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A. INTRODUCTION

Microorganisms play an important role in the biosphere, mediating the decomposition of natural
organic materials and recycling nutrients. They also have a negative impact, degrading a wide
range of materials, including inorganic minerals and stone [1, 2], metals [3, 4], and biological and
synthetic polymers [5], also Chapter 25 in this book. Under natural conditions, corrosion of metals
results from electrochemical and biological processes occurring on or near surfaces, initiated and
accelerated by microorganisms [6-9]. Degradation of polymeric materials is due to exoenzymes
from microorganisms, sometimes followed by physical disintegration. The processes of degra-
dation are ambiguously called microbially influenced (induced) corrosion (MIC) in the corrosion
literature. Nonbiological processes may also contribute to deterioration of materials by ultraviolet
(UV) light, chemical oxidation, and physical weathering. These topics will not be treated in this
chapter.

Microbial adhesion and establishment of a complex community of microorganisms (microfoul-
ing) are prerequisites for substantial degradation of the underlying materials [6]. Since all surfaces
may act as substrata for formation of these biofilms [10-12], subsequent attack of materials by
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microorganisms can take place either directly or indirectly, depending on a combination of factors
[5]. These factors include material composition, the nature of the surface, and the indigenous
microflora. In addition, other factors affecting the physical environment also influence the extent of
bacterial adhesion on surfaces, including ionic strength of the solution, type of cation, hydrodynamic
force, and surface properties (e.g., hydrophobicity or hydrophilicity).

Direct utilization of natural polymeric materials by microorganisms can proceed at a high rate
because of their structural similarities to other biological materials [13-2O]. Microbial degradation
of complex polymers is mediated by extracellular depolymerases because the molecular size of these
polymers is too large to penetrate through cellular membranes. Degradation products can be
assimilated by microorganisms as a source of carbon and energy. The consequences of degradation
are the weakening of polymer backbone linkages and a decrease in mechanical properties due to
utilization of the backbone carbon, resulting in depolymerization of the parent polymers [13, 18].
The process in which a material is decomposed and altered by microorganisms is called biological
degradation or deterioration. The term mineralization is designated strictly for complete breakdown
of polymer carbon to simple inorganic compounds [2O]. End products during mineralization are CO2

and H2O under aerobic conditions; and CH4, H2S, CO2, and H2O under a range of anaerobic
conditions. Complete degradation of the polymer is seldom achieved by microorganisms because
part of the substrate carbon will be immobilized in new microbial biomass, and recalcitrant organic
matter. During degradation, the molecular weight of the polymer decreases under both aerobic and
anaerobic conditions. Microorganisms are also capable of extracting electrons from metals under
both aerobic and anaerobic conditions [3, 21-23]. Aerobic and anaerobic corrosion of metals are
discussed in Chapter 50 of this book [4].

Indirect damage to materials by exoenzymes, exopolymeric materials of microbial origin, and
other microbial products, has drawn increasing attention in recent years [8, 9, 24-27]. Corrosive
metabolic products of microorganisms have also been found to contribute to the deterioration of a
wide range of materials, including stone [28], concrete [9, 29], and metals [7, 25, 3O]. In addition,
hydrogen produced during microbial metabolism may cause corrosion by affecting the mechanical
strength of metals through a process called microbial hydrogen embrittlement [8, 26, 31, 32].
Specific treatment of microbial degradation of metals and polymeric materials is also discussed in
this book [2, 5].

Corrosion of metals is closely associated with the formation of complex microbial biofilms on
surfaces. The microbial communities induce the formation of differential aeration cells under
aerobic conditions because dissolved oxygen is consumed within microbial colonies. These
decreases in oxygen levels provide an opportunity for anaerobic microorganisms to become
established within biofilms. In particular, activity of sulfate-reducing bacteria has been shown to
directly cause corrosion of underlying metals.

A fundamental understanding of bacterial behavior on the surface of materials, and their impact
on the substratum materials requires integration of information from several disciplines, including
materials science and engineering, microbial ecology, and physiology. Basic microbiological
information is required for a better understanding of the role of microorganisms in corrosion and
deterioration. In this chapter, we will discuss microbial diversity, and the physiological and
biochemical properties of microorganisms with an emphasis on microbial biofilms and their
processes relevant to corrosion and degradation of materials.

