At the end of maceration, the levels of anthocyanins recovered in the
wine, relative to the grape initial content, have been reported to be around 40% [26].

Counter to what intuition may suggest, there appears to be a negative relationship between
maceration length and anthocyanins retained in the resulting wine [43, 47, 58, 62, 63]
(Figure 6b). Moreover, analysis of anthocyanins recovered in the pomace hardly increased the
recovery yield, suggesting that a major proportion of anthocyanins were converted to other
species or were irreversibly adsorbed on the solid material during maceration [26, 47]. This
discrepancy was originally attributed to the enhanced formation of polymeric pigments in
wines undergoing extended maceration. One study found that Merlot wines produced with
extended maceration were lower in anthocyanins but higher in polymeric pigments relative to
control wines [58]. However, the formation of polymeric pigments during extended macera-
tion cannot fully explain the observed anthocyanin loss [47]. This suggests that, in addition to
anthocyanin losses by adsorption, degradation reactions may be at play during extended
maceration. Ultimately, the extraction patterns during winemaking and aging and thus the
final concentration of anthocyanins are both modulated by the variety and the maceration
technique the winemaker decides to put in place, which can be as simple as delaying the onset
of alcoholic fermentation (e.g., the technique known as cold soak4) or increasing maceration
time (e.g., extended maceration) (Figure 6a and b, respectively).

3.2. Flavan-3-ols

3.2.1. Occurrence, general chemistry, and sensory aspects

In V. vinifera grapes and wines, flavan-3-ols occur both in seeds and skins as five monomers:
(+)-catechin, (-)-epicatechin, (+)-gallocatechin, (+)-epigallocatechin, and (-)-epicatechin-3-O-
gallate [64–66] (Figure 7). The glycosyl derivatives of four of these monomers have also been

4Cold soak, also known as prefermentative cold soak, is a winemaking technique in which the onset of alcoholic
fermentation is delayed by keeping the must (and thus the fermentation solids) at temperatures ranging from 5 to 15�C
by means of a cooling system in jacketed fermenters or by the use of solid CO2 (dry ice). During cold soak, the extraction
of water-soluble compounds is sought, as opposed to the extraction that takes place in the presence of ethanol during
alcoholic fermentation. The duration of cold soak is defined by the winemaker and it can be as short as 2 days and as long
as 14 days.
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recently reported in Merlot grapes and wines [67]. Flavan-3-ols occur in several isomeric
forms. The carbons at the C2 and C3 positions of the flavan-3-ol backbone are two asymmetric
centers, such as the five monomeric flavan-3-ols are grouped into two diastereomers pairs,
with configurations 2R:3S for (+)-catechin and (+)-gallocatechin and 2R:3R for (-)-epicatechin,
(-)-epigallocatechin, and (�)-epicatechin-3-O-gallate [68]. These different isomeric configura-
tions, in turn, have an impact on bioavailability [69], antioxidant and radical scavenging
properties [70], and, ultimately, on sensory properties [71, 72], as further discussed later.

In seeds, flavan-3-ols are located in thin-walled cells between the external cuticle and the inner
lignified layers. The (sometime observed) seed browning during berry ripening is thought to
be the result of both monomeric flavan-3-ols and tannins undergoing oxidation [73]. Seeds
contain only (+)-catechin, (�)-epicatechin, and (-)-epicatechin-3-O-gallate [64, 74]. In the skins,
flavan-3-ols occur in the subepidermal cell as shapeless or spherical inclusions free in the
vacuoles but also associated with the tonoplast [75]. Skins contains (+)-catechin, (-)-epicatechin,
(-)-epicatechin-3-O-gallate, and, additionally, (-)-epigallocatechin [76], as well as trace amounts
of (+)-gallocatechin and (-)-epigallocatechin gallate [66, 77].

Quantitative differences also occur within the berry tissues. Seeds concentrate the vast major-
ity of flavan-3-ols of the berry [66, 75–79]. For example, flavan-3-ol concentrations of about 179
mg/kg fresh weight (FW) have been found in Cabernet Sauvignon seeds whereas skins of the
same variety only have 4.8 mg/kg FW [80]; similar results are reported for other varieties
[81, 82]. In wines, the content of monomeric flavan-3-ols varies from 29 to 41 mg/L in
Tempranillo and Graciano wines [78], 107 to 176 mg/L in Pinot Noir wines [83], 182 mg/L in
Tannat wines [84], and up to 288 mg/L in Cabernet Sauvignon wines [43].

Due to the reduced state of the C ring of the flavan-3-ol structure, and thus favorable one-
electron donation properties, flavan-3-ols can react with several wine electrophiles. The conden-
sation of monomeric flavan-3-ols with anthocyanins either by a direct covalent reaction between
them [85, 86] or mediated by acetaldehyde [87, 88] is one of the main reactions with impact on
color during wine aging and is further addressed in Section 3.4.

Figure 7. Monomeric flavan-3-ols found in V. vinifera grapes and wines.
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Flavan-3-ols are colorless and do not absorb light in the visible spectrum, but have a peak of
UV absorbance between 270 and 280 nm [89, 90]. Catechin and epicatechin are both suscepti-
ble to enzymatic [91] and nonenzymatic oxidation [92, 93], with both mechanisms resulting in
a change in spectral properties from colorless to yellow hues [89, 94]. The end products of
these reactions are quinones. Quinones are powerful electrophiles that can readily react with
wine nucleophiles such as sulfur compounds (e.g., volatile thiols, common in Sauvignon
Blanc wines) and hydrogen sulfide, thus decreasing their volatility and their influence on
wine aroma [95, 96].

Flavan-3-ols have defined taste attributes. Flavan-3-ols have a marked bitter taste, and their
influence on the development of the bitterness sensation was recognized as early as 1966, when
Rossi and Singleton isolated an ether-soluble fraction from grape seeds containing (+)-catechin,
(-)-epicatechin, and (-)-epicatechin gallate [97]. Addition of this fraction at 200 mg/L to a white
wine showed no contribution to astringency but significantly increased bitterness. Later, it was
found that the chiral difference between the two main wine flavan-3-ols produces a significant
difference in temporal perception of bitterness: (-)-epicatechin is significantly more bitter and
had a significantly longer duration of bitterness than (+)-catechin [71, 98, 99]. The more planar
conformation of the C ring of (-)-epicatechin compared with the less planar (+)-catechin may
facilitate the diffusion of the molecule to the gustative receptor; in addition, the higher
lipophilicity of epicatechin (relative to catechin) could also explain its higher comparative
bitterness [71, 100].

Although it is assumed that both (+)-catechin and (-)-epicatechin cannot precipitate proteins,
protein-induced precipitation of these flavan-3-ols has been confirmed by peptide models of
salivary proline-rich-proteins (PRPs) whereby PRPs did indeed interact with flavan-3-ols hav-
ing masses below 500 Da [101, 102]. Further confirmation was reported in model wine studies
whereby a time-intensity sensory procedure found both (+)-catechin and epicatechin to elicit
astringency [98, 103]. Also, (-)-epicatechin-3-O-gallate and (+)-catechin were found to precipi-
tate PRPs when the molar ratio of flavan-3-ols to protein exceeded 27 [104]. In Cabernet
Sauvignon wines, the perception of astringency was at least partially explained by the simul-
taneous occurrence of a comparatively higher concentration of flavan-3-ols and tannins [105].
Astringency of monomeric flavan-3-ols may be the result of cooperative precipitation of, or
cooperative binding with, proteins due to the presence of one 1,2-dihydroxy or 1,2,3-trihy-
droxy groups [103, 106], and this may be enhanced by the presence of tannins [105]. These
studies highlight the potential role of flavan-3-ol monomers on astringency perception in red
wines.

3.2.2. Extraction during winemaking

Release of flavan-3-ols from skins occurs early during winemaking, within the first 2 or 3 days
of skin contact [107–110]. For example, levels of (+)-catechin and (-)-epicatechin after 5 days of
skin contact represented between 80 and 85% of the maximum content attained later at
pressing in Grenache wines [60]. In Tempranillo and Grenache-Graciano blends, the release of
flavan-3-ols occurred early, between days 3 and 5 of maceration, and remained unchanged
during a postmaceration period of 1 week followed alcoholic fermentation [109]. In this same
study, (-)-epigallocatechin, only located on the skins, was extracted rapidly, suggesting that the
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extraction of flavan-3-ols and small oligomers from skins occurs during the first days of
maceration [109].

Release of flavan-3-ols from seeds requires longer maceration times. For example, the maxi-
mum extraction of flavan-3-ols from seeds occurred after 2 to 3 weeks of maceration in model
wines, and under those extended conditions, the seeds contributed almost 90% of the total
flavan-3-ol content of the final wines [108]. Also, in model wines containing only seeds of the
variety Monastrel, the levels of (+)-catechin and (-)-epicatechin increased from 5 mg/L at day 2
to 27 mg/L at day 10 [111]. This represents a slower rate of extraction relative to that of flavan-
3-ols from skins. Moreover, longer maceration times, favored by the winemaking technique
known as extended maceration, enhance the overall extraction of flavan-3-ols and, more
specifically, that of epicatechin-3-O-gallate from seeds [43] (Figure 8b). Other studies have also
reported that the percentage contribution of galloylated subunits increases along with macer-
ation time [109, 111–113], and this, together with the content of epigallocatechin (exclusive of
the skins), has been used as a surrogate to estimate the percentage contribution of seeds (and
skins) to the overall wine’s flavan-3-ol and tannin content [114].

Since extraction of flavan-3-ol from seeds occurs toward the end of a regular maceration period
(e.g., 15 days), the extraction of both flavan-3-ols and tannins from seeds was assumed to be
mediated by the dissolutive effect of ethanol on the lipidic outer coat of the seeds, which will
typically occur toward the end of the fermentation process [115]. From this perspective, higher
ethanol levels should selectively favor the extraction of seed phenolics in general and that of
flavan-3-ols in particular [48, 110]. However, model wine experiments have shown that extrac-
tion of both flavan-3-ols and tannins can occur in the absence of ethanol, and that the role of
ethanol may be to solely increase the rate of extraction [111]. Current evidence supports the
notion of maceration length, and not alcohol, as being one of the main drivers of seed tannin
extraction, at least under typical final ethanol concentrations (13–14.5%, v/v) [47, 116]. Thus, an
alternative explanation for the late release and extraction into wine of seed flavan-3-ols and
tannins is that extraction from the seeds may only occur after the seeds had attained maximal
hydration. In studying seed extraction in model wine solutions, and noticing a lag phase

Figure 8. Monomeric flavan-3-ol concentration and composition and tannin size distribution by concentration and
composition in Cabernet Sauvignon wines grouped as a function of the maceration length treatment. (a) Control wines
(10 days of maceration) and (b) extended maceration wines (30 days of maceration). CE: catechin equivalents. Adapted
from [43].
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during the time course of maceration, Singleton and Draper noted that “…The lag may be an
expression of the fact that most cells do not surrender their constituents for extraction while
they are still living. Swelling and osmotic-pressure phenomena may also be involved…” [117].
If this is accepted, then the onset of seed tannin and flavan-3-ol extraction will occur once seeds
have reached full hydration, whereby the leakiness of the parenchyma cells outside the true
seed coat would allow the prompt release of flavan-3-ols [111, 118].

3.3. Tannins

3.3.1. Occurrence, general chemistry, and sensory aspects.

Tannins, also known as proanthocyanidins, and/or condensed tannins,5 encompass oligomeric
(degree of polymerization ≤ 2 and < 5) and polymeric flavonoids (degree of polymerization ≥ 5)
made up by the five monomeric flavan-3-ols shown in Figure 7 [12, 119]. As defined by Bate-
Smith and Swain (1962), tannins are “water soluble compounds having molecular weights
between 500 and 3000 and, besides giving the usual phenolic reactions, they have special
properties such as the ability to precipitate alkaloids, gelatin and other proteins” [120]. Haslam
[12] further noted that tannins could also form complexes with polysaccharides and that
molecular weights as high as 20,000 can be found in nature. These annotations certainly pertain
to grapes and wines. Wine tannins readily interact with native or yeast-derived polysaccharides
[121, 122], and this interaction can modulate sensory properties such as astringency [121, 123]
(Figure 9). Furthermore, based on the degree of polymerization, molecular weights as high as
5000, 5200, and 22,000 have been reported in seed, wine, and skin extracts, respectively, from V.
vinifera [124], highlighting the polymeric nature of grape and wine tannins.

Oligomeric and polymeric tannins are defined by the connectivity and nature of the interflavanic
bond. This refers to a covalent connection between two flavan-3-ols, also referred as “subunits”;
the average number of constitutive subunits in the oligomer or polymer (assuming a normal
distribution of tannin sizes as a function of molecular weight) is referred to as degree of poly-
merization. A technique based on HPLC analysis, known as phloroglucinolysis, allows for the
calculation of the so-called mean degree of polymerization (mDP) [125].

Two types of interflavanic bonds have been observed. Interflavanic bonds connecting either
the carbon at position 4 in the extension subunit and the carbon at position 8 in the terminal
subunit (C4 ! C8), or the carbon at position 4 in the extension subunit and the carbon at
position 6 in the terminal subunit (C4 ! C6), are collectively known as B-type linkages [12].
The flavan-3-ol subunits can also be connected by two single bonds, one between C4 and C8,
and another between the hydroxyl groups at C7 and C2, forming an ether bond known as A-
type linkage [126, 127]. The occurrence of these three types of bonds is not uniformly distrib-
uted within grape and wine tannins. The C4 ! C8 bonds are found in skins, seeds, and wines
[68]; however, C4 ! C6 and A-type linkages are formed as a result of rearrangements and
intra and/or intermolecular oxidation reactions during winemaking [128].

5The relevant literature reviewed here uses several terms to refer to red wine tannins, including “tannin,” “condensed
tannin,” and “proanthocyanidin.” The term “tannin” will be used throughout this review.
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The three connectivities described (C4 ! C8, C4 ! C6, and C7 ! C2) can, in turn, display the
usual two stereochemistries of monomeric flavan-3-ols, with the R stereochemistry referred to as
α and the S stereochemistry as β [129]. As a result of the enantiomeric and conformational
properties of the flavan-3-ols subunits, the number of possible structures increases in a factorial
fashion as the number of subunits in the oligomer or polymer increases. For example, considering
only the C4! C8 linkages, about 105 unique tannin structures have been estimated to exist.

Oligomeric tannins include tannin dimers, trimers and tetramers of different connectivities.
B-type dimers isolated from grapes and wines are composed of (+)-catechin and (-)-epicatechin
and include the dimers B1 (epicatechin-(4β!8)-catechin), B2 (epicatechin-(4β!8)-epicatechin),
B3 (catechin-(4α!8)-catechin), and B4 (catechin-(4α!8)-epicatechin) (Figure 10). Moreover,
dimers having a C4 ! C6 connectivity (B5 to B8 series) and epigallocatechin have also been
observed [130]. Likewise, the α and β dimers B1, B2, B3, and B4 of epicatechin-3-O-gallate and
either catechin or epicatechin have also been identified in seeds, skins, and wines [131–133].
Dimers, trimers, tetramers, and pentamers containing A-type bonds were recently found in
grape seeds of both white and red V. vinifera varieties [127]. Tannin trimers found in grapes and
wines consist of three flavan-3-ol units linked by two C4 ! C8 interflavan bonds (C-type) or
one C4 ! C6 interflavan bond in the terminal or extension subunits, and one C4 ! C6
interflavan bond in the remaining subunit (T-type) [130, 134, 135]. A nonexhaustive account
of the most common connectivities in dimers and trimers observed in V. vinifera grapes and
wines is shown in Figure 10.

Figure 9. Interaction between proline-rich proteins, a tannin trimer, and a polysaccharide fragment. Narrow black saw-
like lines are suggested sites of hydrogen bonding. Wide gray lines are suggested regions of hydrophobic interactions.
Redrawn and modified from Ref. [123].
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Polymeric tannins have an mDP ≥ 5 subunits. Early studies by Czochanska and colleagues on
tannins from 22 plant sources with molecular weights ranging from 1500 to 5000 elucidated
the structure and stereochemistry of the interflavanic bond in these polymers by 13C NMR and
confirmed the presence of C4! C8, C4! C6, and A-type (C7! C2) linkages [136]. Therefore,
the observations described previously for oligomers also apply to polymeric tannins.

The term “proanthocyanidin,” commonly used in the literature to refer to tannins, stems from
the ability of these compounds to release anthocyanins upon cleavage of the interflavanic bond

Figure 10. Overview of some of the most abundant tannin dimers and trimers observed in V. vinifera grapes and wines.
Only tannins based on (+)-catechin and (-)-epicatechin are shown; however, dimers and trimers containing (-)-epigallo-
catechin and (-)-epicatechin-3-O-gallate also occur in V. vinifera.
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under heat and acidic conditions. Based on the last reaction, tannins are classified as procyanidins,
when they release cyanidin (characteristic of tannins containing (+)-catechin, (-)-epicatechin, and
(-)-epicatechin-3-O-gallate), and prodelphinidins, when they release delphinidin (as is the case of
tannins containing (-)-epigallocatechin) [137]. The spectral features mentioned for monomeric
flavan-3-ols also apply for oligomeric and polymeric tannins.

Oligomeric and polymeric tannins occur both in skins and seeds, although their quantitative and
qualitative composition, as well as their molecular weight and distribution, differ within these
tissues and also in the resulting wines. On a whole berry basis, up to 80% of the total extractable
tannin pool of the berry is located in the seeds [12]. In seeds at physiological maturity, seed
tannins measured by protein precipitation vary from 2.15 to 4 mg/g FW for varieties such as
Cabernet Sauvignon, Merlot, and Syrah [43, 47, 138–140]. Conversely, skin tannins vary between
0.35 and 1 mg/g FW [43, 47, 139, 140]. In wines, total tannins (by protein precipitation) measured
in 1325 commercial red wines ranged from 30 to 1895 mg/L, with a mean concentration of 544
mg/L [141].

Seed-derived polymeric tannins are co-located with the flavan-3-ols in the cells below the
external cuticle [142]. Seed tannins associated with cell walls reportedly have a higher mDP
than their cellular counterparts [143]. The mDP of seed tannins of different grape varieties vary
between 2 and 22 [73, 78, 134, 143, 144–146], which represents a 11-fold variation. Seed tannins
are composed of (+)-catechin, (-)-epicatechin, and epicatechin-3-O-gallate, with monomeric
flavan-3-ols, dimers (a portion of them bearing A-type linkages), and trimers being the predomi-
nant species [74, 130, 134]. The percentage of galloylation of seed tannins has been estimated to be
around 30% [26]. In the skins, tannins occur as vacuolar components in subepidermal, thick-
walled cells, but they are also found in the tonoplast and cell walls [75, 147]. Skin tannins
associated with cell walls have a higher mDP than those found as free cytoplasmic components;
however, tannins found in the cytoplasm are more abundant [147]. Skin tannins typically have the
highest molecular weight within the berry, varying from 6 up to 85 subunits in varieties such as
Cabernet Franc, Cabernet Sauvignon, Graciano, Merlot, Pinot Noir, Syrah, Carmenère, and
Tempranillo [78, 124, 134, 144–148]. This represents a 14-fold variation. Skin tannins are composed
primarily of (-)-epicatechin, (-)-epigallocatechin, and (+)-catechin. However, trace amounts of
epicatechin-3-O-gallate have also been found [147], giving a percentage of galloylation estimated
to typically be <5% [26].

Wine tannins are composed of all the five monomeric flavan-3-ol subunits, with (-)-epicatechin,
followed by (+)-catechin and (-)-epigallocatehin being the major constituents [78]. Moreover,
the proportion of each subunit is affected by both grape variety and winemaking technique,
and, like with flavan-3-ols, a relationship between an increased percentage of galloylated sub-
units and maceration length has been observed [43, 113, 135]. For wines, the reported mDP
values vary between 2 and 17 subunits [47, 124, 148–151]. However, oligomeric tannins with an
mDP < 5 are the major constituents of wine tannins [43, 109, 124, 152] (Figure 8a and Figure 8b).
Taking into consideration only the reportedmDP values and subunit composition of seeds, skins,
and wines, it seems as though tannin composition and distribution in wine resembles more of
that of the seeds than that of the skins and that this feature is amplified as maceration time
increases (Figure 8b).
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As noted previously, upon crushing and during winemaking, tannins not only undergo mod-
ifications in their original molecular weight, but they can also undergo further reactions and
re-arrangements with anthocyanin, to form the so-called polymeric pigments (Section 3.4), as
well as with other flavan-3-ols and/or tannins dimers and trimers [153].

The ability of wine tannins to interact with proteins provides the physiological basis of the
sensation of astringency, of paramount importance in red wines. Astringency is a tactile (not a
taste) sensation with a marked temporal aspect that appears as a pucker feeling (typically in
the upper lip) and/or feeling of dryness in the palate, which arises from a sudden loss of
lubrication of the oral epithelium [154–157]. Astringency is not confined to a particular region
of the mouth but is a diffuse surface phenomenon, which typically develops between 15 and
20 s [158, 159].

The development of astringency necessitates the presence of both tannins and proteins capable of
interact with each other. The wine provides the tannins. The proteins are provided by the
subject’s saliva. The saliva of humans and other mammals contains proline-rich proteins (PRPs)
[160]. Salivary PRPs constitute 70% of the proteins in saliva and are made up of three types: the
acidic, glycosylated, and basic proteins, which comprise roughly 30, 23, and 17% of unstimulated
saliva, respectively [161]. While acidic- and glycosylated proline-rich proteins have specific
biological roles, basic PRPs display high affinity for tannins [162, 163]. Basic PRPs have a
relatively preserved sequence across a wide range of species of mammals, composed of a 19-
aminoacid sequence dominated by proline, glutamine, and glycine [164]. This sequence is
repeated with variations between 5 and 15 times to result in a protein of ~150 amino acids in
length that is extended and random-coiled in confirmation [164, 165]. The flexibility of the
protein is further improved by the existence of several low-energy conformations [166, 167]. The
biological role of astringency in mammals has been intensively debated but there is now evi-
dence that astringency may be an evolutionary defense mechanism against dietary anti-feeding
factors [168]. Tannins can have a variety of harmful effects on animals, including sequestration of
iron and inhibition of digestive enzymes [160]. The role of PRPs may be to bind to the tannins
and precipitate them, thereby preventing harmful effects in the gastrointestinal tract [169].

The interaction between PRPs and tannins results from hydrogen bonding between the tertiary
amide or carbonyl groups of the proline subunits and the hydroxyl groups of the tannin
[167, 170]. However, hydrophobic interactions whereby the hydrophobic face of the aromatic
ring of the phenol interacts with the pyrrolidine ring of the protein may also cooperatively aid
in the complexation process [163, 170, 171] (Figure 9). Likewise, the galloyl ring in epicatechin-
3-O-gallate and tannins containing this flavan-3-ol provides supplementary aromatic surfaces
that may engage in hydrophobic complexation with the proline ring as well [163, 172]. From
this perspective, increase in the percentage of galloylation in a given tannin should result in
enhanced perceived astringency.

The development of astringency follows a three-stage process, consistent with the in-mouth
temporal development of this sensation [173, 174]. In the first stage, the binding of multi-
dentate tannins to several sites on the protein causes the randomly coiled protein to coil
around the phenol, compacting the protein. In the second stage, the tannin fractions of the
protein-tannin complexes cross-link forming polyphenol bridges and creating protein dimers.
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During the third stage, the dimers aggregate to form larger complexes that eventually precip-
itate out of solution. In wines, the spectrum of subtle differences in astringency sensations was
compiled in the “red wine mouthfeel wheel” in which astringency is categorized in 7
subqualities and 30 subattributes [175], which highlights the complex nature of this sensation
in red wines.

Perhaps the most determining factor on astringency development in red wines is, simply,
tannin concentration [105, 176–178]. However, additional effects include wine pH and ethanol
content [179, 180], viscosity [181, 182], and the presence of sugars [183, 184] and polysaccha-
rides [121, 185]. Also, the tannin stereochemistry, composition, and connectivity affect the
perception of astringency. For example, the dimer (+)-catechin-(+)-catechin linked via a C4 !
C8 interflavan bond has lower astringency than its C4 ! C6 counterpart or than the C4 ! C8
(+)-catechin-(-)-epicatechin dimer [103]. Second to tannin concentration, tannin size (molecular
weight) also modulates the development of astringency [186–189]. Precipitation of salivary
PRPs is enhanced by the presence of high molecular weight tannins that have some structural
flexibility, as in the case of tannins containing freely rotating interflavan bonds and gallolyl
groups, due to a larger number of available binding sites for interaction with the proline
residues [102]. Larger tannins can also engage in self-association, thereby promoting complex
aggregation. However, the relationship between polymer size and perceived astringency does
not progress linearly. For example, at equimolecular concentrations, Vidal et al. found that a
wine-like solution containing tannins with an mDP of 70 is only two times more astringent
than one with an mDP of 3 [188]. Empirical evidence that astringency elicited by grape tannins
is mostly concentration-driven can be found by comparatively assessing astringency in seeds
(overall high tannin concentration, with tannins of low molecular weight) with that of skins
(relative lower tannin concentration than seeds but with tannins of high molecular weight).
Seeds typically elicit a much higher astringency sensation than skins in spite of being composed
of low molecular weight tannins and this may be due to the fact that seed tannins are typically
at much higher concentrations than skin tannins on a berry fresh weight basis.

Lastly, astringency perception in red wines is also influenced by factors extrinsic to the nature
of the tannin and PRP’s interactions, including salivary flow rate [159], sensitivity to the bitter
agent 6-n-propylthiouracil (PROP), known as PROP status [190], and frequency of exposure
[183, 191]. Sensitivity to PROP seems to have equivocal effects on astringency development;
however, individuals with low salivary flow rate (1.92 g/min) perceive astringency later and
with higher intensity than individuals with high salivary flow rate (3.73 g/min) [159].

Some oligomeric and polymeric tannins can also interact with gustatory receptors, and they
can thus elicit a mild bitter response [26]. Time-intensity sensory studies have shown that
bitterness perception decreases from flavan-3-ols monomers to trimers [103]. More generally,
bitterness decreases as the polymer size increases, probably because of the difficulty of large
polymers to diffuse inside the taste bud pores [26].

3.3.2. Extraction during winemaking

Tannin dimers and trimers follow extraction kinetics similar to those reported for flavan-3-ols,
and as such these oligomers can be extracted in the absence of ethanol, for example during
prefermentative cold soak [111]. In Tempranillo wines after a 2-day cold soak, the concentration
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of tannin dimers, trimers, and tetramers increased from 22, 23, and 0mg/L, respectively, to 27, 30,
and 6 mg/L, respectively, after postfermentative maceration for 1 week [109]. In another study,
the levels of the B2 dimer and the C trimer increased from about 6 mg/L at day 2 to about 22
mg/L (B2 dimer) and to 11 mg/L (C trimer) after 20 days of maceration in the white variety Viura
[108]. These results suggests that as the oligomers increases in size, their extraction and retention
into wine progresses more slowly.

Extraction of tannins (mDP ≥ 5) into wine during winemaking has been followed using different
analytical approaches, ranging from protein precipitation [47, 58] to acid-catalyzed depolymeri-
zation followed by HPLC analysis [111, 146]. Expectedly, the comparison of extraction patterns
established by both methods is tenuous at best, as protein precipitation and HPLC greatly differ
in the amount, composition, and molecular weight of the tannins that each method quantify.
Moreover, extraction patterns of skin and seed tannins are not necessarily similar and they
certainly diverge from each other as maceration progresses; as such it is often difficult to
unequivocally ascertain the source of tannin extraction during the time course of maceration.
Using acid-catalyzed depolymerization and HPLC, the extraction of skin tannins into wine was
found to follow a Boltzmann sigmoid model [146]. In this model, a lag phase of initially slow
extraction is observed due to the period of time required for the tannins to diffuse out of the
berry cells and into the fermentor. The extent of this lag phase may be modulated by the degree
of berry crushing or the ethanol concentration. This lag phase is followed by a plateau concen-
tration, which is reached when tannin concentration is at its apparent maximum. Likewise, the
extraction of tannins from seeds has also been modeled using a Boltzmann sigmoid extraction
pattern, but this model has only proved valid for the first 6 days of contact with the fermentation
solids [111]. In model wine experiments containing only seeds with varying ethanol levels, these
same authors observed an initial slow extraction of tannins, which was attributed to the period of
time required for these tannins to diffuse out of the seed cells and into the solution. As with
skins, this lag period was followed by a plateau, the value of which increased with ethanol
content, suggesting an initial effect of the ethanol in the degradation of the outer protective
layers of the seeds. However, from day 6 to day 10, tannin extraction into wine increased linearly.
The authors attributed this observation to the hydration of seed cells and subsequent cellular
leakiness, leading to a somewhat abrupt release of seed tannins.

In Merlot wines, tannins measured by protein precipitation increased almost linearly during the
first 7 days of maceration. Moreover, extended maceration for 20 days increased tannin extrac-
tion from a mean of 469 mg/L in control wines to 985 mg/L in the extended maceration wines
[58]. Also, in Merlot wines, protein precipitable tannins were followed at 2-day intervals during
a 30-day maceration period. Tannin extraction occurred quickly and almost linearly from day 2
to day 10, then reached a plateau between day 10 and 22, and was followed by an almost linear
increase up to the peak of extraction [47] (Figure 11a). While the observed plateau between day
10 and 20 is consistent with seed hydration, the ensuing linear increase is consistent with the
extraction of seed tannins [111]. Indeed, after 30 days of maceration, the proportion of seed-
derived tannins in finished wines was estimated to be about 73% in Cabernet Sauvignon [43]
and between 73 and 80% in Merlot wines [47, 116]. It has also been suggested that
postfermentation extraction of tannins could be the result of a desorption mechanism whereby
ethanol may disrupt the noncovalent interactions of the previously extracted tannins that were
bound to cell-wall material [192]. It is unclear if this linear increase is the result of one or a
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combination of both mechanisms, but in the range of 11–14.4% ethanol this supposed
“desorptive” effect seems to be inexistent [47, 116]. It is also unclear if the extraction patterns
shown in Figure 11 will apply to other varieties with vastly different seed and skin phenolic
composition, such as Pinot Noir, Sangiovese, Tempranillo, or Nebbiolo.

The extraction into wine and the ensuing fate of oligomeric and polymeric tannins during
postmaceration and aging is also governed by the matrix composition, including the presence
(or lack thereof) of anthocyanins and the presence of other compounds known to bind with
wine tannins, primarily mannoproteins from yeast origin, polysaccharides, and other cell-wall
components. Indeed, wine tannins can also react via noncovalent interactions with cell-wall
material present during fermentation. These noncovalent interactions include hydrogen bond-
ing and hydrophobic interactions. For example, the hydrogen-bonding-mediated interaction
between tannins and polysaccharides is illustrated in Figure 12. As tannins increase in molec-
ular weight, each additional monomer increases the number of sites that can form hydrogen
bonds between the tannin and cell-wall components [192–195]. An increase in polymerization
also increases the hydrophobic character of the tannin. The presence of galloylated units, more
common on seed than in skins tannins, enhances the tannin-polysaccharide interaction as well,
as highly galloylated tannins may be encapsulated by hydrophobic pockets and pores in the
polysaccharide network [195, 196]. These findings had led to the hypothesis that the failure to
recover high molecular weight tannins in wine is the result of tannin-cell-wall interactions
occurring during winemaking and that the binding capacity of the cell walls is influenced by
both tannins and polysaccharide structure and composition [192]. A series of studies
conducted by Bindon and colleagues had confirmed this hypothesis. Bindon et al. found a
significant relationship between the tannin molecular mass and the proportion of tannins
adsorbed by skin cell-wall polysaccharides, with the end result being that high molecular
weight tannins (>15,000 g/mol) are not extractable and/or removed from the wine by interac-
tion with cell-wall components [194, 197–199]. In practical terms, the proportion of bound (and
thus “missing”) tannins during Cabernet Sauvignon winemaking have been estimated to
range from 17 to 29% of those originally measured in the fruit [200, 201].

Figure 11. Extraction patterns of protein precipitable tannins during a 30-day maceration period in (a) Merlot and (b)
Cabernet Sauvignon wines. CE: catechin equivalents. Adapted from Refs. [43, 47].
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3.4. Polymeric pigments and other anthocyanin-derived pigments

3.4.1. Occurrence, general chemistry, and sensory aspects

An overview of the variety of reactions anthocyanins can undergo during maceration and
aging is presented in Figure 13. Upon crushing (and releasing from vacuoles) and during
aging, anthocyanins can readily react with a variety of electrophiles and nucleophiles, including

Figure 12. Hydrogen-bonding-mediated interaction between the hydroxyl groups of the tannin trimer C1 and the oxygen
atoms and glycosidic linkages of the polysaccharide homogalacturonan. Redrawn and modified from Ref. [192].
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other anthocyanins [202], flavan-3-ols via direct condensation [203–206], or acetaldehyde-
mediated [204, 205, 207, 208], dimeric or trimeric tannins [86, 209], lactic acid [204], glyceral-
dehyde [210], acetaldehyde [211, 212], pyruvic acid [212, 213], glyoxylic acid [214, 215], and a
number of other aldehydes, including furfural, 5 hydroxymethylfurfural, isovaleraldehyde,
benzaldehyde, propionaldehyde, isobutyraldehyde, formaldehyde, and 2-methylbutyra-
ledehyde [215, 216]. Aldehydes are formed either from the metabolism of Saccharomyces
cerevisiae during alcoholic fermentation [212, 217] or from the metal-catalyzed oxidation of

Figure 13. Main chemical pathways involving anthocyanins during winemaking and aging of red wines. Malvidin-3-
glucoside is shown as the starting anthocyanin, but other anthocyanins may also participate in these reactions. Redrawn
and adapted from Ref. [219] and complemented with data from Refs. [26, 204, 220, 221].
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several wine substrates, especially ethanol (to acetaldehyde), most particularly thorough the
Fenton Reaction [17, 218]. All these anthocyanin-derived products have spectral properties
different from that of the native anthocyanins (Figure 13). Ultimately, these reactions together
with the formation of oligomeric and polymeric pigments account for the evolution of wine
color, from deep purple, due to monomeric anthocyanins and self-association copigmentation
reactions in young wines, to orange, brick-red tones as the wine ages.

Polymeric pigments encompass a variety of winemaking artifacts formed by the covalent
association, either direct or mediated by an aldehyde (e.g., acetaldehyde, glyceraldehyde, and
glyoxilic acids) between anthocyanins and tannins. Relative to intact anthocyanins, polymeric
pigments share two fundamental features: they are (1) partially resistant to bisulfite bleaching
and (2) more resilient to pH changes [222, 223]. This is because polymerization protects by
steric hindrance of the chromophore of the anthocyanin from the attack of water and other
nucleophiles, oxidation, or the bleaching effect of SO2 [222, 224]. The presence of anthocyanins
during maceration increases the solubility and retention of tannins [52–54], an observation
classically attributed to the formation of polymeric pigments. Singleton hypothesized that the
glucose moiety in the anthocyanin and the polarity of the flavylium cation may decrease the
precipitability of the resulting polymeric pigment [225]. In a subsequent experiment in which
white wines were produced with different portions of added tannins and anthocyanins, the
retention of tannins and formation of polymeric pigments increased in the presence of added
anthocyanins [53]. However, this later study also found that the stoichiometric addition of
anthocyanins relative to tannins approached an ideal proportion, where excessive anthocya-
nins did not increase pigmented polymer formation. This finding suggests that the proportion
of anthocyanins and tannins during maceration can condition anthocyanin and tannin stability
and the subsequent formation of polymeric pigments.

Polymeric pigments modulate wine color, long-term color stability, and possibly astringency
changes during winemaking and aging. From the perspective of color, the UV-visible spectra
of anthocyanin-flavan-3-ol adducts (i.e., dimers) resulting from condensation with aldehydes
is bathochromically shifted (i.e., bluish color) compared to those of their precursors, with a
shift in absorbance of 10 nm for linear substituents and of 20 nm for branched substituents
[26, 207, 216] (Figure 13). However, the chromatic properties of polymeric pigments are less
clear. Indeed, a numerical value for the molar extinction coefficient of polymeric pigments at
wine pH is not yet available, but (indirect) experimental evidence suggests that it should be
comparatively lower than that of the intact anthocyanins [37, 43, 226]. This, together with the
disappearance and/or transformation of anthocyanins, may in turn explain why the color of
red wine not only changes in hue but also decreases in saturation during aging.

Evidence for the existence of polymeric pigments in wine is abundant [37, 43, 143, 227–229], and
some possible structures are shown in Figure 14. In Pinot Noir wines, pigmented polymers were
isolated and characterized as mixtures of dimers to octamers in which the anthocyanin moiety
was linked to the flavan-3-ol by B-type and A-type linkages [227]. In a separate study, ultrafiltra-
tion and gel adsorption chromatography combined with 1H, 13C, and 2D-NMR were used to
characterize a highmolecularweight tannin polymer (>5 kDa) isolated froma Bordeaux redwine
[229]. The structural backbone of this polymer consisted of a tannin chain with (-)-epicatechin,
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(+)-catechin, and (-)-epicatechin-3-O-gallate as extension and terminal subunits. The presence
of acetaldehyde bridges was also observed in the A ring of some subunits as well as that of
pyranoanthocyanins linked to the backbone via C4 ! C6 or C4 ! C8 linkages. Interestingly,
polysaccharides were also found to be present within the structure, although these were not
covalently linked to the tannin backbone. Organic and phenolic acids as well as aminoacids were
also found to be part of the polymeric fraction structure. This appears to be the first report to
completely elucidate the heterogeneous structure of these compounds as they occur in red wines.
Lastly, in Cabernet Sauvignonwines, pigmentedmaterial was isolated by preparative HPLC [43].
The spectral features of the pigmented material featured a comparatively higher 280 to 520 nm
absorbance ratio compared to that of intact anthocyanins (thus indicating the presence of flavan-
3-ols) and an mDP between 5 and 10 units. The tannin component of this polymeric material was
also put in evidence by subjecting the polymer to protein precipitation with bovine serum
albumin (BSA), further indicating the potential astringent properties of this material.

Figure 14. Potential structures of polymeric pigments resulting from the covalent reaction between anthocyanins (A) and
tannins (T). Only C4 ! C8 and A-type interflavanic bonds are depicted but C4 ! C6 interflavanic bonds can also occur.
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From a sensory standpoint, polymeric pigments affect two key aspects in red wines: color
development and mouthfeel modification. Direct sensory evidence of the role of polymeric
pigments in astringency changes during aging is, however, relatively recent. Indeed, the
observed “lessening” of astringency during aging was thought to be the result of the reaction
of anthocyanins with tannins of various sizes to give rise to polymeric pigments [222, 230].
However, the structural complexity and heterogeneity of these pigments prevented their
isolation and subsequent chemical and sensory characterization. With the advent of new
analytical, semipreparative, and preparative HPLC techniques, the characterization of these
compounds has become possible. Work by Vidal and colleagues in 2004 found that polymeric
pigments with mDP of ~3 and 9 and bearing an anthocyanin moiety were less astringent than
apple tannins with the same mDP but deprived of anthocyanins [40]. Moreover, these authors
showed that modifying the molecular structure by introducing an acetaldehyde bridge
decreased astringency but also increased bitterness. An explanation for the comparatively
lower astringency of polymeric pigments relative to that of intact tannins is that the incorpo-
ration of an anthocyanin moiety with its glycoside portion increases the polarity of the polymer
[225]. As the development of astringency is partially governed by hydrophobic interactions
between salivary PRPs and phenols, the higher hydrophilic character of the pigmented poly-
mer would decrease the interaction of this polymeric material with salivary PRPs and thus
reduce perceived astringency.

Recently, Weber et al., using size-exclusion chromatography on Sephadex resin, isolated 14
tannin fractions from the 2005 Cabernet Sauvignon wine [37]. Anthocyanins, mainly malvidin-
3-glucoside, were found in the first 10 fractions, indicating the pigmented nature of the poly-
meric fraction. Fractions 1 to 3 were composed of large polymeric pigments as measured by
protein precipitation, with low anthocyanin and tannin content; fractions 4 to 7 consisted of
anthocyanin-rich pigmented polymers with medium tannin content; and fractions 8 to 14
consisted of small-sized, tannin-like oligomers with very low anthocyanin content but very high
tannin content. Upon sensory evaluation of each fraction dissolved in model wine at iso-concen-
trations of 500 mg/L, fractions with a low amount of anthocyanins elicited higher astringency,
suggesting that further incorporation of anthocyanins into polymers should result in a decrease
in astringency. In another report, a pigmented polymer isolated from a Bordeaux red wine was
fractionated into eight fractions of different molecular weights by gel permeation chromatogra-
phy [229]. Upon dissolution of these fractions in 1% ethanol at iso-concentrations, astringency
was found no to vary in seven of these fractions in spite of differences in mDP and degree of
galloylation. However, one fraction consisting of 50% polysaccharides was found to be less
astringent. Overall, current evidence suggests that the lessening of astringency along with red
wine aging may not be related to a drastic change in the total amount of tannin present. Rather,
the structural modification of wine tannins, primarily resulting from the incorporation of antho-
cyanins, and, secondarily, from the addition of other metabolites such as carbohydrates, proteins,
and polysaccharides, may drive changes in perceived astringency during aging.

3.4.2. Formation during winemaking

Polymeric pigment formation increases progressively during maceration and aging
(Figure 15) ultimately leading to color changes, modification of mouthfeel properties, and,
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eventually, precipitation. Singleton and Trousdale reported that white wines produced with
added tannins and anthocyanins showed a linear increase in polymeric pigment content
after addition of seed tannins in the range of 0 to 1000 mg/L (gallic acid equivalents) and
anthocyanins in the range of 0 to 500 mg/L [53]. Using protein precipitation, Harbertson et al.
found that large polymeric pigments (LPP), which precipitate BSA, increased by 70%
between pressing and 185-day postpressing in Merlot wines [58]. Small polymeric pigments
(SPP), which do not precipitate BSA, and are assumed to be composed of tannin-anthocyanin
dimers, either of direct condensation or mediated by acetaldehyde [231], comparatively
increased 30% from pressing to 185-day postpressing. In this same experiment, wines pro-
duced with extended maceration and saignée6 and containing a higher concentration of
tannins gave rise to an enhanced formation of LPP; however, this occurred with a decline in
the anthocyanin content of 43% relative to its peak concentration [58]. A similar trend was
observed in Merlot wines obtained with extended maceration (30 days), in which a two-fold
increase of the total polymeric pigments was observed from day 4 to day 30, along with
significant losses of malvidin, delphinidin, petunidin, and peonidin anthocyanin derivatives
[47]. Furthermore, this later work demonstrated that the formation of polymeric pigments
alone during extended maceration was only partially responsible for the observed anthocy-
anin loss because an increase in the polymeric pigment content of 13 mg/L from day 4 to day
30 occurred along with a drop in wine anthocyanins of 231 mg/L in this same time frame. In
summary, these results suggest a complex relationship between tannin content, anthocyanin
extraction (or loss), and polymeric pigment formation during maceration. As shown in
Figure 15, a common feature of extended maceration seems to be the formation of polymeric
pigments with the ability to precipitate BSA (and by a similar mechanism to elicit astrin-
gency), but this occurs at the expense of anthocyanin loss (and, consequently, of wine color
saturation) (although this anthocyanin loss is generally not fully explained by the formation

Figure 15. Overview of the formation of polymeric pigments during maceration and bottle aging of Cabernet Sauvignon
wines processed with a maceration length of 10 days (control) (a) and 30 days (extended maceration) (b). SPP: small
polymeric pigments; LPP: large polymeric pigments. Adapted from Ref. [43].

6The practice of saignée consists of taking a portion of the must from the bottom of the tank before the onset of alcoholic
fermentation with the aim of increasing the solid to volume ratio of the remaining must and then furthering the extraction
of phenolics and aroma compounds from seeds and skins.
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of polymeric pigments). Altogether, these findings suggest that the presence of anthocyanins
invariably leads to the formation of polymeric pigments; yet, the proportion of anthocyanins and
tannins during maceration, which is expected to differ widely depending on variety, clone, and
viticultural and climatic conditions, as well as winemaking technique, will condition the amount
of pigmented tannins that are effectively formed during winemaking and aging.

4. Concluding remarks

The above literature review was undertaken with the aim to highlight the remarkable chemical
diversity of flavonoid phenolic compounds in grapes and wines. This diversity is furthered from
the very first moment the grapes are crushed, thereby allowing vacuolar and pulp components
to be released into the fermenting must and wine. This chemical diversity further increases
during winemaking and bottle aging, thus adding to the already present chemical diversity, a
variety of new sensory dimensions, ranging from changes in wine color and aroma to modifica-
tion of astringency.

For a wide number of red grape varieties, the extraction of anthocyanins peaks during the first 4
or 5 days of maceration, which is followed by a decrease in concentration along with the
lengthening of maceration. This decrease in anthocyanin concentration is typically accompanied
by the formation of polymeric pigments, by which formation is modulated, among others, by the
molar proportion of anthocyanins and tannins. Flavan-3-ols and small oligomeric tannins from
skins are extracted within the first days of maceration, whereas the extraction of seed-derived
tannins requires longer maceration times. It also seems that high molecular weight tannins are
not retained into wine, probably due to interactions with polysaccharides and other nonphenolic
materials during winemaking. Indeed, specific matrix effects affect the rate of retention of
tannins into wine, particularly at the latter stages of maceration. These include (but are not
limited to) the presence of anthocyanins, polysaccharides, and other cell-wall components such
as structural proteins. As phenolic and nonphenolic compounds are extracted and/or formed
during maceration and aging, a dynamic set of chemical and biochemical reactions occurs,
resulting in the formation of new structures not previously found in grapes. Some of these new
phenolic classes, which may also contain nonphenolic material of yeast and/or grape origin, are
responsible for a variety of new sensory attributes. Polymeric pigments, bearing astringent and
bitter properties different from those of intact tannins of equivalent molecular weight, are
candidates for the changes in the mouthfeel and textural properties of red wines during macer-
ation and aging. Although the taste and mouthfeel attributes of polymeric pigments are starting
to be clarified, their interaction with other phenolic and nonphenolic materials and the volatile
fraction of the wine matrix remain to be explored.

Different maceration techniques applied during red wine production affect the rate, quantity,
and sometimes the chemical composition of the phenolic compounds that end up in the wine.
Control and understanding of the factors that modulate phenolic extraction and retention into
wine during maceration should ultimately allow the winemaker to adjust maceration variables
to meet a given wine style sought and/or to comply with commercial specifications.
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Abstract

Strawberry with high polyphenols is receiving much more attentions recently. Production 
systems were reported positive effect on improving crop quality. A complete random-
ized design with two replicates was employed, and the strawberry selection ‘SJ8976-1’ 
was planted under three production systems: matted row system (MRS), plastic mulch 
(PM) and plastic mulch with row covers (PMRC). Total yield, average fruit weight, 
soluble solids content (SSC), titratable acidity (TA), firmness, fruit postharvest quality, 
total phenolic content (TPC), total antioxidant content (TAC), oxygen radical absorbance 
capacity (ORAC) and phenolic composition analysed by high-performance liquid chro-
matography (HPLC) were evaluated at different harvest times. The results showed that 
PMRC advanced fruit maturity and improved average fruit weight compared to MRS. 
SSC, TA and firmness of the strawberry fruits from PMRC were significantly increased at 
all harvests. Fruit weight loss, juice leakage and presences of grey mould were lower, and 
fruit glossiness was higher for those harvested under PMRC than those from MRS. TPC, 
TAC and ORAC of strawberry were significantly changed under different production 
systems. The phenolic compounds assessed in strawberry were grouped into six major 
categories, which were anthocyanins, kaempferol, flavonols, hydroxycinnamic acids, 
ellagic acid and benzoic acids.

Keywords: strawberry, fruit quality, production system, plastic mulch, phenolic content

1. Introduction

Phenolic compounds including signalling molecules, pigments and flavours represent a variety 
of functions in plant growth, development and defence [1]. Phenolic compounds and flavonoid 
compounds were synthesized through a vast range of secondary metabolites in plants. These 
phytochemicals are structurally diverse and act as bioactive compounds or plant antioxidants in 
medicine, food industry and human nutrition [2]. Fruits, such as strawberry, contain abundant 
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rich natural sources of phenolic compounds with high antioxidant capacities, which protect our 
bodies against free radicals and reactive oxygen species [3, 4]. The large amounts of phenolic 
compounds offered in strawberries have also been proved to make certain contributions in 
enhancing the quality of fresh fruits and extending shelf life by delaying senescence induced 
by oxidative degradation [5]. Therefore, due to the nutritional value and human health benefits 
in strawberry, the daily demand for strawberries was increasing as time went on. Research on 
the protective effects of plant-derived polyphenols has developed notably in recent years. In 
particular, their antioxidant properties have been the objective of extensive research [6–9].

Many factors including genotype, planting date, mulch type, temperature, fertilizer and pro-
duction systems have been reported to affect strawberry yield and quality [10–12]. Among these 
factors, production systems play an important role in strawberry growth by enhancing berry 
size and marketable yield. Matted row system (MRS) is widely used in strawberry planting 
in north area in terms of lower cost and easy operation [13], but with the development of new 
technology, many disadvantages of MRS were reported such as poor picking efficiency, waste 
of fertilizer and high risk of fruits decay. Alternatively, plastic mulch (PM) and plastic mulch 
with row covers (PMRC) became the most recommended production systems in strawberry 
planting in recent years [14–16]. Fruit quality and phenolic content were improved under plastic 
mulch system and resulted in variety of benefits to the crop, including improved fruit cleanli-
ness, prevention of bed erosion, extended harvest season, early ripening, increased yield, better 
weed control, ease of harvest and more efficient irrigation and fertilizer application [12, 17]. 
Furthermore, early fruit harvest under plastic culture especially with row covers provides higher 
income to growers in cool northern climate because of off-season fruit production. Research on 
bell pepper grown along the Mediterranean coast in raised soil beds (ridge) covered with plastic 
mulch showed that the use of impermeable plastic mulch in bell pepper cultivation affects water 
fluxes and may change crop water use and distribution compared to open-field conditions [18]. 
It also has been reported that the combination of hill plasticulture system and genotype leads a 
better result of higher flavonoid content and antioxidant capacity than the traditional cultivation 
system [19]. Plastic mulch affects the microclimate around the crop by modifying the radiation 
budget (absorptivity vs. reflectivity) of the mulch surface as well. Colour also affects the surface 
temperature of the mulch cover and consequently the underlying soil temperature [20].

Strawberries are of great nutrition amongst other fruits and have been found to contain 2- to 
11-fold more antioxidant capacity than apples, peaches, pears, grapes, tomatoes, oranges or 
kiwifruit [21]. Therefore, to meet the everyday demands of strawberry with increasing anti-
oxidant levels through breeding and/or cultivation systems is of great value in Canada. For 
the above reasons, a series of strawberry programs were set, and some cultivars were released 
by Agriculture and Agri-Food Canada (AAFC). ‘SJ8976-1’ is a new hardy strawberry selection 
with extra long storage life (Fragaria × ananassa Duch.) of the AAFC programme. The objec-
tive of the present study was to evaluate the effects of PM and PMRC, versus the conven-
tional MRS, on total yield, yield per plant, average fruit weight, soluble solids content (SSC), 
titratable acidity (TA), firmness, fruit postharvest quality, total phenolic content (TPC), total 
antioxidant content (TAC), oxygen radical absorbance capacity (ORAC) and phenolic compo-
sition analysed by high-performance liquid chromatography (HPLC) in strawberry selection 
‘SJ8976-1’, at different harvest times during the growing season.
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2. Materials and methods

2.1. Strawberry material

‘SJ8976-1’ is a new hardy strawberry selection with large fruit size, excellent flavour 
and long storage life (Fragaria × ananassa Duch.). The pale fruit colour of ‘SJ8976-1’ in 
combination with firmness, resistance to fruit rot and long shelf life makes it a good 
candidate for fresh market and transportation. The fruit colour of ‘SJ8976-1’ darkens 
during storage [22].

2.2. Experimental design

A complete randomized design with two replicates was used, and the strawberry selection 
‘SJ8976-1’ was grown under three production systems: (1) matted row system (MRS), (2) 
plastic mulch (PM) and (3) plastic mulch with row covers (PMRC). Twenty-six plants of 
‘SJ8976-1’ were planted in a double row 30 cm × 30 cm apart in 4 m long plots, supplied with 
drip irrigation down the centre of each row in 2008 at Agriculture and Agri-Food Canada, 
L’Acadie Experimental Farm (longitude: 73’35°W; latitude: 45’32°N), in L’Acadie, Quebec, 
Canada. For the PM and PMRC systems, runners were removed as the runners could not 
root and grow into a plantlet. But for the MRS, runners were kept and placed to complete 
the row as recommended by Ministere de l’Agriculture, des Pecheries et de l’Alimentation 
du Quebec (MAPAQ) [23]. White row cover over the bed was applied under PMRC and 
taken away until the fruits were formed. The mean temperature from strawberry flowering 
to harvest was 19.32°C in 2009 and 18.95°C in 2010, respectively. The total precipitation from 
strawberry flowering to harvest was 241.4 mm in 2009 and 238.7 mm in 2010, respectively.

Optimum matured fruits were harvested from each plot 2–3 times per week from mid-June 
to mid-July of each year in 2009 and 2010 for a total of 10 harvests per season. The 10 harvests 
were finally pooled into three groups representing early, mid and late harvest. Total yield and 
average fruit weight were recorded at every harvest.

Thirty fruits at optimum maturity were harvested from each plot, rapidly put in cooler and 
then brought to the laboratory, where 15 of them were used to examine the shelf life and fruit 
quality and the remaining 15 fruits were immediately cut in halves and frozen in liquid nitro-
gen. Three 40-g subsamples of each treatment were stored at −80°C for chemical composition 
analysis [24].

2.3. Sample extraction procedures

Ten grams of fresh frozen fruits from different production systems was pestled for 2 min 
with 50 mL of 50% methanol at 25°C using a Polytron blender (Brinkmann Instruments, 
Westbury, NY, USA). The mixture was filtered firstly through Whatman no. 1 filter paper and 
then through a 0.45-μm Acrodisc syringe filters (Gelman Sciences, Ann Arbor, MI, USA). The 
filtrate was finally kept at −20°C, and the extracts resulting from this step were used in the 
TPC and TAC analysis [24].
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2.4. Chemicals

The chemicals used for TPC, TAC, HPLC and ORAC are shown in Table 1.

2.5. Soluble solids content, titratable acidity and firmness

Five strawberries were selected randomly and blended thoroughly using a Supreme Juicerator 
(Acme Juicer Manufacturing Co., New Hartford, CT, USA), and the SSC of the juice was mea-
sured at room temperature with a refractometer (Abbe Mark II, Reichert-Jung, Depew, NY, USA) 
as described previously [25]. TA was measured by diluting 1 mL of strawberry juice with 9 mL of 
distilled water, adjusted to pH 8.1 using 0.1 N of NaOH (Accumet AB15 Basic pH metre; Fisher 
Scientific) as described previously [25]. Firmness was ranked from 1 (very soft) to 5 (very firm).

2.6. Fruit postharvest quality

Five fruits per replicate randomly selected from each plot were placed on Whatman no. 1 filter 
paper in open Petri dishes and left at room temperature (23°C) to evaluate postharvest deteriora-
tion. Fruit weight loss and juice leakage, fruit glossiness and the postharvest incidence of grey 
mould (Botrytis cinerea Pers.) were monitored daily until the fruits were considered non market-
able. Fruit weight loss was calculated according to Wang et al. [26] using the following method:

  Weight loss =  weight  day x   −  weight  day x+1  .  (1)

where weightday x is the total weight of the five tested berries in each Petri dish and  
weightday x+1 is the total weight of the same five berries day after.

