ournal of

nvironment &B iotechnology

esearch VINANIE PUBLISHERS ‘2@~

www.vinanie.com/jebr

Areview on biodegradation of hydrocarbon and their influence on corrosion
of carbon steel with special reference to petroleum industry

Punniyakotti Parthipan,' Punniyakotti Elumalai,' Obuli. P. Karthikeyan,?3
Yen Peng Ting,* Aruliah Rajasekar"’

! Environmental Molecular Microbiology Research Laboratory, Department of Biotechnology, Thiruvalluvar University,
Serkkadu, Vellore, Tamil Nadu, India 632 115

2College of Marine and Environmental Sciences, James Cook University, Townsville, QLD — 4811, Australia

3 Sino-Forest Applied Research Centre for Pearl River Delta Environment & Department of Biology, Hong Kong Baptist
University, Kowloon, Hong Kong SAR

4Department of Chemical and Biomolecular Engineering, National University of Singapore, Singapore — 117576

REVIEW ARTICLE

BSTRACT

The term microbially influenced corrosion (MIC) refers to the accelerated degradation of metals owing to the
occurrence of biofilms on their surfaces. This review compiled the mechanism of MIC by different groups of bacteria and
up-to-date technologies involved in identification of different groups of bacteria from MIC environment, in specific to
petroleum industry, has been presented. It has been estimated that MIC leads to loss of millions of dollars by causing
damage over the production, transport and storage of oil in petroleum industries annually. Major microbes involved in MIC
are sulphate reducers, iron oxidizers/reducers, manganese oxidizers, acid producers and methanoarchaea. Biodegradation
of hydrocarbon (aliphatic and aromatic) is indirectly influence/accelerate the MIC rate in such environment. Metagenomic
analysis of samples from petroleum industries mimic the complete profile of microbial communities involved in MIC
and more significantly to understand the interactions between different communities. Therefore, it was concluded that
the application of advanced molecular microbiological methods like Polymerase chain reaction-Denaturing gradient gel
electrophoresis, Fluorescence in situ hybridization/4’,6-diamidino-2-phenylindole methods and Next generation sequence
are imperative tool especially (i) for the identification and subsequent elucidation of functional role of individual microbes

involved in MIC; and (ii) to develop a corrosion inhibitors/biocides to minimize the MIC induced loss in petroleum
industries.
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. INTRODUCTION to stimulate corrosion. Other than MIC, pitting
1 corrosion,galvaniccorrosion,stress-corrosioncracking,
crevice corrosion and hydrogen embrittlement are
other possible corrosion types mediated by different
electrochemical reactions. In brief, galvanic corrosion
occurs when different metals or alloys are set up
electrical contact with one another and are engrossed
in a conductive solution. Pitting corrosion is localized
and occur when the exterior of anodic and cathodic
spots are dissimilar. It is one of the primarily caustic

Microbially influenced corrosion (MIC) is an
electrochemical progression where microorganisms
initiate, assist or accelerate a corrosion reaction on a
metal surface (Sand and Gehrke, 2003; Coetser and
Cloete, 2005; Rajasekar et al., 2007a; Rajasekar et
al., 2010a) Microorganisms (e.g. bacteria, archaea
and fungi) can interact and accelerate the rate of
electrochemical reactions and/or shift the mechanism

Corresponding author: A. Rajasekar Received: 27-09-2016
Revised: 24-10-2016

Tel: +91-8675265635 Accepted: 16-11-2016

Fax: +91 04162274748 Available online: 01-01-2017

E. mail: rajasekar.aruliah@gmail.com

Journal of Environment and Biotechnology Research, Vol. 6, No. 1, Pages 12-33, 2017
12



Parthipan et al., Journal of Environment and Biotechnology Research, Vol. 6, No. 1, Pages 12-33, 2017

and risky forms of corrosion. Pits may form in different
shapes, with irregular walls in smaller/localized area
causes loss of metals (Papavinasam, 2013).

Crevice corrosion are common in metals
(aluminium, stainless steel, and magnesium), those are
sheltered from corrosion by passive films. The shielded
area, such as a crevice or crack, may form on the metal
and non-metal surfaces under stagnant conditions.
Materials including scale, gaskets washers, deposits,
rubber, wax, plastic, concrete, asbestos, wood, fabrics
or glass can make a crevice. Stress-corrosion cracking
(SCCQ) is defined as the breakable rupture of a material
particularly under pressure in a corrosive atmosphere.
However exposure time under constant pressure is
required to initiate SCC. Hydrogen embrittlement (HE)
is the loss of potency and ductility due to the access of
atomic hydrogen into the metal trellis. Certain metals
(titanium, nickel, and iron) are more susceptible to
HE than others (stainless steel, austenitic, aluminium,
and copper). Elimination of metal from the reserve
of hydrogen and heat treatment (200 °C) renovate
its perfunctory properties. Consequently it is inferred
that HE is caused by hydrogen atoms while they do not
combine to form hydrogen molecules (Papavinasam,
2013).

The MIC has been commonly reported for
all the engineering metals and alloys, in particular
titanium and high chromium nickel alloys has been
recognized as most susceptible metals and non-metals
which are exposed to conditions such as freshwater,
distilled/demineralized water, seawater, crude and
distillate hydrocarbon fuels, soils, saliva, human
plasma, and sewage (Fleming, 1996; Little and Lee,
2007). It happens in environments where corrosion
would not be expected (e.g., low chloride waters) and
the rates can be exceptionally high. MIC is reported
to account for ~ 50% of the total cost of corrosion
(Fleming, 1996). In petroleum transportation and
storage systems, the hydrocarbon acts as an excellent
food source for a variety of microorganisms for example
Acinetobacter sp., Pseudomonas sp., Flavobacterium
sp., Mycococcus sp., Geobacillus sp., Micrococcus sp.,
Aeromonas sp. and Bacillus sp. (Ferrari et al., 1998;
Rahman et al., 2002a; Olliver and Magot, 2005). Other
elements including carbon, sulphur, nitrogen, and
phosphorus are also needed to support microbial life
(Coetser and Cloete, 2005).

Other industries most affected by MIC are
power plants (e.g. pitting corrosion, SCC), water
supply/irrigation systems (e.g. pitting corrosion,
localized corrosion) and marine settings. According
to a current inspection, damage due to corrosion in
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the United States is anticipated at $276 billion (Little
and Lee, 2007). The annual cost of corrosion in the
USA oil and gas industry is over $27 billion (Table 1);
leading some to estimate the global annual corrosion
cost of the oil and gas industry as exceeding ~$60
billion (Papavinasam, 2013). Similar surveys in United
Kingdom, Australia, Germany and Japan estimated
that the cost due to corrosion loss up to 1 to 5% of the
gross national product.

Table 1. Annual corrosion cost in various sectors of
USA oil and gas industry

S. No Sector Annual cost of corro-
sion in US $ (Million
US Dollars)

1 Production” 1,372

2 Transmission- pipeline 6,973

3 Transportation-tanker* 2,734

4 Storage 7,000

5 Refining 3,692

6 Distribution 5,000

Total 26,771

1.1.  Biofilm formation

The MIC process starts with a biofilm development on a
metal surface. Immobile cells attach to the steel surface
and subsequently grow, reproduce and produce an
extracellular polymeric substance (EPS) that results in
a multifarious biofilm formation (Janknecht and Melo,
2003; Little and Lee, 2007). The biofilm development
incorporates three different stages as shown in Figure
1. The first of which establish with the engagement
of macromolecules such as protein, polysaccharides,
lipids and humic acids that work as a conditioner
for the steel surface (Wolf et al., 2002; Gu, 2012).
These macromolecules change the physiochemical
nature of the interface including the hydrophobicity
and electrical charge. The second phase engages the
movement of microorganism from the bulk phase
to the surface. The bacterial transference process is
exaggerated by kinetic mechanisms (Gu, 2012). Third
stage includes extracellular polymeric substance (EPS)
production (Janknecht and Melo, 2003; Shi et al.,
2011). It has various compositions that include exo-
polysaccharides, nucleic acids, proteins, glycoproteins
and phospholipids.

Biofilm perform as structured congregations
of microorganisms embedded in exo-polymers.
They are also complex societies entailing of colonies,
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consortia, newly arrived cells, drying cells, polymers,
extra cellular products and imprisoned inorganic
materials (Wolf et al., 2002). The EPS encourages
the establishment process on the surface as it makes
it possible for either negatively charged bacteria such
as sulfate reducing bacteria (SRB) to attach to either
negatively or positively charged surfaces. The further
growth of the biofilm depends on the microorganism
colonization rate. The biofilm expansion on the surface
is an autocatalytic practice whereby the early microbial
immigration upsurge surface anomalies and promotes
the foundation of dense biofilm (Beech and Sunner,
2004). In contrast Videla, (2001) presented four
steps in biofilm formation as follows; (i) the first step
is transport of the organic material to metal surface;
(ii) second step is passage of microbial cells from bulk
to surface; (iii) third step is supplement of microbial
cells; and (iv) final step is development within the
biofilm. These steps can modify the interface structure
by biofilm growth that should be considered as the key
basis of MIC.

