
2.5 Soil in the Corrosion Process

Introduction

Soil has been defined in many ways, often depending upon the particular
interests of the person proposing the definition. In discussion of the soil as
an environmental factor in corrosion, no strict definitions or limitations will
be applied; rather, the complex interaction of all earthen materials will come
within the scope of the discussion. It is obvious only a general approach to
the topic can be given, and no attempt will be made to give full and detailed
information on any single facet of the topic.

Soil is distinguished by the complex nature of its composition and of its
interaction with other environmental factors. No two soils are exactly alike,
and extremes of structure, composition and corrosive activity are found in
different soils. Climatic factors of rainfall, temperature, air movement and
sunlight can cause marked alterations in soil properties which relate directly
to the rates at which corrosion will take place on metals buried in these soils.

Soil Genesis

The condition of any soil represents a stage in the changing process of
soil evolution. Soils develop, mature and change with the passage of time.
Whereas the time required for a true soil to develop from the parent rock
of the earth may be thousands of years, rapid changes can result in a few
years when soils are cultivated, irrigated, or otherwise subjected to man's
manipulation. The type of soil that develops from the parent material will
depend upon the various physical, chemical and biological factors of the
environment.

The weathering process which eventually reduces the rock of the parent
material to the inorganic constituents of soil comprises both physical and
chemical changes. Size reduction from rocks to the colloidal state depends
not only upon the mechanical action of natural forces but also on chemical
solubilisation of certain minerals, action of plant roots, and the effects of
organic substances formed by biological activity.

Interrelated with change in particle size and changes in type and kind of
soil minerals present, organic matter is formed and accumulates as an
integral part of the soil. Organic-matter content varies from practically none
in sands to almost 100%, as exemplified by peat formations. The amount
of organic matter present thus reflects the interaction of all environmental



factors influencing chemical and biological activity. Whether the percent-
age of organic matter increases or decreases depends then upon the relation
between the rate at which it is being formed by growth, death and accumula-
tion of plant material, and that at which the microbiological activities within
the soil are causing the decomposition of the complex organic molecules.

Moisture must be considered of primary importance in soil formation, in
weathering, and in all of the changes taking place within the soil. The types
of soil that form depend to a great extent upon the rainfall situation. Too
little rainfall will prevent development of plant and animal life with their
soil-building action. Too much moisture has a similar effect in preventing
normal soil formation.

Closely associated with rainfall and climate is the acid or basic reaction
which develops as a soil matures. When rainfall is high, water percolates
through the soil, dissolving the soluble components, and leaching out
alkaline minerals of the weathering rock. This happens whether a soil is
developing from a naturally acidic or a naturally alkaline parent material.
The end result is a shift in reaction to an acid condition. The degree to which
this acidity develops depends upon many factors such as the parent minerals,
biological activity, and temperature, related to the moisture situation.
Should the loss of water from a soil be mainly by surface evaporation (as in
arid regions), the dissolved salts tend to accumulate near the surface and
alkaline conditions usually develop.

Although conditions of high rainfall and moderate to warm temperatures
usually lead to an overall decrease in organic matter (particularly in
cultivated soils), exceptions occur when the amount of water is great enough
to prevent the adequate aeration necessary for maximum microbial activity.
Swampy areas with peat and muck soils are the result. In a parallel manner,
low temperatures of sub-polar regions slow down decomposition of organic
materials and again highly organic soils develop.

The Corrosion Process in Soil

Although the soil as a corrosive environment is probably of greater com-
plexity than any other environment, it is possible to make some generalisa-
tions regarding soil types and corrosion. It is necessary to emphasise that
corrosion in soils is extremely variable and can range from the rapid to the
negligible. This can be illustrated by the fact that buried pipes have become
perforated within one year, while archaeological specimens of ancient iron
have probably remained in the soil for hundreds of years without significant
attack.

Corrosion in soil is aqueous, and the mechanism is electrochemical (see
Section 1.4), but the conditions in the soil can range from 'atmospheric' to
completely immersed (Sections 2.2 and 2.3). Which conditions prevail
depends on the compactness of the soil and the water or moisture content.
Moisture retained within a soil under field dry conditions is largely held
within the capillaries and pores of the soil. Soil moisture is extremely signi-
ficant in this connection, and a dry sandy soil will, in general, be less cor-
rosive than a wet clay.



Although the mechanism will be essentially electrochemical, there are
many characteristic features of soil as a corrosive environment which will be
considered subsequently; it can, however, be stated here that the actual cor-
rosiveness of a soil will depend upon an interaction between rainfall, climate
and soil reaction.

A characteristic feature of the soil is its heterogeneity. Thus variation
in soil composition or structure can result in different environments acting
on different parts of the same metal surface, and this can give rise to differing
electrical potentials at the metal/soil interface. This will result in the estab-
lishment of predominantly cathodic or predominantly anodic areas, and the
consequent passage of charge through the metal and through the soil.
Differences in oxygen concentration (differential aeration), or differences in
acidity or salt concentrations may thus give rise to corrosion cells. The
distance of the separation of the anodic and cathodic areas can range from
very small to miles ('long-line' corrosion).

The conductivity of the soil is important as it is evident from the elec-
trochemical mechanism of corrosion that this can be rate-controlling; a high
conductivity will be conducive of a high corrosion rate. In addition, the con-
ductivity of the soil is important for 'stray-current corrosion' (see Section
10.5), and for cathodic protection (Chapter 10).

Properties of Soils Related to Corrosion

So/I Texture and Structure

Soils are commonly named and classified according to the general size range
of their particulate matter. Thus sandy, silt and clay types derive their
names from the predominant size range of inorganic constituents. Particles
between 0-07 and about 2 mm are classed as sands. Silt particles range from
O-005 mm to 0-07, and clay particle size ranges from O-005 mm mean
diameter down to colloidal matter.

The proportion of the three size groups will determine many of the pro-
perties of the soil. Although a number of systems have been used to classify
soils as to texture, the one shown in Fig. 2.17 represents commonly used ter-
minology for various proportions of sand, silt and clay.

Since soils contain organic matter, moisture, gases and living organisms
as well as mineral particles, it is apparent that the relative size range does not
determine the whole nature of the soil structure. In fact most soils consist
of aggregates of particles within a matrix of organic and inorganic colloidal
matter rather than separate individual particles. This aggregation gives a
crumb-like structure to the soil, and leads to friability, more ready penetra-
tion of moisture, greater aeration, less erosion by water and wind, and
generally greater biological activity. The loss of the aggregated structure can
occur as the result of mechanical action, or by chemical alteration such as
excess alkali accumulation. Destruction of the structure or 'puddling' greatly
alters the physical nature of the soil.

Mention should be made of the soil profile (section through soil showing
various layers) because it is important to recognise that the soil's surface
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Fig. 2.17 Proportions of sand, silt and clay making up the various groups of soils classified
on the basis of particle size.

gives a very poor indication of the underlying strata. Pipe-lines are buried
several feet below surface soils and corrosion surveys based on surface obser-
vations give little information as to the actual environs of the pipe when
buried.

The Clay Fraction

Clays make up the most important inorganic constituents of soil. They
consist of various minerals depending on the mineral composition of the
parent material, and on the type and degree of weathering. Often clays may
be grouped in a family series, depending upon the weathered condition,
as, for example, montmorillonite -> illite -» kaolinite. Weathering of mont-
morillonite causes loss of potassium and magnesium which alters the crystal-
line structure, and eventually kaolinite results. In this example (and also for
other clay mineral groups) marked changes occur in the physical properties
of a soil as clay minerals undergo the weathering process.