B. DIVERSITY OF MICROORGANISMS

1. Evolution and Diversity

Microorganisms are early life forms preceding all other life on Earth. Mutation and genetic
recombination coupled with natural selection contributed to the divergence of life over the 4.6 billion
years of history. Natural selection was the key to the survival of individual species. For the diverse



life forms on Earth, schemes of classification of complex organisms have always interested
biologists. Early in the century, biological species were classified solely based on morphological
information, for example, size of a cell, morphological description of an individual cell by
microscopic observation, and cellular organization of an individual species. Subsequently,
biochemical and physiological analyses were introduced to facilitate taxonomic classification and
systematics on a quantitative basis [33]. Using this approach, biologists classified all living
organisms into two distinctive kingdoms, the Prokaryotes and the Eukaryotes [34-39].

Since the 1980s, molecular biologists have gained insights into the fundamental relationships
between biological species and the possible events during evolution of early life by deciphering the
genetic codes in the bacterial genome, specifically the 16S and 18S ribosomal RNA (rRNA) in
bacteria [4O]. The 16S rRNA genes, which are ubiquitous in all biological species on our planet, were
proposed to be chronometers for measuring evolutionary changes [4O]. In this way, evolutionary
relationships between different biological species can be reconstructed by analyzing sequences of
nucleotides in the rRNA genes.

Currently, the biological world is classified as consisting of the Eukarya, the Archaea, and the
Bacteria based on their 16S rRNA [40, 41]. The formerly Prokaryotes were further divided into the
Bacteria and Archaea. Since the Archaea are mostly single cells closely related to early evolutionary
life, this domain includes microorganisms thriving in extreme environments (e.g., alkaline, acid,
high and low temperatures, high pressure, and a range of strictly anaerobic conditions). Further
refined classification of the Archaea has been made possible by molecular sequencing of 16S rRNA
from isolated bacteria and cloned genes from a hot spring pool in Yellowstone National Park. The
Crenarchaeota, the Euryarchaeota, and the Korarchaeota were proposed for these subdivisions in the
phylogenetic tree [42, 43]. As molecular techniques are increasingly used to understand the basic
biology and relationships between species, our concept of taxonomic classification, and systematics
in biology will face constant challenges and revision of the old dogma [44, 45].

2. Physiological and Biochemical Diversity

Microorganisms also have diverse physiological and biochemical capabilities. For instance, they can
be grouped based on their nutritional requirements. While all life forms require certain elements,
such as nitrogen (N), phosphorus (P), and sulfur (S), they also need a source of carbon and electrons.
Microorganisms can be classified based on their sources of carbon and electrons (Table 1). An
autotroph (lithotroph) is an organism that is capable of obtaining electrons through photosynthesis
on oxidation of reduced inorganic elements or compounds. At the present time, it is believed that
all autotrophs can use organic forms of carbon, but many use carbon dioxide as the primary
source. Examples include the cyanobacteria and Fe-oxidizing bacteria. A heterotroph is a microbe
that requires reduced forms of carbon for biosynthesis. Carbon dioxide can also be fixed to
some extent by heterotrophs, but their primary sources of carbon is more reduced than carbon
dioxide, such as glucose, cellulose, and humic materials. This group has probably the largest
collection of species.

According to their primary source of energy, electrons and carbon, organisms have a range of
nutritional forms (Table 1). Early classification schemes used this information exclusively. For
example, see the second edition of The Prokaryotes [34] and the four-volume set of Bergy's Manual
of Systematic Bacteriology [35-38, 46]. General microbiological information can be found in a
number of textbooks (e.g., Madigan et al. [47] and others [48, 49, 5O]).

3. Ecological Diversity

Over the history of life on Earth, microorganisms have left evidence of early life in various unique
environments, including deep-ocean thermal vents, hot springs, and sulfate-reducing and
methanogenic habitats [39, 51-54]. Based on the environment where a microorganism thrives,
they may be referred to as methanogenic, acetogenic, sulfate-reducing (sulfidogenic), alkaliphilic,



TABLE 1. Nutritional Types of a Range of Organisms

Nutrition

Heterotroph
(chemoorganotroph)

Chemoautotroph
(chemolithotroph)

Photoautotroph
(photolithotroph)

Photoheterotroph

Organisms

Most bacteria
fungi, protozoa,
higher animals

Hydrogen-, iron-,
nitrifying-, and
colorless sulfur
bacteria

Purple and green
sulfur bacteria,
cyanobacteria,
algae, higher
plants

Purple non-sulfur
bacteria, some
eukaryotic algae

Electron
Source

Organic molecules

Reduced inorganic
molecules

Reduced inorganic
molecules

Organic molecules

Energy
Source

Electrons from
reduced organic
molecules

Electrons from
inorganic
molecules

Light

Light

Major Carbon
Source

Reduced organic
molecules

Carbon dioxide

Carbon dioxide

Reduced organic
molecules

acidiphilic, barophilic, psychrophilic, and mesophilic. Based on their physiology and biochemistry,
these bacteria reflect the evolutionary history of life on Earth [55-58].

