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Abstract The chapter demonstrates that biofilms can influence the corrosion of
metals (1) by consuming oxygen, the cathodic reactant; (2) by increasing the mass
transport of the corrosion reactants and products, therefore changing the kinetics of
the corrosion process; (3) by generating corrosive substances; and (4) by generating
substances that serve as auxiliary cathodic reactants. These interactions do not
exhaust the possible mechanisms by which biofilm microorganisms may affect the
corrosion of metals; rather, they represent those few instances in which we
understand the microbial reactions and their effect on the electrochemical reactions
characteristic of corrosion. In addition, we can use electrochemical and chemical
measurements to detect one or more products of these reactions. An important
aspect of quantifying mechanisms of microbially influenced corrosion is to
demonstrate how the microbial reactions interfere with the corrosion processes and,
based on this, identify products of these reactions on the surfaces of corroding
metals using appropriate analytical techniques. The existence of these products,
associated with the increasing corrosion rate, is used as evidence that the specific
mechanism of microbially influenced corrosion is active. There is no universal
mechanism of MIC. Instead, many mechanisms exist and some of them have been
described and quantified better than other. Therefore, it does not seem reasonable
to search for universal mechanisms, but it does seem reasonable to search for
evidence of specific, well-defined microbial involvement in corrosion of metals.

1 Recent Views on Microbially Influenced Corrosion

When it is suspected that a material failure was caused by microbial corrosion,
it is reasonable to ask: “How do we know that the corrosion process was influ-
enced by microorganisms?” To address this question, many research groups
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have attempted to find a fingerprint of microbially influenced corrosion(MIC),
i.e., specific characteristics distinguishing microbially stimulated corrosion
from ordinary galvanic corrosion (Beech et al. 2005; Javaherdashti 1999; Lee
et al. 1995; Little et al. 2000, 2007; Mansfeld and Little 1991; Videla and
Herrera 2005; Wang et al. 2006). Despite significant research effort, no such
fingerprint characteristic of MIC has yet been found, and there are good reasons
to believe that a universal mechanism of microbially stimulated corrosion does
not exist (Beech et al. 2005; Flemming and Wingender 2001; Miyanaga et al.
2007; Starosvetsky et al. 2007). Instead of a universal mechanism, several
mechanisms by which microorganisms affect the rates of corrosion have been
described, and the diversity of these mechanisms is such that it is difficult to
expect that a single unified concept can be conceived to bring them all together.
From what we now understand, and what has been demonstrated by numerous
researchers, accelerated corrosion of metals in the presence of microorganisms
stems from microbial modifications to the chemical environment near metal
surfaces (Beech et al. 2005; Geiser et al. 2002; Lee and Newman 2003;
Lewandowski et al. 1997). Such modifications depend, of course, on the prop-
erties of the corroding metal and on the microbial community structure of the
biofilm deposited on the metal surface (Beech and Sunner 2004; Dickinson et
al. 1996b; Flemming 1995; Olesen et al. 2000b, 2001). The conclusion that
there are many mechanisms of MIC, rather than a single one, is generally
accepted in the literature and can be exemplified by the paper by Starosvetsky
et al. (2007), who concluded that to uncover MIC in technological equipment
failures requires an individual approach to each case, and that an assessment of
the destructive role of the microorganisms present in the surrounding medium
is possible only by analyzing and simulating the corrosion parameters found in
the field (Dickinson and Lewandowski 1998). Quite succinctly, Beech et al.
(2005) describe MIC as a consequence of coupled biological and abiotic elec-
tron-transfer reactions, i.e., redox reactions of metals enabled by microbial
ecology. Hamilton (2003) attempted to generate a unified concept of MIC and
has found common features in only some of the possible mechanisms. It is
unlikely that a unified concept of MIC can be generated at all.

MIC is caused by microbial communities attached to surfaces, known as
biofilms. A biofilm is composed of four compartments: (1) the surface to which the
microorganisms are attached, (2) the biofilm (the microorganisms and the matrix),
(3) the solution of nutrients, and (4) the gas phase (Lewandowski and Beyenal
2007). Each compartment consists of several components, and the number of
components may vary depending on the type of study. For example, in some MIC
studies it is convenient to distinguish four components of the surface: (1) the bulk
metal, (2) the passive layers, (3) the biomineralized deposits on the surface, and (4)
the corrosion products. Microorganisms can modify each of these components in a
way that enhances corrosion of the metal surface. In addition, components of the
other compartments of the biofilm can be modified in ways that affect the corrosion
reactions as well. Modifications in the solution compartment may include the
chemical composition, hydrodynamics and mass transfer rates near the metal
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surface; modifications in the biofilm compartment may include the microbial
community structure and the composition of the extracellular polymeric substances
(EPS). Each of these modifications may be complex in itself, and each may affect
the corrosion reactions in many ways. The complexity and the multitude of the pos-
sible interactions among microorganisms, their metabolic reactions, the corrosion
reactions and the metal, such as those shown by Coetser and Cloete (2005), are the
reasons why it is unlikely that a unifying concept of MIC can be developed (Coetser
and Cloete 2005).

When biofilms accumulate on metal surfaces, reactants and products of micro-
bial metabolic reactions occurring in the space occupied by the biofilm affect the
solution chemistry and the surface chemistry, and both types of modification may
interfere with the electrochemical processes naturally occurring at the interface
between the metal and its environment. The reactants and products of electrochemi-
cal reactions occurring at a metal surface interact with the reactants and products
of microbial metabolic processes occurring in biofilms in a complex way. Some of
these interactions accelerate corrosion, and some may inhibit corrosion. The inter-
actions that accelerate corrosion, and are characteristic enough, are called mecha-
nisms of MIC, and much of this text is devoted to quantifying the mechanisms that
we now understand. To approach the task of quantifying these interactions in an
organized manner, we will start by describing the reactions characterized as
galvanic corrosion and then assess the effects of various metabolic reactions on
these reactions. Corrosion science has developed a succinct system of quantifying
various forms of corrosion, and we will use this system to quantify the effects of
microbial metabolic reactions on corrosion by referring to the principles of the
chemistry and electrochemistry of metals immersed in water solutions. Traditionally,
the mechanisms of corrosion are quantified using thermodynamics and kinetics,
and we will follow this tradition here.

The term corrosion can be defined in various ways, and there are many forms
of corrosion and many materials that can corrode — both metallic and nonmetal-
lic. Among the well-known processes of nonmetallic corrosion is the corrosion
of stone and its effect on ancient artifacts. Here, we restrict the meaning of cor-
rosion and define it as the anodic dissolution of metals. Among the many
anodic reactions that may occur at the surface of a metal, the one in which the
metal itself is the reactant subjected to oxidation is singled out and termed cor-
rosion. Noble metals, such as platinum and gold, do not undergo an oxidation
reaction and serve only to facilitate charge transfer between external redox spe-
cies. In contrast, active metals such as iron are oxidized and this process con-
tributes to the net anodic reaction rate, which is typically the dominant anodic
process for freely corroding metals. On corroding metals, anodic reactions are
coupled with cathodic reactions (reduction). In aerated water solutions, the
dominant cathodic reaction is the reduction of dissolved oxygen, while in
anaerobic solutions, the reduction of protons is the dominant cathodic reaction;
this is typically represented as the reduction of water.

