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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

I NT E C H © 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,

open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.



420

Phenolic Compounds - Natural Sources, Importance and Applications

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 CH,OH (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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OH

Figure 1. Structure of phenol.

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.

Carbon chain Number of phenolic units Class Examples

Co 1 Simple phenols Catechol

Cé 1 Benzoquinones Hydroquinone

Ce6-C1 1 Phenolic acids Gallic

Ce-C2 1 Acetophenones 3-Acetyl-6-methoxy
benzaldehyde

Ce-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-Co 2 Xanthones Mangiferin

C6-C2-Co6 2 Stilbenes Resveratrol

C6-C3-Co 2 Flavonoids Amentoflavone

(C6-C3), 2 Lignans and neolignans Pinoresinol, eusiderin

(Co6-C3), 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].

OH
OH OH
R
R R
Ortho Meta Para

Figure 2. Structure of simple phenols.

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
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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 (O,"). 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 TiO, 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/1 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 TiO,/reduced
graphene [50], ZnO [51], Fe,O, decorated on carbon nanotubes [52] and CuO [53].

6.2. Ozonation

Ozone (O,) 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 (O,) split to form highly reactive oxygen radicals (O°),
which in turn react with O, 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 HaN, 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/] 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 lig-
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].

Moder 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 CO,, 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/1 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.

431



432

Phenolic Compounds - Natural Sources, Importance and Applications

(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 um. It is
normally used to filter suspended particles or colloidal solutions with large particles and
bacteria.

o Ultrafiltration: The pore diameter of this type of membrane ranges from 0.01 to 0.1 um and
can be used for filtration macromolecules such as polymers and proteins from solution.
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* 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 um 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) Itis simple, easy to use with low maintenance requirements.

(3) Itis highly selective to the material to be separated.

(4) Itis 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 E° = 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/cm?) 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/cm? 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/cm? 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/1 phenol concentration) to 74.2% of 200 mg/1 (strong base), and from 65.7% 1 mg/1
phenol concentration to 22.1% of 200 mg/l1 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.

Author details

William W. Anku, Messai A. Mamo* and Penny P. Govender*
*Address all correspondence to: messaim@uj.ac.za and pennyg@uj.ac.za

Department of Applied Chemistry, University of Johannesburg, Doornfontein, Johannesburg,
South Africa

References

[1] Bruce R. M., Santodonato J. and Neal M. W. Summary review of the health effects associ-
ated with phenol. Toxicology and Industrial Health 3, pp. 535-568, 1987.

[2] Campanella L., Beone T., Sammartino M. and Tomassetti M. Determination of phenol in
wastes and water using an enzyme sensor. Analyst 118, pp. 979-986, 1993.

[3] Wallace J. "Phenol” In: Kirk-Othmer encyclopedia of chemical technology. 4th Ed.: John Wiley
and Sons, New York, pp. 592-602, 1996.

[4] KulkarniS.]. and Kaware D. J. P. Review on research for removal of phenol from waste-
water. International Journal of Scientific and Research Publications 3, pp. 1-4, 2013.

[5] Mahugo-Santana C., Sosa-Ferrera Z., Torres-Padron M. E. and Santana-Rodriguez ]J. J.
Analytical methodologies for the determination of nitroimidazole residues in biological
and environmental liquid samples: a review. Analytica Chimica Acta 665, pp. 113-122, 2010.

[6] Dixon R. A. and Paiva N. L. Stress-induced phenylpropanoid metabolism. The Plant Cell
7, p- 1085, 1995.

[7] IgnatI., Volf I. and Popa V. I. A critical review of methods for characterisation of poly-
phenolic compounds in fruits and vegetables. Food Chemistry 126, pp. 1821-1835, 2011.

[8] D Archivio M., Filesi C., Di Benedetto R., Gargiulo R., Giovannini C. and Masella R.
Polyphenols, dietary sources and bioavailability. Annali-Istituto Superiore di Sanita 43, p.
348, 2007.

[9] Bravo L. Polyphenols: chemistry, dietary sources, metabolism, and nutritional signifi-
cance. Nutrition Reviews 56, pp. 317-333, 1998.