Montmorillonite clays absorb water readily, swell greatly and confer
highly plastic properties to a soil. Thus soil stress (Section 14.8) occurs most
frequently in these soils and less commonly in predominantly kaolinitic
types. Similarly, a soil high in bentonite will show more aggressive corrosion
than a soil with a comparable percentage of kaolinite. A chalky soil usually
shows low corrosion rates. Clay mineralogy and the relation of clays to cor-
rosion deserves attention from corrosion engineers. Many important rela-
tionships are not fully understood and there is need for extensive research
in this area.
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Aeration and Oxygen Diffusion

The pore space of a soil may contain either water or a gaseous atmosphere.
Thus the aeration of a soil is directly related to the amount of pore space pre-
sent and to the water content. Soils of fine texture due to a high clay content
contain more closely packed particles and have less pore capacity for gaseous
diffusion than an open-type soil such as sand.

Oxygen content of soil atmosphere is of special interest in corrosion. It is
generally assumed that the gases of the upper layers of soil are similar in
composition to the atmosphere above the soil, except for a higher carbon
dioxide content. Relatively few data are available showing oxygen content
of soils at depths of interest to the corrosion engineer. Judging by the fact
that plant roots require oxygen to penetrate a soil, however, it may be
assumed that soil gases at depths of 6 m or more contain significant amounts
of oxygen.

Diffusion of gases into soil is enhanced by a number of climatic factors.
Temperature changes from day to night conditions cause expansion and con-
traction of the surface-soil gases. Variation in barometric pressure has a
bellows-like effect on gaseous diffusion. To illustrate the magnitude of this
diffusion rate on a large scale, it may be recalled that air within the more than
43 km of underground passages of the Carlsbad Caverns in New Mexico
undergoes a complete change each day, despite the fact that the single open-
ing of these caverns to the surface is only a metre or so in diameter.

Biological activity within the soil tends to decrease the oxygen content
and replace the oxygen with gases from metabolic activity, such as carbon
dioxide. Most biological activity occurs in the upper 150mm of soil, and it
is in this region that diffusion would be most rapid. Factors which tend to
increase microbial respiration, such as the addition of large amounts of
readily decomposed organic matter, or factors which decrease diffusion rates
(water saturation) will lead to development of anaerobic conditions within
the soil. The significant microbiological relationships to corrosion under
both aerobic and anaerobic situations are discussed in Section 2.6.

Water Relations

No corrosion occurs in a completely dry environment. In soil, water is
needed for ionisation of the oxidised state at the metal surface. Water is also
needed for ionisation of soil electrolytes, thus completing the circuit for flow
of a current maintaining corrosive activity. Apart from its participation in
the fundamental corrosion process, water markedly influences most of the
other factors relating to corrosion in soils. Its role in weathering and soil
genesis has already been mentioned.

Types of Soil Moisture

1. Free ground water. At some depth below the surface, water is con-
stantly present. This distance to the water table may vary from a few metres
to hundreds of metres, depending upon the geological formations present.



Only a small amount of the metal used in underground service is present in
the ground water zone. Such structures as well casings and under-river
pipelines are surrounded by ground water. The corrosion conditions in such
a situation are essentially those of an aqueous environment.

2. Gravitational water. Water entering soil at the surface from rainfall or
some other source moves downward. This gravitational water will flow at a
rate governed largely by the physical structure regulating the pore space at
various zones in the soil profile. An impervious layer of clay, a 'puddled' soil,
or other layers of material resistant to water passage may act as an effective
barrier to the gravitational water and cause zones of water accumulation and
saturation. This is often the situation in highland swamp and bog formation.
Usually gravitational water percolates rapidly to the level of the permanent
ground water.

3. Capillary water. Most soils contain considerable amounts of water held
in the capillary spaces of the silt and clay particles. The actual amount pre-
sent depends upon the soil type and weather conditions. Capillary moisture
represents the important reservoir of water in soil which supplies the needs
of plants and animals living in or on the soil. Only a portion of capillary
water is available to plants. 'Moisture-holding capacity' of a soil is a term
applied to the ability of a soil to hold water present in the form of capillary
water. It is obvious that the moisture-holding capacity of a clay is much
greater than that of a sandy type soil. Likewise, the degree of corrosion
occurring in soil will be related to its moisture-holding capacity, although the
complexities of the relationships do not allow any quantitative or predictive
applications of the present state of knowledge.

Significance of Fluctuations in Water Content

Except for zones below the level of permanent ground water where the
environment is water-saturated, and for zones of dry surface sand, continual
variation may be expected to occur in the water content of soils. This is
usually dependent on rainfall, snow, flooding and such climatic influences,
though irrigation practices in many agricultural areas influence water con-
tent and hence the corrosion rates.

Water losses from the soil represent the sum of downward movement of
gravitational water and surface losses by evaporation. Man's activities, other
than drainage procedures or long-term water use from pumps in industrial
areas, do not usually influence the downward movement of water. On the
other hand, agricultural practices have a great effect on surface evaporation
losses.

As mentioned earlier, there is an inverse relationship between water
volumes and oxygen concentration in soil. As soils dry, conditions become
more aerobic and oxygen diffusion rates become higher. The wet-dry or
anaerobic-aerobic alternation, either temporal or spatial, leads to higher cor-
rosion rates than would be obtained within a constant environment. Oxygen-
concentration-cell formation is enhanced. This same fluctuation in water and
air relations also leads to greater variation in biological activity within the
soil.



Chemical Properties of Soils

Soil reaction (pH) The relationship between the environment and develop-
ment of acid or alkaline conditions in soil has been discussed with respect to
formation of soils from the parent rock materials. Soil acidity comes in part
by the formation of carbonic acid from carbon dioxide of biological origin
and water. Other acidic development may come from acid residues of
weathering, shifts in mineral types, loss of alkaline or basic earth elements
by leaching, formation of organic or inorganic acids by microbial activity,
plant root secretions, and man-made pollution of the soil, especially by
industrial wastes.

As with other factors, no direct statements can be made relating the reac-
tion of a soil to its corrosive properties. Extremely acid soils (pH 4-0 and
lower) can cause rapid corrosion of bare metals of most types. This degree
of acidity is not common, being limited to certain-bog soils and soils made
acid by large accumulations of acidic plant materials such as needles in a con-
iferous forest. Most soils range from pH5 • O to pH8 • O, and corrosion rates
are apt to depend on many other environmental factors rather than soil reac-
tion per se. The 45-year study of underground corrosion conducted by the
United States Bureau of Standardsl included study of the effect of soils of
varying pH on different metals, and extensive data were reported.

Soluble salts of the soil Water in the soil should most properly be con-
sidered as the solvent for salts of the soil; the result being the soil solution.
In temperate climates and moderate rainfall areas, the soil solution is rela-
tively dilute, with total dissolved salts ranging from 80 to 1 500 p.p.m.2.
Regions of extensive rainfall show lower concentrations of soluble salts as
the result of leaching action. Conversely, soils in arid regions are usually
quite high in salts as these salts are carried to the surface layers of the soil
by water movement due to surface evaporation.

Generally, the most common cations in the soil solution are potassium,
sodium, magnesium and calcium. Alkali soils are high in sodium and
potassium, while calcareous soils contain predominantly magnesium and
calcium. Salts of all four of these elements tend to accelerate metallic corro-
sion by the mechanisms mentioned. The alkaline earth elements, calcium and
magnesium, however, tend to form insoluble oxides and carbonates in non-
acid conditions. These insoluble precipitates may result in a protective layer
on the metal surface and reduced corrosive activity.

The anionic portions of the soil solution play a role of equal importance
to the cations. The anions function in the manner outlined for cations in con-
ductivity and concentration-cell action, and have an additional action if they
react with the metal cation and form insoluble salts. Thus, if the metal is lead
and the predominant anion is sulphate, a layer of insoluble lead sulphate
may precipitate on the metal surface and form an effective barrier against
further loss of metal.

Another important relationship between the salts of the soil and corrosion
has to do with biological activity. Since the growth of plants and micro-
organisms depends upon the proper inorganic mineral nutrients, the action
of these forms of life varies with the mineral content of the soil. While many
of the possible indirect effects, such as the role of various nitrogenous



materials in bacterial growth and corrosion, have not as yet been studied,
one well-documented situation is known. This relationship of sulphur and
sulphates to bacterial activity in corrosion is fully discussed in Section 2.6.

