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ABSTRACT

During the anaerobic corrosion of steel, hydrogen sulphide
(HyS) evolution by the Sulphate-Reducing Bacteria (SRB)
promotes hydrogen absorption by enhancing cathodic hydrogen
evolution and inhibiting the combination of hydrogen atoms.
While the effects of hydrogen damage are well known, it is
unclear whether surface SRB films influence hydrogen
absorption any differeﬁtly to the separate effects of HoS.
Also, for particularly hydrogen sensitive metals in §oured
environments, there is some doubt regarding what constitutes

a safe but effective level of cathodic protection.

Using the electrochemical technique of Devanathan and
Stachurski, special apparatus were used to monitor hydrogen
permeation throuéh steel foils exposed simultaneously to
cells and cell-free dial&sates in batch cultures of either

Deéulfovibrio vulgaris (Woolwich) or Desulfovibrio

desulfuricans (Norway 4). Further experiments were performed

using applied potentials of -850mV (SCE) and -1000mV (SCE),
and polarisation scans were performed on replicate steel
specimens under the same conditions. Changes in pH, Eh, cell

numbers and HyS levels were monitored during SRB growth.



Following a periodrof SRB growth and HyS evolution, hydrogen
perimeation currents rose rapidly and then peaked. Subsequent
hydrogen permeation declined markedly, and the potential of
freely corroding specimens became less active. This was
interpreted as evidence for anodic polarisation, which was
consistent with the types of adherent sulphide films
present.Polarisation data confirmed that paftially protective
films became established ﬁithin the first 24 hours of SRB

growth, and that corrosion was under anodic control,

Most importance has been placed on the observation that a
surface hydrogen concentration (0.066ppm) generated during
cathodic protection at -850mV (SCE) was up to 10 times Co
values obtained by freely corroding specimens. A further
lowering in potential to -1000mV (SCE) resulted in a doubling

or tripling in hydrogen permeation rate.

The presence of SRB cells at the steel surface appeared to
influence neither the peak hydrogen permeation rate, nor the

protectiveness afforded by corrosion product films.
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1. INTRODUCTION



Most people have at some time experienced directly the
consequences of bacterial sulphate reduction, whether from
the familiar 'rotten egg' smell of hydrogen sulphide given
off by poorly aerated soil or water, or perhaps by
unwittingly revealing a body of blackened sulphide-
containing soil or mud beneath a pond or sandy beach. In
fact for the vast majority of man's existence, these types
of experience probably accounted for the only direct
interaction between human activity and the agénts
responsible for the generation of biogenic sulphide,
namely the Sulphate-Reducing Bacteria (SRB). The limited
perceived role of SRB in our‘ daily lives is mostly
attributable to their obligately anaerobic habit, which
for respiration and growth to proceed, requires not only
the complete absence of gaseous or dissolved oxygen, but
also a chemically-reduced environment. - In addition, there
ris a relatively limited range of simple carbon sources
available to the SRB, and so to a large extent their
growth in environments containing more complex nutrients,
such as decaying plant or animal matter, depends upon the

presence and activity of heterotrophic organisms,

In view of these latter factors, in a domestic situation
the SRB might appear to be quite an innocuous group of

bacteria, considering that they have no known pathogenic



effect on man, and during the normal preparation and
storage of food, SRB growth is rarely a cause of concern
(Postgate, 1984). Moreover, from an industrial viewpoint,
- we may owe much to past SRB activity, as mass isotopic
fractionation studies have showed that many commercially
useful deposits of elemental and reduced sulphur, and also
metal sulphide ores owe their existence to the role of SRB
in the overall sulphur cycle (Nriagu and Hem, 1980).
However, qOmpared to the number of any such benefits,vin
industrial situations which either involve the creation of
anaerobic environments conducive to SRB growth or which
intrude into existing SRB habitats, there are a great
many instances where SRB growth and activity can have a
very damaging effect. Some of the problems caused by SRB
growth, including the separate and combined influences of
hydrogen sulphide and extracellular biopolymer materials

are listed below.

Corrosion of buried steel pipelines in anaerobic soils,
and steel piers, sheet piling and ship hulls lying in
estuarine muds (Miller and King, 1975; Miller, 1971).

Corrosion of interiors of oil platform legs and petroleum
product storage tanks (Moosavi and Hamilton, 1987;
Wilkinson, 1984; Postgate, 1984), and the corrosion of
reinforced concretes used in offshore oil storage (Morgan
and Steele, 1986),



The graphitisation of cast iron piping (Miller and King,
1975) and crevice corrosion of steels (Cragnolino and
Tuovinen, 1984).

Pitting of copper based alloys used for heat exchanger
tubes and piping (LaQue, 1975).

Corrosion of offshore structures exposed to contaminated
sea-bed drilling cuttings (Edyvean, 1987) and corrosion of
valves/pipes and distribution systems for natural gas
production (Herbert, 1986). |

0il injection well plugging (Edyvean, 1987).

Stress corrosion cracking of steels (Cragnolino and
Tuovinen, 1984) and the hydrogen embrittlement and
corrosion fatigue of steel (Edyvean, Thomas, Brook and
Austen, 1986; Thomas, Edyvean and Brook, 1988),

Corrosion of domestic hot water or central heating systems
(Postgate, 1984),

Toxic effects of hydrogen sulphide on human adtivity in
offshore operations, and on freshwater fauna (including
the death of fish populations), and flora (including
paddie field rice crop failure (Pbstgate, 1984),

Air pollution nuisance (smell) emanating from ponds,
lakes, bogs, estuaries, harbours, beaches and from dumped
refuse (Postgate, 1984),

Degradation of cutting emulsions (Postgate, 1984) -

Discoloration of paints and coatings, and the blackening
of pulp in the paper making industry (Postgate, 1984).



In economic terms, probably the worst affected activities

listed are those relating to the use of metals in the
extraction, storage and processing of petroleum products,
and and also those involving either the laying of buried
steel pipelines, or the operation of pipelines which may
support SRB growth due to the nutritional status of the
material being transported. Despite the inconvenience,
danger and extra cost involved in handling materials and
equipment which have become contaminated by SRB, probably
the greatest economic loss attributable to such bacteria

is incurred due to their corrosiveness towards steel.

Although the recent literature does not suggest a cost
relating specifically to the effects of SRB on corrosién,
Tiller (1982) estimated that the effects of biofouling in
general were costing UK industry some £300-400M per year.
Considering the continual introduction of new plant,
machinery and pipelines into environments which are
conducive to biofouliﬁg or SRB activity, and while
'allowing for inflation, one would expect this figure to

have at least doubled in the past 8 years.

It is very important at this stage to appreciate that the
biodeterioration of metals, and especially steel (which is
- by far the most widely used metal and the most important
economically), may be caused by the activities of a great

many different types of organism. These include a wide



range of species of bacteria, microalgae, protozoa and
fungi, as well as larger forms such as macroalgae
(seaweeds), molluscs and marine benthic organisms.
Furthermore in reality, mechanisms of biological corrosion
often involve consortia of different microbial species.
These can be supported by the cycling of various chemical
factors, such as iron, oxygen, hydrogen, sulphur and
carbon, which participate simultaneously in corrosion
processes and metabolic reactions alike. The broad range
of species involved in the corrosion of a range of
different metals has been reviewed by a number 6f workers
(Costelld, '1969; Miller, 1971; Miller, 1981; Tiller,
1982), ©but this work will be concerned mainly with the
microbial corrosioh of steel, the most important microbial
agents of which are widely recognised as being the SRB
(Hamilton, 1985). Reference will, however be given to the
influences of other member species of miérobial consortia

where relevant to the discussion of corrosion mechanisms.

As in all base metals, the corrbsion of steel in aqueous
environments proceeds by tﬁe electrochemical oxidation and
dissolution of metal atoms into ions, and the simultaneous
consumption of charge due to reduction reactions occurring
at the metal surface (section 2.1). 'Acéording to the ease
with which these two processes take place at different
points on the metal, the resulting metal loss may occur

either uniformly, or as is more often the case, in a more



localised fashion which results in pitting. Thus the
corrosion associated with reduced performance of a
structure such as a buried pipeline may appear obvious to

the observer, especially if it were to perforate.

Unlike such clear manifestations of metal loss though, in
acidic or anaerobic conditions, the 1less apparent
absorption and accumulation within steel of hydrogen
generated during corrosion causes an unseen reduction in
ductility of the metal and an increased susceptibility to
cracking. The absorption of hydrogen can have a
devastating effect on a steel structure, especially when
under a load or an applied stress. Since the possibility
of such failures occurring is directly related to the
corrosion reactions, it would appear appropriate to
prevent corrosion. However, the electrochemical means of
protection commonly employed also generate hydrogen, and

thus can also encourage embrittlement.

The complexity of the relationships between corrosion
processes, corrosion protection and hydrogen absorption
may be increased in the presence of SRB activity, since
hydrogen can play a central role in SRB growth and
respiration. In order to deduce the relative importance of
microbial influences, and to establish effective means of
corrosion prevention and control it is therefore necessary

to adopt an integrated approach, which addresses .the



nature of anaerobic corrosion and hydrogen absorption in
terms of SRB activity. For a complete understanding of
the situation observed in the field, such an approach
should also address the influence of the biological
community as a whole. In practice though, the ecological
complexity of real situations can make this very difficult
to achieve, and more can be learnt by an initial study of
simple monoculture systems. Moreover, the subject of SRB
induced hydrogen absorption by steel is still at a
relatively early stage of development, and it is therefore
appropriate that simple systems are employed in its
investigation. Such is the nature of the following study,
which attempts to shed some light upon the role of SRB and
biogenic hydrogen sulphide in the tendency for steel to

absorb hydrogen during anaerobic corrosion.



! ANAEROBIC CORROSION AND HYDROGEN ABSORPTION



2.1 ANAEROBIC CORROSION

In moist or wet environments, elemental iron tends to

oxidise and dissolve into its ions (Fe2+).
Fe = Fe2+ + 2e”

The sites at . which the oxidation takes place act as
anodes, and thus tend to become negatively charged.

However, such anodic dissolution can only proceed if this

charge can be consumed by a simultaneous reduction
process, which occurs at cathodic sites in electrical
contact with the auodes. In situations at approximately

neutral pH, where oxygen is dissolved in the aqueous
solution surrounding the metal, the predominant cathodic

reaction is:

02 + 21{20 + be~ = 40H

But where oxygen has become depleted, for instance due to
the above oxygen reduction reaction, or perheps following
a period of aerobic microbial activity, the ebove reaction
is replaced by the cathodic reduction of hydrogen ‘ions
(from the dissociation of water) and the evolution of

gaseous hydrogen:

20 + 27 = 2H = Hy



An important conseqﬁenCe of the above reaction is that a
surface film of cathodic hydrogen becomes established upon
the steel surface, which acts as a physical and electrical
barrier between metal and cathodic reactant, thus
hindering any further discharge of hydfogen ions (cathodic
polarisation). Because the anodic and catﬁbdic reactions
can only proceed in balance with each other, the reduced
cathodic activity results in a smaller current flowing
between anode and cathode, thus lowering the corrosion
rate (cathodic polarisation). At a neutral pH, and in the
absence 6f-oxygen or any externally applied current, the
only means by which steel may corrode faster is by a
continual removal of the surface film of cathodic
hydrogen, either mechanically, or by some chemical means.
In a similar way, the anodic reaction may become
polarised, such that the dissolution of iron atoms is
impeded in some way. This can be effected by the
establishment of protective films; which may be formed for
instance by a reaction between the metal surface and

reactive species dissolved in an agueous medium.

The surface sites at which anodic dissolution‘and cathodié
reduction reactions occur may change constantly, owing to
temporary, randomly distributed irregularities inv’the
metal surface; The continual removal of these;is effected
by dissolution of the metal, resulting in a generalised

pattern of corrosion. Less superficial irregularities may
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however provide more permanent sites for the anodic and
cathodic reactions. For instance an irregular distribution

of corrosion product may 1lead to the formation of

concentration cells, where areas of metal which become
screened from cathodic reactant (for example 02) tend to
become anodic with respect to adjacent cathodic sites
located on the bare metal surface. Alternatively, films
of corrosion product may confer enhanced cathodic
properties when in contact with the metal. When covering
most but not all of the metal surface, such cathbdic films
may lead to very localised corrosion, where the relatively
small remaining areas of bare metal act as anodes and thus
tend to corrode preferentially, owing to the galvanic

effects of the film material.

In either case, it follows that if either the‘anodic or
cathodic reactions become polarised before permanent
anodic and cathodic sites become established, then a
limited extent of generalised corrosion ﬁill result,
However, a fixed differentiation of anodic and cathodic
sites may lead to localised metal loss in the form of
pits, which despipe often being quite small in area, may
have very much more influence upon the performance of a
metal structure than an equivalent loss of metal resulting

from generalised corrosion (section 2.2).
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In addition to the effects of concentration cells on
metal loss, any physical or chemical agent which causes
the removal of fpolarisihg hydrogen from the steel surface
will enhance the oyerall rate of corrosion. In anaerobic
~environments at neutral pH, such cathodic depolarisation
of steel is most clearly illustrated by the influences of
SRB and bibgenic hydrogen sulphide on:steel (section 3).
These latter factors, when combined with the possiblevrole
of bacteria in the generation of concentrétion cells and
localised corrosion, may give rise to much more serious
rates of metal loss than those which would be applicablé

if the polarisation of the cathodic reaction persisted.

2.2 CORROSION PROTECTION

While seeking to prevent such corrosion from occurring,
a number of different approaches can be taken, Clearly
any adverse bacterial influence on corrosion might be
mitigated by the use of biocides or metabolic inhibitors,
but these are often expensive, and can have serious
environmental effects on surrounding communities (Brunt,
1987). Moreover bulk environments such as a body of soil;
freshwater or sea water are in a state of continual
circulation and change, and it is only with great
difficulty that a lasting means of controlliﬁg biological
growth can be established which will remain effective

throughout the normal design life of a steel structure.
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It is for this reason that when buried in soils, stéel
installations such as pipelines are usually pre-treated
with combinations of a large number of diffefentbtypes ofv
coating, including those consisting of plastics, glass
fibre, and materials based on coal far and bitumen, as
well as an armoury of specially formulated paints which
can afford an additional degree of protection from

corrosion,

When combined with some of the measures described above,
perhaps the most efficient (and cost effective) means of
protecting steel structures immersed in natural corrosive
environments is by the application of cathodic protection.
The basic principle of cathodic protection involves the
application of sufficient electrical current from an
external source (which forms an anode), to ensure that
only cathodié processes (such as the reduction of hydrogen
ions) can occur at the steel surface, to the éxclusion of
the anodic process of metal dissolution. The principle
can be illustrated most clearly by means of an Evans
diagram showing the polarisation curves for both the
anodic dissolution reaction, and the cathodic hydrogen
evoluﬁion reaction, which occur together in the model

anaerobic situation illustrated in figure 2.1,



Figure 2.1 Evans diagram indicating the polarisation of
‘anodic and cathodic reactions, with the reversible
(equilibrium) potential (Eo) for the metal dissolution
reaction and the current required for full (I') and
partial (I'') cathodic protection.

- For freely corroding. steel, the rates of anodic and |
cathodic reactions are in balance with each other, and the
corrosion current, Icorr flowing between them is
determined by the intersection of anodic and cathodic
polarisation cufves. The steel is afforded with complete
protection fromvcorrosion'when the metal is éathodically
polarised to such an extent that net anodic dissolution
cannot occur. This condition is met by supplying currént
I', such that the metal assumes a potential equivalent to
the reversible anodic potential (Eo), where the anodic
reaction ceases to be polarised, with iron atoms in

equilibrium with ferrous ions in solution.
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The success of the technique in preventing corrosion is
dependent wupon two important criteria, which come to.
notice by a further consideration of figure 2.1. 1In order
to achieve full cathodic protection, the feversible anodic
potential (E;) of the metal in the chosen environment
must be known. Having established this; it, is then
equally important to know that when applying .the
protection, an adequate level of current is actually:
being supplied to all parts of the steel structure, If
the true value of E, were not recognised, and instead the
current I'' was supplied to the metal, then an incomplete
level of protection will be given, resulting in the level
of corrosion indicated by Icorr'. Clearly the incomplete
level of protection would be of some bznefit in reducing
the rate of metai dissolution, but the design of many
typés of structure or installation for prolonged service
in corrosive environments may ﬁot tolerate the occurrence

of such 'reduced' levels of corrosion.

In practice, to achieve the two criteria mentioned is not
straight forward. Sacrificial anodes composed bf alloys
of more electronegative metals than iroﬁ, sﬁch ‘as
magnesium and‘ aluminium (for example alloyed with zinc of
manganese) may ‘become damaged or even detached, for
instance due to fouling, thus leaving areas of an
installation incompletely protected. Large structures such

as offshore o0il rigs require complex systems for
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delivering and monitoring the required level of current
to all parts of an installation. The influence of the
corrosiveness of the environment on the efficacy of
cathodic protection is evident when considering the
effects of changing SOil types, moisture contents, pH and
oxygen concentration'dn,very long installations such as
buried pipelines, which may vextend across a range of
different environments, each making different demands on
cathodic protection. In addition, the influence of the
time factor becomes important when considering changes in
the reversible anodic potential,' which during cathodic
protection may become more active, due to a fall in the
concentration of ferrous ions immediately surrounding the
metal, owing to the lack of anodic dissolution. In
accordance with the ©Nernst equation forA iroﬁ (an

approximation of which at 25 C is given below),
E = -440mV + 30 log [Fe2*]

where -440mV refers to the standard potential of iron
versus the normal hydrogen electrode (NHE) at a wunit
activity of ferrous ions; the potential (E) of the metal
will become more active as the concentration of ferrous
ions falls, and thus the current demand . for full

protection tends to increase.
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A similar effect might occur in the presence of species
such as hydrogen sulphide, which may remove ferrous ions
from solution by the formation of insoluble precipitates,
such as those of iron sulphide. Increased current demands
for full protection have also been attributed to the
metabolic activity of bacteria (Booth and Tiller, 1960),
due to the uptake of’cathodic hydrogen generated during
cathodic protection (section 3). 1In practice, the level
of protection applied to steel takes account of the low
concentration of Fel* present, which in sea wafer occurs
at approximately 10~ 6m, According to the Nernst equation
above, the debarture of sea water Fel* concentrations from
unit activity results ih a lowering in the equilibrium
potential of iron by approximately 180mV, and thus a
minimum 'safe' protection potential in sea water might be
attained at -620mV, NHE (equivalent to =-861mV, versus the
Saturated calomel electrode, SCE). Lower potentials may

be selected in the presence of SRB and HyS.

It may therefore seem appropriate to consider a rationale
whereby cathodic currents were applied to the metal which
were in excess of the minimum levels thought necessary
to prevent metal 1loss. However, three problems can be
associated with such 'over—protectioﬁ'; whether using a
System based on sacrificial anodes, or using an impressed
current system, where anodic reactions take place upon an

inert electrode, located separately from (but in
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electrical contact with) the protected structure.
Firstly, it is clearly more expensive to generaterand
deliver current in excess of that which is necessary, and
the increased cost rises with the size of the protected
structure. Also, the constant reduction of either oxygen
or hydrogen ions leads to an increase in pH of the medium
surrounding the structure. In some situations, the
increase in alkalinity near to the steel surface serves
to enhance the cathodic protection by causing the
localised precipitation of calcium hydroxide and magnesium
carbonate in the form of 'calcareous scales'. These serve
to protect the steel from corrosion, and thus reduce the
current needed for protection. Moreover, at higher pH
values and in the presence of oxygen, further protection
from corrosion is afforded to the metal by the formation
of passive iron oxide films. However, the types of paints
and coatings often used in combination with cathodic
Protection, tend to suffer damage in highly alkaline
conditions, and the failure of such physical measures

would only lead to a greater current requirement.

Perhaps most importantly for the safety of the protected
- structure though, is a consideration of the effects of
lower potentials and cathodic over-protection on the rate
of the hydrogen reduction reaction, and the increased
tendency for hydrogen to diffuse into the metal. This

latter effect will now be examined further.
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2.3 HYDROGEN ABSORPTION BY STEEL

2.3.1 The Absorption of Cathodic Hydrogen

The mechanism of hydrogen absorption by steel and thé
possible influence of SRB activity are best-understobd by
considering further the anaerobic cathodic hydrogen
evolution reaction given in section 2.1. In what may
appear to be a relatively simple process, McCright (1977)
identified up to seven separate stages, from the diffusion
of hydrated protons in the bulk medium, to the evolution

of molecular hydrogen at the steel surface (figure 2.2).
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Figure 2.2 Stages of cathodic hydrogen evolution, and

hydrogen absorption by steel (from McCright, 1977).
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Each of steps 1,2,3 and 7 in the scheme shown in figure
2.2 generally do not limit the overall rate of hydrogen
evolution. In addition, the combination and desorption
steps (steps 5 and 6) can be considered to occur together,
owing to the weak tendency for molecular hydrogen to
remain adsorbed on the metal surface (McCright, 1977).
Thus for clarity the overall reaction may be presented in
terms of two processes;'the discharge of hydrated protons
(sometimes referred to as the Volmer discharge step):

H30" + e = Hyygy + Hy0 (1)
followed by the combination of adjacent adsorbed hydrogen

atoms to molecules (The Tafel recombination step):

ads * Hagqs = Haags (2)

An alternative to reaction 2 (above) involves the
Combination of adsorbed atomic hydrogen with a hydrated
proton, which then becomes reduced to hydrogen molecules

(the Heyrovsky electrochemical desorption step):

Hads + H30+ + e = 2H + Hzo (3)
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At ambient temperatures, hydrogen in atomic form is the
only element small enough to enter and diffuse into the
crystal lattice of iron atoms within a body of steel. An
important ‘feature of the hydfogen diséharge step
(reaction 1, overleaf) is that for a short time, nascent
hydrogen atoms remain adsorbed at the steel surface, and

have a tendency to become absorbed by the metal (reaction

4)0

Hads = Haps - (4)

Hydrogen absorption can thus be thoughf of as proceeding
in competition with the hydrogen combination reaction
(reaction 2, overleaf), and the overall evolution of
cathodic hydrogen. For iron, the rate of prdton
discharge (reaction 1 overleaf) normally 1limits the
Overall rate of hydrogen evolution, owing to the limited
tendency for hydrated protons to adsorb onto the metal
Surface (Scully, 1975). However, there are a number of
elements which inhibit the hydrogen’ﬂcombination step
(reaction 2 overleaf), the most notable of which are
sulphur, phosphorus, arsenic, selenium, antimony, bismuth
and tellurium. Such substances are often termed 'cathodic
poisons', owing to their influence of reducing the overall
rate of hydrogen evolution; and the poisoning effect is
found to be most marked when these elements are in the
form of hydrides (such as HyS), or when ionised (for

example to HS™ or Sz", McCright, 1977).
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In practical terms, the consequences of increased hydrogen
absorption due to cathodic poisoning can be serious, and
are most important in relation to hydrogen embrittlement
of steel and an increased susceptibility to hydrogen
induced cracking and stress corrosion cracking (section
2.2.4), which méy be evident in situations where HyS is
present as a result of SRB activity. It should also be
mentioned here that despite its ‘'cathodic poisoning'
property, biogenic H,S enhaﬁces the corrosion of steel,
and stimulates the cathodic hydrogen evolution reaction;
Thus in addition to increasing the proportionkof hydrogen
entering the metal, HZS also effects an absolute increase
in hydrogen absorption by increasing the overall rate of
hydrogen discharge (the influences of hydrogen sulphide

and SRB are reviewed in Chapter 3),.

2.3.2 The Measurement of Hydrogen Absorption

Three general ' approaches may be taken for measuring
hydrogen absorption (McCright, 1977), from which the
tendency for different types (composition and
microstrucfure)'of steel to exhibit hYdrogen embrittlement
can be deduced. - Firstly, the effects of exposure_to a
particular environment can be measured in terms of changes
in the physical or mechanical properties of the metal,
such as a reduction in ductility or tensile strength.

Alternatively, an accurate measurement of the bulk
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~ hydrogen content may be obtained by the extraction of
hydrogen while heating the metal under a v5cuum. A far
more convenient method though, is one in which the rate of
hydrogen absorption and the hydrogen concentration can be
measured while corrosion is in progress. Although this cah
be achieved by measuring changes in gas pressure during
vacuum extraction, a more convenient approach became
available following the ﬁork in the 1960's by Devanathan
and Stachurski (1962 and 1964), who deveiobed an aécurate
and reliable, yet relatively simple and - inexpehsive
electrochemicai technique for measuring hydrogen
permeation through metal membranes. In this technique, one
side of a piece of steel becomes charged with hydrogen
(generated either- from corrosion, or due to an applied
cathodic potentiél), which diffuses through the metal

under a concentration gradient (figure 2.3).
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Figure 2.3 Principle of the electrochemical measurement

of hydrogen permeation through a steel membrane.
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Using a potentiostat, the hydrogen <xit surface is
polarised anodically with respect to an inert cathode,
both of which are bathed in a common electrolyte solution
so that emergent hydrogen oxidises and diffuses away from
the steel, to become reduced at the cathode. The
measurement of hydrogen permeation current thus generated
then provides a direct measure of the rate of hydrogen
absorption at the corroding metal surface. To ensure that
the oxidised hydrogen measured originates exclusively from
the corroding surface, an alkaline electrolyte solution is
used, thus maintaining the metal in a passiﬁe condition.
In addition, the exit surface is sometimes coated with an
electro—deposifed layer of palladium or platinum, which
may act as a further corrosion prevention measure
(Bockris, 1977), or which may also serve to catalyse the

oxidation of diffused, emergent hydrogen (Mergey, 1984).
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Prior to the exposuré.of steel to a corrosive environment,
the total quantity of diffusible hydrogen present is
distributed uniformly within the steel membrane (shown by
by the area beneath the horizontal line'iﬁ figure 2.4a).
The application of an anodic potential at the exit surface
results immediately in a zero hydrogen concentration
(figure 2.4b). The continual depletion of 1éttice hydrogen
results in the.estabiishment of a uniform concentration
gradient (2.4c), which becomes less steep as hydrogen

escapes from the metal.

H diffusion —>

H concentration ———=p

Figure 2.4 Sequence of changes in hydrogen concentration
gradient within a steel membrane before (a), and during
(b), electrolytic depletion of hydrogen; and after a
uniform concentration gradient has become established (c).
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The introduction to hydrogen-depleted steel (figure 2.5a),
of a corrosive medium results in‘the establishment of a
higher surface hydrogen concentration, Co (figure 2.5b).
A uniform hydrogen concentration gradiént subsequently
becomes established with an increased rate of hydrogen
-diffusion, as indicated by the area beneath the line Co-0

(figure 2.5c).

H diffusion —>

Cod

H concentration —

Figure 2.5 Effect of exposing hydrogen depleted steel to
a corrosive environment on the surface hydrogen
concentration (Co) and the hydrogen concentration gradient
before exposure (a), just after initial exposure (b), and
after a uniform hydrogen gradient is established (c).



26

The hydrogen permeation currents generated using this
technique are plotted as transients, a typical example of

which is shown in figure 2.6.
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Figure 2.6 A typical permeation transient (Adapted from
Devanathan and Stachurski, 1964).

At time O in the above transient, a non-corroding metal
membrane which has been electrolytically depleted of
hydrogen in ﬁhe manner described previously, and which
corresponds to the situation shown in figure 2.5a, is
exposed to a corrosive medium (for instance sea water
containing HyS). This results in a rapid increase in
the rate of hydrogen absorption, as depicted in the
situation shown in figure 2.5b. The hydrogen permeation

current subsequently flattens out, such that a uniform
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hydrogen concentration gradient is established within the
metal, giving a 'steady state' hydrogen permeation current
(situation 2.5c). Under such conditions, the maximum
surface hydrogen concentration, Co (attained at the
hydrogen entry side of the metal) is related to the steady

state hydrogen permeation current, J, as follows:
Joe = FDCo /L

where F is Faraday's Constant (96480 céulombs/mol hydrogen
reduced) and D is the apparent hydrogen diffusion
coefficient for the material in use (cm2/sec). The
diffusion coefficient, D is é physical characteristic for
the particular metal in use, and can .be deduced from
Permeation transients in a number of ways (Devanathan and
Stachurski, 1962). Two simple methods of determining D
from transients similar to that in figure 2.6 can be
identified. The time taken for nascent atomic hydrogen to
diffuse completely through the steel, the 'breakthrough

time', ty, is related to D and the metal thickness, L by:
t = 12 /15.3Dp
b 0

Alternatively, D can be determined by the 'time lag', Tlag

method, in which:
= 2
Tiag = L/ 60D

Where Tlag corresponds to the time at which the hydrogen

permeation current is 0.63 times the steady state value.
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A useful facility of the hydrogen permeaﬁion technique is
that values of D and Co may also be obtained during a
decline in permeation current (while hydrogen is being
depleted from the metal) after a source of hydrogen, such
as a cathodic charging potential, has been removed, This_'
results in a decay ktranSient, as represented by the
decline in current following t' in figure 2.6. The value
in measurirg decay transients is greatest thoUgh, when
seeking to determine hydrogen concentrations in metals
which for a certain duration, have already been exposed
to a source of hydrogen (for example that generated during
electroplating, or from in-service corrosion or cathodic
protection). Moreover, a device based upon the technique
described, which is known as the 'Barnacle Electrode', has
been developed specifically for this task (Berman et al,
1979). 1In addition to providing a Co value, by applYing
Faraday's Law (section 5.4) the device can deduce the
total mass of hydrogen: extracted from the metal by
integrating the decay transient electronically, rather

than by the more laborious manual method.
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2.4 THE EFFECTS OF HYDROGEN ABSORPTION ON STEEL

2.4.1 Hydrogen Damage

A variety of cracking mechanisﬁs are associated with the
absorption and accumulation of hydrogen within steel. When
present as an interstitial atom, diffusible hydrogen can
lead to what is generally referred to as 'hydrogen
embrittlement', which during corrosion and in the presence
of stress can promote 'stress corrosion cracking'. In the
absence of stress though, various forms of 'hydrogeh
induced cracking' ﬁay occur, owing to the accumulation of
'trapped' (molecular) hydrogen within the metal. As these
terms imply, the presence of hydrogen generaily tends to
make the metal more prone to cracking. The factors which
influence the likelihood of hydrogen damage occurring are,
however éxtremely varied, and depend on a host of inter-
related physical and chemical factors (material and
environmental effects), including the corrosiveness of the
environment (inéluding the pH, temperatufe and fhe
concentration of.HZS and C17) (Treséder, 1977); the levei
of cathodic protection and the degree of stress applied to
the metal, and whether such stress is constant or
fluctuating, as in fatigue (Brown, 1971); the natﬁre and
distribution of impurities within the metal; kand‘ the
microstructure, hardness and degree of cold working the

metal has received during manufacture (Gooch, 1982).
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Although the deleterious effects of hydrogen in metal have

been weil known in the o0il industry for some three decades
(Treseder, 1977), and despite the fact tﬁat the potential °
implications of a major structural failure continue to be
of great concern in many industrial sitﬁations (and the
conditions of service make ever increaéing demands on
materials performance), the exact mechanisms of hydrogen
damage are still not fully. understood :(Oriani, »1987).
These factors, combined with the multidisciplinary nature
of study into the effects of hydrogen in metals, accdunt
for the great breadth, scale, detail and complexity of the
subject (for example, Staehle et gl,l 1977). For
convenience, the effects of hydrogen in  metals can be
considered in terms of miprostructure and composition,
the nature of the environment, and the possible influences
of static or cyclic stress. The following sections shall
consider the ‘effects of hydrogen on steel,invanaerobic,
aqueous (mariﬁe) situations containing SRB, dr where past
SRB activity has resulted in the generation of HpS (ie
'sour' conditions have become established). Under such
conditions, steel can be particularly susceptible to
hydrogen damage, owing to both the poisoning effect of
sulphide on the hydrogen combination reaction, and the

increased generation of hydrogen during eithér corrosion

or cathodic protection.
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2.4.2 Hydrogen Induced Cracking

A major determinant of the susceptibility of steel to
hydrogen damage is the nature and abundance of impurities
~within the metal. in terms of hydrogen damage, probably‘

the most important contaminating elementv in steel is
sulphur, which is often combined with manganese (a common
alloying element in steels) in the form of discrete
inclusions of manganese sulphidé (MnS). During rolling of
the metal, such MnS inclusions become flattened and

elongated, with a consequent increase in surface area.