Pitting Growth

Pitting Growth  Cathodic Reaction

Metal Surface
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SOB & etc Stage — III B =

> N a2
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IB- Iron Bacteria, SRB- Sulphate Reducing Bacteria, APB- Acid Producing Bacteria,
SOB-Sulphur oxidizing bacteria

Figure 1. Biofilm formation at different stages in crude
oil transporting pipelines.

1.2. Consequences of microbial contamination
in crude oil and refined products

Economic status of some nations may depend
upon the oil reservoirs of the country. These oil
reservoirs and associated industries are facing
many problems due to microbial contaminations.
These contaminating microbes support the biofilm
formation and subsequently lead to MIC. Different
microorganisms persist in oil and gas transporting
system since the crucial elements for their existence
are present in these environments. Specifically, crude
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oil is amalgamation of thousands of various complexes,
organic and inorganic, including aliphatic and aromatic
hydrocarbons, which is ~75% of its content, as well
as resins and asphalts (Table 2). Non-hydrocarbon
compounds including sulphur compounds (0.01-8%),
mainly as hydrogen sulfide (H,S), mercaptans, sulfides
and disulfides, thiophenes as well as benzothiophenes
and naphthathiophenes also comprise in oil fractions.
These compounds are unfavorable due to their chemical
inflexibility; therefore their presence is measured in
estimating crude oil quality (Surygala, 2001).

Table 2. Percentage of elements and hydrocarbons
present in the crude oil (Hyne, 2012)

Major components of Hydrocarbons present in the
crude oils crude oils
Element | Weight | Hydrocarbon | Weight | Range
(%) (%) (%)
Carbon 84 - 87 Alkanes 30 15 - 60
(paraffins)
Hydrogen | 11-14 Naphthenes 49 30 - 60
Nitrogen 0.1-2 Aromatics 15 3-30
Oxygen 0.1-2 Asphaltics 6 Remainder
Sulfur | 0.06 - 2.0

Nitrogen occurs in alkaline and non-alkaline
compounds at 0.1-2%. The first group comprises
of pyridines, acridines and quinolines, whereas the
second group embraces pyrroles, carbazoles, indoles
and heterocyclic compounds. Correspondingly,
nitrogen take place at sulphur bonds, compounds of
this group are concentrated in high-boiling fractions.
Oxygen compounds for instance phenols, carboxylic
acids, furans and alcohols occur in the heavy fractions
of crude oil (Surygala, 2001). Crude oil is found at
various beds/layers by association with water, and
dispersion of o0il by macro and microelements depends
on the composition of these beds. It is assumed that
water may range from 5 to 20% that support the
growth of contaminated microorganisms during the
transportation and storage, and thus a considerable
level of inorganic components were present in crude
oil/produced water combination to support microbial
growth (Yemashova et al., 2007). Usually, oil comprises
of all the “Mendeleyev periodical table of elements”
and habitually possesses radioactive pollutants
(Allsopp et al., 2004). All these elements are essential



Parthipan et al., Journal of Environment and Biotechnology Research, Vol. 6, No. 1, Pages 12-33, 2017

micro-nutrients for microbial growth and therefore
support the active growth of microbes during storage
and transportations of crude oil or refined petroleum
products.

During the refining processes, the crude oil is
exposed to thermal dispensation and refined products
remain sterile. However, they lose sterility during
storage and transportation. Forexample, approximately
3.2x104 cells/mL of bacteria were found in refined
products in a storage facility (tank), which increased
to ~7x104 cells/mL during transportation and storage
in depot and finally, 2.8x105 cells/mL were counted
in scattering oil depot (Yemashova et al., 2007). One
of the enhancing factors of degradation of crude oil
hydrocarbon is the occurrence of microbial corrosion
of pipelines and tanks caused by complex action of
different microorganisms inside the biofilm formed
on the surface of the metals (Costerton and Lashen,
1984; Muthukumar et al., 2003a). It is believed that
the bacteria involved in a biological cycle of sulphur,
exclusively SRB, play an ultimate role in biocorrosion
(Yemashova et al., 2007). As a result, the quality of
crude oil deteriorated over the time due to generation
of hydrogen sulphide by SRB. The contaminating
microorganisms e.g. aerobic bacteria and fungi leads
to the establishment of peroxides, pitches and acids in
the fuels, as well as to an increase in thickness and to

a decrease of thermal stability of fuels (Chung et al.,
2000). Furthermore, useful oil additives were easily
degradable by various microorganisms (Gaylarde et
al., 1999; Allsopp et al., 2004). In addition, activity
of microorganisms endorse an increase of deferred
solids content in fuels in the form of sludge, corrosion
debris and metal particles of conduits and components
of filters, such as glass fiber, paper or clap. Even very
small proportion of solid particles (1 mg of particles in
100 mL of fuel) is sufficient to cause filtration problems
(Gaylarde et al., 1999; Chung et al., 2000).

This review article assesses the MIC by different
groups of bacteria and analysis up-to-date technologies
involved in identification of different groups of bacteria
from MIC environment. In addition, the impact of
hydrocarbon biodegradation on MIC in specific to
petroleum industry has been presented. Different
detecting/monitoring methods for microbial corrosion
and microbial diversity from the MIC environment
have also been elucidated.

2. FUNDAMENTALS OF MIC

The formation of MIC is through altering the
electrochemical circumstances at the metal/solution
interface. These differences may have different
property, indecisive from the initiation of localized

Prokaryotes Eukaryotes
(bacteria) (fungi and protozoa)
|
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A e— (UL Sp.),
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Verticillum
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Methane Periconiasp
bactena (P chrysogenum
P. stoloniferum)

./
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Clostridium: T. thiooxidans, Lepiothrix,
C. flabilliferum, T. thioparus, Crenothix,
C. caulereisensis. T. novellus Siderocapsa
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Figure 2. Different groups of microorganisms causing biocorrosion in oil industry (Moiseeva and Kondrova,

2005).
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corrosion, through a change in the rate of general
corrosion by corrosion inhibition (Videla, 1996).
Most of the microorganisms associated with MIC
come under the group chemotroph refer to those get
their energy from chemical source rather than a light
source. Figure 2 shows different groups of microbial
communities involved in MIC of oil industry. MIC can
be classified into two types based on the physical and
chemical nature of microorganisms, such as
e Aerobic biocorrosion
e Anaerobic biocorrosion

According to Coetser and Cloete (2005), MIC
occurs in number of ways:
e Consumption of oxygen by aerobic microorganisms
resulting in anodic areas. Localized differences in
concentration shift the potential of metal surfaces
resulting in the formation of localized corrosion cells.
e Utilization of hydrogen by microorganisms via a
cathodic reaction depolarizes the cathode which boosts
the rate of metal deterioration at the anode.
e Microbial removal of protective coatings on different
metal surfaces.
e Microbial utilization of corrosion inhibitors (e.g.
carboxylic acid and ester based components) which
protects metals in oil field systems (Rajasekar et al.,
20074a).
e Microbial metabolites which are corrosive in nature,
organic and inorganic acids (lactic acid, carbonic acid,
acetic acid, sulfuric acid, etc) produced by the bacterial
metabolism.
e Creation of anaerobic environments encouraging
growth of SRB (Coetser and Cloete, 2005).
2.1. Aerobic biocorrosion
In aerobic MIC processes, the available oxygen acts
as the electron acceptor at the cathodic site, to form
hydroxides (Ford et al., 1988). The development
of ion concentration cells, bacterial polymer metal
interactions, and thermophilic responses are few
aerobic microbial mechanisms that may accelerate
corrosion (Ford and Mitchell, 1990). Biofilms which
form under aerated conditions, cause corrosion by the
development of distinction aeration cells or deliberation
cells. Thus aerobic corrosion occurs when the oxide
films damaged or oxygen is kept from the surface of
metal by the action of microorganisms and rapid
pitting or corrosion occurs in biofilm localized area
(Borenstein, 1994). Role of different groups of bacteria
like iron oxidizing bacteria (IOB), acid producers (AP),
and manganese oxidizing bacteria (MOB) in MIC of
metal surfaces is demonstrated in Figure 3.
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Figure 3. Role of different groups of bacteria in
aerobic MIC (Rajasekar et al., 2005).