The salts content of soils may be markedly altered by man's activities. The
effect of cathodic protection will be discussed later in this section. Fertiliser
use, particularly the heavy doses used in lawn care, introduces many
chemicals into the soil. Industrial wastes, salt brines from petroleum produc-
tion, thawing salts on walks and roads, weed-killing salts at the base of metal
structures, and many other situations could be cited as examples of altera-
tion of the soil solution. In tidal areas or in soils near extensive salt deposits,
depletion of fresh ground-water supplies has resulted in a flow of brackish
or salty sea water into these soils, causing increased corrosion.

The Environment of the Pipe-line Ditch

A comprehensive study of the soil and microbial situation in the backfilled
zone of pipe-line ditches has shown a number of significant facts3"6. The
results of over a thousand bell-hole studies along operating oil and gas pipe-
lines in widely separated geographical areas of the United States has led to
the conclusion that the pipe-line ditch represents a marked disturbance of the

Fig. 2.18 Cross-section of soil and backfill areas surrounding underground pipe-lines



natural soil situation. Figure 2.18 indicates the general zones of interest. The
operation of ditching and back-filling has resulted in a zone above the pipe
(B) which never settles but remains less compact than the undisturbed soil.
In this zone, water may penetrate and leave more rapidly. Aeration is more
efficient, as shown by the presence of strictly aerobic bacteria in abundant
population.

The bottom of the pipe-line ditch (C and D9 Fig. 2.18) has a higher mois-
ture content than undisturbed soil at comparable depths. Many instances
of free water at the ditch bottom were reported. Differences at the surface
between backfill (A) and soil of the right-of-way (E) were less and tended to
decrease with passage of time. Conclusive evidence was obtained indicating
a greatly increased activity of bacteria in the backfill zone. Some of this may
have resulted from the mixing of surface and sub-surface soils during ditch-
ing and back-filling. High populations of bacteria adjacent to the organic
matter of coating or coating and wrapped-in systems on the external surface
of the pipe indicated that these organic compounds served as an available
food supply. The presence of hydrocarbon-utilising bacteria was a common
finding particularly when the soil was in contact with asphalt protective
coatings.

These concepts of the altered soil situation in the pipe-line ditch have
important implications to the corrosion process. The increased aeration,
the high moisture of the ditch bottom, presence of organic matter in coat-
ings, and high microbial populations all lead to greatly increased possi-
bilities for the development of heterogeneity and the formation of zones
differing in oxidation-reduction potentials. The action of moisture and
micro-organisms on asphaltic coatings, unbonding of the coating6, and for-
mation of cathodic and anodic areas on metal surfaces are all directly related
to the disturbed environment of the pipe-line ditch.

Cathodic Protection and Soil Properties

The modern procedure to minimise corrosion losses on underground struc-
tures is to use protective coatings between the metal and soil and to apply
cathodic protection to the metal structure (see Chapter 11). In this situation,
soils influence the operation in a somewhat different manner than is the case
with unprotected bare metal. A soil with moderately high salts content (low
resistivity) is desirable for the location of the anodes. If the impressed poten-
tial is from a sacrificial metal, the effective potential and current available
will depend upon soil properties such as pH, soluble salts and moisture pre-
sent. When rectifiers are used as the source of the cathodic potential, soils
of low electrical resistance are desirable for the location of the anode beds.
A protective coating free from holidays and of uniformly high insulation
value causes the electrical conducting properties of the soil to become of less
significance in relation to corrosion rates (Section 15.8).

Effect of cathodic protection on soils Long-term application of an elec-
trical potential to the metal structure with resulting flow of electrical current
through the soil has two noticeable effects, the magnitude of which will be
in proportion to the time and amount of current passing through the soil.



The most commonly observed effect of current flow is the development of
alkaline conditions at the cathode. On bare metal this alkaline zone may exist
only at the metal surface and may often reach pH values of 10 to 12. When
the soil solution contains appreciable calcium or magnesium these cations
usually form a layer of carbonate or hydroxide at the cathodic area. On
coated lines the cations usually move to holidays or breaks in the coating.
On failing asphalt or asphalt mastic type coatings, masses of precipitated
calcium and magnesium often form nodules or tubercles several centimetres
in diameter.

The existence of an electrical potential causes not only cation and anion
movement but also migration of moisture toward the cathode. This move-
ment of water (electroendosmosis) is due to the asymmetrical nature of
the polar groups of the water molecule. In arid regions water leaving the
anode area may cause the soil surrounding the anodes to become so dry that
proper current densities cannot be maintained along the line. To alleviate
this, some pipe-line companies have had to transport water into desert areas
to re-moisten anode beds.

Moisture films are frequently found under unbonded protective coatings
of asphalt and plastic tapes. The nature and origin of this water is still
unknown but is of great interest because of its relationship to bond failure,
microbial utilisation of asphalt and hydrocarbons, and efficiency of cathodic
protection6.

Long-line currents As the result of the use of protective coatings and
cathodic protection, present-day pipe-lines are usually constructed of welded
joints and the line forms a continuous conductor rather than a series of
insulated sections. This situation led to the finding of the so-called long-line
currents. Often low currents of medium to high voltage have been observed.
The cause and significance of this phenomenon is not known. Theories as to
the origin of these currents are:

1. Pick-up of stray current (a.c. or d.c.) (Section 10.5). Decreased use of
d.c. in many areas has led to less possibilities of pick-up of direct current
from utilities, mines, etc. The importance of grounded a.c. systems has been
discounted, but Waters7 has shown that alternating currents can accelerate
corrosion. Furthermore the rectifying effects of oxide films, clay minerals
and other soil factors are not understood.

2. Current induction due to earth's rotation. The long lines act as conduc-
tors, and variations in magnetic flux could cause induced currents. A few
studies have shown long-line current activity to be greater at high activity
of the aurora borealis, which is known to be related to earth's magnetism.
The existence of extremely long-length waves of electromagnetic radiation8

gives another possibility.
3. Atmospheric lightning. Discharges of static electricity in the various

forms of lightning represent high potentials of extremely short duration. The
dissipation of this potential through the earth's crust may well be the origin
of the long-line currents.

4. Differences in soil potential. Since pipe-lines pass through zones of
aerated and unaerated soil and possibilities for electrolytic-cell formation are
great, the observed currents may have resulted from soil dissimilarities.



Those interested in long-line currents are referred to the publications of
Gish9, Gill and Rogers10 and Mudd11.

Methods Proposed for Evaluation
of Soil Corrosivity

Because corrosion rates of metals buried in soil show extreme variation, a
test procedure to indicate the expected corrosion activity of a given soil
would be extremely valuable. The discussion on the heterogeneity of soils,
however, indicates the complex nature of the situation and thus also suggests
that the likelihood of success of a single survey-type procedure would be
slight. Many types of tests have been suggested. Certain ones are in use by
corrosion engineers, and others remain to receive further study. The various
types of survey vary from the observations of Denison and Ewing12 that
corrosivity of Ohio soils could be related to colour and texture, to complex
laboratory testing equipment. It is obvious that a useful test procedure
should be relatively rapid and capable of field use, show small changes in
environmental relations, and give results predicting relative corrosion rates.
In the paragraphs which follow, only the general nature of the test will be
discussed, and the reader is referred to Sections 10.4 and 10.7.

Soil resistivity The role of soil in the electrical circuitry of corrosion is
now apparent. Thus the conductivity of the soil represents an important
parameter. Soil resistivity has probably been more widely used than any
other test procedure. Opinions of experts vary somewhat as to the actual
values in terms of ohm centimetres which relate to metal-loss rates. The
extended study of the US Bureau of Standardsl presents a mass of data
with soil-resistivity values given. A weakness of the resistivity procedure is
that it neither indicates variations in aeration and pH of the soil, nor micro-
bial activity in terms of coating deterioration or corrosion under anaerobic
conditions. Furthermore, as shown by Costanzo13, rainfall fluctuations
markedly affect readings. Despite its short comings, however, this procedure
represents a valuable survey method. Scott14 points out the value of multi-
ple data and the statistical nature of the resistivity readings as related to cor-
rosion rates (see also Chapter 10).