Equations (1)—(6) show the relevant half reactions, followed by the corresponding
net reactions, for the corrosion of ironin aqueous media (Lewandowski et al. 1997).
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Anaerobic
Fe — Fe® +2e¢” anodic 1)
2H,0+2e” — H, +20H" cathodic 2)
2H,0 + Fe — Fe(OH), + H, net 3)
Aerobic

In aerobic solutions, the basic anodic reaction is of course the same as the one
described by (1) — dissolution of iron — but the products of the reaction, ferric ions,
are hydrolyzed and further oxidized by the available oxygen, and all these reactions
are summarized as follows:

40H™ +4Fe(OH), — 4Fe(OH), +4e™ anodic @)
O, +2H,0+4e” — 40H" cathodic (5)
4Fe(OH), + O, +2H,0 — 4Fe(OH), net (6)

These corrosion reactions can be modified by the metabolic reactions in biofilms in
many ways, and we will discuss four possible modifications here:

1. Biofilms create oxygen heterogeneities near a metal surface.

2. Biofilm matrix increases mass transport resistance near a metal surface.
3. Metabolic reactions in biofilms generate corrosive substances, such as acids.
4. Metabolic reactions in biofilms generate substances that serve as cathodic

reactants.

These four possible interactions do not exhaust the possible effects of microor-
ganisms on corrosion reactions. The reason we have selected these four interac-
tions is that they have been extensively studied, and so we know more about them
than we know about other interactions. Other mechanisms, both accelerating and
inhibiting corrosion, are continually proposed and studied. For obvious reasons,
using biofilms to inhibit the corrosion of metals stimulates imaginations, and
several authors have described such scenarios. For example, Jayaraman et al.
(1999) demonstrated axenic aerobic biofilms inhibiting generalized corrosion of
copper and aluminum. Similarly, in the work by Zuo et al. (2005), Al 2024 was
passive in artificial seawater in the presence of a protective biofilm of Bacillus
subtilis WB600. When antibiotics were added to the artificial seawater to kill the
bacteria in the biofilm, pitting occurred within a few hours (Zuo et al. 2005).
However, as summarized by Little and Ray (2002), most of the experiments on
inhibiting corrosion with biofilms were done in laboratories, and when the bio-
films were exposed to natural waters they failed to protect the material. Clearly,
the laboratory biofilms were different from those deposited in nature. One
assumption made in attempting to use biofilms to inhibit corrosion is that biofilm
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formation is predictable and controllable (Little and Ray 2002). This is not true.
Even pure culture biofilms in laboratory are not uniform and their structure
changes all the time (Lewandowski et al. 2004).

Corroding metals fall into two categories: active metals — such as iron, and
passive metals — such as stainless steels. These two types of materials are affected
by different types of corrosion. To demonstrate the possible microbial modifica-
tions of the corrosion reactions, we need to specify the reactions characteristic of
each type of corrosion affecting these materials.

2 Corrosion of Active Metals

2.1 Thermodynamics of Iron Corrosion

Using the terminology accepted in electrochemical studies, a metal immersed
in water is called an electrode. The potential of an electrode in an aqueous solu-
tion depends on the rates of the anodic (oxidation) and cathodic (reduction)
reactions occurring at the metal surface. When these rates are at equilibrium,
thermodynamics can be used to quantify the electrode potential. When these
rates are not at equilibrium, thermodynamics cannot be used to find the elec-
trode potential and it must be found empirically. Corrosion reactions are not at
equilibrium, and the potentials of corroding metals cannot be predicted from
thermodynamics.

To illustrate the thermodynamic principles of galvanic corrosion, we will select
a set of conditions and compute the potentials of the reactions participating in the
corrosion of iron. For the anodic reaction,

Fe** +2¢” > Fe E’=-0.44Vy, @)

The Nernst equation quantifies the half-cell potential for iron oxidation as

p=p 0% log [;] ®)
n [Fe**]

Iron is a solid metal and its activity equals one. Consequently, the potential of the
anodic half reaction depends on the concentration of ferrous ions in the solution and
is computed as

E =-0.44+(0.059/2)log[Fe’"] ©))

Selecting the concentration of ferrous iron, [Fe*] = 10-° M, the potential equals
E=-062V__.
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The cathodic reaction— the reduction of oxygen:

0,+2H,0+4e” - 40H  E°=+0.401V, (10)

'he Nernst equation quantifies the half-cell potential for oxygen reduction:

-4
EoE 0.059 log [OH ] (11)
n pO,

he potential of this half reaction depends on the partial pressure of oxygen and on
1e pH.

E =0.401+0.059/ 4[log(pO, )+ 4(14 — pH)] (12)

wssuming that p(O,) = 0.2 atm and pH 7, the potential of the cathodic reaction is
'=0.804 V.

If only one of these reactions were occurring on the metal surface, the metal
rould assume the respective potential specified for the reaction. For example, if
nly the cathodic reaction were taking place, the metal would have the potential
0.804 V., and if only the anodic reaction were taking place, the metal would
ave the potential —0.62 V.. This can be demonstrated in electrochemical studies
’here the anode and the cathode can be separated, placed in different half-cells,
nd studied in isolation. However, in corrosion, both reactions occur on the same
iece of metal and at the same time, and the potential of the metal can have only
ne value. As a result, the potential of the corroding metal is somewhere between
1e potential of the anodic half reaction, —0.62 V., and the potential of the
athodic half reaction, +0.804 V. The exact potential of the corroding metal
epends on the kinetics (reaction rates) of the anodic and cathodic reactions, and
an be measured empirically and interpreted from the theory of mixed potentials.
[ere, for the purpose of this simplified argument, it is enough to assume that the
otential of the corroding iron is between the potentials of the anodic and cathodic
alf reactions, say, in the middle: E = (=0.62 + 0.804)/2 = 0.092 Ve Setting the
otential of the metal between the potential of the anodic and cathodic half reac-
ons has consequences: it sets the position of the equilibrium for each of the par-
cipating reactions. If the potential were equal to that computed for either of the
alf reactions, anodic or cathodic, this half reaction would be at equilibrium. If the
otential of the corroding iron is between the potentials computed for the two half
sactions, none of these half reactions (1)—(6) are at equilibrium and each of them
roceeds in the direction that approaches the equilibrium. To quantify the conse-
uences of this departure from the equilibrium, we can inspect the Nernst equation
escribing potentials of the anodic and cathodic half reactions when the potentials
re shifted from their respective equilibrium potentials. If the potential of the cor-
>ding iron is 0.092 V., it is higher than the equilibrium potential for the anodic
saction and lower than the equilibrium potential for the cathodic reaction. As a
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consequence, each reaction will proceed spontaneously toward reaching the equi-
librium determined by the potential of the metal, by adjusting the concentrations of
the reactants and products to satisfy the equilibrium for the given potential.

The anodic reaction, Fe** + 2e- — Fe, must adjust its potential to +0.092 V

+0.092 = —0.44+ (0.059 / 2) log[Fe>* ] (13)

If separated from the cathodic reaction, this reaction has a potential of E = —0.62 Vi
When connected to the cathodic reaction, this reaction has a new equilibrium poten-
tial, E = +0.092 V. To reach the new equilibrium potential, the concentration of
ferric ions must increase. Consequently, the reaction proceeds to the left, to increase
the concentration of ferric ions in the solution. Iron dissolves in this reaction.

