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ABSTRACT

For the maintenance of the quality of the environment it becomes necessary to degrade recalcitrant chemicals in a cost
effective way either aerobically (Ortho/Meta pathways) or anaerobically (Benzoyl-coA/ Resorcinol/ phloroglucinol
pathways). Ortho metabolism utilizes phenol hydroxylases enzyme to form cis,cis muconate or its derivatives as the end
product, while in meta pathway the end product is 2-hydroxy muconic semi-aldehyde. The most well known key
dihydroxyaromatic intermediates resulting from the biodegradation of aromatic compounds are catechal, protocatechuic
acid and gentisic acid. These intermediates further undergo ring fission following the Krebs cycle to yield other
metabolites, such as pyruvic acid, acetic acid, succinic acid and acetyl-CoA. Nitrate reducers differ in their strategies
significantly from those used by sulphate-reducing or fermenting bacteria. Activities of various microbia phenol degraders
are dependent on many environmental factors like pH, temperature and oxygen availability. Deviations in any of the
required components lead to ceasing of microbia activities thereby decreasing the rate of phenol degradation. Anaerobic
degradation requires at least four physiologically different microbia groups (trophic groups), hydrolyzing bacteria,
fermenting bacteria, acetogenic bacteria and two types (i.e., acetoclastic and hydrogenotrophic) of methanogenic archaea.
Anaerobic reaction always initiates with carboxylation and end products most commonly seen are Acetyl co-A, Succinyl
Co-A. Methanogenic (anaerobic) bacteria are responsible for the conversion of phenol stoichiometrically to CH4 and CO..
Heterogeneous photocatalytic oxidation (HPO) process employing catalyst such as TiO., ZnO, etc. and UV light has
demonstrated promising results for the degradation of persistent organic pollutants.

KEYWORDS: Phenol, aerobic degradation, anaerobic degradation, extradiol and intradiol fission, ortho/meta pathways, Phenol
hydroxylases, Microbial fuel cell.

1. INTRODUCTION persistence of a number of chemicals in the biosphere and
After carbohydrates, aromatic compounds, found as lignin thus constitute a source of contamination. Phenol, which
components, flavanoids, quinones, aromatic amino acids, possess hydroxyl residue at the first position of carbon

or congtituents of fossil fuels, are the most widely within the aromatic ring, is a most commonly occurring
distributed class of organic compounds in nature. Thirty aromatic organic compound, and is produced both
monoaromatics are on the EPA priority pollutant list and naturally (in decaying dead organic matter, by natural
11 of these compounds are among the top of hundred decay of lignocellulosic material, in coal, forest and
chemicals on the priority list of hazardous substances as rangeland fires) and also synthetically. Free phenols are

published by the Agency for toxic substances and disease liberated into the environment as a result of metabolic
registry (Sridevi et al., 2012). The monoaromatic intermediates during the degradation of various plant
hydrocarbons benzene, toluene, ethylbenzene, and xylene, materials but emissions from the motor vehicles, as a

collectively called BTEX, are commonly found in gasoline major constituent of industrial effluents and also as a
and are highly volatile substances, due to their relatively photo oxidant product of benzene, phenol forms a major
high solubility and toxicity; they represent a significant environmental threat to mankind by increasing its
health  threat in  contaminated  environments. concentration in addition to free phenols which is already
Biodegradation is the mineralization of the organic present in the surroundings in nominal concentrations.
compounds to less harmful and hazardous products like Toxic and hazardous xenobiotics, which have a structure
CO,, H20, NOs and other inorganic compounds which can that is different from naturally occurring compounds, are
be incorporated into natural biogeochemical cycles by the more difficult to degrade and according to Alexander
metabolic activities of the microorganisms. The nutritional (1965) no natural organic compound is totaly resistant to
requirements of microorganisms normally include biodegradation provided that the environmental conditions

nitrogen, phosphorus, potassium, sodium, calcium, are favourable, known as the principle of microbial
magnesium, iron, trace elements and carbon (Ojumu et al., infallibility. Phenols owing to their persistence in the
2005). The massive mobilization of compounds in natural nature are one of the most important groups of eco-toxins.

resources or the introduction of xenobiotics into the Phenolic materials pose a formidable biochemical
biosphere leads to unidirectional fluxes, which result in the challenge due to the resonance energy that stabilises the
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carbon-carbon bonds of aromatic rings. The European
Union listed phenol among the ‘substance undesirable in
excessive amounts’. Bioprocesses owing to its innate and
potent ability to mineralize organic compound pollutants
in a less economical and environmentally friendly way,
gains over most recently adopted chemical or physical
techniques. It also possesses the capacity to destroy
pollutants but only from one phase to another. As oxygen
is readily available in the biosphere most of the microbes
have developed certain in built pathways which can
employ molecular oxygen for substrate activation in
oxygenase reactions for aerobic biodegradation of
aromatic compounds liberated in the environment through
various processes whereas microbes also follow anaerobic
pathways under methanogenic conditions (Chmielowski et
al, 1965), or under nitrate reducing (Bakker,1977),
sulphate reducing (Bak and Widdel, 1986) and iron
reducing (Lovely and Lonergan, 1990) conditions.
Bioremediation involves processes like bioattenuation
(ensures that contaminant concentration decreases with
time at relevant sampling points) which, is a good clean-
up technique for underground storage tanks contaminated
with petroleum products, biostimulation (requires external
manipulations if natural degradation is too dow) is
effective in TCE contaminated groundwater and
bioaugmenting by inoculation of bacteria with the desired
catalytic capabilities to enhance bacterial degrading
capacity. In addition, it has also been recently shown that
complete degradation of monoaromatic hydrocarbons can
also be coupled to the respiration of oxyanions of chlorine
such as perchlorate or chlorate, or to the reduction of the
quinone moieties of humic substances. Because of the lack
of functional groups, hydrocarbons are largely apolar and
exhibit low chemical reactivity at room temperature which
makes them less susceptible for degradation. Relevance of
this review lies in the fact that there are still certain areas
which require great attention of microbia activity for
biodegradation of many complex compounds like phenol,
and research has to be expanded to the extent without any
limitations. Areas like Olive ail production industries (a
major food industry in the Mediterranean countries and
now gaining widespread interest in countries like China
and India) produces oil mill waste water which proves to
be great contributors towards highly polluted effluents due
to high phenolic contents ranging from 1.5 up to more than
8 g L in addition to many other newer industries (Maza-
Mérquez, P., 2013) and no treatment using selected
bacteriae have been reported. So, more mechanisms or
pathways developed in microbes either in aerobic or in
anaerobic conditions has to be studied for their effective
utilization in these untouched areas of human activity.

1.1 Phenol

OH

Phenol (Hydroxy-benzene or carbinol) is naturally found
in decaying dead organic matters like rotting vegetables
and in coa. The German chemist, Runge isolated phenol
from coal tar in 1834 and named karbolsaure (coal-oil acid
or carbolic acid), though its composition was not known
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until 1841. Molecular weight of phenol is 94.11, the
density is 1.072 and the boiling point is 181.9°C. It has a
very strong odour (acrid odour) with an odour threshold of
0.04 ppm and a sharp burning taste. It is soluble in most
organic solvents and its solubility in water is limited at
room temperature, however above 68°C it is entirely
water-soluble.  Phenol is obtained from coal tar as a
disinfectant for medical (as mouthwash and sore throat
lozenges, ATSDR, 1989) and industria applications like
petroleum refinery spent caustic which is akaline,
phenolic resins and plastics, |eather and textile ( nylon and
other synthetic fibres) manufacturing, chemical and
petrochemical plants, coke ovens, laundry operations, pulp
and paper plants, rubber reclamation plants, Pharmaceutics
and agro industrial operations, steel and varnish industries,
pesticides (eg. phenoxyherbicides like 2,4
dichlorophenoxyacetic, dinoseb acid, or phenolic biocydes
such as 4- chlorophenol or pentachlorophenol, (Laine et
al,1996), tannery and smelting related operations and
saline waste stream offer a great deal to the environment.
Phenol evaporates more slowly than water and a moderate
amount can form a solution. Potential renewable
chemicals from bio-oil (derived from biomass pyrolysis)
include phenolics and cyclic ketones for resins and
solvents, levoglucosan and levoglucosenon for polymers
and aromatic hydrocarbons for fuels and solvents (Maher,
Bressler, 2007). Bio-oil was mainly composed of phenols,
aliphatic hydrocarbons, aromatic hydrocarbons, furan
derivatives, and some acid etc. Phenols in bio-oil include
phenol, methyl phenol, ethyl phenols and methoxy phenols
(Lei et al., 2011).Swine manure has also been detected to
have Phenolic presence in a study by Leven et al, 2012.
Mono- and oligonuclear aromatic compounds are
important constituents of plant tissue, where they act as
plant protectants that are either toxic to invading micro-
organisms or polymerize upon exposure to air through
radical-catalyzed polymerization reactions, to act as a
wound seal. Aromatic amino acids add structural elements
to the tertiary structure of proteins. In numerous
coenzymes aromatic residues increase and define the
reactivity of prosthetic groups in specific activation
reactions and maintenance of reactive transition states
(Schink Y, 2000). Phenol is aweak acid and in its ionized
form, it is very sensitive to electrophilic substitution
reactions and oxidations.

