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A. INTRODUCTION

The importance of microorganisms in corrosion of metals has been recognized for over 60 years,
since the first report by von Volzogen Kuhr and van der Vlught [I]. Microbiological corrosion,
now also called microbially influenced (or induced) corrosion (MIC) by corrosion engineers and
scientists, affects a wide range of industrial materials, including those in oil fields, offshore,
pipelines, pulp and paper industries, armaments, nuclear and fossil fuel power plants, chemical
manufacturing facilities, and food industries [2-6]. The terminology of microbiological corrosion
was frequently interchangeably used with microbiological fouling, but the two are not synonymous.
Microbial induced corrosion is not clearly defined, and ambiguity and misuse are common.

Corrosion has severe economic consequences. It was estimated that 70% of the corrosion in gas
transmission is due to problems caused by microorganisms. The American refinery industry loses
$1.4 billion a year from microbial corrosion [7]. A wide variety of microorganisms are capable of
corrosion and degradation: the causative microorganisms include both aerobic and anaerobic
bacteria. The sulfate-reducing bacteria (SRB) have become the chosen organisms in a large number
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FIGURE 1. A scanning electron micrograph (SEM) showing a biofilm community on a surface. The sample
was dehydrated and critical point dried before being coated with palladium and gold.

of studies on biocorrosion [8-12]. In addition to SRBs, exopolymer (slime)- and acid-producing
bacteria were found to participate actively in corrosion processes by a mechanism in which metal
ions are complexed with functional groups of the exopolysaccharides, resulting in release of metallic
species into solution [13-17]. Similarly, fungi were observed to be involved in corrosion of
aluminum and its alloys by a process in which organic acids of microbial origin attack the material
matrices [18]. Fungi were also shown to be the causative organisms in degradation of concrete [19],
stone [20, 21], glass [22], and artificial polymers that are widely used for protective purposes against
corrosion [19-24].

Microbial involvement in corrosion of materials, including both metallics and polymeric
materials as well as stone, is a result of adhesion to, and metabolism on surfaces. Microorganisms
form complex communities on surfaces of materials, and develop complex hereogenous biofilms
(Fig. 1). Microbial associations on surfaces are also responsible for degradation of the underlying
materials. Some autotrophic microorganisms obtain electrons from metal oxidation and, at the same
time, reduce CO2 for synthesis and growth [25, 26]. Bacteria growing on these surfaces alter the
microenvironment, yielding acidity, oxygenation, and changing the diffusivity of metabolites and
nutrients. During growth, the anaerobic SRBs produce H2S, which corrode metals [26]. Corrosion is
typically mediated by the hydrogenase activity of the SRBs, particularly the genus Desulfovibrio.

A wide range of microbial processes can cause corrosion [1O]. In general, the presence of
inorganic deposits, and differential concentrations of oxygen and chloride, are important parameters
determining the extent of corrosion. The presence of a microflora and fauna on surfaces of materials
alters the local environment providing appropriate conditions for dissolution of the metal. Some of
the processes involved are summarized below.

B. MICROBIAL BIOFILMS

Microorganisms adhere to nonliving and living (tissue) surfaces under submerged or moist natural
conditions [27-29] and in industrial environments exposed to moisture [23, 24]. Adhesion of



microorganisms to surfaces of metals changes the electrochemical characteristics of the material.
The resultant biofilm can lead to cathodic depolarization due to oxygen depletion near microbial
colonies by microbial activity and increased localized acidity around the microbial colonies. The
structure of a biofilm community on any surface is heterogeneous in composition [3O]. The
composition reflects changes in the local environment, nutritional conditions and selective pressure.
Bacterial attachment to surfaces is essential to the initiation of corrosion, recruiting of invertebrate
settlement [31, 32], and passivation of metallic surfaces [8]. An understanding of bacterial adhesion
processes and characteristics of biofilms is essential for a better understanding of the initiation of and
control of corrosion. Information pertinent to microbial biofilm formation is discussed in Chapter 21
of this book.