2.1.1. Sulphur oxidizing bacteria (SOB)

Sulphur oxidizing bacteria are found in sulphur rich
environments such as sulphur springs, acid mine
water and marine resources (Sand and Gehrke, 2003;
Coetser and Cloete, 2005). They are rod shaped cells
(0.5 UM in diameter x 1.0 — 4.0 uM of length) with
some species mobile by means of flagella. They are
gram negative and obligate aerobes. Energy is derived
from the oxidation of reduced sulfur compounds
together with sulfides, elemental sulphur, thiosulfates,
polythionates and sulfites and the final oxidation
product is sulfate (Brozel and Cloete, 1989). These
groups can release strong metabolites, such as organic
acid (acetic, succinic, isobuteric, etc.) or inorganic
acid (sulphuric). Sulphur oxidizer predominantly
from genus Thiobacillus produce sulphuric acid,
which is a strappingly corrosive agent, particularly in
steel structures where the steel is perished and the
carbonates were solubilised. Thiobacillus are a group
of aerobic, chemo-lithotrophic autotrophs and gain
energy for CO, fascination by a number of connected
reactions concerning in oxidation of sulphur, hydrogen
sulphide, or other condensed sulphur amalgams to
sulphuric acid (Prescott et al., 1990; Sand and Gehrke,
2003; Coetser and Cloete, 2005). Many of bacteria had
iron sulphide crystal related with its additions over
metal surface lead to localized corrosion under the
sulphide film and biofilm. Although biofilm accretion
reduced the spalling of the iron sulphide deposit,
as compared with abiotic environments, the risk of
localized corrosion is important (Lee et al., 1995). The
following series of intersperse reactions (Eqns. (1), (2)
and (3)) accomplished by Thiobacillus species leads
to the formation of sulfuric acid (Coetser and Cloete,
2005).
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2H,S+20, —— H,S,0,+HO (1)

5Na,S 0,+40,+H,0—— 5Na SO, +H, SO, +4S (2)

45+60,+4H,0 —>4HQSO4 (3)

T. thiooxidans and T. concretivorus can grow
at pH 0.7 and the possession of sulphuric acid at these
concentrations on metals is evident (Coetser and
Cloete, 2005). T. ferrooxidans has a specific interest,
as it is able to oxidize both ferrous iron and sulphur
compounds (Borenstein, 1994).

2.1.2. Iron oxidizing bacteria (IOB)

These groups of bacteria oxidize and/or deposit iron
oxidesasextraandintracellularmaterials. Ironoxidizing
bacteria are chemo-lithotrophs deriving energy from
the oxidation of ferrous ion (Fe(II)) with the formation
of ferric oxide (Fe(III)). Iron oxidizing bacteria can fix
CO, by ribulose pentose phosphate cycle. It can also
modify the protective oxide film that forms over mild
steel causing the surface depolarization (Obuekwe et
al., 1981). Pseudomicrobium sp. and Gallionella sp.
also oxidizes Fe(II) to Fe(III). Pseudomonas sp. is an
aerobic slime former and often forms thin films (with
corrosion products) on metal surfaces (Borenstein,
1994).

Different Pseudomonas species have been
involved in reduction of ferric to ferrous iron, revealing
steel to more oxidation as ferrous iron compounds are
more soluble and the protective ferric iron layer is
solubilised by this process (Coetser and Cloete, 2005).
Pseudomonas species are most prevalent in industrial
water environments along with several other slime-
forming bacteria, where their main function appears to
be in colonizing metal surfaces, in that way producing
oxygen-free atmosphere, which harbour SRB (Iverson,

1987).

2.1.3. Manganese oxidizing bacteria (MOB)

Manganese oxidizing bacteria catalyze the oxidation of
divalent, soluble Mn(II) to insoluble manganese oxides
(MnO). It ended in the accumulation of prominent and
easily noticeable extra cellular deposits of insoluble
brown-black manganese oxides. Extensive range of
microorganisms has the capacity to catalyze manganese
oxidation, including a diverse array of bacteria, algae
and fungi (Ghiorse, 1984). Some of the species from
genus Cyanobateria, Leptothrix, Hypomicrobium,
Pseudomonas and Metallogenium has capability
to oxidize manganese (Nealson et al., 1988). The
oxidation of Mn(II) to Mn(IV) is thermodynamically
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favoured under aerobic conditions with a negative free
energy of approximately, 16 kcal/mol. (Nealson et al.,
1988). The aeration energy barrier can be overcome by
raising the pH, or by the addition of manganese binding
compounds. Manganese distribution and chemical
specification is kinetically controlled, thus allowing
for the inter convention of microbes and microbial
products into system as shown in Figure 4. Some
microorganisms reduce manganese oxides for acquire
energy, the reduction of manganese dioxide in the cycle
is shown as a rivalry between the biological (darted
line) and electrochemical pathway. Whether or not
the biological reduction is noteworthy depends upon
the microbial composition of the biofilm, particularly
near the metal substratum. The effect of manganese
dioxide on the deterioration of metals also depends on
the nature of the anodic reaction responsible for the
dissolution of the metal.

2.1.4. Acid producing bacteria (APB)

The most corrosive metabolites (e.g. acetic and butyric
acids) formed directly by microorganisms appear to be
acid producers (Ford et al., 1988). The sulfur oxidizing
bacteria e,g. Thiobacillus sp., produce sulfuric acid
(HQSO4) from sulfur and sulfide (discussed above).
In some buried pipelines, trace amount of sulfuric
acid has been quantified (Iverson, 1987). The major
acid producers, other than Thiobacillus sp. are
Streptococcus sp., Pseudomonas sp., Bacillus sp.,
Micrococcus sp., Lactobacillus sp. and Neisseria
sp. (Ford et al., 1988; Muthukumar et al., 2003b;
Rajasekar et al., 2005). Figure 5 demonstrates acid
production (organic or inorganic) by adherent film-
forming microorganisms with subsequent promotion
of electron elimination from cathode by hydrogen or
dissolution of protective calcareous film on stainless
steel surface (Borenstein, 1994). Pope et al. (1985)
pointed out the mechanism of steel corrosion by
Thiobacilli through H SO, production, where the local
pH around these organisms may be very low and the
surrounding material may disintegrate quite rapidly.
2.2, Anaerobic biocorrosion

Kuhr and van der Vlugt (1934) first postulated the
broadly accepted speculation for the mechanism of
corrosion of iron and steel by cathodic depolarization.
The vital step in this theory engages the removal of
hydrogen (cathodic depolarization) by the hydrogenase
system of the SRB (Iverson, 1987). A significant
metabolic feature of many anaerobic microorganisms
is the hydrogenase system responsible for the oxidation



Parthipan et al., Journal of Environment and Biotechnology Research, Vol. 6, No. 1, Pages 12-33, 2017

and synthesis of molecular hydrogen. The hydrogenase
method can be sighted as a main element responsible
for the range of products in possibly useful anaerobic
fermentation products and as an essential activity for
the rotation of inorganic composites in nature (Fauque
et al., 1988). However, much of the proof existing in
support of the depolarization theory has been inquired,
on the basis that the electrochemical cathodic
depolarizations observed could not be accredited solely
to the action of bacterial hydrogenase (Hardy, 1983).

Figure 4. Manganese cycling at steel surface providing
the cathodic reaction in corrosion process (Olesen et
al., 2000).

CH,COOH — CH,COO- +H* Ca*+HCO+ H,0
H2S0447$0274 + 2H+
L -
+
H +‘f_’H a0, ™" Ca(OH),
. Protective oxide film
on stainless steel

Figure 5. Schematic illustration for acid producing
bacterial corrosion in stainless steel (Borenstein, 1994).

Hydrogen is an interspecies electron and
proton transfer metabolite in microbial foods cuffs,
and its metabolism in these microbes assists to explain
corrosion of metals (Odom, 1997). The subsequent
system for the hydrogen electrode reaction in the
lack of H,S is commonly traditional (Lee et al., 1995).
A primary step (Eqn. 4) coupled with the molecular
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recombination desorption step (Eqn. 5) or with the
electrochemical desorption step (Eqn. 6):

M+H*=M-H_, (4)
M-H ,+M-H , = H +2M (5)
M-H, , +H*+e = H +M (6)

When H_S is present, there is an increase in
proton discharge but the hydrogen progression rate is
suppressed. The accumulation of SRB on steel surfaces
minimizes the diffusion distance between the cathodic
hydrogen and the bacteria within the biofilm system.
The hydrogen development rate is censored in the
presence of H S and it is doubtful that the uptake of
H_, as related to the hydrogenase action, is the rate
scheming step for SRB improved corrosion (Lee et al.,
1995). The motions of the hydrogenase enzyme may
be either directly involved in depolarizing cathodic
hydrogen from the surface of metal or obliquely
implicated in the synthesis of the metabolic end
products cited and therefore plays important role
in anaerobic biocorrosion (Figure 6) (Bryant and
Laishley, 1989).

Presence and activity of hydrogenase is shown
in Figure 6, it may be regarded as a good indicator
of biocorrosion activity (Pankhania et al., 1986).
Increased corrosion rates have been noticed when iron,
corroded by SRB, is exposed to spasmodic aerobic-
anaerobic conditions (Ford and Mitchell, 1990).
Similar effect of aeration on mild steel was observed
and it was anticipated that the biogenic sulphide film
distinguished into anodic and cathodic sites as a result
of the aeration. It was possible that sulphide oxidizing
bacteria are existent within the anaerobic microbial
community and that aeration may cause these bacteria
to become dynamic, producing acidic metabolites that
significantly increase the corrosion reactions (Ford
and Mitchell, 1990). It was suggested that the transient
hydrogen utilization might have resulted from the
poisoning of atomic hydrogen to molecular hydrogen
by means of sulphide, molecular hydrogen being the
substrate for the hydrogenase system rather than
atomic hydrogen (Hardy, 1983). Any makeup of atomic
hydrogen ensuing from this sulphide fatal might cause
hydrogen uptake into the steel itself, follow-on in HE
and SCC.