The fruit juice leakage was ranked from 1 (‘no leak or juice loss’) to 4 (‘significant fruit leak 
or juice loss’), fruit glossiness was ranked from 1 (‘dull’) to 3 (‘shiny’), and presences of grey 
mould were ranked from 1 (‘no disease’) to 5 (‘the presence of mould’) [24].

Procedure Chemicals Company

TPC and TAC Gallic acid, ferric chloride, sodium 
acetate, hydrochloric acid, sodium 
carbonate, 2,4,6-Tri(2-pyridyl)-1,3,5-
triazine and the Folin-Ciocalteu reagent

Sigma Chemical Co. (St. Louis, MO, 
USA)

HPLC gallic acid, p-Coumaric acid, 
m-Coumaric acid, o-Coumaric acid, 
kaempferol-3-glucoside, quercetin-3-
glucoside, cyanidin-3-glucoside and 
pelargonidin-3-glucoside

Sigma Chemical Co. (Oakville, ON, 
Canada)

Ellagic acid and 
pelargonidin-3-rutinoside

Apin Chemicals (Abingdon, UK)

ORAC 2,2-Azobis(2-methylpropionamidine) 
dihydrochloride (AAPH), fluorescein 
disodium and 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid 
(Trolox)

Sigma Chemical Co. (Oakville, ON, 
Canada)

Table 1. The chemicals used for TPC, TAC, HPLC and ORAC.
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2.7. Total phenolic content

The TPC was measured in accordance with the slightly modified Folin-Ciocalteu (FC) method 
[27]. In a 10-mL vial, a standard or sample extract (0.02 mL) and 0.1 mL of FC reagent were 
mixed with 1.58 mL of water for 3 min. After that, 0.3 mL of Na2CO3 (7.5%) was added, and the 
solution was allowed to stand for 30 min at 40°C. Absorption was measured at 765 nm with 
an Ultrospec 3100 pro UV/visible spectrophotometer (Fisher Scientific, Ottawa, ON, Canada). 
The result was expressed as gallic acid equivalent (GAE) in mg/g of fresh frozen weight using 
gallic acid as standard. The sample concentrations beyond 500 μg mL−1 were diluted before 
final analysis to suit the linear range of the standard curve.

2.8. Total antioxidant content

The TAC was determined by ferric reducing antioxidant power (FRAP) according to the 
method of Benzie and Strain [28]. Briefly, the FRAP reagent was freshly prepared by mix-
ing 300 mM acetate buffer (pH 3.6), 10 mM TPTZ in 40 mM HCl and 20 mM FeCl3•6H2O 
at the ratio of 10:1:1 (v/v/v). Then add 2.4 mL FRAP reagent and 80 μl of diluted sample, 
and the plate was incubated at 37°C for 4 min. The absorbance readings were taken at 593 
nm using Agilent 8453 spectrophotometer (Agilent Technologies, Waldbronn, Germany). 
The TAC value was calculated on the basis of Fe2SO4∙7H2O and expressed as micromoles of 
Fe2SO4∙7H2O equivalent per gram of fresh frozen weight.

2.9. Oxygen radical absorbance capacity (ORAC) assay

For the ORAC assay, 5 g of fresh frozen fruit from different production systems was com-
pletely pestled in 15 mL of 50% acetone using a Polytron blender (Brinkmann Instruments, 
Westbury, NY, USA). The mixture was centrifuged at 10,000 rpm for 10 min, and the superna-
tant was kept in a 1.5-mL vial at −20°C.

The ORAC assay measures the capacity of the antioxidant to prevent the oxidization of a free rad-
ical (peroxyl) in biological systems. The assay was performed as described previously [29] with a 
Synergy™ Multi-Mode Microplate Reader (Bio-Tek Instruments, Inc., Winooski, VT, USA).

2.10. HPLC analysis

Three grams of fresh frozen strawberry from different production systems was mixed with 
15 mL acetone and homogenized using a Polytron® homogenizer (Brinkmann Instruments, 
Inc., Westbury, NY, USA) for 1 min. The extracts were then filtrated through no. 1 Whatman 
filter paper and concentrated under vacuum in a water bath at 35°C with a Heidolph Laborota 
4000 rotary evaporator (Elk Grove village, IL, USA). The concentrated sample was dissolved 
in 15 mL of acidified water (3 g/100g formic acid) and then passed through a C18 Sep-Pak car-
tridge (Waters Ltd., Mississauga, ON, Canada), which was previously activated with methanol 
followed by water, and then 3 g/100 g aqueous formic acid. The anthocyanins and other phe-
nolics were then recovered with 3 mL of acidified methanol containing 3 g/100 g formic acid. 
The methanol extract was passed through a 0.45-μm Acrodisc syringe filter (Sigma Chemical 
Co., Oakville, ON, Canada), and 10 μL of each sample was injected for the HPLC analysis. All 
standards except for anthocyanins were dissolved in methanol. Anthocyanins were dissolved 
in 1 g/100g HCl in methanol [30].
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The individual phenolic compounds of berries were analysed by HPLC, using a Varian (Varian 
Inc., Palo Alto, CA, USA) HPLC system. A photodiode array detector (Model 335) and a qua-
ternary pump (Model 240) were equipped in the HPLC system. Samples were injected at 40°C, 
and the separation was performed with a reverse phase 4.6-mm Polaris C18-A column coupled 
with a 4.6-mm MetaGuard Polaris C18-A guard column (Varian Inc., Palo Alto, CA, USA). The 
mobile phase was acidified water containing 2.5 g/100g formic acid (A) and acidified methanol 
containing 2.5 g/100 g formic acid (B). The flow rate was 1.0 ml/min, with a gradient profile 
consisting of B with the following proportions (v/v) of A: 0–15 min, 15–30% B; 15–20 min, 30% 
B; 20–25 min, 30–80% B; 25–42 min, 80% B; 42–42.5 min, 80–100% B; 42.5–50.25 min, 100% B; 
and 50.25–51.25 min, 0% B. The detector was simultaneously monitoring the different groups 
of phenolics at 254, 280, 320, 350 and 510 nm. Equilibration time between samples was 15 min. 
Data were collected and analysed by Varian Workstation Star version 6.41. Total phenolic com-
pounds were divided into six groups and quantified as described in our previous work [30].

2.11. Statistical methods

Statistical analysis was performed using SAS software [31]. Data were analysed using GLM pro-
cedure, and the least significant difference (LSD) test was used for mean separation at 5% level 
when it was significant. The arcsine transformation was used for rank data before data analysis, 
and the results were presented as a rank for simplicity when the outcomes of transformed and 
non-transformed data were the same. The data from 2009 to 2010 were pooled together after 
analysing each year separately and testing the homogeneity of the experimental error.

3. Results and discussion

3.1. Effect of production systems on yield

Yield is an important characteristic that farmers considered a lot in strawberry production. 
Compared to the MRS, PMRC accelerated strawberry fruit production by 8 and 10 days 
in 2009 and 2010, respectively, followed by PM when fruits were harvested 4 and 5 days 
before MRS in 2009 and 2010, respectively, similar to those observed by Jin et al. [32]. Soria 
et al. [33] also reported that based on two consecutive cropping seasons data, plastic tunnels 
improved early marketable yield, total marketable yield and first-class fruits of strawberry. 
The increased yield and fruit size might be due to the increase in soil temperature for PM and 
PMRC. The early ripening of the fruits under PM and PMRC systems will probably generate 
a better income due to off-season production. Total yields of PM and PMRC were significantly 
lower than that of MRS, but the yield per plant of PMRC was significantly higher than PM 
and MRS (Table 2). Fruits harvested from PMRC and PM were significantly larger than those 
harvested from MRS (Table 2). This might be because of less competition between the plants 
since all the runners were removed under PM and PMRC but kept under MRS [24].

3.2. Effect of production systems on SSC, TA and firmness

SSC, TA and firmness dramatically affect strawberry fruit quality. The production systems had 
a significant effect on the SSC, TA and firmness of the strawberry fruits and the SSC increased, 
while TA and firmness decreased all through the harvest season (Table 3). PMRC significantly 
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since all the runners were removed under PM and PMRC but kept under MRS [24].

3.2. Effect of production systems on SSC, TA and firmness

SSC, TA and firmness dramatically affect strawberry fruit quality. The production systems had 
a significant effect on the SSC, TA and firmness of the strawberry fruits and the SSC increased, 
while TA and firmness decreased all through the harvest season (Table 3). PMRC significantly 
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increased the SSC, TA and firmness of the strawberry fruits at all harvests compared to PM 
and MRS (Table 3). Meanwhile PM significantly enhanced SSC and TA of strawberry fruit but 
had no effect of firmness of strawberry fruit compared to MRS (Table 3). Strawberry planted 
under PMRC produce higher-quality fruits than those without row covers, possibly because 
the microclimate under the covers was modified and the soil temperature was elevated which 
maybe result in better root establishment and advanced growth stages [20].

3.3. Effect of production systems on shelf life

Photographs of disease development and fruit juice leakage of strawberry selection ‘SJ8976-1’ 
used for shelf life, juice leakage and presences of grey mould classification are presented in 
Figure 1. ‘SJ8976-1’ has a special longer shelf life (about 9 days) after storage at room temperature 
than the commercial strawberry varieties. Production systems significantly affected strawberry 

Total yield (g m−2) Yield plant−1 (g plant−1) Average fruit weight (g)

Production systems

Matted row system 1299.14a 54.22c 9.89b

Plastic mulch 891.63b 89.16b 12.21a

Plastic mulch with row 
covers

982.99b 132.69a 13.23a

LSD0.05 113.30 24.07 1.26

LSD0.05: least significant difference at the 0.05 level.
Different lower-case letters in the same column indicate statistically significant differences between different treatments 
(p < 0.05).

Table 2. Total yield, yield per plant and average fruit weight of strawberry selection ‘SJ8976-1’ grown under three 
production systems.

Early harvest Mid harvest Late harvest

SSC (°Brix) TA (%) Firmness SSC (°Brix) TA (%) Firmness SSC (°Brix) TA (%) Firmness

Production systems

Matted row 
system

6.9b 0.75b 3.2b 7.1c 0.68b 2.4b 7.6b 0.63b 1.4b

Plastic 
mulch

7.8a 0.94a 3.2b 7.8b 0.88a 2.3b 8.4a 0.76a 1.5b

Plastic 
mulch with 
row covers

8.1a 0.87a 3.6a 8.7a 0.84a 2.8a 8.8a 0.78a 2.2a

LSD0.05 0.6 0.08 0.3 0.5 0.08 0.2 0.5 0.09 0.3

LSD0.05: least significant difference at the 0.05 level.
Different lower-case letters in the same column indicate statistically significant differences between different treatments 
(p < 0.05).

Table 3. Early-, mid- and late-harvest soluble solids content (SSC), titratable acidity (TA) and firmness of strawberry 
selection ‘SJ8976-1’ grown under three production systems.
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shelf life, including fruit weight loss, juice leakage, glossiness and presences of grey mould dur-
ing storage (Figure 2). Fruit weight loss, juice leakage and presences of grey mould after storage 
were lower, and fruit glossiness was higher for those fruits harvested from PMRC than those 
from the MRS. Significant lower fruit weight loss was observed for PMRC and PM compared 
to the MRS, and the results were more pronounced after day 7 (Figure 2A). It was interesting to 
note that PMRC had significant lower juice leakage than the MRS, but the differences between 
PMRC and PM and PM and MRS were not significant until day 11 (Figure 2B). The fruits from 
PMRC kept their glossiness longer during storage at room temperature than MRS and PM. The 
remarkable difference among different production systems was obtained at 7 days after harvest 
(Figure 2C). Similar finding was reported in Finland that plastic production systems promoted 
better shelf life [11]. No significant differences were observed between the production systems 
on the first 5 days of harvest for presences of grey mould, but significantly less grey mould 

Figure 1. Photographs of disease development and fruit juice leakage of strawberry selection ‘SJ8976-1’ used for shelf 
life, juice leakage and presences of grey mould classification.
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Figure 1. Photographs of disease development and fruit juice leakage of strawberry selection ‘SJ8976-1’ used for shelf 
life, juice leakage and presences of grey mould classification.
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were observed on fruits harvested from PMRC than those harvested from MRS and PM from 
day 7 to the end of the test when all fruits were ranked as non-marketable (Figure 2D). Lower 
grey mould incidence on fruit harvested from PMRC might be due to the higher TPC and TAC 
content of the fruits as suggested previous [25, 34] or the protection that fruits received from the 
row cover against pathogen and rainfall as suggested by Freeman and Gnayem [16].

Figure 2. Early-, mid- and late-harvest fruit weight loss (A), fruit juice leakage (B), fruit glossiness (C) and incidence of 
grey mould (D) on strawberry selection ‘SJ8976-1’ during 11 days of storage at room temperature (23°C) grown under 
three production systems. Means with the same letter within the same day were not significantly different at 0.05 level. 
◆, Matted row system; ■, plastic mulch; and ▲, plastic mulch with row covers.
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3.4. Effect of production systems on antioxidant capacity

Production systems significantly changed the TPC, TAC and ORAC, but the effects varied 
during the different harvests (Table 4). PMRC promoted TPC, TAC and ORAC of straw-
berry fruits compared to MRS throughout the harvest season. At early harvest, TPC, TAC and 
ORAC were significantly higher for PMRC than MRS, but the differences of TPC and TAC 
between PM and MRS were not significant (Table 4). At mid harvest, TPC, TAC and ORAC 
reached the peak, and PM showed a significant change of TPC and ORAC compared to MRS. 
PM showed a significant change of TAC compared to MRS until the late harvest (Table 4). 
The increase of TPC and TAC might be attributed to the changes of microenvironment tem-
perature, moisture, various enzyme activities and rhizospheric microflora of soil under the 
PMRC compared to the MRS which promoted the growth stages similar to the finding of 
Wang et al. [19] who reported that fruits from hill plasticulture had higher flavonoid contents 
and TAC than the MRS. The fruits harvested from PMRC not only showed the higher TPC 
and TAC but also the better shelf life than those from MRS in our study. The relation between 
antioxidant activity and fruit shelf life could be explained by our previous research that some 
of the antioxidants may reduce the incidence of postharvest diseases during storage and be 
responsible for postharvest quality [34]. Similar results were found by Wang and Millner [35] 
which indicated that cultural systems affected ORAC values, flavonoids and anthocyanins of 
‘Allstar’ and ‘Chandler’ strawberries. ORAC is another new method of measuring antioxidant 

Early harvest Mid harvest Late harvest

TPC (μg 
GAE g−1)

TAC 
(μmol g−1)

ORAC  
(μmol TE g−1)

TPC (μg 
GAE g−1)

TAC 
(μmol 
g−1)

ORAC 
(μmol TE 
g−1)

TPC (μg 
GAE g−1)

TAC 
(μmol 
g−1)

ORAC 
(μmol TE 
g−1)

Production systems

Matted 
row 
system

1437.9b 14.5b 20.6c 1522.8c 15.0b 22.4c 1355.8b 14.1c 21.5c

Plastic 
mulch

1521.1ab 14.7b 22.4b 1698.0b 16.4ab 24.1b 1603.3a 15.5b 22.4b

Plastic 
mulch 
with row 
covers

1610.2a 16.1a 24.3a 1867.4a 17.8a 25.2a 1631.4a 16.8a 23.6a

LSD0.05 155.8 1.2 0.9 140.4 1.5 0.9 168.6 1.0 0.8

TPC and TAC were performed in triplicate for each of three replicates in 2009 and 2010.
TPC is expressed as micrograms of gallic acid equivalent (GAE) per gramme of fresh frozen weight; TAC is expressed as 
micromoles of Fe2SO4∙7H2O equivalent per gramme of fresh frozen weight.
LSD (p < 0.05): least significant difference at the 0.05 level.
Different lower-case letters in the same column indicate statistically significant differences between different treatments 
(p < 0.05).

Table 4. Early-, mid- and late-harvest total phenolic content (TPC), total antioxidant capacity (TAC) and oxygen radical 
absorbance capacity (ORAC) of strawberry selection ‘SJ8976-1’ grown under three production systems.
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capacities in vitro. Higher ORAC value indicates higher capacity to scavenge oxygen radicals. 
In other words, fruit harvested from PMRC showed higher ORAC value, which means PMRC 
enhanced the nutritional value of strawberry fruit.

3.5. Effect of production systems on phenolic composition

Phenolic compounds, found in numerous fruits, vegetables and beverages, were not only 
providing supplemental functions in a plant’s life cycle but also offering health benefits to 
humankind. They have been viewed as potential sources of dietary constituents to prevent 
the majority of diet-related diseases such as high cholesterol, high blood pressure and obesity. 
In our study, the main phenolic compounds identified by HPLC analysis in strawberry selec-
tion ‘SJ8976-1’ were grouped into six major categories: anthocyanins, hydroxycinnamic acids, 
kaempferol, flavonols, ellagic acid and benzoic acids. Among the six categories, anthocyanins 
accounted for 53.5% of the total phenolics and turned out to be the most predominant phe-
nolic compounds. The physiological function of anthocyanin is responsible for the red colour 
of the strawberry skin and flesh. The second most abundant category was hydroxycinnamic 
acids, which accounted for 24.5% of the total phenolics, while kaempferol accounted for only 
2.2% which was the lowest percentage of the total phenolics (Table 5).

In general, the strawberry fruits harvested from PMRC represented significantly higher 
amount of total phenolics than those from MRS and PM at all the three harvests based on 
the sum of the six categories of phenolic compounds (Table 5). In detail, significantly higher 
ellagic acid was assessed in the fruits from PMRC and PM than those from MRS. PMRC 
significantly enhanced total benzoic acids in strawberry fruit compared to MRS and PM dur-
ing the early harvest, but the differences were no longer significant at mid and late harvests. 
Fruits harvested under PMRC showed significantly higher total hydroxycinnamic acids than 
MRS and PM in early harvest, and from mid to late harvest, the accumulation of hydroxy-
cinnamic acids maximized in a peak. Those fruits from PMRC had no significantly higher 
amount of flavonols than those from MRS and PM at beginning, but the amount of flavonols 
grew quickly and achieved the peak by end of mid harvest under all three production sys-
tems; at late harvest fruit from PMRC and PM presented significantly higher total flavonols 
than MRS. Moreover, during all the harvests, significantly higher total anthocyanins accumu-
lated under PMRC than the strawberry from MRS.

The modified phenolic compositions of strawberry under row covers may be primarily attrib-
uted to the elevated temperature, transmitted light spectrum and soil acidity inside the cov-
ers. Similar findings were observed in tobacco that the interaction of variety and cultural 
practices had significant effect on total polyphenols, rutin and chlorogenic acid in tobacco 
leaves [36]. Sharma et al. [37] also informed that mulching itself or combined with row covers 
had significant influence on plant physiology characteristics and berry yield of strawberry.

The subgroups of anthocyanins and hydroxycinnamic acids detected in strawberry selection 
‘SJ8976-1’ were cyanidin-3-glucoside, pelargonidin-3-glucoside, pelargonidin-3-rutinoside 
and m-Coumaric acid, o-Coumaric acid and p-Coumaric acid, respectively. m-Coumaric acid, 
varied from 38.8 to 96.0 μg/g, was the major representative of the hydroxycinnamic acids. 
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In contrast, o-Coumaric acid varied from 0.5 to 4.0 μg/g from early to late harvest accounted 
for the lowest portion of hydroxycinnamic acids. Moreover, the content of p-Coumaric acid, 
m-Coumaric acid and o-Coumaric acid was significantly promoted by PMRC at all stages 
(Table 6). Pelargonidin-3-glucoside was the dominant anthocyanin measured in strawberry 
selection ‘SJ8976-1’, while cyanidin-3-glucoside and pelargonidin-3-rutinoside were found in 
smaller amounts. PMRC significantly promoted the contents of pelargonidin-3-glucoside and 
cyanidin-3-glucoside compared to MRC, while the production systems only had the signifi-
cant effect on pelargonidin-3-rutinoside at the late harvest (Table 6).

Treatment Hydroxycinnamic acids (280 nm) Anthocyanins (510 nm)

pC mC oC C3G P3G P3R

Early harvest

Matted row 
system

2.4b 38.8b 0.5b 6.8b 89.3b 1.7a

Plastic mulch 3.0b 48.6b 0.8b 8.1b 110.4ab 2.2a

Plastic mulch 
with row cover

4.6a 62.8a 1.4a 11.8a 130.5a 2.3a

LSD0.05 0.8 10.5 0.4 2.8 25.3 0.7

Mid harvest

Matted row 
system

2.1b 46.1b 0.6b 8.9b 99.0b 2.6a

Plastic mulch 2.3b 57.6b 0.9b 14.3a 130.5a 2.4a

Plastic mulch 
with row cover

3.9a 74.7a 1.7a 16.8a 149.3a 2.8a

LSD0.05 1.0 13.4 0.5 3.3 28.0 0.5

Late harvest

Matted row 
system

3.3b 55.9c 1.1b 12.8b 128.6c 2.8b

Plastic mulch 3.8b 75.9b 1.5b 16.6a 155.7b 3.3ab

Plastic mulch 
with row cover

8.5a 96.0a 4.0a 18.1a 184.6a 3.6a

LSD0.05 1.5 14.8 1.2 2.2 21.4 0.7

Anthocyanins were quantified using cyanidin-3-glucoside (C3G), pelargonidin-3-glucoside (P3G) and pelargonidin-
3-rutinoside (P3R); hydroxycinnamic acids were quantified using p-Coumaric acid (pC), m-Coumaric acid (mC) and 
o-Coumaric acid (oC); kaempferol was quantified using kaempferol-3-glucoside (K3G); flavonols were quantified 
using quercetin-3-galactoside; benzoic acids were quantified using gallic acid, and the authentic standard was used for 
ellagic acid.
LSD (p < 0.05): least significant difference at the 0.05 level.
Different lower-case letters in the same column indicate statistically significant differences between different treatments 
(p < 0.05).

Table 6. Early-, mid- and late-harvest phenolic composition (μg g−1 fresh frozen weight) of strawberry selection ‘SJ8976-1’ 
grown under three production systems.
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These results are congruent with the findings of other researchers who indicated that 
significantly higher amounts of cyanidin-3-glycoside and pelargonidin-3-glycoside were 
assessed in strawberry fruits from hill plasticulture in comparison to MRS [19]. The con-
secutive experiment by Wang et al. also indicated that pelargonidin was the predominant 
anthocyanin in strawberry fruits [26]. Furthermore, the increased antioxidant capac-
ity and phenolic compositions in berries may offer higher nutritional values to human-
kind [4, 30].

4. Conclusion

In summary, PMRC advanced fruit maturity and improved average fruit weight compared to 
MRS. SSC, TA and firmness of the strawberry fruits from PMRC were significantly increased 
at all harvests. Fruit weight loss, juice leakage and presences of grey mould were lower, and 
fruit glossiness was higher for those harvested under PMRC than those from MRS. TPC, TAC 
as well as ORAC of strawberry were significantly changed under different production sys-
tems. The phenolic compounds assessed in strawberry were grouped into six major catego-
ries, which were anthocyanins, kaempferol, flavonols, hydroxycinnamic acids, ellagic acid 
and benzoic acids.

Our results can provide useful insight to growers in north cooler climate because PMRC not 
only accelerates strawberry fruit ripening but also ameliorates fruit quality by improving 
nutritional value. PMRC could be a recommended alternative of MRS.
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Abstract

Among the cereals most consumed by humans, maize grain is in the third position, sur‐
passed only by rice and wheat. In several countries, maize grain is the main source of 
carbohydrates and proteins. Maize grain is ranked as one of the cereals with the highest 
content of phenolic compounds. The importance for human health of the consumption of 
phenolic compounds is due to their proved antioxidant activity. Diets with high amount 
of antioxidants have been associated with a reduced probability of suffering degenera‐
tive chronic diseases. In maize grain, the phenolic acids predominate, among which the 
main is ferulic acid, followed by p‐coumaric acid, which are highly abundant in their 
bound forms. However, other phenolics such as anthocyanins, flavonols, and flavanols 
have been identified in colored maize grains. Additionally, the processing of maize grain 
into different products for human consumption incorporates changes both in quantity 
and quality of some phenolic compounds. In the present chapter, we present the most 
recent information available regarding phenolic compounds in maize grain and their 
nixtamalized products.

Keywords: Zea mays L., phenolic acids, flavonoids, nixtamalization, tortilla

1. Introduction

Phenolic compounds are widely distributed in plants as products of their secondary metabo‐
lism; they are produced during plant development and some are of vital importance for their 
adequate functioning and interaction with the environment while others are synthesized in 
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response to stress conditions such as infections, injuries, ultraviolet radiation, among others 
[1, 2]. Furthermore, phenolic compounds serve as defense mechanisms since many of them 
display antifeedant and antipathogenic properties [3], which contribute to their adaptation to 
different environments. The presence of phenolic compounds in different plant foods contrib‐
utes to their distinctive characteristics and to its flavor and color. They can be found in solu‐
ble/free and bound/insoluble form. In maize grain the highest amount of phenolics (98.9%) 
is present in the insoluble fraction, and the remainder in the soluble fraction [4]. However, it 
is the soluble fraction that shows the greater chemical diversity, which depends on the color 
of the grain. The goal of this document is to provide a review of the various phenolic com‐
pounds present in maize grains of different colors, and the changes that occur when the grain 
is subject to nixtamalization processing for the elaboration of tortillas and all the diversity of 
nixtamalized products consumed in Mexico and in many other parts of the world.

2. The phenolic compounds

The biosynthesis of these compounds occurs via the shikimate pathway, from the amino acids 
phenylalanine and tyrosine and the participation of the enzyme phenylalanine ammonia lyase 
(PAL) that catalyzes the removal of the ammonia residue of the amino acids phenylalanine 
and tyrosine to produce cinnamic acid and 4‐coumaric acid, respectively [5]. Both compounds 
further enter the phenylpropanoid pathway and it is within the various branches of this path‐
way where the great diversity of phenolic compounds so far identified is synthesized.

Regarding their chemical structure, phenolic compounds possess at least one aromatic ring 
with one or more hydroxyl groups, including their functional derivatives [6]. The polyphe‐
nols are within the group of phenolic compounds, which according to Quideau et al. [7], the 
term “phenolics” should be used to define compounds derived exclusively from the shiki‐
mate/phenylpropanoid pathway and/or the route of polyketides, which include more than 
one phenolic unit (phenol). This restriction is necessary because substances from alternative 
metabolic pathways may also present more than one phenolic unit. In literature, the term 
polyphenols and phenolic compounds are often encountered, however, if the former term 
is used it would not include the phenolic acids, as their structure contains only one phenol. 
Therefore, throughout this work we will use the term “phenolic compounds” as we will be 
commenting on some flavonoids and phenolic acids.

The complexity of the phenolic compounds ranges from simple molecules as phenolic acids 
to highly polymerized compounds as tannins. Phenolic compounds are present in plants in 
conjugated form with one or more sugar residues bound to the hydroxyl groups, although in 
some cases direct connections between a sugar molecule and an aromatic carbon may occur. 
The most common way to find them in nature is as glycosides, conferring them solubility in 
water and in organic solvents. All phenolic compounds exhibit strong absorption in the UV 
spectral region, and some colorful phenolic compounds absorb in the visible region as well [8].

Phenolic compounds can be classified in various ways, one proposed by Harborne and 
Simmonds [9] considers the number of carbons contained in their molecule. According to this 
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criterion a total of 20 different groups of phenolic compounds are considered, where simple 
phenols are the simplest and the phlobaphenes are the most complex group [10]. Another 
criterion is used by Shahidi and Naczk [6], which classifies groups of compounds based on 
their complexity. Figure 1 illustrates this classification.

3. Phenolic compounds in maize grain

Phenolic acids are the main phenolics in maize grain; however, other compounds like pheno‐
lic amines and some flavonoids have also been described [11]. The most abundant phenolic 
acids are ferulic and p‐coumaric, which may be in their isomeric form cis or trans, the most 
common being the trans form. Both acids are present in soluble form or bound to cell wall 
components. Ferulic acid (3‐methoxy‐4‐hydroxycinnamic acid) is the most abundant in the 
cell wall of monocots and is found in all fractions of the maize grain, but most abundantly in 
the pericarp and the aleurone layer. Chemically it is mostly ester‐linked to plant cell wall com‐
ponents, hemicellulose chains, mainly in the arabinose residues, but it can also be polymer‐
ized in lignin by ether linkages [12]. When ferulic acid is oxidized, it forms dimers or trimers, 
which after being hydrolyzed, are capable of forming gels when linked to two pentosans or 
protein molecules.

Figure 1. General classification of phenolic compounds (adapted from Shahidi and Nazck [6]).
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Among the flavonoids present in maize grain are the flavonols, anthocyanins, and proanthocya‐
nidins. Das and Singh [13] reported the presence of quercetin and kaempferol (flavonols) in 
the germ and pericarp of quality protein maize (QPM), popcorn and sweet corn. Meanwhile, 
Ramos et al. [14] reported the presence of kaempferol and morin in purple maize grains. The 
chemical structures of some phenolic compounds present in maize grain are shown in Figure 2.

Phenolic amines were initially identified in the pericarp of white maize grain by Sen et al. [15], who 
associated their presence with tolerance to storage pests; recently, Collison et al. [16] reported that 
the phenolic amines: N‐N′‐dicoumaroylspermidine, N‐coumaroyl‐N′‐feruloylputrescine, and 
N‐N′‐diferuloylputrescine were the most abundant soluble phenolics in the methanolic extract of 
nixtamalized grains from red, blue, and purple maize grain. It is not known for sure what is the 
role of phenolic amines in maize grain.

3.1. Soluble phenolic compounds

These compounds correspond to those obtained by treating a given sample size of ground 
maize grain to extraction with an organic solvent, typically aqueous solutions of methanol or 
ethanol. Quantification is performed by the Folin‐Ciocalteau method [17]. The identification 
of the different types of phenolic compounds is achieved by high‐resolution liquid chroma‐
tography (HPLC) when standards are available or by means of mass spectrometry (MS). The 

Figure 2. Phenolic compounds identified in white and pigmented maize grains.
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position in which the different moieties of the molecule are attached is elucidated by nuclear 
magnetic resonance (NMR) techniques.

3.1.1. Phenolic acids

Phenolic acids can be found in maize grain in soluble and insoluble form. The soluble fraction 
is also known as free, although in a strict sense, in this fraction phenolic acids can be present 
in their free soluble forms, glycosylated or esterified. This fraction is very small compared 
to the insoluble or bound fraction. However, the fraction of soluble phenolic acids is more 
diverse than the insoluble, particularly in the grains containing anthocyanin‐type pigments. 
Phenolic acids that occur in maize grain are derived from both benzoic acid and cinnamic 
acid. The chemical structures of the most common are shown in Figure 3.

Among the phenolic acids present as soluble form in the maize grain are p‐hydroxybenzoic, 
vanillic, and protocatechuic, all derived from benzoic acid. The first two have been reported in 
the pericarp of popcorn and in the germ of QPM, as well as in baby corn, with greater abun‐
dance of p‐hydroxybenzoic [18]. In the grain of purple maize the presence of protocatechuic, 
vanillic acid, and p‐coumaric has been reported in amounts of 14.61 ± 0.08 and 8.46 ± 0.09 mg 
equivalents of ferulic acid/g sample for the former two acids, whereas the latter was found 
only in trace amounts [19]. Meanwhile, Sosulski et al. [20] identified in yellow maize flour, in 
addition to the previously mentioned acids, p‐coumaric, ferulic, and syringic acids in the free 
phenolic fraction. This fraction was much smaller than the soluble esterified phenolic fraction, 
in which ferulic and syringic acids predominated. Table 1 shows the reported concentrations 
of some phenolic acids in maize grain of different colors.

3.1.2. Flavonoids

They are phenolic compounds that form a very large group of which more than 5000 differ‐
ent members have been identified [21], many of which possess important biological activities 
such as antioxidant, antimutagenic, and microbicidal. Different types of flavonoids have been 
identified in colored maize grain with anthocyanin‐type pigments. They can be found free 

Figure 3. Phenolic acids in the maize grain. (A) Benzoic acid derivatives and (B) cinnamic acid derivatives.
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or in conjugated forms [22]. These compounds are very susceptible to hydrolysis and some 
losses may occur during their analysis. The presence of these phenolic has been reported in 
maize grains with anthocyanin‐type pigments and the flavonoids reported are anthocyanins, 
flavonols, and proanthocyanins (flavan 3‐ols).

3.1.2.1. Anthocyanins

Anthocyanins are a class of water‐soluble flavonoids that are visible to the naked eyes. They 
are glycosides of polyhydroxy and polymethoxy derivates of 2‐phenylbenzopyrylium or fla‐
vylium salts and are responsible for the red, purple, and blue colors of many fruits, vegetables, 
and cereal grains [23]. In maize grain, they are located in the pericarp, the aleurone layer, or in 
both structures [24]. Anthocyanins have sugars attached to the B‐ring at the 3′ and 5′‐hydroxyl 
position. The two most important types of glucosides are 3‐monoglycoside and 3‐4‐diglyco‐
side. As a rule, the 3‐hydroxyl always has a sugar, except in 3‐desoxypelargonidin, 3‐desoxy‐
cyanidin, and 3‐desoxydelphinidin [25]. The basic structure of the anthocyanidins present in 
maize grain is shown in Figure 4.

3.1.2.2. Flavonols and proanthocyanidins

In the grain of blue maize, derivatives from quercetin have been reported [27], while in the 
grain of purple maize, in addition to these derivatives, morin and kaempferol have also been 
identified and quantified [14]. These flavonols have not been reported in white maize grain, 
whereas in yellow maize grain, quercetin and kaempferol have been reported to be present in 
trace amounts [13]. Within the group of proanthocyanidins, only catechin has been reported 
to be present in the blue maize grain of Mexican and American origins [27].

3.2. Insoluble or bounded phenolic compounds

Insoluble phenolics from maize grain are those obtained from alkaline hydrolysis of the sam‐
ple residue once soluble phenolics have been removed. The pH of the hydrolyzed sample 
is adjusted to 2 and liquid‐liquid extractions with ethyl acetate are used to recover them. 
The total content is quantified by the Folin‐Ciocalteau assay. They can also be analyzed by 
HPLC‐DAD techniques or HPLC/MS/MS for a complete identification of the different pheno‐
lics present in this fraction.

Figure 4. Basic structure of the anthocyanidins (aglycons) present in maize grain (adapted from Rodríguez and 
Wrolstad [26]).
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3.2.1. Ferulic acid and diferulates

Most of the phenolic acids in maize grain are found in the bound form and in this fraction, 
the ferulic acid (4‐hydroxy‐3‐methoxycinnamate) predominates. It is found esterified to arabi‐
noxylans from the hemicelluloses in the cell wall of the various structures of the maize kernel. 
Most of this acid in its free form is present in the germ, while its bound form is concentrated 
in the grain pericarp [18]. As noted above, the ferulic acid is mainly esterified to cell wall com‐
ponents. In the free form, it can be also found conjugated to different molecules, among which 
the most common are simple sugars and some amines [15, 16].

3.2.2. p‐coumaric acid

After ferulic acid, the second most abundant phenolic compound in maize grain is p‐cou‐
maric acid. It is present in both forms, the soluble phenolic fraction and the insoluble, with 
greater presence in the latter. In the insoluble fraction it is mainly linked to lignin, and to 
a lesser extent to polysaccharides embedded in the cell wall [28]. In the soluble fraction of 
purple maize the value reported for this acid is 34.1 mg/100 g DW, and for the phenolic insol‐
uble fraction is 573.4 mg/100 g DW. Surprisingly, ferulic acid values reported in the insoluble 
fraction of this maize were significantly lower (154.2 mg/100 g DW) compared to the amount 
of p‐coumaric acid [29].

4. Phenolic compounds in maize by grain color

The content and type of phenolic compounds in the maize grain will vary depending on the 
color of the grain, the genetic origin, and the extraction method used. In the latter factor is 
determining if technologies such as ultrasound and microwave to favor extraction are used, 
in addition to the type of solvent used to extract them. Table 2 contains information regard‐
ing the amount of free or bound soluble and insoluble phenolics found in maize grain. The 
data show very large differences in the reported values by different authors for the same 
maize grain color. This is undoubtedly due to the genetic variability of the biological material 
itself. Furthermore, in some works as that of Montilla et al. [29], the extraction of the insoluble 
phenolic was performed sequentially with three different hydrolysis methods and finally the 
phenolic compounds recovered from each were added. This method differs from what has 
been done, for example, by López‐Martínez et al. [30], who performed alkaline hydrolysis 
and recovered the phenolics by liquid‐liquid extraction with ethyl acetate, which is the most 
common method applied. Under this method, the authors reported very different values in 
four samples of purple grain of different genetic background.

4.1. White maize grain

In white maize grain, differences in total phenolic content (solubles + insolubles) due to grain 
hardness are present. These differences are supported by the role of ferulic acid to provide 
strength to the cell wall of different grain structures. But also, each botanical grain structure 
has a content and a particularly phenolic profile, which is associated with its functionality.
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4.1.1. Differences by grain hardness

Few studies have studied the relationship between the hardness of the maize grain and its phe‐
nolic content. The hardness of the grain is a widely studied aspect, because of the importance 
that this feature has for the different processes to which maize grains are subject to obtain the 
myriad of products derived from it [32]. Among the literature on the matter, Cabrera‐Soto et al. 
[33] analyzed the soluble and insoluble phenolic fractions in the grain of seven maize hybrids of 
different hardness. The authors observed a significant positive correlation between the values of 
soluble esterified phenolics in the three grain structures (pericarp, germ, and endosperm) and 
the grain hardness. In the study by Chiremba et al. [34] in maize and sorghum, a higher content 
of phenolic acids in grains of greater hardness was observed, however, the correlation between 
the content of these phenolics and hardness was higher in maize grains than in sorghum grains.

4.1.2. Differences by grain botanical structure

Phenolic compounds are distributed in all maize grain structures, however, their concentra‐
tion and type varies among them. Several studies using fluorescent techniques have reported 
that the pericarp is the structure with the highest concentration of phenolics, followed by the 
germ and the endosperm [15].

Pericarp. The pericarp of maize grain is a rich source of phenolics, mainly in their bound form. 
However, a minor amount of phenolics can also be present in their free form. The main phe‐
nolic in the bound form is ferulic acid, followed by p‐coumaric and sinapic acids. Several free 
phenolic acids reported in this structure are ferulic (in its conjugated form), vanillic, caffeic, 
p‐coumaric, and p‐hydroxybenzoic. However, the abundance of each one varied according to 
the maize type [18].

Maize grain 
color

(µg GAE/g DW) References
FP SGP SEP IP TP

Yellow 61.7 ± 0.3 163.5 ± 9.1 254.7 ± 44.2 2331.5 ± 103.3 2811.4 ± Xu et al. [31]

Yellow 1040 ± 22.0 4470.0 ± 43 5510 ± 38 López‐Martínez 
et al. [30]

White 334 ± 15 1360 ± 32 1700 ± 11 López‐Martínez 
et al. [30]

White 347.0 ± 4.0 2260 ± 63 2607 ± 61 De la Parra et 
al. [48]

Purple 821.0 5296.0 6117.0 Montilla et al. 
[29]

Purple 837–6800 3810–27,200 4650–34,000 López‐Martínez 
et al. [30]

Blue 455 ± 5 2207 ± 5 2662 ± 7 De la Parra et 
al. [48]

FP: free phenolics; SGP: soluble glycosylated phenolics; SEP: soluble esterified phenolics; IP: insoluble phenolics; 
TP: total phenolics; GAE: gallic acid equivalents; DW: dry weight.

Table 2. Contents of soluble and insoluble phenolic compounds in maize grain with different colors.
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Most of the ferulic acid in the pericarp of the maize grain is linked by ester bonds to 
cell wall polysaccharides [35]. Nonetheless, they are also present in the form of dehy‐
drodimers originating from the oxidative coupling of ferulate esters by means of the 
enzyme peroxidase. The diferulates that have been identified in maize grain are 8,5′‐dife‐
rulic acid, 8,O,4′‐diferulic acid, 8‐8‐diferulic acid, 4‐O‐5‐diferulic acid, and 5.5′‐diferulic 
acid [35], of which the most abundant is the first one [26]. The diferulates are linked 
to the arabinoxylans of the polymers that form the cell wall [36]. The resistance of the 
pericarp cells is attributed to the presence of these compounds and their abundance 
has been associated to resistance toward the development of fumonisins [37, 38] and 
tolerance to warehouse pests [15, 39]. The presence of ferulic acid dehydrotrimers was 
reported by Rouau et al. [40] in maize bran, which is a fraction that is composed of rem‐
nants of pericarp and aleurone layer. Until now, seven different ferulic acid dehydro‐
trimers have been identified [35]. The different ways in which ferulic acid is integrated 
into the cell wall components contributes to the formation of networks that support the 
resistance of this structure whose main function is to isolate and protect the grain from 
external agents.

The type of maize affects the values reported for total soluble phenolics in the grain peri‐
carp. In dent maize grain, Cabrera‐Soto et al. [33] reported a variation of 232.4–334.0 mg 
EAG/g DW in seven different maize varieties. In cornpop, Das and Singh [18] observed 
a value of 13.1 ± 0.66 µmol of FAE/g of DW, while the value for QPM maize was of 15.9 ± 
0.28. Insoluble phenolic content (IPs) in this structure is between 18 and 21 times that of 
soluble phenolics (SPs). Das and Singh [13] reported values of SPs of 11.9 and 10.4 µmol of 
FAE/g of DW in the pericarp of dent and crystalline maize types, respectively: the values 
of IPs were 218.6 and 219.4 µmol of FAE/g of DW, for the same maize grains. In the SPs 
fraction, the phenolic acids presented were vanillic, caffeic, ferulic, and p‐coumaric, with 
predominance of the latter; in IPs, ferulic acid represented between 40 and 50% of this 
fraction.

In maize grain with presence of anthocyanin pigments in the pericarp, the SPs content is 
commonly higher than the values observed in white maize grain. This is due to the presence 
of anthocyanins that occurred mainly in soluble form, because the amount of bounded antho‐
cyanins reported is very low [29].

Germ. The germ concentrated the highest content of soluble phenolics of the maize grain 
structures. In seven varieties of white maize grain, Cabrera‐Soto et al. [33] reported in the germ 
values of 499.1–689.2 µg GAE/g DW; in the pericarp, the values were of 232.4–334.1 µg GAE/g 
DW, while in the endosperm, they reported values of 124.1–194.0 µg GAE/g DW. Meanwhile, 
Das and Singh [13] reported 14.2 ± 0.3 for germ, 11.9 ± 1.1 for pericarp, and 0.4 ± 0.02 µmol of 
FAE/g of DW, in one sample of dent maize grain. In the germ, the phenolic acids: 3‐hydroxy‐
benzoic acid, caffeic, p‐coumaric, ferulic in itsr cis and trans forms, and salicylic have been 
reported. Ferulic acid predominates in its esterified soluble form [41].

Endosperm. The concentration of phenolic compounds in this structure is very low. Cabrera‐
Soto et al. [33] reported values of 124.1–194.0 µg GAE/g DW. The amount of IPs is also mar‐
ginal since it is less than 2% of that present in the pericarp and 3.56% of that contained in the 
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germ. However, the endosperm represents 80–85% of the total weight of the grain, so its total 
contribution is close to that of the germ.

4.2. Pigmented maize grain

4.2.1. Blue/purple grain

The purple grain maize is the most studied with respect to the phenolic compounds because 
it is highly used for pigments extraction with application in foods [41–43]. In purple maize 
grain the phenolic acids have been reported: protocatechuic, vanillic, and p‐coumaric acid, 
besides four hydroxycinnamic acid derivatives [19]. Additionally, Ramos et al. [14] found 
in purple maize grain the following phenolic acids: chlorogenic, caffeic, and ferulic. Of the 
flavonoids present in purple maize grain, the anthocyanins are the most abundant. Ramos et 
al. [14] reported values of 2.76 ± 0.05 g of cyanidin‐3‐glucoside (C3G)/kg DW, meanwhile for 
flavonols and flavanols the values observed were of 0.41 ± 0.02 g of rutin equivalents (RE)/kg 
of DW and 0.23 ± 0.01 g of catechin equivalents (CE)/kg of DW, respectively. Other flavonoids 
described in this maize grain color were rutin, morin, quercetin, naringenin, and kaempferol. 
Others phenolic compounds that have been identified in purple maize grain are those result‐
ing from the condensation of flavanols (catechin or epicatechin) and anthocyanins. Some of 
these compounds are catechin‐(4,8)‐cyanidin‐3‐glucoside, catechin‐(4,8)‐peonidin‐3‐gluco‐
side, catechin‐(4,8)‐pelargonidin‐3‐glucoside, and the corresponding derivatives in which the 
epicatechin is the flavonol attached [44].

4.2.2. Red grain

The red maize grain like the blue maize is especially high in phenolic compounds as com‐
pared to light colored maize genotypes. The average value of total phenolics for these grains 
is of 6056.9 mg/kg DW. The most abundant phenolic acids identified in red maize grain are 
ferulic and p‐cumaric [22].

In Table 3, the total anthocyanins content (TAC) for different grain colors and the predomi‐
nant anthocyanins in each sample are shown. It should be clarified that, within the same 
shade of grain color, different intensities may be present, which are evidenced by the different 
contents of total anthocyanins of grains of a similar shade.

Maize grain color TAC* Main anthocyanins Reference

Red 85.2 ± 2.2 Cyanidin‐3‐glucoside
Cyanidin‐3,6‐malonylglucoside
Peonidin‐3,6‐EthylMalonylGlucoside
Pelargonidin‐3,6‐Ethy‐MalonylGlucoside

Zilic et al. [22]
López‐Martínez et al. [30]

Red 9.75 ± 0.44 De La Parra et al. [48]

Blue 99.5 ± 1.8 Cyanidin‐3‐glucoside
Pelargonidin‐3‐glucoside
Peonidin‐3‐glucoside

López‐Martínez et al. [30]

Blue 36.87 ± 0.71 Pedreschi and Cisneros [19]
De La Parra et al. [48]

* Concentration expressed in mg cyanidin‐3‐glucoside/100 g of sample.

Table 3. Anthocyanins content and main anthocyanins presented in the maize grain with different colors.
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5. Changes of phenolic compounds during processing (nixtamalization) 
of maize grain

Nixtamalization results in multiple changes in the chemical components of the maize grain. Under 
the traditional process, the cooking water has high pH (∼12) which hydrolyzes the ester bond by 
which ferulic acid is linked to cell wall components. The grain structure that is mostly affected 
by this process is the pericarp, which becomes partially or fully hydrolyzed [45, 46]. As the most 
abundant phenolic in the grain, the hydrolysis of the ester linkage between the ferulic acid and 
the cell wall components causes the soluble fraction to be higher in nixtamalized maize products 
relative to that found in the whole grain, white maize. However, in colored maize that contains 
anthocyanin pigments, the soluble fraction is reduced due to the significant loss of anthocyanins 
[47–49]. According to the information presented in Table 4, in white maize grain soluble pheno‐
lics increase by about 26% when the grains are processed into tortillas, while in red maize grain, 
they are reduced by 20%. The magnitude of the reduction varies according to the grain color and 
the origin of the genetic material. The cooking of the tortilla results in an additional loss of pheno‐
lic compounds, but much less significant that resulting from nixtamalization [47].

When nixtamalization is performed by the extrusion method, total phenolic losses in maize 
grain are lower than those resulting from the traditional method [49]. The differences were 

Phenolic 
compounds in 
maize grain

SP IP TP Ferulic References
(mg GAE/100 g  
DW)

(mg FAE/100 g 
DW)

WG

Raw 34.7 ± 0.4 226.0 ± 6.3 260.7 ± 6.1 120.45 De la Parra et al. [48]

Tortilla 47.2 ± 1.8 119.0 ± 6.2 166.2 ± 6.2 85.16

Raw 167.4 474.49 Mora‐Rochin et al. [49]

Tortilla 85.4 101.66

RG

Raw 38.2 ± 0.4 205.6 ± 4.5 243.8 ± 4.6 130.3 De la Parra et al. [48]

Tortilla 30.5 ± 0.7 106.0 ± 3.6 136.5 ± 2.9 73.83

Raw 149.2 532.16 Mora‐Rochin et al. [49]

Tortilla 89.8 208.12

BG

Raw 45.5 ± 0.5 220.7 ± 0.5 266.2 ± 0.7 123.01 De la Parra et al. [47]

Tortilla 39.1 ± 1.5 122.7 ± 0.6 161.8 ± 2.1 101.36

Raw 140.1 336.49 Mora‐Rochin et al. [49]

Tortilla 86.3 187.79

SP: soluble phenolics; IP: insoluble phenolics; TP: total phenolics; WG: white grain; RG: red grain; BG: blue grain.

Table 4. Phenolic compounds in raw grain and tortillas obtained by the traditional nixtamalization process, from maize 
grains with different colors.
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attributed to the fact that the extrusion method does not produce losses from hydrolyzed 
pericarp, and there is no leaching of phenolics.

Of the phenolic acids present in maize grain, the changes in ferulic acid have been monitored, 
as the most abundant member of this group. In white maize grain, the losses of this acid in 
the process of going from grain to tortillas are between 20 and 30%; nevertheless, in red maize 
grain they are higher and account between 44 and 60%, while in the blue maize grain they 
represent 18–45%, according to the information shown in Table 4. It is probable that the high 
losses of ferulic acid observed in red or blue maize grain may be a result of the maize varieties 
used in the studies that have a floury grain, which is very likely to occur if the maize used were 
native of Mexico. Floury maize generally has a thinner pericarp as compared to that of hard 
grains, and thus during nixtamalization the grain is hydrated faster than hard grain. Thinner 
pericarps could favor the hydrolysis of the ester bond that keeps the ferulic acid linked to cell 
wall components, and thus the acid is leached to the cooking water, known as nejayote. There 
are no reports on contents of ferulic acid in the nejayote of maize of different grain hard‐
ness, processed under the same nixtamalization method. In addition, when cooking times are 
adjusted to achieve optimal nixtamalization for each type of maize, the values of ferulic acid 
found in nejayote relate more to the cooking length than with grain hardness [50] and have 
values of ferulic acid content greater than those found in the grain and the masa for tortillas.

6. Conclusions

Phenolic compounds are present in the maize grain in free or soluble and bound or insoluble 
form. The insoluble fraction is the most abundant, but the most chemically diverse is the 
soluble fraction. There exists greater diversity of phenolic compounds in the grain of maize 
with anthocyanin‐type pigments than in the white maize grain. Phenolic acids are the most 
abundant phenolic compounds in maize grain, followed by flavonoids, particularly antho‐
cyanins in the blue red and purple maize grain. Phenolic amines are present in the pericarp 
of white maize grain and grain containing anthocyanin pigments, being most abundant in the 
latter. Nixtamalization significantly reduces the content of phenolics present in maize grain, 
in white grain maize, they are lost mainly as ferulic acid, while in the maize grain that con‐
tains anthocyanin pigments, in addition to ferulic acid, anthocyanins are almost entirely lost.
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Abstract

Smilax (Smilacaceae) is a genus of about 350 species, found in temperate, tropical and 
subtropical zones worldwide. The plants belonging to this genus are found throughout 
Asia, Europe, Oceania and the Americas. Species of the genus Smilax commonly called 
sarsaparilla are characterized as climbers, with long, thin thorny stem. The branches have 
tendrils which attach to other plants or objects and grow steadily upward. The roots of 
these plants have been used for centuries in Asia and the Americas as a tonic, diuretic 
and sudorific. The rhizome, roots, stems and leaves of sarsaparilla are used in traditional 
medicine. In the scientific literature, there are several reports on immunomodulatory 
properties, anticonvulsant, antibacterial, antifungal, anticancer, antidiabetic and antioxi-
dant properties. However, there are no reports which explain the antioxidant activity of 
sarsaparilla extracts as a function of phenolic compound structures, such as flavonoids 
and phenylpropanoids. In this chapter, the relevance of phenolic chemical structure in 
antioxidant and anticancer activity of sarsaparilla extracts will be described. Special 
emphasis is placed on phenylpropanoid glycosides that consist of a sucrose core. These 
compounds are evidence of chemotaxonomy in the genus Smilax.

Keywords: Smilax, phenolic compounds, antioxidant activity, anticancer activity, 
phenylpropanoids, flavonoids

1. Introduction

The genus Smilax (Smilacaceae), commonly called sarsaparilla, consists of about 350 species. 
About 79 species are natives of China, 24 species are from India and 29 species are from 
Central America. The plants of this genus are climbers, have long, thin, thorny stems and have 
tendrils which attach to other plants or objects to climb steadily (Figure 1).

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



The rhizome, roots, stems and, occasionally, leaves of sarsaparilla are used as food and in tra-
ditional medicine. These plants are known to have immunomodulatory, antioxidant, antibac-
terial, antifungal and diuretic properties. Additionally, they are used for relief from climatery 
[1]. Also, the genus Smilax has pharmacological properties and is used to treat different types 
of cancer, diabetes, skin diseases, ulcers, as well as fever, gout and ophthalmic diseases [2].

In recent years, interest in the study of the genus Smilax has increased, mainly in Europe and 
Asia, due to the presence of phenolic compounds. Some species have also proven effective in 
the prevention and treatment of several cancers. In addition, extracts from the genus Smilax 
exhibit pro-apoptotic activity and antioxidant activity [3].

There are reports about the antioxidant property expressed as DPPH• radical scavenging 
activity of species of the genus Smilax, as Smilax bockii [4], Smilax campestris [5], Smilax glabra [6], 
Smilax lanceifolia [7], Smilax perfoliata [8], Smilax riparia [9], Smilax scobinicaulis [10] and Smilax 
sebeana [11]. This property is attributed to phenolic compounds such as stilbenes, flavones, 

Figure 1. (A) S. bracteata, (B) S. china, (C) S. fluminensis, (D) S. glyciphylla, images from https://www.inaturalist.org/taxa. 
(E) S. campestris, image courtesy of Mauricio Bonifacino Ph.D. (Universidad de la República, Montevideo, Uruguay). 
(F)–(I) S. domingensis.
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flavanones, flavonols, smilasides, smiglasides and helionosides, among others. Phenolic com-
pounds have a unique chemical structure for stabilizing free radicals in an aromatic system. 
Flavonoids and stilbenes have been identified as beneficial agents for the treatment of various 
diseases such as cardiovascular and neurodegenerative diseases, as well as cancers [12].

Therefore, this review will describe Smilax species that have been studied for their antioxi-
dant and anticancer properties with special emphasis on reports of phenolic compounds such 
as smilasides, smiglasides and helionosides. These compounds are phenols with antioxidant 
activity and are constituted of a sucrose substituted with feruloyl and coumaril groups. These 
three groups of compounds are evidence of chemotaxonomy in genus Smilax.

2. Genus Smilax

The review is organized by species, and the principal uses in traditional medicine for every 
species discussed are described. The methods of extraction and purification of phenolic com-
pounds are briefly mentioned. Also, the methods used to evaluate antioxidant and anticancer 
activities are discussed. Various reports make evident the diversity of the chemical structure 
of phenolic compounds and their relation to corresponding biological properties.

2.1. Smilax aspera

Smilax aspera has been used to treat diseases such as syphilis, rheumatism and diabetes, and 
as an antioxidant to reduce the discomforts of menopause [13].