The cathodic reaction, O, +2H,0+4e” — 40H~ must adjust its potential to
+0.0092 V as well: ’

+0.092 = 0.401+0.059/ 4{log(pO, ) +4(14 — pH)] (14)

If separated from the anodic reaction, this reaction has a potential of E = +0.804 V.
When connected to the anodic reaction, this reaction has a new equilibrium poten-
tial, £ = +0.092 V... To reach this new equilibrium potential, the reaction proceeds
to the right, to decrease the partial pressure of oxygen. Oxygen is consumed in this
reaction.

As a result of setting the metal potential between the equilibrium potentials for
the anodic and cathodic half reactions, the anodic reaction spontaneously proceeds
toward dissolution of the iron and the cathodic reaction spontaneously proceeds
toward reduction of the oxygen. Both reactions proceed until one of the reactants is
exhausted or until they both adjust the concentrations of their respective reactants
to reach the new equilibrium at 0.092 V.. The thermodynamics of the corrosion
processes explains why these processes occur but of course cannot predict the
anodic or cathodic reaction rates. Kinetic computations are needed to refine what
was said in the section dedicated to thermodynamic considerations.

2.2 Kinetics of Iron Corrosion

As discussed in the previous section, the anodic and cathodic processes occurring on
metal surfaces correspond to different half reactions, and the electrode potential is
used to predict the directions in which these reactions will proceed. Typically, the
corrosion reactions occurring on the surfaces of corroding metals are the dominant
redox reactions. However, the metal can always serve as a source or sink for electrons
satisfying the dissolved redox couples in the solution, and more than one redox reac-
tion can occur on the surface. There is a possibility that more than one reaction is
occurring on the metal surface at a time and that each of the reactions uses the elec-
trode as a source or a sink for the electrons needed to reach its own equilibrium
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potential. The term “mixed potential” is used to describe this condition, to distinguish
it from the reduction—oxidation potential in which the anodic and cathodic reactions
are simply the forward and reverse parts of a single reaction. The mixed potential in
which the anodic reaction is metal oxidation is termed the corrosion potential, E_ .

Let us use, as an example, the reaction described by (1) as the electrode reaction —
an iron electrode immersed in a solution of ferrous ions. At equilibrium, the exchange
of electrical charges between the electronic conductor — the electrode — and the ionic
conductors — ferrous ions in the solution — is composed of two streams of electrical
charges moving in opposite directions, to and from the electrode. In the forward reac-
tion, ferrous ions from the metal lattice are dissolved in water. In the reverse reaction,
ferrous ions are reduced and deposited on the surface of the electrode as iron atoms.
At equilibrium, the rates of the charge transfers across the interface are equal to each
other, and there is no net current flow across the interface; the potential at equilibrium
is named E_, and the current flowing in opposite directions, named the exchange
current, is usually quantified as the exchange current density, i . Once the electrode
potential departs from equilibrium and an overpotential is applied, the electrode reac-
tion is no longer at equilibrium and a net current flows in one direction. The direction
in which this net current flows is determined by the sign of the applied overpotential:
a negative sign is equivalent to cathodic polarization and a positive sign is equivalent
to anodic polarization. This can be summarized as follows:

From the definition of overpotential, E=E,_+17, we assign cathodic
polarization:

n=(E-E/)<0 (15)

Anodic polarization: n=(E-E.)>0 (16)

The magnitude of the net current is determined by the extent of the overpotential
(1) and by the intrinsic properties of the system, summarized by the exchange
current density, ;. At this condition, even though the currents in the two direc-
tions are equal, in various systems these currents may have different magnitudes,
depending on the material of the electrode and the type of the electrode reaction.
Polarizing the electrode, i.e., applying an overpotential, favors the flow of elec-
tric charges in one direction and inhibits the flow in the opposite direction: posi-
tive polarization amplifies the anodic current and negative polarization amplifies
the cathodic current. The following equation, somewhat simplified, is known as
the Butler—Volmer equation, and it quantifies the net current, equal to the differ-
ence in rate of charge transfer between the anodic and cathodic directions:

e oY oFn (17)
=1 l“_lo[eXp(_—RT) exp( T ):l

where o is the symmetry coefficient and is assumed to be equal to 0.5, and the
remaining symbols — F, R, and T — have their usual meanings. When applied potential
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n is negative (cathodic polarization), the first exponential expression in the Butler—
Volmer equation becomes positive and the second becomes negative. As a result,
the second exponential expression is, for practical reasons, negligibly small when
compared with the first exponential expression; i.e., the anodic current is negligibly
small when compared with the cathodic current. The opposite is true when the
overpotential has a positive sign (anodic polarization). Figure 1 shows the relation
between the applied potential and the current: the potentiodynamic polarization
curve.

2.3 Microbially Stimulated Modifications of the Corrosion
of Iron and Active Metals

In corrosion, the anodic and cathodic reactions are not at equilibrium but they are
related to each other by two requirements:

1. The two reactions progress on the same piece of metal, and so they must have
the same potential.

2. Electrons extracted in the anodic reactions are used in the cathodic reactions;
therefore, the anodic and the cathodic currents must be equal.

These two requirements combined are used to quantify the thermodynamics and
kinetics of the corrosion process — the corrosion potential and the corrosion current,
as shown in Fig. 2.

The reactants and products of microbial metabolism in biofilms may interact with
the corrosion reactions, and these interactions may affect the thermodynamics of the
process, e.g., by introducing an additional cathodic reactant and thus altering the position

0.20 0.15 D.00 —0.05 -0.10 -0.15 -0.20
\
e n (V)

-40

-60

Fig. 1 Potentiodynamic polarization curve. The relationship between the overpotential (1), which
varied between —0,2 and +0.2 V, and the current density (i) for i, = 1 mA cm?and a=0.5
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Fig. 2 The intersect of the extrapolated anodic and cathodic potentiodynamic polarization curves
demonstrates the meaning of the corrosion potential, E_ , and the corrosion current, i . The cor-

corr

rosion potential, E__, can be measured with respect to a suitable reference electrode (see also Fig.
4, where such a measurement is run for a real sample). The corrosion current, i , cannot be
measured directly, unless the anode and the cathode are separated, but it can be estimated using
other electrochemical techniques based on disturbing the potential of the electrode

of the equilibrium for the relevant reactions. These interactions may also affect the
kinetics of the process, e.g., by changing the concentrations of the reactants and prod-
ucts of the corrosion reactions, and thus the rates of the relevant reactions. All these
interactions can be presented as in Fig. 2, or a similar plot can be created for specific
reactions and reactants. If such a plot is used, modifications affecting the thermody-
namics change the locations of the equilibrium points on the vertical axis. For exam-
ple, replacing protons with oxygen as the cathodic reactant would raise the position
of the equilibrium for the cathodic reactions. This would have an effect on the kinetics
of the reaction by affecting the position of the intercept between the anodic and
cathodic parts of the corrosion reaction, thus affecting E__and i . The kinetics of
the participating reactions are illustrated as the slopes of the lines in Fig. 2. For exam-
ple, a sudden increase in the rate of the cathodic reaction (higher cathodic current for
the same potential) would be reflected by a decrease in the slope of the line represent-
ing the cathodic reaction, and thus by a change in the position of the intercept deter-
mining E__and i__. Figure 2 shows the principles of the corrosion of active metals,
and the mechanisms of MIC explain the processes that can cause such changes.
Despite their resistance to general corrosion, passive metals and alloys can also be
affected by MIC. To evaluate the mechanisms of such effects, we will first discuss the
mechanisms of the corrosion of stainless steels and other passive metals and then, as
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we did for active metals, discuss the possible microbial effects that can modify these
mechanisms and accelerate corrosion.

