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The ecological significance of metal-microbe interaction has wide-
spread implications.v There is evidence that microbial ixitewention has
played a rnaj.orv role in the fOrmation of many metal ore deposits ( ) and
COnversely in acting on those ores ih mines, produced severely polluting
acid wastes ( ). The role of microbes in corrosion can be rigidly or
:broadly defined depending upon whether in sensu strictu their direct
activities only are involved or whether we are also concerned wit\h their
activities which indirectly produce corrosion ( ).

Undoubtedly, ﬁ'om a practical consideration the latter interpreta-
tion of microbial activity on metals should be accepted. Thus, five gen-
eral mechanisms are applicable for describing microbial-induced corrosion.
‘They are: - B T ; : o
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(1) production of corrosive metabolic products
(2) production of differential aeration and concentration cells
on the metal surface

(3) cathodicdepolarization

(4) disruption of protective films, both natural and applied

(5) breakdown of corrosion inhibitors.,
I will discuss each of these mechanisms with appropriate examples and
subsequently will elaborate on those areas of particulaf relevance to re-~

circulating cooling systems and water~based metalworking fluids.

Production of Corrosive Metabolic Products

Acids cause corrosion. Many microorganisms produce large amounts
of acid. Perhaps the group considered the most active are members of the

genus, Thiobacillus. These are chemolithotrophic species that get all of

their energy from the oxidation of inorganic salts. Thiobacilli oxidize
sulfides to sulfates, producing sulfuric acid to a pH level less than one.
This acidity is highly destructive in certain environments. For example,

Thiobacillus ferroxidans, in producing severe acid drainage in mine water

run-off, has been implicated in corrosion of pumping machinery in mining

tnstallations ( ).

Mechanism of Sulfuric Acid Formation: Thiobacillus thiocoxidans
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Mechanism of Sulfuric Acid Formation: Thiobacillus ferroxidans
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(c) FeS, + Fe:z(SO4)3————>3PeSO4 + 28

(d) 28 + 30, + 2H20—>2HZSO4

On the bositive side, the metabolic proclivities of this group are
being used profitably to leachvcopper from low-grade o're‘, and recent re-
ports ( ) have demonstrated the utility of a newly isolated thermophilic
chemolithotroph in copper ore leaching and in molybdenum extraction, al-
though the latter is somewhat limited due to toxicity from molybdenum.

Organic acid production by microorganisms is less dramatic but
more widespread, with fungi as well as bacteria implicated. Severe cor-
rosion in the diffusion batteries and cooling system of a sugar beet factory

from lactobacillus acid production have been reported ( ). Extensive

bacterial growth in oil-in-water cutting fluid emulsions is usually accom-
panied by a drop in pH. Normally, metalworking fluids are poised at
pH 9 + .5, primarily to prevent corrosion of ferrous metals, and the sub-

sequent drop in pH is considered related to alkane oxidation to acid.



This has been amply demonstrated ( ). Pseudomonas species, the

major group in metalworking fluid deterioration, initially converts alkanes
to alcohols by oxidase activity and then by dehydrogenases to the acid.
Calderone, et al. () demonstrated organic acid production by _
fungi in the initiation of metal surface corrosion. They compared a vari-
ety of organic acids produced during the metabolism of both fungi and
bacteria. These included a variety of di- and tri-carboxylic acids
( ). It was determined that these organic acids produced
surface changés on copber strips. Tﬁe amount of organic acid needed to
produce a pH drop sufficient to produce corrosion in large industrial sys-
tems is rather large. It would seem more reaSOnablle that the direct causes )
of metabolic activity, especially by fungi, would be related to localiza-
tion of acid activity from fungal growth attached to some inert work sur-
face. For this, tﬁere is ample evidence ( ). These workers showed that
fungal growth on non-metallic surfaces such as sensitive plastics and
surface coatings adjacent'to metal surfaces resulted in the corrosion of
those metal surfaces. In an earlier study ( ), in the evaluation of over
100 non-metallic components-of the Jupiter missile for fungus resistance,
the same phenomenon was noticed, i.e., in those systems in which fungal
growth was adjacent to a metal surface, there was a greater degree of
qualitative surface oxidation of the metal ( ).

