
INTRODUCTION

Microbiologically Influenced Corrosion (MIC)
Microbiologically induced corrosion (MIC)

has been reported in several papers and journals
in the literature. It is quite clear that the
microorganisms affect the corrosion of metals and
alloys immersed in aqueous environments1.
Microbes adhere to the metal surfaces forming
biofilms, which can alter the surface chemistry at
the interface. Biofilms or the microbial coverings form
complex ecosystems in the presence of the four
prerequisite of life, i.e., a small amount of water; an
electron donor; an electron acceptor and a carbon
source2. A single bacterial species can form a
biofilm, but more often biofilms consist of many
species of bacteria and may include fungi, algae,
protozoa, cellular exudates/ extracellular substrate
(EBS), corrosion debris and by-products3.

The existence of life on earth has been
categorized into three main doamins, i.e., the
Bacteria, the Archaea and the Eucarya, which have
been shown in a schematic in Fig. 1. The Eucarya
comprise of the plants, animals and fungi. However,
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ABSTRACT
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the bulk of life on the planet is still composed of
microbial organisms from the Bacteria and Archaea
domains. Even the majority of Eucarya are microbial
- for instance, Giardia a well-known protozoan
microbial Eukaryote3.

Fig. 1: The three domains of existence of life on
earth. Bacteria and Archea comprise the major
bulk of microbiological community for the MIC
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In the oil and gas industry, several types of
bacteria’s are found that cause increased damage
to pipelines and tanks transmitting loads of fuel. The
sulfate reducing bacteria (SRB) takes the major lead.
These bacteria, reduces sulfate to sulfide, are
anaerobic and can thrive in the temperature ranging
from 25 to 60 °C. Several other types of SRB’s can
reduce nitrates, sulfites, thiosulfates and fumarates
with organic compounds or H2

4. Microbial flora can
also oxidize manganese, iron and various other
elements present in the pipes to reaction products,
such as MnO2, FeO, Fe2O3, MnCl2, FeCl2 and favor
corrosion. A complex mechanism of interaction occurs
between the aerobic and anaerobic bacteria further
promoting corrosion. Due to the deposition of biofilm
or plaque deposits, the metal surface beneath is
exposed to different amounts of oxygen causing the
creation of differential aeration cells. Less aerated
zones act as anode, which undergoes corrosion
releasing metal ions. These metal ions combine with
end product of bacteria, along with the chloride ion
of electrolyte to form more corrosive metal halides
like the MnCl2, FeCl2 and so on further aggravating
the attack5. Microbial corrosion is intensified when
the acidic metabolic products of microbes and
bacteria further corrode metal surfaces.

It is estimated that microbiologically
influenced corrosion is an issue worth 30 billion
dollars annually, contributing to 20 % of all the
corrosion problems faced by North America’s oil and
gas industry5. MIC have also been found in aqueous
environments, oil wells and transmission lines6,
spreading all over the North America and the globe.

Extracellular Polymeric Substrates (EPS)
Majority of the microbial flora live and grow

in biofilms, where they secrete a polymeric gel like
matrix and is known as the extracellular polymeric
substrate (EPS). EPS is the main component that
establishes the structural and functional integrity of
the biofilm and plays a substantial role in determining
the physiochemical and biological properties of
biofilm. EPS can be as high as 90% of the biofim7-
13. It is defined as a biosynthetic polymer. Wingender
et al. termed EPS as the organic polymers of
microbial origin which in biofilm system are
frequently responsible for binding cells and other
particulate materials together (cohesion) and to the
substratum (adhesion)8. The contribution of EPS in
the growth of biofilm was first pointed by Neu and
Marshall8 in 1990. It can also be defined as the
bound EPS (like sheaths, condensed gels, loosely
bound polymers, capsular polymers and attached
organic material) and the soluble EPS (such as
soluble macromolecules, colloids and slime)8.

Composition of EPS
Depending upon the environmental

conditions and microbial flora present, EPS can vary
significantly from a homogenous to a more
heterogeneous composition of the extracellular
polymers. Proteins (glycoproteins), carbohydrates
and humic acid substances are the main organic
fractions of the EPS10. 40-95 % of the components
of the macromolecules in the microbial EPS are
accounted for the exopolysaccharides11. The high
molecular weight homopolysacchride, dextran is
produced by the gram-positive bacteria Firmicutes.