Longo et al. isolated and identified anthocyanins from the skin of S. aspera berries [14]. 
The anthocyanins were extracted with 0.1% HCl (v/v) in methanol. Then, the extract was 
carried to clean process using solid phase extraction (SPE) of reverse phase C-18. This clean 
process allowed the removal of sugars, acids and other water-soluble compounds. Finally, 
the  fraction, with a large quantity of phenolic compounds, was subjected to chromato gra
phic  purification by High-Performance Liquid Chromatography-Diode Array Detector-Mass 
Spectrometry (HPLC-DAD-MS). The result of this study was the isolation and characteriza-
tion of four anthocyanins: two pelargonidins (1, 3) and two cyanidins (2, 4) (Figure 2) [14]. 
The principal anthocyanin was identified as pelargonidin 3O-rutinoside. The anthocyanins 
are responsible for the color of the S. aspera fruits.

2.2. Smilax bockii

S. bockii is a plant used in traditional Chinese medicine with antiinflammatory and anti
rheumatic properties. Xu et al. prepared a 70% aqueous ethanol extract from roots of S. bockii 
[4]. Then the extract was partitioned with chloroform, ethyl acetate and butanol successively. 
The butanol fraction was subjected to chromatographic purification leading to the separation 
of four flavonols (kaempferol (5), kaempferol-7-O-β-D-glucopyranoside (6), quercetin (7) and 
isorhamnetin (8), as well as three flavanone ((+)dihydrokaempferol (9), engeletin (10) and iso-
engeletin (11)), and a phenylpropanoid, caffeic acid n-butyl ester (12) (Figure 3). Additionally, 
the antiinflammatory activities of a 70% aqueous ethanol extract and chloroform, ethyl ace-
tate and butanol fractions were evaluated and the results showed the butanol fraction had a 
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relevant inhibitory activity against TNFαinduced NFκB activation with an IC50 value of 
44.8 μg/mL. This activity can be attributed to phenolic compounds present in the butanol 
fraction.

2.3. Smilax bracteata

S. bracteata is a littlestudied species. However, there are two representative chemical stud-
ies that describe the isolation and characterization of phenolic compounds. The first study 
was conducted by Li et al. who isolated and identified phenolic compounds from a metha-
nol extract of S. bracteata rhizomes [15]. The air-dried and sliced rhizomes were extracted by 
maceration with methanol over 24 h. The extract was evaporated and re-dissolved in water 
and partitioned successively with dichloromethane, ethyl acetate and butanol. The butanol 
fraction was subjected to column chromatography and six new phenolic compounds were 
isolated and identified: two flavan3ol glucosides (13, 14), one stilbene (15) (Figure 4) and 
three phenylpropanoid glycosides (16–18) (Figure 5). In the same study, Li et al. evaluated 
antioxidant activity of the six smilasides using the DPPH• radical scavenging activity. The 
smilasides J to L (22–24) showed an antiradical activity similar to αtocopherol [15].

In a later study, Zhang et al. obtained a 95% aqueous ethanol extract from stems of S. bracteata 
[16]. The extract was concentrated and redissolved in water and successively extracted with 
hexane, dichloromethane and butanol. The dichloromethane fraction was purified with chro-
matography in several steps until smilasides G to L (19–24) were obtained (Figure 5).

2.4. S. campestris

S. campestris is commonly called sarsaparilla blanca [5]. Its roots and rhizomes have been 
used in folk medicine to treat skin diseases. An infusion from the leaves and aerial stems of S. 

Figure 2. Anthocyanin glycosides isolated from S. aspera fruits.

Phenolic Compounds - Natural Sources, Importance and Applications236



relevant inhibitory activity against TNFαinduced NFκB activation with an IC50 value of 
44.8 μg/mL. This activity can be attributed to phenolic compounds present in the butanol 
fraction.

2.3. Smilax bracteata

S. bracteata is a littlestudied species. However, there are two representative chemical stud-
ies that describe the isolation and characterization of phenolic compounds. The first study 
was conducted by Li et al. who isolated and identified phenolic compounds from a metha-
nol extract of S. bracteata rhizomes [15]. The air-dried and sliced rhizomes were extracted by 
maceration with methanol over 24 h. The extract was evaporated and re-dissolved in water 
and partitioned successively with dichloromethane, ethyl acetate and butanol. The butanol 
fraction was subjected to column chromatography and six new phenolic compounds were 
isolated and identified: two flavan3ol glucosides (13, 14), one stilbene (15) (Figure 4) and 
three phenylpropanoid glycosides (16–18) (Figure 5). In the same study, Li et al. evaluated 
antioxidant activity of the six smilasides using the DPPH• radical scavenging activity. The 
smilasides J to L (22–24) showed an antiradical activity similar to αtocopherol [15].

In a later study, Zhang et al. obtained a 95% aqueous ethanol extract from stems of S. bracteata 
[16]. The extract was concentrated and redissolved in water and successively extracted with 
hexane, dichloromethane and butanol. The dichloromethane fraction was purified with chro-
matography in several steps until smilasides G to L (19–24) were obtained (Figure 5).

2.4. S. campestris

S. campestris is commonly called sarsaparilla blanca [5]. Its roots and rhizomes have been 
used in folk medicine to treat skin diseases. An infusion from the leaves and aerial stems of S. 

Figure 2. Anthocyanin glycosides isolated from S. aspera fruits.

Phenolic Compounds - Natural Sources, Importance and Applications236

campestris is used to relax the digestive system [5]. Rugna et al. reported antioxidant activity 
from 50% aqueous methanol extract from S. campestris rhizomes; the activity was expressed as 
total reactive potential (TRAP) [5]. Morais et al. obtained an ethanol extract by maceration and 
fractions from fresh stems of S. campestris [17]. The ethanol extract was concentrated, and the 
dried extract was redissolved in aqueous ethanol (7:3) and partitioned with hexane, dichlo-
romethane, ethyl acetate and butanol. The antioxidant activity as DPPH• radical scavenging 
was evaluated for all fractions. The ethanol extract and butanol fraction exhibited a strong 

Figure 3. Four flavonols (three aglycones and one glucoside), three flavanones (one aglycone and two glycosides) and 
one phenylpropanoid ester isolated from S. bockii roots.
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antioxidant activity and was higher than Butylated hydroxytoluene (BHT), a commercial anti-
oxidant. Also, Morais et al. reported that rutin (25) (Figure 6) and quercetin (7) (Figure 3) 
flavonol glycosides were the most abundant phenolic compounds present in ethanol extract 
and butanol fraction, respectively [17].

2.5. Smilax china

S. china is the most studied species of genus Smilax. Lee et al. evaluated antioxidant activ-
ity of S. china root using DPPH• radical scavenging activity, cell viability, lipid peroxidation 
activity, superoxide dismutase (SOD) activity, catalase (CAT) activity and glutathione peroxi-
dase (GPX) activity. These authors obtained a 70% aqueous methanol extract from the root of 
S. china. The extract was concentrated and partitioned with hexane, dichloromethane, ethyl 
acetate and butanol. The extract and its fractions were evaluated for antioxidant activity. The 
antiradical activity expressed as IC50 of the extract is about 8 μg/mL, while the ethyl acetate 
fraction exhibited the principal antiradical activity (IC50 approximately 5 μg/mL) [18]. Jeong 
et al. obtained several fractions with solvents of different polarity from S. china root and evalu-
ated the antioxidant activity using DPPH• radical scavenging activity, ABTS•+ radical scav-
enging activity, reducing power, ferric reducing/antioxidant power, ferric thiocyanate assay, 
malondialdehyde assay using mouse brain homogenates methods, and finally determined 
total phenols and phenolic composition [19]. The extraction was carried out with methanol at 
70°C for 2 h. The methanol extract was evaporated to dryness. The dried extract was re-dis-
solved in water and the solution was consecutively partitioned with chloroform, ethyl acetate 

Figure 4. Two flavan3ol glycosides and one stilbene isolated from S. bracteata rhizomes.
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and butanol. The results obtained by Jeong et al. show that the ethyl acetate fraction had the 
highest total phenol concentration, 401.62 ± 3.13 mg GAE/g of extract and the most abun-
dant phenols were (+)catechin (26) and (−)epicatechin (27) (Figure 7) with a concentration of 
135.26 ± 10.08 and 58.10 ± 0.51 mg/100 g, respectively. Consequently, this extract showed the 
most important antioxidant activity.

Figure 5. Phenylpropanoid glycosides with a sucrose core isolated from S. bracteata aerial parts.
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Kuo et al. obtained a 70% aqueous ethanol extract from dried stems of S. china. The extracts 
were concentrated and suspended in water. The resulting suspension was partitioned with 
hexane and chloroform [20]. The chloroform fraction was purified by silica gel column chro-
matography. The purification conducted to isolate smilasides A to F (Figures 5 and 8), heloni-
osides A (33) and B (34) and smiglaside E (35) (Figure 8). The anticancer activity of smilasides 
A to F was evaluated in vitro and showed cytotoxic activity against cervical cancer cells (KB 
and HELA) and colon cancer cells (DLD-1).

Li et al. performed another study related to the evaluation of anticancer activity of S. china 
extracts with a high content of phenolic compounds [21]. Researchers in this study performed 
a bioassayguided separation and purification of kaempferol7O-β-D-glucoside (6) from S. 
china rhizome. First, a 70% aqueous ethanol extract was obtained under reflux. Then the sol-
vent was removed and residue was extracted with ethyl acetate, and butanol, sequentially, in 
a Soxhlet apparatus. Both ethyl acetate and butanol fractions were subjected to column chro-
matography separately. Several fractions with large amounts of flavonoid were obtained and 
each fraction was evaluated for in vitro anticancer activity. The human cells used in this study 
included liver cancer BEL-7402, cervical epithelial carcinoma HeLa, high metastatic lung 

Figure 6. Chemical structure of rutin, a flavonol glycoside isolated from S. campestris rhizomes.

Figure 7. Two flavan3ol aglycones isolated from S. china roots.
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 carcinoma 95-D, melanoma A375, gastric cancer MKN-45, epithelial carcinoma A431, human 
acute leukemia HL60, normal embryonic kidney HEK293 and normal embryonic liver L-O2. 
Li et al. found eight extracts of S. china tubers with anticancer activity against HeLa cells. Also, 
a bioassay-guided isolation of the polled extract lead to the detection of kaempferol-7-O-β-D-
glucoside (6). This flavonoid induces apoptosis as an antiproliferative action related to radi-
cal scavenging activity [21]. Shao et al. developed a specific HPLC method for determination 

Figure 8. Phenylpropanoid glycosides with a sucrose core (five smilasides, two helionoside and one smiglaside) isolated 
from S. china stems.
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of the six major phenolic compounds active in S. china: taxifolin3O-glycoside (36), scirpusin 
A (37), piceid (38), oxyresveratrol (39), resveratrol (40) (Figure 9) and engeletin (10) (Figure 3). 
These compounds were extracted from the tuber of S. china with 95% aqueous ethanol and 
the concentrated extract was partitioned with petroleum ether, ethyl acetate and butanol. The 
ethyl acetate fraction was subjected to repeated silica gel chromatography. Finally, the puri-
fication of phenolic compounds was performed by HPLC [22]. Wu et al. also reported other 
study related to anticancer activity of phenolic compounds from S. china [12]. These authors 
obtained a 95% aqueous ethanol extract from the tuber of S. china, which was concentrated 
and suspended in water. The suspension was partitioned with petroleum ether, ethyl acetate 
and butanol. The ethyl acetate was the most bioactive fraction. This fraction was subjected 
to chromatographic purification. Three subfractions and six bioactive phenolic compounds 
bioactives: three flavonoids (kaempferol7O-β-D-glucoside (6), dihydrokaempferol (9) and 
dihydrokaempferol-3-OαLrhamnoside (10)) and three stilbenoids (37, 39 and 40), were iso-
lated from the ethyl acetate fraction. These compounds were found to induce apoptosis in 

Figure 9. One flavanonol (36) and four stilbenes (37–40) isolated from 95% ethanol extracts of S. china tubers.
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anti-breast tumor cells MCF-7 and MDA-MB-231. The results showed that resveratrol and 
oxyresveratrol had the highest apoptosis rates [12].

2.6. Smilax corbularia

S. corbularia is used in traditional Thai medicine for the ailments treatment caused by the 
menopause, as well as for ovarian and breast cancer. For this reason, Wungsintaweekul et 
al. isolated and characterized the phenolic compounds of methanol extract from S. corbularia 
rhizome [23]. They also evaluated the cell proliferation stimulation of the isolated compounds 
against human cancer cell lines MCF7 and T47D. The major compounds present in the rhi-
zome of S. corbularia were rhamnosides dihydroflavonol derivatives, which represent 15% 
of methanol extract by weight. The results showed that the extract did not exhibit cytotoxic-
ity against breast cancer cell lines MCF7 and T47D. However, the flavanonol rhamnosides 
(engeletin (10) and isoengeletin (11)) (Figure 3); as well as, astilbin (41), isoastilbin (42), neo-
astilbin (43) and neoisoastilbin (44) (Figure 10), showed a suppressive effect on estradiol at 
concentration of 1 μM as evidenced by human breast cancer cell proliferation.

2.7. Smilax domingensis

S. domingensis is used in Central America by the pharmaceutical and cosmetics industries. 
The most representative studies of S. domingensis are related to cytotoxicity to cancer cells 
[24], inhibitory activity of estrogen [25] and antioxidant activity [26]. The chemical studies of 
S. domingensis only cover qualitative identification of flavonoids and anthocyanins using thin
layer chromatography (TLC) [27].

2.8. Smilax excelsa

S. excelsa is used in Turkey’s traditional medicine to treat breast cancer, stomach pain and 
bloating [28]. Ozsoy et al. evaluated antioxidant activity of infusion, decoction, ethanol and 
ethyl acetate extracts from S. excelsa leaves using the inhibition of lipid peroxidation, metal 

Figure 10. Flavononol rhamnosides (41–44) with activity against human breast cancer isolated from methanol extract of 
S. corbularia rhizomes.
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ion chelating, reducing power, DPPH• radical scavenging, superoxide, hydroxyl radicals and 
hydrogen peroxide [29]. Also, total phenols, total flavonoid and anthocyanin were quantified 
in the extracts. The content of total phenols and total flavonoid was found in the intervals 
of 8.8–35.7 GAE mg/g of dry matter and 0.61–28.7 catechin equivalents mg/g of dry mat-
ter, respectively. The extract with the highest content of total phenols was the infusion. The 
decoction and infusion showed major DPPH• radical scavenging. These results agree with 
the high content of phenols and flavonoids present in the infusion and decoction. On other 
hand, Khaligh et al. isolated and elucidated three phenol compounds (trans-resveratrol (40) 
(Figure 9), 5-Ocaffeoylshikimic acid (45) and 6-Ocaffeoylβ-D-fructofuranosyl-(2→1)-α-D-
glucopyranoside (46)) from ethyl acetate extract of S. excelsa (Figure 11) [30]. The extraction 
was a maceration performed at room temperature. After the solvent was removed, the extract 
was separated using silica gel column chromatography. In these study, also was evaluated 
the cytotoxicity of isolated compounds against human breast adenocarcinoma MCF-7cell 
lines. The 6-Ocaffeoylβ-D-fructofuranosyl-(2→1)αDglucopyranoside showed a promising 
activity against MCF-7 cell lines [30].

2.9. Smilax fluminensis

S. fluminensis has a wide geographical distribution in Brazil, and propagation studies have 
shown it to grow relatively easily. Hence, it is a promising species for growing demand from 
the pharmaceutical industry [31, 32] have published the only chemical study of S. fluminensis 
thus far. They obtained extracts from leaves and isolated phenolic compounds. Two flavo-
nol glycosides were isolated and characterized, rutin (25) (Figure 6) and quercetin-3-O-β-D-
galactopyranoside (47) (Figure 12).

Figure 11. Two phenylpropanoids (45 and 46) derivates of caffeic acid with activity against human breast cancer.
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2.10. Smilax glabra

The second most-studied species, after S. china is S. glabra. This species has been used in 
Chinese folk medicine for the treatment of acute bacterial dysentery, syphilis, acute and 
chronic nephritis [33], hyperinsulinemia [34] and cancer [35]. She et al. evaluated the effect 
of aqueous extract of S. glabra on cancer cell adhesion, migration and invasion of HepG2, 
MDA-MB-231 and T24 cells in vitro and the metastasis suppression of MDA-MB-231 cells in 
vivo [36]. Gao et al. showed 95% aqueous ethanol extracts of S. glabra rhizomes to be effective 
against cancer via mitochondrial apoptosis in human breast cancer MCF7, colon carcinoma 
HT-29 and gastric cancer cell line BGC-823 [3]. The results obtained by these authors point out 
that the aqueous extract of S. glabra possibly promotes cell adhesion by increasing the size and 
strength of focal adhesions and inhibits the invasion of HepG2, MDA-MB-231 and T24 cells.

Xia et al. performed an evaluation of the protective effect of 60% aqueous ethanol extract of 
S. glabra rhizome against leadinduced oxidative stress in rats and quantified total phenols 
and total flavonoids [37]. The results of this study proved that the extract of S. glabra could 
minimize damages caused by the lead. The protective effect can be attributed to high con-
centrations of total phenols and total flavonoids in the extract. Total phenols reported were 
262 ± 12.7 mg gallic acid equivalents (GAE)/g dry weight of the extract and total flavonoids 
were 203.4 ± 9.1 mg rutin equivalents/g dry weight of the extract [37].

Trinh et al. evaluated the antioxidant activity of 95% aqueous ethanol extract of S. glabra roots. 
They obtained two fractions from a partitioning with hexane and ethyl acetate, and astilbin 
(41) (Figure 10) isolated from the ethyl acetate fraction [38]. The fractions were obtained from 
95% aqueous ethanol previously dried. The extract was suspended in 50% aqueous ethanol 
and partitioned with hexane and ethyl acetate. The extract, hexane and ethyl acetate frac-
tions, and 41 were subjected to evaluation of DPPH• radical scavenging activity, thiobarbi-
turic acid-reactive species (TBARS) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) cell viability assay for hepatoprotective effect via H2O2injured mouse hepa-
tocytes. The astilbin was isolated from the ethyl acetate fraction. The results of this study 
showed the ethyl acetate fraction has the principal antioxidant activity and MTT, attributed 
to the presence of astilbin, the main phenolic compound present in S. glabra rhizome [38]. 
Astilbin (41), a rhamnosyl flavanonol, besides exhibiting antioxidant activity, has coenzyme 

Figure 12. Flavonol glycoside (47) isolated from branches of S. fluminensis.
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A reductase-inhibiting [39], aldose reductase-inhibiting [40], hepatoprotective [41], anti-oede-
maogenic [42] and anti-arthritis [43] activities.

Zhang et al. obtained two aqueous and methanolic extracts, from S. glabra rhizomes and 
evaluated their antioxidant activity using DPPH• radical scavenging, ABTS radical cation 
scavenging, reducing power, superoxide anion radical scavenging activity and antioxidant 
activity in a linoleic acid emulsion system. They carried out quantification of total phenols 
[44]. The results showed that the methanol extract had the highest content of total phenols 
(152.28 ± 10.57 mg GAE/g of extract) and astilbin (245.65 ± 8.21 mg/g of extract). In general, 
the methanol extract has more antioxidant activity than aqueous extract and this behavior is 
attributed to the presence of 41 in the methanol extract [44]. Lu et al. evaluated antioxidant 
and antiinflammatory activities of 70% aqueous ethanol extract from S. glabra rhizomes [45]. 
The methods used to evaluate antioxidant activity were DPPH• radical scavenging, ABTS 
radical cation scavenging and reducing power. Antiinflammatory activity was evaluated 
with MTT cell viability, measuring of nitric oxide/nitrite and enzymelinked immunosorbent 
assay for IL6 and TNFα cytokines detection. The study also involved quantification of total 
phenols and total flavonoids. This was done by separation and identification of major phenols 
using ultrahigh pressure liquid chromatography coupled to electrospray mass spectrometry 
(U-HPLC-ESI-MS). The results obtained showed the 70% aqueous ethanol extract of S. gla-
bra rhizome has a radical scavenging on DPPH• statistically equal to ascorbic acid (P > 0.05). 
The results regarding antiinflammatory activity showed that accumulation of NO, IL6, and 
TNFα in lipopolysaccharides (LPS)stimulated groups was higher than the group used as 
the positive control. Dexamethasone was employed as a positive control. Finally, 17 phenolic 
compounds were isolated and identified from the 70% aqueous ethanol extract of S. glabra rhi-
zome, including engeletin (10) and isoengeletin (11) (Figure 3); astilbin (41), isoastilbin (42), 
neoastilbin (43), neoisoastilbin (44) (Figure 10); and 5-Ocaffeoylshikimic acid (45) (Figure 11).

Moreover, there have been several chemical studies to isolate and characterize phenolic com-
pounds from different parts of S. glabra. Chen et al. obtained a methanol extract of S. glabra 
rhizome. After solvent removal, the dry extract was suspended in water and partitioned with 
ether petroleum and ethyl acetate. The ethyl acetate extract was purified by chromatographic 
column to separate the phenolic compounds. The compounds isolated were five flavonoids 
(engeletin (10), astilbin (41), smitilbin (48), taxifolin or dihydroquercetin (49) and eucryphin 
(50), Figure 13), and two phenylpropanoids, resveratrol (40) and 5-Ocaffeoylshikimic acid 
(45) [33]. Cheng et al. isolated new five phenylpropanoid glycosides, containing a sucrose 
core, smiglasides A–E (35, 51–54, (Figures 8 and 13) from S. glabra rhizomes, [46]. The extrac-
tion and isolation procedures were followed exactly as was described by Chen et al. [33].

Xu et al. conducted a comprehensive chemical study of S. glabra rhizomes [47]. The air-dried 
and powdered rhizomes of S. glabra were extracted with 95% aqueous ethanol and 50% aque-
ous ethanol under reflux, consecutively. The extracts were combined and evaporated until 
to dryness and the residue was suspended in water and partitioned with petroleum ether, 
ethyl acetate and butanol. The ethyl acetate and butanol fractions were subjected to chro-
matographic separation. The purification allowed to the isolation 13 flavanones (dihydro-
kaempferol (9), engeletin (10), astilbin (41), isoastilbin (42), neoastilbin (43), neoisoastilbin 
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kaempferol (9), engeletin (10), astilbin (41), isoastilbin (42), neoastilbin (43), neoisoastilbin 
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(44), taxifolin (49), naringenin (55), sakuranetin (56), arthromerin B (57), sinesin (58), (2R,3R)-
taxifolin3′O-β-D-glucopyranoside (59) and (2S,3S)-glucodistylin (60); 3 flavanes: (+)catechin 

Figure 13. Flavonoids and smiglasides isolated from S. glabra rhizome.

Phenolic Compounds in Genus Smilax (Sarsaparilla)
http://dx.doi.org/10.5772/66896

247



(26), (−)epicatechin (27) and cinchonain 1b (60)); 2 flavanones (luteolin (62) and apigenin (63)); 
two flavonols (quercetin (7) and myricetin (64)); 1 chalcone, kukulkanin B (65); 3 stilbenes 
(piceid (38), piceatannol (39), and resveratrol (40)); 6 phenylpropanoids (5-Ocaffeoylshikimic 
acid (45), caffeic acid (66), 3-O-p-coumaroylshikimic acid (67), smiglycerol (68), juncusyl ester 
B (69) and 1-O-p-coumarylglycerol (70), Figure 14). It is noteworthy that in this study no 
smiglasides were detected, despite an intensive separation of phenolic compounds having 
conducted. One explanation for these results is that possibly the high temperatures used for 
extraction caused smiglasides degradation.

2.11. Smilax glycyphylla

S. glycyphylla is a plant endemic to Australia and its leaves and fruits have a sweet taste like 
honey grass. The sweet principle of S. glycyphylla is called glycyphyllin A (71) and identified 
as a phenol compound with a structure of dihydrochalcone, phloretin2′αLrhamnose [48]. 
Cox et al. evaluated aqueous extracts of leaves and stems of S. glyciphylla [49]. The methods 
used to evaluate antioxidant activity were lipid peroxidation using thiobarbituric acid reac-
tive substances (TBARS), superoxide quenching by coupling superoxide generation to the 
reduction of nitroblue tetrazolium (NBT), inhibition of deoxyribose-driven fenton degrada-
tion and total radical-antioxidant potential (TRAP) using free radicals derived from ABTS 
(2,2′azinobis(3ethylbenzothiazoline 6sulphonate). The results showed that S. glycyphylla 
extract inhibited deoxyribose degradation. The total radical-antioxidant potential was seven 
times that the trolox a water-soluble analog of vitamin E with a high antioxidant activity.

Huang et al. performed a study of phenolic profile and antioxidant activity of S. glycyphylla 
leaves [50]. The leaves of S. glycyphylla previously dried and blended were extracted with 
80% aqueous ethanol. Then, the extract was concentrated and partitioned with hexane and 
butanol, consecutively. The butanol fraction was subjected to chromatographic separation. 
The separation produced eight phenolic compounds such as the glycyphyllin A previously 
mentioned, two new dihydrochalcones (glycyphyllin B (72) and C (73)) and five flavonoids 
(catechin (26), (2R,3R)-dihydrokaempferol-3-O-β-D-glucopyranoside (57), kaempferol-3-O-
β-D-glucopyranoside (74), quercetin-3-O-β-D-glucopyranoside (75) and kaempferol-3-O-β-
neohesperidoside (76), Figures 14 and 15). The antioxidant activity of pure compounds was 
evaluated using ferric reducing ability of plasma (FRAP) and DPPH• radical scavenging. The 
flavonoids showed a good antioxidant activity; contrary to this, the dihydrochalcones showed 
weak antioxidant activity [50].

2.12. Smilax lanceaefolia

The root of S. lanceifolia prepared as a decoction is used in traditional Indian medicine to 
soothe stomach pain and rheumatism. The boiled extract is used to expel gallbladder and 
kidney stones. It was also found that the aqueous extract of S. lanceifolia contains compounds 
with a high affinity for binding proteins, specifically by active sites joining reverse transcrip-
tase. Therefore, it can be used to inhibit proliferation of retroviruses-agents in viral diseases 
such as AIDS and T-cell leukemia [51]. Laintojam and Kongbrailatpam performed a study on 
the chemical constituents and antioxidant activiy of S. lanceifolia roots extracts [7]. The extracts 
were obtained from petroleum ether, chloroform and methanol, successively. Antioxidant 
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tive substances (TBARS), superoxide quenching by coupling superoxide generation to the 
reduction of nitroblue tetrazolium (NBT), inhibition of deoxyribose-driven fenton degrada-
tion and total radical-antioxidant potential (TRAP) using free radicals derived from ABTS 
(2,2′azinobis(3ethylbenzothiazoline 6sulphonate). The results showed that S. glycyphylla 
extract inhibited deoxyribose degradation. The total radical-antioxidant potential was seven 
times that the trolox a water-soluble analog of vitamin E with a high antioxidant activity.

Huang et al. performed a study of phenolic profile and antioxidant activity of S. glycyphylla 
leaves [50]. The leaves of S. glycyphylla previously dried and blended were extracted with 
80% aqueous ethanol. Then, the extract was concentrated and partitioned with hexane and 
butanol, consecutively. The butanol fraction was subjected to chromatographic separation. 
The separation produced eight phenolic compounds such as the glycyphyllin A previously 
mentioned, two new dihydrochalcones (glycyphyllin B (72) and C (73)) and five flavonoids 
(catechin (26), (2R,3R)-dihydrokaempferol-3-O-β-D-glucopyranoside (57), kaempferol-3-O-
β-D-glucopyranoside (74), quercetin-3-O-β-D-glucopyranoside (75) and kaempferol-3-O-β-
neohesperidoside (76), Figures 14 and 15). The antioxidant activity of pure compounds was 
evaluated using ferric reducing ability of plasma (FRAP) and DPPH• radical scavenging. The 
flavonoids showed a good antioxidant activity; contrary to this, the dihydrochalcones showed 
weak antioxidant activity [50].

2.12. Smilax lanceaefolia

The root of S. lanceifolia prepared as a decoction is used in traditional Indian medicine to 
soothe stomach pain and rheumatism. The boiled extract is used to expel gallbladder and 
kidney stones. It was also found that the aqueous extract of S. lanceifolia contains compounds 
with a high affinity for binding proteins, specifically by active sites joining reverse transcrip-
tase. Therefore, it can be used to inhibit proliferation of retroviruses-agents in viral diseases 
such as AIDS and T-cell leukemia [51]. Laintojam and Kongbrailatpam performed a study on 
the chemical constituents and antioxidant activiy of S. lanceifolia roots extracts [7]. The extracts 
were obtained from petroleum ether, chloroform and methanol, successively. Antioxidant 
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Figure 14. Flavonoids and phenylpropanoids isolated from S. glabra rhizome.
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activity of the extracts was evaluated by DPPH• radical scavenging and it was found that 
the methanol extract had the principal antiradical activity attributed to phenolic compounds. 
The only compound isolated from methanol extract was flavanonol glycoside, quercitrin (77, 
Figure 16) [7].

2.13. Smilax riparia

The roots and rhizomes of S. riparia, commonly called “Niu-Wei-Cai” in China, are used in 
traditional Chinese medicine as diuretics, treatments for inflammation and cancer [52], and in 
some cases as food [53]. Sun et al. isolated three phenylpropanoid glycosides (the smilasides 
M (78) and N (79), and 2′,6′diacetyl3,6diferuloylsucrose (80), Figure 16) from a 95% aque-
ous ethanol extract of S. riparia roots and rhizomes. The concentrated extract was suspended 

Figure 15. Phenolic compounds isolated from 80% ethanol extract of S. glycyphylla leaves.

Figure 16. Flavanonol glycoside from methanol extract of S. lanceifolia roots.
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in water and subjected to D101 macroporous resin column chromatography and eluted with 
water and 30% and 70% ethanol, successively. The fraction eluted with 70% ethanol was sus-
pended in water and partitioned with chloroform, ethyl acetate and butanol. The ethyl acetate 
fraction was chromatographed over a silica gel column, followed by thin-layer chromatogra-
phy (TLC) and finally, the fractions were subjected to C18 reversedphase silica gel column to 
obtain the afore-mentioned compounds, [54].

Wang et al. isolated five phenylpropanoids with a sucrose core (helonioside B (18), smiglaside 
A (51), smiglaside B (52), and smilaside P (81), Figures 5, 13 and 17) [55]. The phenylpro-
panoid compounds were obtained from a 95% aqueous ethanol extract of S. riparia roots and 
rhizomes. The extract was subjected to macroporous resin HPD600 and eluted with 95% 
aqueous ethanol and ethyl acetate. Subsequently, the ethyl acetate fraction was subjected 
to silica gel column chromatography, and from this fraction were obtained the phenylpro-
panoids compounds. The five compounds were subjected to cytotoxicity test against human 
promyelocytic leukemia (HL-60), human hepatocellular carcinoma (SMMC-7721), human 
lung cancer (A-549), human breast cancer (MCF-7) and human colon cancer (SW480) using 
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2H-tetrazolium 
(MTS). The five compounds were evaluated for anticancer activity. Antioxidant activity was 
also evaluated using DPPH• radical scavenging activity. The results showed the phenylpro-
panoid compounds with three feruloyl and acetyl groups exhibited the primary antitumoral 
and antioxidant activities. The proposed explanation of these results was that the feruloyl and 

Figure 17. Phenylpropanoids from 95% ethanol extract of S. riparia roots and rhizomes.
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acetyl groups confer a minor polarity to the compounds with the most activity and are key to 
inducing antitumoral activity [55].

2.14. Smilax scobinicaulis

The roots of S. scobinicaulis, also called “Hei Ci Ba Quia” in Chinese, are used in traditional 
Chinese medicine for the treatment of arthritis, gout and inflammatory diseases [10]. Zhang 
et al. studied the chemical composition of S. scobinicaulis. These researchers first obtained a 
95% aqueous ethanol extract from S. scobinicaulis roots and rhizomes. The extract was con-
centrated, suspended in water and partitioned with petroleum ether, ethyl acetate and buta-
nol, successively. The ethyl acetate fraction was subjected to column chromatography. The 
purification was done to isolate and characterize two new flavones (7,3′,5′trihydroxy5,6,4′
trimethoxyflavone (82) and 7hydroxy5,6,3′,5′pentamethoxyflavone (83), Figure 18). The 
new flavones were evaluated for cell proliferation and viability assay against human breast 
adenocarcinoma (MCF-7) and human lung carcinoma (H520). The results showed a weak 
activity for 82, but 7hydroxy5,6,3′,5′pentamethoxyflavone, 83 was inactive [10].

2.15. Smilax sebeana

S. sebeana is used in traditional Japanese and Chinese medicine to treat syphilis, arthritis 
and gout [11]. Ao et al. evaluated antioxidant activity in isolated phenolic compounds from 
methanol extracts of S. sebeana rhizomes and roots [11]. The methanol extract was obtained 
from maceration of fresh rhizomes and roots with methanol at room temperature. The metha-
nol extract was concentrated, suspended in water and partitioned with hexane, ethyl acetate 
and butanol, successively. The ethyl acetate fraction was purified in two steps. First, it was 
subjected to column chromatography packed with sephadex LH20. Some of the fractions 
collected were selected to evaluate by HPLC to evaluate their components. Finally, the frac-
tions with similar composition were pooled and purified by preparative HPLC. Also, the total 
phenol content and antioxidant activity expressed by DPPH radical scavenging were evalu-
ated for methanol, ethyl acetate and butanol fractions. The major content of total phenols was 

Figure 18. Flavones from 95% ethanol extract of S. scobinicaulis roots.
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found in the ethyl acetate fraction, 238.5 mg catechin/g extract. This fraction also showed the 
principal DPPH• radical scavenging activity, IC50 of approximately 10.4 μg/mL. The com-
pounds isolated from the ethyl acetate fraction were one phenylpropanoid (chlorogenic acid 
(84), Figure 19) and three cinchonain (1b (61), 1a (85) and 11a (86), Figures 14 and 19) [11].

2.16. Smilax trinervula

S. trinervula is a plant used in traditional Chinese medicine. The rhizomes and roots are sources 
of the Chinese drug “BaQuia” used as a diuretic and to treat pelvic inflammation [56]. Shu et 
al. carried out the first chemical designed to isolate phenolic compounds from rhizomes of S. 
trinervula. These researchers obtained a 70% aqueous ethanol extract and removed the solvent 
[56]. The extract was partitioned with ethyl acetate and butanol. The butanol fraction was sub-
jected to macroporous resin column chromatography. The fractions obtained from this sepa-
ration were subjected to repeated silica gel and sephadex LH20 column chromatography. 
Finally, the fractions were subjected to semipreparative HPLC. From this separation process 
were isolated eight phenolic compounds, three phenylpropanoids and five  neolignans. These 

Figure 19. Phenolic compounds from methanol extract of S. sebeana rhizomes and roots.
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compounds were evaluated against five human cell lines (SHSY5Y, SGC7901, HCT116, 
Lovo and Vero) using the MTT method. The anticancer evaluation showed (7S,8R)4,7,9,9′
tetrahydroxy3,3′dimethoxy8O4′neolignan (87) and (7R,8R)4,7,9,9′tetrahydroxy3,3′
dimethoxy-8-O4′neolignan (88) (Figure 20) had cytotoxic activity against Lovo [56].

3. Conclusions

The polar extracts of Smilax species have high concentrations of phenolic compounds with 
high antioxidant activity. The main investigations of Smilax species are oriented to evalu-
ate cytotoxicity against human cancer of cervical, lung, breast adenocarcinoma, liver and 
colon. The results of this review chapter showed flavonol, astilbin and phenylpropanoids 
binding to the sucrose nucleus (three moieties of ferulic acids and acetyl group to maxi-
mize activity) have a high potential as anticancer compounds. The anticancer activity with 
high concentrations of phenol compounds is attributed to antioxidant activity that induces 
cell apoptosis. The flavonols and phenylpropanoids can be isolated from ethyl acetate 
fractions obtained from a 95% aqueous ethanol extract of rhizomes and roots. Also, areal 
parts of Smilax plants contain phenolic compounds, for example, leaves and fruits. Table 1 
shows a resume of total phenols content and DPPH• radical scavenging activity of extracts 
and fractions obtained from five Smilax species. The leaves and fruits of Smilax plants 
contain phenolic compounds. The fruits are also a source of anthocyanins. The chemical 
studies based on isolation and evaluation of phenolic compounds are few and do not cover 
more than 10% of the total Smilax species. Most studies have been carried out on species 
that grow in Asia. Hence, it is necessary continue studying the phenolic compound con-
tent of Smilax species, as well as evaluating their antioxidant, antidiabetic and anticancer 
properties.

Figure 20. Two neolignans (87 and 88) with colon anticancer activity isolated of 70% ethanol extract from S. trinervula 
rhizomes.
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Specie (part of plant)

Extract/fraction

Total phenols (mg GAE/g dm) DPPH●

Radical scavenging activity

IC50 (μg/mL)

S. campestris (aerial) Ref. [17]

Ethanol extract – 13.6

Hexane fraction – 405.5

Dichloromethane fraction – 298.9

Ethyl acetate fraction – 108.9

Butanol fraction – 2.1

S. china (roots) Ref. [19] Ref. [19]

Methanol extract – –

Chloroform fraction 142.6 302.2

Ethyl acetate fraction 401.6 85.5

Butanol fraction 206.8 210.9

Water fraction 97.3 224.9

S. excelsa (leaves) Ref. [29] Ref. [29]

Water extract 30.6 1190

Infusion 35.7 1240

Ethanol extract 30.1 1490

Ethyl acetate extract 8.8 2660

S. glabra (rhizomes) Ref. [44] Ref. [44]

Water extract 29.41 236

Ethanol fractiona 109.8 58

Methanol extract 152.3 43

S. riparia (rhizomes and roots) Ref. [55]

95% ethanol extract – 2520

95% ethanol fraction – 1460

Ethyl acetate fraction – 1330

Methanol fraction – 1000

GAE mg: milligrams of gallic acid equivalent, dm: dry matter, IC50: extract concentration necessary to decrease 50% the 
initial concentration of DPPH•. The fractions were obtained from a partition of corresponding extract.This fraction was 
obtained from water extract.

Table 1. Total phenols, antioxidant activity expressed as DPPH radical scavenging activity of Smilax genus species.
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Abstract

Phenolic compounds are secondary metabolites abundant in our diet. These compounds 
may affect positively or negatively the sensory characteristics of food with important 
impacts on color, flavor, and astringency. An adequate consumption of phenolic com‐
pounds may also offer health benefits. After the consumption of fruits, the colon is the 
main site of microbial fermentation, where high molecular weight phenolic compounds 
are transformed into low molecular weight phenolic compounds such as phenolic acids 
or lactone structures by intestinal microbiota, which produce metabolites with biological 
and antioxidant activity, with evidence on health benefits for humans. A large amount 
of different phenolic compounds are responsible for physicochemical and sensory char‐
acteristics of table grapes and wines. Also, sweet cherry (Prunus avium L.) is one of the 
most popular temperate table fruits; they contain flavonoids, flavan‐3‐ols, and flavonols 
in addition to non‐flavonoid compounds. Anthocyanins are the major polyphenols in 
blueberries, and this group of phytochemicals is thought to be responsible for many 
of the health benefits of berry consumption. Therefore, considering the importance of 
red/dark‐colored fruits phenolic composition, the purpose of this chapter is to make a 
review of the most recent publications about these fruits’ phenolic composition and their 
impact on sensorial properties as well as the effect of microorganisms on fruit phenolic 
composition.

Keywords: phenolic compounds, grapes, sweet cherries, blueberries, sensorial 
characteristics
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1. Introduction

Phenolic compounds (phenolic acids, flavonoids, and stilbenes) are today among the most 
important classes of phytochemicals, since they are responsible for disease protection con‐
ferred from diets rich in these compounds [1]. Some fruits with high content of phenolic com‐
pounds, including flavonols, flavones, anthocyanins, and phenolic acids are grapes, sweet 
cherries, and blueberries. Polyphenolic compounds form complexes with salivary proteins, 
playing a role in the sensation of astringency, due to delubrication of oral surfaces. For astrin‐
gency, the tannin molecular weight seems to be important for its perception and to the inter‐
actions with salivary proteins. Flavor and color are also important factors for the selection 
of fruit by consumers. Sweetness and bitterness are mutually suppressed in mixtures, but 
astringency and bitterness tend to be perceived as negative attributes. Polyphenols’ sensory 
properties are related to molecules specific structures, including pigments correlated to fruit 
color [2]. This richness in phenolic compounds is also directly related with the positive effects 
on human health. However, the phenolic composition of the red/dark‐colored fruits depends 
on cultivar, maturity, growing environment, cultural practices, postharvest conditions, and 
processing techniques [3].

2. Phenolic composition of red/dark‐colored fruits

2.1. Phenolic composition of wine grapes and table grapes

Grapevine (Vitis vinifera L.) is the most important Mediterranean fruit crop, used to pro‐
duce wine, table grapes, and raisins. The phenolic compounds in grapes include two classes 
of phenolic compounds: non‐flavonoids and flavonoids. The major C6‐C3‐C6 flavonoids in 
grapes include conjugates of flavonols, quercetin, and myricetin; flavan‐3‐ols (+)‐catechin 
and (‐)‐epicatechin; and malvidin‐3‐O‐glucoside and other anthocyanins. Non‐flavonoids 
include C6‐C1 hydroxybenzoic acids, and gallic acid, C6‐C3 hydroxycinnamates caffeic, caf‐
taric, and p‐coumaric acids; and C6‐C3‐C6 stilbenes trans‐resveratrol, cis‐resveratrol, and trans‐ 
resveratrol glucoside. Polyphenols are a diverse group of secondary metabolites, which exist 
in different grape bunch fraction, such as stems, skins, pulp, and seeds [4–8]. According to 
Pastrana‐Bonilla et al. [6], the average concentration of total phenolic compounds in wine 
grapes is around 2178.8 mg/g gallic acid equivalent, in seeds, 374.6 mg/g gallic acid equiva‐
lent, in skins, and 23.8 mg/g gallic acid equivalent, in pulps. In addition, for table grapes, 
several authors also reported high levels of global and individual phenolic compounds [9]. 
Also for grape raisins, several works reported high levels of phenolic compounds [10, 11]. 
Thus, Sério et al. [12] reported levels of total phenolic compounds from several commercial 
red raisins (namely from Cardinal and Moscatel of Alexandria grape varieties) that ranged 
from 110.8 to 406.9 mg/100 g raisin. Phenolic compounds play an important role in wine 
quality and also in sensorial characteristics of table grapes, such as color, astringency, bit‐
terness, and aroma. However, it is important to note that the phenolic composition of grape 
berries depends on grape variety, environmental factors, and viticultural practices [8, 13–15]. 
Consequently, all these isolated or combined factors will be critical for the composition of 
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grape phenolic compounds, grape variety being one of the most important [16, 17]. Thus, 
genotypic differences among different varieties have a great influence in grape phenolic syn‐
thesis and accumulation during grape fruit maturation and development [18]. However, the 
interaction between the genotype, environment, and management practices heavily influ‐
ences the overall phenolic composition. Recently, Costa et al. [8] analyzed the phenolic com‐
position of several grape varieties cultivated at the same time in two Portuguese regions with 
distinct climatic conditions and reported that in general significantly higher global phenolic 
composition was obtained in the grapes collected in one of the regions. In addition, other 
work recently published [15] analyzed the adaptability of several red grape varieties from 
French origin to the other specific “terroirs” and compare their characteristics with native 
grape varieties. These authors reported that French grape varieties studied showed a higher 
degree of adaptation of the climate and soil conditions from the Portuguese vineyards, espe‐
cially for phenolic composition. Thus, grape phenolic characteristics are strongly influenced 
by environmental conditions specific from each place and consequently each grape variety 
produced in a specific terroir reflects the locality in its chemical composition, including in 
phenolic composition. According to several works, the geological and soil conditions [19], 
vineyard altitude [20], sunlight exposition [21], climate [21, 22], and solar radiation [23] of 
a region are important environmental factors that determine grape phenolic composition. 
Finally, there are also other factors that directly or indirectly may determine the grape pheno‐
lic composition, namely cultivation practices [22], exposure to diseases [24], and the degree 
of grape ripeness [4, 17].

2.2. Phenolic composition of sweet cherry

Cherries are an excellent source of antioxidants, particularly phenolics, such as flavonoids, fla‐
van‐3‐ols, and flavonols in addition to non‐flavonoid compounds such as hydroxycinnamic and 
hydroxybenzoic acids, which are concentrated in the epicarp and mesocarp of the fruit [25, 26]. 
The most abundant phenolic compounds are anthocyanins such as cyanidin‐3‐O‐rutinoside, 
cyanidin‐3‐O‐glucoside, peonidin‐3‐O‐rutinoside and glucoside, as well as pelargonidin‐3‐O‐
rutinoside are the most important anthocyanins in cherries [27]. The total anthocyanin content 
ranged from 6.21 to 94.20 mg cyanidin‐3‐O‐glucoside equivalents/100 g fresh weight in 24 sweet 
cherry cultivars grown on the mountain sides of the Etna volcano (Sicily, Italy) [28]. Other phe‐
nolics in cherries include neochlorogenic acid, p‐coumaroylquinic acid, and chlorogenic acid as 
the main hydroxycinnamic acids [26, 29, 30], the flavonol rutin and the flavan‐3‐ols (+)‐catechin 
and (‐)‐epicatechin (Figure 1) [26, 31]. The total phenol content ranged from 84.96 to 162.21 
mg gallic acid equivalents/100 g fresh weight in 24 sweet cherry cultivars grown in Italy [28]. 
Moreover, several studies reported higher phenolic content [26, 32] and antioxidant activity 
[32] in ripe cherries than in partially ripe. However, other pre‐ and postharvest factors, such 
as rootstock, cultivar, climate, soil type, storage conditions, and processing can significantly 
alter the amounts of bioactive compounds. In fact, levels of chlorogenic acid, neochlorogenic 
acid, p‐coumaric acid, and quercetin‐3‐rutinoside were higher in fruits grown on Weiroot 13 
and PiKu 1 rootstocks compared to MaxMa 14, Weiroot 158, F12/1 and Gisela 5 rootstocks [31]. 
According to Gonçalves et al. [26], the cherry cultivars have the same phenolic pattern, how‐
ever, with large variation on content as presented in Table 1. The  climatic  conditions have great 
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influence on phenolic levels. Indeed, Gonçalves et al. [26] stated that higher temperature and 
solar irradiation favored the biosynthesis of phenolic acids and decreased the content of antho‐
cyanins. However, the phenolic content tends to reach highest levels in the late stage of final 
maturity as refereed by Stöhr et al. [33]. In recent research, the preharvest application of several 
products to improve cherry quality, such as the oxalic acid (2 mM), has been studied, which 
increased anthocyanins, flavonols, neochlorogenic, and chlorogenic acids [34]. All the pheno‐
lic compounds and the antioxidant activity increased in several sweet cherry cultivars during 
cold storage [26, 27, 32, 35]. Also, the level of phenolics in “Canada Giant” and “Ferrovia” 
cherries increased during 8 days of shelf life [36]. Nevertheless, Esti et al. [37] detected a total 
anthocyanin content decrease of 41–52% in two sweet cherry cultivars after 15 days at 1°C and 
95% RH. The use of edible coatings has been used to extend the postharvest storage of cher‐
ries. Petriccione et al. [38] specified that chitosan‐coated sweet cherries presented higher total 
phenolic, flavonoid, and anthocyanin levels. Moreover, increasing health‐promoting properties 
of cherry fruit can be achieved with the addition of methyl salicylate treatment to cherry trees. 
This compound also delays the fruit postharvest senescence process by increasing the activity 
of the enzymes involved in ROS scavenging [39].

Figure 1. HPLC chromatogram of the Van sweet cherry cultivar extracts recorded at 280 nm. Adapted from 
Gonçalves et al. [26].

Cultivar Hydroxycinnamic acids Flavan‐3‐ols Flavonols Anthocyannis
NcAc pCqAC CAc Cat Epi Rut cy‐3‐glu cy‐3‐rut pn‐3‐glu plg‐3‐rut pn‐3‐rut

Burlat 23.8 24.7 3.8 7.2 6.7 4.8 23.2 44.6 <1.0 <1.0 2.1

Saco 153.5 12.2 9.8 10.5 10.3 11.8 5.1 38.6 n.d. <1.0 <1.0

Summit 34.4 27.5 7.2 5.8 8.2 3.1 2.4 26.0 <1.0 <1.0 <1.0

Van 65.6 5.6 4.8 3.5 4.5 4.0 3.4 28.2 <1.0 <1.0 1.5

NcAc, neochlorogenic acid; pCqAC, p‐coumaroylquinic acid; CAc, chlorogenic acid; Cat, catechin; Epi, epicatechin; Rut, 
Rutin; cy‐3‐glu, cyanidin‐3‐O‐glucoside; cy‐3‐rut, cyanidin‐3‐O‐rutinoside; pn‐3‐glu, peonidin‐3‐O‐glucoside; plg‐3‐rut, 
pelargonidin‐3‐O‐rutinoside; pn‐3‐rut, peonidin‐3‐O‐rutinoside; n.d., not detected.
Adapted from Gonçalves et al. [26].

Table 1. Content of several phenolic compounds in four sweet cherry cultivars (mg /100g fresh weight).
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Almost all phenolic compounds in sweet cherry show strong antioxidant activity [35, 40, 41]. 
Adequate consumption of phenolic compounds may offer health benefits that include inhibi‐
tion of tumor cells growth [41], inhibition of inflammation [42], and protection against neu‐
rodegenerative diseases [43]. According to Matias et al. [44], a phenolic‐rich extract derived 
from sweet cherries could be an attractive candidate to formulate an agent for the prevention 
of oxidative stress‐induced disorders such as intestinal inflammation disorders. In spite of the 
large variations in the phenolic compounds content observed among several cherry cultivars, 
the levels of health‐promoting compounds are relevant to human health. Sweet cherries might 
therefore be considered as a functional food [41]. In fact, cyanidin‐3‐O‐rutinoside can slow 
down the absorption of carbohydrates by the inhibition of α‐glucosidase which may there‐
fore be useful as inhibitor to prevent or treat diabetes mellitus [45]. Cyanidin‐3‐O‐glucoside 
showed cardioprotective effects by reducing blood lipid levels in rats [46]. The oxygen radical 
absorbance capacity (ORAC) assay indicated that the fruit of all genotypes possessed consid‐
erable antioxidant activity [28]. Moreover, several cherry cultivars were effective in inhibiting 
human cancer cells derived from colon (HT29) and stomach (MKN45) [41]. Finally, cherry 
phenolic, mainly anthocyanins, also protects neuronal PC 12 cells from cell‐damaging oxida‐
tive stress (antineurodegenerative activity). However, this protection is dose‐dependent [43].

2.3. Phenolic composition of blueberries

Blueberries are flowering plants of the genus Vaccinium with dark‐purple berries, whose 
anthocyanins are considered to be nature's most potent antioxidants [47]. The genus Vaccinium 
belongs to the Ericaceae family [48] and includes many popular berries consumed around the 
world including blueberries, huckleberries, cranberries, lingonberries, and bilberries [49]. Of 
the more than 400 species in the genus Vaccinium, highbush, lowbush, and rabbiteye blue‐
berries (V. corymposum L., V. augustifolium Ait., and V. ashei Reade, respectively) are of high 
economic importance [50]. In fact, in recent years the production of these fruits has increased 
rapidly in Europe and across the globe, as a result of the recognition of their high nutritive 
value, characteristic taste, and flavor but also due to recent press regarding the health benefits 
of fresh berries consumption [51, 52]. Over 89,820 acres of land are growing cultivated blue‐
berries with an estimated annual production of 280,000 tons [53]. Blueberries are both a food 
product and a dietary supplement, consumed not only as fresh fruits but also as frozen fruits, 
or in dried or preserved form in bakery products. Blueberry anthocyanins are used as a natu‐
ral food colorant [54] and blueberry extract can be used as a prebiotic [49]. The fruit quality 
traits and the phytochemical content of blueberries are of increasing importance to research‐
ers in the field of food and health [55]. Blueberries are a source of vitamins, minerals, dietary 
fiber, phenolics, and flavonoids and they are very low in fat and sodium [56]. Anthocyanins, 
which provide blueberry with their characteristic colors, are the major polyphenols in blue‐
berries and this group of phytochemicals is thought to be responsible for many of the health 
benefits of berry consumption [57]. The anthocyanins detected in blueberries are 3‐glycosidic 
derivatives of cyanidin, delphinidin, malvidin, petunidin, and peonidin [49]. Nevertheless, 
anthocyanins vary in their quantity and composition among genotypes and also depend on 
the environmental growth conditions, postharvest storage conditions, and the method of 
analysis. Anyway, malvidin‐3‐glucoside and malvidin‐3‐galactoside have been found to be 
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the two most predominant anthocyanins in many cases [58]. Blueberries also contain varying 
amounts of other polyphenols, and chlorogenic acid is particularly high as compared with 
other food sources [59]. It is accompanied by small amounts of quercetin glycosides [60].

3. Impact of fruit phenolic compounds on sensorial characteristics

Regarding fruit's oral sensory characteristics, there are six oral sensory attributes of fruit: 
sourness, sweetness, bitterness, spiciness, aroma, and astringency. For many people, the oral 
sensory properties of fruit have a great impact on their choice, acceptability, and consump‐
tion. Phenolic compounds, apart from possessing valuable biological properties, impart a 
high sensory activity to foods [61]. They are closely associated with the sensory and nutri‐
tional quality of fresh and processed plant foods and may affect positively or negatively 
the sensory characteristics of food with impacts on color, flavor, and astringency. This 
impact becomes important for consumer's acceptance, so that health‐promoting products 
can be palatable and largely consumed [2]. Fruit preservation also influences the quantity 
and quality of fruits’ phenolic content. For instances, during thawing of fruits, oxidation of 
phenolic compounds takes place and is negatively correlated with the acceptance level of 
fruits [62]. However, in a study comparing different pretreating processes of strawberries, 
samples with the highest phenolic content were also the most pleasant ones [63]. Specific 
structures are described to be related to polyphenols’ sensory properties, namely color per‐
ception. Color, in fruits, is derived from natural pigments that change through plant rip‐
ening. Chlorophylls (green), carotenoids (yellow, orange, and red), anthocyanins (red and 
blue), flavonoids (yellow), and betalains (red) are the primary pigments responsible for fruit 
color [64]. Also, water‐soluble brown‐, gray‐, and black‐colored pigments may occur due 
to enzymatic and non‐enzymatic browning reactions [65]. Many polyphenol pigments in 
plants are reactive anthocyanins, yellow flavanols, and flavones [66]. Anthocyanins can be 
used in food industry to color food. The six anthocyanins that can be found in the following 
red/dark‐colored fruits are cyanidin (cherries, blackcurrants, raspberries, and elderberries), 
delphinidin (blackcurrants and blueberries), malvidin (grapes), pelargonidin (strawberries 
and radishes), peonidin (cranberries), and petunidin (blueberries)—Figure 2. Due to their 
water solubility, anthocyanins are applicable for dyeing low pH systems. Increasing pH 
leads to a lesser color intensity and a bluer tone appears at pH higher than 4.5, giving its 
bluish color to blackcurrant. Proanthocyanidins react with anthocyanins to form new red 
pigments [68]. Loss or stabilization of color and increases in the range of available hues are 
resulted by the conversion of anthocyanins to other compounds during food processing [2]. 
The color of fruits is a sensory attribute that can really change consumers’ fruit acceptance. It 
is considered the most important product‐intrinsic sensory cue leading the sensory expecta‐
tions that the consumer holds concerning the foods that they may consume [69] and, accord‐
ing to Piqueras‐Fizman et al. [70], humans’ experience of taste/flavor is determined by the 
expectations that they often generate prior to tasting. Consumers inspect fruits, visually, 
before deciding on whether or not to buy them. People associate certain colors with certain 
flavors. For instances, red/dark fruit coloring also appears to be a particularly good inducer 
of sweetness [71].
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Gavrilova et al. [72] studied the phenolic profile of four blueberry varieties (V. corymbosum 
L., cv. Toro, Legacy, Duke, and Bluecrop) and two varieties (Rosenthal and Rovada) of red 
currants (Ribes rubrum L.) and black currants (R. nigrum L.) cultivated in Macedonia. They 
found that anthocyanins comprised the highest content of total phenolic compounds in cur‐
rants (>85%), namely in the dark (black) currents, and lower and variety dependent in blue‐
berries (35–74%). Hydroxycinnamic acid derivatives comprised 23–56% of total phenolics in 
blueberries and 1–6% in currants (Table 2). Besides bitterness, astringency, and color, some 
volatile polyphenols are strong odorants [66]. However, in dark‐colored fruits, phenolic com‐
pounds present an almost insignificant role in fruit flavor profile. In raspberry fruit (Rubus 
idaeus L.), phenolic compounds only represent 1% of the total flavor compounds (Figure 3), 
whose concentration varies between “trace amount” and 0.3 mg/kg [73]. Nevertheless, in wild 
berries, several volatile phenolic compounds were identified by Honkanen et al. [73], such 
as 2‐methoxy‐4‐vinylphenol, 2‐methoxy‐5‐vinylphenol, 3,4‐dimethoxybenzaldehyde, and 4‐
vinylsyringol, none of which have been reported in cultivated varieties [74]. An important fact 

Figure 2. Anthocyanins in red/dark‐colored fruits. Adapted from Just the Berries [67].
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stated by Honkanen et al. [73] is that with the exception of ionones, the amounts of individual 
volatile compounds in wild raspberries were generally three to four times higher than in the 
cultivated varieties. Moreover, the higher amounts of volatile compounds, in wild raspberry, 
may have contributed to their characteristic aroma. Also, the increased berry size, hybridiza‐
tion, and/or fertilization lead to worsening in the aroma profile of cultivated raspberries.