1.2 Positiveimpacts on human health

Eventhough, the ingestion of even minute levels of phenol
(1g) is reported to be letha for humans (Nuhoglu et al.,
2005) as they cause various health hazards, their (phenolic
compounds) activities are not so when they are present
naturally in the dietary sources such as the C6-C3-C6 in
flavonoids-anthocyanins, dihydrochalcones, flavan-3-als,
flavanones, flavones, flavonols and isoflavones, tannins,
phenoalic acids, hydroxycinnamates and stilbenes and the
transformation of plant phenols associated with food
processing (for example, production of black tea, roasted
coffee and matured wines). Dietary phenolics being the
major dietary sources are currently of great interest due to
their antioxidative and possible anticarcinogenic activities.
Phenolic acids and flavanoids also function as reducing
agents, free radical scavengers, and quenchers of singlet
oxygen formation. In addition, flavanoids and phenalic
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acid components play important roles in the control of
cancer and other human diseases. Antidiabetic activity of
flavanoids and phenolic acids has been reported by several
studies (Ghasemzadeh et al., 2011). Oxidative stress is
considered to be substantial, if not crucial, in the initiation
and development of many current conditions and diseases,
including: inflammation, autoimmune diseases, cataract,
cancer, Parkinson’s disease, arteriosclerosis and aging
(Lukyanova et al., 2007). Oxidative stress plays a role in
heart diseases,neurodegenerative diseases, cancer and in
the aging process (Zima et al., 2001; Astley, 2003).
Ghasemzadeh et al. (2011) reported that the isolated
polyphenols from young ginger (Zingiber officinale)
including quercetin, kaempferol, rutin gallic acid, were
shown to inhibit the growth of human breast cancer cell
lines (MCF-7 and MDA -MB -231). However, there is
now emerging evidence that the metabolites of dietary
phenolics, which appears in the circulatory system in n
mol/L to low m mol/L concentrations, exert modulatory
effects in cells through selective actions on different
components of the intracellular signalling cascades vita
for cellular functions such as growth, proliferation and
apoptosis. In addition, the intracellular concentrations
required to affect cell signalling pathways are considerably
lower than those required to impact on antioxidant
capacity.

1.3 Negative health impacts on human health

Exposure to phenol by any route can produce systemic
poisoning with symptoms such as initial, transient CNS
stimulation, followed rapidly by CNS depression. In recent
years, a great attention has been paid to endocrine
disrupting chemicals (EDCs) in environmental science
research and more than 100 types of EDCs have been
reported. Alkyl phenols (APs), as one important class of
EDCs, have an evident estrogenic effect and have been
widely detected in the environment (Wang et al, 2007).
Phenol is corrosive and causes chemical burns at the
contact site. When exposed to skin it can cause necrosis.
Coma and seizures can occur within minutes or may be
delayed up to 18 hours after exposure. Certain other
symptoms are nausea, vomiting, diarrhoea,
methanoglobinemia, haemolytic  anaemia, profuse
sweating, hypotension, arrthymia, pulmonary oedema, and
tachycardia. Phenol is absorbed mainly from the lungs,
however owing to its low volatilization its health hazards
are limited. Phenol vapour and liquid penetrate the skin
with absorption efficiency approximately equal to the
absorption efficiency by inhalation. Both in vivo and in
vitro tests have shown covalent binding of phenol to
tissues and plasma proteins and some phenol metabolites
also bind to the proteins. Urinary (renal) excretion is the
major route of phenol elimination in humans and animals.
A minor part of phenol is eliminated n expired air and
faeces. The natural presence of phenolic compounds in
food and drug metabolites makes biological monitoring
impossible. Due to these reasons and other adverse health
and environmental impacts it becomes a high essentiality
to develop newer technologies which is less economical
and environmental friendly to a great extent so that the
harmful by products that are produced as a result of varied
metabolic pathways induced within many microbial strains
which can degrade these highly complex aromatic organic
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compounds could be bought within the permissible limits
in the environment thereby leading to the betterment of the
mankind.

MICROBES

CONDITIONS
Extremophilic microorganisms are adapted to grow and
thrive under these adverse conditions. Hydrocarbon
degrading extremophiles are thus ideal candidates for the
biological treatment of polluted extreme habitats. Cold
adapted psychrophilic and psychrotrophic microorganisms
being widespread in earth’s biosphere, where temperature
is below 5°C (as they are able to grow in 0°C, which
implies that, their ambient temperature often coincides
with their growth temperature range, Margesin and
Schinner 1999a). Psychrophiles have an optimum growth
temperature of <15°C and do not grow above 20°C,
whereas psychrotrophs (cold-tolerant) have optimum and
maximum growth temperatures above 15°C and 20°C,
respectively (Morita, 1975). Significant numbers of cold-
adapted hydrocarbon degraders were even found in
contaminated soils from the most northerly inhabited
station in the world, Canadian Forst Station-Alert (Whyte
et al., 1999); the temperature threshold for significant oil
biodegradation is around 0°C (Siron et al., 1995), so the
winter period was found to be critical for an ail spill in
Arctic/sub-Arctic environments because of the reduced
biodegradation under icy conditions. Psychrophilic strains
with high oil-oxidizing and bioemulsifying activities were
also described by Chugunov et al. (2000). Intrinsic
hydrocarbon bioremediation was also demonstrated in a
shallow aquifer underlying a natural gas production (Gieg
et al., 1999). Changes were monitored over 4 years. All
BTEX compounds were biodegraded under sulphate-
reducing conditions; toluene was aso degraded under
methanogenic conditions. Other authors (Weiner and
Lovley, 1998) noted the persistence of benzene in the
sulphate reduction zones of petroleum-contaminated
aquifers. This benzene persistence was attributed to the
lack of benzene-oxidizing sulphate reducers in the aquifer
sediments, rather than to the inability of such
microorganisms to grow and metabolize under freshwater
conditions. Haloakaliphiles are bacteria that thrive in
saline and alkaline environments such as soda lakes. The
haloalkaliphilic bacteria H. campisalis degrades phenol
and catechol in akaline (pH value 8-11) and saline
environments (0-150g/l NaCl) (Taghreed et al., 2012) or
atleast 1M NaCl (approx. 6% wi/v) for growth and grow
optimally at NaCl concentration above 3M (Kushner 1978,
Grant et al., 1998), whereas microorganisms that are able
to grow in the absence of salt are known as halotolerant.
Halophilic archaea maintain an osmotic balance with the
hypersaline environment by accumulating high salt
concentrations, which requires salt adaptation of the
intracellular enzymes. Eubacteria are more promising
degraders than archaea as they have a much greater
metabolic diversity. Their intracellular salt concentration
islow, and their enzymes involved in biodegradation may
be conventional (i.e. not salt-requiring) enzymes similar to
those of non-halophiles (Oren et al., 1992). There is an
inverse relationship between salinity and solubility of
PAHs (Whitehouse 1984). A comparison of the effect of

IN DIVERSE ENVIRONMENTAL
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temperature on PCB removal by mesophilic and cold-
adapted degraders demonstrated that the PCB-degrading
enzyme system of the Arctic bacteria is cold-adapted
(Master and Mohn 1998).Various studies indicate that
bioremediation process has to still reach certain heights as
there are till problemsin tackling many pollution affected
sites like oil polluted desert soil areas because being a vast
ecosystem it is practicaly impossible to inoculate the
affected site with efficient degraders. Here, soil moisture
is a necessary criterion for the development of these
degrading microorganisms and irrigating the site with
seawater adds further to the problem. The reason being,
high salinity can cause soil moisture to evaporate and
cause the deposition of the salt whereas irrigating the area
with large volume of freshwater can cause leaching of
salts which then leads to the reduction in soil salinity (Nair
et al., 2008). Radwan et al. (2000) proposed vegetation as
a feasible approach for bioremediation of oil-polluted
desert soil. Dispersants are often used to emulsify the ail
dick in order to improve bioavailability and to enhance ail
biodegradation. The rhizosphere of the investigated wild
desert plants and crop plants (Vicia faba, Lupinus albus)
contained more hydrocarbon-utilizing bacteria than the
soil alone. This effect was much more pronounced for
plants growing in oil-polluted than in uncontaminated soil.
Taylor et al.,, 1998; recommends the coupling of
bioremediation to in situ underground stripping (DUS), a
primary decontamination effort for the rapid treatment of
contaminated soil at significant depths. Although volatile
organic compounds such as BTEX aren’t completely
removed by vaporization, the temperature elevation (50-
70°C for 60 days) caused as a result can enable
thermophilic bacteria to metabolize remaining low levels
of residual BTEX. The bioremediation process is
terminated by lowering the temperature below 40°C. Such
an in situ follow-up treatment could also be applied to
fuel-contaminated plumes subjected to thermally enhanced
vapour stripping as a primary treatment method, or as a
stand-alone method, when the initial concentration of
VOCs is low and the subsurface volume to be heated is
small.