Oxidation-reduction potential Because of the interest in bacterial corro-
sion under anaerobic conditions, the oxidation-reduction situation in the soil
was suggested as an indication of expected corrosion rates. The work of
Starkey and Wight15, McVey16, and others led to the development and
testing of the so-called redox probe. The probe with platinum electrodes and
copper sulphate reference cells has been described as difficult to clean.
Hence, results are difficult to reproduce. At the present time this procedure
does not seem adapted to use in field tests. Of more importance is the fact
that the data obtained by the redox method simply indicate anaerobic situa-
tions in the soil. Such data would be effective in predicting anaerobic corro-
sion by sulphate-reducing bacteria, but would fail to give any information
regarding other types of corrosion.



Electrolytic method This procedure is also known as the Williams Corfield
test17. It is based on loss of metal from iron electrodes buried in a water-
saturated soil through which current from a 6-V battery is passed. It does not
reflect field conditions and depends upon soil conductance under saturated
conditions.

Polarisation-curve procedures The Denison18 method is to measure the
current at various degrees of polarisation of metal in soil in a special cell.
While this test is considered quite accurate, it has the disadvantage that the
measurements are made in the laboratory and cannot be made in the field.

Combination electrical methods Tomashov and Mikhailovsky19 describe
a method developed in the Soviet Union. This test is essentially a combina-
tion of resistivity measurement and polarisation rates on iron electrodes in
soil in situ. The usefulness arid value of this procedure has not as yet been
determined by practical application by corrosion engineers. The develop-
ment of this combination test does, however, represent an attempt to inte-
grate some of the complex factors controlling corrosion rates in soil. Much
more research on these factors and methods of measurement should in the
future enable the corrosion engineer to evaluate soil properties with respect
to application of corrosion-alleviating operations.

Polarisation-resistance method The polarisation-resistance method (see
Section 20.1) has been used for determining corrosion rates of metals buried
underground.

Soil Corrosivity Assessment

The development of soil corrosivity assessment techniques has largely been
due to the pipeline industry's requirements for better corrosion risk assess-
ment and the reduction of pipeline failures. Corrosion in soil is a complex
process and over the years several parameters have been identified as having
a significant effect on the corrosion rate in a given soil.

Measurement of some of these parameters identifies the risk of a particular
type of corrosion, for example pH measurements assess the risk of acid
attack and redox potential measurements is used to assess the suitability of
the soil for microbiological corrosion, a low redox potential indicates
that the soil is anaerobic and favourable for the life cycle of anaerobic
bacteria such as to sulphate-reducing bacteria. Other measurements are
more general, resistivity measurements being the most widely quoted.
However, as yet no single parameter has been identified which can con-
fidently be expected to assess the corrosion risk of a given soil. It is therefore
common practice to measure several parameters and make an assessment
from the results.

Most of the accepted corrosivity assessment techniques have been outline
above. Some of the techniques are used widely, others are more controver-
sial. However, it must be accepted that even with a combination of available
techniques no corrosivity assessment survey will accurately predict the corro-
sion rate for metals in every soil.



Soil is regarded as non-corrosive if the total of the above is O or higher; Slightly corrosive if O to -4; corrosive if —5 to —10
and very corrosive if -10 or less.

Corrosion when it occurs can take many different forms from general
uniform attack to pitting corrosion. In a given situation some forms of cor-
rosion are more deleterious to the metal structures than others. Pitting cor-
rosion, although overall weight loss is small, is more likely to lead to early
failure of a pipeline than uniform corrosion, with a considerably higher
overall weight loss.

Although certain conditions very often lead to a particular type of attack,
attempts to categorise soil corrosion in this way cannot be made on a general
basis and most corrosivity assessment techniques categorise the soil as react-
ing to bare steel or iron in one of four ways:

Non aggressive
Mildly aggressive
Aggressive
Very aggressive

Varying degrees of emphasis can be placed on certain parameters and this

Table 2.20 Soil Corrosivity Assessment Technique from the German Gas and Water Works
Engineers' Association Standard (DVGW GW9)

Item

Soil composition

Ground-water
level at buried
position
Resistivity

Moisture content

PH

Sulphide and
hydrogen sulphide

Carbonate

Chloride

Sulphate

Cinder and coke

Measured Value

Calcareous, marly limestone Sandy marl, not stratified
sand
Loam, sandy loam (loam content 15% or less) marly
loam, sandy claysoil (silt content 15% or less)
Clay, marly clay, humus,
Peat, thick loam, marshy soil
None
Exist
Vary
10,000 ohm. cm or more
10,000-5,000
5,000-2,300
2,300-1,000
1,000 or less
20% OT less
20% or more
6 or more
6 or less
None
Trace
Exist
5% or more
5-1
1 or less
100 mg/kg or less
100 mg/kg more
200 mg/kg or less
200-500
500-1,000
1,000 or more
None
Exist

Marks

4-2

O
-2
-4

O
-1
-2

O
-1
-2
-3
-4

O
-1

O
-2

O
-2
-4
+ 2
+ 1

O
O

-1
O

-1
-2
-3

O
A



results in a variety of techniques. This preference for some tests over others
is due to a number of reasons including:

1. The metal under consideration, although usually iron or steel, may vary
in its resistance to attack.

2. Some industries are interested only in certain aspects of soil assessment
and do not require a detailed assessment.

2. Some of these tests are not applicable to soils encountered in that
industry.

3. The responsible engineer does not have confidence in some of the
techniques.

Perhaps the most widely known measurement technique is that adopted
by the West German Gas Industry20 and developed by Steinrath21 for
buried pipework. This assigns a value (See Table 2.20) to each parameter
measured; the summation of these values determines the corrosivity of the
soil. The parameters measured are shown in Table 2.20. Although this
technique was developed for the pipeline industry it can be used with some
success for general soil corrosivity assessment.

J. O. HARRIS
D.EYRE
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2.6 The Microbiology of Corrosion

The role of microbes in the corrosion of metals is due to the chemical
activities (metabolism) associated with the microbial growth and reproduc-
tion1. Under favourable growth conditions doubling times of 60-120min
are common. By reason of such rapid growth the onset of changes may be
sudden, and even when apparently supressed by mechanical or chemical
cleaning often return because a residual low number of living organisms
rapidly grow again when favourable conditions are restored2. These char-
acteristics are typical of widespread biodeterioration caused by microbes
in all industries of which corrosion is a special case. With a few exceptions
such as synthetic polymers, all materials including natural products such as
cotton, wood, rubber and oils, and man-made materials such as concrete,
complex organic chemicals and metals, can be attacked. Rarely a single
microbial species is involved, but usually biodeterioration, including corro-
sion, results from an association of a number of different microbes. For
instance, a rapid growth of an aerobic organism may so deplete oxygen that
strictly anaerobic sulphate-reducers associated with cathodic depolarisation
then appear, and metallic corrosion results. In many years the complicated
associations in such microbial ecosystems have become increasingly recog-
nised. Their corrosive effects on metals can be attributed to the removal of
electrons from the metal and formation of a corrosion products by:

(a) Direct chemical action of metabolic products such as sulphuric acid,
inorganic or organic sulphides and chelating agents such as organic
acids.

(b) Cathodic depolarisation associated with anaerobic growth.
(c) Changes in oxygen potential, salt concentration, pH, etc. which estab-

lish local electrochemical cells.
(d) Removal of corrosion inhibitors (oxidation of nitrite or amines) or

protective coatings (bitumen on buried pipes).
(e) The presence of the biomass itself or residues of biomass such as

hygroscopic salt deposits from cells burnt-on in annealing.