The effects of biofilms on corrosion are by means of any or a combination of the following
factors: (1) Direct effects on cathodic or anodic processes. (2) Changes in surface film resistivity by
microbial metabolites and exopolymeric materials. (3) Generation of microenvironments promoting
corrosion, including low oxygenation conditions and acidic microenvironments. (4) Establishment
of concentration cells. Because biofilms are present in a wide range of environments, their influence
on materials covers a wide range of temperature, humidity, salinity, acidity, alkalinity, and
barometric conditions. In some cases biofilms may cause enoblement rather than corrosion [33].

C. AEROBIC CORROSION

1. Oxidation Processes

Under aerobic conditions, molecular oxygen (O2) serves as an electron acceptor to achieve maximal
energy for microbial growth. Microorganisms living under natural conditions tend to adhere to
surfaces. Adhesion is by means of long- and short-range forces operating between the bacterial cells
and the surfaces [34]. At a distance, attractive forces dominate and affect the distance between a
bacterium and the surface. After moving to a critical distance near a surface, repulsive forces become
dominant and keep bacteria away from the surface (Fig. 2).

The microflora form patches on the material, inducing the formation of differential concentration
cells on metals. After initial adhesion by electrostatic attraction or random collision, the organisms

FIGURE 2. Interaction between a particle and a flat surface expressed as Gibbs free energy, according to the
double-layer theory at intermediate concentrations of ionic strength (O. IM). The parameter Gr denotes
electrostatic interaction and G3 van der Waals interaction. The solid line indicates the combination of the two
interactions.



FIGURE 3. Schematic diagram of a differential aeration cell by oxygen depletion under aerobic conditions on
a metal surface.

divide and form colonies, which deplete oxygen and release hydrogen ions [30, 34]. The adhesive
process induces the expression of genes responsible for polysacchaiide synthesis. Exopolymeric
materials are synthesized, yielding a complex biofilm community. Under oligotrophic conditions,
microorganisms synthesize large quantities of exopolysaccharides which serve as protectants from
dessication and energy reserves. When nutrients are further depleted, the cells can recycle these
polymers as a source of carbon and energy.

During aerobic corrosion, the area of a metal beneath these colonies acts as an anode, while the
area further away from the colonies, where oxygen concentrations are relatively higher, serves as a
cathodic site (Fig. 3). Electrons flow from anode to cathode, and the corrosion process is initiated.
Electrolytes affect the distance between the anode and cathode, being shorter at low salt and longer at
high concentrations. An electrochemical potential is eventually developed across the two sites and
corrosion reactions take place, resulting in the dissolution of metal. Dissociated metal ions form
ferrous hydroxides, ferric hydroxide and a series of Fe containing minerals in the solution phase,
depending on the biological species present and the chemical conditions. It should be noted that
oxidation, reduction, and electron flow must all occur for corrosion to proceed. However, the
electrochemical reactions never proceed at theoretical rates because the rate of oxygen supply to
cathodes and removal of products from the anodes limit the overall reaction [9]. In addition,
impurities and contaminants of the metal matrices also stimulate corrosion by initiating the
formation of differential cells and accelerated electrochemical reactions [35].

When aerobic corrosion occurs, corrosion products usually form a structure consisting of three
layers called tubercles. The inner green layer is mostly ferrous hydroxide [Fe(OH)2]. The outer one
consists of orange ferric hydroxide [Fe(OH)3]. In between these two, magnetite (Fe3O4) forms a
black layer [36]. The most aggressive form of corrosion is tuberculation caused by the formation of
differential oxygen-concentration cells on material surfaces. The overall reactions are as follows:

Fe0 -> Fe2+ + 2e~ (anode) (1)

O2 + 2H2O + 4e~ -> 4OH- (cathode) (2)

2Fe2+ + 0.5 O2 + 5H2O -> 2Fe(OH)3 + 4H+ (tubercle) (3)

Initial oxidation of Fe of mild steel at near neutral pH is driven by dissolved O2 [37]. Subsequent
oxidation of Fe2 + to Fe3 + is an energy producing process carried out by a few bacterial species. The
amount of free energy from this reaction is small, (~ 31 U). Large quantities of Fe2 + are oxidized to
support the microbial growth. Because the Fe2 + oxidative reaction is rapid under natural conditions,
microorganisms compete with chemical processes for Fe2 +. As a result, biological involvement
under aerobic conditions may be underestimated [10, 38].