The generation  of cathodic hydrogen at a éteel surface
(for example due.to anaerobic corrosion) results in the -
diffusion of atbmic hydrogen into the metal under a
concentration gradient (section 2.3.1). When meeting a
discontinuity such as an MnS inclusion tHough, atomic
hydrogen ceases to be 'dissolved' within the metal, and
teﬁds to combine to form mblecular hydrogen, which cannot
diffuse interstitially. Inclusions may thus act as
hydrogen 'traps' (grain boundaries and dislocations within
thei metal may also act in this way), which serve to
impede the overallidiffusion of hydrogen through the metal
(Pumphrey, 1980). The redistribution and accumﬁlation of
hyd;ogen within inclusions may eventually exert an outward
prégsure sufficient to distort the surroundingvmetal.’ Iﬂ

superficial inclusions, the effect of an internal hydrogen
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bressure is manifested in 'blistering' at the steel
surface. But when located deeper within ‘the metal, the
Stress exerted by molecular hydrogen becomes,concentrated
at the sharper extremities of inclusions, the relief of
which results in cracking, In  the absence of
externally applied Stress, the path takenfby further such
cracking is largely defermined by the Presence of
ﬁeaknesses (including other inclusions) within the metal;
In this way, the joining of two or more ad jacent

inclusions, located at slightly different levels, can give

an overall effect known as 'step-wise cracking',

2.4.3  The Control of HIC

Obvious approaches to preventing HIC involve ga control of
the hydrogen geénerating process. During cofrosion, the
rate of cathodic hydrogen discharge can be feduced by
*ontrolling the aggressiveness of the external
:nvironment; by removing corrosive Species, or perhaps b&
lehydration, In a marine situation though (such as on an
ffshore o0il piatform), such an approach is clearly
nlikely to be‘practical. Furthermore, a corrosive agent
uch as HyS may be especially difficult to remove once
igh levels havebbecome established, for instance within a
dured oil-bearing reservoir, Alternatively, hydrogenr
>sorption due to corrosion may be prevented by physical

: chemical means of Separating steel from the

an.
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environment, using corrosion inhibitors, or a combination
of paints, coatings and wrappings (section 2.2). The
complete effectiveness of such measures théugh, depends on;
the full coverage of the structure, whiéh may not be
maintained, for example due to mechanical damage received
during installation, or while in service. _Alﬁernatively,
the possibility of corrosion occurring may be excluded by
the application of cathodic protection, but this has the
obvious effect of increasing the rate of hydrogen
absorption, especially in the presence of H9S in its

capacity as a cathodic poison.

Because of theidifficulties involved in controlling the
external environment of a steel structure, it is often
more practical (and economic) to prevent HIC by selecting
steél materials whose physical properties render it less
susceptible to hydrogen damage. To this end, the
diffusion rate of hydrogen within steel and its tendency
,to'become absorbed can be reduced by certain.additives to
the metal, such as copper. Alternatively, the abundance
of MnS inclusions which serve as hydrogen traps can be
reduced by using higher purity steel. In éddition to

these measures, it has been found that by adding calcium
to the metal, the MnS inclusions produced during
manufacture are less pointed, and. thus concentrate to a

lesser extent, the stresses exerted by trapped hydrogen.
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2.4,4 The Effects of Hydrogen Under an Applied Stress

Many of the factors which affect the incidence_of HIC are
also relevant to the cracking of steel under stress.
Furthermore, the effects of stress may be manifested in
similar ways, for example where the direction of stress
coincides with the orientation of weaknesses such as a
line of adjacent MnS inclusions. H0wever{ in situations
where an element of both 'stress and corrbsion exist,
cracking can occur at right angles to the direction of the
stress., The ihitiation of such cracks may be promoted‘by
hydrogen embrittlement or by pitting at the steel surface,
and their propagation involves the anodic dissolution of
metal at the érack tip, by what is referred to as an
'active path' mechanism.(Uhlig'and Revie, 1985). The rate
of crack growth under ‘a given stress intensity is also
influenéed by the presence of interstitial hydrogen near
to the crack tip, and debate surrqunding 4the relative
importance of the active path and hydrogen embrittlement
processes accounts for much of the past and present

interest in mechanisms of stress corrosion cracking.

‘The tolerance of steel to the above mentioned material and
environmental influences on hydrogen embrittiement can’be
déduced by measuring the effect of different levels of
stress (the stress intensity, K) on the rate of crack

growth. Over a range of stress intensities, and for a
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particular environment, a threshold wvalue (K¢p) can be
found, below which no cracking is seen to occur.
Similarly, wusing a range of ‘environments exhibiting
varying degrees of aggressiveness towards steel, a
threshold surface hydrogen content in steel (Cth) can be
identified (using the methods described in section
2.3.2), Dbelow which no cracking is seen to occur (Van
Gelder et al, 1986). The two parameters together, C¢h and
K¢y, can give an indication of the susceptibility of steel

to cracking for a given application and environment.

In aqueous anaerobic situations at approximately neutral
pH (for example offshore, or in a waterlogged soil),
perhaps the most important single environmental influence
on stress corrosion cracking is the presence and level of
HyS. At gas phase Hj)S éoncentrations as low as 0.01 atm,
steel can be be susceptible to cracking (Treseder, 1977),
and a similar concentration of HyS (0.0lbar) has been
showﬁ to correspond to a Ci} value of 0.2ppm hydrogen for

a pipeline steel (Van Gelder et al, 1986).

The active path element of stress corrosion cracking might
be prevented by cathodic protection, but this in itself
generates hydrogen and encourages embrittlement. Gooch
(1984) reported that there was little evidence of
failures resulting from cathodic protection as normally
applied (-900mV, SCE), although it was uncertain what

effects over-protection, or cathodic protection in the
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presence of biogenic HyS might have upon the level of
hydrogen in steel. Lucas and Robinson (1986) demonstrated
that in sea water, a cathodic protection potential of
-1150mV (SCE) gave a similar surface hydrogen
concentration (0.253ppm in steel) to the Cpp value cited

above, using a similar method of determination.

O0f equal importance in determining the susceptibility of
steel to cracking, is the metal microstructure and
hardness. During the manufacture of a particular component
or installation, it is possible to control these factors
to give a material exhibiting C.) and Kip values which are
compatible with the intended environment. However, an
important exception to this can arise from the effects of
welding (for instance when joining sections of a pipeline)
during which localised heating causes an alteration in
hardness and microstructure in an area adjacent to the
weld, known as the 'heat affected zone' (HAZ), which by
the nature of its microstructure becomes more susceptible
to hydrogen embrittlement and cracking (Coe, 1973). Less
hydrogen-sensitive microstructures can be established by
heating the weld and then allowing it to cool slowly.
Even after such 'post weld heat treatment' though, a zone
of greater hardness than the surrounding metal may remain,
and thus it is important to ensure that the HAZ can
tolerate the most aggressive environmental conditions

likely to be encountered in service (Gooch, 1984).
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2.4.5 Corrosion Fatigue

Hydrogen effects in steel are also implicated in
corrosion fatigue, where crack initiation, growth and
failure results from the combined effects of metal
dissolution, hydrogen embrittlement and a cyclic stress,
the latter of which may for instance be applied by the
regular wave action on an offshore structure. - Similar
types of material and environmental factors influence
corrosion fatigue as for stress corrosion cracking, but
with the important additional effects of a constaﬁtly
changing stress intensity, and also a varying stress
intensity range. For instance, on an offshore structure,
the’loading on a component may increase as a result of
fouling, which has the combined effects of increasing the
area of the structure exposed to wave action, while also

increasing the drag factor (Edyvean et al, 1986).

The measurement of corrosion fatigue for steel in offshore
environments is performed using media which attempt to
reproduce a 'worst possible' environment (Edyvean et al,
1986), consisting of H,S saturated (3140ppm) artificial
sea water, and using 'notched' specimens which mimic an
initiated crack (crack initiation may effectively be
provided by superficial damage to a structure priof to, or
during installation). Thomas et al (1988) reviewed the

levels of HyS reported to be present in a variety of
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offshore situationsf exhibiting SRB actiyity, which in"
closed systems reached up to 150ppm. In their own
investigations, HyS levels of between 600ppm and 900ppm
were obtained in the optimum growth conditions of a
laboratory batch culture of SRB, and it was concluded
that levels approaching saturation as defined in corrosion
fatigue test media were non-represéntative of condiﬁions
observed in the field. Moreover, it was suggested by the.
same workers that the use of saturated H9S levels in test
media could mask any possible effects of other biological
prdcesses, or it might pefhaps prevent them_occurring at
all. For example, a fundamental aspect of microbial
corrosion is the inter—speciesvcycling of substrates for
growth, energy metabolism‘ and reducing equivalents,
“without which sustained SRB»grOwth and HyS evolution would
not be possible within a closed or partially closed system
such as the interior of a platform leg, or perhaps within
a complex macrofouling layer. In relation to the possible
merits in using saturated IyS test media, an interesting
feature of the work of‘ Edyvean et al (1986) is that
biogenic HyS levéls above. 600ppm appeared not. to have any
additionalveffecf on crack growth rate, further suggesting

that test conditions of 1lesser severity . maf provide a

more‘fepresentative and useful indication of the 'worst

possible' environment,



3 THE SULPHATE-REDUCING BACTERIA

AND MICROBIAI CORROSION
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3.1 THE SULPHATE-REDUCING BACTERIA
3.1.1 Species Diversity

The term 'SRB' is wused to group together‘ bacterial
species which utilise sulphate as respiratory terminal
electronlacceptor, and liberate hydrogen éulphide as thé»
final product of the dissimilatory process (Postgaté,

1984). All species are obligately anaérobic, although
there is a widespread ability ~amongst the group to
tolerate aeration (Cypionka et al, 1985), and sﬁper-oxide
dismutase and catalase activity have both ‘béen

demonstrated (Hardy and Hamilton, 1981). Further means of
distinguishing SRB from other anaerobic bacteria are less
straight forward however, owing to the great variety of
morphology, motility, and metabolism exhibited within the
group (Pfennig et al, 1981), as well as the variation in

genetic and staining characteristics (Postgate,.1984).

The variety of types of SRB species is reflected by early
attempts of classification, according to different types
of morphology and motility, using genus names such as

Spirillum, Vibrio and Clostridium. The development = of

selective enrichment culture media in - the 1930's
facilitated a Wider appreciation for the groﬁp, and a
more rationalised scheme of classification became accepted
according to the common ability for dissimilatory

respiratory sulphate reduction (which it could be argued
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is the most important common activity).  This comprised

two genera, in which the type  species were Desulfovibrio

desulfuricans ahd Clostridium nigrificanéf(Starkey, 1958),

the former of which represented non-sporulating species,
and the latter included spore-formers (later to be renamed

as the genus Desulfotomaculum). Largely due to the use of

novel substrates for growth and respiration, the last few
decades has seen a steady growth in the: number - of SRB
species, from which at least nine  separate genera have

variously been recognised as follows:

Desulfovibrio (listed by Iverson and OlSon,’1982)
Desulfotomaculum _ ' "
Desulfobacter . "
Desulfobulbus "
Desulfococcus "

Desul fonema | "

Desulfosarcina ' v "

Desulfomonas " :
- Desulfobacterium (Brysch et al, 1987),

While the above definition of SRB may seem unambiguous,
sulphate 1is oﬁly one of many inorganic “and organic
electron acceptors available to SRB species. Moreover, a

separate genus, the Desulfuromonas, reduces sulphur but

not sulphate to sulphide (Pfennig and Bieb1,>1977), though
in their important capacity to liberate H,yS, they can be

included in diséussion of SRB activities (Hamilton, 1985).
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3.1.2 Dissimilatory Sulphate Reduction

The reductien ef sulphur in its most oxidised form (8042_)
to its most reduced state (SZ') occurs in a wide variety
of bacteria, fungi and many green plents, as a means of -
assimilating sulphur for the synthesis of amino acids and
proteins (Peck, 1974). The dissimilatory process though,
is a characteristic shared by the relatively small number
of genera listed above. Both processes begin with the
activation of sulphate by reaction with ATP in the
presence of the enzyme ATP sulfurylase, to form adenosine

phosphosulphate (APS) and pyrophosphate (PPi):
ATP + 50,2 — APS + Pp;

The biochemical basis for distinguishing between the
dissimilatory and assimilatory processes is that in the
latter case, reduetion can only proceed after a further
phosphoryletion of APS, to give phospho-adenosine
phosphosulphate (PAPS). . The second stage in the
dissimilatory process involves the reduction of APS to
adenosine monophosphate and sulphite, which is catalysed

by the enzyme APS reductase:
APS — AMP  +  S0427

Further reduction of the sulphur atom occurs to give
sulphide, either as a single step, or with ene or more

intermediates. Despite work performed by many different
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- workers over the past two decades, the ‘exact sequence of
reacfions and intermediate sulphur ions involved in thev
reduction of sulphite is not yet cértain,.but Postgate
(1984) postulated that intermediates may édmprise iﬁ order
metabisulphite (82052'), dithionite (SZO4ZF), trithiénate>
(S3062_) and thiosulphate (52032"). SRB m%y’also utilisé
alternative forms 6f sulphur or other ions to Sulphaté as
terminal respiratory electron acceptor, nameiy
thiosulphate, dithionite, trithionate andvftetrathionate
(54062—) (Postgate, 1951), and also nitrate (Postgaﬁe,
1984). 1In addition, organic substrates may be used, such
as pyruvate and fumarate (Miller and Wakerley; 1966). Bak
and Cypionka (1987) isolated a species (which they later

named Desulfovibrio sulfodismutans), capable of oxidising

and reducing simultaneously thiosulphate and sulphite.

3.1.3 Carbon Metabolism

The most cpmmoniy used carbon source in the cultivation
of SRB is lactic acid, which is oxidised with the

reduction of sulphate to yield sulphide and acetate:
2CH3.CHOH.CO0™ + 5042~ —> 2CH3.C00™ + 2C0, + 2H,0 + S2~

Cultures are also grown routinely in media containing
pyruvate or fumarate, which may serve as combined carbon

and energy source as with lactate, but in addition may act
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as an alternative terminal electron acceptor to sulphate
(fumarate), or may be involved in energy metabolism by
substrate level bhosphorylation (PYruVate). A great many
other carbon sources have been identified though,
including methanol and homologues thereof, as well as the
equivalent series of carboxylic acids. Using hydrogen as
sole energy source, - Badziong énd Thauer (1978)

demonstrated the combined use by Desulvaiﬁrio vulgaris

(Marburg) of COp and acetate in what has been .termed
'mixotrophic groﬁth' (Postgate, 1984), and the same strain
has since been widely used in the demonsfration of
hydrogen utilisation by SRB, particularly in relation to
the study of cathodic depolarisation mechanisms in

anaerobic corrosion (Section 3.2).

It is adequate in this very brief review to merely give an
indication that the recent major growth in number of
separate SRB species (mostly attributable fo the work 6f
Widdel and Pfennig) is largely attributable to the use of
novel carbon sources. An exception to this though, 1is
afforded by the recent isolation of a truly autotrophic

SRB, Desulfovibrio autotrophicum, which utilises CO0,, H,

an 8042" (Bryéch et al, 1987).
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3.1.4 Hydrogen'Hetabolism.

The activation and utilisation of hydrogen by SRB during
the reduction of sulphate was first described bf
Stephenson and Stickland (1931), who assigned the name
'hydrogenase' to the class of enzyme involved. The enzyme
is reversible, énd can mediate the production or evolution
of hydrogen in a very broad range of bacterial species and
- algae (Mortenson and Chen, 1974)., 1In environments where
SRB occur naturally, hydrogen géherated during
heterotrophic activity may only be availablé as an energy
source in low concentrations, owing to the competition
for hydrogen between different species, including
methanogenic bacteria (Abram and Nedwell, 1978). However,
even in anaerobic microbial consortia (for example 
containing methanogenic as well as sulphate—redﬁcing
activity), the energetics of sulphate reduction With
hydrogen are favourable towards the uptake of‘hydrogenvas
an energy"sourée (Thauer ;gg__g;, 1977; Badziong et al,
1978). Most SRB 'species exhibit hydrogenaée activitf,
which results from the action of up to three differently
located enzymes within the samé cell (Reider ggggl, 1984),
comprising periplasmic, cytoplasmic, and membrane-bound
forms, each of which may be involved in either i ;’

hydrogen utilisation or evolution (Pankhania, 1988).
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Odum,and.Péck (1981) proposed a hydrogen cycling mechanism
fof energy coup1ing, which could account for the ability
of SRB_cells to consume or evolve hyd:ogen, and which was
consiStent with the observations of hydrogen production by
Hatchikianvgg al (1975), and also the observation by Tsuji
and Yagi (1981) that early growth in lactate based medium
resulted ih,a short ‘'hydrogen burst', possibly serving‘tov
catalyse‘ and initiate sulphate reduction and substrate
level phdsphorylation during the oxidatibn of lactate.
Lupton et al (1984) provided evidence that SRB hydrogen
metabolism in lactate-sulphate media was necéssary for
regulating - the oxidation state of electron carrier
proteins involved in electron transport phosphorylation,

according td the model shown in figure 3.0b.

PERIPLASM CYTOPLASM PERIPLASM CYTOPLASM
8H* + 504" 8H' + 504"
\ 4H,0 + S° 4H 0 + §°
-
+
2 LACTATE B 2 LACTATE
44,
8H*
C3ox| ‘\'1.< R =
. 8H* ‘ Card au-/
@ 2 PYRUVATE 2 PYRUVATE
Fd\
HYOROGENASE HYDROGENASE JS Fate—"]
. ’
v .
hLLl N AL P HYDROGENASE
[}
2 ACETATE PP A— ot 2 ACETATE
ADP + Pi . ADP + Pi +
H* 2C0, W 2¢€0,
ATP ATP
Figure 3.0

. Physiological function of hydrogen metabolism during growth of sulfidogens on lactate and sulfate. (A) Obligate H, cycle.
Hydrogen is an obligate intermediate in energy metabolism as hydrogen production via the cytoplasmic hydrogenase is coupled to hydrogen
consumption by a periplasmic hydrogenase, which generates a proton motive force. (B) Trace H, transformation model. A cytoplasmic
hydrogenase acts to control the redox level of ferredoxin to regulite vectorial electron and proton transfer which generates a membrane-
bound proton motive force. The flow of electrons from ferredoxin to Hy may be mediated by other electron carriers (e.g.. cytochrome ¢y) and
enzymes (i.e., oxidoreductases) in addition to hydrogenase. ECP, Electron carrier protein; Fd. ferredoxin,

“From Lupton et al, 1984)
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The same workers argued that hydrégen metabolism did not
oécur exclusively éccording to the hydrogen cycling |
hypothesis proposed by Odum and Peck (1981) (scheme shown
in figure 3.0a),. and their results suggested that
periplasmic hydrogenase activity played a  minor role in
the oxidation or‘reduction of hydrogen dufing grdwth bn

lactate or pyruvate with sulphate as electron acceptor.
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3.2 THE ROLE OF SRB IN THE ANAEROBIC CORROSION OF STEEL
3.2.1 The Classical Theory of Cathodic Depolarisation

In the previous chapter it was explained that at a neutral
pH and in the absence of oxygen, iron base alloys normally

corrode rather slowly, due to the formation offbroteétive |
film . of.cathodic hydrogen. At afound the turn of the
century though,fafter only a féw years service, many iron
pipgs which had been buried in waterlogged, neutral sbiis
were féund to have suffered appreciable éorrosion,,which
at the time was inexplicable. | The possibility that
sulphur metabolising bacteria were somehow involved in the
corrosion of buried ferrous metals was first suggested by
Gaines (1910). The later development of éelective/and
enrichment SRB culture media (Baars, 1930) facilitated fhe '
work of Stephenson and Stickland (1931), who first
demonstrated and described the hydrogenase-mediated uptake
of gaseous hydrogen during sulphate reduction. In light of
these developments and the well-known association between
SRB and the blackening of anaerobic poldér',soils, von
Wolzogen Kuhr and van der Vlugt (1934) were able to

demonstrate the coincidental occurrence  of active SRB
populations and ééyere corrosion of cast iron water mains;
which .deépite having being buried 6n1y 2-3 'years
previously, were in " need of replaéement owing to.

extensive graphitisation corrosion., The same workers'
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theory proposed that during sulphate reduction (reaction 4 ’ 
belOw),k and by means of the recently discovered.
hydrogenase enzyme, SRB could accelerate corrosion by
removing poiarising hydrogen from the :corroding iron
surface, yielding ferrous hydroxide ond iron sulphidé'aS‘
corrosion products. - The overall reaotion sequence

postulated was as follows:

4Fe =  4Fe2*t + 8e” 1
8H,0 = 8E* + 80N 2
8e~ + 8H' = 8H 3
S0,2~ + 81 = s§2° + 4H,0 4
4 . ) 20 .
Fe2* + §2° = Fes e 5
3Fe?* + 60H" = 3Fe(0H"), . | 6
4Fe + 5042 + 4H,0 = 3Fe(OH), + FeS + 20H" 7

Because of the major economic consequences of.SRBkactiviry
in terms of corrosion (Chapter 1), and the possibility

that the corrosion rate may be controlled by‘ka purely
metabolic process (and might therefore be prevented by
inhibiting respiration or growth of the culprit organism)
there has been a considerable effort by many workers over
the past 56 years to test this so-called FClass1cal
Theory' of cathodic depolarisation, Despitekthis,'there is
still no overall consensus on the importénce of hydrogen‘

uptake for increased corrosion in the presence of SRB.
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3.2.2 Bacterial Depolarisation of the Cathodic Reaction

Early attempts to test the Classical theory were commonly
based wupon the demonstration of positive shifts in
cathodic polarisation curves, using mild steel electrodes
exposed to pure 'batch cultures or cell Suspensions of
hydrogenase positive SRB, Booth andiTiller (1960) were

amongst the first workers to demonstrate depolarisation in

this way, wusing the freshwater species Desulfovibrio

desulfuricans (Hildenborough) (figure 3.1a)g

a) - b

-0-4-

ANODIC ANODIC

-0 6 -0-6

CATHODIC

potential V (hydrogen scale)

-08- - -0-8
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0o 50 100 o 50 . 100
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a) —Anodic and cathodic polarization curves for mild steel in a culture of D. desulphur-
Figure 3.1 icans (Hildenborough) at 30°C.

O, initially; X, after 1 day incubation; [0, after 3 days mcubatnon, A, after 6 days
mcubatmn
b) - —Anodic and cathodic polarization curves for mild stecl i in a culture of D. orientis
(Singapore)at 30°C.

o, mmdlly, X, after 1 day incubation; [3J, after 3 days mcuhatlon A, after 6 days
incubation. .

(From Booth and Tiller, 1960)
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Similar changes were not observed using the hydrogehase‘“

negative species Desulfovibrio orientis (Singapore)
(figure 3.1b), suggesting that cathodic depblarisation was
dependent upon the presence of hydrogenase. kSeeking to
validate these obsefvations using batch cultures of a
variety of -SRB species (including those mentioned above),
Booth and Wormwell (1961) performed a combined study of
metal weight loss and hydrogenase activity, and noticed a

positive correlation between these factors (figure 3.2).

e 2500 Llanelly
<y |
[o)]
E Hildenborough  Hydrogen absorption coeflicients of sulphate-reducing bacteria
2000
Organism - Qf&
: D. desulphuricans -
@ 1500 Teddington R. lemcl,l)y B 340
° ) Hildenborough 240
e America Teddington R 140
2 Benghazi : angka, ' ?95
z ; enghazi 2
1ooo Singapore D. orientis )
Singapore ’ 0
D. desulphuricans var. aesmaru
. California 43:63 2:5
500 Sterile El Agheila C : 36
El Agheila Z S 8-5

0 3 6_ ]lz
Time months

Figure 3.2 The relationship between corrosion rate and
hydrogenase activity of various stralns of SRB (from Booth
and Wormwell, 1961). : '

Using batch cultures of the halophilic (marine) organism

Desulfovibrio salexigens (California 43:63), ‘Booth and

Tiller (1962) dembnstrated a marked depolarisation of

the cathodic reaction (figure 3.3), despite recording a
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relatively low hydrogenase activity during _sulphate
reduction. These results were consistent with the
observation by Booth and Wormwell (1961), who showed high
weight losses using the same organism, but in the presenée
of minimal hydrogenase activity. In previous work though,
a much higher hydrogenase activity had been obtained
using benzyl viologen as an alternative electron aéceptor
to sulphate, and this was interpreted as confirmation of
the importancek of cathodic hydrogen wuptake, and
seemed to vindicate the Classical theory.

O-INITIALLY

X —1 DAY INCUBATION

0 -6 DAYS INCUBATION
A - 11 DAYS INCUBATION

POTENTIAL V: (11: SCALE)

CURRENT DENSITY pA.cm-~?

Figure 3.3 Cathodic Polarisation Curves for Hild'Steel at
30 C in cultures of Desulfovibrio salexigens (California
43:63), from Booth and Tiller (1962).

In recognition of the possible influences of nutrient
limitation on SRB activity, and the possible éffects of
sulphide on the cathodic reaction (Booth et al, 1968),-'

Booth and Tiller (1968) adopted a different approach for
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testing the Classical theory. Using mild steel specimens

exposed to resting cell‘suspensions of both hydfogenasé
positive and negative SRB, and with ‘benzyl viologen as
final electron acceptor, a poéitive ’ logarithmic
relationship' ﬁas observed between the extra current
required to maintain a fixed cathodic poténtial of steel
(compared to the current required in sterile medium) énd.

the hydrogenase activity of the cell suspension.

Earlier work by }Iverson (1966), who also employed benzyl
viologen as ’terminal elecﬁron acceptor, had also
demonstrated increased cathodic activity in. the presence

of washed SRB cell suspensions. In these e#periments,.an
electrochemical_cell was set up betweeﬁ a péir of steel
electrodes immersed in two electrically cbnnected agar
gels, each impregnated with the redox dye, but only one ’
of which contained SRB cells. .After 17 hours exposure in
anaerobic conditions, the electrode exposed{to SRB cells
was found to have become a cathode, as evident from the
reduction of the dye, and metal loss was observed only at
the sterile electrode (the anode). At the time, this was
interpreted as evidence for the Classical mechanism of
cathodic depolarisation. However, further consideration
of results obtained using redox dyes (Costello, 1974) gave
an indication thatAhydrogen uptake was not necessarily a

direct function of SRB activity at the steel surface.
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3.2.3 The Limitations of Evidence for the Classical Theory

Possible difficulties in interpreting the polarisation
behaviour of steel using redox dyes (Booth and Tiller,
1968) were identified in the work of Costello (1974), who
demonstrated that cathodic depolarisation was dependeﬁt
upon the concentration of simple additions of benzyl
viologen in solution (figure 3.4). Moreover, the effect
was shown to be significant using a range of.molarities
(from 0.001mM to 0.5mM) which included the molarity used
(0.073mM) in the work of Booth and Tiller (1968).
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Figure 3.4 ¢ @ Cathodic polarization curves of mild steel in tris buffer

at pH 7.0. containing benzyl viologen at molarities (a) 0.
(b) 107¢,(c) 105,(d) 1074 (e) 2x 10~% and (N 5 x 10-%,

(From Costello, 1974):

In addition, Costello suggested that because hydrogenase
is a reversible enzyme, the dye could also become

oxidised in the presence of SRB cells, and remarked that
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oxidation of the reduced dye was the principle of a
standard hydrogenase assay technique. “Thus it Was
proposed that benzyl viologen could aot'as a mediator'for
transporting hydrogen from the steel surface into the bulk '
solution by becoming reduced at the steelisurface, and
then oxidised (liberating hydrogen, and, thus ‘being

recycled) by SRB cells present within the bulk medium.

In the redox dye impregnated agar experiment mentioned
previously, Iverson (1966) noted that the small currents
generated by the electrochemical cell were not consistent
with the very high equivalent corrosion rates observed in
the field. Booth and Wormwell (1961) also noted this
anomaly, and their results (from wnich the plots shown in
figure 3.2 were derived), indicated rates of metal weight
loss from only 2.1 to 6.6mdd using hydrogenase nositive
SRB. - For comparison, values of metal weight 1oss observed
for steel in industrial service were provided by Costello
(1969), who listed examples ranging from 235mdd for a
buried steel water main and 443mdd for an oil well steel
casing, to up to 855mdd due to the corrosion of ship

plates exposed to SRB contaminated bilge water.

A major anomaly in the experiments of both Booth and

Wormwell (1961) and Booth and Tiller (1962) was that the

most marked cathodic depolarisation, and the highest rates

of metal loss were exhibited by the hydrogenase negative

SRB strain Desulfovibrio salexigens (California 43:63),
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whereas using freshwater organisms, the same workers had
claimed that the corrosion rate rose in',proportion to

hydrogenase activity in sulphate media.