It must be stressed that the identification of the causative organism(s) may
be extremely difficult since it often depends on the quantitative determi-
nation of numbers of each microbial type in a complex mixture together
with an assessment of its chemical and physical activities in that particular
environment.



Although bacteria may predominate, moulds, yeasts and protozoa may be
associated with bacteria, or, under some conditions, may either cause corro-
sion by themselves, or modify it drastically.

Although many of the effects of microbes on metal are associated with
growth this is not necessarily so because a biomass once established may
cease to increase but continue its chemical activities often at an accelerated
rate, once the controls on growth are relaxed.

Methods of protecting materials against microbial corrosion include:

(a) Coatings, particularly of resistant synthetic polymers or paints con-
taining inhibiting salts (e.g. Cu2+, Cr3+ and Zn2+).

(b) Controlled dosing with appropriate biocides.
(c) Changes in environmental conditions unfavourable to microbial

growth, e.g. removal of water from lubricating or fuel oils, good
industrial housekeeping, temperature changes.

(d) Designs based on fundamental knowledge of microbial ecology. This
implies co-operation between engineers and biologists aimed at reduc-
ing infection and maintaining unfavourable conditions for microbial
growth.

Acid Corrosion

Massive and rapid corrosion of metal, concrete and limestones under aerobic
conditions is usually caused by the action of sulphuric acid formed by the
oxidation of sulphur or sulphide by members of the genus Thiobacillus3.
The majority of this genus grow by assimilating CO2 at the expenditure of
energy produced by the oxidation of sulphur, sulphite, thiocyanate and tri-
or tetrathionate; some strains are sensitive to low concentrations of H2S.
The oxidation of sulphur may produce a concentration of up to 1-2%
H2SO4 and it is this that produces corrosion; these organisms are also
exploited for ore leaching4 and in the biological treatment of coke oven
effluents5. Thiobacillus thio-oxidans commonly occurs in soil and water
and is to be suspected where corrosion is associated with very low pH in the
immediate vicinity of the metal6. It may be isolated on acid media and
reliably estimated by plate counting on a solid medium.

Acid production and corrosion associated with pyritic deposits is caused
by Ferrobacillus ferro-oxidans7.

Detection T. thio-oxidans is best detected by the strongly acid conditions
it generates in a mineral salt solution on which sulphur is floating.

Prepare and sterilise by steaming a medium of (NH4)2SO4, 0.2 to 0.4 g;
KH2PO4, 3 to 4g; CaCl2, 0.25g; MgSO4, 0.5g; FeSO4, lOmg; sulphur
1Og; tap water to 1000 ml; pH 5 ±0.3 (some authorities recommend a
trace metal mixture in place of the ferrous salt). Add 1 ml or 1 g of material
to be tested to 100ml of medium in a conical flask and incubate in air at
3O0C. From four days to two weeks the pH of samples should be measured
at intervals. An abrupt drop to 2.5 or lower indicates growth of T. thio-
oxidans. Little turbidity appears in the medium; under a microscope the
sulphur particles are seen to be surrounded by motile stubby Gram-negative
rods.
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Estimation8 The above medium is reinforced with 1Og/1 of thiocyanate,
sulphur is omitted and it is prepared as pour plates by the addition of 3%
agar. Organisms other than Thiobacilli will grow from spread samples, but
the Thiobacilli are easily distinguished by sulphur haloes (see Fig. 2.19).

Fig. 2.19 Thiobacillus thio-
oxidans (NCIB 8 342). Usually
stubby rods, but a few elongated
forms can be seen (these are most
common in old cultures), X 260
(Crown copyright courtesy
Microbiological Research
Establishment)

Examples Parker9 described the role of Thiobacilli in the corrosion of
concrete sewer pipes; evolution of hydrogen sulphide from the sewage leads
to the deposition of inorganic sulphur compounds on the roof of the pipe,
and these are oxidised to sulphuric acid by the bacteria, causing a charac-
teristic corrosion pattern in which the roof of the pipe becomes decayed. Iron
pipes carrying polluted effluents, and concrete manhole covers examined at
the National Chemical Laboratory have been corroded for similar reasons;
corrosion of Mouchel cooling towers10 had a like origin, as had corrosion
of buried iron gas mains in south London11. Corrosion of statues in France
has been partly attributed to Thiobacilli12, corrosion of buildings and
stonework probably has a similar origin, the source of sulphur for the
bacteria being atmospheric pollution. Occasionally, in the experience of the
National Chemical Laboratory, ornamental cements containing sulphur
have been used for facing buildings, and these form ideal substrates for
Thiobacilli. Materials containing sulphur have been used for jointing water
mains and Thiobacilli may cause corrosion by forming acid from them13.
Instances in which vulcanised rubber has been corroded by these bacteria are
known14. Corrosion by Thiobacilli is probably more widespread than the
published examples would indicate.

Prevention Methods of prevention already summarised may be used singly
or in combination. Elimination of sulphur and certain of its compounds are
most effective but more recently more resistant materials such as polythene
or asbestos are used to replace iron and concrete where acid corrosion in
severe.



Fig. 2.20 Ferrobacillus ferro-oxidans (NCIB 8 451), bacteria and encrustations of ferric
oxides; the proportion of bacteria was much increased by filtering and centrifugation, x 260.

(Crown copyright courtesy Microbiological Research Establishment)

Detection Corrosive waters formed by these bacteria have a pH in the
region of 2 to 3, show a brown deposit of basic ferric sulphate, and contain
free sulphuric acid.

Prepare and sterilise by heating a medium of (NH4J2SO4, 0.15g; KCl,
0.05g; MgSO4TH2O, 0.5g; KH2PO4, 0.05g; Ca(NO3)2, 0.01 g in 1000ml
of tap water. Prepare a 10% solution of FeSO4TH2O and sterilise by filtra-
tion. Add 1 ml FeSO4 solution to 100ml of medium in a 250ml conical
flask, innoculate with the material being examined, check that the pH is
approximately 3.5, and incubate in air at room temperature. Growth of F.
ferro-oxidans is indicated by formation of a brown precipitate as compared
with slow, slight browning in an uninoculated culture; the organism grows
very slowly and may take up to a month to show unequivocal results; the
responsible bacteria are straight rods, often difficult to see microscopically
amid the debris.

Prevention Neutralisation of acid waters with lime has been recommended
but the resulting sulphate-laden water may present a disposal problem. Use
of acid-resistant machinery and pipes is more satisfactory.

Corrosion by Ferrobacillus

F. ferro-oxidants15 is capable of accelerating the oxidation of pyritic (FeS2)
deposits at acid pH values. It is usually found in association with Thio-
bacillus and was known as Thiobacillus ferroxidans before the distinction
between the two organisms was appreciated. It is responsible for pollution
problems arising from acid waters in gold and bituminous coal mines16'17;
such waters are corrosive to pumping machinery18 and mining installations
(see Fig. 2.20).



Mechanism and sulphur oxidation Apart from its intrinsic interest the
economic importance of acid corrosion and more lately interest in ore leach-
ing, has stimulated considerable work on the oxidation of sulphur, Fe2+

and Mn2+. It must be stressed that the Thiobacilli are obligate aerobes, i.e.
that depend on molecular oxygen as a terminal electron acceptor. Possible
reactions for the oxidation of sulphur are19:

4S- -> 2S2O3- -* S4O6- -> SO3- + S3O6 -> 4SO3- -> 4SO2T

The central role of SO3" is apparent.
Reactions leading to SO2~ formation from pyrites are possibly:

2FeS2 + 7O2 + 2H2O -^ 2FeSO4 + 2H2O . . . (2.8)

4FeSO4 + O2 + H2SO4 -> 2Fe2(SO4), + 2H2O . . .(2.9)

FeS2 + Fe2(SO4), -> 3FeSO4 + 2S . . .(2.1O)

2S + 3O2 -» 2H2O + H2SO4 . . . (2.11)

some of these reactions, e.g. 2.8 and 2.10, take place slowly in the absence
of bacteria but are accelerated in their presence.