3 Corrosion of Passive Metals

Passive metals and alloys show a different mechanism of corrosion than active metals
do. The best known passive alloys are stainless steels, and much research has been
done on MIC of these materials. The corrosion reactions for stainless steels are the
same as those for iron. However, stainless steels are alloys and some of their compo-
nents, when oxidized, form dense layers of oxides, passive layers, which prevent fur-
ther corrosion. Passivated alloys can resist corrosion in the presence of strong oxidants
that would cause corrosion on unalloyed metal. However, this protection works to a
certain extent only. When a cathodic reactant polarizing the metal has a high enough
oxidation potential, localized corrosion, called pitting, occurs as a result of localized
damage to the passive layer. The mechanism of this process is shown in Fig. 3.

As shown in Fig. 3, when a passivating alloy is subjected to anodic polarization,
i.e., to an increasing electrode potential, the corrosion current initially increases, fol-
lowing the increase in the polarization potential. This increase continues until the
polarization potential reaches a critical value, called the passivation potential. At this
potential, the alloying constituents of the metal are oxidized and form dense layers on
the metal surface, which slow down the corrosion of the metal, as is demonstrated by
the decreasing corrosion current. As the polarization potential increases further, the
metal first reaches a passive zone, in which it is immune to the increase in the polari-
zation potential until the polarization potential reaches a critical value, called the pit-
ting potential. When the polarization reaches, and exceeds, the pitting potential, the

Pitting potential T’fgﬁéﬁgggﬁ}é
& —m zone ..
|[—>
Passive
zone
>
u Eps
g Passivation
potential

E° mm+

Log(current, Amp)

Fig. 3 Potentiodynamic polarization curve of a passive metal; thermodynamic principles of pas-
sivation and of pitting corrosion
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orrosion current gradually increases, as a result of localized damage to the passive
ayers. The damaged areas are small compared to the surface of the metal; the damage
o the surface has the form of small pits, and this type of corrosion is called pitting
orrosion. Because the damaged areas become anodic sites, their small combined
urface area makes the localized corrosion process particularly dangerous for the
ntegrity of the metal. The anodic current densities can reach high values and local-
zed damage of the material can progress much faster than it does in cases of general
orrosion, in which the anodic current densities are much smaller.

I Microbially Stimulated Modifications of the Corrosion
of Passive Metals and Alloys

’assive metals and alloys, such as stainless steels, can be used within the passive
one, where the oxidation potentials of the available oxidants do not exceed the
itting potential. Microbial interference that may accelerate the corrosion of such
urfaces is then necessarily related to two possible mechanisms:

Microbially generated oxidants (cathodic reactants) can have higher oxidation
potentials than the pitting potential.

Microbially stimulated localized damage to the passive layers can decrease the
pitting potential.

‘he first mechanism is related to the deposition of biomineralized manganese
xides, which can subsequently raise the potential of the passive metal above the
itting potential. The second mechanism is related to the damage of the passive
netal surface by microorganisms in biofilms. We will discuss these mechanisms in
nore detail later in this chapter.

Figure 4 shows the relation among the corrosion potential, pitting potential, and
robability of pits initiation, redrawn from Sedriks (1996). The potential (E_ ) of a

Corrosion potential, Eo

Pitting m
potential, Ep occurs

No pitting

Corrosion potential, Eqo

Potential against a reference
electrode

Time

'ig. 4 When the corrosion potential, E_ ., reaches the pitting potential, Ep (dashed line), of the
aetal in the given solution, pits are initiated (redrawn from Sedriks, 1996)
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metal such as stainless steel is measured against time. If the potential of the stain-
less steel is higher than the pitting potential (E,), the stainless steel develops pits to
initiate corrosion. If the potential of the stainless steel is less than the pitting poten-
tial, pits cannot develop. The pitting potential can be determined using standard
electrochemical techniques described elsewhere (ASM Handbook Series 1987).

5 Mechanisms by Which Metabolic Reactions in Biofilms
can Interact with Corrosion Reactions

5.1 Mechanism 1: Biofilms Create Oxygen Heterogeneities

The interaction between metabolic activity in biofilms and corrosion reactions
appears to be trivial: microorganisms use the cathodic reactant, oxygen, which makes
it unavailable for the corrosion reactions and, as a result, the corrosion rate decreases.
If true, this mechanism would actually inhibit corrosion, and there is experimental
evidence that this occurs in some situations. Hernandez et al. (1990) reported a
decrease in the corrosion rate of mild steel in the presence of a uniform layer of bio-
film. This decrease was attributed to the respiration of the biofilm microorganisms,
resulting in a decline in oxygen concentration at the metal surface and an associated
decrease in the rate of the cathodic reduction of oxygen. These authors reproduced
their observations using synthetic seawater with Pseudomonas sp. S9 as well as with
Serratia marcescens (Hernandez et al. 1994). We now know that to inhibit corrosion
by this mechanism the biofilm must cover the surface of the metal uniformly and, in
principle at least, must have uniformly distributed microbial activity. As biofilms are
not uniform and microbial activity in biofilms is not uniformly distributed, this
mechanism can be demonstrated in the laboratory but is unlikely to persist in a natural
environment. Oxygen consumption rates and oxygen concentrations in biofilms vary
from one location to another (Lewandowski et al. 1997; Lewandowski and Beyenal
2007); this leads to a more interesting interaction, mechanism 2, which increases the
rate of corrosion, and there is some experimental evidence for it as well. White et al
(1985), for example, found no accumulation of iron or other metals in EPS from bio-
films growing on corroding 304 stainless steel. They attributed the observed acceler-
ated corrosion to an inhomogeneous distribution of biofilm at the metal surface.
resulting in areas of differing cathodic activity, consistent with a differential aeratior
cell. Areas covered with biofilm exhibit lowered oxygen concentrations and become
anodic, while those with less biofilm exhibit higher oxygen concentrations anc
become cathodic. As a result, anodic and cathodic areas are fixed at the metal surface
and this mechanism is appropriately called corrosion as a result of differential aera-
tion cells (Ford and Mitchell 1990).

Metal corrosion through the formation of differential aeration cells results from
different concentrations of oxygen occurring at different locations on the meta
surface. This effect, different concentrations of oxygen at different locations on the
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metal surface, can be caused by the active consumption of oxygen by microorgan-
isms in biofilms nonuniformly distributed on the metal surface, but it can also be
caused by a passive mechanism in which oxygen access to some areas is physically
obstructed. Placing an o-ring on a metal surface is an example of such a mecha-
nism, but other, more subtle, scenarios are possible as well. One such scenario is
based on partially covering the metal surface with a material that has nonuniformly
distributed diffusivity for oxygen. The access of oxygen to some locations on the
metal surface is more difficult than its access to other locations on the same surface,
and differential aeration cells are formed.