Fig. 2: Polysaccharides structure in EPS
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Fig. 3: (a) conditioning film accumulate on submerged surface, (b) planktonic bacteria colonize
on the surface and become sessile by excreting EPS, and (c) sessile cells replicate on the surface

Firmicutes produces another type of
polysaccharides, known as kefiran. The structures
of dextran and kefiran have been shown in Fig. 214.

EPS formation mechanism
The gene regulation, quorum sensing

(QS), is the release of a chemical signal from a
bacterium, in response to a change in the cell
density. This chemical signal molecule is known
as autoinducer. The autoinducers concentration
changes as a function of the cell density15. QS
plays a s igni f icant role in regulat ing the
mechanism of the EPS production, colonization,
biofilm formation and differentiation. When a
bacterium approaches a surface it senses the
surrounding environment and releases protons
or other signaling molecules into the bulk
solution. These protons and signaling molecules
are known to diffuse away from the floating cells.
As the floating cells density increases, the
concentration of protons and signaling molecules
also increases as a result of diffusion limiting the
process. Living cells are attracted to surface and
they can sense these surfaces by the change in
concentration of protons or signaling molecules.
When the planktonic cells sense the surface, they
start to adhere to the surface and form biofilm.
In order for these cells to maintain the adhesion
process, they must biosynthesize cer tain
adhesive polmers in the form of some

exopolysaccharides. These materials help the
cells to adhere to the surface and to other
bacterial cells and enhance the irreversible
adhesion phase of biofilm formation16.

Formation of Biofilm
The biofilm develops in three stages,

attachment, colonization and detachment. When
microorganisms interact to a surface, they
immediately produce slimy adhesive substances
(EPS), which enhance the formation of
microcolonies and biofilm. EPS helps the cells to
adhere to the surface and to the other cells. EPS
can also control the substratum-biofilm interfacial
chemistry and can regulate the cohesive forces
within the biofilm and biofilm stability.

In process industry, chlorination is a
common method of controlling biofilm formation.
Transport of chlorine to the biofilm is a diffusion
controlled process, which depends on the
concentration of chlorine in the bulk solution and
the amount of turbulence. Microbial cells are
inactivated by the chlorine in water, which also
oxidize the nutrients. Chlorine also reacts with
organic and inorganic compounds in the biofilm,
which results in the disruption of cellular material
and inactivation of cells. Figure 3 shows the influence
of EPS on the attachment of planktonic bacteria to
the surface17-21.

Properties of EPS in a Biofilm
The large amount of water incorporated

inside the extra cellular polymeric substrate by the
hydrogen bonding makes it highly hydrated. EPS
can be hydrophobic or hydrophilic and have different
solubilities in water depending upon the surface
polarities of the polysaccharides. The conformation

of EPS depends on the composition and the
structure of the polysaccharides. The presence of
the 1,3 or 1,4--linked hexose residues in the EPS
backbone structure makes it rigid, un-deformable
and insoluble17-18. The availability of nutrients in the
growth media has a substantial effect on the
production of EPS, for example, the excess of carbon
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and depletion of nitrogen, potassium, can enhance
EPS formation. EPS production is also encouraged
by slow growth microorganisms. EPS prevent
dehydration of biofilm by its hydration property. It
can resist the antibiotics by impeding their mass
transport through the biofilm or by binding to those
antibiotics19-22.

Microbiologically Influenced Corrosion
Mitigation

MIC can be controlled in several ways, 1)
physical methods, 2) chemical methods, 3)
electrochemical methods and 4) biological
treatments. The following section summarizes the
uses, advantages and disadvantages of these
treatments.

Physical Methods
The extenuation of MIC, using physical

treatments, involves the use of mechanical forces
to scrap of the biofilm and is not only limited to
pigging, but also involves the use of ultraviolet
radiations and ultrasonics.

Pigging
A pig is a tool that is used inside the oil

and gas containing pipes for cleaning. Most of the
time pigs are used to inspect, clean, and add
chemicals to the pipeline. Pigs work well in cleaning
and inspection of pipeline21. If a biofilm is formed
inside the pipeline, pigging can scrape it out, but it
cannot remove the entire bacterial colonization and
the bacteria may grow and form the biofilm again.
During localized corrosion in addition to MIC,
bacterial cells penetrate inside the pits and the brush
of the pigs is not able to penetrate the pits inside
the pipes and clean effectively. Although pigging is
the recommended nondestructive technique for
inspection and cleaning of the pipelines, it is still
not the ideal method to prevent MIC.