Booth and Tiliér (1960 and 1962) made the further
important observation that although eprsure of steellto
SRB culture resultéd in cathodic depolarisation,the effect
was transitory, and longer term cathodic currents returned
towards preinoculation values(ﬁigure 3.5b beiow). It was
suggested that this transitory depolarisation wés due to
nutrient limitation and a consequent decrease in SRB

activity (Booth and Wormwell, 1961).
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Figure 3.5 desulfuricans (strain El Agheila Z,, a hydrogenase-positive strain), showing v
‘the formation of a protective sulphide film, and cathodic depolarization during
active growth.

(from Booth and Tiller, 1962).

In addition to these possible latter effects, Booth and
Tiller (1962) noticed that following SRB growth,the anodic

reaction often became polarised (figure 3.5a, above). '
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Such anodic polarisation had previously béen described by :
Wanklyn and Spruit (1952), and was associated ﬁith. the
formation of protective sulphide films‘ on the steel
surface. o An interesting aspect of the experiments of
Booth and Tiller (1962), was that the ‘high corrosion
rates obtained using the hydrogenase negative organism,
(mentioned previously) coincided with the developmeﬁt of
an especially non-protective sulphide film cbmpared to the
adherent films laid down in the preseﬁce of organisms
exhibiting high hydrogenase activities. At the time, no
connection was made between protective film formation and
the low corrosion rates obtained, and rather more emphasis
was placed upon the possible effects of reducedv SRB
activity on cathodic polarisation. In order to help
establish the - importance of sustained SRB activity,
further investigations were conducted using c@ntinuous and

semi-continuous cultures.

3.2.4 An Alternative Cathodic Depolarisation Mechanism

In the work of Booth et al (1965), mild steel specimens
were exposed for up to 60 weeks to culpures-of a vatiety
of SRB species, using similar lactate—éulphéte mediabas
before (Booth and Tiller, 1960; Booth and Wormwell, 1961),
but where each day following initial inoculation, one
fifth of the cuiture volume was replaced with fresh

medium. In addition, following each medium replenishmént,‘:



57

any HyS present was sparged out with nitrogen gas. Using
this semi-continuous culture technique, the corrosion rate
(metal weight 1loss) versus time curves obtained were
either linear, or consisted of an initial linear phase,
followed by a phase of accelerated corrosion. It was
noticed that the specimens exhibiting 1inear' corrosion
time curves developed thin, adherent sulphide films, but_
that accelerated corrosion corresponded to film breakdown
over much of the steel surface. 1In cases where film
breakdown had occurred, protective films never became re-
established, and overall corrosion rates were much higher
than those previously obtained in batch SRB cultures by
Booth and Wormwell (1961). Compared to the batch cuiture
work though, there Wae no clear relationship between
hydrogenase acfivity' and corrosion rate. Although »one v
freshwater species exhibiting no hydrogenase activity gave
the lowest corrosion rate, the second higheso metal loss
was obtained using the hydrogenase negative marine‘strain

Desulfovibrio salexigens (California 43:63). The 1latter

strain also gave rise to a non-protective snlphide film
(thus repeating ‘the anomalous result obtained by Booth and
Tiller, 1962; using the same organism). Moreover, the

highest corrosion‘ rates were obtained when: preventing
protective film formation by adding an excess of ferrous
ions over dissolved HyS. Having recognised the varying
degrees of protectiveness afforded by sulphide films using

different SRB strains, it was suggested that the typesvof
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films established depended upon aspects of the metabolism

of the strains of organisms involved.

In order to test any possible metabolic influences of SRB
on corrosion, si@ilar semi—continuous culture experiments
were conducted using a ferrous ion concentration (12.7mM)
sufficient to precipitate as iron sulphide all HyS evolved
- during SRB growth (Booth et al, 1966), thus avoiding the
formation of protective sulphide films. The corrosion rate
versus time curves produced under these conditions were
all linear due to the development of loose unprotective
films, and the corrosion rates obtained were higher than
those obtained in batch culture. However, at this higher
Felt concentration, metal weight losses were almost
constant, irrespective of SRB strain used and the presence
of hydrogenase activity. In addition, while the corrosion
rates obtained were higher than in the minimal iron batch
culture experiments (excess HyS present), they were well
below those obtained in similar minimal iron media using
Semi-continuous cultures. It was suggested that the
reduced corrosion rate was either a consequence of the
.lowered tendency for iron to dissolve at the higher Fe2*
concentration (according to the Nernst equation, section
2.2), or was due to the lack of anodic stimulation by HyS
(shown by Wanklyn and Spruit, 1952). At this stage
though, there was‘no discussion of the possible effects of

iron sulphide on the cathodic reaction.
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Further work with continuous cultures enabled Booth et al
(1967) to observe the effects of sustained SRB growth and
constant removal of dissolved Hy9S (by media replacement or
by reactidn with Fe2* at 7.3mM concentration). After
twelve weeks' exposure, loose (non-protective) corrosion
pfoducts were observed on all specimens, and the corrosion
rates were the highest recorded so far (up to 221mdd,
compared ﬁo a maximum of 50.9mdd in the semi-continuous
cultures of Booth et al, 1965). The rates of metal loss
observed in the field (section 3.2.3) had finally been
reproduced experimentally, and it was thought that these

corrosion rates depended upon sustained SRB activity.

Using media based upon the fumarate medium developed by
Miller and Wakerley (1966), Booth et al (1968) were able
to demonstrate cathodic depolarisation during SRB growth
in the complete absence of sulphide (figure 3.6a).
However, cathodic depolarisation was greater in cultures
containing HyS (using sulphate media), and was most marked
when adding stérile}sulphide to equivalent levels obtained
in SRB cultures (figure 3.6b,overleaf). In addition, the
capacity for iron sulphide to enhance corrosion Waé
greatest when able to accumulate on steel - surfaces,
compared to the lesser effect upon vertically mounted
Specimens. Thus it became clear that iron sulphide was
at least as important as any possible effects of

hydrogenase in the cathodic depolarisation mechanism.
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in 1% NaCl solution (From Booth et al, 1968)

3.2.5 Cathodic Depolarisation by Iron Sulphide Films

King and Miller (1971) were amongst the first ﬁo suggest
that iron sulphide corrosion products (loose of adherent)
could serve as cathodic surfaces for hydrogen evolution
at which SRB-mediated hydfogen uptake could take place.
The same workers had noticed that the.cathodic activity of
sulphide films was only temporary (possibly because of the
~accumulation of adsorbed hydrogeh within the material),
but that this cathodic activity was restored in the

presence of SRB cells.
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The work of King and Miller (1971) was followéd by‘ a
succession of later investigations using combinations of  ‘
different Fe2* concentrations and additions of sterile
sulphide to corroding steel, in order to deduce the
relative roles of SRB and éulphide in cathodic
depolarisation (King and Wakerley, 1973)., Using a sterile
system, the latter workers demonstrated a dependence of
high sustained corrosion rates on the continuous
repleniéhment of irbn suiphide, and also updn the quantity
of sulphide present, thus suppofting the previous theory

that iron sulphide bec;mes polarised with hydrogen unless

somehow regenerated; perhaps by SRB hydrogen uptake.

In further corrosion experiments in SRB culfure, King et
al (1973a) demonstrated a major increase in metal weight
loss followiﬁg_the addition of sulphate (and a consequent
evolution of HyS) to cultures growing in fumarate
~dismutation medium (figure 3.7a). In addition, it was
shown that during SRB growth in sulphate media, a lowering
of the soluble Fe?* concentration resulted in much
reduced corrosion rates (figure 3.7b), and that increases
in corrosion were dependent upon the quantity of iron 8
sulphide produced. No relationship was found betwéen
hydrogenase activity and corrosion rate, and thus it was
concluded that iron sulphide had a greater influence’oh

corrosion than any direct effects of the SRB themselves. .
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Sulphate-reducing bacteria and the effect of changing from an iron

bacteria: effect of changing from a fi

to a sulphate medium with high or low ferrous ion content . .

rich to a minimal-iron medium .

% Strain Teddington R in LFY medium then l‘:igh-iron.sglphalc rJr!cdium
-iron

X Strain Teddington R in iron-rich medium L. ) 3 . i then py p
Strain Teddington R in iron-rich then minimal iron medium (---alternative
Plot, if weight loss at 25 weeks is not aberrant) X

& Strajn Hildenborough in iron-rich then mmgmal-lrun_mcduum

® Sirain Singapore in iron-rich then minimal-iron medium
Sterile medias iron-rich then minimal-iron medium ) .

f Sterile media with added NagS: iron-rich then minimal-iton medium

t Point gy which the medium was changed (2'weeks after beginning of experiment)

O Teddingion R in.LFY
& Sterile LFY medium .
{ Point _at which the medium was chan

experiment)

A common characteristic of corrosion experiments performed
either in batch culture or using miﬁimallirbn media was
that on initial exposure to biogenic H,S, fprimary films 
of the corrosién product mackinawite, FeS(l_x) formed on
the steel surféée. Polarisation and weight loss studies
had demonstratedl previously the protectiveness of such
films (Booth and Tiller, 1960; Booth and Wormwell, 1961),'
but it was not fﬁlly appreciated how, in thé presence of
high Felt concentratidns, such primary films broke down
and transformed into a more corrosive product. In the

Polarisation experiments of Mara and Williams (1972a), it

ged (15 wecks after beginning of



63

was shown that out of a wide range of different iron

sulphides, the most corrosive was the product pyrrhotite,

Fe(l_x)S (figure 3.8).
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It was then suggested that loose, corrosivé films of
pyrrhotite (and the intermediate products greigite and
smythite, (both Fe3S,) resulted from the progtessive:
sulphidation of initially protective films of mackinawite
and siderite (FeCO3), according to the scheme‘presented by

King and Wakerley (1973) shown in figure 3.9 (overleaf).
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From a consideration of crystalline structure in a range
of sulphide compounds, Mara and Williams (1972b)
postulated that the corrosiveness of iron sulphides rose
in proportion.to the number of cationic defects present.
However, in a rigorous study of the effects of Fé2+

concentration on the corrosiveness of iron-éulphides in
SRB culture,  King et al (1976) found that corrosion 
rétes were higher than the latter theory predicted.
Moreover, X-ray diffraction analysis of biogenic sulphides

showed that primary film breakdown accompanied the
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formation of corrosive smythite rather than greigite (as
suggested by Mara and Williams, 1972a), and ‘that greigite

was in fact a constituent of primary sulphide films (which

characteristically formed in minimal iron media,VO.OZSmM),v‘k"

rather than being present exclusiVely in the loose, non-
protective films which formed at higher concentrations of

Fe2* (0.125mM to 1.025mM).

From the various corrosion experiments conducted with iron
sulphides (especially those of King and co—WorkerS), it
can be concluded that in the short term at leéét, sulphide
effects a more significant cathodic depolarisatioh thén
the separate influence of SRB cells. This effect becomes
more marked at increased Fe2?t concentrations presént'
during SRB growth, due to both the physical breakdown of |
primary protective sulphide films, and also vdue to the
chemical transformation of films to more corrosive iron
sulphide products. However, the capacity for sulphides to
act in this way is limited, and the 'Classical' theory may
be valid to the extent that sustained cathodic

depolarisation appears to be dependent upon the presence

of SRB cells.

In this context, several separate or combined roles of SRB
cells can be identified. Firstly, sustained cathodic
depolarisation may be effected by SRB-mediated hydrogen

uptake at the surface of an iron sulphide cathode, rather
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than from the bare steel surface, as suggested by King and
Miller (1971). Alternatively, the rate of corrosion may.v
be related simply to the raterof iron sulphide production
(which in turn is determined by the rate of SRB sulphate

2+ concentration). In addition to

reduction and the Fe
these factors though, it has been shown _that the thsicély
mixing of sulphide corrosion product brings 'fresh' (non-
polarised) sulphide to the cathodic surface of the steel
(King and Wakerley, 1973), and it has been proposed that
the motile ceils themselves may servevto physically turn-
over surface iron sulphide material; either acting ‘'en
masse', or perhaps by transporting sulphide ‘pafticles

which become attached to the surface of bacterial cells

(Miller and King, 1975).
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3.2.6 Recent Evidence for Bacterial Mechanisms of Cathodic

Depolarisation.

The 1980's saw something of a resurgence of interest in
the Classical theory of cathodic depolarisation, which was
largely facilitated by the demonstration and
characterisation of SRB growth on COy and acetate, using

sulphate and hydrogen as sole energy sources (Badziong et
al, 1978) as follows:

GH, + S042°  —>  2H,0 + 20H + H,S

Using the strain Desulfovibrio vulgaris (Marburg),

Badziong and Thauer (1978) demonstréted logarithmic SRB
growth by maintaining a high sparging rate of a gas
mixture containing 80% Hy and 20% COy9, and using defined
media containing either sulphate or thiosulphate as
electron acceptor. By 'training' species to grow with
hydrogen (Badziong and Thauer, 1981; Hardy, 1983), similar
culture systems have been used to grow a wide variety of
SRB species (Badziong and Thauer, 1981; Pankhania, 1988),
and this has provided a convenient means of testing
directly the depolarisation theory according to the

production of HyS and SRB growth.,



68

Hardy (1983) was the first to report the respiration of
SRB using cathodically generated hydrogen as sole energy
source, by demonstrating in the presence of corroding
steel, the reduction of radio-labelled.sulphate (Naz35804)
to 32527, Polarisation scans taken at the same time
indicated that hydrogen utilisation accompanied a small
depolarisation of the cathodic reaction, but that the
metal gradually re-polarised following H9S production (as
observed in the early work of Booth and Tiller, 1960).
Hardy concluded that in view of the small amounts of
hydrogen 1likely to be wutilised during growth, the
depolarising effects of sulphides were likely to be more

significant.

Pankhania et al (1986) attempted to demonstrate cathodic
depolarisation during SRB growth using cathodic hydrogen
as energy source. The degree of cathodic depolarisation
of a single steel specimen expésed to SRB cells
appeared to be greater than that for a further specimen
exposed to sterile sulphide alone. The value of the
sterile sulphide control was however doubtful, in view of
the very similar cathodic activity exhibited by a similar
control electrode in deaerated media but in the absencé of
sulphide or SRB cells. It was notable though, that in the
same workers' results, sulphate depletion vdue to‘
respiration and growth did not commence until the steel

electrode was polarised continuously to =-1400mV (SCE),
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Owing to the implications for hYdrogen embrittlement

(chapter 2), a potential of -1400mV (SCE) could be highly

undesirable for metals in engineering use, and in practice
such a poténtial is unlikely ever to be encountered in the
field, and especially in a natural aqueous (soil or
marine) environment in which high corrosion rates are
common. Despite these possible limitations, the
demonstration of cathodic hydrogen utilisation during SRB
growth has been considered to be of major significance in
the elucidation of anaerobic microbial corrosion

mechanisms (Pankhania, 1988).

In experiments conducted at the free corrosion potential,
Cord-Ruwisch and Widdel (1986) demonstrated that in
lactate-sulphate based medium and in the presence of steel
wool, growth and respirétion of the Marburg strain of

Desulfovibrio vulgaris resulted in the evolution of more

sulphide than was expected from lactate oxidation alone

(equation below).

2CH3-CHOH-CO0™  + S0,2” —> 2CH3-CO0™ + H,S + 2HCO5”
In addition, the overall increase in sulphate reduction
appeared to depend upon the surface area of steel wool
added. The same workers also found that cathodic hydrogen
utilisation occurred only during lactate oxidation, and

that corrosion rates declined as lactate became depleted.

’
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It was not clear however, whether the reduction in
corrosion rates (which were low to begin with, and were
comparable to those obtained by Booth and Wormwell, 1961 -
section 3.2.2), was caused by lactate depletion (and a
lower quantity of Hy9S evolved), or was due to the
formation of a protective sulphide film. Pankhania (1988)
considered that this apparent inability to wutilise
hydrogen after lactate depletion was due to the omission
by the former workers to 'train' their culture to take up
hydrogen as a source of energy. Reference was made to a
previous demonstration (Pankhania et al, 1986) in which
following lactate depletion, further growth of

Desulfovibrio wvulgaris (Hildenborough) was possible by

swifching to acetate and COp as carbon source, and
hydrogen and sulphate as sole energy source, so that
hydrogen served to increase total growth yields (no such
comparison was made using the same organism as that used
by Cord-Ruwisch and Widdel, 1986). However, in contrast to
the findings of Cord-Ruwisch and Widdel (1986), Pankhania
(1988) found no increase in the growth rate, nor in the
rate of respiration; and the failure of hydrogen to act
as a supplementary energy source during growth on lactate
was found to be consistent with the earlier observations
of Khosrovi et al (1971), who grew the same strain of
organism in lactate-sulphate media (but lacking COZ in the
sparge gas), and demonstrated that lactate suppfessed the

oxidation and utilisation of hydrogen as an energy source.



71

3.2.7 Other Mechanisms of Cathodic Depolarisation

Costello (1974) performed a series of polarisation
experiments using mild steel electrodes exposed to washed
cells and cell-free centrifugates from 8 day old batch

cultures of a Desulfovibrio species. Cells present in

cultures exhibiting cathodic depolarisation also possessed 
"a high hydrogenase activity, but after washing and re-
introduction to the steel, the cathodic activity was lost.
It was thus concludéd ﬁhat the mechanism proposed in ﬁhe‘
Classical theory did not operate. Depolarisation ‘waé
observed though when the experiment was repeéted. using
cell—free  centrifugates, "but this effect too was lost,

after purging with nitrogen. From this, it was suggested
that the depolarising species was a gas, and referring to
the work of Bolmer (1965), who studied the polariéation
characteristics of steel in sulphide buffer*ks01Utions,
Costello accdunted for all of his observations (and
cathodic depolariéation by SRB) by the reactioh: | |

H,S + e =—> HS™ + %Hy

In relation to‘this mechanism, Hamilton (1985) suggested
that bacterial hydrogenase activity might stimulate
corrosion indirectly, by promoting sulphate respiration
and the production of HZS‘ However, in compérison with

the polarisation data presented by other workers (for
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instancé, Booth and Tiller, 1962; figure 3.3 in this work)
fhe range of cathodic potentials used to demonstrate
cathodic depolarisation by Costello (1974) was probably
too low to be of much practical significance, as the
effect of cathodic depolarisation was only evident

below a potential of -760mV, NHE (-1001mV, SCE).

3.2.8 The Influence of Corrosive Metabolites

In addition to his various demonstrations of cathodic
depolarisation using redox dyes (section 3.2.2), Iverson
(1968, 1984), and also Iverson and Olson (1984) have
reported evidence for the existence of an extracellular
corrosion product based on phosphorus. The phosphorus
compound is thought to be excreted as a normal byproduct
of SRB metabolism, and in the presence of HyS, becomes
rapidly transformed into a more volatile - phosphorus-
containing substance which may react with a bare steel
surface to give a highly corrosive film of iron phosphide.
The mechanism largely depends upon the direct exposure of
steel to the corrosive compound, and therefore it would be
inactive in cases where a protective film of corrosion
product (for example, iron sulphide) had already become
established. However, since first reporting their so-
called 'Corrosive Metabolite' theory (Iverson, 1968),

neither of the intermediate phosphorus compounds have been
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positively identified. Gas chromatographic analysis has
successfully identified phosphine as a product of
decomposition of the volatile species, and iron phosphide
as the final corrosion product, but the techniques
employed do not appear to have facilitated analysis of the
other phosphorous species (Iverson and Olson, 1984).
Clearly, 'since the formation of the volatile phosphorus
compound depends upon a reaction with dissolved HyS, the
vaiidify of thertheofy coﬁld be tested”in ﬁhe ébéencé of
sulphide,.using an alternative electron aéceptdr, such as
in the fumarate dismutation medium of Miller and Wakerley

(1966).

3.2.9 Anodic Effects of Hydrogen Sulphide

In the polarisation experiments of Booth and Tiller (1960
and 1962; figures 3.1 and 3.5 respectively), it was shown
that cathodic depolarisation corresponded to the formation
of protective sulphide films,‘the composition of which was
later identified asvmackinawite. It is a common feature
of such polarisation exﬁeriments though, that immediately
following initial HyS production and prior to film
formation, the anodic reaction becomes more active, due to
a breakdown Qf oxide films which normally afford the metal
with a degree of protection. The effect has been reported
in terms of changes in corrosion potential towards more

negative (active) values (Wénklyn and Spruit, 1952; Togano



74

et al, 1975), and also in terms of shifts in the anodic
curve Wwhich cause an increase in current density at a
given potential (Booth and Tiller, 1960 and>figure 3.1;
Hoar and Farrer, 1961l). The electrochemical mechanism of
passive film breakdown during the initial exposure of
steel to SRB culture was discussed by Sélvarezza and
Videla (1984), In the absence of protective films though,
and in anaerobic conditions, corroéion is likely to be
under cathodic control, and it is accepﬁed that the
enhancement of corrosion due to SRB activity is mostly a

result of cathodic depolarisation.

3.2.10 Effects of Cell Adhesion and Biofilms.

In considering mechanisms of anaerobic corrosion, it is
becoming increasingly evident that the influences of SRB
actiVity are inextricably linked to the activities of
other groups of organisms which co-exist within microbial
consortia, based for instance ubon the cycling of‘carbon
and energy sources (for insténce sulphur and hydrogen); or
which may be strgctured according to local variations in
redox potential (Hamilton,. 1985). : Such consortia
represent a matufé stage in the formation and dévelopment
of biofilms. The processes of cell adhesion and biofilm
development are not peculiar to the SRB, and a great

variety of bacteria, algae and larger organisms routinely
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colonise metal surfaces in aqueous environments. Indeed,
the microbial corrosion of steel invariably occurs beneath
some kind of biofilm, and therefore the free floating
(planktonic) cell -suspensions _used in experiments
described in the previous sections are in many ways non-=
representative of biological situations which give rise to

corrosion (Costerton and Lashen, 1984).

The process of biofilm development on a wetted surface
broadly takes place in a number of stages (Characklis and
Cooksey, 1983), beginning with the transport of suspended
organic particles and microbial cells to the surface,
followed by a ‘'conditioning' of the wetted surface by
adsorption of organic particles, the adhesion of microbial
cells, and then the commencement of microbial metabolic
activity within the nutrient-containing organic film. Cell
adhesion is commonly accompanied by the production of an
extracellular polymeric substance (EPS), the possible
functions of which appear to be varied, but which include
the binding together of individual cells into a matrix,
which provides the cells with a collective facility for
the absorption of nutrients and a physical means of
resistance to external physical and chemical stresses
(Characklis and Cooksey, 1983). Subsequently, the
metabolically active film may be subjected to a range of
physical and- chemical factors, including changes in

temperature, oxygen tension, nutrient availability, and
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also mechanical stresses (which may for instance be
exerted by the flow of liquid near to the film surface),
all of which may cause the periodic detachment (sloughing)
of biofilm, resulting for instance, in the exposure of a

region of bare metal.

In view of the latter background, a number of significant
influences on anaerobic corrosion become apparent, which
might ndt be appreciated if conSidering experimental
systems employing SRB cell suspensions. Although most
field situations in which steel is used are not anaerobic,
SRB growth and respiration may be possible due to the
depletion of oxygen during aerobic microbial metabolism
within a biofilm. Infact low redox potentials which may
facilitate SRB respiration can become established within a
bacterial film thickness of only 12 microns (Costerton and
Geesey, 1979). Furthermore, heterotrophié aerobic growth
provides the SRB with a ready supply of the cocktail of
simple carbon and energy sources on which they thrive,
such as acetate and C0Oy, hydrogen, lactate, pyruvate and
propionate. In view of these factors, the development of
visibly thick biofilms is clearly not a prerequisite for

SRB growth'to become established.
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' The combination of this apparent facility for SRB
activity within biofilms, and the patchiness of surface
growth provides a regime well-suited fo:ia mechanism of
localised anaerobic corrosion, due to -the fofmation of
galvanic couples between anodic areas of bnre metal and
adjacent areas on which sulphide films develop and act,as
cathodes. Moreover, White et al (1986) and aléo Gilbert
et al (1987) each reportéd an enhancement ofrcorrosion’in
the presence of fouling organisms due to an irregular
distribution of biofilm and EPS, rather$than due to the
specific nature of the opganisms themselves.  In addition
to the possible role of EPS vin creating“differential
concentration cells, it has been suggested that due to its
electrical condnctivity, the EPS may serve os a sink for
free electrons:generated during corrosion (Characklis and

Cooksey, 1983).

While the relationship between cell adhesion, EPS and
microbial corrooion is currently of much interest, there
appear to have been few attempts to demonstrate cleérly
how the influence of dissolved Hy9S on steel might differ
from identical bulk COncentrations and sources oftHZS, but
in the complete absence ofbcells. The simple npplication
of dialysis membtanes ~would appear to satisfy ‘these 
conditions, acting as an inert, yet permeable screen‘from
molecules above a certain fixed size (for instancé, with a

mass 'cut-off' at 20 000 daltons). Gaylarde and Johnston
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(1980 and 1982) sought to achieve this using mild steel
coupons sequestered within visking tubing membranes, which

when immersed in active cultures of Desulfovibrio vulgaris

suffered a small but significant feduction in weight loss;
compared to specimens exposed to SRB cells. Using mixed

cultures containing Desulfovibrio speciesj and Vibrio

alginolyticus or Vibrio anguillarum, metal weight losses

were found to be significantly greater than in pﬁre SRB
culture (Gaylarde and Johnston, 1982; Gaylarde and Videla,
1987). Moreovér, the latter workers demonstrated the
marked pitting of steel beneath discrete coldnies of the
Vibrio organism,‘which became enhanced in the presence of
SRB. However, no such pits formed in ~the pure SRB
cultures, and instead a protective sulphide films became

established over the steel sﬁrface, suggesting that

initially at least, pure SRB cultures had é protective
effect. While performing corrosion tests on steel, in view
of the;possible synergistic influence of the two types of
organism, there may be much to be. géined byb adopting
routinely a test regime using mixed, as well as pure

cultures.



4.  EXPERTMENTAL APPARATUS
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4.1 INTRODUCTION

For the study of hydrogen absorption by steel in SRB

‘culture, the need to achieve both sterility éndv
anaerobiosis serves as a major practical conétraint on the
types of simple and éost efficient apparatus designs
available. Important considerations include the additional
facilities required for the measurement and control of
culture redox potential and pH, as well‘as . the specimen
corrosion potential. Also required are\facilities for
intermittent culture sampling, and a means of delivering
culture media and Vinocula -aseptically, However, as a
minimum specification for hydrogen permeation'measurement;
the containment vessel need only provide for the entry of
media and inoculum, and accommodate a steel membrane
attached to a hydrogen detector. In practice the mosﬁ
convenient, adaptable and cost effective ﬁaterial is
glass, which can fulfil the criteria of air,tightness,‘
tolerance to high temperatures during sterilisa;ion and
resistance to thé effects of hydrogen sulphide, iUsing an
open-ended apparatus, a steel membrane can be fastened orv» 
clamped to provide a flatvsurface for the develoﬁment and

interaction of SRB and corrosion product films (fig 4.1).
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//////- SRB Culture
Steel Membrane

|

Ni/NiO Cathode

| __— NaOH Solution

Figure 4.1 Scheme for the measurement of hydrogen
permeation -through steel exposed to SRB culture

The following sections describe in detail the principal
apparatus used (hereaftervreferred to as 'bioreactors')
for the containment of SRB cultures during the analysisbbf
microbially corroding steel membranes. Descriptions also
include the various electrodes and monitoring devices
attached to bioreactors. Any apparatﬁs associated with
separate techﬁiques, and which does not form an integral
part of bioreactor design, are explained in the separate
"Experimental Methods' section (chapter 5).- The suppliers
and manufacturérs of matgrials and equipment uséd are

listed in Appendix 1.
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4.2 BIOREACTOR ﬁESIGN

4.,2.1 Single Chamber Bioreactor>Apparatus

In microbial cofrosion»studies utilising freshwater SRB,
cultures were contained within improvised; commefcially
available laboratory glassware adaptor components ('Quick
Fit QVF Systems' [hereafterbreferred to aS'}QuickFit‘],
and 'Corning Process Systems', Corning Ltd). The first of
two experimentslusing stagnant SRB cultures’employed the

simple apparatus shown in figure 4.2 below.

—ﬂ#ﬂ__________.,-'Glass stopper

ﬂ - SRB Chamber

Epoxy Resin Seal

Wl

etector Chamber

Steel Spec1men

/'/

@S | § $ 1‘“‘\'Ni/NiO »Electrod’ev

Figure 4.2 Simple hydrogen permeation apparatus for
use with unwashed SRB cultures.
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A hydrogen detector assembly comprising steel and nickel
electrodes and a polypropylene cylinder (25mm bore) was
clamped together with an improvised pipeline coupling
(Corning Process Sjstems) insulated with butyl rubber, and
fastened with steel studding. The steel sheet and SRB
chamber were fastened tdgether with epoxy resin (Araldite
'Rapid', Ciba Geigy), and then sodium hydroxide solution
(0.2N) was delivered by syringerthrough a 1mm hole in the

plastic cylinder. Once full, the hole was heat-sealed.

Further studies with freshwater SRB employed a second,
larger apparatus design (figure 4.3, and plate 4.1),
comprising improvised pipeline adaptor and spacer units
(Corning Process Systems), each with ground glass end
faces, and providing a total culture volume of 75ml.
Sealing rings between glass and metal were cut from either
butyl rubber (2mm thick, Corning Ltd) or PTFE sheet
(0.4mm thick, Norton Performance Plastics), with a void
internal area of approximately 15cm2. Sodium hydroxide
was delivered by syringe through a 1mm diameter hole in
the nickel plate, which when full wés given an epoxy resin
seal (Araldite 'Rapid' adhesive). Inoculated culture media
were delivered under nitrogen (OFN), using a double-vented
conical flask with one 1long glass delivery tube.
Autoclavable plastic air vents (Gelman Ltd) were used

throughout. All gases and media were delivered through

6.5mm bore, 1.5mm thick butyl rubber ('neoprene') tubing.
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Z///INOCULATING PORT

GLASS CONTAINMENT

—— SRB . CULTURE

%» COUPLING

| _| — SAMPLE

Ni/NiO CATHODE

Figure 4.3 - Revised single chamber bioreactor design
used for hydrogen permeation studies with freshwater SRB

(also refer to plate 4.1)



Plate 4.1 Revised single chamber bioreactor apparatus
connected to hydrogen permeation detector unit
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4.2.2 Double Chamber Bioreactor Apparatus

Corrosion studies involving cultures of the marine SRB

Desulfovibrio desulfuricans (Norway-4) were conducted

using a double chamber bioreactor, designed specially by
the author, and constructed by Wesley Coe [Wingents],

Cambridge (figure 4.4 and plate 4.2). This incorporated a

variety of commercially available glass laboratory
'Quickfit' apparatus, welded onto sections of worked
glass tubing. The apparatus was constructed in four

sections, comprising two culture chambers and two hydrogen
detectors, each in annealed borosilicate glass.. The
main culture chambers were shaped and adapted to include
a gas head space chambér of approximately 50ml capacity
and a recessed flat bed for magnetic stirring. Ad jacent
sections were coupled together by adjustable wire
clips and ground glass flange joints lined with neoprene
rubber washers (0.5mm thick x 95.25mm o.d. x 82.5mm i.d.,
S.J. Gaskets Ltd, Alcester), glued on with silicone
sealant (Dow Corning Ltd), such that they became exactly
opposed when coupled together.  Conical ground glass and
screw-threaded joints provided a similar range of
facilities in each pair of chambers. Ports for the
delivery of hydrogen detector electrolyte, culturet
media and inocula, consisted of dreschel bottle head
units. Electrode or salt bridge ports were provided

by cone jointed screw-cap units, with internal bores of



Figure 4.4 Section, side elevation and plan of double
chamber bioreactor apparatus drawn to 1/3 scale, showing
the arrangement of flange joints, the recessed housings
for magnetic stirring, separate gas head space chambers,
centrally oppdsed SRB culture/test medium chambers,

end-to-end hydrogen detector chambers, and the‘screw—cap

and ground glass cone type joints.
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Plate 4.2 Double chamber bioreactor apparatus
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6mm, 8mm and 1lmm. Liquid and gas sampling facilities-’~
were provided by separate screw-capped porfs, each.5 
incorporating a péir of three-layer ~sandwich septa
(Hamilton Septa,  Greyhound Chromatbgraphy ‘Ltd). The
remaining screw caps were fitted with flexible silicone

brubber inserts and PTFE washers.