Plant‐based phenol compounds, flavonoids, isoflavones, terpenes, and glucosinolates are 
almost bitter and astringent [75]. These substances provide defense against predators by 
making the plants unpalatable [75]. But also humans reject foods that are perceived to be 
excessively bitter [76]. Flavonoid phenols have been indicated as the main responsible for the 
taste of bitterness and the mouth‐fell sensation of astringency in several types of fruits and 
in beverages [2, 77]. Several works suggested that some polyphenols can be responsible for 
the bitterness of fruits even if they are present in very low concentrations [78]. The bitterness 
and astringency of red wines and red/dark‐colored fruits are mainly given by the flavanols. 
The mechanisms through which bitter taste perception occurs are not well understood; how‐
ever, it is known that these mechanisms involve the activation of distinct human bitter taste 
receptors [77, 78]. While lower‐molecular‐weight phenolic compounds tend to be likely bitter, 
higher‐molecular‐weight polymers are perceived as astringent. Astringency or drying/puck‐
ering mouth‐feel detectable throughout the oral cavity is due to a complex reaction between 
polyphenols and proteins of the mouth and saliva [79]. Interaction between tannins and saliva 
proteins plays an important role in astringency perception in wine [80]; however, the physi‐
ological and physicochemical mechanisms for this phenomenon are not fully understood and 
more studies focusing on this subject must be done in wines and fruits.

Red currants Black currants Blueberries
Compounds (total) Rosenthal Rovada Rosenthal Rovada Toro Legacy Duke Bluecrop

Phenolic compounds. 18.05
±
0.58

17.97
±
0.31

207.77
±
1.14

187.69
±
1.84

94.60
±
0.93

137.74
±
1.05

113.02
±
1.28

120.14
±
1.02

Anthocyanins 15.93
±
0.95

14.73
±
0.29

180.44
±
3.59

162.83
±
2.46

56.35
±
1.04

68.55
±
2.35

83.64
±
3.16

41.99
±
0.25

Flavonols 1.89
±
0.08

0.48
±
0.005

7.36
±
0.57

6.95
±
0.92

2.28
±
0.80

5.17
±
0.03

3.41
±
0.16

6.08
±
0.45

Flavan‐3‐ols n.d. 1.60
±
0.002

13.35
±
0.90

11.02
±
1.23

2.85
±
0.54

1.75
±
0.07

n.d. 4.52
±
0.43

Hydroxycinnamic acid 
derivatives

0.23
±
0.002

1.16
±
0.10

6.62
±
0.18

6.89
±
0.24

33.12
±
1.78

62.27
±
1.97

25.97
±
3.21

67.54
±
3.03

n.d., not detected.

Table 2. Contents of phenolic compounds in red currants (Ribes rubrum L.), black currants (Ribes nigrum L.), 
and blueberries (Vaccinium corymbosum L.) determined by HPLC‐DAD and expressed in mg per 100 g fresh 
weight±SD (n = 3). Adapted from Gavrilova et al. [72].
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Total concentration, mean degree of polymerization [81], subunit composition, and distribu‐
tion [82] are some of the variables related to tannins, highly correlated with the perception of 
astringency in fruits. Tannins vary in size, from dimers up to oligomers, with more than 30 
subunits [83]. Polymer size affects astringency correlating positively with the perception of 
astringency [84]. Increased galloylation can be responsible for increased “abrasiveness” while 
trihydroxylation of the B‐ring can decrease it [85]. As referred by He et al. [86], the synthesis of 
astringent substances controlled by a variety of structural and regulatory genes must be stud‐
ied. Moreover, these authors state that “(…) cloning and functional identification of genes, in 

Figure 3. Volatile compounds reported in raspberry fruit (Rubus idaeus L.) according to chemical class. Adapted from 
Aprea et al. [74].
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the astringency metabolic pathway, and their spatio‐temporal expression patterns as well as 
tannin biosynthesis‐related transcription factor genes must be considered in future work to 
finally make it possible to control fruit astringent substances quantitatively (…)”[86].

4. Effect of microorganisms on fruit phenolic compounds

After the consumption of fruits, the colon is the main site of microbial fermentation, where 
high molecular weight phenolic compounds are transformed into low molecular weight phe‐
nolic compounds such as phenolic acids or lactone structures by intestinal microbiota. The 
human healthy adult gut microbiota already identified can be classified into three dominant 
phyla: Bacteroidetes, Firmicutes and Actinobacteria. This highly complex and diverse bacterial 
ecosystem is mainly composed by a dominant group(> 109 Colony Forming Units (CFU)/g) of 
anaerobic bacteria, including genera Bacteroides, Eubacterium, Bifidobacterium, Peptostreptococcus, 

Precursors Major metabolites Bacteria Ref.

Fl
av

on
oi

ds

Myricetin 2‐(3,5‐Dihydroxyphenyl) acetic acid
2‐(3‐Hydroxyphenyl) acetic acid

Clostridium orbiscidens, 
Eubacterium 
oxidoreducens

[90–92]

Quercetin 3‐(3,4‐Dihydroxyphenyl) propionic acid
3‐(3‐Hydroxyphenyl)propionic acid

[91–93]

Kaempferol 2‐(4‐Hydroxyphenyl)propionic acid
2‐(3,4‐Dihydroxyphenyl)acetic acid
2‐(3‐Hydroxyphenyl)acetic acid

[90]

Fl
av

an
‐3

‐o
ls

Catechin 3‐(3‐Hydroxyphenyl)propionic acid
5‐(3',4'‐Dihydroxyphenyl)‐γ‐valerolactone

Clostridium coccoides, 
Bifidobacterium spp.

[94–97]

Epicatechin 5‐(3,4‐Dihydroxyphenyl) valeric acid
3‐(3,4‐Dihydroxyphenyl)propionic acid

Epigallocatechin 5‐(3',4'‐Dihydroxypheny[l)‐γ‐
valerolactone
5‐(3',5'‐Dihydroxyphenyl)‐γ‐valerolactone

A
nt

ho
cy

an
in

s Malvidin 3,4‐Dimethoxybenzoic acid Lactobacillus (plantarum, 
casei, acidophilus LA‐5) 
Bifidobacterium lactis 
BB‐12

[98, 99]

Cyanidin 3,4‐Dihydroxybenzoic acid

Peonidin 3‐Methoxy4‐hydroxybenzoic acid

Pelargonidin 4‐Hydroxybenzoic acid

N
on

‐fl
av

on
oi

ds

H
yd

ro
xy

ci
nn

am
at

es Caffeic, ferulic, and 
p‐coumaric acids linked 
to a quinic acid to form, 
respectively, caffoylquinic 
feruloylquinic, and p‐
coumaroylquinic acids

3‐Hydroxyphenyl propionic acid
Benzoic acid 
3‐(4‐Hydroxyphenyl) propionic acid 
Vanillin

Escherichia coli, 
Bifidobacterium lactis, 
Lactobacillus gasseri

[100–102]

Table 3. Major metabolites resulting by phenolic compounds (flavonoids and non‐flavonoids) biodegradation and 
bacteria implicated in their transformation (adapted from Marín et al. [88]).
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the astringency metabolic pathway, and their spatio‐temporal expression patterns as well as 
tannin biosynthesis‐related transcription factor genes must be considered in future work to 
finally make it possible to control fruit astringent substances quantitatively (…)”[86].

4. Effect of microorganisms on fruit phenolic compounds

After the consumption of fruits, the colon is the main site of microbial fermentation, where 
high molecular weight phenolic compounds are transformed into low molecular weight phe‐
nolic compounds such as phenolic acids or lactone structures by intestinal microbiota. The 
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valerolactone
5‐(3',5'‐Dihydroxyphenyl)‐γ‐valerolactone
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Peonidin 3‐Methoxy4‐hydroxybenzoic acid

Pelargonidin 4‐Hydroxybenzoic acid

N
on

‐fl
av

on
oi

ds

H
yd

ro
xy

ci
nn

am
at

es Caffeic, ferulic, and 
p‐coumaric acids linked 
to a quinic acid to form, 
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3‐Hydroxyphenyl propionic acid
Benzoic acid 
3‐(4‐Hydroxyphenyl) propionic acid 
Vanillin

Escherichia coli, 
Bifidobacterium lactis, 
Lactobacillus gasseri

[100–102]

Table 3. Major metabolites resulting by phenolic compounds (flavonoids and non‐flavonoids) biodegradation and 
bacteria implicated in their transformation (adapted from Marín et al. [88]).
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Ruminococcus, Clostridium and Propionibacterium, and sub‐dominant groups (< 109CFU/g), 
of bacteria of the Enterobacteriaceae family, especially E. coli, and the genera Streptococcus, 
Enterococcus, Lactobacillus, Fusobacterium, Desulfovibrio and Methanobrevibacter [89]. Thus, the 
microbial metabolism (Table 3) of most of the phenolic classes such as flavonoids, isoflavo‐
noids, lignans, phenolic acids, and tannins may produce metabolites with biological activity, 
presenting increased antioxidant activity, with evidence on health benefits for consumers. As 
most dietary polyphenolic compounds occur in glycosylated form in plants [87], for acquiring 
bioactivity in human body after being absorbed at enterocytes, these compounds must suffer 
various intestinal transformations, including the activities of digestive and microbial enzymes 
[88]. After cleavage of sugar responsible for glycosylation, the final absorbed compounds 
enter the vein circulation toward liver (Figure 4). Other enzymatic transformations occur from 
the liver to other organs, including digestive tract or via blood being excreted by urine [88].

Figure 4. Absorption and metabolism routes for dietary polyphenols and their derivatives in humans. Adapted from 
Marín et al. [88].
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5. Final remark

Red/dark‐colored fruits are considered healthy and nutritious, the major potential health benefits 
being a reduced risk for cardiovascular and neurodegenerative diseases. Phytochemicals from 
red/dark‐colored fruits are also shown to prevent body weight gain, lower blood cholesterol, and 
reduce cancer risk. Nevertheless, further rigorous, prospective studies are needed in order to bet‐
ter understand the benefits included in red/dark‐colored fruits in our diet. There is also an emer‐
gent interest in the study of red/dark‐colored fruits astringency because of the healthy properties 
of astringent substances found in red/dark‐colored fruits including antibacterial, antiviral, anti‐
inflammatory, antioxidant, anticarcinogenic, antiallergenic, hepatoprotective, and vasodilating. 
The role of phenolic compounds and their metabolites as prebiotics, contributing to beneficial 
gastrointestinal health effects by modulating gut microbial balance with the simultaneous inhibi‐
tion of pathogens and stimulation of beneficial bacteria, should also be highlighted.
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Abstract

Replacement of fossil materials by renewable feedstocks is forced by depletion and envi-
ronmental concerns but requires new technologies for energy generation or production 
of chemicals. Co-processing of petroleum with renewable feedstocks in current refinery 
infrastructure is an attractive option in the mid-term to increase renewable fuel capac-
ity, as the capital investment and operational costs would be marginal. In this chapter, 
various strategies for admixing of phenolic compounds as renewable feeds into standard 
refineries are described. Starting from the role of renewable resources (e.g. biomass, lig-
nin and bio-oil) in the current and future energy and chemical community, an overview 
on the present energy supply situation and the role of phenolic compounds are dis-
cussed. Later, a summary on co-feeding of phenolic model compounds with conventional 
feeds in refineries are illustrated. The co-processing of upgraded bio-oil in refinery units 
[e.g. fluid catalytic cracking (FCC), hydrotreating] is summarized, showing the potential 
utilisation of bio-feeds via such processes. Finally, some concluding remarks address the 
perspectives for further research and development to overcome future challenges.

Keywords: bio-feeds, bio-oil, co-feeding, lignin, refinery

1. Introduction

Fossil fuel (e.g. crude oil, coal and natural gas) reserves are limited, but they still share a 
significant proportion in the worldwide energy consumed (i.e. more than 85% in 2014). 
Particularly, 86% and 81% of primary energy in the US and Germany are from those sources 
in 2014, respectively [1]. A minor portion stems from other resources (e.g. nuclear and hydro-
electric power, wind, solar, geothermal and biomass) [2]. The current share of renewable feed-
stock supplied to chemical industry looks similar, e.g. only 8–10% of the raw materials of the 
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European chemical industry are bio-based. It is projected that energy demand increases in the 
coming decades in spite of improved energy efficiency. Power plants based on photovolta-
ics and wind energy will continuously emerge for primary energy supply. At the same time, 
demand for transportation fuels will grow, but the production of renewable fuels is an even 
more challenging task. No single renewable source can provide sufficient energy to close the 
gap between the supply and demand of energy.

Another driving force for replacing petroleum-derived liquid fuels is the concerns about envi-
ronmental pollution, as the production and combustion of fossil fuel add more CO2, SOx and 
NOx to the atmosphere. Hence, there is a strong motivation for research on alternatives for 
fossil fuels. Many researchers have recently turned attention to the massive biomass resources 
due to several reasons. First, some types of biomass like vegetable oils already fit quite well 
into the present carbon-based fuel infrastructure. Second, biomass production is based on 
short-time carbon cycles and overall CO2 neutral. Additionally, biomass is a cheap, abundant 
and sustainable raw material. Moving the world market dependence away from fossil-based 
resources to renewable ones will definitely contribute to the climate protection and sustainable 
economy [3–5].

Current production of first-generation biofuels (e.g. bioethanol and biodiesel) and blending 
in conventional fuels up to 10 vol% are steps in the right direction. However, the use of 
edible oils and seeds for the biofuels might compete with the food value chain, affecting 
material availability and prices. Furthermore, only part of biomass is converted into fuels. 
Consequently, the next step aims at the utilisation of complete biomass, leading to second-
generation biofuels. The access to biofuels from biomass resources offered by forestry, agri-
culture and industry have great potential for the production of fuels and chemicals [6]. As a 
result, the governments of many countries have set ambitious goals and set the mandatory 
legislation for partly replacing fossil fuels to promote the implementation of renewable 
energy, e.g. the U.S Department of Energy sets a target to expect use 20% of transportation 
fuel from biomass.

The three most important plant biomass constituents are as follows: (i) cellulose, a polymer 
of glucose; (ii) hemicellulose, also a polymer of different sugars; and (iii) lignin, a highly 
aromatic polymer consisting of an irregular array of variously hydroxyl- and methoxy-substi-
tuted phenylpropane units. Such biomass has low volumetric and energy densities, resulting 
in high costs for collecting and transportation. As a result, converting biomass either chemi-
cally or thermally into liquid crudes is necessary as a first step. Fast pyrolysis (FP) or lique-
faction (LF) seems to be potential technologies for liquefying biomass. Usually, such crudes 
possess oxygen contents varying in a range of 35–45 wt%, which has to be lowered prior to 
any use as a transportation fuel. Otherwise undesired properties like low specific energy 
content or limited shelf life will be serious drawbacks for application as fuels compared to 
conventional fuels.

Fortunately, the processes for upgrading such crudes already exist. Petroleum industry is 
mature all over the world and the use of the existing infrastructure (e.g. storage, refining units, 
blending and distribution systems) for production of biofuels requires little capital investment 
cost. As a result, research and development of the co-processing of biomass-derived feeds 
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into refinery have been proposed. Three insertion points have been proposed: (i) feeding into 
crude oil before the crude distillation units; (ii) blending in near finished fuel and (iii) feeding 
into facilities within the refinery. The first option might be ruled out as the separation in distil-
lation units does not chemically alter the materials and the oxygen-containing contaminants 
would be spread throughout the refinery. The second option requires converting the biomass 
into blending components which must meet all standards for transportation fuels. This is 
really challenging and needs higher costs. The last option receives more and more attention 
from academia and industrial partners, as various material streams are usually processed in 
a refinery and different bio-crudes with similar properties can be fed to the most suited unit 
operation.

This book chapter summarizes the main aspects involved in the co-feeding of liquefied lig-
nocellulosic biomass feedstock based on phenolic compounds together with conventional 
hydrocarbon feeds into standard refinery units.

2. Overview of bio-feeds and conventional feed for standard refinery

Bio-feeds can be generally categorized based on the following sources: (i) food crops such 
as corn, wheat, barley, sugar crops, vegetable oils and hydrocarbon plants; (ii) waste materi-
als such as agricultural residues, wood, urban wastes and crop residues; and (iii) aquatic 
biomass such as algae and seaweed. The use of biomass-derived feedstocks for a petroleum 
refinery can be classified into three categories according to the sources: lignocellulosic bio-
mass, starch- and sugar-derived biomass (or edible biomass) and triglyceride-based biomass. 
There are several issues to identify what kind of bio-feeds is suited for refinery, among which 
price, availability and conversion costs play important roles. Generally, the cost of biomass 
increases in the order: lignocellulosic biomass < starch (and sugar)-based biomass < triglyc-
eride-based biomass. However, the investment cost of conversion technology raises in the 
reverse order [7]. Naturally, the cost is also linked to supply and demand and thus finding 
new uses for biomass-derived products will result in higher prices.

For comparison between renewable and fossil feeds, hydrogen-to-carbon (H/C) and oxygen-
to-carbon (O/C) atomic ratios are generally evaluated. Particularly, H/C ratios of crude oil 
are typically between 1.6 and 2.1 and the O/C ratios range between 0 and 0.03. In contrast, 
wood-based biomass typically has O/C and H/C ratios higher than 0.61 and 1.4, respectively. 
Of the biomass components, lignin is markedly different in structure and composition from 
hemicellulose and cellulose, being highly aromatic and containing less oxygen and is thus the 
one most similar to petroleum. Lignin has lower O/C and H/C ratios compared to wood-based 
biomass and thus making it to be a potential source for fuels production [8]. Naturally, lignin 
is a cross-linked macromolecule and consists of three basic monomers such as p-coumaryl 
alcohol, coniferyl alcohol and synapyl alcohol. Lignin from softwoods is mostly made-up of 
coniferyl alcohol-derived components, but lignin from hardwoods consists of mixtures of 
coniferyl- and syringyl-derived structures. Nowadays, the utilisation of lignin is continuously 
growing. Large amounts of lignin and lignin containing residues originate from the pulp and 
paper industry. The expected growth of the production capacity of second generation biofuels 
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(e.g. bioethanol) from lignocellulosic biomass will lead to another source of lignin and lignin 
containing residues.

It should be highlighted that the complex nature of lignin polymer and its stability make it 
difficult to convert it into valuable monomeric chemicals. As mentioned above, FP or LF is 
widely used to convert biomass or lignin into liquid bio-crude or bio-oil. Under these condi-
tions, biomass is converted into more than 200 oxygenated compounds, having various types 
of functional groups (e.g. acids, alcohols, phenols, sugars, aldehydes, ketones and esters) with 
specific chemistry. Lignin is preferably converted into phenolic compounds such as phenol, 
anisole, guaiacol, cresol and syringol. These compounds are highly recalcitrant to further 
treatment and require severe reaction conditions. As a result, such phenolic compounds have 
attracted attention as model compounds to develop effective treatment processes. Figure 1 
illustrates the structure of the three main biomass components and a variety of commonly 
detected monomeric oxygenates in bio-oil; in addition, phenolic dimers are also represented 
largely in lignin-derived bio-oil [9].

 Figure 1. Typical products formed from FP of lignocellulosic biomass. Adapted from Ref. [9].
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Details on the nature of conventional petroleum feeds and a block scheme of a typical 
refinery are presented elsewhere [10]. It should be noted that there are five major types of 
hydrocarbons in petroleum feedstocks such as paraffins, iso-paraffins, aromatics, naph-
thenens and olefins (PIANO). The main objective of refineries are (i) to transform crude 
oil into a set of refined products in accordance with precise specification and in quantities 
corresponding as closely as possible to the market requirement. For specific purpose, crude 
oil is first fractionated (distilled) into fractions with a specified range of carbon number. 
Following that, such large fractions (referred to gas oil and residue) are further processed 
in order to reduce molecular weight and to increase the H/C ratios.

It is suggested that refineries are well-suited to handle FP oil or phenolic compounds, in 
particular. However, the significant difference in the quality of biomass-derived liquids and 
petroleum feeds are obvious. For example, FP oil reveals a general sum formula of CH1.4O0.6 
in contrast to hydrocarbon fuels, showing a sum formula close to CH2. In addition, the higher 
heating values of FP or LF oils amount to approximately 16-34 MJ/kg, in contrast to heavy fuel 
oil that offers 40 MJ/kg (Table 1).

The different properties definitely cause some problems [9]: (i) the high oxygen content is 
not accommodated by refineries, usually dealing with oxygen contents in the crude oil far 
below 1 wt%; (ii) oxygenated compounds typically have higher boiling points than hydro-
carbon with the same carbon number; (iii) water is considered a contaminant in conventional 
refineries; (iv) the acidity of FP oil is much higher than that of crude oil; and (v) the presence 
of various reactive oxygen-related functionalities allows thermal polymerization and might 
subsequently cause a high coking rate.

Therefore, downstream removal of the remaining oxygen from the bio-crude is needed; this 
can be done by using the existing refinery infrastructure or standalone units [12, 13]. Among 

 

Properties FP oil LF oil Heavy fuel oil

Water content (wt%) 15–30 5.1 0.1

pH 2.5 – –

Specific gravitya 1.2 1.1 0.94

Elemental composition (wt%)

Carbon 54–58 73 85

Hydrogen 5.5–7.0 8 11

Oxygen 35–40 16 1.0

Nitrogen 0–0.2 – 0.3

Ash 0–0.2 – 0.1

HHV (MJ/kg) 16–19 34 40

[a] Ratio of the density of the substance to the density of water.

Table 1. Typical properties of wood-based bio-oil (via FP, LF) compared to heavy fuel oil. Adapted from Ref. [11].
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the available upgrading strategies, fluid catalytic cracking (FCC), hydrotreating, and hydro-
cracking supported by catalysts are considered as most effective technologies provided by 
the refinery [14–16]. However, these unit operations are tuned to upgrade fossil fuels. On 
the other side, recently developed standalone processes are definitely tailored to lower the 
oxygen content in biocrudes most effectively. They are often discussed as deoxygenation or 
hydrodeoxygenation (HDO) processes. A detailed review on the deoxygenation of liquefied 
biomass and related model compounds in standalone units have been reported in Ref. [17]. 
The focus of the present review is now set on the co-feeding of phenolic model compounds 
with hydrocarbons and later on blending of (pre-treated) bio-crudes with conventional refin-
ery feeds. This latter strategy might represent a kind of third way, tailoring the bio-crudes to 
make them suited co-feeds and to benefit from existing technology.

3. Co-feeding of model compounds into existing refinery units

Several options are available for converting oxygen-containing biomass-derived feeds into bio-
fuels in a petroleum refinery: (i) thermal conversion (e.g. visbreaker and coker); (ii) catalytic 
conversion (e.g. FCC, hydrotreating and hydrocracking) [18].

Nevertheless, the obtained organic liquid product from thermal units would contain a high 
fraction of oxygenates and thus those units seem to be unsuitable choices. In contrast, in pres-
ence of catalyst (FCC unit), catalytic cracking is much faster and more selective than thermal 
cracking and it allows working under milder reaction conditions.

The main objective of hydrotreating in conventional refineries is to remove impurities (e.g. sul-
phur, nitrogen and oxygen) being present in petroleum feedstock via the addition of hydro-
gen (hydrodesulfurisation = HDS, hydrodenitrogenation = HDN). Therefore, hydrotreating is 
also expected to remove the high content of oxygenates in bio-feeds. Hydrocracking, on the 
other hand, combines hydrotreating and catalytic cracking, thereby transforming hydrocar-
bon feedstocks in the presence of hydrogen into lighter products. Hydrocracking typically is 
carried out using other catalysts than for hydrotreating, and is run at more severe operating 
conditions (higher temperatures and pressures).

3.1. HDO of co-feed of phenolic model compounds with hydrocarbon

The individual HDO of bio-oil and related oxygenated model compounds has been stud-
ied extensively. In the past, this process was considered to provide hydrocarbon fractions 
that might be blended directly with conventional fuels. However, this needs huge efforts to 
achieve the necessary hydrogenation depth and oxygen removal efficiency. Recently, it is 
often discussed as a pre-treatment (or upgrading) step to make bio-crudes suited for co-pro-
cessing. Details are summarized in Ref. [17] and related reviews [2, 19]. We also studied the 
HDO of phenol and intermediates on monometallic and bimetallic Ni-based catalysts (Ni, 
Ni-Co, Ni-Cu) supported on different acidic materials (H-ZSM-5, H-Beta, H-Y and ZrO2) at 
comparatively mild conditions (250°C, 50 bar initial H2 pressure) [20, 21]. Hydrocarbons (e.g. 
cyclohexane and benzene) can be mostly produced from deoxygenation of phenol. Similarly, 
guaiacol and its derivatives, which possess hydroxyl and methoxyl groups attached to the 
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aromatic ring, have been investigated extensively as model compounds, e.g. Refs. [22, 23]. 
Various pathways have been reported for guaiacol conversion towards a variety of products 
such as phenol, catechol, benzene, cyclohexane, and methyl-substituted phenols. Such a reac-
tion network for the guaiacol catalytic cracking has been proposed in Ref. [32]. Besides, phe-
nolic dimers have been involved in HDO studies due to their large amount in lignin derived 
bio-oils. During the aqueous phase, HDO of phenolic dimers on bifunctional catalysts (Pd/C, 
H-ZSM-5, or Ni/H-ZSM-5) hydrocarbon yield were observed up to 95–100% at 64–100% con-
version [24, 25].

Co-processing of guaiacol to straight-run gas oil (SRGO) was studied in a conventional 
hydrotreating process [26]. In the presence of SRGO and under severe HDS conditions, 
no inhibiting effect on HDS activity was observed; however, at mild reaction temperature 
(below 320°C) and low space velocity, inhibition of HDS became relevant, likely due to com-
petitive adsorption of intermediate phenols on the catalyst active sites. By increasing the tem-
perature, these adsorbates are rapidly deoxygenated into hydrocarbons which did not affect 
HDS reactions. Otherwise, hydrogen sulphide from HDS suppresses hydrogenolysis and 
hydrogenation (HDO) of phenols, especially with NiMo and CoMo catalysts, via competi-
tive adsorption of phenol and H2S [27]. Similarly, ammonia stemming from HDN not only 
depresses the activity of NiMo and CoMo catalysts in HDS process, but also the conversion of 
carboxylic and methoxy groups, while ketones were not affected [28]. The presence of other 
compounds, such as water, has little influence on HDO reaction but does affect the lifespan of 
HDS catalyst.

3.2. Co-feeding of phenolic model compounds with conventional feeds at FCC conditions

Co-processing of oxygenated model compounds with conventional feeds at FCC conditions 
has been studied in lab-scale FCC units [29–32]. A maximum amount of 10 wt% of oxygenated 
compounds (related to gasoil) could be fed to a FCC without major problems. Additionally, 
the authors indicated that catalytic cracking of oxygenate compounds consists of a complex 
net of reaction pathways.

Either phenol or guaiacol was co-fed with hydrocarbon (e.g. n-heptane or methylcyclohexane) 
for cracking reactions over HZSM-5 and HY zeolites [31]. The severe slow-down of the crack-
ing reaction of methylcyclohexane and n-heptane was observed in the presence of the named 
oxygenates. The authors proposed the observation due to strong adsorption of phenolic spe-
cies on the catalysts and thus it could be competitive with the absorption of hydrocarbon. The 
increased coke formation in the presence of phenolic compounds also led to a slightly changed 
product distribution compared with hydrocarbons cracking.

Co-feeding of oxygenates (including guaiacol, acetic acid, phenol and hydroxyacetone) with 
gas oil over an equilibrated FCC catalyst [32] lead to an increase in yields of fuels gas, liquefied 
petroleum gas (LPG) and gasoline, however, this was possible mostly because boiling point 
range of those oxygenates and their products match these fractions. Additionally, some aro-
matic products were obtained from dehydration and alkylation of both phenol and guaiacol 
in the gasoline fraction products.
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Recently, it was shown that small amounts of m-cresol at low reactant concentrations caused 
fast deactivation of an FCC catalyst [33]. Nevertheless, increasing the paraffin concentra-
tion hindered the deactivating effect of m-cresol. The authors postulated a hydride transfer 
between the phenolic compound and the paraffins. The interaction of the phenolic pool and 
the conventional feed (paraffin) via hydride transfer is summarized in Scheme 1.

In sum, the cited studies on co-feeding of phenolic model compounds with hydrocarbons 
give some insight (e.g. competitive adsorption and hydride transfer) that should be taken into 
account for the development of effective catalyst and revise the processes later on.

4. Co-processing of upgraded bio-oil as a phenolic feed into refineries

As mentioned above, bio-oils obtained from FP or LF of solid biomass have some peculiar 
properties (high oxygenate (35–50 wt%) and water content (15–30 wt%), high acidity and 
immiscibility with petroleum fuels) being different from those of conventional refinery 
streams [34]. Conversion of pure FP oil over conventional FCC catalysts has been studied 
already in the nineties [35, 36]. However, major challenges were identified (e.g. nozzle plug-
ging and irreversible catalyst deactivation) owing to significant formation of coke, tar and 
char [37]. This leads to a more severe catalyst deactivation compared to regular FCC process. 
Thus, the direct use of an untreated bio-oil in standard refinery units needs large efforts in 
catalyst and process design that might make this route less attractive. Instead, blending of FP 
oil with conventional feed (e.g. vacuum gas oil) before introduction into FCC unit is the logical 
alternative due to the interest of petroleum oil companies.

 Scheme 1. Interaction of the m-cresol and paraffin transformation via hydride transfer. Adapted from Ref. [33].
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The standard lab-scale techniques for evaluation of FCC catalysts [e.g. micro-activity test 
(MAT) or advanced cracking evaluation (ACE)] may also simulate the co-processing of FP oil 
with conventional FCC feeds. Such tests are known to elucidate the actual behavior of com-
mercial FCC units quite well and various parameters [e.g. catalyst-to-oil (CTO) ratios, temper-
ature, conversion and product distribution] can be systematically investigated. For example, 
UOP reported the first results for such blending tests in an ACE test unit [38]. Table 2 provides 
typical results for pure vacuum gas oil (VGO) cracking in comparison with conversion of a 
blend of 20 wt% of FP oil and 80 wt% of VGO.

The results indicate that significant amounts of carbon are transferred to the gasoline, gas, LPG 
and coke, but less to LCO and slurry oil fraction. As a result, replacement of 20% of conven-
tional feed by FP oil reduces the total amount of carbon fed to the FCC unit by 13% (due to the 
oxygen in the FP oil), but the gasoline yield dropped only by less than 5%. This might point to 
a synergetic effect between VGO and FP oil and the VGO seems to act as a hydrogen donor to 
the FP oil. Otherwise, the FP oil appears to increase the crackability of the VGO and shifts the 
product range towards desired light ends. In general, the co-feeding of FP oil to FCC units is 
not beneficial, with only an estimated 10% of the carbon from the liquids ending up in useable 
products (LPG and liquids). Much of the recent advances to obtain a better understanding of 
the co-processing of untreated FP oil in oil refineries have been conducted in BIOCOUP proj-
ect within the 6th European Framework Program [39]. Particularly, various upgrading routes 
have been studied: (i) HDO to remove oxygen as water under high hydrogen pressure with a 
catalyst; (ii) high pressure thermal treatment (HPTT), in which FP oil is thermally treated to 
obtain an oil with a higher energy density [40]; and (iii) treatment without hydrogen, leading 
to decarboxylated oil (DCO). Comprehensive data on the use of FP oil either pure or as co-
feed with VGO along all these routes are not published, but it is mentioned that despite lower 
oxygen content, a FP oil upgraded without oxygen (DCO route) could not be effectively co-
processed without catalysts or hydrogen (HPTT route). An important criterion for successful 
co-feeding of such oils is a low-coking tendency (measured as micro carbon residue testing 
– MCRT), high H:C ratio, and a low average molecular weight [41].

 

Product yields (wt%) VGO FCC (20 wt% FP oil + 80 wt% VGO) FCC

Ethylene 2.0 3.3

Propylene 5.9 5.9

Propane 1.2 2.1

Butane 11.1 13.5

Gasoline 42.7 40.6

Light cycle oil (LCO) 14.8 9.1

Slurry oil 18.5 4.8

Coke 3.9 7.1

Water and CO2 0.0 13.4

Table 2. Product yields from co-feeding of VGO and FP oil at FCC conditions. Data from Ref. [38].
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Many efforts have been made in the recent years on HDO for upgrading of FP oil to deoxygen-
ate the organic compounds effectively into so-called HDO oils or upgraded bio-oil (UBOs). 
HDO of bio-oil with various catalysts (e.g. Ru/C, Ru/Al2O3, Ru/TiO2, Pd/C, Pt/C, NiMo/Al2O3, 
CoMo/Al2O3 and Ni-based catalysts) in the past decades has been comprehensively described 
in reviews [42, 43]. Besides, modified strategies for HDO of bio-oil have been proposed, e.g. 
a mild HDO process, non-isothermal hydrotreatment, low-severity HDO [44, 45], two-stage 
HDO [46] and aqueous phase HDO [47].

The co-feeding of such upgraded HDO oils (20 wt%) and 80 wt% standard feedstock (Long 
residue) is successful in laboratory-scale even if oxygen-rich HDO oils (17–28 wt% on dry 
basis) are used. Product yields, e.g. for gasoline (44–46 wt%) and light cycle oil (LCO) 
(23–25 wt%) were retained compared to the base feed [48, 49]. The authors also carried out 
the co-processing of 80 wt% of SRGO + 10 wt% HDO oil + 10 wt% isopropanol (to reduce 
viscosity) in a lab-scale HDS reactor, but the competition between HDS and HDO was 
observed and the efficiency of HDS was reduced [50]. Tests on co-feeding of hydrotreated 
bio-oil with an aromatic hydrocarbon feedstock (15/85 wt/wt) with two commercial FCC 
catalysts (ReUSY1, ReUSY2) showed that the conversion was slightly lower than that of 
the ordinary VGO [51]. The limited crackability of the aromatic feedstock seems to be 
the primary reason. On the other hand, the  conversion obtained from co-processing of 
hydrotreated bio-oil with VGO was reported to be higher than that obtained from pure 
VGO feed experiment [52].

Own studies on the HDO of FP oil over bimetallic catalysts (10%Ni-10%Co/HZSM-5; 300 °C 
and 60 bar initial H2 pressure) resulted in an UBO, which was co-fed with conventional FCC 
feed (atmospheric distillation residue of Dung Quat refinery-Vietnam) in a lab-scale MAT 
unit [53, 54]. Several runs with the same equilibrated FCC catalyst and various fractions of 
UBO (10, 20, 30 wt%) in the feed and different CTO ratios were performed at FCC conditions 
(520 °C, 1 bar, CTO = 2.5 or 3 g/g). Figure 2 shows that the conversion is similar for both the 
co-processed feeds and the 100% conventional feed, whereas a reduction of HCO yield and 
slight increase of gasoline, gas and LCO fraction is evident for the co-processed feeds at the 
CTO ratio = 3 g/g. However, at a CTO ratio of 2.5 (g/g), which correlates to somewhat milder 
reaction conditions in terms of residence time and respective catalyst load, the conversion 
decreased gradually with the increase of the UBO fraction from 80% to 65% (with the 20UBO 
sample). This indicates that oxygenates in the UBO are more recalcitrant to cracking due to 
the many O-containing functional groups and the lower H-content (e.g. phenols, guaiacols, 
syringols and dimers). This observation is in line with literature [44], showing that a slightly 
higher CTO ratio is required for co-processing of UBO with conventional feed (Long residue) 
in order to obtain an equivalent conversion.

The gasoline fraction is the primary objective of a FCC unit and thus its composition obtained 
with the 4 samples tested at a CTO ratio of 3 (g/g) was analysed and showed in Figure 3. 
Obviously, co-processed feeds give larger amounts of aromatic compounds in the gasoline as 
compared to 100% conventional feed. In addition, the iso-paraffin and olefin fractions were 
reduced compared to 100% conventional feed, while the n-paraffin and naphthene fractions 
were more or less of the same size.
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On the other side, Petrobras implemented a near commercial FCC unit to co-feed pure FP oil 
with VGO [55]. The FP and VGO were fed into the riser reactor at two different heights. The 
feed rate was 150 kg/h and the results are shown in Table 3.

 Figure 3. Gasoline composition in the products from co-feed tests at 520 °C and CTO = 3 (g/g). Adapted from Ref. [54].

Figure 2. Performance of co-feeding tests at different feed compositions and CTO ratios in MAT unit. Adapted from 
Ref. [50].
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The results indicate that the liquid yields from the blend VGO-FP oil did not significantly 
drop compared to FCC of VGO, whereas the yield of fuel/LPG was dramatically decreased. 
The introduction of 10 wt% of FP oil did not change the gasoline yields; however, the fraction 
was reduced significantly when co-feeding 20 wt% of FP oil.

It can be concluded that there are substantial differences in the conversion and product patterns 
obtained at laboratory-scale, pilot plant and semi-commercial scale. This is understandable as 
different FP oil, conventional feeds and reaction conditions were used [56].

5. Summary and perspective

Co-feeding of biomass derived liquids with conventional feeds into refinery units has poten-
tial for partial replacement of fossil crudes by renewable and sustainable resources in the 
short-term. In addition, it might be economically advantageous for biofuels production as the 
capital costs could be reduced due to the use of available existing infrastructure of petroleum 
refineries. Various tests with both FP oil and upgraded bio-oil (UBO) not only at lab-scale, but 
also at the semi-demonstration FCC scale showed promising results.

Studies with phenolic model compounds provide insight into the effect of oxygenates during 
co-feeding on elementary steps such as hydride transfer or competitive adsorption of pheno-
lic compounds and hydrocarbon. It seems as if hydrocarbons might act as hydrogen donor for 
oxygen removal from the bio-feeds. The tests with FPO or UBO indicate some crucial aspects: 
(i) co-feeding possibly reduces the acidity and oxygenate content in the co-feed; (ii) upgrading 
helps to reduce oxygen content and to increase yields of usable products (e.g. naphtha, LCO 
and LPG); (iii) separate injection of conventional and bio-feeds could be a suitable choice in 

Product yields (wt%) Feedstock
VGO 90% gas oil and 10% FP oil 80% gas oil and 20% FP oil

Fuel gas 3.9 2.8 2.5

LPG 15.2 12.9 9.9

Naphtha 40.4 40.7 37.7

LCO 18.1 17.4 16.5

Decanted oil 14.8 14.0 13.7

Coke 7.4 7.5 8.5

CO 0.1 1.9 3.1

CO2 0.1 0.5 0.8

Water 0 2.3 7.3

Table 3. Product yields from co-feeding of VGO and FP oil by Petrobras at 540 °C. Data from Ref. [55].
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order to take advantage of the different reactivity of those feeds ruled by the aforementioned 
elementary steps.

However, the challenges of processing such bio-feeds in oil refineries are still significant and 
need to be further studied. As it is not expected due to economics that FCC catalyst and process 
design will be modified, the co-processing should be more deeply investigated using more 
standard conventional feeds and commercial FCC catalysts. On the other side, there might be 
some potential for optimisation of the upgrading step to make the UBOs more suited. As for 
the upstream FP process, the greater the improvement of FP, the higher the quality of bio-oil 
during storage and transportation and the easier the upgrading steps.

From a refiner’s perspective, the important properties are the boiling-range distribution and 
the acidity. The high oxygen content of FP oil and UBO might cause corrosion and augmented 
coking of catalyst surfaces as well as downstream contamination risks. Thus, the upgrad-
ing of bio-feed to what extent should be adapted to the requirement of the refinery. It is 
likely that the degree of deoxygenation correlates with the oil yield and the heating value of 
UBO. Besides, another issue is to identify the best inlets for bio-feeds into the refinery and the 
requirements for venting of oxygenated gases (e.g. CO and CO2) should be considered as it is 
not usual in conventional refinery.

Finally, one question might be open for the reader: who will responsible for the control and 
the management of bio-feeds and their co-processing into refinery? A realistic scenario will be 
that both industries cooperate, one producing the biofuel precursors and the other processing 
and converting them into valuable fuels.
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Abstract

Experimental author results on the use of technogenic phenols as inhibitors are presented
to undesirable polymerization in petrochemicalmanufactures. The basicways of increase
inhibiting properties of coke-chemical phenols are shown, such as rectification for sepa-
ration of two-nuclear derivatives or some examples of their chemical modification,
allowing to increase the inhibiting efficiency of phenolic mixes, for example, by novolak
fenol-formaldehyde condensation or oxidative coupling reactions. The received deriva-
tives of phenols are recommended both for processing pyrocondensates and for rectifica-
tion of styrene.

Keywords: pyrocondensates, styrene, phenolic inhibitors, sterically hindered phenols,
technological phenols, phenols from wood, coke-chemical phenols, increase inhibiting
properties, rectification, chemical modification, phenol formaldehyde condensation,
oxidizing coupling

1. Introduction

Petrochemical industry can be represented in general as two main branches, and they are (a)
pyrolysis industry and (b) manufacture of individual monomers, for example, butadiene,
styrene, and so on. Both of them have one strong problem that is undesirable polymerization
of olefinic monomers during distillation and purification. Thermal impacts during fractioning
process are usually accompanied with the formation of active alkyl radicals to be prone to
polymerize, which results in decreasing of yields of main products, contamination of equip-
ment with polymer residues, and impairment in the control of distillation process. Such ever-
present phenomenon during distillation process could be removed by several methods, and
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the most reasonable one is the use of special additives, the so-called inhibitors. Inhibitors are
chemicals, which stabilize reactive monomers, they could react fast with free radicals, and so
the latter are withdrawn and could not activate polymerization, notably, inhibitors stop spon-
taneous polymerization. Inhibitors cut off every chain reaction until they are spent.

2. The basic classes of inhibitors

The following substances of different chemical classes can be used as inhibitors, for example:

(1) quinones

(2) nitro- and nitroso compounds;

(3) amines and hydroxyl amines and their derivatives;

(4) stable nitroxyl radicals;

(5) different phenolic compounds;

(6) salts of aliovalent metals;

(7) sulfur- and phosphor-containing compounds, as well as

(8) high-molecular-weight inhibitors on the basis of the above classes.

Every compound class has its specific action on monomer stabilizations, and so its own
intrinsic advantages and disadvantages. The most common among them are the representa-
tives of four and five groups.

It should be noted that phenol inhibitors demonstrate some technological advantages, than
others (Figure 1).

Figure 1. Surface appearances of heat exchangers T-58 EP-300 utility after application of phenol inhibitors (a) and nitroxyl
radicals (b).
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3. Phenolic inhibitors

Among the phenol inhibitors, two main series are differentiated:

(1) Sterically hindered phenols (SHPs)

(2) Technogenical phenols.

The latter are multicomponent phenol mixtures produced during thermal treatment of organic
raw materials—wood and coal. These mixtures are different in their compositions and proper-
ties.

Unlike the other inhibitor classes, the phenolic compounds advantageously combine their
antioxidant properties together with the capacities to trap radicals [1].

Practical applications reveal the monoatomic SHP—Ar-OH and their derivatives to be the
most effective.

Diatomic phenols Ar(OH)2 (e.g., hydroquinone, pyrocatechol, pyrogallol, trimethylhy-
droquinone, 1,6-naphthalene diol, etc.) are more effective as radical process inhibitors in
anoxic environment when compared with others. Three and more atomic phenols show their
best antioxidant properties.

Phenol inhibitors can be divided into small number of classes depending on their properties
and structures, according to the following characteristics:

(1) The number of aromatic fragment Ar: they are true phenols or naphthols—the oxy deriv-
atives of condensed aromatic hydrocarbons;

(2) The number of hydroxyl groups in one aromatic circle (nuclei): they are mono- and poly-
phenols;

(3) The number of Ar(OH)n fragments in one molecule of antioxidant: they are mononuclear
and polynuclear phenols (bis-phenols, tris-phenols, etc.); and

(4) The so-called shielded SHP phenols, where both o-substituents of OH-group in the aro-
matic circle are tert-alkyl groups, usually they are tert-butyl ones.

Sterically hindered phenols dramatically differ from other phenols. They are often used as
industrial antioxidants, stabilizers, and anti-polymerizers, and many of them possess very
high inhibiting activities.

At present, the most common in use are SHP having tert-butyl substituents, and the most well-
known among them are as follows:

Ionol (2,6-di-tert-butyl-p-cresol, butyloxytoluene, BOT, alkophen, BP, topanol-O, DBC,
topanol-OC, topanol-OF, 4M26B, CAO, Agidol-1, etc.), tert-butyl pyrocatechine (TBPC), and
di-tert-butylhydroquinone.
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4. The mechanism of phenol action as inhibitors

Involving phenols in radical reactions results in detachment of hydrogen atom from hydroxyl
group on the first stage of the process with the formation of phenoxyl radical:

PhOH þ R� ! RH þ PhO� (1)

The formation of phenoxyl radicals was confirmed by electron paramagnetic resonance (EPR)
method, which was supported with kinetic isotopic effect, when hydrogen atom is changed for
deuterium.

Phenoxylic radicals are formed in the reaction of phenols with peroxide radicals: alkoxyl, alkyl,
carboxyl radicals, as well as with molecular oxygen. The subsequent behaviors of phenols in
radical reactions depend on properties of the phenoxyl radicals formed.

The reaction of peroxide and phenolic radicals leads to the formation of quinolide peroxides.
Another active radicals add to PhO* similarly. The quinolide peroxides so formed could be
decomposed at O-O bond to give active radicals even at moderate temperatures:

The alkoxyl radical could be subsequently dissociated to give quinone:

Hydroquinone, when reacting step by step with two peroxide radicals, transforms into qui-
none:

Together with the interaction of phenoxyl and peroxide radicals, the competitive reaction
bimolecular loss of phenoxyl radicals takes place:
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PhO� þ PhO� ! Products (2)

The reaction direction depends on a structure of phenoxyl radical. Some radicals having at
least one non-substituted "active" position are typically recombined into dimeric phenol com-
pounds, for example:

2,4,6-Trisubstituted phenoxyls do not form stable dimers as a rule. If the radical has n-, or sec-
alkyl substituents, the reaction of disproportionation is possible to obtain methylene quinone
and to recover the initial phenol:

Methylene quinones are capable of dimerization with the formation of polynuclear phenols:

Methylene quinones could react with radicals to be added to unsaturated double methylene
bond, generating phenoxyl radicals:
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The activities of methylene quinones are almost equal to the same for the most reactive alkenes
(diene, vinyl aromatic compounds), as well as sterically hindered quinones, but unlike the
latter, they are very active to peroxides.

The disproportionations involving H-atoms of OH-groups are rather typical for phenol radi-
cals, which have two hydroxyl groups in the circle, the so-called diatomic phenols—pyrocate-
chol and hydroquinone. The stabilization of phenoxyl radicals formed is possible owing to
ortho- and para-quinones’ generation. The disproportionation products in this case are quinoid
compound and initial phenol:

The quinones obtained when compared with the starting ones are effective acceptors of alkyl
radicals, which add the radicals according to the scheme. So, the products of phenol inhibitor
oxidation turn to be the generator of secondary inhibitors.

Phenoxyl radicals could react with some molecules. The most important reactions are as
follows:

PhO� þ ROOH ! PhOH þ RO�
2

(3)

PhO� þ RH ! PhOH þ R� (4)

PhO� þ PhOH ! PhOH þ PhO� (5)

The inhibitor becomes ineffective, if the equilibrium of the phenoxyl radical and peroxide
reaction is shifted to the formation of RO2

*.

The reaction, where phenoxyl radical attacks C-H bond of hydrocarbon, is the most
unwelcome for inhibition process. This reaction results in the formation of active alkyl radical
and regeneration of a chain.
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The processes of addition of phenoxyl radicals to unsaturated compounds lead to the forma-
tions of dimeric cyclohexadienones:

As the result of the reaction of phenoxyl radicals with molecular oxygen, the symmetric
quinolide peroxides are formed:

Some reactions of phenoxyl radical dissociation with emissions of active radicals are realizable.

As it is demonstrated on the schemes shown earlier, the application of phenol compounds allows
to increase the inhibiting effect due to partial regeneration in the system "phenol-quinone" [1].

The stability of forming phenoxyl radicals depends fundamentally on substituents in ortho-
position to hydroxyl group, and it increases with the increasing branches and bulks of the
substituents [2]. The properties of SHP become apparent, if the substituent is tert-alkyl at least.
For the phenols having methyl substituents or having no substituents in ortho-position of
hydroxyl group, the inhibiting effects are considerably low, and often it occurs to be missing
or even having a negative value. That is why monoatomic phenols unsubstituted in ortho-
position to hydroxyl group are practically unknown as inhibitors.

Diatomic phenols of resorcin series reveal their inhibiting activity as compounds with CH-
activity, that is, according to another mechanism [3]. The distinctive features of the resorcin
series compounds are their extreme manifestations of inhibiting activity, but in a very narrow
concentration interval and in considerable less (1–2 order of magnitude) concentrations, than
for other diatomic phenols.

During pyrolysis of plant raw materials besides monoatomic phenols, cresols and xylenols
(32.8%) and insufficient amounts of pyrocatechine and methylpyrocatechine (7.1%), the deriv-
atives of guaiacol (20.1%) and syringol (31.3%) are dominated (Table 1).
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It is found that guaiacol and syringol derivatives in non-polar media do not reveal their
inhibiting activities, so the hydrogen atom of phenol hydroxyl group forms the hydrogen
binding with oxygen atom of neighboring (in ortho-position) methoxyl group, which prevents
the phenoxyl radical formation:

5. Coke-chemical phenols

During thermal processing of coals, the main components of coke-chemical phenol (CCP)
mixtures are different mono- and diatomic phenols, where compositions are dependent on
coalfield (Table 2).

Table 2 demonstrates the essential differentiations in mono- and diatomic phenol propor-
tions in different storage reservoirs. These proportions play very important role to produce
effective inhibitors from CCP. It is experimentally established that the optimal proportion is
<2:1.

Component Component composition, %

Phenol 3.5

Crezols 13.9

Xylenols 15.4

Guaiacol 7.1

4-Methylguaiacol 5.3

4-Ethylguaiacol 4.2

4-Propylguaiacol 2.1

Eugenol 1.4

Pyrocatechine 5.7

Methylpyrocatechine 1.6

1,3-Dimethyl ether of 5-methylpyrogallol 12.7

1,3-Dimethyl ether of 5-ethylpyrogallol 10.3

1,3-Dimethyl ether of 5-propylpyrogallol 6.5

Table 1. Composition of phenols for pyrolysis of wood.
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As an example, the composition of phenols from storage reservoir No. 2 is given in Table 3.

According to Table 3, diatomic phenols are predominantly presented with pyrocatechine and
his gemologists, as well as with insignificant amount of resorcin and its derivatives and with
minor amount of methyl and dimethyl hydroquinone.

That is why the first alternative to increase the inhibiting activity of CCP is the fractionating of
the phenol mixture for the purpose of isolating diatomic phenols from monoatomic ones.
During fractionating, the distillate of diatomic phenols, the so-called "pyrocatechine fraction"

Monoatomic phenols 51.67

They include:
Phenol 3.30 2-Ethyl-4-methyl phenol 0.16

2-Methyl phenol 10.14 4-Ethyl-3-methyl phenol 0.69

4-Methyl phenol 13.32 3-Ethyl-5-methyl phenol 0.20

2,6-Dimethyl phenol 4.34 2,3,5-Trimethyl phenol 0.27

2-Ethyl phenol 1.03 4-Propyl phenol 0.15

2,4-Dimethyl phenol 11.57 2-Methyl-5-(1-methylethyl phenol 0.32

4-Ethyl phenol 3.74 2,3,6-Trimethyl phenol 0.10

3,5-Dimethyl phenol 0.75 4-(1-methylpropyl)phenol 0.10

2,4,6-Trimethyl phenol 0.42 2-Butyl phenol 0.13

2-Propyl phenol 0.15 4-Ethyl-2-methoxyphenol 0.09

2-Ethyl-6-methyl phenol 0.66 2-Naphthol 0.04

Diatomic phenols 39.90

They include:

Pyrocatechine 17.16 4-Ethyl resorcin 2.21

3-Methyl pyrocatechine 9.67 4,5-Dimethyl resorcin 0.29

4-Methyl pyrocatechine 4.96 Methyl hydroquinone 0.17

Resorcin 1.69 2,3-Dimethyl hydroquinone 2.17

2-Methyl resorcin 1.51 3,4-Methylene dioxyanisole 0.07

Table 3. Component composition of phenol mixture in storage reservoir No. 2.

Reservoir No
Monoatomic
phenols, %mass

Diatomic
phenols, %
mass

Nonphenolic
admixtures, %
mass

Proportions of mono-
and diatomic phenols

1 72.3 25.9 1.8 2.79

2 51.7 39.9 8.4 1.30

3 68.3 25.3 6.3 2.70

4—Overall (Summary) mixture
(res.1: res.2: res.3 = 1.2:1.7:1.5)

62.4 32.5 5.1 1.92

Table 2. Comparative composition of CCP from different storage reservoirs.
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(PCF), has been isolated. The fraction is analyzed and tested as polymerization inhibitor of
industrial condensates for EP-300 utility of Angarsk Polymer Plant (APP) of "ROSNEFT" Joint-
Stock Company, Irkutsk region, Russia [4]. Inhibiting activities of PCF and other inhibitors
have been tested in accordance with the standard protocol of 8489-85 RU State Standard. The
industrial samples of liquid pyrolysis products (pyrocondensates) of straight-run distillation of
gasoline and hydrocarbon gases have been used as investigation objects.