Acidophiles are metabolically active in highly acidic
environments, and often have a high heavy meta
resistance (Norris and Johnson 1998). Remarkably,
aiphatic organic acids, which are thought to be toxic to
acidophiles (Alexander et al., 1987), were utilized as
substrates for energy and growth. Stapleton et al. (1998)
reported the biodegradation of aromatic hydrocarbons and
PAHs in extremely acidic environments. Genes that
encode enzymes involved in biodegradation of aromatic
hydrocarbons can be acquired and expressed in some
heterotrophic acidophilic bacteria (Quentmeier and
Friedrich, 1994). Alkaliphiles are defined as organisms
that have their optimum growth rate at least 2 pH units
above neutrality. Alkalitolerants are able to grow or
survive at pH values above 9, but their optimum growth
rate is around neutrality or less (Kroll, 1990). In a study,
14 isolates, are able to utilize phenol (500 mg I-Y) at pH
10, were obtained from sediments of a highly saline and
akaline (average pH 10.5) lake in Lonar (India) (Kanekar
et al. 1999). Four of these akaiphilic bacteria
(Arthrobacter sp., Bacillus cereus, Citrobacter freundii,
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Micrococcus agilis and Pseudomonas putida biovar B)
were used for bioremediation of waste effluents arising
from industries that manufacture methyl violet and
cumene-phenol, using phenol as a major raw material.
Barophiles (piezophiles) are microorganisms that require
high pressure for growth, or grow better at pressures
higher than atmospheric pressure (Prieur and Marteinsson
1998). Pallutants with densities greater than that of marine
waters may sink to the deep benthic zone, where the
hydrostatic pressure is notably high. Eventhough, studies
show low microbia activity certain strains have been
isolated viz,, Pseudomonas, Aeromonas and Vibrio spp.
(Alexander, 1999)

PHENOL IN THE ENVIRONMENT

Phenol is a major pollutant included in the list of EPA
(1979). As per central pollution control board set the
minimum permissible level for phenol in environment as
0.05 to 0.1mg/l (Das et al., 2012). Phenol crystals are
hygroscopic and turn pink when exposed to air. The range
of phenolic concentration in waste water may vary from
10 to 300 mg/l but this can rise up to 4.5 mg/l in highly
polluted waste waters. Phenol and its derivatives are either
toxic or lethal to fish at concentration of 5-25 mg/I, which
imparts an unpleasant odour to drinking water even at
much lower concentration of 2ug/l. WHO has set a
guideline of 1ug/l to regulate phenol concentration in
drinking waters. US Environmental Protection Agency has
set a water purification standard of phenol concentration
less than 1ug/l in surface waters while phenol and
phenolic compounds are found at concentration of less
than Img/l in nature but in industrial effluents are known
to produce phenol in the range of 10mg/l to well over
10,000 mg/l (106 pM) (Fedorak and Hrudey, 1988),
whereas domestic wastewater contains between 0.1mg/|
1mg/l (1 to 10uM) Hunter, 1971. The European Council
Directive has set a limit of 0.5 g/l to regulate the phenol
concentration in drinking waters (Taghreed, 2012).
European union is now following commendable work by
emphasizing on complete elimination of hazardous
compounds in surface waters by 2015. Phenol
concentration in the ground water surrounding sites where
raw creosote is used as wood preservatives especially for
railroad ties, telephone poles and piers is reported to as
high as 30mg/l (320 uM, Paula,2000)
IMMOBILIZATION

It has been found that bacteria’s suffer from substrate
inhibition, whereby growth and consequently phenol
degradation is inhibited at high phenol concentration. [Hill
et al (1975), Loh et al (2000)]. Roya et al., 2011 detected
that the intense substrate inhibition adversely affected the
biodegradation process at the phenol concentration of
1000 mg/l; the residual phenol in the medium reached to
901 mg/l within the entire time of experiment. Various
methods have been proposed to overcome substrate
inhibition in order to treat high concentration phenolic
waters which includes adapting the cells to higher
phenoalic concentration, immobilization of the cells, use of
more genetically engineered microorganisms or else
supplement with addition carbon sources like Glucose
(Das et al., 2012) or yeast extract so as to attain maximum
cell growth. It has been noted that addition of yeast extract
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raised the affinity of Pseudomonas putida for phenol
(Armenante, 1995), where phenol degradation is followed
using meta-pathway). In a study conducted by Roya et al.
(2011) it was found that adaptation of immobilized cells
led to dlightly shorter time for complete phenol removal in
the range of 100-700 mg/l. At the phenol concentrations of
1000 mg/l, immobilized culture could improve phenol
removal efficiency to about 40%.

According to (Loh et al, 1998) addition of conventional
carbon source glucose substantially enhances the cell
density. Various other studies like Topp et al. (1988) also
demonstrate that addition of non-toxic compounds may
stimulate the viability of the cells and increase the
degradation. It was proposed that the presence of a more
metabolisable carbon source promotes more rapid growth
and multiplication. Free bacteria cells for waste water
treatment in activated sludge processes creates problems
such as solid waste disposal while immobilized
microorganisms( trapping them on solid support particles
such as aginate polyacrylamide, Chitosan-a natural non
toxic biopolymer, diatomaceous earth, activated carbon,
sintered glass, polyvinyl acohol and polymeric membrane
are capable of effective treatment and maximum
degradation capacity with little ludge formation due to
high surface area available for bio film formation resulting
in high biomass concentration of 30-40 g/l compared with
1.5-2.5¢/l for activated sludge systems.(Taghreed, 2012.).
Immobilized method being non-toxic to the cells, inert and
being more stable to shock loadings, can efficiently
tolerate high concentrations of phenol and wider changes
in temperature and pH, and is the more practica method
for phenol degradation. Thus a good support materia for
biomass immobilization should be rigid, chemicaly inert,
and inexpensive. It should bind the cells firmly and should
have high loading capacity and looses structure for less
diffusion limitations (Taghreed, 2012).

PHENOL DEGRADATION

The observed toxicities by Fang and Chan, (1997) were in
the following descending order: cresols > phenol >
hydroxyphenols/phthalate > benzoate. Toxicity thus
increased with increasing hydrophobicity of the functional
group. According to L.Leven et al., 2005, the observed
order of degradation efficiency among cresol is asfollows:
p-cresol > m-cresol >> o-cresol. The degradation of p-
cresol isinitiated by oxidation of the methyl-group, which
is the probable reason for its rapid degradation. United
States environment protection agency has classified p-
cresol as pollutant of group C (possible human
carcinogens) and listed it as priority pollutant.
Susceptibility of phenolic compounds to biodegradation is
given as. para-nitrophenol > 2, 4- dichlorophenoxyacetic
acid > pentachlorophenol (Ingerslev, Nyhlom, 2000).
Howard (1989) reported that phenol degradation rates
suggest rapid aerobic degradation in sewage (typically 905
with an 8 h retention time), soil (typicaly complete
biodegradation in 2-5 days), fresh water (typically
biodegradation in <1 day), and sea water (typicaly 50% in
9 days), however the rate is comparatively slow when
anaerobic biodegradation is considered. Toxicity prevents
or slows metabolic reactions. Microbia cells cease to
function when at least one of the essential steps in their
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numerous physiological processes is blocked. The
blockage may result from gross physical disruption of the
cell structure or competitive binding of a single enzyme
essential for metabolising the toxicant (National Research
Council, 1993). Sail types affect the rate of mass transport
of nutrients, pollutants, and air, water and pH adjusters.
This effect on mass transport in return affects the
degradation process (Taley and Sleeper, 1997). Strain
ability to cope with the toxic effects of phenols was
reflected on their growth rates and was proportional to the
applied phenol concentration which was well
demonstrated in the work carried out by Maza-Mé&rquez et
al. (2013). In their study it was shown that when the
phenol concentration was zero, the strains grew rather
well (may be due to the absence of substrate inhibitory
effect) but as the phenol concentrations gradualy
increased toxic effects were recorded for the mgjority of
strains, while only few other maintained almost same
growth rates as recorded in zero phenol concentration.
Beyond a certain inhibitory initial concentrations, the
biomass growth yield and specific growth rate tend to
decrease because of increased substrate toxicity at higher
initial substrate concentrations. This decline trend shows
that phenol, p-cresol, and resorcinol are inhibitory
substrates (S. Kumar et al., 2013). Competitive inhibition
type of substrate interaction was found between phenol
and p-cresol, phenol and resorcinol.