Contemporary microbiological techniques are incapable of yielding more than approximately 1%
of the natural microbial population in laboratory cultures [59]. Difficulties are particularly
encountered in isolation of new microorganisms from their natural environments. The majority of the
natural microbial community has not been explored. Figure 1 (see color insert) shows a
morphologically uniform population of Pseudomonas aeruginosa deposited on a membrane and a
mixed natural population attached to surfaces of a supporting coupon after incubation under
laboratory conditions. In both cases, the microbial cells were stained with a fluorescent chemical,
acridine orange. It is clear that diverse populations of microorganisms were present in the natural
community.

Our inability to culture most microorganisms is a direct reflection of our lack of knowledge about
the relationship between the microflora of natural habitats and their nutritional requirements.
Corrosion and degradation processes under natural conditions are commonly associated with specific
microbial processes. Molecular cloning and nucleotide probing, coupled with the polymerase chain
reaction (PCR), permit partial characterization of nonculturable microorganisms. However,
physiological and biochemical properties of the organisms cannot be determined unless the
organisms are isolated in pure culture. This is particularly important for studying mechanisms
involved in biocorrosion and biodegradation processes.

C. MICROBIAL BIOFILMS

1. Fundamental Concepts

Microbial biofilms are a collection of individual bacterial cells and aggregates of cells that are
maintained on surfaces by electrostatic forces [60, 61] and/or by adhering exopolymers [62] (Fig. 2).
Bacteria in planktonic solution are capable of colonizing surfaces of living tissues [63] and
nonbiological materials [8, 64]. Formation of bacterial films on surfaces is a result of contact
between bacteria and substratum surfaces by short-range forces. The initial contact with a surface is
made possible by flagella, Brownian motion of the cells, or hydrodynamic forces. After the initial
collision, some cells are freed from the surface by their physical motion or hydrodynamics of the
medium, while others will remain on the surface and synthesize expolymeric materials. The
production of exopolymers is thought to induce bacterial attachment [65-69]. Recent results



Figure 1. An epifluorescent photomicrograph showing (a) a pure culture of Pseudomonas aeruginosa stained
with 0.1% acridine orange; and (b) a mixed population of microorganisms present in a river water sample stained
with 0.1% acridine orange (scale bar, 5um).



Figure 4. An epifluorescent micrograph of a natural population of bacteria incubated in low nutrient and alu-
minum hydroxide [Al(OH)3] after 1 year of incubation. Bacteria are associated with mineral precipate surfaces
(scale bar, 5um).

Figure 5. A photomicrograph showing the efficacy of a biocide at a range of concentrations.



FIGURE 1. An epifluorescent photomicrograph showing (a) a pure culture of Pseudomonas aeruginosa stained
with 0.1% acridine orange, and (b) a mixed population of microorganisms present in a river water sample
stained with 0.1% acridine orange (scale bar, 5 um) (see color plate).

indicate that cell-to-cell signaling molecules, which control the density of bacterial cells in the
growth medium, trigger the synthesis of exopolymers when a specific density is reached [7O].

Signaling between cells under laboratory conditions [70] induces attachment of P. aeruginosa.
Our understanding of how bacteria attach to surfaces and the initiator of the event is limited under
natural conditions. Marshall et al. [71] suggested that bacterial adhesion could be separated into two
phases, reversible attachment and irreversible attachment. Recently, Dalton et al. [72] observed that
colonization on hydrophobic surfaces was characterized by the formation of tightly packed biofilms,



FIGURE 2. (a) A scanning electron micrograph (SEM) of a natural biofilm community on a surface of a
stainless steel coupon. Heterogeneity of the microbial biofilm is clearly shown, (b) A SEM of an oral microbial
biofilm on a surface of sugerical material. The bacteria are embedded in a dense matrix of organic materials
(scale bar, 10 um).

in contrast to hydrophilic surfaces that exhibited sparse colonization and formation of long chains of
more than 100 urn in length. Retcher [73], and Wiencek and Fletcher [74] further proposed a series
of models explaining the selectivity of modified monolayer surfaces of different materials on
bacterial adhesion. Heterogeneity of biofilms is evident in both space and time [75-77].
Multicellular organization may also have some role in biofilm structure and ecological function
[78]. However, the fundamental mechanisms of bacterial adhesion and the behavioral response of
bacteria to surface selectivity are still not completely known.