[10]

[11]

[12]

[18]

[19]

[20]

Phenolic Compounds in Water: Sources, Reactivity, Toxicity and Treatment Methods
http://dx.doi.org/10.5772/66927

Sanchez-Moreno, C. (2002). Polyphenolic compounds: Structure and classification.
Presence in food and consumption. Bioavailability and metabolism. Food 329, PP. 19-27,
2002.

Davidson R. S. The photodegradation of some naturally occurring polymers. Journal of
Photochemistry and Photobiology B: Biology 33, pp. 3-25, 1996.

USEPA. Ambient Water Quality Criteria DOC: Phenol. US EPA-440/5-80-066 (PB 81-117772).
pp. 1100-1156, 1980.

Sheets Fact. Breast Cancer & The Environment Research Centers. 2007.

Tsuruta Y., Watanabe S. and Inoue H. Fluorometric determination of phenol and p-
cresol in urine by precolumn high-performance liquid chromatography using 4-(N-
phthalimidinyl) benzenesulfonyl chloride. Analytical Biochemistry 243, pp. 86-91, 1996.

Toms A. and Wood ]J. M. Degradation of trans-ferulic acid by Pseudomonas acidovo-
rans. Biochemistry 9, pp. 337-343, 1970.

Max B., Tugores F., Cortés-Diéguez S. and Dominguez J. M. Bioprocess design for
the microbial production of natural phenolic compounds by Debaryomyces hansenii.
Applied Biochemistry and Biotechnology 168, pp. 2268-2284, 2012.

Ghosh S., Ashish Sachan S. K. S. and Mitra A. Microbial transformation of ferulic acid to
vanillic acid by Streptomyces sannanensis MTCC 6637. Journal of Industrial Microbiology
and Biotechnology 34, pp. 131-138, 2007.

Vattem D. A. and Shetty K. Ellagic acid production and phenolic antioxidant activity
in cranberry pomace (Vaccinium macrocarpon) mediated by Lentinus edodes using a
solid-state system. Process Biochemistry 39, pp. 367-379, 2003.

Cai S.,, Wang O., Wu W,, Zhu S., Zhou F,, Ji B.,, Gao F., Zhang D., Liu J. and Cheng
Q. Comparative study of the effects of solid-state fermentation with three filamentous
fungi on the total phenolics content (TPC), flavonoids, and antioxidant activities of sub-
fractions from oats (Avena sativa L.). Journal of Agricultural and Food Chemistry 60, pp.
507-513, 2011.

Daniel O., Meier M. S., Schlatter J. and Frischknecht P. Selected phenolic compounds in
cultivated plants: ecologic functions, health implications, and modulation by pesticides.
Environmental Health Perspectives 107, p. 109, 1999.

Careghini A., Mastorgio A. F., Saponaro S. and Sezenna E. Bisphenol A, nonylphenols,
benzophenones, and benzotriazoles in soils, groundwater, surface water, sediments,
and food: a review. Environmental Science and Pollution Research 22, pp. 5711-5741, 2015.

Budavari S. The Merck Index, 13th ed. Whitehouse station. NJ: Merck Co., pp. 1299-1367,
2001.

Paasivirta J. H. K., Humppi T., Karjalainen A., Knuutinen J., Maéntykoski K., Paukku R.,
Piilola T., Surma-Aho K., Tarhanen J., Welling L. and Vihonen H. Polychlorinated phe-
nols, guaiacols and catechols in environment. Chemosphere 14, pp. 469-491, 1985.

437



438

Phenolic Compounds - Natural Sources, Importance and Applications

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

McBain A., Senior E., Paterson A., Plessis C. and Watson-Craik I. Bioremediation of soil
contaminated with 4-chloro-2-methylphenoxyacetic acid (MCPA): essential laboratory
studies. South African Journal of Science 92, pp. 426—430, 1996.

Roézanski L. Transformation of pesticides in the living organisms and the environment.
Agra-Enviro Lab, Poznan, pp. 290-292, 1998.

Laine M. M. and Jorgensen K. S. Straw compost and bioremediated soil as inocula
for the bioremediation of chlorophenol-contaminated soil. Applied and Environmental
Microbiology 62, pp. 1507-1513, 1996.

Kurata Y., Ono Y. and Ono Y. Occurrence of phenols in leachates from municipal solid
waste landfill sites in Japan. Journal of Material Cycles and Waste Management 10, pp. 144—
152, 2008.