Phenol degradation mainly implies mineralization or
breakdown of various organic compounds. So, recently
biodegradation through photocatalytic activity with
semiconductor particles acting as photocatalysts have
gained the focus. In the photocatalytic oxidation process,
organic pollutants are destroyed in the presence of
semiconductor  photocatalysts (e.g., TiO2, ZnO) an
energetic light source, and an oxidizing agent such as
oxygen or air (Ahmed et al., 2011). Particle size is of
primary importance in heterogeneous catalysis, because it
is directly related to the efficiency of a catalyst through the
definition of its specific surface area. The heterogeneous
photocatalytic process is initiated when a photon with
energy equal or greater than the band gap energy (Ebg) of
the photocatalyst reaches its surface, resulting in the
generation of mobile electrons in the higher energy
conduction band (Ecb) and positive holes in the lower
energy vaence band (Evb) of the catalyst. The
photocatal ytic reaction proceeds via a series of chemical
events, through the utilization of both the electron-hole h*
for oxidation processes and eventually to the capture of the
e electron for reduction processes, as well as potential
formation of super oxide anions and hydrogen peroxide
from oxygen. These facts allow mineralization of organic
species (H. Benhebal et al., 2013). Photocatal ytic activity
of catayst was evauated by measuring the
photodegradation of phenol and benzoic acid. It has been
understood from various studies that parameters such as
pollutant concentrations, viable biomass, concentrations,
existence of inhibitor, temperature, pH, microbial
completion and adaptation are the most important factors
that affect the phenol degradation and its rate depends on
the period in which the culture was adapted to phenol. As
a genera rule, most of the halo aromatics are degraded
through the formation of the respective halocatechals, the
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ring fission of which takes place via ortho-mode. On the
other hand, most of the non haogenated aromatic
compounds are degraded through meta pathway (Nair et
al., 2008). Gladyshev et al. (1998) reported that
biodegradation of phenolic compounds is known to
increase at higher concentrations of inorganic nutrients,
while it is inversely affected by higher concentrations of
organic nutrients. The process of Co-metabolism is an
important example of the influence of substrate interaction
during the biodegradation of pollutants. Co-metabolism is
defined as the degradation of a compound only in the
presence of another organic material that serves as the
primary growth substrate. (Gladyshev, 1998 and
Annadurai, 2008). For the past 50 years Chlorinated
aliphatic .solvents, in particular the chlorinated ethenes
tetrachloroethene (PCE) and trichloroethene (TCE), have
been widely used especialy in dry cleaning operations and
as metal degreasers. Improper handling, storage, and
disposal have turned these relatively water-soluble
compounds into major groundwater contaminants. Under
aerobic conditions, TCE (tetrachloroethene), DCE (1, |-
dichloroethene), and VC (Vinyl chloride) can be
transformed by the strategy cometabolism. This was first
demonstrated with methanotrophic bacteria, whose soluble
methane monooxygenase enzyme was found to
gratuitously convert TCE to organic acids that can then be
readily mineralized by other, heterotrophic bacteria (Patel
et al., 1982). Subsequently, aerobic bacteria capable of
degrading aromatic compounds, particularly phenol and
toluene-degraders, were shown to achieve cometabolic
TCE degradation as well. Phenol has been claimed as a
good growth substrate in the biodegradation of
chlorophenolic compounds because of its similar chemical
structure and lower toxicity. Although glucose has been a
widely used conventional carbon source in
biotransformation studies, it has never been used in the
cometabolic transformation of 4-CP by Comamonas
Testosteroni (M. Tobajas et al., 2012) but it can support
cometabolism of 4-CP through the generation of NADH.
A large numbers of natura and synthetic organic
compounds are degraded by microorganisms as part of
their normal metabolism for energy and growth. A portion
of the organic material, serving as a primary electron and
energy source, is converted to oxidized end products
through oxidation/reduction reactions. The other part of
the organic carbon is synthesised into cellular material.
Such conversions can take place either in aerobic
environments, where oxygen acts as the terminal electron
acceptor or aso in anaerobic environments where nitrate,
sulphate, carbon dioxide, other inorganic elements, or the
organic compounds themselves serve as the termina
electron acceptor. Study of Abdulla et al. (2010) on
Pseudomonas putida CP1 and A (&) indicates that increase
of cell growth with the increase of incubation time is
proportional to the substrate utilization. In genera, a
fumarate addition reaction is used as the initial activation
step of the catabolic process of the corresponding
monoaromatic hydrocarbon compounds. In the case of
toluene, fumarate addition to the methyl group mediated
by benzylsuccinate synthase appears to be the universal
mechanism of activation and is now known to be utilized
by anoxygenic phototrophs, nitrate-reducing, Fe (Il1)-
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reducing, sulfate-reducing, and methanogenic cultures.
Many of these biochemical pathways produce unique
extracellular intermediates that can be utilized as
biomarkers for the monitoring of hydrocarbon degradation
in anaerobic natural environments (Chakraborty et al.,
2004).

Kerala in India, popularly known as ‘God’s Own country”
is known worldwide for its beautiful backwaters and
estuaries. Retting is a native technology prevalent along
the coast of Kerala as the indigenous practice for the
processing of coconut husks. Retting process releases
various aromatic compounds into the estuaries and phenol
is one among them, which is known to have pronounced
effects even at very low concentrations. Although
chemical methods are in trend for removal of phenal,
biodegradation methods have proven to be more efficient.
Retting of coconut husk is basically a biological process
involving the combined action of micro flora present in the
retting environment. The retting process is anaerobic and
thus requires the involvement of  anaerobic
microorganisms to separate fibres from husk. Such
anaerobic consortium can be used in formulating
bioremediation of phenol both for coir industries and also
for other industrial effluents containing phenol. In the
process of retting, the steeped husks imbibe water and
sinks downward in the water. Normally it takes two to
three months for microorganisms to act upon the husk.
This lag phase or delay is due to phenolic substances
present in the husk (Aziz, 1978). Polyphenols from the
husks are constantly leached out into the surrounding steep
liquors during the course of retting and the relatively high
percentage of such polyphenols in coconut husks are the
very reason for the delay in the completion of the retting
process. These substances check the proliferation of the
microorganisms and retard their metabolic activity and
henceforth the bioremediation of polyphenolsin the retting
areas. In contact with soil, the mobility of phenol and
phenolic substances becomes restricted due to the
adsorption to solid surface, where they interfere with
ecosystem equilibrium through selective toxicity affecting
biogeochemical pathways of organic matter and nutrient
recycling (Bronner and Goss, 2011b). The biomass growth
yield and the substrate degradation are not directly
proportional to each other. Substrate degradation takes
place even though the biomass growth yield is low,
because the consumed substrate is utilized for more energy
generation to be utilized for higher maintenance of
microbial cells at enhanced concentration of the toxic
substrates like phenol, resorcinol, and p-cresol, causing the
inhibition to biomass growth and to their own degradation.
Hence, the concept of energy expenditure for maintenance
of cells is needed to provide proper description of
biodegradation dynamics (S. Kumar et al, 2013). Various
literatures have shown that physic-chemical characteristics
play a great role in deciding the growth or population of
many microorgani sms.

1. EFFECT OF pH

At low(4.0) or high (9.0) pH vaues acids or bases can
penetrate into cells more rapidly, because they tend to
exist in undissociated form under these conditions and
electrostatic force cannot prevent them from entering cells
(Robertson, 1992). The follow-up of the medium pH can



1.JSN., VOL 5 (3) 2014: 366-387

be an indicator of the phenol degradation and one of the
factors significant in the success of the biological
treatment. A slight reduction is observed as biomass grows
and pH variation increases when the initial phenol
concentration increases. The decrease in pH suggests that
biological degradation of phenol occurs and with a stable
pH of about 7 (and a sufficient oxygen supply) phenol was
successfully degraded. The pH significantly affects the
biochemical reactions required for phenol degradation. For
Aksu and Gonen, (2006) pH affects the surface charge of
the cells of the activated sludge biomass. The surface
charge of biomass is predominantly negative over the pH
range of 3-10. Phenol could be expected to become
negatively charged in phenoxide ion above a pH of 9.
Below a pH of 3, the overall surface charge on cells
becomes positive due to isoelectric point of activated
sludge so the electrostatic attraction between phenol and
activated sludge biomass will be insignificant. (B. Marrot,
2006).

2. EFFECT OF TEMPERATURE

Growth rate in general roughly double for each 10°% risein
temperature within the usual mesophilic range of 10-30°,
athough it shows no change between 35-40°%, and
denaturation of proteins at higher temperature slows
growth rate for mesophiles. According to Annadurai et al.,
1999 and Chithra (1995) phenol degradation is a
temperature dependent process as demonstrated in their
study that when the temperature increased from 30-34°
no phenol degradation was observed due to cell decay.
Various studies confirms that for maximum microbial
activity work should be operated at the lower mesophilic
range with an optimum temperature of around 35°% or in
the thermophilic range with a temperature optimum of 55-
60%. A variation of 5°c may cause a decrease in phenol
degradation rate of at least 50% at the lower end and
amost 100% at the higher end. The difference between
phenol removal efficiency at 30°% is probably due to the
higher production of metabolites at this temperature.
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Moreover, at this temperature, the degradation rate seems
better for free than immobilized cell system (1.45 times
higher) (B. Marrot, 2006). Bioavailability and solubility of
less soluble hydrophobic substances, such as aliphatic and
polyaromatic hydrocarbons, are temperature dependent. A
temperature increase (decrease) affects a decrease
(increase) in viscosity, thereby affecting the degree of
distribution, and an increase (decrease) in diffusion rates
of organic compounds. The increased (decreased)
volatilization and solubility of some hydrocarbons at
elevated (low) temperature affects toxicity and alows
biotransformation with high (low) substrate concentrations
(Mdller et al., 1998; Whyte et al.,1998; Niehaus et al.,
1999). Optima growth of extreme thermophiles and
hyperthermophiles occurs a 70-80°C and above 80°C,
respectively (Stetter, 1998). Thermophiles, predominantly
bacilli, possess a substantial potential for the conversion of
environmental pollutants, including all major classes
(Miller et al., 1998). Various degradation studies have
shown that no or very slow degradation, often with along
lag phase, occurs for both phenol and p-cresol at the
thermophilic temperature, while both compounds are
quickly converted to methane at the lower temperature.
Thus, lowering of temperature from a thermophilic to a
mesophilic temperature triggers the degradation of both
phenols and p-cresol due to enhancement of the
degradation rate by the microbial consortia. Temperature
not only influences the community structure in generd,
but aso the methanogenic consortia degrading phenol
(Levén et al., 2012). According to Li et al, 2010 the
maximum growth rate was obtained at 50 mg/L phenol;
below this concentration, growth appeared to be
suboptimal due to substrate limitation and above this
concentration; growth was increasingly inhibited due to
substrate inhibition.