These speculations lead to the question of whether depositing microbial EPS on a
metal surface can cause the formation of differential aeration cells, and to a more
general question: what is the role of EPS in MIC? It is well known that polysaccha-
rides, the main constituent of EPS, can be cross-linked with metal ions. In principle,
then, if EPS covers a corroding site, the metal ions can cross-link the polysaccharides
and affect the position of the equilibrium between the corroding metal and its ions,
thus accelerating corrosion. This mechanism is analogous to the formation of differ-
ential aeration cells, and in corrosion science both mechanisms are called differential
concentration cells. The metal concentration cells do not seem to affect MIC to a large
extent, at least based on the report by White et al. (1985), who found no accumulation
of iron or other metals in EPS from biofilms growing on corroding 304 stainless steel.
Doubt remains about the passive effect of EPS, in which it changes the access of
oxygen to various locations on the metal surface. Can differential aeration cells be
formed by this mechanism?

To address this question, we will first discuss the thermodynamic principles of
corrosion by differential aeration cells and determine the factors that must be meas-
ured to resolve whether this mechanism is active in biofilms.

If the anodic reaction is the oxidation of iron: Fe — Fe®* +2e”, and the
cathodic reaction is the reduction of oxygen: O, +2H,0+4e” — 40H , then
the overall reaction describing the process is

2Fe+0, +2H,0 — 2Fe’" +40H" (18)

The Nernst equation quantifying the potential for this reaction is

2+42 -4
_0.059 o [Fe~"]"[OH] (19)
4 p(0O,)

E=E*

If the oxygen concentrations at two adjacent locations on an iron surface are differ-
ent, then the cell potentials at these locations are different as well. Specifically, the
location where the oxygen concentration is higher will have a higher potential
(more cathodic) than the location where the oxygen concentration is lower (more
anodic). The difference in potential will give rise to current flow from the anodic
locations to the cathodic locations and to the establishment of a corrosion cell. This
is the mechanism of differential aeration cells, and the prerequisite to this mechanism
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is that the concentration of oxygen vary among locations (Acuna et al. 2006;
Dickinson and Lewandowski 1996; Hossain and Das 2005). Indeed, many measure-
ments using oxygen microsensors have demonstrated that oxygen concentrations in
biofilms can vary from one location to another (Lewandowski and Beyenal 2007).

This mechanism by which differential aeration cells are formed, in which a thin
layer of biofilm at the surface of the substratum is discontinuous, is consistent with
the current model of biofilm structure, shown in Fig. 5.

One of the most dangerous forms of localized corrosion of mild steel is tubercu-
lation, which is the development or formation of small mounds of corrosion
products. According to Herro (1991), tubercle formation originates from a differ-
ential oxygen concentration cell.

5.2 Mechanism 2: Biofilm Matrix Increases the Mass Transport
Resistance near the Metal Surface, Thus Changing
the Kinetics of the Corrosion Processes

Once the mechanism of differential aeration cell formation in biofilms had been
demonstrated and explained, the immediately following question was whether
microbial activity in biofilms is a necessary prerequisite to the formation of differ-
ential aeration cells, or perhaps, the presence of extracellular polymeric substances
on the surface suffices. The idea that the presence of EPS on the surface might suf-
fice is related to the known mechanisms of corrosion initiation based on different
resistances to mass transport for oxygen at various locations on metal surfaces,
similar to the initial stages of crevice formation. The possibility that the active
removal of oxygen by the biofilm microorganisms might not be necessary to initiate
a differential aeration cell was discussed by MIC researchers, but it was usually
dismissed on the grounds that extracellular polymers are composed of 98% water
and their layers on metal surfaces are only a few hundred micrometers thick, so that

Fig. 5 Conceptual structure of biofilms (leff) and a light microscopy image of a biofilm (right)



50 Z. Lewandowski and H. Beyenal

the increase in diffusion resistance expected as a result of depositing extracellular
polymer could not possibly be significant. Nevertheless, the hypothesis was formulated
that the deposition of extracellular polymer on a metal surface might form differen-
tial aeration cells, and an appropriate experiment was designed and executed (Roe
et al. 1996). As a model of extracellular polymer, calcium alginate was used.
Alginate is an extracellular biopolymer excreted by biofilm microorganisms. If
alginate initiates the differential aeration cell, then the oxygen concentrations at the
locations covered with alginate should be higher than those at the locations not
covered with alginate. Also, pH at the locations covered with alginate should be
higher than that at locations not covered with alginate. These expectations are con-
sistent with the anodic and cathodic reactions, in which the anodic reaction
decreases pH because ferrous ions hydrolyze and precipitate as hydroxides, and the
cathodic reaction increases pH because it consumes protons. Two drops of sodium
alginate were deposited on the surface of a corrosion coupon made of mild steel and
exposed to a calcium solution which cross-linked the sodium alginate and formed
a calcium alginate gel on the surface. To test whether depositing calcium alginates
can initiate differential aeration cells, the variations in oxygen concentration and
pH above these spots were measured using scanning microelectrodes. In addition,
a scanning vibrating electrode (SVE) was used to determine the distribution of the
electrical field above the surface, and it was expected that this electrode would
detect the positions of the anodic and cathodic sites. The results, shown in Fig. 6
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Fig. 6 Two spots of calcium alginate deposited on a surface of mild steel fix anodic sites (Roe
et al. 1996)
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demonstrated that the mere deposition of a thin layer of alginate on mild steel is
enough to fix the anodic sites and initiate corrosion. All the characteristics of dif-
ferential aeration cells were present in the system: pH was lower near the sites cov-
ered with alginate than near the sites not covered; oxygen concentration was lower
near the sites not covered; and, as demonstrated by the image of the electric field
distribution provided by the scanning vibrating electrode, there were anodic and
cathodic sites fixed at the surface of the metal. This result, somewhat unexpected at
that time, had further implications: it demonstrated that merely killing biofilm
microorganisms using biocide(s) or antimicrobial(s) does not necessarily stop MIC.
Once the biopolymer has been deposited on the surface, the active consumption of
oxygen in the respiration reaction enhances the formation of differential aeration
cells, but even without it, differential aeration cells can be formed just because EPS
has been deposited on the surface. This conclusion coincides with the general
notion that removing the biofilmis more important than killing the biofilm
microorganisms.

Once the differential aeration cell has been established, the corrosion proceeds
according to the mechanism described by (Eq. 18), which is also illustrated in Fig. 7.

5.3 Mechanism 3: Metabolic Reactions in Biofilms Generate
Corrosive Substances, Exemplified by the Sulfate-Reducing
Bacteria Corrosion of Mild Steels

The mechanism of MIC due to the formation of differential aeration cells can be
called a nonspecific one, because it does not depend on the physiology of the micro-
organisms that deposited the extracellular polymers. There are, however, other mech-
anisms that are closely related to the type of microorganisms active in the biofilm and
to their metabolic reactions (Beech and Gaylarde 1999; Romero et al. 2004;Videla
and Herrera 2005; Xu et al. 2007). An example of such a mechanism is sulfate-reduc-
ing bacteria (SRB) corrosion (Ilhan-Sungur et al. 2007; Lee et al. 1995).