4.2.3 Polarisation Cell Apparatus

Studies of the polarisation behaviour of cathodically

protected steel employed a spherical, six-limb 'Quickfit'

reaction vessel of 1 1litre capacity (Figure 4.5). The

three central -ports were occupied by a rotatéble 1uggin

capillary probe, a platinum spade electrode and a combined
vent/inoculation port (shown in figure as ‘'R', 'A' and
'Inoc' respectively). Each of the four remaining ports
were occupied by mild steel working electrodes attached to
insulated stéel studding, and encésed in giass 'tubing
(section 4.3.6, "Test specimen support"). Two of the
four steei electrodeé were also encased in a sleeve Qf

dialysing tubing (‘Cuprophan'btubular membrane, Medicell
Intefnational Ltd). All six eiectrodes were loéated and
supported by = 'QuickFit' cone/screw-thread receiver
adapters, each containing flekible silicone rubber inserfs'

and PTFE washers with an internal diameter of 8mm.



Figure 4.5 "Polarisation cell apparatus, showing the
relative positions of mild steel working electrodes with
and without visking tubing sleeve (W1, W2 & W3, W4 resp),
reference electrode and rotatable 'luggin capillary tube
(r), platinum ‘auxiliary electrode (A) and a combined
vent/inoculation port (Inoc). ' '
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4.3 ACCESSORY BIOREACTOR APPARATUS

4.3.1 Hydrogen Permeation Detector

The diffusion of cathodic hydrogen thrqugh;steellmémbranés
was measured in terms of the rate of hydrégen 'oxidétidn
at the exitvsﬂrface, and its subsequent reduction at a 4
cathode of anodised nickel. The hydfégen perméation
current thus generated was meésured using an instrument
essentially comprising  a sensitive digital ammefer,‘>

placed in series with a constant voltage DC supply (plate

4.1).

When in use, a potential of +150mV was épplied: to the
steel specimen with respect to the nickel cathodé, using a
9 volt DC supply (battery). Two later versions of the
instrument employed a stepped-down mains suﬁply'(sinclair
'ZX', 9V adaptdr, Sinclair Corporation), and incorporated
a buffer amplifier, giving an output voltage cqrresponding
to the hydrogen permeation current measured. Thrée curfent
detection ranges were normally uSed; from 0 to 2.000pA, 0

to 20.00pA and O to 200.0pA; each range giviﬁg a maximum
output vbltage of 2.0V, (In>practice, a chart recorder
sensitivity of 1.0V  full scale deflection fequiréd the
selection of successive current detection raﬁgeS»beyond

current values of 1.000pA, 10.00pA and IO0.0pA,» accordiné's
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to the range in use.)  Hydrogen ﬁerméation studies using
single and double ‘chamber ' bioreactors .(sectibh 4.2)
correspondingly employed single and ddublé'éhannel_chart
recorders ('Euroscribe', Gallénkamp Ltd & CﬁAOO Recdrder;
J.J. Instruments respectively). Data'wefe also acquired -

manually (section 5.3.1).

Hydrogen detector cathodes were prepafed‘from:nickel sheet :
(Commercial '200 Grade', 99.6% Ni, 1.5mm thick), kwith‘a ,
surface area approximétely 1/5 the area of steel to Bé
used in the bioreactor. The required.siie'of nickel‘
sheet was sawn off, filed, abraded to a uniform finish
(silicon carbide grade 600 paper), and soniéally'cleahed
in acetone. Nickel electrodes were anodised in a solution
of 10% sulphuricr acid, using a potentiostatically
controlled currént and variable load oufput powér supply
circuit (Greene, Moebus & Baldwin, 1973). 'An anodising
currént of 15mA/cm2 Waé applied for 30 minuteSu('Ministat’
Precision Potentioétat, Thompson Electrochem Ltd), having
first cleaned the metél by cathodic chéfging for 1
minute. AnodiSétion was jﬁdged to be successful éfter the

development of a rough but uniform maﬁt grey surface.' For'

use with the double-chamber bioreactor (section 4.2.2),n

anodised nickel électrodes were assembled ‘aé shown in
figure 4.6, ﬁhereas single chamber bioreactors employed
simple sheets of the anodised. metal clamped ontov the

hydrogen detector assembly.
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Figure 4.6 Hydrogen detector electrode.

4.3.2 Reference and auxiliary electrodes

Glass calomel reference electrodes (1llmm diameter, Russel
pPH Ltd) were held in specially adapted 'Quickfit'
components (figure 4.7, overleaf). The electrode reservoir
was filled by drawing up culture media through a 'luggin'
capillary tube using a rubber pipette filler. In the’later
experiments employing cathodically charged steel specimens
(section 5.4), the reservoir was filled with saturated
potassium chloride solution (285g/l1l), and 1luggin probes
contained potassium chloride impregnated acrylamide gel,
prepared as follows: Using a dreschel bottie (250m1

capacity) and nitrogen gas (OFN), a mixture of acrylamide
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: Reference electrode
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\ Glass electrode holder

l Angled luggin probe extension

Figure 4.7 Reference electrode housing énd luggin probe
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(48m1 of 30% solution, Sigma corporation), bisacrylamide
(2ml1 of 2% solution, Sigma), distilled water (10m1) and
potassium chloride (14 g) was dissolved and deaerated for
30 minuteé at 30 C. Freshly prepared ammonium persulphate
(0.2m1 of 10% solution) ahd tetramethylethylene diamine
catalyst (20pl, Sigma) were added to and mixed with the
deaerated solution. With a glass and silicone rubber
extension tube attached, the luggin probe was filled with
acrylamide solution, and then clamped off and left ‘to
harden for 1 hour. The hardened gel was trimmed until just

protruding from the pointed end of the luggin probe.

Similar gel-filled glass salt bridges were prepared for
use with platinum auxiliary electrodes, except that these
employed wider bore tubing (4mm internal diameter each
end), and incorporated a flexible <central portion
(silicone rubber tubing), enabling the bridge to be
immersed downwards into a bottle of saturated potaséium
chloride solution, together with the platihum electrode.
Luggin capillary.probes and salt bridge tubes were formed

by hand, from 6mm diameter soda glass (Gallenkamp).

4.3.3 Stirrers

Experimental cultures and culture media were magnetically
stirred throughout (Toyo Kaguku Mini Stirrer, Model MS16B,

supplied by ChemLab Instruments Ltd), using non-vortexing
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PTFE encased, circular magnetic followers (45mm thick,
Gallenkamp Ltd). An insulating layer of expanded
polystyrene (l.5cm thick) was applied to the stirring

surface, which otherwise tended to heat wup. The most
reliable stirring performance was found when adjusting for

the slowest possible rate of rotation.

4.3.4 Tubing and inoculating ports

Culture media and inocula were delivered through neoprene
tubing (6mm or 8mm internal diameter, and 1.5mm or 2mm
thick, Gallenkamp). Single chamber bioreactor studies
(section 4.2.1) employed a stainless steel tubing and
rubber bung arrangement (Figure 4.8). Sterile culture
media were introduced into the dbuble chamber bioreactor
by a pair of 'QuickFit' dreschel bottle components (ground
glass cone fitting size 24mm to 29mm, plate 4.2), and
inoculation was performed through rubber septa, using a
50ml syringe. For both sets of apparatus, in order to
prevent the wetting of air vents during autoclaving, the
neoprene tubing was sealed off by screw clamps. However,
to avoid any heat-sealing effects of autoclaving on the
clamped tubing, lengths of lightly-greased silicone rubber
tubing (20mm x 6mm o.d.) were inserted at clamping points

along the neoprene tubing (Figure 4.8, overleaf).
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Figure 4.8 - Single chamber bioreactor inoculating ports
and bacterial air vent clamping arrangement

4.3.5 Test Material Specification

Bioreactor studies using freshwater SRB employéd 1.5mm thick
mild steel sheet (0.03% Carbon) and shim steel foils with
thicknesses of 0.125mm and 0.100mm (0.07% Carbon). Carbon
contents were determined accurately by N.E.I. International
Combustion Ltd, Derby, using the 'Leco' process; Specimens
used in double chamber bioreactor studies were all of 50pm
thick (+/- 5pm) 'CS4 Grade Coil' steel, supplied by Knight
Strip Metals Ltd, Potters Bar, and containing up to 0.12%

carbon, 0.50% manganese, 0.05% phosphorus and 0.05% sulphur.

It was recognised that for a full comparison between
hydrogen permeation results obtained under different
experimental conditions, test materials with identical
composition, microstructure and dimensions would be
required. Furthermore, in ‘'ideal' circumstances, the

materials employed would have reflected those wused in
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industry, such as 50-D steel. However, for specimens of only
around 50um thick, the practical difficulties of attaining.a
fine tolerance of metal thickness precluded the use of such
materials. Therefore for the majority of hydrogen
permeatién tests conducted (Runs J to 0), rather than using
a constructional steel, a single coil of shim steel served
as a useful source of material exhibiting both a uniform
composition énd thickness. In the results obtained using
this matérial, an allowance was made for the influences of a
possible 10% variation in specimen thickness, and the
possible irregular abundance and distribution of factors

such as hydrogen trapping sites within the metal.

The preliminary single chamber bioreactor experiments
conductgd with shim steel (Runs C to I) were subject to the
same limitations as described above, but with the additional
variable of a varying specimen thiékness (0.075-0.125mm).
In these céses, comparisons were made between the nature and
scale of hydrogen permeation results obtained, rather than
between absolute values. Similarly, for preliminary
experiments using mild steel sheet (Runs A and B), the

nature of results obtained was of most significance.

Polarisation studies in SRB culture employed machiQed
cylinders of mild steel measuring approximately 10mm long by
Smm diameter, and each with a central screw thread at one
end, machined to accept 8 'BA' steel studding. Although the

weight loss measurements conducted with the mild steel



98
4.3.6 Test specimen support

Flat platesb or foils .ofv steel Weré ‘Suppprted between
ground glass flange or coupling joints,(seétion 4.2); For |
polarisation experiments though, steel CylinderS‘ were
attached to steel studding, the latter{ of which was

insulated and jacketed With‘Smm internal diameter glass

tubing (figure 4.9) wusing a combination of b'Lacomitf_v

sealing compound (Jencons Ltd), PTFE tape and silicone o

sealant (Dow Corning Ltd).
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Figure 4.9 Polarisation test specimen arrangement
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5.1 INTRODUCTION

~While the strictly anaerobic habit of vSRB places a
constraint on the types of apparatus suitable forw
corrosion experimentation using pure, active cultures, the.
consequence of sulphate reduction to hydrogén Sulphide can
serve as an aid to the researcher. By the production of
HyS, SRB activity places a limit on the grOWth of other
contaminant species present. An additional asset is
afforded by the tolerance of SRB to aeration, and their
continued viablility following dormancy in oxidised media.
In practice, these factors can help to ensore the growth
and development of pure and active SRB culture, provided
that culture'bﬁedia remain sterile and are poised at a
suitable redox potential prior to inoculation. It is for
these reasons that the following deScriptloné of SRB
handling techniques inolude little reference-to the more
sophisticated or time-consuming procedures = described

elsewhere (Hungate, 1969).

The overall investigation (Chapter 6) was conducted by a
series of SRB Bioreactor experiments, which in addition to
measuring hydrogen absorption, involved the Simultanéousl
monitoring and analysis of the range ofl,physical and
biological " parameters desoribed below. .The. detailed:‘
specifications for instruméntation Specificélly associatéd‘.;

with bioreactor apparatus are given in Chapter 4.
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5.2 MEDIA AND CULTIVATION

5.2.1 Culture Origins

Two SRB species were used. Hydrogen permeation studies
conducted with a single chamber bioreactor (section 4.2.1)

employed the freshwater organism Desulfovibrio vulgaris

(Woolwich), obtained in Postgate's Medium 'B' (Postgate,‘
1984) from Department of Biological Sciencés, City of
London Polytechnic, Londoh on 3 May 1985. ‘ Studies of
hydrogen permeation using a double chamber bioreactor

(section 4.2.2) and polarisation éxperiments (section

4.2.5) emplo&ed the marine organism Desulfovibrio

desulfuricans (Norway-4), obtained in freeze-dried form

(Catalogue No. 8310, National Collections of Industrial

and Marine Bacteria Ltd).

5.2.2 Preparation of Culture Media

Stocks of SRB cells to remain viable for at least 6 mOnthsr
were maintained in Postgate's Medium 'B' (Péstgate 1984;
hereafter referred to as 'PMB', Appendix 2) at 30 C, with
the additionkof;25g/1 NaCl for marine SRB cultﬁres. The
ascorbic acid, thioglycollic acid and yeast gxtraét'were'

added 1last before'finally adjusting to pH 8.0 (éonc NaOH), f
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The stirred, precipitated mixture was dispensed carefully
to approximately 1l.5cm from the top of 20ml screw-capped
bottles with butyl rubber inserts (Gallenkamp Ltd;
hereafter referred to as 'culture bottles')., After steam
sterilisation (121 C/15 minutes), the lids were tightened
up, and after cooling to around 30 C, the pH of a single
bottle wés checked. If above pH 7.8, the whole batch was
discarded and a further one prepared. (In practice this
was found to be unnecessary, and the fall in pH during
sterilisation due to the dissociation of 1lactic acid
dimers could be offset by an initial media adjustment to
pH 8.0, giving a final value of pH 7.5 (+/- 0.2) after
cooling to 30 C). The greétest degree of successvin using
PMB was found when minimising the preparation time after
adding the reducing agents, and by taking care to ensure a
homogenous distribution of the precipitate while

dispensing into culture bottles.

For use in bioreactor experiments, SRB were routinely
cultivated in Postgate's Medium 'C' (Postgate; 1984;
hereafter referred to as 'PMC', Appendix 2), with the
addition of 25g/1 NaCl for cultures of the marine
organism, The sodium tricitrate and yeast extract were
added last, before adjusting the complete medium to pH
8.0. Culture bottles were filled, sterilised and then

handled in a similar way as described above.
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Viable counts were made using test-tubes or plates of
Postgate's Medium 'E' (Postgate, 1984; hereafter referred
to as 'PME', Appendix 2), prepared as for PMB, except that
before adding the reducing agents and yeast extract, the
mixture was made wup in 500ml distilled water at
approximately 50 C. Melted agar (15g/500ml distilled
water, steamed at 100 C/5 minutes) and distilled water
were added to the stirred mixture, to give a total volume
of 1 litre. The remaining components, including 25g/1 NaCi
for marine SRB, were added and the pH adjusted as above
(while compensating for the increased temperature). This
method was found to' be both more convenient and more
successful at supporting SRB growth than the boiling

method suggested elsewhere (Postgate, 1984),

Aerobic purity checks were performed on agar plates
containing 10g/1 glucose, 10g/l peptone and 15g/1 agar in
distilled water (25g/1 NaCl, marine strains). Anaerobe
purity was checked using the same media, but dispensed
into 20ml test tubes, and containing 0.5g/1 FeS0,.7H90 for

the indication of anaerobiosis by black SRB colony growth.

Chemical supplies used in the above media were as follows:
D/L Sodium Lactate (60% Na Salt) and D Glucose, Sigma
Chemical Company Ltd; MgS0y.7H90, FeS04.7H50, NH,C1,
MgCly.6H90, KHoPO, Sodium‘Tricitréte and L Ascorbic Acid

(all 'AnalR' grade), British Drug Houses Ltd; CaClg.2H50
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('AnalRr'), Eaét‘Anglia Chemicals Ltd; Sodium Tetrathionate .
(Mercaptoacetic Acid, 95% Na salt) and CaS0, ('AnalR'),
Aldrich Chemical Co.; Agar No.2, Balanéed Peptone No.l and

powdered Yeast Extract, Lab M.

5.2.3 Routine Cultivation

Each of the two newly-acquired organisms were subcultured
into 20ml bottles of freshly prepared PMB. With great
care and using a pasteur pipette, the freeze-dried cells-

of Desulfovibrio desulfuricans (Norway-4) contained in the

ampoule were reéuspended in PMB, and then slowly deposited
as approximatély 1/3 aliquots within the precipitate layer :
of each of three PMB culture bottles. Subcultures of

Desulfovibrio vulgaris (Woolwich) were prepared in a

similar way, éfter resuspending culture and precipitate

by gentle swirling, and delivering lml‘aliqﬁbts by pasteur
pipette into fresh PMB medium. Following incubation (30 C
for 4 days), stocks of at least ten 20ml subcultures of

each organism were prepared in PMB.

For wuse in bioreactor experiments, cuitures were'
maintained in PMC medium. Inocula of 1lml were delivered
gently beneath the media surfacé, and caps were,tightehed
straight away prior to incubation at‘ 30 C.  Further

subcultures were made, typically between 3-4 days of
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inoculation, by which time cultures had become highly
turbid, and dark olive green in colour. From older
cultures, inocula contained a small proportion of the
mucilaginous growth which by that time had agglomerated
into a single body. (Despite repeated attempts, neither:
species would grow as successfully while shaken,

irrespective of vessel volume, shake amplitude/frequency).

In view of the only temporary effectiveness of the redox
poising agents used, successful subculture depended at
least partly upon using freshly prepared media. However,
when prepared as above and stored in tightly sealed
bottles as described, then PMB and PMC media of up to 4
weeks old were sbmetimes used. The success of subcultufe
into older media was improved considerably by increasing
the size of inoculum (up to 3ml), or by the addition of a
flamed (Isopropyl alcohol) and heated 1 inch steel nail to
the sterile media prior to inoculation‘A(in most cases,
rapid growth resulted once a visible build up of growth

had developed along the length of the nail).

5.2.4 Inoculum.Preparation and Inoculation

In the experiment conducted using the simple bioreactor
shown in figure 4.2, a crude unwashed SRB culture was

poured aseptically straight into the bioreactor chamber,
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and filled to a level just below the base of the stoppér

when replaced. In the second such experiment, unﬁashéd
cells were transferred under OFN, using the inoculation
port arrangement shown in figure 4.3. Fﬁrther experiments
employed inocula consisting of washed SRB célls in freshly-i
prepared PMC-medium, prepared thus.v Apprdximately three

day old cultures were washed by centrifugatioh at 4000 x .

g/lomins, and ‘resuspension in Sterile,phosphate buffer
at pH 7.5. Phosphate buffer was addédvto.the pellet by
gentle pouring (other, more sophisticatéd methodé of
transferring éolutions, for example duringﬁventing with
sterile nitrogen to avoid aeration of the cells, were
found to be unnecessary), and culture bottles were filied
to within 5mm of the top prior to resuspensionkvby>
'Vibromixer'. After the third pellet stagé, cells were

resuspended in freshly prepared PMC medium.

In single chamber bioreactor expériments employing washed
SRB cultures (Rﬁns C,D & E), resuspended cells were poured

aseptically into an OFN—vehted conical flask containing
fresh PMC medium; After gently mixing the Washéd cells and
culture media, ﬁhe bioreactor was inoculated'immediately,

using the tubing arrangement shown in figure 4.3.

Washed cells (using saline phosphate buffer, pH 7.5 and ‘
2.5%ZNaCl) in double chamber bioreactor experiments weré

delivered by 50ml syringe; through rubber sandwich septa.'
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5.2.5 SRB Purity Checks

Rbutine cultures used in Dbioreactor experiments were
streaked onto three glucose/peptone agar plates (section
5.2.3) and incubated aerobically at 30 C, checking daily
for contaminant growth. Anaerobe purity was checked using
plugged (cotton wool) 20ml test tubes containing molten
glucose, peptone and iron agar (section 5.2.2). A separate
wire loopful of the test culture was dippéd into each of .
three such tubes, and was mixed by handrrolling. After
solidifying in cold water, the agar tubes were incubated

at 30 C and checked daily for contaminant growth.

5.2.6 SRB Enumeration

Using stock solutions containing 31.2g/1 NaHy PO, . 2H,50 and
71.7g/1 NayHPO,.12H,0 in distilled water (13 volumes to
each 87 volumes respectively), serial dilutions of the
test culture were prepared in freshly sterilised (121 C/15
minutes) phosphate buffer at pH 7.5 and 30 C, with a
maximum SRB culture dilution factor of 1077, In 1ml
aliquots, the serial dilutions were added to separate
culture bottles, filled to about lcm from the top with
freshly prepared molten PME medium (section 2.1.2), held
at 40 C. The capped bottles were inverted and rolléd

twice, and the contents poured immediately into sterile
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plastic 100mm diametér ﬁetri dishes (Stefilin.Ltd). One
such plate was ‘prepared for sample dilutions 101 to 10—4>
cells/ml, and three duplicéte plates fOr‘dilutions of-10;5
to 1077 cells/ml. Immediately after»pdﬁriﬁg, plates wéfé/
stacked into a GasPak‘lSO “anaerobic jar (BﬁL Microbiology
Systems), having previously »addéd~ fresh palladium_>
catalyst, gaé generating envelopes and two rédox indicator
strips. Having activated the three .gés genératingr
envelopes (10ml water by syringe),_the jér Wés' incubated‘
at 30 C, and from the outside, plétes ﬁere inSpeCted forf
the appearance of black colonies. Once visible, colonies
were counted for the threé ‘similar dilﬁtién plates

containing between 10 and 100 colonies.

Total SRB cell counts (per ml) were performéd using eithér
a Thoma Cell (grid volume, 5 x 10'5mm3; multiﬁlicatioﬁ -'
factor, 2 x 107), or a conventional counting chamber
(volume of 2.5 x 10™3mm3; multiplication.factdr, 4 x}106),
depending upon the épproximate cell density.. Prior tb'
use, the cell ‘énd special cover slip lﬁere: soaked in-
alcohol (95% ethanol), and dried in aif. When usihg:fﬁe
Thoma cell, a single drop of bioreactor’samplé,obtaihéd byk
syringe, was placed on the Thoma cell gﬁid;'and_the
cover slip was applied by préssing firmly éround the

gridded area wusing a paper tbwel, Average counts were

deduced from ten diagonal grid squares, 'and';‘frdm tﬁo _f7

separate samples, washingkand drying the cell in between.
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5.3 ROUTINE ANALYSIS AND MEASUREMENT

5.3.1 Specimen Analysis

Steel specimens were examined immediately éfter feﬁdvéi
from bioreaétor apparatus, before and after washing and
sonic cleaning, noting the distributioﬁ of microbial
growth and any areas of bare métal. Cleahed and dried
steel surfaces were examined visually for pitting, and for
the first of thg hydrogen permeation experiﬁenté emploYing
mild steel sheet, pit profiles were measured from three
traverses of a 'Tallysurf' probe. Metal Weight losses were

otherwise obtained by weighing to the nearest 0.1 mg.

5.3.2 Hydrogen Permeation Measurement

Total hydrogen permeation current was read off manﬁally of> 
by chart recorder. In general, manual readings were takénk
every onevto three hours for up to two thirds of each day
(but with a reduced frequency at night), and where
possible, two-hourly values were read off from the traces
obtained by chart recorder. ’A higher recotding‘frequency
was maintained just prior to, and for up to 2 hoﬁrs éftér"
the introduction of media and inocula, and also aftefr

setting a new specimen potential (experiments involving B
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cathodically charged foils). Details ' regarding the  '

operation and design of apparatus for the measurement of

hydrogen permeation are given in Chapter 4.:

The equilibrium hydrogen permeation'current'density; Joo
(pA/cmz) was. represented by the peak current density
attained, and the concentration of hydrogEnbpresent within
the steel surface, Co (mol H/cm3) was calculated thus:

Co = J.,L/FD

where F is the Faraday constant (96480 C/mol), L is‘the o

specimen thickness (cm) and D is the apparent diffusion_l:’ '

coefficient of the steel material (6.3 x 1077 cﬁz/sec);v

5.3.3 Determination of Percentage Diffused Hydrogén

The mass of hydrogen (Hdiff) which was discharged prior to
diffusion through steel (in grammes, and equivalent to
mols atomic H) was determined by integrating hydrogen

permeation transients, so that:
Hdiff = C/F

where C is the total charge (coulombs), and Fvis'Féradayfs

constant (96480 C/mol). The mass of diffused'ﬁydrogen vas
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then expréssed as a percentage of the total mass of"

hydrogen discharged during corfosion. The mass ratio of

iron oxidised to hydrogen reduced is indicated by:

Fe + 20 — Fe2* + 2m

56g o= | - 2g

and therefore the mass of total discharged hydrogen, Htot

is deduced from the metal weight loss, WL as follows:
Htot = WL x 2/56

The percentage of total discharged hydrogenlwhich‘diffused

through the metal, 7ZHdiff is then given by:

ZHdiff

Hdiff/Htot x 100

5.3.4 Hydrogen Sulphide Determination

Sulphide present in bidreactor gas samples Wasvanaiysed by
gas chromatography anq flame photometry (Pye Unicam PU4500
Chromatograph). Gas flow rates were set by bubble
flowmeter at 30ml/min for each of the cafrier gas (Oxygenk

Free Nitrogen, min 99.995%, hereafter referred to as

'OFN'), Hydrogen (min 99.9%) and Air (dry/filtered),'all,u,

supplied by Special Gases, British Oxygeh’Corporation Ltd.
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Injector, column and detector temperatures were set at 60 °

C, 60 C and 140 C reSpectively.'

Gas samples were transferred using luer—tipped gas—tight 
syringes (Greyhound»1700 series, iml), The semple Volumeée
required were determined by the magnitﬁde'ldf previous
chromatograph peakvheights, and syringes‘wereiflushed out

twice, prior to the analysis of a third sample volume.

The instrument was calibrated using a hydrogen Sulphidee
'Primary Gas S;endardf (Spex Industries Ine; as'supplied
by Varian Chromatography, USA), produced .by an
irreversible heat-induced chemical reaction>b(150 .C/lS
minutes) within a silicone septum and aluminium fcrimp—
sealed glass bottle, and yeilding a concentration of,'~

10pg/ml (6590ppm) hydrogen sulphide gas in argon.

Standard dilutions were made by delivering volumes of gas
by syringe into thoroughly cleaned, dried_ahd'nitrogen—'r

purged (OFN) screw-capped and septum-sealed vessels of

1041ml, 44ml, and 31.2ml capacity, giving final HZS‘vev«ﬁ*

concentrations of 6.3ppm, 75ppm and 421ppm'6f the gas in
nitrogen. Gas concentrations were correcﬁed for euccessive
0.5ml withdrawals, and converted into peak heightsbat‘en
equivalent detector gain setting of 1 x>16 ahd'a'recorder‘
full scale deflection of 10mV. Peak heights‘(divisioné)

and H,S concentrations (ppm) were plotted logarithmically.
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5.3.5 Polarisation Scanning

Polarisation current was determined potentiostatically
('Ministat' Precision Potentiostat, Thompson Electrochem
Ltd), wusing a conventional potentiostatic polarisation
circuit (Green gt al, 1973). Scanning was performed
either manually with voltages measured across a counting
resistance of 1000ohms, or automatically (BBC 'Master
Series' microcomputer, and Thompson 'Autostat', Thompson

Electrochem Ltd).

Scanning was performed at 20mV/minute, from =-300mV to
+300mV either side of the rest potential. Fof manual
scans, in order to avoid an excessive alteration of the
corroding metal surface, anodic scanning ceased when
current density exceeded 1.5mA/cm2. For each specimen,
rest potentials were noted before scanning (one hour after

disconnection from cathodic charging) and after scanning

(after a 30 minute period of stabilisation).

The results of manual and 'Autostat'’ scans were presentéd
on logarithmic scales (the results of manually conducted
scans were also plotted on linear axes), and where
possible, a corrosion rate was determined_by intercepting
the Tafel region of anodic and cathodic curves, and then
reading off the corrosion current along the horizontal- -

axis. (When the anodic Tafel region was less clear,
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extrapolations of cathodic curves were intercepted with
the rest potential value.) The corrosion current
density, I (uA/cm?) was converted into a rate of metal

weight lbss (mdd) thus:

x 100

F
where M is the mass of one mole of Fe atoms (56g), F is
Faraday's Constant (96480 C mol-l), t is the length of one

day (86400 seconds), and x 100 converts dm? to cm?,

5.3.6 Electrode Measurements

Bioréactor pH was monitored either in situ, or from 2ml
syringe samples delivered into a thoroughly cleaned and
dried 5ml beaker. Using buffer solutions (Russel pH Ltd),
pH electrodes were calibrated before and éfter in situ
use, and values were read off as mV and converted ﬁsing

the equation determined from the calibration curve.

Bioreactor redox potentials were measured in situ, using
a combination of calomel and platinum spade electrodes.

Voltages (mV, SCE) were converted into mV, SHE thus:
mV (SHE) = mV (SCE) + 241 mV

Corrosion potentials were measured against the same

reference electrode as above, and plotted as mV (SCE).
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5.4  PREPARATION OF TEST MATERIAL

Prior to use, the mild steel specimensbweré cut, filed and
abraded to a smooth surface finish with grade 1200 silicon
carbide paper, rinsedA and cleaned under '#unning Watér},
degreased in acetdne, dried and Weighed to.'the neareéf_
0.1 mg (Oertling model,Rhl‘béiance); Steel foiis were

treated similarly, but abraded to a grade 600 finish.