The SRB are most broadly distributed and
efficiently significant organisms causing anaerobic
biocorrosion, particularly Desulfovibrio desulfuricans
(Hamilton, 1985; Lee et al., 1995; Barton, 1997). SRB
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are most important organism in MIC of transmission many elements such as carbon or sulfur (Jorgensen,

lines, platform structures, and common equipment.
They are possibly the cause of main reservoir damage
including souring of the gas and produced oil, and
plugging of the geological arrangement (Barton, 1997).
Other microbes concerned in anaerobic biocorrosion
are, iron-reducing bacteria and hydrogen-producing
bacteria (Ford and Mitchell, 1990; Little et al., 1997).

SRB
)

— H,S

Ferrous metal

FeS
ez;.j\
H,
Hydrogengse
2H*

Figure 6. Role of hydrogenase in anaerobic
biocorrosion (Bryant and Laishley, 1989).
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2.2.1. Sulfate reducing bacteria (SRB)

SRB have been recognized as the most important
contributor to biocorrosion. They have been recognized
as the most troublesome microorganisms to manage
because of their anaerobic development potential
underneath biological slimes or biofilms (Von Holy,
1987; Bhagobaty, 2014). According to Von Holy (1987)
MIC mediated by SRB is intimately linked to the
existenceofintricatebiofilms, which areheld togetherby
massive excretions of microbial extracellular polymeric
substances (EPS). In the existence of SRB, steel and
other iron alloys in an anoxygenic aqueous nearby
corrode four times as faster than with normal oxygen
promoted corrosion (Brozel and Cloete, 1989; Sand and
Gehrke, 2003). They are heterotrophic organisms and
absolute anaerobes that use sulfates as well as other
oxygenated sulfur compounds (sulfites, trithionate,
thiosulfites, tetrathionate and elemental sulfur) as
final electron acceptors in respiration processes. Few
species, for example Desulfuromonas acetoxidans,
cannot use sulphate but instead reduce sulphur to
sulphide. Some species can optionally use nitrate or
fumarate as electron acceptor, while others can grow
fermentatively, for example on pyruvate (Postgate,
1984; Bhagobaty, 2014). SRB play an important role in
the biodegradation of organic compounds in anaerobic
environments and in the biogeochemical cycle of
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1982; Wolicka and Borkowski, 2012). The SRBs are
introduced in the anaerobic biodegradation of organic
compounds at the level of low molecule amalgams such
as organic acids, e.g. acetic, propionic acid, formic and
alcohols likes ethanol, propanol, butanol, etc. Cohn
(1867) first observed the production of hydrogen
sulfide of biogenic origin in marine sediments. Bastin
(1926) noted the absolute presence of SRB in areas of
crude oil exploitation. All SRB are gram negative with
the marginalization of the species of Desulfonema.
This group of bacteria is very different and interim
on the water and soil composition, diverse category of
bacteria can be found within this group such as psychro,
meso and thermophilic, halophilic and barophilic
(Wolicka and Borkowski, 2012). Some species of SRB
like Desulfosporosinus orientis, Desulfotomaculum
halophilum and Desulfosporosinus meridiei have the
ability to develop spores (Robertson et al., 2001).

Pitting corrosion is characteristic action of
the sulphate reducers on steels, with the pits being
open and engaged with squashy black corrosion rust
in the form of iron sulphides (Hamilton, 1985; Sand
and Gehrke, 2003). When the corrosion materials are
detached, the metal beneath is vivid but hurriedly rusts
on exposure to air. With buried pipelines in anaerobic
surroundings such as drenched clay soils, the corroded
area as a whole will be covered with a film of iron
sulphides in aerobic environments, sulphate reducer
corrosion habitually occurs beneath deposits of
inorganic or organic detritus, microbial slimes, or
tubercles caused by the action of the iron oxidizing
bacteria (Bhagobaty, 2014).

Four major factors influence the MIC by SRB
are as follows:
« high levels of available sulphate
« anaerobic circumstances
« areas of low or no flow
« The existence of biological slime/deposits (Von Holy,

1987).

2.2.1.1. Cathodic depolarization by SRB

Mechanism of corrosion induced by SRB which is
a depolarization through oxidation of the cathodic
hydrogen as devised in cathodic depolarization theory.
When metal expose to water, it turn into polarized by
down positive metal ions (anodic reaction). The free
electrons reduce water-derived protons (cathodic
reaction) in the deficiency of oxygen, to generate
hydrogen that populates on the metal surface that will
establish a dynamic equilibrium. SRB are anticipated
to consume the formed hydrogen (according to
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reaction 4 indicated in Table 3, thus oxidation of
Fe happens (Castaneda and Benetton, 2008). This
mechanism increased the anodic metal dissolution and
consequently FeS and Fe(OH) as corrosion products
are formed (Costello, 1974).

Table 3. Mechanism of metal corrosion by
depolarization in presence of SRB

displayed sulphate decline with n-decane as carbon
source (Kimberley et al., 2009). Kniemeyer et al.
(2007) suggests that SRB are also able to blossom in
trickle area and the gas reservoirs where short chain
hydrocarbons like propane and butane are plentiful.
SRB use these hydrocarbons, thus altering the opus of
gas and involving in production of sulphide. The ability
of SRB in utilizing various hydrocarbons from crude
oil has severe penalty for the petroleum industry both

S.No | Reaction type Chemical Reaction in the underground oil reservoirs and in the surface
: : facilities apart from MIC induced damages.
1 Anodic reaction 4Fe- 4Fe2t + 8e-
T C— TS Table 4. Mechanism of metal corrosion by anodic
2 dter dissocation 27 O depolarization in presence of SRB
3 Cathodic reaction 8H* + 8¢ - 8H + 4H, S.No | Reaction type Chemical Reaction
4 Hydrogen oxidation | S0,2 + 4H,- H,S + 2H,0 + 20H- 1 Anodic reaction 4Fe- 4Fex* + 8e -
5 Precipitation Fe2* + H,S- FeS + oH* 2 Water dissociation 8H,0 ~8H* + 80H"
3 Cathodic reaction 8H*+ 8¢ - 8H + 4H,
6 Precipitation 3Fe2t + 60H- - 3Fe (OH),
4 Anodic depolarization 3Fe2t + 60H - »3Fe(OH),
7 Total Reaction 4Fe + 80,2 + 4H, O -FeS + 3Fe (OH), + 20H- 5 Tydrogen oxidation SO+ 41, 51,8 + 21,0 7 20
6 Dissociation of hydrogen sulfide | H,S—S2 + 2H*
2.2.1.2.Anodic depolarization by SRB 7. | Anodicdepolarization Fett + 52 Fe§
Anodic depolarization by SRB has been the subject |3 Total Reaction 4Fe + 50,2 + 41,0 FeS +3Fe(OM); + 201
of wide spread examination (Kakooei et al., 2012).

According to Table 4, corrosion of iron in an aqueous
anaerobic environment is an electrochemical event that
electrons engendered through anodic effect of metal
(reaction 1) and H* produced through dissociation of
water (reaction 2). Combination of these reactions
leads to molecular hydrogen formation (reaction
3). This process is called cathodic polarization that
a layer of hydrogen be able to shelter the metal. The
key rust formed in this process is Fe(OH),. When
SRB reduce sulfate to sulfide by consumption of H,,
reaction 5 will take place. Then disaffection of H,S
(reaction 6) increases the H* concentration in cathodic
region, altering the kinetics of reaction 3. With anodic
depolarization in reaction 77, a new corrosion product
FeS forms (Obuekwe et al., 1981; Coetser and Cloete,
2005).

In addition, the ability of hydrocarbon
metabolism in the absence of molecular oxygen has
also been reported for several species of denitrifying,
ferric iron dropping and SRB (Heider et al., 1999).
Using the sediments from Guaymas basin in the
Gulf of California, Rueter et al. (1994) urbanized an
anoxic fortification with sulphate reducing activity in
the existence of crude oil at 60°C. The culture also
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2.2.2. Methanogenic archaea
Methanogenic archaea are important group of
microorganisms stirring in crude oil reservoir
(Magot et al., 2000). They release methane by
degradation of organic compounds under anaerobic
conditions; therefore the biological activity of these
microorganisms is measured simply by the qualitative
and quantitative methane measurements. Activity of
the methanogenic archaea is prejudiced by physical
and chemical factors such as temperature, salt
content, and pH. Most methanogens are mesophilic
in nature, some are extremophiles e.g Methanopyrus
kandleri and Methanococcus vulcanicus which
survive at temperatures of 110 °C (Kurr et al., 1991).
Important conditions for the development and action
of methanogenic archaea are the salt content of the
environment and deficient of oxygen (Elias et al., 1999).
In the dearth of exogenous electron acceptors
such as sulfate, the terminal stage of anaerobic
hydrocarbon removal in oil reservoirs can be
accomplished by methanogens. Genotrophs may
displace the physico-chemical balance (e.g. pH) in crude
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oil reservoirs by removing the CO, used as terminal
electron acceptor, their probable function in microbial
enhanced oil recovery (MEOR) processes would depend
on both delivery of a subsequent amount of organic
matter and the metabolic activities of fermentative
microorganisms inhabiting petroleum reservoirs. As
pointed above, methanoarchaea have been enumerated
from mild saline to hyper saline oil well waters in the
mesophilic and thermophilic conditions. Methanogenic
microorganisms isolated from oil reservoirs belong to
species of Methanosarcinales, Methanomicrobiales,
Methanobacteriales and Methanococcales. Several
thermophilic species of genera Methanothermococcus
and Methanothermobacter which have the ability to
oxidize hydrogen have been identified from offshore
and onshore reservoirs throughout the world (Ollivier
and Alazard, 2010).