Montgomery-Brown ]. and Reinhard M. Occurrence and behavior of alkylphenol polye-
thoxylates in the environment. Environmental Engineering Science 20, pp. 471-486, 2003.

Kohler H.-P. E., Gabriel F. L. and Giger W. ipso-Substitution—A novel pathway for
microbial metabolism of endocrine-disrupting 4-nonylphenols, 4-alkoxyphenols, and
bisphenol A. Chimia International Journal for Chemistry 62, pp. 358-363, 2008.

Saure T-Ig Nazi G. G. ], Begui N C., Barelle M., Markowicz Y., Pelmo Nt J. and Tous-
Saint T. Characterization of a chromosomally encoded catechol 1.2-dioksygenase [E.C.
1.13.11.1.] from Alicagenes eutrophus CH34. Archives of Microbiology 166,1996.

Patnaik P. and Khoury J. N. Reaction of phenol with nitrite ion: Pathways of formation of
nitrophenols in environmental waters. Water Research 38, pp. 206-210, 2004.

Moussavi M. Effect of polar substituents on autoxidation of phenols. Water Research 13,
pp. 1125-1128, 1979.

Kinney L. C., Laboratory-XIII. R. A. T. W.R. C. A. W. T. R,, Ivanuski V. R., Administration
U. S. F. W. P. and Center R. A. T. W. R. Photolysis Mechanisms for Pollution Abatement.
Federal Water Pollution Control Administartion, 1969.

EPA U. Water-Related Environmental Fate of 129 Priority Pollutants. Office of Water Planning
and Standards, Office of Water and Waste Management, US Environmental Protection
Agency, Washington, DC, 1979.

Schweigert N., Zehnder A. J. and Eggen R. I. Chemical properties of catechols and
their molecular modes of toxic action in cells, from microorganisms to mammals.
Environmental Microbiology 3, pp. 81-91, 2001.

Schweigert N., Hunziker R. W., Escher B. I. and Eggen R. I. Acute toxicity of (chloro-) cat-
echols and (chloro-) catechol-copper combinations in Escherichia coli corresponds to their
membrane toxicity in vitro. Environmental Toxicology and Chemistry 20, pp. 239-247, 2001.



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Phenolic Compounds in Water: Sources, Reactivity, Toxicity and Treatment Methods
http://dx.doi.org/10.5772/66927

Munoz-de-Toro M., Markey C. M., Wadia P. R., Luque E. H., Rubin B. S., Sonnenschein
C. and Soto A. M. Perinatal exposure to bisphenol-A alters peripubertal mammary gland
development in mice. Endocrinology 146, pp. 4138-4147, 2005.

Vom Saal F. S. and Hughes C. An extensive new literature concerning low-dose effects of
bisphenol A shows the need for a new risk assessment. Environmental Health Perspectives,
133, pp. 926-933, 2005.

Health U. D. O. and Services H. Agency for Toxic Substances and Disease Registry.
Toxicological Profile for Asbestos. Update. Agency for Toxic Substances and Disease
Registry, Atlanta, US, 1999.

Li Y. and Trush M. A. Reactive oxygen-dependent DNA damage resulting from the oxi-
dation of phenolic compounds by a copper-redox cycle mechanism. Cancer Research 54,
pp- 1895s-1898s, 1994.

Gosselin R. E., Smith R. P. and Hodge H. C. Clinical Toxicology Of Commercial Products.
Williams & Wilkins, Baltimore, 1984.

Schweigert N., Belkin S., Leong-Morgenthaler P., Zehnder A. ]J. and Eggen R. L
Combinations of chlorocatechols and heavy metals cause DNA degradation in vitro

but must not result in increased mutation rates in vivo. Environmental and Molecular
Mutagenesis 33, pp. 202-210, 1999.

Zhang L., Wang Y., Shang N. and Smith M. T. Benzene metabolites induce the loss and
long arm deletion of chromosomes 5 and 7 in human lymphocytes. Leukemia Research 22,
pp. 105-113, 1998.

Fox M. Photocatalysis and Environment: Trends and Applications. New York: Academic
Publishers, pp. 445-467, 1988.

Dursun G., Cicek H. and Dursun A. Y. Adsorption of phenol from aqueous solution by
using carbonised beet pulp. Journal of Hazardous Materials 125, pp. 175-182, 2005.