Other Acid Corrosion

Less well studied than the effects of the Thiobacilli are corrosion reactions
due to the formation of acids from the oxidation of organic materials. These
may include the products of microbial attack on protective coatings such as
hesssian sacking and bitumen coatings used for iron pipes initiated by the
cellulose-decomposing bacteria. Paper and synthetic rubber coatings for
insulation cables may also be attacked. Under strongly aerobic conditions
CO2 is the end product of the oxidation of the organic material, and lead
carbonate has been detected as a corrosion product of lead-coated under-
ground cables. Under semi-anaerobic conditions organic acids accumulate
and these may lead to simple acid corrosion or alternatively may accelerate
corrosion by chelation of passive layers on metal. Besides bacteria, moulds
and yeasts may accumulate organic acids even under aerobic conditions
and in some cases may synthesise complex 'secondary metabolites' some of
which, although only weakly acid, are powerful chelating agents. These may
be of special significance when microbial slimes accumulate on metal sur-
faces, as relatively high concentrations of potentially corrosive products may
be trapped in them, and corrosion pits result. It is possible that massive pit-
ting in aluminium fuel tanks in aircraft may originate in this way20.

Microbial-accelerated Cathodic Depolarisation of Ferrous
Metals

Corrosion of iron and steel, especially in anaerobic conditions such as
waterlogged soils, is usually caused by sulphate-reducing bacteria of which
the genus Desulphovibrio is the most commonly occuring. The presence of
organic materials such as acetate often stimulates these organisms' reducing



power whereby sulphate is reduced to sulphide, but some at least of this
genus appear to grow as essentially as chemolithotrophs, and reduce
sulphate as follows:

SO2T 4- 4H2 -> S2- + 4H2O . . .(2.12)

Simple corrosion by H2S should yield exclusively FeS:

Fe + H2S -> FeS + H2 . . .(2.13)

whereas both hydroxide and sulphide would be expected if the cathodic reac-
tion was due to the mechanism proposed by von Wolzogen Kuhr and van der
Vlugt21.

4Fe + 4H2O + SO2T -> 3Fe(OH)2 + FeS + 2OH~ . . .(2.14)

It can be seen from equation 2.14 that the ratio of iron corroded to iron in
the form of sulphide should be 4:1, but values from 0.9 to 48 are commonly
obtained experimentally. Subsequently it was shown by Booth22 and his
co-workers that the ratios of the corrosion products were dependent on the
particular strain of Desulphovibrio and on their rates of growth. Later the
activity of the enzyme hydrogenase which bring about the reaction:

H2^2e~ +2H+ . . .(2.15)

was correlated directly to the ratios of corrosion products. Further work,
especially with methods of continuous or semi-continuous growth of pure
cultures coupled with appropriate enzymic and electrochemical measure-
ment, largely confirms the important role of hydrogenase in cathodic
depolarisation23, but also suggests rates are affected by precipitated ferrous
sulphide which can, in the presence of excess ferrous ions, form films on the
metal with the possibility of setting up local concentration cells. The role of
ferrous sulphide and ferrous salts is as yet unexplained, but the concentra-
tion of ferrous ions appears to have an effect even on the anaerobic corrosion
of buried pipes in the field as well as in the laboratory. The proposed mech-
anisms emphasise the role of environmental conditions on anaerobic micro-
bial corrosion.

It is noteworthy that rates of corrosion in the field are often much higher
than those in the laboratory with pure cultures. This emphasises the com-
plexity of 'natural' eco-systems24.

In considering this, two aspects concern engineers, firstly in any new
engineering venture involving buried iron or steel and concrete structures.
The soil conditions must be evaluated by boreholes and pits with in situ and
laboratory testing. Any evaluation must take into account seasonal and
exceptional water regimes in the soil. Off site changes in these must also take
account of the changes that are likely to occur by reason of engineering
works which are expected to alter soil structure and consequently microbial
populations and activities.

The term aggressive is often used to imply some approximately quanti-
tative estimate of the likelihood of corrosion and depends on measuring
factors such as soil water (resistivity), pH, redox potential, salt concentra-
tions and bacterial populations in order to establish criteria for the predic-
tion of corrosion rates25. Similar measurements for predicting corrosion



* The redox potential is determined with a probe consisting of a platinum electrode and a
HgXHg2Cl2-Cl or Ag/Ag Cl-Cl reference electrode. If Ep is the potential of the platinum
probe, Ej. the potential of the reference electrode and Ej1 the redox potential of the soil (in
mV on the hydrogen scale) then

Eh = Ep + E1. + 60(pH-7)

where pH is the pH of the soil

Detection of Anaerobic Corrosion

This is immediately recognised in smooth pitting with a black corrosion pro-
duct and smell of hydrogen sulphide when the metal object is first exposed;
cast iron shows graphitisation. The iron sulphide corrosion product oxidises
rapidly on exposure to air and should be examined quickly; in doubtful
cases acidification on exposure is confirmatory. Isolation and counting the
bacteria depends on establishing strict anaerobiosis. Methods for examining
soil and water are given below.

Sampling

Soil samples from the levels in which structure or pipes are to be laid are filled
to the top of screw capped bottles, and bacteriological tests are made within
24 hours.

Isolation and Enumeration

Methods have recently been evaluated by Mara and Williams26 and
for most purposes the modified ISA medium is suitable: iron sulphite

in rivers and bottom deposits have been described. Confirmation of these
prognostic tests was made on buried or immersed metal plates with periodic
measurements of metal/soil or metal/water potentials with reference to
copper/copper sulphate electrodes; weight losses were determined after
burial for up to three years. Aggressive soils are characterised by resistivity
of less than 2000 cm or a redox potential of less than 400 mV (see Table 2.21
for evaluation of Eh); when a soil is 'borderline' and its resistivity and redox
potential approximate to the values above, the water content provides a
further criterion and it is regarded as aggressive when the water content is
greater than 20%. These criteria have been confirmed to be valid for mild
steel with a few exceptions, and have been found to be fairly satisfactory for
lead and zinc but invalid for aluminium. The metal/soil potential gave little
information of value.

Table 2.21 Redox potentials* of soils in relation to corrosiveness

Range of Eh

100 mV
100-20OmV
200-40OmV
40OmV

Classification of corrosiveness

Severe
Moderate
Slight
Non-corrosive



agar (oxoid) 23g/l; FeSO4TH2O, 0.5 g/1; 1% sodium lactate 5.0g/1;
MgSO4TH2O, 2.0 g/1. The medium is adjusted to pH T.5 with sterile NaOH
after autoclaving at 1210C for 15min. For liquid cultures, screw-cap test
tubes are filled to the brim, for enumeration sterile test tubes (150 x 16 mm)
are filled to within 5 mm of the top with inoculated agar medium, covered
with a cap of sterile 1.5% w/v agar and closed with a polypropylene cap.
Incubation is at 3O0C and colonies are counted until the maximum number
has developed. These methods are prone to give false positives and large
errors, and should only be attempted where adequate microbiological back-
ing is available.

Sulphate-reducing bacteria are present in virtually all soils and the
qualitative procedure is valuable because it works only when relatively large
numbers are present. Hence a positive result with this test is a rough indica-
tion of a particularly aggressive soil, though a negative result does not
necessarily mean that the soil is innocuous. Quantitative procedures for
enumerating sulphate-reducing bacteria in soils and water have been avail-
able only for the last few years and data on populations in aggressive and
non-aggressive soils are therefore scantly. Highly polluted waters and soil are
known to contain 105 and 106 viable sulphate-reducing bacteria per milli-
litre or gram; waters with less than 102 bacteria per millilitre are usually
innocuous from the pollution point of view. It likely that the aggressiveness
of soils would follow broadly the population of viable sulphate-reducing
bacteria within these limits.