2. Microorganisms Involved

Several groups of aerobic microorganisms play an important role in corrosion, including the sulfur
bacteria, iron- and manganese-depositing and slime-producing bacteria, fungi, and algae. The so-
called "iron bacteria" include Sphaerotilus, Leptothrix, Gallionella, and Siderocapsa. Ghiorse and



Hirsch [39] also observed that two Pedomicrobium-]ike budding bacteria deposit Fe and Mn on their
cell walls. Most of these bacteria are difficult to culture under laboratory conditions [25]. At neutral
pH, Fe2 + is not stable in the presence of O2 and is rapidly oxidized to the insoluble Fe3 + state. In
fully aerated freshwater at pH 7, the half-life of Fe2+ oxidation is < 15 min [4O]. Because of this,
the only neutral pH environments where Fe2+ is present are interfaces between anoxic and oxic
conditions. Recently, improved techniques allowed the isolation of new Fe2 + oxidizing bacteria
under microaerophilic conditions at neutral pH [41]. Ferric oxides may be enzymatically deposited
by Gallionella ferruginea, and nonenzymatically by Leptothrix sp., Siderocapsa, Naumanniella,
Ochrobium, Siderococcus, Pedomicrobium, Herpetosyphon, Seliberia, Toxothrix, Acinetobacter, and
Archangium [39, 42]. Questions remain as to the extent of microbial involvement in specific
processes of corrosion involving iron oxidation. Further investigation requires integrated ap-
proaches, including microbiology, materials science, and electrochemistry.

Microorganisms in the genus of Thiobacillus are also responsible for oxidative corrosion.
Because metabolically they oxidize sulfur compounds to sulfuric acid, the acid around the cells may
attack alloys. Similarly organic acid-producing microorganisms, including bacteria and fungi, are of
concern. A number of acid tolerant microorganisms are capable of Fe oxidation. Thiobacillus is the
most common. Thiobacillus ferrooxidans oxidizes Fe2+ to Fe3 + , but the product limits growth of
the organisms [42]. The SO2." ion is required by the Fe-oxidizing system in T. ferrooxidans. The role
of S is probably to stabilize the hexaaquated complex of Fe2 + as a substrate for the Fe oxidizing
enzyme system, with the Fe2 + being oxidized at the surface of the bacterium. The electrons removed
from Fe2 + are passed to periplasmic cytochrome c. The reduced cytochrome c binds to the outer
plasmic membrane of the cell, allowing transport of electrons across the membrane to cytochrome
oxidase located in the inner membrane.

Most microorganisms accumulate Fe3 + on their outer surface by reacting with acidic polymeric
materials. Such mechanisms have important implications not only for corrosion of metals, but also to
the accumulation of heavy metals in natural habitats. Aquaspirillum magnetotacticum is capable of
taking up complexed Fe3+ and transforms it into magnetite (Fe3O4) by reduction and partial
oxidation [43]. The magnetite crystals are single-domain magnets. They play an important role in
bacterial orientation to the two magnetic poles of the Earth in natural environments. However,
magnetite can also be formed extracellularly by some nonmagnetactic bacteria [44]. The role of
these bacteria in corrosion of metals is unknown.

Manganese deposition by microorganisms also affects the corrosion behavior of alloys. Gowth of
Leptothrix discophora resulted in enoblement of stainless steel by elevating the open circuit potential
to +375mV [33]. Further examination of the deposits on surfaces of coupons using X-ray
photoelectron spectroscopy (XPS) confirmed that the product was MnO2. The MnO2 can also be
reduced to Mn2 + by accepting two electrons from metal dissolution. The intermediate product is
MnOOH [45].