Aerated water — —p

BIOFILM

Fig. 7 (a) Biofilm heterogeneity results in differential aeration cells. This schematic shows pit
initiation due to oxygen depletion under a biofilm (Borenstein 1994). (b) An anodic site and pit
under the biofilm and corrosion products deposited on mild steel
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The corrosion of mild steel caused by SRB is probably the most celebrated case
MIC because it provides a direct, and easy to understand, link between microbial
actions and electrochemistry (Javaherdashti 1999). Despite the progress in
search, and in understanding of the process, little has been done to prevent or stop
is type of corrosion once initiated, and SRB corrosion is still considered the main
pe of MIC. For example, Bolwell in 2006 demonstrated that engine failures in gas
rbines were caused by SRB growing in the seawater lubricating oil coolers and
ymtaminating it (Bolwell 2006). The overall progress in understanding of MIC,
ywever, allows us to implicate other microorganisms as partners of SRB and
ynsider more complex scenarios of MIC, in which two types of microorganisms
odify the potential of the electrode in the opposite directions. For example, Rao
al. (2000) found that in the cooling water system of a nuclear test reactor iron-

1d manganese-oxidizing bacteria (MOB) (Leptothrix sp.) and SRB (Desulfovibrio
.) were responsible for the corrosion of carbon steel. It is interesting to notice that
lese two types of microorganisms drive the redox potential in the opposite
irections, thus increasing the gap between the potential of the anodic reaction and
ie potential of the cathodic reaction.

SRB produce hydrogen sulfide by reducing sulfate ions (Videla and Herrera
005). According to the mechanism that was proposed by Von Wohlzogen Kuhr in
934, SRB oxidize cathodically generated hydrogen to reduce sulfate ions to H.S,
\ereby removing the product of the cathodic reaction and stimulating the progréss
f the reaction (Al Darbi et al. 2005). Over the years it became obvious that the
1echanism must be more complex than that initially suggested, and it is now cer-
1in that the possible pathways for cathodic reactions are more complex and can,
or example, include sulfides and bisulfides as cathodic reactants (Videla 2001;
7idela and Herrera 2005).

Hydrogen sulfideitself can be a cathodic reactant (Antony et al. 2007; Costello
974):

2H,S+2¢” —H, +2HS (20)

‘errous iron generated from anodic corrosion sites (21) precipitates with the meta-
solic product of microbial metabolism, hydrogen sulfide, forming iron sulfides,
S .

Fe?* +HS™ =FeS+H" 1)

[his reaction may provide protons for the cathodic reaction (Crolet 1992).

The precipitated iron sulfides form a galvanic couple with the base metal. For
sorrosion to occur, the iron sulfides must have electrical contact with the bare steel
surface. Once contact is established, the mild steel behaves as an anode and elec-
rons are conducted from the metal through the iron sulfide to the interface between
‘e sulfide deposits and water, where they are used in a cathodic reaction. What
>xactly the cathodic reactants are is still debatable.

Surprisingly, the most notorious cases of SRB corrosion often occur in the
racanca of nvvean Qince the SRR are anaerobic microorganisms, this fact has
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been difficult to explain. Our group believes that this effect is based on mecha-
nism 3: iron sulfides (resulting from the reaction between iron ions and sulfide
and bisulfide ions) are oxidized by oxygen to elemental sulfur, a substance known
to be a strong corrosion agent (Lee et al.1995). Biofilm heterogeneity plays an
important role in this process, because the central parts of microcolonies are
anaerobic while the outside edges remain aerobic (Lewandowski and Beyenal
2007). This arrangement makes this mechanism possible because the oxidation of
iron sulfides produces highly corrosive elemental sulfur, as illustrated by the
following reaction:

2H,0+4FeS +30, — 45" +4FeO(OH) 22)

Hydrogen sulfide can also react with the oxidized iron to form ferrous sulfide and
elemental sulfur (Schmitt 1991), thereby aggravating the situation by producing
even more elemental sulfur, and closing the loop through production of the reactant
in the first reaction, FeS.

3H,S + 2FeO(OH) — 2FeS+8" +4H,0 23)

The product of these reactions — elemental sulfur — accelerates the corrosion rate.
Schmitt (1991) has shown that the corrosion rate caused by elemental sulfur can
reach several hundred mils per year. We have demonstrated experimentally that
elemental sulphur is deposited in the biofilm during the SRB corrosion (Nielsen
et al. 1993). It is also well known that sulfur disproportionation reaction that pro-
duces sulfuric acid and hydrogen sulfide is carried out by sulfur disproportionating
microorganisms (Finster et al. 1998):

48° +4H,0 — 3H,5+H,S0, (24)

In summary, according to this mechanism, SRB corrosion of mild steel in the pres-
ence of oxygen is an acid corrosion:

anodic reaction: Fe — Fe’* +2e” (25)

cathodic reaction: 2H"+2e” — H, (26)

It is worth noticing that hydrogen, the product of the cathodic reaction, can be oxi-
dized by some species of SRB to reduce sulfate and generate hydrogen sulfide, H,S:

H,SO, +4H, - H,S+4H,0 27)
Hydrogen sulfide dissociates to bisulfides:
H,S=H"+HS" (28)

which are used in the reaction described by (20).
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Thus, this mechanism involves several loops in which reactants are consumed
and regenerated, and the process continues at the expense of the energy released by
the oxidation of the metal.

These reactions are linked with each other in a network of relations. To illustrate
the main pathways, Fig. 8 shows the main reactions and the effect of oxygen on the
SRB corrosion of mild steel.

5.4 Mechanism 4: Metabolic Reactions in Biofilms Generate
Substances That Serve as Cathodic Reactants

One of the most puzzling aspects of MIC is the change in electrochemical properties
of stainless steel that occurs as the metal surface is colonized by microorganisms in
natural water. The dominant effects of colonization are a several-hundred-millivolt
increase in corrosion potential (E_ ) to values near +350 mV versus the saturated
calomel electrode (SCE) and 2-3 orders of magnitude increase in cathodic current
density at potentials between approximately —300 and +300 mV .. These effects,
known as ennoblement, were first observed in the mid-1960s (Crolet 1991, 1992).
Since then, numerous researchers (Braughton et al. 2001; Dickinson et al. 1997,
Linhardt 2006; Washizu et al. 2004) have shown that stainless steels and other passive
metals in natural waters exhibit a several-hundred-millivolt increase in corrosion
potential, accompanied by an increase in cathodic current drawn, upon mild polariza-
tion. This phenomenon has been observed in a wide variety of natural and engineered
environments. Washizu et al. (2004), Mattila et al. (1997), and Dexter and Gao (1988)
described ennoblement in seawater (Amaya and Miyuki 1994), Dickinson et al.

r WATER \

X -
Fig. 8 Sulfate-reducing bacteria corrosion of mild steel in the presence of oxygen is an acid cor-
rosion (Lewandowski et al. 1997)
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(1996a) reported its occurrence in a freshwater stream, and Linhardt (1996) reported
it in a hydroelectric power plant.

The ennoblement of stainless steels in natural waters may influence material
integrity: as the corrosion potential approaches the pitting potential, the material
integrity may be compromised by localized (pitting and crevice) corrosion. This
sequence of events, from an increase in corrosion potential to pit initiation, is well
known to material scientists, although the microbial component is new. Because the
pitting potential of 316L stainless steel in seawater is around 200 mV_,, the danger
of pitting initiation in such an environment is serious. There are, however, reports
of microbial involvement in pitting corrosion of stainless steels immersed in fresh
waters of much lower chloride concentration than that found in seawater
(Hakkarainen 2003; Linhardt 2004, 2006; Olesen et al. 2001).