Ugurlu M., Gurses A., Yalcin M. and Dogar C. Removal of phenolic and lignin com-
pounds from bleached kraft mill effluent by fly ash and sepiolite. Adsorption 11, pp.
87-97, 2005.

Laoufi N., Tassalit D. and Bentahar F. The degradation of phenol in water solution by
TiO, photocatalysis in a helical reactor. Global NEST Journal 10, pp. 404—418, 2008.

Mirian Z.-A. and Nezamzadeh-Ejhieh A. Removal of phenol content of an industrial
wastewater via a heterogeneous photodegradation process using supported FeO onto
nanoparticles of Iranian clinoptilolite. Desalination and Water Treatment 57, pp. 16483
16494, 2016.

Shahrezaei F., Akhbari A. and Rostami A. Photodegradation and removal of phenol and
phenolic derivatives from petroleum refinery wastewater using nanoparticles of TiO,.
International Journal of Energy and Environment 3, pp. 267-274, 2012.

439



440

Phenolic Compounds - Natural Sources, Importance and Applications

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Al-Kandari H., Abdullah A., Mohamed A. and Al-Kandari S. Enhanced photocatalytic
degradation of a phenolic compounds’ mixture using a highly efficient TiO,/reduced
graphene oxide nanocomposite. Journal of Materials Science 114, pp. 1-15, 2016.

Abdollahi Y., Abdullah A. H., Zainal Z. and Yusof N. A. Photocatalytic degradation of
p-Cresol by zinc oxide under UV irradiation. International Journal of Molecular Sciences
13, pp- 302-315, 2011.

Asmaly H. A., Abussaud B., Saleh T. A., Gupta V. K. and Atieh M. A. Ferric oxide
nanoparticles decorated carbon nanotubes and carbon nanofibers: From synthesis to
enhanced removal of phenol. Journal of Saudi Chemical Society 19, pp. 511-520, 2015.

Feng Y.-B., Hong L., Liu A.-L., Chen W.-D., Li G.-W., Chen W. and Xia X.-H. High-effi-
ciency catalytic degradation of phenol based on the peroxidase-like activity of cupric
oxide nanoparticles. International Journal of Environmental Science and Technology 12, pp.
653-660, 2015.

Trapido M., Veressinina Y. and Munter R. The application of ozonation and advanced
oxidation processes for degradation and detoxification of phenolic compounds, in Proc.
14th Ozone World Congress, Dearborn, MI, USA, 1999, pp. 235-249.

Beltran F. ]., Garcia-ArayaJ. F. and Acedo B. Advanced oxidation of atrazine in water —II.
Ozonation combined with ultraviolet radiation. Water Research 28, pp. 2165-2174, 1994.

Chedeville O., Debacq M. and Porte C. Removal of phenolic compounds present in olive
mill wastewaters by ozonation. Desalination 249, pp. 865-869, 2009.

Hassani A., Borghei S., Samadyar H., Mirbagheri S. and Javid A. Treatment of waste
water containing ethylene glycol using ozonation: Kinetic and performance study.
Bulletin of Environment, Pharmacology and Life Sciences 2, pp. 78-82, 2013.

RaoN.,, Singh J. R., Misra R. and Nandy T. Liquid-liquid extraction of phenol from simulated
sebacic acid wastewater. Journal of Scientific and Industrial Research 68, pp. 823-828, 2009.

Liu]., Xie]., Ren Z. and Zhang W. Solvent extraction of phenol with cumene from waste-
water. Desalination and Water Treatment 51, pp. 3826-3831, 2013.

Potter D. W. and Pawliszyn J. Rapid determination of polyaromatic hydrocarbons and
polychlorinated biphenyls in water using solid-phase microextraction and GC/MS.
Environmental Science & Technology 28, pp. 298-305, 1994.

Moder M., Schrader S., Franck U. and Popp P. Determination of phenolic compounds
in waste water by solid-phase micro extraction. Fresenius” Journal of Analytical Chemistry
357, pp- 326-332, 1997.

Tavallali H. and Shiri M. Solid phase extraction of phenol from wastewater by magnetic
iron oxide nanoparticles. International Journal of ChemTech Research 4, pp. 311-318, 2012.

Paller G., Hommel R. K. and Kleber H. P. Phenol degradation by Acinetobacter calcoace-
ticus NCIB 8250. Journal of Basic Microbiology 35, pp. 325-335, 1995.