3.Microorganismsrelated to phenolic degradation
Microorganisms known to degrade phenols and related
organic compounds (Kumaran, 1993)

Compounds Microorganisms

Hydrocarbons

Pseudomonas putida, P.aeruginosa, P. stutzeri, Flavobacterium, Achromobacter,

Bacillus, Vibrio, Spirillum, Candida, Nocardia

Naphthalene, Salicylate, Pthalates,
Paraffins
Phenolic compounds

Beijerinkia, P.aeruginosa, P.putida, Micrococcus, Nocardia, Antrhobacter paraffineus

Alcaligenes, Acinetobacter, Achromobacter, Azotobacter, Bacillus subtilis, B. cerus,

Brevibacterium, Flavobacterium, P. aeruginosa, P. cepacia, P. fluorescens, P. stuzeri, P.
putida, Candida tropicalis, Trichosporon cutaneum, Nocardia

Lignin and its derivatives

Aspergillus niger, Phanerochaete chrysosporium, Polycysticus versicolor, Pleurotus

ostreatus, Coriolus versicolor, Chaetomeium piluliferum, Nocardia sp., Fusarium, P.
fluorescens, P. putida, P. testersteroni, P. acidovorans, B. subtilis, Acinetobacteri,
Candida albicans, Alcaligenes, Trametes sp., Penicillium sp.

The strain degrading phenol and other aromatic derivatives
to a greater extent within a relatively short time are
designated as efficient degraders among the isolates. .
Some phenolics have been reported to decrease chemical
oxygen demand (COD) and nitrogen and phosphorous
uptake in various microorganisms (Kargi et al., 2005),
suggesting that phenolic pollution may also have effects
on microbial communities. Gram-positive species perform
better in terms of being able to utilize higher initial
concentrations of phenol in pure liquid culture without
growth inhibition. This trend holds true for the phenol
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degradation in soil, as well (Djokic et al., 2013). Better
tolerance and degradation of the higher initial
concentrations of phenol may be due to the differences in
the constitution of cell structures with sturdier cell wall,
thereby allowing improved mechanism to cope and adapt
to the stress of the presence of higher concentrations of
hydrophobic compounds in addition to their spore forming
capacity which helps them to persist in many harsh
conditions. The mesophilic species are most often present
in the degradation of phenol and chlorophenol
viz.,Pseudomonas,  Flavobacterium,  Achromobacter,
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Rhomobacterium, Azobacter, Micrococcus, Bacillus
alkaligenes,  Arthrobacter,Ycobacterium, Aeromonas,
Nocardia and Lophomonas (Jianhua Wang et al., 2012).
Strain Bacillus sp. PS11 was previously isolated and
characterized as a strain which utilizes high amount of
phenol (up to 1400 mg I-1) in liquid culture without
apparent inhibition of growth (Djokic et al., 2011). Two
groups of degrading bacteria that are mainly specified and
used are Rhodococcus spp. and Pseudomonads like
Pseudomonas putida. P. putida seem to have the highest
degradative potential. That is why a great number of
studies upon the degradation of phenols by these bacteria
have been done. Leonard and Lindley (1998) have
described the biodegradation or metabolism of phenol by
Pseudomonas putida, Pseudomonas cepacia,
Pseudomonas picketti and Alcaligened eutrophus
respectively via the meta cleavage pathway, while Paller et
al. (1995) described the biodegradation of phenol by
Trichosporon cutaneum, Rhodotorula rubura and
Acinetobacter calcoacetium respectively via the ortho
cleavage pathway. In Pseudomonads, many of its induced
enzymes are non-specific and its metabolic pathway
contains a high degree of convergence. The convergence
of catabolic pathways allow for the efficient utilisation of
awide range of growth substrates while the non specificity
of the induced enzymes alows for the simultaneous
utilisation of several similar substrates without an excess
of redundant genetic coding for enzyme induction
(Hutchinson and Robinson, 1988). However, Ryan et al.
(2007), in contradiction to many other validated results or
observations, reported in their review study on R. pickettii
that though P. putida and P. fluorescens are of the best
characterized for phenol biodegradation, they have
drawbacks that may limit their use P. fluorescens has been
demonstrated to cause fin rot in fish and P. putida has also
been shown to cause disease in fish. The use of these
bacteria as biodegraders is, therefore, not advisable as
environmental release could lead to environmental
damage, such as disease in plants and depletion of fish
stocks, and the potential cause of disease in humans. The
use of these organisms could also raise public concern.
However Results obtained by Das et al., 2012 suggests
that under optimum conditions of temperature i.e. 30°C,
pH 7.0 and 150 rpm Pseudomonas aeruginosa proved to
be an efficient host for phenol degradation with a
degrading potential of 1250ppm.

Dechloromonas strain RCB has been shown to be capable
of anaerobic degradation of benzene coupled to nitrate
reduction. With nitrate as the electron acceptor, strain
RCB degraded benzene and toluene concurrently when the
hydrocarbons were added as a mixture and almost 92 uM
total hydrocarbons were oxidized within 15 days. In
addition to nitrate, strain RCB could alternatively degrade
benzene both aerobically and anaerobicaly with
perchlorate or chlorate [(per) chlorate] as a suitable
electron acceptor. Furthermore, with nitrate as the electron
acceptor, strain RCB could aso utilize toluene,
ethylbenzene, and all three isomers of xylene (ortho-,
meta-, and para) as electron donors (Chakraborty, 2005). It
has been demonstrated that extracellular enzymes
produced by Enterobacterium and Clostridium species
permit complex organic matter degradation (Wust et al.,
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2011). Enterobacteriaceae, Bacillaceae and
Micrococcaceae, are universaly found in soils of
temperate regions, among them, various species had been
described for their ability to degrade aromatics such as
PHA, dioxins and phenolic compounds (Zhao et al.,
2012). Desulfotomaculum has also proven to be phenal
degraders as its degradation pattern is similar to that of C.
phenolicus, which can only convert phenol into benzoate
in the presence of unknown growth factor (Qiu et al.,
2008). Furthermore, only three phenol-degrading bacteria
have been isolated from methanogenic environments;
Sedimentibacter hydroxybenzoicum (previously known as
Clostridium  hydroxybenzoicum),  Cryptanaerobacter
phenolicus and Syntrophorhabdus aromaticivoran (Levén
et al., 2010). Reviews show that much lesser microbes
have been isolated from seawater and among a few
isolated ones Acinetobacter sp. EBRO1 proves to be the
most efficient category. From this they concluded that a
kind of Acinetobacter strain that has organic-compound-
degrading activities in terrestridl and freshwater
environments seems to accumulate in marine sediments
and is ingested by the benthos community. More
innovations should be achieved in developing
mathematical models to explore the activity of
Acinetobacter sp. EBRO1 in future (Kobayashi et al.,
2012). The Acinetobacter, Alcaligenes, Inquilinus and
Methyl obacterium isolates reported are able to degrade 4-
t-octylphenol in astudy by Tuan et al.,2011.

4. Aerobic process

Molecular oxygen is a key factor and an important
cofactor required for the microbial degradation of many
compounds especially aromatic hydrocarbons, phenolic
and other ring compounds. In aerobic bacteria growing on
hydrocarbons, O, is not only the terminal electron acceptor
for respiratory energy conservation, but aso an
indispensable reactant in the activation mechanism.
(Aerobic biodegradation has been studied since the
beginning of the 1900s. Generally bacterial respiration
doesn’t appear to be affected above a critical dissolved
oxygen (which is the concentration a which the
respiration rates of the cells is one half of the maximum
rate observed at the saturating levels; it is generaly low
for the dispersed cultures than flocculent cultures and is
typically in the range of 0.5mg/l, Gaudy et al., 1980).

Key enzymatic reactions of aerobic biodegradation are
oxidations, catalyzed by oxygenases. Oxygenases are
oxidoreductases that use O to incorporate oxygen into the
substrate. Aerobic biodegradative organisms need oxygen
at two metabolic sites, one at the initial attack of the
substrate and another at the end of the respiratory chain.
The key enzymes of the biodegradation of aromatic
substrates are induced and synthesized in appreciable
amounts by microorganisms only when the substrate or
structurally related compounds are present in growth
media (N. Pradhan et al., 2007). When glucose added is
being completely utilised, microbes starts to nurture on
phenol as its carbon source whereas, O’Sullivan (1998)
reported an inhibitory effect on the removal of phenol and
mono-chlorophenols by a mixed microbial population in
the presence of glucose. This study reported a suppression
of phenol removal in the presence of glucose. The
presence of glucose exerted repressive effects on phenol
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removal by P. pictorum. Reduction of phenol removal
rates in the presence of various concentrations of glucose
was aso reported for heterologous populations (A. F.
Rozich, 1986). A glucose concentration of 0.5% repressed
the induction of phenol oxidation though glucose did not
fully repress utilization of phenol (Chakraborty et al.,
2010). The degradation rate of phenol in the presence of
glucose was lower than in simple phenol solution,
indicating that phenol degradation by P. chrysogenum was
delayed in the cultures with 3% glucose unlike results
obtained by Santos et al. (2003) and Khaled (2006) in their
respective studies. A cross inhibitory pattern was aso
described for phenol and glucose by Pseudomonas putida
ATCC17514 (Wang et al., 1996). The authors observed
that the reduction of specific substrate utilization rates
indicated that the two substrates were involved in a cross
inhibitory pattern.