To preventvcrevice corfosion around thé 'Ofuring sealing -
zone of bireéptor flanges, foils used in cathodic
protection experiments were painted on feaqh side with~~
'Lacomit' sealing compound (Canhing Solvents Ltd). Using
a metal templaté, the precise zone to be cévered on,bqth 
sides of each foil was marked very lightly in behcil,v
giving internal unpainted areas of 30cm2(latéf experimeﬁfs
avoided such mafking out, and instead Lacomit compound was -
painted around a template). Three coats of.the compound
were applied in each case- in between drying_ periods' of‘

approximately two hours.

Mild steel cylinders used in polarisation eXperiments’ere
abraded, cleaned and degreased as for steel foils. The
exact mounting arrangements used, including means of

insulation were described in section 4.3.6.
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5.5 CATHODIC CHARGING

The cathodic charging of individual steel foil specimens
employed separate 'Ministat' potentiostats. In the
constant voltage/variable load mode, steel specimens were
maintained at potentials of either -850mV (SCE) or -1000mV
(SCE), making periodic checks on ‘potentials by digital
voltmeter. Simultaneously charged steel specimens were
connected together in series, but employing separate
circuits and potentiostats for each of the two chambers

in double chamber bioreactor experiments.

5.6 STERILISATION OF APPARATUS

Apparatus used for initial bioreactor experiments (Runs
A, B & C, Chapter 6) were sterilised by dry heat (155 C/90
minutes) with steel specimens in situ. In successive
single chamber bioreactor experiments (Runs D-1),
apparatus was steam sterilised (121 C/20 minutes), either
with steel foils in situ, or added aseptically after

flaming in isopropyl alcohol (70% solution).

The two central chambers of the double chamber bioreéctor
apparatus (figure 4.4) were steam sterilised (121 C/20
minutes). Depending upon the experimental parameters to
be measured, various accessory apparatus were sterilised
in situ, including the central dialysis membrane,

reference electrode housing/luggin probe extensions,
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magnetic stirring followers,'septum—sealedfscrew caps and 

ground glass cone joint adaptors for the later additioh.off

electrodes or salt bridges. _iVacant c6ﬁ§ joints were
filled with glass stoppers, and'the end 6pénings of cone
joint adaptors were sealed with a cdmbinatioh of>autoclaVé
tape and aluminium foil. To avoid diSrupting the
carefully greased neoprene seals, the end flanges of the

main bioreactor chambers were covered using specially

prepafed 'dishes' of pressed aluminium foil, Which could“A

be tightly wedged onto the flanges, and held inkplace by
autoclave tape.‘ A second wrapping of alumiﬁium foil was
'taped over each end. Finally; the apparatus was

sterilised within a disposable autoclave bag (Sterilin).

Steel foils and cylinders, ‘glass electrodes and salt
bridges were soaked in a 70% solution of isopropyi alcohol
for 40 minutes, and then dried gently in ﬁarm, steri1e‘
air, prior to ;aseptic insertion into the bioreactor.
When wused With: salt bridges,v’ platinum aUxiliary and

calomel reference electrodes were not sterilised.

In double chamber bioreactof experiments, the pair of

delivery tubes“(vented drésphel bottle heads)~ and the
medium flask were steaﬁ étetilised as one unit (121 C/ZO
minutesﬁ, and were attached -aseptically to the bioréactor,
apparatus just prior to filling; Thé clamping arraﬁgement_
for tubing léading to bacterial air vents hasvbeen shoWn!

in the previous chaptér (figure 4.8). -



6. EXPERIMENTAL INVESTIGATION
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6.1 INTRODUCTION

Relatively'little quantitatlve 1nformat10n ex1sts in the‘
literature regardlng levels of,_hydrogen 'absorptlon by
mlcroblally corroding steel. As an initial levei bf"‘
investigatieh,-it was therefore con81dered necessary te
define the 'magnithde of hydrogen absorptlon, and to
establish a testing regime which enabled‘ accurate
measurements of Thydrogen flux to be made in an
environment containing an active SRB populetioh; Onee
this had been achieved, more complex analyses could Bé,e
undertaken; thereby gradually dissectihg oﬁt end;
quantifying the individual aspects of.SRB aetivity whieh
have most influence on microbial corrosion and hydrogen"
absorption.  The characterisation of the eerrosiﬁe SRB

environment in terms of physical ‘corrosion processes
would then serve as a final thrust to the investlgatlon,
and the comblnatlon of results generated might prov1de‘

some additionai‘insight into the role of SRﬁ in hydrogeh'

absorption during the microbial corrosion of steel.
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The goals of the investigation can be summarised thus:

1. To defineithe levels of hydrogen generated within
ranaerobicallv corrooing steel exposed to an active SRB
_ population} and to deduce the importance of SRB films and
the influence of cathodic protection on hydrogen

absorption,

2.YHTo characterise ‘the corrosive SRB environment, in
terms of biological and‘chemical parameters, and also in
terms of the polarisation behaviour of anaerobically
corroding steel; and to relate these processes to changes

,inchydrogen absorption.

.The previous twoichapters have described the apparatus
and experinental techniques developed:for achieving the -
~ above goals. The present chapter describes how various
combinations of these techniques were employed in a

series of experiments, each making up part of an overall
investigation; 'As_a simple guide to the different types
of experinent conducted, Appendix 3 -iists the various
test regimes.employed and the variables monitored, and
iAppendix 4 ‘illustrates the various configurations of

bioreactor apparatus used in each of Runs J to O.
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6.2  HYDROGEN ABSORPTION DURING HICRbBIAL CORROSION

6.2.1 UhWashed SRB Cultures:

Hydrogen permeation current densities were monitored
during Runs A and B for a minimum of 6ne hour prior to,
and 232 hours after the continued ekposure of steel to

crude,’ unwashed 3 day 0ld cultures of Desulfovibrio

;vulgaris (Woolwich);,' Thevbiofeactor apparatus employed
in Runs A and B were és Showﬁ in figures 4.2 and 4.3
respectively. Following their removal from the bioreactor
'assémbly,‘the cdrroded.specimens were examined visually,
and ‘after-bcleaning the respective Weight losses were
determined;”"SRB samples were observed microscopically
beforer and’ after Runs A and B, and  a combination of
initial and final viable and total cell counts were

~ determined from the culture used in Run B.

6.2.2vrwashed SRB Cultures

Usihg'the single chamber bioreactor apparatﬁs shown in
figure 4.3, hydrogen permeation transients were obtained
o infRuné C;;D and E for shim steel foils corroding in the

"presénce offa‘suspensionkof WaShed cells from é 3 day old

' batch culture of Desulfovibrio vﬁlgaris (Woolwich) in
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freshly prepared PMC “medium. - The bshim steel test
Mspec1mens used vranged_‘in thlckness Afrom 0.100mm ' to
- .0.125mm (Appendin 3).:' Also, a range of specimen and
vapparatus'sterilisation methods were employed (section
5.6). vFollowing sterilisation, washed cell suspensions
were delinered into the bioreactor under_nitrogen, and
initial cell densitiesrwereddetermined'from total cell
counts of the unused 1nocu1um. bFinal cell densities
were also determlned and samples of surface SRB films
were examlned microscopically. Steeldspecimen weight
losses were deduced for each specimen, ' and the nature
“and dlstrlbutlon of any corrosion products or apparently

corroded areas of metal were examined v1sually.

6.2.3 The Effect of Test Media on Hydrogen Absorption

A series of four experiments was conducted to deduce the
influence of sterile media on hydrogen absorption by
steel. :f Using the same single chamber bioreactor
apparatus 'as in 6.2.2 above, hydrogen permeation
transients nere obtained for shim steel foils exposed to
ksterile PMC dmedium (Runs F & G), sterile PMC medium
- lacking yeast extract (Run H) and distilled water (Run
I). Before and after-each'test, mediajwere examined for
Contaminant forganisms, and the surfaces of corroded

specimens were examined after removal from the apparatus.
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6.3 THE' INFLUENCE OF SRB FILMS ON HYDROGEN ABSORPTION

6.3.1 _Investigations ﬁsing the Double Chamber Bioreactor

The apparatus shown in figure 4.4 was set up in a variety
of conformations, according to the parameters measured in
each separate experimental trial. A generalised
representatidn of the different arrangements of apparatus
is shown in figure 6.1 below, but more detailed
- illustrations of the specific arrangements used in each
individual experiment are given in Appendix 4.

POTENIDSTAT POTENTIOSTAT POTENTIOSTAY

CATHOOK POLARISATION CATHODK
PROTECTION A STANS PROTECTION B

AL T

5

H,S +
GROWTH GROWTH
MEDIUM MEDIUM
v’ ! x>

Figure 6.1 - Generalised schematic arrangement of double
~ chamber bioreactor for the appliéation of cathodic
protection'_to steel foils, and the measurement of
hydrogen permeation current, ' corrosion potential and
polarisation behaviour of steel, in addition to the bulk
measurement of redox potential (Eh), pH, gas-head‘space
'HZS concentration and SRB numbers.
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6.3.2 Test of System Reproducibility

A preliminary investigation was made to'gain a measure of
the inherent variability in vthe hydrogen permeation
téchnique when using identical SRBrcﬁlture conditions.
Using the double chamber bioreactor ”épparatus (figure
4.4), set up according to the arrangement shown in
Appendix 4a, two similar steei foils‘cut‘from adjacent
areas of metal stock weré’exposed to .the same triple-

washed batch culture of Desulfovibrio desulfuricans

(Nbrway‘h)‘in PMC medium (containing 2.5% NaCl), for a
period of up to 250 hours, following an initial exposure
of steel to culture media alone for 170 hours. Hydrogen
 permeation currents were monitored intermittently for
each of the‘two steel specimens, and the change in SRB
cell dehsity was determined from samples just following
' inoculation, and then after dismantling of the apparatus.
Weight losses were deduced for each“specimen from

measurements  taken before and after the experiment.

6.3.3 The Influence of SRB Films on‘Hydrogen Absorption

Using similar culture conditions and media to those used
in Run J, two separate experiments (Runs K and L) were
conducted to investigate the relative ~influences of

surface SRB films and the dissolved metabolites resulting
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from SRB growth on hydrogen .abSOrption' by 'free1y 
corroding steel. Transiénts were obtainéd for a period
of 370 hours and 270 hoursk (Runs K and L), and the
electrode andvsampling port configurations used were as
shown in Appendix 4 b and c. The apparatus used in theée

experiments is also shown during operation, ;h plate 6.1.

In addition to measuring fluctuétions xin hydrogen -
permeation currént, transients were obtained which showed
changes in the corrosion potential (Ecorr) of foil
specimens, the ;edox potential (Eh) and pH of the culture
medium, -and changes in gas head space HyS concentrations.’
The latter measurements were taken simultaneously for
both bioreactor chambers (on each side of thé dialysis
membrane), except in Run K,‘ in which pH changes ywe‘re
monitored only for the chamber éontaining :SRB cells,
Also in Run K, a total of eight viable SRB counts were
taken over a period of 175 hours following inoculation of
culture media. Weight losses were determined for each of

the four specimens in Runs K and L.



Plate 6.1 Double-chamber bioreactor vapparatus in
operation during hydrogen permeation test Rum K.
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6.4 THE EFFECT OF SRB FILMS ON HYDROGEN ABSORPTION BY
CATHODICALLY POLARISED STEEL

Using similar culture conditions and ihqcula to those
used in Ruﬁs K and L (section 6.3.3), two siﬁilar
experiments were conducted to investigaté thé‘rélativé
influence of SRB films and the dissqlved products of SRB
growth on hydrogen absorption by cathodically protected

steel foils (~-850mV SCE). In a further experiment (Run O)

steel foils were charged to a potential Of‘—1000mV (SCE).

Hydrogen permeation transients were obtained for each 6f
Runs M, N and O, which ran for durations of 404, 324 and
310 hours respectively (due to the discovgry of‘ a fault
which occurred in the hydrogen detéctor épparatus, _daté
obtained in Run O were plotted up to 238 hours). Also, in
Run N the hydrogen permeation experiment ran concurrentiy_
with a deter,mina_tion' of the polarisation behaviour '_of
cathodically charged mild steel specimens (séction 6}5).
The pH ‘of media from which SRB Were' excluded was
monitored in each of Runs M and N. Cultﬁre redox
potential was monitored in both ChambérS'during Run N;
and during Run M, SRE cell densities Werekdetermined frpmv
three viable counts; made at 2 hours,‘20 hours and 65
hours following inoculation. | Ihe~b_ bioreactor port
configurations used for the méasurement"of,the various

parameters in Runs M, N and O are as shown Appéndix 4d-f.
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6.5 INFLUENCES OF THE SRB ON THE POLARISATION OF STEEL

Two separate experiments together constituted an
.investigation into the influence of SRB films on the
polarisation behaviour of steel maintained at a potential

of -850mV (SCE).

The first experimeht utilised the same SRB culture
conditions as were present in double-chamber bioreactor
Run N (section 6.4 above), where two pairs of mild steel

specimens (section 4.3;6), were electrically connected to

the cathodically polarised steel foils which ‘formed part

of the Thydrogen permeation investigation.  Three
potentiostatic polarisation scans were performéd for each
of a single pair of specimens (one on each side»of the
dialysis membrane), several hours prior to inoéulation,,
and then 96 houts and 236 hours after SRB were added..
At'approximately 296 hours following inoculation and just
before termination of the experiment, 'Scans ‘were also
performed wusing the 'spére' pair‘of specimens (one on
each side of the dialysis membrane), which had not
previously been scanned. Using this ordér bf'scanning;
ahy possible adverse effects of anodie or 'cathodic
scanning potentialé on the properties of surface films on
steel would be :évident from comparison with scansv 
obtained from the pair of spécimens left unscanned until

the end of the experiment.
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A second such experiment was conducted within a standard
commercially available corrosion test vessel (section
4.2.3 and figure 4.5), where similar pairs of test

specimens to those used above were suspended in a culture

of Desulfovibrio desulfuricans (Norway—h):in‘PMC_medium,
and were conhected together and polarivsved -to -850 vmV
(SCE) from a Single potentiostat. The screening of two of -
the speciméns was achieved wusing viéking‘:dialysié_'
tubing, and potentiostatic scans were pefformed oh one
pair of specimens (one of which was enclosed by ﬁisking
tubing) 2 hoﬁrg prior to inoculation, and then‘24 hours
and approximétely 360 hours after the'introductiqn of
SRB. A similar 'spare' pair of specimens fo those used
in the experiment described above was also scanned aftér-

approximately 360 hours.

For each polarisation experiment, specimen'potential was
plotted against corrosion current, from which chahges
in anodic and cathodic behaviour Werev‘intérpfeted;

Where possible, corrosion rates were deduced from

logarithmic plots of current versus potential, using the   ,”

method described in section 5.3.5.



7. RESULTS
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7.1 INTRODUCTION

Results from the investigations described in the previbus'
chapter are shown as a series of X/T plots, using equal
time scales for ease of cross—referéncingf_and including

some or all of the following variables:

Hydrogen Permeation Current Density
Corrosion Potential

Culture pH

Culture Redox Potential

SRB Cell Numbers

HZS Gas Concentration

In addition, X/Y plots of the first two of the abové
variables have been shown, and descriptions 6f bacterial
cultures and corroded steel specimens are given. ~ As a
means of reference, bioreactor experiments ‘ére each
designated as individual 'Runs' as set out in Chapter 6,
and a summary shqwing test Run conditions, the‘pérameters'-

measured and data produced is set out in Appendix 3.

Results of the two separate polarisation experiments are

shown as a series of plots of potential versus current.
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7.2 HYDROGEN ABSORPTION DURING MICROBIAL CORROSION

7.2.1 The Influence of Unwashed SRB Cultures

The introduction of  crude, unwashed batch cultures of

Desulfovibrio vulgaris to mild steel specimens gave rise

to double-peaked transients of hydrogen permeation current
density (Runs A & B, figure 7.la, pl30). Higher maxima
were attained in Run A (two peaks at O.115pA/cm2) than in
Run B (peaks at 0.068 & 0.0SOpA/cmz), and peaks were
obtained earlier in Run A than those produced in Run B
(after 2 & 24 hours and 4.5 & 83 hours respectively).
Both transients exhibited similar declines in current
density for an experimental duration of up to 178 hours.
During the course of each experiment, the bulk phase of

SRB cultures darkened, but changed 1little in either

colour or turbidity. An examination of samples from both B

cultures revealed similar, highly motile populations of
the test organism, containing approximately equal
proportions of normal and pleiomorphic forms of cell

morphology (figure 7.2 a & b below).

Figure 7.2 Normal (a) and pleiomorphic (b) wvariants of
Desulfovibrio vulgaris (Woolwich) in bioreactor samples.




Figure 7.1 Hydrogen Permeation Transients at 30 C,
using a) 1.5mm thick mild steel sheet in unwashed 3-7
day old batch cultures of Desulfovibrio vulgaris
(Woolwich) in PMC medium (Runs A & B); b) Runs C,D & E
with steel foils (0.1, 0.125 & 0.125mm thick) in similar
but washed cultures in fresh PMC medium; c) Runs F,G & H
using steel foils with respective thicknesses of 0.125mm,
0.125mm and 0.075mm in Sterile PMC medium (Yeast Extract
omitted in Run H), and Run I with 0.125mm thick steel
foils im distilled water.
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The initial and final cell counts derived from bulk phaSe .

samples in Run B are given in table 7.1 below.

Table 7.1 Total and viable bulk phase cell éounts,'

of Desulfovibrio vulgaris (Woolwich) im LSY-C Medium  f'

exposed to mild steel for 177 hours at 30 c (Run B)

Average count
cells/ml-

Initial total count 5.6 x 109

Initial viable count | 1.1 x 107

Final viable count 8.2 x 107

Following Runs A & B, examinatioh of sfeel .surféces
revealed identical 1loose, black and viscous films, which

when observedAmicroscopically, consisted of highly motile’
cells of the type shown in figure 7.2a, and 1loose
agglomerations of particulate matter (up to‘lﬁpm diameter)
to which many cells were attached; The geﬁtle;remOQaljof '
surface microbial growth exposed a uniform blaék' film
which covered the area of steel previously exposed to SRB
culture. Rempval of the film material reveéled a
uniformly tarnished metal surface, which in Runi A

contained two distinct areas of pitting. Profile analysis_ 
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of pitted regions, and also the total corroded area of
metal indicated an average pit depth of approximately
12pm, in addition to a uniform depth of corrosion of
approximately 6pm. The total volume of corroded material
was calculated to be 1.33 x 10_3ém3, with an equivalent
average daily metal weight loss of 54.2mdd over the 9.7
day duration of exposure to SRB culture. This cdmpared to

an equivalent metal weight loss during Run B of 135.4mdd.

7.2.2 The Influence of Washed SRB Cultures

Run C exhibited a biphasic increase in hydrogen permeation
current density (figure 7.1b, pl30), with an initial
pléteau value of approximately 0,03pA/cm2, subsequently
rising to a peak value of approximately 0.075pA/cm2 after
between 110 and 120 hours. Culture blackening coincided
with the second increase in current density. Following
the introduction of washed cell suspensiohs in Runs D and
E, initial and sustained increases in hydrogen permeation
current density were obtained after 40 minutes. and 78
minutes respectively. Respective peak current density
values of O.206pA/cm2 and 0.4O4pA/cm2 were attained after
24 hours and 19 hours, by which time the cultures had
become blackened. Runs C, D and E demonstrated similar

rates of increase and decline in current density following

the attainment of peak values.
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Surface hydrogen concentrations (ppm) were derived from
peak hydrogen permeation current density values obtained
in experimental Runs C, D and E (table 7.2), and using a
diffusion coefficient of 6.3 x 10~ 7cm2sec™!  (Miodownic,
1972). |

Table 7.2 Peak hydrogen permeation current density and
surface hydrogen concentrations obtained from shimm steel
foils exposed to washed cultures of Desulfovibrio vulgaris
"(Woolwich) in single chamber bioreactor Runs C, D & E.

Run Foil Peak H permeation Surface H
Thickness current density concentration
(cm) (pA/cm?) (ppm)
C 0.0100 0.100 0.0021
D . 0.0125 0.202 ' 0.0053
E 0.0125 0.404 0.0106

" Bulk phase samples taken at the end of each of Runs C, D
and E contained predominantly senescent, noanotile cells,
and a variety of pleiomofphic forms of fhe.organism were
'obsefvéd, with cell lengths varying from approximately
5am to 20pm.  Samples of surface microbial films;.howevef‘
exhibited exclusively_motile and mdrphologicaily"normal'

cells, similar to those contained in the inoculﬁm.’ The
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high viscosity of the film material and. the high. cell
densities present precluded an accurate enumeration 'of:
bacteria, and approx1mat10ns of minlmum cell dens1t1es

were made. Total cell counts are given in table 7.3,

Table 7.3 Initial and final cell counts of Desulfovibrio
vulgaris (Woolwich) from bulk and surface film samples

during single chamber bioreactor Runs C, D&E.

Run Initial Count Final count Final count
(bulk phase) - (bulk phase) (surface film)
cells/ml cells/ml cells/ml
C 1.0 x 10% 3.7 x 108 4 x 109
D 1.0 x 109 3.9 x 108 2 x 1010
E 7.3 x 107 8.0 x 107 2 x 1010
Following the termination - of Runs D and E,

examination of the steel specimens revealed similar loose,
viscous microbial films and tenacious black surface films

to those found in unwashed culture

pitting at the corroded steel surface had occurred, except

for a single pit in Run D of approximately 0.5mm

diameter. While Run D specimen registered a weight loss

of 2.26mdd, the weight loss in Run E was negligible.

experiments. No
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7.2.3 The Effect of Culture Media on Hydrogen Absorption

The introduction of sterile PMC media to shim steel foils

in Runs F & G gave rise to rapid increases in current

density to maximum values of 0.295]1A/cm2 and 0.214;1A/cm2

respectively (figure 7.lc, pl30 & table 7.4, below).

Table 7.4

Hydrogen permeation current densities and

surface hydrogen concentrations obtained for shim steel
exposed to sterile PMC medium (Runs F & G), PMC excluding
yeast extract (-Y/E, Run H) and distilled water (Run I),
for up to 120 hours at 30 C.

Run | Test Foil Background | Maximum Surface
Medium Specimen Current Current Hydrogen
Thickness | Density Density Conc'n
(cm) (pA/cmz) (pA/cmz) (ppm H)
F PMC 0.0125 0.013 0.295 0.0077
G PMC 0.0125 0.010 0.214 0.0056
H | PMC-Y/E | 0.0075 0.003 0.136 0.0021
I Dist Hy0| 0.0125 0.045 0.065 0.0017

The omission of yeast extract in Run H produced similarly

rapid increases

maximum of 0.14pA/Cm .

in current density,

2

but with a 1lower

The use of distilled water gave
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rise to a consistently Jlow eu:rent_ density valué of
approximately O.O6pA/cm2. - Each of the - four experiments
demonstrated a faster rate of.increase and a slower fate
of decrease in hydrogen permeatiOn current'density than in
experiments involving SRB culture. The inifial background
current densities, the peak valuee ettained_andvequivalent

surface hydrogen concentrations are given in table 7.4,

A final examinatien of foils exposed to complete PMC media
revealed a tenacious yellow vfilm.k The odour and
consistency of ‘the' film suggested that it derived from
components of the yeast extract present in.the PMC medium,
and on microscopic analysis, the material was found not to
consist of a mierobial film., Exposure of'steel foils to
PMC media frombwhich yeast extract was excluded (Run.H)
resulted in the development of a uniform but roughvand'
grey surface, but specimens exposed to distilled water
exhibited no such surface changes.: In each of the contrOI'
experiments, the media under test remained_velear, end
final microscopic examination revealed onlye very‘ low
densities of confaminant organisms (predominantly motile
rods). A final pH of 7.1 Wae recorded for culture media

in each of Runs F end G.
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7.3 THE INFLUENCE OF SRB FILMS ON HYDROGEN ABSORPTION

7.3.1 Test of System Reproducibility

Simultaneous changes in current density were recorded for
two similar steel foils exposed to a single culture of

Desulfovibrio desulfuricans (Norway-4) (Run J, figure 7.3,

pl39). However, the rise in current density due to the
introduction of sterile culture media differed between the.
two foils by up to 0.0BpA/cmz, while the maximum values
attained differed by 0.0SpA/cmz. Both transients
exhibited a higher overall rate of increase than decrease
in current density, and culture blackening coincided with

increasing current density directly after inoculation.

Average total cell counts from bulk phase samples
increased from 2.2 x 10/ cells/ml at inoculation, to 1.2
x 108 cells/ml after 252 hours (10% days). Examination of
unwvashed steel foils revealed an uneven distribution of
microbial growth, which had accumulated éspecially around
the inner circumference of the corroded area of the
specimen (where in contact with the bioreactor flanges),
although some growth was visible over the entire specimen
surface. An underlying, mostly uniform layer of black
adherent corrosion product was observed on both specimens.

The film material was mostly removed by wiping with a
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tissue wetted in alcohol (IPA). This revealed a uniform_ -

surface tarnish which covered most of the specimen surface

except for some brighter areas of metal around the inner

circumference of the foil. The developmeht of pits did
not appear to ‘have taken place, and metal weight losses

of 5.85mdd and 6.07mdd were recorded for the two foils.

The total quantities of hydrogen which diffused through

the steel foilsvas determined by integrating the hydrogen o

permeation transients in Run J are shown in table 7.5.
The two foils were found to have generated both similar
total masses of cathodic hydrogen; and also similar

proportions of diffused cathodic hydrogen.

Table 7.5 Total diffused hydrogen and total cathodic
hydrogen generated during Run J by a simllar pair of
anaerobically corroding steel foils in SRB culture. ’

Total Fe Total H H Perm Mass Diff % Diff

Wt Loss Cathodic Charge - H H
mg/cm? mg/cm? C/cm? mg/cm?2 v
1.053 - 0.0376 0.311 0.0032 | 8.5

1.093 - 0.0390 0.368 0.0038 9.7




Figure 7.3 Transients of hydrogen permeation current
density for a pair of steel foils exposed to a single
batch culture of Desulfovibrio desulfuricans (Norway-4) in
PMC Medium at 30 C (Run J).
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7.3.2 The Effects of SRB Screening on Hydrogen Absorption

During Runs K and L, steel foils in contact with SRB gave
rise to similar changes in hydrogen permeation current
density to the foils which were screened from the bacteria
by means of a dialysis membrane (figure 7.5a, pl48 &
figure '7.6a, pl52). From similar initial background
current densities, and similar values obtained after the
introduction of sterile culturé media, almost equal peak
current densities and surface hydrogen concentrations were
obtained following inoculation with SRB;‘ This was true
Awhether the SRB were in contact with, or were excluded

from the steel surface (table 7.6).

Table 7.6 Hydrogen permeation current densities obtained at
various phases of Runs K and L, for foils with a thickness of
0.005cm and a hydrogen diffusion coefficient of 6.3 x 10”7 cm/sec,

in the presence (SRB) and absence (-) of SRB at the steel surface.

Run Hydrogen Permeation Current Density (pA/sz) Peak
Surface
Hydrogen
Initial After Media After SRB Conc'n
Background Introduced Inoculation (ppm H)
K (SRB) 0.0064 0.083 0.357 0.0037
K (=) 0.0069 0,137 0.371 0.0039
L (SRB) 0.0099 0.051 0.360 0.0037
L (=) 0.0066 0.092 0.374 0.0039

Gas chromatograph peak heights obtained for dilutions of
the primary H9S gas standard are shown in figure 7.4

(overleaf).



LOG,, F.PD. Peak Height (divs)

LOG,, H,S Concentration (ppm)

1

Figure 7.4  Graph used for determining .blioreactorvgabs“ e
HyS concentrations by flame photometry detection (FPD).
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Following SRB inoculation, the current density peaks
obtained for steel foils in the presence of SRB preceded
the peaks obtained in ’the absence of bacteria by
approximately 10 hours and 20 hours (Runs K and L
respectively). While a high and Sustained level of current
was obtained in Run K, the Sharply declining values in
Run L resembled those shown previously, in experimental

Runs C, D and E (figure 7.1b,vp130).

During exposure to sterile media and prior to
inoculation, the steel specimens established a corrosion
potential of between -710mV- and -740mV (SCE).
Approximately 40 hours after inoculation, and coincident
with a blackening of the culture medium, corrosion
potentials of the colonised and SRB-screened specimens
shifted wupwards by approximately 100mV. This newly
established potential then persisted throughout the
remainder of both Runs K and L (figure 7.5b, pl48 &
figure 7.6b, pl52). When plotted versus hydrogen
permeation current, the most marked shifts in corrosion
potenﬁial during Run K coincided with periods during
which rates of cathodic hydrogen absorption éhanged
little (figure 7.5c, pl49). When the experiment Wés'
repéated under the same experimental conditions (Run L,
figure 7.6c, pl53), the latter relationship was less

clear., The corrosion potential of the SRB colonised steel
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foil shifted positively with increasing hydrogen
absorption, whereas that of the SRB screened foil
temporarily shifted by +110mV without any net increase in

hydrogen permeation current density.

Following their removal from the dismantled bioreactor,
and after draining off excess liquid or loose microbial
growth, corroded steel foils resﬁlting from Runs K and L
revealed similar tenacious black films as before, but with
mafked regions of bare metal. An indication of the
distribution of filmed and unfilmed regions of metal is
given in plate 7.1la (plasd). Such regions were either
spread evenly over the specimen surface and typically of
1-2mm diameter, or covered larger areas, including a band
of up to 5mm around the circumference of the corroded

specimen area, but no definite pits were observed.

Removal of the bulk of tenacious black corrosion product
using alcohol-soaked (IPA) tissue revealed a tarnished
steel surface, which remained after sonication and
cleaning in alcohol (plate 7.1b, plé&4). While in Run K,
the SRB-screened specimen indicated a limited degree of
aerobic crevice corrosion, no such corrosion was indicated
in other cases, nor on the hydrogen detector face of any
foils in Runs K and L. Higher weight losses were fecorded

for foils exposed to SRB than for screened specimens

- (table 7.7, plé4s).



Plate 7.1a Appeatance prior to cleaning of steel foils
'screened (A) and unscreened (B) from SRB cells during an
11 ‘day period of exposure at 30 C to Desulfovibrio
desulfuricans (Norway-4) in PMC Medium.

Plate 7.1b Vf. Appearancé of steel foils (A) & (B) after
the removal ofﬂlopse surface film material by ultrasonic

_ cléaning.
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Table 7.7 Weight losses recorded in Runs K and L for
steel foils corroding in the presence (SRB) and absence
(=) of SRB over 15.3 days (Run K) and 11.2 days (Run L)

Run Total Wt Loss | Average Wt Loss
(mg/cmz) ' (mdd)

K (SRB) 1.98 - - 12.9

K (-) 1.18 7.7

L (SRB) 4.41 39.4

L (-) 1.84 ~ 16.4

Using thé total weight loss values shown in table 7.6
(pl40) and by integrating transients of hydrogen
permeation from Run K in figure 7.5a (pl48) the equivalent
masses of discharged hydrogen and diffused hydrogen were
obtained (section 5.3.3), thus giving the percentage

diffused hydrogen (table 7.8).