[64]

[66]

[71]

[72]

[73]

[74]

[75]

Phenolic Compounds in Water: Sources, Reactivity, Toxicity and Treatment Methods
http://dx.doi.org/10.5772/66927

Kanekar P., Sarnaik S. and Kelkar A. Bioremediation of phenol by alkaliphilic bacteria
isolated from alkaline lake of Lonar, India. Journal of Applied Microbiology 85, pp. 128-133,
1998.

Xiaojian Z., Zhansheng W. and Xiasheng G. Simple combination of biodegradation and
carbon adsorption—The mechanism of the biological activated carbon process. Water
Research 25, pp. 165-172, 1991.

Miiller R. and Babel W. Phenol and its derivatives as heterotrophic substrates for micro-
bial growth—An energetic comparison. Applied Microbiology and Biotechnology 42, pp.
446451, 1994.

Bajpai P. and Bajpai P. K. Reduction of organochlorine compounds in bleach plant efflu-
ents, in Biotechnology in the Pulp and Paper Industry, K.E.L. Eriksson, et al. (Editors),
Springer, Berlin Heidelberg, 1997, pp. 213-259.

Sahm H., Brunner M. and Schoberth S. Anaerobic degradation of halogenated aromatic
compounds. Microbial Ecology 12, pp. 147-153, 1986.

Reinke W. and Knackmess H. J. Anaerobic degradation of halogenated aromatic com-
pounds. Microbial Ecology 12, pp. 147-153, 1986.

Chan Y. J., Chong M. F., Law C. L. and Hassell D. A review on anaerobic-aerobic treat-
ment of industrial and municipal wastewater. Chemical Engineering Journal 155, pp. 1-18,
2009.

Kukadiya A. V. Study of removal of phenol by biological treatment methods— With ref-
erence to moving bed biofilm reactor & activated sludge process. International Journal of
Engineering Research & Technology 5, pp. 400-403, 2016.

Sinha P. K., Sinha A. and Das M. Microbial removal of phenol and p-chlorophenol from
industrial waste water using Rhodococcus sp. RSP8 and its growth kinetic modeling.
Journal of Water Resource and Protection 3, pp. 634, 2011.

Demarche P., Junghanns C., Nair R. R. and Agathos S. N. Harnessing the power of
enzymes for environmental stewardship. Biotechnology Advances 30, pp. 933-953, 2012.

Bailey J. and Ollis D. Biochemical Engineering Fundamentals, 2nd ed. McGraw-Hill,
Maidenheach, 1986.

Bevilaqua J.,, Commarota, M. and Freire, D. Phenol removal through combined biologi-
cal and enzymatic treatments. Brazilian Journal of Chemical Engineering 19, pp. 151-158,
2002.

Ikehata K. and Nicell J. A. Color and toxicity removal following tyrosinase-catalyzed
oxidation of phenols. Biotechnology Progress 16, pp. 533-540, 2000.

Halaouli S., Asther M., Sigoillot J. C., Hamdi M. and Lomascolo A. Fungal tyrosinases:
New prospects in molecular characteristics, bioengineering and biotechnological appli-
cations. Journal of Applied Microbiology 100, pp. 219-232, 2006.

441



442

Phenolic Compounds - Natural Sources, Importance and Applications

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

Wilberg K. D. Q., Nunes D. G. and Rubio J. Removal of phenol by enzymatic oxidation
and flotation. Brazilian Journal of Chemical Engineering 17, pp. 907-914, 2000.

Shesterenko Y. A., Sevast'yanov O. and Romanovskaya I. Removal of phenols from
aqueous solutions using tyrosinase immobilized on polymer carriers and inorganic
coagulants. Journal of Water Chemistry and Technology 34, pp. 107-111, 2012.

Khaled F. and Mossallam F. M. 5. A. N. A. S. Peroxidase catalyzed the removal of phenol
from synthetic waste water. Thirteenth International Water Technology Conference, INTC,
pp. 363-376, 2009.

Aksu Z. and Yener J. A comparative adsorption/biosorption study of mono-chlorinated
phenols onto various sorbents. Waste Management 21, pp. 695702, 2001.

Bhatnagar A. and Minocha A. Conventional and non-conventional adsorbents for
removal of pollutants from water-a review. Indian Journal of Chemical Technology 13, pp.
203-217, 2006.