D. ANAEROBIC CORROSION

1. Anaerobic Processes

In submerged environments, all surfaces are covered with microorganisms and their exopolymeric
layers. Adhesion to surfaces provides a strategy for microbial survival and multiplication [46], and
an opportunity for corrosion. Frequency of gene transfer between bacteria in a biofilm community is
high [47]. Within this gelatinous matrix of a biofilm, there are oxic and anoxic zones, permitting
aerobic and anaerobic processes to take place simultaneously. Aerobic processes consume oxygen
which is toxic to the anaerobic microflora, while anaerobes benefit from the lowering of oxygen
tension. In the absence of oxygen, anaerobic bacteria, including methanogens, sulfate-reducing
bacteria, acetogens, and fermenters are actively involved in corrosion processes. Interactions
between these microbial species allow them to coexist under conditions where nutrients are limited.



Sulfate reducing bacteria are among the most intensely investigated groups of microorganisms
causing biological corrosion [4,27,48,49]. Figure 4 shows a population of SRBs on a metal surface,
and the resulting pitting corrosion. Under anaerobic conditions, oxygen is not available to accept
electrons. Instead, SO4

2 ~ or other compounds are used as electron acceptors. Each type of electron
acceptor is unique in the pathway of metabolism. When corrosion begins, the following reactions
take place:

4 Fe0 -» 4Fe2+ + 8e~ (anodic reaction)
8 H2O -> 8H+ + 8OH~ (water dissociation)
8 H+ + 8e~ -> 8H (adsorbed) (cathodic reaction)
SO2" + 8H -> S2~ + 4H2O (bacterial consumption)
Fe2+ + S2~ —> FeS j (corrosion products)

4Fe H- SO2T + 4H2O-^SFe(OH)2 j +FeS | +2OH~

The suggestion of von Wolzogen Kuhr and van der Vlugt [1] was that these reactions are caused by
SRBs. This electrochemical generalization has been accepted and is still prevalent. The process is
shown in Figure 5. During corrosion, the redox potential of the bacterial growth medium is — 52 mV
[26]. After inoculation of a corrosion testing cell with SRBs, the overall internal resistance decreases
from the initial value of 15 fi to ~ 1H, while the sterile cell actually shows an increase in resistance.

Hadley [26] described several phases of change in the electrical potential of steel after inoculation
with the SRBs. Before inoculation, the value is determined by the concentrations of hydrogen ions
in the medium. A film of hydrogen forms on surfaces of Fe and steel, inducing polarization.
Immediately after inoculation, SRBs begin growth and depolarization occurs, resulting in a drop of
5OmV in the anodic direction. The SRBs by means of their hydrogenase system, remove the
adsorbed hydrogen, depolarizing the system. The overall process was described as depolarization,
based on the theory that these bacteria remove hydrogen that accumulates on the surfaces of iron.
The electron removal as a result of hydrogen utilization results in cathodic depolarization and forces
more iron to be dissolved at the anode.

The direct removal of hydrogen from the surface is equivalent to lowering the activation energy
for hydrogen removal by providing a depolarization reaction. The enzyme, hydrogenase, synthesized
by many species of Desulfovibrio spp., is involved in this specific depolarization process [5O]. Under
aerobic conditions, the presence of molecular oxygen serves as an electron sink; under anaerobic
conditions, particularly in the presence of SRBs, SO4

2" in the aqueous phase can be reduced to
S2 ~ microbiologically. The biogenically produced S2 ~ reacts with Fe2 + to form a precipitate of
FeS. Controversy surrounding the mechanisms of corrosion includes more complex mechanisms
involving both sulfide and phosphide [51-55] and processes related to hydrogenase activity [5O].
The addition of chemically prepared Fe2S and fumarate as electron acceptors also depolarizes.
However, higher rates are always observed in the presence of SRBs.

As a result of the electrochemical reactions, the cathode always tends to be alkaline with an
excess of OH ~. These hydroxyl groups also react with ferrous irons to form precipitates of hydroxy
iron. Precipitated iron sulfites are frequently transformed into minerals, such as mackinawite,
greigite, pyrrhotite, marcasite, and pyrite. Lee et al. [12] suggests that biogenic iron sulfides are
identical to those produced by purely inorganic processes under the same conditions. Little et al. [56]
showed evidence that biogenic minerals are microbiological signature markers.