The estimation of their inhibiting activities has been modeled under very closed conditions, or
even under more hard conditions, than that for real-system "column-boiler" at the rectification
process of pyrolysis semi-products, where the example is chosen from pyrocondensate of
typical utility of "Ethylene/propylene-300" of APP, where production is benzene produced by
hydrodealkylation.

Laboratory experiment on modeling polymer formation has included the following:

(1) Initiation of polymer formation in pyrocondensate by temperature impact with the addi-
tion of investigated inhibitor.

For this purpose, pyrocondensate of 100 cm3 was loaded into a metal autoclave, and the
inhibitor was added (or not added in blank experiment); the autoclave was sealed her-
metically and placed into a preliminary heated thermostat at 130°C for 1 h.

(2) The amounts of the polymer formed products were detected by RU State Standard 8489-85
by the equipment "POS-77M."

Effectiveness of inhibiting was estimated in accordance with the formula:

Effectiveness ¼ Сblank−Сinhib

Сblank
100% (6)

where Cinhib and Cblank are the amounts of experimental resins in pyrocondensates in
inhibit and blank experiments, correspondingly.

6. Increase inhibiting properties of phenols by rectification

During the rectification process of total coke-chemical phenols (TCCPs), the isomers of
diatomic phenols were concentrated in the distillation residue after monoatomic phenol sepa-
ration (DRAMPS). Some samples of the DRAMPS product were taken from the operating
"FCh-16" phenol inhibitor production utility of JSC "Angarsk Petrochemical Company"
(APCC), and then pyrocatechine fractions were distilled (up to 300°C) from them. Their
inhibiting properties were tested. The laboratory results served as a basis for the design of
technical requirements for the prototype production of the inhibitor, and then technical regu-
lations for the production were developed. The pilot butches of PCF inhibitor were produced
on the plant utility. The composition of the laboratory and pilot plant samples was proved by
chromato-mass spectrometry method, and they are presented in Table 4, and their quality
factors in accordance with the State Standard demands are presented in Table 5.
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metically and placed into a preliminary heated thermostat at 130°C for 1 h.

(2) The amounts of the polymer formed products were detected by RU State Standard 8489-85
by the equipment "POS-77M."

Effectiveness of inhibiting was estimated in accordance with the formula:

Effectiveness ¼ Сblank−Сinhib

Сblank
100% (6)

where Cinhib and Cblank are the amounts of experimental resins in pyrocondensates in
inhibit and blank experiments, correspondingly.

6. Increase inhibiting properties of phenols by rectification

During the rectification process of total coke-chemical phenols (TCCPs), the isomers of
diatomic phenols were concentrated in the distillation residue after monoatomic phenol sepa-
ration (DRAMPS). Some samples of the DRAMPS product were taken from the operating
"FCh-16" phenol inhibitor production utility of JSC "Angarsk Petrochemical Company"
(APCC), and then pyrocatechine fractions were distilled (up to 300°C) from them. Their
inhibiting properties were tested. The laboratory results served as a basis for the design of
technical requirements for the prototype production of the inhibitor, and then technical regu-
lations for the production were developed. The pilot butches of PCF inhibitor were produced
on the plant utility. The composition of the laboratory and pilot plant samples was proved by
chromato-mass spectrometry method, and they are presented in Table 4, and their quality
factors in accordance with the State Standard demands are presented in Table 5.

Phenolic Compounds - Natural Sources, Importance and Applications312

The results of the laboratory investigations of different phenol samples are presented in Table 6.

Thus, it is shown that fine fractionating phenol mixtures to remove inactive monoatomic
phenols allow to obtain special preparation of diatomic phenols "PCF," having its inhibiting
activity close to the well-known individual and expensive preparation such as tert-butyl
pyrocatechine (TBPC), belonged to sterically hindered phenols (SHPs).

Factors Standard with State regulations. 38.40154-90 Experimental results

Appearance Liquid of light yellow up to brown color

Density at 20°C, g/sm3sup> Not more than 1.2 1.1

Fraction composition, % vol.:

Boiled-off before 240°C Not more than 10 7.5

Boiled-off before 285°Cs Not more than 96 96.2

Water content, % mass Not more than 0.5 0.5

Table 5. Quality factors of the “PCF” pilot batch.

Components DRAMPS PCF samples

Laboratory Plant

Phenol 4.7 2.5 1.4

Methylphenol 3.9 1.9 1.2

Dimethyl and ethylphenols 6.8 3.3 2.3

Trimethyl and propylphenols 5.1 3.7 3.0

Tert-butyl phenol 1.5 1.6 1.2

Tert-butylmetylphenol 1.0 – 0.9

Sum of monatomic phenols 23.0 13.0 10.0

Pyrocatechine* 14.3 15.2 18.2

Methyl pyrocatechine 26.8 37.8 37.9

Dimethyl- and ethyl pyrocatechines 11.4 20.8 14.2

Trimethyl- and propyl pyrocatechines 1.1 1.4 1.6

Tert-butyl pyrocatechine (TBPC) 2.0 0.9 1.6

Tert-butyl- and methyl pyrocatechines 2.7 0 1.6

Tert-butyl-dimethyl pyrocatechine 0.7 0 1.5

Sum of diatomic phenols 59.0 76.1 76.6

Nonindentified (resins) 18.0 10.9 13.4

*minor amounts of resorcin and its derivatives were identified by GLC-method together with pyrocatechine

Table 4. Compositions of DRAMPS and PCF, % mass.
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The obtained PCF preparation was introduced into EP-300 production unit of Angarsk Poly-
mer Plant of Petrochemical Company "ROSNEFT" and was employed for 2 years up to its run-
out in the company stocks.

The problem of utilization of CCP without the stage of power cost-based phenol vacuum
fractionating has been arisen. But the problem is not unequivocal: its main disadvantages, for
example, good water solubility and unpleasant organoleptic properties are not removed by
this way of utilization, and in addition to that, the major part of overall (summarized) phenols
(more than 2/3 of total amount) is not found in any application.

7. Increase inhibiting properties of phenols by chemical modification

That is why new methods of utilization of summarized CCP (SCCP) have been elaborated to
avoid the stage of preliminary power cost-based fractionating.

Analysis of literary sources reveals some ways to decrease water solubility of phenols, they are
as follows:

(1) Phenol formaldehyde condensation (PFC) under acid catalysis (by novolak method)

(2) Phenol alkylation

(3) Oxidative cross-linking of phenols

8. Phenols modification by phenol formaldehyde condensation

During the process of novolak polycondensation, the phenols become insoluble in water, but
phenol formaldehyde resins (PFRs) have a good solubility in organic solvents, for example, in
alcohols. The first step of phenol transformation is the chemical modification of SCCP without
their preliminary fractionating to synthesize FFR with the view of obtaining inhibitor having
the highest activity.

No. Inhibitors Practical yields of resins, mg/100 sm3 Effect of inhibiting, %

1 Blank experiment 233 –

2 Initial overall CCP 177 24

3 PCF fraction 77.6 66.7

4 PFR on the basis of CCP 76.4 67.2

5 CCP, modified with oxidized coupling 64.8 72.2

6 5-Methyl resorcin (from resorcin fraction)—0.009% 78.8 66.2

7 Ionol 139.8 40.0

8 TBPC 75.0 67.8

Table 6. Effectiveness of inhibiting polymer formations for EP-300 pyrocondensates at the inhibitor consumption of
0.025 %.
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Indeed, the standard novolak PFR from monoatomic phenols has demonstrated inhibiting
effect of 30%, when it is tested as phenol inhibitor at 0.03% mass consumption. Novolak
polycondensate, obtained from summarized coke-chemical phenols (SCCP, No. 4., Table 2),
demonstrates ~67% effect at the same consumption [5]. Unmodified SCCPs show 24% effect at
the consumption of 0.03% mass (Figure 2).

It must be accentuated that PFR, synthesized from separate fractions of monoatomic phenols
obtained from summarized phenols, or diatomic phenols are worse than for PFR, produced
from non-fractionated phenols, where inhibiting effects are 30–35%, at the same as above
consumption of 0.03% mass. This fact is the witness of synergism of the mixtures of
monoatomic and diatomic phenols after their phenol formaldehyde polycondensation. The
effect is found by us early [6] during inhibiting the thermo-polymerization process of styrene
with ionol and TBPC inhibitors. The inhibiting factors of the resins obtained from phenols of
different stock reservoirs are quite different (Table 7).

The results ofTable 7 support the considerable inhibiting effect of synthesized novolak resins that
depends on the ratios of mono- and diatomic phenols in the initial mixtures. Indeed, the increase
of monoatomic phenol amounts leads to the decrease in inhibiting effect, and just the reverse, it
leads to increasing this effect at the increasing diatomic phenol amounts (reservoir No. 2).

However, it should be noted that inhibiting activity of synthesized PFR from SCCP is funda-
mentally dependent on molecular mass (viscosity) of the resin taken.

Figure 2. Dependency of inhibit effect on the consumption of PFR (1) and SCCP(2).

Reservoir No. 1 No. 2 No. 3 Summarized

Effectiveness, % 33.2 74.7 38.5 67.2

Table 7. Comparative effect of PFR produced from phenols of different stock reservoirs at the consumption of 0.03%
mass.
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Dependency of the inhibiting effectiveness from viscosity of PFR at the consumption of 0.03 %
mass is as follows:

According to these dates, the resins having viscosity in the rage of 135 s (Viscosimeter VZ-4)
are the most effective. There is dependence between amounts of residual phenols in synthetic
tar-water and viscosity of the resin. For example, in the best point (74.7%) the amount of non-
reacted phenols on water phase reached almost 5% of their load, and all the phenols are
presented by monoatomic isomers.

9. Phenol modification by oxidizing coupling

That is why it is necessary to find conditions for the perfect binding of phenols. It appears to be
the method of oxidative cross-linking of phenols by their treatment with persulfates of alkali
metals. The mechanism of the modification includes dimerization of phenols to form C-C bond
involving unsubstituted (free) ortho- and para-positions of hydroxyl group, the mechanism is
accompanied by a series of different reactions. The method of oxidative cross-linking is
presented by a scheme:

And it was employed as the method of modification of SCCP to obtain the inhibitor of thermo-
polymerization for processing semi-products of pyrolysis [5]. As far as dimeric phenols prac-
tically are non-water soluble, it is supposed that oxidative dimerization of phenols allows to
remove one of the main disadvantages of coke-chemical phenols—their high water solubility.

During the first stage of the reaction of the oxidizer and phenol, the generation of phenoxyl
radical occurs (for monoatomic phenols) and then its mesomerization with the transfer of radical

Viscosity of resins, sec. 70 135 240 540 720

effectiveness, % 56.3 74.7 43.9 8.1 0
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center from oxygen atoms to carbon atoms of aromatic circle and subsequent recombination of
the formed radicals takes place [7]. During oxidation of di- and polyatomic phenols, the mecha-
nism is more complicated, and the possibility of the generation of quinoid compounds is not
excluded, as well as some other secondary inhibitors. During the oxidation reaction, quinone
methides, polymers, and subsequent oxidative products of primary formed binuclear com-
pounds could be formed. It is evident, the yields of individual product at so diversity of the
products obtained in the oxidation are not high. The secondary reactions between oxidized
substrates and the starting phenols are not precluded. That is why the summary effect of
oxidized phenol mixture essentially depends on the structures of initial phenols and amounts of
the oxidizer used (Figure 3). As it was stated above during the one-step cross-linking modifica-
tion of phenols under action of persulfates of alkali metals, the dimers of phenols are formed,
which are not soluble in water, but well soluble in alcohols and alkyl acetates.

According to the data of chromato-mass-spectrometry and nuclear magnetic resonance (NMR)-
spectroscopy 1H and 13C for the products obtained by the oxidation of monoatomic phenol with
sodium persulfate, the expected dimeric products of "ortho-ortho," "para-para," and "ortho-para"
cross-linking are obtained in a combination of 9:50:19%, respectively.

The analysis of inhibiting activity of oxidative cross-linking SCCP mixtures demonstrates that
the maximal effectiveness of 72–84% is manifested for oxidized mixtures with the consumption
of oxidizer of 25% mol relatively to the overall phenol mass and with the inhibitor consump-
tion of 0.03–0.04% mass.

Figure 3. Inhibiting activity of SCCP after treatment with sodium persulfate; oxidizer consumption: 1—0%, 2—10%, 3—
25%, 4—50%, 5—75%mass.
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Thus, we have developed single stage and rather simple methods of chemical modifications of
CCP, which make it possible to obtain high-performance phenol inhibitors for the processing
of pyrolysis liquid products of petrochemical industry.

10. Application of CCP in inhibitors synthesis for styrene produce

The approaches to inhibiting process for pyrocondensates and individual monomers are rather
different. For example, as a rule for the inhibiting of thermo-polymerization of liquid products of
pyrolysis, it is necessary to apply individual compounds as inhibitors, for example, TBPC or ionol,
whereas for the prevention of undesirable polymerization of individual monomers, such as
styrene, for example, it is advisable to use more effective so-called "inhibiting compositions."

It is known [8] that the phenol oligomer, obtained by phenol formaldehyde condensation,
manifests rather low effectiveness as inhibitor in the production process of styrene, so it means
that all production processes of phenol modifications for obtaining inhibitors are considerably
different. For example, a method of acid-oxidative condensation of CCP to obtain effective co-
inhibitor for the process of styrene distilation has been developed by us [9]. Chemical modifi-
cation of CCP to give "modificated phenol co-inhibitor" (MPC) is the synthesis one-pot reaction
by the subsequent treatment of the substrate with catalytic amounts of concentrated sulfuric
acid at heating up to 95°C for 1 h, then the hot acidic phenol solution is treated with hydrogen
peroxide in the presence of catalyst that is iron (II) sulfate for 1 h, and thereafter the oxidate is
cooled and neutralized with sodium nitrite at room temperature. The phenol oxidate is
extracted with alkyl acetate, and the solution obtained is employed for the inhibiting of styrene
thermo-polymerization. The estimation of the efficiency is made by thermal processing of pure
styrene in the standard conditions at heating to 120 ± 1.5°C, with the blowing of nitrogen
under stirring for 2.5 h. The amount of the polymer formed is detected by sedimentation of the
styrene probe (2 sm3) from autoclave and its dilution with ethyl alcohol (8 sm3) and then
centrifugation and separation of the sediment, the latter’s drying and weighting according to
the State Standard RU 10003-90.

The results of the experiments with different inhibiting compositions of styrene thermo-poly-
merizations are presented in Table 8.

It is clear from Table 8 that neither itself MPC nor itself MB (Mannich Base - 2,6-di-tert-butyl-4-
dimethyl-aminometyl phenol, N,N'-dimethyl(3,5-di-tert-butyl-4-oxybenzyl)amine) (entry 2)
possess satisfactory inhibiting properties, but their compositions "MCP + MB" in different
combinations are rather competitive in comparison with the best known inhibitors, and they
could be recommended as inhibitors for the styrene production.

Accordingly, the task-oriented chemical modification of coke phenols could solve the very
complicated ecological proble the utilization of toxic technogeneous phenols transforming
them into competitive reagents for petrochemical industry, namely high effective phenolic
inhibitors of polymerization.

Chemical modification of phenols in this line could be realized by other methods, for
example, by the reaction of SHP with bulky bi- and tricyclic substituents, for example,

Phenolic Compounds - Natural Sources, Importance and Applications318



Thus, we have developed single stage and rather simple methods of chemical modifications of
CCP, which make it possible to obtain high-performance phenol inhibitors for the processing
of pyrolysis liquid products of petrochemical industry.

10. Application of CCP in inhibitors synthesis for styrene produce

The approaches to inhibiting process for pyrocondensates and individual monomers are rather
different. For example, as a rule for the inhibiting of thermo-polymerization of liquid products of
pyrolysis, it is necessary to apply individual compounds as inhibitors, for example, TBPC or ionol,
whereas for the prevention of undesirable polymerization of individual monomers, such as
styrene, for example, it is advisable to use more effective so-called "inhibiting compositions."

It is known [8] that the phenol oligomer, obtained by phenol formaldehyde condensation,
manifests rather low effectiveness as inhibitor in the production process of styrene, so it means
that all production processes of phenol modifications for obtaining inhibitors are considerably
different. For example, a method of acid-oxidative condensation of CCP to obtain effective co-
inhibitor for the process of styrene distilation has been developed by us [9]. Chemical modifi-
cation of CCP to give "modificated phenol co-inhibitor" (MPC) is the synthesis one-pot reaction
by the subsequent treatment of the substrate with catalytic amounts of concentrated sulfuric
acid at heating up to 95°C for 1 h, then the hot acidic phenol solution is treated with hydrogen
peroxide in the presence of catalyst that is iron (II) sulfate for 1 h, and thereafter the oxidate is
cooled and neutralized with sodium nitrite at room temperature. The phenol oxidate is
extracted with alkyl acetate, and the solution obtained is employed for the inhibiting of styrene
thermo-polymerization. The estimation of the efficiency is made by thermal processing of pure
styrene in the standard conditions at heating to 120 ± 1.5°C, with the blowing of nitrogen
under stirring for 2.5 h. The amount of the polymer formed is detected by sedimentation of the
styrene probe (2 sm3) from autoclave and its dilution with ethyl alcohol (8 sm3) and then
centrifugation and separation of the sediment, the latter’s drying and weighting according to
the State Standard RU 10003-90.

The results of the experiments with different inhibiting compositions of styrene thermo-poly-
merizations are presented in Table 8.

It is clear from Table 8 that neither itself MPC nor itself MB (Mannich Base - 2,6-di-tert-butyl-4-
dimethyl-aminometyl phenol, N,N'-dimethyl(3,5-di-tert-butyl-4-oxybenzyl)amine) (entry 2)
possess satisfactory inhibiting properties, but their compositions "MCP + MB" in different
combinations are rather competitive in comparison with the best known inhibitors, and they
could be recommended as inhibitors for the styrene production.

Accordingly, the task-oriented chemical modification of coke phenols could solve the very
complicated ecological proble the utilization of toxic technogeneous phenols transforming
them into competitive reagents for petrochemical industry, namely high effective phenolic
inhibitors of polymerization.

Chemical modification of phenols in this line could be realized by other methods, for
example, by the reaction of SHP with bulky bi- and tricyclic substituents, for example,

Phenolic Compounds - Natural Sources, Importance and Applications318

diisobornylphenols [2] and diadamantylphenols [9], or by the generation of the so-called
inhibiting systems employing phenols, solvent, and turpentine [10]. That is another subject
for investigations.

11. Conclusions

(1) The possibility of the task-oriented utilization of anthropogenic phenols without their
preliminary fractionating to produce the inhibitors of undesirable polymerization, which
are demanded products for different branches of petrochemical industry: high-effective
and competitive on qualitative and cost-oriented properties has been demonstrated and
the effectiveness has been proved experimentally.

(2) It is shown that multicomponent mixtures of diverse mono- and diatomic coke-chemical
phenols could be purposefully transformed by known single-staged methods into high-
effective phenol inhibitors of thermo-polymerization applicable to the processing liquid
pyrolysis products of petrochemical hydrocarbons, and the inhibitors designed are able to
become the competitors of the known expensive inhibitors that are pure-isolated sterically
hindered phenols.

(3) The new one-pot tree-stage method of coke-chemical phenols’ processing into "modified
phenol co-inhibitor" that is the component of highly effective compositions of styrene
distillation has been offered.

The system applied for the styrene mass, % Time, min

60 90 120 150

Formation of the polymer, mass %

1. MB (0.03) + MPC (0.045) 0.08 0.12 0.23 0.35

2. MB (0.03) 0.88 1.51 3.68 8.81

3. MPC (0.045) 0.21 0.68 1.93 4.61

4. MB (0.025) + MPC (0.05) 0.10 0.19 0.32 0.44

5. AHM-700 (0.017) 0 0.10 0.23 0.55

6. “Nalco EC 3264A” 0.0200% 0.14 0.17 0.25 0.36

7. Kawakami (98BH+99BH), with 0.025% each 0 0.39 0.42 0.45

8. IPON* 0.025% 0.10 0.18 0.33 0.48

9. DOQ**(0.006)+0,2[MB (0.025) + PNP (0.0125)] + 0.8(MB +PNP)-1 h 0.33 0.66 1.35 1.91

*IPON - Russian analog Nalco inhibitor on base nitroxilyc radicals **DOQ - Quinone-dioxime; PNP - p-nitro-phenol;
АНМ - isobutyl-2,4-dinitro-phenol

Table 8. Comparative effect of PFR produced from phenols of different stock reservoirs at the consumption of 0.03%
mass.
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Phenolic Wastewaters: Definition, Sources and 
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Abstract

This chapter aims the state of the art concerning the development of advanced oxidation 
processes (AOPs) for treatment of organic-aqueous effluent for the reuse of liquid water. 
It presents the major oxidative processes applied for industrial and domestic treatment, 
where the effluents are often contaminated by phenolic compounds. A special emphasis 
is given to a relatively new technique called direct contact thermal treatment (DiCTT) 
that has the advantages of conventional AOP without its inconveniences. The DiCTT 
process is characterized by the generation of hydroxyl radicals (•OH) by combustion of 
natural gas, its compact installation and easy operation, being able to be used in offshore 
oil-exploration platforms, where natural gas is available and the space is reduced. Also, 
in this chapter, original results on the treatment of the DiCTT technique are presented, 
which are considered unconventional, by evaluating the oxidation and the conversion 
of the total organic carbon (TOC) of phenolic compounds at low temperature and atmo-
spheric pressure, with identification and quantification of the intermediate compounds, 
using high-performance liquid chromatography (HPLC), which may be more toxic than 
the original pollutants.

Keywords: phenolic compounds, natural gas, AOP, DiCTT, TOC

1. Introduction, definitions and concepts

Water is an important renewable natural resource; however, it is also reusable. For humans, its 
employment becomes a problem due to demographic growth and its application in agricultural 
and industrial enterprises. Thus, the limited availability of water for an eventual reuse appears 
to be the unique solution. In the past few years, wastewater treatment is the adopted solution 
in the majority of countries. Traditionally, industrial effluents are frequently contaminated by 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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distribution, and reproduction in any medium, provided the original work is properly cited.



hazardous organic substances, such as phenolic compounds and aromatic intermediates, as 
well as other halogenated or volatile organic substances, metals (mainly, Sb, Cu, Pb, Zn, Cd, 
Cr, Ni, Hg) and other chemical species, such as cyanide (CN−), benzene and chloroform [1]. The 
presence of these compounds in wastewater and drinking water, due to their toxicity, become a 
serious problem affecting the ecosystem and causing, for example, health problems [2].

The phenolic compounds are harmful to human health, causing necrosis, digestive problems, 
and liver and kidney damages. The presence of phenols in drinking water may cause serious 
public health problems, and the death of fishes, even at concentrations in the range of 1 mg L−1. 
At concentrations of less than 1 mg L−1 (ppm), they are also toxic to other biological species and 
destroy the aquatic environment [3].

Phenolic substances are widely employed as industrial chemicals for wood preservation; in 
petroleum refineries and petrochemical plants; coke gasifiers; in manufacturing of pulp and 
paper; pharmaceutical plants; food industry; minerals; plastics; metals and organic chemi-
cal plants, as well as in agricultural activities as pesticides. However, several research stud-
ies indicated that some of these phenolic organic substances are recalcitrant and persistent 
in treated water as they are refractory to conventional treatment [4, 5]. The most detected 
organic pollutants in those wastewater are presented in Table 1 [1].

Phenols are compounds derived from aromatic hydrocarbons by replacing hydrogen atoms 
with hydroxyls. These compounds are generally solids and are obtained from coal tar distilla-
tion and heating of chloro-benzene with water [6]. Phenols can be classified according to the 
number of hydroxyls into monophenols, diphenols and triphenols. Phenol is less volatile than 
water and sparingly soluble in it, since the phenol-water system forms an azeotrope to 9.2% 
by mass of phenol [7].

The toxicity of these organic substances contaminants in different water bodies, including 
wastewater, surface water, groundwater and drinking water, at environmental levels of mg L−1 

Groups Phenolic compounds

Phenol (C6H5OH) 2-Chloro-phenol; 2,4-di-chloro-phenol; 2,6-di-chloro-
phenol; 2,4,5-tri-chloro-phenol; 2,4,6-tri-chloro-phenol; 
2,3,4,5-tetra-chloro-phenol;

2,3,4,6-Tetra-chloro-phenol; 2,3,5,6-tetra-chloro-phenol; 
penta-chloro-phenol

Cresols (C7H8O) 2-Methyl-phenol; 3-methyl-phenol; 4-methyl-phenol; 
2,4-di-methyl-phenol

Nitrophenols (C6H5NO3) 2-Nitro-phenol; 4-nitro-phenol; 2,4-di-nitro-phenol

Aminophenols (C6H7NO) 4-Amino-phenol

Others 2-Chloro-3-methyl-phenol; 4-chloro-3-methyl-phenol; 
2-methyl-4,6-di-nitro-phenol; 2-cycle-hexyl-4,6-di-nitro-phenol; 
2-sec-butyl-4,6-di-nitro-phenol (Dinoseb)

Table 1. The main phenolic pollutants more detected in effluents.
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significantly affect the organoleptic properties of water [8]. Resolution 430 of the Conselho 
Nacional do Meio Ambiente—CONAMA (National Council on the Environmental), Brazil set 
a maximum of total phenols concentration at 0.5 mg L−1 for all effluents originating from any 
polluting source that can be disposed of in water bodies as of 13 May 2011 [9].

According to literature review, phenolic and petroleum wastewater are recalcitrant com-
pounds. Wastewater is generally characterized by the biological oxygen demand (BOD), 
chemical oxygen demand (COD), pH and total organic carbon (TOC) [10]. Petroleum waste-
water contains a COD range from 850 to 1020 mg L−1, a BOD range from 570 mg L−1, a TOC 
range from 300 to 440 mg L−1 and a pH range from 8 to 8.2, showing that it contains large 
amounts of non-biodegradable organic matter [11]. Petro-chemical wastewater contains an 
initial COD range of 300–600 mg L−1, a BOD range of 150–360 mg L−1 and a pH range of 
7–8 [12]. Conventional treatment of these substances is difficult because biologically resistant 
organic compounds do not induce oxygen depletion in receiving water [13].

Several biological and chemical methods have shown a low efficiency to degrade the con-
taminants completely. As biological and chemical methods degrade only up to 60% of the 
recalcitrant components and in addition they require larger operation area and more chemical 
processes to reduce the sludge [14].

There are a number of studies of industrial effluents treatments via conventional methods 
that are combined with chemical, biological and physical methods and also advanced oxida-
tion processes (AOPs), shared with reactors for complete degradation of highly recalcitrant 
industrial wastewater. Section 2 discusses the AOP theory and the possibility of enhancement 
in reactor performance when implemented in the processes.

2. Theory of advanced oxidation processes (AOPs)

The need for an efficient treatment of phenolic compounds in water is very important. When 
conventional treatment methods such as biological processes fail due to the recalcitrant nature 
of the contaminants, physical and chemical methods are a good solution. Therefore, oxidation 
processes are preferred to degrade such organics present. For example, the chemical pro-
cesses are commonly used to degrade recalcitrant substances. High degradation efficiencies 
are possible with direct oxidation methods. However, pollution load, process limitation and 
operation condition are the more important factors considered during the selection for most 
oxidation processes [15]. The main treatment methods of industrial effluents with biological 
processes are aerobic, anaerobic and enzymatic. The physical processes are decantation, filtra-
tion and adsorption. The chemical methods are incineration, electrochemical and advanced 
oxidation processes(AOP), for example, photocatalysis, ozonation, Fenton/photo-Fenton and 
direct contact thermal treatment (DiCTT) [4].

The AOPs have been a viable alternative method for the wastewater treatment containing 
toxic and refractory organic pollutants, being studied in various combinations and are mainly 
based on intermediate reactions of hydroxyl radicals (•OH), an unstable and very reactive 
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species, resulting in the degradation of toxic organic contaminants due to its high oxidizing 
potential of 2.8 V under acidic conditions and these processes have the major advantage of 
being a destructive treatment. Depending on the species to be degraded the hydroxyl radi-
cals of reactive species, which attack the main part of organic molecules with a rate constant 
frequently in the order of 106–109 L mol−1s−1, and reacts 106–1012 times faster than ozone [16]. 
According to Tisa et al. [10] apud Bach et al. [17] and Garrido-Ramírez et al. [18], the princi-
ples of •OH generation is based on various combinations of strong oxidants, such as oxygen, 
ozone, hydrogen peroxide (H2O2), ultra-violet (UV) and electron beam.

The AOPs are classified according to the reactive phase (homogeneous and heterogeneous). The 
homogeneous including: ozone (O3), ozone/ultraviolet (O3/UV), ozone/hydrogen peroxide (O3/
H2O2), (O3/H2O2/UV), and (H2O2/UV) processes, as well as Fenton (Fe2+/H2O2), Fenton-like (Fe3+/
mn+/H2O2), photo-Fenton (UV/Fe2+/H2O2), sono-Fenton (US/Fe2+/H2O2), electro-Fenton, sono-
electro-Fenton, photo-electro-Fenton, sono-photo-Fenton. The heterogeneous includes: (TiO2/
ZnO/CdS+UV), (TiO2/H2O2), (H2O2+Fe2+/Fe3+/mn+-solid), (H2O2+Fe0/Fe-nano-zero valente iron) 
and (H2O2+immobilized nano-zero valente iron). The non-conventional AOPs include ionizing 
radiation, microwaves and pulsed plasma techniques. Depending on the matrix and on the 
pollutant, degradation kinetics of AOPs can be zero order, first order and second order. First-
order kinetics constant is achieved for pollutant degradation due to concentration of hydroxyl 
radicals within 1–10−4 s−1 [15, 4]. The mechanisms of different AOPs are presented in Table 2.

In the AOPs, oxygen and their reactive species (Ox, HOx, x = 1, 2, 3, 4) act as main precursors 
during the oxidation that occurs in step of degradation of the organic component [23].

Devlin and Harris [24] proposed in their experimental trials that levels of O2 decrease quickly 
in accordance with the rates of degradation of aromatic compounds, due to the high concen-
trations of phenol, in the temperature range from 420 to 498 K, near or above the stoichiomet-
ric conditions. These results led to demonstrate that the concentration of radicals (•O) is the 
dominant mechanism for this temperature range, in which the intermediate rings resulting 
from the oxidation of phenol are degraded.

Section 3 indicates that the direct contact thermal treatment technology is recent, with a limited 
investigation and was initially developed in Canada by Benali et al. [25, 26], being the unique 
experimental results available in the literature, until this moment. The DiCTT process provides 
a promising novel means to induce degradation and mineralization of organic pollutants in 
water being an AOP treatment method with respective advantages and limitations. Since com-
bining AOP treatment process with reactors can be more promising in industrial applications, 
this research area needs to be explored further. Section 3 describes the DiCTT technique with 
applications in degradation and mineralization of the organic pollutant, being elaborated to 
highlight the important factors and their effects, as also a detailed investigation of the effective 
design and operating parameters are summarized.

The actual work evaluated the liquid phase flow rate (QL) of 100 and 170 L h−1 and the effect of 
initial phenol concentration (CPh0) of 500, 2000 and 3000 mg L−1. The experiments studies were 
performed using a molar stoichiometric ratio of phenol/hydrogen peroxide (RP/H) of 50%, an 
air excess (E) of 40%, a recycle rate of gaseous thermal wastes (QRG) of 50%, and, a natural gas 
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flow (QGN) of 4 m3 h−1, on the oxidation of phenolic effluents by DiCTT process. The phenol 
concentration and mineralization content were obtained by high-performance liquid chroma-
tography (HPLC) and mineralization Total Organic Carbon (TOC), respectively. A new data 
bank was compiled in this work by optimizing the operation conditions for the degradation/
mineralization of phenol by the DiCTT process. (Phenol was used as a model compound for 
liquid organic wastes.)

3. Concepts of DiCTT-AOPs in degradation and mineralization of 
organic pollutants

3.1. Pilot plant and experimental procedure

Currently, a non-conventional AOP called Direct Contact Thermal Treatment (DiCTT) pro-
cess has been investigated, whose main attraction are the use of natural gas as the energy 
source, the demonstrated ability to oxidize phenolic compounds at low temperatures and 
atmospheric pressure, and the generation of free radicals (•OH, •H, •CH3 and •CHO) 
resulting from combustion of natural gas (methane). The installation of the DiCTT tech-
nology presents a compact reactor configuration that involves maintaining the reactor in 
a vertical position, favouring the immediate application of this technology in off-shore oil 
platforms, where natural gas is available and space is limited [4, 27].

The experimental unit used is mainly composed of a vertical stainless steel reactor, being 1.359 
mm high and 203 mm internal diameter, a gas-liquid separator, a first tank (Tank 1) for prepara-
tion of phenol synthetic solutions, 400 L volume, a second tank (Tank 2) for feeding in polluted 
waters, also of 400 L volume, and a natural gas burner with 50 kW maximum power. The com-
bustion air is provided by an axial fan with 0.3 HP power. The output pressure of the natural 
gas supply is 2 × 105 Pa, followed by a reduction to 1 × 105 Pa for combustion in the burner.

In this process, the effluent is tangentially injected into the reactor to produce a helical flow 
in its inner walls. The helical flow allows an intimate contact between the effluent and free 
radicals produced in the combustion flame of the natural gas, resulting in a thermochemical 
oxidation in the liquid phase, while avoiding their incineration. The high flame temperature 
contributes to the oxidation performance of the effluent in the presence of free radicals and 
works for the oxidation process to be carried out in completely liquid phase, by transferring 
some of the excess oxygen present in the flame.

The DiCTT process is a thermochemical oxidation method in aqueous medium, and gener-
ating free radicals resulting from the combustion of natural gas (methane) according to the 
reaction mechanism described by the whole of Eq. (1) following [27]:

   

 CH  4   → • CH  3   + •H

   
• CH  3   +  O  2   →  CH  2   O + •OH

    
•OH +  CH  4   → • CH  3  

   

•OH +  CH  4   → •CH + 2 • OH

   (1)
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This technique presents operational and capital costs 2.5 times lower than those of wet air 
oxidation (WAO) and 4.1 times lower than those of electric plasma oxidation (EPO) [27].

Figure 1 show a schematic representation of the pilot plant used in the experiments that was 
composed of a vertical, stainless-steel reactor and a gas-liquid separator.

The phenol solution was prepared in Tank 1. The operation of the system was stabilized by 
heating the water to almost 70°C for an hour and a half; phenol was subsequently added to 
Tank 1, and the synthetic effluent was transferred from Tank 1 to Tank 2. The reactor had 
an internal helical groove with a rectangular shape, in the axial direction, through which 
the liquid effluent flowed. Wastewater polluted with phenol was injected into the reactor 

Figure 1. Pilot plant using the DiCTT process.
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 tangentially to produce a liquid helical stream on its inner walls. The combustion gases were 
vented to the atmosphere through a chimney; a fraction of recycled combustion gases (of the 
total flow rate QRG) was immediately injected into Tank 2 by adjusting an open valve to heat 
the solution in the recirculation tank (Tank 2) more rapidly and to dissolve a fraction of the 
residual oxygen from combustion into the reaction liquid, thereby inducing the thermochemi-
cal oxidation of the phenolic compounds. For the experiments, 250L of effluent was prepared. 
For each experiment 250mL samples of effluent in black plastic bottles were collected at previ-
ously chosen points and put to cool in a refrigerator. For the analyses, 250mL of treated drink-
ing water was employed as a reference. To initiate the oxidation reaction, some millilitres of 
phenol/hydrogen peroxide with a mole ratio, RPH was introduced into Tank 2. Liquid samples 
were withdrawn for analysis through a collector located at the entrance of the tubes connect-
ing the feed tank (Tank 2) to the reactor inlet (Figure 1).

3.2. Analytical methods

For the experiments, a phenol solution of analytical grade and oxygenated water 35% PA 
were employed. For the chromatographic analysis, methanol UV/HPLC grade and for TOC 
analysis phosphoric acid 25% PA were used.

The concentrations of phenol, catechol and hydroquinone were monitored using an HPLC 
instrument (Shimadzu, model LC-20AT, with integrated data acquisition using a UV detec-
tor and a CLC-ODS column (M)/(C-18) that was 250 mm in length and 4.6 mm in diameter, 
also from Shimadzu). An isocratic elution mode was used under the following conditions: 
oven temperature of 35°C; flow rate of 0.75 mL min−1 for the mobile phase; injection volume 
of 20 μL; mobile phase consisting of 10% methanol and 90% phosphoric acid/deionised water 
with pH adjusted to 2.2; and operation of the UV detector at a wavelength of 270 nm to detect 
phenol, catechol and hydroquinone [4].

The TOC content was measured using a TOC analyser (TOC-Vcsh model, Shimadzu) to 
 analyse phenolic mineralisation quantitatively [28].

3.3. Parameters and calculated data

Phenol oxidation is a common reaction stoichiometry described in Eq. (2):

   C  6    H  5   OH + 14  H  2    O  2   → 6  CO  2   + 17  H  2   O  (2)

From Eq. (2) others relations were calculated.

Molar ratios other than 100% were calculated proportionally using the reaction stoichiometry 
in Eq. (2).

In this work, natural gas (89.24% of methane) supplied by COPERGAS (Pernambuco, Brazil) 
was employed [29]. Stoichiometrically 9.881 mol of air reacts with one mol of methane. So, 
the excess air (E) in the combustion and the equivalent ratio (Φ) may be evaluated employing 
Eqs. (3) and (4) [30, 31].
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  E =   1 _____ 9.881    (    
 Q  AR  

 _  Q  GN     )    − 1,  (3)

  ϕ = 9.881  (    
 Q  GN  

 _  Q  AR     )   ,  (4)

where QAR denotes the volumetric flow rate of air, and QGN denotes the volumetric flow rate 
of natural gas.

The power dissipated by the burner (P) was calculated using Eq. (5):

  P =  Q  GN   ⋅ PCM,  (5)

where PCM denotes the average heat of combustion of natural gas, which has a value of 
34,740 kJ m−3 [29].

The percent degradation of phenol (XF) was calculated using Eq. (6):

   X  F   =   (    
 Q  L   .  C   Ph  0  

   −  Q  L   .  C  Ph   −  F  G   .  C  Phν    ____________________   Q  L   .  C   Ph  0  
     )    × 100 ,  (6)

where QL represents the volumetric flow rate, Cph0, the initial phenol concentration, Cph, the 
phenol concentration at time t, FG the dry air mass flow rate, Cphv, the phenol concentration in 
the condensate at time t. TOC conversion was evaluated via Eq. (7).

The TOC conversion (XT) was evaluated via Eq. (7):

   X  T   =   (    
 Q  L   .  TOC  0   −  Q  L   . TOC −  F  G   . TOCν

   _________________________  
 Q  L   .   (   TOC  0   −  TOC  B   )   

   )   .100 ,  (7)

where TOC0 denotes the initial total organic carbon concentration, TOC and TOCV denote the 
total organic carbon and the total organic carbon in the condensate, respectively, at a time 
point t of the process and TOCB denotes the total organic carbon in the blank.

3.4. Effect of the liquid phase flow rate

This work was to evaluate the influence of the liquid phase flow rate on the level of phe-
nol oxidation, settling other process variables. These operational parameters are listed in 
Table 3.

Tests QL(L h−1) QGN(m3 h−1) E(%) Cph0(mgL−1) QRG(%) RP/H(%)

E1 170 4 40 500 50 50

E2 100 4 40 500 50 50

Table 3. Operational parameters for the study of the influence of the liquid phase flow rate.
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Figure 2a and b show, respectively, the evolution of the temperature and pH of the liquid 
effluent present in the feed tank (Tank 2) during the process, varying the volumetric flow of 
the same.

Figure 2a indicates that the elevation of effluent flow affects the heating curve of liquid efflu-
ent, getting it faster to obtain steady-state temperature in Tank 2. Figure 2a also show that for 
the larger effluent flow (170 L h−1), the same reaches a maximum temperature of 348 K, quite 
greater than the temperature of the effluent flow of the 100 L h−1 (344 K), featuring a small 
effect, since the difference in these temperatures reaches an order of magnitude lower than the 
measurement uncertainty by thermocouples.

The oxidation process indicates that the heating profile is characterized by two distinct steps, 
a first, approximately 110 min, characterized by a rapid temperature rise and a second, after 
110 min of operation, showing a temporal increase rate of low temperature. Figure 2b show 
that the evolution of pH also identifies these two steps, the first of about 110 min, character-
ized by a decreased less than hydrogen potential as a function of time, and the second-fastest 
where the temporal decay profile of pH is more significant. It is shown a low influence in 
liquid flow in the dynamics of acid formation [24].

Figure 3a and b show, respectively, the profile of phenol degradation and residual  fraction of 
the TOC as a function of time for the two flows of liquid effluent studied, 100 and 170 L h−1.

Figure 2. (a) Evolution of temperature of the liquid effluent as a function of the operating time. (b) Evolution of pH as a 
function of the operating time. E = 40%, QGN = 4 m3 h−1, CPh0 = 500 mg L−1, RP/H = 50% and QRG = 50%.
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Figure 3a indicates that, in the range studied, the variation of the effluent flow does not affect 
the profile of phenol degradation and total degradation of the same is almost completely 
achieved in 180 min of operation, reaching values of 99.5 and 97.4%, respectively, at effluent 
flow of 100 and 170 L h−1. Figure 3b indicates that the increase of the effluent flow of 100 to 
170 L h−1 allows a higher speed of phenol mineralization, due the acceleration of the lowest 
value of the pH, but not interfering in the maximum value TOC conversion, around 28% with 
an operating time of 210 min.

Figure 4a and b indicates, respectively, the time profiles of the hydroquinone and catechol 
formed by thermochemical phenol oxidation, for the two flows of liquid effluent, 100 and 
170 L h−1. Analysing the same figures, it can be seen that the rate of formation of these species 
becomes appreciable after the induction period, approximately 110 min, previously observed 
by the curves of the evolution of pH, phenol degradation and TOC conversion.

The evolution of the hydroquinone and catechol concentrations happened quickly because of the 
thermochemical oxidation reaction of phenol with high speed, regardless of the flows of liquid 
effluent studied. It has been observed that hydroquinone and catechol concentrations are reached 
when phenol consumption rate is maximum, which is identified in the process time between 140 
and 150 min. After reaching the maximum hydroquinone and catechol formation, an immediate 
reduction in the concentration of these two species is observed, indicating that to achieve the 
maximum consumption of phenol, the oxidation rate of these two organic compounds becomes 
greater than its rate of formation, enabling to be degraded, thus favouring the formation of other 
organic compounds that are not acids, because the pH remained almost constant at 2.5−2.8, after 

Figure 3. (a) Evolution of phenol degradation as a function of the operating time. (b) Evolution of TOC conversion as a 
function of the operating time. E = 40%, QGN = 4 m3 h−1, CPh0 = 500 mg L−1, RP/H = 50% and QRG = 50%.
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140−150 min of operation. The products resulting from the oxidation of hydroquinone and cat-
echol are probably aldehydes (Glyoxal, for example, in the case of hydroquinone and catechol) 
and alkenes (1,4-dioxo-2-butene, for example, in the case of hydroquinone) [24].

Figure 4a and presents the results obtained in the quantification of concentrations of hydroqui-
none and catechol, respectively. It also show a speed of formation and consumption of these 
species not significantly affected by variation of the flows of liquid effluent. It is also observed 
a rate of production and disappearance slightly larger (especially in the case of catechol) with 
use of effluent flow rate 170 L h−1, similarly what was evidenced in the evolution of pH, being 
less for the flow rate of 170 L h−1, allowing more oxidation of phenol to hydroquinone and 
catechol. However, regardless of the flow of the liquid studied, catechol concentrations were 
approximately two times higher compared to those obtained in relation to the hydroquinone.

3.5. Effect of initial phenol concentration

In order to evaluate the effect of initial concentration of the organic pollutant on the efficiency 
of the process DiCTT on thermochemical phenol oxidation, three initial concentrations of the 
aromatic contaminant (CPh0): 500, 2000 and 3000 mg L−1, were employed keeping all other vari-
ables constant. The operating conditions used in this study are presented in Table 4.

Figure 5a and b presents, respectively, the evolution of the temperature and pH of the liq-
uid effluent in the perfect mixing tank (Tank 2) during the process, varying only the initial 
concentration of phenol. From Figure 5a it can be seen that the concentration of phenol does 

Figure 4. (a) Evolution of hydroquinone formation as a function of the operating time. (b) Evolution of catechol formation 
as a function of the operating time. E = 40%, QGN = 4 m3 h−1, CPh0 = 500 mg L−1, RP/H = 50% and QRG = 50%.
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not influence the heating curve of the liquid phase, reaching a temperature of approximately 
350 K (77°C). An expected behaviour since the variation of concentration, in different experi-
ments, it is not enough to significantly change the chemical and thermophysical properties of 
the effluent, since the natural gas flow in the process is the same for all cases, as well as the 
excess air and effluent flow which remained constant during these essays.

Figure 5b show the curves of the evolution of pH for concentrations of phenol 2000 and 3000 
mg L−1. It can be seen that the initial pH value already show low values, 4 and 3, respectively, 
while for a CPh0 equal 500 mg L−1, pH presents an initial value of 8. This can be explained due 
to the amount of hydrogen peroxide added. In the procedure adopted for the preparation of 
the synthetic effluent, the peroxide is mixed with the phenol solution in the preparation tank, 
causing uncontrolled reactions. As the molar stoichiometric ratio of the mix is kept constant, 
to higher concentrations of phenol oxidant availability in the reaction medium is greater, 
increasing the effect and decreasing the initial pH due to a possible premature oxidation of 
phenol to form organic acids.

Figure 5. (a) Evolution of temperature of the liquid effluent as a function of the operating time. (b) Evolution of pH as a 
function of the operating time. E = 40%, QGN = 4 m3 h−1, QL = 170 L h−1, RP/H = 50% and QRG = 50%.

Tests CPH0(mgL−1) QGN(m3 h−1) E(%) QL(Lh−1) QRG(%) RP/H(%)

E3 500 4 40 170 50 50

E4 2000 4 40 170 50 50

E5 3000 4 40 170 50 50

Table 4. Operational parameters for the study of the influence of the initial concentration of phenol.
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Figure 6a and b presents, respectively, the profile of phenol degradation and TOC conversion 
as a function of time, for different initial concentrations of phenol studied.

Figure 6a show that the increase of the initial concentration of phenol from 500 to 3000 mg 
L−1 does not affect the duration of the first step of the reaction, called induction period, and 
does not have a significant effect on the phenol degradation after a time of approximately 
130 min. After the induction period, around 110 min, the speed of the reaction becomes more 
pronounced, as was expected, reaching values of XF practically the same after an operating 
time of around 130 min, regardless of the initial concentration of phenol. Phenol degradation 
around 99% is obtained after an operating time of 180 min.

Figure 6b show the evolution of TOC conversion, identifying a time of induction period also 
approximately 110 min, and show a slight increase in the TOC conversion with increasing of 
the initial phenol concentration, reaching XT values of 27.5; 31.5 and 33.5% to initial concentra-
tion of phenol of 500, 2000 and 3000 mg L−1, respectively, after an operating time of 210 min. 
Regardless of the value of the initial phenol concentration, the process presents maximum 
rates of phenol degradation almost 100% after 170 min of operation, in addition to providing 
a TOC conversion, between a range of 27.5–33.5%, after 210 min, within the range of the initial 
concentration of phenol, being the air excess used of 40% and a combustion gases recycling 
rate of 50%.

Figure 6. (a) Evolution of phenol degradation as a function of the operating time. (b) Evolution of TOC conversion as a 
function of the operating time. E = 40%, QGN = 4 m3 h−1, QL = 170 L h−1, RP/H = 50% and QRG = 50%.
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Figure 7a and b show, respectively, the results obtained in the quantification of the con-
centrations of hydroquinone and catechol formation. The evolution of the concentration 
profiles of hydroquinone and catechol in function of the time confirm clearly the induc-
tion time of reaction, around 110 min, identified initially by the curves of time evolution 
of the phenol degradation (Figure 6a) and TOC conversion (Figure 6b). It can be that 
maximum values of hydroquinone and catechol concentration formed in approximately 
140 min operating time, reaching the maximum speed of phenol degradation and TOC 
conversion and that the catechol concentrations are always higher than the hydroquinone 
concentration.

After 140 min, both hydroquinone and catechol concentrations decrease, thus allowing the for-
mation of other organic compounds that are not acids, because the pH becomes practically 
constant (pH = 3) after 140 min of operation (Figure 5b). It can be that the products resulting 
from the oxidation of hydroquinone and catechol are possibly aldehydes (Glyoxal, for example, 
in the case of hydroquinone and catechol) and alkenes (1,4-dioxo-2-butene, for example, in the 
case of hydroquinone).

The phenol oxidation produces catechol and hydroquinone [20]. Analyses indicated a higher 
catechol production then hydroquinone. This may be explained by the mesomeric effect. This 
signifies an electron re-distribution to the ortho position, which increases its reactivity at this 
position of the molecule due to the proximity of opposing charges [4, 27].

Figure 7. (a) Evolution of hydroquinone formation as a function of the operating time. (b) Evolution of catechol formation 
as a function of the operating time. E = 40%, QGN = 4 m3 h−1, QL = 170 L h−1, RP/H = 50% and QRG = 50%.
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signifies an electron re-distribution to the ortho position, which increases its reactivity at this 
position of the molecule due to the proximity of opposing charges [4, 27].
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4. Conclusions and recommendations

The Advanced Oxidation Processes (AOPs) are found to be an environmental friendly process 
for the degradation and mineralization of refractory compounds. The limitations of conven-
tional processes in wastewater treatment necessitate study on the AOPs. Thus, applications of 
the Direct Contact Thermal Treatment (DiCTT) process is a promising technique increasingly 
used to remove phenolic compounds in water. The method advantages are operational and 
capital costs lower than other process and ability to allow total degradation and higher min-
eralization of target compounds when compared to conventional AOPs. On the other hand, 
further efforts are conducted to overcome the empirical aspect by studying the operating 
parameters, as well as the optimization of the process.

The complete degradation of phenol (almost 100%) was obtained independently of the flows of 
liquid effluent, 100 and 170 L h−1, and, of the initial phenol concentrations, 500, 2000 and 3000 mg 
L−1 over a 180-min period. A TOC conversion of almost 35% was observed corresponding to an 
operational time of approximately 210 min at a QL of 170 L h−1, which allows the speed of phenol 
mineralization is faster, but without interfering in the final value of almost 28% TOC conver-
sion after 210 min of operation process. The flows of liquid effluent of 170 L h−1 was considered 
to be the best operating condition for the DiCTT process. An induction time of approximately 
110 min was identified from the concentration profiles of hydroquinone and catechol. The 
concentrations of these intermediates tented to decrease independently of the flows of liquid 
effluent and of the initial phenol concentrations, indicating the formation of the other organic 
compounds, which were not acids (constant pH) according to data reported in the literature.
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Abstract

Phenolic compounds are important industrial wastes, and are classified as hazardous 
substances contaminating groundwater resources. Therefore, the removal or diminish 
of these organics compounds in order to reach the permitted levels before discharging 
becomes a challenging. Several processes have been developed to remove phenolic com‐
pounds from waters, including electrochemical oxidation, redox reactions, membrane 
separation and photocatalytic degradation. Recently, tendency of phenolic compounds 
removal involves adsorption and photocatalytic process, using synthetic or natural par‐
ticles, such as carbon materials and clays. Actually, materials in nanometric scale play 
an important role in the processes previously mention due to their unique chemical and 
physical properties. In this book chapter, the first part shows the chemical properties 
of phenolic compounds that play an important role in the removal process. In the sec‐
ond part, different materials in macro, micro and nanosize used as adsorbents or pho‐
tocatalysts are reviewed. In addition, other removal processes of phenolic compounds 
as electrochemistry and redox reactions are included. The removal conditions in these 
process, such as pH, adsorbate and adsorbent concentration are analyzed and discussed. 
Furthermore, special emphasis is included in micro and nanocarbon materials, used as 
adsorbents or photocatalyst to remove phenol from water in recently researches.

Keywords: phenolic compounds, water pollution, removal methods, adsorption, 
photocatalysis
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1. Introduction

Water pollution is one of the most important problems in the world, which represents a risk to 
the human and environment. The increasing industrial and human activities have caused an 
increase on the discharge of wastewater into the water resources. Phenolic compounds from 
different industrial activities such as refineries, pesticides, insecticides, pharmaceutical, etc., are 
found among the main pollutants of water. These compounds are toxic and their degradation 
is difficult; thus, it is important the development of materials and effective methods that allow 
the removal of these pollutants from water.

Different methods have been used to assist with this problem. The adsorption and photoca‐
talysis are two promising technologies related to the removal of phenol from the water. In the 
adsorption process, the molecules of the contaminant are retained on the surface of the adsor‐
bent material and then these can be separated from the water. In the photocatalysis process, 
a semiconductor material is used to produce chemical species with high reactivity and it is 
possible degrading the molecules of the contaminant.

Some materials commonly used on the removal of phenolic compounds by adsorption are 
activated carbon, clays, zeolites, membranes and recently has emerged a new class of adsor‐
bents, the nanomaterials. These materials are very promising in this area. On the other hand, 
the size reduction in the semiconductors particles increases the degradation of phenolic com‐
pounds due to the increments on their surface area. In addition, carbon nanomaterials as 
graphene and graphene‐based materials have demonstrated an important performance on 
the degradation of phenolic compounds.

Thus, this chapter presents a review of researches where the adsorbents before mentioned have 
been used on the removal of different phenolic compounds. Phenolic compounds degraded 
by photocatalysis are also reviewed and presented. The influence of some parameters such as 
temperature, pH solution, dosage of photocatalyst/adsorbent, solution concentration on the 
process of adsorption and photocatalysis are also analyzed.

2. Phenolic compounds

In the last times, phenolic compounds have attracted a great interest, because they have 
several applications indispensable in our daily life. The phenolic compounds are present in 
adhesives, foams, emulsifiers and detergents, insecticides, dyes, explosives, flavors and rub‐
ber chemicals, self‐assembly to nanomaterials, resins and so on, in other different applica‐
tions. All these products have great economic importance in many industries such as food, 
medicine, petrochemical, agriculture, chemical synthesis and polymer chemistry, among oth‐
ers [1]. Thus, there is a great environmental interest in the removal of phenolic compounds. 
Phenolic compounds are among the most important contaminants present in the environ‐
ment. On the other hand, phenolic compounds are not only generated by human activity, but 
they are also formed naturally, the phenols are present in soils and sediments and therefore 
these compounds produce the contamination of groundwater. Some organizations such as 
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the European Union and the US Environmental Protection Agency (EPA) have included as 
priority contaminants, some of the phenolic compounds due to their high toxicity and persis‐
tence in the environment [2]. The structures of eleven phenols considered priority pollutants 
by the EPA are shown in Figure 1.

2.1. Generalities

Industries generate large annual volumes of wastewater containing hazardous compounds to 
the environment, including natural water resources. Many of these compounds are in concen‐
trations that are too low for recovery but high enough to act as contaminants; usually, they 
are nonbiodegradable substances. Therefore, conventional biological processes do not have 
the ability to remove all contaminants that are present in the industrial wastewater. Some 
organic compounds are hardy to biological degradation such as phenols, tannic acids, lignine, 
cellulose, chlorinated compounds, pesticides, aromatic hydrocarbons and so on; all of them 
are examples of nonbiodegradable organic compounds that are extensively employed in the 
chemical industry and, therefore, are common contaminants found in industrial wastewater 
discharges. In recent years, phenolic compounds have warranted more attention in the field 
of industrial wastewaters, because of their toxicity and the frequency of industrial processes 
producing waters contaminated by phenols [3].