During acclimatization process certain enzymes in the
bacteria are induced so that they are available for taking
part in the metabolism reaction. This is much more
important when dealing with toxic compounds such as
phenol a high concentrations. Phenol hydroxylases
enzyme represents an important group of enzymes, which
shows organizational similarity and low sequence identity
with the multicomponent mono- and dioxygenases
involved in the degradation of toluene, benzene,
naphthalene, and methane. Five proteins appeared to be
necessary for the production of this multicomponent
enzyme. One of these, P5, is aflavin adenine dinucleotide
(FAD) containing electron transfer component with an
iron sulfur center (Paula, 2000). Phenol hydroxylases
ranging from simple flavoprotein monooxygenases to
multicomponent hydroxylases, as well as the genes coding
for these enzymes, have been described for a number of
aerobic phenol-degrading microorganisms. The mono
oxygenase phenol hydroxylase of the Trichosporon
cutaneum, Pseudomonas pickett, Bacillus stearo thermo
phylus BR219 and some species of acinetobacter and
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Great varieties of aromatic substances are transformed by
mono- and dioxygenases to a few key intermediates by the
introduction of hydroxy groups and the removal of certain
substituents (channeling reactions). The most prominent
intermediates are catechol, protocatechuate, and gentisate,
which are subject to ring cleavage in a further oxygenase-
dependent step, either between or vicinal to the hydroxyl
groups of the aromatic ring (Dagley 1971; Schlegel 1992).
Thus an unsaturated, open-chain carboxylic acid is formed
which undergoes further degradation, typically to an acetyl
and a succinyl derivative. Each oxygenase reaction is
highly exergonic, releasing about 300 kJmol reaction
(equivalent to 4 or 5 ATP units) as heat, which is the price
for the exploitation of a comparably stable group of
substrates as energy and carbon source. In al cases of
aerobic breakdown of aromatic compounds the primary
attack and ring-cleavage step are oxidative reactions of
thiskind
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alcaligenes are monocomponent  flavoproteins  (an
oligomeric protein) (Kim et al., 2002; Neujahr and Gaal,
1973), while the mono oxygenase phenol hydroxylase of
Pseudomonas CF600 and Acinetobacter radioresistens
(Shingler et al., 1989) are multicomponent proteins
(monomeric iron transfer flavoprotein). Multicomponent
aromatic mono oxygenases contain a least two
components.

During the first step of the aerobic pathway for the
biodegradation of phenol, molecular oxygen is used by the
enzyme phenol hydroxylase (a NADPH dependent
flavoprotein) to add a second hydroxyl group in ortho-
position to the one aready present. Phenol hydroxylases
have been described in extracts of T.cutaenum (Neujhar
and Gaal, 1973), C. tropicalis (Neujhar et al., 1974) and .
The reaction requires a reduced pyridine nucleotide
(NADHy). The resulting catechol (I, 2 dihydroxybenzene)
molecule can then be degraded via two alternative
pathways, depending on the responsible organism. In the
ortho- or 3-ketoadipate pathway [the first evidence for the
production of B-ketoadipate was reported (Evans, 1947;
Kilby, 1948), was isolated from coa gasification
wastewater (Happold and Key, 1932). The organism was
later identified as Acinetobacter calcoaceticus], the
aromatic ring is cleaved between the catechol hydroxyls
by acatechal 1, 2-dioxygenase (intradiol fission). Then the
resulting cis,cis muconate or its derivatives (depending on
whether the catechol is substituted or not) is further
metabolized, via [B-ketoadipate, to Krebs cycle
intermediates (Basha et al,2010) or in TCA cycle resulting
in CO2, metabolites and energy (Das et al,2012). In the
meta pathway, ring fission occurs adjacent to the two
hydroxyl groups of catechol (extradiol fission) and the end
products are 2-hydroxy muconic semi-aldehyde which
also enters TCA cycle. Ortho pathway is the most
productive pathway for the organism as it involves less
expenditure of energy.

Metabolites + Energies + Electrons

5. Anaerobic Processes

The fact that oxygen is not available in al environments
where hydrocarbons occur (e.g., in deep sediments and in
oil reservoirs) has repeatedly evoked the question as to
whether or not the biodegradation of hydrocarbons is
possible under anoxic conditions, and if so to what extent.
Tarvin and Buswell (1934) provided the first evidence that
aromatic compounds could be degraded under anoxic
conditions, but it was not understood until the late 1980s
that novel types of microorganisms were definitively
shown to degrade hydrocarbons under strictly anoxic
conditions.

The important processes in anaerobic digestion of wastes
are hydrolysis, acidogenesis, acetogenesis, and
methanogensis, where hydrolysis step is an extra cellular
process where the hydrolytic and acidogenic bacteria
excrete enzyme to catalyze hydrolysis of complex organic
materials into smaller units. The hydrolyzed substrates are
then utilized by acidogenic bacteria. Product such as
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acetate, hydrogen and carbon dioxide can directly be used
by methanogenic bacteria producing methane and carbon
dioxide, while other more products such as acohol and
volatile fatty acids are further oxidized by acetogenic
bacteria in syntrophic with the methanogens. The whole
processis carried out with the help of microorganisms (M.
Krishaniaet al., 2013).

Phenol can aso be degraded in the absence of oxygen and
it is less advanced than the aerobic process. It is based on
the anal ogy with the anaerobic benzoate pathway proposed
for Paracoccus denitrificansin (Williams and Evans,
1975). Even though less advanced anaerobic biological
process is the most advantageous process due to the low
energy requirement, low production of bio-solids and
biogas production, which is considered as an innovative
energy source (Saghafi et al., 2010). In this pathway
phenol is carboxylated in the para position to 4
hydroxybenzoate which is the first step in the anaerobic
pathway. The enzyme activity involved in carboxylation
has been named ‘Phenol Carboxylase’, which is located in
the cytosol, where it is catalyzes the reversible para-
carboxylation of phenol to 4OHBz.

Anaerobic biodegradahility is typicaly evaluated using a
biological test, the Biochemical Methane Potential (BMP)
test, which produces two values: the BMP value, which is
the ultimate amount of methane produced under anaerobic
conditions, and the production kinetics. The BMP vaue
can be used as an index of the anaerobic biodegradation
potential. The BMP is the experimenta value of the
maximum quantity of methane produced per gram of
volatile solid (VS). The BMP is measured with the BMP
test, which consists in a respirometric test, i.e., measuring
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the methane or biogas produced by a known quantity of
waste in a batch in anaerobic conditions (Hansen et al.,
2004). However this test seems to be time consuming (30
days) using bacterial consortium.

The relationship between anaerobic biodegradability (BD)
and BMP is expressed by the following equation by
Buffiere et al, 2006:

= BMP (mICH4,STP g — 1VS)
~ 350xCOD waste(g COD g — 1 VS)

Where, COD is the Chemical Oxygen Demand and BMP
the Biochemical Methane Potential value expressed in the
Standard Temperature and Pressure (STP), respectively
273.15K (0 8C) and 100 kPa (1 atm).

Other factors which determine the rate and efficiency of
anaerobic degradation should be analysed by the following
criteria in addition to BMP (Cline et al., 2010): Specific
methane activity (SMA), which measures the rate at which
the COD in wastewater is converted to methane. Nutrient
deficiency (ND) which is employed to determine whether
the wastewater has enough nutrients to allow anaerobic
bacteria to grow. Anaerobic toxicity assay (ATA) which
indicates whether the wastewater is toxic to anaerobic
bacteria. And, cation inhibition (Cl) which is used to
investigate the effect of cation concentration on the
performance of anaerobic bacteria and whether a pH
control isrequired for anaerobic technology. A key step in
anaerobic degradation of phenolics is the scission of the
benzene ring. The biochemical pathways for phenol
degradation based on the work of Chmielowski, Keith and
Williams and Evans, 1965 are shown in the figure 1.

| Haptanoicacid

Propionicacid

|

‘ Cwelohaxanol

— ‘ Heaxanol

— ‘ Hexanoic acid

— | Butyric acid |

FIGURE 1: biochemical pathways for phenol degradation

The anaerobic pathways have been shown to follow
carboxylation reaction in para position to the hydroxyl
group of o-cresol results in 3 methyl- 4-hydroxybenzoate
(40HBzZ) isthefirst step of its anaerobic degradation. This
evidence has been obtained from the studies with one
nitrate reducing bacteria, Thauera aromatica strain k172,
it was isolated from anaerobic sewage sludge, based on its
ability to use phenol as its sole source of carbon and
energy, and nitrate as the terminal electron acceptor
(Tschech and Fuchs, 1987) and Azoarcus (although known
earlier for its nitrogen fixing capacity but is now more
potential towards the degradation of aromatic
hydrocarbons including toluene, Zhou et al., 1995 ), both
being the members of B subclass of the proteobacteria
Benzoyl CoA can be regarded as the central intermediate
in the anaerobic degradation of many compounds in T.
aromatica K172 and most likely also in other organisms
capable of degrading aromatic compounds (Harwood and
Gibson, 1997). Carboxylation is aso reported for a
denitrifying Paracoccus- like organism (Rudolphi et al.,
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1991) as well as for the methanogenic consortium of
Bisaillon et al. (1991 b), this methanogenic consortium
later showed transformation of a variety of phenolic
compounds, including o-cresol, catechol and ortho-
halogenated phenols via paracarboxylation followed by
dehydroxylation.. Paracarboxylation of m-cresol to 2
methyl-4-hydroxybenzoate has been described for both a
sulphate reducing and a methanogenic consortium
(Ramanand and Sulflita, 1991; Roberts et al., 1990).