2. Involvement of SRBs and Their Hydrogenase Systems

The role of anaerobic microorganisms in corrosion was implicated as early as 1910 [57]. Emphasis
has traditionally been on SRBs [10-12, 38, 50] and on hydrogenases, in which the hydrogen on
metal surfaces is consumed by microbial metabolism. Severe damage by SRBs can be found in oil
field drilling steel, materials exposed to deep wells, buried pipelines, and immersed structural



FIGURE 4. Scanning electron micrographs of (a) a population of sulfate reducing bacteria on a surface of a
metal coupon (stainless steel 316) and (b) pitting corrosion.

materials. However, the involvement of SRBs and their hydrogenases in corrosion of mild steel is
still controversial.

Currently, 18 genera of dissimilatory SRBs have been recognized. They are divided into two
physiological groups [58]. One group utilizes lactate, pyruvate, or ethanol as carbon and energy
sources, reducing sulfate to sulfide. Examples are Desulfovibrio, Desulfomonas, Desulfotomaculum,



FIGURE 5. A proposed mechanism of metal corrosion under anerobic conditions in the presence of a sulfate-
reducing bacterial population.

and Desulfobulbus. The other group oxidizes fatty acids, particularly acetate, reducing sulfate to
sulfide. This group includes Desulfobacter, Desulfococcus, Desulfosarcina, and Desulfonema. Some
species of Desulfovibrio lack hydrogenase. For example, D. desulfuricans is hydrogenase negative
and D. salexigens is positive [59, 6O]. Booth and co-workers [59, 60] observed that the rate of
corrosion by these bacteria correlated with their hydrogenase activity. Hydrogenase negative SRBs
were completely inactive. Apparently, hydrogenase positive organisms utilize cathodic hydrogen
depolarizing the cathodic reaction, which controls the kinetics. In contrast to this theory, it has been
suggested that ferrous sulfide (FeS) is the primary catalyst [12].

Other microorganisms should be noted for their role in anaerobic corrosion. They include
methanogens [61], acetogens, thermophilic bacteria [62], and obligate proton reducers [63]. More
work is needed to elucidate the role of their contributions to corrosion.

E. ALTERNATING AEROBIC AND ANAEROBIC CONDITIONS

Constant oxic or anoxic conditions are rare in natural or industrial environments. It is more common
that the two alternate, depending on oxygen gradient and diffusivity in a specific environment.
Microbial corrosion under such conditions is quite complex, involving two different groups of
microorganisms and an interface that serves as a transition boundary of the two conditions. Resul-
tant corrosion rates are often higher than those observed under either continuous oxic or anoxic
conditions. Microbial activity reduces the oxygen level at interfaces, facilitating anaerobic meta-
bolism. The corrosion products resulting from anaerobic processes, such as FeS, FeS2, and S°, can be
oxidized when free oxygen is available.

During oxidation of reduced sulfur compounds, more corrosive sulfides are produced under
anoxic conditions, causing cathodic reactions. The corrosion rate increases as the reduced and
oxidized FeS concentrations increase [12] (Fig. 4). Cathodic depolarization processes can also yield
free O2 that reacts with polarized hydrogen on metal surfaces.

Corrosion resistance in materials is related to material composition, purity, and surface treatment.
For example, stainless steel is more resistant to corrosion than mild steel because a passivation film
forms on surfaces. Pitting corrosion of stainless steel can be found, in particular, in areas of welding
and crevices [64]. Corrosion of stainless steel AISI 304 and AISI 316 is often localized in marine
habitats.

F. CORROSION BY MICROBIAL EXOPOLYMERS

Bacteria produce copious quantities of exopolymers that appear to be implicated in corrosion [16,
65-67]. The process is shown in Figure 6. These exopolymers are acidic and contain functional



FIGURE 6. Schematic illustration of metal complexation by exopolymeric.

groups that bind metal ions. Paradies [16] recently reviewed this subject. The exopolymers facilitate
adhesion of bacteria to surfaces. They are involved in severe corrosion of copper pipes and water
supplies in large buildings and hospitals [68, 69]. These materials also play an important role in
cueing the settlement of invertebrate larvae and in repelling larvae from surfaces [7O]. They
primarily consist of polysaccharides and proteins, and influence the electrochemical potential of
metals [13]. Surface analysis using XPS showed that these functionality-rich materials can complex
metal ions from the surface, releasing them into aqueous solution. As a result, corrosion is initiated.
Proteins in polymeric materials use their disulfide-rich bonds to induce corrosion.