2.2.3. Iron reducing bacteria (IRB)

A group of organisms about which much less is
known in terms of role(s) in corrosion are different
metal reducers (Little et al., 1997). Dissimilatory iron
and/or manganese reduction occurs in numerous
microorganisms, counting facultative aerobic and
anaerobic bacteria. The roles of bacteria on the
reduction of iron in steel are shown in Figure 7.
Facultative anaerobes that were capable of using ferric
ions, as terminal electron acceptors were isolated from
oil production systems (Ford and Mitchell, 1990). These
isolates were initially classified as Pseudomonas sp.,
but have been reclassified as Alteromonas putrefaciens
strains. Their mode of action was to attach to mild
steel, removing the passive Fe O, film and forming
impenetrable rubbery mat (Coetser and Cloete, 2005).
The surface of the metal was pitted beneath the mat
as a result of anodic depolarization. The recommended
mechanism is through reduction of ferric, in this case
an insoluble protective layer, to the soluble ferrous ion.
It was later suggested that the grouping of anodic and
cathodic depolarization, the latter by SRB, account for
the severe corrosion of these pipelines (Coetser and
Cloete, 2005).

2.2.4. Fermentative bacteria

A wide range of mesophilic and thermophilic
fermentative bacteria have been identified from oil
reservoirs (Ollivier and Cayol, 2005). Most of them
belong to the domain bacteria (Halanaerobium
and Thermotoga, etc.), however only a few
hyperthermophiles belong to the domain Archaea
(Thermococcus sp. and Pyrococcus sp.). All these
microorganisms have biotechnological prospective
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as they can produce solvents, acids and gas from
simple substrate and consequently can be used
in MEOR processes. Interestingly, their ability to
ferment simple sugars, numerous thermophiles have
been revealed to oxidize hydrogen in the presence of
Fe(III) (Thermotoga, Pyrococcus and Thermococcus)
or thiosulfate (Thermotoga) as terminal electron
acceptors, thus demonstrating that hydrogen oxidation
in crude oil reservoirs is not limited to SRB and
methanoarchaea (Slobodkin et al., 1999). It should
be noted that besides Thermotoga sp., a number of
mesophilic (Dethiosulfovibrio) and thermophilic
bacteria (Thermoanaerobacter) can also reduce
thiosulfate to sulfide and might thus contribute to
biocorrosion, and also reservoir souring in oil field
ecosystems. Oil souring during oil production may
be driven by hyper thermophilic microorganisms
(Thermococcus, Thermotoga and Pyrococcus) which
have the capability to eliminate sulfur from crudes and
produce sulfide (Ollivier and Cayol, 2005).

Anaerobic
respiration

Terminal
electron
acceptor

Feo Carbon steel

Figure 7. Effect of iron reducing bacteria in the
reduction of iron in mild steel (Borenstein, 1994).

. ROLE OF MICROORGANISMS IN
HYDROCARBON DEGRADATION
AND BIOCORROSION

A large quantity of hydrocarbon oxidizing (HCO)
microorganisms are present in oil-polluted soil, under
asphalt, at the bottom of oil tanks, oil pipelines, in
sewage contaminated by oil or its products (Olliver
and Magot, 2005). The oil and gas industry is affected
by MIC in many of the actions involved in recovery,
indulgence, transport and storage. Wherever free
water is encountered in oilfields there have been
reported events of bacterial contamination resulting in
disagreeable condition of reservoirs and deterioration
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of pipelines and process equipment. Rajasekar et
al. (2007a) reported that in oil pipelines, water can
stratify at the beneath of pipeline if the velocity is
less than that required to entrain water and brush it
through pipeline system. Liquids stratify along the
bottom of the pipe, with water forming a detach layer
below the liquids where hydrocarbon degradation
occurs at the interface easily by microorganisms.
Hence, the role of HCO bacteria on biodegradation
and corrosion is a vital area in petroleum product
pipelines (Freiter, 1992; Prasad, 1998). It is anticipated
that, 1 g of unpolluted soil contains only 100-1000
cells of HCO microorganisms, whereas, number of
HCO microorganisms increases to 1x10° - 5x107 cells
in 1 g of soil polluted by oil, especially if pollution
occurred frequently through a long time (Rosenberg
et al., 1996). Many species of aerobic bacteria,
microscopic fungi and yeast can utilize hydrocarbons
of crude oil and consequent products. For instance,
bacterial species of Pseudomonas, Flavobacterium,
Acinetobacter, Aeromonas, Mycococcus, Geobacillus
and Micrococcus isolated from condensates of aviation
fuel storage structure or from hot water oil reservoirs
are responsible for degradation of crude oil and its
products both in natural conditions and in storage
tanks (Ferrari et al., 1998; Gaylarde et al.,, 1999;
Surygala, 2001; Rahman et al., 2002a). Representatives
of isolated micro fungi are Cladosporium, Aspergillus,
Penicillium, Hormoconisresinae and Paecilomyces,
while yeast Candida and Rhodotorulaglutinis have
also been identified from condensates of oil products
storage systems (Gaylarde et al., 1999; Yemashova et
al., 2007; Yang et al., 2013).

Many anaerobic microorganisms capable
of causing oil and oil products deterioration
outnumber the aerobic ones. These anaerobic species
belong to various microbial genera and families
including  Desulfovibrio, = Thermoanaerobacter,
Thermotoga, Thermosipho, Acetobacterium,
Petrotoga, Fervidobacterium, Desulfotomaculum,
Desulfobacterium,  Desulfobacula,  Azoarcusetc,
Thiomicrospira, Desulfococcus and Desulfosarcina
(Head et al., 2003; Roling et al., 2003; Olliver and
Magot, 2005; Yemashova et al.,, 2007). In addition
Bacillus megaterium, Bacillus subtilis, P. aeruginosa,
P. stutzeri, Enterobacter aerogenes and Serratia
marcescens are identified as effective hydrocarbon
degraders (Rajasekar et al., 2007d; 2010a). Microbes
can enter in fuel from the contaminated water at the
pipeline, from the biofilm on the storage tank walls,
if the later have not been adequately well cleaned
(Maruthamuthu et al., 2005; Rajasekar et al., 2005).
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Apart from the hydrocarbons, organisms may gain
nutrients from the fuel organic additives and amine-
based corrosion inhibitors (Freiter, 1992; Prasad,
1998; Videla and Characklis, 1992; Videla et al., 2000).
The corrosion behaviour and hydrocarbon degradation
characteristics of facultative anaerobes S. marcescens
and B. cereus were completely studied by Rajasekar
et al. (2010b). Both these two strains were producing
peroxidase enzyme, which produces hydrogen peroxide
(H,0,) for the degradation of hydrocarbon fuel. The
bacteria as well synthesis catalase, which surmounts
the toxic character of H O, by contravention it down
into water and oxygen during respiration by these
isolates, both oxygen and hydrogen were consumed
from the degraded hydrocarbon product (Rajasekar et
al., 2007a, b).

Also, Gonzalez et al. (2006) summarized that
SRB, in particular the members of genus Desulfovibrio,
plays a significant role in the MIC of metallic surfaces
submerged in an aquatic environment essentially due
to H_S production, which adapts with surrounding pH
and leads to the formation of the corrosion product
FeS. The metal corrosion capacity of Desulfovibrio
desulfuricans, D. vulgaris (Chatelus et al., 1987) and
D. vietnamensis isolated from oil-rich environments
has been evidenced in laboratory assays. Obuekwe et
al. (1987) reported that 32 out of 128 isolates tested
were able to degrade crude oil. 18 isolates out of 21
were able to reduce Fe(III) to Fe(II) and also reduce
SO,* to S*. The ability of microorganisms to produce
S is a very important characteristic in their ability
to cause corrosion of ferrous metals (Booth, 1964).
The conversion of Fe(III) to Fe(II) would discourage
the redox potential of the medium, therefore it create
possibilities of Desulfovibrio species to initiate
growth (Postgate, 1979). In addition Obuekwe et al.
(1987) isolated Desulfovibrio sp. Pseudomonas and
Aeromonas species from Pembina crude oil. Although
thesebacteria are genetically distinct, theyactin concert
to produce changes in the crude oil environment which
would ultimately cause corrosion (Obuekwe et al.,
1983).

Rahman et al. (2002b) isolated crude oil
degrading genera Bacillus, Corynebacterium,
Micrococcus, Enterobacteriaceae, Flavobacterium,
Pseudomonas, Aeromonas, Acinetobacter, Moraxella,
Vibrio and Alcaligenes in soil sample. However, the
dominant strains belong to Corynebacterium, Bacillus,
Micrococcus and Pseudomonas are identified as
hydrocarbon-degrading microorganisms. The bacterial
strains Serratia marcescens, Bacillus carboniphilus,
Bacillus pumilus, Bacillus megaterium and Bacillus
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cereus boost the development of corrosion products
like ferric oxide and manganese oxide by utilizing
organic compounds in naphtha and crude oil and its
encourage the corrosion process. The presence of
sulphur in the crude oil transporting pipelines initiates
the corrosion process (Rajasekar et al., 2005).