Under anaerobic conditions, PCE and TCE can be
reductively dehal ogenated to the lesser chlorinated.a kenes
cis-1,2-, and trans-1,|-dichloroethene (c-DCE, t-DCE), and,
a a much dower rate, to monochloroethene (vinyl
chloride [VC]) or ethene (Bouwer and McCarty, 1983)
while aerobically it follows co metabolism.

6. Phenol car boxylation under denitrifying conditions
Lack and Fuchs (1992,1994) have been able to show that
in the whole cells of Strain K172, as well as in cell
extracts (U*-C ) phenol is first phosphorylated to (U -
C )phenyl phosphate, the phosphoric acid ester of phenol.
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Here phenol is apparently phosphorylated via phosphate

exchange with phenyl phosphate. The exchange of the
phosphate group between phenyl and phenyl phosphate
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suggests an enzyme- bound phosphate as an intermediate
as depicted in figure 2.

co,
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HOOC
@OH

FURTHER METABOLISM

FIGURE 2: Carboxylation of phenol in denitrifying bacteria Thauera aromatica K172

Early findings may be explained by the fact that all the
reaction in the phenol pathway takes place inside the cell,
phenol remains tightly bound to the carboxylase enzyme
during  carboxylation, and 4OHBz  undergoes
thi cesterification with Co-enzyme A (which helpsto retain
molecule inside the cell, optimize substrate recognition for
the next enzyme(S), and facilitate reductive steps in the
pathway because of its electron drawing potential), which
is catalysed by 40HBz-CoA ligase (Biegert et al, 1993) to
form 40H-benzoyl-Co-A (Tschech and Fuchs,1989). It is
further reductively dehydroxylated to benzoyl-CoA by
40H-benzoyl-CoA reductase (Brackmann and Fuchs,
1993).

7. Phenol
conditions

Phenol mineralisation under methanogenic conditions is
very complex and it proceeds in different pathways. So
far, two possible pathways for mineralisation of phenol
into methane have been reported; via 4-hydroxybenzoate
into benzoyl-CoA or via caproate into acetate (Levén et
al., 2010). The degradation of phenol via benzoate is well
documented in study of Knoll and Winter (1989).
Carboxylation is also a recurring process in methanogenic
conditions but only with a small difference that instead of

carboxylation under  methanogenic
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40HBz, benzoate is formed as the intermediate (Bechard
et al., 1990). The conversion of phenol to methane is the
concerted effort of syntrophic bacteria, including
fermenters and hydrogen oxidizing methanogens
(Szewzyk et al., 1985). Knoll and Winter (1989) have also
put forward a phenol degrading obligate syntrophic
methanogenic consortium including Methanospirillum
hungatei strain, a desulphovibrio sp., and short as well as
long rod shaped bacterium. Dehalogenation and
degradation of halogenated aromatic compounds by
anaerobic bacteria under methanogenic conditions are well
established and reviewed by Haggblom et al., 1992
However, methane-producing processes have not been
widely used due to low energy recovery from phenol and
high operational costs. Cleavage of the aromatic ring
followed by oxidation of the fatty acid produces acetic
acid. As this acid was not accumulated in the culture as
shown by Levén et al. (2012), it has to be degraded.
Acetotrophic methanogens or acetate-oxidising bacteriain
cooperation with hydrogenotrophic methanogens have the
ability to degrade acetate. Figure 3 shows two alternative
degradation pathways for phenol under methanogenic
conditions, either via caproate or via 4-hydroxybenzoate
and the benzoyl-CoA pathway
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Clostridium hydrobenzoicum (Zhang et al., 1994) and
clostridium Sp. Strain 6 was also isolated which catalyses
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acids especialy arginine and glycine (Zhang et al., 1994)

as growth substrates and also for
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benzoate, whereas clostridium Sp. Strain 6 can both
decarboxylate 4OHBz to phenol and carboxylate phenol to
benzoate, presumably with 40HBz as the intermediate (Li
et al., 1997). This conclusion, at least in part may explain
the reason why no, or traces of 40HBz could be detected
in the phenol degrading enrichment cultures of other
investigators. This finding is also in agreement with the
detection of 4OHBz decarboxylating activity in cell free
extracts of a defined phenol degrading methanogenic
consortium (Gallert and Winter, 1992). The end products
of the non-methanogenic anaerobic degradation of phenols
are volatile organic acids with other organic intermediates.
Although methanogens can be isolated through many
techniques the most commonly adapted one is the
Hungate’s Roll tube technique ((Bryant, 1972; Hungate
1950, 1969; Sowers and Noll, 1995), which includes
exclusion of oxygen in the preparation, sterilization of
anoxic media, aseptic inoculation and transfer of anaerobic
microbes with oxidation reduction potentia below (-)
330V. It essentially follows the following criteria
() Use of nature’s buffer of carbon dioxide—bicarbonate-
carbonate to maintain a pH near neutrality,
(b) Use of cysteine and sodium sulfide as reducing agents,
and
(c) Use of resazurine as an O/R indicator that is reddish,
when oxidized, and colourless, when reduced at (-)
330 mv.

Phenol
Prendomonas sp. stram K172

phenylphosphate
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8. Phenol carboxylation under other environmental
conditions

40HBz has also been reported to be produced by
Geobacter metallireducens during phenol degradation
under iron reducing conditions (Lovley and Lonergan,
1990). Similarly, Desulfotomaculum sp. Strain aso
mineralizes 40HBz and can degrade phenol only if
bicarbonate is present in the medium, which indicates that
CO; may be involved in the degradation of phenol
(Kuever et al., 1993). Ancther phenol- degrading
sulfidogen, presumed to be a desulfovibrio sp. was
reported to convert phenol to acetate. The phenol
degradation profile indicated that the presence of acetate
that represents an intermediate of phenol degradation
retarded the phenol degradation (Taghreed, 2012).
Hydroquinone is degraded by sulfate-reducing and
fermenting bacteria. The degradation pathway has been
studied with a Desulfococcus strain (Gorny and Schink
1994a) and a fermenting bacterium Syntrophus gentianae.
In both cases hydroquinone is first carboxylated to
gentisate. Gentisate is activated to gentisyl-CoA through a
CoA-ligase reaction. In S. gentianae gentisyl-CoA is
reductively dehydroxylated to benzoyl-CoA, which enters
the modified benzoyl-CoA pathway. The dehydroxylation
of the two hydroxyl groups proceeds in a single step; no
monohydroxylated intermediate has been detected or
introduced into the reaction.
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Anacrobic Benzoate Pathway
This pathway was contributed by Jessica Bell, Eva Y oung, and Stephen Stephens, University of Minnesota. (Md.
Mahiudddin, et al, 2012)