As already stated, aggression will also depend on soil EH according to the
scale given in Table 2.21. Temperature is also a controlling factor and both
psychrophylic (cold) and thermophilic (hot) forms are known, e.g. in elec-
trical transformers, hot water systems.

Hydrogenase Determination

This enzyme is of wide occurrence in bacteria where it is concerned with the
reduction of nitrate and CO2 as well as sulphur. Methods for its estimation
depend on measuring some activity of hydrogenase by (a) dye reduction
(benzyl viologen or methylene blue), (b) isotopic exchange and (c) evolution
of molecular hydrogen. Interpretation of quantitative results is difficult due
to the complex relationship between the enzyme cell structure and the partic-
ular method selected27.

Sulphate Reducing Bacteria

The range of bacteria species capable of sulphate reduction has been greatly
expanded since the studies of Pfennig and Widdel28. By using a wide range
of growth media and physical conditions well over twelve new species have
been added to this genus, including Desulfosarcina, Desulfobacter and
Desulfococcus etc. As their names suggest these differ in their morphology
but in addition their growth requirements and conditions also differ. One
characteristic of these new species is that their growth rates are much slower
than Desulfovibrio. In addition to these true bacteria Stetter (198T) has



isolated an Archaebacterium (Archaeglobus) able to grow and reduce
sulphate at 65 to 8O0C. This newly characterised group are thought to have
merged with the eubacteria and evolved as a distinct family including
Methanogens and Halophiles which may occur in consortia associated
with metal corrosion. Most 'biosulphur' deposits originated in Permian and
Jurrasic times, periods in which there was a burst of sulphur reduction as yet
unexplained29.

Corrosion Due to Microbes Other Than Sulphur
Metabolisers

In recent years it has become apparent that widespread microbial infections
of materials in the manufacturing industries can lead to corrosion for the
reason briefly outlined above. Examples include the instant rusting of
machined parts, corrosion of machine tools, aircraft fuel tanks, hydraulic
systems, strip steel etc.

The precise role of any specific organism in these instances is diffiicult
to determine and will probably remain the province of specialists, largely
because of the ubiquitous occurrence of microbes. However, a number of
simplified tests have recently been devised to assist engineers and chemists in
diagnosing whether or not a particular corrosion is biological in origin.
These are based on (1) direct microscopy, (2) measurements of microbial
metabolism (oxygen uptake, dye reduction, extracellular enzyme activity)
and (3) direct enumeration of specific species of selective media. These are
briefly discussed below:

1. Microscopy30. A binocular phase-contrast microscope equipped with
low-power lens and an achromatic x 40 objective and x 10 compen-
sating eyepiece. An oil-immersion lens ( x 100) is required for stained
material. Dark ground illumination is also probably worthwhile. Size
measurements can be made with an image splitting eyepiece (Vickers
Instruments, York). The significance of microscopal examination
depends on familiarity with the material and long experience of its
microbial populations. The scanning electron microscope is increas-
ingly used for examining the association of microbes and metals under
corrosion attack. When coupled with electron probe analysis it becomes
a powerful analytical tool.

2. Two simple metabolic tests may be used for evaluating infections by
aerobic and anaerobic organisms.
(a) Red spot test31. This relies on the reduction of a soluble colourless

tetrazolium dye to an insoluble coloured formazan by respiring
microbes. This can be done on plates (Oxoid Limited), ampoules or
slides (BDH Limited). The test can be calibrated by estimating by
eye the extent of red formazan deposition and correlating it with
elaborate counting methods or merely by taking account of any par-
ticular situation. Anaerobic bacteria give rapid responses, slower or
little response is given by most moulds and yeasts32. Anaerobes33

can be enumerated in the solidifying media for Desulphovibrio
(p. 2.93).



(b) A test based on an enzyme released by microbial growth is
illustrated by the Avtur Test (BDH Limited) for jet fuel infections.
This is based on an approximate assay of the enzyme acid
phosphatase.

3. The medium already described for enumerating Thiobacilli (p. 2.88) is
a typical selective media and depends on selecting for a mixed popu-
lation an organism with a specific growth requirement sufficiently
different from most of its fellows in that environment. Further selec-
tivity can be designed into a medium by the addition of suitable growth
inhibitors, e.g. bile salts (to select coliforms) penicillin (to select Gram
negatives), etc. Temperature and other physical parameters can also be
used for selection pressure on a mixed community. The use of media
enriched with biocide is particularly important for estimating the like-
lihood of resistant species occurring during treatment of an industrial
plant to stop microbial corrosion. Selection media are available for
isolating and enumerating fungi (Corn metal agar; Oxoid Limited) and
yeasts (Tryptone soya broth; Oxoid Limited) containing 10% w/v
sucrose, which inhibits the growth of most bacteria and fungi34. Sam-
pling can be very important especially if false positive results are to be
avoided. The usual practice is to collect directly into sterilised bottles,
e.g. plastic (Sterilin Limited), from appropriate sections of a system
assuming that, for instance, in multi-phase systems representative
samples of each phase are collected, e.g. oil and water lubricating lines.
Both liquids should be run to waste for at least 30s before collecting.
Samples are assayed as quickly as possible or stored at 2-40C in the
dark. After testing, samples are disposed by autoclaving or immersion
in a suitable disinfectant overnight.

The advent of Biotechnology now mainly directed at medical diagnostics and
more recently to the food industry is likely to yield more rapid and simple
tests for measuring microbial mass, enzymes etc. and these, e.g. a clip slide
measuring ATP, adapted to corrosion diagnosis35.

Biofilms

Most laboratory studies on microbial corrosion have been made in growth
chambers such as chemostats with pure cultures; loss of metal from strips
immersed in such 'homogeneous' systems has been followed by a variety of
methods. However, it is apparent that the natural systems under which cor-
rosion occurs are much more complex than this. In soil, for instance, the
microbial population is complex and far from uniform as is the supporting
soil structure. Corrosion is a surface phenomenon and it is those microbes
at the surface with which the name 'biofilm' is now applied36. Even though
such films may be 10-20 micron in depth, ingenious studies with computer
driven micro-probes shows that condition through the film may vary from
oxygen saturation at the outer surface to complete anaerobiosis at the sur-
face of the metal37. This is reflected by a layered composition of microbes
each type selected by their responses to differences in environmental condi-
tions. Growth and metabolism and their chemical effects, not least corrosion



rates will be affected. There is no doubt that the ability to form such films
in a controlled manner and to investigate their properties will increasingly
give many incites to the mechanisms involved in the field. This applies
especially to the low rates of corrosion found in model systems compared to
those in nature.

It is worthwhile drawing attention to health hazards associated with film
infected water systems which also cause corrosion. Two of the most common
are Legionnaires disease and so called 'humidifier fever'. Because of strong
adhesion of biofilms and diffusion rates through the film treatment based on
cleaners and chemical sterilisers such as chlorine often fail; similar con-
siderations apply to other systems in industry, e.g. food, paint, oil and gas
are examples where biofilm activities have given massive problems.

To conclude it must be stressed that recent work has directed attention to
the interplay between different microbial species in most of the corrosion
effects described. Microbial corrosion is therefore one special instance of the
rapidly developing field of Microbial Ecology38.

D. E. HUGHES

REFERENCES

1. Hughes, D. E. and Hill, E. C., Mining and Metallurgical Congress Paper No. 24 (1969)
2. Hill, E. C. in Microbial Aspects of Corrosion, Ed. Miller, J.D. A., Medical and Technical

Publishing, Aylesbury (1971)
3. Miller, J. D. A. and Tiller, A., ibid.
4. Le Roux, N. W., ibid.
5. Stafford, D. A. and Callely, A. G., Symposium on Effluent Treatment, B.C.R.A.,

Chesterfield, to be published.
6. Butlin, K. R. and Postgate, J. R., in 'Autotrophic Micro-organisms', Symp. Soc. Gen.