Complex microbial communities comprising
of both hydrocarbon oxidizing microorganisms and
bacteria using the metabolites of the former form an
ecological niche where they bloom. The accretion of
water at the underneath of storage tanks and in oil
pipelines is a primary prerequisite for development of
microorganisms in fuels and oil and their consequent
biological fouling. Ability of microorganism to grow
both in a water phase and on inter-phase of water/
hydrocarbon as well as the generation of products of
their metabolism worsen the physical and chemical
properties of oils and fuels. These microbial groups
carry enormous metabolic regulations and leads
to extremely high penalty for oil industry. Few
microbiological reactions in oil reservoirs from
different groups of microorganisms are demonstrated
on Figure 8.
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Figure 8. Possible microbiological reactions in oil
reservoirs from different groups of microorganisms
(Wolicka and Borkowski, 2012).

Walker and Colwell, (1975) evaluated the
abilities of bacteria and fungi in the degradation of
hydrocarbons. The following genera were included
in their study: Candida sp., Sporobolomyces sp.,
Rhodotorula sp., Hansenula sp., Penicillium sp.,
Cladosporium sp., Pseudomonas sp., Aspergillius
sp., Vibrio sp., Rhobium sp. and Nocardia sp. Walker
and Colwell, (1976) isolated Vibrio sp., Pseudomonas
sp. and Acinatobacter sp. from oil polluted sediments
and Pseudomonas sp. and Coryneform sp. from oil
free sediments. A large number of Pseudomonas sp.
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has been enumerated that are proficient to utilizing
hydrocarbons. The genetics and enzymology of
hydrocarbon degradation by Pseudomonas sp. have
been broadly studied (Chakrabarty, 1972; Chakrabarty
et al., 1973; Dunn and Gunsalus, 1973). Jones and
Trudgill, (1989) isolated alicyclic hydrocarbon utilizing
consortia Rhodococcus sp., Flavobacterium sp. and
Pseudomonas sp. identified from crude oil refinery soil.
Around 40 cultures, including 28 soil isolates, could
grow on one or more of the crude oils. Oil-degrading
strains of Beauveriabassiana sp., Mortieriella
sp., Phoma sp., Scolecobasidium obovatum and
Tolypocladium inflatum were also isolated (Atlas,
1981).

. BIODEGRADATION OF CORROSION
INHIBITORS

Some commercially used corrosion inhibitors used in
the oil and gas industry are normally of the cationic/
anionic type and include imidazolines, primary amines,
diamines, amino-amines, oxyalkylated amines,
fatty acids, dimmer, trimer acids, naphthaneic acid,
carboxylic acid phosphate esters and dodecyl benzene
sulfonic acids. The mechanism and action is to form a
constant monolayer film adsorbed at the metal /solution
interface. Thus, the modification of the molecule of
the inhibitor caused by microbial degradation during
their use, which can influence their definite activity on
corrosion inhibition (Videla et al., 2000). Rajasekar et
al. (2007a) noticed that commercial used inhibitors
such as dodecyl-carboxylic acid-based and amine-
based carboxylic acid are biodegradable in petroleum
transporting pipelines. Also Neidle and Ornston, (1987)
have reported that the bacterial isolates, Acenitobactor
calcoaceticus, Pseudomonas aerugenosa, Alcaligenes
sp., Bacillus sp. and Aeromonas sp. are resistant to
carboxylic acid and ester based compounds and go to
extent of degradation of these compounds effectively.
Ester dissolves in diesel, it kills all the bacteria, but
carboxylic acid enhances the proliferation of iron
oxidation, manganese oxidation and acid producers
on the pipeline. It can be assumed that the adsorbed
carboxylate anion creates low pH environment,
which favours the growth of iron bacteria, manganese
oxidizers and acid producers. The relationship among
the three bacterial communities was mutualism and
syntrophy.

Microbial degradation of simple heterocyclic
inhibitor of the type morpholine has been reported.
The degradation concerned an enzymatic activity at
the C—N position, followed by ring cleavage to make
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glycolic acid (Poupin et al., 1998). The inhibitors act
as tremendous energy source for bacteria, helps for
proliferation and subsequently improve the corrosion
rate (Rajasekar et al., 2007a). Generally, bacteria utilize
energy from the environment by burning up of carbon
and phosphorus (P) in the ratio 40:1; if these consume
excess, P is released as glucose-6-phosphate and
fructose-6-phosphate (Malony et al., 1990). Serratia
marcescens produce ferric oxide (Fe203), iron oxide
(FeO) and manganese dioxide (MnO,) in the presence
of inhibitor (Rajasekar et al., 2007¢). The presence of
ferric oxide (FeQOS) and manganese oxides (MnO,) in
the petroleum transporting pipelines point outs the
role of S. marcescens in manganese/iron deposition

during the creations of the corrosion product and
thereby accelerating the biocorrosion directly on the
pipeline (Jones, 1986). It reveals that S. marcescens
consumes hydrocarbon as a sole carbon resource
present in the corrosion inhibitor and reduces the
corrosion inhibition efficiency. Rajasekar et al. (2007a)
summarized that S. marcescens converts aldehyde into
acid through hydroxylation during biodegradation of
the hydrocarbon. There are partial reports describing
the contribution of Serratia in biodegradation of
hydrocarbons and its influence on corrosion in
petroleum transporting pipeline in tropical countries
and they are mostly thought of as degraders of aromatic
compounds (Wongsa et al., 2005).

Table 5. Examples of general 16S rRNA-targeted PCR primers used for studies of prokaryotic communities from

environmental samples

S. No Primer Target genus or specific gene Nucleotide sequence (5—3") References
Name
1 331f bacteria TCCTACGGGAGGCAGCAGT Nadkarni et al., 2002
772R GGACTACCAGGGTATCTAATCCTGTT
2 341F bacteria CCTACGGGAGGCAGCAG Jing et al., 2013
907R CCGTCAATTCCTTTRAGTTT
3 27f bacteria AGAGTTTGATCMTGGCTCAG Jing et al., 2013
1492r TACGGYTACCTTGTTACGAC
4 bssAf benzylsuccinate synthase ACGACGGYGGCATTTCTC Beller et al., 2002
bssAr (bssA) genes GCATGATSGGYACCG+ACA
5 alkMF1 monooxygenase gene CCACATGATTAGAGGGTTCGG Hedreyda and Sarmago,
alkMR1 (alkM) CAGCTACTCCTGAAGATCCG 2014
6 dsvagof Desulfovibrio GRGYCYGCGTYYCATTAGC Daly et al., 2000
dsv838r SYCCGRCAYCTAGYRTYCATC
7 alkJF Alkane hydroxylase alkJ TCGGCC(CT)AATTTGCAGTTTC Meintanis et al., 2006
alkJR gene TTTACCCAT(CA)CTACAAGTACC
8 DSB127 Desulfobacter GATAATCTGCCTTCAAGCCTGG Jing et al., 2013
DSB1273 CYYYYYGCRRAGTCGSTGCCCT
9 DFM140 Desulfotomaculum TAGMCYGGGATAACRSYKG Jing et al., 2013
DFM842 ATACCCSCWWCWCCTAGCAC
10 DBM169 Desulfobacterium CTAATRCCGGATRAAGTCAG Jing et al., 2013
DBM106 ATTCTCARGATGTCAAGTCTG
11 DBB121 Desulfobulbus CGCGTAGATAACCTGTCYTCATG Jing et al., 2013
DBB1237 GTAGKACGTGTGTAGCCCTGGTC
12 Vi universal bacteria TTACTCACCCGTCCGCCACT Grahn et al., 2003
V3 GCAACGCGAAGAACCTTACC
13 UA571F universal archaea GCYTAAAGSRICCGTAGC Baker and Cowan, 2004
UA1204R TTMGGGGCATRCIKACCT
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. MICROBIAL CHARACTERIZATION OF
BIOCORROSION AND MONITORING