Table 7.8 Determination of total discharged hydrogen
and diffused hydrogen during Runs K and L.

Run Total Fe | Total H H Perm Mass Diff | Z Diff
Wt Loss Cathodic| Charge H H

(mg/cmz) (mg/cmz) (C/cmz) (mg/cmz)

K (SRB) 1.98 0.071 0.290 0.0030 4.2
K (=) 1.18 0.042 0.217 0.0025 5.9
L (SRB) 4.41 0.157 0.126 0.0013 0.83

L (=) 1.84 0.066 0.156 0.0016 2.4
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Of the total mass of cathodic hydrogen generated during
corrosion, between 0.83% and 5.9%7 entered and diffused
through the steel foils in Runs K and L. While the
specimen exposed to SRB in Run L registered the highest
Weight loss, it absorbed the least amount of hydrogen, and
therefore also the lowest percentage diffused hydrogen.
Conversely, the specimen screened from SRB in Run K
registered the lowest weight loss, the highest mass of
absorbed hydrogen, and the greatest proportion of diffused

cathodic hydrogen.

Decreases in media redox potential of between 200-300mV
were recordedbfollowing SRB inoculation in e#perimental
Runs K and L (figure 7.5d; pl50 & figure 7.6d, pl54).
Minimum values of -310mV and -340mV (SHE) were attained
3. & 50 hours after inoculation (Runs K and L
respectively), and in both experiments, in the presence
and absence of SRB, the redox potential stabilised at a
value of between =-220mV and -240mV (SHE). The most
marked overall drops in fedox potential coincided with
rapid HyS evolution (figure 7.5e, pl50 & figure 7.6e,
pl54) and an increase in cell numbers (figure 7.6d, pl54).
The initial rates of increase in gas head space HyS |
concentration during Runs K and L are shown in figure 7.5f
(p151) and - figure 7.6f (pl55). In both experiments, a
concentration of approximately 1000ppm H,S was attained 25

hours after SRB inoculation, and levels of approximately
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104 and 10° ppm HyS were detected in Runs K and L
respectively before sambling ceased (due to the corrosion
of gas‘sampling needles). A period of approximately 10
hours separated an initial increase in viable cell
numbers following inoculation and the first recorded drop
in redox potential. Subsequent changes in cell growth and

redox potential followed a similar pattern.

The pH of media in both Runs K and L decreased following
inoculation with SRB (figure 7.5e, pl50 & figure 7.6e,
pl54). In Run L, the decline continued for 90 hours
following inoculation, by which time the.pH had fallen
from initial values of 7.9 (SRB screened) and 7.7 (SRB
present), to a single value of 6.9 units. Following
inoculation in Run K though, the pH of the SRB culture
chamber declined from only 7.1 to 6.7 units, over a period
of approximately 35 hours. Approximately 110 hours after
inoculation, there followed a further‘pH drop, to a final
value of 5.8 units. No such pH drop was recorded for
either}bacterially screened or SRB culture chambers in Run
L, during which pH levels stabilised between 6.9 and 7.0
units at 74 hours after inoculation, and then persisted
for a further 100 hours, until the end of the experiment.
When tested against standard buffer solutions, the glass

pH electrode used in Run K was found to operate normally.



Figure 7.5a Transients of hydrogen permeation current

density for anaerobically corroding shim steel foils, in

direct contact with (A ) and excluded from (O) cells in
a batch culture of Desulfovibrio desulfuricans (Norway-4)
in PMC Medium at 30 C (Run K).

Figure 7.5b Changes in the corrosion potential of a pair
of steel fbils; one in direct contact with a batch
culture of Desulfovibrio desulfuricans (Norway-4) in PMC
medium (A ), and the other screened from cells by dialysis
membrane (0O). '
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Figure 7.5c Changes in hydrogen permeation current
lensity with corrosion potential of corroding steel foils
in a batch culture of Desulfovibrio desulfuricans (Norway-—

%) in PMC Medium at 30 C in the presence ( A) and absence
(o) of SRB. | |
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‘igure 7.5d Variations in the redox potential of a

atch culture of Desulfovibrio desulfuricans (Norway-4) in

'MC Medium at 30 C, during the anaerobic corrosion ’of ,
teel in the presence ( A) and absence (O) of SRB cells.

'igure 7.5e Changeé in pH during anaerobic corrosion of
iteel in a batch culture of Desulfovibrio desulfuricans
‘Norway-4) in PMC Medium at 30 C (A ), and gas head space
[,S concentrations in the presence ( A) and absence (O)
»f SRB.
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Figure 7.5f Increases in gas head space H,S concentration
(parts per million) after the inoculation of PMC Medium
with Desulfovibrio desulfuricans (Norway-4) during

anaerobic corrosion of steel foils, in the presehce (A)
and absence (O) of SRB cells (Run K). ‘
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Figure 7.6a Transients of Hydrogen Permeation Current
for anaerobically corroding shim steel in contact with
(A ) and excluded from (s ) SRB cells in a batch culture
of Desulfovibrio desulfuricans (Norway-4)/PMC Medium at 30
C (Run L).

Figure 7.6b Changes in the corrosion potential of

anaerobically corroding steel foils in a batch culture of
Desulfovibrio desulfuricans (Norway-4) in PMC Medium at

30 C in the presence ( A) and absence (=) of SRB cells.
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Figure 7.6c Changes in corrosion potential with hydrogen

permeation current for corroding steel foils in a batch

culture of Desulfovibrio desulfuricans (Norway-4) in PMC
Medium/30 C, in the presence (A ) and absence (D) of SRB.




CORROSION POTENTIAL mV (SCE)

600

650

700

750

270 hours

A
AN

/

7/
Ve,

153

- 04
HYDROGEN

0.2
PERMEATION CURRENT

0.3

DENSITY (pA/cm?)

04



Figure 7.6d Variations in bioreactor redox potential
during the anaerobic corrosion of steel foils in a batch
culture of Desulfovibrio desulfuricans (Norway-4) in PMC
Medium, in the présence (A) and absence (O) of SRB; and

viable cell numbers present in the bioreactor culture
chamber (QO). ‘ '

Figure 7.6e Changes in pH during anaerobic corrosion Vof,

steel in a batch culture of Desul fovibrio desulfuricans

(Norway-4) in PMC Medium in the presence ( A )_'and absence
( =) of SRB, and increases in the gas hea'd_: space H,S
concentration in the presence (A) and absence (m) of SRB
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Figure 7.6f Increases ‘in gas —head ~space -H)S
concentration (parts per million) after the . inoculation
of PMC Medium with Desulfovibrio desulfuricans (Norway-li)_

during the anaerobic corrosion of steel foils, in thev_
presence (A ) and absence (O) of SRB cells (Run L).
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7.4 THE INFLUENCE OF SRB FILMS ON HYDROGEN ABSORPTION BY
CATHODICALLY PROTECTED STEEL

7.4.1 Hydrogen Permeation Transients

Following dinoculation with SRB, the rate of hydrogen
permeation through cathodically charged foils in Runs M & N
rose sharply, to between 7 and 16 times pre-inoculation
values (figure 7.7a, pl57 & figure 7.8a, pl58). While the
maximum  current densities attained during the two
experiments were significantly different (table 7.9, below),
there was 1little difference in the peak values obtained
within each experiment, betweeen'“éteel”éﬁééimens’Whibh”were

screened and those which were exposed directly to SRB cells.

Table 7.9 Peak hydrogen permeation current density and surface
hydrogen concentrations obtained at various phases of Runs M, N and O,
for cathodically charged steel foils, with a thickness of 0.005cm and
a hydrogen diffusion coefficient of 6.3 x 10—7cm-2, in the presence
(SRB) and absence ( - ) of SRB.- '

Run Hydrogen Permeation Current Density (pA/cmz) Peak
surface
hydrogen

Initial After Media| CP After SRB conc'n

Background | Introduced on Inoculation (ppm H)
M (SRB) 0.009 0.23 0.68 6.30 0.066
M (-)]| 0.047 0.066 0.074 5.78 0.060
N (SRB) | 0.059 - 0.10 | 0.15 3.21 0.033
N(-) 0.026 0.12 0.43 3.73 0.039
0 (SRB) 0.044 0.203 0.59 3.57 * 0.037
0 (-)]| 0.010 0.094 0.34 12,95 * 0.031

* Maximum current density attained following inoculation and
after cathodic charging was increased to -1000mV (SCE).



Figure 7.7a Transients of hydrogen permeation current
density for steel foils cathodically charged to. —850m\7'_.
(SCE) and in direct contact with (A) or screened from
(mn') cells in a culture of Desulfovibrio desulfuricans
(Norway-4) in PMC Medium at 30 C (Run M).

Figure 7.7b Changesb_ in bulk pH (O) and total cell
numbers (O ) determined from SRB-screened and SRB culture
- bioreactor chambers respectively (Run M'), before and after
inoculation with Desulfovibrio desulfuricans (Norway-4).
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Figure 7.8a Transients of hydrogen permeacionAcurrent
density for steel foils cathodically charged to -850mV
(SCE) and in direct contact with ( A) or screened from
(o) cells in a culture of Desulfovibrio desﬁlfuticaﬁs '
(Norway-4) in PMC Medium at 30 C (Run N).V

Figure 7.8b Changes in redox potential in the presence
of SRB cells ( A), and changes in both redox potential
(0) and bulk pH ( ¢ ) in the absence of cells from a
culture of Desulfovibrio desulfuricans ('Norway-l;)/PMC
medium at 30 C. )
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Figure 7.9 Transient of hydrogen permeation current
density generated during Run O in shim steel foils in
direct contact with (A ) and screened from cells (DO) in a
batch culture of Desulfovibrio desulfuricans (Norway-4) in
PMC Medium at 30 C, while charged cathodically at -850mV

(SCE) prior to SRB inoculation, and -1000mV (SCE) 50 hours
thereafter. | '
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In contrast to the characteristic declines in hydrogen
permeation current obtained in experiments conducted at
the free corrosion potential (Runs A to E, J, K & L;
figures 7.1, 7.3, 7.5a & 7.6a; pages 130, 139, 148 & 152)
for the cathodically protected foils, the overall rates of
increase in current density greatly exceeded subsequent
rates of decline after the attainment of peak values (Runs

M, N & O; figures 7.7a, 7.8a & 7.9; pages 157, 158 & 159).

Three consecutive increases in hydrogen permeation current
were detected after the introduction of culture media in

Run O, corresponding to respective changes in potential of
the steel specimens (from the corrosion potential to
-850mV, SCE), followed by inoculation, and an increase in
cathodic charging of steel from -850mV to -1000mV (SCE).
As in all other experiments employing dialysis membranes,
changes in hydrdgen pefmeation current in the presence of
SRB reflected those obtained in the absence of bacteria
(allowing for a time delay 5etween changes in current on
either side of the membrane, which was supposed to be
related to the rate of diffusion of corrosive factors from

one bioreactor chamber to the other).

There was some variation in levels of hydrogen permeation
current following the application of cathodic protection
(table 7.9, pl56). During Runs M and N though, this

variation became less significant as a proportion of
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total current density, and following SRB7growth and the
attainment of peak values, similar current densities were

observed within péirs_ of foils. In Run O though, the

difference bétween current generated in‘ screened and

unscreened foils at -850mV (SCE) persisted during  SRB
growth. At this poteﬁtial :and éfter SﬁB growth, thé}k
highest values attained in Run O were'considerably lower
than comparable peaks obtainedvat -850mV inlthe tﬁorother
experiménts. | ~ The subsequent increase? in 'cathbdié,
potential to -iOOOmV (SCE) resulted in a two fold ~and

three fold increase in hydrogen permeation current for

unscreened and screened foils reSpectively.? However, the

overall peak values at -1000mV (SCE) were similar to

those obtained previously at -850mV,(SCE)'(Runs M and N).

7.4.2 Corrosion of Cathodically Charged Specimens.

The first of the two experiments éﬁployiﬁg cathodic’ s
protection at -850mV (SCE) ended following the perférétioh'
of the steel foil screened from SRB (Run M), Which vas
found to have corroded preferentially arouﬁd the‘outer’
circumference of the exposed speéimeﬁ area., A ‘similaf'
localised pattern of corrosion was observed;in speciméns 

resulting from Run N, and the foils examined from each of

the two experiments were filmed unevenly with a non- ,f

uniform black sulphide—containing material. Weight losses

recorded for spe@imens at’§850mV (SCE) in the présence and
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absence of SRB were 2.84mdd and 3.1lmdd respectively Run
M). - Accurate weight loss determinations from the other
experiments (Runs M and Q) were precluded however, owing
to a combination of factors including perforation of the
Vfoil specimen (Run M) and the development Qf an air leak

in the apparatus (Run 0).

7.4.3 Changes in pH and Redox Potential During SRB Growth

During SRB growth and HyS production (as indicated by
culture blackening and a decline in culture redox
potential), the pH in each of Runs M and N declined by
0.7 and 0.8 pH’units respectively (figure 7.7b, pl57 &
figure 7.8b, pl58). = Approximately 100 hours after
inoculation in each case, the pH began to increase béck
towards the pre-inoculation values. In Run O though, the
increase in alkalinity was more rapid. Consequently,
adjustments were made to the pH, from 8.2 units to 7.5
units at 132 hours, and a further adustment from 8.3 to
7.5 units after 151 hours (figure 7.9, pl159). Small but
temporary'increases in hydrogen permeation current were

effected by these pH adjustments.

Following inoculation, SRB growth (as indicated by either
an increase in cell numbers or by a blackening of the
culture medium) was noted after 22 hours (Run M) and 5

hours (Run 0). However, 30 hours into experimental Run N,
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and before SRB inoculation, contaminant motile rods (1.2 x
12pm) were detected within one of the two bioreactor
chambers. These attained a maximum cell density of 5 x
106 /m1 just prior to the introduction of SRB (culture
blackening and H9S evolution had not occurred at this
stage). Although the numbers of contaminants declined
thereafter, the SRB inoculum failed to grow, and. it was
found that the pH had declined from an initial value of
7.5 to to 6.6 units during the period of contaminant
growth. The pH was therefore adjusted to 7.5 units
(concentrated NaOH), and a further SRB inoculum was
introduced into ‘the contaminated bioreactor chamber.
From repeated microscopic examinations of the culture
medium, SRB growth was seen to become established within
>48 hours of inoculation, and after a further 12 hours, the
contaminant organism was found to have disappeared. At 94
hours after inoculation, the SRB cell density had
increased to 108/ml , and viable counts made at 138 hours
and 260 hours indicated cell densiﬁies of 7.5 x 108/m1 and

109[m1 respectively. In the same experiment, the

'sterile' chamber also became contaminated, (vibrios, 0.6

x 0.8pm; and also rods, 0.8 x 4pm; maximum total density
of approximately 106/ml), 'though the numbers of

contaminants was seen to decline following SRB growth.

In the presence of steel protected to -1000mV (SCE),

contaminant rods (at approximately 104/m1) were detected
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in the chamber screened from the test organism. Whilst
vigorous SRB growth was seen in previous cathodic
protection experiments, in Run O, SRB cell numbers at

-850mV (prior to increasing to -1000mV, SCE) did not
increase above 107/m1, the culture exhibited little
motility and pleiomorphic cell forms predominated
(contaminant growth was thought to have depleted the
carbon source, which would account for the reduced SRB
growth and HyS evolution, and also the relativelj' low
hydrogen permeation currents generated). Although an
equivalent quantity of lactate (4.5ml of 50% solution) to
that present at the start of the experiment was injected
into each bioreactor chamber (whilst adjusting to pH 7.5),
no further increase in growth was observed before the

experiment was terminated.

7.5 THE INFLUENCE OF SRB ON THE POLARISATION OF STEEL

The potentiostatic polarisation curves obtained from the
two series of polarisation experiments conducted are shown
in figures 7.10a-g and 7.1la-g, on pages 167-170 and 171-
174 (the way iﬁ which results were treated and presented
was explained in section 6.5, pl26). In general, the
potential versus current plots for each individual steel
specimen indicated an overall. depolarisation of the

cathodic reaction (figures 7.10a & b, pl67 and figures
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7.11a & b, pl71). Changes in anodic activity were less
clear though. While the overall rate of change of anodic
current decreased in each case, at lower potentials the
actual anodic current demnsity increased with exposure to
‘the corrosive media. The rest potential became more
cathodic in each case, by between -20mV and -80mV of the
initial value obtained in sterile'culture medium,

Prior to inoculation, the duplicate specimens exposgd to
cultd;e medium exhibited little variation in polaris;tion
behaviour (figure 7.10c, pl68 and figure 7.1l1lc, pl72).
However, such variation increased over the total duration
of each experiment (190 _hours and 360 hours after
inoculation and SRB growth; figures 7.10d/e, pl68/169; and
figures 7.11d/g, pl72 & pl74 respectively). In the first
experiment, SRB growth was delayed (section 7.4.2), and
the results shown (figures 7.10a-g, pages 167-170) refer
to the time after onset of growth (48 hours after
inoculation). Specimens exposed to FSRB were generélly
less kéctive anodically and cathodically than 8crééned
specimens, although in one of the ‘'spare' pair of
specimens (used in final scan ‘ only), this effect was not

apparent (figure 7.11g, pl74).

The polarisation characteristics of the two similar pairs
of screened and unscreened specimens 360 hours after SRB
inoculation are shown in figures 7.1le and 7.11f (pl73).

While there was a small difference in cathodic curves for
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specimens exposed to SRB (figure 7.1lle), the positions of
anodic and cathodic curves differed substantially for thev
two specimens screened from the bacteria.(figure 7.11f).
However, there was little overall variation in the final

slopes of anodic and cathodic curves obtained.

Using the method of calculation described previously
(section 6.5), corrosion rates were deduced from the
second series of polarisétion‘diagrams (shown in figures
7.11a, 7.11b and 7.1lg on pages 171 & 174; and table 7.10,
below). Tafel regions of individual plots were less
clearly defined in the first experiment, and were

therefore not used for this purpose.

Table 7.10 Corrosion rates determined from potentiostatic
polarisation diagrams for mild steel in the presence (SRB)-
and absence ( - ) of a batch culture of Desulfovibrio
desulfuricans (Norway-4) in Postgate's Medium 'C' at 30 C,

for up to 360 hours.

Figure |[Specimen |Exposure time | Log icarr Corr rate
(hours) (nA/cm?) (mdd)
7.11a (SRB) 0 3.5 16
7.11a (SRB) 24 4.6 200
7.11a (SRB) 360 ' 3.8 32
7.11b | (=) 0 | 3.3 10
7.11b (- 24 3.5 16
7.11b ( =) 360 4.3 100
7.11g (SRB) 360 3.8 32
7.11g (=) 360 3.8 32




Figure 7.10a Polarisation curves obtainedrduring.the
exposure of steel to a batch culture of Desulfovibrio
desulfuricans (Norway-4) in PMC Medium at 30 C,‘ before
inoculation of sterile medium (O ),  and at 48 hours ( x )
and 190 hours ( @) after the onset of SRB growth. |

Figure 7.10b Polarisation curves obtained for steel
specimens screened from bacterial cells by | dialysis
membrane, duritig the growth of a batch culture 6f
Desul fovibrio desulfuricans (Norway-4) in PMC Medium at 30 -
C, before inoculation of sterile medium ( O ), and at 48‘
‘hours ( » ) and 190 hours ( e ) after the oﬁset'of SRB
growth, : '
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Figure 7.10c Comparison between polarisét;ion curves
obtained prior to inoculation, for steel specimens exposed
to sterile PMC Medium. ‘

Figure 7.10d Comparison between polarisation curves
obtained 190 hours after the onset of SRB growth in a
batch culture of Desulfovibrio desulfuricans (Norway-4) in

PMC Medium at 30 FC, for the same pair of specimens as in
figure 7.10c, when exposed to SRB cells ( A ) and when
screened from SRB cells by dialysis membrane (o).
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‘Figure 7.10e Polarisation curves obtained for a replicate
pair of specimens to those used in figin:éé 7.10a-d,
obtained 190 hours after the onset of SRB growth in a
batch culture of Desulfovibrio desulfuricans (Ndrway-l;) '
~in PMC Medium at 30 C, for steel exposed to SRB cells (A)
and screened from cells by dialysis membrane (0O) '
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Figure 7.10f Polarisation curves iobta.ined.“du’r.ing the
exposure of steel = to a batch culture of Desul fovibrio :
desulfuricans (Norway-4) in PMC Medium at 30 C, before
inoculation of sterile medium (O ), and 48 hourys (x ) and
190 hours (@) after the oriset of SRB growth. a

Figure 7.10g Polarisation curves obtained for steel
specimens screened from bacterial cells by a dialysis
membrane during the growth of a batch culture' ofk,
Desulfovibrio desulfuricans (Norway-4) in PMC Medium/30 C,
before inoculation of sterile medium (0O ), and at 48 hours
(‘x ) and 190 hours (® ) after the onset of SRB'gr..'fowt:h._
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Figure 7.11a . Polarisation curves obtained during the
exposure of steel to a batch culture of Desulfovibrid,‘
desulfuricans (Norway-4) in PMC Medium Zat_v30 C, before

inoculation of sterile medium (—), and at,24'hours G-

1

and 360 hours (---) after inoculation.

Figure 7.11b ~ Polarisation curves obtained for steel
specimens screened from bacterial cells by ‘dialysis
membrane, during the gtowth "of a batch culture of
Desulfovibrio desulfuricans (Norway-4) in PMC Med1um/30 c,
prior to the inoculation of sterile medium 6——), and at 25

hours (----©) and 360 hours G--) after 1noculation.
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Figure 7.11lc Comparison between polarisation curves
obtained prior to inoculation, for a pair of steel
specimens exposed to sterile PMC Medium.

Figure 7.11d - Comparison between’polariéationvCUrves
obtained approximately 360 hours' after inoculation of a

batch culture of Desulfovibrio desulfuricans (Norway-4) in

PMC Medium at 30 C, for the same pair of steel specimens
as in figure 7.llc,in the presence of SRB cells O—f) and
screened from cells by dialysis.tubingf@—-).
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Figure 7.11le The difference between polarisation curves
obtained for two similar steel specimens exposed to a SRB
cells for approximately 360 hours, within the same “batch

cﬁlture of Desulfovibrio desulfuricans'(Norway;A) in PMC
Medium at 30 C. ‘ ’ '

Figure 7.11f The difference between polarisatidh curves
obtained for similar steel specimens screened from SRB by
dialysis tubing, approximately 360 hours éftervinochlatioh 
of a batch culture of Desulfovibrio desulfuricans (Norway- -
4) in PMC Medium at 30 C. | ‘ |
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Figure 7.1l1g Polarisation curves ob‘_tained‘ for a
replicate pair of steel specimens to those ' shown in
figure 7.11b, when screened from (---) and exposed to —)
~cells in a batch culture of DeSulfovibrio desul furicans
(Norway-4) for approximately 360 hours in PMC Medium/30»C. ‘
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8 DISCUSSION
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8.1 INTRODUCTION

8.1.1 Relationships Between Hydrogen Absorption and SRB
Activity. ' ;

During SRB growth, dissimilatory sulphate reduction
proceeds with the development of a reactive and chemically
cemplex mixture of dissolved metabolites. A number of
volatile reactive hydrocarbons may also be produced,
together with the evolution of a range of gaees,
essentially comprising CO,y and HyS (Hatchikian et al,
1975). Hydrogen may also be evolved, the proportion‘of
which depends to a large extent upon the types and

concentrations of carbon and energy sources available .

It is principally the reducing power of biogenic HyS
which accounts for the success of SRB in beneficially
altering their surrounding environment and promoting
further growth, by lowering the redox potential and

establishing more widespread anaerobiosis (Postgate 1984).

In some freshwater environments in which ferrous ions
occur in abundance, the quantity of sulphide ions in
solution may be substantially reduced, owing to the

formation of only sparingly soluble iron sulphides (Nriagu
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& Hem, 1980). However, the converseusitﬁaﬁion is most
likely in marine environments. Dissolved iron tYpicallYi
exists in sea water at only subbmicfomolar céncentrations,
and ferrous ions unld be quickly mopped‘uﬁ by reaction
with the HZS produced'by SRB, which ih a variety 6f mafiﬁe‘
situations has ' been reported to éécur ‘af” millimblar'-
concentratidns or 1nore:(Edyvean, 1985). The conSeéuént
excess dissolved HZS' generated within. active SRB'“
populations may then have a cohsiderable inflﬁehce on. the -
redox potential;}owing to the reducing properties.of the
HS™ ion (Nriagu and Hem, 1980).  This would apply-
especially Wheré microbial communities were‘shielded from
the bulk ocean énvironment, fo: example beneath‘a layer of

macrofouling organisms.

In addition to lowering the_tedox‘potential, HyS evolution

also reduces the pH, owing to its dissociation'thusf

H,S = BS~ + H'
which links inextricably the factors,of:SRB growﬁh;vHZS »
evolution, redox potential and pH, the latter tWo“fa¢ths‘
of which are partly intefdependent.‘f Thérefdre ‘when
interpreting the effects of a dynamic SRB cultu:evéyéteﬁ E
on corroding steel, it is clearly Very useful to be able

to observe changes in all four variables simultanéously.  '
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When an SRB population is introduced to corroding steel,
the inhibitory effects of HyS may become reduced, owing to
the formation of insoluble iron sulphides. The changes in
pH and redox potential (Eh) which occur in the absence of
metal may thus be more conducive to SRB growth. In
addition though, cathodic hydrogen generated at the
corroding metal surface is thought to serve as an energy
source for the bacteria, thus promoting further HyS
evolution and increasing the aggressiveness of the
environment ﬁowards the metal (figure 8.1, below). While
promoting corrosion and cathodic hydrogen evolution,
biogenic-HyS also serves to promote hydrogen absorption by
poisoning the hyd;ogen combination reaction. The rate of
such hydrogen absorption is thus ultimately dependent upon
all of the interactive factors which control SRB activity
and HyS evolution. With this complex situation in mind,
the influences of SRB growth on hydrogen absorption will

be discussed in the following sections.

®=® + @
@+ @F-0 + @

.
SRB<®) ()@}
. ,:};,/w ‘

Figure 8.1 Some of the relationships between H,yS
dlssoclatlon, pH, Eh, SRB growth and corrosion.
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8.1.2 Some Initial Considerations of Hydrogen Permeation
Transients Generated During SRB Growth.

Figure 7.5a (Run K, pl48) and figure 7.6a (Run L, pl52)
illustrate the separate components of typical hydrogen
permeation transients generated by consecutive additions
of culture media and SRB inoculum to hydrogen deﬁleted
steel. In figure 7.la & b though (Runs A to E, pl30), the
influences of culture media and sulphate-reduction (as
indicated by culture blackening) have become superimposed,
except in Run C where culture blackening only became
evident some 4 days following initial exposuré of the
steel to SRB cells. The delayed activity of cells
probably arose from an excessive aeration of inoculated
media during transfer into the bioreactor chamber, wherein
a redox potential favouring 'SRB growth will have been
attained following the removal of dissolved oxygen by

aerobic corrosion occurring thus:

0, + Fe + 2H,0 —> 4OH + Fe?* + 6e”

The deaeration of media might also have been caused by the
growth of aerobic contaminant organisms, although no such
evidence was revealed from microscopic examination of

either freshly inoculated or final soured media.
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A possible separate influence.of SRB over and above the
corrosiveness of culture media is suggested from the
initial gradients of hydrogen permeation transients (Runs
A to E, figures 7.1a and 7.1b, pl30) and is illustrated

schematically in figure 8.2, below).

Inoculated
Cultt_:re SRB Culture
Medium Inoculum Medium
Culture
Medium

TIME —

Figure 8.2 Components of hydrogen permeation transients
arising from the separate and combined influences of SRB
and culture media.

The rate of increase in hydrogen permeation current is
lower following the introduction of inoculated culture
media than it is when steel is exposed to culture media
alone, suggesting that the presence or activity of SRB in

some way moderates the rate of hydrogen absorption due to
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culture - media. The subsequently generated hydrogen
permeation peaks and -‘declines indicate that any such
depressive influences on hydrogen absorption @persisted

~throughout the remainder of the experiments conducted.

If the primary source of diffusible hydrogen is generated
due to the cathodic anaerobic corrosion reaction, then the
above effects of SRB culture on hydrogen permeation could
be explained in two possible ways. Either the corrosion
rate decreased, and .less hydrogen became available for
pick-up by steel, or the rate of corrosion continuéd
unabated, but the proportion of hydrogen entering steel

declined.

A reduction in corrosion rate could be effected by either
an alteration in the aggressiveness of the corrosive
environment, for example due to a decline in SRB activity
aﬁd the rate of HyS evolution, or due to the development
of a surface film which confers a degree of protection to
the steel. However, ﬁhe former hypothesis is
inconsistent with the observed coincidence between rising
hydrogen permeation current and rapid SRB growth (Run L,
figures 7.6a and 7.6d, pages 152 & 154). More likely is a
mechanism involving the formation of protective films,
which would account for the hydrogen permeation peaks and
declines generated subsequent to SRB growth. The

absence of any subsequent resurgence in hydrogen
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permeation current would suggest that such films were
persistent, although there was some variation in the
coverage of films on corroded specimens, and also in the
stability of current generated during the decline phase

of hydrogen permeation transients.

Alternatively, the corrosion rate and therefore the rate
of proton discharge may be maintained, but where the
accessibility of atomic hydrogen atoms to the steel

surface is lowered. This situation might be envisaged
where a film of corrosion product, such as ferrous
sulphide acts as a cathode on which hydrogen discharge
may occur. According to the thickness and properties of
the film material, the proportion of diffusible atomic
hydrogen present would decrease in the time taken to
reach the steel surface and then gain access to the metal
lattice. This hypothesis would depend upon the presence
of distinct anodic zones in between filmed regions of
metal, and also on a means of cathodic depolarisation. In
this work, these latterbconditions may to some extent have
.been satisfied simultaneously, as suggested by the uneven
distribution of film material and SRB growth observed on

some corroded specimens.