Mohamed E. F., Andriantsiferana C., Wilhelm A.-M. and Delmas H. Competitive
adsorption of phenolic compounds from aqueous solution using sludge-based activated
carbon. Environmental Technology 32, pp. 1325-1336, 2011.

Mukherjee S., Kumar S., Misra A. K. and Fan M. Removal of phenols from water envi-
ronment by activated carbon, bagasse ash and wood charcoal. Chemical Engineering
Journal 129, pp. 133-142, 2007.

Akl M. A., Dawy M. B. and Serage A. A. Efficient removal of phenol from water sam-
ples using sugarcane bagasse based activated carbon. Journal of Analytical & Bioanalytical
Techniques 2014, 2014. Doi: 10.4172/2155-9872.1000189.

Peter-Varbanets M., Zurbriigg C., Swartz C. and Pronk W. Decentralized systems for pota-
ble water and the potential of membrane technology. Water Research 43, pp. 245-265, 2009.

Bahareh Asadollahi Esfahani B. A. E., Koupaei M. S. and Ghasemi S. Z. Industrial waste
water treatment by membrane systems. Indian Journal of Fundamental and Applied Life
Sciences 4, pp. 1168-1177, 2014.

Guo H., Wyart Y., Perot J., Nauleau F. and Moulin P. Low-pressure membrane integrity
tests for drinking water treatment: A review. Water Research 44, pp. 41-57, 2010.

Mixa A. and Staudt C. Membrane-based separation of phenol/water mixtures using ion-
ically and covalently cross-linked ethylene-methacrylic acid copolymers. International
Journal of Chemical Engineering 2008, 2009. D0i:10.1155/2008/319392.

Ng Y. S., Jayakumar N. and Hashim M. A. Behavior of hydrophobic ionic liquids as lig-
uid membranes on phenol removal: Experimental study and optimization. Desalination
278, pp. 250-258, 2011.

Argun M. E., Dursun S., Karatas M. and Giirii M. Activation of pine cone using Fenton
oxidation for Cd (II) and Pb (II) removal. Bioresource Technology 99, pp. 8691-8698, 2008.



[92]

[93]

[94]

[99]

[100]

Phenolic Compounds in Water: Sources, Reactivity, Toxicity and Treatment Methods
http://dx.doi.org/10.5772/66927

Brillas E., Sirés I. and Oturan M. A. Electro-Fenton process and related electrochemical
technologies based on Fenton's reaction chemistry. Chemical Reviews 109, pp. 6570-6631,
2009.

Abdelaziz A. A. M., Nosier S. A. and Hussien M. Treatment of industrial wastewa-
ter containing phenol using the electro-Fenton technique in gas sparged cell. American
Journal of Environmental Engineering and Science 2, pp. 47-59, 2015.

UnU. T, Topal S., Oduncu E. and Ogutveren U. B. Treatment of tissue paper wastewa-
ter: Application of electro-Fenton method. International Journal of Environmental Science
and Development 6, p. 415, 2015.

Rahmani A. R., Shabanloo A., Mehralipour ]., Fazlzadeh M. and Poureshgh Y.
Degradation of phenol in aqueous solutions using electro-Fenton process. Research
Journal of Environmental Sciences 9, p. 332, 2015.

Alexandratos S. D. Ion-exchange resins: a retrospective from industrial and engineering
chemistry research. Industrial & Engineering Chemistry Research 48, pp. 388-398, 2008.

Ioannidis S. and Anderko A. Equilibrium modeling of combined ion-exchange and
molecular adsorption phenomena. Industrial & Engineering Chemistry Research 40, pp.
714-720, 2001.

Maria D. V.-O., Javier M. O.-P. and Antonio M.-F. Equilibrium studies on phenol
removal from industrial wastewater through polymeric resins. Chemical Engineering
Transactions, pp. 253-258, 2016.

Carmona M., De Lucas A., Valverde ]. L., Velasco B. and Rodriguez J. F. Combined
adsorption and ion exchange equilibrium of phenol on Amberlite IRA-420. Chemical
Engineering Journal 117, pp. 155-160, 2006.

Ahmed Z., Lyne S. and Shahrabani R. Removal and recovery of phenol from phenolic
wastewater via ion exchange and polymeric resins. Environmental Engineering Science
17, pp. 245-255, 2000.

443



ntechOpen

ntechOpen