Figure 1. Phenolic compounds structures considered priority contaminants by US EPA. Reprinted with permission from 
Mahugo‐Santana et al. [2]. Used under Creative Commons Attribution 3.0 Unported (CC BY 3.0) (https://creativecommons. 
org/licenses/by/3.0/).
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Pollution of environment is one of the main problems facing humans today. Recently, the prob‐
lem of environmental pollution has increased exponentially and reached worrying level in terms 
of its impact on the life of human beings. Among the contaminants that have harmful effects in 
animals and humans are considered the toxic organic compounds. As mentioned earlier, dis‐
solved phenolic compounds that are present in industrial wastewater cause pollution of ground‐
water and owing to its harmful effect these compounds generate a serious problem in this type 
of water resources. Exposure to this type of chemical reagents, once they enter into human body 
can cause damage to the nervous and respiratory systems, kidney and blood system. Phenolic 
compounds have been classified as the top 45th in the list of priority hazardous substances by 
the Agency for Toxic substances and Disease Registry, USA, which require immediate treatment 
before disposal in the environment [4]. Consequently, removing organic compounds or reduc‐
ing their concentrations to the permitted levels by environmental standards represents a big 
challenge.

2.2. Chemistry of phenolic compounds

The approach of this section is to present a summary of physicochemical properties of 
phenolic compounds.

2.2.1. Physical properties of phenols

Phenols are in some respects as alcohols, due to the presence of hydroxyl groups in their 
structures. They have the ability to form strong hydrogen bonds. Moreover, these compounds 
present higher boiling points than hydrocarbons of the same molecular weight. Phenols are 
also slightly soluble in water because of their ability to form strong hydrogen bonds with 
water molecules [5]. Phenols are stronger acids than alcohols. They react with bases like 
sodium hydroxide to form phenoxide ions. However, they are weaker acids than carboxylic 
acids and do not react with sodium hydrogen carbonate [6].

2.2.2. Reactions of phenols

Phenolic compounds behave as nucleophiles in most of their reactions and also the reagents 
that interact on them behave as electrophiles. In phenolic compounds, the site of nucleophilic 
reactivity may occur at the hydroxyl group or the aromatic ring. The reactions are carried out 
on the aromatic ring results in electrophilic aromatic substitution [7].

Halogenation: Bromination and chlorination of phenols occur easily even in the absence of a 
catalyst. Substitution occurs primarily at the para position to the hydroxyl group. When the 
para position is blocked, ortho‐substitution is carried out.

Nitration: Phenol reacts with dilute nitric acid in either water or acetic acid. It is not necessary 
to use mixtures of nitric and sulfuric acids, due to the high reactivity of phenolic compounds. 
The o‐nitrophenol is a phenolic compound ortho‐substituted and therefore, this compound 
has considerably lower boiling point than the meta and para isomers. This is due to the 
hydrogen bond that is produced between the hydroxyl group and the substituent partially 
compensates for the energy required to go from the liquid to the vapor phase.
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Nitrosation: The nitrosonium ion [N ≡ O+] is obtained during the acidification of sodium 
nitrite, which is a weak electrophile and reacts with the strongly activated ring of a phenol. 
The resulting product is a nitrosophenol.

Sulfonation: The sulfonation of the ring can be carried out by reacting phenol with concen‐
trated sulfuric acid.

Friedel‐Crafts alkylation: Alcohols in combination with acids serve as sources of carbocations. 
Attack of a carbocation on the electron ring of a phenol results in the alkylation.

Oxidation of phenols: quinones: Phenols do not undergo oxidation in the same way that alco‐
hols do because they do not have a hydrogen atom on the hydroxyl‐bearing carbon. Instead, 
oxidation of a phenol yields a cyclohexa‐2,5‐diene‐1,4‐dione, or quinone [8].

3. Removal methods of phenolic compounds from water

Phenolic compounds are priority contaminants with high toxicity even at low concentrations. 
These compounds are present in industrial effluents, where increase biochemical and chemical 
oxygen demands resulting in detrimental effects on the environment. Some of them are highly 
toxic as well as carcinogenic and can remain in the environment for a long time due to their 
stability and bioaccumulation. Owing to the high toxicity of phenolic compounds, treatment 
of the organic wastewater has an important effect on the lives of human beings [9].

Many phenolic compounds can be removed efficiently by conventional treatments such as 
extraction, distillation, chemical oxidation, electrochemical oxidation and adsorption among 
others. On the other hand, some advanced treatments use less chemical reagents compared 
to the conventional processes, but they have the disadvantage of having high energy costs. 
Within the advanced treatments are as follows: Fenton, ozonation, wet air oxidation and 
photochemical method. Biological treatments have certain advantages compared to physico‐
chemical treatments; among these advantages may be mentioned: environmentally friendly 
and energy saving. However, it has the disadvantage that cannot treat high concentration 
of contaminants. One of the best ways to treat phenolic compounds under mild conditions 
is the enzymatic treatment, which uses different enzymes such as peroxidases, laccases and 
 tyrosinases [10]. Thus, there is a need to treat waste contaminated with phenolic compounds 
at low and high concentrations before discharge. Some methods used today are described 
below:

Adsorption: Adsorption method for removal of phenols from water is effective from low con‐
centrations to high concentrations, depending on the economics and recycling the required sec‐
ondary material, adsorbent. Activated carbon (AC) is the most used in industry as adsorbent. 
It is expensive but has been shown to be effective for removal of trace organic compounds. 
Therefore, new options are being developed including impregnation with nanoparticles, differ‐
ent sources of carbon, different activation methods, carbon nanotubes (CNTs), graphene‐based 
materials, as well as substitution with low cost biosorbents, such as chitin/chitosan which are 
promising alternatives to remove phenolic compounds [11–13].
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Membrane processes: Membrane processes are applied in water and wastewater treatment to 
remove organic contaminants. At present, this technology has been investigated for the phe‐
nolic compounds removal. Low energy consumption, low operating cost and easy scale up by 
membrane modules are the main advantages of these technologies. Today, separation mem‐
branes have many uses with a growing potential for industrial applications in biotechnology, 
nanotechnology and purification processes.

Reverse osmosis and nanofiltration: Reverse osmosis (RO) is a membrane‐based demineraliza‐
tion technique that is used to separate dissolved solids, especially ions, mainly from aqueous 
solutions. On the other hand, nanofiltration (NF) is widely used for removing organic pollut‐
ants, inorganic salts, color and hardness from aqueous solutions. NF is useful to use prior to 
an RO unit in order to decrease the pressures associated with organic matter [14].

Chemical oxidation: Chemical oxidants provide destructive methods of phenolic compounds. 
The processes have low consumption of reagents and energy costs, operating under mild con‐
ditions (temperature and pH). Ozone, chlorine, chlorine dioxide, chloramines, ferrate [Fe (VI)] 
and permanganate [Mn (VII)] are the most common chemicals applied in oxidative treatment 
of contaminated water.

Electrochemical oxidation: This technique can effectively oxidize many organic contaminants at 
high chloride concentration, usually larger than 3 g/L. Electrochemical oxidation is an alter‐
native destructive of phenols which does not require addition of reagents. This technique is 
divided into direct and indirect oxidation. Direct or anodic treatment occurs through adsorp‐
tion of the contaminants on the anode surface. Various anode materials are used with Pt, PbO2, 
SnO2, IrO2 and BDD (boron‐doped diamond) being the most investigated ones. Parameters 
such as current density, pH, anode material and electrolytes used have significant impact on 
process efficiency.

Advanced oxidation processes: Advanced oxidation processes (AOP) are techniques that pres‐
ent the common feature that they form hydroxyl radical (OH•) in situ and this free radical is 
capable of mineralizing most organics, including phenolics compounds. AOP are used mainly 
for the treatment of contaminated waters that contain recalcitrant organics (e.g., pesticides, 
surfactants, coloring matters, pharmaceuticals) [10].

Fenton and fenton‐like treatment: An AOP with the capability to oxidize aromatic compounds 
is the Fenton reagent, which consists of hydrogen peroxide (H2O2) and ferrous ion at low pH. 
The iron (II) reacts with H2O2 to produce iron (III) and hydroxyl radicals. Then, Iron (III) is 
regenerated to Fe (II) by H2O2 in acid medium. Some of the variants of the Fenton process are 
as follows: Fenton‐like, photo‐Fenton and electro‐Fenton [15].

Biological treatment: Biological treatment is the most commonly applied treatment for aque‐
ous phenols. The treatment is an inexpensive method, simple design and maintenance, for 
transforming phenolic solutions into simple end products.

Wide research is carried out daily on phenolic compounds removal from water, from conven‐
tional methods to new technologies. Optimization and modification of conventional processes 
provide attractive alternatives on contaminants removal. Some other methods used in the 
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removal of phenol are as follows: wet air oxidation (WAO), catalytic wet air oxidation (CWAO), 
solvent extraction, extractive membrane bioreactors (EMBR), photocatalytic membrane reactors 
(PMR), UV/H2O2 treatment with microwave, etc.

3.1. Adsorption

Adsorption process is preferred over all methods because it is nondestructive and with this 
method is possible recover the organics pollutants through regeneration, relatively simple. Due 
to the high adsorption capacity of adsorbents, adsorption seems to be the best process, especially 
for the removal of moderate and low concentration phenolic compounds from an effluent [9].

The most common method for the removal of dissolved organic material is the adsorption 
with activated carbon, a product that is produced from a variety of carbonaceous materials, 
including wood, pulp mill char, peat, lignite, etc. Adsorption is the physical and/or chemical 
process in which a substance is accumulated at an interface between phases. The substance 
which is being removed from the liquid phase to the interface is called as adsorbate and the 
solid phase in the process is known as adsorbent. Physical adsorption (physisorption) is rela‐
tively nonspecific and is due to the operation of weak forces between molecules. Chemical 
adsorption (chemisorption) is also based on electrostatic forces, but much stronger forces act a 
major role on this process. In chemisorption, the attraction between adsorbent and adsorbate 
is due to a covalent bond or electrostatic forces among atoms [16].

3.1.1. Zeolites and clays

Zeolites and clays are two adsorbent materials commonly used on the adsorption process. 
Different investigations have shown interesting results on the phenolic compound removal.

Khalid [17] has carried out a research on phenol removal using four kinds of zeolites as adsor‐
bents and adsorption properties were compared to those of an activated carbon. In this inves‐
tigation, phenol diluted in water was used as contaminant and adsorption was carried out 
in batch and continuous flow. Siliceous BEA zeolite was successfully used; the adsorption 
capacity was slightly higher at low phenol concentration (1.6 g/L) than the one of activated 
carbon. Siliceous BEA zeolite showed to be efficient as adsorbent able to be easily regenerated.

Investigation of removal of 3‐nitrophenol isomers (ortho, meta and para) was studied by 
Huong [18]. They used nano zeolite (NZ) as adsorbents. The adsorption of nitrophenols onto 
NZ reached equilibrium within 150 min at pH 6.0. The maximum adsorption capacities of NZ 
for meta‐, ortho‐ and para‐nitrophenols were 125.7, 143.8 and 156.7 mg/g, respectively. The 
removal percentages of nitrophenols were maintained at more than 70% of the initial values. 
The regeneration process showed that desorption efficiency of nitrophenols remained above 
70% even after five adsorption‐desorption cycles.

Adsorption capacity of a modified zeolite was evaluated by Xie [19] for the removal of ion‐
izable phenolic compounds (phenol, p‐chlorophenol and bisphenol A) and nonionizable 
organic compounds (aniline, nitrobenzene and naphthalene). The isotherm data of ionizable 
compounds fitted well to the Langmuir model but those of non‐ionizable chemicals followed 
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a linear equation. Adsorption capacity of ionizable compounds depended greatly on pH, 
increasing at alkaline pH conditions. On the other hand, adsorption of non‐ionizable com‐
pounds was practically the same at all pH levels studied.

Djebbar et al. [20] employed as adsorbent, a natural clay, for the removal of phenol from 
aqueous solutions. This clay was easily activated. Some parameters such as pH solution, tem‐
perature, contact time and initial phenol concentration were studied. The adsorption experi‐
ments were carried out employing 100 mg of adsorbent and 100 mL of phenol solution at 
different initial concentrations of phenol at 23°C. The results indicated that up to 60 and 70% 
of phenol was removed by activated and natural clay after of 5 h of contact time. The acti‐
vated process improved the adsorption of phenol onto natural clay. The adsorption capacity 
of phenol decreased when the temperature was increasing. The best results were obtained at 
pH 5. Adsorption equilibrium data were well fitted to both Freudlich and Langmuir isotherm 
indicating that the adsorption was favorable. The adsorption of phenol onto activated natural 
clay was exothermic.

Other investigation of phenol removal from water with clay of low cost was investigated 
by Nayak and Singh [21]. The influence of pH phenol solution, temperature and particles 
size was studied. Results indicated that the higher adsorption capacity of phenol was 
achieved when the particle size decreased from 140 to 50 μm, the pH decreased from 10 to 
2 and the temperature increased from 30 to 50°C. The adsorption process was found to be 
spontaneous.

The removal of p‐chlorophenol (PCP) and p‐nitrophenol (PNP) from water with two types of 
organoclays prepared from different surfactants such as dodecyltrimethylammonium bromide 
(DDTMA) and didodecyldimethylammonium bromide (DDDMA) was investigated by Park [22]. 
In the experiments, 200 mg of adsorbents were dispersed into 30 mL of PNP and PCP solutions 
at initial concentration of 100 mg/L and pH 5–6. In the isotherm studies, the initial concentration 
of PNP and PCP was studied in the range of 5–250 g/L. The best adsorption results were found 
on the organoclays where DDDMA surfactant was used. The adsorption of PNP and PCP onto 
organoclays was more efficient than in unmodified clay which was attributed to hydrophobic 
behavior. The adsorption equilibrium data were well fitted to Freundlich isotherm, indicating 
the presence of multilayer sorption.

3.1.2. Membranes

Membranes are considered a process to separate two streams, a barrier to facilitate the selec‐
tive mass transport between fluids; feed and permeate [23]. Before to select the optimal 
membrane to remove or recover a specific compound, it is important to know the macro 
and molecular separation level. Munirasu et al. [24], divided into two categories, inorganic; 
anion and cation and organic compounds; these later compounds are quite complex and 
due to its nature, they can be classified such as oil, grease, dissolved, disperse and emulsi‐
fied organic forms, solids and/or particles, such as clays, waxes, bacteria, sand or any solids 
based on chemical productions. Membranes separation efficiency depends on diverse factors 
including physic‐chemical composition; as type, weight, polarity and solute charge, operat‐
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ing parameters; as feed flow rate, transmembrane pressure, temperature, permeate flux; also 
it is important to contemplate the membrane characteristics, for example, membrane mate‐
rial, porous size and configuration of membranes (modules). On the other hand, these aspects 
play an important key role on specific phenomena related to the concentration polarization 
and membrane fouling, contributing directly to the solute retention and hydrophobic interac‐
tions between the solute and membrane surface [25].

The application of a driven force, measure as transmembrane pressure (TPM), divided the 
conventional membrane separation in microfiltration (MF), ultrafiltration (UF) and nanofil‐
tration (NF) processes (Figure 2), the membranes separate the feed solution into permeate 
and retentate. The permeate stream contains the solvent passing through the membrane, this 
stream is rich in solutes with a nominal weight cut‐off (NMWCO) below the porous size 
of  membranes and the retentate stream are particles and dissolved compounds which are 
kept inside membrane. When a pressure force is applied, the membrane operation and the 
hydrodynamic resistance fluctuate, depending on the pore size; thus, the operating pressure 
increases while the pore size of the membrane decreases [24, 25]. Pressure driven force is a 
strategy to improve low weight molecules removal, for example, salt or organic compounds; 
however, despite the excellent rejection of salts, the process frequently present low rejection 
levels to organic molecules, which include aliphatic or aromatic chemical structures; with 
polar or nonpolar properties, as well as different kinds of alcoholic, amino, carboxyl, phe‐
nol, or hydroxyl functional groups, just to mention some examples [24, 26]. Bellona et al. 
[27] reported the factors affecting the permeation of solutes in high‐pressure membrane and 

Figure 2. Scheme for microfiltration (MF), ultrafitltration (UF) and nanofiltration (NF) technologies. Adapted from 
Castro‐Muñoz et al. [25].
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some important solute parameters were identified to those that affect mainly solute rejec‐
tion: molecular weight, molecular size (length and width), acid disassociation constant 
(pKa),  hydrophobicity/hydrophilicity character and diffusion coefficient. Besides, membrane 
properties play an important role on the separation process: molecular weight cut‐off, pore 
size, surface charge (zeta potential), hydrophobicity/hydrophilicity (contact angle) and sur‐
face morphology (roughness). Furthermore, water composition, such as pH, ionic strength, 
hardness and the presence of organic matter, was also associated to influence on the solute 
rejection.

Membrane process has been used to remove organic pollutants, among these technologies 
the liquid, anion exchange, nanofiltration, reverse osmosis and pervaporation membranes are 
precedents of this technology [28]. Hybrid processes is a recent tendency to get better removal 
of these compounds. These procedures are based on combination of diverse techniques, such as 
adsorption pretreatment process accomplish with reverse osmosis [29] and pervaporation with 
reverse osmosis [30], forward osmosis (FO) and reverse osmosis (RO) [31], NF/RO membranes 
[32], polymerization of phenolic compounds and UF/MF removal membranes [33].

Therefore, there is still a necessity to find advanced techniques to remove nonbiodegradable, 
high concentration organic substances from wastewater, not only those come from refineries 
but all complex wastewater from industry. In this sense, researchers are trying to design a 
combination of treatment methods for a complete and successful removal of such pollutants, 
due to variability of wastewater composition, the traditional methods become inadequate and 
could not be used individually in full scale [34]. Phenol and phenol stability usually offers 
difficulties to remove them, some of the main advantages of applying advanced techniques 
are the interfacial area; lower solvent losses, downstream phase separation and easy scale up. 
In the case of membrane process, the higher interfacial mass transfer, overcome the lower mass 
transfer rate in this kind of systems [25, 35–37].

In recent years, also composite membranes have been investigated to remove phenol com‐
pounds. In these materials, surface properties are controlled during membrane synthesis. 
Membrane aromatic recovery system (MARS) is a promising technology to recover phenol and 
aromatic amines. Composite membranes including poly(dimethylsiloxane) (PDMS) are com‐
monly investigated to control porosity and the operational stability by synthetizing nonporous 
selective layer coated on a microporous support layer cast; reinforcement polymers could be 
poly(vinylidine fluoride), polyethersulfones, polyetherimides, polyacrylonitrile, polyester, 
polyphenylenesulphones. Xiao et al. [38] developed a pertraction membrane (pervaporation 
and extraction combine process), through plate composite polydimethylsiloxane/polyvinyli‐
dene fluoride polymers to recover phenol compound. Results show that mass transfer coeffi‐
cient is five times higher compared to silicon rubber membranes nonreinforced (from 15 × 10‐7 
to 3.5 × 10‐7 m/s), another property improved was the mass flux (2.38 × 10‐2 kg/m2 h), however, 
diminish the activation energy of permeation (9.7 kJ/mol), permeability (5.9 × 10‐12 m2/s) and dif‐
fusion coefficient (2.4 × 10‐11 m2/s). Lee et al. [39] also found a higher permeate flux using a wet 
phase inversion process polydimethylsioloxane/polysulfone (PDMS/PS) composite. Permeate 
flux is influenced by controlling the skin layer thickness of the asymmetric membrane during 
formation reaction, phenol concentration and recirculation rate. Additionally, the relatively 
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hydrophilic nature of phenol and specificity of membranes are related to chemical moieties, both 
point of views allow making highly flexible polymer, with hydrophobicity and organophilicity 
properties and controlled free volume; this is the case of the poly(dimethylsiloxane) (PDMS) 
and poly(vinylmethylsiloxane) (PVMS) to synthesize extractive membrane bioreactor (EMBR). 
Main characteristic to the EMBR system is to permeate organic compounds, meaning it should 
have a high organic flux while being effectively impermeable to inorganic and water, such as 
silicon‐based rubbers [40].

Due to complexity of phenol and phenolic compounds, researchers are focused on to develop 
new technologies to improve efficiency removal, mainly on the size/steric exclusion, elec‐
trostatic repulsion, fouling and energy consumption. Hybrid or combine process involving 
two or more steps, previously mention, could be the answer to the problem. Heo et al. [41] 
suggest that forward osmosis/reverse osmosis (FO/RO) provide the advantage to enhance 
the driven pressure force, diminishing the fouling property and making it less energy costly 
process. Due to, FO depends on the molar concentration of the solution instead of the nature 
of the solutes and RO offers higher selectivity characteristics, internal concentration polariza‐
tion and low flux; the efficiency of both membranes (FO/RO) was attributed to porous, mesh 
fabric, hydrophobicity and steric hindrance. Surface fouling is one of the issues to overcome 
on the wastewater treatment; thus, forward osmosis alleviated the reverse osmosis membrane 
fouling as demonstrated by Choi et al. [31], after repeated cleaning membrane process where 
the permeate flux was recovered. Biopolymer‐like substances were persistently accumulated 
on the membrane surface as seen in Figure 3.

Some authors have paid attention on the porosity as main property to develop integrated 
systems on phenol removal and/or recovery, taking into account the molecular weight (MW) 
of the species, such as the case of the combined nanofiltration and reverse osmosis [32, 42]. 
However, in case that a specific compound is desired to isolate, the complexity of the system 
could include more than two combine steps, for example, an innovative integrated process 
to recover an important food polyphenol, such as the Gallic acid. The proposal consisting of 
purification steps based on the MW of the specific molecule with UF‐NF‐RO and their fur‐
ther separation with an adsorption/desorption resins, where the final product had a phenol 
concentration of 378 g/L in Gallic acid equivalents and the initial quantity was 2.64 g/L [43].

The membranes contactor is an alternative technology, based on solvent extraction using hol‐
low fiber membranes (membrane‐based extraction method), to recover or remove low concen‐
tration of aromatic compounds. Two fluid phases flow in adjacent channels with the interface 
maintained in the intermediate membranes pores; in other words, the process involves extrac‐
tion of the compound to a second phase stabilizing the aqueous and organic phases within the 
pores of the polymeric membrane. If compared to the conventional solvent extraction, mem‐
brane contactors offer a large interfacial area, a reduction in solvent by‐products and lower sol‐
vent losses. Nevertheless, the operational pressure range limits the applications of the process. 
Research challenger is the interface stabilization of fluids in the membrane pores, which affect 
the operational conditions and the properties of both, membrane materials and fluids [44, 45]. 
Diverse factors to the design of this kind of membranes include modified surface properties. 
It can improve the gradual erosion caused by the shear forces generated by the aqueous phase 
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flowing over the liquid membrane. Alternatives, such as hollow fiber, supported liquid mem‐
brane (HFSLM), with solids‐extractants immobilized on the pores of the hydrophobic surface, 
serve to dissolve a nonvolatile carrier solvent to maintain a high distribution coefficient for 
the solute. Trioctylphosphine oxide (TOPO) act as extractants in the liquid membranes; due 
to in solid crystalline powder can be impregnated on a polypropylene membrane, changing 
from a conventional liquid‐liquid extraction into a solvent extraction liquid membrane of aro‐
matic compounds; to study model molecules [46] or applied as osmotic membranes bioreac‐
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addition to the structural and surface properties, the size of the adsorbents is an important 
factor that can improve the efficiency of the process, therefore, carbon nanomaterials as carbon 
nanotubes and graphene have been used as adsorbents of pollutants from water obtaining good 
results. Thus, investigations related to carbon activated, carbon nanotubes and graphene‐based 
materials used as adsorbents of phenolic compounds from water are reviewed in this section.

Activate carbon (AC) is a carbon material very effective in the removal of pollutants from 
water. Its effectivity was probed on the removal of bisphenol A (BA). Liu et al. [51] inves‐
tigated the effect of modification treatments of two AC (W20 and F20) onto removal of BA. 
The ACs treated with nitric acid were labeled as W20A and F20A and the AC modified with 
thermal treatment under a flow of N2 was labeled as W20N and F20N. The highest adsorp‐
tion capacities of BA were found on W20 (382.12 mg/g) and W20N (432.34 mg/g) samples. 
The thermal treatment favored more the BA adsorption on AC than the acid treatment. The 
surface charge density of the different ACs and their content of oxygenated groups are factors 
very important that affect the BA adsorption. Similarly than other experiments with phenolic 
compounds, the adsorption of BA onto ACs decreased when the temperature was increasing. 
The removal by adsorption of Bisphenol A also has been investigated with AC derivates of 
coconut and coal with good results [52]. The best results were found in the pH range from 3 
to 9. The adsorption capacity of both ACs decreased in pH range (>10), it was attributed to 
the electrostatic repulsion between the negative charge surface of the ACs and the bispheno‐
late anion from the ionization of bisphenol A. Factors as surface area and pore volume were 
determinants for the good adsorption of BA onto ACs; however, surface polarity also played 
an important role in this adsorption process.

Fasfous et al. [53] studied the adsorption of tetrabromobisphenol (TBBPA) on multiwalled 
carbon nanotubes (MWCNTs). The results showed that MWCNTs have a high potential for 
removal of TBBPA from water. The removal of TBBPA after of 60 min was 90%. The adsorp‐
tion capacity was increasing when the initial TBBPA concentration and contact time were 
increased. Oppositely, the adsorption capacity of TBBPA decreased when the temperature and 
pH (pH > 7) were increased. The experimental kinetic data were well adjusted to the pseudo‐
second‐order model and the Freundlich and Langmuir models described well the experimen‐
tal equilibrium data. The adsorption of TBBPA on MWCNTs was spontaneous with exothermic 
nature. In other investigation for TBBPA removal, Zhang et al. [54] employed graphene oxide 
(GO) as adsorbent. The experiments were conducted modifying the pH of TBBPA solution 
in the range from 2 to 12 and the temperature from 288 to 318 K. The results indicated that at 
0.3 and 1 mg/L TBBPA concentrations, the maximum adsorption capacities were of 70–90% 
after of 120 min, indicating an influence of the initial concentration of TBBPA. The adsorption 
capacity of TBBPA on GO decreased when the temperature of the solutions was increased. The 
adsorption process of TBBPA on GO was exothermic. These effect of the temperature and type 
of process were similar when were used MWCNTs. The main interaction mechanisms between 
TBBPA and GO were π‐ π interaction and hydrogen bonding. Ji et al. [55] also investigated the 
removal of TBBPA but using Fe3O4 nanoparticles loaded on MWCNTs (MWCNTs‐Fe3O4) com‐
posite and MWCNTs‐Fe3O4 modified with 3‐aminopropyltriethoxysilane (APTS) (MWCNTs/
Fe3O4‐NH2). The solution concentration of the TBBPA was 10 mg/L and the adsorbent dos‐
age was 0.5 g/L for all experiments. The solution pH was adjusted from 1.4 to 9 in order to 

Removal of Phenolic Compounds from Water by Adsorption and Photocatalysis
http://dx.doi.org/10.5772/66895

355



 optimize the pH for the maximum adsorption capacity of TBBPA on the composites. The 
results showed that the adsorption capacity of TBBPA on the two composites was increasing 
when the pH increasing from 1.5 to about 5.5, where the TBBPA is not dissociated. The donor‐
acceptor interactions between TBBPA and the magnetic nanocomposites through the graphene 
sheets of MWCNTs, the aromatic structure of TBBPA and π‐π interactions between the ben‐
zene‐ring structure on both of TBBPA and MWCNTs and Hydrogen bonding are the main 
possible adsorption mechanism of TBBPA on the two nanocomposites. The functionalization 
of the MWCNTs/Fe3O4 with amine groups improved the adsorption of TBBPA. The maximum 
adsorption capacity of TBBPA was found on MWCNTs/Fe3O4 nanocomposite (33.72 mg/g). The 
experimental kinetic data were well adjusted to the pseudo‐second‐order model.

The removal of phenol, 2‐chlorophenol and 4‐chlorophenol from aqueous solutions using as 
adsorbents activated carbon, multiwalled carbon nanotubes and carbon‐encapsulated iron 
nanoparticles (CEINs) was investigated by Strachowski and Bystrzejewski [56]. The surface 
area of the different materials was found to be 1187, 156 and 36 m2/g for AC, MWCNTs and 
CEINs, respectively. All adsorption kinetic experiments were carried out with a 150 mg/L 
initial concentration of the phenolic compounds and the relation of adsorbent mass and 
solution volume was 0.5 g/L. The results showed that the maximum adsorption capacity of 
the phenolic compounds was obtained for AC followed of activated carbon nanotubes (act‐
MWCNTs), MWCNTs and CEINs in this order. However, the maximum adsorption kinetic 
rate of the studied adsorbates was found in MWCNTs followed of act‐MWCNTs = CEINs 
and AC, in this order. The highest adsorption capacity was found for 2‐chlorophenol 
(549.5 mg/g). MWCNTs showed a rapid adsorption kinetic and the equilibrium concen‐
tration was achieved around of 5 min. The adsorption kinetic data were well fitted to the 
pseudo‐second‐order model.

Different studies have investigated the removal of phenol from water employing different carbon 
materials. de la Luz‐Asunción et al. [13] realized the removal of phenol from aqueous solutions 
with carbon nanomaterials of 1D and 2D. The adsorbents used were MWCNTs and oxidized 
MWCNTs (O‐MWCNTs), pristine single‐walled carbon nanotubes (SWCNTs) and oxidized 
SWCNTs (O‐SWCNTs), GO and reduced graphene oxide (rGO). The oxidation of the carbon 
nanotubes was carried out in microwave using H2O2 as oxidant agent. This method reduced the 
time of oxidation. GO and rGO were obtained by Hummer’s method. The results showed that 
the pristine 1D nanomaterials (MWCNTs and SWCNTs) have a better adsorption capacity than 
rGO, however, GO presents a higher adsorption capacity than O‐MWCNTs and O‐SWCNTs. 
The best adsorption capacities of phenol were obtained by GO and O‐SWCNTs. Oxygenated 
functional groups play an important role in the removal of phenol with carbon nanomaterials 
of 1D and 2D. The kinetic adsorption data and the adsorption equilibrium data were well fitted 
to the pseudo‐second‐order model and the Freundlich model, respectively. Figure 4 shows the 
fit of Freundlich isotherms on the adsorption of phenol onto carbon nanomaterials. The main 
mechanism of adsorption of phenol onto the different carbon structure was due to π‐ π interac‐
tions between the aromatic structure of the graphitic layers and aromatic rings of the phenol 
structure. Other mechanism proposed in the adsorption of phenol onto carbon nanomaterials 
was hydrogen bonding. Li et al. [57] also studied the removal of phenol from aqueous solutions 
onto rGO. The effect of phenol solutions pH on the adsorption capacity of rGO was analyzed 
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when the pH increased from 2.3 to 11.5. The highest rGO adsorption capacities were found when 
the pH of phenol solutions was adjusted between 4 and 6.6. In this pH range, the complexation 
capability of the oxygenated groups present on the surface of rGO increased. Besides, the gra‐
phitic structure of rGO and the aromatic ring of phenol interact through of π–π interactions. The 
phenol removal increased when the rGO concentration was increasing gradually in the range 
from 0.5 to 1.7 g/L. Thermodynamic study revealed that the adsorption process of phenol onto 
rGO was endothermic and spontaneous.

Others phenolic compounds have been studied through of the adsorption process with carbon 
materials. Mehrizad and Gharbani [58] used rGO as adsorbent for the removal of 4‐Chloro‐2‐
nitrophenol (4C2NP) from aqueous solutions. The adsorption capacity of rGO onto 4C2NP 
removal decreased with increasing dosage of adsorbent from 0.2 to 0.8 g/L but in all cases the 
adsorption velocity was rapid (10 min) reaching the equilibrium at about 60 min. The best 
results of adsorption were found in the pH range from 3 to 7, 298 K and initial concentration 
of 10 mg/L. The pseudo‐second‐order model described well the adsorption kinetic data and 
the equilibrium adsorption data were well fitted to the Freundlich model. The adsorption of 
4C2NP was found to be spontaneous and exothermic process in the temperature range from 
298 to 328 K.

The adsorption of other phenol chloride compound onto carbon materials was studied by 
Pei et al. [59]. For the adsorption of 2,4,6‐trichlorophenol (246TCP) from aqueous solutions 
were used rGO and GO as adsorbents. The adsorption of 246TCP onto rGO and GO was 
favored to pH range from 2.0 to 6.0. After of pH 6.0, the fraction of negatively charged 
246TCP species increase in the solution causing electrostatic repulsion with negatively 
charged surfaces of rGO and GO. The adsorption capacity of rGO was higher than GO. The 
adsorption experimental data of 246TCP onto rGO and GO were well fitted to Freundlich 
equation.

Figure 4. Freundlich isotherms of phenol adsorption onto carbon nanomaterials. Reprinted and adapted with permission 
from de la Luz‐Asunción et al. [13]. Copyright © 2015, Hindawi Publishing Corporation.

Removal of Phenolic Compounds from Water by Adsorption and Photocatalysis
http://dx.doi.org/10.5772/66895

357



Definitely, the application of carbon materials on the removal of phenolic compounds by 
adsorption process is a good alternative for the remediation of the contamination problem of 
water by this kind of compounds.

3.2. Photocatalysis

In advanced oxidation process, heterogeneous photocatalysis is a process with important 
potential for the degradation of recalcitrant organic contaminants in water. In this process, 
the use of a radiation source that generally is UV light and a semiconductor material as cata‐
lyst is necessary. The photon energy is converted into chemical energy which is capable of 
to degrade the organic pollutants. The photogenerated holes in the valence band diffuse to 
particle semiconductor surface and react with organic molecules present in aqueous solution 
forming hydroxyl radical (OH·). Meanwhile, electrons in the conduction band participate in 
reduction processes, reacting with molecular oxygen in the air to produce superoxide radical 
anions (O2·‐). Titanium dioxide (TiO2) is the most important semiconductor used in the het‐
erogeneous photocatalysis due to different properties such as superhydrophilicity, chemical 
stability, long durability, nontoxicity, low cost and transparency to visible light; however, 
other semiconductor materials have been used also in this process with good performance 
in the contaminants degradation from water. The size of the semiconductors particles is an 
important factor that has influence on the efficiency of the photocatalytic process. Others 
important factors in the photocatalysis are the specific surface area, pore volume, pore struc‐
ture, crystalline phase and the exposed surface. On the other hand, the charge separation is a 
problem that affects the efficiency of the photocatalytic process and whereby the improving 
of photocatalyts is a challenge. Thus, in this section, it is reviewed different works related 
to semiconductor particles and nanoparticles in the photocatalytic degradation of phenolic 
compounds. Also, we present some investigations associated with graphene nanomaterials 
focused to reduce the charges recombination in the photocatalytic degradation of phenolic 
compounds.

3.2.1. Semiconductor particles and nanoparticles

Although TiO2 is the semiconductor more employed as catalyst in the heterogeneous photo‐
catalysis, at present, there exist others semiconductor materials that have been developed and 
employed in the degradation of pollutants from water obtaining good results. The reduction 
in the particle size is an important factor that can improve the photocatalytic performance due 
to an increase in the surface area. With the aim to improve the results on the  degradation of 
contaminants from water, also, the combination of semiconductor particles has been devel‐
oped, obtaining composites and hybrids materials. A review of investigations about the deg‐
radation of phenolic compounds using semiconductor particles is presented.

Phenol is the phenolic compound more studied in the photocatalysis. Different semicon‐
ductor materials have been used in its degradation, but TiO2 is the semiconductor more 
used in the photocatalytics process. Ye and Lu [60] synthesized anatase TiO2 nanocrystals 
with exposed {0 0 1} facets; these materials were obtained in the presence of fluoride ions. 
The photocatalytic results indicated that the oxidation of phenol increased with the rise 
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in the percentage of {0 0 1} facets of TiO2. The main intermediates produced during the 
photocatalytic degradation of phenol were catechol and hydroquinone. The improving 
in the photocatalytic performance of TiO2 nanocrystales was attributed to the synergistic 
effects of the exposed {0 0 1} facets and surface fluorination. The TiO2 doped have been 
used to improve the photocatalytic activity on the phenol degradation [61]. An important 
efficiency in the degradation of phenol was found. Best results of phenol degradation were 
found at high pH values. Composites of V2O5/N,S–TiO2 were used as photocatalyst for 
phenol degradation under direct solar light [62]. The sample of V2O5/N,S–TiO2 activated 
at 500°C showed the best photocatalytic performance, reaching a degradation of 88% of 
phenol solution (100 mg/L) in 4 h. The V2O5 component played a key role for the visible 
light activity of the composite system at longer wavelengths. The photocatalytic activity 
of the composite was mainly attributed to the acid sites present on the surface; however, 
other factors such as the surface area, anatase/rutile ratio and the absorption at longer 
wavelengths were important.

The phenol degradation also was investigated by Liu et al. [63]. In this investigation, BiPO4 
synthesized through hydrothermal process was used as photocatalyst and the process was 
assisted with H2O2. The initial concentration of phenol solution was 50 mg/L and the cata‐
lyst concentration was 0.5 g/L. The results indicated that the phenol could be mineralized 
after of 4 h with BiPO4 but no by H2O2. The efficiency of BiPO4 was attributed to the high 
potential photogenerated holes in the valence band and the high separation efficiency of 
electron hole pairs.

ZnO, other important semiconductor also have been used in the phenol degradation. 
Europium‐doped flower like ZnO hierarchical [64], Ni‐loaded ZnO nanorods [65], cerium‐
doped ZnO hierarchical micro/nanospheres [66] and ZnO nanosheets immobilized on mont‐
morillonite [67] are some of the ZnO‐based catalysts that have been employed successfully on 
the phenol degradation.

Although Al2O3 is known as insulator material, Tzompantzi et al. [68] synthesized an Al2O3 by 
the sol–gel method. The Al2O3 was dried and annealed at 400, 500, 600 and 700°C. The samples 
were tested in the degradation of phenol from water. The best results of degradation were 
obtained with the sample calcinated at 400°C. The photocatalytic activity of the Al2O3 can 
be due to the modification in the Al‐O bonds distances and hydroxyl groups present in the 
Al2O3 structure, delaying the recombination process. The sample annealed to 400°C also was 
tested in the p‐cresol and 4‐chlorophenol degradation. The major degradation was obtained 
on 4‐clorophenol, followed by phenol and p‐cresol, in this order.

The degradation of 4‐chlorophenol also have been studied by different investigation groups. 
A composite of anatase/titanate nanosheet was employed by Liu et al. [69] for phenol degra‐
dation from water. Titanate acted as the main adsorption site. The phenol degradation was 
carried out in a binary system. About of 99% of phenol was degraded within 120 min. The 
important photocatalytic efficiency was attributed to the synergetic effect on the photo‐oxida‐
tion of 4‐clorophenol and photoreduction in Cr (VI) due to the efficient separation of electron‐
hole pairs. In other investigation of phenol degradation, Naeem and Ouyang [70] investigated 
the degradation of 4‐chlorophenol on TiO2 supported on materials as activated carbon, silica 
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(SiO2) and zeolite (ZSM‐5). All materials TiO2‐supported reached a better photocatalytic per‐
formance on the 4‐chlorophenol degradation than TiO2 alone. AC was found to be the best 
support followed by ZSM‐5 and SiO2. The maximum degradation of 4‐chlorophenol using 
TiO2‐AC as photocatalyst was 89.7%. Others photocatalytic materials that have been studied 
on phenols degradation in water are shown in Table 1.

3.2.2. Graphene materials and graphene‐based materials

Graphene materials have the capacity to transfer the charges rapidly which is very impor‐
tant to reduce the charge recombination. Besides this, the photocatalytic activity of graphene 
oxide, a functional form of graphene, has been proved [76]. Therefore, a review of the inves‐
tigations where graphene materials have been used individually and in combination with 
others compounds for the removal of phenolic compounds is presented.

Bustos‐Ramirez et al. [77] investigated the removal of phenol by photocatalysis using as pho‐
tocatalyst GO synthesized under different conditions. The time of oxidation (2, 4 and 6 h) 
and the degassing units (55 and 65) were modified. The samples were labeled as GEO‐2‐55, 
GEO‐2‐65, GEO‐4‐55, GEO‐4‐65, GEO‐6‐55 and GEO‐6‐65. The experiment was carried out in 
a batch photoreactor containing 100 mL of initial concentration of 100 mg/L. The time of reac‐
tion was 2 h and as radiation source an UV lamp of 254 nm was used. The band gap obtained 
by all samples indicated that these materials could act as photocatalysts. The best results of 
phenol removal were found with the sample GO‐2‐55 (38.62%), followed by GO‐6‐55 (14.96%) 
and GO‐4‐55 (12.29%). Figure 5 shows the absorption spectra of phenol before and after of 
the photocatalysis process using the GO‐2‐55 sample as photocatalyst. The degassing units 
and the oxygen functional groups played an important role in the preparation of GO and its 
photocatalytic activity, respectively. The obtained results indicated that GO under specific 
synthesis conditions is a very viable material for its use in photocatalytic processes for the 
contaminants degradation.

A better photocatalytic activity of GO was found on the degradation of 4‐clorophenol (4‐CP) 
[78]. The photocatalytic experiments were carried out using 30 mL of phenol solution with 
initial concentration of 30 mg/L, pH 7 and GO dosage of 0.8 g/L. As irradiation source was 

Proposal system Type of photocatalytic material Degraded component References

One photocatalytic step Bismute vanadate, BiV4 Phenol [71]

Ag/ZnO Nitrophenol [72]

Photocatalytic‐UV‐C 
irradiation

BiPO4 photocatalytic activity 
degradation under UV‐C irradiation

Phenol [73]

Heterogeneous 
photocatalytic‐UV‐laser 
irradiation

ZnO nanoparticles coupled under  
UV‐laser irradiation

Phenol [74]

Solar light photocatalytic 
degradation

Ag‐core TiO2 nanoparticles under  
solar light irradiation

Phenol [75]

Table 1. Photocatalytic materials used on the removal of phenolic compounds.
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tion was 2 h and as radiation source an UV lamp of 254 nm was used. The band gap obtained 
by all samples indicated that these materials could act as photocatalysts. The best results of 
phenol removal were found with the sample GO‐2‐55 (38.62%), followed by GO‐6‐55 (14.96%) 
and GO‐4‐55 (12.29%). Figure 5 shows the absorption spectra of phenol before and after of 
the photocatalysis process using the GO‐2‐55 sample as photocatalyst. The degassing units 
and the oxygen functional groups played an important role in the preparation of GO and its 
photocatalytic activity, respectively. The obtained results indicated that GO under specific 
synthesis conditions is a very viable material for its use in photocatalytic processes for the 
contaminants degradation.

A better photocatalytic activity of GO was found on the degradation of 4‐clorophenol (4‐CP) 
[78]. The photocatalytic experiments were carried out using 30 mL of phenol solution with 
initial concentration of 30 mg/L, pH 7 and GO dosage of 0.8 g/L. As irradiation source was 

Proposal system Type of photocatalytic material Degraded component References

One photocatalytic step Bismute vanadate, BiV4 Phenol [71]

Ag/ZnO Nitrophenol [72]

Photocatalytic‐UV‐C 
irradiation

BiPO4 photocatalytic activity 
degradation under UV‐C irradiation

Phenol [73]

Heterogeneous 
photocatalytic‐UV‐laser 
irradiation

ZnO nanoparticles coupled under  
UV‐laser irradiation

Phenol [74]

Solar light photocatalytic 
degradation

Ag‐core TiO2 nanoparticles under  
solar light irradiation

Phenol [75]

Table 1. Photocatalytic materials used on the removal of phenolic compounds.
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used an UV lamp (Pencil UV lamp, 254 nm and 5.5 W), which was introduced in the phenol 
solution. The photocatalytic results indicated that about of 80% of phenol was removed of the 
solution in a time of 100 min. About of 50% of removal was obtained in the first 20 min. The 
results of the chemical oxygen demand (COD) tests indicated that 97% of the organic matter 
was removed (Figure 6). Aromatic compounds and carboxylic acids are the main by‐products 
generated in this photocatalytic process. The high efficiency of GO on the 4‐CP degradation 
indicated that graphene materials have an important future in the photocatalysis area.

On the other hand, some investigations have studied the degradation of phenolic compounds 
employing composites of graphene and semiconductors particles. Some composites of gra‐
phene/TiO2 have been synthesized by different routes for the degradation of phenol from 
water [79–81]. In all cases, the combination of graphene materials and TiO2 particles improve 
the performance obtained with only TiO2. This was attributed to an increase in the adsorp‐
tion of phenol molecules, a better and more efficient charge separation and the improvement 
light absorption. The degradation of phenol was so well studied using other composites of 
graphene‐based materials with good results [82–86].

Other phenolic compound that has been investigated was Bisphenol A. Wang et al. [87] syn‐
thesized a GO/ Ag3PO4 composite and proved its efficiency on the BA degradation. The deg‐
radation of BA was carried out using 75 mL of a solution of BA with initial concentration 
of 20 mg/L and 75 mg of catalyst. A 300 W Xe lamp with a 400 nm cutoff filter was used as 
irradiation source. The results indicated that the GO/Ag3PO4 (6 wt%) composite improved 
the degradation of BA with respect to the pure Ag3PO4. This enhancing of the photocatalytic 
activity of GO/Ag3PO4 was attributed to the presence of GO, which contributed to the sepa‐
ration electron‐hole pairs in the composite. Similar results were found by Chen [88] on the 

Figure 5. Phenol absorption spectra at initial and after of 2 h of photocatalytic reaction (reprinted with permission of 
Karina Bustos‐Ramirez et al. [77]. Copyright © 2015, used under the Creative Commons Attribution License).
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2,4‐dichlorophenol degradation using as photocatalyst a GO/Ag3PO4 (5 wt%) composite. It is 
important to note that in both investigations was used visible light which is one of the most 
important challenges in the photocatalysis process.

In general, the revised investigations revealed that the combination of graphene materials with 
different semiconductors particles improve the degradation efficiency of the different phenolic 
compounds from water with respect to the individual particles. Besides, the graphene oxide 
showed an important photocatalytic activity capable of degrading the phenolic compounds.

3.3. Others

3.3.1. Electrochemistry

Currently, efforts have been made at developing more effective technologies to remove per‐
sistent organic pollutants. Advanced oxidation processes are based on the in situ production 
of reactive hydroxyl radicals (OH·) which non‐selectively react with most organics, being able 
to degrade even resistant compounds. Although, OH· radicals are extremely reactive and can‐
not exist for a longtime, they can be used to decompose almost all organic to inorganic com‐
pounds [89, 90]. Combination process such as ozone, ultraviolet (UV) light, a semiconductor 
photocatalyst, hydrogen peroxide, ultrasound, Fenton reagent, photo‐Fenton are widely 
studied to generate hydroxyl radicals (OH·). Recently, electrochemical advanced oxidation 
processes (EAOPs) are a promising derivative strategy that comes from AOPs. The easiest 
EAOPs method is the anodic oxidation (AO), where the organics can be directly oxidized 

Figure 6. COD removal percentage obtained at the end of photolysis and photocatalysis tests using as catalysts (graphite 
oxide) GrO and GO on the 4‐CP degradation. Adapted from Bustos‐Ramírez et al. [78]; BioMed Central. 2015.
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at the anode surface by electron transfer and/or indirectly oxidized by OH· barely physi‐
sorbed at the anode surface whit the presence of agents at the bulk solution such as oxidizing 
reagents, O3, chlorine species, persulfates or H2O2. On the other hand, when AO accomplish 
with cathodic electrogeneration of H2O2, the process is a cathodic oxidation. When H2O2 is 
electrochemically produced in the presence of Fe2+ at the bulk of reactions, as well as the OH·, 
it brings about the electro‐Fenton process (EF). The phenomena originate a variety of tech‐
niques, for example, peroxi‐coagulation (PC), Fered‐Fenton, electrochemical peroxidation 
and sonoelectro‐Fenton, or combine systems which include biological, chemical coagulation, 
electrocoagulation (EC) and membrane processes [90].

Phenol belongs to the recalcitrant pollutants commonly treated by conventional physico‐
chemical and biological methods, so advanced oxidation (AO) represents an actual process for 
treatment of wastewater containing toxic persistent organic compounds. Pimentel et al. [91] 
applied a variant of advanced oxidation techniques to remove phenolic pollutants. They stud‐
ied the oxidative degradation of aqueous phenol solutions in acidic medium by electro‐Fenton 
technique using a carbon felt cathode and platinum anode in order to evaluate the mineraliza‐
tion efficiency, results evidenced that pH 3 enhance hydrogen peroxide electrochemical pro‐
duction, the most effective catalysts was ferrous iron ion at optimal concentration of 0.1 mM. 
Phenol oxidation by hydroxyl radical follows a pseudo‐first‐order kinetic with a rate constant 
of 0.037 min‐1. Additionally, phenol hydroxylation generate maleic, fumaric, succinic and gly‐
colic acids in the beginning of the reaction; benzoquinone, catechol and hydroquinone as 
intermediate and oxalic and formic acids as final products. The total mineralization of phenol 
and its reactions intermediates put in context the effectiveness of the electro‐Fenton process. 
If the process is combined, it could arises higher efficiencies as demonstrated Wang et al. [92], 
when combining electrocatalytic process and membrane bioreactor (MEBR), increases 11% 
the quality of the phenol removal, compared to the conventional and sum of the two individ‐
ual processes; as result of the synergetic enhancement effect in one reactor. Also it was found 
that one of the degradation products is the benzoquinone (2,6‐di.tert‐butyl‐p‐benzoquinone).

Following with the electrochemical tendency process, Vasudevan [93] studied the peroxi‐
electrocoagulation method using mild steel as anode and graphite as cathode, obtaining 92% 
of removal from an initial phenol concentration of 2.5 mg/L and pH 2. The electro‐coagula‐
tion (oxidation of sacrificial anode), amalgamates advantages from the separate procedures. 
Coagulants introduced without corresponding sulfate or chloride ions are more efficient 
to remove contaminants from waste, mainly when eliminate competitive anions and use a 
highly pure coagulant, it can be obtained lower metals residuals and less sludge as by‐prod‐
ucts if used metal salts. Moreover, when electrochemical reactors operate at high cell poten‐
tial under acidic pH, the anodic process occurs in the potential region of water discharge and 
consequently hydroxyl radicals (OH·) are produced. This confirms that, ferrous ion gener‐
ated in electrocoagulation function as coagulation materials and catalytically creates OH· 
radicals according to the conditions. Therefore, EAOPs can be even more effective than their 
chemical analogous, showing higher removal rates and greater reductions in organic toxic 
wastewater. EAOPs offer, the availability of higher amounts of H2O2 at the reaction begin‐
ning in the chemical processes; mainly in the presence of aromatic compounds; which is 
the case of phenol and phenolic molecules, demonstrated to induce faster initial removal 
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rates for organic pollutants. Additionally, while increases the efficiency of the process the 
waste by‐products diminish during the oxidation reaction to remove phenol compounds. 
Thus, EAOPs challenge needs to consider the implementation of high H2O2 quantities since 
the reaction initiation, as well as take into account aspects related to the investment costs, 
design of electrochemical cell; meaning less expensive hardware and electrodes materials 
and more versatile systems. In case of the light‐assisted source, also should be considered, 
the UV lamps or photoreactors for natural sunlight capture. Even more, the operational costs 
include electrical energy for the electrochemical cell, plant operation, reagents and mainte‐
nance [90].

Nowadays, there is a growing interest to establish a great deal of attention to develop new 
strategies based on nanomaterials in conjunction with single and/or hybrid AOPs to remove 
or recover phenol species. One of the advantages of nanomaterial is the high surface area, 
where the volume/mass ratio will significantly improve the adsorption properties. Some 
nanomaterials studied are semiconductors, nanoclays, nanocatalyst, nanoclusters, nanorods, 
nanocomposites; for example, TiO2, palladium, Fe3O2, Cerium oxide and magnetic chitosan, 
along or combined, CoxFe3‐xO4, CoFe2O4 magnetic nanoparticles, BiAgxOy. From this point, 
can be synthesized nanoparticles, nanomembranes and nanopowders able to apply on the 
AOP technology [94].
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Abstract

Woodwaste produces large volumes of leachate, which often contains high concentra-
tions of phenolic compounds. These compounds necessitate appropriate management.
Biological methods are efficient, innovative, and economic. In particular, biofiltration
process has various advantages compared to CAS and MBR technologies. Two pilot
filters, with and without biological activity, were designed for continuous mechanisms
to follow. This study supposes that the three mechanisms of volatilization, sorption, and
biodegradation are present, confirm these assumptions, and determine the contribution
of each mechanism. Good efficiency was obtained in the biofilter and 97–98.2% of COD
and BOD removal were observed, respectively. Excellent performances were achieved
and reached 99.9% of initial concentrations removal for all the phenolic compounds.

Keywords: phenolic compounds, woodwaste leachate, sorption, volatilization,
biofiltration, trickling biofilter

1. Introduction

The industry of paper is one of the principal economic sectors in Quebec. In 2011, 56.4% of total
canadian production of paper was achieved by Québec and was evaluated at 14.9% of total
world exportations [1]. In this year, approximately 373 million cubic meters were generated as
water process and were discharged in the environment after only basic physicochemical
treatment.

In 2006, the value of shipments of paper was 10.7 billion or 7.5% of the value of shipments of all
Quebec’s manufacturing industry. The value of exports in 2005 was estimated at 7.3 billion or
9.7% of all exports of Quebec and contributes to 46.1% of total newspaper production in
Canada and 9% of global paper production.
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Thus, considerable quantities of wood residue are generated, which produce large volumes of
leachate by percolation of water and following industrial processes. Woodwaste leachate
contains lignin and phenolic compounds at important concentrations and must be treated
before its discharge in the environment.

Phenolic compounds are toxic to humans and ecosystem, persistent, and endocrine disruptor
molecules. They are found in woodwaste leachate and pulp and paper industrial effluents. It is
necessary to develop new and innovative technologies adapted for these toxic effluents’ treat-
ment and phenolic compounds’ removal. Several processes were studied for phenol removal
such as membrane processes, ozonation [2], advanced oxidation [3], and activated carbon [4].
Ozonation was proven to be effective but it requires energy, and produces gases and causes the
formation of not yet identified by-products with an important risk to human health [5–8]. As
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Biological methods are efficient, innovative, and economic. Biological treatment of organic
pollutants was investigated in conventional activated sludge treatment plants (CAS) and in
membrane bioreactors (MBR). Mailler et al. [10] compared emerging pollutants removal by
both biofiltration and conventional activated sludge plants. This classical biological unit (CAS)
has already been well documented and compared with membrane bioreactor [11–18]. No
significant difference was observed between CAS and MBR when a critical solids retention
time (SRT) necessary for nitrification (SRT > 10 days at 10°C) was exceeded and the suspended
solids concentration in the effluent was low for CAS plants [19].

Biofiltration process has various advantages compared to CAS and MBR technologies [20, 21]. It
is an economical, simple, and innovative solution for water and air pollution control [20, 22, 23].

Figure 1. Possible mechanisms in operation during biofiltration process.

Phenolic Compounds - Natural Sources, Importance and Applications374



Thus, considerable quantities of wood residue are generated, which produce large volumes of
leachate by percolation of water and following industrial processes. Woodwaste leachate
contains lignin and phenolic compounds at important concentrations and must be treated
before its discharge in the environment.