2. Factors Affecting Biofilm Formation

Formation of microbial biofilms in natural and artificial environments follows a sequence of events:
the initial adhesion of a conditioning film consisting of organic molecules on surfaces, recruiting of
microorganisms to the surfaces, bacterial colony formation, and growth to a mature biofilm. Biofilm
growth, senescence and sloughing off is a continuous process [79-83]. Biofilms are interfacial
matrices affecting the physical and chemical conditions of the substratum. The initial events of
bacterial attachment to a surface were investigated by Marshall et al. [71]. In their pioneering study,
Pseudomonas sp. adhered to glass slides either reversibly or irreversibly. Flagella promoted
irreversible attachment by overcoming the short-range repulsion force between the bacterium and
substratum when the distance between the two was very small. Planktonic bacteria may also settle on
surfaces due to the presence of molecules that serve as cues for the bacteria [84]. Fletcher [85]
concluded that the structure of the surface materials also affects microbial adhesion. Hydrophobicity
of a surface favors the formation of biofilms, while hydrophilicity discourages settlement [36,61,86,
87]. This generalization is not fully understood due to the lack of information about the physical
chemistry of interactions between bacteria and surfaces.

A cell-to-cell signal was proposed as a key factor in the development of biofilms [70, 88]. Af-Acyl
homoserine lactone molecules are involved in mediating biofilm formation through a population-
dependent process, in which the signaling molecules by bacteria respond to cell density and then
induce the synthesis of exopolymers. However, bacteria in natural environments differ greatly from
those in laboratory studies. Experimental results from the laboratory can be extrapolated only to a
limited extent to natural or artificial environments. After the initial attachment, reproductive growth
and colony formation occur. When the biofilm reaches a maximum thickness, the film may slough off
due to hydrodynamic shear forces. After the residual cells on surfaces divide and form new colonies,
new biofilm will be developed again. During cell division, the daughter cell not attached to the
surface may be released into the planktonic phase. The planktonic cells may also settle on newly
available surfaces, providing initial colonization for biofilm development.

Physicochemical factors also influence biofilm formation. These include ionic strength, type of
cation (valence and charge), concentration of the cation, presence of surfactant, and substratum
surface characteristics. Microbiologists largely ignore this information [76]. Marshall [60] discussed
the fundamentals associated with this phenomenon. Generally, higher ionic strength, concentration
of ions, and higher valence of cations favor the formation of biofilms by decreasing the electric
diffuse double layer, which is a barrier against bacterial movement toward a surface. When a
bacterium approaches a surface, it must overcome a critical energy level before it can firmly attach.
The higher concentrations and valence of cations can compress the diffuse double layer, bringing
planktonic bacteria closer to substratum surfaces and facilitating adhesion.

3. Some Properties of Microbial Biolfilms

3.1. Biofouling Biofouling is the undesirable accumulation of microorganisms, their products
and various deposits, including minerals and organic matter, on a substratum surface. The thin film
on fouled surfaces usually consists of microorganisms embedded in an organic matrix of
biopolymers, which are produced by the microorganisms under natural conditions (Fig. 3). In
addition, microbial precipitates, minerals, and corrosion products may be present [89, 9O].
Industrial fouling is a complex process in which the fouling products may include inorganic
particles, crystalline precipitates, scale, and corrosion products. Fouling is common and can be
found in purified water systems [91], drinking water filtration and treatment facilities [92],
wastewater treatment plants [93, 94], porous media [95-97], and biotechnology processes [98]. In
addition, materials immersed in aqueous environments or under high humidity conditions are
susceptible to biofouling, including both metallic and nonmetallic materials [8, 99-101], urinary
catheters [102], water pipes [103], and coatings [99, 104, 105].