Bacterial polymers were recently found to promote corrosion of copper pipes in water supplies
[68, 69, 71], due to the high affinity of the polymeric materials for copper ions [71, 72]. The
corrosion processes are accelerated when the pipes are filled with stagnant soft water.

Cations influence the production of bacterial exopolymers. Polysaccharide production by
Enterobacter aerogenes is stimulated by the presence of Mg, K, and Ca ions [73]. Toxic metal ions,
(e.g., Cr) also enhance the polysaccharide production. Synthesis is positively correlated with Cr
concentration [74].

G. MICROBIAL HYDROGEN EMBRITTLEMENT

The role of bacteria in embrittlement of metals is not fully understood. During the growth of bacteria,
fermentation processes produce organic acids and molecular hydrogen. This hydrogen can be
adsorbed to material surfaces, causing polarization. Some bacteria, particularly the methanogens,
sulfidogens, and acetogens are also capable of hydrogen utilization [75].

Walch and Mitchell [29] proposed a possible role for microbial hydrogen in hydrogen
embrittlement. They measured permeation of microbial hydrogen into metal, using a modified
Devanathan cell [76]. In a mixed microbial community commonly found in natural conditions,
hydrogen production and consumption occur simultaneously. Competition for hydrogen between
microbial species determines the ability of hydrogen to permeate into metal matrices, causing crack
initiation.

Microbial hydrogen involved in material failure may be explained by two distinctively different
hypotheses, pressure, and surface energy changes [77]. The kinetic nature of hydrogen embrittlement
of cathodically charged mild steel is determined by the competition between diffusion and plasticity.
The higher the strength level, the more susceptible the alloy. However, microstructures were also
proposed to be the more critical determinant of material susceptibility. Hydrogen permeation may
increase the mobility of screw dislocations, but not the mobility of edge dislocations [78].

H. CORROSION BY OTHER MICROBIAL METABOLITES

Fungi have been shown to cause deterioration of a wide array of polymeric materials, including
electronic polyimides [79-81], packaging cellulose acetate [82, 83], epoxy resins [80], protective



coatings [81], and concrete [81, 84]. Degradation of protective coating needs to be considered
because the underlying metals are dependent on the protective properties of the polymer.

Fungi also produce highly corrosive metabolites including a wide range of organic acids
[18].These acids have been shown to corrode fuel tanks [18]. They survive well at water-fuel
interfaces, metabolizing the fuel hydrocarbon as carbon and energy sources. They also are capable of
generating corrosive oxidants, including hydrogen peroxide.

I. PREVENTIVE MEASURES

Chlorination is used routinely as a preventive measure to eradicate corrosive bacteria from surfaces.
This treatment produces secondary halogenated byproducts, that are environmentally unacceptable.
In addition, biofilms limit diffusion, preventing penetration of the disinfectant. Organic biocides,
used to prevent bacterial growth in industrial systems, may selectively enrich a population capable of
biocide resistance through gene transfer between cells. No solution to these problems is currently
available. However, new environmentally acceptable biocides are becoming available. It is probable
that some of these biocides will be capable of either preventing biofilm formation or killing the
microorganisms in previously formed biofilms.

J. CONCLUSIONS

Microorganisms are involved in the corrosion of metal under aerobic conditions by oxidation of iron
or manganese, and by acidic metabolites. Under anaerobic conditions bacteria corrode metals by
cathodic depolarization and the formation of FeS, or by consuming hydrogen produced by
polarization. Other mechanisms have also been implicated in recent years, including microbial
hydrogen embrittlement, or complexation by microbial exopolymeric materials. We have only
recently begun to understand the complex interactions between the microflora and metals, leading to
corrosion. Modern methods in molecular biology combined with recently developed techniques in
materials science, such as confocal microscopy, should permit us to understand more fully the role of
microorganisms in metal corrosion.
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