Phenolic compounds are toxic to humans and ecosystem, persistent, and endocrine disruptor
molecules. They are found in woodwaste leachate and pulp and paper industrial effluents. It is
necessary to develop new and innovative technologies adapted for these toxic effluents’ treat-
ment and phenolic compounds’ removal. Several processes were studied for phenol removal
such as membrane processes, ozonation [2], advanced oxidation [3], and activated carbon [4].
Ozonation was proven to be effective but it requires energy, and produces gases and causes the
formation of not yet identified by-products with an important risk to human health [5–8]. As
phenolic compounds are persistent, it might be suitable to combine ozonation with biological
treatment [9].

Biological methods are efficient, innovative, and economic. Biological treatment of organic
pollutants was investigated in conventional activated sludge treatment plants (CAS) and in
membrane bioreactors (MBR). Mailler et al. [10] compared emerging pollutants removal by
both biofiltration and conventional activated sludge plants. This classical biological unit (CAS)
has already been well documented and compared with membrane bioreactor [11–18]. No
significant difference was observed between CAS and MBR when a critical solids retention
time (SRT) necessary for nitrification (SRT > 10 days at 10°C) was exceeded and the suspended
solids concentration in the effluent was low for CAS plants [19].

Biofiltration process has various advantages compared to CAS and MBR technologies [20, 21]. It
is an economical, simple, and innovative solution for water and air pollution control [20, 22, 23].

Figure 1. Possible mechanisms in operation during biofiltration process.

Phenolic Compounds - Natural Sources, Importance and Applications374

Phenolic compounds removal by biofiltration was investigated by [9, 24] but the involved
mechanisms of this removal were not described before.

This work aims to study phenolic compounds removal in woodwaste leachate using a trickling
biofilter and, second, to describe the mechanisms responsible for their transformation and
removal. In otherwise, we aim to answer the following questions: Are phenolic compounds
eliminated by volatilization, biodegradation, sorption, and biosorption or by all of these
processes, and what is the contribution of each mechanism?

This study supposes that the mechanisms of volatilization, sorption, and biodegradation operate
simultaneously during biofiltration process. We aim at confirming these assumptions and deter-
mine the contribution of each mechanism to the overall phenols removal efficiency (Figure 1).

2. Material and methods

2.1. Pilot scale unit and experiment set up

Two PVC columns of 0.15 m diameter and 2 m high were packed with a solid support (peat:
perlite; 1:9) and used to follow phenols removal in woodwaste leachate. These units (Figure 2)
are equipped with utilities, which are a storage leachate system composed of two mini-

Figure 2. Pilot scale unit for phenolic compounds removal study.
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refrigerators set to 4°C and aeration system connected to compressed air source with copper
tubes in T-shape and connected to the bottom of each column using rigid tubes after passing in
control air flow rate system. Columns are also equipped with exit air steam collector composed
of four bottles containing each 100 ml of methanol, connected in series for each column via
T-shape connection with the out vacuum evacuation. The output air steam was collected for
4 hours twice a week and if the air steam collection was not in operation, the valve connected
to the out vacuum evacuation was opened. Woodwaste leachate was fed continuously to
columns via Masterflex tubes at the top using a peristaltic pump, simulating trickling filtration.

2.2. Media composition and preparation

Columns were packed with solid support consisted of a mixture of peat (70% with 0.5 mm)
and perlite (4–6 mm) at a 1:9 ratio. After characterization, the peat was dried at 103°C during
48 h to minimize bacterial activity. A layer of coarse gravel with 0.10 m of height was installed
first at the bottom of the two columns and then these were packed with the media at a layer
height of 1.30 m as described in Figure 1. A layer of perlite with 0.10 m of height was installed
at the top of the two columns. For the conditioning, columns were fed slowly with tap water
(1.5–2 h) in an ascending way to reach a maximum absorption capacity of water by peat [25], a
good consistency of media and a resistance to compaction. The conditioning of columns
removes also the retained air in the system.

2.3. Laboratory scale unit set up

Two mini-columns with 0.12 m of diameter and 0.20 m of height were set up as described in
Figure 3 to simulate the top of pilot columns and to follow efficiency and parameters variabil-
ity with time at the top of the pilot scale units.

2.4. Leachate

Woodwaste leachate was collected from a sawmill site in the Quebec City area and character-
ized. This effluent is a complex matrix with highly variable chemical composition. Concentra-
tions of phenolic compounds depend on the temperature, age, and industrial activities of the
region, in particular, those of sawmills and paper industries. Physicochemical characteristics
are given in Table 1.

2.5. Biomass acclimation

Activated sludge from the sewage treatment station Valcartier in Québec City area was used as
a source of microorganisms for biomass acclimation. Volatile fatty acids (VFAs) and phenol
were used as the carbon source for microorganisms. The acclimation was conducted progres-
sively to avoid shock to the microorganisms due to the toxicity and to allow the biomass
growth. At first, only VFAs were used as carbon source and were replaced gradually by
phenol. Table 2 shows the detailed composition for acclimation process. A synthetic mixture
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Parameter (mg L−1) Winter 2006 Summer 2006 Winter 2007 Winter 2008 Autumn 2008 Summer 2009

pH 4.50 4.62 4.48 4.60 4.73 4.45

COD 1400 1100 1600 1700 1100 3792

BOD5 600 400 750 760 450 1862

MES 415 850 410 480 600 1400

PO4 5.00 5.20 5.10 4.89 5.00 4.30

Total volatile fatty acids 80 50 120 150 40 425

Total phenolics (μg L−1) 1946 1625 2010 2080 1540 3810

Phenol 380.86 77.99 450.12 437.25 81.55 80.75

4-Nitrophenol 171.41 160.79 282.05 291.04 158.43 712.25

p, m-Cresol 111.55 95.28 107.38 117.28 88.97 1503.12

o-Cresol 133.86 77.92 141.57 139.50 99.75 801.15

2-Chlorophenol 177.23 175.57 191.35 211.47 178.98 162.17

2,4-Dinitrophenol 1102.03 35.75 78.15 81.75 28.67 576.85

2, 4-Dimethylphenol 3.87 1.35 4.07 5.73 1.55 239.72

Note: Total phenolic compounds were determined by spectrophotometric analysis. Individual phenolic compound values
reported in μg L−1.

Table 1. Physicochemical characterization and phenolic compounds quantification of woodwaste leachate.

Figure 3. Laboratory scale unit simulating the top of pilot columns to follow phenolic compounds removal.
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of the eight studied phenolic compounds was given as substrate when the biomass was
acclimated and then the real woodwaste leachate was used for the biomass growth before use
in the biofilter. The biomass growth and substrates utilization were followed by respirometric
measurements during all the acclimation process.

2.6. Experiments

The two pilot-scale columns were followed for 6 months under continuous flow conditions.
The liquid flow rate was maintained at 3 Ld−1. Woodwaste leachate percolated filters with a
hydraulic load of 0.169 m3 m−2 d−1. Air was applied upward at a flow rate of 5 m3 m−2 h−1.
Columns were fed with real woodwaste leachate, which presented a pH between 4.5 and
4.7 spiked to 1 μg mL−1 with eight phenolic compounds and operated at room temperature
(20–25°C). A flow sheet of the pilot scale unit is described in Figure 2.

2.6.1. Pilot 1 (with mercuric chloride)

The bacterial activity was inhibited in this column using mercuric chloride (HgCl2) at 0.5 g L−1

in the fed leachate. Only physicochemical retention by sorption and volatilization are in
operation and responsible for phenolic compounds removal in this column. Liquid influent
and effluent were sampled each day for 6 months to establish the parameters variation pro-
files. pH and COD were determined daily for the first 3 months and each 2 days from the 4th
month. Phenolic compounds were quantified each 2 days in the liquid influent and effluent
and twice a week in the collected steam during all the operation period. Parameters profile
variations are presented in Figures 4 and 5.

Acclimation steps

1 2 3 4 5

Vadded (mL) 3 3 2 1 0

AGV mg C 109.92 109.92 73.28 36.64 0.00

(% C) 100.00 96.63 90.54 76.13 0.00

ppm 0 2 4 6 8

Phenol mg phenol 0 5 10 15 20

V added (mL) 0 5 10 15 20

mg C 0 3.83 7.66 11.49 15.32

% (C) 0 3.37 9.46 23.87 100

Total mg C 109.92 113.75 80.94 48.13 15.32

VFAs: 80 g L−1 (36.64 g-C/L); phenol: 1 g L−1 (0.766 g-C/L); nutrients: 65.86 g L−1 (0.052 g-N/L); volume of reactor: 2.5 L.

Table 2. Acclimation of biomass steps.
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2.6.1.1. Media without biological activity characterization

Both conventional scanning electron microscopy (SEM) and environmental scanning electron
microscopy (ESEM) characterized media of pilot 1, with mercuric chloride. The environmental
SEM offers all of the performance advantages of a conventional SEM, but allows high resolu-
tion and the analysis of wet and environmental samples in their current state without prelimi-
nary manipulations. Analysis was performed on JEOL 840-A (MEB) instrument for conventional

Figure 4. Physicochemical parameters variation in the effluent of column 1 (without bacterial activity).

Figure 5. Phenolic compounds profiles variation in the column 1 (without biological activity).
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SEM and on JSM-6360 instrument at low voltage (30 Vof acceleration voltage) and with different
vacuum values for ESEM.

2.6.2. Pilot 1 (with mercuric chloride)

This pilot simulates the real behavior of a trickling biofilter. The mechanisms of biodegrada-
tion, sorption, and volatilization are to be present and in operation during biofiltration. For
this column also, phenolic compounds were quantified each 2 days in the liquid influent and
effluent and twice a week in the collected steam during all the operation period. The parame-
ters that were monitored in the liquid influent and effluent were BOD, COD, pH, Nitrogen,
and phenolic compounds and measured once a week for BOD, and each 2 days for all the other
parameters during all the operation period. VFAs were determined sporadically. Parameters
profile variations for the biofilter are presented in Figures 6 and 7.

2.6.2.1. Biomass characterization

MicrobialaspectsoffixedbiofilmatdifferentbiofilterlayerswereshownbybothconventionalSEM
andESEMimagingperformedonJEOL840-A(MEB)andJSM-6360instruments,respectively.

Biological characterization of bacterial diversity in the mixed biofilmwas performed by DGGE of
the 16 S ribosomal RNA genes molecular technique. PCR-DGGE is a rapid and sensitive method
for the detection and investigation of active species in fixed media based on the DNA fragments
extraction. Amplicons, with the same length, of dominant microbial organisms are separated in
gradient gel based on their differential denaturation process and nucleotide compositions. Two
samples were collected by coring the media, during and at the end of experiments. The first
coring was done in the middle of the column. The second coring extraction was realized at eight
different level heights of the biofilter. Gel preparation and analysis were carried out according to
the protocol established by Ercolini [26] and run at Dr Duchaine’s research laboratory at Centre
de Recherche de l’Institut Universitaire de Cardiologie et de Pneumologie de l’ Hôpital Laval
(Québec, Canada).

2.6.3. Pilot 1 (with mercuric chloride)

The two laboratory-scale columns were set-up and followed for 4 months under continuous
flow conditions. Real woodwaste leachate at pH of 4.5–4.7 and spiked with 1 μg mL−1 of eight
phenolic compounds was percolated under the same conditions applied to the pilot unit:
hydraulic loading of 0.169 m3 m−2 d−1 and flow rate aeration of 5 m3 m−2 h−1. These laboratory
units were followed to reproduce the top of pilot-scale columns and to describe the phenolic
compounds removal at the top of these columns. A flow sheet of this mini-columns setup is
described in Figure 3.

2.7. Parameters analysis

Analyses of phenolic compounds were performed on a Breeze HPLC system (Waters ©)
consisting of a 717 plus auto sampler, a 1525 binary pump with internal degasser, and a code
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Figure 6. SEM and ESEM imaging of media of pilot 1 (with mercuric chloride).
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model 5CH column oven. The separation was carried out on a Symmetry C18 (4.6 × 150 mm,
5 μm) column and detection by a 2487 dual wavelength detector. Samples were previously
acidified to pH between 1.8 and 2, filtered on 0.45 μmmembrane filter, concentrated by SPE on
Oasis HLB (60 mg) cartridges and then analyzed by liquid chromatography according to the
method described by Kamal et al. [27].

COD and nitrogen were determined according to standard methods using a DR3000 spectro-
photometer. BOD was measured using a standard BOD Track system and a polyseed as
bacterial consortium.

3. Results and discussion

3.1. Woodwaste leachate characteristics

Table 1 shows the real leachate physicochemical characterization and phenolic compounds
quantification from winter of 2006 to summer of 2009. Phenols were found at concentrations
varying between 0.38 μg mL−1 for phenol and 1.1 μg mL−1 for 2,4-dinitrophenol in real
woodwaste leachate on winter of 2006.

3.2. Pilot 1 (with mercuric chloride) results

COD drastic decrease was observed in the effluent during the first 10 days of operation. Note
that 84.41% of initial COD was removed during this operation period. From the second week,

Figure 7. Physicochemical and biological parameters variation in the effluent of column 2 (biofilter).
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a removal performance of 41.1% was obtained. A steady state with 43.82% efficiency was then
reached and continued until the saturation of the media on the 135th day.

3.2.1. Phenolic compounds profiles variation in the column 1 (without biological activity)

For phenolic compounds also, a significant decrease was observed in the effluent during the
first 10 days of operation. A removal performance of 33.33–40.1% was obtained at steady state
for all the phenolic compounds except phenol and chlorophenol for which, 40.2–83.33% of
initial concentrations was removed. On the other hand, 41.1% of phenol and chlorophenol
initial concentrations was found in the collected gas. Thus, in this column, both physicochem-
ical retention and volatilization are responsible for phenolic compounds removal. At the
saturation of the media on the 135th day, a maximum of volatilization was obtained and
reached 41.1% for more volatile compounds.

3.2.2. Media without biological activity characterization results

Both conventional scanning electron microscopy (SEM) and environmental scanning electron
microscopy (ESEM) characterized media of pilot 1, with mercuric chloride. Images are
presented in Figure 6. No bacterial activity was observed. It was noted that metal spots were
present. The X-ray analysis confirmed a presence of mercury (Hg).

3.3. Pilot 2 (biofilter) results

A significant decrease was observed in the effluent during the first 10 days of operation for
both COD and BOD. These parameters increased during the second and third week. This can
be explained by a resistance and often observed inhibitory effect of organisms during the
acclimation process. Good performances of the biofilter were obtained after 30 days. On the
47th day, the system received a high organic load and toxicity due to a periodic increase at the
sawmill providing the effluent. However, the biofilter was able to manage this organic shock
and fluctuations and to achieve excellent performances at steady state. Indeed, 97–98.2% of
COD and BOD removal were observed, respectively. Another increase of the measured param-
eters was observed on the 135th operation day. This can be explained by the saturation of the
media and biological phenomena become a predominant and responsible factor for the treat-
ment. The system, in this situation also, was able to manage the change of physicochemical
retention capacities of the media and to achieve the performances of the previous steady state
in few days. Figure 7 shows 59 and 22 mg L−1 values for COD and BOD, respectively, with
superior performances in reducing organics (97% COD and (98.2% BOD reduction)).

3.3.1. Phenolic compounds profiles variation in the biofilter

Phenolic compounds profile variation, presented in Figure 8, followed absolutely COD and
BOD variations in the biofilter. Indeed, a significant decrease was observed in the effluent
during the first 10 days of operation and performance removal of 99.9% was obtained at steady
state for all the phenolic compounds. A maximum of 5–7% of volatilization was observed for
phenol and chlorophenol in the biofilter.
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3.3.2. Biomass acclimation results

Table 2 shows the detailed steps for acclimation process. Activated sludge from the sewage
treatment station Valcartier in Québec City area was used as a source of microorganisms for
biomass acclimation. Volatile fatty acids (VFAs) and phenol were used as the carbon source for
microorganisms.

3.3.3. Biomass characterization results

Both conventional SEM and ESEM imaging showed microbial aspects of fixed biofilm at
different biofilter layers. SEM and ESEM images are given in Figure 9.

A sampling at different column heights was done, by coring of the biofilter in the last week of
operation period. Figure 10 shows the column sampling. Media samples were analyzed by
DGGE technique with gel sequence and sequences amplified to determine the composition of
the bacterial community. Samples 7 and 8 represent the 10 cm perlite layer at the top of the
biofilter. Results of DGGE banding patterns of 16S rDNA fragments presented by Figure 11
show the presence of generally similar bacterial species. Two intense bands present in perlite
layer disappeared in the depth of biofilter to be replaced by other bands. This may be
explained by the development of other microorganisms in the media mixture of peat and
perlite. The bands representing the different heights of the mixed media are in general similar;
this indicates that the same active species are present in all the peat/perlite mixture height of
the biofilter and are involved in the phenolic compounds biodegradation process. The list of

Figure 8. Phenolic compounds profiles variation in the column 2 (biofilter).
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Figure 8. Phenolic compounds profiles variation in the column 2 (biofilter).
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Figure 9. SEM and ESEM imaging of microbial aspects of fixed biofilm at different biofilter layers.
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most abundant active species is given in Table 3. Both heterotrophic and autotrophic bacterial
species are present in the biofilter with a predominance of heterotrophic population.

Figure 10. Media samples from different heights of the biofilter.

Figure 11. Gel sequence and DGGE banding results of active spices in different biofilter levels. Names of referred bacteria
are listed in Table 3.
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3.3.4. Toxicity evaluation

Toxicity evaluation of leachate before and after treatment was performed in the Centre
d’Expertise en Analyses Environnementales de Québec using the Microtox test on two
species susceptible to the toxicity, which are daphnia and algae. Results are presented in
Table 4. Toxicity evaluation confirmed that effluent was not toxic for algae and daphnia. It
was confirmed also that algae were stimulated in the presence of diluted (5.6% V/V)
effluent.

3.4. Pilot unit profiles comparison

Figures 12 and 13 illustrate the profiles performance comparison. COD (feed) was the influent
COD and COD (Out) was the effluent COD in column 1 without bacterial activity. The
variation of BOD in the woodwaste influent and in the biofilter effluent showed high biofilter
performances.

The pH distribution in column 1 (without bacterial activity) and in column 2 (biofilter) is
presented in Figure 14.

Number Active species GenBank Group Accession number

1 Alpha proteobacterium AF256029.1 – –

2 Gamma proteobacterium clone EU665097.1 – –

3 Gamma proteobacterium clone EU665097.1 – –

4 Bacillus sp. GU935303.1

5 Oxalobacteraceae bacterium GU473126.1 Herbaspirillum sp GQ355286.1

6 Oxalobacteraceae bacterium GU473092.1 Herbaspirillum sp GQ355286.1

7 Rhizobiales bacterium FN794225.1

8 Aucune corespondance – – –

9 Aucune corespondance – – –

10 Alpha proteobacterium EF665816.1 Uncultured Rhizobiales bacterium FJ475425.1

11 Alpha proteobacterium EU051984.1 – –

12 Séquence double – – –

13 Alpha proteobacterium GU553130.1 Methylosinus sp GU556372.1

14 Alpha proteobacterium – – –

15 Séquence double – – –

16 Aucune corespondance – – –

17 Aucune corespondance – – –

18 Acidobacteriaceae bacterium EU449736.1 – –

19 Nitrobacter sp. GU556337.1 – –

Table 3. Most abundant active species and results of PCR re-amplified and sequenced 16S rDNA DGGE bands.
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3.5. Mini-columns COD profile comparison

The mini-columns COD decreased in the first 10 days of operation from 1896 mg L−1 as a fed
COD influent to 968 mg L−1 for the first column (without bacterial activity) and 737 mg L−1 for

Concentration % V/V Influent Effluent

Daphnia Algae Daphnia Algae

% Mortality % Immobility % Inhibition % Mortality % Immobility % Inhibition

56 100 100 99 0 1 0

42 100 100 99 0 0 0

24 99 100 99 0 0 0

18 30 40 99 0 0 0

13.5 25 30 99 0 0 0

10 25 30 99 0 0 0

7.5 20 20 99 0 0 0

5.6 10 5 80 0 0 −1.7

Control 0 0 0 0 0 0

Table 4. Toxicity evaluation of leachate before and after treatment.

Figure 12. COD profiles comparison in woodwate leachate influent and in both columns with and without bacterial
activity.
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Figure 13. Treatment efficiency and BOD performance in the biofilter.

Figure 14. pH distribution in column 1 (without bacterial activity) and in column 2 (biofilter).
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the second one (mini-biofilter). After 10 days of operation, the mini-biofilter COD fluctuated
due to the biomass adaptation and then decrease in time at 254 mg L−1 (Figure 15). COD
concentration of the two mini-columns increased at the 37th day of operation. This increase
may due to the media saturation. COD of mini-column without bacterial activity was set
at COD concentration influent while that of the mini-biofilter decreased to reach 285 mg L−1

values at the steady state with 84.9% of COD removal.

4. Conclusion

Two pilot filters, with and without biological activity, were designed for continuous mecha-
nisms to follow. It has been shown that mechanisms of volatilization, sorption, and biodeg-
radation operate simultaneously during the biofiltration process. For, column 1, in which
bacterial activity was inhibited by mercuric chloride addition, a removal efficiency of 33.33–
40.1% was obtained at steady state for all the phenolic compounds except phenol and
chlorophenol for which 40.2–83.33% of initial concentrations was removed. On the other
hand, 41.1% of phenol and chlorophenol initial concentrations were found in the collected
gas. Thus, in this column, both physicochemical retention and volatilization are responsible
for phenolic compounds removal. At the saturation of the media on the 135th day, a maxi-
mum of volatilization was obtained and reached 41.1% for more volatile compounds.

Good treatment efficiency was obtained in the biofilter (column 2). Note that 97–98.2% of COD
and BOD removal were observed, respectively. Excellent performances were achieved and

Figure 15. Mini-columns COD profiles comparison.

Phenolic Compounds - Natural Sources, Importance and Applications390



the second one (mini-biofilter). After 10 days of operation, the mini-biofilter COD fluctuated
due to the biomass adaptation and then decrease in time at 254 mg L−1 (Figure 15). COD
concentration of the two mini-columns increased at the 37th day of operation. This increase
may due to the media saturation. COD of mini-column without bacterial activity was set
at COD concentration influent while that of the mini-biofilter decreased to reach 285 mg L−1

values at the steady state with 84.9% of COD removal.

4. Conclusion

Two pilot filters, with and without biological activity, were designed for continuous mecha-
nisms to follow. It has been shown that mechanisms of volatilization, sorption, and biodeg-
radation operate simultaneously during the biofiltration process. For, column 1, in which
bacterial activity was inhibited by mercuric chloride addition, a removal efficiency of 33.33–
40.1% was obtained at steady state for all the phenolic compounds except phenol and
chlorophenol for which 40.2–83.33% of initial concentrations was removed. On the other
hand, 41.1% of phenol and chlorophenol initial concentrations were found in the collected
gas. Thus, in this column, both physicochemical retention and volatilization are responsible
for phenolic compounds removal. At the saturation of the media on the 135th day, a maxi-
mum of volatilization was obtained and reached 41.1% for more volatile compounds.

Good treatment efficiency was obtained in the biofilter (column 2). Note that 97–98.2% of COD
and BOD removal were observed, respectively. Excellent performances were achieved and

Figure 15. Mini-columns COD profiles comparison.

Phenolic Compounds - Natural Sources, Importance and Applications390

reached 99.9% of initial concentrations removal for all the phenolic compounds. Volatilization
did not exceed 5–7% at the steady state for the more volatile compounds in this column
simulating the real biofilter operation.

Woodwaste leachate was treated with an excellent efficiency by biofiltration process on the
mixed media peat: perlite, although a slight problem with color due probably to peat. This is
why the authors recommend improving aspect effluent quality by a final treatment if neces-
sary. Toxicity evaluation confirmed that effluent was not toxic for algae and daphnia. It was
confirmed also that algae were stimulated in the presence of diluted effluent.
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Abstract

Phenolic compounds are found in surface and groundwater as well as wastewater from
several industries. It is necessary to eliminate phenols and phenolic compounds from
contaminated water before releasing into water bodies due to their toxicity to human
beings.  Photocatalytic  degradation  seems  to  be  a  promising  technology  for  the
degradation of several phenolic compounds. Complete mineralization of phenol and
phenolic compound has been achieved with TiO2-based photocatalysts under both UV
and visible-light irradiation. This chapter will evaluate the conventional processes and
advanced oxidation processes for the degradation of phenol and phenolic compounds.
The process economics and efficiencies of different advanced oxidation processes will
also be discussed. The main focus of the chapter is photocatalytic degradation processes
under UV and visible light along with a detailed review of several factors affecting
degradation of phenol and phenolic compounds. Photocatalytic degradation process is
governed by reactions with hydroxyl radical or superoxide ion. The extent of degrada-
tion depends on light sources (UV, visible, and solar), the type of photocatalyst, and
experimental conditions (pH, photocatalyst dosage, initial concentration of phenolic
compounds,  light  intensity,  electron  donor  concentration,  etc.).  Visible-light-active
photocatalysts are applied by several researchers to exploit sunlight and to make the
photocatalysis process sustainable. In the future, using sunlight in place of UV could
make photocatalysis economically more efficient.

Keywords: AOPs, dye sensitization, photocatalyst, phenol, TiO2, UV, visible
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1. Introduction

Phenol and phenolic compounds (chlorophenols, nitrophenols, etc.) detected in water and
wastewater are toxic in nature and treated as primary water pollutants as per different coun-
tries’ regulations. Phenol is one of the first compounds included in the US EPA list of priority
pollutants [1]. Chlorophenols and nitrophenols are even more toxic than phenol itself. The
exposure, health effects, and regulatory limits of phenols are mentioned in Table 1 [2]. High
concentration of phenolic compounds is present in the effluents from different industries, such
as textiles, plastics, paint, paper, petroleum refining, coal processing, wood products, pharma-
ceuticals, and steel manufacturing [3]. Phenols can be removed by conventional techniques such
as (i) physicochemical processes and (ii) biological processes. A comparative study of different
phenol degradation methods is presented in the following section. Because of several limitations
of the conventional phenol degradation processes, researchers are now relying on advanced
oxidation processes (AOPs) for the complete mineralization of phenols. AOPs provide much
faster degradation rate with the participation of hydroxyl radical (HO•), and phenols are
mineralized to CO2 and water instead of transferring the pollutants from one phase to another
[4]. Heterogeneous photocatalysis process became very popular among the AOPs, and it requires
mainly three components such as (i) semiconductor photocatalyst, (ii) light energy (UV or visible
or solar),  and (iii)  electron donor or hole acceptor. When semiconductor photocatalyst is
illuminated with light energy greater than the band gap of the photocatalyst, charge carriers
(i.e., electron-hole pair) are produced which ultimately generate hydroxyl radicals (HO•) in the
system. Recently, photocatalytic degradation of phenol and phenolic compounds in wastewater
has been extensively studied by several  research groups [4–13].  Titanium dioxide (TiO2)
photocatalyst is frequently used in the degradation of phenols under ultraviolet light [14–16].
TiO2 is nontoxic,  photostable,  insoluble under most conditions, and inexpensive and has
exceptional chemical and biological inertness [17]. There are few other photocatalysts such as
ZnO, CuO, and β-Ga2O3 which are also used for phenol degradation under UV light. TiO2 shows
highest efficiency among the photocatalysts [6]. However, the use of UV light is neither feasible
nor economical for the degradation of a larger volume of industrial effluent containing phenols.
Again, sunlight contains only a small fraction of UV light (4% of solar spectrum) in comparison
to visible light (46% of solar spectrum) [18]. For this reason, visible-light-active photocatalyst
development is necessary to utilize sunlight in photocatalytic degradation of phenols. There are
two  approaches  to  achieve  the  visible-light-active  photocatalysts:  (i)  modifying  existing
photocatalysts (via techniques such as doping, composite semiconductor, and dye sensitization)
and (ii)  developing novel undoped single-phase mixed oxide photocatalysts [19].  Phenol
degradation is achieved successfully under visible light with doped-TiO2 photocatalysts, where
different dopants such as iodine [20], nitrogen [21], sulfur [12], praseodymium [22], and iron [23]
are used to expand their photoresponses into the visible spectrum. In the case of a composite
semiconductor, a large band gap semiconductor is coupled with a small band gap semiconductor
with a more negative conduction band level. Therefore, the conduction band electrons can be
injected from the small band gap semiconductor to the large band gap semiconductor providing
a better charge carrier separation [24]. There are few composite photocatalysts such as Co3O4/
BiVO4 [19], TiO2/multiwalled carbon nanotubes [13], and coke-containing TiO2 [25] that are
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reported for the degradation of phenols under visible light. In dye-sensitization process, electron
injection occurs from the excited dye into the conduction band of the semiconductor photoca-
talyst, followed by interfacial electron transfer [7]. Dyes are naturally visible light active, and
upon light illumination, they get excited. Vinu et al. [11] used eosin Y and fluorescein as sensitizers
of TiO2 to degrade 4-chlorophenol, 2,4-dichlorophenol, and 2,4,6-trichlorophenol under visible
light. Chowdhury et al. [7] used eosin Y-sensitized Pt-loaded TiO2 for phenol degradation. Qin
et al. [8] applied N719 dye-sensitized TiO2 for the degradation of 4-chlorophenol. Degradation
of 4-nitrophenol is studied with Cu(II)-porphyrin and Cu(II)-phthalocyanine sensitized TiO2

under visible light [26].

Phenol and
phenolic
compounds

Use/exposure Health effects Human health for the
consumption of water and
organism (maximum
contaminant levels) [2]

Phenol (i) Used in the production of aniline, phenolic
resins, cresols, alkylphenols, dyes, pesticides,
synthetic fiber, disinfectant, and antiseptic; (ii)
found in industrial effluent from different
industries such as pulp and paper, food
processing, textile, pharmaceuticals, coal
gasification, and petroleum refining

Headache, skin
irritation, kidney
damage, liver
damage

4 mg L−1

Chlorophenols (i) Used in antiseptics and pesticide production,
(ii) produced in chlorine-bleaching process
during paper making, (iii) produced via
chlorination of humic matter during the
chlorination of drinking water, and (iv) also
produced in textile, chemical, and
pharmaceutical industry

Burning pain
in the mouth,
headache, lung
damage, affects
the digestive
tract and
immune system

2-Chlorophenol (0.03 mg L−1),
3-methyl-4-chlorophenol
(0.5 mg L−1), 2,4-
Dichlorophenol (0.01 mg L−1),
pentachlorophenol (0.03 μg L
−1), 2,4,6-Trichlorophenol (1.5
μg L−1)

Nitrophenols (i) Formed via reaction of phenol and
nitrite ions in water under light (UV or solar),
(ii) also produced during production and
degradation of pesticides, (iii) produced from
metallurgic and electronic industry, and (iv)
used in solvents, dyes, and plastic production

Weakness,
muscles pain,
anorexia,
kidney damage

2,4-Dinitrophenol (0.01 mg L−1)

Table 1. Exposure and regulatory limits of phenol and phenolic compounds [1, 2].

In the first part of this chapter, conventional treatment methods for the degradation of phenol
and phenolic compounds are presented, followed by the application of AOPs for such
treatment. The process economics and efficiencies of different AOPs are also discussed for the
degradation of phenolic compounds.

In the second part of the chapter, we focus on the photocatalytic degradation processes
concerning different areas such as (i) basic principle of photocatalysis, (ii) experimental details
of photocatalytic degradation of phenols, (iii) photocatalysis reaction mechanism for the
degradation of phenols, and (iv) effect of different experimental parameters on degradation
of phenol and phenolic compounds.
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Finally, we demonstrate a dye-sensitized method to improve the photocatalytic activity and
visible-light response of TiO2-based photocatalyst to perform visible-light-driven phenol
degradation.

2. Degradation methodologies of phenol and phenolic compounds

It is of utmost importance to treat wastewater containing phenols before disposal to the
environment in order to save the aquatic life. Physical/chemical treatment methods such as
activated carbon adsorption, ion exchange, liquid-liquid extraction, chlorine oxidation,
chlorine dioxide oxidation, and hydrogen peroxide oxidation are mostly applied for the
removal of phenols. However, these methods are expensive and produce hazardous by-
products. On the other hand, biological treatment methods for phenol degradation are superior
in the above aspects, but these are applicable only for low concentration of phenols [3]. AOPs
normally produce hydroxyl radicals (HO•) as active species which have very low selectivity
and can drive phenol degradation through complete mineralization [27]. A review of the
conventional and advanced degradation methods of phenol and phenolic compounds is
presented in Table 2.

No. Technology Target
compound  

Process
details and
significant
factors

Experimental results References

1. Chemical
oxidation with
sulfatoferrate
(VI)

Phenol Solution pH 
9, stirring for
1 h, Fe(VI)O4

2−

to phenol molar
ratios (1:1, 10:1,
and 15:1),
phenol initial
conc. 30 ppm

(i) Phenol oxidation follows a second-order reaction
kinetics;
(ii) at Fe(VI)/phenol of 10:1, phenol degrades 100%,
TOC decreases 57%, and COD decreases 82%;
(iii) oxidation reaction follows a radical pathway to
undergo ring opening forming intermediates such as
phenoxyphenol and benzoquinone

[32]

2. Chemical
oxidation
with
potassium
permanganate

Phenol and
bisphenol A
(BPA)

Solution pH
(4–8.5), initial
conc. of BPA
0–16.8 μM,
phenol initial
conc. 10 μM,
permanganate
conc. 181 μM

(i) Oxidation follows a second-order reaction kinetics;
(ii) oxidation of both phenol and BPA improve under
mildly acidic conditions (pH 4–6);
(iii) oxidation of phenol delays at pH range 7.5–8.5;
(iv) manganese intermediates such as Mn(V) and
Mn(VI) form during the reactions

[33]

3. Chemical
oxidation
with ozone
(O3)

BPA O3 concentration,
solution pH,
bicarbonate
concentration,
initial conc. of
BPA 35 μM

(i) BPA oxidation with aqueous O3 follows a second
-order rate equation at pH 7;
(ii) O3 conc. and solution pH show a significant
effect on BPA removal

[34]

4. Adsorption BPA Adsorbent:
powdered
activated

(i) Reach adsorption equilibrium in 150 min;
(ii) adsorption follows a Freundlich isotherm;
(iii) iron oxide impregnation improves BPA removal

[35]
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No. Technology Target
compound  

Process
details and
significant
factors

Experimental results References

carbons
impregnated
with iron oxide
nanoparticles

5. Reverse
osmosis

Phenol Polyamide
thin-film
composite
reverse
osmosis
membrane,
pH (3–12),
phenol conc.
(50–1000 ppm),
ionic strength
(NaCl conc. 0.1–
0.001 molL−1),
transmembrane
pressure
(5–15 bar)

(i) Phenol retention depends on transmembrane
pressure, feed concentration, solution pH, and ionic
strength;
(ii) phenol mainly diffuses through the membrane;
(iii) phenol retention exceeds 85% at alkaline pH;
(iv) electrostatic repulsion plays a more important role
than size exclusion process

[36]

6. Nanofiltration Phenol Composite
polyamide
nanofiltration
membrane,
transmembrane 
pressure, pH,
recovery rate,
volumetric cross
flow rate, phenol
initial conc.
132 ppm

(i) 97% phenol and 96% COD removal take place by
cross flow nanofiltration;
(ii) nanofiltration membrane successfully removes coke-
oven wastewater containing phenol, oil and grease,
cyanide, and ammonia

[37]

7. Solvent
extraction

Phenol Cumene is the
extractant, pH
range for
extraction 1–7,
phase ratio
between 0.5 and
4, extraction
temperature
(from 25 to 55°C),
phenol initial
conc. 500–
5000 ppm

(i) Stripping efficiency for phenol is more than 99%;
(ii) cumene shows excellent extraction performance
on phenol in acidic solution

[38]

8. Biodegradation
by activated
sludge

 BPA Operating
temperature
20°C, DO
4 ppm, pH 7.5,
sludge age 30
or 45 days,
hydraulic
retention time
48 h, BPA initial
conc. 40 ppm

(i) Metabolic intermediates are 4-hydroxyacetophenone,
4-hydroxybenzaldehyde, and 4-hydroxybenzoic acid;
(ii) biodegradation kinetics is influenced by the sludge
age, BPA concentration, and the acclimation process

[39]
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No. Technology Target
compound  

Process
details and
significant
factors

Experimental results References

9. Enzymatic
process

Phenol (in
refinery
effluent)

Packed bed
bioreactor,
biocatalyst
weight 135 g,
effluent pH 7,
temperature
(20–32°C), flow
rate( 3–6 ml min
−1), H2O2 conc.
(1–9 mM),
phenol initial
conc. 100 ppm

(i) 97% phenol degradation is attained;
(ii) H2O2 concentration, temperature, and flow rate
have a positive effect on phenol degradation;
(iii) immobilized enzyme shows better stability at
broad pH range and at high temperature

[40]

10. Advanced
oxidation
with UV, O3,
and TiO2

Phenol A low-pressure
mercury lamp
(λ, 184.9 and
253.7 nm),
circulation
flow rate for
phenol
1000 ml min−1,
phenol initial
conc. 50–200 ppm

(i) Phenol degradation follows a pseudo-first-order
kinetics;
(ii) O3−UV-TiO2 process achieves complete degradation
of phenol within 2 h;
(iii) formic acid, acetic acid, propionic acid, and fumaric
acid are the reaction intermediate

[41]

11. Advanced
oxidation by
Fenton process

Phenol Concentration
of iron (II)
sulfate
0.001 mol L−1,
flow rate of
H2O2 (0.075,
0.15, and 0.3 
mol per 30 min),
pH 3,
temperature
30°C, phenol
initial conc.
0.012 mol L−1

(i) About 94% organic degradation possible in 2 h;
(ii) excess iron(II) is responsible for the lower efficiency
of Fenton process;
(iii) higher H2O2 flow rate provides best results

[42]

12. Photocatalysis
with
UV-TiO2

 4-
Nitrophenol
(4-NP)

Initial
concentration
of 4-NP, light
intensity, partial
pressure of
oxygen,
photocatalyst
concentration,
pH, chloride ion,
and temperature

(i) Degradation rate of 4-NP follows pseudo-first-order
kinetics with respect to its concentration;
(ii) Cl− ion shows a negative effect on the degradation

[14]

13. Photocatalysis
-visible-light
BiVO4

Phenol Chelating agents
(ascorbic acid
or citric acid),
solvent
volumetric
ratio, electron
scavenger

(i) Three-dimension ordered macroporous (3D-OM)
bismuth vanadates successfully remove phenol (94%
removal) from wastewater under visible light;
(ii)Bi(+V)/chelating agent optimum molar ratio is 2:1

[43]
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No. Technology Target
compound  

Process
details and
significant
factors

Experimental results References

(H2O2), phenol
initial conc.
0.1–0.4 mmol L−1

14. Photocatalysis
-visible-light-
S-doped
TiO2

Phenol Thiourea to
TiO2 mass ratio,
photocatalyst
calcination
temperature

(i) Photocatalyst activity depends on the doping amount
of S;
(ii) maximum activity is observed when the photocatalyst
is calcinated at 600°C with the mass ratio of thiourea/TiO2

of 1:1

[12]

15. Photocatalysis
-visible-light-
multiwalled
carbon
nanotubes
(MWNT)-TiO2

composite

Phenol MWNT/TiO2

ratio, MWNT
surface area,
photocatalyst
preparation
method,
phenol initial
conc. 50 ppm

(i) MWNT-TiO2 composite photocatalysts are
synthesized via modified sol-gel method;
(ii) the increase of MWNT/TiO2 ratio from 5 to 20%
favors the enhancement of the synergetic effect on
phenol disappearance

[13]

16. Photocatalysis
-visible-light-
dye-sensitized
TiO2/Pt

Phenol pH,
photocatalyst
loading,
triethanolamine
concentration,
Pt loading on
TiO2, visible
solar light
intensity,
phenol initial
conc. 20–100 
ppm

(i) Superoxide ion is the active species for phenol
degradation;
(ii) complete phenol degradation is achieved in 1 h
with initial phenol concentration of 20 ppm
(pH 7.0, light intensity 100 mWcm−2)

[7]

17. Photocatalysis
-visible-light-
dye-sentitized
TiO2

Phenolic
compounds

Concentration
of sensitizing
dye

(i) Degradation order of the different phenolic
compounds:
chlorophenol > trichlorophenol > dichlorophenol > phenol

[11]

Table 2. Different treatment methods for removal/degradation of phenol and phenolic compounds.

There are two major constraints that need to be considered for industrial applications: (i)
technical feasibility and (ii) economic feasibility. The overall costs of the processes are calcu-
lated by summing up the capital cost, operating cost, and maintenance cost [28]. In the
following section, we compare the costs associated with different advanced oxidation meth-
odologies. The treatment costs of the AOPs are ranked on a 0–5 scale, 0 being the most
expensive and 5 being the least. In between 0 and 5, the ranking is evaluated based on Eq. (1)
[29]:

max
 

min

 
 , 5

æ ö-
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i
cost i
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Cost Cost
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Cost Cost
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where Rankcost, i is the cost rank of AOP, i. Costmax is the most expensive AOP, and Costmin is the
least expensive AOP.

The different process costs are compared by few authors. Saritha et al. [30] compare UV,
UV/TiO2, UV/H2O2, UV/Fenton, Fenton, and H2O2-based AOPs for the degradation of 4-
chloro-2 nitrophenol (4C-2-NP). Based on the overall costs, we find that AOP carried out
using H2O2 and Fenton are least expensive having ranks of ~5, while UV is the most expensive,
assigned a rank of 0. Figure 1 shows the cost ranking of the different AOPs for the degradation
of 4C-2-NP. Esplugas et al. [31] compare UV, O3/H2O2, O3/UV, O3/UV/H2O2, UV/H2O2, and O3

processes for phenol degradation. Again, based on the overall costs, the different O3-based
AOPs are least costly, while UV is the most expensive, as evident from Figure 2. We can infer
from the cost comparison that incorporating a photocatalyst such as TiO2 with UV lowers the
overall cost by one-third [30]. In the future, using sunlight in place of UV could make AOPs
economically more efficient.

Figure 1. Cost comparison on AOPs for the degradation of 4C-2-NP.

Figure 2. Cost comparison on AOPs for the degradation of phenol.
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3. Photocatalytic degradation of phenol and phenolic compounds

3.1. Basic principle of photocatalysis

The precise definition of heterogeneous photocatalysis is a tricky one; particularly as in many
cases, the complete mechanism of the reactions is uncertain [27]. In photocatalytic reactions,
liquid or gas phase reactants and/or products come into contact with the light-absorbing
semiconductor photocatalyst [44]. The semiconductor material can be activated by photons
with sufficient energy equal to or greater than the band gap energy (Eg) between the conduction
band and valence band of the material [45]. A photocatalytic reaction initiates with the
formation of electron-hole pairs followed by oxidation and reduction reactions [46]. In the
presence of hole scavenger, the reduction reactions become predominant, whereas in the
presence of electron scavenger, the oxidation reactions are the key reactions. However, there
are some unwanted reactions such as recombination of electron-hole pairs which reduces the
photocatalysis efficiency [47]. Figure 3 provides a detailed mechanism of photocatalytic
reactions.

Figure 3. Schematic diagram of photocatalytic reactions for the degradation of organic contaminants.

3.2. Experimental details of photocatalytic degradation of phenols

3.2.1. Photoreactors

Photocatalytic degradation of phenols is performed with either slurry or immobilized
photoreactors [15]. Slurry photoreactors provide a high photocatalytic surface area to reactor
volume ratio but require filtration after the reaction. On the other hand, immobilized photo-
reactor can be used continuously without any photocatalyst separation step. However,
immobilized reactors suffer from mass transfer limitations and high light scattering [10]. Slurry
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photocatalyst provides much higher phenol degradation efficiency than immobilized photo-
catalysts [15]. Our research group used few different types of photoreactors for the degradation
of phenol and phenolic compounds. Chen and Ray [14] used two-phase monolithic-type
photoreactor for the photodegradation of 4-nitrophenol under UV light. Sengupta et al. [48]
used a Taylor vortex reactor (TVR) for the degradation of phenol under UV light. Chowdhury
et al. [7] used slurry photoreactor with dye-sensitized photocatalyst, and Malekshoar et al. [5]
used slurry photoreactor with graphene-based photocatalyst for phenol degradation under
solar light. Studies by other researchers reported degradation of phenols with (i) TiO2-coated-
fiber-optic cable reactor [16], (ii) tubular photoreactor [49], (iii) continuous flow photoreactor
[50], and (iv) solar photoreactor (CPC modules and flat reactor) [51].

3.2.2. Light sources

Photocatalysis process efficiency largely depends on photocatalyst surface area and incident
photons. Ray [17] combined these two factors and came up with a parameter called illuminated
photocatalyst surface area (κ, m2 m−3) which mainly represents the illuminated photocatalyst
inside the photoreactor to undergo the photocatalysis process. Therefore, distribution of light
inside the photoreactor is a crucial factor. In majority cases of phenol degradation, photoreac-
tors use an external light source (UV or solar) with a slurry reactor. Chen and Ray [14] used
125 W high-pressure Hg vapor lamp (Philips) in a swirl-flow reactor. However, such external-
type photoreactors are limited by the low value of κ, and thus scale up is not possible. Sengupta
et al. [48] used a TVR with immersion-type lamp and immobilized photocatalyst for phenol
degradation and achieved a κ value of 80 m2 m−3. In such case, photoreactor, scale up is possible
with larger reactor volume [52]. Chowdhury et al. [7] used a solar simulator (1000 W Xe arc
lamp with AM 1.5 G filter) in an external-type slurry photoreactor for dye-sensitized phenol
degradation under solar-visible light. Gimenez et al. [51] studied the photocatalytic degrada-
tion of phenol and 2, 4-dichlorophenol under natural sunlight using compound parabolic
collectors (CPCs) and the flat reactor (cylindrical tank). CPCs showed higher phenol degra-
dation efficiency, but it is technologically more complicated than the flat reactor.

3.2.3. Photocatalysts

Degussa P25 TiO2 (DP25) is the most common photocatalyst used for phenol degradation
under UV light. Some other commercial TiO2 photocatalysts such as Hombikat UV100, TTP,
and PC500 are also used for the same. Among them, DP25 provides the highest photocatalytic
activity due to slow electron-hole recombination during photocatalysis [53]. Several visible-
light-active photocatalysts such as eosin Y-sensitized TiO2/Pt [7], dye-sensitized TiO2[11],
MWNT-TiO2 composite [13], S-doped TiO2 [12], and BiO4 [43] are also used for degradation of
phenol and phenolic compounds.

3.2.4. Experimental procedure

Aqueous solutions of target compounds (phenol and/or phenolic compounds) are prepared
at a desired initial concentration. Solution pH is adjusted with HCl or HNO3 or NaOH solu-
tions. In some cases, buffer solutions are used to maintain the solution pH. In the case of
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and PC500 are also used for the same. Among them, DP25 provides the highest photocatalytic
activity due to slow electron-hole recombination during photocatalysis [53]. Several visible-
light-active photocatalysts such as eosin Y-sensitized TiO2/Pt [7], dye-sensitized TiO2[11],
MWNT-TiO2 composite [13], S-doped TiO2 [12], and BiO4 [43] are also used for degradation of
phenol and phenolic compounds.

3.2.4. Experimental procedure

Aqueous solutions of target compounds (phenol and/or phenolic compounds) are prepared
at a desired initial concentration. Solution pH is adjusted with HCl or HNO3 or NaOH solu-
tions. In some cases, buffer solutions are used to maintain the solution pH. In the case of
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slurry photocatalyst, the powered photocatalysts are dispersed in the solution with ultraso-
nication and then mixed with a magnetic stirrer. Sometimes the photocatalyst slurry is circu-
lated through a peristaltic pump. Appropriate electron acceptor or hole scavenger is used in
the reaction mixture. At first, the dark reaction is performed to study the adsorption behav-
ior of phenols over the photocatalyst. Then photocatalytic reactions are performed under il-
luminated conditions, and aqueous samples are collected at regular time interval to check
the residual concentration of phenols [7, 14].

3.2.5. Analyses of phenols

Chowdhury et al. [7] used high-pressure liquid chromatography (HPLC) to quantify the
concentration of phenol and phenolic compounds in aqueous medium The instrument is
equipped with a column oven and a diode array detector. AC18 column (5 μm × 150 mm × 4.6
mm) and a mobile phase of methanol and water (67/33% v/v) at a flow rate of 0.5 ml min−1 are
used. The temperature of the column oven is kept at 25°C throughout the analysis. The
wavelengths of analyses for phenol and reaction intermediates catechol, hydroquinone, and
1,4-benzoquinone are done at 270, 290, 275, and 255 nm, respectively.

3.3. Photocatalysis reaction mechanism for the degradation of phenols

Here we are discussing the photocatalysis reaction mechanism for TiO2 photocatalyst only. The
first step in the photocatalytic degradation is the formation of electron-hole pairs within the
TiO2 photocatalyst. Most of the electron-hole pairs are recombined producing heat energy.
However, hydroxyl radicals (HO•) are formed in the presence of electron acceptor (dissolved
O2) while hole (h+) oxidizes water or TiO2 surface active ─OH group. Dissolved O2 reacts with
the electron (e−) and generates superoxide ion (O2

−•). Finally, the HO• reacts with either phenol
or phenolic compounds until complete mineralization. Photodegradation mechanism of 4-
nitrophenol (4-NP) under UV light is presented as follows [14]:

(2)

2
+ +·+ ® +VB ad adh H O  HO H

(3)

- ·+ + ®VB ad adh HO HO
(4)

2 2
- -·+ ®CBe O O  

(5)
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6 4 2 2 2 2 37 6 2+ ® + +C H OHNO O CO H O HNO
(6)

Overall reaction stoichiometry shows complete mineralization of 4-NP with the involvement
of HO• (Eq. (6)). Devi and Rajashekhar [9] described the possible degradation mechanism for
phenol under natural sunlight/UV light using nitrogen-doped TiO2. Phenol mineralization
went through the formation of dihydroxybenzene (catechol or resorcinol), pent 2-enedioic acid,
and oxalic acid. In a parallel reaction path, benzoquinone and maleic acid were formed during
the mineralization (Figure 4).

Figure 4. Phenol degradation mechanism (adapted from Ref. [9]).

3.4. Effect of different experimental parameters on degradation of phenol and phenolic
compounds

Different parameters such as solution pH, light intensity, initial concentration of target
compounds, photocatalyst concentration, and electron acceptors play a significant role on
photocatalytic degradation of phenol and phenolic compounds. The following section will
provide a review of recent studies on the degradation of phenol and phenol derivatives.

3.4.1. Effect of solution pH

Solution pH plays a vital role in the photocatalytic degradation of phenol and phenolic
compounds since it influences two surface properties of the photocatalyst: (i) band edge
position and (ii) surface charge. TiO2 P25 shows a point zero charge at pH 6.8. Thus at pH < 6.8,
TiO2 surface attains positive charge and can easily adsorb anionic species at the photocatalyst
surface [54]. Again, the protonation and deprotonation of phenols greatly depend on solution
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pH. Different phenolic compounds show different optimum pH during photodegradation.
Venkatachalam et al. [55] studied the photocatalytic activity of Mg2+ and Ba2+-doped TiO2

nanoparticles for the degradation of 4-chlorophenol (4-CP). In the acidic pH (pH 5), 4-CP was
well adsorbed on the photocatalyst surface and showed higher degradation rate than alkaline
pH. Lathasree et al. [56] reported the photocatalytic degradation of phenol and chlorophenols
with ZnO under UV light. Significant phenol degradation was achieved at neutral and mildly
acidic pH. The zero point charge for ZnO was 8, and at alkaline pH, chlorophenols exist as
negatively charged chlorophenolate anion. Thus the photodegradation rate was higher at
acidic pH (pH < 8).

3.4.2. Effect of light intensity

Photodegradation rates of different organic compounds improve with increasing light
intensity. At high light intensity when mass transfer limitation is low, the reaction rate is found
to be proportional to the square root of light intensity. However, at the low-intensity level, the
photodegradation rate is directly proportional to the light intensity [14, 54]. Al-Sayyed et al.
[57] observed a similar rate shift from first order to half order in intensity while they studied
photocatalytic degradation rate of 4-CP in the light intensity range of 2–50 mW cm−2. Chen and
Ray [14] correlated 4-CP degradation rate constant (k) with light intensity (I): k ∝ I0.84 indicating
that the degradation was independent of mass transfer limitation.

3.4.3. Effect of initial concentration of phenols

As the effect of phenol concentration is of importance in the process of treatment of phenolic
wastewater, it is necessary to investigate its dependence. Different concentration profiles can
be seen during phenol degradation at different initial concentrations. The degradation rates at
same concentration with different initial concentrations are different. However, all the
concentration profiles could be correlated with an exponential function as follows [14]:

( )0= -C C exp kt (7)

where C0 and C, respectively, are the initial concentration and concentration of phenol at time
t and k is the apparent rate constant. Chen and Ray [14] studied the photocatalytic degradation
of 4-nitrophenol (4-NP) with varying initial concentration between 10 and 120 ppm. The
degradation rate mainly followed a pseudo-first-order kinetics with respect to the initial
concentration 4-NP.

3.4.4. Effect of photocatalyst concentration

Photocatalyst concentration is a crucial parameter that has been widely studied for photoca-
talytic processes. The optimum photocatalyst concentrations usually vary between 0.15 g l−1

and 8 g l−1 for different photocatalyst systems and photoreactors. A large difference in optimum
photocatalyst concentration (0.15–2.5 g l−1) was reported even for the same photocatalyst
(DP25). Chen and Ray [15] expressed the photocatalytic degradation rate as follows:
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(8)

(9)

where k1 is a proportionality constant, A is the illuminated area of the photoreactor window,
Cphotocat is the photocatalyst concentration, ε is the light absorption coefficient of the photoca-
talyst, I0 is the incident light intensity, and β is a constant. They reported β values of 0.84, 0.72,
and 0.82 for the degradation of 4-NP, 4-CP, and phenol, respectively.

3.4.5. Effect of electron acceptor

Photocatalytic degradation reaction requires the use of electron acceptor to reduce the charge
carrier recombination. Oxygen is the most common electron acceptor because of its availability,
higher solubility, and nontoxic nature. The partial pressure of oxygen is adjusted by mixing
the oxygen stream with nitrogen stream by maintaining the total flow rate of gas at a constant
value. The photocatalytic reaction of phenols will terminate if sufficient oxygen is not available
in the solution [15]. Chen and Ray [14] showed the improvement of 4-NP photodegradation
rate with increasing oxygen partial pressure. The photodegradation rate constant reached
approximately 70% of its maximum value at oxygen partial pressure of 0.2 atm. The effect of
oxygen partial pressure on the photodegradation of 4-NP is described by a noncompetitive
Langmuir kinetic equation as follows:

2 2

2 2
1+

¥ O O
p

O O

K p
k

K P (10)

where kp is the kinetic constant for 4-NP degradation, KO2 is the adsorption constant of dissolved
oxygen on photocatalyst, and pO2 is the partial pressure of dissolved oxygen.