FIGURE 3. A SEM of a natural population of microorganisms and corrosion products on a surface of a stainless
steel coupon under sulfate-reducing conditions (scale bar, 5 um).

3.2. Heat Transfer Resistance Biofilms form on a wide range of engineering materials,
particularly on equipment used for cooling and transport. They reduce performance and the lifetime
of the materials. The thickness of a biofilm may reach between 50 and 100 um depending on the
microorganisms, physicochemical conditions of the environment, hydrodynamics of flow and
availability of nutrients. Individual bacterial cells within this layer of gelatinous exopolysacchar-
ides, are embedded in the heterogeneous porous matrices, and nutrients may diffuse and be
transported in void channels throughout the biofilm matrices [106]. Biofilm establishment on
surfaces increases frictional resistance, reduces heat transfer efficiency and causes pitting corrosion
of a variety of alloys. Both aerobic and anaerobic conditions provide opportunities for a
metabolically diverse community of microorganisms. When the substratum materials are metals,
corrosion may occur, resulting in the build up of corrosion products on surfaces [107]. Deposited
corrosion products may reach a significant thickness that prevents efficient transfer of heat across
the cooling pipes and also a significantly increase in friction resistance. These changes in surface
characteristics affect the performance of the system.

Biofilms may also serve as cues for recruitment of invertebrates [81, 108, 109]. Macrofouling is
problematic to the power and water industries due to the blockage of pipes, and biomass
accumulation on surfaces. For example, the freshwater invertebrate zebra mussel (Dreissena
polymorpha), an accidentally introduced species, has been a serious problem for both the power and
drinking water industries in the Great Lakes region of Canada and the United States since the 1980s.
The combination of heat transfer reduction and corrosion from macrofouling is estimated to be $5
billion for the power-generating industries by 2000 [UO].

3.3. Clogging of Pipes and Porous Media Another consequence of microbial growth on surfaces
particularly as a result of MIC, is clogging of water distribution systems by corrosion products [22,
111]. Iron-oxidizing bacteria are partially responsible for the clogging under aerobic and
microaerophilic conditions. In porous media, bacterial transport and accumulation generally
decreases with distance along the flow path, especially if hydrodynamic and shearing forces are
low. Bacteria are not easily transported through a tortuous path, and they become attached after a



FIGURE 4. An epifluorescent micrograph of a natural population of bacteria incubated in low nutrient and
aluminum hydroxide [Al(OH)3] after 1 year of incubation. Bacteria are associated with mineral precipitate
surfaces (scale bar, 5 um) (see color plate).

number of collisions on surfaces [112, 113] and synthetic materials. Figure 4 shows biofilms in
precipitates of common soil minerals. Exopolymers of bacteria also participate in the corrosion of
metals, and have been shown to solubilize Cu from pipes under soft water conditions [114, 115].
Clogging may also be observed in wastewater treatment facilities through aggregation of
microorganisms in the presence of nucleating agents.

Porous media in subsurface environments are important for bioremediation of contaminated
groundwater. Clogging is a common problem in bioremediation. Negatively charged bacteria may
readily adhere to surfaces by electrostatic attraction, hydrogen bonding, cation bridging, and/or
exopolymers, particularly under low nutrient conditions (Fig. 4 — see color insert). Transport and
collision of bacteria on surfaces are a focus of several recent studies [112, 113]. Bacterial preference
for surfaces makes bioremediation in situ difficult as exogenous organisms are not readily
transported through porous media. In addition, aromatic and polyaromatic pollutants are mostly
adsorbed on minerals or organic matter because of their hydrophobicity. Similar problems are also
commonly encountered in oil drilling and recovery following seawater injection. Clogging may be
so severe that the less accessible oil reserves are not recovered. When seawater is introduced, the
high ionic strength of the medium promotes microbial production of exopolymeric materials and
increased fouling.

3.4. Metal Corrosion and Polymer Deterioration Activity of microorganisms on surfaces may
result in adverse effects on underlying materials, particularly corrosion of metals, and deterioration
of artificial polymers [2, 5, 7, 21, 100, 116, 117]. Corrosion is an electrochemical process induced
or accelerated by the presence of microorganisms [6], while deterioration of polymers is a
metabolic process by which microorganisms obtain carbon and energy for their growth. Both
corrosion and polymer degradation can take place under aerobic or anaerobic conditions.