Culture-based approaches, are tremendously helpful
for understanding the physiological potential
of microorganisms causing MIC; however may
not provide comprehensive information on the
composition of complex communities. Biodiversity
in most environments is dominated by uncultured
microorganisms. Many microbial species are
complicated to culture and study in isolation because
standard laboratory culturing circumstances fail to
facilitate growth of microorganisms (Whitby and
Skovhus, 2011). In some environments, like soil, it has
been anticipated that as many as 99% of the endogenous
species are unculturable with existing methodologies
(Amann et al., 1995; Whitby and Skovhus, 2011). For
microbial community analysis, whole genomic DNA
can be utilized. 16S rRNA gene act as ‘an evolutionary
clock’ and it has been primary gene of interest in
determining the phylogenetic diversity of bacteria.
This is owing to the fact that the 16S rRNA gene has
both highly conserved, variable, and hyper variable
regions. PCR primers which target the conserved
regions will amplify the 16S rRNA genes from almost
every bacterial or archaeal species and termed
‘universal bacterial’ or ‘universal archaeal’ primers
(Baker et al., 2003; Morales and Holben, 2009), on
the other hand, PCR based approach most commonly
used to selectively identify the genus of interest or set
of specific genes responsible for particular reactions
from the environmental DNA pool (Gupta et al., 2015).
As long as the sequences are known, PCR primers can
be developed that will target genes of individual species,
groups of related species or even all microorganisms.
The targeted genes could be phylogenetic markers or
functional genes. Universal PCR primers are intended
to amplify sequences from all microbes equally, this is
not typically the case and therefore the amplification
procedure will introduce a number of bias in the
community analysis (Baker et al., 2003). Table 5
shows list of most commonly used primers for rapid
identifications of microorganisms from environmental
gDNA pool (Figure 9). Once the PCR-amplified
sequences (amplicons) are ready, an estimate of the
microbial diversity can be obtained from post-PCR
fingerprinting methods, such as DGGE (Denaturing
Gradient Gel Electrophoresis), TGGE (Temperature
Gradient Gel Electrophoresis) or T-RFLP (Terminal
Restriction Fragment Length Polymorphism). The
DGGE gels have ability to separating PCR products
with analogous length, but different GC content. The
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number of bands on the gel gives an indication of species
diversity (Gupta et al., 2015). For species classification,
individual bands can be excised and sequenced.
When PCR and DGGE methods are combined, this
analysis can provide a quick fingerprinting tool in
which sampled environments can be compared. The
main benefit of PCR-DGGE is that the fingerprints
correspond to diverse environments, permit a direct
and rapid comparison of these environments on
one gel, by approximation, i.e. the 16S rDNA gene
fragments of similar species migrate the same distance
in a gel before denaturation. This permits a high-
throughput selection of most samples, since bands can
also be excised and sequenced (Whitby and Skovhus,
2011; Gupta et al., 2015).

gDNA from
environmental
samples

Figure 9. Schematic diagram represents the
steps involved in molecular characterization of the
environmental samples.

T-RFLP analysis use primers which have
different fluorescent labels to amplify the 16s rDNA
gene from the community (Luna et al., 2009). The
amplicons arethen assimilated with restriction enzymes
to release one of the labeled ends. These fragments can
be separated on a gel for visualization and purified
for sequencing. Random shotgun sequencing of total
environmental DNA will not only retrieve the sequences
of the 16s rDNA gene and other phylogenetic markers,
such as recA, but also resolve the sequences of the all
genes, providing clue of the genetic potential present in
an environment (Tringe and Rubin, 2005). Total DNA
sequencing can decide if significant functional genes,
such as dissimilatory sulphite reductase genes, are
present in the environment.

Quantitative PCR (qPCR), FISH (Fluorescence
in situ Hybridization) and microarrays are tools that
can quantify the number of particular microbes in
the environment. Like traditional PCR, qPCR can
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target the 16S rDNA gene, other phylogenetic markers
or functional genes. The FISH technique utilizes
fluorescently labelled probes that aim genes in the
environmental sample as long as their sequences are
known. Typically the 16S rDNA genes or an important
functional gene is targeted by FISH analysis. By
measuring the quantity of fluorescence incorporated
by the probe strap to its object, FISH permit for the
identification and enumeration of the microbes in an
environment. With the use of fluorescence microscopy,
FISH can also exemplify the spatial localization of
these microorganisms (Whitby and Skovhus, 2011;
Gupta et al.,, 2015). During the manufacture of
microarrays, probes targeting thousands of genes are
fixed to glass slides. For the analysis of environmental
samples, microarrays can contain either probes
targeting 16S rRNA genes or probes aiming functional
genes (functional gene arrays/geochips) (Schonmann
et al., 2009). Microarrays have the advantage by
targeting huge number of genes in a single experiment.
Microarray technology was originally developed to
combine a more efficient FISH technology with DNA
blot technique into a smaller and more compact
package (Shalon and Smith, 1996).

The 4’,6-diamidino-2-phenylindole (DAPI)
method measure all intact microorganisms containing
DNA (both live and dead cells) in any type of liquid
sample such as injection water, produced water
and fuel samples (Larsen et al., 2005). The DAPI
procedure can be finished in less than half a day. The
liquid sample is filtered whereby microbes (bacterial,
archaeal and fungal cells) are collected on a filter.
These are consequently stained with a fluorescent dye
(DAPI) that combines to the DNA in the cells and then
washed to remove surplus dye (Figure 10). The cells in
conclusion reckoning in an epifluorescence microscope
where they are clearly viewed (Figure 11). RNA in the
ribosomes and DNA in the bacterial cells are target
sites for the fluorescent dyes used in the FISH/DAPI
method. Illumina 454 sequencing is one of the key
competing systems in next-generation sequencing
(NGS) platforms. The aforementioned sequencing
is the most suitable platform for metagenomics
studies because the longer read lengths make the
bioinformatics of metagenomics analysis easier.
Lengthy reads improve BLAST homology searches and
assembly of long centigs. The longer reads as well make
phylogenic connection of genes through their host
organisms easier and improve species identification
from 16S rRNA sequence tags (Wommack et al., 2008).
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Capsule or
slime layer

Cell membrane

Figure 10. A schematic drawing of a bacteria cell and a
microscopic picture of active cells (bright cells) stained
with the FISH technique (Holmkvist et al., 2011).

Figure 11. Microscopic pictures of cells stained with
fluorescent dye, (A) the DAPI method and (B) FISH
technique (Holmkvist et al., 2011).

5.1. Denaturing gradient gel electrophoresis
(DGGE) studies

DGGE was most commonly adopted to identify the
microbial community differences in MIC/hydrocarbon
degrading environments (Van der Kraan et al., 2011;
Gupta et al.,, 2015). Tanaka et al. (2002) reported
that the 16S rRNA of SRB could be amplified directly
from a crude oil sample. Oliveira et al. (2008) studied
the potential differences amongst the bacterial
communities from formation water and crude oil
samples by metagenomic analysis. The results revealed
that Bacillus sp. and Halanaerobium sp. were identified
as the main components of the bacterial community
from the formation water, while the oil sample also
comprise of Streptomyces sp., Alicyclobacillus
acidoterrestris, Rhodococcus sp., Acidithiobacillus
ferrooxidans, Bacillus sp. and Halanaerobium sp. The
authors finally concluded that these studies revealed
the presence of some stains, such as Alicyclobacillus
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acidoterrestris, Acidithiobacillus ferrooxidans and
Rhodococcus sp. not previously originate in the same
samples while using an widespread 16S rDNA library
construction approach.

Liu et al. (2009) evaluated crude oil and
oil field production water samples from a crude oil
gathering and transferring system in China using 16S
rDNA denaturing gradient gel electrophoresis (DGGE)
analysis followed by cloning and sequencing. The
DGGE report illustrated that microbial communities
were extremely rich in the water samples than that in
the crude oil samples; in particular Stenotrophomonas
sp. and Ochrobactrum sp. were detected in all
crude oil and oil field water samples. Bacteria
such as Brevundimonas sp., Burkholderia sp. and
Propionibacterium sp. were also detected in the crude
oil samples but were absent in water samples. Bacteria
includes Acidovorax sp., Hippea sp., Arcobacter
sp., Pseudomonas sp., Peptostreptococcus sp.,
Brevibacterium sp., Thiomicrospira sp. and Tissierella
sp. were detected in the water samples but not in crude
oil samples.

Orphan et al. (2000) used both culture
dependent and culture independent analysis
of the oil collected from production wellhead
samples and following genera were identified in
culture independent rDNA clone libraries. They
include, Aminobacterium, Acidaminococcus,
Pseudomonas, Thermoanaerobacter, Thermococcus,
Desulfothiovibrio, Halomonas, Acinetobacter,
Sphingomonas, Methylobacterium, and Desulfo-
microbium. Cultured thermophilic isolates showed
genus level similarity in 2 out of 10 genera detected by
culture independent techniques. Bacterial communities
in crude oil samples from Japanese oil stockpiles were
investigated by Yoshida et al. (2005) using 16S rDNA
gene cloning, followed by DGGE analysis. With the aid
of PCR, 16S rDNA genes were successfully amplified
following isooctane treatment from three types of crude
oil collected at four oil stockpiles in Japan. Based on
DGGE profiles following species were identified, which
include Ochrobactrumanthropi, Burkholderiacepacia,
Stenotrophomonas maltophilia, Propionibacterium
acnes and Brevundimonas diminuta. Among the
prime bacteria identified in the crude oil, only three
species  (Propionibacterium, Stenotrophomonas
and Burkholderia) were found in culture dependent
method, while Ochrobactrum sp. could not be isolated
although the strain was most plentiful bacterium in
crude oil from the DGGE profiles.

With the introduction of TGGE and DGGE,
the scope of microbial ecological research has been
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changed. These two tools are vital in exploration of
microbial communities of different environments
(Campbell et al., 2009; Soni, 2010). TGGE exploits the
principle on which DGGE is based, without requiring
a chemical denaturing gradient. An amplified product
of DNA is loaded onto a polyacrylamide gel with a
stable concentration of urea. Through the run time,
temperature is increased gradually and uniformly.
The result is a linear temperature gradient on length
of the electrophoresis run. Finally, DNA fragments of
different nucleotide sequences are separated on the gel.
TGGE has not been much explored. The application of
TGGE was to determine whether the separation of 16S
rRNA amplified sequences from environmental DNA
using TGGE could provide qualitative and quantitative
information aboutenvironmental microbial community
composition without further analysis (Soni, 2010).