In addition to any changes in the rate of hydrogen
absorption caused by a changing corrosion rate, a

‘reduction in the accessibility of hydrogen to the steel
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surface might also be effected by the presence of a
hydrogen 'sink'. For instance, an important destination
for cathodic hydrogen might lie within voids or 'traps'
occurring within corrosion product material, or perhaps
within the steel itself. However, any such forms of
hydrogen sink could only be sustained by a continual
removal of hydrogen, for example by means of SRB
hydrogenase (King & Wakerley, 1973). | Although the
corollary of cathodic depolarisation is an increase in
the total amount of hydrogen generated, it has been
suggested that the removal of cathodic hydrogen by SRB
might be sufficiently vigorous to actually cause a
reduction in the quantity of hydrogen available for

absorption by the metal (Walch and Mitchell, 1985).

Some consideration also needs to be given to possible
alternative sources of hydrogen to that generated
cathodically. Additional sources of hydrogen might be
provided either by chemical reactions occurring within the
bioreactor, or perhaps as a byproduct of SRB metabolism.
Alterations in the rates of these latter processes may
then be related to the shape of the hydrogen permeation

transients generated by corroding steel in SRB culture.

Finally, there needs to be a consideration of other, non-
biological influences on hydrogen permeation. For instance
some variability in results may be attributable to changes

in bioreactor temperature, sources of electrical noise
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and physical disturbance; or perhaps due to the properties
inherent in the steel itself, such as the dimensions,

composition and microstructure of the metal.

While a range of factors may be involved in generating
the forms of hydrogen permeation peaks observed using SRB
cultures, their influence on steel is further complicated
by the dynamic nature of SRB cultures. Following
inoculation, the corrosiveness of such batch cultures
changes constantly, due to nutrient depletion, the
accumulation of metabolic byproducts (most notably, HZS),
and also due to a changing cell density. Even if a steady
state aqueous environment were established by the use of
continuous cultures, then the nature of the steel surface'
may still have undergone some kind of dynamic change, due
to the accumulation or formation at the steel surface of
biologically or chemically derived products of metabolism
or corrosion. Therefore the nature of hydrogen permeation
transients generated in batch cultures of SRB needs to be
considered in terms of both changes in the bulk medium
and alterations in the environment immediately adjacent to
the steel surface. Furthermore, there needs to be a
considerétion of the different factors which govern the
quantity of hydrogen present at the steel surface (whether
generated cathodically or biologically), as well as those
factors which control the proportion of totai surface

hydrogen entering the metal lattice.
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As an aid to resolving these inter-related influences on
hydrogen absorption, the observed changes in hydrogen
permeation current for steel in SRB culture will be

discussed in terms of:
1 SRB influences on the anodic dissolution reaction
2 SRB influences on cathodic hydrogen evolution
3 Changes in the fate of hydrogen at the -steel surface
4  Possible influences of biogenic hydrogen.

whilst also examining the possible separate physical

influence of SRB films on the steel surface.

8.2 THE RELATIVE ROLES OF SRB AND SULPHIDE FILMS IN
HYDROGEN ABSORPIION

8.2.1 SRB Growth and HZS Evolution.

The clear demonstration of SRB growth from cell densities
of approximately 106/m1 up to 5 x 108/m1, and the
successful use of dialysis membranes to partition
bioreactor chambers satisfies two important preconditions
for interpreting hydrogen permeation results. Thus any
observed differences between the hydrogen permeation
transients obtained for steel foils in the presence and

absence of SRB cells (Run K, figure 7.5a, pl48 and Run L,
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. figure 7.6a, pl52) may be accountable, at least in part,
to the differential action on steel of whole cells and
the products of SRB metabolism (with a maximum molecular
mass of 10 000 daltons). Conversely, any specific features
of hydrogen transients which are shared by screened and
unscreened foils cannot be attributable to the activities

of SRB cells present at the steel surface.

It 4is equally important that, wunlike the transients
produced by steel foils which were exposed simultaneously
to inocuium and culture media (Runs C to E, figure 7.1lb,
pl30), the separate addition of these factors to steel
causes an increase in hydrogen permeation current which
is clearly well in excess of any separate influences of
culture media alone (Runs J to L; figures 7.3, 7.5a an&
7.6a; pages 139, 148 and 152). An interpretation of the
results is aided further by the general similarities
between hydrogen permeation transients generated using

Desulfovibrio desulfuricans (Norway-4) in' saline (3.57%

NaCl) media- and those employing the freshwater system and

inocula of Desulfovibrio vulgaris (Woolwich).

Where dialysis membranes were employed, the peak hydrogen
permeation currents attained were independent of the
presence of SRB, suggesting that if the generation of
peaks and subsequent declines were due to protective fflm
formation, then such film developmenf was not

significantly affected by the presence of SRB on the steel
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surface. As explained earlier (section 8.1.2, pl78),
hydrogen permeation peaks could be attributable to either
a reduction in the aggressiveness of theb corrosive
environment, or due to some protective influence on.the
steel. The possible involvement of the SRB in either or
both types of process can be further éxamined bj cross-—
referencing observed changes'in cofrosion potential and'
hydrogen permeation current (Run K, figures 7.5é/b/c;

pl48/149 and Run L, figures 7.6a/b/c; pl52/153).

8.2.2 The Establishment of Protective Films.

Following SRB growth and HyS evolution, the potential of
freely corroding speéimens shifted in the noble direction
(Run K, figure 7.5b, pl48 and Run L, figure 7.6b, pl52).
This may be indicative of éathodic depolarisation, as
represented in figure 8.3a (overleaf). Following a shift
in the cathodic curve from a to a', ‘the anodic and
cathodic reactions become balanced at the more noble
potential Ecorr', and at an increased corrosion current
Icorr'. Conversely though, the observed shift in Ecorr
may equally be an indication of anodic polarisation, where
‘the anodic curve moves from b to b' (figure 8.3b,

overleaf).
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Figure 8.3 Evans diagrams illustrating how a positive;

shift in the corrosion potential (Ecorr) may arise from a
shift in curves representing either the cathodic (a), or
anodic (b) reactions. “

However, these shifts in Ecorr have been shown to
coincide with hydrogen permeétion current peaks (Run K,
figure 7.5c¢c, pl49 and Run L, figure 7.6c, pl53), which in
addition to the subsequent declines in permeation current
are consistent with neither cathodic depolarisation nor

an increased rate of hydrogen evolution. It is more
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likely that the anodic‘ reaction has become stifled,
following the reaction of dissolved HyS with the steel
surface and the establishment of a protective corrosion

product film. The possible protectiveness of such films
was suggested by the tarnished appearance of the metal
surface and the thick black overlaying layer of
relatively adherent corrosion product, both of which were

distributed widely across the exposed test area of steel

(plates 7.1la and 7.1b, pli4).

The positive shifts in Ecorr and the blackening of culture
media in Runs K and L coincided with the onset of rapid
HyS evolution and SRB growth. Although no chemical
analysis of the film material was wundertaken, this
strongly suggested that the films generated were in fact
largely composed of some form of iron sulphide, especially
in view of the widespread occurrence of primary sulphide
film formation in SRB culture reported in the literature
(Booth & Tiller, 1960; King et al, 1973a; King et ﬂ',
1976; Tiller, 1983). ~ Furthermore, it has long been
established that following SRB growth and biogenic HyS
production, steel undergoes an overall shift in Ecorr
towards a more noble value, and that such a shift is
associated with the formation of a protective film
(Wanklyn and Spruit, 1952; Booth and Tiller, 1960). For
the films established,during this work, it is possible

that due to the sustained evolution of COz associated
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with SRB activity (Hatchikian et al, 1975), a certain
proportion of the corrosion product material could
develop in the form of siderite (FeCO3), which has been
reported to occur on steel either as a loose bulky film
(Booth et él, 1967), or as a particularly adherent grey

corrosion product (King et al, 1973a).

The exact structure of corrosion product films generated
in SRB culture has been shown elsewhere to depend upon a
range of factors (Smith and Miller, 1975) but most notably
upon the concentration of dissolved ferrous ions (King et
al, 1976). The latter workers demonstrated a positive
correlation between corrosion fate and the concentration
of added Fe2+, wherein media Fe2* concentrations far
exceeding those thought to be applicable in this work
(Fe2+ only present as dimpurities in the reégents used and
that resulting from metal dissolution) ‘ga#e rise to the
formation of tenacious, and protective iron sulphide
(Mackinawite and Greigite) films, similar in description
to those repqrted here. Therefore while it is somewhat
uncertain as to the éxact structure and composition of the
films formed in this work, the evidence presented would
strongly suggest that it was both protective towards the

underlying metal, and consisting largely of iron sulphide.

It follows that if the overall shifts in Ecorr observed
(Run K, figures 7.5a/c, pl48/149 and Run L,figures 7.6a/c,

pl52/153) were generally related to the formation of
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sulphide films, then the subsequent fluctuations in
Ecorr observed may be due to a transitory alteration in
the distiibution, uniformity or structure of the film
material. The factors which may cause the latter changes.
have beén reviewed by Smith and Miller (1975), and for the
ranges of pH, temperature and redox potential applicable
in this work, the most notable influences on film
structure are probably the concentration of dissolved FeZ*
and Hy9S present in the culture, eithefl of which may
determine the stoichiometry of iron and sulphur present
within the corrosion product, and therefore may also
determine the final product's crystalline structure,
Using chemically-prepared sulphides, King et §l1(1973b)
demonstrated a general correlation between the corrdsion
rate and the sulphur content of sulphide species.
Moreover, it was shown by King et al (1976) that on
addition of excess Fel% to corroding steel in SRB culture,
the primary sulphide films consisting of mackinawite
(Fe(14x)S), were transformed into more sulphur rich and
corrosive secondary films, either in the form of
pyrrhotite (Fe788) or as smythite (Fe(3+x)S,). Althbugh
Hy)S samples were taken only up to 50 hburs following
inoculation (owing to the corrosion of sampling syringe
needles), it is reasonable to assume that rates of HZS
evolution will have declined in step with a decline'in the
limiting concentration of either lactate or sulphate

(Postgate, 1984) if not due to sulphide inhibition of
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growth (Groves, 1972), with a resultant increaée in the
ratio of ferrous ion to dissolved sulphide.: - Therefore
after an initial period during which Hy5S levels greatly
exceeded the Fe2+ concentration (thus promoting
protective film formation), a ratio of these species'may
gradually have Dbecome estéblished which was more
favourable towards the formation of the types of non-
protective sulphide precipitates which are normally
associated with high corrosion rates (King et al, 1976).
The uneven films formed on foil specimens and metal weight
losses measured suggested that metal dissolution did
persist following initial film formation. The overall
stability in Ecorr values observed in Run K (figure 7.5b,
pl48) and in Run L (figure 7.6b, pl52) might be explained
by the continual tendency for these areas of corroding
metal to react with residual HyS present in the medium,
thereby acquiring a protective 1layer of corrosion
product. An alternative hypothesis might ‘suggest that
protective sulphide films gradually and irreversibly
deteriorated, with a consequent increase in the area of
bare metal exposed to the culture medium. However, this
would not account for the very marked overall declines
in hydrogen permeation current shown to occur over the 10
day period following the onset of SRB growth in each
- experiment (Run K, figure 7.5a, pl48 and Run L, figure
7.6a, pl52). |
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Whichever of the above mechanisms were applicable, there
should be some consideration of other external influences,
such as vibration, on the possible integrity of sulphide
films. Indeed, it hae been assumed that the simultaneous
fluctuations in Ecorr are due to the effects of diffusible
species (especially HZS) between biereactof chambers,
_rather than other external physical facfors (temperature

was controlled thermostatically).

In addition to: the effect of Fel* concentration, Booth et
al (1965) showed that the structure and proteetiveness'of
sulphide films depended 'upon the time scale of
development. After the exposure of steel for between -30

and 40 weeks to cultures of Desulfovibrio desulfuricans,

the rate of metal weight loss approximately'quadrupled.
This acceleration of corrosion was related to breakdown of
protective sulphide—containing coatings, the formation of
which had occurred during early SRB growth, and in the

presence of a minimal Fe2+

concentration (approximately
107°M). It would certainly be useful to investigate the
possible influence of longer timescales in terms of the

effect of film formation on hydrogen absorption.
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8.2.3 The Influence of SRB Films on Protective Film

Formation and Hydrogen Absorption

Even if the precise nature of the protective films is not
certain, it has been firmly established that the
magnitude and direction of the overall shifts in free
corrosion potential is not dependent upon the presence of
SRB at the steel surface (Run K, figure 7.5b, pl48 and Run
L, figure 7.6b, pl52). It was notable that in common with
transients of hydrogen permeation current (figure 7.5a,
pl4as8 and figure 7.6a, pl52), overall changes in:Ecorr‘
were similar between specimens in the presence and absencer
of SRB cells, and also between specimens used in separate

experiments.

In addition to the similarities between Ecorr transients,
there Werebno general diffefences between the nature and
distribution of corrosion product oh screenedv and
unscreened steel foils (plate 7.1, pl44), either within or

between separate experiments. Other workers (Dumas et al,

1988) who employed cultures of Desulfovibrio

desulfuricans in lactate sulphate-based media have also

noticed broad similarities between the nature of sulphide
films generated on screened and unscreened steel foils.
Such observations have not been made universally though,
and corroding mild steel coupons in a culture of

Desulfovibrio sp. in Postgate's Medium 'C' were seen by
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Gaylarde and Johnston (1980) to acquire "thicker, sulphide
rich precipitates” when in contact with SRB
cells,compared to specimens which were sequestered within
dialysis membranes. Moreover, it is.still unclear as to
what extent the deposition of sulphide films (and the
consequent changes in Ecorr) is influenced by the presence
of SRB films at the steel surface, and to date the subject

might benefit from additional work in this area.

A possible indication of separate SRB influences upon
hydrogen absorption is given by ‘the fact that the metal
weight losses incurred by steel foils exposed to SRB
cells were higher (approximately double) than those from
which SRB were screened (tablé 7.6, pl40). Since hydrogen 
permeation occurs directly in proportion to the corrosion
rate, and having estabiished that the overall rate of
corrosion appears to be under anodic control, then the
inference is that the SRB might somehow interfere with or
perhaps modify the development of protective films. It was
considered that the positive shift in Ecorr was more
likely to ﬂe a consequence of anodic polarisation rather
than increased cathodic activity, in view of the sharp
reduction in hydrogen absorption observed. However, fhe
adhérent sulphide films which formed in each experiment
would have afforded the steel with a more efficient
cathodic éurface on which hydrogen ion discharge could

occur (the different cathodic properties of sulphides
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reviewed.by Smith & Miller, 1975). Thus any enhancement of
the cathodic reaction may have been superimposed with the

positive shift in Ecorr mentioned earlier.

0f the traditional theories of cathodic depolariSation
mechanisms for steel exposed to SRB (Chapter 3), the
process whereby hydrogen is taken up by loose, mobile
forms of iron sulphide precipitate, and_transpdrted away
‘from sites of cathodic activity (XKing and Wakerley, 1973)
may not be applicable in this work, dﬁe to the formation
of protective films. However, it has been suggested that
in a similar prbcess, ‘the efficiency of the cathodic
reaction may be enhanced by the matrix of extracellular
polyéacharide substance (EPS) produced by the SRB. In this
process, iron sulphide particles pfesent Within an SRB
film may act as cathodes, which are mobile and may become
electrically connected to sites of localised corrosioh on
the steel surface (Herbert and Stott, 1984). Characklis
and Cooksey (1983) went further, to suggest that the EPS
may itself act as an electron siﬁk. A further increase
in the efficacy of SRB biofilm as an electron sink in
localised corrosion might be achieved by motility of the
cells themselves. In a process akin to a depolarisation
mechanism proposed by Miller (1981), SRB cells to which
iron sulphide particles were attached might serve as
motile cathodes, bringing "fresh" (non-polarised with

hydrogen) sulphide into contact with corroding steel.
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Most attention regarding the role of SRB in corrosion has
traditionally been given to the possible wutilisation of
cathodic hydrogen as an energy: source during sulphate
reduction, thereby depolarising the cathodic reaction.
Certainly in this work, if the corrosion rate. (and
therefore the rate of hydrogen absorption), as indicated
by metal weight loss were influenced by the hydrogenase
enzyme, then the effect would be evident only for steel
exposed to SRB cells. Any such effects of hydrogen uptake
would not be evident in specimens from which SRB cells
were excluded, since the maxiﬁum sized molecule which is
diffusible through the dialysis membrane (10 000 daltons)
'is exceeded by even the smallest hydrogenase subunit of

Desulfovibrio desulfuricans (Norway 4), which has a

molecular mass of 27 100 Da (Rieder et al, 1984). If
hydrogenase-mediated wuptake of cathodic hydrogen were
important during the bioreactor tests conducted, then its
influence upon the corrosion rate (and hydrogen
absorption) would be most abparent while corrosion was
under cathodic <control, prior to the formation of
protective sulphide films. Furtherﬁore,» it has been
demonstrated thatvcathodic hydfogen utilisation during
growth is most important when it proceeds in concert with
the oxidation of lactate (Cord-RuWisch and Widdel, 1986),
which is.present in abundance just éfter,introduction of
the SRB inoculum. However, the increase in SRB numbers

was seen to reach a maximum after approximately 50 hours
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of inoculation, by which time both lactate and sulphate
(which are present in the medium in stoichiometric
proportions, at 30mM and 60mM respectively) are likely to
have become depleted. Therefore it is to be expected that
hydrogenase activity as a mode of cathodic depolarisation
is unlikely to be important after the initial 50 hours
following inoculation, since the terminal electron
acceptor (8042") has become depleted. Moreover, iimiting
sulphate concentrations have elsewhere been shown to be
one of the conditions in‘which SRB may produce rather that

utilise hydrogen (Lespinat et al, 1987), where protons
can serve as an alternative electron acceptor to the
sulphate ion. In addition, during the initial exposure
of steel to SRB cells, the reverse of hydrogen uptake
might be applicable. In this case, due to an initially
limited energy supply in the form of adenosine
triphosphate (ATP), insufficient activated sulphate wouid
be available for reduction to sulphide, and the excess
electrons generated from lactate oxidation would instead
be used for the reduction of protons, thus liberating
hydrogen (Tsuji and Yagi, 1980). Thus at _different
stages of bioreactor tests, the steel surface night have
become subjected to alternate influences upon the quantity
of hydrogen available for absorption, but due to the
limited period during which hydrogen metabolism is likely
to have occurred, it would seem that these changes would

be unlikely to account for any significant or prolonged
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differences between rates of hydrogen permeation through
corroding foils in the presence and absence of SRB cells

in Runs K and L.

In terms of hydrogen absorption, as an additional measure
of the aggressiveness of conditions at the steel surface,
the proportions of cathodically generated hydrogen which
diffused through corroding steel foils were found to vary
considerably between expefiments. Comparable #alues of
percentage diffused hydrogen ‘Were though obtained for 

pairs of specimens within eacﬁ test (table 7.5, pl38 and
table 7.8, pl45). Of the six values dbtained, there
appears to be no relationship betwéen percentage diffused
hydrogen and the presence or absence of SRB. However, in
view of the formation of protective sulphide films and the'
pattern of corrosion observed, it is interesting that such
a significant percentage of cathodic hydrogen actually
enters the metal. It is wunclear though how these
protective films would affect the proportion of hydrogen
entering the metal, since the film could either serve to
enhance hydrogen absorption, due to the cathodicv
properties of the sulphide material, or it could act as a
partial barrier to the diffusion of hydrogen into the
underlying metal. While accounting for the preferential
absorption of hydrogen by steel when generated by
corrosion rather than by cathodic polarisation; Nobe

(1980) suggested that fresh, continuously renewed iron
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surfaces offered less resistance to adsorbed hydrogen than
did non-renewed ones, which in this case would include
steel surfaces covered in a protecﬁive film. - The
inference is, that if the film were removed, which for

example might be effected by a higher Fel*

concentration,
or due to sulphidation as discussed earliér, then higher
overall proportions of cathodic hydrogen might enter the
steel than the levels observed here. Moreover, if'
protective film formation were prevented altogether, then
the more rapid corrosion rates possible at the bare steel
surface could serve to enhance SRB growth by providing a
more sustained energy source in the form of cathodic
hydrogen. It is doubted though that the SRB could
partake in any competition for cathodic hydrogen with the
steel as suggested elsewhere (Walch and Mitchell, 1984),
since the diffusible cathodic hydrogen is adsorbed in
atomic form at the steel surface, and is therefore

unavailable to bacterial cells.

Observations of the hydrogen permeation data acquired in
this work have so far been made under an important
assumption; that the experiméntal conditions to which
pairs of steel specimens were subjected were similar in
every way except for their exposure to SRB cells. Despite
the various precautions taken during selection of test
material samples, it is inevitable that at least some

variation was observed in the transients of hydrogen
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permeatidn. Such variation may be attributed to
differences in the properties of the steel specimens
themselves, such as slight variations in thickness and
also in microstructure. For instance the distribution of
hydrogen trapping sites, such as manganese sulphide
inclusions, impurities, deformities and defécts within the
crystal lattice of the metal can all be important
influences upon hydrogen permeation (McCright, 1977). The
influence of these latter factors might be further .
enhanced due to the rolling of the steel during
manufacture, thus increasing their surface area (the
effects of wusing different material thicknesses and
specifications on hydrogen permeation were most notable
when comparing transients obtéined from mild steel
(0.15cm, 0.03% C; Runs A and B, pl30) with those obtained
using the thinner shim type steel foils (0.005cm, 0.17% C;

Runs J to O, pages 139, 148, 152 and 157-159).

In summary, it has been established thus far that in
minimal iron medium, SRB growth and stlevolution results
in rapid corrosion and a high rate of hydrogen absorﬁtibn.
The formation of a protective sulphide-containing film
however causes a subsequent irreversible decline in

hydrogen permeation. The SRB do not appear to have any
other influence on hydrogen absorption other than by their

production of H,S.
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8.2.4 The Influence of Culture Media

While the most notable characteristic of hydrogen
permeation transients is the generation of peaks shortly

following the introduction and subsequent activity of SRB,

gimilar peaks are not displayed using complete sterile
culture medium (Runs F and G, figure 7.1c, pl30). In
addition, the steady state . hydrogen ,permeation‘ fates
attained in sterile medium prior to inoculation were
very much lower than the peak permeation currents obtained
following SRB growth (Runs K to N; figures 7.5a, 7.6a,
7.7a and 7.8a; pages 148, 152, 157 and 158). - Separate
experiments using sterile media however demonstrated that
culture media exerted a significant and sustained
influence on hydrogen absorption (Runs F to ‘H, figure
7.1c, pl30). This may complicate an interpretation of the
possible separate role played by SRB activity when steel

was exposed simultaneously to SRB cells and culture media.

The 1levels of hydrogen absorption demonstrated in figure
7.1c (Runs F to H, pl30) suggested that at pH 7.5, some
media components may be corrosive. The steep rises in
permeation current obtained in sterile medium are
consistent with the introduction of a new source of
dissolved protons at a bare, dry steel surface, and in
the absence of oxygen or a cathodic poison such as HjS,

the generation of a polarising hydrogen film would be
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expected to eventually retard the corrosion rate. The
more persistent increase in permeation current seen in
figure 7.1c (Run F, pl30) though may indicate that sterile
medium had a corrosive influence on- the metal. "An
implication of the lower levels of hydfogen permeation
current observed in RunkH (figure 7.1c, pl30) is that to
some extent the presence of yeast extract determines the
overall corrosiveness of the culture medium used
(Postgate's Medium 'C'). While accounting for the
different thicknesses of test materials used, the surface
hydrogen concentration, Co attained in the steel exposed
to PMC medium lacking yeast extract (Run H, 0.075cm thick,
Co = 0.002lppm hydrogen) was approximately one third of
the Co value attained in steel exposed to complete medium
(0.0lZScﬁ, Runs F and G, 0.0077ppm and 0.0056ppm hydrogen
respectively). However, it should be noted that such an
order of variation in Co values could be a consequence not
only of different specimen thicknesses, but also of
variations .in material compoéition or microstructure.
While a final examination of the specimen concernéd
revealed what appeared to be constituents of yeast extract
adhered onto the steel surface, no evidence of localised
corrosion resulting from the distribution of the material

was seen.

It has been suggested elsewhere that the corrosion rates

of steel may vary according to the presence of yeast
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extract (King et al, 1976). However, there appears to be
little substantiation in the 1literature that yeast
extract may in itself be corrosive towards steel (of
greater importance may be the possible nutritional role of
yeast extract in determining SRB activity). Gaylarde and
Videla (1987) demonstrated that certain components of PMC
medium, including 1lactate, citrate  and especially
phosphate ions, had the reverse effect, and g#ve rise to
passive film formation on steel,. The same workers
however pointed out that this effect was counteracted
completely by the depassivating influence of chloride
ions, Which>wou1dvbe present in cultures of marine SRB
strains, However, the relatively 1large hydrogen
permeation currents generated employing culture media
(which lacked added salt) in this work would suggest that
such a passivating mechanism Weré not applicable,
assuming all other conditions were equal. Moreover, it
is apparent from the initial hydrogen permeation plateaux
shown in figures 7.3, 7.5a and 7.6a (bioreactor Runs J, K
and L; pages 139, 148 and 152), that even in the presence
of added salt, the culture medium is no more aggressive
towards Steei than it is when formulated for 'use. with

freshwater cultures.
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8.3 THE INFLUENCE OF SRB FILMS ON HYDROGEN ABSORPTION
DURING CATHODIC PROTECTION

8.3.1 Hydrogen Absorption During Cathodic Protection

From the three experiments  involving cathodically
polarised specimens, it was clear that the quantity of
hydrogen entering the metal increased considerably
following SRB growth and HyS evolution. The magnitudinal
increase in hydrogen permeation current generated by steel
at -850mV (SCE) compared to that obtained at the free
corrosion potential is consistent with the increased

quantity of cathodic hydrogen generated at the lower
potential; coupled with the poisoning effect of sulphide
on the hydrogen combination reaction. Whereas in freely
corroding foils, subsequent hydrogen permeation currents
declined markedly (for example, Runs C to E, figure 7.1b,
pl30 and Run L, figure 7.6a, p152), there was some
variation in the nature of permeation transients in
cathodically protected specimens. In Run M (figure 7.7a,
pl57), fhe decline was less steep than that seen in Run N
(figure 7.8a, pl58) the latter of which resembled in form
(although not in magnitude) the transients obtained by
freely corroding steel in Run L (figure 7.6a, pl52). This
variation between decline phases of hydrogen permeation
transients may be a function of the types of films formedv

on the steel surface, which may serve as a partial barrier
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to cathodically generated hydrogen, in the same way as
suggested for freely corroding specimens. The few
specimens examined after cathodic protection did not
posses the uniform surface 'mats' of black sulphide- .
containing corrosion product which were characteristic of
steel which had corroded freely, suggesting that the
cathodic protection potential somehow interfered with film

development.

Tn view of the observed effects of cathodic charging at
-850mV (SCE) (Run O, figure 7.9, pl59), the increases in
hydrogen permeation current detected for specimens
polarised to -1000 mV (SCE) was lower than expected.‘ In
fact, the levels of Thydrogen permeation current
established at -850mV (SCE) in Run O were between three
and six times less than the levels attained in Runs M and
N, even though the initial experimental parameters were
similar. The observed growth of a contaminant organism
prior to the introduction of SRB cells does though clearly
complicate an interpretation of vthe levels of hydrogen
permeation current attained, since SRB growth and HyS
evolution which largely determine the aggressiveness of
the corrosive medium, depend upon the presence of an
oxidisable Substrate, in this case lactate. Evén though
under similar conditioﬁs in an earlier experiment (Run N,
the growth of a contaminant organism did not appear to

influence the overall SRB cell density or the magnitude of
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hydrogen permeation curreht, it is difficult to deduce
exactly why only rather poor and capricious SRB growth was
achieved in Run 0, because of the great variety of
effects of contaminatibn possible, mnot only on the
depletion of nutrients, but also on‘ other growth
parameters, such as pH and Eh. Clearly, in_Order to
determine absolute rates of hydrogen absorption at

-1000mV (SCE), there may be much benefit in repeating
the experiment, but whilst ensuring the maintenance of
sterile conditions prior to the introduction of SRB.
Under these conditions, cathodic charging would only be
increased to -1000mV once vigorous SRB growth had become
established; and where the levels of hydrogen permeation
current generated at -850mV (SCE) were similar to those’

detected in previous experiments (Runs M and N).

Although the maximum levels of hydrogen permeation
current attained at -1000mV (SCE)did not exceed the levels
attained in separaté experiments at -850mV (SCE), hydrogen
permeation currents did increése vup_ to three times
initial values following the transition from =-850mV to
-1000mV (SCE). Starting from the levels attained at -850mV
in previous eXperiments, a similéf such increase would
give a hypothetiéal maximum current density of up to
19pA/cm2, and a surface hydrogen concentration of 0.2ppm.
The possible significance of such rates of hydrogen

absorption are discussed in section 8.5 (p218).
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8.3.2 The Influence of SRB Films

The apparently synergistic effect of SRB growth' and
cathodic polarisation on hydrogen absorption was not
dependent on the presence of SRB films at the steel
surface, and the relative degree of variation between peak
hydrogen permeation currents attained in the preéence and
absence of SRB cells was similar to that encountered when
using freeiy corroding steel foils. ' If SRB were active
in the removal of cathodic hydrogen from steel held at
-850mV (SCE), then in order to maintain this potential,
extra current would need to be supplied to the metal, .
thus increasing both the rate of hydrogen discharge and
the quantity of hydrogen available for absorption.
However, although no record was made of the current
supplied to the steel specimens, the hydrogen permeation
transients obtained gave no indication that the rate of

hydrogen discharge was increased in the presence of SRB.

For the specimens polarised to -1000mV (SCE), no clear
relationship could be deduced between the presence of SRB
at the steel surface and the rate of hydrogen absorption.
The permeation currents detected for screened foils were
consistently lower than for foils exposed to media
inoculated with SRB. However, this situation had clearly
become established well before SRB were introduced, whiie
steel foils were still being exposed to sterile culture

media. It is suggested that such variation in permeation
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currents may be at least partly attributable to a
difference in the physical pfoperties of the steel
specimens, as was suggested previously in relation to the
differences between transients obtained for the pair of
similar freely corroding specimens in Run J (figure 7.3,
pl139). It is significant though, that changes in
hydrogen permeation current detected from screened foils
did reflect the fluctuations observed on foils exposed to
SRB cﬁlture, and that the peak values attained by both
foils were similar, suggesting that the presence of SRB
cells had little, if any significant influence on the rate

of hydrogen absorption at this potential.