Ultraviolet radiation
When treating with ultraviolet radiations,

the DNA of the microorganisms is altered in a
way that they cannot produce byproducts which
are responsible to cause corrosion22. Although
UV shows a high killing efficiency, but it only
works for the surfaces exposed directly to the
radiation and it is difficult to manage such
exposure in the long pipelines. UV can be blocked

by some microorganisms, resulting in a less
efficient or higher dose of UV light, required for
a higher killing rate. It has been reported that
some microorganisms are not affected by the UV
radiations21.

Ultrasonic treatment
Ultrasonics has been recognized since

several decades to destroy cell wall and cell
membrane of the microorganisms. The mechanism
for the ultrasonics is that it applies an acoustic
pressure (Pa) and subsequent cavitation in the
treated bubbles in the liquid. These cavitation
bubbles, when collapse, increase the pressure in
the order of hundreds of atmospheres and the
temperature in the order of thousands of degrees.
The treatment shows, a promising killing efficiency
greater than 99 %. Cavitation, can also cause
damage to the substrate surface and may aggravate
crevice corrosion23.

Chemical Methods
Biocides are the most effective chemicals

used to terminate microbiologically influenced
corrosion. They are chemical compounds, which kill
living microorganisms, and are of two types -
oxidizing biocides and non-oxidizing biocides.

Oxidizing biocides, like chlorine, can
penetrate and destroy the cell, but the non-oxidizing
biocides such as aldehydes can also penetrate and
destroy the cell membrane. Biocides that can kill
many diverse types of microorganisms are known
as broad-spectrum biocides21. Biocides can
sometimes cause a subsequent corrosion problem
on the structural materials. They can be expensive
and unfriendly to the environment.

Electrochemical Methods
Applying negative potential (cathodic

protection) to the structural materials is one of the
most common methods for corrosion protection. It
can reduce/prevent the corrosion of any metal/alloy
electrolyte combination in a given industrial
application. Several mechanisms explaining the
corrosion prevention on cathodic polarization has
been summarized in literature, and the most
common theory supporting microbial corrosion
prevention has been described below24.
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Electrostatic-chemical theory
On applying a negative potential on a metal

during cathodic protection, the surface becomes
more negatively charged and repels the negative
charged bacteria as shown in Figure 4. These
repulsions prevent the bacteria from attaching to

the surface until the distance is in a nano range. At
the same time, the cathodic reaction happening over
the metal, effects the hydroxyl ion release, thereby
increasing the pH, which will subsequently make
the environment more alkaline and slow down
bacterial proliferation21.

Fig. 4: Repulsion between negatively charged surface by negative polarization of a
metal during cathodic protection and negatively charged bacteria. The thickness

of the arrows represents the power of the repulsion force

Coating
Almost all of the underground pipeline are

coated with some form of coating. Coating
disbandment is usually the commonest cause that
leads to corrosion failure in this field. For a coating
to be effective, it should be adherent, coherent, non-
porous and mechanically resistant. Some of the
coatings are polymer material. Table 1 summarizes
the stability of some polymers to the microbial
attack21. It is also essential to have a continuous
protective coating that can tolerate aggressive
chemicals such as sulfuric acid and acetic acid,
which are produced by some acid producing
bacterial as a part of corrosion attack.

Biological Treatments
The most recent scheme for the mitigation

of microbiologically, influenced corrosion using
biological treatments, is by the use of different types
of bacteria against the primary bacteria responsible
for MIC in a specific industrial environment. Some
strains of SRB are capable of reducing nitrate and
some authors propose using nitrate reducing
bacteria to exclude SRB. Nitrate can inhibit SRB or
affect the enzyme that SRB used to reduce sulfate
to sulfide4.

CONCLUSION

1. Microbiologically influenced corrosion is a
serious corrosion problem in different fields.

2. Extracellular polymeric substrate has a
substantial role in the adhesion of
microorganisms to the surfaces and to the
other cell.

3. The chemical composition and the
conformation of exo-polymers in EPS may
show a discrepancy from one type of bacteria
to another and also the environmental
conditions under exposure.

4. MIC can be treated by different techniques.
However none of them has a100 % efficiency.

Table 1: Polymer stability
to prevent microbial attack

Polymer Stability

Polystyrene High
Epoxy resin High
Polyethylene High-medium
Polypropylene High-medium
Polyurethanes Low
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