Microbiol., Cambridge University Press (1954)
7. Fletcher, A. W., in Microbial Aspects of Corrosion, Ed. Miller, J.D.A., Medical and

Technical Publishing, Aylesbury (1971)
8. Williams, A. R., Stafford, D. A., Callely, A. G. and Hughes, D. E., J. Bact., 33, 656

(1970)
9. Parker, C. D., Aust. J. Exp. Biol. Med. Sc/., 23, 81, 91 (1945)

10. Taylor, C. B. and Hutchinson, G. H., J. Soc. Chem. Ind., London, 66, 54 (1947)
11. Chemistry Research 1956, H.M.S.O., London, 16, 61 (1956)
12. Pochon, J., Coppier, O. and Tchan, Y. T., Chim. et Industr., 65, 496 (1951)
13. Frederick, L. R. and Starkey, R. L., J. Amer. Wat. Wks. Ass., 40, 729 (1948)
14. Thaysen, A. C., Bunker, H. J. and Adams, M. E., Nature, London, 155, 322 (1945)
15. Leathen, W. W., Kinsel, N. A. and Braley, S. R., J. Bact., 72, 700 (1956)
16. Braley, S. A., Min. Engng., N. Y., 8, 314 (1956)
17. Braley, S. A., Min. Engng., N. Y., 9, 76 (1957)
18. Butlin, K. R. and Vernon, W.H.J., J. Inst. Water Engineers, 3, 627-637 (1949)
19. Trudinger, P. A., Advances in Microbial Physiology, 3, 111 (1969)
20. Elphick, J., in Microbial Aspects of Metallurgy, Ed. Miller, J. D. A., Medical and Technical

Publishing, Aylesbury (1970)
21. von Wolzogen Kuhr, C.A.H. and van der Vlugt, L. S., Water, Den Haag, 18, 147 (1934)
22. Booth, G. H., Microbiological Corrosion, M & B Monographs, Mills and Booth Ltd., Lon-

don (1971)
23. Panhania, I. P., Moosavia, A. N., Hamijton, W. A., J. Gen. Microbiol., 132, 3357
24. Hamilton, W. A., Ann. Rev. Microbiol., 39, 195
25. Starkey, R. L. and Wight, K. M., Anaerobic Corrosion of Iron in Soil, Amer. Gas. Ass.,

New York (1945)
26. Mara, D. D. and Williams, D.J.A., J. Appl. Bact., 33, 543, (1970)
27. San Pietro, A., Methods in Enzymology, Vol. II, Academic Press, N.Y. 861



28. Pfennig, N., Widdel Trupor, H. G., The Prokaryotes, Ed. Starr, M. P., Springer-Verlag,
Berlin (1981)

29. Postgate, J. R., The Sulphate Reducing Bacteria, Cambridge University Press, 2nd Ed.
(1984)

30. Barer, R., The Microscope, Blackwell, Oxford (1959)
31. Hill, E. C. and Pemberthy, I., Metals and Materials, 2, 359 (1968)
32. Hill, E. C. and Gibbon, O., Metal Finishing, 15, 395 (1969)
33. Hill, E. C., Aircraft Engineering, 24 July (1970)
34. Callely, A. G., Process Biochemistry, 3, 11 (1967)
35. Biologically Induced Corrosion. Proc. Int. Conf., Gaitlersbury, Nat. Ass. Corrosion Eng.,

University of Delaware (1983)
36. Hamilton, W. A., Ecology of Microbial Communities, 41 S.G.M., Symp., Cambridge

University Press (1984)
37. Wimpenny, J. W. T., Lovitt, R. W., Coombes, J. P., Microbes In Their Natural Environ-

ment, Cambridge University Press (1983)
38. Experimental Microbiol Ecology, Ed. Burns, R. G., Slater, J. H., Blackwell, Edinburgh

(1982)


	Table of Contents
	Volume 1. Metal/Environment Reactions
	1. Principles of Corrosion and Oxidation
	2. Environments
	2.1 Effect of Concentration, Velocity and Temperature
	The Effect of Anion Concentration on the Rate of Corrosion
	Effect of Solution Velocity on the Rate of Dissolution
	Concentration Overpotential at an Anode
	Application of Hydrodynamics
	Erosion Corrosion Rates at Jets, Nozzles, Orifices and Other Flow Expansions
	Effect of Flow During Conditions that Lead to Film Formation
	Some Effects of Temperature on Corrosion Reactions
	Thermodynamic Considerations
	Heat Transfer
	Thermogalvanic Corrosion
	Active-Passive Transitions
	References

	2.2 The Atmosphere
	Classification of Atmospheric Corrosion
	Composition of the Atmosphere
	Atmospheric Contaminants
	Other Atmospheric Variables
	Electrolyte Solution Formation
	The Role of Sulphur Dioxide in Atmospheric Corrosion
	Electrochemistry of Atmospheric Corrosion
	Effect of Corrosion Products on Corrosion Rates
	References

	2.3 Natural Waters
	Introduction
	Constituents or Impurities of Water
	pH of Water
	Rates of Flow
	Temperature
	Assessing the Corrosivity of Natural Waters from their Chemical Analysis
	References
	Bibliography

	2.4 Sea Waters
	Chemical Composition
	Physical Properties
	Dissolved Gases
	pH
	Potentials of Metals in Sea Water
	Corrosion Rates
	References

	2.5 Soil in the Corrosion Process
	Introduction
	Soil Genesis
	The Corrosion Process in Soil
	Properties of Soils Related to Corrosion
	The Environment of the Pipe-Line Ditch
	Methods Proposed for Evaluation of Soil Corrosivity
	References

	2.6 The Microbiology of Corrosion
	Acid Corrosion
	Corrosion by Ferrobacillus
	Other Acid Corrosion
	Microbial-Accelerated Cathodic Depolarisation of Ferrous Metals
	Detection of Anaerobic Corrosion
	Hydrogenase Determination
	Sulphate Reducing Bacteria
	Corrosion Due to Microbes Other Than Sulphur Metabolisers
	Biofilms
	References

	2.7 Chemicals
	Sources of Information
	Selection Based on Chemical Environment
	Selection Based on the Properties of the Materia
	Selection Based on Experience
	Selection Based on Scientific Principles
	Rationalisation of Data
	Non-Uniform Corrosion
	Equilibrium Potential-pH Diagrams with Anions at Various Temperatures
	References

	2.8 Corrosion by Foodstuffs
	Construction Materials
	Foodstuffs
	References

	2.9 Mechanisms of Liquid-Metal Corrosion
	Temperature Gradient
	Chemical Gradient
	Summary
	References
	Bibliography

	2.10 Corrosion in Fused Salts
	Scope of the Present Treatment
	General Principles
	Conditions Under Which Corrosion Occurs in Practice
	Special Features of Fused-Salt Corrosion
	Practical Determinations of 'Corrosion Rates'
	Measures to Reduce Corrosion
	Recent Developments
	Concluding Remarks
	References

	2.11 Corrosion Prevention in Lubricant Systems
	The Manufacture of Lubricating Oils
	Corrosion and Corrosion Prevention in Lubricant Systems
	Corrosion in Specific Lubricant Systems
	Recent Developments in Lubricant Base Stocks and Additives
	Deterioration of Lubricants in Services
	Health and Safety
	Corrosive Wear in Piston Engines
	Water Base Lubricants
	Cavitation and Erosion
	References

	2.12 Corrosion in the Oral Cavity
	Introduction
	Dental Amalgam
	Noble Metal Alloys
	Base Metal Alloys
	Galvanic Effects in the Mouth
	Conclusions
	References

	2.13 Surgical Implants
	Introduction
	Material Selection
	The Environment
	Corrosion Phenomena
	Conclusions
	References
	Glossary of Medical Terms


	3. Ferrous Metals and Alloys
	4. Non-Ferrous Metals and Alloys
	5. Rarer Metals
	6. The Noble Metals
	7. High-Temperature Corrosion
	8. Effect of Mechanical Factors on Corrosion
	Volume 2. Corrosion Control
	Index