Temporal changes in the corrosion potential of 316L stainless steel coupons
immersed in different natural water sources are illustrated by our results in Fig. 9. In
all cases the potentials of 316L stainless steel coupons increased, demonstrating
ennoblement of the stainless steel. Several hypotheses have been postulated to explain
the mechanism of ennoblement, all suggesting that it is caused by microbial coloniza-
tion of the metal surface. Mollica and Trevis (1976) attributed ennoblement to micro-
bially produced extracellular polymeric substances. Dexter and Gao (1988) suggested
that acidification of the metal-biofilm interface caused by protons derived from the
metabolic reactions in the biofilm increased the potential. Chandrasekaran and Dexter
(1993) proposed a combination of acidification and hydrogen peroxide production.
Eashwar and Maruthamuthu (1995) believed that ennoblement was caused by micro-
bially produced passivating siderophores. Although many authors have demonstrated

400
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Fig.9 Potential of 316L stainless steel coupons exposed to fresh water at three locations in Montana
fOr 4 months. The rate and extent of ennoblement roughly correlate with the amount of biomineral-
1zed manganese recovered from the surface after 4 months (Table 1) (Braughton et al. 2001)
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the relationship between ennoblement and biofilm formation, the proposed hypothe-
ses have not been supported by convincing experimental evidence unequivocally
demonstrating the mechanism of ennoblement.

We have demonstrated, in the laboratory and in the field, that stainless steels
and other passive metals ennoble when colonized by MOB (Braughton et al.
2001; Dickinson et al. 1996a, 1997; Dickinson and Lewandowski 1996). While
the origin of the manganese-rich material deposited on stainless steel coupons
exposed to Bozeman stream water was not rigorously established, mineral-
encrusted bacterial sheaths characteristic of Leptothrix sp. and mineralized cap-
sules characteristic of Siderocapsa treubii were abundant on the surface of the
ennobled stainless steel coupons, and MOB were isolated from the manganese-
rich deposits (Dickinson and Lewandowski 1996). In parallel with these findings,
Linhardt (1996) also demonstrated that manganese-oxidizing biofilms were
responsible for pitting corrosion of stainless steel. Although biomineralization of
manganese can be carried out by certain genera of the so-called iron and manga-
nese group — Siderocapsa, Leptothrix, and Crenothrix — in fact the property is
widely distributed in a variety of organisms, including bacteria, yeast, and fungi
(Caspi et al. 1998; Francis and Tebo 2002; Tebo et al. 1997, 2004, 2005). These
organisms can oxidize dissolved manganese to form highly enriched mineral—
biopolymer encrustations. Deposits of manganese oxides form on submerged
materials, including metal, stone, glass, and plastic, and can occur in natural
waters and sediments with manganese levels as low as 10-20 ppb (Dickinson
et al. 1996a, 1997; Dickinson and Lewandowski 1996).

Because biomineralized manganese oxides are in direct electrical contact with
the metal, the metal exhibits the equilibrium dissolution potential of the oxides. The
standard potentials (E°) for (Eq. 29)—(Eq. 31) were calculated using the following
energies of formation: AG Mn?* = —54.5 kcal mol™', A G y-MnOOH = —133.3 kcal

mol ™!, and AG;? ¥-MnO, = ~109.1 kcal mol™".

MnO,, +H" +e” = MnOOH,,
E°=+081Vy,  Ej,, =+0383V, (29)

2(s)

MnOOH,, +3H" +e” — Mn** +2H,0
E°=+126Vy,,  E, ., =+0.336V, (30)

This leads to the following overall reaction:

MnO, _ +4H' +2e” — Mn*>" +2H,0

E'=+128Vyy,  En, =+0.360 Ve, 31

2(s)

The potentials (E") were calculated at a pH of 7.2 and [Mn**] = 10°°. Dickinson
et al. (1996a) demonstrated that just a 6% surface coverage by manganese oxides
can increase the resting open circuit potential (OCP) of stainless steels (200 mV )
by some 500 mV, which coincides closely with the reported equilibrium potential
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of the oxides, +362 mV . at a pH of 7.2 (Dickinson and Lewandowski 1996;
Linhardt 1998).

The thermodynamic calculations are in good agreement with the observations as
the potential of stainless steel coupons exposed to river water rises to about 360 mV,
as predicted. Our results directly correlate the extent and rate of ennoblement with
the amount and rate of manganese oxides deposition on metal surfaces (Braughton
et al. 2001). To determine which environmental factors influence the rate of enno-
blement, we exposed 316L stainless steel coupons at three locations, two creeks
and a lake, for 100 days. The open circuit potential was monitored periodically,
about once a week (Fig. 9). The coupons in both creeks reached a potential of
+350 mV ., in 3 weeks. The coupons in the lake reached a final potential of less
than +100 mV . and the ennoblement rate was very slow. Manganese oxides were
deposited on all metal coupons, and their amounts roughly correlated with the rate
of ennoblement, as can be seen in Table 1.

Figure 10 shows the potentiodynamic polarization curves of nonennobled, fully
ennobled, and MnO,-plated stainless steel coupons. Both the microbial ennoble-
ment and electroplating of MnO, on the metal surface shift corrosion potentials by
~300 mV in the noble direction and cause a corresponding increase in cathodic
current density at modest overpotentials (around —100 mV).

In our laboratory, Dickinson and colleagues studied the effects of MOB on
stainless steels and demonstrated that 3-5% surface coverage by biofouling
deposits was enough to ennoble 316L stainless steel (Dickinson et al. 1996a,
1997; Dickinson and Lewandowski 1998). Chemical examination of the deposits
showed the presence of Fe(IIl) and Mn(IV), while epifluorescence microscopy
revealed the presence of manganese- and iron-oxidizing bacteria (Dickinson and
Lewandowski 1998). On the basis of these observations and other studies con-
ducted in our laboratory, we have suggested that MOB are involved in the corro-
sion of stainless steels through the following mechanism (Braughton et al. 2001;
Dickinson et al. 1996a, 1997; Dickinson and Lewandowski 1996; Geiser et al.
2002; Olesen et al. 2000a; Shi et al. 2002a,b): the divalent manganese (Mn?*) ions
are microbially oxidized to manganese oxyhydroxide, MnOOH, which is depos-
ited on the metal surface; then the solid MnOOH is further oxidized to manganese
dioxide, MnO,. Both reactions contribute to the increase in the open circuit
potential because the deposited oxides, MnOOH and MnOz, are in electrical con-
tgct with the surface and their dissolution potential is determined by the equilib-
rium of the deposited minerals with the dissolved divalent manganese. The oxides
deposited on the surface are reduced to divalent manganese by electrons gener-
ated at anodic sites. However, reducing the manganese oxides does not stop the
ennoblement process, because the reduced products of this reaction, soluble divalent

Table 1 Amounts of biomineralized manganese recovered from the surfaces after 4 months

Source Bracket creek Roskie creek Hebgen lake

Mn recovered (ug/cm?) 9.3 33.6 1.7
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Fig. 10 Potentiodynamic polarization curves (316L stainless steel, 0.01 M Na,SO,, pH 8.30; scan
rate: 0.167 mV s™') show typical behavior of nonennobled, fully ennobled, and MnO,-plated stain-
less steel coupons. (1) Biomineralized manganese on graphite electrode, (2) electrochemically
deposited manganese oxides on graphite electrode, (3) clean graphite electrode used to reduce
oxygen only. Both microbial ennoblement and MnO, electroplating of the metal surface shift cor-
rosion potentials by ~300 mV in the noble direction and cause a corresponding increase in
cathodic current density at modest overpotentials (around ~100 mV)

manganese ions, are reoxidized by the MOB attached to the metal surface. The
described sequence of events, oxidation—reduction—oxidation of manganese, isa
hypothetical mechanism that produces renewable cathodic reactants, MnOOH
and MnO,, and their presence on the metal surface endangers material integrity.
This mechanism is illustrated in Fig. 11.