A major area of economic importance in which microbial corrosion

has played an important role relates to the growth of both bacteria and



fungi in aircraft fuel systems. Here, species of Pseudomonas and a

specific fungal species, Cladosporium resinae, together cause two prob-~

lems resulting in aircraft failu{e. Growth of the organisms results in
sludge formation which can plug fuel lines. However, more to the point,
organic acid production from jet fuel hydrocarbons causes corrosion and
pitting of the aluminum alloy tanks in the aircraft wings. This has been
discussed by several authors ( ).

Although nbt so commonly encountered, products other than acids
produced by microbial activity can also cause corrosion. ' The decompo-
sition of organic sulfur compounds with the subsequent release of hydro-
gen sulfide can also cause corrosion of iron and steel. This is different
from the anaerobic production of HZS associated with Sulfate reduction
which will be discussed later on. -

The formation of ammonia by many microorganisms, primarily from
organic amines such as are found inxproteins, cén result in corrosion,
Ammonia is also produced from the reduction of nitrites by certain Pseudo-~
monas species and is referred to as nitrogenous reductive assimilation.
This phenomenon not only results in a corrosive by-product, i.e., ammonia,
which is especially corrosive for amphoretic metals such as aluminum, but

also results in the depletion of a corrosion inhibitor, nitrite.



Reduction of Differential Aeration and Concentration Cells on the
Metal Surface

In certain instances, particularly with those organisms excreting
slime or other hold-fast materials, microbial growth is most extensive on
surfaces rather than in the body of the aqueous liquid bathing that surface.
This microbial mass produces a non-uniform oxygen distribution on the .
surface of the metal, with less oxygen under the mass than at its edges.

The following figure ( - ) demonstrates the effect of oxygen
concentration'on alumirium. The edges of the colony act as a cathode in
which the oxygen and the water combine with electrons to form hydroxyl-
ions, while the area in the center of the microbial r;lass with a low oxygen
tension acts as the anode. This results in dissolution‘. of the aluminum,
with the production of such by~products as aluminum oxddes and aluminum
hydroxide.  The same type of phenomenon is also thought to occur in the

corrosion of iron pipes by species of iron-oxidizing bacteria, such as

Gallonella Leptothrix and Chrenothrix.

In addition to the oxygen concentration effect, microbial masses
can produce a chemical concéntration effect during growth, i.e., the
electrolytes beneath and around the mass of microbial growth can produce
corrosion in a similar way to the corrosion produced by the oxygen, al-
though the degree of acid production itself would be greater at these

sites, resulting in a greater localizing and intensity of corrosion.



The association of fungal masses with aircraft fuel systems, re-
circulating cooling systems, and metalworking fluids, have been well
documented ( ). My laboratory has done extensive investi-
gation on the ontogeny of fungal growth, and in all cases the initiation
of such growth was on some exposed surface. I have referred ( ) to
the fungal count in the body of industrial waters as reflecting only the
tip of an iceberg, the major fungal growth being attached to some surface.
Not only do these fungal masses result in staining of metalwork pieces
and machine tools, which is the beginning of the corrosive process, but
the fungi physically cause damage by plugging flow lines, thereby re-
ducing cooling éffects. Later in the paper I will discuss the microbial
interactions involving the onset of fungal growth. '

Corrosion is also encountered .from microbiological contamination
of aluminum and steel rolling operations. The ambient temperature of
these operations 1s much higher than for other metalworking operations
(as high as SOOC), selecting for a different group of organisms. Corrosion
can be induced by formation of H,S by sulfate reducers induced by reac-
tion with iron fines or alternatively, masses of microbes deposited on the
metal subsequently become incinerated. This inorganic ash can serve as

a focal point for corrosion ( ).