Corrosion of metals results in a decrease in tensile strength of the materials and results in failure
of the system. In industrial environments, consequences of biocorrosion can be catastrophic.



Microbial contamination is common even in ultrapure water systems used in the pharmaceutical
industries and in semiconductor manufacture [91]. Several groups of microorganisms have been
recognized for their role in corrosion, including the sulfate-reducing bacteria [21, 57], exopolymer-
producing bacteria [26], hydrogen-producing and -utilizing bacteria [31, 32], acid producing
bacteria, Fe-oxidizing bacteria [118], and fungi [3O]. The manganese oxidizing bacterium Leptothrix
discophora is capable of ennoblement of stainless steel by increasing the open circuit potential,
through deposition of MnOx on surfaces [119]. A correlation between microbial activity and
deposition OfMnOx has been established [119,12O]. Specific mechanisms of corrosion are discussed
in Chapter 50 of this book [4]. Mechanisms of degradation of artificial polymers are discussed in
Chapter 25.

3.5. Biocide Resistance Biofilms protect microorganisms from activity of biocides because mass
transfer is diffusion limited within the biofilm [121-13O]. In order to effectively eradicate biofilms
on surfaces, higher concentrations of biocides are often used. Biofilm bacteria live in an
environment where gene exchange may occur at high frequency. Resistance may therefore develop
rapidly to a specific chemical, forcing the use of alternative treatments.

Biofilm bacteria respond to biocide concentration levels differently from planktonic bacteria. The
efficacy of a biocide should be tested against both planktonic and biofilm bacteria under closely
simulated environmental conditions. For example, a biocide for protection of polymeric coatings should
be tested on the proposed coating materials under the appropriate environmental conditions [104,131].

D. KOCH'S POSTULATES

Microbiology as a discipline began when small cells were observed by Anthony van Leeuwenhoek
under the first microscope in 1677. His observation opened up an unrecognized world. Pasteur
investigated microbial contributions to disease in humans and animals and to fermentation of wine
and vinegar for a better quality of products. Koch advanced the field of medical microbiology and
postulated the disease theory (Koch's postulates) as follows in 1884: (1) The organism should be
present in all animals suffering from the disease and absent from all healthy animals. (2) The
organisms must be grown in pure culture outside the diseased animal host. (3) When such a culture is
inoculated into a healthy susceptible host, the animal must develop the symptoms of the disease. (4)
The organism must be reisolated from the experimentally infected animal and shown to be identical
to the original isolate. Today, Koch's postulates are the sound guidelines for medical professionals to
prove or disprove the presence of a microbial infection.

Koch's approach can be utilized in research on corrosion and degradation of materials. In this
case, organisms should be isolated from the damaged materials to verify their presence. The
organisms should be cultured and purified and used to examine the corrosion and degradation
processes in the laboratory. If corrosion or degradation similar to the initial observation is repeated,
their damage to the material can be tied to the activity of the organisms.

Uncharacterized mixed cultures have also been used to study degradation and deterioration of
polymeric materials [13,14,19, 20,104,132,133], concrete [9,29], and metal corrosion [3,21], and
degradation of environmental pollutants [134-136]. The proof of involvement of a specific
microorganism from one of these mixed communities in a degradation process is dependent on the
application of Koch's postulates.

E. MATERIAL DEGRADATION PROCESSES

1. Sources of Carbon and Energy

Organic materials may be utilized by microorganisms as sources of carbon and energy in the
presence or absence of molecular oxygen. During degradation, reduced carbon is oxidized, releasing



electrons, which are used in bacterial synthesis. Different groups of microorganisms use widely
divergent strategies to achieve the goal of decomposition. For example, fungi degrade polymeric
materials using extracellular depolymerases. Most bacteria require close proximity to a substratum
because the bacteria need to immediately capture the released compounds. This efficient process
permits bacteria to maximize their energy conservation. Close proximity allows degradation
products to be easily assimilated into cells for further utilization [5].

Metals can be corroded by bacteria through oxidative processes. Examples are iron- and
manganese-oxidizing bacteria [137], which clog drains, water pipes, and wells with deposition of
iron oxides and hydroxides [22, 137]. These bacteria are lithoautotrophs utilizing CO2 from the
atmosphere and electrons from the metal corrosion for their carbon sources and energy. Most of
these bacteria are microaerophilic. Optimal growth is only achieved under conditions of reduced
oxygen tension/concentrations. Leptothrix, Gallionella, Metallogenium, and Pedomicrobium are
the most commonly described bacteria [22, 138]. New metal oxidizing species have been
isolated recently [118].