The suggested mechanism relies on the activity of MOB in biofilms deposited
on metal surfaces. The biomineralization of manganese can be carried out by a
variety of organisms, including bacteria, yeast, and fungi, but it is particularly asso-
ciated with genera of the so-called iron and manganese group — Siderocapsa,
Gallionella, Leptothrix-Sphaerotilus, Crenothrix, and Clonothrix. These bacteria
accelerate the oxidation of dissolved iron and manganese to form highly enriched
mineral-biopolymer encrustations. Deposits form on submerged materials, includ-
ing metal, stone, glass, and plastic, in natural waters with manganese levels as low
as 10-20 ppb.

Biomineralized manganic oxides are efficient cathodes and increase cathodic
current density on stainless steel by 2-3 orders of magnitude at potentials between
roughly —200 and +400 mV .. The extent to which the elevated current density can
be maintained is controlled by the electrical capacity of the mineral, which reflects
both total accumulation and the conductivity of the mineral-biopolymer assem-
blage (only material in electrical contact with the metal will be cathodically active).
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Fig. 11 Redox cycling on metal surfaces: hypothetical mechanism of microbial involvement in
the corrosion of stainless steels and other passive metals (Olesen et al. 2000a)

Oxide accumulation is controlled by the biomineralization rate and by the corrosion
current, in that high corrosion currents will discharge the oxide as rapidly as it is
formed. It appears that this mechanism may result in redox cycling of manganese
on metal surfaces, producing a renewable cathodic reactant, which agrees well with
the notion that whenever biofilms accumulate on cathodic members of galvanic
couples, a significant increase in the reduction current can be expected
(Chandrasekaran and Dexter 1993). In conclusion, the accumulation of manganese
oxides can cause pitting corrosion, as demonstrated in Fig. 12.

5.5 Further Implications

Qur observations also suggest that MOB may be directly involved in pit initiation,
in a.ddition to the indirect effects caused by the biomineralized manganese oxides
.(Gelser et al. 2002). Scanning electron microscopy and atomic force microscopy
lmages (Fig. 13) show micropits formed on 316L stainless steel ennobled by L.
discophora SP-6. This indicates that the pits were initiated at the sites of bacterial
fittachment and then propagated because of the presence of manganese oxides driv-
ing the potential in the noble direction.

Our data show that the manganese oxides deposited on the surface elevate the
p.otential, create an environment where the pits initiated by microbes can not repas-
sivate. Because the pits are initiated at the sites of attachment, in this light, it
appears that the bacteria initiate the pits and the microbially deposited manganese
oxides stabilize the growth of the pits by maintaining a high potential.
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Fig. 12 Corrosion pit on a stainless steel surface covered with biomineralized manganese oxides
and immersed in a 3.5% solution of NaCl
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Fig. 13 Scanning electron microscopy and atomic force microscopy images of damage tov a sur-
face caused by colonization by manganese-oxidizing bacteria L. discophora SP-6 growing on
316L stainless steel surface. The size and shape of the indentations closely resemble the size and
shape of the microorganism colonies on the surface (Geiser et al. 2002)

6 Summary and Conclusions

In conclusion, we have demonstrated that biofilms can influence the corrosion of
metals (1) by metabolic reactions in the biofilms consuming oxygen, the cathodic
reactant; (2) by controlling the mass transport of the corrosion reactants and pr('>d—
ucts, therefore changing the kinetics of the corrosion process; (3) by generating
corrosive substances; and (4) by generating substances that serve as auxiliary
cathodic reactants.
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These interactions do not exhaust the possible mechanisms by which biofilm
microorganisms may affect the corrosion of metals; rather, they represent those few
instances in which we understand the mechanism from the thermodynamic point of
view. In addition, we can use electrochemical and chemical measurements to detect
one or more of their products. Other mechanisms implicated in MIC involve bacte-
ria that produce corrosive metabolites. For example Thiobacillus thiooxidans pro-
duces sulfuric acid and Clostridium aceticum produces acetic acid. These two
metabolic products dissolve the passive layers of oxides deposited on the metal
surface, which accelerates the cathodic reaction rate (Borenstein 1994). Other
mechanisms may be initiated by hydrogen-generating microorganisms causing
hydrogen embrittlement of metals or by iron-oxidizing bacteria, such as Gallionella.
An important aspect of quantifying these mechanisms is to demonstrate exactly
how they interfere with the corrosion processes. There is no universal mechanism
of MIC. Instead, many mechanisms exist and some of them have been described
and quantified better than others.

It does not seem reasonable to search for universal mechanisms, but it does seem
reasonable to search for evidence of specific, well-defined microbial involvement in
corrosion processes. For example, demonstrating the presence of elemental sulfur in
the corrosion of mild steel can be considered evidence of SRB corrosion, and dem-
onstrating the presence of manganese oxides in the corrosion of stainless steel can be
considered evidence of MOB corrosion. However, even in these examples there is a
possibility that some aspects of microbial participation escape our attention. The
deposition of manganese oxides is easy to demonstrate on stainless steels or other
passive metals because they are stable on such surfaces. However, if MOB deposit
manganese oxides on mild steel where the oxides are reduced at the same rate as they
are deposited, the corrosion rate may increase without the evidence of microbial par-
ticipation in the process, the deposits of manganese oxides, being detectable.
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Industrial Biofilms and their Control

P. Sriyutha Murthy (<) and R. Venkatesan

Abstract Biofilms are considered to be ubiquitous in industrial and drinking wate
distribution systems. Biofilms are a major source of contribution to biofouling ir
industrial water systems. The problem has wide ranging effects, causing damage tc
materials, production losses and affecting the quality of the product. The problemn
of biofouling is operationally defined as biofilm development that exceeds a giver
threshold of interference. It is for the plant operators to keep biofilm developmen
below the threshold of interference for effective production and to work out values for
threshold limits for each of the technical systems. Industrial biofilms are quite diverse
and knowledge gained with a certain type of biofilm may not be applicable to others
In recognition of this, the old concept of a universal/effective biocide is a misnome:
as physical, chemical and biological parameters of source water vary from site to site
and so do the interactions of biocides with these parameters. Control methods have tc
be tailor-made for a given technical system and cannot be extrapolated. Because of the
wide-ranging complexity in industrial technical systems, understanding the biofilm
processes, detection, monitoring, control and management is imperative for efficient
plant operation. A successful antifouling strategy involves prevention (disinfecting
regularly, not allowing a biofilm to develop beyond a given threshold), killing of
organ.isms and cleaning of surfaces. Killing of organisms does not essentially imply
cleaning as most industrial systems deploy only biocides for killing, and the cleaning
process is not achieved. Cleaning is essential as dead biomass on surfaces provide
suitable surface and nutrient source for subsequent attachment of organisms. A firs
step in a biofilm control programme is detection and assessment of various biofilm
components, like thickness of slime layer, algal and bacterial species involved, exten
of extracellular polymeric substances and inorganic components. Prior to adopting 2
b'1ocidal dose and regime in an industrial system, laboratory testing of biocides using
side-stream monitoring devices, under dynamic conditions, should be carried out tc
check their effectiveness. Online monitoring strategies should be adopted and biocidal
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