4. Dye-sensitized photocatalytic degradation of phenol and phenolic
compounds

4.1. Theory of dye sensitization

The process of expanding the spectral sensitivity of semiconductor materials with a dye to the
visible spectra is known as dye sensitization. Dye is typically adsorbed onto the semiconductor
surface by chemical adsorption process. Chemisorbed dye molecules act as spectral sensitizer
that upon excitation with visible light inject an electron into the conduction band of the
semiconductor [27]. To undergo successful electron injection, the dye molecule should include
few basic properties regarding energy levels, ground-state redox potential, and surface
anchoring group. Carboxylic and phosphoric acid groups form strong covalent bonds with
semiconductor and provide fast electron transfer rate [58]. Recent studies mention the use of
a group of sensitizers such as poly(aniline), poly(thiophene), porphyrins, coumarin, phthalo-
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cyanines, eosin Y, alizarin red S, and carboxylate derivatives of anthracene [11, 26, 27]. Among
the photosensitizers, transition metal-based sensitizers have shown best results in dye-
sensitization process. Transition metals such as Fe (II), Ru (II), and Os (II) form d6 complex and
undergo intense charge transfer absorption across the entire visible range [59]. However,
metal-based sensitizers are not environment friendly, and thus researchers are now focusing
on the use of natural dyes as an alternative for dye-sensitization process [59–62]. Several
semiconductor photocatalysts have been studied for dye sensitization including TiO2, SrTiO3,
ZnO, SnO2, and Cu2O [63, 64]. Among them, TiO2 is the best photocatalyst in terms of (i) cost,
(ii) availability, (iii) toxicity, (iv) stability against photocorrosion, and (v) electronic energy band
structure [65, 66].

4.2. Dye-sensitized photocatalytic phenol degradation mechanism

Dye-sensitized photodegradation of phenol under visible light began through excitation of the
dye molecule from its ground state to the excited state, which then assists the electron transfer
to the conduction band of the semiconductor. The oxidized dye molecule (dye+) can interact
with either phenol or an electron donor to return back to its ground state [7]. Chowdhury et
al. [67] used eosin Y (EY) as the sensitizer which provided TiO2/Pt a significant visible-light
activity via dye sensitization. Eosin Y contains both hydroxyl and carboxyl end groups, which
actually assists the dissociative surface adsorption of eosin Y onto the surface hydroxyl (Ti–
OH2

+) sites of EY-sensitized TiO2/Pt [11]. Triethanolamine (TEOA) was used as an electron
donor, which was consumed through an irreversible oxidation by extending the lifetime of
eosin Y during phenol degradation (Eqs. (11) and (12)) [7].

+ +- - + = - - +2 2 3 2 2 3(CH CH OH) N : EY (CH CH OH) N EY (11)

( ) ( )2 2 2 2 2 23 2
+ +- - = - - - - - - +CH CH OH N  CH CH OH N CH CH OH H (12)

(acid-base equilibrium of TEOA)

Eosin Y-sensitized phenol degradation mechanism under visible light is described below [7,
68]:

520 

2 2

£
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*TiO TiO EY
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4.3. Dye-sensitized photocatalytic phenol degradation kinetics

In dye-sensitized photodegradation under the visible light, the dye molecule is first activated
by visible light (λ > 420 nm) and then injects electrons into the conduction band of the
semiconductor. Chowdhury et al. [7] described the kinetics of phenol degradation using eosin
Y-sensitized TiO2/Pt with a modified Langmuir-Hinshelwood equation as follows:
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dt V K C
(21)

where W is the mass of photocatalyst, CPh is the phenol concentration at time t, CPh0 is the initial
phenol concentration, V is the volume of the reaction mixture, KA is the adsorption equilibrium
constant, kr is the kinetic rate constant, I is the light intensity, and β is a constant. The apparent
kinetic constant as is defined as follows:

( )=app r A
WK k K
V

(22)

Combining Eqs. (21) and (22), they obtained Eq. (23) as follows:

01
æ ö

- = ´ç ÷
+è ø

app Ph βPh

A Ph

K CdC
I

dt K C
(23)

Eq. (23) was used to predict the kinetic parameters of phenol photodegradation at different
irradiation intensities (range, 25–100 mW cm−2). Based on a parameter estimation using the
experimental data, the values of Kapp, KA, and β were obtained for the degradation of phenol.
The values of Kapp was 8.02 × 10−6 min−1, KA was 0.13 L mg−1, and β was 2.15 [7].
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4.4. Application of dye-sensitized photocatalyst for the degradation of phenols

Dye-sensitized photodegradation of phenol and phenolic compounds showed promising
results under visible-light irradiation [7, 11, 26, 69–71]. Vinu et al. [11] reported degrada-
tion of phenol, 4-chlorophenol, 2,4-dichlorophenol, and 2,4,6-trichlorophenol using eosin Y
and fluorescein-sensitized combustion-synthesized nano TiO2 under visible light. Eosin Y-
sensitized photocatalyst showed better performance than fluorescein-sensitized photocata-
lyst. Phenol degradation rate was slowest among the phenolic compounds. Chowdhury et
al [7] used eosin Y-sensitized TiO2/Pt for the degradation of phenol under the visible solar
light in the presence of triethanolamine as an electron donor. About 93% phenol degrada-
tion (initial concentration 40 ppm) was achieved within 90 min using eosin Y-sensitized
TiO2/Pt photocatalyst under optimum experimental conditions (pH 7.0, photocatalyst con-
centration of 0.8 g L−1, triethanolamine concentration of 0.2 M, 0.5% Pt loading on TiO2,
visible solar light intensity of 100 mW cm2). Mele et al. [26] studied photocatalytic degra-
dation of 4-nitrophenol with polycrystalline TiO2 impregnated with functionalized Cu(II)-
porphyrin or Cu(II)-phthalocyanine. Cu(II)-based sensitizers provided better results for
the degradation of 4-nitrophenol in comparison with metal-free sensitizers. Iliev [69] stud-
ied photooxidation of phenol with phthalocyanine-modified TiO2 and Al2O3 under visible
light. The degree of photodegradation of phenol in the presence of phthalocyanine-modi-
fied TiO2 is much higher than phthalocyanine-modified Al2O3. Superoxide ion was consid-
ered as the active species during photodegradation. Grandos et al. [70] used Co(II) and
Zn(II) tetracarboxyphthalocyanine (TcPcM)-sensitized TiO2 for the degradation of phenol
under visible light. The photodegradation efficiencies were reported to be 4.3 and 3.3% for
TcPcCo/TiO2 and TcPcZn/TiO2, respectively. Ghosh et al. [71] demonstrated the photocata-
lytic degradation of 4-chlorophenol with coumarin-sensitized TiO2 under visible LED
light. The degradation rate followed a first-order kinetics and moved toward a limiting
value at a photocatalyst concentration of 0.3 g L−1.

5. Conclusions

Phenol and phenolic compounds are considered as priority pollutants by US EPA because of
their high toxicity. They impose severe short-term and long-term health problems to human
beings. In this review, we discussed different phenol degradation methods such as physical
treatments, biological treatments, and advanced oxidation processes (AOPs). AOPs provide
much faster degradation rate than conventional treatment methods and undergo complete
mineralization instead of transferring the pollutants from one phase to another.

Heterogeneous photocatalysis is such an AOP that limits the use of oxidizing chemicals (e.g.,
ozone and hydrogen peroxide) and only utilizes light (UV or solar) and photocatalyst to
generate hydroxyl radicals (HO•). Several photoreactors are used with UV lamp, namely, swirl-
flow reactor, Taylor vortex reactor, and two-phase monolithic-type reactor for the photocata-
lytic degradation of phenolic compounds. In UV-light-driven photocatalysis, hydroxyl radicals
are the active species which react with either phenol or phenolic compounds until complete
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mineralization. Different parameters such as solution pH, light intensity, initial concentration
of target compounds, photocatalyst concentration, and electron acceptors play a significant role
on photocatalytic degradation of phenol and phenolic compounds. However, our economic
assessment indicates that the use of UV light significantly increases the overall process cost.

Visible-light-active photocatalysts are developed to utilize the most abundant sunlight to make
the photocatalysis economically feasible. Compound parabolic collectors (CPCs) are common-
ly used for solar photocatalytic degradation of phenol and phenolic compounds. Photocatalysts
are modified via doping, dye sensitization, and coupling method to expand the photoresponse
to the visible region. Among these, dye-sensitized photocatalysis is shown to be an efficient
method for phenol degradation under the visible solar light. The process involves electron
transfer to the conduction band of semiconductor initiated by dye sensitization under the
visible solar light. Dye-sensitized photocatalysis processes are shown to be Efficient methods
for the degradation of phenol and phenolic compounds under the visible solar light.
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Abstract

Phenolic compounds exist in water bodies due to the discharge of polluted wastewater 
from industrial, agricultural and domestic activities into water bodies. They also occur 
as a result of natural phenomena. These compounds are known to be toxic and inflict 
both severe and long‐lasting effects on both humans and animals. They act as carcino‐
gens and cause damage to the red blood cells and the liver, even at low concentrations. 
Interaction of these compounds with microorganisms, inorganic and other organic com‐
pounds in water can produce substituted compounds or other moieties, which may be 
as toxic as the original phenolic compounds. This chapter dwells on the sources and 
reactivity of phenolic compounds in water, their toxic effects on humans, and methods of 
their removal from water. Specific emphasis is placed on the techniques of their removal 
from water with attention on both conventional and advanced methods. Among these 
methods are ozonation, adsorption, extraction, photocatalytic degradation, biological, 
electro‐Fenton, adsorption and ion exchange and membrane‐based separation.

Keywords: phenolic compounds, toxicity, wastewater treatment, photodecomposition, 
membrane‐based separation

1. Introduction

There has recently been heightened concern among policymakers and scientists with regard 
to the effects of human and wildlife exposure to chemical compounds in the environment, 
particularly the aquatic environment. Phenolic compounds are among the chemicals of major 
concern in this regard as they tend to persist in the environment over a long period of time, 
accumulate and exert toxic effects on humans and animals [1]. Some phenolic compounds are 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



abundant in nature and are associated with the colours of flowers and fruits [2]. Others are 
synthesised and are used in varied aspects of mankind’s everyday life.

The entrance of phenolic compounds into the aquatic environment results from natural, 
industrial, domestic and agricultural activities. Their presence may be due to the degrada‐
tion or decomposition of natural organic matter present in the water, through the disposal of 
industrial and domestic wastes into water bodies and through runoffs from agricultural lands 
[3]. These chemicals, upon entry into the water, have the tendency of undergoing transforma‐
tions into other moieties that can even be more harmful than the original compounds. This 
transformation is normally due to their interaction with physical, chemical and biological or 
microbial factors in the water [4].

Phenolic compounds have been enlisted by the United States Environmental Protection 
Agency (USEPA) and the European Union (EU) as pollutants of priority concern. This enlist‐
ment is due to the fact that these chemicals are noted to be toxic and have severe short‐ and 
long‐term effects on humans and animals [5]. The occurrence of phenolic compounds in the 
aquatic environment is therefore not only objectionable and undesirable but also poses a dan‐
ger as far as human health and wildlife are concerned. As a result, a number of wastewater 
treatment techniques have been developed and used for the removal of phenolic compounds 
from industrial, domestic and municipal wastewaters prior to their disposal into water bodies 
so as to minimise the devastating effects of these chemicals on human and aquatic lives. Some 
of these techniques include extraction, polymerisation, electro‐Fenton process, photocatalytic 
degradation and so on.

This chapter presents a general overview of selected topics in relation to phenolic compounds. 
It dwells on the sources and reactivity of phenolic compounds in water, their toxic effects on 
humans and methods of their removal from water. Specific emphasis is placed on the tech‐
niques of their removal from water with attention on both conventional and advanced meth‐
ods. Among these methods are adsorption, extraction, polymerisation, electro‐coagulation, 
photocatalytic degradation, biological methods, electro‐Fenton method, advanced oxidation 
processes, adsorption and ion exchange and membrane‐based separation techniques.

2. Classification of phenolic compounds

Phenolic compounds are a class of organic compounds with a hydroxyl group(s) directly 
bonded to one or more aromatic rings. The first member of chemicals belonging to this cat‐
egory of organic compounds is called phenol, also known as carbolic acid, benzophenol or 
hydroxybenzene with the chemical formula of C6H5OH (Figure 1). All other members of the 
group are derivatives of phenol [6].

Phenolic compounds are classified into different groups based on different factors. Among 
these factors of categorisation are the carbon chain, basic phenolic skeleton or the number of 
phenol units present in the molecule, distribution in nature and location in plants.
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2.1. Classification based on carbon chain

The classes of phenolic compounds identified under this category are listed in Table 1. The 
integers attached to the carbon atoms bonded to the aromatic ring (C6) represent the number 
of carbon atoms directly or indirectly bonded to the aromatic ring.

Figure 1. Structure of phenol.

Carbon chain Number of phenolic units Class Examples

C6 1 Simple phenols Catechol

C6 1 Benzoquinones Hydroquinone

C6‐C1 1 Phenolic acids Gallic

C6‐C2 1 Acetophenones 3‐Acetyl‐6‐methoxy 
benzaldehyde

C6‐C2 1 Phenylacetic acids p‐Hydroxypheylacetic acid

C6‐C3 1 Hydroxycinnamic acids Caffeic acid

C6‐C3 1 Phenylpropenes Eugenol

C6‐C3 1 Coumarins/isocoumarins Umbelliferone

C6‐C3 1 Chromones Cromolyn

C6‐C4 1 Naphthoquinones Plumgagin, juglone

C6‐C1‐C6 2 Xanthones Mangiferin

C6‐C2‐C6 2 Stilbenes Resveratrol

C6‐C3‐C6 2 Flavonoids Amentoflavone

(C6‐C3)2 2 Lignans and neolignans Pinoresinol, eusiderin

(C6‐C3)n n > 12 Lignins Tannic acid

Table 1. Classification of phenolic compounds based on carbon chains.
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2.2. Classification based on the number of phenol units present in the molecule

Phenolic compounds can be grouped as simple, bi and polyphenols depending on the number 
of phenol groups present in a particular molecule. Simple phenols are phenols with only one 
substituted phenolic ring. In other words, they have substituted phenols. Examples of simple 
phenols include phenolic acid, hydroquinone, resorcinol, thymol, etc. [7]. Biphenols contain 
two phenolic units while polyphenols consist of multiple units of the phenolic  structure. 
Based on the number of phenol rings present, and the type of elements binding rings together, 
polyphenols can be subdivided into various groups such as flavonoids, phenolic acids, tan‐
nins, stilbenes and lignans (Figure 2) [8].

2.3. Classification based on distribution in nature

Based on their extent of distribution in nature, phenolic compounds have been classified as 
being shortly distributed, widely distributed and as polymers. Widely distributed phenols 
are the types that are present or available in all plants, or are of high significance in specific 
plants. Examples include flavonoids and/or flavonoid derivatives, coumarins, phenolic acid 
including benzoic acid and cinnamic acid. Those that are shortly or less widely distributed are 
limited and include simple phenols, pyrocatechol, hydroquinone and resorcinol. Examples of 
the polymer class of phenolic compounds are tannin and lignin [9].

2.4. Classification based on location in plants

Phenolic compounds that are free in soluble forms in cells are categorised as being in solution 
while those bound as complexes in the cell wall, as insoluble. Soluble phenolic compounds 
include low and medium molecular weight phenolics such as simple phenol, flavonoids and 
tannins. Insoluble phenolics include high molecular weight tannins and phenolic acids. Other 
insoluble phenolics include those bound to polysaccharides in the cell walls (usually with low 
molecular weight), and proteins [10].

3. Sources of phenolic compounds in water

The existence of phenolic compounds in water can be attributed to natural and anthropogenic 
activities. Natural sources of phenolic compounds in water pollution include  decomposition 

Figure 2. Structure of simple phenols.
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of dead plants and animals (organic matter) in the water. They are also synthesised by micro‐
organisms and plants in the aquatic environment. Industrial, domestic, agricultural and 
municipal activities constitute the anthropogenic sources of water pollution with phenolic 
compounds. This section provides details on various sources of introduction of phenolic com‐
pounds in water bodies.

3.1. Natural sources

3.1.1. Decomposition of organic matter

The occurrence of phenolic compounds in water is sometimes due to the decomposition of 
dead plants and animals in the water bodies; or as a result of runoff from the land where the 
decomposing materials are washed into water bodies. Phenolic compounds are components of 
many plant species, aquatic or terrestrial. Some of these compounds are formed from amino 
acids, present in hemicelluloses of some plants, under ultraviolet light irradiation. For instance, 
willow bark is known to contain a certain amount of salicylic acid [11]. Green and red marine 
algae also contain macromolecules of phenolic compounds. Hydroxybenzene, for example, 
is produced due to decomposition of organic matter [12]. The body of humans and animals, 
without any external exposure, produces phenol which finally gets excreted. Thus, the meta‐
bolic waste products of humans and animals also contain phenol [13]. Phenol is produced in 
the gut of mammals as a result of the transformation of tyrosine in their digestive tract [14]. The 
compounds are also components of many food stuff including fruits and vegetables. Phenol is 
found to be present naturally in coal tar and creosote. It is also produced during natural fires, 
and through benzene degradation in the atmosphere under the influence of ultraviolet light 
radiation [14]. Direct decomposition of these materials in water or indirect introduction from 
runoffs and rainfall result in the pollution of the water bodies with these compounds.

3.1.2. Synthesis by microorganisms

The potential of microorganisms to degrade naturally occurring substrates into phenolic 
compounds, particularly hydroxybenzoate, is well established [15]. Debaryomyces hansenii 
is noted for its ability to convert ferulic acid into varied phenolic compounds in the presence 
of glucose and nitrogen. Debaryomyces hansenii metabolism of ferulic acid was identified by 
Max et al. [16] to produce 4‐vinyl guaiacol, vanillic acid, acetovanillone, ferulic acid, vanillin 
and 4‐ethylguaiacol, while Shashwati et al. [17] noted the ability of Streptomyces sannanen‐
sis to convert ferulic acid to vanillic acid. Fermentation of plant extracts by microorganisms 
is also known to result in the formation of different types of phenolic compounds. A study 
involving the use of Lentinus edodes for the fermentation of cranberry pomace identified the 
formation of ellagic acid [18], while fermentation of ethanolic acid (obtained from oat) by a 
fungus, Aspergillus oryzae, produced caffeic and ferulic acids [19].

3.1.3. Synthesis by plants

There is a vast distribution of phenolic compounds in the plant kingdom. Synthesis of phe‐
nolic compounds in plants occurs in the chlorophyll under the influence of certain external 
stimuli or factors including ultraviolet radiation from sunlight, chemical stressors (cations, 
pesticides), and microbial infections. Phenylalanine is a precursor for phenolic compound 
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synthesis in plants. Typically, phenylalanine is deaminated to cinnamate through phenylala‐
nine ammonia‐lysase catalysis. A hydroxylation process catalysed by cinnamate‐4‐hydroxy‐
lase then results in the conversion of cinnamate to coumaric acid which becomes the starting 
material for the synthesis of stilbenes, flavonoids and furanocoumarines including other 
classes of phenolics catalysed by different enzymes [20]. These compounds are stored in the 
leaves, roots and stems of plants. Roots and leave exudates of plants contain these phenolic 
compounds, which are finally introduced into the soil by the exudates. Decomposition of 
dead leaves, roots and plants also introduces the phenolic compounds into the soil. Runoff 
from land then washes these compounds into the nearby water bodies.

3.2. Anthropogenic sources

3.2.1. Industrial waste

Phenolic compounds have varied applications in the day‐to‐day lives of human beings. 
Phenol is widely used in different industries such as the chemical industry where it is used in 
the production of other derivatives such as alkylphenols, cresols, aniline and resins [21]. Its 
application in the oil and gas and coal industries is also noteworthy [1]. Phenolic resins, which 
are also produced from phenol, are used heavily in appliance, wood and construction indus‐
tries for various purposes. Dyes, textiles and explosive industries all depend on phenol as 
raw material. Other phenolic compounds such as bisphenol A serves as the raw material from 
which non‐polymer additives, polycarbonate plastics and epoxy resins are manufactured. 
Nylon 6 (polycaprolactam) and some fibres (synthetic) are produced using caprolactam as 
raw material [22]. Phenolic compounds are also constituents of some pesticides and other 
insecticides. Other industrial activities such as wood distillation, use of chlorine for water 
disinfection, cooking processes and paper production all result in the formation of chloro‐
phenols [23]. Direct or indirect discharge of effluents and/or influents from these industrial 
activities into water bodies culminate in their pollution with phenolic compounds. Some of 
these compounds are also released into the atmosphere through vehicular activities and are 
finally washed into water bodies as rain water.

3.2.2. Agricultural waste

Application of pesticides, insecticides and herbicides constitutes the main source of water 
pollution with phenolic compounds through the agricultural source. Availability or detec‐
tion of phenol and some chlorophenols such as 2‐chlorophenol, 2,4‐dichlorophenol and some 
catechols in the aquatic environment have been attributed to biodegradation of some of these 
pesticides. Among these pesticides are 2,4‐dichlorophenoxyacetic acid, 4‐chloro‐2‐methyl‐
phenoxyacetic acid, 2,4,5‐richloro‐phenoxy acetic acid [24, 25]. Another pesticide vastly used 
in the agricultural sector is pentachlorophenol which finally degrades to other chlorophenols 
with lower chlorine substituents [26]. These herbicides, fungicides, and pesticides with their 
degradation by‐products are washed into the water bodies through agricultural runoff.

3.2.3. Domestic waste

Phenol is a component of many household chemicals. It is present in disinfectants, antisep‐
tics and slimicides. Medical or pharmaceutical products including body lotions, ointments, 
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mouthwashes and some oral sprays meant for anaesthetic purposes or for sore throat treat‐
ment all contain phenol. Phenol is also present in other household products such as soaps, 
toys, paints, lacquers, perfumes and varnish removers [13]. Household wastewater, which 
invariably contains these products, is usually drained through the sinks or gutter, and finally, 
enter nearby water bodies contaminating them.

3.2.4. Municipal waste

Effluents and influents emanating from municipal waste treatment plants, and leachates from 
municipal solid waste landfill sites, are another source of phenolic compounds into water bod‐
ies. p‐Cresols have been identified in leachates from a municipal waste landfill site and are 
believed to originate from incineration residues. Similarly, 2,4,6‐trichlorophenol, 4‐tertrabutyl‐
phenol and bisphenol A were also found in leachates and are believed to emanate from fly ash 
while combustibles were deemed to be the source of 4‐tert‐octylphenol in landfill leachates. 
Some chlorophenols, 4‐nonylphenol and phenol have all been identified in municipal waste 
landfill sites [27]. Thus, the release of untreated leachates from landfill sites, the release of resi‐
dues of incineration such as solid fly ash and the release of incombustible materials into nearby 
water bodies result in the pollution of the aquatic environments with phenolic compounds.

4. Reactivity of phenolic compounds in aquatic environment

As a result of their high reactivity, phenolic compounds present in water have high tenden‐
cies of interacting or reacting with other components of the aquatic environment. Among 
these components are inorganic compounds and microorganisms.

4.1. Interaction with microorganisms

In the aquatic environment, certain bacteria are known to degrade non‐ionic surfactants 
into other phenolic compounds such as alkylphenolic compounds, most of which tend to 
be more toxic or harmful compared to the original compounds. For example, bacterial deg‐
radation of nonylphenol polyethoxylate surfactant results in the formation of nonylphenol. 
There is also evidence of microbial degradation of nonylphenoxyacetic acid into nitrophenol. 
Bacteria conversion of nonylphenol polyehoxylaes into other intermediate forms is also iden‐
tified to occur under certain specific environmental and chemical conditions. Nonylphenol 
polyehoxylaes are converted to nitrophenols under anaerobic conditions [28], and additional 
conversion of nitrophenol by iso‐substitution occurs under aerobic conditions [29]. Microbial 
interaction with 4‐chlorophenoxyacetic acid results in the production of 4‐chlorophenol. 
Pentachlorophenol degradation by bacteria produces tetrachlorocatechol which can undergo 
further degradation to form chlorinated catechols. Chlorocatechol was also identified to be 
the microbial degradation product of chlorobenzenes [30].

4.2. Interaction with inorganic compounds

Ultraviolet radiation from the sun initiates a reaction between phenol and nitrite ions in the 
aquatic environment resulting in the formation of 2‐nitrophenol and 4‐nitrophenol [31]. In a 
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similar manner, the interaction between hydroxyl radical and phenol in water produces 2‐
nitrophenol [32]. Conversion of phenol to nitrophenol also occurs with the availability of nitric 
ions. Photolysis of phenol in the presence of charge transfer complexes results in the formation 
of hydroquinone, while the formation of chlorophenol occurs through chlorination of aromatic 
compounds in water [33]. Some phenolic compounds also coordinate with metal cations of 
water enhancing their ionisation with the subsequent increase in their solubility in water [34].

5. Toxic effects of phenolic compounds on humans

Most phenolic compounds can easily penetrate the skin through absorption and can read‐
ily be absorbed from the gastrointestinal tract of humans. Once in the system, they undergo 
metabolism and transform to various reactive intermediate forms particularly quinone moi‐
eties, which can easily form covalent bonds with proteins, resulting in their ability to exert 
toxic effects on humans [35].

Chlorophenols, aminophenols, chlorocatechols, nitrophenols, methylphenols and other phe‐
nolic compounds have all been characterised as exerting toxic influence on humans [36]. 
Bisphenol A and some alkylphenols have been identified to exert endocrine disrupting effects 
on humans by altering the development of mammary glands in exposed animals [37]. Similar 
work also discloses the tendency of bisphenol A to delay the onset of puberty in girls [38]. 
Consumption of liquids, including drinking water, containing a high concentration of phenol 
results in problems with the gastrointestinal tract and muscle tremor with difficulty in walk‐
ing. Application of products containing a high concentration of phenol to the skin causes 
blisters and burns on the skin; heart, kidneys, and liver damage may occur with exposure to 
high levels of phenol [39]. Because of their tendency to readily oxidise to quinone radicals, 
which tend to be more reactive, catechols have the tendency to cause DNA damage or ary‐
lation, destroy some proteins in the body and disrupt transportation of  electrons in energy 
transducing membranes [35]. Caffeic and dihydrocaffeic acids, in the presence of copper, also 
cause damage to DNA [40]. Chlorophenol poisoning causes mouth burning, throat burning 
and necrotic lesions in the mouth, stomach and oesophagus. It also induces abnormal tem‐
perature and pulse fluctuation, weak muscles and convulsions [41]. Other effects of chloro‐
phenol poisoning include damage to the liver, kidneys, lungs, skin and the digestive tract [42]. 
Hydroquinone also damages chromosomes. Para‐cresol and 2,4‐dimethyl phenol have been 
classified as a chemical with the potential of inducing carcinogenic effects [43].

6. Techniques for the removal of phenolic compounds from water

Recovery of phenolic compounds from the aquatic environment is a mandatory requirement 
in order to safeguard the life of humans and aquatic organisms through possible contamina‐
tion of these toxic chemicals. Deployment of appropriate technologies for effective removal 
of these compounds will not only eliminate problems of possible harm associated with pol‐
lutants, as well as waste disposal problems, but also allow the attainment of value‐added 
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 phenolic compounds as by‐products. This section, therefore, discusses various techniques 
being employed to effectively eliminate phenolic compounds from wastewater prior to their 
final discharge into water bodies.

6.1. Photocatalytic degradation of phenolic compounds

Photocatalytic degradation is the use of metal oxide catalysts to degrade pollutants where the 
catalyst is usually activated by absorption of a photon of appropriate energy and is capable 
of speeding up the reaction without being used up [44]. Photocatalytic properties of metal 
oxide catalysts are due to the fact that excitation of electrons from the valence to the conduc‐
tion band of the catalyst occurs upon its irradiation with a light of appropriate wavelength. 
Promotion of the electrons (e‐) creates positive charges or holes (h+) on the valence band, and 
accumulation of electrons on the conduction band of the catalyst. Generation of these charge 
carriers (e‐ and h+) initiates the photocatalytic degradation process. The valence band holes 
attack and the oxidised surface absorbs water molecules to form hydroxyl radicals (OH•). 
Conduction band electrons reduce oxygen molecules and produce oxygen radicals or super‐
oxide radicals (O2

•). These highly reactive radicals then attack and convert the pollutants to 
harmless products such as carbon dioxide and water [45, 46].

Photocatalytic degradation is regarded as an efficient technique for the elimination of pollut‐
ants from polluted water as a result of its ability to completely degrade the pollutant instead 
of their transformation into other products. The degree of effectiveness of the degradation 
process is known to rely heavily on the catalyst dose, exposure time, solution pH and light 
intensity [47].

There have been a number of reports where photocatalytic degradation techniques have been 
utilised effectively to degrade phenol and its derivative from the water. Natural clinoptilolite 
zeolite and FeO‐based nanoparticles were used by Mirian and Nezamzadeh‐Ejhieh [48] in 
photocatalytic degradation of phenol in polluted water under simulated solar light  irradiation. 
The results confirmed that using zeolite as a support for FeO enhanced its photocatalytic deg‐
radation efficiency. The improved photocatalytic activity of the FeO‐zeolite composite was 
attributed to the fact that the zeolite prevented agglomeration of the FeO nanoparticles and 
minimised the charge carrier recombination rate. In their study, Shahrezaei et al. [49] explored 
the photocatalytic degradation ability of TiO2 in the degradation of phenolic compounds 
present in wastewater from a refinery. Highest degradation efficiency of the phenol and its 
derivatives was identified at an optimum temperature of 318 K, pH 3 and 100 mg/l catalyst 
concentration. A 90% degradation efficiency of phenol was achieved within 2 hours at these 
optimum conditions. Photocatalytic degradation of phenolic compounds from wastewater has 
also been demonstrated by many researchers using various catalysts including TiO2/reduced 
graphene [50], ZnO [51], Fe2O3 decorated on carbon nanotubes [52] and CuO [53].

6.2. Ozonation

Ozone (O3) is formed naturally when ultraviolet (UV) rays from the sun enter the earth's 
atmosphere. It is also formed whenever lightning strikes during a thunderstorm. Under 
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these conditions, oxygen molecules (O2) split to form highly reactive oxygen radicals (O•), 
which in turn react with O2 to form ozone. Ozone has a very high oxidising potential (‐2.74 
V) which is much higher than that of hypochlorite ion (‐1.49 V) and chlorine (‐1.36 V) [54] 
which are all employed as oxidants for pollutant removal from water. This high oxidation 
potential forms the basis of the use of ozone as an oxidant for removal of organic pollutants 
from water.

Ozonation process begins with the formation of ozone through corona discharge simulation 
of lightning, or the use of UV‐type ozone generator for simulation of ultraviolet radiation 
from the sun, by passing clean and dry air through high voltage ozone generators. The waste‐
water is then allowed to flow along a venture throat, which generates a vacuum and pulls 
the ozone into the wastewater, or the ozone is simply bubbled up through the wastewater. 
The ozone then oxidises and decomposes the pollutants leading to their elimination from the 
water. UV ozonation is mostly used for small‐volume wastewater treatment while the corona 
discharge method is employed in large‐scale wastewater treatment processes. Some advan‐
tages of ozonation include [55]:

(1) The process is completely natural with no inclusion of chemicals and produces no chemi‐
cal waste.

(2) High microorganism elimination efficiency with the microorganisms having no potential 
to developing resistance against ozone.

(3) The process is self‐sustaining as the main source of ozone is oxygen from the air.

(4) Ability to remove organic, inorganic, microorganism and improve taste and odour of the 
water.

Based on the above advantages, several research works have been performed on the use of ozo‐
nation technique for phenolic compounds removal from wastewater. Treatment of olive mill 
wastewaters containing garlic, p‐hydroxybenzoic and p‐coumaric acids based on ozonation 
was studied by Chedeville et al. [56]. They identified that the highest ozonation process was 
attained when the gas‐liquid contractor was adopted to HaN3 regime. The gas/liquid contrac‐
tor used permitted a comprehensive removal of the phenolic compounds within a short time. 
A maximum of 80% of the pollutants was eliminated with up to 95% ozone mass transfer. 
Ozonation was also used to treat ethylene glycol containing wastewaters with emphasis on 
the impacts of pollutant dose, process time, and pH on the decontamination efficacy. After 
180 min, ethylene glycol removal efficiencies were 93.31, 89.96 and 85.01% at 10, 20 and 50 
mg/l pollutant concentrations, respectively. Removal efficiency was observed to be highest in 
alkaline medium [57].

6.3. Extraction method

Among the techniques used for removal of phenolics from water is extraction using polar 
organic solvents. The extraction method of phenolics removal from wastewater can be catego‐
rised as liquid‐liquid extraction and solid phase extraction.
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6.3.1. The liquid‐liquid extraction method

This technique separates compounds on the basis of their solubilities in two immiscible liq‐
uids. The compounds are normally separated from one liquid phase to another. The immis‐
cible liquids usually consist of water and an organic solvent.

The liquid‐liquid extraction method was used by Rao et al. [58] to remove phenol from sebacic 
wastewater. The experiment was performed using batch, and serial approaches through the 
application of different solvents such as Aliquat‐336, 1‐hexanol, 1‐octanol, 1‐heptanol and cas‐
tor oil. The extinction experiment which involved shaking and allowing for phase separation 
resulted in 75–96% extraction of phenol with the different solvents, where the solvent and 
the wastewater were mixed in a ratio of 5:250. The extraction efficiency was observed to vary 
according to the ratio of the solvent used. The best solvent for phenol extraction was Aliquat 
336. Liu et al. [59] also used cumene to extract phenol from water. Cumene showed excellent 
extraction performance on phenol in acidic solution. The distribution coefficient was observed 
to be directly proportional to the temperature but decreased with increasing pH value.

6.3.2. Solid phase extraction method

Despite the efficiency of liquid‐liquid extraction method of removal of chemicals from waste‐
water, the technique comparatively consumes a lot of time and is expensive with possible 
associated injuries from the large quantity of organic solvents (some toxic) used in the pro‐
cess. Solid phase extraction technique, which requires minimal time and organic solvents, 
highly selective and environmentally friendly, is therefore regarded as an appropriate alter‐
native for liquid‐liquid extraction method [5].

Solid phase extraction system consists of a syringe containing a merged silica fibre, which is 
coated with an immobilised phase. The aqueous solution containing the analyte is exposed to 
the fibre with the subsequent accumulation of the analyte on the stationary phase. The fibre 
is then removed from the aqueous solution followed by desorption of the extracted analyte 
in a column injector or gas chromatography. Polydimethylsiloxane is normally used as the 
stationary phase for removal of halogenated and polycyclic aromatic hydrocarbons and poly‐
chlorinated biphenyls [60].

Möder et al. [61] used a polyacrylate‐coated fibre as a solid phase extractant for phenolic com‐
pound elimination from wastewater. Effects of humic acid and surfactant concentrations on 
the extraction efficiency were analysed. They attributed the successful extraction of naphthols, 
alkylated phenols and Tetra‐ols from the wastewater to the fact that the polyacrylate coating 
demonstrated high specificity for polar hydroxylated aromatic compounds. Non‐polar mole‐
cules hardly interacted with the extractant within the optimum 45 min extraction time. Another 
experiment on solid‐phase extraction of phenols from wastewater was carried out by Tavallali 
and Shiri [62]. Their study involved the use of iron oxide nanoparticles modified with activated 
carbon as the solid adsorbent. They demonstrated that development of solid phase extraction 
method based on magnetised activated carbon prior to their spectrophotometric determination 
is an appropriate technique. Their result showed 98% removal of phenol from water, indicat‐
ing the effectiveness of the iron oxide nanoparticle modified activated carbon solid adsorbent.
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6.4. Biological method

Biological method of phenolic compound removal from wastewater is subdivided into micro‐
bial and enzymatic methods. The microbial method involves the deployment of bacteria, yeast 
and fungi in breaking down the phenolics into harmless products such as carbon dioxide and 
water. This method of phenolics removal is feasible as a result of the fact that some microorgan‐
isms are known to depend on aromatic compounds, including phenolics, as their source of car‐
bon or nutrient [63, 64]. It has the advantage of a comparatively low operational cost. Microbial 
removal of phenolic compounds occurs through either aerobic or anaerobic processes and begins 
with hydroxylation (introduction of hydroxyl groups) of the aromatic ring [65]. Hydroxylation 
through aerobic degradation involves two steps with catechol being the end product [66]:

(1) Reduction of one of the molecular oxygen to water under the influence of a hydrogen 
donor (reduced pyrimidine nucleotide), and devouring of the other oxygen atom.

(2) The second step of the hydroxylation process occurs in the presence of dioxygenase 
enzyme with the subsequent formation of catechols.

Cleavage of the catechol aromatic rings then passes through various stages with specific 
enzymes, based on the type of microorganisms, resulting in the conversion of the phenolic 
compounds to compounds such as carbon dioxide and water [67]. Anaerobic degradation 
occurs whenever oxidising agents such as sulphates, nitrates and CO2, or light are present. 
This process is believed to be initiated by carboxylation of phenol to 4‐hydroxybenzoate [68].

In general, the aerobic process is known to be better suited for the degradation of phenolics 
with minimal substituents consisting of halogens. On the other hand, the anaerobic process 
is mostly appropriate for reduction of chlorinated phenolic compounds [69]. The anaerobic 
system produces methane in addition to carbon dioxide and water. A major advantage of 
the anaerobic system of degradation is the absence of aeration cost, recovery of methane and 
minimum excess biomass generation [70].

Kukadiya et al. [71] studied the effectiveness of using a moving bed biofilm reactor for phe‐
nolic compounds removal from wastewater. The laboratory scale model moving bed biofilm 
reactor was observed to be effective against the removal of phenol with about 98% efficiency. 
In their experiment, Sinha et al. [72] studied the p‐chlorophenol and phenol microbial deg‐
radation as a single and mixed substrates by using Rhodococcus sp. RSP8 bacteria strain. The 
experiment was performed with a liquid mineral salt medium in a shake flask experiment at 
a neutral pH and a temperature of 37 °C. The two compounds (p‐chlorophenol and phenol) 
served as the main source of carbon and energy for the cells and were consumed completely 
as individual solutions by the cells. The two pollutants, however, repressed each other's deg‐
radation by the cells in the mixed substrate experiment.

The enzymatic method of degradation, however, employs enzymes (biological catalysts). 
Enzymes can be used effectively to selectively eliminate pollutants in water since they 
catalyse specific reactions under modest temperature, pH and ionic strengths [73]. In addi‐
tion, the enzymatic reaction is known to occur at much faster rates compared to other types 
of reactions [74]. As an advantage over the microbial system of pollutant degradation, the 
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enzymatic system of pollutant removal can occur under conditions, which are unfavourable 
or toxic to bacteria. This system can operate under different pollutant concentration (high or 
low), eliminates the time requirement for biomass acclimatisation, involves no shock loading 
effect and with no generated biomass [74]. This method receives a high level of consideration 
due to its high pollutant removal efficiency, operation in wide temperature and pressure 
ranges and formation of harmless end products [75, 76]. The enzyme with a high promise for 
dephenolisation of phenolics in water is tyrosinase (KF1.14.18.1). This enzyme oxidises the 
phenolics to quinones, which are further broken down into the non‐toxic intermediate prod‐
uct. The intermediate products are then removed through the addition of binding agents [77].

There has been a series of reported research works where enzymes have been used for the 
removal of phenolic compounds from wastewater [78, 79]. Among these reports is the work 
done by Shesterenko and co‐workers [79]. They used tyrosinase isolated from Agaricus  bisporus 
and immobilised it on polymer carriers, and inorganic coagulants to remove phenols from 
water. Peroxidase extracted from horseradish, hydrogen peroxide and polyethylene glycol 
(PEG) was also used to catalyse phenol removal from simulated wastewater [80]. Optimum 
degradation of 1 mM phenol (80%) was attained at 0.3 U/ml horseradish peroxidase and 3.0 
mM hydrogen peroxide concentrations at pH 7 and 273 mg/l of PEG.

6.5. Adsorption

Adsorption is considered as one of the appropriate techniques for removal of phenolics 
from water because the technique is easy to design and operate. The technique produces no 
toxic wastes. The spent sorbent can serve as a source fuel to produce power [81]. Adsorption 
process involves the accumulation of the pollutant on the adsorbent's surface (usually solid 
material). An appropriate adsorbent must be porous with large surface area, possess high 
hydrophobicity and have the ability to selectively accumulate the pollutant from water onto 
its surface. Efficiency of the adsorption process is governed by [82]:

(1) Adsorbent's properties, i.e. its functional group composition, the size of its surface area 
together with the distribution of the pore size and the extent of its ash content.

(2) The solution chemistry including its pH, temperature, degree of polarity, availability 
of other solutes competing for the adsorbent surface area and the concentration of the 
adsorbate.

(3) Nature of the adsorbate. This includes its degree of solubility in water, hydrophobicity, 
size and molecular weight.

Reference [82] found phenol adsorption process to be solely dependent on the initial pollut‐
ant concentration and speciation, which in turn depends on pH of the solution. Adsorption of 
pollutants from water is believed to be based on the following steps [83]:

(1) Movement of the pollutant molecules towards the adsorbent across the external bound‐
ary layer.

(2) Movement of the pollutant molecules to the adsorbent's active surface sites.
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(3) Adsorption of the pollutants on the active surface sites.

(4) Migration of the adsorbed pollutants through diffusion onto the pores’ surfaces.

Various researchers have studied phenol adsorption from polluted water with different types 
of adsorbents. Phenol adsorption efficiency of different adsorbents including bagasse ash, 
activated carbon and charcoal from wastewater was studied by [84]. The adsorption efficiency 
was assessed based on the influence of pH, concentration of EDTA, anions and adsorbent 
dose. Their result showed 98, 90 and 90% phenol removal efficiencies by activated carbon, 
wood charcoal and bagasse ash systems, respectively. Removal efficiency was observed to 
increase with a decrease in the pH of the system. Effects of EDTA and nitrate ion content of 
the solution were identified as the factors that influenced the adsorption process. Chloride 
ion, on the other hand, exerted a significant adverse effect on the efficiency of bagasse ash 
system. Film diffusion was noted to control the adsorption efficiencies of all the adsorbents 
used. Similarly, the use of sugarcane bagasse‐based activated carbons for effective phenol 
adsorption from aqueous medium was assessed by Akl et al. [85]. The result of the study pro‐
posed sugarcane bagasse‐based activated carbon (SCBAC) as a viable adsorbent for phenol 
elimination from water. The pollutant eradication process depended solely on its concentra‐
tion, solution pH and temperature.

6.6. Membrane‐based separation method

A membrane is a specific type of a barrier that enables the separation of species in a gas or 
liquid through various mechanisms such as diffusion, sieving or sorption. The selective sepa‐
ration occurs as a result of the semipermeable nature of the membranes. This is the ability of 
the membrane to allow the passage of certain substances through it while it prevents the pas‐
sage of others based on their sizes and/or molecular weights. Thus, in membrane‐based sepa‐
ration method of water purification, the water usually passes through the membrane while 
the suspended pollutant, usually with comparatively larger sizes and molecular weights, is 
unable to pass through the membrane. They get retained in the medium or on the membrane 
and later removed.

Membrane separation is a general term used to encompass different types of separation 
processes that are characteristically the same or similar since they all use membranes. The 
difference lies in the pore size of the membranes and the driving force involved in the 
separation process. The driving forces for separation may include high pressure applica‐
tion, the creation of concentration gradient and the use of electric potential [86]. These pro‐
cesses are categorised as microfiltration, ultrafiltration, nanofiltration and reverse osmosis 
[87]:

• Microfiltration: The membrane's pore size of this technique ranges from 0.1 to 1.0 µm. It is 
normally used to filter suspended particles or colloidal solutions with large particles and 
bacteria.

• Ultrafiltration: The pore diameter of this type of membrane ranges from 0.01 to 0.1 µm and 
can be used for filtration macromolecules such as polymers and proteins from solution.

Phenolic Compounds - Natural Sources, Importance and Applications432



(3) Adsorption of the pollutants on the active surface sites.

(4) Migration of the adsorbed pollutants through diffusion onto the pores’ surfaces.

Various researchers have studied phenol adsorption from polluted water with different types 
of adsorbents. Phenol adsorption efficiency of different adsorbents including bagasse ash, 
activated carbon and charcoal from wastewater was studied by [84]. The adsorption efficiency 
was assessed based on the influence of pH, concentration of EDTA, anions and adsorbent 
dose. Their result showed 98, 90 and 90% phenol removal efficiencies by activated carbon, 
wood charcoal and bagasse ash systems, respectively. Removal efficiency was observed to 
increase with a decrease in the pH of the system. Effects of EDTA and nitrate ion content of 
the solution were identified as the factors that influenced the adsorption process. Chloride 
ion, on the other hand, exerted a significant adverse effect on the efficiency of bagasse ash 
system. Film diffusion was noted to control the adsorption efficiencies of all the adsorbents 
used. Similarly, the use of sugarcane bagasse‐based activated carbons for effective phenol 
adsorption from aqueous medium was assessed by Akl et al. [85]. The result of the study pro‐
posed sugarcane bagasse‐based activated carbon (SCBAC) as a viable adsorbent for phenol 
elimination from water. The pollutant eradication process depended solely on its concentra‐
tion, solution pH and temperature.

6.6. Membrane‐based separation method

A membrane is a specific type of a barrier that enables the separation of species in a gas or 
liquid through various mechanisms such as diffusion, sieving or sorption. The selective sepa‐
ration occurs as a result of the semipermeable nature of the membranes. This is the ability of 
the membrane to allow the passage of certain substances through it while it prevents the pas‐
sage of others based on their sizes and/or molecular weights. Thus, in membrane‐based sepa‐
ration method of water purification, the water usually passes through the membrane while 
the suspended pollutant, usually with comparatively larger sizes and molecular weights, is 
unable to pass through the membrane. They get retained in the medium or on the membrane 
and later removed.

Membrane separation is a general term used to encompass different types of separation 
processes that are characteristically the same or similar since they all use membranes. The 
difference lies in the pore size of the membranes and the driving force involved in the 
separation process. The driving forces for separation may include high pressure applica‐
tion, the creation of concentration gradient and the use of electric potential [86]. These pro‐
cesses are categorised as microfiltration, ultrafiltration, nanofiltration and reverse osmosis 
[87]:

• Microfiltration: The membrane's pore size of this technique ranges from 0.1 to 1.0 µm. It is 
normally used to filter suspended particles or colloidal solutions with large particles and 
bacteria.

• Ultrafiltration: The pore diameter of this type of membrane ranges from 0.01 to 0.1 µm and 
can be used for filtration macromolecules such as polymers and proteins from solution.

Phenolic Compounds - Natural Sources, Importance and Applications432

• Nanofiltration: The pore size range of this type of membrane is 1–10 nm. It is used for 
brackish water desalination and removal of micropollutants or metal ions.

• Reverse osmosis: This refers to a membrane with pore diameters in the range of 0.0001–
0.0001 µm and may be used for filtration of solutions of polymer chains, ultrapure water 
production and desalination of sea and brackish water.

An ideal membrane system must have good fluxes and be highly selective. It must have excel‐
lent thermal, chemical and mechanical stability with low tendency of foul formation. Some 
advantages of membrane system of water purification include the following [87]:

(1) It has comparatively low energy requirements.

(2) It is simple, easy to use with low maintenance requirements.

(3) It is highly selective to the material to be separated.

(4) It is environmentally friendly as the system works without the addition of chemicals.

The technology is also not without disadvantages. Some of these disadvantages include [88]:

(1) Many membranes composed of polymeric materials can decompose, or swell or become 
weak under harsh conditions, thereby weakening the selectivity, and shortening the lifes‐
pan of the membrane.

(2) Some of the membranes based on polymeric material have temperature limitation as 
most of these polymers are unable to maintain their properties at temperatures above 
100°C.

(3) Membrane fouling also occurs and interferes with the permeability of the membrane.

Phenol has been separated from water with membrane‐based separation technique by using 
non‐modified, and ionically, and covalently cross‐linked ethylene methacrylic acid copolymer‐
based membranes [89]. They found out that the total flux increased with increasing phenol 
content in the feed while the enrichment factor decreased. They, however, observed lesser 
fluxes and higher enrichment factors when non‐modified membrane containing a higher 
amount of methacrylic acid monomer was used. Ionic cross‐linked membrane proved to be the 
most efficient membrane against the feed containing a high concentration of phenol.

Use of ionic liquids in the form of bulk liquid membranes for the elimination of phenol 
from water has also been studied by Ng et al. [90]. High hydrophobic ionic liquids includ‐
ing 1‐butyl‐3‐methylimidazolium hexafluorophosphate, 1‐butyl‐3‐methylimidazolium bis 
(trifluoromethylsulfonyl) imide and 1‐butyl‐3‐methylimidazolium tris(pentafluoroethyl) 
trifluorophosphate were used for the experiment. The stability, membrane loss and phenol 
elimination efficiency of these liquids were compared. Their results identified 1‐butyl‐3‐
methylimidazolium bis (trifluoromethylsulfonyl) imide as the best performing liquid in 
terms of phenol elimination and stripping efficiencies. This liquid exhibited phenol extrac‐
tion efficiency of 96.21% and stripping efficiency of 98.10%. These values were attained at 
optimum conditions of 225 and 135 rpm aqueous and membrane stirring speed, respectively. 
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This solvent was identified to possess higher hydrogen bonding, basicity and low viscosity 
compared to the other two solvents used.

6.7. Electro‐Fenton method

Fenton reaction is a reaction between iron (II) and hydrogen peroxide resulting in the forma‐
tion of hydroxyl radicals (OH•), a non‐selective and strong oxidising agent [91]. As a result, 
this process has been used to oxidise organic pollutants in aqueous solution to carbon dioxide 
and water. However, Fenton process has the disadvantage of the high cost of procuring the 
reactants (hydrogen peroxide and iron (II)) and sludge generation. An improved technique, 
electro‐Fenton process, which is capable of overcoming the above‐mentioned hindrances and 
permits improved control of hydroxyl radical generation [92], has therefore been devised. 
Electro‐Fenton process involves cathodic reduction of iron (III) in solution to iron (II) with a 
potential of Eo = 0.77 V/SHE. This process, often referred to as electrochemical catalysis, pro‐
duces the iron (II) at a faster rate and thus promotes the production of hydroxyl radical for 
enhanced pollutant oxidation process [92].

Evaluation of the electro‐Fenton process as an appropriate substitute technique for elimina‐
tion of phenol from a phenol simulated wastewater was conducted by Abdelaziz et al. [93]. 
They used a sacrificial iron anode as the source of iron (II), added hydrogen peroxide to the 
system externally and used nitrogen gas sparging to stir the batch reactor. They also examined 
the influence of some factors on the effectiveness of the electro‐Fenton process. Their results 
revealed 97% overall COD reduction of 50 mg/l pollutant concentration at optimum conditions 
of pH 3, the superficial gas velocity of 1.18 cm/s, current density (1.7 mA/cm2) and hydrogen 
peroxide concentration of 1500 mg/l. They observed that COD removal percentage increased 
with increasing current density, hydrogen peroxide concentration and sodium chloride concen‐
trations but started decreasing, in all cases, beyond their respective optimum values. In addi‐
tion, consumption of energy and iron decreased as the initial pollutant (phenol) and sodium 
hydroxide concentrations were increased, but increased with an increase in the current density.

In their study, where they investigated the effectiveness of the electron‐Fenton process for 
removal of COD from paper mill wastewater, Un et al. [94] concluded that electro‐Fenton 
process is effective for removal of COD from tissue paper waste water. They achieved a COD 
removal efficiency of 80% within 60 min at 20 mA/cm2 current density with 0.1 M hydro‐
gen peroxide concentration at pH 2. They noticed that though increasing the current density 
caused a corresponding increase in the COD removal, it also resulted in increasing energy 
consumption. Similarly, Rahmani et al. [95] have effectively applied the electro‐Fenton tech‐
nique to degrade phenol from aqueous solution. In this study, they applied a disposable iron 
anode as the source of ferrous iron and added the hydrogen peroxide manually. Highest 
degradation efficiency of 100% was obtained within 30 minutes at pH 3, 100 mg/l hydrogen 
peroxide concentration and 5 mA/cm2 optimum conditions.

6.8. Adsorption and ion exchange

In an ion exchange process, an interchange of ions between two phases, usually a solid and 
a liquid phase, occurs. The ion change resin forms the solid phase while the sample under 
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consideration is normally in the liquid phase. A typical ion exchange resin comprises a cross‐
linked polymer network with its surface covered with a uniform distribution of ions. Ions 
with charges similar to that of the resin are exchanged once the solution containing the ions 
comes into contact with the ion exchanger. The degree to which the ions are exchanged is 
governed by the concentration of the ions in solution (ions to be exchanged with the resin) 
and their degree of affinity for the ion exchange resin. The ion exchange process is reversible 
and is deemed as one of the unique technologies for wastewater treatment because of its 
high degree of recyclability and environmentally friendly nature [96]. The use of polymer‐
based anionic resins can allow successful elimination of phenolic compounds from polluted 
water through adsorption in conjunction with ion exchange. The ions of the resin provide 
sites for ion exchange while the porous nature permits adsorption through hydrophobic 
interaction [97].

The efficiency of phenol exclusion from polluted water involving the use of Amberlyst A26 
and Amberlite IRA‐67 as strong and weak base ion exchangers, respectively, has been con‐
ducted. As an observation, phenol removal efficiency of both the strong and weak base ion 
exchange resins decreased significantly with increased initial phenol concentration from 
99.6% (1 mg/l phenol concentration) to 74.2% of 200 mg/l (strong base), and from 65.7% 1 mg/l 
phenol concentration to 22.1% of 200 mg/l phenol concentration (weak acid). The strong base 
ion exchange (Amberlyst A26) was considered to be a better ion exchange medium for phenol 
removal compared to Amberlite IRA‐67 [98].

The use of Amberlite IRA‐420, a strong base ion exchange resin, for the removal of phenol from 
water was also carried out by Carmona et al. [99]. Both theoretical and empirical approaches 
were used to identify the parameters that governed the rate at which the Amberlite IRA‐420 
removed phenol from the solution. According to their results, the phenol elimination process 
with Amberlite IRA‐420 occurred in the acidic medium through adsorption, and in the alka‐
line medium through both adsorption and ion exchange. The process increased with increas‐
ing pH values from 9 to 14. Ahmed et al. [100] also compared the phenolic compound removal 
effectiveness of four different ion exchange resins, namely, Ameberlite XAD‐4, Ameberlite 
XAD‐7, Ameberlite IRA‐94 and Ionac AFP‐329, and observed that the effectiveness of the 
degradation process depended on the size of the resins’ surface area and temperature. Ionac 
AFP‐329 was the most efficient sample. However, Ameberlite XAD‐4 demonstrated the high‐
est desorption ability with almost complete pollutant recovery at 60 °C.

7. Conclusion

The rapid increase in industrial and domestic activities as a result of the desire to meet the 
demands of the ever‐increasing human population creates the possibility of phenolic com‐
pounds introduction into water bodies. Extensive research has been performed on these com‐
pounds resulting in the elucidation of their structure or classification, their sources of entry 
into the aquatic environment and their reactivity or interaction with other components of 
the aquatic environment. Research has also unveiled the significant toxic effects that these 
compounds exert on humans and wildlife upon exposure. Significant efforts have been made 
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for the total elimination of phenolic compounds from water before use. This resulted in the 
development of water treatment technologies including the conventional methods such as 
activated carbon adsorption, solvent extraction and advanced technologies such as electro‐
Fenton method, membrane‐based separation method, photocatalysis and so on, which have 
all been successfully used for removal of phenolic compounds from water.
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for the total elimination of phenolic compounds from water before use. This resulted in the 
development of water treatment technologies including the conventional methods such as 
activated carbon adsorption, solvent extraction and advanced technologies such as electro‐
Fenton method, membrane‐based separation method, photocatalysis and so on, which have 
all been successfully used for removal of phenolic compounds from water.
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