Biological corrosion of metals was described >60 years ago [139, 14O]. Mechanisms of
microbial corrosion are discussed in several reviews [7,21,23]. This topic is discussed in Chapter 50
of this book [4].

2. Degradation of Polymers

Some polymers support the growth of microorganisms without structural degradation. Additives to
polymers are primarily responsible for the results observed [4, 101, 141]. Because bacteria are
capable of cometabolism, polymers that are difficult to degrade can be metabolized when other
carbon and energy sources are available for growth, altering mechanical properties and the integrity
of the polymer. This phenomenon is particularly important in the degradation of polymers used in the
electronic, transportation, and infrastructure industries. For example, a slight alteration of the
insulating properties of a polymer may result in devastating consequences to the proper functioning
of integrated circuitry. Detailed information is available in Chapter 25 [5].

3. Attack of Metals and Concrete by Microbial Metabolites

Damage to materials is frequently incidental to microbial metabolism. For example, organic acids
from fungi were found to corrode aluminum alloys in aircraft fuel tanks [30], H2 produced by
fermenting bacteria may contribute to hydrogen embrittlement of metals under anaerobic conditions
[31]. Hydrogen sulfide (H2S) from sulfate reducing bacteria attacks both metals [7,21,23] and stone
materials [9, 29].

Large quantities of exopolymeric materials can be produced by bacteria on surfaces. These
materials may bind metal ions and contribute to galvanic corrosion of metals [25]; and concrete [9,
29]. Relevant information on these topics is presented in Chapters 50 and 27, respectively, of this
book [2].

F. PREVENTIVE MEASURES

Microorganisms require minimal quantities of water to survive. However, active metabolism
requires an appropriate relative humidity and temperature. A combination of low humidity and low
temperature is the simplest way to control bacterial growth [8,131]. However, fungi may be capable
of growing under such conditions. Regular cleaning is a good practice to prevent biofilm formation
and the subsequent biodeterioration of materials.

Microbial biocides are commonly used to prevent unfavorable biofilm formation and biofouling.
These chemicals are widely incorporated into products, including toys, filtration systems, coatings,
and surface cleaning agents. Because microorganisms are capable of acquiring resistance after



FIGURE 5. A photomicrograph showing the efficacy of a biocide at a range of concentrations (see color plate).

exposure to a particular chemical [131], no single chemical can be relied on for long-term use.
Frequently, effective eradication of microbial populations is achieved by combining several
chemicals or increasing the concentrations of a biocide.

In nature, bacteria normally live on surfaces. However, biocide efficacy tests often involve
utilization of planktonic bacterial cultures on agar plates (Fig. 5 — see color insert). These test data
fail to reflect the actual state of bacteria on material surfaces [8, 131]. More rigorous simulation of
environmental conditions is strongly recommended. For example, several biocides, including
diiodomethyl-p-tolylsulfone, were excellent biocides in laboratory tests using planktonic cultures,
but active growth of microorganisms was observed when the biocide was incorporated into a
polyurethane coating [8, 131]. Microbial resistance to biocides is also of concern to public health
because of growth of nuisance organisms and pathogens in, for example, air conditioning systems
and drinking water and water-heating systems.

G. CONCLUSIONS

Biodegradation of materials is common under both oxic and anoxic conditions. Microorganisms
develop strategies to extract electrons and carbon sources from both polymers and metals. During
microbial growth on surfaces, metabolites, enzymes, and other exopolymeric materials also affect
the underlying materials. Koch's postulates provide an excellent means of associating a degradation
process with a causative organism. Degradation may involve the utilization of a polymer for carbon
and energy, resulting in mineralization of the materials. Components of a polymer may become
substrates for microbial growth, weakening the mechanical properties of the material. Other
mechanisms of degradation include corrosive metabolites, for example, t^S, Kk, organic acids, and
exopolymeric materials. Under natural conditions, several of these mechanisms often operate
simultaneously. Biofilm formation plays an important role in material degradation, microbial films



are heterogeneous in both space and time, and contain a wide diversity of bacterial species within the
gelatinous matrices. Effective eradication of biofilms is difficult because of the phenotypic plasticity
and genetic mobility of transferable plasmid genes.
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