5.2. Next generation sequences (NGS)
Studies
SRB  genera including  Desulfovibrio  and

Desulfomicrobium were identified using the direct
selective 16S rDNA genes by metagenomic analysis
of the crude oil samples collected from Japanese oil
reservoir (Tanaka et al., 2002). Korenblum et al. (2012)
analysed the crude oil samples were collected from
wellhead of the Caratinga and Barracuda oil fields,
and most of the clones identified were affiliated with
Enterobacteriaceae, Alteromonadaceae, Gamma-
proteobacteria, Pseudomonadaceae, Moraxellaceae,
Betaproteobacteria, Comamonadaceae, Xanthom-
onadaceae, Burkholderiaceae and Oxalobacteraceae.
Advances in DNA sequencing technologies and
subtraction provide insights into the metabolic draft
of microbial cells and microbial communities directly
from environmental samples.

Recently, Hawley et al. (2013) metagenomically
analyzed natural crude oil collected from Santa
Barbara Channel (SBC), one of the world’s biggest
innate hydrocarbon dribble regions. The authors
reported for the first time metagenome exceeding 50
Gb of raw DNA sequence data. The major microbial
community associated with natural crude oil samples
of the SBC found as follows Deltaproteobacteria,
Epsilonproteobacteria, Gammaproteobacteria, Desul-
fobacteraceae, Desulfobulbaceae, Helicobacteraceae,
Campylobacteraceae, Chromatiaceae, Ectothiorho-
dospiraceae, Methylococcaceae and Thiotrichaceae.
The crude oil contaminated soil samples were directly
used for the DNA extraction by Yang et al. (2014).
They summarized that hydrocarbon utilizing bacterial
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community were apparent in crude oil-amended soils
with Proteobacteria being the dominant phylum,
together with Firmicutes and Actinobacteria. The
pollution direct to enrichment of indigenous bacterial

taxa like Novosphingobium, Phenylobacterium,
Alicylobacillus, Caulobacter, Sphingobium and
Arthrobacter, which were generally capable of

degrading polycyclic aromatic hydrocarbons (PAHs).
PAH are potentially dangerous compounds that
are broadly spread all over the environment in the
form of complex mixtures (Jegan et al., 2016; Abdel-
Gawad et al., 2016). The microbial diversity analysis
of the in production water from a high temperature,
offshore oilfield in China were characterized by
Li et al. (2007). Based on the 16S rDNA gene
sequence analysis, the authors identified following
genera, Firmicutes, Thermotogae, Nitrospirae and
Proteobacteria. Dominant archaeal genera were
confirmed as Methanothermobacter, Methanobacter,
Methanobrevibacter and Methanococcus.
Thermoprotei, Pseudomonas and Acinetobacter also
present in the oil water mixture.

Yamane et al. (2008) performed metagenomic
analysis of the five crude oil samples collected from
differentregions of Asia (Middle East, Chinaand Japan).
Based on the 16S rRNA gene sequencing those samples
founds 48 eubacterial species, one cyanobacterium,
and one archae. Acinetobacter, Propionibacterium,
Sphingobium and Bacillales were identified in the crude
oil collected from Middle East. In contrast, the bacterial
communities in Japanese and Chinese samples were
unique. Most of the microbes were associated with
following genera in Chinese and Japanese crude oils
like Petrotoga, Clostridia and Synergistetes. Lenchi
et al. (2013) used both injection water and production
water collected from Algerian oilfields for direct 16S
rRNA analysis. Microbial communities of production
and injection waters appeared to be significantly
different. Bacteria dominated in injection waters, while
Archaea dominated in production waters. Phylogenetic
analysis of bacterial sequences indicated that a-, f-and
y -proteobacteria and Archaeal sequences were mainly
belonging to Methanobacteria, Methanomicrobia,
Thermoprotei and Halobacteria classes.

5.3. Biocorrosion monitoring methods

Microbiological culturing techniques (plating method
and most probable number (MPN) technique) used
to monitor the existence of microorganisms in the
samples indirectly. On the other hand, direct finding
methods do not require microbial growth during the
test, but they still necessitate samples to be taken
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to the laboratory. These techniques determine the
presence of microbial cells in the sample directly or
using metabolites of microbial cells. Direct detection
methods simply indicate overall microbial inhabitants
and they do not point out presence of particular types
of microbes. Further, they are unable to differentiate
living cells from dead cells (Papavinasam, 2013).

5.3.1. Adenosine-5-phosphosulfate (APS) assay

The enzyme Adenosine 5 phosphosulfate (APS)
reductase originates from microbes and its presence in
a sample specifies the occurrence of microbes. In APS
method, the sample is initially washed to eliminate
interfering chemicals, such as hydrogen sulfide, and is
then treated ultrasonically to smash the microbial cells
and to liberate the APS. A negotiator that create colour
on reaction with APS is then added. The quantity of
coloration (typically blue) is measured as comparative
to the number of microbes (Papavinasam, 2013).

5.3.2. Adenosine triphosphate (ATP) assay
Adenosine triphosphate (ATP) is present in microbes.
The ATP analysis involves addition of reagent that
releases ATP from the microorganism, followed
by addition of an enzyme that responds with ATP
photochemically to release light. The released light is
detected by a photometer, and the microbial population
is anticipated from its intensity. Similar to the APS
assay, the sample containing microbes is initially
washed and filtered to eliminate interfering substances
(Papavinasam, 2013).

5.3.3. Hydrogenase assay

The hydrogenase enzyme is present in all SRB, and
this method involves processes to release hydrogenase
from the SRB and distinguish the quantity released
(Pope, 1985).

5.3.4. Epifluorescence cell surface antibody (ECSA)
assay

In this method the sample is broaden in a unique slide
with a primary antibody reagent and incubated for 20
min and then the sample is washed to take away excess
antibody. It was then incubated for another 20 min with
second antibody containing a fluorescent compound.
The microbes are counted using epifluorescence
microscopy (Revie, 2000).

5.3.5. Fatty acid sequencing

The fatty acid sequence is unique for each microbe,
and consequently it can be used as a finger-print for
the microorganism. In this technique, the methyl
esters of fatty acids from cell membranes and walls of
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microbes are investigated with gas chromatography to
distinguish the presence of microorganisms.

5.3.6. Radioactive method

In this method a radioactive material is introduced into
the sample containing the microbes and the microbe
is tracked through radioactivity. 35S is commonly used
radioactive material in this method (Papavinasam,
2013).

6 .CONCLUSIONAND FUTUREDIRECTIONS

This review compiled the present knowledge in the
field of MIC in particular to petroleum industries. To
understand MIC, it is important to integrate chemical
and physical phenomena with microbial physiology
and their role in such environments. The microbial
physiology of MIC environment is not completely
understood since the most of microbes were non-
culturable by conventional methods. Although,
there are few molecular approaches to characterize
the complexity of MIC environments, there are no
complete and clear profiles established. In addition, the
environmental factors playing a vital role in community
distribution profiles that varied site to site. Although,
the role of microorganisms in the hydrocarbon
degradation (crude oil) were well documented.
The methods adopted for monitoring the microbial
contamination and prevention of their undesirable
activities in oil industry is not well documented.
Specifically, both aerobic/anaerobic microorganisms
play a significant role in the hydrocarbon degradation
and MIC, but only limited studies were published on
the characterization of such complex communities and
explained the relationship between the communities.
Mechanisms anticipated as significant to
biocorrosion reveal the variety of physiological activities
carried out by miscellaneous types of microorganisms
found within biofilms. These mechanisms vary with
microbial species and the chemistry of the colonized
metal surface. Progress in molecular ecology and
microbial genomics, in similar with exhilarating
improvements in biological imaging and analytical
surface techniques, allows for better understanding
of the dynamics of the community structure within
biofilms. Nowadays different methods are used to
inhibit MIC. Understanding of microbial corrosion
mechanisms is one of primary tools to get better result
in corrosion inhibition. Investigations confirmed that
practically all the oil-field units are contaminated with
microorganisms such as SRB, IOB, IRB, SOB, MOB,
and AP bacteria. Many of commercially available
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biocides/ inhibitors are ineffective in oil industry, and
hence it is a big challenge to choose eco-friendly and
efficient biocides/inhibitors for oil industry. The future
research in petroleum industry specifically in reference
with MIC should focus on the following aspects,

+ Modern technologies likes PCR-DGGE, FISF/
DAPI, Next Generation Sequencing (NGS) including
16S rRNA based 454 pyrosequencing, Quantitative
Reverse Transcription PCR (qRT-PCR) method, and
microarray techniques are preferable advanced tools
for quick and reliable monitoring in oil industry (for
microbial contaminations and MIC).

« The total microbial communities identified using
NGS or WGS provides the complete blueprint of MIC
environments. Based on the complete profile the potent
inhibitor/biocides can be synthesized.

« Detection and characterization of representative
enzymes responsible for biodegradation of
hydrocarbons.

« Development of code of practice for evaluation of
suitable eco-friendly and effective corrosion inhibitors
/ biocides formulation for petroleum industry
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