The difficulty encountered in establishing good SRB growth
in the presence of steel polarised to -1000mV (SCE) was
probably related to the constantly increasing pH, due to

the cathodic reduction of hydrogen ions thus:
Zﬁzo + 2e” = Hz + 20H

Despite the several attempts made to maiﬂfain pH levels
- at or near an optimum for SRB growth, corresponding to
between 7.2 and 7.6 units (Postgate, 1984), the types of
cells present continued to exhibit the morphological
characteristics of a streésed, senescent culture. It was
shown by Wolfson and Hartt (1981) that for steel exposed
to natural sea water, and polarised to potentials of

between -780mV and -1030mV (SCE) using different stirring'
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rates and durations of exposure, the pH levels established
O.lmmv from the metal surface lay between 10 and 11.5
units. Such an order of alkalinity can lead to cell
death, and the dangers of allowing SRB cultures to become
excessively alkaline are well known (Postgate, 1984). It
is therefore not surprising that SRB growth, in addifion
to sulphate-reduction was absent on specimens polarised
to -1000mV (SCE), even though bulk pH values (at a maiimum

of 8.5 units) may have been more favourable to growth,

In addition to the possible influence of pH‘updn biogenic
HyS evolution, the high pH levels associated with the
surfaces of specimens polarised to -1000mV (SCE) may
hav‘e encouraged the precipitation and deposition on the
steel surface of calcium and magnesium carbonates in the
form of calcareous films. The progressive develobment
of such films at inéreasingly lowered potentials has
been shown to depress the rate of hydrogen permeation
through steel exposed to artificial sea water (Lucas and
Robinson, 1986). In the present work though, it was
unclear how important an effect the development of
calcareous films might have had upon hydrogen absorption,
since the concentrations of calcium and magnesium ions in
the culture medium used (2.7pM and 2.4pM respectively)
were very much lower than those present in commonly used
" formulations of artificial sea water (26mM and ‘10mM

respectively: ASTM standard D1141-75; ASTM, 1980 and BDH
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Artificial Sea Water mixture, BDH Ltd). Moreover, in a
field situation, where prolonged péribds of cathodic'
protection result in the establishment of célcareous
deposits on steel, the current demand for protection from
corrosion may become reduced (LaQue, 1976), thus loﬁering
the quantity of hydrogen generated. In view of the’
combined effects of a lower overall rate of hydrogen
evolution and the displacement of hydrogen dischérge away
from the steel surface, it would seem less likely that
the SRB films could have a significant influence .on H

absorption once calcareous films have become established.

A common factor in experiments conducted with cathodiéally
polarised steel wés the extra time taken for the
establishment of SRB growth, compared to the rapid onset
of growth and Hy9S evolution when using freely corroding
specimens. While delayed growth may havé been related to
local increases in pH at the steel surface, the successful
establishment of an active SRB biofilm may alsé have been
influenced by the 1limited availability of certain
nutrients in the environment immediately adjacent to the
steel. A requirement for calcium ions iﬁ the process of
bacterial adhesion and the formation of EPS has been
. reported by a number of workers (Characklis and Cooksey,
1983), but the locally high pH levels associated with the
cathodic steel surface would encourage the precipitation

of Cal* ions, which would therefore become less available
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in the biofilm development process. Perhaps of more
immediate consequence for SRB activity at the bare steel
surface would be a limiting concentration of Felt ions,
which are required by the bacteria in relatively large
quantities (Postgaté, 1984) for the synthesis of the
redox proteins (such as cytochromes) involved in sulphate-
reduction. It was suggested earlier (section 8.2.3, pl92)

that an initial excess of HyS over dissolved Fe2* would
serve as an iron sink, until such a time that due to the
depletion of sulphate ion and the reaction of sulphide
with the steel surface, the relative concentration of
Fel* began to increase. However, in experiments where
steel foils were cathodically polarised, the availability
of dissolved Fe?* for SRB growth and respiration would
also be limited by the much reduced tendency for anodic
'dissolution to occur at the reduced potential. A similar
effect on iron concentration would be expected due to.  the
tendency for the formation of passive Fe(OH)9 films at
raised pH levels (Wranglen, 1972).

Despite the possible influences of pH, protective film
formation and a limited iron concentration on SRB . growth,
thick SRB films did eventually become established on steel
foils which were polarised to =-850mV (SCE)., It is
suggested that the delay in cell growth may be related to
a period of physiological adjustment of the culture to the

surface environment of the polarised steel. Once growth
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had become established, with the consequent evolution of
H9S and an increase in corrosion rate, then dissolved Fe2*
ions could have become available to SRB cells by the
~ dissolution of the metal. Clear evidence of corrosion was
evident from observations of pitting and metal weight
loss. It is not suggested though that SRB iron uptake
caused a stimulation of the anodic reaction, since a

similar localised pattern and extent of corrosion was

found on screened and unscreened specimens.

The 10¢alised_ nature of corrosion on céthodiéally
polarised specimens, in the form of circumferentially
distributed pits, was probably related to a stage of
the specimen preparation process. It was thought that'by
marking out the area‘ of metal to be exposed to the
corrosive medium, the slight depression thus formed may
have corroded preferentially, owing to a slight Change in
thickness. Although successive methods of preparation
avoided the marking of specimens, similar but less
localised patterns of corrosion were observed around the

circumference of the exposed area of metal.

As indicated by the observations of pitting and metal
weight loss, a potential of -850mV (SCE) clearly afforded
an inadequate level of protection to the steel foils,
whether in contact with, or screened from SRB (weight
losses of 2.84 and 3.11lmdd respectively). In view of the

effects of HyS on depressing the reversible potential of
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the énodic dissolution reaction (Horvath and Novak, 1964),
it is to be expected that a lower potential would be
required to maintain immunity from corrosion, compared to
‘that needed in the absence of sulphide. The effect
becomes more pronounced as the iron . concentration
decreases and as the HyS concentration increases, both of
which occur during SRB growth and sulphate reduétion. The
requirement for a minimum potential of -950mV, Cu/CuS0y
(equivalent to -873mV, SCE) is widely regarded as an
acceptable level of protection in environments containing
SRB, and has been shown to cause only very low residual
corrosion rates, in the order of 0.001mdd (Fischer,
1984). However, the cathodic potential wused in this work
(which differed from the former value by only +23mV)
resulted in significant corrosion, with weight losses of
the same order as those obtained for freely corrddihg
specimens in Run J (5.85mdd and 6.07mdd, section 7.4.2,
- pl6él). It is unclear though how much the dissolved iron
concentration is taken into account in deducing what
constitutes a safe level of cathodic protection., Although
the values for sea water .are likely to vary according
to sampling location, an average  dissolved Fel*
concentration of approximately 2 x 1077 M has been
quoted (Weast, 1989), which according to a Nernstian
response, corresponds to an iron potential of —885mV, SCE
(-962mV, Cu/CuSO4). In the presence of biogeﬁic'HZS, an

iron concentration lower than this might be expected, in
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which case a more active potential of steel would become

established. This might account for the marked corrosion

observed on steel specimens 'protected to -850mV (SCE).

As an indication of the corrosion rate; -the various
determinations of hydrogen permeation current and metal
weight loss do notk suggest that a relafionship exists
between the level of protection afforded by a cathodic
potential of -850mV (SCE)‘and'the'presenée or absence of
SRB at the steel surface: The findings of these
experiments may therefore be inconsisﬁent with those of
Booth and Tiller (1968), who suggested that the extra
current required to maintain the immunity of steel in
buffered SRB cell suspensions was a function of cellular
hydrogenase activity. Furthgrmore, an -implication of
additional decreases in the potential of steel,‘ for

example to -1000mV (SCE), is that iron will cease to
dissolve and will become unavailable to the bacteria. With
the additional effect of rising pH levels at the éteel
surface, it is uncertain how a baéterial colohy could grow
and respire sufficiently close to the metal surface to
influence the current demand duringvcathodic protection.
Moreover, at the potentials used (-1400mV,-SCE) by some
workers to demonstrate cathodic hydrogen uptake by SRB
(Pankhania, Moosavi and Hamilton, 1986), it. would seem -
more 1likely that bacterial hydrogen uptake occurred in

solution, and some distance from the steel surface.
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8.4 THE INFLUENCE OF SRB ACTIVITY ON THE SURFACE
HYDROGEN CONCENTRATION : |

The surface hydrogen concenﬁration (Co) values shown in
Appendix 5 give an indication of the aggressiveness of the
varying conditions at the steel surface during SRB growth.
When comparing the Co values obtained from Runs C, D and
E with those deduced from subsequent experiments using the
double chamber apparatus, it is important to note that the
composition, and particularly the carbon contents of the
two batches of steel test material were slightly different
(0.15% and 0.127% respectively). The two types of material
also differed in thickness (0.01 to 0.0125cm compared to
- 0.005cm). - Therefore considering the possible influences
of composition and different manufacturing processes on
microstructufe, the assumption that the apparent diffusion
coefficient was equal for the two materials may not have‘
been entirely accurate. However, what is clear from an
»overview of the Co values obtained, is the very marked
influence of cathodic protection on hydrogen absorption
during SRB growth, an effect which was .reproduced using

Separate specimens, and separate experimental conditions.

Although this synergism between cathodic protection and
SRB activity appears to be a real effect, a possible
difficulty arises when attempting to compare the result

with those of other workers. This is not least due to the



216

dearth of available data in the field, but also because of
the wvariation in methods of hydrogen determination
(section 2.3.2, p21), and also the great variation
possible in the factors which control hydrogen absorption
and diffusion in metals (microstructure, composition,
temperature etc). Therefore use of the maximum value
obtained (0.066ppm) is undoubtedly of most value when |

comparing Co values using the same test material.

It was suggested earlier (section 8.3.1, p205) that a
hypothetical Co value obtained for foils poised to
~1000mV (SCE) could exceed 0.2ppm hydrogén in steel, This
was based on the three-fold increase in'current’dehsity
observed when reducing the potential value from -850mV to
-1000mV (SCE), but assuming an initial (base level)
current density equivalent to fhat obtained at -850mV‘in
previous experiments. In view of the fact that a charging
potential of -850mV (SCE) was clearly insufficient to
prevent corrosion, it is obviously of concern that
significantly highef levels of protection might lead to a
disproportionate increase in hydrogen absorption, possibly
leading to an increase in susceptibility of steel to

cracking.

While it is well known that in addition to the effects of
cathodic charging and microstructure, the levels of HyS

in the corrosive medium have a major influence upon
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hydrogen absorption by steel, it is not clear what Hj)S
concentrations were present during the experiments
conducted using cathodically polarised specimens. During
bioreactor experiments conducted with  freely corroding
specimens, changes in the gas phase H9S partial pressures
gave only an indication of relative increases in dissolved
sulphide concentration, since there is some
difficulty in deducing the absolute dissolved HyS

concentrations from these gas phase values, principally

because the gas tends to  react with dissolved ions

2+y, The problem

present in the solution (especially Fe
is compounded by the fact that at near neutral pH values,

small changes in pH cause relatively large alterations in
the rate of ionisation of the gas into HS™ ion (Nriagu énd;
Hem, 1978). However, Edyvean (1987) reviewed the limited
available values of HyS concentration in biologically

active systems, which ranged from SOﬁpm to 600ppm,

depending upon the nutrient status of the media used.'
Assuming that dissolved HyS gas partitioﬁs with air at a
ratio of 200:1, then the gas phase HyS concentrations
measured in this work (105ppm) would suggest a dissolved
concentration of approximately 500ppm. Gilbert.(1985)
reported that in laboratory culture medié, HyS
concentrations which were inhibitory td further SRB
growth became established at between 600ppm and 750ppm.

It would therefore seem reasonable to consider that the

H9S concentrations applicable in this work might be
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comparable in scale to the latter values. Certainly, in
view of the possible accumulation of high Hj)S levéls in'a
closed environment such as an oil pipeline, it would be
useful to deduce the Co values applicable during SRB.

growth at increased levels of cathodic protection.
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8.5 THE POLARISATION OF STEEL DURING SRB GROWTH

8.5.1 The Influence of SRB Growth on the Cathodic
Reaction ’

The polarisation scans performed on steel specimens in
each separate experiment indiéated quite clearly that the
growth of SRB and the liberation of hydrogen suiphide‘
resulted in a depolarisation of the cathodic reaction
(figures 7.10a/b, pl67 and figures 7.1la/b, pl71). The
effect is illustrated by a comparison between the cathodic
currents recorded at a common potential of -900mV (SCE).
These were seen to increase from 10-12}1A/cm2 in sterile
growth medium, to values between IOOpA/cm2 and in excess
of 1000}1A/cm2 (figure 7.11b, pl71) following inoéulationr
with SRB. A similar effect is apparent at potentials
below -950mV, SCE (figures 7.10a and 7.10b, pl67). Such
changes in cathodic activity compare favoﬁrably with the
increases in cathodic currents reported by other workers
(Booth and Tiller, 1962) who investigated the effects of
SRB grdwth over a similar range of cathodic potentials to
those used in this work, whilst using comparable types of
growth media and marine SRB species. For comparison, at
a potential of -900mV, SCE (-660mV, NHE) a similar scale
of increase in cathodic current density was obtained by
the latter workers after the exposure of steel to SRB

culture for between 6 and 11 days (figure 3.3, p51).
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It is suggested that, in common with the polarisation data
produced by other workers (including that shown in figure
3.3, p51), this demonstration of cathodic depolarisation
in SRB culture is a consequence of the formation of
sulphide containing films. Moreover the presence of such
films was indicated from an examination of polarisation .
specimens, which became coated with rich black deposits of
a similar nature to those established ubdn foil specimens
in hydrpgen permeation experiments (section 8;2;2, pl86
and section 8.2.4,v p200).  The properties of iron
sulphides which are associated with enhanced cathodic
activity were reviewed by Smith and Miller (1975), and
include a combination of physical and electrochemical
factors which serve to both enhance . the rate of
hydrogen discharge, while also facilitating the
diffusion and absorption'of discharged hydrogen within the
sulphide material itself. The electrochemical effects of
iron sulphides were investigated by Mara and Williams
(1972), whose work provides a clear demonstration of

cathodic depolarisation (over a similar range | of
potentials to those being <considered @ in this work);
resulting from the exposure 6f iroﬁ 'speciméns to a
variety of chemically and biologically derived iron

sulphide compounds (figure 3.8, p63).
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In common with the results cited in figure 3.8, there was
some variation in displacement of the cathodic curve with
time. In figures 7.10f/g (pl70) and figure 7.11b (pl71)
the active shift in cathodic current was progressivebwith
time, whereas in figure 7.1la (p17i), the more active
situation became established after 24 hours exposure to
SRB culture, compared to the situation obtained 336 hours
later. In addition, for the separate pair of specimens
in figure 7.10e (pl69), the overall shift in cathodic
curves was relatively small compared to the 1onger-term
changes observed in other specimens. Thé inference that
such an  enhancement of the cathodic reaction is only
transitory is consistent with the results obtained by
King, Miller and Wakerley (1973), and also with the
hypothesis put forward by King and Wakerley (1973), which
proposed that the initial cathodic properties of sulphide

films can only be maintained if polarising hydrogen is
bcontinually removed. The latter workers suggested that

the iron sulphide films could be depolarised either by:

a) introducing 'fresh' non-polarised sulphide to the steel
surface, or ‘

b) by hydrogenase mediated hydrogen uptake, for instance
by an SRB population in close contact with the surface of
the sulphide material.

Conditions in which mechanism a) could become eStabiished

might have been applicable in this work, if over a longer
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period of time the primary sulpPhide film (which in minimal
iron media has been identified as Mackinawite, FeSj._4;
King, Miller and Wakerley, 1973) broke down, and became
transformed into 1looser, and more sulphur rich iron
sulphides (such as smythite, Fe3S, and éreigite, Fe3S4),
‘which have been found to be more corrosive, owing to their

greater capacity to absorb cathodic hydrogen (King,

Miller and Smith, 1973).

Mechanism b) above would only apply while a reducibie
substrate, in this case the sulphate ion, was available.
It 1is unclear though in these experiments 'What
concentrafions of sulphate remained, and at which rate
sulphate reduction occurred by the time the final serieé
of polarisation scans were performed, since cell growth
and respiration become inhibited by the accumulation of
high sulphide 1éve1s (Groves, 1973), probably due to the

lack of dissolved Fe2* present (Postgate, 1984).

For the longer terms of exposure of steel to cbrrosive
media it was apparent that the overall shifts in cathodic .
activity were no greater in the presence of SRB cells than
in their absence (after 238 hours, figures 7.10d/e,
pl68/169 and figures 7.11d/g, pl72/174). Moreover,
excepting the curves shown in figure 7.11g (pl74), the
latter comparisons suggest that the presence of SRB might

rather serve to reduce cathodic activity, for example by
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the accumulation of cathodic hydrogen within bacterial

EPS present at the steel surface.

An interpretation of the cathodic curves generated over a
shorter term (up to 48 Hours following the establishment
of growth) is complicated by‘the variability in results
obtained (figures 7.10a/b, pl67 and figures 7.11a/b,
pl71), which need to be considered in terms of the

. metabolism of the bacteria.

Cord-Ruwisch and Widdel (1986) observed that the uptake of
cathodic hydrogen during the corrosion of steel wool
occurred only during the simultaneous oxidation of carbon
source (lactate). Any effects of bacterial hydrogen

uptake in accordance with the 'Classical Theory' of
cathodic depolarisation (Chapter 3) would therefore be
most evident during SRB growth. In this .work,‘ the
polarisation curves obtained 48 hours after the onset of
SRB growth gave no indication that the SRB cause ény
additional increase in cathodic activity compared to that
caused by the bacterial dialysate. In fact at a potential .
of -1000mV (SCE), the current density was seen to increase
in the absence of the bacterial cells, from 0.28mA/cm?
(figure 7.10a, pl67) to 0.53mA/cm? (figure 7.10b, pl67).
However, the curves obtained in the second of the
polarisation experiments suggested that 24 hours following

inoculation, a more pronounced shift in the cathodic curve
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occurred in the presence of SRB (figure 7.11a, pl71)
compared to the smaller shift in SRB cell-free conditions
(figure 7.11b, pl71), perhaps suggesting a bacterial

cathodic depolarisation mechanism,

8.5.2 Changes in Anodic Activity FollowingVSRB Growth

It was clear from an examination.of the anédic behaviour
of specimens shown in figures 7.10f/g (pl70) and figures
7.11a/b (pl71) that SRB grbwth "effected a considerable
polarisation of the anodic reaction. This is illustrated
most strikingly by contrasting figure 7.10c (pl68) with
figure 7.10e (p169), in which the anodic current
obtained at a potential of -580mV (SCE) decreaSéd by 24
times, from 1.2mA/cm2 prior to inoculation to a value of
O.OSmA/crn2 following growth of the bacteria. The nature
of this shift in anodic curves is consistent with the
results of the polarisation work performed by Booth and
Tiller (1960), who measured changes in the anodic and
cathodic characteristics of steel over a range of time

periods and using a number of Desulfovibrio sp, and

gimilar culture conditions to those used in the work of

Booth and Tiller (1962) cited previously (figure 8.4,

overleaf).
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Figure 8.4 ©Polarisation of the anodic reaction at 30 C
for mild steel specimens exposed to an active culture of
a) Desulfovibrio desulfuricans (Hildenborough), initially
(0) and after 3 days (D), 7 days and 10 days (A ); and
b) Desulfovibrio orientis (Singapore), initially ( 0O ),
after 2 days (X ), 7 days (A ) and 10 days ( A).v After
Booth and Tiller (1960). '

The decreased anodic activity of polarisation specimens is
consistent with the noble shifts in corrosion potential
observed during hydrogen permeation experiments (figure
7;5b, pl48 and figure 7.6b, pl52), and these polarisation
data therefore give strong support to’ the general
hypothesis made previously (section 8.2.2, pl86) that the

sharply declining rates of hydrogen absorption in freely
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corroding steel were attributable to the establishment of
protective sulphide films. In addition, the similarities
in'electrochemical behaviour of polarisation specimens
and freely corroding foils were reflected by the similar
adherent, black sulphide;containing films which became

established on both types of specimen.

It was a notable feature of each of>the eight polarisation
scans thét\after the longest term 6f exposure (either 232
hours or 360 hours) of steel to SRB cells or cellular
metabolites, a more active rest potential (Ecorr) had
become established (figures 7.10a/b/c, pl67/168 and
figures 7.11lc/d/g, pages 172/174). In view of the effect
of a combined anodic polarisation and cathodic
depolarisation on the corrosion potential (Ecorr' "and

Ecorr'', figures 8.5 and '8.6), and the important'
influences of both of these ﬁrocesses jdentified in this
work, a marked shift towards more noble potentials would
be expected. This was in sharp contrast to the ubiquitous
noble shifts in potential observed for freely corroding
steel foils in hydrogen permeatioﬁ experiments (figure
7.5b, pl48 and figure 7.6b, pl52), and was also
inconsistent with the findings of a number of other

workers who also conducted polarisation studies of mild
steel in SRB culture (Wanklyn and Spruit, 1952; Booth and
Tiller, 1960; Booth, Elford and Wakerley, 1968). The

former comparison is made in table 8.1, overleaf.
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Table 8.1 Comparison between shifts in Ecorr following
SRB growth obtained for freely corroding steel foils (fcp)
and cathodically protected specimens (CP).

CP/fcp figure Ecorr, mV (SCE) shift
initial | final

fo * 7.5b -725 -645 +80
fc 7.5b -725 -645 +80
fo * 7.6b -710 -630 +80
fe 7.6b -730 ~630 +100
cp * 7.10f£ ~720 ~800 -80
CP 7.10g ~710 -800 =90
CP* | 7.l1a -750 | -815 -65
CcP 7.11b -770 -790 | -20

* Specimens exposed directly to SRB cells

The above results can.be most readily accounted for by a :
part of the experimental technique, where each scan was
performed on specimens one hour after the removal of a
constant potential of -850mV (SCE), and that this provided
insufficient time for the steel to achieve its true rest
potential. The residual effects of supplying an external
current to the steel were thus still apparent during the

scans, by a reduction in rest potential.
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8.5.3 Changes in the Corrosion Rate

Despite the clear reductions in anodic activity described
in the previous section, ~over the course of each

polarisation experiment the corrosion rates of specimens
increased markedly. This is shown most élearly in figures
7.11a and 7.11b (pl71), which over a period of 360 hours
~ exposure to SRB cells and cell dialysate, show
respectively two-fold and ten-fold increases in current
density, corresponding to an increase in the rate of
metal weight loss from between 16mdd and 10mdd in sterile
medium, to between 32mdd and 100mdd after inoculation with
SRB (table 7.10, pl66). Similar increases in corrosion
current density of up to 10 times initial values are also
suggested in figures 7.10f and 7.10g (pl70), véfter

approximately 236 hours exposure to corrosivekmedia;

The polarisation data described thus.far have indicated
that over a.period of up to 360 hours exposure of steel
to sulphide-containing media, there was an enhancement of
the cathodic reaction and a simultaneous reduction in
anodic activity, but the corrosion rate increased markedly
overall, This situation can be represented schematically

as in figure 8.5, overleaf.
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Figure 8.5 Evans diagram representing the establishment

of partially protective sulphide films on steel, which
cause a reduction in anodic activity from a to a’,
together with a a more pronounced enhancement of the
cathodic reaction, from c to c', thus increasing the

overall corrosion rate from i to i'.

In hydrogen permeation experiments, similar adherent
sulphide-containing deposits became established on steel
foils as on polarisation specimens. This suggested that

both types of specimen were afforded with a combination

of enhanced cathodic properties, and reduced anodic
activity. Moreover, a comparison between both sets of
results obtained during active SRB growth and HyS

evolution serves to illustrate that corrosion rates

increased during this period.
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The rate of hydrogen absorption by freely corroding steel
foils (which increases in proportion to the overall rate
of hydrogen discharge), was séen~to rise progressively
for between 50 hours (figure 7.5a, pl48 and figure 7.6a,
pl52) and 70 Thours (figure 7.3, pl39) follbwing
inoculation with bacteria. ' These periods of rapid
hydrogen absorption were associated with the‘ highly
corrosive effects of biogenic H,S on ‘the bare metal
surface -(section 8.2.1, pl84), Whefe both cathodic and

anodic processes were thought to have been enhanced.

During equivalent periodé of exposure to SRB cells and
byproducts to those quoted ‘above, electrochemical
measurements made separately also indicated an increase in
the corrosion rate of steel. This applied to all of the
specimens scanned, each of which generated a higher
corrosion current density following SRB growthf(that is
after either 24 hours of inoculation; figures. 7.11a/b
(pl71), or 48 hours after the onset of SRB growth; figures
7.10f/g (pl70), compared to that geherated in sterile
medium. The most pronounced such increase is illustrated
in figure 7.1la (pl71) in which a ten-fold increase in
corrosion current occurred within the first 24 hours (SRB
growth had become estéblished_by this time, as indicated
by the blackening of culture media, and the increase in

turbidity observed).
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However, in hydrogen permeation experiments, the
association between declining rates of hydrogen absorption

and a reduced corrosion rate (section 8.2.2, pl86)
indicate that.in the longer term (from between 50 hours
"and 70 hours of inoculation, and up to 310 hours
thereafter), the anodic effect must have become dominant -
(the resulting Vnet reduction in the corrosion rate is

represented schematically in figure 8.6, below).
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Figure 8.6 Evans diagram showing how the establishment
of a protective sulphide film may cause an overall
reduction in corrosion rate following an enhancement of
the cathodic reaction from ¢ to c¢', in concert with a more
prominent negative shift in the anodic curve from a to a'.
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The dominant effect of anodic polafisation ‘would account
for the lower overall corrosion rates (weight losses)
determined: for steel foils (Appendix 3), compared to the
higher rates of corrosibn deduced eléctrochemically in
polarisation experiments (table 7.8, pl4s). The rapid
decline in hydrogen permeation currents (toHlevels below
those generated.'by‘sterile culture medium) observed for
freely corroding foils (figure 7.1b, p130. and figure
7.6a, pl52) would also be consisteht with a dominant

polarisation of the anodic reaction.



9.  CONCLUSIONS
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By exposing steel specimens to growing batch cultures of

freshwater and marine SRB species in minimal iron media,

the following information has been gained:

1.

The rate of hydrogen absorption by freely corroding
steel membranes increases rapidly within the first
30-50 hours of SRB growth and HyS evolution, owing to
the effects of HyS on both the corrosion rate and the
hydrogen combination reaction.

Approximately 30-50 hours after inoculation, a peak
rate of hydrogen absorption is attained which gives
a surface hydrogen concentration in steel (Co) of
0.004ppm. A subsequent decline in hydrogen permeation'
occurred, which was attributed to the formation of a
protective sulphide film.

When cathodic protection is applied to -850mV (SCE),
hydrogen permeation rates are increased by up to 15
times the values attained by freely corroding steel,
giving a maximum Co value of approximately 0.06ppm.

Lowering of the applied potential from -850mV (SCE)
to -1000mV (SCE) resulted in a doubling or tripling
in the rate of hydrogen absorption, although initial
hydrogen permeation currents were lower than in other
similar experiments.

Polarisation scans performed in conditions similar to
cathodic protection experiments confirmed = the

- establishment of partially protective films, which

had enhanced cathodic properties, but where anodic
polarisation had a dominant effect on the corrosion
rate.
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APPENDIX 1

MATERTALS AND APPARATUS HANUFACIURERS AND SUPPLIERS

BBL Mlcroblology Systems, P.0O. Box No 243, Cockeysv111e,f
Maryland 21030 USA : »

British Drug Houses (BDH), Broom House, Pooie,rDorset B12_4NN A
British Oxygen Corporation (BOC), Speciai GaSes’.’ | |
W Canning Materials Ltd, Great’Flampton, Birmingham

C.A.P.C.I. S., Bainbridge House, UMIST Unlver51ty of
‘Manchester, Manchester M16

Chemlab Instruments Ltd, London

Clba-Gelgy Plastics & Additives Co (Plastics D1v131on),
Duxford Cambridge CB2 4QA _

City of London Polytechnlc, Department of Blologlcal
Sciences, 01d Castle Street London El

Gallenkamp Belton Road West, Loughborough, Leics, LE11l OTR.
Gelman Sciences Ltd, 10 Harrowden Road, Northempton NN4 OEZ

Greyhound Chromatography, 80 Grange Road West Birkenhead,
Mersey31de L43 4XF _ ' :

J.J. Lloyd Instruments Ltd, Brook Avenue, Southampton SOB 6HP’

Jencons (Scientific Ltd), Cherrycourt Way Industrlal Estate,
Stanbridge Road, Leighton Buzzard, Beds LU7 8UA. _

Knight Strip Hetals Ltd, Potters Bar, Hertfordshlre

Medicell International Ltd, 239 Liverpool Road, London N1 1LX s

National Collectlon of Industrial Bacteria (NCIB), Torrey
Research Station, 135 Abbey Road, Aberdeen AB9 8DG

N.E.I. International Combustion Ltd Metallurglcal Services,,',]

Sinfin Lane, Derby

Norton Performance Plastics, Chesterton Works, Loomer Road
Newcastle, Staffordshire ST5 7HR _

Pye Unicam Ltd (Phillips), York Street, Cambridge CBl 2PX



~ Russel pH Ltd Statlon Road, Auchtermuchty, Fife, Scotland
- KY14 7DP ' . .

',S J.Gaskets Ltd, Tythlng Road, Arden Forest Industrial
’Estate,'K;nwarton, Alcester, Warw1cksh1re B49 6EP

Sigma Chemical Company Ltd Fancy'Rd Poole, Dorset BH17 7NH

Spex Industrles Inc, 3880 Park Avenue, Metuchen, New Jersey
08840, USA

Sterilln«Ltd, Sterilin House, Clockhouse Lane, Feltham,
,Middlesex TW1l4 8QS

Thompson Electrochen Ltd, Newcastle upon Tyne

Wesley Coe (Hlngents) Ltd, 115- 117 Cambrldge Road, Milton,
Cambrldge CB4 4AY o



APPENDIX 2: CULTURE MEDIA (Postgate, 1984)

Postgate's Medium 'B' (PMB)
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APPENDIX 3 SUMMARY OF TEST CONDITIONS AND RESULIS

Key to Notation used in Appendix

Test Medium:

PMC = Postgate's Medium 'C'

-Y/E = Yeast Extract omitted

Dis Hy0 = Distilled Water

S = Sodium Chloride Supplement Added (3.5%)
Inoculum:

Dv.v = Desulfovibrio vulgaris (Woolwich)

Dv.d = Desulfovibrio desulfuricans (Norway-4)
(m = Unwashed cell extract

Conditions/Parameters:

= Cathodic charging of specimen
= Redox Potential

= Free Corrosion Potential

HyS Gas Analysis

= Hydrogen Permeation Current

= SRB Cell Count

= pH

Wz E QM HEQ
]

Pol = Polarisation Analysis
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APPENDIX 4 Bioreactor Electrode COnfiguratiOns
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APPENDIX 5

Surface Hydrogen Concentratlons Established Durlng the
Microbial Corrosion of Steel

Specimens exposed to SRB Cells

] Specimens screened from SRB cells
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