Cathodic Depolarization

The phenomenon of anaerobic corrosion of ferrous metals is now
a well-known biological reaction and is perhaps the most infamous of
all metallic corrosion induced by microorganisms. The study of the
metabolism of biochemical pathways of anaerobic sulfate reduction with
the concomitant oxidation of iron has gone through several generations
and we are indebted to a long list of investigators for its eventual utili-
zation ( . V ). 1 woﬁld refer you to the latest review ().

Essentially, the steps in cathodic depolarization are listed in
Table , in which a galvanic cell is set up, hydrogen being produced at
the putative cafhode andﬂ ferrous iron being produced at the anode. The
utilization of the molecular hydrogen in the reduction’ c;f sulfate
to sulfide is referred to as cathodic depolarization and is carried out by

microbial activity. Only those strains of sulfate red‘ucers containing the
enzyme hydrogen'ase were 'able to couple hydrogen evolution with sulfate
reduction. Thus', cathodic depolarization is limited to hydrogenase
positive organisms.

An interesting paper ( ) demonstrated the ability of sulfate re-
ducing bacteria to corrode a ferrous surface in the absence of sulfide
formation. Iverson summarized this very Yvell in his Charles B. Thom
Award address ( ). He found that sulfide was actually an inhibitor of
the corrosion process, that corrosion was produced to a greater extent in

the absence of sulfide, and that an alternative electron acceptor, ferrous



phosphide, produced a blackening similar to ferrous sulfide.
Miller () also treats this subject rather extensively. He states

that the relationship between hydrogenase and cathodic depolarization

were indeed linked; however, that in one strain, D. salexigens, the HZS
film produced during sulfate reduction was not protective, suggesting
that hydrogenase in this species is linked solely to hydrogen oxidation
and that an intermediary carrier for sulfate reduction may be absent. In
fact, the anode coating of HZS reported for this species may be the fer-
rous phosphide reported by Iverson.

In a study carried out in my laboratory ( ), we demonstrated that

optimal growth 6f D. desulfuricans was linked to the presence of iron,
but small amounts of iron (unextractable from the base 'médium) permitted
minimal levels of growth. In addition, the need for sulfate for optimal
growth was demonstrated with three different carbon energy sources.,
Thus, it would appear that although large masses of pre-grown cells can
produce corrosion of ferrous metal surfaces in the absence of sulfate, iﬁ
nature to reach these levels the presence of sulfate as a suitable electron
acceptor would be necessary.

The extent of corrosion produced by the activities of these organ-
is'r-ns is widespread. One area that has received extensive investigation
is the activity of these organisms in produced wells or secondary oil
recovery (). An enigma exists concerning the origin of these organisms,

whether they are introduced during the drilling process or possibly are
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present somewhere below the surface and encounter the cil-water
mixture produced by the injected water to recover residual oil. In any
event, these organisms when growing on site cause corrosion of drill
bits with extensive production of hydrogen sulfide. In addition, they .-
have caused the corrosion of buried pipes where the oxidation reduction
potential was sufficiently low to allow for their development and growth
( ).

In addi.tiori, under certain sitqations, particularly where there may
be extensive growth of non-cbmpeting aerobic organisms in jet fuel tanks
and in recirculating cooling waters, sulfate reducers are also found ac -
companying more aggr e;sive aerobic members of the community ().
Perhaps it is in the metalworking industry that sulfate 'reduction has
achieved its greatest recognition for its activities ( ). Prior to 1960,
it was considered the major cause of bio&eterioration of water-based
metalworking fluids. The conditions that contributed to sulfate reduc-
tion resulted in fhe release of the built up hydrogen sulfide. On the
Mondgy morning following weekend shut-down of machining operations
the sudden release of hydrogen sulfide generated over the 60-hour quies-
cent period was sufficiently obnoxious to give rise to the expression,
"Monday morning stink." Also, the depos»ition of sulfate reducer colonies
under oil deposits eventually gave rise to corrosion and pitting.

Poor design is a contributing factor to the development and main-

tenance of sulfate reducer populations. Central reservoirs with bottoms