The new phenol degrading strains are all short, matile,
Gram-negative rods.16S ribosomal RNA analysis has
shown that these phenol degraders are closely related to
each other. Based on 16S rDNA sequence analysis, these
isolates included members of the genera Acinetobacter,
Alcaligenes, and Rhodococcus. The sequences of the
genes encoding the large subunit of a multicomponent
phenol hydroxylase (mPH) in these isolates indicated that
the mPHs of the gram-negative isolates belonged to a
single kinetic class, and that is one with a moderate
affinity for phenol; this affinity was consistent with the
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predicted phenol levels in the phyllosphere (Sandhu et al.,
2009). Specia consideration should be given to obtain
microbes, which are capable of degrading incompatible
compounds because biological treatment of wastewaters
and contaminated soils always involve degradation of
some incompatible mixtures rather than single compounds
(Example, methyl and chlorinated phenolic compounds are
known to be incompatible substrates and often exists
together (Agarry et al., 2008). Lack and Fuchs (1994)
proposed that, in the denitrifying Pseudomonas strain K
172, a phenol kinase transfers a phosphate group from an
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unknown donor to phenol, forming phenylphosphate
which is then further metabolized. He and Wiegel (1995)
showed that 4-hydroxybenzoate decarboxylase catalyzes
the conversion of phenol to 4-hydroxybenzoate via
anaerobic carboxylation in a Clostridium species. The
anaerobic degradation is initiated via carboxylation of
phenol. The phenol carboxylation proceeds in two steps.
The first step involves the phosphorylation of the phenol
by the addition of a phosphate group from an unknown
phosphoryl donor catalysed by a phosphorylated enzyme
caled phenyl phosphate synthase (kinase) to form phenyl
phosphate as the first intermediate. The second step
involves the carboxylation of phenyl phosphate catalysed
by a Mn* requiring enzyme, phenyl phosphate
carboxylase to form 4-hydroxybenzoate. As aready
discussed paracarboxylation is  followed by
dehydroxylation. It is known that decarboxylation
reactions can create proton gradients across the cell
membranes. These proton gradients, or ‘proton motive
forces’, can generate electrochemical energy (Konings et
al., 1995; Mitchell, 1968). Gallert and Winter (1994) have
shown that the intercellular ATP levels in their defined
methanogenic consortium increased after decarboxylation
of 40HBz to phenol.Consequently, cell yields on 40HBz
were significantly higher than with phenol as the substrate.
Additionaly, a proton ionophore (carbonyl cyanide m-
cholophenyl hydrozone; CCCP) or an H* - ATPase
inhibitor (Dicyclohexyl carbodiimide; DCCD) both
decreased ATP levels. These results were taken as the
evidence that decarboxylation of 40HBz generates a
proton gradient across the membrane. Evans (1977)
summarized probable pathways for the anaerobic
biodegradation of aromatic compounds. He established
that the conversion of aromatic compounds to CHa, and
CO:; is accomplished first by the hydrogenation of the
benzene nucleus with the formation of some alicyclic
compounds as intermediate products; the alicyclic rings
are then cleaved to form aliphatic acids and subsequently,
volatile organic acids (VOA). Finaly, VOA is converted
to suitable substrates (acetate, hydrogen, formate) for
methanogens to complete the process. Remova of
intermediates by methanogens provides thermo-
dynamically favorable conditions for the degradation of
many aromatic compounds. Yi-Tin Wang et al. (1989).
Recently, Sheridan et al., 1985 and Dwyer et al., 1986,
observed a consortium consisting of three types of bacteria
that were responsible for the conversion of phenol to CHa,
and COs..

The following steps in the overall conversion of phenol to
CH4 were proposed by Sheridan et al.

(1) C¢He + 5HO —» 3CH3COOH + 2H,

(2) 3CHsCOOH —» 3CH4+ 3C0,

(3) 2H>+ 0.5C0, —» 0.5CH4+ H0

Sum CeHeO + 4H.O—» 3.5CH4 + 2.5C0.

Detailed analysis of anaerobic processes reveals the
identification of three key intermediates by which
mononuclear aromatic compounds are channelled, i.e,
benzoyl-CoA, resorcinol, and phloroglucinol (Evans and
Fuchs 1988; Fuchs et al. 1994; Heider and Fuchs 1997.,
Schink et al. 1992). The common feature of the three
pathways is that the aromatic nucleus is destabilized via a
reductive rather than an oxidative attack. The benzoyl-
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CoA pathway appears to be the most important one
because a broad variety of compounds enter this path,
including phenol, various hydroxybenzoates,
phenylacetate, aniline, certain cresols and even the
hydrocarbon toluene (Harwood et al. 1999; Heider and
Fuchs 1997; Schink et al. 1992). Benzoyl-CoA is formed
either through a variety of channeling reactions (e.g.,
removal of substituents such as hydroxy groups) which are
caried out a the CoA-ester level or directly from
benzoate and HSCoA in an AMP-releasing ligase reaction.
Once benzoyl-CoA is formed, the stability of the aromatic
ring structure is overcome by a reductive step, as shown
with the nitrate-reducing bacterium Thauera aromatica.
Two single electrons and protons are introduced, probably
through a radical intermediate, to form cyclohexadiene
carboxyl-CoA as first identifiable product (Boll and Fuchs
1995; Koch et al., 1993). Since the reduction in the
benzene ring to a cyclohexadiene derivative is an
endergonic reaction with its physiological electron donor
ferredoxin (EQ’p—450 mV; Boll and Fuchs 1998), it
requires the investment of energy in the form of ATP. The
present concept is that 2 ATP are hydrolyzed to ADP+Pi,
probably one with each electron introduced (Boll et al.
1997). Thus the benzoyl-CoA pathway as described here
involves arather high energy input for substrate-activation
and dearomatization. Nitrate-reducing bacteria can recover
this energy investment through the further breakdown of
the C7-dicarboxylic acid derivative produced upon ring
cleavage, via b-oxidation to three acetyl-CoA residues
which are finally oxidized in the citric acid cycle.
Resorcinol and phloroglucinol both carry hydroxyl groups
in meta position to each other, which alows
tautomerization to the enol form. This generates an
isolated double bond which can be easily reduced. An
entirely different strategy is taken in the anaerobic
degradation of resorcinol and its carboxylated derivatives.
The two hydroxyl groups in resorcinol are in positions to
allow tautomerization to an unsaturated cyclohexenedione
derivative with an isolated double bond. Cell-free extracts
of a fermenting Clostridium strain convert resorcinol to
dihydroresorcinal (Kluge et al., 1990; Tschech and Schink
1985) to form cyclohexanedione, which is further
hydrolyzed to 5-oxohexanoate, probably by a nucleophilic
attack on one of the carbonyl carbon atoms. The resorcinol
reductase of this bacterium consists of subunits of 49.5
kDa and contains flavin adenine dinucleotide, but iron
sulfur centers have not been detected (Schiler, 1997).
These decarboxylations are chemically easy because in
these cases the carboxylic group is located in ortho- or
para-position to hydroxyl groups. No resorcinol-reducing
activity can be identified in cultures of nitrate-reducing
bacteria growing with resorcinol as sole substrate as it
follows an entirely different strategy. (Gorny et al., 1992;
Kluge et al., 1990). Azoarcus anaerobius does not cleave
the ring hydrolytically, but the resorcinol ring is
destabilized by the introduction of a further hydroxyl
group to form HHQ. The new pathway of resorcinol
degradation through hydroxylation to HHQ & so opened a
solution for anaerobic degradation of a-resorcylate (3,5-
dihydroxybenzoate). The enzyme activity involved is
membrane bound, and the hydroxylation can be coupled to
nitrate reduction to nitrite or to reduction of other electron
acceptors with an EQ’ higher than +100 mV. The reaction
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leads, among others, to an acetate and a succinate residue,
suggesting that the HHQ intermediate is cleaved between
the carbon atoms 1 and 2 and 3 and 4 and, as far as is
known. HHQ is oxidized to hydroxy benzoquinone in a
further oxidation step with a standard redox potential of
¢180 mV (Philipp and Schink 1998), which can explain
why this strategy is followed only by nitrate-reducing
bacteria not by sulphate reducing or fermenting bacteria
but a further aternative of HHQ degradation was found
with the sulfate- reducing bacterium Desulfovibrio
inopinatus. This bacterium metabolizes HHQ according to
the following equation according to Schink B. et al, 2000:

CsHeOs+ HoO+ SO.2—» 2CH3COO™ + 2CO, + HS + H*
The cleavage products found can easily be oxidized to

CO;, with nitrate as electron acceptor. Among the three
trihydroxybenzene isomers, pyrogallol and phloroglucinol

are degraded quickly by fermenting bacteria and were the
first aromatic compounds to be degraded by fermentation
in pure culture (Schink and Pfennig 1982). Phloroglucinol
degradation has been studied in detail with Eubacterium
oxidoreducens and Pelobacter acidigallici. Phloroglucinol
is reduced by an NADPH-dependent reductase to
dihydrophloroglucinol. The third trihydroxybenzene
isomer, HHQ, is converted by the fermenting bacterium
Pelobacter massiliensis to three acetate as well (Schnell et
al. 1991), indicating that this pathway also leads through
phloroglucinol. The isomerization to phloroglucinol
requires three subseguent transhydroxylation reactions
anal ogous to the pyrogallol-phloroglucinol
transhydroxylation, and indeed phloroglucinol is the final
aromatic compound that is reduced and cleaved
hydrolytically (Brune et al., 1992).

Flow chart of anaerobic degradation pathway for phenol. (V. SRIDEVI et al., 2012)
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9. Advanced technologiesin Phenol degradation

Microbial fuel cell (MFC) has gained a great attention
attributable to its ability in generating electricity directly
from and potentiadly enhancing biodegradation of
contaminants. In the MFC, electrons released from the
substrate oxidation in the anode are transferred via the
external circuit to the cathode, where the electrons are
eventually consumed by the terminal electron acceptors.
The terminal electron acceptors can be easily replaced or
even non-exhausted (e.g., using oxygen in ambient air as
the electron acceptor). When phenol served as the sole
fuel, the peak voltage output in MFC was obtained when
90% of phenol was depleted. Co-occurring with electricity
generation, the degradation efficiencies of phenol in all the
MFCs reached above 95% within 60 h. The results

l

Succinyl Co-A
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indicate that the MFC can enhance biodegradation of
recalcitrant contaminants such as phenol in practical

applications. The degradation rates of phenol in the MFC
increased about 15% as compared 